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Abstract

Polymer brushes are arrays of densely surface-tethered polymer chains, and are of

interest for two reasons. Firstly, they possess interfacial characteristics, such as antifoul-

ing and lubrication, that are desirable in many applications. Secondly, they are model

systems that can provide additional insight into polymer behaviour due to their unique

geometry. Observing the interfacial structure of these brush layers is critically impor-

tant for understanding both their properties and the mechanisms driving the polymer

behaviour.

To date, neutron reflectometry (NR) is the only technique that can demonstrably

resolve the nanoscale structure of polymer brushes. However, these diffuse interfaces pro-

duce subtle features in the reflectometry data that challenge interpretation, with typical

analyses failing to quantify the derived structure’s uncertainty. Furthermore, the exper-

imental potential of this technique for the study of brushes is only just being realised.

This Thesis advances NR as a tool for studying polymer brush systems by establishing

a robust analysis methodology that overcomes previous hurdles and demonstrating novel

experimental techniques. In both cases, poly(N -isopropylacrylamide) (PNIPAM) brushes

are used as model systems.

First, the polymer system is characterised through the novel observation of surface-

initiated ARGET ATRP using time-resolved NR, and a study of the dry brush as a

function of humidity and temperature. Second, methodologies are developed that allow

for robust determination of both solvated and confined brush structures. Lastly, NR

is used to elucidate the behaviour of PNIPAM brushes in complex environments. A

novel confinement apparatus is used to investigate the structure of a PNIPAM brush

under mechanical confinement and contrast-variation provides unparalleled insight into

PNIPAM–surfactant systems. In each case, complementary techniques are essential in

guiding reflectometry experiments and fully understanding the polymer system.

This work develops and demonstrates techniques that enhance the study of diffuse in-

terfaces with the NR technique. Moreover, the holistic structural examination of PNIPAM

undertaken sheds new light on the phase behaviour of this ostensibly well-understood

polymer and highlights its rich interaction with surfactants.
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Chapter 1 Isaac J. Gresham

In this chapter, the concepts, processes and techniques that underpin the entirety of

this work will be discussed. First, an overview of polymer brushes will be given, with

special focus on PNIPAM, in which the importance of these interfaces both as model

systems and responsive coatings will be expounded. Then the synthesis techniques used

to prepare the surfaces studied in this work will be detailed. Lastly, the techniques used

in this work will be discussed, and the data analysis methods outlined where relevant.

Chapter-specific background information will be provided at the beginning of the relevant

chapter.

2



Chapter 1 Understanding brushes via improved reflectometry analysis

1.1 Polymer brushes

1.1.1 Defining a polymer brush

Polymer brushes are coatings consisting of surface-bound polymer chains, tethered at

densities high enough to force lateral chain interaction and subsequent stretching away

from the surface. Brushes are found in a range of natural [1] and synthetic [2] systems,

where their nanoscale structure strongly influences interfacial properties. This structure

is dictated by a balance of polymer solvation, molecular-level crowding, and entropic

considerations [3–5], and as such is a function of both the system chemistry as well as

the grafting density and molecular weight of the tethered polymers. All three factors are

taken into account by the reduced grafting density [6], Σ, which can be written as:

Σ = σπRg
2 (1.1)

where σ is the grafting density of the polymer in chains per unit area, and Rg is the radius

of gyration of the respective polymer at the relevant solvent quality. In this work, we will

use the Flory–Huggins interaction parameter [7–12], χ, to describe the solvent quality.

Low χ corresponds to a high solvent-quality, while high χ corresponds to a low solvent

quality. For Σ < 1 the grafted polymers exist in the so-called mushroom regime, where

polymers are grafted so sparsely that they do not interact, forming spherical ‘mushrooms’

(Fig. 1.1a). For Σ > 5 they are generally accepted to be in the brush regime [13]. An

intermediate Σ value indicates that the layer is in the crossover regime [6]. It should be

noted that as Rg depends on solvent quality, the same brush layer may exist in different

regimes in different solvents (or, for a thermoresponsive brush, at different temperatures).

Polymer brushes can be created via two broad mechanisms: grafting-to and grafting-

from. Grafted-to brushes are prepared via the attachment of pre-prepared polymers to

a surface through either covalent bonding or physisorption. While the molecular weight

distribution of brushes formed in this manner is typically well defined, the maximum σ of

the polymer brushes formed is limited by the Rg of the polymer in solution. Conversely,

grafted-from brushes are prepared by synthesising polymers from initiators that are al-

ready anchored to a surface. Grafting-from polymerisation can produce brushes with

much higher grafting densities, but the molecular weight distribution of the grafted poly-

mers is very difficult to quantify. In this thesis, we will work exclusively with grafted-from

polymer brushes.

Brushes are typically only of interest in their solvated state, but useful information

can be extracted from ‘dry’ brushes as well. In the dry state the total volume of the

3
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polymer per unit area, V̂I, grafting density, σ, and number of repeat units in the polymer,

N , are related by the density of the dry layer, ρ, and the monomer molecular weight, Mm

[14]:

ρ =
MmNσ

V̂I

(1.2)

Practically, dry brushes will often contain moisture (which may be absorbed from the

atmosphere or residue from the synthesis) or voids (which presumably form due to the

glassy nature of many pure polymers). In this work, we use the interfacial volume per

unit area, V̂I, to refer to the polymer’s true dry thickness. In the ideal case where the dry

layer is composed purely of polymer, the dry thickness will be equal to V̂I.

1.1.2 Why study brushes?

Generally, there are two reasons to study polymer brush systems.

The first of these is that polymer brushes have many desirable properties. Extended

brush conformations possess low friction coefficients [15, 16] and antifouling properties

[17, 18], whilst collapsed structures exhibit higher friction [16] and no fouling resistance

[18]. Such surfaces already have many natural and commercial applications — lubricat-

ing kneecaps and stabilising active ingredients. However, to unlock their full potential,

stimuli-responsive brushes must be considered. Coating interfaces with stimuli-responsive

polymers allows for the creation of surfaces whose ‘brushy’ properties — such as hydropho-

Rga)

b)

Figure 1.1: Tethered polymers in (a) the mushroom regime and (b) the brush regime. Rg is
shown for context.

4
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bicity and lubricity — can be modulated by small changes in environmental conditions

such as temperature, [19, 20] pH [21, 22], and ionic strength and identity [23, 24]. These

responsive polymer brushes enable reversible switching of interfacial properties, making

them highly desirable in applications such as environmental remediation [25], biotechnol-

ogy [26, 27], sensors [28], drug delivery [29], and membranes [30]. Thermoresponsive sys-

tems, such as brushes constructed out of poly(N -isopropylacrylamide) (PNIPAM), which

we study in this thesis, are particularly attractive due to the ubiquity of temperature

gradients in biological and industrial systems.

The second reason to study polymer brushes is to study complex polymer behaviour.

Of course, the physical conformation of polymer in the brush regime is unique; this is

part of what makes these systems so interesting from a polymer physics perspective.

However, comparisons between free and brush-regime polymer can still be made that

allow for general polymer behaviour to be better understood. . The brush geometry

affords some advantages over conventional free-polymer techniques when it comes to un-

picking the mechanisms that govern polymer behaviour, particularly for complex systems

where additives are present. In the brush geometry we are able to access high polymer

concentration regimes, which may be difficult to access through free-polymer techniques.

Additionally, brush geometry polymers are held in place — they do not aggregate, settle,

adsorb to vessel walls, self-assemble into macromolecular constructs, or any of the myriad

of other behaviours that may impede observation of free-polymeri systems. Furthermore,

when studying polymer-additive systems (i.e., salts, surfactants, co-solvents), the ratio of

the additive to the polymer is effectively infinite, removing the potential for depletion of

the additive. Lastly, the (planar) brush geometry allows the application of different exper-

imental techniques to the study polymer behaviour. These techniques can provide insight

into the structure and mechanical properties of polymers and measure the adsorption of

additives into the layer.

For both of these motivations, understanding the structure of polymer brushes is

essential. In the application and development of brush systems, structure is important

because it dictates interfacial properties. For the understanding of polymer behaviour,

brush structure gives invaluable insight into polymer conformation, polymer solvation,

and interaction with additives.

1.1.3 Theoretical descriptions of neutral brush structure

A fundamental premise of the work conducted in this thesis is that polymer brush struc-

ture can be effectively reduced to a one-dimensional compositional profile. These profiles

iHere free polymer refers to a polymer in solution
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Figure 1.2: Theoretical polymer density profiles from (solid line) AdG theory and (dashed line)
strong stretching limit theory, for equivalent N and σ.

are represented in a plot of system composition against the distance from the substrate,

z, where z = 0 at the base of the brush. In practice, this is often a volume fraction profile,

φpoly(z), whilst in theoretical approaches it is often termed a segment-density profile.

The first theoretical description of a polymer brush was put forward by Alexander [31]

and de Gennes [32] (termed the AdG model) and describes the brush as a set of equally-

stretched chains. The compositional profile produced by this model is a uniform slab with

thickness dAdG (Fig. 1.2), as chain ends are assumed to reside at the brush periphery, and

all polymers are equally stretched. While simple, this model is powerful as it identifies

the parameters with which brush thickness scales [14]:

dAdG ≈ N(wσa2)1/3 (1.3)

where a is the Kuhn length (the displacement length of the polymer segment that can be

considered a rigid-rod), N is the number of Kuhn segments in the polymer, and w is the

excluded volume parameter. From Equation 1.3, it is clear that solvated brush thickness

is proportional to N , and scales as σ1/3.

The strong-stretching model relaxes the AdG assumption that all chain ends reside at

the brush periphery and yields a more advanced parabolic description of brush structure

[33]:

φ(z) =
π2

8wN2

(
d2

parab − z2) (1.4)

where w is the excluded volume parameter and dparab is the maximum extent of the

parabola (where φpoly = 0), given by:

dparab = N
(12σw

π2

)1/3

(1.5)
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Figure 1.3: Theoretical polymer density profiles from (solid line) nSCFT and (dotted lines)
classical strong-stretching limit theory. Reproduced from the work of Milner [34] with permission
from the Royal Society of Chemistry.

The profile produced by equation 1.4 is shown in Figure 1.2. Importantly, the scaling

relations of the AdG model are still true for these parabolic brushes.

In addition to the analytical techniques outlined above, computational approaches

have been used to predict the structures formed by polymer brushes. Numerical self-

consistent field theory (nSCFT) is the foremost amongst these techniques, as it is compu-

tationally inexpensive (compared to molecular dynamics methods, for instance) and can

account for many of the nonidealities that real brush systems exhibit. For monodisperse

brushes in the strong-stretching limit, nSCFT finds good agreement with the previously

introduced parabolic model (Fig. 1.3). The one notable deviation between the structure

predicted by nSCFT and classical strong-stretching limit theory is the behaviour as the

polymer density approaches 0; the former predicts a gentle, near asymptotic approach,

while the latter does not deviate from its parabolic path. The effects of polydispersity

on brush structure have been investigated by de Vos and Leermakers [5] using nSCFT.

Figure 1.4 shows selected results from their study, in which they found that a bi-disperse

brush creates profiles that resemble the sum of two parabolas, while the brush structure

transitioned from a parabolic to an exponential profile as polydispersity was increased.

While the theoretical descriptions of brush structure above are useful and form a

comprehensive basis for understanding the behaviour of these structures, they make some

assumptions regarding the polymer system. Perhaps most significantly (at least for the

current work) the above theory assumes that the solvent quality, χ, is not a function of

polymer concentration. This assumption ignores the space required to form hydration

7
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Figure 1.4: (a) Volume fraction profiles predicted by nSCFT for polymer brush with increasing
(a) bidispersity (two populations of chains) and (b) polydispersity, taken from the work of de Vos
and Leermakers [5]. Bidispersity creates profiles that resemble the sum of two parabolas, whilst
polydispersity transforms the classic parabolic brush profile into an exponential decay. Figure
reproduced with permission of Elsevier, from the work of de Vos and Leermakers [5]; permission
conveyed through Copyright Clearance Center, Inc.

shells around individual monomers and the potential for monomers to arrange themselves

in micelle-like clusters [35]. When theory incorporates a χ that is dependent on φpoly,

χ(φpoly), significant deviations from the parabolic and exponential profiles predicted above

emerge. Baulin and Halperin [35] show that the χ(φpoly) derived for PNIPAM by Afroze,

Nies, and Berghmans [36] results in a two-phase brush profile at some conditions (Fig. 1.5).

This two phase structure will be discussed more in Section 1.2.

The profiles shown in Figures 1.4 and 1.5 show that a wide range of theoretically

justifiable volume fraction profiles exist for uncharged homopolymers in pure solvents.

This is important in justifying one of this thesis’s central efforts; the freeform modelling

of polymer brush structure.

1.2 The phase behaviour of PNIPAM

This thesis uses PNIPAM brushes as a model system to explore brush behaviour and

demonstrate how reflectometry techniques may be utilised to elucidate brush structure.

As such, establishing a fundamental understanding of this polymer’s complex phase be-

haviour is necessary for successfully interpreting and contextualising our results. PNIPAM

is perhaps the most well known thermoresponsive polymer, exhibiting a well-documented

swollen to collapsed transition at its critical solution temperature (CST) of approximately

32 ◦C [37, 38], which has been studied in free polymer [36, 38–41], microgel [42–44] and

8
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brush [20, 45–52] geometries. The CST-type behaviour of PNIPAM is sometimes incor-

rectly referred to as a hydrophilic to hydrophobic transition; PNIPAM as a bulk material

can not be considered either [53]. Each PNIPAM monomer has hydrophilic and hy-

drophobic moieties [53], with the bulk polymer remaining reasonably hydrated (at least

20 % water) in the collapsed state [20, 44]; this is hardly the hallmark of a hydrophobic

substance [53].

The macroscopic thermoresponse of PNIPAM should be understood as an entropically

driven process, where the CST is the point at which the entropic penalty imposed by the

‘water cage’ required to hydrate the polymer backbone and propyl moiety outweighs the

enthalpic benefit of the acrylamide’s hydration [54–57] (remember, the entropic contribu-

tion to Gibb’s free energy is temperature dependent). The process is complicated, and has

been the subject of study since the thermoresponse of PNIPAM was first characterised by

Heskins and Guillet [37] to the present day [57]. Briefly, the current understanding is that

below the CST the amide and carbonyl groups form hydrogen bonds with the surround-

ing water molecules, while water-cages (themselves formed from complex hydrogen-bond

networks) solvate the propyl group and polymer backbone [56, 57]. Above the CST the

extended arrangement no longer represents the energy minimum due to the aforemen-

tioned entropic effects, rather the polymer is found in a collapsed globule configuration

which minimises the exposure of the hydrophobic groups to water. Within this collapsed
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Figure 1.5: Theoretical volume fraction profiles for brushes that exhibit a volume fraction depen-
dent χ, using the mean-field theory developed by Baulin and Halperin [35] and the χ(T, φpoly)
relationship derived from 28 ◦C PNIPAM data by Afroze, Nies, and Berghmans [36]. Profiles
I through III correspond to increasing grafting densities, and exhibit the range of theoretically
justifiable profiles possible in real brush systems. The distance from substrate is given as a
multiple of the lattice spacing of the mean-field theory (conceptually equivalent to one Kuhn
length). Figure reproduced with permission of John Wiley & Sons, from the work of Baulin and
Halperin [35]; permission conveyed through Copyright Clearance Center, Inc.
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globule PNIPAM forms hydrogen-bonds with both itself (inter and intra-chain) and wa-

ter, which is thought to be responsible for the hysteresis observed in the thermoresponse

[56, 57].

The precise transition temperature and breadth of the response appear to depend

on many factors, including the molecular weight, end group identity, tacticity, volume

fraction and geometry of the PNIPAM chains, as well as the solvent properties such as

ionic strength, ion identity and presence of surfactants, discussed in more detail below.

1.2.1 Free polymer

The phase behaviour of free PNIPAM has recently been extensively reviewed by Halperin,

Kröger, and Winnik [38]. In their review, they focus on the temperature of demixing (i.e.,

the cloud point), finding that while all reports show PNIPAM undergoing demixing, the

temperature this occurs at is not consistent. Demixing temperatures have been reported

to vary between 24 and 39 ◦C (Fig. 1.6). Halperin, Kröger, and Winnik [38] identify

several reasons for this broad range of transition temperatures; most significantly the

concentration of polymer in the system (Fig. 1.6). In Flory–Huggins terminology, the χ

of PNIPAM is not only dependent on T but also on φpoly (sometimes termed type II phase

behaviour) [36, 38, 58]; the exact form of this function χ(T , φpoly) is still contested [38].

However, φpoly alone could not satisfactorily explain the range of reported demixing curves,

even when attempts were made to account for experimental imperfections. Other notable

factors appear to be the tacticity of the PNIPAM sample [59] (i.e., the stereochemistry

of the side-group), the polymer end-groups (i.e., the polymerisation initiator group) and

polymer molecular weight. Generally, atactic (randomly orientated) PNIPAM is more

soluble than either syndiotactic (alternating) or isotactic (single-orientation) PNIPAM,

presumably due to the increased crystallinity of the more-ordered PNIPAMs. As expected,

hydrophilic end groups lower the CST and hydrophobic groups raise the CST. The end

groups’ effect is more significant on lower molecular weight polymers, and appears to

disappear as N tends to infinity [60]. The degree of polymerisation has previously been

found to increase the CST [61, 62], even when end-group effects are accounted for [60].

However, dependence of the CST on N is only valid for low molecular-weight PNIPAM

— above 100 kDa the CST is independent of N [62]. N dependence decreases as φpoly

increases, indicating that the effect of molecular weight on the transition temperature

has more to do with the local polymer concentration than it does the polymer molecular

weight.
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Figure 1.6: A summary of PNIPAM demixing curves from the work of Halperin, Kröger, and
Winnik [38], showing the temperature of demixing as a function of PNIPAM weight fraction.
The results are split into (a,b,c) high and (d,e) low molecular weight samples and experiments
that probe (a, d) large and (b, c, e) small polymer weight fractions. (f) The original PNIPAM
demixing curve, as measured by Heskins and Guillet [37]. Figure reproduced with permission of
John Wiley & Sons, from the work of Halperin, Kröger, and Winnik [38]; permission conveyed
through Copyright Clearance Center, Inc.
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1.2.2 Brush regime

All of what is true for free polymer applies to chemically analogous brushes; however, the

brush geometry does have additional implications for the phase behaviour of PNIPAM.

The equivalent of the demixing temperature, as collated in Fig. 1.6, for brushes is the

midpoint of the thermoresponse — often obtained by fitting a sigmoidal function to a plot

of brush height versus temperature. The first implication is that (by definition) polymer

chains in the brush geometry are forced to extend into solution further than they would be

in free solution (i.e., the height of the brush is greater than Rg, Section 1.1). The stretched

polymer state has lower entropy than the globule state, and as such the crowding adds yet

another entropic contribution to the complex thermoresponse of PNIPAM. The second

implication is that the local φpoly is reasonably high and very variable within the brush.

In the review of Halperin, Kröger, and Winnik [38] (Fig. 1.6), demixing temperatures for

PNIPAM solutions in the range of 0 to 80 wt% are reported; in a PNIPAM brush almost

this entire range is accessible in a typical temperature cycle [20]; as the temperature

increases the polymer collapses (χeff increases), which changes the local φpoly, which in

turn changes χeff . Type II behaviour has interesting implications in the brush regime;

namely vertical phase separation (Fig. 1.5) and could hypothetically indicate a reversal

in the phase behaviour of PNIPAM at very high φpoly [36] (i.e., more hydrated at higher

temperatures).

There is a wealth of experimental work examining PNIPAM brushes [19, 46, 48, 49,

52, 63–67]. As in the free polymer system, the behaviour of these systems depends on the

molecular weight of the substituent polymers [52, 68]. However, it appears that that the

CST increases as N is increased for PNIPAM; this is the opposite of the trend observed

in free solution. Furthermore, the system behaviour is only weakly dependent on the

molecular weight; as long as N is sufficiently high the CST remains relatively constant.

One reason why the CST may not increase for lower N PNIPAM brushes (as it does for

free polymer) is that this effect is only present when the polymer is dilute, [38] which can

never occur in brush systems. The swollen-to-collapsed transition is much broader for

brushes than analogous free-polymer systems [20, 45, 48, 69], which has been attributed

to the crowding induced by the geometry [48]. This broadened phase transition may also

relate to the techniques available to measure brush height. Interestingly, it is consistently

reported that the CST becomes better defined as N is increased [52, 68]. There has been

some experimental evidence of type II phase behaviour in PNIPAM brushes, most notably

the difference between CSTs measured using different techniques by Humphreys et al. [48]

and the volume fraction profiles measured Murdoch et al. [20] using neutron reflectometry

(NR).
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1.3 Materials

Here we document the materials common to the chapters in this thesis; materials used

in only one chapter are detailed therein. native oxide silicon wafers (100 mm diameter,

10 mm thick) were used as brush substrates for NR experiments, whilst appropriately

sized wafers were cut from Native oxide silicon wafers (100 mm diameter, 1 mm thick) for

ellipsometry experiments; all wafers were purchased from EL-CAT Inc. (USA). QSensor

QSX 303 SiO2 quartz crystal microbalance with dissipation monitoring (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% sodium dodecyl sulphate (SDS), rinsing

with MilliQ water, and drying under nitrogen.

N -isopropylacrylamide (NIPAM) (≥99 %) was purchased from Sigma Aldrich, stored

below 4 ◦C, and recrystallised from hexane before use. Solvents methanol (≥99.8 %),

ethanol (absolute), and tetrahydrofuran (THF) (>99 %) were purchased from Sigma

Aldrich, methanol and ethanol were used as received, THF was dried over 4 Å molec-

ular sieves before use. Reagents (3-Aminopropyl)triethoxysilane (APTES) (≥99 %), α-

bromoisobutyryl bromide (BiBB) (>98 %), triethylamine (TEA) (>99 %), Copper(II) bro-

mide (CuBr) (>99 %), L-Ascorbic Acid (>99 %), and 1,1,4,7,10,10-hexamethyltriethylene-

tetramine (HMTETA) (>97 %) were purchased from Sigma Aldrich and used as received.
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1.4 Methods: PNIPAM synthesis via ARGET-ATRP

The PNIPAM brushes studied in this thesis were synthesised following the method em-

ployed by Humphreys et al. [48], with solvent composition adjusted to control the reaction

rate, as previously described by Murdoch et al. [20]. The reaction scheme is summarised

in Figure 1.7. Reaction rate and reaction time were controlled to produce brushes with

thicknesses suitable for the different techniques employed. The synthesis methodology can

be divided into three steps. The first is the vapour-deposition of the APTES monolayer

(the APTES deposition step), the second is the reaction of the anchored APTES with

BiBB polymerisation initiator (the bromination step), which leaves the surface decorated

with organobromine moieties, and the third is the polymerisation of PNIPAM from these

initiators via activators regenerated by electron transfer (ARGET) atom transfer radical

polymerisation (ATRP) (the polymerisation step). We detail this methodology below.

First, wafers were cleaned by rinsing with ethanol and MilliQ water, before being

activated by either one minute of high intensity (30 W) air plasma (Harrick Plasma PDC-

002) or fifteen minutes in a UV-Ozone cleaner (Bioforce, ≈9 mW cm−2 with λ = 254 nm),

followed by rinsing with 10 wt% NaOH solution (as per the method of Humphreys et al.

[48]) and copious amounts of MilliQ water. The wafers were then oven-dried, as the

following steps are sensitive to moisture. A covalently attached APTES layer was formed

on the samples via vapour deposition, carried out for thirty minutes at <5 mbar. The

deposited layer was then thermally annealed for thirty minutes at 110 ◦C. This layer

R Br + Cu+1 HMTETA Cu+2Br HMTETA

Ascorbic acid

(reducing agent)
Dehydroascorbic acid

(oxidised agent)

+ R

+M

R R

termination

propagation

deactivate

activate

Figure 1.7: Summary of the ARGET ATRP reaction scheme used in this work, adapted from
the work of Li et al. [70]. Briefly, Cu+1 complexes with HMTETA. The Cu+1 oxidises to Cu+2

through reacting with the bromine initiator group, temporarily removing it from the growing
polymer chain and leaving a radical in its place. This radical allows for monomers to be added
to the chain. After a short time period, the bromine and growing polymer chain recombine.
The Cu+2 is then reduced back to Cu+2 by ascorbic acid, enabling the process to continue.
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was functionalised with Br initiator moieties by immersion of the wafers in dry THF

(stored over 4 Å molecular sieves) and the addition of 2.6 vol% BiBB and 3 vol% TEA.

The functionalised wafers were washed with THF, ethanol, and copious amounts of MilliQ

water before being dried under nitrogen.

To produce the surface grafted polymers an ARGET ATRP was carried out, using the

bromine groups covalently bound to the surface as polymerisation initiators. The initiator-

functionalised wafers were placed in clean, appropriately sized glass vessels, which were

purged with nitrogen for at least fifteen minutes prior to the addition of a polymerisation

solution. The polymerisation solution consists of a polymerisation solvent, monomer,

copper catalyst and ligand. The polymerisation solvent was a mixture of methanol and

water, the specific ratios of which were used to tune the reaction rate and hence the final

thickness. For thickness targets less than 200 Å a 1:4 water:methanol volume ratio was

used, whilst a 2:1 mixture was used for larger target thicknesses.ii NIPAM monomer was

weighed out to 5 % of the total solvent mass and added to the solution. Copper bromide

and HMTETA were added such that the molar ratio of NIPAM to HMTETA to CuBr2 was

900:15:1.5, producing a pale blue solution. The solution was placed in a round-bottomed

flask which was sealed and purged with nitrogen for fifteen minutes while stirring. After

fifteen minutes of deoxygenation, ascorbic acid was weighed out and added such that

the ratio of ascorbic acid to NIPAM was 900:10. Upon the addition of ascorbic acid,

the solution became colourless with a faint yellow hue. The solution was deoxygenated

for a further fifteen minutes before being added to the wafer vessels. Once the solution

was added to the wafer vessels, they were kept under positive nitrogen pressure for the

duration of the synthesis. Synthesis times varied between 30 min and 2 h, depending on

the desired thickness. Further details regarding the synthetic method can be found in

chapter 2.

Table 1.1: Characterisation of grafted-from polymers via single-molecule force spectroscopy,
from the work of Murdoch et al. [20]

parameter value

Interfacial volume, V̂I 183± 5 Å
Molecular weight 201± 48 kg mol−1

Number of monomers, N 1770± 420
Contour length 4980± 1180 Å

Grafting density, σ 0.0007 Å
−2

iiWe stress that these target thicknesses are the dry thickness of the polymer brush layer, not the
length of the substituent polymers. The molecular weight and contour length of individual polymers are
provided in Table 1.1.
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1.4.1 Determination of molecular weight and grafting density

Single-molecule force spectroscopy (SMFS) has been used to characterise brushes prepared

under identical conditions to those analysed in this thesis [20]; the results of this study are

reproduced in Table 1.1 for convenience. Using Equation 1.1 and literature values for the

radius of gyration for free PNIPAM in water, we can approximate Σ for the brushes used

here. From the results of Kubota et al. [39] and the interpolation shown in Figure 1.8 we

determine that the brush used in the SMFS study had a Σ of ≈79, well above the Σ > 5

threshold for the brush regime.

By making the workable assumption that grafting density is independent of molecular

weightiii for grafted-from polymers, and by taking molecular weight as proportional to dry

brush thickness (Eq. 1.2), we can extend this result to cover the range of brush thicknesses

used in this work. This is summarised in Figure 1.8b, where the solid line indicates the

Rg for PNIPAM at 20 ◦C (from the data in Fig. 1.8a), and the dashed line shows the Rg

for a single collapsed PNIPAM chain. Rg is difficult to measure for collapsed PNIPAM
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Figure 1.8: (a) Radius of gyration for PNIPAM at 20 ◦C from the light-scattering experiments
of (�) Kubota et al. [39], (◦) Kubota, Fujishige, and Ando [40] and (4) Kujawa et al. [41]. The
dashed line is a power-law relation, fitted to the data of Kubota et al. [39]; the power law is a
good description of the relationship between Rg and Mw for Mw < 107. (b) reduced grafting
density as a function of dry brush thickness for the brushes studied in this thesis, based on the

SMFS results of Murdoch et al. [20] (Table 1.1, σ = 0.0007 Å
−2

). The solid curve is based off the
relationship between Rg and Mw derived in (a), while the dashed line is the theoretical radius of
gyration for a collapsed PNIPAM globule containing only 20 % solvent (roughly approximating
PNIPAM at 40 ◦C). The dotted red line indicates the transition from the crossover regime to
the brush regime.

iiiThis assumption is discussed and investigated in chapter 2
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chains, as individual chains will aggregate with one another in free solution; instead, we

approximate the Rg as the radius of a perfect sphere with a volume equal to 1.25 times the

respective polymer volume. We stress that this approximation is only used for calculation

of the reduced grafting density in Figure 1.8. This multiplier was chosen as it represents

a globule that is 20 % water by volume, which matches that determined for collapsed

PNIPAM brushes in this work. Importantly, the conditions studied in this thesis are

bounded by the swollen (solid) and collapsed (dashed) curves in Figure 1.8, and as such,

all take place in the brush regime.
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1.5 Methods: experimental techniques

1.5.1 Characterisation of polymer brushes

Volume fraction profile

One of the key aims of this work is to experimentally derive the volume fraction pro-

fileiv of polymer brushes. The volume fraction profile is the polymer volume fraction,

φpoly, as a function of the distance from the substrate, z, and can be written as φpoly(z).

Solvated polymers are in constant thermal motion, with the conformation of any given

chain changing rapidly; the volume fraction profile contains information about the average

chain conformation in the brush. Neutron reflectometry is the only technique capable of

resolving this volume fraction profile, although in chapter 4 we demonstrate that this is

not a simple task. One important property of polymer brush volume fraction profiles is

that their integral should remain constant, that is to say that V̂I is constant.

First moment

Often it is desirable to reduce φpoly(z) to a single thickness value (e.g., for ease of plotting

or comparison to ellipsometry, which typically produces a layer thickness [71, 72]); this is

achieved here by taking the equivalent thickness as twice the first moment of the profile

[20, 49, 73, 74]

d1st = 2

∫∞
0
zφpoly(z)dz

V̂I

(1.6)

d1st is equivalent to the thickness of a uniform layer with the same first moment and V̂I

as φpoly(z).

Swelling ratio

The swelling ratio is a common way of normalising the behaviour of a layer in either the

dry (i.e., humidity response) or solvated case. It is defined as the ratio of the swollen

thickness to the interfacial volume [20, 75–78]

swelling ratio =
dswell

V̂I

(1.7)

ivIn theoretical work this is often termed the segment density profile.
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1.5.2 Principles of reflectometry

Reflectometry techniques measure the intensity of the specular reflection of radiation

reflected from a planar surface, R, as a function of the scattering vector Q = 4π
λ

sin(θ),

where λ is the wavelength and θ is the angle of incidence. In any reflectometry experiment,

a range of Q-values can be accessed by changing either the angle of the reflection or the

incident radiation’s wavelength. The R vs Q profile produced by such an experiment is

called a reflectometry profile (written as R(Q)), and is sensitive to the surface-normal

scattering length density (SLD) profile. SLD is an intrinsic property that describes the

tendency of a material to scatter a given type of radiation, an SLD profile is the value of

the SLD as a function of the distance from the reflecting interface, z. The SLD can be

related to the system composition by

ρ(z) =
n∑
i=0

ρiφi(z) (1.8)

where ρ(z) is the SLD of the mixture at distance z, ρi is the SLD of the pure component

i, and φi is the volume fraction of component i at distance z. Reflectometry is sensitive

to ρ as a function of z, as such, the up to two terms from equation 1.8 can be found for

a single reflectometry measurement (as Σn
i=0φi = 1). Resolving the compositional profile

is contingent on there being a difference in the SLD of the interfacial components (i.e.,

sufficient contrast).

In this work, we study two-component systems, generally composed of a polymer and

a solvent, and make the common space-filling assumption [20, 73, 79]:

ρ(z) = φpolyρpoly + (1− φpoly)ρwater (1.9)

which allows for transformation between the polymer volume fraction profile and SLD

profiles provided the polymer and solvent SLDs are known. Unfortunately, there is no

way to directly transform R(Q) into an SLD profile due to the loss of phase informa-

tion in the experiment; thus, structural information needs to be extracted from collected

reflectometry data through other means.

Fringe-spacing analysis

The simplest method of extracting structural information from reflectometry profiles is

through a fringe-spacing analysis, which can determine the thickness of single well-defined
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layers via

d =
2π

∆Q
(1.10)

where ∆Q is the averaged trough separation.

To unambiguously determine the fringe separation, we use a 1st derivative root-finding

algorithm that locates peaks and troughs in collected reflectometry profiles. The algorithm

uses a Savitzky–Golay filter (scipy.signal.savgol filter [80]) to smooth R(Q) and

calculates second-order accurate central differences to find the derivative of the smoothed

profile.

Plotting reflectometry data

There is not a standard format for plotting reflectometry data; plots of log(R) against Q,

log(RQ4) against Q, and log(R/RF)v against Q are common. The reflectometry profiles

in this thesis are typically plotted as log(RQ4) against log(Q), as we believe that they

best show the subtle features at low Q that contain important features regarding extended

brush structure.

1.5.3 Neutron reflectometry

All NR measurements were carried out on the PLATYPUS time-of-flight neutron reflec-

tometer at the the Australian Nuclear Science and Technology Organisations (ANSTOs)

20 MW Open-pool Australian Lightwater Reactor (OPAL) reactor source in Sydney, Aus-

tralia [81]. All measurements were made at two angles, with the lower angle always

capturing the critical edge (where present) to allow for data to be correctly scaled. Both

air-solid and solid-liquid measurements were conducted in the upward reflecting geometry.

The confined geometry experiments in chapters 5 and 6 were conducted in the downwards

reflecting geometry. Choppers 1 and 4 were used for all experiments, and data reduction

was performed using refnx and followed the standard procedure for Platypus [81] unless

otherwise specified, producing a final resolution of ∆Q
Q

= 8.8 %.

PNIPAM brushes were first measured in air with NR determine V̂I prior to solvation.

Their solvated structure was then measured in a standard solid-liquid cell, the temperature

of which could be controlled. The volume of these cells is ≈0.5 mL; at least 5 mL was

pumped through the cell to effect solvent exchange. Two solvent contrasts were used for

solvated experiments, pure D2O and a 80.3:19.7 D2O:H2O mix by volume, designed to

match the SLD of PNIPAM, hence referred to as CMpoly. The pure D2O measurements

were sensitive to the structure of the polymer brush, whilst the CMpoly measurements

vRF is the Fresnel reflectivity; the signal from a bare fronting/backing interface.
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Figure 1.9: (a) native and (b) partially deuterated structures of NIPAM. The structure in (b)
is the equilibrium monomer structure of PNIPAM in D2O.

allowed for the determination of the structure of both the silica native-oxide layer and non-

polymer chemical species within the brush. There may be small differences in structure

between the two contrasts due to the isotope effect, however, NR is not able to determine

the magnitude of the difference for this system, as we cannot resolve the structure of the

brush in H2O due to the poor contrast. We do, however, observe similar brush behaviour

in both ellipsometry (H2O) and NR (D2O).

Contrast variation

One advantage of NR is the ability to change the SLD of compounds through isotopic sub-

stitution. For example, H2O has an SLD of −0.56× 10−6 Å
−2

, while D2O (D is deuterium

or 2H) has an SLD of 6.34× 10−6 Å
−2

. Isotopic substitution allows for the contrast be-

tween experimental components to be advantageously adjusted, either through ‘contrast

matching’ specific components to make them invisible to neutrons or to highlight scatter-

ing from a component of interest. SLD values of compounds used in this thesis are given

in appendix A.

Hydrogen–deuterium exchange in PNIPAM

Widmann et al. [82] convincingly show that the amide in NIPAM can become deuterated

(Fig. 1.9) by exposure to D2O vapour. This H-D exchange appears to take place over

approximately three days [82] at 90 % relative humidity and temperature of 26.5 ◦C. It

is expected that this H-D exchange would occur faster in a D2O solution, rather than

vapour, but this has not been confirmed. We investigate the SLD of both hydrogenous

and deuterated PNIPAM in chapter 3.
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1.5.4 X-ray reflectometry

X-ray reflectometry (XRR) was used as an additional method of characterising the dry

brush thickness prior to the neutron reflectometry experiments. The specular reflectom-

etry measurements were taken using a Panalytical X’Pert Pro X-Ray reflectometer with

Cu K-α radiation (λ = 1.541 Å). XRR data were modelled using a slab model, with

a single slab for the silica layer (SLD of 18 to 22× 10−6 Å
−2

) and a single slab for the

polymer layer (SLD of 8 to 12× 10−6 Å
−2

). The SLDs of air and silicon were taken as 0

and 20.1× 10−6 Å
−2

respectively.

1.5.5 Ellipsometry

Ellipsometry is a technique that measures the change in the polarisation of light upon

reflection from an interface, generally as a function of wavelength, angle of incidence or

a combination of the two. The incident monochromatic light beam is composed of S

(surface-perpendicular) and P (surface-parallel) components. These components are not

measured directly; instead, the relative amplitude (Ψ) and phase difference (∆) of the

P and S components are the parameters of interest [71, 72]. In this thesis, we exclu-

sively use nulling ellipsometry, which derives ellipsometric parameters from the angle of

polarisers required to produce a zero-signal. Like the reflectometry techniques described

above, ellipsometry is an indirect technique whereby the interfacial structure is obtained

from a modelling process. Here, the optical refractive index (RI) and extinction coeffi-

cient are used instead of the SLD, but otherwise the process is similar, with ellipsometry

being sensitive to the surface-normal interfacial structure with thicknesses between 10 to

10 000 Å. Ellipsometry can also be used to study solid–liquid interfaces, generally through

the use of a ‘liquid cell’ with windows positioned at a suitable angle, in this configuration,

the angle of incidence cannot be changed. The primary disadvantages of ellipsometry for

studying polymer brushes are the lack of optical contrast between polymers and most

solvents (including water) and the perception that ellipsometry is insensitive to structure.

Most ellipsometric studies of polymer brushes describe the polymer layer structure

with a simple slab-like model and its RI with an effective medium approximation (EMA)

[20, 48, 76, 83–86]. Generally, this EMA describes the RI of a mixed layer by linearly

interpolating between the RI of two pure components based off a given composition (anal-

ogous to Equation 1.9), although non-linear interpolation options are available. These slab

analyses produce a brush thickness, but offer no additional information regarding their

structure. However, there are some studies that extract brush structure from ellipsometry,

typically for brushes with V̂I of over 1000 Å [64, 69, 87].
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Two ellipsometers are used in this thesis, a Woollam M-2000 spectroscopic ellipsome-

ter (λ range of 370 to 1000 nm) and an Accurion nanofilm EP4 spectroscopic imaging

ellipsometer (λ range of 360 to 1000 nm). Two types of ellipsometry measurements were

performed, each for distinct reasons: the first was mapping ellipsometry, whereby the

macroscopic uniformity of dry samples intended for NR were characterised, the second is

in-situ ellipsometry, where the thickness (or structure) of a solvated brush was measured

as a function of solvent conditions. As the windows of the solid-liquid cells are constructed

at a fixed angle, a spectroscopic instrument is essential for robust in-situ measurements.

A spectroscopic instrument allows for measurements to be taken at multiple wavelengths,

increasing the number of datapoints that the ellipsometry model is optimised against.

Specific modelling techniques are discussed in the relevant chapters.

1.5.6 Quartz crystal microbalance with dissipation monitoring

QCM-D measures changes in the resonant frequency, ∆f , and energy dissipation, ∆D, of

an electrically excited quartz crystal as a function of time and overtone number (overtones

are harmonics of the fundamental frequency) [88, 89]. Originally, the QCM technique

was used to measure gas-phase adsorption [90], but it has since been modified to work

in a solid–liquid arrangement [91]. In either case, changes in ∆f and ∆D correspond

to changes in adsorbed mass and the mechanical coupling of the surface and the fluid,

respectively (all else being equal) [88]. ∆f and ∆D are also sensitive to the sensor

temperature and the fluid’s density and viscosity [91]. The decay length (correlated

to how far the QCM-D signal penetrates into the coated layer) shrinks with increasing

overtone number; the 3rd overtone possesses a decay length of 2500 Å for brush systems

with swollen thicknesses on the order of 1000 Å and is consequently sensitive to changes

in mass throughout the entire brush [92]. Conversely the 13th overtone possesses a decay

length of 700 Å, making it sensitive to changes nearer to the substrate [92]. Comparing

∆f and ∆D values from different overtones will then provide information regarding the

distribution in adsorbed mass and viscoelasticity of the brush in the direction normal to

the substrate. In this thesis, we tether polymer brushes to silica-coated QCM-D sensors

using the method described in Section 1.4; when the brush swells, ∆f decreases, as water

molecules are sequestered by the brush, while ∆D increases as the surface becomes more

mechanically coupled to the solvent. All reported ∆f values have already been divided

by the overtone number; this is done automatically by the Qsense monitoring software.

Layer properties, such as adsorbed mass, viscosity, and thickness can often be calcu-

lated from changes in ∆f and ∆D [90, 93]. Modelling is typically carried out on systems

where the layer of interest can be reasonably approximated as a single uniform layer.
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Figure 1.10: Temperature calibration of (a) frequency and (b) dissipation for QCM-D wafers
used in this thesis at overtones 1 through 7. A second-order polynomial was fit to the collected
data (solid lines), allowing the effect of temperature on the sensor to be accounted for later in
the analysis.

For example, Sadman et al. [94] successfully model the swelling of a thermoresponsive

hydrogel film using both Voigt and Power-law models. However, for brush systems this

becomes more complex, as brushes cannot reasonably be described as a single uniform

layer. Modelling is still possible in the case of very thin brush layers (V̂I = 5 nm), as in

the work of Bittrich et al. [86], where the swollen layer thickness is below the Sauerbrey

limit [94]. Recent work has shown that QCM-D is sensitive to the volume fraction profile

of polymer brushes, but quantitative modelling of this volume fraction profile has not

been undertaken [92]. Consequently, we will not attempt to model QCM-D data from

swollen polymer brushes in this work, and will instead make inferences regarding the layer

properties from temperature-corrected plots ∆f and ∆D.

QCM-D studies were performed using a QSense Analyzer (Biolin Scientific) using

5 MHz QSensor QSX 303 SiO2 sensors. The system temperature was controlled using

the inbuilt thermostat. As frequency and dissipation are very sensitive to the resonator’s

temperature, the effect of temperature on the response of the bare wafers in water was

characterised prior to the polymerisation. The results of this characterisation for a single

wafer are shown in Fig. 1.10, where a second-order polynomial was fit to both the fre-

quency and dissipation curves. In all QCM-D experiments in this thesis, the change in

signal is the measured change in signal less the change due to temperature.
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Characterisation of QCM-D wafers

Throughout this thesis, two brush-coated QCM-D wafers are used. During synthe-

sis, QCM-D wafers were paired with silicon wafers (≈1.5× 3 cm) as per the method

of Humphreys et al. [48], resulting in similar brush coatings on the QCM-D and sili-

con wafers.vi The dry thickness of the brush on the silicon wafer was measured with

variable-angle ellipsometry (Accurion nanofilm EP4, λ = 658 nm, see section 1.5.5); the

quartz–gold–silica layer structure of the QCM-D sensor prevented the dry thickness from

being measured directly from the sensor surface. The thickness of the brushes on the

paired wafers was 145± 8 Å and 200± 10 Å. Due to the adsorption of water within the

PNIPAM film under ambient conditions, we assume the interfacial volume of the wafers to

be 130 and 180 Å respectively (note that the interfacial volume is the volume of polymer

per unit area, with units of length), 10 % thinner than under ambient conditions. This

assumption is verified in section 3.3.4.

viWe have previously found that two silicon wafers prepared in the same reaction mixture possess
similar ellipsometric thicknesses.
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1.6 Overall structure of this thesis

In this thesis we develop and demonstrate methods for the analysis of polymer brush sys-

tems with NR, using PNIPAM as a model system throughout. We start by characterising

the synthesis and unsolvated behaviour of these layers. In chapter 2 time-resolved NR is

used to observe the synthesis of a PNIPAM brush in situ for the first time. Synthesises

from wafers with different initiator grafting densities are observed to determine the origin

of the interior layer often observed by NR for these grafted-from systems. Chapter 3 is

concerned with the behaviour of unsolvated PNIPAM films. The response to both relative

humidity and temperature is investigated, and the SLD and solvent fraction of PNIPAM

brushes in ambient conditions are determined.

We move on to detailing novel analysis methodologies in the following two chapters.

Chapter 4 demonstrates and details a brush model that minimises assumptions regarding

the structure of the brush, while allowing monotonicity and V̂I to be constrained. The

validity of this approach is demonstrated before it is applied to model the thermoresponse

of a PNIPAM layer. In Chapter 5, we develop a novel ‘distribution model’ that we use to

analyse NR data from a unique sample environment that can subject a brush to molecular

confinement.

In Chapter 6, the knowledge and NR analysis techniques developed in prior chapters

are applied to answer open questions regarding polymer-surfactant phenomena, thereby

demonstrating the use of the developed analysis methods in understanding the behaviour

of complex brush systems.
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Chapter 2:

Grafting density control and in situ observation of

surface-initiated ATRP
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The molecular weight distribution of grafted-from polymers is known to differ from

polymers produced by free initiators. Understanding the structures formed by grafting-

from polymerisation is essential, as the system structure dictates the macroscopic proper-

ties of polymer brushes. This structure depends on many variables, including the polymer

molecular weight distribution and grafting density. Neutron reflectometry can resolve the

density profiles of polymer brushes, and as such is sensitive to the changes in VF profiles

caused by bimodal or very broad molecular weight distributions. Previous neutron reflec-

tometry studies of grafted-from brushes have observed a dense thin layer adjacent to the

substrate (the ‘interior’ layer). The origin of this layer and how it relates to synthesis

conditions are unknown.

In this chapter, we characterise the polymerisation methodology used in this thesis

and develop a method for varying the initiator grafting density. We then investigate the

origin of the interior layer using time-resolved neutron reflectometry, which can resolve

the structure of the growing brush, from both high- and low-initiator density surfaces.

To our knowledge, this is the first time that the structure of a polymer brush has been

documented during its synthesis.
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2.1 Theoretical background

Grafting-from polymerisation is often the only viable means by which polymer brush

coatings can be prepared with the desired grafting density and molecular weight [95].

Surface-initiated atom transfer radical polymerisation (ATRP) is one of the most popular

methods for performing grafting-from polymerisation [95, 96]. However, relatively little is

known regarding the structures produced by planar surface-initiated ATRP, that is, the

molecular weight distribution of the substituent polymers. This knowledge deficit arises

because it is difficult to produce high enough polymer volumes on planar substrates to

allow for cleavage and conventional analysis, for example, by gel permeation chromatogra-

phy (GPC). The typical solution to this problem is to simultaneously synthesise from free

initiators in the same reaction vessel and characterise them conventionally, assuming that

the molecular weight distribution is independent of the polymer geometry [95]; however,

it is well accepted that this assumption is flawed [95, 97–99].

Here, we investigate the growth of surface initiated polymers and demonstrate the

use of time-resolved neutron reflectometry (NR) as a tool for studying surface-initiated

polymerisation. We begin with a brief overview of the relevant literature, discussing

evidence for poor control of surface-initiated ATRP and its mechanistic origins. We then

extend the synthetic method described in section 1.4 by developing a method for modifying

the initiator grafting density, supporting this method with studies of bromination and

polymerisation kinetics. Finally, we employ time-resolved NR to study the structural

evolution of the polymer layer during synthesis.

2.1.1 Bimodality in surface-initiated ARGET ATRP

Martinez et al. [97] study the molecular weight distribution of grafted-from poly(methyl

methacrylate) (PMMA) chains by degrafting followed by GPC. To produce the volume of

grafted-from polymer needed for study, they graft PMMA from a nylon membrane with

a high specific surface area; while this is not directly comparable with polymers grafted-

from planar surfaces, it illustrates the marked difference between free polymerisation and

surface-initiated polymerisation. Martinez et al. show that while the molecular weight

distribution of free-polymer is unimodal, grafted-from chains possess a bimodal molecular

weight distribution, indicating the presence of a dense layer of short, surface-proximal

polymer chains (Fig. 2.1). While the short polymer chains could not be completely char-

acterised due to experimental limitations, they were approximated to have a molecular

weight of ≈2000 Da, corresponding to approximately 20 MMA units. Significantly, reduc-

ing the initiator grafting density reduced the prevalence of these short chains (Fig. 2.1).
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Figure 2.1: GPC results from Martinez et al. [97], showing that surface-initiated ATRP produces
bimodal polymer distributions at high initiator densities. As GPC is sensitive to polymer mass,
not the number of chains, the fraction of short chains is higher than it appears (calculated to
be 0.98 for the 100 % σ sample and 0.93 for the 30 % sample, consistent with reports of ATRP
initiation efficiency discussed in section 2.1.3). Reprinted with permission from Martinez et al.
[97]. Copyright 2021 American Chemical Society.

Simulations offer several explanations for the bimodality observed by Martinez et al.

[97]. The work of Keating IV, Lee, and Belfort [100] shows that the extremely low

ratio of initiator to catalyst in planar polymer brush syntheses results in poor reaction

control. They suggest adding free free initiator to the reaction solution, but Martinez et

al. [97] report the the addition of free initiator does not reduce the reported bimodality.

Martinez et al. [97] also perform molecular dynamics (MD) simulations of the surface

initiated ATRP system, finding that chain-chain termination is the primary cause of this

bimodality. Monomer shielding of shorter chains, where monomer diffusion to the active

end of short chains is prevented by longer chains, is observed to be a secondary cause.

The issue of bimodality is also linked the the concept of initiation efficiency, which is

discussed in detail below. Understanding and controlling this bimodality is important as

it can strongly influence the solvated brush’s structure (Fig. 1.4).

2.1.2 Origin of the interior layer

A phenomena adjacent to the bimodality observed by Martinez et al. [97] is the ‘interior

layer’ observed by several previous NR studies of grafted-from brushes, which appears to

be independent of the polymer composition [20, 22, 73, 85, 101–104]. In this chapter we

seek to better understand the composition of this interior layer. Our motivation for doing
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so is twofold: Firstly, understanding the structures formed by surface-initiated ATRP is

key to improving the synthesis and properties of these interfaces. Secondly, knowing the

origin (and subsequent properties) of this interior layer is helpful when designing models

to describe solvated brush structure, which is a key element of this thesis.

Before continuing we address one obvious explanation for this interior layer: that

it is simply made up of deposited polymerisation initiators. The thinnest interior lay-

ers reported for the surface preparation/polymerisation scheme used here are approx-

imately 15 Å thick [20].i This thickness approaches that expected of a tightly-packed

initiator monolayer; here our initiator layer is prepared in a two-step process, first (3-

Aminopropyl)triethoxysilane (APTES) is vapour-deposited, then α-bromoisobutyryl bro-

mide (BiBB) is reacted with the APTES layer (section 1.4). Studies of vapour-deposited

APTES layers on silica find that the they have a thickness of between 3 and 9 Å [105–107].

However there is not yet a standard recipe for preparation of vapour-deposited APTES

films. Zhang et al. [106] use a temperature of 150 ◦C, pressure of <4 mbar and reaction

time of 5 min; Zhu, Lerum, and Chen [105] use a temperature of 70 ◦C, pressure of 1 atm

and reaction time of 24 h; and Giraud et al. [107] use ambient temperature, pressure of

<5 mbar and reaction time of 4 h. The method used here (and elsewhere [20, 21, 48,

73, 76, 83, 85, 101, 102, 108, 109]) is conducted at ambient temperature, a pressure of

<5 mbar and for a reaction time of 30 min. From the ellipsometry study of Giraud et al.

[107] we expect our APTES layers to have a hydrolysed thickness of ≈3 Å; this thickness

is approximately half the ‘contour length’ of APTES (≈6 Å [107]). It then follows that

bromination increases the contour length of the tethered APTES by no more than 3 Å

(the approximate length of BiBB), resulting in a final initiator interfacial volume of less

than 4.5 Å. Here interfacial volume refers to the volume of a material per unit area, and

has units of length. We do not expect this layer to hydrate due to its hydrophobic nature.

