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Abstract

The development of smart surfaces is of interest for a wide range of applications

such as drug-delivery, anti-fouling and lubrication. These layers are stimuli-responsive

enabling the controlled uptake and release of a cargo molecule. The aim of this work

is to develop methods for monitoring such processes in thermoresponsive systems. To

do so, it is required to produce responsive surfaces and design methods to probe their

responsiveness as well as the binding of cargos.

I present synthetic strategies to graft poly(N -isopropylacrylamide) (pNIPAM), a

pNIPAM-based diblock copolymer and polyvaline from silica substrates as well as

a procedure for generating mixed surfactant layers of didodecyldimethylammonium

bromide (DDAB), and deuterated sodium dodecylsulfate (d-SDS) with defined com-

position. The main technique for investigating these films is Total Internal Reflection

(TIR) Raman spectroscopy. This chemically specific and surface selective technique

allows the monitoring of phase transitions inside the layers. It also provides insight

on the accumulation of cargo molecules or changes in the layers’ composition. A novel

Raman imaging technique provides insight into the uniformity of the layers and cargo

distribution within them.

First, I studied the potential of the cationic surfactant DDAB to transport the

anionic surfactant d-SDS onto a silica surface. I show that the adsorption was possible

only when the mixture is on the cationic side implying the electrostatic interactions

between the vesicles and the surface govern the adsorption. Once the coadsorption

had taken place, I triggered the gel-liquid phase transition of DDAB in order to induce

a phase separation on the surface. No preferential desorption of d-SDS was observed.

Second, I looked at grafted pNIPAM at the silica-water interface and present data

on the phase transition showing a change in the hydration of the polymer. I then

introduce three cargo molecules — benzamide, d-malonamide and potassium thiocy-

anate — which have the potential to bind onto one state of pNIPAM via hydrophobic

interactions, hydrogen bonding or specific ion interactions. TIR Raman spectroscopy

was shown to be able to detect small quantities of the molecules but ultimately showed

no selective binding.

Third, the focus shifts to grafted polyvaline layers since they are less hydrophobic

than pNIPAM. I determine the secondary structure of the grafted chains and present

the impact of temperature. All adsorption measurements with the cargo molecules

introduced in the previous chapter showed no selective binding.

Fourth, I report on a diblock copolymer with an inner cationic block poly((2-

dimethylamino) ethyl methacrylate) (pDMAEMA) and an outer neutral thermore-

sponsive block, pNIPAM. The copolymer was thermoresponsive. Cargo adsorption

measurements showed accumulations of each molecule inside the film. The electrostatics-

driven adsorption of KSCN was stronger at higher temperatures.
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NMA N -methylacetamide

pAA poly(acrylic acid)

pBMA poly(n-butyl methacrylate)

pDEAA poly(N,N -diethylacrylamide)

pDMAEMA poly((2-dimethylamino) ethyl methacrylate)
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pEG polyethylene glycol

pEO poly(ethylene oxide)

pGMA poly(glycidyl methacrylate)

PMDETA N,N,N ′,N ′′,N ′′-pentamethyldiethylenetriamine

pMMA poly(methyl methacrylate)

pNIPAM poly(N -isopropylacrylamide)
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Chapter 1: Introduction

1.1 Motivation and aims

This project is part of the Marie Curie Initial Training Network NanoS3 (standing

for “Smart, Small and Soft”), a network which assembles eight academic groups and

two industrial partners. This project aims at increasing collaboration between re-

search teams with complementary knowledge in polymer synthesis, self-assembly and

surface science. The NanoS3 network aims at delivering a design guide for soft nano-

particles and at providing characterisation methods for their behaviour in bulk and at

interfaces. A polymer nanoparticle consists of polymer chains assembled in structures

of one or a couple of hundreds of nanometres in diameter. The development of simple

polymer nanoparticles has already triggered several recent breakthroughs (e.g. deliv-

ery vehicles and contrast agents for magnetic resonance imaging). Nevertheless, there

is a need for more complex structures able to deliver more functionalities. [1] Polymer

nanoparticles have been studied intensively over the last two decades as they have

the potential to deliver complex responses required for drug delivery, lubrication and

clean tech applications.