Consequently, the initiator layer is not thick enough on its own to form the observed

interior layer.

There are then two, non-mutually exclusive, explanations for the presence of this inte-

rior layer. It may be the result of early chain-termination through chain-chain termination

or monomer shielding (as in the work of Martinez et al. [97]), or it could consist of poly-

mer physisorbed to the substrate. The former explanation would result in the interior

layer depending strongly on the initiator grafting density. Poly(N -isopropylacrylamide)

(PNIPAM) is a good choice for investigating the formation of this interior layer, as its

moderate hydrophilicity and lack of charge remove hydrophobic and charged-based argu-

ments for the formation of the interior layer.

iThicker layers appear elsewhere [103, 104], and may be explained by different phenomena.
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2.1.3 Initiation efficiency

In this work, we control the grafting density by varying the initiator density. It is im-

portant to acknowledge that not all initiator sites result in a grafted polymer chain; the

fraction that do (grafting density divided by initiator density) is termed the initiation effi-

ciency [95]. The precise definition of the initiation efficiency is dependent on the definition

of when an oligomer becomes a polymer chain and how it is measured (all measurement

techniques are indirect) [95]. Here we define a a successful initiation as an initiation

that results in a polymer with a N greater than 5 % of the modal polymer length. Our

primary method of determining the grafting density is through the thickness of the sub-

sequent polymer layer, which is insensitive to these short chains. Consequently, in the

subsequent calculation of the lower bound for the initiation efficiency these short chains

will be ignored and we will assume all long chains are of a similar molecular weight.

For the polymerisation scheme used in this work, a grafting density of 0.0007 Å
−2

has

been reported (Table 1.1), based off the single-molecule force spectroscopy (SMFS) study

of Murdoch et al. [20]. This value is lower than other values reported for initiator density

as it is calculated via SMFS, which is a measure of the product of initiator grafting density

and initiation efficiency. Furthermore, SMFS is sensitive only to the longest chains, so

grafting density will be underestimated. Giraud et al. [107] approximate that a vapour-

deposited APTES monolayer has a grafting density of 0.1 Å
−2

. They note that these

APTES layers are not hydrolytically stable; similar studies have found that hydrolosis

reduced the thickness of the vapour-deposited APTES monolayer by approximately half

[105]. Consequently, we assume a hydrolysed initiator density of 0.05 Å
−2

and note that

it is possible that the APTES density of our deposition method is lower than those

reported elsewhere due to differences in temperature and exposure time [48, 105–107].

The difference between the density of polymer determined by SMFS and the initiator

density calculated above can be explained by the initiation efficiency. With all caveats

noted, and assuming a that the bromination reaction proceeds to completion, we can

approximate a lower bound for our initiation efficiency of 1.4 %. This value is of a similar

order of magnitude to values reported in other surface-initiated ATRP studies [110].

There are a number of mechanisms through which low initiation efficiencies can be ex-

plained. These include chain-chain termination [97] and monomer shielding. Simulation

has shown that the initiation efficiency is a strong function of the number of monomers

added per activation cycle (rate of reaction), with more rapid reactions reducing the initia-

tion efficiency [99]. This because chains that are initiated earlier will shield neighbouring

initiators from monomer in solution; the efficacy of this shielding is dependent on the

length of the polymer. Consequently, the effect of shielding early in the polymerisation
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is strongly dependent on the number of monomers added per activation cycle [99]. It is

generally accepted that initiation efficiency increases as initiator density decreases [95],

as such, we expect the relationship between grafting density and initiator density to be

non-linear.
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2.2 Materials and Methods

2.2.1 Materials

Uniform brush samples for the bromination kinetics and grafting density studies were

prepared on 1 mm thick silicon wafers cut to a size of approximately 10×20 mm. Gradient

brushes were prepared on 1 mm thick silicon wafers cut to dimensions of approximately

10 × 50 mm, with the direction of the gradient along the long axis. All silicon wafers

were purchased from EL-CAT Inc. (USA). Benzoyl bromide (BB) (97 %) and deuterated

methanol (d-MeOD) were purchased from Sigma Aldrich and used as received. All other

reagents are detailed in section 1.3.

2.2.2 Synthetic details

Here, we infer details regarding the polymers’ grafting density and molecular weight from

the thickness of the synthesised polymer layers. As in the rest of this thesis we use ARGET

ATRP to prepare our brush layers, described in detail in section 1.4. To make measuring

the thickness of these layers easier with ellipsometry and interferometry we desire thicker

layers than are used elsewhere in this thesis. As such, we use a 2:1 water to methanol

(MeOH) ratio in the experiments in this chapter. Increasing the solvent water fraction

increases the reaction rate by increasing the solvent polarity (relative to the standard

1:4 ratio used elsewhere). Unless specified, reaction conditions are otherwise identical to

those described in 1.4.

2.2.3 Bromination kinetics

Here, the bromination kinetics are of interest as they inform our grafting-density variation

method. The kinetics of the bromination step were investigated by exposing APTES-

coated wafers to the bromination solution (3.0 vol% triethylamine (TEA), 2.6 vol% BiBB

in tetrahydrofuran (THF)) for varying amounts of time (between 5 and 3600 s). After the

wafer had spent the allotted time in the BiBB solution it was removed and quickly washed

with copious amounts of ethanol; remaining unanchored BiBB will react with the ethanol

hydroxyl group and be quickly neutralised. The kinetics of the BiBB-APTES reaction

was probed by polymerising from the wafers for a fixed period of time (150 min). The

brush thickness was then measured with thin-film interferometry, with ten measurements

taken randomly over each wafer.

34



Chapter 2 Understanding brushes via improved reflectometry analysis

from
syringe
pump

from
syringe
pump

from
syringe
pump

vent vent

polymerisation
solution

6 vol% TEA
solution

5.2 vol% BB
solution

3 vol% TEA
2.6 vol% BIBB

solution

stir bar

silicon
wafer

a) b)

PTFE
rod

silicon
wafer

nitrogen
atmosphere

suba-seal

PTFE
tubing

PTFE
tubing

Figure 2.2: Experimental setups for (a) gradient molecular weight and (b) gradient grafting
density syntheses. In both arrangements, the flowrate of reagent/s is controlled by pressurising
feed solutions using a nitrogen-filled syringe pump running at a constant flowrate.

2.2.4 Preparation of molecular weight gradient brushes

Gradient molecular weight samples [111] were produced by gradually varying the time

that different sections of a long silicon wafer (which had already been subject to APTES

deposition and bromination steps) was exposed to the polymerisation solution. This was

implemented by placing the wafer in a 50 mL glass vial (approximate radius and height

15 and 65 mm, respectively) which was then sealed with a Suba-seal and purged with

nitrogen. The polymerisation solution was then transferred into the sample vial via the

mechanism shown in Fig. 2.2a. A syringe pump (running at a fixed flowrate) was used to

force liquid from the solution vial into the sample vial; the solution was not placed directly

into a syringe to prevent contamination. The total polymerisation time (starting from

when the solution made contact with the bottom of the wafer) was 160 min, the solution

reached the top of the wafer at approximately 130 min. Thickness was determined via

mapping ellipsometry, which measured the thickness of the polymer in the middle (width-

ways) of the wafer at 5 mm intervals along its length.
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Figure 2.3: Mechanism by which grafting density is varied. The organobromine in the BiBB
(top) is the polymerisation initiator, which is not present in BB. BiBB and BB react with the
APTES layer via the same mechanism and have comparable molecular masses and volumes.

2.2.5 Variation of initiator density

We control the polymer grafting density by varying the density of bromine polymerisation

initiators on the surface of a wafer; our method can be used to prepare both uniform and

gradient wafers. We vary the initiator density at the bromination step, after the APTES

monolayer has been deposited on the surface, through substituting the BiBB initiator with

inert BB, as shown in Figure 2.3. Both BiBB and BB react with the APTES layer via

the same mechanism, and have comparable molecular masses (229.9 and 185.0 g mol−1)

and volumes (123.6 and 117.8 cm3 mol−1). However, only BiBB has the organobromine

that acts as the ATRP polymerisation initiator.

It is worth noting that the grafting density of the polymer is not limited only by

the grafting density of the initiator, but by the product of the initiator grafting density

and the initiation efficiency, as dicussed in section 2.1.3. If the initiation efficiency is

inversely proportional to the initiator density, then the layer thickness will not scale

linearly with initiator density. Future work should examine the initiator density with a

spectroscopic technique (i.e., Raman spectroscopy), which would provide further insight

into the polymer growth kinetics.
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Uniform wafers

The procedure for uniform grafting density variation is as follows. First, all glassware

required was dried, as BiBB and BB form hydrobromic acid upon contact with water.

1 mL mixtures of pure BiBB and BB were then made up in 5 mL vials (sealed with a suba-

seal to prevent contact with atmospheric water), to produce solutions with the desired

molar ratio of BiBB to BB. These components must be mixed before they are added to

the vessel containing the wafer, as the rapid initial reaction kinetics would result in the

species added first saturating the surface (see section 2.3.1). After the initiator solution is

mixed, reagents were syringed into a dry vial containing silica wafers to produce a 3.0 vol%

TEA, 2.6 vol% initiator-mix solution in THF that covered the wafer. Generally, the total

solution volume was 10 mL, but this volume was adjusted depending on wafer size. After

all reagents had been added, the wafer is left in the solution for 60 min, before it is removed

and rinsed in THF, ethanol and water. The resulting initiator grafting density of each

sample was then probed by polymerising from the wafers (using the procedure outlined in

section 2.2.2) for a fixed period of time (150 min), and measuring the resulting thickness

with thin-film interferometry (section 2.2.9), with ten measurements taken randomly over

each wafer.

Gradient wafers

Gradient grafting density samples were produced by preparing the APTES layer accord-

ing to the method in section 1.4. After this, the wafer was placed in a dry 50 mL glass

vial (approximate radius and height 15 and 65 mm, respectively), along with a polyte-

trafluoroethylene (PTFE)-coated stir bar; the wafer was suspended above the base of the

vial by a PTFE rod, which allowed the stir bar to spin freely (Fig. 2.2b). The vial was

sealed with a Suba-seal, and 10 mL of THF, 0.26 mL of BiBB, and 0.3 mL of TEA was

carefully syringed into the bottom of the vial. The wafer had been positioned such that

the bottom 5 mm was submerged after addition of the BiBB solution. Solutions of BB

and TEA (5.3 vol% and 6 vol%, respectively) in anhydrous THF were prepared, placed

in glass vials, and connected to the sample tube as shown in Fig. 2.2b. Syringe pumps

were used to slowly transfer the BB and TEA solutions to the sample vial at a constant

flow rate (equal for both solutions) over the course of 120 min. The stirrer bar ensured

that the solutions were well mixed upon introduction to the sample vial. BB and TEA

solutions could not be mixed before injection into the sample vial as they form a white

precipitate when mixed; the precipitation was expected in the bromination reaction, but

the precipitate blocked tubing if the solutions were mixed pre-injection. After the gradient

bromination had been completed, the wafers were cleaned with THF and ethanol, before
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Table 2.1: Experimental conditions for in situ synthesis.

Synthesis Number 1 2 3

D2O : d-MeOD 2:3 1:2 1:2

BiBB : BB 1:0 1:0 1:3

NIPAM (mg mL−1) 24 50 50

HMTETA (mg mL−1) 0.86 1.70 1.70

CuBr2 (mg mL−1) 0.16 0.16 0.16

Ascorbic acid (mg mL−1) 0.84 1.3 1.3

Temperature (◦C) 5 5 5

being subject to polymerisation as described in section 1.4. Thickness was determined

with mapping ellipsometry, which measured the thickness of the polymer in the middle

(width-ways) of the wafer at 5 mm intervals along its length.

2.2.6 In situ NR synthesis

The structure of a PNIPAM brush was observed using time-resolved NR. For a detailed

description of the NR technique, see section 1.5.3. Several adjustments to the synthetic

recipe described in section 1.4 had to be made to enable the observation of the synthesis

via time-resolved NR.

Firstly, a silicon block (section 1.3) was used instead of a silicon wafer. The NR ex-

periment was sensitive to the structure of the brush within a 30 by 50 mm rectangle in

the centre of the block. The synthesis was conducted in a solid–liquid cell designed for

NR, with a solvent depth of ≈0.1 mm and a volume of ≈0.5 mL. It has been previously

demonstrated that restricted geometries accelerate surface-initiated ATRP [112]. How-

ever, this effect appears to be insignificant at distances greater than 0.02 mm [112]; as

such, we do not expect the solid–liquid cell used to affect the polymerisation kinetics.

The second modification that was made was the use of deuterated solvents (D2O and

d-MeOD), which were required to enhance the contrast between the polymer and solvent.

Deuteration is expected to increase the reaction rate, because more polar solvents increase

the reaction rate of ATRP [113] and deuterium-oxygen moieties are more polar than their

hydrogenous equivalents.

Thirdly, the solubility of the polymer in the reaction solution was decreased via the

cononsolvency effect, whereby PNIPAM solubility decreases with MeOH mole fractions
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between 0.2 and 0.5 [64, 67]. Reducing the polymer solubility in the reaction mixture

allowed the polymer layer to be more clearly resolved. We targeted MeOH mole fractions

of 0.4 and 0.47 (corresponding to a D2O to d-MeOD volume ratios of 1:2 and 2:3, respec-

tively). These fractions balanced better temporal resolution (reduction of the reaction

rate through higher d-MeOD concentrations) with better structural resolution (more col-

lapsed layer due to cononsolvency). Reducing the polymer solubility via cononsolvency

will likely increase the occurrence of monomer shielding in the growing chains, relative

to the 1:4 H2O to MeOH ratio used elsewhere in this work. However, the ratios we use

in our NR experiment have been reported elsewhere in the literature for the synthesis

of PNIPAM brushes via ARGET ATRP [48], so the polymerisation behaviour at these

conditions is still relevant.

Lastly, the method by which the polymerisation solution was prepared was modified

to reduce the reaction volumes required. Below, we describe the method for in situ

samples 2 and 3, the differences between these and sample 1 are summarised in Table 2.1

and discussed further in appendix C. Typically, polymerisation mixtures of 20 to 100 mL

are produced using the method in section 1.4; however, reaction solutions of 3 mL were

produced here to conserve deuterated solvent. Precursor solutions were prepared to enable

accurate amounts of reagent to be added to the solution, both made up in D2O. The first

solution contained 10.2 g L−1 of 1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA)

and 0.99 g L−1 of CuBr2, the second solution contained 7.81 g L−1 of ascorbic acid. Both

precursor solutions were deoxygenated and stored under a nitrogen atmosphere. 0.15 g

of NIPAM and 0.5 mL of the first precursor solution were mixed with 2 mL of deuterated

methanol (d-MeOD) and deoxygenated using dry nitrogen for 15 min. 0.5 mL of the second

precursor solution was then added to the polymerisation mixture.

The last modification to the polymerisation method is the temperature. In an attempt

to further slow the reaction kinetics, we used Julabo heater-chiller units to maintain the

solid–liquid cell at 5 ◦C. The solid–liquid cell was placed in a box which was filled with dry

N2 to prevent condensation; the neutron beam accessed the cell through thin aluminium

windows.

2.2.7 Neutron reflectometry experiments

Dry and standard (time-independent) solid–liquid experiments were carried out according

to the method in section 1.5.3. Time-resolved NR experiments were conducted by con-

tinuously acquiring at an angle of 0.8◦. Time-resolved reflectivity data were derived from

the event-mode data acquisition post-experiment, with time slices adjusted to optimise

temporal resolution and signal to noise ratio
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The sample environment setup was as follows. A single solid–liquid cell containing a

brominated wafer and filled with D2O was placed in the centre of the sample stage and

aligned. The pre-sample slits (slit 3 on PLATYPUS ) were placed as close as possible

to the sampleii to maximise the neutron flux and reduce the minimum time in which

a usable reflectivity profile could be measured. A syringe pump was connected to the

solid–liquid cell via a length of PTFE tubing; the syringe pump was placed on the sample

stage to minimise the length of tubing required. Between the syringe pump and the solid–

liquid cell was a three-way valve that allowed bubbles to be purged from the Luer-lock

fitting upon connection of the syringe. The total volume of the valve and tubing are

estimated to be less than 0.05 mL, with a corresponding residence time of approximately

1 s at the flowrates used; as such, the tubing is not expected to appreciably influence

results. After alignment, but before polymerisation, the cell was filled with 2 mL of the

same D2O:d-MeOD mix that would be used in the polymerisation so that there would be

no change in solvent composition during the injection. The polymerisation solution was

drawn into a 5 mL syringe and placed into the syringe pump, which was programmed to

wait for five minutes before beginning to pump at 1.5 mL min−1. Once the syringe was

in place, the timer was started and acquisition began on PLATYPUS . The programmed

delay prior to the polymerisation solution being introduced allowed us to capture the

reflectometry from the initiator-functionalised surface directly before polymerisation.

2.2.8 Neutron reflectometry data analysis

Data were reduced in the refnx reflectometry analysis package. Measurements that were

not time-resolved were reduced with standard reduction procedures as outlined in sec-

tion 1.5.3 and analysed using the freeform methodology developed in chapter 4. Time

resolved reflectometry datasets were subdivided into 180 s intervals and reduced individ-

ually, with a final dQ/Q resolution of 8.8 %, identical to that obtained through standard

reduction procedures elsewhere in this thesis.

The underlying silicon–silica interface was characterised by simultaneously modelling

air, H2O, and D2O contrasts, which yielded the silica layer thickness, roughness and

porosity with a high degree of certainty (Fig. 2.8); this process will be explained in

more detail in chapter 4. Once the silica layer had been characterised, the time-resolved

datasets were fit. Due to the low effective Q-range of the time-resolved datasets, a freeform

approach (as detailed in chapter 4) could not be used. Instead, the data was either fit

with a 1 or 2 slab model, one slab was used early in the polymerisation (less than ≈360 s),

the 2 slab model was used for all other measurements. The first slab described the interior

ii“Danger close”
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layer that has been observed by previous NR experiments (e.g., [20, 22, 73, 85, 103, 104]),

while the second slab described the bulk of the growing brush. Large roughnesses were

allowed to account for the diffuse brush interface, but these were manually constrained

to be less than half of the adjacent layers’ thickness. This constraint was enforced to

prevent large roughnesses spilling across layers and creating artefacts in the scattering

length density (SLD) profile. Each profile was optimised using a least-squares approach

initiated from the parameter values of its neighbour (typically the longest-time sample

was analysed first). For some datasets, select parameter values had to be manually set

to ensure a consistent trend in the time series; for instance, once the interior layer had

formed (600 s) its parameters were then fixed. However, important features such as the

initial formation of the interior layer and the thickness of the 2nd slab were not constrained

during fitting.

2.2.9 Interferometry

An Ocean Optics NanoCalc thin-film measurement system was used to measure the dry

thicknesses of the uniform wafers. The technique measures the reflected intensity of white

light incident upon the sample at an angle of 90◦ as a function of wavelength, extracting

a thickness from this data via a modelling process. The instrument is rated to measure

the thickness of thin films between 100 Å to 2500 Å. While the technique’s output is

similar to that of ellipsometry, interferometry must be measured relative to a reference

sample, so absolute thicknesses from the technique are less reliable. Here an unmodified

silicon wafer from the same batch as the brush-coated wafer was used as the reference

sample. Modelling was performed in the nanocalc software, using a single layer model.

The refractive index for PNIPAM in the model was set with Cauchy parameters from

the work of Chen et al. [64]. Where thicknesses are reported, they represent the average

value of ten measurements taken at random over the face of the wafer. Where errors are

reported they represent the standard deviation of these ten measurements.
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2.3 Results

First we report our findings on the rate of the bromination reaction, thus establishing

the time frame required for gradient grafting density synthesises. We then report on

the relationship between polymerisation time and average molecular weight, attained

from a gradient polymerisation time synthesis. Control over polymer grafting density is

then demonstrated, and implications of the non-linear relationship between d and σ are

discussed. In this first part of the work, brush thickness is used to follow trends in grafting

density, polymer molecular weight and initiation efficiency. We note that, for dry brushes,

d is proportional to σ (unlike solvated brushes, section 1.1).

Finally, we present the in situ observation of the polymerisation using time-resolved

NR and discuss volume fraction profiles corresponding to brushes with varying grafting

density. We report details regarding the development of our method for the in situ

observation in appendix C.

2.3.1 Bromination kinetics

The kinetics of the initiator layer formation were probed by examining the resulting dry

polymer layer thickness. The bromination reaction was found to initially proceed rapidly,

before slowly approaching equilibrium (Fig. 2.4). These kinetics are consistent with mono-

layer formation, where the reaction rate is proportional to the number of available reaction

sites [114]. The implications of this experiment are twofold: firstly, when varying grafting

density via substitution of BiBB with BB, the reagents should be mixed before being

exposed to the APTES layer, since the binding of BIBB is sufficiently fast that sequential

addition will not work. Secondly, the timescale of the gradient grafting density experi-

ment should be on the order of one hour to allow for the reaction to go to completion.

Figure 2.4 also demonstrates that bromination reaction time is a poor method to control

initiator grafting density. It should be noted that the trend in Figure 2.4 is not due to the

polymer molecular weight or initiation efficiency being strongly dependent on the graft-

ing density. In section 2.3.3, we vary the initiator grafting density in a more controlled

manner and do not see the rapid increase of polymer thickness with grafting density that

is observed here.

2.3.2 Polymerisation kinetics

The kinetics of the polymerisation reaction were investigated by a gradient polymerisation

time method, the results of which are shown in Figure 2.5. Over the polymerisation times
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Figure 2.4: Thickness of the polymer layer grafted from silica wafers with varying bromination
times (from 5 s to 60 min); the bromination and polymerisation procedures across wafers were
identical in all other ways. Measurements were taken from ten locations on the sample surface;
errorbars are plotted as one standard deviation from the mean. The red curve is included as
a guide for the eye. After a 5 s reaction time the initiator grafting density is high enough to
yield brushes, approximately 60 % of the maximum dry thickness; however, the rate of bromi-
nation reaction appears to dramatically decrease after approximately 1 min. A reaction time of
approximately 30 min is required to reach 95 % of the final thickness.

investigated the growth appeared to be linear; however, linear extrapolation of the data

does not pass through the origin, indicating the polymer growth is in-fact non-linear. The

observed non-linear polymer growth was expected (the initiation efficiency was expected

to be dependent on the initiator density), as similar growth kinetics have been reported

for similar surface-initiated reaction schemes [97, 98, 115]. Literature explanations for

this non-linearity include chain-chain termination due to the high initial initiator density,

the monomer shielding of shorter chains, or the loss of living-ness of the ATRP through

the diffusion of the bromide during the propagation step.

This confirmation of non-linearity has potential implications for the grafting-density

and bromination kinetics studies, as both use equation 1.2 to relate V̂I to σ. If the non-

linearity observed in 2.5 is dependent on the polymer grafting density, then this will

affect grafting density values calculated through equation 1.2. However, given initiation

efficiency has been shown to be a function of grafting density [95, 98, 115], the potential

relationship between polymerisation linearity and and initiator density will be a secondary

effect. The cause of the non-linearity could be further explored by performing a gradient

polymerisation (as in Fig. 2.5) with wafers of different initiator grafting densities.
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Figure 2.5: Thickness of the polymer layer grafted from a surface prepared as per section 1.4
as a function of polymerisation time. Sets of data points are from a single gradient wafer,
section 2.2.4. Over the observed time period, the polymer growth appears to be linear, but does
not pass through the origin when extrapolated (dashed red line). As such, it appears the polymer
growth is non-linear. The interfacial volume gradient in the observed region is 5.35 Å min−1.

2.3.3 Grafting density control

The effect of changing the initiator grafting density was investigated both on uniform

wafers (Fig. 2.6 top) and in a gradient process (Fig. 2.6 bottom), with results from both

studies plotted in Fig. 2.7. Polymer thickness is a strong function of the BiBB:BB ratio,

demonstrating our method’s efficacy for varying grafting-density. Additionally, we find

that the results from the gradient-grafting density wafer and the uniform wafers agree

well, indicating that our method can be used to prepare polymer brush surfaces with

grafting density gradients.

However, dry polymer thickness appears to scale as the square-root of the BiBB frac-

tion across all sample groups. A similar relationship between the active initiator fraction

and brush thickness was observed by Jones, Brown, and Huck [98]. Assuming BiBB and

BB are equally mobile and reactive with the APTES, the initiator grafting density should

scale linearly with the BiBB concentration. For the same polymer molecular weight

distribution, the dry thickness should also scale linearly with grafting density, as per

Equation 1.2. The experimentally observed non-linear relationship between dry thickness

and grafting density can be explained by chain-chain termination or monomer shielding,

indirectly supporting the findings of Martinez et al. [97] and explaining the non-linear
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Figure 2.6: Photos of select uniform wafers (top) and the gradient wafer (bottom), with the
approximate initiator grafting density shown above. The change in colour across the wafers is
due to thin-film interference and can be directly correlated to the thickness of the PNIPAM
brush (the same phenomena is used by interferometry).

growth in Figure 2.5. As these phenomena will be more prevalent at higher initiator den-

sities, the average molecular weight of chains grown from higher-initiator density surfaces

will be lower than those grown from lower-initiator density surfaces.

2.3.4 In situ measurements

We observe the temporal evolution of PNIPAM polymer brushes produced by surface-

initiated activators regenerated by electron transfer (ARGET) ATRP at different reaction

rates and from surfaces of varying initiator density. This marks the first time that the

structure of a polymer brush has been observed during its synthesis. Due to the pioneering

nature of the work, significant improvements were made to the methodology during the

course of this study. Potential improvements to the method are discussed in appendix C.

The first significant finding from this experiment comes from the characterisation of

the silica layer. The silicon blocks used for the in situ synthesis experiments had already

undergone the APTES deposition and bromination steps of the synthesis procedure when

they were measured by NR in air, H2O and D2O for the purpose of characterising the

silicon oxide layer. When analysing this data, an additional slab was added to the model

to account for the initiator layer; however, the dense layer observed in previous NR exper-

iments was not required to match the collected data. This indicates that the previously

observed interior layer does not consist of a dense initiator layer, as has been hypothesised.

Instead, the interior layer was seen to form in the early stages of the polymerisation in

iiisamples 2 (100 %) and 3 (25 %) from section 2.3.4, as well as a 75 % sample prepared using the same
method that was not smooth enough for further analysis (see appendix C).
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Figure 2.7: Normalised polymer thickness as a function of the BiBB:BB ratio in the bromination
step. Results are from individual wafers (as per the method in section 2.2.5) measured by
interferometry (error bars) and NRiii (circles), as well as a gradient wafer (Triangles, prepared
as per section 2.2.5) measured by ellipsometry. Interferometry measurements were taken from
ten locations on the sample surface; errorbars are plotted as one standard deviation from the
mean. Errors from the NR modelling process were smaller than the marker size, and are not
plotted. For an estimation of the thickness distribution across the NR wafers see Figure 2.12.
For comparison, the thicknesses are normalised by dividing by the thickness at BiBB fraction of
1 (dmax). It must be noted that the thicknesses reported here are dry thicknesses, and as such
are expected to scale linearly with σ (unlike solvated thickness, which scales as σ1/3, section 1.1).

all samples (Fig 2.9, 2.11, 2.10), confirming that this layer consists primarily of NIPAM

(in either polymer, oligomer or monomer form).

The progress of the polymerisation was observed under three distinct conditions (see

Table 2.1). The first condition had an active initiator fraction of 100 % and a D2O:d-MeOD

ratio of 2:3, which had two main consequences. The first is that the polymerisation

progressed more rapidly than the other syntheses; Figure 2.9b shows that the growth rate

is 4.7 Å min−1. The second is that the polymer was less soluble in the reaction mixture

than in other syntheses (due to cononsolvency effects); Figure 2.9a shows that the polymer

volume fraction in the bulk of the brush was around 0.3. The lower solubility resulted

in obvious fringes appearing in the collected reflectometry profiles (Fig. 2.9c), promoting

confidence in the modelled structure. However, as this polymerisation was performed

as part of the commissioning of this insitu polymerisation technique, the polymerisation

mixture for this experiment diverged significantly from those used elsewhere in this thesis.

It is included here because the distinctive fringe structures produced demonstrate that
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NR is sensitive to the structure of a polymer brush at the angle, resolution and time scale

used here.

The second and third conditions are most informative when compared directly to one

another, as both are carried out under identical reaction conditions with a D2O to d-MeOD

ratio of 1:2. The second and third conditions had an active initiator fraction of 100 and

25 %, respectively. The final dry thicknesses of the two wafers were 72 and 149 Å, which

agree well with both the gradient and uniform grafting density experiments documented

above (relative values plotted in Fig. 2.7), indicating that the initiator density modification

was successful. The difference in grafting density is also manifest in the observed growth

rate and volume fraction of the two datasets. The growth rate of the 100 % sample is

2.07 Å min−1, while that of the 25 % sample is 1.04 Å min−1; reassuringly, the ratio of the

growth rate is comparable to the dry thickness ratio. The volume fraction of the brush

layer is lower at 25 % than it is at 100 % during the synthesis, conforming with common
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Figure 2.8: Characterisation of the silica and initiator layers for (a,b) synthesis 2 and (c,d)
synthesis 3. The order of the slabs in the air contrast (backing layer silicon) has been reversed
to allow for better comparison with the solvent contrasts (backing layer water). The silica (grey
shaded region) and initiator layers (red shaded region) were fit with a slab each. The difference
in the thickness and roughness of the silica layer between the (a) and (c) is due to the wafers’
history and is not significant here. While a small initiator layer can be observed in the D2O
contrast, particularly in (c), the layer SLD is not as low as those observed in previous NR studies
[20, 22, 73, 85, 101–104]. The 25 % sample (c) likely has a more observable initiator layer due
to slight differences in the SLD and volume of BB relative to BiBB.
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structural descriptions of brush structure, like those discussed in section 1.1. This is

discussed further in section 2.3.5.

Most significantly, an interior layer is required to fit both the 25 % and 100 % data.

In both cases, the interior layer is required to fit the data collected from early in the

polymerisation. Another difference worth noting is that the initial (<500 s) polymer

growth rate for both 100 % samples (experiments 1 and 2) is lower than the subsequent

rate (Fig. 2.9b, 2.10b), this is not the case for the 25 % sample. At a growth rate of 2 to

4 Å min−1, these first few hundred seconds would be the time period wherein the 20-mers

reported by Martinez et al. [97] would form. It is then possible that the early reduction

in growth rate is due to chain-chain termination. It is also worth noting that, while

there are indications of non-linear growth at around 3000 s, the polymer growth after

500 s is relatively linear for all syntheses observed. Figure 2.5 would indicate that the

growth in this time regime should be non-linear. It is possible that the lower temperature

of the in situ reactions resulted in fewer termination events, or that the flow of the

solvent in the gradient polymerisation-time experiment resulted in a higher rate of chain-

termination events. More experimentation is needed to determine the underlying cause

of this discrepancy.
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Figure 2.9: Results from in situ experiment 1 (100 % BiBB coverage, 2:3 D2O:d-MeOD), show-
ing evolving (a) volume fraction profile and (b) interfacial volume of polymer, along with (c)
corresponding reflectometry profiles. The polymer growth in the first five minutes is slower than
in the remaining hour.
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Figure 2.10: Results from in situ experiment 2 (100 % BiBB coverage, solvent 1:2 D2O:d-MeOD),
showing evolving (a) volume fraction profile and (b) interfacial volume of polymer, along with
(c) corresponding reflectometry profiles. The polymer growth in the first five minutes is slower
than in the remaining hour, potentially due to chain-chain termination.
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Figure 2.11: Results from in situ experiment 3 (25 % BiBB coverage, 1:2 D2O:d-MeOD), show-
ing evolving (a) volume fraction profile and (b) interfacial volume of polymer, along with (c)
corresponding reflectometry profiles. The polymer growth is linear throughout the experiment.
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a) b) c)

Figure 2.12: Thickness maps illustrating the macroscopic roughness of in situ polymerised wafers
(a) 1, (b) 2, (c) 3 determined by mapping ellipsometry. The hydrophobic nature of the initiator
layer resulted in bubbles forming in sample 2 (b). The primary reason for the change in relative
roughness between samples 1 and samples 2 and 3 is that a larger reaction volume was pumped
through the cell in sample 1 (5 mL vs 3 mL).

2.3.5 Characterisation of resulting brush layers

The thermoresponse of the PNIPAM layers produced during the in situ syntheses above

were characterised in D2O using NR and their smoothness was assessed using mapping

ellipsometry (Fig. 2.12). It was verified that all three brushes were thermoresponsive,

undergoing a collapse at around the reported critical solution temperature (CST) of 32 ◦C

(Fig. 2.13). No attempt was made to accurately determine the CST for each wafer using

the limited NR time that was available. Once again, all substrates were found to exhibit

an interior layer (Fig. 2.13); it should be emphasised that the fitting methodology did not

assume the presence of this layer (more details of the analysis can be found in chapter 4).

The volume fraction of the bulk of the brush appeared to be dependent on grafting density,

with the 25 % sample exhibiting a more diffuse profile (Fig. 2.13c) than the equivalent

100 % sample (Fig. 2.13b). Classical strong-stretching limit theory (see section 1.1) states

that the volume fraction in the bulk of the brush should scale with σ2/3, and the thickness

of the brush should scale with σ1/3. Between samples 2 and 3 at 15 ◦C we observe a

reduction in the volume fraction of 50 %, and a reduction in the extent of ≈20 %. This is

indicative of a reduction in effective grafting density of between 35 and 50 %; consistent

with the results from thickness measurements in Figure 2.7.

The difference between the profiles produced by in situ sample 1 (Fig. 2.13a) and 2

(Fig. 2.13b) is more significant than expected. While the solvent polarity and the con-

centration of reagents in the polymerisation solution were different for each sample, it

was expected that both methods would produce similar brushes. Instead, the bulk of the

brush in sample 1 is at much higher volume fraction than in sample 2. One explanation
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Figure 2.13: Volume fraction profiles as a function of temperature as measured by NR for brushes
synthesised in situ, corresponding to in situ samples (a) 1, (b) 2 and (c) 3. Potential reasons
for the difference in swelling ratio between (a) and (b, c) are discussed in the text.

is that the reaction conditions (higher local polymer concentration and faster reaction

rate) lead to an increase in the number of chain-chain termination events, reducing the

maximum length the chain can stretch. If the latter explanation is correct, then the

solvent composition (or more broadly, the reaction rate) will have a dramatic effect on

the structure of brushes produced by ARGET ATRP, resulting in brushes with markedly

different swelling ratios.

The roughness of the wafers produced was characterised by mapping ellipsometry,

the results are in Figure 2.12. Synthesis 1 produced a more even wafer relative to its

thickness than either synthesis 2 or 3; this is thought to be due to both the filling method

used and the volume of reaction solution injected into the cell. The differences between

the methodologies are discussed further in appendix C. The difference between the final

dry thickness reported in Figure 2.7 and the interfacial volume, as shown in panel (b) of

Figures 2.9-2.11 can be attributed to shortcomings of the slab model used to describe the

growing polymer brush.

2.3.6 Origin of the interior layer

From Figures 2.10, 2.11 and 2.13, it is clear that reducing the initiator grafting density

does not result in the disappearance or reduction of the interior layer, indicating that the

interior layer is not the result of termination in the very early stages of the reaction. This

is not to say that there is no chain termination of monomer shielding; the non-linearity

of V̂I both with respect to polymerisation time (Fig. 2.5) and initiator density (Fig. 2.7)

indicate that both these events occur. However, they do not appear to be the cause of

the interior layer. Our characterisation of the wafers prior to polymerisation shows that
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the interior layer is not present before polymerisation, so the interior layer is not the

initiator layer. The only remaining explanation of the interior layer is the adsorption

of PNIPAM chains onto the wafer’s surface. This interpretation explains why the 25 %

initiator density sample possesses the most prevalent interior layer, as it would possess

the most hydrophobic surface due to the attached BB. This hypothesis could be further

tested by observing the structure of the brush in different solvents with NR, or through

measuring the adsorbtion of free PNIPAM to a brominated silica surface using QCM-D.
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2.4 Conclusion

Here we have characterised the polymerisation methodology used in this thesis by studying

the kinetics of the bromination and polymerisation reactions, as well as examining polymer

growth as a function initiator grafting density. We find that the bromination reaction

reaches 95 % completion in approximately 30 min and that the polymerisation rate slows

as the polymerisation reaction progresses. We demonstrate that we are able to control the

grafting density by substituting the active initiator, α-bromoisobutyryl bromide, with the

inert benzoyl bromide. The polymer grafting density is not a linear function of initiator

density, indicating that the initiation efficiency is a function of initiator density; this

suggests that monomer shielding or chain-chain termination occurs in the initial stages of

the polymerisation for samples with dense initiator densities.

In order to determine the origin of the interior layer observed by previous neutron

reflectometry studies, we have, for the first time, employed time-resolved neutron reflec-

tometry to study the structural evolution of a polymer brush during its synthesis. Time-

resolved neutron reflectometry shows that the interior layer is not due to a thick initiator

layer, or the termination of chains early in the polymerisation, but rather adsorption of

the PNIPAM brush onto the surface. Similar techniques could be used to study other

time-dependent polymer behaviour, such as the top-down collapse reported in PNIPAM

brush systems [64]. Future developments in reflectometer design (for instance, the pro-

posed Freia reflectometer at the European Spallation Source) will further increase the

power of time-resolved reflectometry techniques.
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Chapter 3:

Swelling of a thermosensitive polymer brush at different

relative humidities of water
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Characterising the structure and behaviour of polymer brushes in their dry state is

required for subsequent study of their solvated structure. Furthermore, the study of dry

polymer layers as a function of relative humidity contributes to our understanding of

polymer-solvent interaction at low solvent-fractions, while thin, dry, polymer layers can

be used as sensing surfaces and aid in gas-phase separation.

Here PNIPAM brushes are probed as a function of temperature and relative humidity

by QCM-D and neutron reflectometry. Within the context of this work the current

investigation serves to quantify the amount of water in the absorbed film, which we achieve

by studying the thickness and hydration of the PNIPAM layer as a function of relative

humidity and temperature. This knowledge enables a more accurate approximation of

the interfacial volume of polymer and allows for the determination of the SLD of pure

PNIPAM in both a native and deuterated state. These experiments allow us to determine

whether the PNIPAM layer is thermoresponsive in the dry-state. More generally, these

experiments provide insight into the behaviour of PNIPAM films at very low polymer-

fractions, which is significant in understanding the phase behaviour of PNIPAM more

broadly.

In this chapter, a brief review of the relevant literature is conducted before our ex-

perimental setups are detailed. The results from QCM-D and neutron reflectometry are

compared and discussed, and the response of PNIPAM to humidity and temperature is ex-

plored. We then use our findings to calculate the Flory–Huggins parameter for PNIPAM

as a function of temperature and solvent volume fraction. Finally, the results are used to

inform our approximation of the interfacial volume and SLD.
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3.1 Theoretical background

In this chapter, we are concerned with the behaviour of ‘dry’ poly(N -isopropylacrylamide)

(PNIPAM) films as a function of relative humidity (RH) and temperature. In this thesis,

in the context of brushes, the term ‘dry’ refers to systems that are not solvated by a

bulk liquid. Under ambient conditions dry PNIPAM brushes contain some amount of

solvent. However, what one might term the ‘true dry thickness’i of a brush layer is often

an important parameter. In this thesis, the true dry thickness of a brush is referred to

as the interfacial volume, V̂I. V̂I is required to accurately calculate the swelling ratio

(SR) (see Section 1.5.1) of a film, which is one of the key metrics used to characterise

the response of both dry [116] and solvated thin films. Furthermore, it is crucial to the

structural characterisation of the solvated films, a point that will be demonstrated in

chapter 4. However, V̂I is surprisingly difficult to measure, owing to the tendency of

hydrophilic polymer films to absorb solvent from their environment [75, 77, 116–121].

Determining V̂I for PNIPAM films at ambient conditions will be an important outcome

of this chapter.

Polymer films tend to absorb solvent from the vapour phase [75, 77, 116–121]. This

absorption takes place even in vapour mixtures that are not close to saturation and has

been observed to be a function of the relative humidity of the solvent [75, 77, 116–121].

Here we stress that this solvent absorption is very different to solvent condensation, which

occurs due to the vapour being super-saturated at the surface temperature. These two

phenomena occur for very different reasons. In this chapter, we have carefully controlled

surface temperatures to eliminate the possibility of condensation.

3.1.1 Relative Humidity

RH is the ratio of the partial pressure of a vapour-phase component (pA) to its saturation

pressure (psat
A )

RH = 100
pA

psat
A (T )

(3.1)

As the saturation pressure of a component is a function of temperature, RH is temperature-

dependent. The saturation vapour pressure of H2O and D2O used here was determined

from the work of Matsunaga and Nagashima [122], who use the functional form of Saul and

Wagner [123]. The component of their work relevant to the current study is reproduced

in Figure 3.1.

ithe thickness of the layer if the polymer volume fraction were 100 %.
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Figure 3.1: psat
H2O and psat

D2O from the work of Matsunaga and Nagashima [122].

3.1.2 Water content of polymer films at ambient conditions

Ko, Miles, and Genzer [117] document the difficulty of completely dehydrating polymer

films, and hence quantify the consequences of taking thickness measurements at ambient

conditions as V̂I. They studied spin-cast films of poly(methyl methacrylate) (PMMA),

polyvinylpyrrolidone (PVP) and poly(methoxy diethylene glycol acrylate) (PMDEGA).

The degree of quaternization of PMDEGA was also varied to study the effect of charge

on the water content of a dry film; increasing charged moieties in the layer results in

larger discrepancies between the calculated V̂I and the thickness at ambient conditions.

Ko, Miles, and Genzer used a thermal method, wherein the thickness was measured over

a range of temperatures, to determine V̂I for thin polymer layers. They assumed that

at high temperatures (≈100 ◦C) there was no water in the layer, and extrapolated the

dry thickness from this high-temperature data, assuming a constant coefficient of thermal

expansion. Significantly, they reported that this thermal method dries the thin film more

completely than exposure to either exposure to a dry nitrogen stream or vacuum. Their

results indicate that exposure to a 0 % RH environment may not be enough to completely

dry thin polymer layers.

3.1.3 Swelling of polymer films at different solvent vapour pres-

sures

Below we discuss the existing literature regarding the swelling of thin polymer films as a

function of humidity. Prior work is divided into categories to aid discussion.
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The effect of substrate and polymer geometry

Prior work suggests the that substrate-solvent affinity plays a role in the swelling of thin

films in humid vapours. Galvin and Genzer [78] studied poly(2-(dimethylamino)ethyl

methacrylate) (PDMAEMA) spin-cast onto both untreated and hydrophobically modified

(through deposition of a octyltrichlorosilane layer) silica wafers (V̂I ≈ 800 Å). They found

that the film with the hydrophobically modified substrate exhibited a significantly lower

swelling ratio than the film on untreated silica (1.17 vs 1.25) at 92 % RH. Ederth and

Ekblad [124] studied hydrogels composed of hydroxyethyl methacrylate and poly(ethylene

glycol) methacrylate monomers (HEMA-co-PEG10MA) in humid environments on both

gold and silicon substrates (V̂I ≈ 310 Å). Hydrogels on silica exhibited an SR of 1.35,

while identically prepared films on on the more hydrophobic gold surface exhibited an SR

of 1.23. Presumably the effect of the substrate hydrophobicity becomes less significant as

film thickness increases.

It is also apparent from literature that the polymer geometry of the thin films influences

their behaviour. Galvin and Genzer [77, 78] investigated the swelling of polyelectrolytes in

humid environments. They compared the swelling of a PDMAEMA polymer brush with

that of a spin-cast film of the same polymer, finding that the SR was significantly greater

for the brush-geometry film [78]. They postulate that the orientation of the brush chains

enables greater hydration of the film, although molecular weight and polydispersity effects

could also have been responsible [78]. For tethered hydrogels, the SR has been found to

be a strong function of the cross-linking density [116, 118]. This dependence on cross-link

density suggests that one potential explanation for the results Galvin and Genzer [78] is

that the spin-cast samples are more ‘tangled’ than the brush equivalent, i.e., the spin-cast

films can be thought to have an effective cross-link density. This rationalisation views

all thin films on a continuum from low to high cross-link density, where brushes have a

cross-link density of zero.

Not all aspects of the polymer geometry appear to significantly affect their behaviour

in humid vapours. Pandiyarajan, Prucker, and Rühe [116] found that SR is independent

of film thickness, reporting no significant difference in the SR of 500 and 7000 Å poly(N -

dimethylacrylamide) (PDMAA) films. Similarly, Galvin and Genzer [78] found that the

SR is not a strong function of brush grafting density.

Adsorption kinetics

Pandiyarajan, Prucker, and Rühe [116] studied the kinetics of hydration for a PDMAA

film (V̂I ≈ 6000 Å), finding that equilibrium was reached within ten minutes of a step–

change in the RH; swelling kinetics appeared to be independent of the RH probed. Kreuzer
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et al. [119] undertook kinetic experiments to observe the swelling of a poly(N,N -dimethyl-

N -(3-methacrylamidopropyl)-ammoniopropane sulfonate) (PSPP)-poly(N -isopropylmeth-

acrylamide) (PNIPMAM) diblock film (V̂I ≈ 600 Å), finding that film swelling took ap-

proximately 20 min to reach an equilibrium value and concluding that diffusion into the

polymer film was the rate limiting step in this process. Kreuzer et al. [120] studied

swelling kinetics of both poly(sulfobetaine) (PSPE) and PNIPMAM films, finding that

both reached equilibrium after approximately 20 min. Biesalski and Rühe [75] also con-

ducted kinetic studies of swelling upon a change in humidity; for RH less than 80 %,

equilibrium was reached in under an hour, whilst greater RH took approximately three

hours to reach equilibrium. However, as they achieved humidity control through saturated

salt solutions, the rate-limiting step here was likely the evaporation of water.

It should be noted that a number of studies report extremely long equilibration times.

Nieuwenhuis et al. [121] found that neither PNIPMAM or PMDEGA spin-cast films (V̂I ≈
450 Å) films reached equilibrium in a humid D2O environment over a 3 h period. Widmann

et al. [82] measured the kinetics of hydration of PNIPAM microgel films (V̂I ≈ 300 Å),

finding that equilibrium was reached for D2O systems after 2 h (transitioning from 30

to 100 % RH. They did not observe the swelling ratio of the H2O sample to stabilise

after 6 h. Both Kreuzer et al. [120] and Nieuwenhuis et al. [121] reported swelling ratios

much greater than comparable nonionic thin films in water vapour; it is possible that

condensation phenomena could be occurring in these studies.

Solvent affinity

The swelling of a thin film when exposed to a solvent vapour is predominantly dependent

on the affinity between the solvent and the thin film. For humid (i.e., where the solvent

vapour is water) environments, this results in polyelectrolyte films consistently swelling

significantly more than neutral films. Galvin and Genzer [78] studied PDMAEMA films

of varying thicknesses. In some samples the PDMAEMA was quaternized to examine

the effect of charge density; films with higher charge densities absorbed more water.

Biesalski and Rühe [75] studied 7000 Å thick poly-4-vinyl(N -methyl pyridinium)iodide

brushes, with a maximum SR of 1.55 reported. Kreuzer et al. [119] studied spin-cast films

of zwitterionic PSPE and neutral PNIPMAM, reporting swelling ratios of 1.82 for PSPE

(V̂I ≈ 340 Å) and 1.07 for PNIPMAM (V̂I ≈ 280 Å), both in water. Pandiyarajan, Prucker,

and Rühe [116] studied the swelling of a series of surface-tethered acrylamide hydrogels

using optical waveguide spectroscopy as a function of RH and cross-link density. The SR

of the acrylamide films varied between 1.05 and 1.45, with the SR increasing with the

monomer’s hydrophilicity. The SR of poly(N -propylacrylamide) films (chemically similar
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to the PNIPAM used in this work) was 1.12. The tendency of polyelectrolyte layers

to hydrate more than neutral polymer layers was borne out in a recent study by Brió

Pérez, Cirelli, and de Beer [125], wherein the degrafting of silane-tethered polymer brushes

in humid environments was examined; humid environments accelerate the degrafting of

polyelectrolyte, but not of neutral polymers.

Regardless of the polymer chemistry, geometry, or the thickness of these thin polymer

layers, good solvents are found to swell the layer. This is emphasised by the study of Elbs

and Krausch [126], which examined the swelling of neutral polymer brushes in vapours of

toluene, tetrahydrofuran and chloroform. These neutral brushes achieve swelling ratios

as high as 4 in rich vapours of good solvents [126], greater than polyelectrolytes in water

vapour [77, 78]. This indicates that it is the affinity of polyelectrolytes for the relevant

solvent (in this case water) that cause the significant swelling reported [75, 77, 78], rather

than an intrinsic property of their ionic nature.

There are some notable discrepancies in the SR values reported in literature. A num-

ber of studies report swelling ratios of ≈1.1 for PNIPAM–analogous polymers [116, 120],

whereas others report values as high as 1.4 [82, 121]. All measurements are done in water

vapour at ambient conditions. This difference is not due to a difference in polymer ge-

ometry (both low and high SR studies include work on microgels and spin-cast polymer).

Likewise, the difference is not due to the substrate, as all studies use silicon substrates.

We note that, at the high humidities probed by these experiments, small temperature

gradients can cause condensation. If water condenses on the polymer surface it would

induce significant layer swelling, explaining the extremely high SR observed. This inter-

pretation is supported by the uncharacteristically sluggish kinetics (which sometimes do

not reach equilibrium [82, 121]) reported in studies that observe high SR.

Enrichment regions

Some studies report solvent enrichment regions at the peripheries of thin films in humid

environments. Nieuwenhuis et al. [121] report these enrichment regions at the both the

polymer-solvent and polymer–substrate interfaces for PMDEGA, but only at the polymer–

substrate interface for PNIPMAM; both films are prepared by spin-coating the respective

polymers. Galvin and Genzer [78] used neutron reflectometry (NR) to study the structure

of PDMAEMA films as a function of RH, revealing that the silica-polymer and polymer–

air interfaces are enriched with solvent relative to the bulk of the brush. These NR results

agree well with reported X-ray reflectometry (XRR) and ellipsometry measurements, but

uncertainty regarding the reported enrichment regions is not quantified. Kreuzer et al.

[119] observed significant enrichment regions in their PSPP–PNIPMAM diblock films
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(V̂I ≈ 600 Å) at both the silica substrate and air interfaces.

Implications for the current study

From the above, four points are pertinent to the current study:

1. The SR for thin films is independent of thickness [116] and grafting density [78]

2. The expected SR of PNIPAM–analogous thin films at high relative humidities is

≈1.1 [116, 120]

3. The expected equilibration time for PNIPAM films upon a change of humidity is

approximately one hour [75, 116, 119, 120].

4. The SR is dependent on the solvent-polymer affinity and RH, and hence can be used

to calculate the solvent interaction parameter χ.

While swelling of PNIPAM and PNIPAM–analogous thin films in response to RH have

been studied, the behaviour of PNIPAM films as a function of both temperature and RH

has not yet been investigated. It is also unknown whether PNIPAM exhibits a critical

solution temperature (CST) in the dry state.

3.1.4 Determination of χ parameter from film swelling

Using Flory–Huggins theory [127, 128] it is possible to derive a relationship between the

solvent interaction parameter χ, the solvent fraction (φsolv) and RH (Eq. 3.1) [75, 77]

ln
(RH

100

)
= ln(φsolv) + (1− φsolv) + χ(1− φsolv)2 (3.2)

This method is widely used to determine the χ parameter of a polymer from both a cal-

culation at a single point [77, 78, 118, 126] and through a curve-fitting procedure [75,

124]. Being able to calculate χ in dry films is important as it yields insight into the

solvent affinity of polymers at extremely low solvent fractions. Many polymers, including

PNIPAM, have been shown to have volume fraction dependent solvent interaction param-

eters; calculating χ allows for these to be experimentally quantified. Determining χ is

particularly important for brush systems, as their local polymer volume fraction varies as

a function of their conformation.
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3.2 Method

3.2.1 QCM-D

Quartz crystal microbalance with dissipation monitoring (QCM-D) experiments were per-

formed using a Biolin Q-sense Analyzer connected to a vapour delivery system (VDS).

The VDS mixed two nitrogen streams at 0 and 100 % RH, respectively, with a flowrate of

200 mL min−1. The stream mix was set by controller with a target RH. Of course, RH is

dependent on local temperature of the humidity probe, which was kept constant at 40 ◦C.

While the VDS was set to control RH and temperature, we kept the VDS feed stream

at a constant temperature, and controlled the feed RH to provide the desired pH2O. The

humid vapour was supplied to the QCM-D cells via a heated tube (at approx. 50 ◦C)

with a total stream pressure of one atmosphere. Temperature control of the system was

achieved using the thermostat in the Q-sense Analyzer. To ensure that the temperature of

the incoming vapour and the sample were the same, the polytetrafluoroethylene (PTFE)

tubing was coiled and attached to cell one with thermal tape (Fig. 3.2). The temperature

of system components was monitored via thermocouples to ensure that no part of the

system dropped below Tsample; thermocouples were attached to cells one, three and four

with thermal tape, and one was placed to measure the ambient temperature of the cell

enclosure. The tubing used was translucent; at no point was any condensation observed.

heated pipe
Insulated enclosure, T > Tsample

Cell 1 Cell 2 Cell 3 Cell 4

Ce
lls

 a
t T
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Figure 3.2: Schematic of QCM-D experimental setup; descriptions from left to right. A nitrogen
stream with a set pH2O is supplied via a heated, insulated pipe at 200 mL min−1. This vapour
stream’s temperature is greater than the cells’ temperature, which is controlled via the built-in
thermostat. This vapour stream passes through a coil, which was attached to the aluminium
body of cell one via thermal tape, before travelling through cell one and two, both of which
were fitted with blank wafers; air exiting cell two had reached Tsample. Cell three contained a
blank SiO2 control wafer, while cell four contained a wafer coated with a 200 Å PNIPAM brush.
All four cells are enclosed in an insulated environment; the presence of the heated pipe in this
enclosure ensured that its temperature remained above Tsample at all times.
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Figure 3.3: Temperature and RH as a function of time for the QCM-D experiment reported
here. The equivalent diagram for the NR experiment is in Figure 3.8.

Experiments were carried out at a constant temperature (±0.2 ◦C, as measured by the

Q-sense Analyzer) and varying RH, as in Figure 3.3. Before the experiment began the

environment was dried by exposing it to dry nitrogen for three hours (after this time the

frequency and dissipation were observed to be constant). It is likely that this dry nitrogen

state does not correspond to a completely dry brush layer, as the polymer films have been

previously demonstrated to be difficult to completely dehydrate at temperatures accessi-

ble to the Q-sense Analyzer [117]. However, a small amount of residual water in our 0 %

RH condition will not affect the conclusions drawn from the QCM-D study. To avoid con-

densation the maximum RH targeted was 85 %. At each condition, the system was given

two hours to equilibrate; this was found to be sufficient time for the sensor frequency to

plateau. The plateau value was taken as the frequency and dissipation for each condition.

To account for baseline drift during the experiment, frequency and dissipation values are

reported as the deviation from their 0 % RH value at a given temperature (see Fig. 3.3).

Subtracting the 0 % RH value also removes the effect of temperature on crystal frequency,

as temperature was kept constant while the RH sweep was conducted. The frequency

of the SiO2 control wafer was found to be weakly dependent on RH (≈2 Hz between 0

and 85 % RH); to remove the effect of vapour infiltrating the porous SiO2 layer the signal

from the SiO2 control (in cell 3) was subtracted from the signal from the PNIPAM-coated

crystal (in cell 4). The crystal was coated with a brush layer produced via the synthetic

method in section 1.4, and its thickness determined by ellipsometry (V̂I = 180 Å, assuming

that V̂I is 90 % of the dry thickness as shown later in this chapter).
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Data analysis

For thin films in air, the change in absorbed mass can be determined from the change in

crystal frequency through the Sauerbrey equation [90]

∆m

A
= −

∆f
√
ρqµq

2f 2
0

(3.3)

where ∆m is the change in absorbed mass, A is the active area of the sensor, ∆f is

the change in sensor frequency, ρq is the density of quartz (2.648 g cm−3), µq is the

shear modulus of quartz (2.947× 1011 g cm−1 s−2) and f0 is the fundamental frequency

(4.95× 106 Hz). The Sauerbrey equation treats the absorbed mass as an extension of the

quartz itself, and as such is only valid for rigid films. These can be easily identified by

QCM-D, as ∆f is independent of overtone number for rigid films.

3.2.2 Neutron reflectometry

Specular reflectometry measurements were made at incident angles of 0.65 and 3◦, yielding

a useful Q-range of 0.008-0.26 Å
−1

; for further details see section 1.5.3. The PNIPAM

brush was prepared on a 100 mm wafer, which was placed inside a specialised sample

environment consisting of a sealed chamber with quartz windows to allow the neutron

beam to access the sample (Fig. 3.4). The sample stage within this chamber was connected

to an external water bath for temperature control, and the exterior of the chamber was

jacketed and heated above the dew point of the vapour mixture. The chamber was

connected to a high-vacuum pump and a D2O reservoir through a three-way valve, which

was operated automatically by a pressure controller.

Initially, the sample environment was completely evacuated to remove any H2O from

the brush, before a temperature sweep was conducted at 0 mbar. The D2O was then bled

into the chamber until the vapour pressure of D2O reached the desired level, at which

point reflectometry profiles were measured at a number of different temperatures; this

process was repeated until all temperature/humidity combinations of interest were covered

(illustrated in Fig. 3.8a). To ensure that the system was in equilibrium, measurements

were taken at a reflection angle of incidence of 0.65◦ at 20 min intervals before the final

measurement; it was found that fringe spacing and depth reached constant values within

20 min of pD2O and Tsamp reaching their target values, as expected from prior studies

(section 3.1.3).
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Figure 3.4: Schematic of the sample environment used for the NR experiments. A 100 mm silicon
wafer is placed within a sealed chamber on a metal plate, the temperature of which (Tsample) is
controlled. The chamber is evacuated, and the pD2O is controlled by bleeding in D2O from a
reservoir. The chamber is jacketed and heated to prevent condensation. Aluminium windows
on the chamber and the jacket allow the neutron beam to access the sample surface.

Assumptions implicit in sample environment

In the selection of the sample environment and design of NR experiment it was assumed

that the temperature of the relevant vapour (that is, the vapour in contact with the

polymer layer), Tvap, would be identical to the sample temperature, Tsamp However, com-

parison of the NR and QCM-D results, discussed at length in appendix D, reveals that

the assumption that Tvap = Tsamp does not hold. Consequently, we analyse our data using

a semi-empirical bulk vapour phase temperature

Tvap = 0.75× Tenv + 0.25× Tsamp (3.4)

where Tenv is the temperature of the sample environment, approximated from manual

temperature readings taken throughout the experiment.

Hydrogen–Deuterium exchange in PNIPAM

D2O was used as a water-proxy in this experiment to highlight the change in hydration

of the polymer layer. Widmann et al. [82] show that the amide proton in PNIPAM can

exchange for a deuterium (Fig. 1.9) when exposed to D2O vapour. This H–D exchange

appears to take place over approximately three days [82] at 90 % RH and temperature of
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26.5 ◦C. The current experiment lasts for a similar time frame and subjects the polymer

to a range of temperatures and D2O pressures; as such it is expected that H–D exchange

will have to be accounted for in the data analysis. Furthermore, as we perform solvated

brush NR measurements in D2O in this thesis, determining both the hydrogenated and

deuterated scattering length density (SLD) of PNIPAM is important.

To explore the implications of the H–D exchange an additional experiment was un-

dertaken, in which the SLD of two PNIPAM brushes (V̂I = 235 Å) were measured by NR

before and after extended solvation in liquid H2O or D2O. After an initial measurement

in atmospheric conditions (where both wafers are expected to be hydrogenous), the wafers

were immersed in water for three days — one in H2O and one in D2O. The wafers were

then removed from the water, quickly dried under nitrogen, and placed under vacuum

on the PLATYPUS beamline. Reflectometry profiles were measured from the wafers at

room temperature and 5 mbar of dry air pressure, before the temperature was increased

to 50 ◦C then 100 ◦C, where additional profiles were acquired. The temperature was raised

to ensure no water remained in the brush, as in the work of Ko, Miles, and Genzer [117].

The results of this experiment are presented in Figure 3.5.

Figure 3.5: (a) Swelling ratio and (b) SLD of PNIPAM films in different conditions. The
two films had been exposed to liquid H2O or D2O for three days before the experiment was
conducted. The swelling behavior is similar for H2O and D2O, but the layer SLD for the D2O
exposed wafer is significantly higher.

We conclude that the SLD of pure hydrogenated PNIPAM is 0.72× 10−6 Å
−2

, which

corresponds to a theoretical density of 0.973 g cm−3, or a monomer volume of 193 Å
3
. If

the amide proton were to fully exchange the calculated SLD (assuming constant monomer

volume) would be 1.25× 10−6 Å
−2

. This value is comparable to that observed experimen-

tally in the vapour pressure experiment conducted in this chapter. The measured SLD of
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the PNIPAM film soaked in D2O was ≈1.0× 10−6 Å
−2

, which is higher than the hydro-

genated SLD, but less than the value calculated for full exchange or attained in the NR

modelling presented in Figures 3.7 and 3.8. We attribute this difference in calculated and

measured deuterated SLD to slow exchange kinetics in the solvated sample.ii Accordingly,

in the NR experiment, which took place over the course of the ≈80 h, the SLD of the film

was allowed to vary between 0.72 and 1.25× 10−6 Å
−2

.

For the remainder of this thesis, the SLD of PNIPAM that has been exposed to D2O is

allowed to vary between 0.72× 10−6 and 1.25× 10−6 Å
−2

. This (small) uncertainty in the

SLD of the polymer has minor implications for the modelling process, discussed further

in appendix G.

Data analysis

The PNIPAM layer was modelled as a single uniform layer (‘slab’), the thickness and

volume fraction of which were constrained such that the volume of polymer in the layer

was constant, i.e.,

dswell =
V̂I

φpoly

(3.5)

The profiles were co-refined such that V̂I, the roughness of the polymer layer, and the

thickness and roughness of the silica layer were kept constant across all datasets. Solvent

volume fraction in the polymer layer was allowed to vary between 0 and 0.2 (which

correspond to thicknesses of 1× V̂I and 1.25× V̂I), while the SLD of PNIPAM was allowed

to vary between 0.72× 10−6 and 1.25× 10−6 Å
−2

. Optimisation was performed using the

L-BFGS-B algorithm as implemented in scipy [129].

3.3 Results

3.3.1 QCM-D

The experimental setup for the QCM-D experiments afforded excellent control of both the

temperature and pH2O in the system. No thermal gradients were measured in the cell in

which the quartz crystal was placed, and as such, the RH in the cell can be determined with

great confidence. The measured overtones were found to overlay, indicating that the dry

brush is behaving as a rigid thin film, allowing the application of the Sauerbrey equation

(Eq. 3.3). Overtones one to seven were averaged, with the result shown in Figure 3.6a;

iiThe presence of D2O could also have changed the structure of the dry layer, but we do not expect
this to affect the layer SLD.
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Figure 3.6: (a) ∆f , averaged across overtones one through seven (error bars are the standard
deviation), as a function of RH. (b) Calculated change in mass (left axis, Eq. 3.3) and thickness
(right axis) corresponding to the data in (a). (c) Change in the volume fraction of solvent
(Eq. 3.5). d) SR of the film (Eq. 1.7). Calculations assume an interfacial volume of 180 Å
(Section 1.5.6).

the standard deviation of overtones are plotted as error bars. At a given temperature,

the frequency decreases as RH is increased (Fig. 3.6a), corresponding to an increase in

absorbed mass (Fig. 3.6b) as the film absorbs water. Below a RH of 50 %, temperature

has little effect on the swelling of the brush, however, this effect grows as humidity is

increased further. At a RH of 75 % there is a marked difference between temperatures,

with PNIPAM absorbing significantly more water at lower temperatures. Unfortunately,

experimental constraints prevented us from probing higher relative humidities. The key

limitation was maintaining the QCM-D enclosure at a temperature greater than Tsamp.

In future experiments it might be possible to adapt a small cartridge heater to heat the

space.

By assuming that the density of the absorbed water is 1 g cm−3, the change in film

thickness (Fig. 3.6b), and hence the change in volume fraction (Eq. 3.5, Fig. 3.6c) and

SR (Fig. 3.6d) can be calculated. These calculations assume that no voids are present in

the brush, i.e., that all space is occupied either by H2O or polymer (Eq. 1.9), and do not

account for the slight change in polymer and water density caused due to the changing
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system temperature. However, we expect both the density of both water and polymer to

change by less than 1 % over the temperature range investigated [130]. Figure 3.6 shows

a maximum SR of 1.14, slightly greater than the result reported for PNIPAM hydrogels

[116]; this is expected, as brushes have been shown to swell more than hydrogels [78].

3.3.2 Neutron reflectometry

NR is capable of resolving both the thickness and solvent fraction of the dry brush system.

Here, we conduct reflectometry measurements at a number of pD2O and Tsamp combina-

tions. As discussed in 3.2.2, it was thought that Tvap would equal Tsamp at positions close

to the sample; hence controlling Tsamp would allow for the control of RH in the immediate

vicinity of the sample. However, the following results indicate that this was not the case

(discussed at length in appendix D); as such, the results will first be discussed with respect

to known parameters Tsamp and pD2O. After this, the results will be recast in terms of

RH using Equations 3.4 and 3.1, compared with the QCM-D findings. Finally, the SLD

of PNIPAM and approximate water content of a dry PNIPAM film will be determined.

The collected reflectometry profiles are shown in Figure 3.7a. The thickness of the

brush layer has been determined from the data in two ways, via a fringe-spacing anal-

ysis (Sec. 1.5.2, Fig. 3.7b) and a modelling process (Sec. 3.2.2, Fig. 3.7c). Here the

fringe-spacing analysis confirms the veracity of our modelling analysis. Both methods

yield identical trends, although the fringe-spacing analysis produces slightly higher thick-

nesses and swelling ratios. The difference is due to the effect of the silica native-oxide

layer (≈20 Å thick) on the fringe spacing. Swelling is observed to increase monotonically

as the pD2O is increased, and is moderately dependent on the temperature at pressures

under 20 mbar, where thicknesses appear to increase exponentially with pressure at all

temperatures. Above 20 mbar, temperature becomes much more important, with higher

temperatures deviating from the apparent exponential increase and plateauing, particu-

larly in the modelled thicknesses (Fig. 3.4c).

Figure 3.8 shows key environment and fitting variables as a function of time, allowing

the results to be more closely analysed. The NR experiments were carried out as temper-

ature sweeps at constant pD2O (i.e., varying RH), so it can be soundly concluded that the

layer was sensitive to temperature, as the solvent fraction decreases with increasing tem-

perature. However, it is difficult to determine whether this behaviour is due to a change

in RH or the thermoresponsive nature of PNIPAM. Partial pressure can be converted to

RH if the saturated vapour pressure is known; in practice, this requires knowledge of the

system temperature (Eq. 3.1, Fig. 3.1). Here we use Equation 3.4 to determine the rele-

vant vapour temperature, producing the thickness vs RH plot in Figure 3.9. The trend in
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Figure 3.7: (a) Collected reflectometry profiles (black error bars) with corresponding fits
(coloured lines) and fringe locations (black dots); modelled profiles satisfactorily match the
collected data. (b) thickness (left axis) and corresponding SR (right axis) as calculated via
analysis of the fringe spacing. (c) polymer thickness (left axis) and corresponding SR (right
axis) from modelling of the reflectometry data. While the absolute values in (b) and (c) differ,
they follow the same trend.
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Figure 3.9: Thickness (left axis) and corresponding SR (right axis) as a function of RH assuming
that the relative vapour temperature is a function of the bulk temperature.

Figure 3.9 matches that observed by QCM-D; however, the determination of the relevant

vapour temperature is not trivial, as discussed in appendix D.

By constraining the interfacial volume of polymer between experiments, our analysis

is able to determine the true polymer volume fraction of the layer at different conditions.

Reassuringly, we find that initially the PNIPAM layer is almost completely dry, with a

thickness approximately 92 % of that in ambient conditions. This finding matched well

with the experiment in which the SLD was determined, documented in Figure 3.5. We

stress that the thickness of the dry layer (which may contain some voids) is not the same

as the interfacial volume of that layer; this is discussed in-depth in section 3.3.4.

By the end of the experiment it appeared that the PNIPAM film had an SLD of

1.25× 10−6 Å
−2

(Fig. 3.8), indicating that almost all of the hydrogen in the amide had

exchanged for deuterium. This supports our calculated SLD for deuterated PNIPAM

(1.25× 10−6 Å
−2

). It is unknown why the exchange appeared to occur faster in D2O

vapour than it did in liquid D2O. It is possible that the deuteration reaction is greatly

accelerated by elevated temperatures, in which case the reaction of the block in vapour

would proceed faster than in the block in liquid.

Another interesting feature evident in Figure 3.8 is that the solvent volume fraction

does not return to zero at the end of the experiment. This irreversibility is evident in

both the SLD and thickness of the fitted layer. The SLD of the non-polymer medium

decreases to approximately 1× 10−6 Å
−2

, indicating that the layer is no longer swollen

by D2O. It appears that upon a sudden decrease in RH PNIPAM may vitrify before the

layer can completely collapse, resulting in the presence of voids within the brush. The
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Figure 3.10: χ as a function of both (a) RH and (b) volume fraction solvent, from the QCM-D
results in Figure 3.6. There is a clear trend wherein solvent quality decreases (i.e., increasing χ)
with increasing temperature. Furthermore, χ also clearly depends on the solvent fraction.

vitrification is reversible, as we observed the reswelling of PNIPAM brushes after they

had been aggressively dried (e.g., under vacuum, as in Figure 3.7, or even in a vacuum

oven). This phenomena would be an interesting avenue for future investigations.

3.3.3 Calculation of χ parameter

From the QCM-D results presented in Figure 3.6d and Equation 3.2 the Flory-Huggins

interaction parameter χ can be calculated. QCM-D results are used here due to the better

control of RH in these experiments; furthermore, other studies that have calculated the

χ from the swelling of polymer films in humid environments have done so at atmospheric

pressure. χ as a function of RH is shown in Figure 3.10. As indicated by Figure 3.6,

the solvent affinity of PNIPAM is relatively independent of temperature at low relative

humidities, but becomes more temperature-dependent as RH increases.

Plotting χ as a function of solvent volume fraction provides insight into the apparent

dependence of the thermoresponse on RH. Since NR finds that the film is almost com-

pletely dehydrated at 0 % RH, we take ∆φsolv from Figure 3.6c as φsolv. Figure 3.10b

shows that the thermoresponse is dependent on the amount of solvent in the layer. It is

well known that the thermoresponse of PNIPAM is not due to an intrinsic property of

the polymer, but rather due to the entropic penalty imposed on solvating water molecules

by the polymer [38]. It has also been noted that PNIPAM exhibits a volume fraction

dependent thermoresponse [36, 131]. Hence the dependence of the thermoresponse on the

water content of the film is expected. Interestingly, there still appears to be a critical

74



Chapter 3 Understanding brushes via improved reflectometry analysis

0 50 100 150 200
distance from substrate, Å

0.0

0.5

1.0

1.5

2.0

2.5

3.0

SL
D,

 Å
2

ambient conditions
0 mbar, 20 °C

Figure 3.11: SLD profiles from the PNIPAM brush in both ambient conditions (≈21 ◦C, ≈52 %
RH) and after evacuation (20 ◦C, 0 % RH). Upon evacuation the thickness decreases by ≈10 %.

transition at around 32 ◦C, as the χ vs. φsolv curves overlay at 20 and 25 ◦C, while the

35 and 40 ◦C curves follow markedly different trends. The χ parameter calculated here

is higher than observed for PNIPAM-analogous polymers in solution [132], potentially

another example of the dependence of χ of φpoly.

3.3.4 Implications for analysis of dry brushes

In chapter 4, we will show that knowledge of the interfacial volume of polymer is crucial

to the rigorous analysis of solvated brush datasets. This value is most easily attained

through the measurement of the dry brush. However, in ambient conditions under which

dry measurements are normally performed, the brush contains some moisture. This is

evident in Figures 3.6 and 3.7, but is emphasised in Figure 3.11. Here, we find that a

PNIPAM brush in ambient conditions (≈21 ◦C, ≈52 % RH) contains approximately 10 %

water by volume; in particularly humid laboratory conditions it may be as high as 13 %

(Fig. 3.7, 3.6). This water fraction must be taken into account when calculating the

interfacial polymer volume from dry brush measurements.

3.4 Conclusion

In this chapter, we have investigated the properties of dry PNIPAM brush systems, re-

vealing their behaviour as a function of both temperature and RH, and showing that

these layers are not truly dry at ambient conditions. The water content of a PNIPAM
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brush was found to depend both on temperature and RH, with temperature dependence

becoming more evident as φsolv increases. Both QCM-D and NR studies suggest the φsolv

of a dry PNIPAM film may be as high as 13 %, enabling much more accurate predictions

of PNIPAM interfacial volume. While we identify potential systematic issues with the

NR experiment, it is still useful in both confirming that the amide proton in PNIPAM is

labile and determining the SLD of both native and deuterated PNIPAM.

The QCM-D experiments provide insight into the behaviour of PNIPAM at very high

polymer fractions, allowing for the calculation the Flory–Huggins parameter for PNIPAM

as a function of temperature and solvent volume fraction, within the φpoly range of 0.87

to 0.98.
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Robust analysis of neutron reflectometry collected

from polymer brushes

Isaac J. Gresham, Timothy J. Murdoch, Edwin C. Johnson, Hayden
Robertson, Grant B. Webber, Erica J. Wanless, Stuart W. Prescott,
Andrew R.J. Nelson

�

Adapted from “Quantifying robustness of the neutron reflectometry technique for

structural characterization of polymer brushes” by Gresham et al., published in the

Journal of Applied Crystallography (2021)
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Neutron reflectometry is the foremost technique for the in-situ structural resolution of

polymer brushes at solid-liquid interfaces, but is hindered by challenges that arise during

data analysis regarding uncertainty in the fitted structure and the possible existence of

other structures that match the collected data. These challenges relate both to the model

and optimisation algorithm used in the analysis. Prior work has not established the

extent of these problems in diffuse polymer brush systems or demonstrated a method for

overcoming them.

In this chapter, a considered discussion of the challenges that arise from reflectom-

etry studies of diffuse interfaces is offered. A carefully parameterised freeform model is

presented that overcomes contemporary challenges by minimising assumptions regarding

brush structure and applying careful constraints. This model is then coupled with a

Markov chain Monte Carlo sampling approach, which allows for the characterisation of

structural uncertainty and multimodality. The rigor of the approach is demonstrated via

a round-trip analysis before it is applied to the well-characterised thermal collapse of a

PNIPAM brush, where it is able to quantify profile uncertainty and identify multimodality.

This work highlights the importance of proper model selection and constraint in the

analysis of neutron reflectometry data collected from polymer brush systems. The code

used in our analysis is provided, enabling the reproduction of our results and the appli-

cation of our method to similar problems.
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4.1 Theoretical background

Neutron reflectometry (NR) [133] is particularly well suited to the study of soft-matter

interfaces; studies have shown, for example, that it can resolve structures at the desired

molecular length scale [1, 134], study buried interfaces [135], differentiate between light

elements, and utilise the exchange of 2H for 1H (termed contrast variation) in order

to highlight scattering from different components [136–138]. Since direct inversion of

the scattering data is made difficult by the phase problem [139], NR data are typically

analysed via a modelling process. A structural model is created that describes the neutron

scattering length density (SLD) [140] profile perpendicular to the interface, which is used

to calculate a reflectometry profile that can be compared to the collected data [133, 141–

146]. The model is refined to maximise the agreement between the generated reflectometry

profile and the data.

There are three well-documented [139, 147] challenges that occur in the analysis of

NR data:

1. Inflexible models may preclude possible structural forms, while overly flexible models

make optimisation challenging.

2. A combination of the phase problem, limited Q-resolution and experimental noise

mean that there may be multiple structures that describe the data equally well

(multimodality) [139, 147–150].

3. It is difficult to determine the distribution of acceptable profiles around each mode

[149, 151–153].

Significant advances have been made in structural modelling, optimisation, and un-

certainty quantification in NR analysis since its inception [141–143, 149, 153–155]. How-

ever, methods for estimating model uncertainty and multimodality have not yet been

applied to brush systems, where these problems are exacerbated by the relatively fea-

tureless reflectometry patterns produced by slowly decaying real-space structures. Here

we propose a methodology for the analysis of polymer brush NR data that answers all

three challenges. The methodology utilises a carefully constrained freeform model to

parameterise the interfacial structure, and a Bayesian parallel-tempered Markov chain

Monte Carlo (PT-MCMC) based approach to quantify model uncertainty. The model

takes advantage of the strongly-tethered nature of brushes by constraining the volume

of polymer per unit area of surface (with units of length, referred to here as interfacial

volume, V̂I) of the polymer, while PT-MCMC explores large, multimodal, solution spaces.
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The method is validated through the analysis of a synthesised reflectometry dataset and

demonstrated through the modelling of a thermoresponsive poly(N -isopropylacrylamide)

(PNIPAM) brush experimental dataset. PNIPAM brushes exhibit critical solution tem-

perature (CST)-type behaviour, as detailed in section 1.2. The PNIPAM system was

chosen as it is well-characterised and allows for a range of system conformations to be

investigated for a single substrate and solvent combination.

Despite being developed for and applied to polymer brushes, the method could be

applied to any diffuse interface where V̂I and SLD of the adsorbed material can be approx-

imated. Our method is implemented in Python using the open-source refnx reflectometry

analysis package (version 0.1.16) [141]. The software and files required to replicate our

analyses are freely available (see Supporting Files), allowing our analysis to be reproduced

and adapted.

4.1.1 Bayesian inference in neutron reflectometry modelling

NR data is inherently Q-range limited and often noisy. Therefore, a method of statistical

inference must be utilised to draw rigorous conclusions. Bayesian Inference is particularly

appealing due to its inclusion of prior knowledge in the modelling process, compatibility

with marginalisation, and its ability to rigorously determine model uncertainties [152,

153, 156]. We offer only a brief introduction to the use of Bayesian Inference for NR

analysis, concentrating on the most important elements required for the problem at hand.

For further information on the use of Bayesian Inference in reflectometry problems, the

reader is referred to the work of Sivia and Webster [152] and Hogg, Bovy, and Lang [157].

With the Bayesian approach, the end goal is to find the posterior probability distri-

bution for the model parameters. The posterior distribution, prob(θ|D, I), specifies the

probability of the model parameters θ, given a set of data D, and prior information I

(Fig. 4.1). Bayes’ theorem states that the posterior probability is proportional to the

product of the prior and likelihood probabilities [141, 152]:

prob(θ|D, I) =
prob(θ|I) prob(D|θ, I)

prob(D|I)
(4.1)

The prior probability, prob(θ|I), brings information regarding the distribution of θ which

we possess through past experimentation, intuition or theory, I. The likelihood proba-

bility prob(D|θ, I) captures how well the model and parameters describe the data. The

denominator of equation (4.1), prob(D|I), is called the evidence term and describes the

probability of observing the data given a model. prob(D|I) is not required for the de-

termination of the posterior distribution, but is useful for model selection [152]. Simply,
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V
A. All Conceivable VF profiles

V∈M(X)
B. Model-Producable

V∈M(X|I)
C. Prior Constrained

V|D
E. Viable Fits

V∈M(X|I, user)
D. User Judgement

V : max(prob(X|D, I, user))
F. 'True' X

Figure 4.1: Volume fraction profiles, V , are in overlapping sets, illustrating the application of
Bayesian statistics to NR data analysis. (A) Within the space of all possible volume fraction
profiles, (B) only some are producible for a given model, M , for any parameter set, θ. (C)
Including additional prior information narrows the available V to M(θ|I), while (D) the user
may (in practice) bring in un-encodable intuition to narrow the region further. (E) volume
fraction profiles that produce acceptable reflectivity profiles may be unacceptable for any of
the previous reasons, (F) ideally leaving only one family of volume fraction profiles that are
representative of the ‘true’ V . Problems arise when there are multiple acceptable families of
profiles in the shaded regions (multimodality), although some modes may be discounted through
user selection (hatched region).

prob(D|I) is a measure of how much evidence there is to justify the use of a particular

model. The evidence term accounts for both how well the model matches the data and

the complexity of the model; both an overly complex model and a model that poorly

describes the data will have low evidence terms [152].

Here we discuss the practical implications of the model and prior information (both

qualitative and quantitative) on the Bayesian analysis of NR data, referring to Figure 4.1

as a guide. We start by acknowledging that a distribution of viable volume fraction

profiles (i.e., profiles that are consistent with the data) exists within the space containing

all conceivable profiles. This space is restricted by including additional information in

the prior term (constraining maximum VF, monotonicity, V̂I etc.), as in Figure 4.1C; this
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reasoning is conditional on the model being able to construct all volume fraction profiles

allowable by the prior. If the model cannot reproduce the physical structure that produced

the data, then any optimisation process will fail to converge on the correct solution. As

such, one must ensure that the model has sufficient flexibility to cover all allowable profiles.

Whilst this condition may be met by a well-developed theoretical model, it is guaranteed

by a freeform model. A model does not need infinite freedom to be considered freeform; it

only needs to be able to produce all observable, physically allowable profiles (Fig. 4.1C ⊆
Fig. 4.1B). In practice, theQ-range of the reflectometry measurement limits the observable

spatial resolution, whilst the nature of the sample interface limits the physically allowable

profiles. For instance, a freeform model intended to describe a diffuse layer does not need

to produce an oscillating profile, but one describing a multi-layer system does. Of course,

it is crucial that freeform profiles do not violate any well-established theory or produce

physically impermissible profiles, but these criteria are not always trivial to enforce.

In practice, the prior-constrained space is further restricted by the judgement of the

user [147]. In an ideal situation, all of the user’s prior knowledge and intuition would be

quantitatively included in the prior term. However, it is difficult to assign rigorous prob-

abilities to intuition; for instance, if theory predicts a smoothly varying volume fraction

profile but the model can produce sharp profiles as well, mathematical inclusion in the

prior would require assigning an arbitrary probability penalty to undesirably sharp pro-

files. In these situations, it is better to exercise judgement on the output of the analysis

rather than over-constrain a model [149].

User judgement is not mathematically rigorous, but it must not be discarded. Gener-

ally, reflectometry experiments are performed after extensive experimentation with more

accessible techniques, and users will have well-developed hypotheses for the interfacial

structure and its behaviour. If two comparably good fits to reflectometry data are found,

one that matches the prior hypothesis and one that does not, it is clear the former will

be preferred. The problem here is not the user applying judgement, but rather the lack

of transparency and reproducibility in the process. From a Bayesian standpoint, this

application of judgement can be thought of as updating the posterior probability de-

rived from the modelling process with additional (qualitative) prior information. The

implications of this are twofold. From a modelling perspective, every attempt should be

made to maximise encodable information (such that Fig. 4.1C and Fig. 4.1D are equal).

From an optimisation perspective, an ideal method will find all high probability regions

of prob(θ|D, I) (which may be included in the Supporting Information, for the sake of

transparency), to which the user may then apply their judgement.

82



Chapter 4 Understanding brushes via improved reflectometry analysis

4.1.2 Parameterisation of reflectometry models

Reflectometry analysis is typically conducted via a modelling approach, whereby an in-

terfacial structure is refined such that its corresponding reflectometry profile matches the

collected data. The reflectivity calculation is typically performed using the Abeles matrix

formalism [158], which requires that the interface be represented as a number of uniform-

SLD layers (hence referred to as slabs). Parameterisation of the interfacial model can

be achieved by direct specification of the slabs (the slab model), or indirectly through

an intermediate compositional profile, which is then discretised to produce a set of slabs.

In the slab model, each layer is defined by a thickness, a roughness, an SLD, and (op-

tionally) a volume fraction value [49, 143]. The slab model is easy to implement and an

effective method for describing films with reasonably sharp interfaces, such as collapsed

polymer brushes [20, 138], oxide layers [48] and lipid leaflets, where the slab parameters

can be ascribed a physical meaning. Slabs with large roughness [159–162] can be used to

approximate diffuse interfaces; however, large roughness imposes a form on the transition

between adjacent layers and may become less valid if the roughness is a significant fraction

of the adjacent layer thicknesses.

Improved descriptions of interfacial structure can generate intermediate continuous

SLD or volume fraction profiles. These continuous profiles are often created by a sim-

ple, functional relation, such as a parabola or an exponential decay [20, 104, 160, 163],

allowing diffuse transitions while minimising the degrees of freedom. However, the use

of specific geometric forms is difficult to justify without a detailed understanding of the

system. Similarly, simulation or theory can generate continuous volume fraction profiles.

Examples include models derived from: scaling theories [164, 165], directly from molecular

structure [155, 166, 167], self-consistent field theory calculations [5, 168], or local cavity

density functional theory calculations [169]. However, a theoretical model requires the de-

velopment of a well-supported, system-specific theory that can account for the inherently

non-ideal nature of the sample [155].

One potential solution to the problems with the above parameterisation methods is a

freeform model, which minimise assumptions regarding the shape of the interfacial profile,

allowing the profile to take many configurations. It is helpful here to partition freeform

approaches into two categories: those that constrain a large set of slabs and those that de-

scribe continuous profiles by the use of a series of smooth functions. Previous constrained-

slab approaches have used maximum entropy [149, 150], monotonicity constraints [170],

or the groove tracking method [171–173], while continuous-profile approaches have used

splines [152, 156, 174–176], and Chebyshev polynomials [177] to flexibly model interfacial

regions. Freeform structures are a useful tool for modelling interfaces with no tested the-
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oretical description of the interfacial structure. Previous freeform models have typically

been unable to produce sharp features, as the spacing between spline knots or slabs is

fixed [169, 175, 178], and have had to use penalty terms to suppress oscillations in the

volume fraction profiles [149, 175]. Furthermore, they often require assumptions to be

made regarding interfacial structure, often through a maximum allowable thickness [152,

179].

In addition to the shape of the SLD profile, the method used to define individual pa-

rameters is also important, as the parameterisation method dictates model stability and

ease of constraint. We will go on to demonstrate the importance of proper constraint for

a freeform approach, but here illustrate this concept through consideration of a simple

slab model. Firstly, parameter definitions affect the model’s stability during optimisation;

a slab model defined by (independent) thickness and roughness values may produce non-

sense configurations where the roughness is larger than the thickness. If the roughness

was instead defined as a fraction of the thickness, then nonsense configurations could be

prevented. Secondly, parameter definitions determine the ease of model constraint; con-

straining interfacial volume (as needs to be done in polymer brushes) is more challenging

when using a slab model defined by (independent) thickness and volume fraction values.

However, if the thickness is scaled by V̂I divided by the integrated volume fraction profile,

V̂I can be constrained, and nonsense solutions prevented. Both of the above concepts are

employed in this work.

It is worth noting that in practice there are many factors to consider when converting

between volume fraction and SLD profiles, particularly when conserving V̂I. These gener-

ally concern the dependence of molecular volume on polymer-solvent interactions. These

are discussed further in appendix G.

4.1.3 Optimisation and uncertainty quantification

Regardless of the model used to define the interfacial structure, its parameters must be

optimised to produce the structure whose corresponding reflectometry profile best matches

the collected data. Conventional analyses minimise the sum of squared errors (i.e., the

least-squares approach), using either ‘local’ gradient-based optimisers or ‘global’ stochastic

optimisers. In both cases the assumption is made that this single best-fit solution is the

observed structure (i.e., the global optimum). However, local optimisation approaches

often find local optima close to the starting configuration of the model [151, 180], rather

than the global optimum. Global optimisers are designed to find the optimum point in

the entire parameter space but can not be guaranteed to do so. Foremost among these

global methods in the reflectometry field are genetic methods [148, 181], in particular
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differential evolution (DE) [151].

Well-defined features in an NR dataset, such as the Kiessig fringes created by a uniform

film, typically lead to very small parameter uncertainties. Those well-defined features are

typically missing when examining polymer brushes, as the real-space structure is diffuse,

resulting in potentially larger parameter uncertainties. Large uncertainties could give rise

to significantly different structural models, making uncertainty quantification vital. While

conventional approaches allow the parameter covariance to be approximated at a given

location [182], these do not deal adequately with non-normal parameter distributions, and

the single solution they provide offers no assistance with multimodality. The model uncer-

tainty is better quantified by the posterior probability density function (PDF) (Eq. 4.1)

for the parameters, which describes the set of model parameters consistent with the data

[152, 156, 183]. The likelihood, prob(D|θ, I), describes the probability of observing the

data (D) with a given set of parameters (θ):

log[prob(D|θ, I)] = −1

2

∑
n

[(yn − ymodel,n

σn

)2

+ log
(
2πσ2

n

)]
(4.2)

where yn and σn are the value and standard deviation of the nth data point, respectively,

and ymodel,n is the corresponding model value.

One method of approximating the posterior PDF for the parameter set is through

Markov chain Monte Carlo (MCMC) methods [183–185], which are well suited to sam-

pling from large parameter spaces. MCMC can estimate the posterior PDF, robustly

deal with poorly constrained parameters, and allow for uninteresting but important ‘nui-

sance’ parameters to be integrated over when evaluating PDFs for parameters of interest

(marginalisation) [152]. Furthermore, augmented MCMC approaches like the parallel tem-

pering algorithm (PT-MCMC) [186] can be used to sample multimodal solution spaces

[183, 186, 187]. Using PT-MCMC allows us to extend on the seminal work of Sivia and

Webster [152] and consider multimodal posterior distributions. The ability to account

for multimodality allows the relaxation of the single-optimum assumption; now, it is only

required to assume that the observed structure will be one of the structures of best fit.

While MCMC techniques are well suited to evaluating the posterior PDF, they are not

well suited for estimating the evidence term, prob(D|I). While some MCMC techniques

can approximate prob(D|I) (e.g. thermodynamic integration in PT-MCMC [186]), other

methods, such as nested sampling, are better suited [188]. Nested sampling will be used

to determine the required model complexity later in this work.
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4.2 Method

4.2.1 Freeform volume fraction model

Here, we develop a new freeform model, FreeformVFP, that describes the volume fraction

profile of a diffuse interface using polynomial spline interpolation, specifically a piecewise

cubic Hermite interpolating polynomial (PCHIP) [80, 189] (Fig. 4.2). The PCHIP spline

is defined by a set of control points, termed knots, and was chosen because it guarantees

that the value of the spline is bounded by the positions of adjacent knots, allowing mono-

tonicity to be enforced in the volume fraction profile if desired. The profile produced by

the FreeformVFP component is extremely flexible, capable of producing both sharp in-

terfaces (e.g., collapsed polymer brush) and diffuse profiles (e.g., swollen polymer brush).

FreeformVFP uses V̂I as a model parameter, scaling the thickness of the interface to con-

form to V̂I; we will show this is crucial in appropriately constraining the model profile.

V̂I is a logical parameter to choose, as it can be measured directly for films that can be

dehydrated, approximated through techniques such as the quartz crystal microbalance

for other solid–liquid systems, and calculated from the surface pressure for air–liquid ge-

ometries. This model’s implementation is demonstrated in Figure 4.2a, where it describes

a typical swollen φpoly profile of a polymer brush solvated by D2O, tethered to a silica

native oxide layer on a silicon substrate.

The interface is described by a thin, proximal, slab layer followed by the PCHIP

spline. This proximal layer is required to describe the substrate roughness with a Gaussian

error function, and is defined by a thickness dinitial and a VF, φinitial. The PCHIP spline

interfaces smoothly with the proximal layer; that is, the profile derivative at the slab–

spline intersection is 0. The spline then describes the decay of the volume fraction profile

from φinitial to 0. In this method, the PCHIP spline is parameterised in such a way as

to maximise performance and enable efficient constraints (e.g., monotonicity, V̂I) to be

enforced.

The PCHIP spline is constructed on a unit interval, ẑ ∈ [0, 1], and is parameterised by

a number of knots, k, each defined by a VF, φi, and a location, ẑi. Two additional non-

parameter knots are created on either side of the unit interval and fixed such that φ−1 =

φ0 = φinitial and φk+1 = φk+2 = 0 to ensure value and gradient continuity; only the inner

non-parameter knots, φ0 and φ5, are shown alongside the parameter-knots in Figure 4.2.

The intervening k user-defined knots are given VFs based off the fitted parameter fi:

φi = φi−1fi (4.3)
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Figure 4.2: (a) Description of a brush-coated interface in terms of the volume fraction profiles of
the components present, using a smoothly varying spline function for the solvated polymer layer.
From left to right, the silicon and porous silicon oxide layers are topped by a proximal layer,
followed by a polymer brush volume fraction profile that consists of a PCHIP spline parame-
terised by 4 spline knots with position (zi, φi). (b) The discretised SLD profile corresponding to
the volume fraction profile in (a) from which the reflectometry is calculated.

where fi is greater than 0, i is an integer between 1 and k inclusive, and φi−1 is the volume

fraction of the previous knot. Importantly, if the volume fraction profile is required to be

monotonic then fi can be constrained within the range 0 to 1, which ensures that a knot

cannot have a volume fraction higher than its predecessor.

The locations of these k+1 parameter-knots, ẑi, are controlled by the fitted parameters

Zj, which are the relative distances between knots. These relative distances are converted

to absolute unit interval spacings via normalisation:

Ẑj =
Zj∑k+1
l=1 Zl

(4.4)

The precise values of the Zj are not important, only their values relative to the cumulative

value of all the spacings; Zj must also be greater than 0 to ensure knots are monotonically

ordered. The location of the ith knot, ẑi, is the sum of the Ẑ spacings up until that point:

ẑi =
i∑

j=1

Ẑj (4.5)

The total extent of the spline region is calculated by dividing V̂I less the polymer contained
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Table 4.1: Relation between the user-facing parameters and those used by the PCHIP splines
in FreeformVFP.

spline relationship user

φ−1, φ0 φ−1, φ0 = φinitial φinitial

φk+1,
φk+2

φk+1, φk+2 = 0 —

ẑ−1 ẑ−1 = −1.1 —

ẑ0 ẑ0 = 0 —

ẑk+1 ẑk+1 = 1 —

ẑk+2 ẑk+2 = 2.1 —

φi φi = φi−1fi fi

E E = V̂I−φinitialdinitial∫ 1
0 φ dẑ

V̂I

ẑi ẑi =
∑i

l=1
Zl∑k+1

j=1 Zj

Zj

in the proximal layer, by the area under the spline profile over the unit interval:

E =
V̂I − φinitialdinitial∫ 1

0
φ dẑ

(4.6)

The PCHIP interpolator is then scaled from the unit interval to cover this range (z =

dinitial + ẑE). A summary of the spline parameterisation is given in Table 4.1. The pro-

grammatic implementation can be found in FreeformVFP.py (included in the supporting

files and also in the refnx-models repositoryi) and is illustrated in Figure 4.2.

Defining the parameterisation of the spline in this way has two very important advan-

tages: the variable knot spacing allows for sharp features to be produced independent of

the number of knots, and it is computationally and conceptually easy to constrain phys-

ically relevant parameters. By referencing the spline back to V̂I in this manner, penalty

terms (i.e., a Lagrange multiplier) are not required to enforce interfacial volume or mono-

tonicity constraints [20, 22, 101, 159]. The low number of knots removes the need to

penalise oscillating profiles, as they will not be produced by the model even when mono-

tonicity is not enforced. The absence of penalty terms improves optimisation efficiency as

penalties are applied only after choosing a set of parameters and calculating the residual;

iUser-contributed reflectometry models, refnx-models: https://github.com/refnx/refnx-models/
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in the current model, the optimiser will never be able to select an invalid set of parame-

ters. Model stability is also improved in this manner, as any parameter combination will

produce a physically sensible profile. Larger numbers of knots in the spline can be used to

create increasingly detailed profiles at the expense of computational cost and the risk of

over-fitting. There will be a lower bound to the number of knots, below which the model

can no longer adequately reproduce the physical system. An approach for evaluating the

required number of knots is presented later in this work.

For two component systems (i.e., a solvated polymer brush as shown in Fig. 4.2), the

SLD profile for the layer was derived from the layer’s volume fraction profile using the

space filling assumption [190]:

ρ(z) = φ(z)ρpolymer + [1− φ(z)]ρsolvent (4.7)

The resulting SLD profile was combined with other model components (e.g., the native

oxide layer, solvent SLD etc.) to produce the interfacial SLD profile (Fig. 4.2b). To

calculate the model interface’s reflectivity, the SLD profile was discretised into a number of

microslices (Fig. 4.2b) and the reflection calculated using the Abeles matrix method [158].

To reduce computation time, a line simplification algorithm was used to ensure that each

microslice was as thick as possible without compromising the structural resolution (steeper

sections require finer slab slices than flat sections to accurately model the interface; see

section 4.2.2). Instrument resolution smearing was accounted for in the reflectometry

modelling using constant ∆Q/Q from the data reduction process.

In this work, we assumed that the reflectometry data was free from systematic mea-

surement errors (for implications of these see the work of Lu and Thomas [139] and Russell

[145]), and do not pursue the option of direct-inversion [191, 192] due to associated prac-

tical limitations [147].

4.2.2 Line simplification algorithm

To express the freeform profile as a finite number of slabs a line simplification algorithm

must be used. The algorithm employed by refnx (based on the algorithm used by Kienzle

et al. [142] in the Refl1d package) increases the slab size within the constraint:

structure.contract > (ρmax − ρmin)× (zstart − zend)

where structure.contract is a tuning parameter that sets a maximum for the product

of the slab thickness and the change in SLD from the proceeding slab. For a general

overview of simplification methods in reflectometry see the work of Russell [145]. In
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Figure 4.3, structure.contract is increased from 0.5 to 20, resulting in more stepped

SLD profiles where the freeform curve is discretised into fewer slabs. Figure 4.3 shows

that values between 1 and 5 do not reduce the resulting reflectivity profile’s validity whilst

making a small but significant difference in computation time. Computation time was

approximated by measuring the time taken to calculate the reflection produced by the

structure in Figure 4.3, averaged over 400 iterations. In the analysis of the PNIPAM

thermocollapse (Fig. 4.8), structure.contract is set to 1 (corresponding to the dashed

line in Fig. 4.3c), as validity was a higher priority than efficiency.

4.2.3 Simulating reflectometry from theoretical profiles

To validate both the efficacy of PT-MCMC sampling and the suitability of our model, we

simulated a reflectivity dataset from the structure of polystyrene brushes in deuterated

Figure 4.3: (a) SLD profiles and (b) corresponding reflectometry profiles as the
structure.contract parameter is increased from 0.5 to 20. The (c, squares) resulting mean
squared error (as compared to the structure.contract = 0.5 profile) and (c, circles and error-
bars) computation time are also shown, plotted against the total number of slabs in the model
(which decrease with increasing structure.contract). This profiling was performed using ver-
sion 0.1.16 of refnx. The dashed line in (c) indicates the structure.contract value used in
this work.
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toluene (Fig. 2 of Karim et al. [193]), which possess a parabolic volume fraction profile.

This simulated dataset allows the analysis of reflectometry data where the true structure is

unambiguously known. Simulated datasets were created by randomly generating neutron

events with a distribution consistent with the wavelength spectrum of the PLATYPUS

neutron reflectometer at the OPAL research reactor [81]. The wavelength of each neu-

tron event was jittered by the addition of uniformly distributed noise to account for the

wavelength resolution components of a double chopper reflectometer. The angle of inci-

dence was assigned using noise generated from a trapezoidal distribution, corresponding

to the angular divergence of a beam collimated by a two-slit system. A neutron event was

considered to have reflected if the reflectivity from the theoretical model (for the Q value

corresponding to that event) was greater than uniformly distributed noise in the interval

[0, 1). By simulating many millions of events, a reflected beam spectrum (as a function of

wavelength) can be constructed, which is then divided by a direct beam spectrum (from

a different simulation) to give a reflectivity curve that has the same noise and instrument

resolution that would be measured on a real time-of-flight instrument [194]. Error bars for

each data point were calculated using Poisson counting statistics and error propagation.

4.2.4 Neutron reflectometry measurements

The practical application of the model described above was demonstrated using reflec-

tometry data collected from the thermal collapse of a PNIPAM brush. These brushes

were grown from native-oxide silicon wafers (100 mm diameter, 10 mm thick) using the

method outlined in section 1.4.

Specular reflectometry measurements were made at angles of 0.6 and 3.6◦ for dry and

0.8 and 3.5◦ for solvated measurements. The two angles were reduced using reduction pro-

tocols outlined in section 1.5.3, yielding useful data within Q-ranges of 0.0073 to 0.31 Å
−1

and 0.0096 to 0.31 Å
−1

, respectively. Ellipsometric mapping of the surface was used to

check brush uniformity over the area illuminated by neutrons (Fig. E8). Solvated exper-

iments were carried out in a standard silicon-backed solid–liquid cell, the temperature

of which was controlled to within ±0.5 ◦C. Measurements were carried out at 20, 25,

30, 32, 35 and 40 ◦C, in that order, covering the entire swollen-to-collapsed transition of

PNIPAM. Measurements were performed in D2O to maximise contrast between the poly-

mer and the solvent, as well as water contrast-matched to the SLD of PNIPAM (80.3:19.7

H2O:D2O mix by volume, henceforth referred to as CMpoly) to facilitate characterisation

of the native oxide layer.
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4.2.5 Optimisation and sampling techniques

Nested sampling is a technique designed to compute the Bayesian model evidence for a

given model and dataset. Briefly, it operates by generating ‘shells’ of constant likelihood

via a stochastic sampling process. These shells can be integrated over, which allows

for the proper normalisation of the likelihood — this is distinct to MCMC techniques,

which only produce proportional likelihoods. The properly normalised likelihood allows

for subsequent calculation of the model evidence via Equation 4.1. Nested sampling was

undertaken using the dynesty Python package (version 1.0.1) [195], which implements the

algorithm of Skilling [188]. Nested sampling was undertaken in static mode with 500 live

points and multiple bounding ellipsoids to define the target distribution, with samples

being drawn from a uniform prior distribution.

Differential evolution is a genetic optimisation technique, wherein a collection of ran-

domly initiated parameter combinations are iteratively combined, with only successful

(higher probability) combinations progressing further in the iteration process. DE is a

widely used optimiser primarily because it does not require the optimised function to be

continuously differential and is not as prone to becoming trapped in local optima as other

gradient-based optimisers. However, the DE algorithm is not guaranteed to find the opti-

mum solution. DE was performed using the SciPy Python module [80], which implements

the algorithm of Storn and Price [196]. Where DE output is reported, it represents the

highest posterior probability profile taken from twenty discrete DE optimisations.

Markov chain Monte Carlo is a stochastic sampling process that draws samples using a

‘Markov Chain’. In a typical Monte Carlo process, samples are drawn randomly from the

prior probability; in MCMC samples are instead generated by taking a ‘step’ in a random

direction from the current parameter combination. The probability of this step being

accepted is proportional to the difference in likelihood relative to the previous position,

such that the system obeys the detailed balance principle [184]. This algorithm results

in parameter combinations (‘walkers’) progressing through the parameter space towards

regions of higher probability. As time tends to infinity, the distribution of these walkers

will approach the posterior probability distribution. Parallel-tempered Markov chain

Monte Carlo is a modification of the typical MCMC algorithm that addresses the poor

performance of MCMC when sampling from multimodal posterior distributions. In PT-

MCMC walkers are created in different ‘temperature’ brackets, with higher temperature

walkers being more likely to take steps that reduce the posterior probability than lower

temperature walkers. These high-temperature walkers are then able to better explore the

entire parameter space. Walkers can swap between temperature brackets via the same

acceptance criterion as walkers taking a new step in conventional MCMC. This means
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that walkers can start at a high temperature, locate a new optimum mode, then progress

down to a low temperature where they fully explore this mode.