Recent achievements in polymer chemistry have opened the way to create more

sophisticated objects which can achieve more advanced performances. The strategy

chosen by this network is to produce nanoparticles of polymers with a hierarchical

structure, with the aim of adding the functionality of each group to the final structure.

A typical design comprises a core loaded with a potential active agent — a cargo —,

a protective shell to compartmentalise the core, and often an outer shell to control

the surface chemistry of the particle and improve stability. Only the bulk character-

isation of these nanoparticles is routinely done. A chemically selective technique (1H

NMR for instance) confirms the proportion of the different blocks, gel permeation

chromatography or light scattering characterise the hydrodynamic size of the nano-

particles and the phase transition is monitored by turbidity or rheology measurements

at different temperatures. [1,2,3] If these techniques give a good insight on the polymer

aggregates on average, they do not reveal the dynamic structure which is often key

to an effective delivery.
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Chapter 1. Introduction

The successful delivery of a cargo molecule relies on the fulfilment of several re-

quirements. Firstly, the control of the hydrodynamic diameter [1] or the surface chem-

istry [4,5] is critical. Delivery systems for biological applications such as drug delivery

or targeted imaging require a careful control over the size distribution and surface

charge. They need to be big enough to not be filtered out by the kidney and to

remain in the blood stream long enough to access the targeted cells. Secondly, the

kinetics of the delivery needs to be controlled for a long lasting effect while avoiding

any overdoses. Polymer self-assemblies remain stable at lower concentrations than e.g.

surfactants and have been used as stable vehicles which alter the kinetics of delivery

by physically reducing the rate of diffusion. Another strategy to control the kinetics of

delivery consists of designing a stimulus-responsive or smart nanoparticle. The poly-

mer chains of smart nanoparticles will change conformation in a sharp and selective

manner. Typical stimuli include a change in temperature, pH or ionic strength.

The NanoS3 network furthermore aims at characterising polymers and their as-

semblies at interfaces. Theoretical descriptions of model chains at interfaces were

developed some 30 years ago, namely the scaling theory of De Gennes and Alexander.

Experimental studies, however, are still ongoing. The NanoS3 network aims at us-

ing the most advanced techniques available for describing soft matter at interfaces to

observe polymers adsorbed (physisorbed) or grafted (chemically bound) to an inter-

face and assess whether their functionalities and responsiveness are modified by their

structure onto a surface.

The aim of my project is to develop a method to assess the potential of nan-

oparticles to uptake and release a cargo molecule. To do so, I have designed the

synthetic strategies required to grow polymers from surfaces. I have then used a

surface selective spectroscopy technique — total internal reflection (TIR) Raman

spectroscopy — to probe the polymer layers and investigate their interactions with

cargo molecules. Raman spectroscopy allows the identification of chemicals by their

vibrational spectra. Surface selectivity was achieved through total internal reflection

illumination where an evanescent field selectively probes materials close to the sur-

face. In addition to giving insight on how the nanoparticles will behave once attached

or adsorbed onto a surface, this work can also be applicable to particles if they are

large enough so that their surface can be locally considered as flat. This is true when

the particle radius is much larger than the radius of gyration of a single polymer

chain inside the particle. This work will give a proof of principle of both, the syn-

thetic procedures as well as the analytical techniques, for the development of the first

generation of polymer nanoparticles within the NanoS3 network.

1.2 Thesis outline

This thesis is structured as follows. The introduction, this first chapter, covers

a range of subjects to provide the background for the work presented in this thesis.

Polymers at interfaces are covered as the first topic. This includes an overview of the

scaling theory of neutral, charged and grafted polymer chains. The section concludes

with a brief review of experimental techniques for the study of grafted polymer layers.

6



Chapter 1. Introduction

The thermodynamics of the uptake and release of cargo molecules from films are

covered in the next part of this chapter. This explanation is followed by a review

of existing delivery systems and characterisation methods. The basics of optics are

introduced in the last part of this chapter. The explanations include reflection and

refraction of light at interfaces leading to a description of total internal reflection.

Together with an introduction to Raman scattering at the end of the first chapter,

these descriptions will explain the principles behind TIR Raman spectroscopy.