PT-MCMC was undertaken using the ptemcee Python package [184, 186], using the

algorithm of Goodman and Weare [197]. This algorithm modifies the standard MCMC

step selection function; instead of selecting the step direction randomly, it does so in a way

that is informed by the shape of the parameter space, as derived from the current distribu-

tion of walkers. PT-MCMC sampling was initialised with 600 walkers and 10 temperature

brackets, drawing initial parameter values from the prior distribution. Once initialised,

PT-MCMC was allowed to proceed for 75 000 steps, with walker locations recorded every

500 steps. Final samples were taken from the walker locations at 75 000 steps; this does

not represent the final equilibrium value for all objectives — where multiple modes with

similar probabilities are present, convergence is expected to take an extremely long time.

However, we have sampled for long enough to either identify multimodality (for objectives

that exhibit such behaviour) or to determine spread, and in all cases PT-MCMC at 75 000

steps outperformed the conventional DE method. For more details, see Figure 4.13 and

associated text. Refer to the work of Nelson and Prescott [141] for further information

regarding the integration of MCMC techniques within refnx.

4.2.6 Modelling of an exemplar PNIPAM system

Previous reflectometry experiments have shown that hydrated brushes prepared via this

atom transfer radical polymerisation (ATRP) method consist of a thin, substrate-adjacent,

high volume fraction interior layer made up of surface adsorbed polymer and initiator

moieties (see Chapter 2), followed by a diffuse layer with unknown structural form [20].

Critically, the freeform model describes both the interior and diffuse PNIPAM layers, but

does not enforce either the interior layers presence or the shape of the brush profile.

Before analysing the thermal collapse of a PNIPAM brush, parameter bounds were

determined for the polymer SLD, V̂I of the polymer, and the native oxide structure, which

are shown in Table 4.2. We bound the PNIPAM SLD value with the values determined

for hydrogenous and deuterated PNIPAM in section 3.2.2. We use the hydrogenous SLD

of PNIPAM to determine V̂I for the brush. In order to characterise prior PDFs, PT-

MCMC was used to co-refine data from the PNIPAM brush in air at ambient conditions,

D2O at 40 ◦C, and a PNIPAM contrast-matched H2O:D2O mix (CM) at 40 ◦C; details

for this characterisation are included in the appendix E. The co-refining of these three

datasets produced posterior parameter distributions (Fig. E1 and E2) for the silica layer

parameters and V̂I.

Once the native oxide layer structure and interfacial volume had been characterised,
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Table 4.2: Parameter bounds used for solvated sample analyses.

parameter lower upper
model parameters

scale factor 0.95 1.05
background 1× 10−8 2× 10−6

material parameters

ρD2O 6× 10−6 Å
−2

6.36× 10−6 Å
−2

ρpolymer 0.72× 10−6 Å
−2

1.25× 10−6 Å
−2

silica layer parameters
thickness † †
roughness † †
φsolv † †

polymer layer parameters
dinitial 5 Å 15 Å
φinitial 0.3 0.9

V̂I † †
Z1 0.01 1
f1 0.15 1
Z2 0.01 1
f2 0.15 1
Z3 0.01 1
f3 0.15 1
Z4 0.01 1
f4 0.15 1

†: parameter constraints are informed by the characterisation documented in section E
and are implemented via a truncated normal distribution (see Fig. E2 and E1)

the temperature series was analysed with a four-knot freeform model. The SLD of silicon

and D2O were taken to be 2.07× 10−6 Å
−2

and 6.36× 10−6 Å
−2

respectively; the SLD of

D2O was allowed to vary to account for isotopic contamination with H2O. Prior terms for

the silica layer parameters and V̂I were encoded as truncated normal distributions based

off the previously determined parameter distributions (Fig. E2, E1). Further details

regarding parameter bounds are included in Table 4.2. Once the prior distribution had

been defined, PT-MCMC sampling was run for 75 000 steps for each temperature. All

analyses were carried out in Jupyter notebooks, copies of which are provided in the

Supporting Files.
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4.3 Results

4.3.1 Model validation with synthesised dataset

Before analysing experimental datasets, we applied our freeform model to a synthetic

dataset produced from a parabolic polymer volume fraction profile (Fig. 4.4a, black line)

that corresponds to the structure of polystyrene brushes in deuterated toluene [193]. A

four knot spline was used to remain consistent with the rest of the analyses presented here,

however, similar results were observed using two and three knots. Prior-initialised PT-

MCMC sampling produced a family of reflectometry profiles that find excellent agreement

with the synthetic data (Fig. 4.4). The priors used for the freeform profile (i.e., the bounds

on the knot locations) were the same as those used for the analysis of experimental data,

and allowed for a wide range of profiles to be adopted.

The analysis of the synthetic dataset allows for the comparison of model output with

the true ‘observed’ structure. We find good agreement between the true and modeled

structures, with the freeform structure reproducing the parabolic form of the original

structure (Fig. 4.4). We stress that no information regarding the shape of the original

profile was encoded in the freeform profile. The success of this round-trip analysis validates

the modelling and optimisation approach used.

Figure 4.4: (a) Round-trip comparison of the volume fraction profile used to create the synthetic
reflectometry profile, and the distribution of profiles produced by PT-MCMC when Freefor-
mVFP was optimised against the synthetic dataset. (b) The synthetic reflectometry profile
alongside those corresponding to freeform profiles and original profile in (a). The original vol-
ume fraction profile was based off the reported structure of end-grafted polystyrene in d-toluene
at 21 ◦C on silicon [193].
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4.3.2 Determination of model complexity for a PNIPAM brush

The number of knots required to describe a diffuse PNIPAM polymer brush satisfactorily

was determined by calculating the evidence term, prob(D|I), for a series of models with

increasing numbers of knots using nested-sampling. Nested sampling is computationally

demanding in a high dimensional problem space (especially if the likelihood is somewhat

expensive to calculate). This demand can be reduced if the approximate location of the

optimum is known. For this reason, we used a synthetic dataset, where the structure is

known. The dataset was simulated from a structure that featured a dense interior layer

(as expected for our experimental system) followed by a parabolic decay; the structure

produced is similar to that attained by Murdoch et al. [20] for PNIPAM at 20 ◦C and

is included in Figure 4.6. prob(D|I) was determined for freeform models with a varying

number of knots against that simulated dataset. Non-polymer parameters (e.g., SiO2

layer) were set to known values, and freeform profile parameter bounds were tightened to

restrict the size of parameter space during nested sampling.

Here prob(D|I) peaked at three knots, after which it slowly decayed. Additional knots

resulted in an improved posterior probability but did not justify the additional model

complexity. The optima at three knots indicates that a three-knot model is the best

match for the synthesised dataset, although this may vary for different brush structures.

However, estimating the log-evidence at each knot number for even a single experimental

dataset is computationally comparable to PT-MCMC sampling until equilibration at each

knot number, making model tuning computationally infeasible on a per–dataset basis (at
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Figure 4.5: Bayesian model evidence, prob(D|I), as a function of the number of model knots. A
clear optimum appears at three knots, indicating that a three knot volume fraction profile is the
best model for the simulated NIPAM dataset. The reflectometry dataset and original structure
can be found in Figure 4.6.

96



Chapter 4 Understanding brushes via improved reflectometry analysis

Figure 4.6: Structural output from the nested sampling process used to estimate the model ratio
evidence, corresponding to Figure 4.5, processed to be analogous to the output of the MCMC
processes used in this work.ii a-g) show that the nested sampler (red) converged on the true
structure (black) for all numbers of knots used. (h) Corresponding reflectometry profiles are
shown against the simulated data; fit quality is virtually identical for models with more than
two knots.

present). Using the same number of knots for all datasets also removes user bias from

the modelling process and enables batch–fitting of data. Consequently, we use four knots,

one more than the minimum number required for the simulated dataset above, to model

all datasets. We choose four knots as we anticipate the consequences of under-fitting to

be more severe than over-fitting.

The SLD and reflectometry profiles corresponding to the model evidence given in

Figure 4.5 are shown here in Figure 4.6. These profiles are generated by post-processing

the nested-sampling output to produce samples with equal weightii, corresponding to the

iiusing dynesty.utils.resample equal
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output from a MCMC process. All SLD profiles match the structure used to generate the

reflectometry data, while all models above two knots exhibit equally excellent fits to the

reflectometry data.

4.3.3 Modelling of the thermal collapse of PNIPAM

The freeform analysis approach validated above was then applied to reflectometry data

collected from a PNIPAM brush undergoing a swollen to collapsed thermotransition. In

the following analysis both the model and the parameter bounds were identical for each

temperature, reducing operator bias in the final structures. The output from both PT-

MCMC sampling and conventional DE approaches is presented in Figure 4.7. As expected,

both techniques produce similar profiles that transition from a swollen, diffuse structure

at low temperatures to a collapsed structure at higher temperatures. The structures

produced are broadly consistent with those found previously by Murdoch et al. [20], who

use an approach where different models are used for different temperatures. The spread

Figure 4.7: Results from the analysis of a thermoresponsive PNIPAM brush with FreeformVFP ;
all analyses use the same model and prior. (a-f) volume fraction profiles show the collapse of the
layer as the temperature is increased from 20 to 40 ◦C, colored profiles correspond to PT-MCMC
output, while the dotted lines indicate DE output. The structures produce excellent fits to the
collected reflectometry data (see Fig. 4.8). Some profiles (c, 30 ◦C) exhibit multimodality, which
is detailed in Figure 4.9. To allow for easy comparison, profiles are plotted on the same z axis
in Figure 4.10.
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Figure 4.8: Modelled reflectometry profiles and data corresponding to structures and conditions
in Figure 4.7. Error bars are included throughout but are smaller than the data marker in many
cases.

of model structures displayed by the PT-MCMC samples is not large, indicating that

for this system the volume fraction profile can be accurately determined. Our freeform

analysis indicates that PNIPAM undergoes a vertical phase separation at intermediate

temperatures (≈32 ◦C), supporting the conclusions of prior studies [19, 20, 198]. While the

final structures produced are very diffuse, they are physically reasonable; single-molecule

force spectroscopy (SMFS) conducted on a PNIPAM brush with a dry thickness of 180 Å

prepared via the same method yields a contour length of 4980 Å (Table 1.1). Adjusting

for the difference in V̂I between the current (112 Å) and SMFS (≈181 Å) study places the

contour length of the brushes studied here at approximately 3600 Å, much greater than

the thickness of the freeform region in Figure 4.7.

In Figure 4.8, reflectometry data are plotted as RQ4 vs. log(Q) to highlight any

discrepancy between the collected data and the model. As is evidenced in Figure 4.8,

the profiles produced by the freeform approach seen to exhibit excellent agreement with

the collected data with a typical normalised χ2 of less than two. The profiles found by

PT-MCMC are either identical to (Fig. 4.7) or better than (in terms of χ2, see Figure 4.9)

the profiles found by DE, demonstrating that PT-MCMC is capable of matching and even

outperforming the conventional DE technique. We note that the 40 ◦C data in Figure 4.8

exhibits a slightly poorer fit than the other datasets at Q > 0.1 Å
−1

. This reduction in fit
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quality is expected as the reflection from the well-defined collapsed brush layer is more

sensitive to layer imperfections (likely macroscopic lateral unevenness, see Fig. E8).

4.3.4 Multimodality

The ability of PT-MCMC to account for multimodality is demonstrated in several of the

datasets analysed above, most notably in the 30 ◦C dataset, where two distinct families of

fits are revealed (detailed in Fig. 4.9). The multimodal posterior probability distribution

is consistent with the information we are able to mathematically encode in our model

prior to analysis (chiefly the interfacial volume and profile monotonicity). However, ad-

ditional qualitative prior information exists that is either impossible to encode, or would

make analysis prohibitively complex. One such piece of information is the monotonic

relationship between brush swelling and temperature. Prior work suggests that surface-

tethered PNIPAM is less swollen at 30 than at 25 ◦C [48], which is only true for the more

collapsed structure produced here (Fig. 4.9, orange); the more swollen structure (Fig. 4.9,

Figure 4.9: Profiles produced by the PT-MCMC treatment of the 30 ◦C dataset from Figure 4.7c.
PT-MCMC reveals that this objective is multimodal; two distinct families of fits are found,
separated post-analysis, and plotted in different colours. Both orange and blue profiles provide
satisfactory fits to the collected data (inset). However, the more collapsed profile (orange)

produces a slightly lower reduced χ2 value due to its capture of a subtle feature at Q = 0.03 Å
−1

(black arrows). Reduced χ2 values are the median of those from each family. The DE fit (light
blue, dashed) only captures one of these families; it converges on the family with the higher χ2

(worse fit).
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blue) is comparable to the profile at 25 ◦C. We then select the more collapsed structure as

the optimal structure (from a posterior probability perspective) for subsequent plotting

and discussion. From a Bayesian perspective we are qualitatively updating our posterior

distribution based on additional evidence. While we cannot assign a rigorous numerical

value to this updated probability, it would be wrong to disregard evidence simply because

we do not know how to quantitatively encode it into our statistical framework. We suggest

including plots of the (quantitative) posterior distribution in the Supporting Information,

while presenting the (qualitative) optimal profile in the body of the work.

We note that the two families in Figure 4.9 provide approximately equal reduced χ2

values and near-identical reflectometry profiles. Reassuringly, the more collapsed (orange)

family that we selected as the (qualitatively) optimal profile above is also in better agree-

ment with the data. Importantly, this is not the structure produced by a DE optimisation

— DE has not found the optimum structure (from either a χ2 or posterior probability

perspective) due to its acceptance of a presumably more accessible mode. If PT-MCMC

had not been used then the most plausible structure would not have been located. It

should be noted that it is the combination of a freeform model with a sampling method

that enables this rigorous analysis; if the model were more restrictive, only one of the two

profiles would likely be detected.

The profiles with the highest posterior probability were taken from those shown in

Figure 4.8 and plotted on the same axes in Figure 4.10 for direct comparison. The

profiles follow a consistent trend from swollen at low temperatures to collapsed at high

temperatures. The reader is referred to the work of Ballauff and Borisov [136] and Baulin

and Halperin [35] for further discussion of the significance of these structures and their

implications for the physical properties of the brush as it undergoes the thermotransition.

4.3.5 Effect of interfacial volume constraint

One of the reasons why global optimisation and multimodality are particularly challeng-

ing problems in freeform polymer brush modelling is the large parameter space needed

to describe a potentially diffuse layer. Figure 4.7 serves as an illustration of the diverse

range of structures that a freeform model must be capable of reproducing. Searching a

large parameter space for optimum and near-optimum parameter combinations is funda-

mentally challenging due to the size of the space scaling to the power of the number of

parameters. As such, any method of reducing the size of the parameter space while not

restricting the model’s ability to produce sensible structures will both accelerate optimi-

sation and reduce multimodality. In the model described above, the most significant way

the parameter space is constrained is to apply bounds to V̂I. Figure 4.11 demonstrates
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Figure 4.10: Profiles of best fit taken from Figure 4.8, plotted on the same axes for direct
comparison.

the importance of implementing this volume constraint for the 32 ◦C dataset. Encoding

a high degree of certainty in V̂I (the value and distribution of which can be derived from

the dry measurement) in the modelling process was found to reduce the number of modal

profiles consistent with the data (Fig. 4.11) at 75 000 steps, as well as accelerating the

sampling process by orders of magnitude relative to the least constrained prior (Fig. 4.13).

The structure presented in Figure 4.7d has tighter bounds on V̂I than Figure 4.11, and

fittingly exhibits no multimodality. We conclude that relaxing the constraint on V̂I re-

sults in solution multiplicity. Consequently, if prior knowledge about V̂I is not included

as a constraint during the analysis, physically unrealistic profiles will likely be produced,

which may be erroneously accepted by typical least-squares analyses.

The interfacial volume constraint is particularly important for diffuse structures, as

the reflectometry profile is less sensitive to the dilute brush tail (e.g., Fig. 4.7a at ≈900 Å);

this is investigated briefly in section 4.3.6.

4.3.6 Sensitivity to the diffuse tail

Extended polymer brushes are extremely diffuse interfaces. The ‘tails’ of these brushes

are dilute, with the SLD of the polymer layer differing only slightly from the bulk solvent,
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making resolution of tail structure difficult (e.g., Fig. 4.9). The challenges associated with

resolving these tail structures are qualitatively shown in Figure 4.12a, where structurally

distinct profiles produce similar reflectometry profiles. Reflectometry is not totally insen-

sitive to the shape of these tails (e.g., Fig. 4.12b); however we find that the reflectometry

profile is most sensitive to the inner ≈500 Å of the swollen brush. If the inner structure

is known and V̂I is conserved, then the possible structures the diffuse tail may take are

tightly constrained and can therefore be deduced by reflectometry. We also find that pro-

files with similar shapes but different interfacial volumes produce similar reflectometry

profiles (Fig. 4.12b), further enforcing the importance of the V̂I constraint.

4.3.7 Evolution of posterior probability during sampling

One method for inspecting the progress of an MCMC sampling process is to examine the

posterior probability as a function of step number; this gives an indication of the number

of modes, their relative probability, and how quickly walkers are migrating between modes.

Figure 4.13 shows the posterior probability as a function of the step number for the PT-

MCMC process that produced Figure 4.8 (best achievable fits to the temperature series).

Some objectives converge on the optimum rapidly (within ≈5000 steps), whilst others

have not fully converged by 75 000 steps. In the case of the 30 and 35 ◦C datasets, the

optimum is not found until many thousands of steps, while for the 32 ◦C dataset the

Figure 4.11: (a-d) The profiles produced by PT-MCMC sampling (75 000 steps) for differing
interfacial volume bounds, as shown in each plot’s top right corner, alongside (e) corresponding
reflectometry profiles. The data shown here is for PNIPAM at 32 ◦C, and can be directly
compared to Figure 4.7d, which has much tighter bounds on V̂I than (a) (110 to 113 Å, detailed
in Fig. E1). The fit quality for all plots is color-coded, indicating that the profile that best
adheres to the known adsorbed amount is still the best fit.
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apparent optimum is located reasonably rapidly (10 000 steps) but convergence is slow

(60 000 steps). From these cases we can conclude that convergence is slower when there

are two structures with similar posterior probabilities. Figure 4.14 shows the posterior

probability as a function of the step number for the PT-MCMC process that produced

Figure 4.11 (exploration of the impact of constraining V̂I). Convergence is clearly faster

for the structures with tighter bounds — a direct result of the smaller parameter space.

The purpose of PT-MCMC sampling here is to give an indication of the families of

profiles that match the collected reflectometry data. Specifically, we are interested in the

number of profile modes that exist and the distribution of viable profiles around these

modes. Given infinite time (that is, when the process is at equilibrium) the distribution of

parameters produced by PT-MCMC will converge on the posterior distribution, allowing it

to be precisely determined (as we show in Fig. E1 and E2), even for multimodal profiles.

However, in most practical instances, a precise approximation of the posterior is not

required; it is sufficient to know that (a) the experiment is sensitive to the structure of

interest and (b) what the optimal set/s of parameters are. Figure 4.13 shows that some

of the profiles in Figure 4.8 do not reach equilibrium after 75 000 steps. However, PT-

MCMC serves the intended purpose of identifying multimodal solutions. If a detailed

posterior probability distribution for the accepted mode is required then point-initiated
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Figure 4.12: (a) profiles with the same shape as the 20 ◦C profile (Fig. 4.7a) but different
interfacial volumes (produced by scaling V̂I) and (b) profiles with the same inner structure
but different diffuse decays. Corresponding reflectivity profiles are inset, with the 20 ◦C data
for comparison; the differences between the reflectivity profiles is most distinct at the Q-range
shown. While reflectivity is sensitive to the structure of the diffuse structure, the changes in
the reflectometry profiles are slight; constraints are necessary to prevent multimodality. One
implication of figure (a) in particular is that it is important that V̂I is correctly constrained.
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Figure 4.13: Log probability as a function of step number for the PNIPAM brush at different
temperatures, with the position at step number 75 000 corresponding to volume fraction and
reflectivity profiles in Figure 4.8. Some objectives (a,b) converge on the apparent global op-
timum rapidly, while others (c,e) exhibit some degree of multimodality, where two structures
possess very similar posterior probabilities; the approach to equilibrium here is very slow. Other
objectives (d) converge rapidly on a local optimum before locating a better solution.

Figure 4.14: Log probability as a function of step number for broadening interfacial volume
constraint, sampled from the 32 ◦C data from Figure 4.8, with the position at step number
75 000 corresponding to volume fraction and reflectivity profiles in Fig. 4.11. Broader bounds
appear to increase the number of local optima and increase convergence time. (a) cannot be
directly compared to Figure 4.13d, as the prior distributions were different.
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MCMC can be used to quickly determine the distribution around the mode.

It is worth explaining an apparent contradiction between Figure 4.13d and 4.14a: that

the convergence appears faster in Figure 4.14a which has a broader interfacial volume

prior distribution (a uniform distribution between 100 and 115 Å) than in Figure 4.13d

(a truncated normal distribution between 110 and 113 Å). First we must recognise that

Figure 4.14a is actually multimodal (see Figure 4.11a), with both modes having identical

prior probabilities, while Figure 4.13d is not multimodal. Hence the contradiction can

be explained due to the tighter prior distribution in Figure 4.13d reducing the posterior

probability of one of the modes in Figure 4.14a.

4.3.8 Best practice

From the above work and prior experience in the field [20, 48, 73, 84, 85, 102, 175], we

suggest the following guidelines for experimental best practice:

1. Where possible surface uniformity should be characterised via an ellipsometry or

X-ray reflectometry map of the surface (Fig. E8) and encoded into the model (if

required) [73].

2. The measured Q-range should extend until the incoherent background is reached.

3. Uninteresting structural layers (i.e. a native oxide layer) should be characterised

independently [139] (Fig. E2) and their values encoded during the analysis of the

layer of interest.

The methodology laid out in this chapter represents the current best practice for

analysing neutron reflectometry data obtained from diffuse interfaces, particularly poly-

mer brushes. The key recommendations of this work are:

1. The structural model must be able to replicate the physical phenomena that pro-

duced the data. Unless well suited theoretical descriptions exist, FreeformVFP

(section 4.2.1) is suggested as a general candidate for modelling diffuse interfaces

such as polymer brushes.

2. As far as is practical, the model should be constrained so that it only produces phys-

ically sensible profiles. Here, we emphasise two such constraints: the monotonicity

of the profile and the total V̂I.

3. Spread around accepted structures (from a single-output optimiser) should be de-

termined with a local sampling approach.
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4. Multimodality should be checked using a suitable sampling approach, such as PT-

MCMC.

It is recognised that current computing resources make the PT-MCMC sampling ap-

proach unfeasible on a large number of objectives; however, it can be applied to a selection

of objectives that span the range of response probed by the experiment and to key datasets,

to allow the uniqueness of the solution to be assessed, with DE being used otherwise. It is

recommended that the DE optimisation be conducted several times and the fit with the

highest probability/lowest error selected, as DE does not always find the global optimum

(Fig. 4.7). If changes between reflectivity profiles and/or structures obtained from DE are

qualitatively small, an optima-initialised MCMC sampling approach should be employed

to guarantee the statistical significance of results.
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4.4 Conclusion

We have developed a method for analysing neutron reflectometry data collected from

polymer brushes and demonstrated that this method can reliably be used to determine

the interfacial structure of such layers. Our approach minimises assumptions regarding

the shape of the interfacial volume fraction profile through the use of a freeform model

composed of a flexible PCHIP spline. The model can produce sharp features, is not prone

to oscillations, allows monotonicity to be strictly enforced, does not require layer thickness

to be estimated, and encodes V̂I as a model parameter to ensure only physically sensible

profiles are produced. We couple this modelling with PT-MCMC sampling, which is well

suited to ‘rough’ solution spaces and enables the uncertainties of the derived structural

models to be quantified [186].

The method was validated through a round-trip analysis of simulated reflectometry

data and applied to model real data collected from a thermoresponsive PNIPAM brush

system. The volume fraction profiles produced were consistent with prior work, transi-

tioning smoothly from swollen to collapsed as the temperature increases. Although the

derived structural models for most datasets were unimodal and exhibited a small spread,

our method identified datasets whose structures displayed multimodality. Constraining

V̂I was vital for eliminating structural uncertainty and reducing multimodality.

We confirm that neutron reflectometry can resolve polymer brush structure with a

high degree of certainty, provided care is taken to carefully constrain the model used. The

software and model behind our approach are publicly accessible, and we have provided

all material required to repeat our analysis methodology exactly or apply it to other

systems.
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Chapter 5:

Geometrical confinement modulates the thermoresponse

of a PNIPAM brush
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Adapted from “Geometrical confinement modulates the thermoresponse of a

poly(N-isopropylacrylamide) brush” by Gresham et al. 2021, published in

Macromolecules
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Polymer brushes are often touted as promising lubricating or antifouling surfaces. In

both of these applications, a surface is in contact with the brush, subjecting it to me-

chanical confinement. Understanding the structure of responsive polymer brushes under

confinement is essential, as brush applications are often accompanied by a surface-normal

force, and brush properties are dependent on their structure. In this chapter we focus on

examining the structure and behaviour of geometrically confined PNIPAM using neutron

reflectometry, AFM and nSCFT.

For neutron reflectometry experiments, confinement is achieved using a custom-made

sample environment, and corresponding reflectometry data is analysed using a novel

‘distribution model’. The neutron reflectometry and AFM experiments probe similar

temperature-stress combinations and generally find qualitative agreement, with some vari-

ations highlighting path-dependent (isostress vs isothermal, respectively) behaviour. All

techniques indicate that confinement removes the critical transition point in the thermore-

sponse of PNIPAM and results in the brush assuming a block-like volume fraction profile

with uniform internal structure. The PNIPAM brushes recover from such treatment,

regaining their thermoresponse upon re-solvation.

110



Chapter 5 Understanding brushes via improved reflectometry analysis

5.1 Theoretical background

The structure of poly(N -isopropylacrylamide) (PNIPAM) brushes as a function of tem-

perature is reasonably well understood [38]. Unconfined PNIPAM brushes are known to

undergo a gradual swollen to collapsed transition as the system temperature is raised

above the critical solution temperature (CST) of 32 ◦C, described in detail in section 1.2.

However, many potential applications of these surfaces, such as lubricating and stabilising

coatings, are subject to macroscopic mechanical confinement where an opposing surface

makes direct contact with the brush. For example, mammalian joint lubrication is par-

tially due to polyelectrolyte brush-like lubricin structures [199, 200], which are effective

at applied stresses of around 30 bar [201, 202]. Knowing how polymer brushes behave

when they extend into solution is insufficient to design systems for such applications. To

understand why biological systems function as they do, and to design systems that mimic

them, observation of the structure of polymer brushes as a function of confining stress is

required.

The influence of confining stress on the LCST type transition and internal structure

of a PNIPAM brush is relatively unknown. Prior investigations of PNIPAM brushes with

surface force apparatus (SFA) and atomic force microscopy (AFM) have probed these

phenomena indirectly [20, 45, 47, 51, 52], typically measuring force as a function of dis-

placement for either a symmetric (brush on brush) system [51] or an uncoated, confining

body acting on a coated surface [20, 45, 47, 51, 52]. These SFA and AFM experiments

have focused on indirectly elucidating the brush structure, rather than determining its

confined behaviour. Colloid probe AFM experiments typically observe a jump to contact

at large separations (on the order of the hydrated brush thickness), with repulsive forces

quickly dominating as the probe compresses the brush. Similar SFA studies do not report

this jump to contact [52]; the reason for this is unknown, but could be due to differ-

ences in polymer-surface affinity (mica vs silica), surface curvature, technique sensitivity

to attractive forces, or experimental interest in the attractive regime. The maximum

normalised force ( F
2πReff

) required to collapse a swollen PNIPAM is a function of both

molecular weight and grafting density [45, 52]; we expect the same to be true for the

structures formed by brushes at a given confining stress. Importantly, AFM and SFA do

not reveal the internal brush structure that gives rise to the measured intersurface forces.

Previous investigations by de Vos and co-workers revealed the internal structure of thin

polyelectrolyte multilayer films under confinement utilising neutron reflectometry (NR)

and a unique type of surface force apparatus, which geometrically confines the surface

of interest using a flexible, impermeable poly(ethylene terephthalate) (PET) membrane
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[134].

In this work, we study the combined effects of confinement and temperature on the

structure of a thermoresponsive PNIPAM brush. NR reveals the brush’s thickness and

structure as a function of increasing temperature at a fixed confining stress; this marks

the first time that confined structure has been investigated for a temperature-responsive

brush. Numerical self-consistent field theory (nSCFT) is used to predict how brush struc-

ture and thickness scale with confining stress, finding qualitative agreement between the-

oretical and experimental results. These theoretical structures also inform the model used

to analyse the collected NR data. The colloid-probe AFM study conducted by Murdoch

et al. [20] is analysed and compared to the theoretical and experimental results presented.

The unconfined thermoresponse before and after confinement is also observed to determine

whether confinement damages the coating.
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5.2 Materials and Methods

5.2.1 Materials

A 50 µm thick PET film (Melinex R©, DuPont Teijin films Ltd.) was used as the flexible

membrane for the NR confinement experiments. All other materials used are detailed in

section 1.3. The brushes used in this study were synthesised on 100 mm silicon wafers

appropriate for NR according to the method outlined in section 1.4.

5.2.2 Sample characterisation

The wafers’ dry thickness was characterised using mapping ellipsometry, X-ray reflec-

tometry (XRR), and NR before confinement. For details regarding each characterisation

method see sections 1.5.5, 1.5.4, and 1.5.3, respectively. The result of these character-

isations are presented in Table 5.1, further characterisation for brushes synthesised via

this methodology are presented in section 1.4. NR was also used to characterise the pre-

confinement thermoresponse for each wafer; data were analysed using the method outlined

in chapter 4.

5.2.3 Neutron Reflectometry

Dry and solvated measurements were carried out according to the method outlined in

section 1.5.3. Confined measurements were conducted in a downwards-reflecting geometry

at angles of 0.35 and 1.5◦, resulting in a useful Q range of 0.004 to 0.13 Å
−1

. Data

reduction followed the standard procedure for PLATYPUS , as outlined in section 1.5.3.

Consistent with previous work [79, 134], an increase in off-specular signal is seen for

confined measurements, owing to contributions from the PET film (and possibly dust).

Table 5.1: Dry thicknesses of the two samples used in the NR study, as measured by ellipsometry,
XRR, and NR, all at ambient conditions (≈55 % relative humidity).

dry thickness, Å
sample name ellipsometrya XRRb NRb

1 bar 224.4± 3.3 224.5± 0 234.3± 1.1
5 bar 206.4± 9.6 200.7± 0 214.4± 0.8

a Average of nine discrete measurements equally spaced over the surface with one
standard deviation reported as the uncertainty.
b Uncertainties are taken from the posterior probability distribution for the parameter
derived from a Monte Carlo treatment of the collected data.
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5.2.4 Confinement cell

The confinement experiments were performed in a custom-built sample environment

(Fig. 5.1a), similar to that detailed in prior publications [79, 134]. Briefly, a 100 mm

silicon wafer coated with an approximately 200 Å PNIPAM polymer brush (for dry thick-

nesses, see Table 5.1) was placed into the sample environment such that the path of the

neutron beam to the sample was unimpeded (see Fig. 5.1a) and the brush-coated sur-

face was parallel to, and 3 mm away from, a PET sheet. The pneumatic pressure on the

sample-exterior side of the PET film was controlled via a digital pressure controller; as the

pressure was increased the film was pressed against the surface of interest, subjecting it to

molecular confinement with controllable surface-normal stress. The pressures are reported

as applied pressures (the absolute pressure less 1 atm). Before confinement, the surface

was wet with 1 mL of Milli-Q water and the pressure increased to 0.1 bar; this slightly

deformed the PET sheet, dispersing the water across the entire sample surface. The sys-

tem 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 (Fig. 5.1c) by slowly increasing the pressure. When

the pneumatic pressure was released at the end of the experiment, the water droplet re-

formed in the centre of the sample, indicating that the interface is always accessible to

the solvent. Previous work has shown that this approach is capable of achieving molec-

ular confinement [79, 134], forcing the water out from between the silica and PET at a

minimum stress of 1 bar. Even at high stress, a solvent reservoir is maintained around

the confined area (Fig. 5.1b). Molecular confinement was confirmed by a critical edge

for confined measurements, which appeared at Q =0.0054 Å
−1

, the expected value for a

silicon–PET interface.

Changes in the confining stress were effected by steadily raising the pneumatic pres-

sure over 40 minutes; this minimises the potential for water pockets to become trapped

between the layers, and allow the system to reach equilibrium. H2O was used as the

solvent as a D2O contrast would result in the scattering length density (SLD) of the

compressed PNIPAM layer matching that of the PET film. The experimental setup is

sensitive primarily to the separation between the silica native oxide layer and the PET

confining layer, apparent through the fringe spacing in the collected reflectometry profiles,

discussed in section 1.5.2. However, it is also sensitive to the polymer’s surface-normal

volume fraction profile in this confined environment, which we demonstrate in Figure. 5.2.
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a)

b c d

Figure 5.1: (a) Cross-section of the confinement cell used in this work. The apparatus is similar
to that used by de Vos et al. [134]. (b) A solvent reservoir is maintained around the confined
region, while the majority of the brush and all of the region being measured by NR is (c) evenly
confined. de Vos et al. [134] identify (d) dust as a potential problem for this type of device, as
it results in uneven confinement.

Sensitivity of Neutron Reflectometry to the profile of the confined brush

Here we investigate the sensitivity of the reflectometry profile to the shape of the polymer

volume fraction profile by examining simulated reflectometry profiles produced from dif-

ferent confined structures (Fig. 5.2). The exact polymer profile affects the relative fringe

intensities (i.e., the first fringe depth relative to that of the second) of the corresponding

reflectometry profile. The modelled profiles in Figure 5.11 capture the relative fringe in-

tensity in the data. As the distribution model can change the fringe depth, but not the

fringe intensity, we conclude that our analysis has the ability to confirm that the polymer

volume fraction profile is slab-like. As such, our NR analysis supports the slab-like profiles

predicted by the numerical nSCFT modelling.

5.2.5 Neutron reflectometry data analysis

The dry brush was modelled as a single slab while unconfined solvated brushes were mod-

elled using the freeform approach outlined in chapter 4. The confined data were analysed

using a thickness distribution model with an interfacial volume constraint, implemented

in Python through the refnx reflectometry analysis package [141]. This model was created

to support the physical explanation proposed by de Vos et al. [134], who use a similar

confinement apparatus. They posit that dust becomes trapped between the substrate and
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Figure 5.2: (a) Volume fraction profiles, (b) SLD profiles, and corresponding (c) reflectometry
profiles for confined PNIPAM layers of constant thickness and interfacial volume with different
profile shapes. The volume fraction profile’s shape does not change the fringe spacing but does
change their relative intensity.

confining layer during confinement, resulting in unconfined areas local to the dust parti-

cles (Fig. 5.1d). Whereas de Vos et al. [134] account for this by incoherently averaging

(see Fig. 6 of Majkrzak et al. [203]) the reflection from two distinct regions (confined and

unconfined), we employ a ‘distribution model’ to more rigorously deal with both trapped

dust and sample imperfections. From an implementation perspective, this approach is an

extension of that used by Johnson et al. [73] and Murdoch et al. [175] to account for lateral

variations in brush thickness; these approaches incoherently averaged reflections from two

structures. A similar approach is used to model confined brushes by Hamilton et al. [204]

to account for nanoscale roughnesses in their confining plates. Incoherent averaging of

reflectometry profiles is appropriate when the different regions are separated by a lateral

distance greater than the coherence length of a neutron (approximately 10 to 100 µm)

[134, 203, 204]. The distribution model here calculates reflectometry profiles taken from a

probability density function (PDF) of confinement thicknesses and incoherently averages

them to produce a final profile, allowing for regions of no (i.e., an Si–H2O interface) and

intermediate confinement that would surround dust particles (Fig. 5.1d) to be accounted

116



Chapter 5 Understanding brushes via improved reflectometry analysis

200 300 400 500 600 700
layer thickness, Å

0.00

0.01

0.02
pr

ob
ab

ilit
y 

de
ns

ity
, Å

1
separation distribution
-component
-component

Figure 5.3: The construction of the separation distribution function from a gamma probability
distribution (γ-component) and a simple linear tail (β-component). The composite functions
are added and normalised to produce the final distribution.

for in the modelling.

We parameterise a flexible PDF that exhibits the features expected from the physical

system (Fig. 5.5): a gamma probability distribution function (γ-component) to model the

part of the brush that is strongly confined (the region of experimental interest), and a

linear decay (β-component) to model the poorly confined region surrounding dust par-

ticles (Fig. 5.1d). The gamma probability distribution function was chosen purely for

its flexibility (Fig. 5.5), and does not have any direct physical relevance; other similarly

shaped distribution functions produce similar results. The width of the distribution ac-

counts for the range of polymer thicknesses across the surface of the wafer, as well as

small differences in the confining stress due to imperfections such as dust particles. The

linearity of the β-component was chosen for mathematical simplicity as the fitting is not

sensitive to the details of this component. As with previous confinement studies [134],

the model also allows a water-backed region representing unconfined polymer (Fig. 5.3),

which is required by the sloped critical edge and scale factor of less than 1. The scale

factor for the measurements was determined from the intensity of the pre-critical edge

reflection from unconfined measurements in D2O. For a uniform Si–PET interface the

critical edge would be flat and would have a scale factor of 1; for a uniform Si–H2O inter-

face there would be no critical edge, instead in the corresponding region the slope would

be proportional to Q−4 and the reflected intensity would be much less than one. What

we observe is a mix between these two cases, and is detailed fully in section 5.3.3. Suffice

117



Chapter 5 Isaac J. Gresham

to say, by separating the γ-component of the distribution from the rest of the model, we

isolate the region of experimental interest, that is, the confined PNIPAM brush.

The physical structure of the confined systems in the direction normal to the inter-

face consists of a silicon fronting (SLD of 2.07× 10−6 Å
−2

), a silica native oxide layer, a

confined polymer layer and a PET backing (SLD of 2.57× 10−6 Å
−2

). The SLDs of pure

silica and pure PNIPAM were taken as 3.47 and 0.8× 10−6 Å
−2

, respectively, but were

allowed to be solvated with H2O (SLD of −0.54× 10−6 Å
−2

). The native oxide layer was

modelled by a slab, with its thickness and porosity being determined before analysis of

the confined samples via modelling of unconfined dry and solvated datasets. The confined

polymer layer was modelled as a single slab, as per the work of de Vos et al. [134], with

a distribution of thicknesses as described above. The solvent volume fraction of this slab

was set to obey an adsorbed volume constraint, where the adsorbed volume was deter-

mined through dry measurements. The interior layer documented in Chapter 2 did not

need to be included in the model, as the interior layer has a similar volume fraction to

that of the collapsed polymer layer. The collapse to a slab structure is in agreement with

theoretical results (Fig. 5.9).

A single reflectometry profile was produced from this distribution model through the

following method. First, the PDF was discretised (Fig. 5.4a) into a series of SLD profiles,

and a reflectometry profile for each discrete thickness was calculated (Fig. 5.4b). Then the

reflectometry from the confined area, RC, was calculated through the probability-weighted

Q-wise sum of the discrete profiles (Fig. 5.4c). The reflectometry from the unconfined

area of the surface, RU, was modelled with an H2O backed layer with a structure taken

from unconfined D2O measurements at the corresponding temperature (Fig. 5.15). The

details of the model are given below.

Model details

We start with the oft-utilised [20, 73, 79, 190] space-filling two-component assumption for

the confined polymer film:

φpoly + φwater = 1 (5.1)

ρlayer = φpolyρ(z) + (1− φpoly)ρwater (5.2)

where φpoly and φwater are the volume fractions of polymer and water in the layer, and

ρlayer, ρ(z) and ρwater are the SLDs of the confined layer, pure polymer and pure water re-

spectively. As in previous work [20, 73, 79, 190] we make the further (implicit) assumption
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that the molar volume of polymer is constant upon solvation:

φpoly =
V̂I

sSM

(5.3)

where sSM is the separation between the silica substrate and the confining membrane.

Our physical understanding of the system indicates that a distribution of sSM causes

the smeared fringes at lower temperatures, because reflections from surface inhomo-

geneities larger than the coherence length of a neutron are incoherently averaged. We

recreate the same phenomena in our model through the implementation of a distribution

model.

We define a separation PDF, S, made up of a gamma PDF, γ, and a linear background

PDF, β):

SSM(sSM|L, k, θ, bmag, blength) = γ(sSM|L, k, θ) + β(sSM|L, k, θ, bmag, blength) (5.4)

Figure 5.4: The distribution model used in this work transforms (a) a distribution of silica-
PET thicknesses into (b) a set of SLD profiles, before (c) performing a probability-weighted
summation of the corresponding reflectometry profiles (purple to orange lines) to produce an
overall reflectivity profile (red line) that matches the experimental data (1 bar 27.5 ◦C is shown
here). Note that the change in the SLD of the confined polymer layer in (b) is due to the volume
fraction of polymer changing to obey the constrained total amount of polymer at the interface.
A water backed region (b, c, blue line) can also be included in the model.
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The gamma PDF uses the conventional definition:

γ(sSM|L, k, θ) =
1

(k − 1)! θk
(sSM − L)k−1 exp

(
−(sSM − L)

θ

)
(5.5)

where L is the location offset parameter, k is the shape parameter, and θ is the scale

parameter. The background, β, is a function that increases linearly from the start of the

γ distribution (tstart, defined as the point at which the cumulative distribution function of

γ is 0.001), reaching its zenith at the mode of the γ distribution (bpeak = L+θ(k−1)), then

linearly decaying over a distance blength, reaching zero when sSM = bcut = bpeak + blength.

The magnitude of the background region is given by bmag.

β(sSM|L, k, θ, bmag, blength) =


bmag × sSM−bstart

bpeak−bstart
bstart < sSM < bpeak

bmag × −sSM+bcut

bpeak−bstart
bpeak ≤ sSM < bcut

0 elsewhere

(5.6)

The final distribution is then normalized:

SSM =
SSM∫∞

0
SSM dsSM

(5.7)

The overall distribution is smooth and encompasses the confinement apparatus’s underly-

ing behaviour as observed in the system: most of the surface is at a modal distance with

small variation (γ-component). At the same time, some larger separations are present

due to dust (β-component). Examples of the various forms this distribution can take are

given in Figure 5.5, and the Python implementation used in the current work is provided

in section J.

The reflectometry profile from the confined section (RC) is calculated by taking the

probability-weighted sum of the reflection R(Q, sSM):

RC(Q,SSM) ≈
n∑
i=0

SSM(sSM,i|L, k, θ, bmag, blength)R(Q, sSM,i) (5.8)

The range of sSM over which this summation is performed is limited to where the separa-

tion probability is greater that 1 % of the maximum separation probability, so as to keep

the calculation computationally reasonable:

sSM,i ∈ R : SSM(sSM,i|L, k, θ, bmag, blength) > 0.01×max(SSM(sSM,i|L, k, θ, bmag, blength))

(5.9)
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Figure 5.5: Effect of different parameters of the shape of the PDF, showing the effect of chang-
ing (red) gamma scale, (purple) gamma shape, (blue) tail intensity, and (green) tail length in
isolation. The thick lines show the effect of changing the location parameter in isolation.

As a final step, we must include reflectivity from small regions of the sample where

there is no confinement at all, owing to dust inclusions. The total reflectivity is obtained

by incoherently averaging the confined contribution, RC, with the reflectometry from the

unconfined region, RU, according to a fractional confined area, xC [134]:

R(Q) = xCRC(Q,SSM) + (1− xC)RU(Q) (5.10)

The above model was implemented in python; the location of the corresponding code

can be found in section J.

5.2.6 Colloid probe modelling

Stress–separation curves were extracted from the experimental results of Murdoch et al.

[20] through a Derjaguin-inspired analysis [205], in which the colloid-probe was modelled

as an incompressible, tiered probe passing through a one-dimensional force field. Briefly,

the approach parameterised a stress–separation curve, which was converted to a force–

distance curve through discretising the probe as a tiered sphere. As in the Derjaguin

approximation, interactions are only in one dimension (vertical) and the effects of surface

roughness are not accounted for; unlike the Derjaguin approximation the force is evaluated
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by numerical integration, so no assumptions regarding the size of the probe relative to

the distance from the substrate needed to be made. We utilised a differential evolution

[196] optimisation routine implemented in SciPy [80] to adjust the parameterised stress–

separation curve so that the modelled force–distance curve matched the measured force–

distance curves of Murdoch et al. [20]. Here, separation refers to the distance between a

planar discretised tier of the modelled probe and the substrate, while distance refers to

the minimum apparent separation between the colloid-probe and the substrate. These

stress–separation curves were then recast as separation–temperature curves for chosen

stresses, which can be directly compared to reflectometry experiments. Of course, in AFM

experiments it is impossible to determine the true separation, as the zero-separation point

is deduced from force–distance curves; this does not impact the validity of our results as

we are mainly interested in scaling behaviour.

The algorithm can be summarised as:

1. Define a model stress–separation curve via Eq. 5.11, discussed below (Fig. 5.6).

2. Consider a discretised spherical probe (Fig. 5.8a) being incrementally moved toward

a rigid planar substrate. For each step that this probe takes:

(a) Calculate the separation between each tier of the probe and the planar sub-

strate (Fig. 5.8b).

(b) From the stress-separation curve, calculate the stress (pressure) experienced

by each tier of the probe (Fig. 5.8c).

(c) Calculate the force acting on each tier of the probe (the product of tier area

and stress) (Fig. 5.8c).

(d) Sum the forces acting on each tier of the probe to produce the force experienced

by the entire probe.

3. The resulting force vs distance profile can be compared to collected colloid-probe

AFM data. Parameters in Eq. 5.11 can now be optimised such that the modelled

force vs distance profile fits the collected colloid-probe AFM data (Fig. 5.10a).

Detailed explanations of each step are given below.

Definition of the stress–separation curve

The stress–separation curve is parameterized by the sum of a gamma PDF and two expo-

nential functions. The gamma function describes the attraction observed at intermediate
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Figure 5.6: Composition of the stress–separation curve (black) from two exponential components
(blue, orange) and a gamma function component (green). The red shaded area represents the
region of experimental interest. The inset highlights the attractive region; the axes have the
same units as the main plot.

distances, while the two exponentials describe the repulsion at close approach:

σ(s) = m1b1
−s +m2b2

−s +mΓγ(s, LΓ, kΓ, θΓ) (5.11)

where m1, m2 and mΓ are the magnitudes of each component, b1 and b2 are the base

terms for each exponential component, Γ is the gamma function (Eq. 5.5) with location

LΓ, shape kΓ and scale θΓ.i s is the separation between a point on the probe and the

planar surface, defined for a spherical probe as

s(x) = D +R−
√
R2 − x2 (5.12)

where D is the minimum separation between the probe and the surface, R is the probe’s

radius, and x is the lateral distance from the point of closest approach (Fig. 5.7). This

model is not intended to replicate the physics of the compression of a polymer brush;

instead it was designed to be flexible enough to capture the observed behaviour over a

limited range of forces and separations.

iHere we used Γ to denote the gamma function, to differentiate it from the use of the gamma function
in section 5.2.5.
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Figure 5.7: Schematic of the system showing the curvature of the sphere resolved into a set of
thin tiers, each of width ∆x.

Calculation of force vs displacement

The parameterized stress–separation curve is transformed into a force vs displacement

curve for a given size probe by considering a discretized hard-sphere contacting a per-

fectly flat, rigid surface (Fig. 5.7). Between these two surfaces is a deformable layer, the

properties of which are defined by the aforementioned stress–separation curve (Eq. 5.11).

The probe is discretized into many tiers; the area and distance between can be calculated

for each tier (Fig. 5.8). The force acting on the tier can then be calculated using the

stress–separation curve, tier–surface separation and tier area. Given definitions σ(s) and

s(x) above, the force acting on any one tier of the probe can be written as:

F (x) = σ(s(x))× A(x) (5.13)

where A(x) is the area of the tier, π(x2 − (x − ∆x)2), ∆x being the width of the tier.

Integrating this force over the area of the probe will yield the force acting on the entire

probe at a given D:

F (D) =

∫
σ(s)dA (5.14)

We evaluate this integral numerically, via the summation:

F (D) =
R∑
x=0

σ(s(x))× A(x) (5.15)
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Figure 5.8: (a) Schematic of the model at a single probe displacement, with area as a function
of lateral position. (b) Pressure (•) and force (+) profiles.

Evaluating force at a range of displacements yields a force–displacement curve, which can

be directly compared to colloid-probe AFM data.

Optimisation

The differential evolution method of Storn and Price [196] is used to optimize the model

(Eq. 5.11) to match the experimental data. The outputs of this fitting process are the

stress–separation curves in Figure 5.10, which exhibit excellent agreement with the ex-

perimental data in Figure 5.10a.

5.2.7 Self-consistent field theory

Self-consistent field theories are widely used to predict the conformation of polymer sys-

tems [5, 79, 206], generating a polymer structure in one or more dimensions that is

consistent with the surrounding energy field. This energy field is derived from factors

such as solvent quality (χ) and the charge and concentration of dissolved species and

monomers. The nSCFT approach employed here follows the procedure of Abbott et al.

[79], implementing the Scheutjens–Fleer lattice model [207]. This approach discretises the

polymer–solvent system into many lattice sites, simplifying the problem and allowing it

to be solved numerically. nSCFT has previously been found to successfully predict the

behaviour of responsive polymer brush systems, including thermoresponsive polymers [84,

109, 132]. Prior work has used nSCFT to examine polymers in confinement [79], however,

this has not yet been extended to responsive polymers. An impenetrable confining bar-

rier was incrementally moved toward a substrate decorated by tethered polymer chains

to simulate confinement. At each barrier position, the system structure and energetics
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were calculated. The most relevant parameter derived from this process was the partial

open free energy (Upo
f ) of the grafted polymer chains, which is equal to the system free

energy minus the free energy of the solvent. The energy of interaction for the confining

surface and the polymer layer (U int
f ) is isolated by subtracting Upo

f at infinite separation

from Upo
f at a given confinement distance

U int
f (D) = Upo

f (D)− Upo
f (∞) (5.16)

where D is the distance of the confining layer from the substrate in units of lattice site

spacing, L. This interaction energy represents the entropic and enthalpic penalty resulting

from the polymer’s spatial confinement. The force exerted by the confining surface on the

brush, F , was calculated by considering the surface moving through an energy field.

F = −dU int
f (D)

dD
(5.17)

Force is proportional to stress, so it allows for comparison of the theoretical and exper-

imental scaling behaviour. We emphasise that we are only interested in the confined

brush’s scaling behaviour and do not make absolute comparisons. Typically the energy

from such a simulation would be reported relative to kBT , with the corresponding force

relative to kBTL−1 (here L is the lattice spacing). As the current work concerns a ther-

moresponsive system (χ is a function of T ), we must take into account the temperature

that corresponds to a given χ value; our force values are reported relative to kB and have

units of KL−1, where K is Kelvin. The model was made up of grafted chains, each consist-

ing of 200 segments, with a grafting density of 0.025 chains per lattice site. This is roughly

comparable to a polymer brush with a contour length of 1000 Å and a grafting density of

0.1 chains per nm2 [79]. The V̂I of this simulation is 5 L. To simulate the thermoresponse

of PNIPAM, the solvent–polymer Flory–Huggins interaction parameter, χ, was varied (see

section 1.1). Comparisons between physical temperatures and χ values were made based

on the work of Alves et al. [132], who derived a relationship between temperature and χ

for a poly(methyl methacrylate-co-N -isopropylacrylamide) from empirical data.
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5.3 Results

First, we report predictions made by nSCFT and findings from an analysis of colloid-

probe AFM data, thus establishing the expected behaviour of a confined PNIPAM system.

Second, we present and discuss the NR data collected using our confinement apparatus,

proposing a physical explanation for the features observed. We report separation as a

function of stress and temperature for the surface and comment on the confined layer

structure. Lastly, we examine the thermoresponse of a PNIPAM brush before and after

confinement, showing that these layers completely recover from such treatment.