Chapter 2 contains a description of the experimental and synthetic methods em-

ployed in this thesis. The chapter starts with a description of TIR Raman spectro-

scopy and Raman imaging. The section on the former technique furthermore includes

a model developed to determine the thickness of polymer layers at the solid-water

interface. The next part introduces techniques employed for the characterisation of

polymers, namely ellipsometry, circular dichroism spectroscopy and gel permeation

chromatography. The final part of chapter 2 describes the synthetic and preparat-

ive methods used for this thesis. This includes the preparation of mixed surfactant

solutions as well as different methods for coating surfaces with polymers.

Experimental results and their discussion are presented in the next chapters.

Chapter 3 looks at the transport of an anionic surfactant (and deuterated sodium

dodecylsulfate (d-SDS)) by vesicles of a cationic surfactant (didodecyldimethylam-

monium bromide (DDAB)) onto a negatively charged surface. The chapter starts

with a review on surfactant assembly and a comparison to liposomes. The results

section presents the coadsorption of oppositely charged surfactants as well as the

impact of temperature on the mixed layer. Chapter 4 shifts the focus to polymers

grafted from silica. The chapter contains the work on poly(N -isopropylacrylamide)

(pNIPAM) at the silica-water interface and starts off with a discussion on the phase

diagram of pNIPAM as well as a review on pNIPAM films. The results section includes

the band assignment of the Raman spectrum and presents the impact of temperat-

ure on the polymer film. Following a discussion of three types of binding that can

lead to the association of polymer and cargo, three cargo molecules are introduced.

The interactions between the polymer brush and those molecules are shown at the

end of the chapter. Chapter 5 contains work on polyvaline films grafted from fused

silica at the silica-water interface. The beginning of the chapter gives an overview

on the published work on polyvaline and polyaminoacids. The following results sec-

tion includes the temperature response of the polymer as well as its interactions with

the cargo molecules introduced in the previous chapter. Chapter 6 summarises the

work done on a grafted layer of a diblock copolymer made of an inner cationic block

(poly((2-dimethylamino) ethyl methacrylate) (pDMAEMA)) and an outer block of

pNIPAM. The chapter first gives a review on pDMAEMA and on the work done on

grafted copolymer layers. Results on the temperature response of the layer as well as

its interactions with the cargo molecules are also reported.

7



Chapter 1. Introduction

1.3 Polymers at interfaces

Several delivery systems studied in this work are grafted polymer layers. pNIPAM

and polyvaline are polyamides, and neutral in aqueous solutions. The diblock copoly-

mer has a polyelectrolyte core. In this section, I will therefore describe the behaviour

of neutral polymers and polyelectrolytes in solutions before getting into their grafted

versions.

1.3.1 Neutral polymer solutions

This section provides the basics of a theoretical description of neutral polymers

in solution. A polymer can be described as a chain of 𝑁 segments or bonds. Each

bond can be expressed as a bond vector ri with 𝑖 = 1, ..., 𝑁 . For the whole chain, the

end-to-end vector, R, can be defined as the sum of all vectors, ri:

R =

𝑁∑︁
𝑖=1

ri (1.1)

Flexible polymer chains contain a very large number of degrees of freedom. In

addition to the translational and rotational degrees of freedom also found in particles

and molecules, flexible polymer chains can adopt a large number of conformations.

A statistical description of the chain conformation is therefore required. The mean

square end-to-end distance for all possible conformations is:

⟨R2⟩ =

𝑁∑︁
𝑖=1

𝑁∑︁
𝑗=1

⟨ri · r𝑗⟩ (1.2)

This expression can be rewritten by introducing the angle between two segments, 𝜗,

⟨R2⟩ = 𝑎2
𝑁∑︁
𝑖=1

𝑁∑︁
𝑗=1

⟨cos𝜗𝑖𝑗⟩ (1.3)

𝑎 is defined as |ri| and the term ⟨cos𝜗𝑖𝑗⟩ refers to the correlation between the segments.

Freely-jointed chain (FJC) model

The freely-jointed chain model or ideal chain is the simplest description of a flexible

polymer (see figure 1.1).