Figure 5.9: (a-f) Brush volume fraction profiles calculated by nSCFT at increasing confining
forces (proportional to confining stress), with the profile’s first moments below each plot for
reference. When the brush interacts with the opposing confining surface, the (a) parabolic brush
profiles transition to (b-e) slab-like profiles, where the polymer volume fraction is sensitive to
χ (analogous to temperature). At high enough forces (f) the profiles no longer exhibit a χ-
dependence over the probed χ-range. Forces are reported relative to kB and with units of kelvin
per lattice spacing. (g) The results are summarised as twice the first moment of the polymer
volume fraction profile (shown below each volume fraction profile) vs χ at different forces,
normalised by the total volume of polymer segments in the simulation. nSCFT predicts that
applying a stress should change the temperature at which a PNIPAM brush is fully collapsed
and remove its critical thermoresponsive behaviour.
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5.3.1 Self-consistent field theory

nSCFT predicts that non-confined PNIPAM brushes (Fig. 5.9a) exhibit parabolic polymer

volume fraction profiles at low temperatures, where water is a good solvent for PNIPAM.

As the temperature increases (higher values of χ) the brush collapses, forming slab-like

profiles. Once a confining force is applied (beginning in Fig. 5.9b), nSCFT predicts that

the brush structure will transition to slab-like profiles at all temperatures. Under inter-

mediate confining forces (starting from Fig. 5.9b), the brush remains thermoresponsive,

although the applied force shifts the brush’s temperature-induced collapse to lower tem-

peratures (Fig. 5.9g). Some evidence of a critical thermoresponse is observed at low con-

fining forces, with an inflection point visible in the plot of thickness against χ (Fig. 5.9g)

until approximately 25 kBKL−1 profile (Fig. 5.9b). Above this confining force, the critical

transition that is seen for unconfined brushes disappears (Fig. 5.9a), with layer thick-

ness changing approximately linearly until the brush is completely collapsed (i.e., the

50 kBKL−1 profile in Fig. 5.9d,g). The brush collapses completely at high applied confin-

ing stresses (i.e., Fig. 5.9f) for all χ values (temperatures) examined.

5.3.2 Stress-separation curves from colloid-probe AFM

The further analysis of the colloid-probe AFM data of Murdoch et al. [20], as described

above, allows for direct comparison with NR measurements presented here. Parameterised

stress–separation plots are presented in Figure 5.10b, with corresponding force–separation

plots that have been optimised against experimental data shown in Figure 5.10a. The

stress–separation profiles in Figure 5.10b are recast as normalised separation vs tempera-

ture plots in Figure 5.10c, which will allow direct comparison to the NR experiments. As

the true separation can never be determined by AFM, the data in Figure 5.10a is the ap-

parent separation. The difference between the apparent separation and the true separation

is expected to be constant for a given brush sample; so any error would result in the curves

in Figure 5.10c being shifted vertically. The separation–temperature plots in Figure 5.10c

show that a confining stress can remove the thermoresponse of PNIPAM altogether at

the temperatures investigated, agreeing qualitatively with nSCFT. The present analysis

indicates that the stress at which PNIPAM brushes become temperature-insensitive is

approximately 1.5 bar, with the brush being substantially less temperature-sensitive and

losing the criticality in the temperature transition by 1.0 bar. Moreover, Figure 5.10c

indicates that a thermally collapsed brush (i.e., the brush at 40 ◦C) can be further com-

pressed by stress. The system hydrodynamics does not influence the colloid-probe results,

as a slow ramp rate of 0.5 µm s−1 was used; previous work on a similar thermoresponsive
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Figure 5.10: (a) Experimental force–distance data (coloured lines) from the colloid-probe AFM
experiment of Murdoch et al. [20], overlaid with theoretical force–separation profiles (black lines)
produced by considering a discretised hard-sphere passing through the stress-field described by
particular (b) stress–separation curves. The stress–separation curves were optimised against the
experimental data, exhibiting excellent agreement with the experimental data at both positive
and negative loads. The stress–separation curves in (b) can be recast to (c) separation vs
temperature plots, allowing the colloid-probe experiment to be compared to data from the
neutron confinement cell.

system found that force profiles were relatively independent of probe velocity at speeds

under 3 µm s−1 [175].

5.3.3 Reflectometry from a confined PNIPAM brush

Modelling

PNIPAM brushes were subjected to 1 and 5 bar of constant confining stress while the sys-

tem temperature was varied; 1 bar is the lowest pressure accessible with the current instru-

mentation [134], while at 5 bar AFM analysis predicted the absence of a thermoresponse.

Figure 5.11 shows the experimentally determined separation distribution profiles along-

side corresponding reflectometry data. For both 1 and 5 bar samples, the profile exhibits
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Figure 5.11: Experimentally determined separation distributions (in experimental order, top
to bottom) with corresponding reflectometry profiles as a function of temperature for applied
confining stresses of (a, b) 1 bar and (c, d) 5 bar. As the position of the fringes does not move
appreciably with temperature, the modal thickness of the distribution (a,c, highlighted with
a •) moves only slightly, however, the width of the separation distribution (sharpness of fringes)
is seen to be a strong function of temperature. Collapsed distribution breadths differ between
pressures (a compared to c) due to a different substrate being used for each experiment. Some
reswelling is observed upon a return to low temperatures for the (a) 1 bar data, but not (c) 5 bar.
Reduced standard error (chi-squared statistic divided by the number of data points) values are
included atop their respective reflectometry profiles, indicating that all fits are of comparable
quality. Modal structures and modal thickness are shown in Figure 5.12.
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Figure 5.12: Volume fraction profiles corresponding to the modal separation for (a) 1 bar and
(b) 5 bar data. (c) Normalised peak location as a function of temperature. The volume fraction
profiles and thicknesses are normalised by V̂I to allow for comparison between data from different
polymer brushes. The 5 bar layer is more dehydrated at any given temperature, with both layers
still exhibiting a thermoresponse. The system displays significant hysteresis while the confining
stress is maintained, as the layer does not recover when the temperature is reduced (indicated
by arrow).

weak Kiessig fringes at the lowest temperature probed, which deepen as the temperature

is increased (Fig. 5.11b, d). The fringe spacing does not appreciably change during this

deepening (Fig. 5.13), ostensibly indicating that the interfacial thickness uniformity is

increasing while its thickness remains relatively constant. Lateral inhomogeneities within

the brush layer itself (i.e., macroscopic brush roughness) are not responsible for this be-

haviour, as ellipsometry mapping found the standard deviation of dry thicknesses to be

small (Table 5.1); furthermore, such sample imperfections would not be temperature sen-

sitive. Likewise, this fringe deepening is not due to an increase in contrast due to changes

in the solvation state (and hence SLD ) of the polymer. As there is a fixed amount

of polymer in the system, any change in polymer solvation would result in a change in

thickness and a subsequent change in fringe spacings. The modal separation profile for

each temperature (Fig. 5.11a,c black dots) is presented in Figure 5.12, both as polymer
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Figure 5.13: Reflectometry profiles for both (a) 1 bar and (b) 5 bar datasets with the fringe
locations highlighted (×). (c) Thicknesses determined from the fringe spacings; fringe spacings
were manually determined for 1 bar 20 ◦C.

volume fraction profiles (Fig. 5.12a,b) and as a plot of modal separation vs temperature

for both pressures investigated (Fig. 5.12c). Figure 5.12c shows that PNIPAM exhibits

a constant-stress–temperature response at both 1 and 5 bar, albeit without the criticality

that is normally seen for this polymer.

Fringe spacing analysis

Fringe spacing analysis was performed via the method outlined in section 1.5.2. The

results produced (Fig. 5.13) are comparable to those from the full reflectometry modelling

approach shown in Figure 5.11, verifying the output from the modelling and supporting

our physical interpretation of the reflectometry data.

Water-backed region

The distribution model allows for a water backed region to contribute to the overall

reflectometry (Eq. 5.10), as in previous work [134]. Figure 5.14b (bold lines) shows that
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Figure 5.14: a) The average value of the sub-critical edge data points (i.e. <0.0045 Å
2
) as a

function of temperature; one explanation for this deviating from unity is the presence of H2O
backed regions, which would have an apparent scale factor of approximately 0.25 (dashed line).
b) The water backed fraction required to fit collected data as a function of temperature, which
finds reasonable agreement with the water backed fraction calculated from the scale factor.

the water backed region required by the model to match the collected data is sensitive to

both temperature and pressure; this is not a fitting artefact, as modelled water backed

regions agree with those calculated from the scale factor (Fig. 5.14b).

Interpretation

The physical interpretation of the confined temperature series is as follows. At all tem-

peratures and stresses studied, the majority of the polymer brush surface is in molecular

contact with the confining PET film, as indicated by the presence of a critical edge in

the reflectivity curves at all conditions (Fig. 5.11). The thickness of this collapsed film

is dependent on grafting density and the average local molecular weight. As such, there

is some variation across the surface (broadening the thickness distribution). Elsewhere

in the confined layer, a small number of entrained dust particles cause areas of lower

confining stress (so-called ‘tenting’), which is most prevalent at low temperatures, as the

dust-proximal brush is resisting the reduced confining stress. This distribution of sepa-

rations is enough to smear the reflection pattern from the confined section of the brush

(e.g., 1 bar dataset at 20, 22.5 ◦C). However, as the temperature increases, so does the

collapsed fraction of the surface, resulting in deeper fringes. While the laterally inho-

mogeneous collapse of the brush makes the data interpretation more challenging, these

imperfections are accounted for in the model used. We did not observe any off-specular

scattering from these dust particles, which is consistent with randomly distributed and

sized particles.
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As per the methodology described above, our model describes the collapsed section

fraction of the brush using the γ-component, while reflections from the poorly-confined

dust-proximal section are accounted for by the β-component. We isolate the behaviour

of the evenly confined portion of the surface by taking the peak of the γ-component as

the modal layer thickness, allowing observation of the effect of stress and temperature on

the evenly confined portion of the layer. It is significant that a model consistent with

this physical interpretation can recreate the collected reflectometry profiles. Additionally,

the output from the model shown in Figure 5.12c agrees with a simple model-free fringe

spacing analysis, indicating that our choice of model is correct. A replica of Figure 5.12c

using the fringe spacing derived thicknesses, as well as details of the analysis, can be found

in Figure 5.13 and associated text.

5.3.4 Behaviour of PNIPAM under confinement

The separation vs temperature curves (Fig. 5.12) extracted from the NR analysis allow

comparison between NR, nSCFT, and colloid-probe AFM. When comparing these three

techniques, it is important to consider the path these systems take to reach the state of

interest. For the colloid-probe AFM, the system is equilibrated at the temperature of

interest, then the probe is brought into contact with the layer. Conversely, in NR exper-

iments, the confining layer is brought into contact with a swollen brush at 20 ◦C, before

the temperature is incrementally raised to 40 ◦C. Lastly, nSCFT is path independent —

it produces the system’s equilibrium structure. Additional points of difference are that

the colloid-probe and reflectometry experiments probe different contact areas (1 µm2 vs

50 cm2) and time scales (1 s vs 1 h), albeit that no time-based effects have been reported

in AFM measurements.

Firstly, we compare the structures produced by nSCFT with those obtained via NR.

We can replicate the collected reflectometry profile using a constant volume fraction slab

layer, noting that even small deviations from a slab-like profile would result in a change

in relative fringe magnitude (i.e., the depth of the first fringe relative to the depth of the

second fringe, Fig. 5.2), which is not observed here. The reproduction of the collected

reflectometry profiles with uniform-volume fraction slabs affirms the slab-like profiles pre-

dicted by nSCFT.

As predicted by nSCFT, both NR and AFM show that the confined polymer does not

exhibit critical thermoresponsive behaviour above a certain confining stress (determined

to be around 1 bar); instead, the thickness decreases steadily with increasing temperature.

Both colloid-probe (Fig. 5.10) and reflectometry experiments indicate that the thickness

is sensitive to confining stress, although the colloid-probe technique observes a greater
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change between 1 and 5 bar. Similarly, the thermoresponse observed at 1 bar is comparable

between the two techniques, with a change in separation of approximately 10 % of the

dry layer thickness between 20 and 40 ◦C. All techniques indicate that the thickness-

response to temperature is reduced as confining stress increases, as one would naturally

intuit. However, colloid-probe experiments observe no thermoresponse at 5 bar, while NR

indicates that the thermoresponse at 5 bar is of a similar magnitude to the 1 bar.

The difference between the colloid-probe and NR experiments could be due to the

increased lateral freedom of polymer chains in the colloid probe experiment compared to

the NR experiment. The confined area in the AFM experiment (approximated as 1.5 µm2,

by the method of Abbott et al. [79]) has a radius 1.4 times the contour length of the brush

and contains approximately one hundred thousand polymer chains. However, due to the

probe geometry, only a small fraction of this area is subjected to a confinement comparable

to the NR study (approximate area 0.06 µm2, containing around 4000 polymer chains, with

a radius of 0.3 contour lengths). Upon contact with the colloid probe chains in the most-

confined area may laterally rearrange, reducing the effective resistance to the confining

stress. As the repulsive force increases exponentially as confinement distance decreases,

this effect would be most notable at high stresses. However, the work of Halperin and

Zhulina [208] suggests that the local-compression assumption is valid for colloid probe tips.

Another explanation is that different experimental techniques probe different dynamic

behaviour. The AFM experiment is carried out at constant temperature, with stress

varying. At the ramp rate employed in the AFM experiment (0.5 µm s−1), the probe will

progress through the entire solvated brush in approximately 0.2 s. The hydrodynamic

drainage of a brush confined by a colloid-probe over ≈1.5 µm2 contact area at this time

scale may result in a greater hydration of the layer, resulting in the sensitivity of thickness

to pressure in the colloid-probe experiments.

In NR, the PNIPAM thermoresponse observed by NR was not fully reversible upon

temperature reduction while the applied stress was maintained, while colloid-probe [20]

and SFA [52] measurements are repeated many times against the same brush with no

evidence of irreversibility. Colloid-probe and SFA experiments likely do not observe this

irreversibility due to the small confined area, as discussed in the above paragraph. The

thickness of the polymer layer in the NR experiment exhibited significant hysteresis when

the temperature was reduced from 40 to 15 ◦C, not returning to its initial thickness (arrows

on Fig. 5.12c). This hysteresis is not due to damage to the brush layer; we show in the

following section that the brush recovers its response after confinement is released. Some

reswelling upon a decrease in temperature was observed at 1 bar, indicating that there

was solvent available to the brush in the sample environment; minimal reswelling was

observed at 5 bar. It is unlikely that the hysteresis is caused by slow solvation dynamics
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imposed by the large confined area; the slight re-swelling observed was not accompanied

by a broadening of the separation distribution that would be expected if the brush were

reswelling slowly from the edge inwards. The origin of the hysteresis observed in the

reflectometry experiment is currently unclear and is indicative of a complex energy land-

scape and that illustrates the path-dependence of the structures that are formed in the

confined brush.

One explanation for this behaviour lies in the complex phase behaviour of PNIPAM,

which has previously been extensively reviewed [38]. Free PNIPAM in aqueous solution

exhibits slow remixing upon being cooled from temperatures significantly above its LCST

[38, 41, 209], attributed to ‘partial vitrification’ of the polymer. The temperature to

which the sample was heated and the time that it remained at that temperature increased

the stability of this collapsed PNIPAM phase. Hence, it is reasonable to link this slow

remixing phenomenon with both the volume fraction (concentration) of PNIPAM in the

collapsed state, and the time it spent collapsed. Here, parallels can be drawn with the NR

experiment (where high PNIPAM volume fractions were maintained over long periods) to

explain the hysteresis; the collapsed brush does not reswell over the time scales probed as it

is in this partially vitrified state. This explanation is also consistent with the reversibility

of the colloid-probe AFM measurements, as the timescale of the confinement is very small

in these experiments.

It should be noted that different forms of hysteresis have been observed in heat-

ing/cooling curves for unconfined surface-tethered PNIPAM, where both the mechanical

properties [46] and structure [210] differ between the heating and cooling of the layer.

Varma, Bureau, and Débarre [210] characterise this hysteresis as a shift in the apparent

transition temperature, which they report to be lower by 1 ◦C. In contrast to the partial

vitrification phenomenon, there is no apparent stability of the collapsed state. An inves-

tigation into this hysteresis in brushes as a function of maximum temperature and time

spent at maximum temperature is needed to assess whether partial vitrification plays a

role in the unconfined thermoresponse of a PNIPAM brush.

5.3.5 Brush recovery

An important, but often overlooked aspect of applying responsive polymer brush systems

to solve antifouling, steric stabilisation, and lubrication challenges is their stability under

macroscopic contact. Their durability is particularly relevant for lubrication applications,

where brush-coated surfaces are repeatedly required to resist normal and shear forces.

Of course, the durability of brush systems is dependent on many factors [211]; however,

recovery of the thermoresponse after direct compression is a minimum criterion for this
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c)

Figure 5.15: Volume fraction profiles depicting the thermoresponse of an unconfined PNIPAM
brush (a) before and (b) after being subjected to 5 bar of mechanical confinement, demonstrating
that the brush recovers from being confined. Corresponding reflectometry profiles are included
in (c).

system. Fig. 5.15 shows that the grafted-from PNIPAM remains bound to the silicon block

(i.e., no clear chain degrafting) and that the thermoresponse is largely unchanged even

after being subjected to 5 bar of confining stress for 24 h, separated from the confining

layer, and then rehydrated. Furthermore, this indicates that the PNIPAM brush has

recovered from the hypothesised partially vitrified state. There are minor differences in

the reflection profiles before and after confinement, most notably the fringe appearance

at 0.07 Å
−1

from 15 to 30 ◦C (Fig. 5.15). The modelling shows that the fringe is due

to a change in the transition between the ‘interior’ polymer layer and the brush proper,

perhaps due to the grafted polymer becoming untangled during the various hydration,

collapse, and rinsing processes. The brush’s conformation at a given temperature is

mostly unchanged, with the most significant discrepancy around the LCST, where the

structure is most sensitive to temperature.
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5.4 Conclusions

We have studied the conformation of a PNIPAM brush layer subjected to mechanical

confinement by NR, modelling this complex system with a novel separation distribution

model. We compared the model output with a model-free fringe-spacing analysis of the

same data, nSCFT results, and stress-separation curves derived from AFM colloid-probe

studies analysed using a Derjaguin-inspired modelling approach.

NR and nSCFT indicated that any confining stress results in the polymer brush den-

sity profile becoming slab-like, losing its characteristic parabolic profile. Even though the

confined PNIPAM layer was more compressed than it would be under full thermal collapse,

it still exhibits a temperature-dependent thickness. The confined layer exhibits hysteretic

swelling behaviour; a PNIPAM brush at low temperature (swollen) that is then confined

is substantially thicker than a confined brush at high temperature (collapsed) that is then

cooled. This behaviour is without precedent in brush systems, as mainstream techniques

(AFM and SFA) have not been used to probe constant-stress temperature ramps. Hys-

teretic behaviour may be due to the stability of the extremely collapsed PNIPAM layer,

analogous to the partial vitrification phenomenon observed when PNIPAM is heated far

above its CST. Further investigation of this hysteresis is required to confirm its mecha-

nism. An important outcome of this work is that the macroscopic confinement does not

permanently damage the response of a grafted-from PNIPAM brush layer.
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Investigation of the complex structures formed by

mixtures of PNIPAM and surfactant
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So far we have observed the structures formed by surface-initiated ATRP, determined

the behaviour of PNIPAM brushes in their dry state, developed methods for modelling

them in their solvated state, and observed how they behave under confinement. Now we

will conclude by turning the knowledge gained and techniques developed toward a sin-

gular problem: The interaction between PNIPAM and surfactants. PNIPAM–surfactant

systems are of interest for at least three reasons. Firstly, polymer-surfactant systems

are ubiquitous in commercial and industrial products — better understanding their in-

teraction will lead to improvements in lubricants, personal care products and separation

processes. Secondly, the brush geometry simplifies control of experimental conditions —

the polymer ‘concentration’ is fixed, and the solvent to polymer ratio is practically infinite,

allowing for better control of variables and avoiding some of the problems encountered

by previous phenomenological studies. Furthermore, brushes can be studied with tech-

niques such as neutron reflectometry, QCM-D and ellipsometry, which allow for the direct

study of polymer conformation. Thirdly, and more specifically, the potential to affect the

conformation of a PNIPAM brush with a small amount of a specific molecule enhances

their potential as a smart surface — surfactants, particularly SDS, are already known to

modify the structure of PNIPAM.
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6.1 Theoretical Background

6.1.1 Surfactants: an overview

The term surfactant (surface active agent) refers to a broad family of molecules that

spontaneously assemble at interfaces, resulting in a reduction in interfacial energy. Surfac-

tants typically possess an amphiphilic nature and vary in size, shape and efficacy, ranging

from small molecules such as ethanol [212] to peptides [213] and even nanoparticles [214].

Surfactants find application in a host of industrial, commercial and medical products,

and are ubiquitous in biological processes. Surfactants are the active ingredient in deter-

gents and soaps, enable mineral extraction through froth flotation, and are the building

block from which cell membranes are constructed. Surfactants are generally made up of a

number of distinct solvophilic and solvophobic chemical groups, although this definition

breaks down somewhat for proteins and particles.

Above a critical free-solution concentration, surfactants will spontaneously form supramolec-

ular assemblies to maximise contact between the solvophilic components and the solvent,

and solvophobic components and themselves. In the simplest case, these assemblies are

spherical [215, 216] and are termed micelles, while the critical concentration at which they

form is referred to as the critical micelle concentration (CMC) [217]. The relative geom-

etry of the solvophilic and solvophobic sections of the surfactant dictates the structures

that these assemblies take [217]; surfactants can be chosen to produce bilayer sheets [218]

and liposomes (vesicles) [219], complex cubic-phase structures [220] and more.

The CMC of a surfactant in an important parameter in determining its behaviour and

depends on a number of different factors, including temperature [217, 221–224] and (for

ionic surfactants) ionic strength [216, 225, 226]. Not all surfactant–solvent pairings have

an accessible CMC, but the behaviour of systems that do scales around this critical point.

Above the CMC, discrete surfactant molecules are in a dynamic equilibrium with micelle-

bound molecules such that the concentration of discrete molecules is fixed; increasing the

concentration of surfactant increases the concentration of micelles, but not of discrete

surfactant molecules. As such, system properties such as the interfacial tension reach a

plateau above the system CMC, as added surfactant is incorporated into micelles instead

of partitioning to an interface. Because surfactant behaviour depends on the surfactant

concentration relative to the CMC, here we will refer to surfactant concentration as a

multiple of their respective CMC. Absolute concentration will be given relative to the

CMC in pure water at 25 ◦C, indicated by a 
, e.g., 0.5×CMC
. The concentration of

the surfactant relative to the actual CMC (modulated by ionic strength and temperature)

will be given as a multiple of the effective CMC, i.e., 0.5×CMCeff .
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Figure 6.1: Chemical structures of the surfactants used in this work. Deuterated surfactants are
used to provide additional contrast in neutron reflectometry (NR) studies.

In this chapter, we are interested in the interaction of these surfactants with poly(N -

isopropylacrylamide) (PNIPAM) brushes; this requires surfactant behaviour to be under-

stood. In this work, ‘surfactant’ exclusively refers to a small (<500 g mol−1), amphiphilic

molecule with one hydrophilic group and one hydrophobic group. We focus on surfactants

with a single alkyl-chain tail between 12 and 16 carbons and either an anionic, neutral

or cationic headgroup. Herein, in the context of surfactants, the term ‘head’ will refer to

the surfactant’s polar/ionic section, while the term ‘tail’ will refer to the alkyl chain. The

chemical structures of the surfactants used are shown in Figure 6.1, and their CMCs are

shown in Figure 6.2.

As PNIPAM is a thermoresponsive polymer, the surfactant-polymer system’s be-

haviour as a function of temperature will be investigated. The effect of changes in

temperature on the surfactant component of the system is characterised in Figure 6.2.

The relationship between temperature and the CMC generally resembles a parabola; in-

creasing temperature decreases the CMC at low temperatures and increases the CMC at

high temperatures. The temperature range we are interested in here is 20 to 40 ◦C, as

this is the range at which PNIPAM brushes typically respond to changes in temperature

[20, 38, 68]; over this range changes in the CMC of ≈15 % are typical. For this reason,

we choose surfactant concentrations that are significantly lesser or greater than the sur-

factant CMC. The discrepancy in the sodium dodecylbenzene sulfonate (SDBS) results is
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due to different isomers having different CMCs; here we use an isomeric mix with a CMC

of approximately 3 mM.

There are a number of important parameters that govern surfactant behaviour in addi-

tion to the CMC. The Krafft point is the point at which a surfactant’s solubility is equal to

its CMC. At temperatures below (or concentrations above) the Krafft point the surfactant

will precipitate out of solution, forming pearlescent crystal structures that are obvious to

an observer. These hydrated crystal structures are in equilibrium with surfactant in the

bulk phase [227]. All surfactant solutions are kept above their Krafft points during exper-

iments, with the exception of cetyl trimethylammonium bromide (CTAB), as discussed

below. The degree of micelle ionisation, α, is the fraction of ionised surfactant headgroups

in a micelle at a given condition; clearly, this parameter only applies to ionic surfactants.

At 25 ◦C the α of sodium dodecyl sulphate (SDS), CTAB and dodecyl trimethylammo-

nium bromide (DTAB) is 0.26 [228, 229], 0.23 [228] and 0.21 [223], respectively. As these

values are similar, we expect the surfactant micelles in this work to have similar specific

charges. Lastly, we stress that surfactant behaviour scales around the concentration of

free surfactant (i.e., not bound to an interface or polymer) relative to the CMC. There

may be a significant difference between the gravimetric and free surfactant concentrations

in the case where there is a considerable degree of surfactant adsorption (e.g., to polymer

chains). In the brush geometry the concentration of polymer is vanishingly small, so the

gravimetric and free surfactant concentrations are effectively identical.

The Krafft point of CTAB

The Krafft point of CTAB is commonly reported to be between 20 and 40 ◦C [227]. In

this work, we include studies of CTAB at temperatures within this range, and while no

pearlescence or opacity was observed in CTAB solutions at any condition, many of the

experiments on CTAB were likely carried out above the solubility limit of CTAB. As

such, CTAB solutions may never truly reach their CMC. Consequently, the behaviour

of CTAB is expected to scale around the solubility limit (lower than the CMC) instead,

which result in the effect of CTAB on PNIPAM being underestimated. We expect the

behaviour of CTAB solutions significantly below the CMC to be unchanged, as these will

not encroach upon any solubility limits.

6.1.2 Phenomenological studies of surfactant-polymer systems

Molecular specificity in PNIPAM-surfactant systems has been reported for some time

[239]. Anionic sulfate-headed surfactants (XCnS) interact strongly with PNIPAM for n

between 7 and 14 [240] (n is the length of the tail), although it is primarily sodium do-
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Figure 6.2: The CMC of different surfactants as a function of temperature, collected from a
range of sources detailed in Table 6.1. Marker colour corresponds to the technique used, while
the marker symbol corresponds to the source. The grey shaded region indicates the temperature
range relevant to the present study. A large discrepancy is observed for different SDBS sources
due to isomeric impurities.
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decyl sulphate (NaC12S, or SDS) that is studied. SDS raises the cloud point of PNIPAM

[241, 242], cooperatively assembles with PNIPAM at the air–water interface [243], and is

found to swell PNIPAM gels [239], microgels [244] and particle-grafted polymer brushes

[74]. System behaviour for XCnS appears to scale as a function of free surfactant concen-

tration around the CMC of the surfactant. The interaction starts at a critical aggregation

concentration (CAC) [217, 225, 245] and increases until a plateau value is reached at or

just above the surfactant CMC [239–242]. In all cases, SDS is seen to both swell/stretch

PNIPAM under isothermal conditions and increase its critical solution temperature (CST)

dramatically, effectively removing its thermoresponsive properties at concentrations close

to and above the CMC of SDS [74, 239, 241, 242].

The response of PNIPAM to similarly structured but cationic trimethlyl ammonium

surfactants (CnTAX) surfactants is very different. PNIPAM-CnTAX systems do not ex-

hibit critical phenomena with free surfactant concentration; instead the CST varies lin-

early with surfactant concentration, only significantly affecting the behaviour of PNIPAM

well above the surfactant CMC (5 to 10 × CMC), if at all [241, 242]. In studies using

the bromide counterion (CnTAB), surfactants with hydrocarbon tails of n = 14 or greater

were observed to have a measurable effect on the cloud point of PNIPAM over the 0 to

50 mM concentration range investigated [241] (Note that the CMC of these surfactants is

≈1 mM). This tail-length threshold fits well with reports that dodecylpyridine bromide

(C12PyBr) has no effect on PNIPAM microgels [244] and that C16TACl does [242]. There

is some evidence that the surfactant counterion influences the PNIPAM-surfactant inter-

Table 6.1: References corresponding to marker symbols used in Figure 6.2.

marker source

Cifuentes, Bernal, and Diez-Masa [230]

Shah, Jamroz, and Sharif [221]

Markarian, Harutyunyan, and Harutyunyan [231]

Fegyver and Mészáros [232]

Naskar, Dey, and Moulik [233]

Marcolongo and Mirenda [234]

Chauhan and Sharma [235]

Hait et al. [222]

Tedeschi et al. [236]

Mata, Varade, and Bahadur [237]

Shah, Chatterjee, and Bhattarai [223]

Galán et al. [224]

Chen et al. [238]
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action, found in the discrepancy in the behaviour of C12TACl [239] and C12TABr (also

called DTAB) [241] systems; explainable by the differing dissociation coefficients [237],

the difference in experimental techniques (free polymer, turbidity vs gel, volume change)

and the existence of specific ion effects (although Cl and Br are reasonably close on the

Hofmeister series). Studies of PNIPAM and nonionic surfactants unanimously conclude

that there is no appreciable modulation of the CST in free polymer [241, 243] or gel [239]

architectures, or cooperative adsorption at air–water interfaces [242].

6.1.3 Structural studies of surfactant-polymer systems

Whilst the techniques used in the phenomenological studies provide insight into the

surfactant-specific response of PNIPAM, they do not directly study the physical structure

or chemistry of these systems. More powerful techniques have been applied to study the

PNIPAM-surfactant system, but these have exclusively (to the authors’ knowledge) been

applied to the study of PNIPAM-SDS systems. One such technique is small-angle neu-

tron scattering (SANS). Mears et al. [246] report the presence of small polymer-attached

micelles forming below the CMC (and above the CAC) in PNIPAM microgels, reporting

that the size of these micelles increases with surfactant concentration, with the maximum

observed radius of (approximately 15 Å) fixed by the maximum pore size of the microgel.

Lee and Cabane [247] perform a similar study on free PNIPAM, once more reporting

that SDS adsorbs to the polymer as whole micelles, measuring a centre-to-centre inter-

micellar distance of ≈63 Å at 40 ◦C which increases as the temperature is lowered, and

reporting 15 Å as the size of the micelle. They observe that this inter-micellar distance

is independent of concentration and that, at 40 ◦C, chains are either solubilised by SDS

micelles (existing in a coiled state) or not (existing in a collapsed globule state) — no

intermediate state was observed. This seems to imply that the number of micelles per

chain is relatively constant and that more SDS either increases the number of solubilised

PNIPAM chains or the micelles size.

6.1.4 Chemical studies of surfactant–polymer systems

Time-resolved fluorescence depolarisation and time-resolved fluorescence quenching have

both been used to elucidate the chemical environment of the SDS micelle core in the

presence of PNIPAM. Walter et al. [248] make bold claims using the depolarisation tech-

nique, claiming that PNIPAM acts distinctly to both polyethylene oxide (PEO) and

polyvinylpyrrolidone (PVP) model systems, with PNIPAM being incorporated into the

micelle core instead of adsorbing onto the micelle surface. They also suggest that there are
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two modes through which SDS micelles interact with polymer between the CAC and the

CMC; quasi-free micelles are loosely bound to the polymer (perhaps surface adsorbed),

whilst polymer-bound micelles are anchored to the polymer chain (polymer incorporated

in the micelle core). Mylonas, Staikos, and Lianos [249] used the quenching technique

to observe how the PNIPAM-bound SDS micelles change with SDS concentration; unlike

Walter et al. [248] they did not find evidence for two types of micelle association. In-

terestingly, they report that the number of micelles per chain increased with surfactant

concentration until it reached a critical value (well below the CMC). At this point, it

plateaued, with additional surfactant becoming incorporated into existing micelles. This

resulted in the formation of small micelles, with aggregation number ≈8, at low surfac-

tant concentrations, which increased in size as the surfactant concentration approached

the CMC, with a final aggregation number of ≈22. These small micelles are presumably

stabilised by the presence of the polymer. This fits with the scattering study of Lee and

Cabane [247] (above), in that it is the size of the micelles, not their number or separation,

that changes with surfactant concentration. Time-resolved fluorescence anisotropy has

also been used to study the molecular environment of labelled PNIPAM molecules in the

presence of SDS [250]. The results of such studies are similar to analogous scattering,

viscometry and turbidity experiments.

More recently, Chen et al. [251] conducted a series of nuclear magnetic resonance

(NMR) studies on PNIPAM-SDS systems, examining their behaviour as a function of

temperature [251] and surfactant concentration [252]. They observed polymer-bound

micelles at low temperatures, which appeared to detach as the temperature was increased

above the CST. nuclear overhauser effect spectroscopy (NOSEY) reavealed an association

between the surfactant tail and the isopropyl groups on the PNIPAM, indicating that the

interaction of the two species was at least in part due to the hydrophobic effect. Chen

et al. [251] observed that the total concentration of free surfactant remained constant

at 0.86 mM (the CAC) below the CMC and increased linearly above, indicating that no

additional surfactant bound to the polymer above the CMC. They found that ≈3200

SDS molecules were bound to each PNIPAM chain at the CMC [252]. Given that the

average number of monomers in a chain was approximately 1000 (they report a molecular

weight of 1.2× 105 g mol−1), it can be reasoned that approximately 3.2 SDS molecules

are bound per monomer unit, yielding a mass ratio of SDS to PNIPAM of approximately

8. Intuitively, this seems too high, and contradicts the binding curve of both Mylonas,

Staikos, and Lianos [249] and Mears et al. [246], who give mass binding ratios (grams of

SDS per gram of PNIPAM) of 0.6 and 0.5 at the CMC, respectively. The reason for this

large discrepancy is unclear; we will compare our experimental findings to these figures

in section 6.6.1.
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Figure 6.3: Schematic of structures formed by PNIPAM-SDS complexes as a function of sur-
factant concentration and temperature. In pure water (left panels) PNIPAM exhibits its classic
thermoresponse, undergoing a swollen-to-collapsed transition at is CST of 32 ◦C [38]. At low
SDS concentration, below the (free-solution) CMC of SDS (middle panels), surfactant adsorbs
to the polymer in small micelles of 5-8 units [246, 247, 249]. Here an increase in temperature
causes the PNIPAM to collapse and the expel bound SDS [247, 251]. At SDS concentrations ap-
proaching and above the CMC (right panels), bound SDS micelles increase in size [246, 247, 249]
and the thermoresponse of PNIPAM is suppressed [74, 239, 241, 242]. Note that the relevant
surfactant concentration is the concentration of free surfactant (i.e., not bound to an interface
or polymer).

6.1.5 Models for surfactant-PNIPAM interaction

From NMR, fluorescence techniques and SANS it is clear that SDS adsorbs to PNIPAM as

complete micelles [246–249, 251, 252], as in the ‘pearl-necklace model’ first suggested by

Shirahama, Tsujii, and Takagi [253]. These adsorbed micelles are smaller than equivalent

free micelles [246, 247, 249], with their aggregation number depending strongly on free sur-

factant concentration [247, 249]. It also seems that when the polymer undergoes a thermal

collapse, micelles are ejected from the system [247, 251]. These conclusions are graphi-

cally summarised in Figure 6.3. However, 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
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that the reason for the PNIPAM-surfactant interaction is hydrophobic interaction be-

tween the aliphatic surfactant tail and the PNIPAM backbone and isopropyl carbons, as

in Figure 6.4 [246, 248, 252, 254]. If this were true, then anionic and cationic surfactants

would behave similarly. However, it is almost universally reported that SDS has a large

influence on both the conformation and CST of PNIPAM, whilst its cationic and nonionic

counterparts have little or no measurable effect [239, 240, 242, 243]. Due to these differ-

ences, it appears that the mechanism through which anionic, nonionic and cationic (or

at least sulphate, ethylene glycol and trimethyl ammonium headed) surfactants interact

with PNIPAM differs, due both to the difference in the magnitude of the shift in CST and

the concentration of surfactant required (relative to the CMC) for the shift to occur. This

discrepancy leads to the reasonable conclusion that the headgroup plays an important role

in binding the surfactant micelle. 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 significant

interaction with the PNIPAM.

There has been some debate about whether it is the size of the headgroup [246, 248,

252, 254, 255] or the sign of its charge that is responsible for this discrepancy. The molec-

ular dynamics (MD) simulations of Shang, Wang, and Larson [256] provide some insight

into the nature of neutral, water-soluble polymer surfactant interaction, although they use

Figure 6.4: Tail-mediated interaction model suggested by the NMR experiments of Chen et al.
[251]. Reprinted with permission from Chen et al. [251]. Copyright 2021 American Chemical
Society.
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Figure 6.5: (a) CMC of SDS, (b) aggregation number of SDS micelles, and (c) hydrodynamic
radius of SDS micelles as a function of NaCl concentration from the work of Dutkiewicz and
Jakubowska [226] and Naskar, Dey, and Moulik [233]. The dashed line in (c) indicates the
sphere-to-rod transition point reported by Hayashi and Ikeda [216].

PEO as their model polymer. They conclude that the polymer chain wraps around the

micelles, shielding exposed hydrocarbon tails from the aqueous environment [256, 257].

By swapping the charges of the SDS and DTAB in the simulation they convincingly show

that it is the headgroup charge, not size, that dictates the binding strength [256].

6.1.6 Effect of ionic strength on surfactant-polymer behaviour

The CMC of surfactants is sensitive to temperature and the ionic strength i of the solution.

In this chapter we will look at the behaviour of ternary PNIPAM-SDS-NaCl systems, so it

is important first to understand the implications of salinity on SDS. Figure 6.5 shows that

increasing the concentration of NaCl reduces the CMC of SDS. This will prove significant,

as polymer-surfactant behaviour is relative to the CMC. The effect of NaCl concentration

on the shape of SDS micelles should also be noted. It is well accepted that SDS exists

as spherical micelles in pure water [215, 216, 233] with an aggregation number around

≈70 (Fig. 6.5). However, as the NaCl concentration increases so to does the size of the

micelles, with an aggregation number of 116 being reported for 400 mM salt solutions

[233]. Above 450 mM NaCl the shape of SDS micelles has been reported to transition

from spherical to worm-like [215, 216, 233]. At higher NaCl concentrations of ≈1500 mM,

SDS will become less soluble in water, and crystalline precipitates will form [258]. None

of our experiments approach this hypersaline regime.

To our knowledge, the only study of a PNIPAM-surfactant-salt system was carried out

by Patel et al. [241], who examine ternary PNIPAM-SDS-NaCl systems. Their results are

shown in Figure 6.6, and indicate that NaCl reduces the degree to which SDS suppresses

ias well as the identity of those ions, but that is beyond the scope of this work.
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Figure 6.6: Effect of different NaCl concentrations of the cloud point of PNIPAM in SDS solu-
tions of increasing concentration, from the work of Patel et al. [241]. The NaCl concentrations
are denoted as follows: � pure water, • 100 mM, N 200 mM, H 500 mM, � 800 mM. Reprinted
with permission from Patel et al. [241]. Copyright 2021 Taylor & Francis.

the CST of PNIPAM. These experiments were carried out in a 1 wt% solution of PNIPAM,

and probe SDS solutions up to 1.4 wt%. The molar ratio of PNIPAM monomers to SDS

molecules at the highest SDS concentration is approximately 1:0.6. As such, depending

on the binding ratio of SDS to PNIPAM, and how it changes with NaCl concentration, it

is possible that the free-SDS is being depleted in the system. We will compare this with

our results in section 6.5.4.

6.1.7 Implications of the brush geometry

While studying polymer-surfactant interactions in the planar-brush has significant advan-

tages (as outlined in the abstract), the brush geometry does in itself influence polymer

behaviour. The implications of the brush regime on a pure neutral polymer system is

discussed in detail in section 1.1. Upon the adsorption of surfactants onto the polymer

backbone (as per the pearl-necklace model), the PNIPAM effectively becomes charged.

The implications of this charge will depend greatly on the strength of the PNIPAM-

micelle binding energy, but may result in the polymer acting as a pseudo-polyelectrolyte.

Polyelectrolytes in the brush regime behave differently to neutral brushes, as there is

an additional repulsive electrostatic interaction. These electrostatics encourage polymer

self-avoidance and result in brush swelling. Furthermore, the charged moieties carry with

them hydration shells, further swelling the brush.

The behaviour of polyelectrolyte brushes can be divided into two regions, depending

on the solvating environment’s ionic strength. At low salt concentrations, the brush is
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in the osmotic regime. In short, the behaviour in the osmotic regime is dominated by

the osmotic pressure of the high local salt concentration within the brush. The local

salt concentration is higher within the brush as the charged monomers attract oppositely

charged ions. At high salt concentrations, the brush is in the salted regime, where the

concentration of ions in the brush is similar to that in the bulk solution and monomer

charges are effectively screened. Here the chain extension is dictated by excluded-volume

interactions between polymer chains, and the brush collapses. The behaviour of weak

and strong polyelectrolytes is similar in the salted regime, but diverges significantly in the

osmotic regime, in which weak polyelectrolytes require some salt to swell. This is because

low salt concentrations enable dissociation of charged groups in the weak polyelectrolyte.

For an in-depth review of the implications of salt on polyelectrolyte brush behaviour see

the work of Willott et al. [108].

6.1.8 Open questions

In this chapter, we leverage several surface-sensitive techniques to unpick the behaviour

of PNIPAM-surfactant systems. Our results will confirm that the surfactant head-group

plays a significant role in the PNIPAM-surfactant interaction, supporting the phenomeno-

logical studies laid out in section 6.1.2. We will show that anionic surfactants exhibit a

unique interaction with PNIPAM, imbuing it with polyelectrolyte-like properties. The be-

haviour of the PNIPAM brush–anionic surfactant systems will be shown to be dependent

on the concentration of free surfactant relative to the CMC, agreeing with the prior work

laid out in sections 6.1.2–6.1.4. We show that the surfactant’s presence changes the layer’s

mechanical properties by examining its structure as a function of applied surface–normal

force via the method developed in chapter 5. Finally, we explore the polyelectrolyte-like

properties of these polymer-surfactant complexes by studying the effect of system salinity

on their behaviour, finding that the ‘salting out’ effect common to polyelectrolytes are

absent in these systems.

To improve clarity, the results in this chapter will be split across three sections. First,

the effect of surfactant identity and concentration will be examined, then the mechanical

properties of the PNIPAM-SDS layer will be explored. Lastly, we will investigate the

effects of ionic strength on the system.
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6.2 Materials and methods

6.2.1 Materials

The surfactants CTAB (≥99 %), DTAB (≥98 %), hexaethyleneglycol monododecyl ether

(C12E6) (≥98 %), SDBS (technical grade), dodecylpyridinium chloride (DPyC) (≥98 %)

and SDS (≥98 %) were purchased from Sigma Aldrich, SDS and SDBS were recrystallised

in ethanol before use, remaining surfactants were used as received. The surfactants deuter-

ated SDS (d-SDS) and deuterated CTAB (d-CTAB) were purchased from Cambridge iso-

tope laboratories and used as received. deuterated C12E5 (d-C12E5) was supplied by Dr.

Peixun Li, Oxford Deuteration Facility (STFC). For materials relating to wafer prepara-

tion and polymer synthesis, see section 1.3. The brushes used in this study were synthe-

sised according to the method outlined in section 1.4.

6.2.2 Determination of optical parameters for surfactant solu-

tions

Ellipsometry and fixed-angle optical reflectometry (FAOR) are sensitive to the solution

optical properties. Furthermore, to extract adsorbed amounts from FAOR the dn/dC of

the adsorbent (in this case the surfactant) must be known. Here, the dn/dC is the change

in the solution refractive index (RI) with the change in the surfactant concentration. The

RI of surfactant solutions were determined as a function of surfactant identity, surfactant

concentration and wavelength using a digital refractometer. A Cauchy model was fit to

this data, which allows for interpolation of results and use with spectroscopic ellipsometry

modelling software. The Cauchy model describes the RI as a function of wavelength via

the relation

n(λ) = A+
B

λ2
(6.1)

where A and B are the Cauchy parameters.

An example of the data collected for a single surfactant (SDS) is shown in Figure 6.7a.

A summary of the fitted Cauchy parameters is shown in Figure 6.7a and b. A is found to

be a linear function of surfactant concentration, while B appears to be constant for the

surfactant concentrations studied.

6.2.3 Fixed angle optical reflectometry

FAOR is a simple optical technique which studies adsorption at a solid–liquid interfaces

by measuring the polarisation of reflected light. FAOR uses a single wavelength and is
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Figure 6.7: a) RI vs wavelength data for a range of aqueous SDS solutions; the fitted Cauchy
model (solid lines) match the collected data (triangles) excellently; a similar agreement is found
for other surfactants. From the RI curves in (a), Cauchy parameters are extracted, shown in
(b) and (c). A was found to linearly vary with surfactant concentration, while B was constant
for all surfactants across the concentration range studied. The investigated concentration range
for CTAB and C12E6 was limited by their solubility.

conducted in a single angle geometry; as such, it cannot be expected to provide detailed

structural information. However, the presence of an optical ‘spacer’ in the substrate (here

a thermal silica layer) results in the technique being extremely sensitive to changes in RI

of interfacial layers. Like other reflectometry techniques used here, FAOR data must be

analysed using a suitable optical model.

Here, FAOR was conducted in an impinging-jet flow geometry, with a He-Ne laser

(λ = 632.8 nm) accessing the interface through a 45◦ glass prism; the setup is described

in detail by Dijt et al. [259]. To increase sensitivity FAOR measurements were performed

on silicon wafers with a thick 820 Å silica layer formed by thermal oxidation [259]. The

brushes grafted-from these wafers were measured to be between 150 and 170 Å thick by

ellipsometry. The FAOR setup measures a signal S, which is the ratio of parallel-polarised

(RP ) to perpendicular-polarised (RS) light reflected from the surface of interest. This

signal can be related to the adsorbed amount of material at the interface through the

sensitivity factor, q.

Γ = q
∆S

S0

(6.2)

where S0 is the baseline signal and ∆S is the change in signal (S−S0). Here we substitute q
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for the calculable value qn, which is is the sensitivity factor at a vanishing small adsorbed

mass of surfactant (limΓ→0 q = qn). This assumption holds as the adsorbed mass is

expected to be small; simulation shows that the sensitivity factor remains within 10 %

of qn up to adsorbed masses of ≈15 mg m−2. qn is a function of many experimental

parameters and was calculated using the Prof. Huygens program (DULLware Software,

Wageningen University). Parameters used to calculate qn are shown in Table 6.2.

There are two key limiting assumptions made when calculating qn. The first is that

the RI of the brush layer is assumed to be the same as the solvent at Γ = 0; this affects the

accuracy of the adsorbed mass calculation but will have the same effect on all surfactant

identities. The second is the thickness of the adsorption layer does not change as the

material is adsorbed, because qn is dependent on the thickness of the adsorbed layer;

this will result in the Γ being underestimated in situations where the layer swells. From

modelling in Prof. Huygens, we estimate that a 20 % increase in layer thickness will result

in the adsorbed mass being underestimated by approximately 6 %. Of course, a change

in thickness will be accompanied by a change in polymer volume fraction and hence

a change in the film’s refractive index. These effects are not considered in the above

approximation, but would also result in the adsorbed amount being underestimated. We

stress that the calculation of the adsorbed amount of surfactant through the sensitivity

factor method should be considered a rough approximation. Comparisons between FAOR

results (e.g., different surfactant identities) are valid, as are the broad trends observed by

this technique.

6.2.4 Ellipsometry

For the surfactant identity study

A Woollam M-2000 spectroscopic ellipsometer was used for the ellipsometry studies in

section 6.3. Dry measurements were taken between 60 and 75◦ inclusive at 5◦ intervals

and fit with a single slab Cauchy model (Eq. 6.1). The Cauchy parameters for PNIPAM

were taken as A = 1.453, B = 0.004 95 µm2 [254]. Solvated spectroscopic 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 temperature

control. Temperature-dependent measurements were performed as a function of increasing

temperature (i.e., low to high), with an equilibration time of 35 min; the data presented is

at thermal equilibrium. Solution changes were made by pumping at least 50 mL of fresh

solution through the cell; for solution changes where surfactant identity was changed the

cell was flushed with 100 mL of MilliQ water before the injection of the new solution.
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Table 6.2: Parameters used for determining sensitivity factor, qn, for FAOR

parameter value
angle of incidence 71◦

laser wavelength 632.8 nm
silica thickness 820 Å
polymer thickness∗ 600 Å
water RI 1.33 (0)†

silica RI 1.46 (0)†

silicon RI 3.85 (0.02)†

dn/dC
SDS 0.116
SDBS 0.159
C12E6 0.13‡

DTAB 0.146
DPyC 0.163
CTAB 0.124

qn

SDS 49
SDBS 36
C12E6 44‡

DTAB 39
DPyC 35
CTAB 46

∗ this is an approximation of the swollen polymer thickness based off the dry polymer
thickness and the ellipsometry data of Murdoch et al. [20], which is required to calculate
the sensitivity factor
† values in parentheses are the extinction coefficient (the complex component of the RI)
‡ low solubility of C12E6 reduced certainty in this value

156



Chapter 6 Understanding brushes via improved reflectometry analysis

Data analyses were carried out using the Woollam CompleteEASE ellipsometry package.

A two-term Cauchy approximation was used to model the optical properties of both

PNIPAM and the solution; the PNIPAM parameters were identical to those used for the

dry measurement, while the relationship from Figure 6.7 was used to approximate the

parameters for the solution.

Two brushes were studied with ellipsometry: one with a dry thickness of 200 Å and

another with a dry thickness of 610 Å. The thinner could be satisfactorily modelled with

a uniform (single-slab) effective medium approximation (EMA) model, while the thicker

required a more detailed graded layer to describe the collected data. The graded layer

had the functional form

φpoly(z) = φpoly(0) + [φpoly(1)− φpoly(0)]×
( ẑ
E

)p
(6.3)

The function is defined over ẑ = [0, 1], where 0 corresponds to the base of the brush and

1 corresponds to its extent, E. φpoly(0) and φpoly(1) are the polymer volume fraction at

position 0 and 1, respectively and p dictates the shape of the profile. φpoly(0), φpoly(1), E

and p were allowed to vary between sensible bounds. This functional form can produce

a range of profiles and was chosen as it produced significantly better fits than either a

single-slab or double-slab EMA. The layer thickness was extracted from the profile by

considering its first moment (Eq. 1.6).

For the SDS-NaCl study

An Accurion nanofilm EP4 imaging ellipsometer was used for the ellipsometry studies

in section 6.5. Dry measurement were performed in the same manner as described in

section 1.5.5. Solvated spectroscopic ellipsometry measurements were performed at 65◦

with the sample contained in a Accurion 0.7 mL liquid cell connected to a heater/chiller

unit, which provided temperature control. Measurements were performed at 12 equally

spaced wavelengths from 380 to 910 nm inclusive. Temperature-dependent measurements

were performed as a function of increasing temperature (i.e., low to high), and the data

presented is at equilibrated temperature. Salinity-dependent measurements were likewise

performed as a function of increasing concentration, with SDS concentration varied at a

fixed salt concentration. Solution changes were made by pumping at least 20 mL of fresh

solution through the cell.

One brush, with an interfacial volume, V̂I, of 1400 Å is studied with ellipsometry in

this section. The hydrated structure of this brush was analysed with a custom model

in our refellips package. In brief, refellips uses the framework of refnx [141] with the

optical transfer matrix method of Byrnes [260] to model ellipsometric parameters Ψ and

157



Chapter 6 Isaac J. Gresham

∆. Here, we use the model developed in chapter 4 to describe the polymer brush layer.

Minimal changes were required to adapt this model for use with ellipsometry. Instead of

performing a φpoly weighted sum of two scattering length density (SLD) values (for the

polymer and the solvent), as in the NR model, we instead use two RI values to describe

the brush layer (often termed an EMA). The thickness bounds on the proximal layer also

had to be increased. Further details are included in appendix F. PNIPAM and water were

modelled from refractive index data reported by Brasse et al. [261] and Hale and Querry

[262], respectively.