Figure 1.1: Freely-jointed chain (FJC) model where 𝑁 bonds of length 𝑎 form a
flexible chain. Reproduced with permission from reference [6].
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In this model, segments do not interact with each other or with the solvent. There

is therefore no correlation between the segments, and the cross term, ⟨r𝑗 · r𝑘⟩, is null

for 𝑗 ̸= 𝑘. The mean square end-to-end distance is then

⟨R2⟩ = 𝑁𝑎2 (1.4)

and consequently 𝑅 ∝ 𝑁1/2.

No preferential orientation is adopted by the different links and the chain follows a

random walk. The set of conformations of the polymer chain resembles the trajectory

of a freely diffusing particle and the end-to-end distance shows a Gaussian distribution.

It is then possible to calculate the free energy, 𝐹 , of the ideal polymer chain: [6]

𝐹

𝑘B𝑇
=

𝑅2

𝑎2𝑁
(1.5)

with 𝑘B is the Boltzmann constant and 𝑇 the temperature in Kelvin. Equation 1.5

shows that an ideal polymer chain behaves like a spring. If the polymer chain is

stretched beyond its mean end-to-end distance, 𝑅, there is a force that brings it back

to its random walk size. The force constant is 2/𝑎2𝑁 (in 𝑘B𝑇 units). This normalised

restoring force is independent of the temperature, showing that it is a purely entropic

effect.

Real chains can be described with the FJC model if 𝑎, also referred to as the Kuhn

length, is adjusted carefully. 𝑎 is always related to the monomer size but not identical

to it.

Freely rotating chain (FRC) model

In this model, conformations are restricted by bonds of fixed length 𝑏 and fixed

bond angle while torsional rotations are permitted (see figure 1.2).

Figure 1.2: Freely-rotated chain (FRC) model where 𝑁 bonds of lengths 𝑏 have a
fixed bond angle 𝜗. The position of the further nearest neighbours are correlated to
account for the chemistry of the bond. Reproduced with permission from reference [6].

Torsional rotations are described with the torsion angle 𝜗. This model is closer to

real synthetic polymers than the previous one. The correlation term does not vanish

in this model and is ⟨r𝑗 · r𝑗+1⟩ = 𝑏2 cos𝜗 for neighbouring bonds. Correlations are

thus transmitted through the chain leading to the general correlation term ⟨r𝑗 · r𝑘⟩ =

𝑏2(cos𝜗)|𝑗−𝑘|. [7] The mean square end-to-end distance for infinitely long chains is

given by [7]

⟨R2⟩ = 𝑁𝑏2
1 + cos𝜗

1 − cos𝜗
(1.6)

9
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The introduction of the correlation term has not modified the scaling relation with

the bond length (𝑅 ∝ 𝑁0.5). The mean square end-to-end distance is, however, larger

than in the FJC model since 1+cos𝜗
1−cos𝜗 > 1.

Interactions with a solvent

The free energy of a chain in a solvent is the sum of an entropic contribution as-

sociated with stretching the chain (equation 1.5) and an enthalpic contribution. The

latter contribution accounts for the monomer-monomer and the monomer-solvent in-

teractions. It will not be possible to treat each pairwise interaction to estimate the

free energy of a chain in a solvent. A much simpler approach has been proposed

by Flory to account for all the interactions on a monomer using a mean-field treat-

ment. [8] Following this approach, the enthalpic contribution, 𝐹int/𝑘B𝑇 , is described

with interaction parameters by introducing the virial coefficients:

𝐹int

𝑘B𝑇
≃ 𝜈2𝑅

3

(︂
𝑁

𝑅3

)︂2

+ 𝜈3𝑅
3

(︂
𝑁

𝑅3

)︂3

+ ... (1.7)

A solvent is considered a good solvent if the interactions between the monomers are

repulsive and 𝜈2 > 0. It follows that

𝐹

𝑘B𝑇
≃ 𝑅2

𝑎2𝑁
+ 𝜈2𝑅

3

(︂
𝑁

𝑅3

)︂2

(1.8)

The optimal radius minimising the free energy can be expressed as

𝑅 ∼ 𝑎(𝜈2/𝑎
3)1/5𝑁3/5 (1.9)

For a good solvent, the radius of the polymer coil thus scales with 𝑁3/5. In situ-

ations where there are no additional interactions between monomers other than the

pure hard-core interactions, the second virial coefficient corresponds to the excluded

volume, 𝜈2 = 𝑎3, giving 𝑅 ∼ 𝑎𝑁3/5.