6.2.5 Quartz crystal microbalance with dissipation monitoring

Quartz crystal microbalance with dissipation monitoring (QCM-D) measurements were

carried out as a function of concentration and temperature. In all experiments 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 130 and 200 Å

grafted-from PNIPAM brushes. The cells were all filled with identical solutions, using a

pump rate of 0.3 mL min−1 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−1 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 monitored through the inbuilt thermostat. Temperature effects on

sensor frequency were accounted for via the method outlined in section 1.5.6.

6.2.6 Neutron reflectometry

Specular reflectometry measurements were made at angles of 0.6 and 3.6◦ for dry measure-

ments and 0.8 and 3.5◦ for solvated measurements, yielding useful data within Q-ranges

of 0.0073 to 0.31 Å
−1

and 0.0096 to 0.31 Å
−1

respectively. The two angles were reduced

using the reduction protocols outlined in section 1.5.3. Solvated experiments were carried

out in a standard solid–liquid cell (silicon backed) sandwiched between two heat-exchange

plates, the temperature of which was controlled by a Julabo FP50-HE heater/chiller unit.

The experiments were performed in D2O to maximise contrast between the brush and the

solvent, and in water contrast-matched to the SLD of PNIPAM (19.7 vol% D2O, balance

H2O — hence refereed to as CMpoly) to highlight scattering from deuterated surfactants

(see appendix A for SLDs). Deuterated surfactants were used exclusively here, as they
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either approximately matched the SLD of D2O — and hence did not interfere in the de-

termination of brush structure — or possessed high contrast in the CMpoly solution (see

appendix A). Hydrogenous surfactant would have interfered with the determination of

brush structure and not been visible in CMpoly solution; as such, they are not used in any

of the unconfined surfactant studies. For a thorough description of the NR technique,

refer to section 1.5.3.

Two PNIPAM brush coated wafers were used for the NR study in section 6.3. This

was done so that measurement and sample equilibration could be conducted in parallel

during the NR beamtime. One wafer was used for SDS and C12E5 measurements, while

the other was used for DTAB and CTAB measurements. Aside from improving this ex-

periment’s time efficiency, this decision removed the possibility of the complexation of

cationic and anionic surfactants. Both wafers were synthesised using the same methodol-

ogy (see section 1.4), and both wafers had similar V̂I (112 and 116 Å, respectively). One

PNIPAM brush coated wafer was used for the NR study in section 6.5. The wafer was

synthesised using the methodology in section 1.4, and has a V̂I of 225 Å.

In section 6.4, we use NR coupled with the unique sample environment detailed in

chapter 5 to study polymer brush systems under molecular confinement. For a detailed

discussion of the sample environment, temperature control method, and data analysis

procedure, see chapter 5. Two PNIPAM brush coated wafers were used for the NR con-

finement study, one for elevated temperature experiments, and one for elevated stress

experiments, with V̂I of 165 and 150 Å respectively. In line with findings in chapter 5,

we allow for at least 6 h of equilibration before each of the measurements reported in

this section. All experiments are performed in the direction of increasing brush compres-

sion, that is, increasing temperature or increasing stress. Unlike in previous confinement

experiments (chapter 5, the work of Abbott et al. [79]), we use the same brush-coated

surface for multiple confinements; this offers a significant advance on prior confinement

measurements by removing sample-to-sample variation from the analysis. We verified

that the brushes remained undamaged after every confinement by rehydrating in D2O

and conducting NR measurements at 20 and 40 ◦C (Fig. I1); these measurements also

show that SDS can be completely removed from the brush layer after confinement. In the

confined experiments, H2O is used as a solvent. For this reason, hydrogenous SDS is used

when examining the polymer structure, while deuterated SDS is used when examining

the distribution of surfactant within the layer.
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6.2.7 Analysis of reflectometry data

Parameters such as the silica layer thickness and interfacial volume were characterised as

outlined in chapter 4 for the wafers used in sections 6.3 and 6.5, and are documented in

Figures E2, E4 and E7 in the appendix. Parameters for the wafers used in section 6.4 were

determined from the dry wafer reflectometry and are documented in Figures E5 and E6 in

the appendix. The distribution of brush thickness over the wafers (i.e., the smoothness)

was quantified with an ellipsometry map, see Figures E8–E12 in the appendix.

The methodology outlined in chapter 4 was used to model the unconfined polymer

structure in D2O; one of the wafers used here (for SDS and C12E5 surfactant identity

experiments) is the same as that used for the exemplar study in that chapter (see Fig. 4.7).

When modelling brushes in surfactant solutions this method was modified by allowing

the 2nd knot to exceed the volume fraction of the first. This allowed for a degree of non-

monotonicity within the layer that could arise due to interactions between the polymer,

surfactant and silica surface, whilst still constraining monotonicity in the tail of the brush.

We allow non-monotonicity because it is possible that deuterated surfactant becomes

trapped in the brush during the temperature-driven collapse, leading to non-monotonic

volume fraction profiles. Unlike prior implementations of non-monotonic brush profiles

[102, 263] where they are used because no satisfactory montonic profiles can be found,

here we allow non-monotonicity because we believe such structures to be possible in

polymer brush-surfactant systems. The profiles presented in the results are taken from a

parallel-tempered Markov chain Monte Carlo (PT-MCMC) treatment of the data run for

35 000 steps, as described in chapter 4. The presented profiles are chosen from the profile

distributions produced. Generally, profiles did not exhibit multi-modality; in cases where

they did, the profile that was consistent with the trend observed across concentrations

and temperatures was chosen.

The CMpoly datasets were modelled with a modified version of the freeform profile used

for the brush, detailed in appendix J1. Briefly, the knots are defined directly by volume

fraction, and the extent of the spline region is governed by a thickness parameter (which

can vary), not the adsorbed amount; all else is the same as described in chapter 4. The

extent of the spline used to model the surfactant region is constrained at ±10 % of the

polymer’s thickness at the corresponding condition; this constraint was made to reduce

the size of the solution space. The profiles were optimised using the PT-MCMC approach

described in chapter 4.
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6.3 Results: Surfactant identity and concentration

Here, the effect of several cationic, nonionic and anionic surfactants on the thermoresponse

of a PNIPAM brush are studied via ellipsometry, QCM-D, FAOR, and NR. Surfactants

are chosen so that they had similar tail lengths, to keep this component of the interaction

constant. The structure of the brush is measured as a function of surfactant identity and

concentration by ellipsometry and NR, while QCM-D, FAOR, and contrast-matched NR

provide insight into surfactant adsorption into the brush layer.

6.3.1 Ellipsometry

The ellipsometry measurements were carried out on two brushes, with thicknesses of 200

and 610 Å (Fig. 6.8 and 6.9), respectively. These two brushes allow us to examine the

potential effects of polymer molecular weight on PNIPAM-surfactant behaviour. Different

modelling techniques were required for each brush thickness; these techniques are doc-

umented in section 6.2.4. The ellipsometry experiments are summarised in Figure 6.10,
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Figure 6.8: Thermoresponse of a 200 Å PNIPAM brush in different surfactant solutions as mea-
sured by ellipsometry and analysed with a single EMA slab in CompleteEASE, the swelling ratio
plotted here is twice the layer thickness over V̂I. Surfactant concentrations are provided in the
legends and are given as multiples of the CMC
. SDS dramatically changed the thermoresponse,
shifting the CST beyond the temperature range studied at around 1×CMC
. C12E6, DTAB
and CTAB do not appreciably affect the CST; C12E6 has no effect at all, while the cationic sur-
factants change the thickness of the layer at some conditions, but not its thermoresponse (see
Fig. 6.10). At low temperatures (<25 ◦C) CTAB may be below its Kraft point; see section 6.1.1
for implications.
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Figure 6.9: Thermoresponse of a 610 Å PNIPAM brush in different surfactant solutions as mea-
sured by ellipsometry and analysed with a graded EMA slab in CompleteEASE; the swelling
ratio plotted here is twice the first moment (see Eq. 1.6) over V̂I. Surfactant concentrations are
provided in the legends and are given as multiples of the CMC
. SDS and SDBS both dramat-
ically changed the thermoresponse of the PNIPAM, shifting the CST beyond the temperature
range studied at around 1×CMC
. The cationic surfactants studied here do not appreciably
affect the CST (see Fig. 6.10).

which plots the CST as a function of surfactant identity and concentration. The CST

is taken as the centre of the sigmoidal fit to the data in Figures 6.8 and 6.9. Sigmoidal

fits typically matched the collected data well, but are not shown in Figures 6.8 and 6.9

as they impede understanding. The thermoresponse was considered suppressed (i.e., no

CST) when there was no inflexion point in the thickness vs temperature curves.

An examination of Figures 6.8, 6.9 and 6.10 reveals that anionic surfactants (at least

sulphate-headed surfactants) have a drastic effect on the thermoresponse of PNIPAM,

whilst nonionic and cationic surfactants 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 1×CMC
. Conversely, C12E6, DTAB, DPyC and

CTAB did not appear to shift the transition temperature from its nominal aqueous value

of 32 ◦C (Fig. 6.10). We remind the reader that CMC
 refers to the of the surfactant in

pure water at 25 ◦C. The brush thickness was not a factor in the overall behaviour of the

polymer-surfactant system; both 200 and 610 Å brushes exhibited a swelling ratio of ≈6

at 1×CMC
 SDS and 25 ◦C, with no thermoresponse over the investigated temperature

range (Fig. 6.8 and 6.9). However, the specific swelling ratios and response varied slightly

between the intermediate SDS concentrations; these discrepancies are likely linked to

the different modelling techniques and so are not of further interest for discussion here.
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Figure 6.10: CST of PNIPAM brushes derived from fitting a sigmoid to the data in Figures
(a) 6.9 and (b) 6.8. Vertical lines indicate that the brush did not exhibit a CST in the tem-
perature range probed at surfactant concentrations above this point. The horizontal error bars
represent the uncertainty in the surfactant CMC (one standard deviation, from the literature
values summarised in Fig. 6.2).

Similarly, the brush thickness did not change the (negligible) effect of cationic surfactants.

Patel et al. [241] show that polymer molecular weight can effect the interaction of PNIPAM

with cationic and anionic surfactants for low molecular weight (<12 kDa) polymers. The

polymers here have molecular weights of approximately 200 to 600 kDa (Fig. 6.8 and 6.9,

respectively; see Table 1.1); for polymers of this size molecular weight does not appear to

have a significant effect on the interaction of PNIPAM with surfactant.

It is worth discussing the slight thickness variations in DTAB and CTAB in Figures 6.8

and 6.9. We will start with Figure 6.9c, where the brush thickness appears to decrease

upon the addition of DTAB. DTAB was the last surfactant run on this wafer, and as

such it is likely that some degrafting occurred, resulting in a slightly thinner brush during

the DTAB experiment. The variations in Figure 6.8 are harder to explain, and are likely

modelling artefacts, as 200 Å is approaching the minimum layer thickness to which ellip-

sometry is sensitive. Furthermore, ellipsometry will be weakly sensitive to the presence

of surfactant in the system, as surfactants have a higher RI than H2O (Fig. 6.7), so struc-

tures formed by surfactants could be interfering in the modelling process.ii Regardless,

these variations are insignificant compared to the effect of the anionic surfactants on the

brush structure and CST (Fig. 6.10).

iiwe later support ellipsometry results with NR, which can be made insensitive to surfactant structure
through selective deuteration of components.
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6.3.2 Quartz crystal microbalance with dissipation monitoring

QCM-D is sensitive to both the structure and adsorbed mass of layers formed on the

surface of a quartz resonator (see section 1.5.6). Isothermal QCM-D results are presented

in Figure 6.11, which shows the change in frequency, ∆f , and the change in dissipation,

∆D, as a function of surfactant concentration. The signal is plotted both as recorded

(Fig. 6.11a,b) and after having the signal from a bare silica wafer in an identical solution

subtracted (Fig. 6.11c,d). This baseline correction subtracts the signal corresponding to

the adsorption of the surfactant onto an untreated silica surface, and accounts for any

(minor) change in signal due to variation in the density, viscosity or temperature of the

solution. Both unmodified and baseline-corrected signals in Figure 6.11 reveal that ∆f

and ∆D are much greater upon the addition of SDS than CTAB or C12E6. A negative

∆f and positive ∆D, as seen for SDS, is indicative of a swelling brush [48]. For a swelling

brush, ∆f is caused by the adsorption of both surfactant and solvent molecules into the

swelling layer. Conversely, a negative ∆f and a ∆D of zero, as seen for CTAB and C12E6,

is indicative of adsorption within the brush layer without any change in brush swelling

— one explanation for these observations is that CTAB and C12E6 are adsorbing to the

silica-polymer interface.

The baseline-corrected signal suggests that that CTAB and C12E6 signal could be ex-

plained by adsorption at the substrate (rather than adsorption into the polymer layer), as

∆f and ∆D are both effectively zero in the baseline-corrected signal (Fig. 6.11c,d). Ex-

amining the differences between the overtones in Figure 6.11 also supports the substrate-

adsorption model. This substrate interaction is not surprising, as both CTAB and C12E6

have been shown to adsorb to silica surfaces [264, 265]. Higher harmonics do not pene-

trate as far into the brush layer, and as such are sensitive to different regions within the

brush than lower harmonics [92]. For SDS, the change in frequency decreases at higher

harmonics, which indicates that the adsorbed mass is more concentrated at the brush

periphery. A greater increase in mass in the brush periphery is consistent with both the

swelling of a brush with a parabolic φpoly profile and preferential adsorption of surfactant

into the brush tail. Conversely, the frequency and dissipation do not change as a func-

tion of overtone numberiii with the addition of CTAB and C12E6, indicating that there

is no layer swelling and that the adsorbed mass is concentrated at the base of the brush

(detectable by all overtones).

The behaviour of the PNIPAM-SDS system as a function of temperature was also

investigated by QCM-D, with results shown in Figure 6.12. The addition of SDS results

iiithe 3rd, 5th and 9th overtones are shown for all surfactants in Fig. 6.11, but are identical for cationic
and nonionic surfactants
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Figure 6.11: Change in (a,c) frequency and (b,d) dissipation for overtones 3, 5 and 7 for a 130 Å
PNIPAM brush as a function of surfactant concentration and identity at 20 ◦C. Plots (c) and
(d) have had the signal collected from a bare silica QCM-D wafer (in an identical solution)
subtracted from that of PNIPAM-coated wafer. The addition of SDS causes significant changes
in both ∆f and ∆D, while CTAB and C12E6 induce only small changes in ∆f . This indicates
that SDS causes PNIPAM to swell, while CTAB and C12E6 adsorb into the brush without
promoting layer swelling. (c) and (d) indicate that most of the signal from CTAB and C12E6

solutions can be accounted for by interaction with the substrate. Here CTAB is below its Kraft
point, which causes its behaviour to plataeu before reaching 1×CMC
; see section 6.1.1 for
further implications. Raw data can be found in Figures H1-H3
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Figure 6.12: (a) Frequency and (b) dissipation showing the thermoresponse of PNIPAM in
SDS solutions. As temperature is increased in pure water ∆f increases while ∆D decreases,
corresponding to a layer that becomes less massive (the brush expels water as it collapses) and
less mechanically coupled to the solvent. As SDS is added ∆f decreases, while the ∆D increases,
indicating that the brush is adsorbing mass (water or SDS) and swelling. ∆f and ∆D are scaled
so as to be zero in pure water at 20 ◦C. Raw data can be found in Figures H4-H8.

in a significant increase in ∆f and decrease in ∆D for the PNIPAM coated QCM-D

wafer at 20 ◦C (as in Fig. 6.11). As temperature increases at the 0×CMC
 condition, a

positive ∆f and negative ∆D indicate a collapsing brush. As surfactant concentration is

increased this trend disappears, with ∆f and ∆D values becoming relatively independent

of temperature. This indicates that the layer swells as surfactant is added, and no longer

undergoes a thermal collapse at the temperature range investigated — the same behaviour

observed via ellipsometry (Fig. 6.8, 6.9).

6.3.3 Fixed-angle optical reflectometry

FAOR was used to provide further insight into the adsorption of surfactants within the

brush layer, as it is less sensitive to layer swelling than QCM-D. In QCM-D experiments

the ∆f is correlated to adsorbed/bound mass, but does not discriminate between solvent

and surfactant molecules. Conversely, FAOR is sensitive to changes in RI at the interface

so is insensitive to the presence of solvent (changing φpoly means it is still weakly sensitive

to layer swelling, this will be discussed later). Figure 6.13 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
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Figure 6.13: FAOR results for different surfactants. Adsorption appears to scale linearly with
surfactant concentration from the CAC up to the CMC. Here CTAB is below its Kraft point,
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 point, the dotted lines are a guide to the eye.

is roughly linear between the CAC and CMC and plateaus after the CMC is reached.

Secondly, the adsorbed mass of anionic surfactants at 1×CMC
 is higher than comparable

cationic or nonionic surfactants. Thirdly, the adsorbed mass of cationic and nonionic

surfactants 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 structure. However, we must stress here that the swelling in PNIPAM

layer during a FAOR experiment will lead to a reduction in the signal (see section 6.2.3),

which will result in the calculated adsorbed amount of surfactant being underestimated;

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 cal-

culated from the mass of the adsorbed surfactant and the degree of micelle ionisation.

Figure 6.14 approximates the adsorbed charge for SDS and CTAB based on the adsorbed

mass, the surfactant molecular weight and the degree of micelle 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 C12E6). The implications

of this difference, and whether they can describe the difference in the behaviour of the

PNIPAM-surfactant systems, will be discussed in section 6.3.5.
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6.3.4 Neutron Reflectometry

Neutron reflectometry was used to determine the structure of PNIPAM brushes as a func-

tion of surfactant identity and concentration. SDS and C12E5 experiments were carried

out on the same wafer, with results shown in Figure 6.15. Measurements in CTAB so-

lutions were carried out on a separate wafer, with results presented in Figure 6.16. For

each surfactant, the system behaviour is investigated at 0.5 and 2×CMC
 at 25, 32 and

40 ◦C.

We first discuss the features evident in the reflectometry data, shown in Figures 6.15b–j

and 6.16b–f. In water, the reflectometry data collected from both wafers transition from

featureless profiles (with a single fringe at Q ≈ 0.08 from the interior layer) to profiles

exhibiting two distinct Kiessig fringes (Fig. 6.15b and 6.16b). This transition matches

the swollen-to-collapsed transition observed by prior NR studies of brush systems [20, 73,

84, 85, 109]. Reflectometry profiles collected from PNIPAM in C12E5 (Fig. 6.15h,j) and

CTAB (Fig. 6.16d,f) solutions follow a similar trend to the pure D2O profiles at both 0.5

and 2×CMC
, strongly suggesting that these surfactants do not significantly change the

polymer brush’s structure. While the reflectometry from the PNIPAM brush in SDS at

25 ◦C is similar to that of the brush in water, the reflectometry profiles differ significantly

at higher temperatures. At 0.5×CMC
 of SDS the fringe remains at Q = 0.08 at 32 ◦C,

whereas in pure water it moves to Q = 0.04, while the fringe spacing at 40 ◦C is less regular

than in pure water, indicating that the brush layer is less well defined. At 2×CMC
 of

SDS the reflectometry profile is independent of temperature, most closely resembling the

water profile at 25 ◦C. These reflectometry profiles suggests that SDS causes layer swelling

at 0.5×CMC
 and completely suppresses the thermoresponse of PNIPAM at 2×CMC
,

consistent with prior ellipsometry and QCM-D experiments (Fig. 6.8, 6.9 and 6.11).

The reflectometry profiles discussed above were analysed using the freeform modelling

method documented in chapter 4.iv Reassuringly, the modelled profiles support the inter-

pretation drawn from the reflectometry data in the above paragraph. PNIPAM is more

swollen at 0.5×CMC
 of SDS than at 0×CMC
, while the thermoresponse is completely

suppressed at 2×CMC
. The thermoresponse of PNIPAM in other surfactants is mostly

unchanged. The freeform modelling process does, however, produce several interesting

smaller features that are worthy of discussion.

Firstly, the presence of all surfactants at 2×CMC
 and 25 ◦C appear to reduce the

volume fraction of the interior layer. This indicates that the surfactant is adsorbing at the

silica–polymer interface, displacing physisorbed PNIPAM chain segments; this interpreta-

ivThe data and profiles in Figure 6.15 are the same as those used in the demonstration of the method
in chapter 4
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Figure 6.15: (left panels) Polymer volume fraction profiles with (right panels) corresponding
modelled NR profiles and collected data. The NR profiles are vertically offset and scaled by Q4

for clarity. All measurements were carried out on the same wafer with V̂I = 112 Å using the
fitting methodology outlined in chapter 4. The solvent environment for each set is as follows
a-b) D2O, c-d) 0.5×CMC
 d-SDS in D2O, e-f) 2×CMC
 d-SDS in D2O, g-h) 0.5×CMC


d-C12E5 in D2O, i-j) 2×CMC
 d-C12E5 in D2O. Consistent with other techniques, NR shows
that SDS has a dramatic effect on the thermoresponse and structure of PNIPAM brushes; C12E5

is observed to have no appreciable effect on either.
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Figure 6.16: (left panels) Polymer volume fraction profiles with (right panels) corresponding
modelled NR profiles and collected data. The NR profiles are vertically offset and scaled by Q4

for clarity. All measurements were carried out on the same wafer with V̂I = 116 Å using the
fitting methodology outlined in chapter 4. The solvent environment for each set is as follows
a-b) D2O, c-d) 0.5×CMC
 d-CTAB in D2O, e-f) 2×CMC
 d-CTAB in D2O. While the 20
and 40 ◦C structures in both d-CTAB (c-f) concentrations do not differ from those measured in
D2O (a-b), the structures at 32 ◦C are anomalous.
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tion supports the conclusions made regarding the interior layer in chapter 2. The second

interesting feature generated by the modelling process is the non-monotonic profiles pro-

duced for the collapsed brush systems (Fig. 6.15c,g,i and 6.16c,e). Here, a non-monotonic

profile refers to a profile where the volume fraction of a component increases with dis-

tance from the substrate at some point in the structure. As discussed in section 6.2.7,

monotonicity is strictly enforced for pure water samples as no theoretical justification for

non-monotonicy in neutral polymer brush profiles exists. However, non-monotonicy is

allowed when a surfactant is present. It is tempting to ascribe this non-monotonicity to

the presence of surfactant, but it must be noted that the analysis of the collapsed brush in

pure water would also produce non-monotonic profiles if allowed. As such, these features

could be modelling artefacts or evidence of a yet-unknown brush behaviour (independent

of surfactants); we encourage the reader to consider the contrast-matched experiments

documented below before deciding on an interpretation.

The last feature that must be addressed are the unusual structures produced at 32 ◦C

for both 0.5 and 2×CMC
 CTAB concentrations (Fig. 6.16c, e). While both structures fit

into the general swollen-to-collapsed trend expected of PNIPAM in CTAB solutions, they

both differ markedly from the profiles produced from the pure water dataset (Fig. 6.16a).

At 0.5×CMC
 CTAB an abnormally large interior layer appears, whilst at 2×CMC


CTAB the volume fraction of the interior layer lower than even the 25 ◦C data. These

structures are likely not fitting artefacts, as similar features are not present in Figure 6.15,

and the reflectometry profiles in Figures 6.16d, f are distinct to that in 6.16b. We must

then concede that deuterated CTAB is affecting the SLD profile of the PNIPAM brush

coated surface in a small way which we do not yet understand. It must be emphasised that,

aside from the profiles referenced above, all results indicate that only anionic surfactants

have an appreciable effect on the structure and thermoresponse of a PNIPAM brush.

Now, we move on to the data collected from the CMpoly system. Here, the pri-

mary contribution to the reflectometry profiles comes from surfactant adsorbed within

the PNIPAM brush layer because the solvent has been matched to the SLD of PNIPAM

(see section 6.3.4). As before, we first discuss the trend in the reflectometry profiles,

shown in the insets of Figure 6.17. In each inset two profiles are shown: that from the

PNIPAM brush in pure CMpoly (where only the silica layer contributes to the reflection

pattern) and that from the PNIPAM brush in the deuterated surfactant-CMpoly mix.

Showing these two reflection profiles overlaid emphasises that the presence of deuterated

surfactant significantly changes the collected reflectivity profile.

The 0.5×CMC
 SDS sample (inset of Fig. 6.17a, b) displays minimal divergence from

the pure CMpoly sample at 25 ◦C, save for the development of a slight fringe atQ = 0.1 Å
−1

.

This fringe deepens as the sample is heated to 40 ◦C, which results in the reflectometry
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Figure 6.17: SDS, C12E5 and CTAB volume fraction profiles derived from NR experiments
where the solvent SLD is matched to that of PNIPAM by mixing H2O and D2O (CMpoly). The
modelled profiles show all surfactants appear to aggregate at the silica interface and associate
with the polymer throughout the entire layer. Polymer volume fraction profiles from fitting the
D2O contrast data (Fig. 6.15, 6.16) are plotted in black. Reflectometry data from the brush in
the absence of surfactant in CMpoly are plotted in black in the inset, to illustrate that there is
a significant change in the reflectometry profile when surfactant is added. SDS associates to a
much greater degree than both C12E5 and CTAB.
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profile diverging further from that of the pure CMpoly sample, indicating 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 2×CMC
 SDS sample (inset of

Fig. 6.17c, d) deviates significantly from the pure CMpoly sample at both 25 and 40 ◦C,

which is unsurprising given how much of an effect the addition of 2×CMC
 SDS has

on the behaviour of PNIPAM. Surprisingly, the reflectivity from the 2×CMC
 C12E5

(Fig. 6.17e–f, inset) and CTAB (Fig. 6.17g–h, inset) samples also deviates from the pure

CMpoly sample. The 25 ◦C sample roughly resembles that at 0.5×CMC
 SDS and 25 ◦C,

while the 40 ◦C sample features fringes that correspond to a ≈200 Å thick layer. These

profiles are remarkable, as no change was observed in the corresponding polymer-contrast

profiles (Fig. 6.15j compared to b), meaning that surfactant is present within the layer

without changing the structure of the layer.

The CMpoly datasets were modelled with a modified version of the freeform profile used

for the brush, detailed in appendix J1. PT-MCMC sampling, shown in Figure 6.19, reveals

several ‘families’ of profiles that have similar posterior probabilities but are structurally

very different. This large range of viable profiles is due to the low contrast in the system

and the lack of prior information.v PT-MCMC allows us both to identify multimodality

as a problem and identifies several viable families of profiles (plotted in different colours

in Fig. 6.19). We then select the family that is most compatible with the results from our

other experiments and take that families profile of best fitvi as the final profile (plotted

in Fig. 6.17). This clearly demonstrates the usefulness of the uncertainty quantification

methodology laid out in chapter 4; without using PT-MCMC sampling, the wrong profile

would likely have been accepted for at least one of the datasets in Figure 6.19.

The accepted modelled profiles are presented in Figure 6.17, with corresponding SLD

profiles shown in Figure 6.18. These profiles show where in the brush the surfactant is

located, and allow us to calculate the volumetric binding ratio, φpoly/φsurf , in the bulk

of the brush. There is very little surfactant observed in the 0.5×CMC
 SDS, 2×CMC


C12E5 or 2×CMC
 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 polymer 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

vWe have little information with which to constrain the model. The adsorbed amounts from FAOR
are not suitable as they are for a single temperature and we are uncertain of the absolute accuracy due
to the effect of brush swelling (discussed in section 6.2.3).

vihighest posterior probability
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Figure 6.19: Distribution of surfactant volume fraction profiles attained by the PT-MCMC
approach outlined in chapter 4 for (a) 2×CMC
 C12E5 in CMpoly at 25 ◦C (c) 2×CMC
 C12E5

in CMpoly at 40 ◦C (e) 2×CMC
 CTAB in CMpoly at 25 ◦C (g) 2×CMC
 CTAB in CMpoly

at 25 ◦C (i) 0.5×CMC
 SDS in CMpoly at 40 ◦C. Corresponding NR profiles are shown in the
right panels, with different families plotted against the same data separately; profiles are offset
for clarity and each family has a similar fit-quality. The distributions are divided into ‘families’
that possess similar structures post-PT-MCMC sampling, with each family being plotted here
in different colours. The data is the same as that shown in Figure 6.17; these datasets are shown
here as PT-MCMC analysis indicated they were multimodal. The profile of best fit was chosen
from the family that best matched our knowledge of the system; these profiles are plotted in
black.
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of 2×CMC
 SDS. Once again, an enriched surfactant region is observed near the in-

terface, while the volume fraction of surfactant is proportional to that of the polymer

throughout the bulk of the brush. In the bulk of the brush the volumetric binding ra-

tio is approximately equal to 1. There is no obvious feature observed within any of the

surfactant volume fraction profiles that would explain the non-monotonicity observed in

Figures 6.15 and 6.16. However, the surfactant volume fraction does seem to mimic the

polymer volume fraction profile, with depletion regions appearing in the same location in

both profiles. It is tempting to argue that the depletion region is due to a electrostatic

interaction between the surfactant and the substrate, however, the depletion region is

also present for the nonionic surfactant. We conclude that the non-monotonicity does not

stem from the presence of the surfactant; it may be a fitting artefact or subtle feature of

PNIPAM brushes that is not yet understood. Regardless, it does not affect the overall

findings of our study.

6.3.5 Discussion

In this section, we have shown via ellipsometry and QCM-D that anionic surfactants

swell PNIPAM brushes and suppress their thermoresponse, while cationic and nonionic

surfactants do not. QCM-D and FAOR indicated that more anionic surfactant is adsorbed

within the brush layer, compared to either cationic and nonionic surfactant. NR confirmed

the above findings, revealing the polymer volume fraction profile as well as the volume

fraction profiles of various surfactants within the brush. All techniques indicated that the

adsorption of the surfactants studied is completely reversible.

Here, we will discuss the behaviour of the various PNIPAM-surfactant systems studied

above, starting with the remarkable behaviour of the PNIPAM-SDS system. We then

move on to discussing the differences between the anionic systems and the nonionic and

cationic systems, concluding that the head-group plays a significant role in the PNIPAM-

surfactant interaction. Finally, we propose a model for the system structure based on

existing literature and collected evidence.

Behaviour of PNIPAM-SDS system

In section 6.3, we have shown that SDS has a remarkable effect on the structure and

thermoresponse of planar PNIPAM brushes, as has been reported previously for free

PNIPAM [239, 241, 242, 246, 247, 249, 266] and nanoparticle-grafted PNIPAM brushes

[74]. As in the free-polymer literature, we find that SDS at the CMC is able to completely

suppress the thermoresponse of PNIPAM over the temperature range probed. We find

that the effect of SDS on PNIPAM plateaus above the surfactant CMC; this plateau is not
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always observed in free-polymer literature [241], likely because of the discrepancy between

the total surfactant concentration and the free-surfactant concentration due to adsorption

of SDS onto PNIPAM. The NR results in Figure 6.17 show that SDS and PNIPAM have

a volumetric binding ratio of approximately 1:1 in pure water above the CMC (as the

densities of both compounds are close to 1 g mL−1, this corresponds to a 1:1 mass ratio),

agreeing reasonably well with the values reported by Mylonas, Staikos, and Lianos [249]

and Mears et al. [246], (0.6 and 0.5, respectively). The difference can be explained by

the sensitivity of CMpoly NR to all polymer-proximal surfactant, rather than just bound

surfactant. We conclude that the binding ratio of 8 calculated from the results of Chen

et al. [252] is erroneous.

Effect of surfactant headgroup

Ellipsometry, QCM-D and NR convincingly show that anionic surfactants affect both

the structure and thermoresponse of PNIPAM in the brush geometry. In contrast, the

cationic and nonionic surfactants studied do not. These results agree well with prior

work (see sections 6.1.2–6.1.4), and demonstrate that the brush geometry is a good model

system for studying general polymer phenomena. However, the real value of the brush

geometry here is that QCM-D, FAOR and CMpoly NR experiments can be used to reveal

polymer-surfactant interaction. By quantifying both polymer structure (the effect of the

surfactant) and the presence of surfactant in the layer (the affinity of the surfactant for

the polymer), we can unpick the mechanism behind the PNIPAM-SDS interaction.

The obvious question raised by the above findings is this: Why do DTAB/CTAB

(cationic surfactants) have such a markedly different effect on the behaviour of PNIPAM

compared to SDS (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 [239, 246, 251, 254]. The interaction model indicates

that DTAB, C12E6 and SDS would have similar affinities for PNIPAM, which would result

in similar adsorbed amounts. However, our QCM-D, FAOR and CMpoly NR experiments

clearly show that SDS adsorbs in much greater amounts than the other surfactants.

Of course — when considering the effects of surfactants on polymers — it is primar-

ily the adsorbed charge, not the adsorbed mass, that dictates polymer structure. In

Figure 6.14, the adsorbed charge is shown for SDS and CTAB as a function of con-

centration. Clearly, SDS results in more adsorbed charge within the brush layer than

CTAB, but it appears that the difference in adsorbed charge is not sufficient to account

for the behaviour change completely. At 0.5×CMC
 SDS the adsorbed charge appears

to be ≈0.3 mmol m−2, less than the adsorbed charge for CTAB at 1×CMC
, which is
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approximately ≈0.4 mmol m−2. However, 0.5×CMC
 SDS has a measurable effect on the

structure and thermotransition of PNIPAM (Fig. 6.8a, 6.9a and 6.15b) while 1×CMC


of CTAB does not (Fig. 6.8d, 6.9d and 6.16e). As identified in section 6.2.3, FAOR will

underestimate surfactant adsorption if there is layer swelling, which we expect a small

amount of at 0.5×CMC
 SDS and 20 ◦C (Fig. 6.8a and 6.9a). However, the error in the

FAOR is likely to be less than 10 % for low surfactant concentrations, and NR measure-

ments confirm that there are comparable amounts of surfactant adsorbed within the brush

layer at 0.5×CMC
 SDS and 2×CMC
 CTAB. Therefore, while the dominant cause of

the difference between sulphate-headed and trimethylammonium-headed surfactants in-

teracting with PNIPAM appears to be their affinity (i.e., sulphate headed surfactants like

PNIPAM more), it appears that there may be additional secondary factors. One such

factor may be the partitioning of cationic and nonionic surfactants to the silica-polymer

interface.

Interaction mechanism

We conclude that the interaction between SDS and PNIPAM cannot be solely driven by

hydrophobic interaction between the surfactant tail and the hydrophobic moieties on the

polymer, as previous studies have suggested [248, 251, 254]. From Figures 6.10, 6.11, 6.13,

and 6.17, as well as other work [239, 241, 242], we see that the surfactant head–group

plays a significant role in the interaction between PNIPAM and surfactants.

This head-group dependent behaviour has been observed in MD studies of the PEO-

surfactant system [256, 257, 267, 268]. We believe that the best model for PNIPAM-SDS

interaction is that the polymer binds to the surface of the surfactant micelle — the same

mechanism proposed for SDS-PEO systems by Shang, Wang, and Larson [257]. In this

model, the hydrophobic moieties 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, Spěváček, and Hanyková [254],

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 sulphate headgroups,

explaining the head-group dependence observed here and elsewhere [239, 241, 242].

It appears that there is also a second mechanism through which the local concentration

of the surfactants studied here is increased in the presence of PNIPAM without strongly

affecting polymer structure. We draw this conclusion primarily from Figure 6.14 and

the surfactant volume fractions in Figure 6.17, which show that cationic and nonioic

surfactants are present in the brush layer at concentrations where SDS has some effect on

the thermotransition. This fits with reports of cationic surfactants having a small effect
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on the behaviour of PNIPAM [239, 241, 269–271]. Potentially this could be the second

mode of surfactant interaction observed by Walter et al. [248]. The mechanism behind

this behaviour could be polymer-precipitated micellisation, where the presence of polymer

serves as an aggregation point, allowing the formation of micelles bellow the CMC. These

precipitated micelles are not strongly bound to the polymer, and hence do not strongly

affect the polymer behaviour. Alternatively, a small number of cationic micelles may

attach to the polymer chain through hydrophobic mechanisms.
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6.4 Results: Effect of SDS on the confined behaviour

of a PNIPAM brush

From section 6.3, we know that SDS (and other anionic surfactants) interact strongly with

PNIPAM, imbuing it with polyelectrolyte-like properties. This pseudo-polyelectrolyte

structure may resist mechanical confinement better than PNIPAM in water, as polyelec-

trolytes have been shown to better resist confinement compared to neutral polymers. In

the study of Abbott et al. [79], the behaviour of neutral PEO brushes are compared to

charged poly(acrylic acid) (PAA) brushes. They find that PAA is more swollen under con-

finement than PEO, although the magnitude of this difference is not as great as expected.

Furthermore, they modulate the charge on PAA by controlling the pH of the solution; the

normalised separation (inferred from Fig. 7 in their work and the dry thicknesses given in

the Supporting information) for the uncharged brush is 1.1, for the moderately charged

brush is 1.25, and for the fully charged brush is 1.5. The preference for polyelectrolytes to

swell more in water than neutral polymers can also be seen in the difference between the

force-curves in the atomic force microscopy (AFM) work of Murdoch et al. [20] and Willott

et al. [272]. In this brief section, we will use the methodology developed in chapter 5 to

probe the behaviour of PNIPAM-SDS complexes under mechanical confinement.

6.4.1 Neutron Reflectometry

As in previous sections we examine the behaviour of the PNIPAM-SDS systems above and

below the CMC, here using surfactant concentrations of 0.6×CMC
 and 1.75×CMC
.

We conduct two types of measurement here, one in hydrogenous SDS (referred to as simply

SDS) and one in deuterated SDS (d-SDS). Hydrogenous SDS experiments are sensitive

to the separation between the confining poly(ethylene terephthalate) (PET) film and the

silica substrate (as in 5). In contrast, d-SDS experiments are sensitive to the structure of

the d-SDS within the confined layer. The conditions of greatest interest to us are those

where the PNIPAM brush in water is most confined, that is, at high temperatures and

high confining stresses. At these conditions, we expect the presence of the SDS to make

the most difference to the system structure. We examine the system at 1 bar, 35 ◦C (low

pressure, high temperature) and 5 bar, 25 ◦C (high pressure, low temperature).

The results from the hydrogenous confinement study are presented in Figure 6.20. As

in chapter 5, we use both a modelling approach and a fringe-spacing analysis (section 1.5.2)

to determine the separation between the confining PET film and the silica substrate.

Both modelling and fringe-spacing analyses yield similar trends and show clearly that
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the addition of SDS increases layer thickness. As expected, this increase in thickness is

greater at 1.75×CMC
 than it is at 0.6×CMC
. That SDS increases the layer thickness

is evident from a casual examination of the reflectometry profiles in Figure 6.20c, d, as the

spacing of the fringes clearly shrinks. At both conditions studied, PNIPAM in pure water

exhibited a normalised separation of ≈1.1, consistent with the results from chapter 5,

while the 1.75×CMC
 SDS system exhibited a normalised separation of ≈1.5.

To examine the distribution of SDS within the confined layer, we substituted hydroge-

nous SDS for d-SDS (as used elsewhere in this work). The d-SDS has a significantly higher

SLD (see appendix A) than any other component in the system. Therefore, the exper-

iment becomes sensitive to the surfactant distribution within the confined layer, rather

than the silica-PET separation. We first attempted to model this system with a slab

or distribution (as detailed in chapter 5) model, but these did not achieve a satisfactory

agreement with the collected data. This lack of agreement was not unexpected, as there

is no theoretical justification for a uniform surfactant distribution. Consequently, this

interface was modelled with the same freeform model used for the CMpoly modelling in

sections 6.3 and 6.5. The modelled region’s thickness was fixed to the thickness derived

from the modelling in Figure 6.20. To account for the water-backed regions observed in

chapter 5, 15 % of the reflecting area was modelled as a silica-water interface. The SLD

of the backing water was allowed to vary from −0.56 to 1× 10−6 Å
−2

to account for the

presence of the d-SDS within the system. The SLD profile of the confined section and

corresponding reflectometry data are shown in Figure 6.21.

As the structural model used has many degrees of freedom, we will first ground our ar-

gument in the reflectometry profiles. For this purpose, the profiles have been re-plotted in

Figure 6.22. The reflectometry profiles for the SDS and d-SDS samples are unequivocally

distinct, with large differences in the fringe-spacing, fringe-magnitude and profile shape.

This stark difference indicates that a significant amount of surfactant is trapped in the

layer upon mechanical confinement, as d-SDS is clearly modifying the SLD of the layer.

We note that, while a simple fringe spacing analysis would indicate that the layer is signif-

icantly thinner in d-SDS than SDS, the conservation of system volume means that this is

not possible. The inversion of the fringe intensity, which is more evident when reflectom-

etry is plotted on a log(R) vs Q plot (Fig. 6.22), indicates that the SLD of the confined

layer is higher than the SLD of the PET membrane. This high SLD requires a significant

amount of d-SDS in the layer. Assuming the second component is PNIPAM, with an

SLD of 0.8× 10−6 Å
−2

, the volume fraction of d-SDS must be greater than 0.34 for the

confined layer to have an SLD greater than that of PET. Consequently, as V̂I is constant

throughout the compression, and the layer must comprise of a significant fraction (on the

order of 35 %) of d-SDS, the layer cannot be thinner than approximately V̂I/(1 − 0.35),
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Figure 6.22: Reflectivity profiles from Figure 6.21b plotted on alternative axes. Profiles are not
offset to allow for direct comparison.

here 250 Å. This thickness is equivalent to the thickness of the layer in SDS. We must

therefore explain the increase in fringe spacing (corresponding to decreasing thickness) in

the d-SDS system relative to the SDS system. Here, we postulate that there must be an

uneven distribution of surfactants within the confined brush layer, such that the shape

of the SLD profile is not uniform. This could result in the structure that dominates the

reflection (that is most prominent in the SLD profile) possessing a thickness significantly

less than the thickness of the silica-PET separation.

Having thoroughly discussed the differences between the reflectometry profiles from

the SDS and d-SDS systems, we now turn to examine the model output in Figure 6.21a.

The modelling shows that the d-SDS is enriched near the substrate, with concentration

dropping in proximity to the confining surface. In isolation, the SLD profile indicates

that the PNIPAM-d-SDS layer is only 180 Å thick, but as discussed in the paragraph

above, this can not be the case. Figure 6.21a shows that the distribution of surfactants in

the confined region is uneven; this behaviour would produce non-uniform SLD profiles in

the confined region (see appendix A for SLDs) for the hydrogenous data. This explains

why we cannot accurately model the collected reflectometry profiles at high surfactant

concentrations (Fig. 6.20a, c).

6.4.2 Discussion

This increased normalised separation for SDS-containing systems indicates that SDS re-

mains in the polymer layer upon macroscopic confinement. We observe similar swelling

ratios to the PAA study of Abbott et al. [79], with our ‘maximally charged’ (1.75×CMC
)
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pseudo-polyelectrolytes exhibiting a swelling ratio of over 1.5 (Fig.6.20). However, our

results indicate that the primary mechanism through which SDS increases the layer thick-

ness is steric in nature (rather than electrostatic or osmotic). The steric mechanism op-

erates through excluded-volume interactions between trapped surfactant molecules and

the polymer; here the layer consists of a tightly packed PNIPAM-SDS film. Conversely,

a confined film where electrostatic or osmotic interaction dominated would still contain a

considerable amount of water.

First, we will consider the evidence for the steric hypothesis from the hydrogenated

SDS experiments. Unconfined experiments (section 6.3.4) indicate that a volumetric

PNIPAM:SDS binding ratio of approximately 1:1.vii If this volumetric binding ratio were

to stay constant upon compression, then the normalised solvent-free (i.e., just PNIPAM

and SDS) layer thickness would be 2. We observe normalised separations of ≈1.5; indicat-

ing that there is less SDS in the confined system than in the unconfined system. Unless

almost all of the SDS has left the layer (i.e., the binding ratio for free and confined systems

is very different), and the remainder is contributing to the increase in thickness through

electrostatic/osmotic effects, the normalised separations we measure supports the steric

hypothesis.

The modelling of the d-SDS shows clearly that the SDS is concentrated within the

confined layer. Analysis of the SLD profile in Figure 6.20 indicates that the interfacial

volume of SDS is approximately 110 Å. Given that the polymer interfacial volume is 165 Å,

and the layer is approximately 280 Å thick, there is clearly little room left for water. We

do not believe that our determination of surfactant V̂I is particularly accurate, and as

such, there is likely more water in the system than is indicated by this analysis. However,

NR modelling suggests that the confined layer consists of tightly-packed PNIPAM-SDS,

strongly supporting the steric hypothesis.

This tightly-packed structure is likely not at equilibrium. When the PNIPAM-SDS

system undergoes a thermal collapse (as can occur at low surfactant concentrations) we

observe that the SDS is mostly ejected from the brush layer (Fig. 6.15); Chen et al.

[252] observe similar behaviour in free-polymer systems. Here, this surfactant is instead

trapped by the macroscopic confining barrier. The structure in Figure 6.21 provides some

insight as to how the SDS gets trapped. The SLD profile in Figure 6.21a shows that the

surfactant is concentrated at the base of the brush. This is likely caused by a top-down

collapse of the PNIPAM-SDS system in response to confinement. A top-down collapse

would force SDS out of the brush periphery first — at low confining stresses SDS would

escape through the solvated-brush to a region of lower confinement (Fig. 5.1b) However, as

viiLiterature reports molar binding ratios of 0.5 and 0.6 [246, 249]
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confining stress increased the SDS would be forced deeper into the brush; this surfactant

could not escape due to the high φpoly throughout the layer. Interestingly, 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.

Another explanation is that at high confining stresses, the polymer and surfactant layers

are not distinct, with significant interpenetration resulting in no defined surfactant layer

on the PET interface.

The application of the confinement cell introduced in chapter 5 to PNIPAM-SDS

systems show that these systems resist confinement to a greater degree than pure PNIPAM

systems; however, this behaviour is revealed to be due to entrapment of the surfactant

within the brush. This tight-packed polymer-surfactant system forms due to a top-down

collapse of the brush and resists compression due to the excluded volume effects of trapped

surfactant molecules.

186



Chapter 6 Understanding brushes via improved reflectometry analysis

6.5 Results: Effect of ionic strength

In section 6.3, we find that anionic surfactants (specifically SDS) significantly affect the

structure and thermoresponse of a PNIPAM brush. This behaviour can be explained by

the pseudo-polyelectrolyte model [254], a natural extension of the pearl-necklace model,

whereby the electrostatic charge associated with polymer-anchored surfactant micelles

cause the neutral polymer to act as a polyelectrolyte. For an outline of the behaviour of

polyelectrolytes in the brush geometry see section 6.1.7. We cannot easily categorise the

PNIPAM-SDS complex as either a weak or strong pseudo-polyelectrolyte. In pure water,

we expect the PNIPAM-SDS complex would have a charge every 4 to 8 repeat units in

pure water. This is certainly less than a strong polyelectrolyte, such as poly(sodium

styrene sulfonate) (PSS) (charged fraction of 0.8 in pure water [273]), but cannot sensibly

be compared to a weak polyelectrolyte without specifying a pH and salinity. Regardless,

here we are concerned with the behaviour of these PNIPAM-SDS complexes in the salted

regime, in which both strong and weak polyelectrolytes should collapse.

Adding salt to the PNIPAM-SDS system allows for the pseudo-polyelectrolyte model

to be tested, as polyelectrolytes collapse at high salt concentrations. Examining the

behaviour of PNIPAM and SDS in electrolyte solutions may provide further clues as

to the complex mechanism by which SDS interacts with, and affects the structure of,

PNIPAM. Additionally, as discussed in section 6.1.6, the presence of an electrolyte modu-

lates the CMC of an ionic surfactant through decreasing the Debye length, hence decreas-

ing the energetic penalty for micelle formation. We show above that the behaviour of the

PNIPAM-surfactant system seems to scale around the CMC of the surfactant, raising the

question of whether the system behaviour will scale around a salt-modulated CMC. Other

polymer systems’ behaviour has been demonstrated to scale around the salt-modulated

CMCeff [274], however, the work of Patel et al. [241] suggests that this is not the case for

PNIPAM. Studying this system in the brush geometry with the techniques that we have

already demonstrated above allows us to determine the effect of surfactant and salt on

the structure and mechanical properties of the PNIPAM brush, as well as the presence of

surfactant within the brush layer. Here, we use NaCl as the model salt and SDS as the

surfactant, chosen as both species are ubiquitous and well-characterised.

Before proceeding to experimental results, it is worth recapping the expected con-

tributions to PNIPAM behaviour in the mixed SDS-NaCl systems. As is documented

above, SDS causes PNIPAM chains to swell through the attachment of SDS micelles to

the PNIPAM chain as per the pearl-necklace model; this behaviour scales around the

CMC (Fig. 6.3). Salt has been shown to reduce the solubility of PNIPAM in water (with
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chaotropes at low concentrations a notable exception [275, 276]), with NaCl having a mod-

erate effect (corresponding to chloride’s position in the middle of the Hofmeister series).

Salt has also been shown to affect polyelectrolytes’ solubility, significant here because of

the pseudo-polyelectrolyte hypothesis. At low concentrations (<50 mM) salt increases

the solubility of weak polyelectrolytes (the osmotic brush regime [108, 109]) while not af-

fecting the solubility of strong polyelectrolytes [108]. At high concentrations (>250 mM)

the electrolyte reduces the solubility of both strong and weak polyelectrolytes [108, 109].

Finally, the decreased Debye length also reduces the CMC of ionic surfactants like SDS,

as discussed in section 6.1.6.

From this, we expect that — at a fixed SDS concentration below the CMC — the

addition of salt will first lead to polymer swelling (as the effective CMC is lowered)

followed by a decrease in swelling (due to screening of surfactant charges). We expect

that at SDS concentrations above the CMC the addition of salt will have little effect on

PNIPAM at low concentrations, and will reduce the solubility of PNIPAM-SDS complexes

at higher concentrations (due to screening of surfactant charges), as they would for a real

polyelectrolyte.

To maintain consistency with prior sections the concentrations of SDS are referred

to as multiples of their CMC in pure water at 25 ◦C, CMC
. Of course, the system

temperature (Fig. 6.2) and presence of salt (Fig. 6.5) will change the CMC of the SDS;

again, this modified value is referred to as CMCeff . Here we will study two concentrations

of SDS, 0.5 and 2×CMC
, at a range of salt concentrations between 0 and 500 mM

(covering 0.5 to 25×CMCeff).

6.5.1 Ellipsometry

The first technique we use to study the behaviour of PNIPAM-SDS-NaCl systems is

ellipsometry. However, these experiments differ from those reported above in at least

two ways. Firstly, the brush studied here is much thicker than those typically studied

with ellipsometry, with an interfacial volume of approximately 1400 Å. A thicker brush

was chosen to increase ellipsometry’s sensitivity to the polymer volume fraction profile

and to demonstrate the capabilities of our refellips analysis tool. Because ellipsometry is

more sensitive to the brush structure, a more advanced model is required to analyse the

collected data. This leads naturally to the second difference; the ellipsometry data here is

modelled with the refellips ellipsometry analysis package, addressed in section 6.2.4 and

detailed in appendix F.

Figure 6.23 shows polymer volume fraction profiles derived from ellipsometry. The pro-

files are produced by optimising the freeform model in chapter 4 against the ellipsometric
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parameters ∆ and Ψ, shown in the inset plots. A casual examination of Figure 6.23a,

which shows the thermoresponse of PNIPAM in pure water, indicates that the ∆ and Ψ

profiles are sensitive to the collapse of the layer. Furthermore, we find excellent agreement

between the modelled ∆ and Ψ values and the collected data.

To verify that our modelling methodology is producing sensible results, we will first

discuss the behaviour of the binary systems. The addition of SDS is found to swell the

brush layer (a to c), in keeping with the trends observed in this section 6.3. However,

at 2×CMC
 in pure water, the layer is more temperature–sensitive than in previous

ellipsometry (Fig. 6.8 and 6.9) and NR experiments (Fig. 6.15). As extracting a priori

interfacial structure from ellipsometry data is an immature method (to our knowledge this

is the first time it has been attempted), the technique’s sensitivity is unknown. However,

the ∆ and Ψ profiles collected at 2×CMC
 SDS are visibly different, and the trend

observed in thickness does make sense (collapsing with increasing temperature). Another

explanation is that the synthetic conditions that produced this thicker brush change the

structure in some way (as discussed in chapter 1), which moderates the thermoresponse

of the layer (through the φpoly dependent χ of PNIPAM, discussed in section 1.2).