Solvents are considered bad or poor when interactions between monomers are

attractive (𝜈2 < 0) and are balanced by the third virial term which is assumed to be

repulsive (𝜈3 > 0). It follows that:

𝐹

𝑘B𝑇
≃ 𝑅2

𝑎2𝑁
+ 𝜈2𝑅

3

(︂
𝑁

𝑅3

)︂2

+ 𝜈3𝑅
3

(︂
𝑁

𝑅3

)︂3

(1.10)

The first term can be neglected for a poor solvent. The optimum radius scales with:

𝑅 ∼ (𝜈2/𝜈3)1/3𝑁1/3 (1.11)

The third case, where 𝜈2 = 0, is the theta condition where monomer-monomer

interactions on one hand and monomer-solvent interactions on the other cancel out

the steric repulsion. The polymer then behaves like an ideal chain where

𝑅 ∼ 𝑁1/2 (1.12)
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In summary, the radius of a polymer scales with 𝑁𝜈 where 𝜈 depends on the

goodness of the solvent. A good solvent (𝜈 = 3/5) will overcome the attraction

between monomers and swells the chain. In a poor solvent (𝜈 = 1/3), however, the

attractive forces dominate and the radius shrinks compare to the ideal chain (𝜈 = 1/2).

1.3.2 Charged polymer chains

A polyelectrolyte is a polymer where a fraction, 𝑓 , of its monomers are charged.

The fraction of charge can, for example, be controlled by the pH of the solution.

The polyelectrolyte can be described by its charge density, 𝜏 , defined as 𝑓/𝑏, and

its contour length, 𝐿. Polyelectrolytes are usually stiffer than neutral polymers due

to the long-range electrostatic interactions between the monomers. Unlike neutral

polymers, which will often show ideal-chain behaviour, polyelectrolytes adopt a rigid

rod-like conformation. The stiffness of the chain can be described by the persistence

length, ℓ0, which is defined as the length over which two vectors on the chains are

correlated. [6] In addition, polyelectrolytes tend to be more swollen than their neutral

counterparts due to an electrical double layer. The characteristic thickness of this

double layer, the Debye length, 𝜅−1, is a function of the salt concentration, 𝑐salt, and

the Bjerrum length, ℓB:

𝜅−1(nm) = (8𝜋𝑧2ℓB𝑐salt)
−1/2 (1.13)

where 𝑧 is the charge. The Bjerrum length characterises the medium and defines

the distance at which Coulomb interactions of two charged units match the thermal

energy. It is about 0.7 nm in water at room temperature.

For systems where 𝜏(ℓBℓ0)1/2 < 1 the electrostatic repulsion between two seg-

ments is smaller than the thermal energy, the polyelectrolyte chains cannot extend

and the polymer remains in a collapsed configuration. On the other hand, electro-

static chain repulsion leads to an extension of the chains when 𝜏(ℓBℓ0)1/2 > 1. The

polyelectrolytes can show three distinct scaling ranges in this regime depending on

the contour length, 𝐿, and the effective persistence length, ℓeff. ℓeff is related to the

bare persistence length, ℓ0, by

ℓeff = ℓ0 +
ℓB𝜏

2

4𝜅2
(1.14)

For short polyelectrolytes where 𝐿 ≪ ℓeff, self avoidance is not relevant due to the

short chain length, and 𝑅 scales with 𝐿. In the case of long chains where 𝐿 ≫ ℓeff,

interactions can be again treated as a virial expansion. Similarly to neutral polymers,

the free energy can be expressed as the sum of two terms: [6]

𝐹

𝑘B𝑇
≃ 𝑅2

ℓeff𝐿
+ 𝜈2𝑅

3

(︂
𝐿/ℓeff
𝑅3

)︂2

(1.15)