Similarly, the response to salt concentration is in line with literature reports of the

system behaviour. Humphreys, Wanless, and Webber [276] conclude that KCl reduces

the CST of PNIPAM brushes, with a 500 mM solution resulting in a CST of ≈27 ◦C,

while Zhang et al. [275] report similar findings for free PNIPAM in NaCl solutions. In

Figure 6.23, the addition of salt results in the 32 ◦C profile transitioning from a two-phase

profile (Fig. 6.23a) to a collapsed profile (Fig. 6.23q), consistent with a CST reduction

of ≈5 ◦C. Although the ellipsometry modelling technique used here is untested, it agrees

with both results from earlier in this chapter and literature reports. Consequently, we have

confidence in the profiles produced by the technique for the salt-surfactant conditions.

The ellipsometry data are summarised in Figure 6.24, which plots the swelling ratio

(twice the first moment divided by V̂I) against the salt concentration. At 0.5×CMC


(4 mM) SDS the addition of salt initially caused the PNIPAM layer to swell, with the

ellipsometrically determined structures becoming practically indistinguishable from the

2×CMC
 profile at a NaCl concentration of 50 mM. This behaviour is consistent with

the PNIPAM-SDS behaviour scaling around the salt-modulated CMC of SDS, as the

CMC of SDS reaches 4 mM at a NaCl concentration of approximately 20 mM (Fig. 6.5).

As with previous experiments, above 1×CMCeff minimal thermoresponse was observed

over the investigated temperature range. As the salt concentration was further increased

incremental swelling was observed; at no point did the addition of NaCl begin to collapse

the brush. A similar trend was observed for the 2×CMC
 (16 mM) system. The addition

of salt caused a slight increase in the layer’s apparent thickness and a reduction in the
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Figure 6.23: Volume fraction profiles of a PNIPAM brush (V̂I = 1400 Å) as a function of SDS
concentration (left to right), NaCl concentration (top to bottom) and temperature (indicated by
different coloured profiles), derived from ellipsometry. The volume fraction profiles are produced
by fitting the ellipsometric parameters ∆ and Ψ (inset) with the freeform model outlined in
chapter 4, adapted for use with ellipsometry (appendix F). At zero NaCl concentration the
brush swells as the SDS concentration increases (a,b,c), consistent with the results in this work
(Fig 6.8–6.15) as well as results from literature [74, 241, 246, 247]. At zero SDS concentration
the brush collapses as the NaCl concentration increases (a-q), consistent with prior studies of
PNIPAM in electrolyte environments [20, 275, 276]. However, as the salt concentration increases
at SDS concentration of 0.5×CMC
 (b-r) the brush swells, consistent with a decreasing CMCeff .
At both SDS concentrations salt does not collapse the brush.
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Figure 6.24: Swelling ratios, extracted from the volume fraction profiles in Figure 6.23, plotted
against NaCl concentration as a function of temperature (a-c) and SDS concentration (colours).
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Figure 6.25: Data from Figure 6.24, with SDS concentration plotted as Csurf over CMCeff . The
swelling behaviour of the system appears to be predominately sensitive to the concentration
of SDS relative to the CMCeff , although the contribution of NaCl appears to increase at high
concentrations (i.e., 500 mM).

thermoresponse observed at 2×CMC
. As with the 0.5×CMC
 series, at no point did

the addition of salt collapse the brush.

To further investigate the dependence of the system behaviour of CMCeff we replot the

data in 6.24 against Csurf/CMCeff in Figure 6.25. We find that, below NaCl concentrations

of 500 mM, the structure of the PNIPAM-SDS system can largely be explained by the

concentration of SDS relative to its CMCeff , with 0.5 and 2×CMC
 curves exhibiting

similar trends and values at the crossover point (Csurf/CMCeff = 1). The behaviour of

the system at 500 mM NaCl will be discussed in section 6.5.4.

Another feature of the ellipsometry data worth discussing briefly in the presence of an

interior layer in some of the profiles that appears similar to that observed by reflectometry.
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Firstly it must be stressed that the scale for the distance from the substrate in Fig. 6.23

is in nanometers, whereas it is in angstrom for the NR-derived volume fraction profiles

included in this thesis. The difference in scale means that the interior layer in Fig. 6.23

is an order of magnitude thicker than the layers observed by NR. More work needs to

be done to determine if these interior layers are required to fit the collected data. A

Markov chain Monte Carlo (MCMC) approach like that used in chapter 4 could be used

to determine the suitability of ellipsometry for the determination of brush volume fraction

profiles; this would be an interesting avenue for future work to investigate.

6.5.2 Quartz crystal microbalance with dissipation monitoring

QCM-D experiments were performed at a constant temperature as a function of surfac-

tant and salt concentration, in an experiment similar to that shown in Figure 6.11. As

in the ellipsometry experiment shown in Figure 6.23 system behaviour is explored at

0.5×CMC
 and 2×CMC
 SDS concentrations at a broad range of salt concentrations.

The temperature was maintained at 20 ◦C. Like in previous QCM-D results (Fig. 6.11c,d),

the ∆f and ∆D values in Figure 6.26 are relative to the frequency and dissipation value

of the wafer in pure water and have had the signal collected from a blank QCM-D wafer in

an identical solution subtracted from them. This means that the signal is due only to the

interaction of the solution components with the PNIPAM brush, not the solution density

or viscosity. For more implementation details, see section 1.5.6. The same wafers were

used in this study as were used in section 6.3.2 (dry thickness of 130 and 200 Å). While

only the results from the 130 Å wafer are shown here, we stress that the same trends were

observed across both wafers.

The behaviour of the PNIPAM-SDS and PNIPAM-NaCl systems will be discussed

before the results from the mixed system are addressed. The addition of SDS at 25 ◦C

decreases the frequency and increases the dissipation of the brush-coated wafer (as in

Fig. 6.11), indicating that surfactant is being adsorbed into the brush and causing it to

swell. This behaviour is dependent on the surfactant concentration, with the changes in

∆f and ∆D values increasing between 0.5×CMC
 and 2×CMC
 SDS concentrations.

As NaCl is added to the system (purple data in Fig. 6.26) the frequency increases and

dissipation decreases, indicative of a collapsing polymer brush. That the brush collapsed

upon the addition of salt is consistent with the above ellipsometry experiments (Fig. 6.23)

and prior experimentation [275, 276].

In the mixed system at low salt concentrations (<50 mM) changes in ∆f and ∆D

remain dependent on surfactant concentration. However, both signals become nearly

identical when the 0.5×CMC
 sample reaches 1×CMCeff , mirroring the trend observed
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Figure 6.26: (a) Frequency and (b) dissipation for the 3rd, 7th and 11th overtones from a 130 Å
PNIPAM brush at 20 ◦C as a function of SDS and NaCl concentration, as measured by QCM-D.

in the ellipsometry data (Fig. 6.24). Once again, the point at which the behaviour of

0.5×CMC
 and 2×CMC
 converge is at approximately 20 mM salt — corresponding to

1×CMCeff for the 0.5×CMC
 series (Fig. 6.5).

However, the dissipation and frequency trends as a function of salt concentration are

rich and can provide much more insight into system behaviour than simply supporting

the ellipsometry results. Starting with the trends in frequency, we observe that ∆f

does not plateau above CMCeff in Figure 6.26 (more obvious in Fig. 6.27) like it does

in Figure 6.11. Instead, it steadily decreases as the NaCl concentration is increased.

The ∆f trends across the overtones measured are also noteworthy. As lower overtones

penetrate further into the brush layer, examining the relative overtone intensities yields

insight into the mechanics of the system as a function of distance from the substrate [92].

At low NaCl concentrations higher overtone signals are less sensitive to the presence of

surfactant than lower overtone signals, with the 11th overtone barely sensitive at all to

surfactant concentration at 0 mM NaCl, however, as salt is added the frequency response

of the overtones becomes comparable (Fig. 6.26). This indicates that the mass (which

could be either adsorbed SDS, NaCl, or associated water) adsorbs more strongly into the

194



Chapter 6 Understanding brushes via improved reflectometry analysis

0 10 20
Csurf

CMCeff

120

100

80

60

40

20

0

f P
NI

PA
M

f s
ilic

a ,
 H

z

0 10 20
Csurf

CMCeff

0

5

10

15

20

25

30

D
PN

IP
AM

D
sil

ica
 ×

10
6

0.5 ×  CMC  SDS
2 ×  CMC  SDS

3rd overtone
7th overtone
11th overtone

Figure 6.27: (a) Frequency and (b) dissipation data from Figure 6.26, plotted as Csurf over
CMCeff . Clearly, salt affects the system independent of modulating the CMC of the surfactant.

periphery of the brush at low salt concentrations, but becomes more evenly dispersed as

the salt concentration increases further. This implies a transition from a typical parabolic

or exponential brush profile to a more uniform ‘slab’ like structure.

The trend in dissipation seen in Figure 6.26b is even more complex. Like the frequency

trend across overtones, there is initially a significant difference between overtones at low

salt concentrations. This difference decreases as the salt concentration increases, with

overtones overlying each other above 100 mM. Once again, this suggests that the brush

becomes more slab–like as salt concentration is increased. However, the most notable

feature is the inflection point at 250 mM in Figure 6.26b. Below this point, the system

acts as expected, with the signal from the 0.5×CMC
 condition initially rising until it

reached 1×CMCeff , where it intersected with that of the 2×CMC
 condition (which up

until then had remained reasonably static). Above 50 mM NaCl, the signals started to

slowly decrease, matching the trend of the pure NaCl condition. However, it is unlikely

that this decrease in dissipation corresponds to a collapsing layer, as a brush collapse

would be accompanied by an increase in frequency (here the opposite is observed). More

likely the dissipation decrease between 10 to 250 mM corresponds to an increase in the
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Figure 6.28: (a) Volume fraction profiles of PNIPAM in D2O as a function of temperature
with (b) accompanying reflectometry profiles, as well as (c) SLD profiles modelled to match (d)
reflectometry profiles collected from PNIPAM in a CMpoly solution. The reflectometry profiles
are vertically offset and scaled by Q4 for clarity. The PNIPAM brush undergoes a typical thermal
collapse in (a), and (c) shows that the CMpoly solution is a near-perfect match for PNIPAM.
These measurements serve as a control for the NR measurements in Figure 6.30.

stiffness of the brush. Above 250 mM NaCl the dissipation suddenly increases. Once

again, we stress that this feature is present in all overtones and in both 130 and 200 Å

samples, so is not due to experimental error. Furthermore, it is not the result of our

data treatment (where the signal from a blank wafer is subtracted from the signal of

interest), as these features are not present in the signal from the blank wafer (Fig. H9).

The behaviour of the system at 500 mM will be discussed further in section 6.6.1.

6.5.3 Neutron reflectometry

NR experiments were performed at a fixed concentration of surfactant over a range of

temperatures and salt conditions informed by prior QCM-D and ellipsometry measure-

ments. Here, we study the 0.5×CMC
 SDS system at an increasing salt concentration.

This is the most interesting surfactant concentration, as it allows us to explore behaviour

above and below CMCeff .

Control measurements in both pure D2O and CMpoly were performed in the absence

of salt and surfactant, with results shown in Figure 6.28. The measurements in D2O
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Figure 6.29: (a) Volume fractions of PNIPAM in D2O at 32.5 ◦C as a function of salt concentra-
tion with (b) accompanying reflectometry profiles. The reflectometry profiles are vertically offset
and scaled by Q4 for clarity. Consistent with literature and prior experiments, the PNIPAM
brush collapses as the NaCl concentration is increased. These measurements serve as a control
for the NR measurements in Figure 6.30.

confirm that the PNIPAM brush used here responds in much the same was as those

studied elsewhere in this thesis, while those in CMpoly show that CMpoly matches the

SLD of PNIPAM well. Additional control measurements were carried out at a range of

temperatures and NaCl concentrations to characterise the response of the brush to NaCl.

The results for 0 to 500 mM NaCl at 32.5 ◦C are shown in Figure 6.29. As reported in the

literature and observed in prior experiments, the addition of NaCl results in the brush

collapsing, with structural changes most evident above 100 mM.

We now turn to examining the PNIPAM-SDS-NaCl system. As in section 6.2.7, we

start by discussing trends in the reflectometry profiles, before discussing the output of

the modelling. As the temperature is increased the 0 mM NaCl 0.5×CMC
 SDS sys-

tem exhibits the typical swollen-to-collapsed transition seen in the control measurements

(Fig. 6.28b), albeit with a higher apparent CST. This is consistent with the brush collaps-

ing at 0.5×CMC
 SDS in section 6.3. At 10 mM NaCl the reflectometry profiles no longer

develop the hallmark fringes of a collapsed brush, indicating that the layer is significantly

more swollen than at 0 mM NaCl. Above 10 mM NaCl, very little change is observed in

the reflectometry profile as a function of temperature, indicating that the layer no longer

collapses above this salt concentration.

Moving on to the profiles collected from the CMpoly system, we see that the shape of

all profiles differs significantly from the control measurements in Figure 6.28, indicating

that there is adsorption of surfactant at all conditions. At the zero salt condition fringes

develop as the temperature is increased, indicating that some surfactant remains in the

layer upon brush collapse. These fringes do not appear at higher salt concentrations,
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consistent with the lack of layer collapse predicted from the D2O dataset. The shape of

the reflectometry profile for 50 and 100 mM conditions 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

exceptional behaviour at 500 mM.

We now examine the profiles produced for the D2O system via the freeform method

outlined in chapter 4. At all temperatures studied the PNIPAM brush swells as salt is

added and the CMCeff of the SDS is reduced. This swelling follows the trend identified by

ellipsometry in Figure 6.23 and QCM-D in Figure 6.26. The polymer profiles collected here

strongly support the veracity of the novel ellipsometry modelling presented in Figure 6.23.

Examining Figure 6.30a reveals that the addition of salt produces a more swollen layer

even at 25 ◦C, reminiscent of the swelling upon the addition of SDS in Figure 6.15.

As exemplified in section 6.3.4, the unique power of NR in studying this system is its

ability to examine not just the structure of the polymer but also the distribution of SDS

within the brush. However, it must be stressed that in this more complex system some

of the signal in the SDS contrast data will be due to the presence of sodium and chloride

ions, which have an SLD greater than that of the CMpoly. The exact contribution of these

ions is impossible to calculate, as their volume is strongly dependent on their chemical

environment. Coupled with our imprecise knowledge of the SLD of d-SDS, resolving

individual salt and surfactant volume fraction profiles is a daunting task. Instead, we

assume that the non-polymer, non-solvent, component (which produces the reflectivity

profiles in Fig. 6.30) has an SLD of 6× 10−6 Å
−2

and report corresponding volume fraction

profiles. As such, the magnitude of these volume fraction profiles is an approximation, but

their overall shape will remain unchanged. The similarity of the profiles in Figure 6.30 to

those in Figure 6.17c and d indicates that most of the signal is produced by the d-SDS,

not by sodium and chloride ions.

Modelling of the CMpoly datasets in Figure 6.30 was carried out using the same method

used to analyse the CMpoly data in section 6.3.4. The surfactant volume fraction pro-

files produced for high salt concentrations are similar in shape to those observed at the

2×CMC
 SDS condition in Figure 6.17, fitting well with the system behaviour scaling

around CMCeff . Interestingly, the quantity of adsorbed material increases markedly at

500 mM, matching the step-change in ∆f and ∆D observed via QCM-D. One incon-

sistency between the NR results from surfactant–identity and salt–concentration studies

(Fig. 6.17 and Fig. 6.30) is the surfactant volume fraction profile at 0 mM salt at high

temperatures. The adsorbed quantity of SDS is much greater in Figure 6.30; which in-

dicate that SDS remains in the layer upon collapse. We are unable to fit this data with

any profile other than those shown in Figure 6.30, and we repeated measurements at the
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Figure 6.30: Volume fraction profiles for (left panels) PNIPAM and (right panels) SDS for the
PNIPAM-SDS-NaCl system as a function of increasing temperature (top to bottom) and salt
concentration (colours). The corresponding reflectometry data and modelled profiles are inset;
reflectometry profiles are vertically offset and scaled by Q4 for clarity. The SDS concentration is
fixed at 0.5×CMC
. As NaCl is added to the system, the brush swells and its thermoresponse
is suppressed. Added salt appears to increase the amount of SDS in the brush, although it is
impossible to differentiate between surfactant in the brush layer and salt in the brush layer due
to their SLDs.

199



Chapter 6 Isaac J. Gresham

0 mM NaCl condition to ensure our observation of fringes was not the result of experi-

mental error. There are two potential explanations for this behaviour. The first is the

unexpected adsorption (and slow–release kinetics) of salt within the brush (in both 0 mM

NaCl measurements the prior condition was at 500 mM salt); here the adsorbed signal

would be predominantly due to adsorption of salt. The second is that the difference in

brush thickness between the two studies (115 Å vs 225 Å) changes the way surfactant

adsorbs.

6.5.4 Discussion

Here, we will first discuss the effect of NaCl on the structure of the PNIPAM-SDS system

in regard to relevant literature, before noting that the system structure is governed by

the SDS concentration relative to CMCeff . We will then speculate as to the cause of the

odd behaviour observed by all techniques at 500 mM NaCl. We will then compare the

behaviour of the PNIPAM-SDS system to conventional polyelectrolytes and discuss the

absence of the common salting out phenomena for our system. Finally, we will summarise

the behaviour of our system based of the findings in this chapter.

Effect of NaCl on structure of SDS-PNIPAM system

All techniques employed here clearly show that the addition of NaCl promotes the swelling

of the PNIPAM-SDS system. The primary mechanism that drives this behaviour is the

reduction of the CMCeff , which we discuss below. Here we comment on the phenomeno-

logical aspects of our system and draw comparisons with available literature.

Our observation of NaCl swelling the PNIPAM-SDS system disagrees with the find-

ings of Patel et al. [241]. Patel et al. study a free–PNIPAM system and report that NaCl

decreases the CST of PNIPAM-SDS systems; relevant results are included here in Fig-

ure 6.6. Unsurprisingly, our results indicate that salt increases the amount of surfactant

that can bind to the PNIPAM (Fig. 6.30, 6.26). Our findings here agree well with other

reports of SDS behaviour [226, 233, 277], and reflects NaCl reducing the Debye length,

allowing charged micelles to stack closer together. The discrepancy between our work and

that of Patel et al. is probably due to the depletion of free surfactant in their free-polymer

study. Our results indicate mass binding ratios as high as 2 for SDS and PNIPAM in the

presence of salt, which would result in the total depletion of surfactant from solution even

at the highest surfactant concentration probed in the work of Patel et al.

We note that behaviour similar to what we observe here has been reported for other

polymer systems. For instance, Masuda et al. [274] study a PEO-SDS system, and found
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that the addition of NaCl both reduced the SDS concentration required to swell the

polymer and increased the swelling magnitude.

Scaling of behaviour around CMCeff

The primary mechanism by which the addition of NaCl induces layer swelling appears

to be through the modulation of the CMCeff of the surfactant, shown most clearly in

Figures 6.25 and 6.27a. We remind the reader that CMCeff is the effective value of the

free-surfactant CMC at a particular condition (e.g., NaCl concentration, Fig. 6.5). In

this sense, NaCl is only modulating the interaction between SDS and PNIPAM — any

other change to the system that decreased the CMC and CAC of the surfactant (i.e.,

substituting for a more hydrophobic surfactant like SDBS, shown in Fig. 6.9) would likely

have a similar effect. We conclude that at low salt concentrations (<200 mM) in PNIPAM-

SDS-NaCl systems, the polymer structure can be explained by the system temperature

and the SDS concentration relative to CMCeff .

However, there seem to be some secondary effects on brush structure at higher salt

concentrations that cannot be explained by a changing CMCeff . The first, and most ob-

vious, effect is the step-change observed at 500 mM NaCl by all techniques; this will be

discussed in detail below. The second effect of increasing salt concentration is the subtle

increase in swelling in the interior of the brush, which is only observable with QCM-D,

and to a lesser extend NR. While the ∆f of the 3rd overtone in QCM-D experiments ap-

peared to be predominantly dependent on the surfactant concentration relative to CMCeff

(ignoring the 500 mM data point), the 7th and 11th overtones did not (Fig. 6.27). Conse-

quently, our QCM-D results in Figure 6.27 indicate that adding salt to the system at a

fixed Csurf biases adsorption/swelling in the brush interior, rather than in its periphery.

This conclusion is supported by the NR results, which show salt reducing φpoly at the

base of the brush (Fig. 6.30a).

We now turn to consider the ∆D results from the QCM-D study, which cannot be

explained by the Csurf/CMCeff at any overtone. Dissipation measures the rate at which

the layer dissipates kinetic energy to its environment. It can be thought of as a measure

of stiffness vs softness or elasticity vs viscosity. In Figure 6.27, ∆D indicates that the

layer gets stiffer as salt is added above 1×CMCeff . An examination of the overtones

shows that this change in stiffness is more pronounced at the exterior of the brush layer.

Decreasing dissipation with the addition of salt is not unexpected for polyelectrolyte

brushes [83]. However, this typically corresponds to a brush collapse, which is not observed

by any other technique. Several mechanisms could contribute to the observed trends in

∆D. The first of these is that the decrease in Debye length electrostatically decouples
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the (charged) polymer-surfactant complexes from micelles in solution. This explanation

fits with the salt-induced reduction in ∆D being more significant at 2×CMC
 than at

0.5×CMC
 and explains why the effect is much more pronounced at the brush periphery.

The second is that the high local concentrations of surfactant and salt within the brush,

brought about by increased ionic strength, results in the layer becoming more mechanically

rigid. However, increased rigidity should also reduce the difference between the frequency

overtones, which is not evident in Figure 6.27; as such, we prefer the decoupling argument

presented above. Probing the mechanical properties of the system via AFM, or a lower-

stress version of the confinement in section 6.4, could confirm this brush stiffening.

Behaviour of the system at 500 mM NaCl

All techniques exhibit a step-change at 500 mM NaCl. Ellipsometry shows an increase in

thickness at high temperatures (Fig. 6.24), QCM-D shows a sudden increase in ∆D and

a marked decrease in ∆f (Fig. 6.26), and NR shows an increase in surfactant adsorption

within the layer (Fig. 6.30). Of these trends, the abrupt change in the ∆D is the most

difficult to explain. Below 500 mM NaCl, increasing salt concentration decreases ∆D as

discussed above. However, at 500 mM there is a sudden increase in ∆D that is present

across all overtones and samples.

It has previously been reported that the micelles formed by SDS transition from spher-

ical to worm-like at a NaCl concentration of 450 mM [215, 216, 233]. This transition in

micelle morphology is likely responsible for the changes observed by ellipsometry, QCM-D

and NR. Polymer-attached worm-like micelles could interact with those in solution, which

would explain the increase in dissipation observed. Worm-like micelles would also allow

for the binding ratio of PNIPAM to SDS to increase, further increasing the amount of

surfactant in the brush layer and explaining the ellipsometry and NR results.

Absence of salting-out phenomina

Our work here indicates that PNIPAM-SDS systems are immune to the salting-out effect

common to polyelectrolytes. Here, we examined behaviour up to 500 mM of NaCl; strong

polyelectrolytes have been observed to begin collapsing above ≈200 mM [278, 279]. For

our system, large changes in the structure of the PNIPAM-SDS system were not expected

below the CST, as PNIPAM is reasonably swollen at this condition in pure water. How-

ever, we expected to see a significant collapse above the CST in the presence of 500 mM

salt for all SDS concentrations. Näıvely, an SDS decorated PNIPAM chain at 40 ◦C is

comparable to a polyelectrolyte with a hydrophobic backbone; at high salt concentrations,

we expect that the structural influence of the tethered charges will be negated by the NaCl
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solution, resulting in a hydrophobic polymer. This reasoning is dubious even without the

current work, due to the complex phase behaviour of PNIPAM. We discussed the thermal

collapse of PNIPAM at length in section 1.2, emphasizing that the polymer undergoes a

complex entropy-driven re-arrangement at its CST which cannot be reduced to a simple

hydrophilic to hydrophobic transition. Even still, the absence of any salting-out effect is

remarkable.

The key difference between a conventional polyelectrolyte and the PNIPAM-SDS com-

plex is that the number of charges is fixed in the polyelectrolyte system. In contrast, the

number of charges in the complexed system is hypothetically limited only by the pack-

ing of surfactant onto a strongly–stretched polymer chain. It is known that as the ionic

strength of a solution increases the Debye length shrinks and charged moieties can pack

more tightly [226, 233, 277]. Taken together with the decrease in ∆f (in QCM-D ex-

periments, Fig. 6.26) and increase in the surfactant volume fraction (in NR experiments,

Fig. 6.30), this strongly suggests that the presence of salt allows for the accumulation

of surfactant on the polymer chain, increasing the number of effective charges on the

polymer. These charges bring in additional salt and water, resulting in a higher osmotic

pressure within the brush and causing additional swelling. It is this mechanism that

negates the typical ‘salting-out’ phenomena seen in these systems.

Summary of system behaviour

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 Figure 6.31.

At no-salt (or very low salt, <1 mM) conditions, SDS adsorbs to PNIPAM as micelles.

These micelles are always smaller than equivalent free-micelles, but vary in size depending

on the surfactant concentration — with aggregation numbers varying from ≈8 at the CAC

(Fig. 6.31a) to ≈22 at the CMC (Fig. 6.31b) [249].viii The addition of SDS promotes layer

swelling and retards the thermoresponse of PNIPAM, with the influence begining above

the surfactant CAC and stabilising after the CMC [252].ix However, SDS only associates

with PNIPAM that is solvated (i.e., not collapsed) [252], causing two-phase intermediate

regions (Fig. 6.15c, Fig. 6.31a).

At intermediate salt concentrations (<250 mM NaCl), the system behaviour can be

explained almost entirely by the concentration of the surfactant relative to the salt-

modulated CMC, CMCeff . At surfactant concentrations less than 1×CMCeff (Fig. 6.31c)

viiiChen et al. [252] find that the CAC is ≈0.82 mM.
ixwe observe SDS influencing PNIPAM behaviour above ≈3 mM

203



Chapter 6 Isaac J. Gresham

Csurf < CMCe� CMCe� < Csurf

N
o 

sa
lt

> 
25

0 
m

M
 N

aC
l

< 
25

0 
m

M
 N

aC
l

a) b)

c) d)

e)

PNIPAM

SDS

SDS micelle

Bound ions

Figure 6.31: Schematic of the proposed structure for the PNIPAM-SDS-NaCl system. Here the
system is shown above the (pure-water) CST of PNIPAM. (a) Below the CMCeff in the no-salt
condition, SDS either associates with PNIPAM, swelling it, or does not interact at all [251, 252],
resulting in two-phase volume fraction profiles (Figs. 6.15, 6.30). (b) At concentrations near
and above the CMCeff in the no-salt condition, SDS strongly swells PNIPAM and suppresses
its thermoresponse. (c, d) Moderate ionic strengths promote the growth of micelles, but the
structure of the polymer still scales around the CMCeff . (e) Higher ionic strengths further
promote micelle growth, causing changes in brush structure and mechanical properties that
cannot be explained by the concentration of the surfactant relative to CMCeff . At a particular
ionic strength (around 450 mM NaCl, indicated by the dashed line) we hypothesise that the
geometry of the polymer bound micelles transitions from spherical to rod-like.
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the micelles grow with increasing salt concentration, behaving in much the same way as

the system in pure water with equivalent Csurf/CMCeff . When the surfactant concentra-

tion is greater than 1×CMCeff (Fig. 6.31d) the amount of polymer tethered SDS begins

to increase. Most likely this increase manifests as an increase in micelle size, as it does in

free solution (Fig. 6.5) [226, 233], but could be due to the density of tethered micelles in-

creasing. Either way, the increased amount of SDS inside the brush is due to the screening

of the headgroup charge.

Finally, at high salt concentrations (≥450 mM, Fig. 6.31e), the micelles transition from

spherical to worm-like [215, 216, 233]. As we have not examined the behaviour of different

surfactants at high salt and surfactant concentrations, we cannot comment on whether

the mode of interaction changes from the polymer adsorbing to the micelle surface to

being incorporated into the micelle core. However, the parsimony principle would imply

that the interaction mechanism does not change, and the polymer remains adsorbed to

the surface of the worm-like micelles. In our work, we only probe salt concentrations

up to 500 mM; it is possible that at higher salt concentrations salting-out phenomena

could be observed. At NaCl concentrations of around 1500 mM, the SDS is expected to

precipitate out of solution, forming hydrated crystals [258] (i.e., the surfactant will be

below the Krafft point). The exact point where precipitate begins to form will depend on

the surfactant concentration and system temperature. We make no predictions as to the

ternary system behaviour at these conditions.
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6.6 Conclusion

In this chapter, we have extensively studied the structure and mechanical properties of

behaviourally complex PNIPAM-surfactant systems using a number of surface-sensitive

techniques. The significance of this work can be divided into two sections. The first is

the knowledge gained regarding the interaction of PNIPAM with surfactants, particularly

SDS. The second is that we have demonstrated and field-tested many of the NR techniques

developed throughout this thesis to investigate a complex system.

6.6.1 Understanding PNIPAM-surfactant systems

We have confirmed the behaviour of PNIPAM-surfactant systems reported by phenomeno-

logical studies of the system [239, 241, 242], finding that only anionic surfactants (at least

sulphate-headed surfactants) modify the structure and thermoresponse of PNIPAM. Tech-

niques sensitive to the mass and distribution of the surfactant adsorbed within the brush

revealed that the primary reason for the exceptional behaviour of the anionic system is

that anionic surfactants have an affinity for PNIPAM, while the cationic and nonionic

surfactants studied do not. However, while SDS resulted in more adsorbed charge within

the brush layer than CTAB, the difference in adsorbed charge could not completely ac-

count for the behaviour change. Therefore, the change in behaviour between anionic and

cationic surfactants is due not just to the affinity between polymer and surfactant, but

also their interaction mechanism. CMpoly NR indicates that the SDS:PNIPAM mass bind-

ing ratios of approximately 1:1 in pure water above the CMC, agreeing reasonably well

with the values reported by Mylonas, Staikos, and Lianos [249] and Mears et al. [246],

(0.6 and 0.5, respectively). The difference can be explained by the sensitivity of CMpoly

NR to all polymer-proximal surfactant, rather than just bound surfactant.

The marked difference between the interaction of anionic and cationic surfactants with

PNIPAM implies that the interaction is mediated by the surfactant head-group, rather

than by the surfactant tail as previously reported [248, 252, 254, 280]. These conflicting

models have both been proposed for some time [244], here we have clarified the state

of the art and conclusively shown that anionic surfactants have a greater affinity for

PNIPAM than neutral or cationic surfactants. 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 surface, with the hydrophobic polymer moieties in

contact with the hydrophobic surfactant tail, and the hydrophilic polymer moieties in

contact with the surfactant headgroup. This arrangement is energetically favourable due

to the polymer covering the exposed portions of the micelles hydrophobic core, enabling
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PNIPAM-anchored micelles to form below the solution CMCeff .

We probe the confined behaviour of PNIPAM-SDS systems using the sample envi-

ronment and modelling methodology established in chapter 5. We observe SDS remains

in the brush layer during macroscopic confinement, resulting in a thicker confined layer.

Isotopic substitution of SDS for d-SDS shows extremely high SDS concentrations within

the brush, revealing that the mechanism by which SDS increases the final thickness of

the collapsed brush is steric. We find that the collapsed brush in water and the collapsed

brush in 1.75×CMC
 SDS solution have comparable water fractions. The SDS within

the collapsed layer is concentrated close to the substrate. We hypothesise that this is due

to a top-down collapse of the brush in response to confinement that pushes SDS from the

extremities of the brush towards the substrate, where it becomes trapped.

To further probe the exceptional behaviour of PNIPAM-SDS systems, we have inves-

tigated their behaviour upon the addition of an electrolyte (NaCl). We find that below

500 mM NaCl the PNIPAM structure (i.e., the volume fraciton profile) scales with the salt-

modulated CMCeff . However, QCM-D shows that the mechanical properties of the system

do not scale around the CMCeff , with the addition of NaCl below 500 mM resulting in

the brush becoming stiffer. At 500 mM NaCl, a step-change is observed by all techniques;

we hypothesise that this is due to the transition of the SDS micelles from a spherical to

a worm-like geometry both within the brush and in free solution. Previous studies have

reported that this transition occurs for SDS micelles in solution at 450 mM NaCl [215,

216, 233]. We also find that the PNIPAM-SDS appears to resist the classic salting-out

phenomena associated with polyelectrolytes. We hypothesise that this is due to an in-

crease in salt concentration, allowing more SDS to adsorb to an individual polymer chain.

The addition of SDS molecules increases the number of polymer-associated counter-ions

and water molecules, promoting further swelling. We note that the QCM-D experiments

described in this chapter would benefit from a modelling approach that provides deeper

insight into mechanical properties as a function of distance from the substrate, and allows

adsorbed surfactant mass to be determined independently of brush structure.

We find that, although the structure and swelling behaviour of PNIPAM-SDS systems

can be compared to that of a polyelectrolyte, they do not behave identically. Most no-

tably, their lack of salting-out behaviour and the different mechanism through which they

resist confinement (compared to Abbott et al. [79]) distinguish them from conventional

polyelectrolytes.
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6.6.2 Demonstration of improved NR analysis

In this chapter, we have applied the NR analysis techniques developed in chapters 4 and 5

to answer open questions about specific both polymer brush behaviours and polymer-

surfactant phenomena more generally. The freeform model developed in chapter 4 allowed

for the determination of the brush structure in systems where there was no existing the-

oretical description of its behaviour. In this analysis, the model parameter bounds were

informed by the transient nature of the interior layer uncovered through the character-

isation in chapter 2. Similarly, the SLD range and the relationship between V̂I and dry

thickness for PNIPAM were drawn from findings in chapter 3.

Furthermore, the adaptation of the freeform model from chapter 4 (appendix J1) en-

ables the determination of surfactant volume fraction profiles in the CMpoly experiments

(Fig. 6.17, 6.30). This is particularly valuable, as the prior information regarding the dis-

tribution of surfactants within polymer brushes is minimal. The value of the PT-MCMC

approach introduced in chapter 4 was also demonstrated here. When determining the

distribution of adsorbed surfactant, PT-MCMC sampling revealed a multimodal solution

space (Fig. 6.19), allowing us to select the profile that best agreed with prior FAOR and

QCM-D studies. The final profiles were not those that were located by a differential

evolution optimisation.

Lastly, the confinement apparatus and modelling methodology in chapter 5 enable

the study of confined PNIPAM-SDS systems. We combine the confinement model and

freeform model (appendix J1) to describe the SLD profile of d-SDS trapped within the

collapsed brush, revealing mechanistic details regarding the confined system.

Hence, the work in this chapter demonstrates the need for and usefulness of improved

reflectometry analysis methods in understanding the behaviour of complex brush systems.
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7.1 Conclusions

This thesis has detailed analysis techniques and experimental methods that improve our

ability to resolve the structure of solvated polymer brushes and enable the study of more

complex brush systems using NR. In chapters 2 and 3, we used NR to better understand

the formation and unsolvated behaviour of PNIPAM brushes prepared via ATRP. In

chapters 4 and 5, we developed new modelling techniques to allow the structure of the

brush to be rigorously determined in both solvated and confined conditions. Finally, in

chapter 6 the findings from chapters 2 and 3 and techniques from chapters 4 and 5 are

brought together to study the behaviour of complex PNIPAM-surfactant systems.

In chapter 2, control over the grafting density is demonstrated before a novel in situ

observation of the polymerisation is conducted by NR. Successful in situ observation of

polymer growth required adjustment of instrument angle and resolution, as well as reac-

tion conditions. While decreasing grafting density lowers the growth rate of interfacial

volume during polymerisation, it does not remove the interior layer observed by previous

NR experiments. As this interior layer is not observable in either dry or solvated states

before the polymerisation, it must be formed from surface-adsorbed polymer chains. Un-

derstanding the origin of the interior layer contextualises and explains the volume fraction

profiles reported by previous NR work [20, 22, 73, 85, 101–104].

In chapter 3, the solvation and thickness of dry PNIPAM brushes are studied as

a function of temperature and relative humidity. Dry PNIPAM brushes are found to

exhibit a thermoresponse, expelling water at higher temperatures, which becomes more

pronounced as relative humidity is increased. A maximum change in thickness with

temperature of approximately 10 % was observed between 20 and 40 ◦C. The careful study

of the dry PNIPAM film confirms that the amide in PNIPAM deuterates in the presence

of D2O [82]. The SLD for both deuterated and undeuterated PNIPAM is determined.

The relationship between the hydration of the layer and the relative humidity, as well

as knowledge of the PNIPAM SLD, allows for the interfacial volume to be accurately

determined in later chapters.

Chapter 4 introduces the freeform brush model, which is the core contribution of this

thesis to the analysis of solvated polymer brush NR data. This model allows for the effi-

cient implementation of sensible assumptions, such as profile monotonicity and constant

interfacial volume, without making unreasonable assumptions regarding the shape of the

volume fraction profile. The model is paired with PT-MCMC sampling, enabling the

method to evaluate the parameter posterior probability distribution; this represents the

most rigorous statistical treatment of polymer brush NR data to date. The method can
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identify multimodality in the modelled volume fraction profiles, ensuring that all viable

profiles are made known to the user. PT-MCMC sampling from objectives with differ-

ing interfacial volume bounds reveals that knowledge of the interfacial volume is crucial

to the robust determination of polymer brush structure, emphasising the importance of

the characterisation in chapter 3. To demonstrate this method, it is used to analyse a

PNIPAM brush undergoing its characteristic thermoresponse in water.

Chapter 5 introduces a confinement apparatus capable of subjecting thin films to uni-

form molecular confinement. This apparatus is used to investigate the structure of a

PNIPAM brush under mechanical confinement as a function of temperature. The pres-

ence of dust between the confining membrane and the substrate means that a novel

‘distribution model’ is required to model data collected using this technique. To guide

our NR experiments, we use nSCFT to simulate a thermoresponsive polymer under dif-

fering degrees of confinement and analyse AFM data from existing literature using a

Derjaguin inspired modelling process. NR and nSCFT find that confining stress results

in the polymer brush density profile becoming slab-like, losing its characteristic parabolic

profile. Confined PNIPAM is still found to exhibit a thermoresponse, exhibiting a change

in thickness of around 10 % between 20 and 40 ◦C. Significant hysteresis in the confined

swelling behaviour is observed by NR but not for AFM. We hypothesise that this is due

to the time-scales associated with each experiment and the stability of the extremely

collapsed PNIPAM layer, analogous to the partial vitrification phenomenon observed in

free-polymer.

Chapter 6 brings together the techniques and findings from chapters 2-5, focusing

them on the PNIPAM-surfactant system. The freeform model developed in chapter 4

is used to determine the PNIPAM volume fraction profile in surfactant systems, where

there is no existing theoretical description of its behaviour. In this analysis, the model

parameter bounds were informed by the transient nature of the interior layer uncovered

through the characterisation in chapter 2. Similarly, the SLD range and the relationship

between interfacial volume and dry thickness for PNIPAM were drawn from findings in

chapter 3. The freeform model was also adapted to enable the determination of surfactant

volume fraction profiles. This model-free approach was particularly valuable here, as the

distribution of surfactants within polymer brushes has not been previously studied. The

PT-MCMC approach from chapter 4 was used to great effect, revealing multimodal solu-

tion spaces for the surfactant structures, thereby allowing the surfactant volume fraction

profile that best matched our complimentary experiments to be selected and honestly

communicating the information contained in the neutron reflectometry data. Finally, the

confinement apparatus and modelling methodology from chapter 5 were used to study

confined PNIPAM-SDS systems.
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The confluence of techniques in chapter 6 advances our understanding of PNIPAM

surfactant systems. System behaviour was found to scale around the surfactant concen-

tration relative to the CMC, with the effect of surfactant on PNIPAM plateauing after

this point. The phenomenological reports of only anionic surfactants affecting PNIPAM

conformation are confirmed by our detailed structural measurements, implying that the

PNIPAM-surfactant interaction is mediated by the surfactant head-group, rather than by

the surfactant tail as often reported. Current experiments are sensitive to the adsorbed

mass of surfactants, conclusively showing that the remarkable effect of anionic surfactants

is due to their greater affinity for PNIPAM, compared to neutral or cationic surfactants.

We suggest that the polymer adsorbs onto the micelle surface, with the hydrophobic poly-

mer moieties in contact with the hydrophobic surfactant tail and the hydrophilic polymer

moieties in contact with the surfactant headgroup. When confined, the SDS was shown

to SDS remain in the brush layer, contributing to layer swelling through excluded volume

effects.

At NaCl concentrations below 500 mM the polymer volume fraction profile was sen-

sitive to the surfactant concentration relative to the salt-modulated , CMCeff . However,

QCM-D and NR show that the adsorbed mass and mechanical properties of the system

do not scale around the CMCeff . Instead, NaCl increases the amount of surfactant within

the layer, likely through promoting the formation of larger micelles, resulting in the brush

becoming stiffer. All techniques showed a change in system behaviour at 500 mM NaCl;

we hypothesise that this is due to the transition of the SDS micelles from a spherical to a

worm-like geometry both within the brush and in free solution. Interestingly, PNIPAM-

SDS mixtures resist the classic salting-out phenomena associated with polyelectrolytes,

likely due to an increase in salt concentration allowing more SDS to adsorb to the polymer.

This thesis demonstrates the need for and usefulness of improved reflectometry anal-

ysis methods in understanding the behaviour of complex brush systems. These analysis

methods will empower future NR experiments to better understand and harness the mech-

anisms behind interfacial phenomena in soft-matter systems.

7.2 Future work

The techniques and findings presented here highlights opportunities for future research.

These are briefly outlined below.
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Observation of dynamic polymer behaviour with time-resolved neutron reflec-

tometry

In chapter 2 we demonstrate that time-of-flight NR (performed on PLATYPUS ) can

resolve diffuse structures with time-slices as low as one minute. Time-resolved NR is

a powerful technique that could be used to study other surface-initiated polymerisation

methods or other kinetic processes, such as adsorption of a foulant into a brush layer.

Currently, these experiments can only cover a narrow Q range, but newer instruments

(such as the planned Freia reflectometer at the European Spallation Source) will be able

to cover a much wider Q range while improving time resolution. If we performed the

kinetic measurements described in chapter 2 on such an instrument, we would be able

to describe the volume fraction profile at each step in the synthesis using the freeform

model in chapter 4. This level of structural resolution could be key in observing complex

dynamic phenomena such as the top-down collapse of a polymer brush.

Behaviour of dry PNIPAM with humidity and temperature

A repeat of the NR experiment contained within chapter 3 with better control of the

vapour temperature is required to verify conclusions drawn from the QCM-D study in

the same chapter. This experiment would potentially be able to conclusively observe

a type II phase transition in PNIPAM for the first time. Additionally, the comparison

of experiments at different total pressures would be an interesting way of testing the

suitability of Flory–Huggins theory for thin polymer systems in solvent vapours.

Analysis of neutron reflectometry data collected from diffuse interfaces

The freeform model detailed in chapter 4 is flexible and can be applied to a wide range of

interfaces. It has already been used to model POEGMA brushes in mixed salt solutions

[73, 85] and non-monotonic copolymer brushes [102, 263]. We also used a modified version

of this model to describe the surfactant volume fraction profile within a polymer brush in

chapter 4.

The code required to implement this model is freely available online, as are examples

of its use. We envisage uses for the model and PT-MCMC treatment of NR data for a

number of soft-matter substrates, including studies of more complex brush systems and

multi-layer adsorption phenomena. We anticipate that as computing power becomes more

accessible, both freeform modelling and Monte Carlo techniques, which trade off user

time for computation time, will become more widespread. The methodology outlined

in chapter 4 can easily by deployed to compute clusters for the timely fitting of large
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reflectometry datasets.

Observation of confined polymer behaviour

The confinement cell and corresponding analysis methodology presented in chapter 5

are one of the only methods available to researchers seeking to understand the confined

structure of soft, thin films. However, as it stands the method is held back by the minimum

attainable confining stress of approximately 1 bar. At 1 bar, all of the layers we observe

are almost completely collapsed. This is true also for the polyelectrolyte layers observed

with a similar technique by Abbott et al. [79]. This minimum pressure is likely the result

of the mechanical properties of the PET membrane used. A membrane with a lower

elastic modulus would likely enable lower confining stresses to be probed. Furthermore,

a method of performing simple confinement experiments without the requirement of a

neutron beam would greatly accelerate the development of such sample environments.

The confinement study in chapter 6 raises questions regarding the difference between

macroscopic and microscopic confinement, as it is likely that there is a confinement length-

scale where surfactant would be able to escape the polymer layer. This is primarily

related to the mass transfer of the solvent into and out of the confined surface. A better

understanding of the interdependence of confinement area and time scale could be probed

through the use of a patterned confining membrane (e.g., 1 mm wide, 100 µm deep channels

in a 5 × 5 mm grid). A patterned membrane could would reduce the effective confined

area. The analysis method outline in chapter 5 would be able to account for the signal

produced by such a sample.

PNIPAM-surfactant systems

To further investigate the mechanism behind the PNIPAM-SDS interaction, the range

of surfactant head-groups studied could be expanded. Of particular interest would be a

series of carboxylic acids, from acetic acid to steric acid. The carboxylic acid series would

allow comparison between the salting-out behaviour of formic and acetic acid [20] and

the apparent swelling induced by surfactants. Observing the behaviour of a homologous

series would grant insight into the mechanisms by which salts and surfactants affect brush

structure.
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A Tabulated SLD values

The SLD values used in this thesis are collated below. Values determined from the density

and molecular formula of compounds are indicative only; there were not used for detailed

calculations.

Table A1: Tabulated SLDs of materials used in this thesis.

Compound SLD, Å
−2

Compound SLD, Å
−2

Si 2.07a PET 2.57b

SiO2 3.47a SDS 0.28b

H2O −0.56a d-SDS 6.16b

CMpoly 0.809b CTAB −0.45b

D2O 6.34a d-CTAB 6.66b

d-MeOD 5.80b C12E5 0.02b

PNIPAM 0.72c d-C12E5 4.18b

PNIPAM∗ 1.25c

ataken from literature
bcalculated from density and molecular formula
cexperimentally derived
∗ for PNIPAM with a deuterated amide
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B Definition of χ2

χ2 is used to refer to the sum of errors squared — it should not be confused with the

Flory–Huggins interaction parameter, χ. Where χ2 is referred to in the manuscript, it is

calculated using the following formula

χ2 =
L∑
n=1

(yn − ymodel,n

σn

)2

(B1)

where yn is the measured data point, ymodel,n is the corresponding model value and σn

is the statistical error on yn. The reduced χ2 is the χ2 divided by the total number of

datapoints.
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C In situ polymerisation method development

Due to the relative novelty of time-resolved NR in general, and observation of polymer

synthesis with NR in particular, details regarding the method development and sugges-

tions for future experiments are included below.

C1 Neutron Reflectometry

Initially, we attempted to observe the development of the polymer layer at an angle of

2◦ in order to reach a higher Q; however, when reduced at the desired time-resolution

(<5 min) the majority of the collected signal was below background. While changes in

the collected reflectometry profile were observed early on in the polymerisation, there was

no significant difference observed after ≈10 min. We subsequently measured the reflection

at an angle of 0.8◦, which produced the data shown in Fig. 2.9 (in situ sample 1). The

maximum temporal resolution we could achieve at 0.8◦ was one minute.

C2 Solution exchange

After the success of sample 1, the polymerisation recipe was revised to more closely

match that used in the rest of this thesis (Table 2.1). Four different grafting densities

(100, 75, 50 and 25 %) were prepared and in situ syntheses were carried out with identical

polymerisation mixtures. These subsequent samples tended to feature more regions where

no polymer had grown; presumably these spots had been the location of a bubble. These

bubbles were quite large, and in the case of the 75 and 50 % experiments resulted in the

corresponding data being discarded. Bubbles were not a problem for the first round of

in situ polymerisation experiments, of which sample 1 was the culmination. One key

difference between the two experiments was that sample 1 was first filled with a 2:3

D2O:d-MeOD mix before being placed on the sample stage and aligned, while samples

2 and 3 were first filled with D2O. The wafer’s surface after the bromination step is

hydrophobic; if D2O is the first liquid that is injected into the cell after assembly, the

formation of static bubbles will be favoured due to the high surface tension. Conversely,

if alcohol (or an alcohol mix) is injected, the lower surface tension will allow the removal

of large bubbles from the cell, leading to a less patchy surface. For future experiments, we

recommend that the cell first be filled with pure ethanol, to assist in displacing bubbles

from the hydrophobic initiator surface, before the desired solution is injected.

Another reason for the evenness of the polymer layer may have been the difference in

polymerisation solution volume exchanged with the cell. In synthesis 1, 5 mL of polymeri-
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sation volume was pumped into the cell, while 3 mL was used for subsequent syntheses.

The time taken to pump the solution was the same (2 min), so it is possible that a com-

bination of the volume of the solution and the rate that it was transferred resulted in a

better exchange of the polymerisation solution with the D2O:d-MeOD that was already in

the cell. For future experiments, we recommend that the polymerisation solution volume

is no less than 5 mL and is pumped into the cell at a rate of no less than 2.5 mL min−1.
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D Determining Tvap in chapter 3

The NR results in chapter 3 are complicated by uncertainty in the relevant vapour tem-

perature. During the design of the experiment it was assumed that Tvap = Tsamp. This

assumption was considered reasonable, as the mean-free path of a water molecule at a

partial pressure of 10 mbar and 25 ◦C is approximately 1 µm. However, there are numer-

ous reasons that this assumption may not have been reasonable, most notably convective

mass transfer due to the temperature gradients within the cell. The cell’s external tem-

perature was not logged, but was measured manually to ensure that it was above the

saturation temperature of the D2O vapour. The sample environment was initially at

room temperature (low vapour pressure) with a final temperature of 32 ◦C (high vapour

pressure). In Chapter 3 we use Equation 3.4 to calculate the effective D2O saturation

pressure (and hence the RH, through Eq. 3.1). This treatment produces the results in

Figure 3.9, which agree well with collected QCM-D data. The temperature of the vapour

according to Equation 3.4 is shown in Figure 3.8.

However, if we take Tvap = Tsamp when calculating relative humidity, Figure D1 is

produced. Figure D1 indicates that the thermoresponse of PNIPAM is inverted (i.e., a

greater affinity for water at high temperatures), which contradicts the typical thermore-

sponse (i.e., a greater affinity for water at low temperatures) observed by QCM-D in

Figure 3.6. To reconcile the QCM-D and NR experiments one or more of the following

assumptions made for the NR experiment must not hold:

1. Film thickness is sensitive only to RH (i.e., independent of total pressure); or

0 20 40 60 80 100
pD2O

psat
D2O(Tsample) × 100%

170

180

190

200

th
ick

ne
ss

, Å

20 °C
25
27.5
30

32.5
35
40

1.00

1.05

1.10

1.15

1.20

sw
el

lin
g 

ra
tio

Figure D1: Thickness (left axis) and corresponding SR (right axis) as a function of RH assuming
that the relative vapour temperature is a the sample temperature.
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2. The phase behaviour of PNIPAM at high polymer volume fractions is comparable

for D2O and H2O systems; or

3. Tvap is equal to Tsamp

Assumption 1 is used in many studies of the response of thin films to humidity [75,

78, 116, 124, 126, 281] (although it must be noted that other experiments are conducted

at atmospheric pressure). Furthermore, assumption 1 is based on the common thermody-

namic assumption that each species in the gas phase behaves independently of all other

species at low pressures.i Similarly, there is good reason to believe that assumption 2

holds. Widmann et al. [82] investigate PNIPAM microgel films in H2O and D2O, and

while they observe differences in the swelling kinetics and ultimate hydration of the films

between H2O and D2O, the film responds in the same manner to both solvents. Studies of

PNIPAM in liquid D2O and H2O environments report that the films respond in much the

same way, with the CST observed at the same temperature [20, 68, 276]. Given the evi-

dence for the validity of assumptions 1 and 2, we conclude that the discrepancy between

QCM-D and NR data is due to assumption 3.