The first term of equation 1.15 corresponds to the elastic energy associated with

entropy, while the second term denotes the virial expansion of the electrostatic inter-
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actions. Above the critical contour length ℓ3eff/𝜈
2
2 , the optimal radius is given by

𝑅 ∼ (𝜈2/ℓeff)1/5𝐿3/5 (1.16)

This condition is not met in elongated or highly charged polyelectrolytes. Chain

lengths are then in an intermediate range and the radius scales with

𝑅 ∼ ℓ
1/2
eff 𝐿1/2 (1.17)

1.3.3 Grafted polymer chains

Polymers can be chemically or physically bound onto a surface. The conformation

then depends not only on the interactions with the solvent but also on the grafting

density and interactions with the substrate.

The simplest description of a grafted polymer brush is a step-like monomer density

profile. The layer has a height, ℎ, which is a function of the length of the polymer,

𝑁 , the grafting density, 𝜌, and the quality of the solvent. The neighbouring distance,

𝜌−1/2, is defined as the distance between two neighbour chains on the surface. At low

grafting density, — when the neighbouring distance is low compared to the radius,

𝑅 — chains will have minimal interactions with each other. This is the mushroom

regime (see figure 1.3a). Above a critical grafting density the chains start to overlap.

In good solvent conditions, the monomers will repel each other and the chain will

extend away from the surface (see figure 1.3b). This is the brush regime.

Figure 1.3: Typical structure of a grafted polymer layer in the mushroom regime a)
and in the brush regime b). In the mushroom regime, polymer chains do not interact
with their neighbours since the distance between two chains is large compared to their
radius, 𝑅. In the brush regime, the polymer chains stretch out of the plane due to
inter-chain repulsions. Reproduced with permission from reference [6].

Similarly to the bulk description, scaling laws can be obtained using the Flory

description. In a good solvent, the optimal brush height, ℎ, scales with 𝑁𝜌1/3. This

scaling law implies that, at constant grafting density, the height of the brush grows
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linearly with the number of monomers. In comparison, an ideal chain scales with

𝑁0.5. The brush height also depends on the grafting density, 𝜌. In a poor solvent, ℎ

scales with 𝑁𝜌 while ℎ ∼ 𝑁𝜌1/2 for a theta solvent. It thus follows that a decrease

in solvent quality can impact the height of a grafted polymer and, ultimately, lead to

a collapse of the brush. This behaviour is dependent on the grafting density where

higher densities will lead to a weaker collapse.

A different framework is provided by self-consistent field calculations and molecu-

lar simulations. These techniques do not just provide information on the height of

the polymer layer but also give insights into the density profiles. Lei et al. calculated

the inner structure of grafted polymer brushes for a range of parameters. [9] Figure

1.4 shows their results on the impact of grafting density on the polymer profile. At

low grafting densities, the brushes show a parabolic distribution of segment ends with

respect to the distance from the surface. The profile becomes more step-like with

increasing grafting density. Parabolic profiles have previously been observed experi-

mentally in grafted polymer brushes. [10,11]

Figure 1.4: Normalised distributions of chain free ends, 𝐺e, over the normalised
grafting density, 𝜎, and polymer volume fraction profiles, 𝜑p over the height above
substrate, 𝑟, for brushes of various grafting densities (0.1, 0.3, 0.5, 0.7 and 0.9) on a
planar surface. Data is obtained using self-consistent field calculations. Reproduced
with permission from reference [9].

1.3.4 Experimental methods for studying grafted polymer

layers

The list of experimental techniques presented here is not exhaustive and this review

will cover the most common ones in soft matter science for characterising polymers

at interfaces. This review will focus on grafted rather than adsorbed polymer layers.

Polymer adsorption at the air–liquid interface or the solid–liquid interface has received

a lot of attention but is beyond the scope of this thesis.

Ellipsometry Ellipsometry is a popular tool for the characterisation of films at in-

terfaces. It is fast and local. It can be used for characterising polymer brushes grafted

with a typical length scale of 10s to 100s of nm, as the typical incident wavelength is

633 nm (HeNe laser). In short, a laser beam is incident onto the sample at a defined
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angle. The reflected light is collected and its polarisation parameters determined.