As such, we produced a semi-empirical equation to define the vapour temperature as

a function of both the sample and environment temperature (Eq. 3.4). The coefficients

in Equation 3.4 were chosen as the surface area of the sample environment exterior was

approximately three times larger than the heated sample/sample stage. This relationship

yields the vapour temperature trend shown by the thin line in Figure 3.8a. Using this

approximation for Tvap Figure 3.9 is attained, which closely resembles the trend observed

by QCM-D in Figure 3.6d. It is emphasised that while the temperature given by Equa-

tion 3.4 is a good attempt at an approximation for the true vapour temperature, it was

chosen as it produced similar results to the QCM-D experiment. As such, all Figure 3.9

shows is that it is possible that the QCM-D and NR experiments could be compatible,

given the failure of assumption 3. However, without further experimentation we cannot

rule out contributions from the failure of either assumptions 1 or 2. We believe that, were

the NR experiment rerun with the temperature of the sample environment controlled to

match that of the sample, a trend similar to that in Figure 3.9 would be produced.

iatmospheric pressure is considered low-pressure in this context
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E Wafer characterisation

Brushes studied with NR were extensively characterised before they were modelled to

ensure that samples were of high enough quality for NR analysis, and to enable the

provision of detailed prior distributions to the modelling process.

Shown overleaf are corner plots (Fig. E1, Fig. E2, E4 and E7) from the co-refining

[143] of data from the PNIPAM brush in air, D2O, and a PNIPAM contrast-matched

H2O:D2O mix (CMpoly); the solvated measurements were conducted at 40 ◦C. The corner

plots shown for the wafer used as the exemplar in chapter 4 are shown in more detail, to

better illustrate the process by which V̂I is extracted from the characterisation (Fig. E1).

Silica parameters are shown in a separate corner plot to enhance clarity (Fig. E2). In

the CM dataset the main contribution to the reflectometry profile comes from the native

oxide layer, so this contrast is particularly well suited to determining its structure. The

D2O dataset was included to enable the porosity of the silica layer to be determined. The

dry dataset provides another distinct contrast to refine the silica layer against, and allows

for the dry thickness to be determined. The interfacial volume is approximated by first

determining the fraction of solvent in the dry film, taking the SLD of pure PNIPAM as

0.72× 10−6 Å
−2

. The dry thickness is then multiplied by the polymer fraction in the dry

film to yield the interfacial volume (Fig. E1). An exemplar of the silica layer structure

produced by this process is shown in Fig. E3, and indicates that there is a broad transition

between silicon and the native silica layer. Here, the roughness is approximately half the

thickness of the oxide layer, which changes the effective SLD of the silica layer. While it

would have been possible to constrain the roughness, this would have placed unjustified

assumptions on the structure of the silica layer.

Characterisation of the wafers used for the confined surfactant experiment in chapter 6

was performed using the dry dataset, as measurements in CMpoly were not performed on

this wafer. The prior distribution for the wafers in the confined study did not need to

be determined with the same precision, as the parameter of interest (separation between

substrate and confined layer) produced very clear features in the reflectometry profile.

We also include ellipsometic thickness maps (Fig. E8 and E9, Fig. E10, Fig. E10,

Fig. E12) to show that the surfaces studied by NR are of adequate uniformity.
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Figure E1: Corner plot of important prior parameter distributions (related to the polymer
layer) for the wafer used for the exemplar dataset in chapter 4 and in the SDS and C12E5

NR measurements in section 6.3. Distributions determined by PT-MCMC as per the method
outline in chapter 4. The plot for the dry PNIPAM solvent fraction and dry PNIPAM SLD is
not shown as the former distribution was calculated directly from the latter; as such, there is no
information in the plot of their covariance. The red lines in the diagonal plots are the truncated
normal distributions used to encode the prior distribution in the model.
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prior distribution in the model.
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Figure E3: Volume fraction profile of the silica native-oxide layer, derived from characterisation
shown in Figure E2. The thickness and SLD distributions are shown above in Figures E1 and
E1. The red lines in the diagonal plots are the truncated normal distributions used to encode
the prior distribution in the model.
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red lines in the diagonal plots are the truncated normal distributions used to encode the prior
distribution in the model.
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Figure E6: Corner plot of important prior parameter distributions for the wafer used for the
confined 25 ◦C 5 bar NR measurements in SDS in section 6.4, as determined by an MCMC
treatment of the dry dataset (initialised from an optima found by differential evolution). The
red lines in the diagonal plots are the truncated normal distributions used to encode the prior
distribution in the model.
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Figure E7: Corner plot of important prior parameter distributions for the wafer used for SDS-
NaCl NR measurements in section 6.5. Distributions determined by PT-MCMC as per the
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Figure E8: Ellipsometry map of the wafer used for the exemplar characterisation in chapter 4
and for measurements in SDS and C12E5 in section 6.3.
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Figure E9: Ellipsometry map of the wafer used for measurements in CTAB and DTAB in
section 6.3.

230



Chapter Understanding brushes via improved reflectometry analysis

40 20 0 20 40
x, mm

40

20

0

20

40
y,

 m
m

162.5
165.0
167.5
170.0
172.5
175.0
177.5
180.0
182.5

th
ick

ne
ss

, Å

Figure E10: Ellipsometry map of the wafer used for confined PNIPAM-SDS (1 bar 35 ◦C) studied
in section 6.4.
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Figure E11: Ellipsometry map of the wafer used for confined PNIPAM-SDS (5 bar 25 ◦C) studied
in section 6.4.
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Figure E12: Ellipsometry map of the wafer used for PNIPAM-SDS-NaCl studies in section 6.5.
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F refellips

Currently there is no open-source package for the analysis of ellipsometry data. This

lack of software prevents researchers who do not have access to an expensive Woollam

ellipsometer from accessing advanced modelling techniques, and results in ellipsometry

techniques being less accessible than they otherwise would be given the simplicity of the

instruments involved (compared to XRR and NR). This is particularly true for solvated

systems, which often require reasonably complex analysis approaches. It is for this reason

that we have created refellips , a package that allows for the modelling of ellipsometry data

within refnx . refellips is currently in development by Hayden Robertson, Isaac Gresham,

and Andrew Nelson. The latest version can be found on GitHub.ii

The premise of refellips is to replace components of the refnx reflectometry calcu-

lation backend to make it capable of modelling ellipsometry data. The most significant

change is the replacement of the Abeles transfer matrix with the optical transfer matrix of

Byrnes [260]. Other more minor adaptations had to be made. refnx represents interfacial

structure as a series of uniform slabs; layers with a thickness, roughness, volume frac-

tion, real SLD and imaginary SLD. In refnx the structure assembles this set of slabs for

substituent structural elements (i.e., the freeform model used in chapter 4), and provides

it to ReflectModel, which calculates the corresponding reflectometry profile. We leave
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Figure F1: Comparison of simulated ellipsometry data from refellips and wvase (a conventional
ellipsometry analysis package). Simulated profiles correspond to a 150 Å PNIPAM brush on a
silicon substrate, with a 20 Å silica native oxide layer. Data is given as a function of angle of
incidence with a fixed wavelength of 658 nm.

iihttps://github.com/haydenrob/refellips
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the physical slab parameters untouched, replacing the real SLD with RI and imaginary

SLD with the extinction coefficient; we do this by modifying the SLD component in refnx .

Changes to ReflectModel, ReflectDataset and Objective were also required to enable

the analysis of multi–angle, multi–wavelength ellipsometry.

The advantage of this approach is twofold. Firstly, any structural model from refnx

is usable in refellips with little or no modification. Secondly, the powerful optimisation

and uncertainty quantification tools available in refnx work by default in refellips . This

allows advanced, well–tested analysis methods to be applied to ellipsometry data. We

demonstrate this in Figure 6.23, where the freeform model we developed for analysis of

polymer brush NR data is applied to ellipsometry data.

In Figure F1 we show that refellips and wvase (a conventional ellipsometry analysis

package) produce identical output for a test system of a dry 150 Å PNIPAM brush on a

20 Å silica oxide layer.

Further development of this package will enable anyone to apply advanced statistical

techniques (such as MCMC) and custom structures (such as FreeformVFP) to ellipsome-

try data collected from any ellipsometer. We plan to construct refellips such that it does

not modify the underlying refnx install — this would enable corefinement of ellipsometry,

XRR and NR datasets. It is anticipated that this code will be fully described in a future

publication.
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G Implications of variable partial volumes (non-ideal

mixing)

In typical analysis of NR data, component SLDs are assumed not to change between

experimental conditions, requiring the assumption of constant molar volume, as

ρ =
B

Vm

(G1)

where B is the sum of the bound coherent scattering lengths of the component and Vm is

the component’s molecular volume.

The consequences of relaxing the assumptions behind this simplification are investi-

gated by examining increasingly complex cases, namely:

1. constant volume, continuous solvent (typical)

2. variable volume, continuous solvent

3. variable volume, discrete solvent

Constant volume, continuous solvent

In this simple case (Fig. G1d), the volume of the polymer repeat units does not change as

a function of their environment, and the solvent is assumed to fill all ‘void’ space around

the polymer — i.e. the presence of the polymer does not change the molecular volume

of the local solvent. This treatment underpins the widely used space filling assumption,

(Eq. 4.7) and results in V̂I remaining constant.

V̂I =

∫
φpoly(z)dz (G2)

This enables an unambiguous transformation between volume fraction profiles and scat-

tering length density profiles. Due to its usefulness, the constant volume continuous

solvent assumption is widely used.

Variable volume, continuous solvent

Here (Fig. G1e), ρp is no longer assumed to be constant. A new parameter, δ, is de-

fined to describe the relationship between the self-solvated molecular volume at standard

temperature and pressure (i.e. the molecular volume of the ‘dry layer’) to the molecular
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Figure G1: Schematic of the physical structure behind each of the examined treatments of the
molar volume problem. (a, b) The dry system is a constant SLD layer of pure polymer containing
a set number of polymer units. There are several ways of treating the solvation of this layer.
The simplest (c, d) is to assume that the polymer repeat units do not change size and that the
solvent is a continuous medium that fills all space around the polymer. However, the volume
of the polymer units may change upon solvation (e, g) and the presence of the polymer may
change the packing of individual solvent molecules (f, g).
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volume at some other condition (i.e. the molecular volume in water).

Vm,sp = δVm,p (G3)

giving

ρsp =
ρp

δ
(G4)

This introduces an unknown into the equation 4.7

ρ(z) = φ(z)
ρp

δ
+ [1− φ(z)]ρs (G5)

and obviously changes the effective interfacial volume

V̂I,eff = δV̂I (G6)

Whilst seldom explicitly acknowledged, variable volume is often accounted for by al-

lowing the SLD of the interfacial material to vary within sensible bounds.

Variable volume, discrete solvent

Here (Fig. G1g), the variable volume case is compounded with a non-continuous solvent,

where it is possible that the presence of the polymer changes the local solvent density.

This cannot be treated in the same way as a variable monomer volume as the solvent

will have a different SLD within and outside of the polymer layer. This is potentially

workable for well defined layers, but impossible to implement for diffuse interfaces. A

better solution is to introduce a void component, Ω(φ), into equation 4.7. Ω(φ) represents

the change in density of the solvent as a function of polymer concentration; a negative Ω(φ)

means tighter solvent packing, whilst positive values correspond to poorer packing (i.e.

the formation of clathrate cages). This approach requires the definition of an additional

function, further complicating the model. Combining this with the approach from case 2

yields

ρ(z) = φ(z)
ρp

δ
+ [1− φ(z)]

ρs

Ω
(
φ(z)

) (G7)

This introduces too much model freedom, as the change in polymer and solvent molec-

ular volume upon mixing is almost impossible to quantify. As such, it is seldom acknowl-

edged in current literature.
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Figure G2: (a) SLD profile and (b) corresponding VF profiles based off varying polymer SLD
as a fraction of the fitted SLD. The derived volume fraction profile is insensitive to changes in
polymer SLD up to ±50%.

Sufficient freedom

In the absence of any concrete knowledge of δ or Ω(φ), these parameters simply contribute

to model freedom. δ essentially scales the VF and SLD profiles — it does not change their

shape (Fig. G2) — whilst Ω(φ) adds freedom to the SLD profile. These freedoms are

important in ensuring that the model can replicate the observed structure, as discussed in

Section 4.1.1, but in practice introducing these parameters in a model will likely further

obfuscate results.

The effect of an unknown δ can be replicated by allowing the component SLD and V̂I

to vary, whilst an unknown Ω(φ) does not add any more freedom than is already available

in FreeformVFP. For the model and analysis proposed in the main text any structural

contribution that could be made by δ and Ω can already be produced by a combination

of the parameter bounds and the freeform model.

It must be acknowledged that if a rigid analytical or geometric model is being used to

represent the interface then it may be required to include a sensibly defined Ω(φ) to ensure

that the model has enough form-freedom, i.e. non-ideal polymer-solvent interaction could

cause the SLD profile to differ from its theoretical shape. The uncertainty regarding the

change in partial molar volume upon polymer solvation and the affect that the polymer

has on the local solvent molar volume is another reason why freeform models are preferable

in the modelling of these interfaces.

Implications for model output

We can be confident that the model definition in section 4.2.1 does not preclude the

structure of best fit, hence from here on it is assumed that the SLD profile produced
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by the model is the SLD profile of best fit. The effect of variable monomer volume on

the model output is examined by calculating VF profiles from SLD profiles with different

SLD values. Even variations in the polymer SLD of ±50% do not meaningfully change the

polymer volume fraction profile (Fig. G2), as the difference in SLD between the polymer

and the solvent is large relative to these variations. As a result, uncertainty regarding the

molar volume of polymer and solvent upon their mixing does not change the methodology

presented here or the physical significance of the results.
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H QCM-D time-series

Here the raw ∆f and ∆D signals for the various QCM-D experiments included in this

thesis are presented as a function of time. These are included to give the reader an un-

derstanding of the adsorption kinetics. The data presented in the thesis is taken from

the difference between the average signal over the final minute of the condition of interest

and the average signal over the final minute of the subsequent control condition. We

generally correct for changes in solution density and viscosity (which are always minimal)

and adsorption to the substrate by subtracting the signal from a bare silicon wafer from

the signal of interest. An example of this treatment is shown in Figure 6.11. The final

measurements are not performed under flow; small signal deviations may be noticed ap-

proximately halfway though sample/control conditions where the pump has been turned

off.

H1 Surfactant identity

The following pages contain raw ∆f and ∆D signals (3rd overtone) for QCM-D experi-

ments in the surfactant identity study.
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Figure H1: Raw QCM-D data for SDS datapoints in Figure 6.11, showing change in (top)
frequency and (bottom) dissipation with time as SDS concentration is varied.
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Figure H2: Raw QCM-D data for CTAB datapoints in Figure 6.11, showing change in (top)
frequency and (bottom) dissipation with time as CTAB concentration is varied.
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Figure H3: Raw QCM-D data for C12E6 datapoints in Figure 6.11, showing change in (top)
frequency and (bottom) dissipation with time as C12E6 concentration is varied.
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H2 SDS temperature sweep

The following pages contain raw ∆f and ∆D signals for QCM-D experiments in the SDS

temperature sweep study.
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Figure H4: Raw QCM-D data from 0 mM SDS datapoints in Figure 6.12, showing change in
(top) frequency and (bottom) dissipation with time as temperature is varied. Lighter lines show
original signal, while darker lines show the signal less that from the silica wafer, which helps to
remove the effect of temperature from the raw signal. In the data presented in Figure 6.12 the
temperature effect on the frequency and dissipation was removed using the signal-temperature
relationship derived in Figure 1.10
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Figure H5: Raw QCM-D data from 3 mM SDS datapoints in Figure 6.12, showing change in
(top) frequency and (bottom) dissipation with time as temperature is varied. Lighter lines show
original signal, while darker lines show the signal less that from the silica wafer, which helps to
remove the effect of temperature from the raw signal. In the data presented in Figure 6.12 the
temperature effect on the frequency and dissipation was removed using the signal-temperature
relationship derived in Figure 1.10
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Figure H6: Raw QCM-D data from 5 mM SDS datapoints in Figure 6.12, showing change in
(top) frequency and (bottom) dissipation with time as temperature is varied. Lighter lines show
original signal, while darker lines show the signal less that from the silica wafer, which helps to
remove the effect of temperature from the raw signal. In the data presented in Figure 6.12 the
temperature effect on the frequency and dissipation was removed using the signal-temperature
relationship derived in Figure 1.10
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Figure H7: Raw QCM-D data from 7 mM SDS datapoints in Figure 6.12, showing change in
(top) frequency and (bottom) dissipation with time as temperature is varied. Lighter lines show
original signal, while darker lines show the signal less that from the silica wafer, which helps to
remove the effect of temperature from the raw signal.In the data presented in Figure 6.12 the
temperature effect on the frequency and dissipation was removed using the signal-temperature
relationship derived in Figure 1.10
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Figure H8: Raw QCM-D data from 14 mM SDS datapoints in Figure 6.12, showing change in
(top) frequency and (bottom) dissipation with time as temperature is varied. Lighter lines show
original signal, while darker lines show the signal less that from the silica wafer, which helps to
remove the effect of temperature from the raw signal. In the data presented in Figure 6.12 the
temperature effect on the frequency and dissipation was removed using the signal-temperature
relationship derived in Figure 1.10
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H3 SDS-NaCl

The following pages contain raw ∆f and ∆D signals for QCM-D experiments in the

SDS-NaCl study.
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Figure H9: Raw QCM-D data from the PNIPAM-SDS-NaCl study in Figure 6.26, showing
change in (top) frequency and (bottom) dissipation with time as SDS and NaCl concentration
is varied. Changes in SDS concentration are shown on the right axis, while changes in NaCl
concentration are indicated by the coloured regions.
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I Recovery of brush after confinement in section 6.4

After each confinement in section 6.4, the brush was rehydrated in D2O and examined

with NR at 25 and 40 ◦C to ensure that it still behaved as expected. The reflectometry

profiles corresponding to these checks are shown in Figure I1. All checks indicate that the

brush layers survived the repeated confinement steps, remaining thermoresponsive and

maintaining their thickness (evident from the fringe spacing of the 40 ◦C dataset).

10 2 10 1

Q, Å 1

RQ
4 ,

Å
4

Before confinement

After confinement 1

After confinement 2

After confinement 3

After confinement 4

After confinement 5

a)
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After confinement 3

b)

25 °C 40 °C

Figure I1: Reflectometry profiles from the wafers used in the confinement study in section 6.4.
Profiles are acquired at 25 and 40 ◦C after each subsequent confinement. That the reflectometry
profiles do not appear to significantly change indicates that the layer is still thermoresponsive
after confinement and its thickness remains constant.
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J Python code required for replication of analysis

Here the code that was used for the various analysis in this thesis is included to enable

replication of our methodologies and results. For the sake of brevity, only code that is

not available elsewhere is included below. The refnx package is available on GitHub.iii

The refellips package is available on GitHub.iv Additional files required to replicate the

analysis in chapter 5 are available in a Zenodo repository and the supporting information

for reference [282].v The files required to replicate the analysis in chapter 4 are available

in a Zenodo repository.vi Additional tools and resources can be found in the refnxtoolbox

repository on GitHub.vii

J1 Freeform modelling where the adsorbed amount is not known

from chapter 6

In chapter 4 we introduce a freeform model. One of the key features of this model is

that the profile thickness (the extent, E) is scaled based off the adsorbed amount of

material at the interface. This behaviour is extremely useful when modelling polymer

brushes, as V̂I is fixed and the extent of the layer is hard to estimate. However, this model

is not practical for interfaces where it is easier to approximate the extent of the layer

than the adsorbed amount. Furthermore, this model is constructed with the intention of

constraining monotonicity, so the volume fraction of each knot is defined relative to the

previous knot (Eq. 4.3). Once again, this definition is ideal for modelling layers where the

φ is generally expected to be monotonically decreasing, but not those where there is no

such expectation. Consequently, FreeformVFP is not suitable for modelling the volume

fraction profiles in the CMpoly NR experiments in chapter 4.

To enable the analysis of these interfaces we modify the freeform model. The first

modification we make is to parameterise E directly, instead of parameterising it though

V̂I. The second modification is to define the knot volume fractions directly, instead of

defining them relative to the preceding knot, as in Equation 4.3. The method of defining

the z position of knots is identical to that used in the freeform model (Eq. 4.5). These

two modifications remove many of the assumptions from the freeform model that make it

adept at modelling brushes. The constraints placed on the model are the thickness of the

layer and its maximum volume fraction. The model still enforces a volume fraction of 0

iiihttps://github.com/refnx/refnx
ivhttps://github.com/haydenrob/refellips
vhttps://doi.org/10.5281/zenodo.4324394
vihttps://doi.org/10.5281/zenodo.4361678
viihttps://github.com/igresh/refnxtoolbox
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when z = E, an allows for sharp features to be produced from relatively few knots due

to the variable knot spacing. We do not claim that this model is particularly efficient for

modelling surfactants within a brush, but we believe that it is flexible enough to produce

all physically viable structures.

The code for the modified freeform model is provided overleaf.
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� �
1 import numpy as np

2

3 from scipy . interpolate import PchipInterpolator as Pchip

4 from scipy . integrate import simps

5

6 from refnx . reflect import Structure , Component , SLD , Slab

7 from refnx . analysis import Parameters , Parameter , possibly_create_parameter

8

9 import warnings

10

11 EPS = np . finfo ( float ) . eps

12

13 class FreeformVFP_ext ( Component ) :

14 def __init__ ( self , extent , vf , dzf , polymer_sld , name=’’ ,

15 left_slabs=() , right_slabs=() ,

16 interpolator=Pchip , zgrad=True ,

17 microslab_max_thickness=1) :

18 """

19 Parameters

20 ----------

21 extent : Parameter or float

22 The total extent of the spline region

23 vf: sequence of Parameter or float

24 Volume fraction at each of the spline knots , as a fraction of

25 the volume fraction of the rightmost left slab

26 dzf : sequence of Parameter or float

27 Separation of successive knots , will be normalised to a 0-1 scale.

28 polymer_sld : SLD or float

29 SLD of polymer

30 name : str

31 Name of component

32 gamma : Parameter

33 The dry adsorbed amount of polymer

34 left_slabs : sequence of Slab

35 Polymer Slabs to the left of the spline

36 right_slabs : sequence of Slab

37 Polymer Slabs to the right of the spline

38 interpolator : scipy interpolator

39 The interpolator for the spline

40 zgrad : bool , optional

41 Set to ‘True ‘ to force the gradient of the volume fraction to zero

42 at each end of the spline.

43 microslab_max_thickness : float

44 Thickness of microslicing of spline for reflectivity calculation.

45 """

46 super ( FreeformVFP_ext , self ) . __init__ ( )

47

48 assert len ( vf ) + 1 == len ( dzf ) , ( "Length of dzf must be one greater"

49 " than length of vf" )

50

51 self . name = name

52

53 if isinstance ( polymer_sld , SLD ) :

54 self . polymer_sld = polymer_sld

55 else :
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56 self . polymer_sld = SLD ( polymer_sld )

57

58 # left and right slabs are other areas where the same polymer can

59 # reside

60 self . left_slabs = [ slab for slab in left_slabs if

61 isinstance ( slab , Slab ) ]

62 self . right_slabs = [ slab for slab in right_slabs if

63 isinstance ( slab , Slab ) ]

64

65 # use the volume fraction of the last left_slab as the initial vf of

66 # the spline , if not left slabs supplied start at vf 1

67 if len ( self . left_slabs ) :

68 self . start_vf = 1 - self . left_slabs [ - 1 ] . vfsolv . value

69 else :

70 self . start_vf = 1

71

72 # in contrast use a vf = 0 for the last vf of

73 # the spline , unless right_slabs is specified

74 if len ( self . right_slabs ) :

75 self . end_vf = 1 - self . right_slabs [ 0 ] . vfsolv . value

76 else :

77 self . end_vf = 0

78

79 self . microslab_max_thickness = microslab_max_thickness

80

81 self . extent = (

82 possibly_create_parameter ( extent ,

83 name=’%s - extent ’ % name ) )

84

85 # dzf are the spatial gaps between the spline knots

86 self . dzf = Parameters ( name=’dzf - spline ’ )

87 for i , z in enumerate ( dzf ) :

88 p = possibly_create_parameter (

89 z ,

90 name=’%s - spline dzf[%d]’ % ( name , i ) )

91 p . range (0 , 1)

92 self . dzf . append ( p )

93

94 # vf are the volume fraction values of each of the spline knots

95 self . vf = Parameters ( name=’vf - spline ’ )

96 for i , v in enumerate ( vf ) :

97 p = possibly_create_parameter (

98 v ,

99 name=’%s - spline vf[%d]’ % ( name , i ) )

100 p . range (0 , 1)

101 self . vf . append ( p )

102

103 self . zgrad = zgrad

104 self . interpolator = interpolator

105

106 self . __cached_interpolator = {’zeds’ : np . array ( [ ] ) ,

107 ’vf’ : np . array ( [ ] ) ,

108 ’interp ’ : None ,

109 ’adsorbed amount ’ : - 1}
110

254



Chapter Understanding brushes via improved reflectometry analysis

111 def _update_vfs ( self ) :

112 # use the volume fraction of the last left_slab as the initial vf of

113 # the spline , if not left slabs supplied start at vf 1

114 if len ( self . left_slabs ) :

115 self . start_vf = 1 - self . left_slabs [ - 1 ] . vfsolv . value

116 else :

117 self . start_vf = 1

118

119 # in contrast use a vf = 0 for the last vf of

120 # the spline , unless right_slabs is specified

121 if len ( self . right_slabs ) :

122 self . end_vf = 1 - self . right_slabs [ 0 ] . vfsolv . value

123 else :

124 self . end_vf = 0

125

126 def _dzf_to_zeds ( self ) :

127 zeds = np . cumsum ( self . dzf )

128 # Normalise dzf to unit interval.

129 # clipped to 0 and 1 because we pad on the LHS , RHS later

130 # and we need the array to be monotonically increasing

131 zeds /= zeds [ - 1 ]

132 zeds = np . clip ( zeds , 0 , 1)

133 zeds = zeds [ 0 : - 1 ]

134 return zeds

135

136 def _extent ( self ) :

137 # First calculate slab area:

138 slab_height = self . _slab_height ( )

139 difference = float ( self . extent ) - slab_height

140

141 assert difference > 0 , ( "Your slab area has exceeded your adsorbed"

142 " amount!" )

143

144

145 return difference

146

147 def _slab_height ( self ) :

148 height = 0

149

150 for slab in self . left_slabs :

151 _slabs = slab . slabs ( )

152 height += _slabs [ 0 , 0 ]

153 for slab in self . right_slabs :

154 _slabs = slab . slabs ( )

155 height += _slabs [ 0 , 0 ]

156 return height

157

158 def _slab_area ( self ) :

159 area = 0

160

161 for slab in self . left_slabs :

162 _slabs = slab . slabs ( )

163 area += _slabs [ 0 , 0 ] ∗ (1 - _slabs [ 0 , 4 ] )

164 for slab in self . right_slabs :

165 _slabs = slab . slabs ( )
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166 area += _slabs [ 0 , 0 ] ∗ (1 - _slabs [ 0 , 4 ] )

167 return area

168

169 def _vfp_interpolator ( self ) :

170 """

171 The spline based volume fraction profile interpolator

172

173 Returns

174 -------

175 interpolator : scipy.interpolate.Interpolator

176 """

177 self . _update_vfs ( )

178 zeds = self . _dzf_to_zeds ( )

179 vf = self . vf

180

181 # do you require zero gradient at either end of the spline?

182 if self . zgrad :

183 zeds = np . concatenate ( [ [ - 1 . 1 , 0 - EPS ] ,

184 zeds ,

185 [ 1 + EPS , 2 . 1 ] ] )

186 vf = np . concatenate ( [ [ self . start_vf , self . start_vf ] ,

187 vf ,

188 [ self . end_vf , self . end_vf ] ] )

189 else :

190 zeds = np . concatenate ( [ [ 0 - EPS ] , zeds , [ 1 + EPS ] ] )

191 vf = np . concatenate ( [ [ self . start_vf ] , vf , [ self . end_vf ] ] )

192

193 # cache the interpolator

194 cache_zeds = self . __cached_interpolator [ ’zeds’ ]

195 cache_vf = self . __cached_interpolator [ ’vf’ ]

196 cache_adsamt = self . __cached_interpolator [ ’adsorbed amount ’ ]

197

198 # you don’t need to recreate the interpolator

199 if ( np . equal ( float ( self . extent ) , cache_adsamt ) and

200 np . array_equal ( zeds , cache_zeds ) and

201 np . array_equal ( vf , cache_vf ) ) :

202 return self . __cached_interpolator [ ’interp ’ ]

203 else :

204 self . __cached_interpolator [ ’zeds’ ] = zeds

205 self . __cached_interpolator [ ’vf’ ] = vf

206 self . __cached_interpolator [ ’adsorbed amount ’ ] = (

207 float ( self . extent ) )

208

209 interpolator = self . interpolator ( zeds , vf )

210 self . __cached_interpolator [ ’interp ’ ] = interpolator

211 return interpolator

212

213 def __call__ ( self , z ) :

214 """

215 Calculates the volume fraction profile of the spline

216

217 Parameters

218 ----------

219 z : float

220 Distance along vfp
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221

222 Returns

223 -------

224 vfp : float

225 Volume fraction

226 """

227 interpolator = self . _vfp_interpolator ( )

228 vfp = interpolator ( z / float ( self . _extent ( ) ) )

229 return vfp

230

231 def moment ( self , moment=1) :

232 """

233 Calculates the n’th moment of the profile

234

235 Parameters

236 ----------

237 moment : int

238 order of moment to be calculated

239

240 Returns

241 -------

242 moment : float

243 n’th moment

244 """

245 zed , profile = self . profile ( )

246 profile ∗= zed∗∗ moment
247 val = simps ( profile , zed )

248 area = self . profile_area ( )

249 return val / area

250

251 def is_monotonic ( self ) :

252 return np . all ( self . dzf . pvals < 1)

253

254 @property

255 def parameters ( self ) :

256 p = Parameters ( name=self . name )

257 p . extend ( [ self . extent , self . dzf , self . vf ,

258 self . polymer_sld . parameters ] )

259 p . extend ( [ slab . parameters for slab in self . left_slabs ] )

260 p . extend ( [ slab . parameters for slab in self . right_slabs ] )

261 return p

262

263 def lnprob ( self ) :

264 return 0

265

266 def profile_area ( self ) :

267 """

268 Calculates integrated area of volume fraction profile

269

270 Returns

271 -------

272 area: integrated area of volume fraction profile

273 """

274 interpolator = self . _vfp_interpolator ( )

275 area = interpolator . integrate (0 , 1) ∗ float ( self . _extent ( ) )
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276

277 area += self . _slab_area ( )

278

279 return area

280

281 def slabs ( self , structure=None ) :

282

283 cutoff = 5000

284 slab_extent = self . _extent ( )

285

286 if slab_extent > cutoff :

287 warnings . warn ( ’extent > %d, perfoming refl. calc on first %dA.’ %

288 ( cutoff , cutoff ) , RuntimeWarning )

289

290 slab_extent = cutoff

291

292 num_slabs = np . ceil ( float ( slab_extent ) / self . microslab_max_thickness )

293 slab_thick = float ( slab_extent / num_slabs )

294 slabs = np . zeros ( ( int ( num_slabs ) , 5) )

295 slabs [ : , 0 ] = slab_thick

296

297 # give last slab a miniscule roughness so it doesn’t get contracted

298 slabs [ - 1 : , 3 ] = 0 .5

299

300 dist = np . cumsum ( slabs [ . . . , 0 ] ) - 0 . 5 ∗ slab_thick

301 slabs [ : , 1 ] = self . polymer_sld . real . value

302 slabs [ : , 2 ] = self . polymer_sld . imag . value

303 slabs [ : , 4 ] = 1 - self ( dist )

304

305 return slabs

306

307 def profile ( self , extra=False ) :

308 """

309 Calculates the volume fraction profile

310

311 Returns

312 -------

313 z, vfp : np.ndarray

314 Distance from the interface , volume fraction profile

315 """

316 s = Structure ( )

317 s |= SLD (0 )

318

319 m = SLD ( 1 . )

320

321 for i , slab in enumerate ( self . left_slabs ) :

322 layer = m ( slab . thick . value , slab . rough . value )

323 if not i :

324 layer . rough . value = 0

325 layer . vfsolv . value = slab . vfsolv . value

326 s |= layer

327

328 polymer_slabs = self . slabs ( )

329 offset = np . sum ( s . slabs ( ) [ : , 0 ] )

330
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331 for i in range ( np . size ( polymer_slabs , 0) ) :

332 layer = m ( polymer_slabs [ i , 0 ] , polymer_slabs [ i , 3 ] )

333 layer . vfsolv . value = polymer_slabs [ i , - 1 ]

334 s |= layer

335

336 for i , slab in enumerate ( self . right_slabs ) :

337 layer = m ( slab . thick . value , slab . rough . value )

338 layer . vfsolv . value = 1 - slab . vfsolv . value

339 s |= layer

340

341 s |= SLD (0 , 0)

342

343 # now calculate the VFP.

344 total_thickness = np . sum ( s . slabs ( ) [ : , 0 ] )

345 if total_thickness < 500 :

346 num_zed_points = int ( total_thickness )

347 else :

348 num_zed_points = 500

349 zed = np . linspace (0 , total_thickness , num_zed_points )

350 # SLD profile puts a very small roughness on the interfaces with zero

351 # roughness.

352 zed [ 0 ] = 0 .01

353 z , s = s . sld_profile ( z=zed )

354 s [ 0 ] = s [ 1 ]

355

356 # perhaps you’d like to plot the knot locations

357 zeds = self . _dzf_to_zeds ( )

358 zed_knots = zeds ∗ float ( self . _extent ( ) ) + offset

359

360 if extra :

361 return z , s , zed_knots , self . vf

362 else :

363 return z , s� �
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K Parameter distributions for exemplar dataset in

chapter 4

The parameter distributions for the polymer parameters are given as histograms in Fig. K1

through K6. We stress that it is the distribution of structures (i.e., volume fraction

profiles) that we are interested in, not the distribution of parameters; this is because it is

the structures that are of experimental interest and there are possibly multiple parameter

configurations that correspond to a single VF profile. Consequently, these parameter

distributions are included for the sake of clarity and to allow our method to be more

easily followed, not because they offer extra information regarding the physical structure

of the system.

It should be noted that the posterior distribution for the PNIPAM SLD varies between

datasets. Ideally, this value would either be constant or monotonically increasing (as

the PNIPAM amide proton is slowly exchanged for deuterium). However, this change

in PNIPAM SLD has a minimal effect on the SLD profile produced, being comparable

to an uncertainty in the interfacial volume of ±3.5 Å. SLD and interfacial volume are

covariant in this modeling approach, as the same SLD profile can be produced with a lower

interfacial volume or a higher polymer SLD. Furthermore, all posteriors have a spread of

SLD values across the bounded range. As such, the differences in posterior distribution

for the PNIPAM SLD are less than the range which we would expect NR to be sensitive

to (for diffuse layers) and have minimal effect on the output of our methodology.
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0.15 0.16 0.17 0.18 0.19 0.85 0.90 0.95 1.00 0.4 0.6 0.8 0.2 0.4 0.6 0.8

Figure K1: Parameter distributions corresponding to the 20 ◦C dataset in Fig. 4.7.

2 4 6 8 0.8 1.0 1.2 0.100 0.125 0.150 0.175 0.200 111 112 113

0.010 0.012 0.014 0.016 0.018 0.05 0.10 0.15 0.20 0.3 0.4 0.5 0.4 0.6 0.8 1.0

0.16 0.17 0.18 0.19 0.20 0.85 0.90 0.95 1.00 0.5 0.6 0.7 0.4 0.6 0.8

Figure K2: Parameter distributions corresponding to the 25 ◦C dataset in Fig. 4.7.
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5 10 0.8 1.0 1.2 0.15 0.20 0.25 0.30 0.35 111 112 113

0.010 0.015 0.020 0.025 0.1 0.2 0.3 0.4 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 1.0

0.24 0.26 0.28 0.30 0.6 0.7 0.8 0.9 1.0 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 1.0

Figure K3: Parameter distributions corresponding to the 30 ◦C dataset in Fig. 4.7.
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0.60 0.65 0.70 0.75 0.35 0.40 0.7 0.8 0.9 0.15 0.20 0.25

Figure K4: Parameter distributions corresponding to the 32 ◦C dataset in Fig. 4.7.

262



Chapter Understanding brushes via improved reflectometry analysis

5 10 15 0.8 1.0 1.2 0.10 0.15 0.20 0.25 111 112 113

0.0 0.2 0.4 0.25 0.50 0.75 1.000.00 0.25 0.50 0.75 1.000.00 0.25 0.50 0.75 1.00

0.90 0.95 1.00 0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8

Figure K5: Parameter distributions corresponding to the 35 ◦C dataset in Fig. 4.7.
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0.5 0.6 0.7 0.8 0.9 0.4 0.5 0.6 0.7 0.1 0.2 0.3 0.6 0.7 0.8 0.9 1.0

0.990 0.995 1.000 0.4 0.5 0.6 0.150 0.175 0.200 0.225 0.2500.80 0.85 0.90 0.95 1.00

Figure K6: Parameter distributions corresponding to the 40 ◦C dataset in Fig. 4.7.
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172, 173, 175, 176, 178, 179, 206, 216, 226, 230, 242, 295

d-MeOD deuterated methanol. 34, 38–40, 46–49, 216, 218, 219

d-C12E5 deuterated C12E5. 153, 170, 216

d-CTAB deuterated CTAB. 153, 171, 216

d-SDS deuterated SDS. 153, 170, 181–185, 198, 207, 208, 216

DE differential evolution. 85, 92, 93, 98–101, 107

DPyC dodecylpyridinium chloride. 153, 156, 162

DTAB dodecyl trimethylammonium bromide. 143, 146, 150, 153, 156, 159, 161–163,

178, 230

EMA effective medium approximation. 22, 157, 158, 161, 162

FAOR fixed-angle optical reflectometry. 153–156, 161, 166–168, 175, 177–179, 208, 300

GPC gel permeation chromatography. 29, 30

HMTETA 1,1,4,7,10,10-hexamethyltriethylenetetramine. 13–15, 38, 39

MCMC Markov chain Monte Carlo. 78, 85, 92, 93, 97, 98, 103, 106, 107, 193, 227, 228,

234

MD molecular dynamics. 7, 30, 149, 179

NIPAM N -isopropylacrylamide. 13, 15, 21, 38, 39, 46

NMR nuclear magnetic resonance. 147–149, 179

NOSEY nuclear overhauser effect spectroscopy. 147

NR neutron reflectometry. i, 12, 13, 20, 21, 23, 26, 28–30, 38, 39, 42, 45–47, 50–53, 56,

61, 64, 66–68, 70, 72, 74, 76, 78–81, 110–113, 115, 127, 128, 134–136, 138, 140, 142,

158, 159, 161, 163, 169–171, 173, 176–179, 185, 189, 193, 196, 198, 201–203, 206,

208, 210–213, 218, 220–224, 226–229, 233, 234, 250, 251, 302, 303
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nSCFT numerical self-consistent field theory. 7, 8, 110, 112, 115, 125, 127, 128, 134,

138, 211

OPAL Open-pool Australian Lightwater Reactor. 20, 91

PAA poly(acrylic acid). 181, 184

PCHIP piecewise cubic Hermite interpolating polynomial. 86–88, 108

PDF probability density function. 85, 93, 116–122

PDMAA poly(N -dimethylacrylamide). 59

PDMAEMA poly(2-(dimethylamino)ethyl methacrylate). 59–61

PEO polyethylene oxide. 146, 150, 179, 181, 200, 206

PET poly(ethylene terephthalate). 111, 113, 114, 117–119, 133, 181, 183, 184, 186, 214,

216

PMDEGA poly(methoxy diethylene glycol acrylate). 58, 60, 61

PMMA poly(methyl methacrylate). 29, 58

PNIPAM poly(N -isopropylacrylamide). i, 2, 5, 8–12, 14, 16, 17, 20, 21, 25, 26, 31, 38,

39, 41, 45, 50, 52, 53, 56, 57, 60–70, 73–76, 78, 80, 90, 91, 93, 96, 98–100, 103,

105, 108, 110–112, 114, 116, 118, 126–129, 132, 135–138, 140, 142, 143, 145–152,

155, 157–159, 161–166, 168–170, 172, 173, 175, 177–181, 183–189, 191–194, 196–204,

206–208, 210–214, 216, 220–223, 231–234, 249, 260, 301, 304

PNIPMAM poly(N -isopropylmethacrylamide). 60, 61

POEGMA poly(oligoethylene glycol methacrylate). 213

PSPE poly(sulfobetaine). 60

PSPP poly(N,N -dimethyl-N -(3-methacrylamidopropyl)-ammoniopropane sulfonate). 60,

61

PSS poly(sodium styrene sulfonate). 187

PT-MCMC parallel-tempered Markov chain Monte Carlo. 79, 85, 90, 92–96, 98–101,

103, 104, 107, 108, 160, 175, 176, 208, 210, 211, 213, 223, 224, 226, 229

PTFE polytetrafluoroethylene. 37, 40, 63
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PVP polyvinylpyrrolidone. 58, 146

QCM-D quartz crystal microbalance with dissipation monitoring. 13, 23–25, 52, 56,

63–66, 68–70, 73, 74, 76, 86, 140, 158, 161, 164–166, 169, 177, 178, 193, 194, 196,

198, 201–203, 207, 208, 212, 213, 220, 221, 240–249, 298

RH relative humidity. 56–64, 66, 68–70, 73–76, 210, 220

RI refractive index. 22, 153–156, 158, 163, 166, 234

SANS small-angle neutron scattering. 146, 148

SDBS sodium dodecylbenzene sulfonate. 142, 144, 153, 156, 162, 201

SDS sodium dodecyl sulphate. 13, 140, 143, 145–154, 156, 157, 159–162, 164–166, 168–

170, 172, 173, 175–179, 181–189, 191–194, 196–208, 211, 212, 214, 216, 223, 224,

227–232, 241, 244–249, 295

SFA surface force apparatus. 111, 135, 138

SLD scattering length density. 19–22, 26, 41, 47, 56, 67, 68, 70, 72, 73, 75, 76, 79, 80,

83, 84, 87, 89–91, 93, 94, 97, 98, 102, 114, 116, 118, 119, 131, 158, 159, 172–175,

182–185, 196–199, 208, 210, 211, 216, 222, 223, 225, 233–239, 260, 301, 302

SMFS single-molecule force spectroscopy. 16, 32

SR swelling ratio. 57, 59–62, 69–71, 73, 220, Glossary: swelling ratio

TEA triethylamine. 13, 15, 34, 37

THF tetrahydrofuran. 13, 15, 34, 37

VDS vapour delivery system. 63

XRR X-ray reflectometry. 22, 61, 113, 233, 234
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Symbols

E the extent of φpoly(z); the distance from the beginning of the polymer layer (the sub-

strate) to the end (φpoly = 0). 157, 251, 252

N Number of monomers in a polymer chain. 4, 6, 10, 12, 15, 32

Rg Radius of gyration of a polymer. 3, 4, 12, 16, 17

T Temperature. 10

Tsamp Temperature of the polymer layer. 65, 66, 69, 70, 220, 221

Tvap Effective temperature of the vapour above the polymer layer. 66, 70, 220, 221

∆D Dissipation. 23, 24, 164–166, 193, 198, 201, 202, 240, 244, 249

∆f Frequency of QCM-D sensor. 23, 24, 65, 69, 164–166, 193, 194, 198, 201–203, 240,

244, 249

∆ The ellipsometric parameter Delta; the phase change of polarised light reflected from

a surface. 22, 158, 189, 191

Ψ The ellipsometric parameter Psi; the amplitude ratio of the polarised light reflected

from a surface. 22, 157, 189, 191

Σ Reduced grafting density. 3, 16

χ Flory-Huggins polymer-solvent interaction parameter. 3, 7–10, 12, 62, 74, 75, 125–128,

189, 217, 303

ρ(z) volume fraction profile of polymer. 19, 118

φpoly(z) volume fraction profile of polymer. 6, 18, 157, 235, 298

λ Wavelength. 23

φpoly volume fraction of polymer. 6, 8–10, 12, 18, 19, 68, 75, 76, 86, 118, 119, 157, 158,

164, 166, 175, 186, 189, 201, 235, 298, 302
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φsolv volume fraction of solvent. 62, 74–76

φ volume fraction. 19, 94, 118, 175, 251

ρ scattering length density. 19, 118, 298

σ Grafting density. 3, 4, 6, 15, 16, 30, 42, 43, 46, 50

d The thickness of a polymer layer. 6, 20, 42, 46

d1st the first moment of the polymer volume fraction profile. 18

n Number of carbons in a surfactant tail. 143, 145

pD2O partial pressure of D2O. 65, 66, 70, 72

psat
D2O saturation pressure of D2O at a given temperature. 58

pH2O partial pressure of H2O. 63, 68

psat
H2O saturation pressure of H2O at a given temperature. 58

z perpendicular distance from substrate. 6, 18, 19, 98, 118, 157, 235, 251, 252, 298, 302

Csurf Concentration of surfactant. 192, 201, 205

Q Momentum transfer of incident neutrons of X-rays. 79, 80, 82, 89, 91, 99, 100, 104,

106

R Reflected intensity, normalised by the intensity of the incident beam. 99

Γ The adsorbed mass of a given component, in units of mass per area. 154, 155, 300

α Degree of ionisation for a given surfactant molecule. 143, Glossary: degree of micelle

ionisation

V̂I volume of the interfacial component of interest. 4, 15, 18, 20, 22, 24, 26, 43, 51, 57–

60, 62, 64, 67, 68, 79–81, 84, 86–88, 93, 94, 99, 101–104, 106, 108, 119, 126, 131,

157, 159, 161, 162, 170, 171, 183, 185, 189, 191, 208, 222, 235, 237, 238, 251, 302,

Glossary: interfacial volume

CMCeff critical micelle concentration at a given solution composition and temperature.

141, 187–189, 191–196, 198, 200, 201, 203–205, 207, 212

CMC
 critical micelle concentration for a surfactant in pure H2O at 25 ◦C. 141, 161, 162,

165–172, 175–179, 181, 183, 184, 188, 189, 191–199, 202, 207
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dn/dC change in refractive index with change in concentration. 153, 156

qn limΓ→0 q. 155, 156

q Sensitivity factor for FAOR, at a given Γ value. 154, 155, 300
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Glossary

D2O Deuterated water, deuterium oxide. 21, 38–40, 45–50, 57, 60, 65–68, 72, 73, 158–

160, 169–171, 173, 196–198, 210, 216, 218–221, 250, 301

PLATYPUS The time-of-flight reflectometer at the ACNS at ANSTO. 40, 67, 91, 113,

213

refellips Reflectometry analysis package developed in Python by Hayden Robertson and

Isaac Gresham. See Appendix F for more details. 233, 234, 251

refnx Reflectometry analysis package developed in Python by Andrew R.J. Nelson. See

reference [141] for more details. 20, 233, 234, 251

AdG The model of brush structure described by Alexander [31] and de Gennes [32]. It

describes the brush as an equally-stretched array of polymer chains. 6, 7

bromination The second step in our polymerisation methodology, in which BiBB is

reacted with the deposited APTES layer, producing a surface with tethered organo-

bromine moieties, which serve as initiators for the polymerisation process. 14, 29,

31, 32, 34–37, 42, 43, 45, 46, 52, 53, 218

CMpoly a mix of 80.3:19.7 H2O and D2O by volume, designed to match the SLD of

PNIPAM. 20, 91, 158–160, 172, 173, 175, 176, 178, 183, 196–198, 206, 208, 216,

222, 251

co-refine To link parameters across reflectivity models and refine them against multiple

datasets simultaneously. 68, 222, 234

Debye length A measure of how far the electrostatic effect of a charged moiety (i.e., an

ionic surfactant headgroup) persists in a solution. 187, 188, 200, 201, 203

degree of micelle ionisation the fraction of surfactant headgroups that are charged in

a given micelle. 143, 168
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deuterate To replace one or more hydrogen atoms with a deuterium atom; in the context

of this thesis deuteration is generally performed intentionally to raise the neutron

SLD of a material. 21, 34, 38, 39, 56, 73, 76, 90, 93, 95, 142, 153, 158–160, 172,

181, 210, 216, 295, 301

dry thickness The thickness of the polymer layer at ambient conditions, at which the

layer may contains some water. The term interfacial volume is used to refer to the

true dry thickness. 4, 25, 41, 43, 44, 46, 47, 51, 99, 113, 114, 131, 157, 193, 208, 211

first moment The centre of mass of the polymer volume fraction profile, given by∫∞
0
zφpoly(z)dz

V̂I

where z is distance from the substrate and φpoly(z) is the polymer volume fraction.

189, 303

free surfactant surfactant not bound to an interface or solvated macromolecule (e.g., a

polymer chain). 143, 145, 147, 148, 152, 200

Hofmeister series The Hofmeister series is a system for classifying ions based on how

they modify the solubility of macromolecules (generally proteins or polymers). The

mechanisms behind this series are poorly understood. 146, 188

initiation efficiency The percentage of tethered polymerisation initiators that success-

fully grow into polymer chains. 30, 32, 33, 36, 42, 43, 53

interfacial volume The total volume of the component of interest adsorbed or tethered

to the substrate per unit area. Referred to elsewhere as the adsorbed amount or

true dry thickness. 4, 18, 25, 31, 44, 48, 49, 51, 56, 57, 69, 73, 75, 76, 79, 84, 88, 93,

102–104, 106, 157, 160, 185, 188, 210, 211, 237, 302, 303

interior layer The dense, substrate adjacent layer that is observed for brushes prepared

via surface-initiated ATRP by neutron reflectometry. 26, 28, 30, 31, 40, 41, 45, 48,

50–53, 93, 96, 137, 169, 172, 192, 193, 208, 210, 211, 303

Kiessig fringe An interference pattern formed by the reflection of coherent radiation

from a surface coated with thin film/s with thickness on the order of the radiation

wavelength. Manifests in a R vs Q plot as characteristic peaks and troughs (fringes).

Fringe spacing is related to the layer thickness (for the case of a single layer), see

Section 1.5.2. 19, 85, 169
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Krafft point the temperature at which the solubility of a surfactant is equal to its CMC.

143, 205

Kuhn length The displacement length of the polymer segment that can be considered

a rigid–rod (Kuhn segment) in the theoretical treatment of polymer behaviour. 6,

9

micelle A spontaneously formed liquid-phase supramolecular assembly comprised of sur-

factant molecules, created to maximise contact between the solvent and the solvophilic

component of the surfactant, and minimise contact between the solvent and the

solvophobic component. 8, 141, 143, 146–151, 168, 179, 180, 187, 200, 202–207,

212, 301

monomer shielding A phenomena that occurs during surface-initiated ATRP whereby

longer chains prevent monomer from reaching shorter chains, as in Martinez et al.

[97]. 30–32, 39, 43, 44, 51, 53

pearl-necklace model a structural model of a polymer-surfactant system in which com-

plete surfactant micelles adsorb to the polymer backbone at regular intervals. 148,

151, 168, 187

prior distribution A distribution that encodes the knowledge of a particular parameter

(or set of parameters) before evidence is taken into account. 92–94, 105, 106, 222–

229

proximal layer The substrate-adjacent slab layer used in the modelling of polymer brush

NR data (as described in chapter 4) to allow for Gaussian roughness between the

silica substrate and polymer brush. While the presence of an interior layer is not

enforced by the inclusion of the proximal layer in the model, the proximal layer

often ends up representing the interior layer. 86–88, 158

pseudo-polyelectrolyte a polymer-surfactant complex that can be thought of as a poly-

electrolyte, that is, a polymer chain with charged moieties. 151, 181, 185, 187, 188

solvent quality The ability of a given solvent to solvate a particular polymer; is generally

a function of solvent identity and temperature. In some cases this can be reduced

to the Flory-Huggins solvent interaction parameter, χ. 3

swelling ratio The thickness of a slab-like polymer layer divided by its interfacial vol-

ume. For diffuse polymer layers the twice the first moment of the volume fraction

profile is used as a proxy for the layer thickness. 57, 189, 192
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tacticity The stereochemical arrangement of the monomers in a polymer chain; for

PNIPAM it refers to the orientation of the amide with respect to the backbone.

10
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