Models can be fitted to the data to access film thicknesses and refractive indices. A

more detailed explanation is given in section 2.3.

Measurements are commonly carried out on dry polymer films. For example, Jones

and co-workers used this technique to investigate the impact of initiator density on

the grafting of poly(methyl methacrylate) and poly(glycidyl methacrylate) (pGMA)

brushes on gold. [12] Liu et al. used ellipsometry in their work on grafted pGMA

layers to measure thickness and grafting density gradients. [13] In addition, most of

the research presented in the remainder of this section also includes ellipsometry

measurements.

Additional approaches have been developed over the years to carry out in situ el-

lipsometry measurements. Kostruba et al. used ellipsometry to study the properties of

poly(N -isopropylacrylamide) (pNIPAM) brushes grafted from silane-terminated glass

substrates and the impact of grafting time on the brush thickness. [14] Ellipsometry

measurements of the dry polymer films gave access to properties such as the film

thickness and its refractive index. In addition, they employed a modified version of

their ellipsometer to measure the temperature-dependent chain collapse in situ. They

attached glass window-terminated tubes on the polariser and analyser arms allowing

their immersion in water. It was thus possible to deliver the laser beam to the glass

substrate located at the bottom of a water-filled cuvette.

A different approach was reported by Habicht et al. in 1999 who studied the

temperature-dependent swelling of a grafted polystyrene brush. [15] The polymer brush

was grafted from a high-refractive-index glass prism and brought in contact with cyclo-

hexane. The laser beam was incident through the side of the glass prism and reflected

at the glass-polymer-cyclohexane interface and collected with the analyser arm of the

ellipsometer after exiting the other side of the prism. Through this technique, they

were able to study how the decrease of the solvent quality of cyclohexane with tem-

perature impacts the brush thickness. Decreasing solvent quality was shown to lead

to a continuous collapse of the brush towards the glass surface.

Ellipsometry was used in this work to measure the thickness of grafted polymer

layers and is described in more detail in section 2.3.

Neutron Reflectometry A complementary technique to ellipsometry is neutron

reflectometry. By directing a beam of collimated neutrons onto a surface and counting

the collected neutrons as a function of the angle of incidence, neutron reflectometry

gives access to the reflectivity profile of a surface with a very high spatial resolution.

The data is then fitted by various layer models and the best fit is extracted. The

wavelength of the probe is in the order of magnitude of an Ångström and so is the

spatial resolution in the direction perpendicular to the surface. This technique is very

popular and powerful tool for the study of thin films at interfaces.

Neutron reflectometry has been used to study ultrathin films of polymer-coated

solid–liquid interfaces. Ghoussoub et al. have used neutron reflectometry to ob-

serve the growth of a polyelectrolyte onto the surface. Layers of poly(diallyldimethyl-
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ammonium) and poly(styrenesulfonate) were successively deposited and held together

by electrostatic forces between both polymers and screened by an added counterion

acetate. The radio-labelled acetate was found to be uniformly distributed in the

polymer film. [16] A similar study by Lösche et al. showed that the thickness of a

poly(styrenesulfonate) and poly(allylamine hydrochloride) film made by layer-by-layer

deposition increased with the number of layers until reaching an equilibrium thickness.

The thickness of the film could be tuned with the ionic strength. [17] Neutron reflec-

tometry was also used at the air-liquid interface of polydimethylsiloxane solutions to

measure the density of polymer chains inside the film. [18]

Neutron reflectometry was not the method of choice for this project since it re-

quires a neutron source. This limits the number of measurements that can be carried

out which can be a challenge for new projects where synthetic and experimental

parameters have not been optimised yet. The low time resolution effectively limits

experiments to equilibrated or slowly varying systems and makes it difficult to follow

the kinetics of polymerisation on the time scales of minutes. Neutron reflectometry

does not have the spatial resolution necessary to determine whether the film is ho-

mogeneous. Small features would be averaged out and not be detected during the

measurement.

QCM-D Quartz microbalance with dissipation (QCM-D) is a popular tool for meas-

uring the mass of molecules or material attached to a quartz crystal in a liquid envir-

onment. The mass is determined via changes in the resonant frequency of the crystal.

In addition, QCM-D is monitoring the energy dissipation factor and is therefore able

to determine viscoelasticity of the attached film. In the past, this technique has been

used to study the swelling and collapse of grafted polymer layers at a solid-liquid

interface, [19,20] where it delivered information on the hydration of the polymer as well

as its rigidity. Dunér et al. showed that this technique is also suitable for investigat-

ing kinetic processes by following the growth of polymer brushes in situ with a time

resolution of about 1 second. [21]

While QCM-D has been shown to be useful for the study of grafted polymer films

it will not be suitable for the investigation of cargo binding and release processes.

The technique will not allow the direct detection of cargo molecules. Changes in

the resonant frequency and the energy dissipation alone would not be sufficient for

determining if and how cargo binds to a polymer brush.

Surface force apparatus The surface force apparatus (SFA) for the direct meas-

urement of molecular forces, has first been developed by Tabor and Winterton, [22] and

later improved by Israelachvili and Adams. [23] The instrument consists of two mica

surfaces in a crossed-cylinder configuration. Sensitive force-measuring springs detect

the interactions between the surfaces while the separation distance is measured optic-

ally through interference fringes. This sensitive technique allows force measurements

down to ∼1 nN with a distance resolution in the Ångström region. [24,25]

The SFA is mainly used to investigate coated and adsorbed polymer films since
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the surface is limited to mica. Sheth and Leckband, however, used the SFA to study

the interactions between poly(ethylene glycol), grafted onto lipid bilayers, and the

protein streptavidin. [26] A polymer-terminated lipid bilayer was formed on one mica

surface and the protein was adsorbed to a lipid bilayer on the other mica surface.

Their investigation revealed repulsive forces at low compressive loads. Attractive

forces, however, were detected at high loads when the proteins were pushed into the

polymer layer. This attraction was found to be high enough that the separation of

the two surfaces led to removal of polymers from their supporting membrane.

An example of coated polymer films is the work of Zhang et al. who investigated

the molecular interactions of the comb-type polymer polystyrene-g-poly(ethylene ox-

ide). [27] Mica surfaces were spin-coated with the polymer to measure its interactions

in NaCl solutions as well as air. Belder and co-workers used the SFA to study the

adsorption of various polystyrene/poly(2-vinylpyridine) block copolymers on mica. [28]

The polymers were dissolved in toluene which is a good solvent for the polystyrene

and a bad solvent for the poly(2-vinylpyridine) block. By varying the size of the ad-

sorbing poly(2-vinylpyridine) block, referred to as “anchor block”, they were able to

control the surface density of the adsorbed polymer. Except for the highest surface

densities, the adsorbed layers were found to form mushroom-like profiles. Brushlike

layers were formed for the highest densities although it was not possible to form true

brushes.

Although SFA is a very sensitive technique for the study of molecular forces of

thin films, it is not suitable for the work presented in this thesis. The lack of chemical

information means that the study of interactions between grafted polymer brushes

and cargo molecules would rely purely on changes in the interactions between the

two substrates. Interactions between polymer-grafted surfaces, however, are not the

subject of this research. The limitation of mica as the substrate material might

furthermore introduce challenges for the grafting-from process.

AFM Atomic force microscopy (AFM) is a technique where the sample is scanned

with a sharp tip attached to a cantilever spring. The AFM provides information

on the sample thickness, its mechanical properties as well as surface forces through

force-distance measurements. [24,25] Kidoaki et al. utilised this technique to study the

temperature-dependent structural changes of pNIPAM grafted to glass substrates

at different grafting densities. [29] Thickness and force-distance measurements were

carried out at 25 ∘C and 40 ∘C and showed the collapse of the polymer layer at high

temperatures. The thickness of the layer at high temperature was found to be one-

half to one-fourth of the values measured for 25 ∘C. They furthermore detected an

increase in the film thickness with grafting density confirming that higher densities

lead to the expected extension of the polymer chains.

AFM furthermore allows the study of interactions between surfaces and colloidal

particles. Yamamoto et al. attached hydrophobic silica spheres to AFM probes and

successfully measured the interaction forces between the spheres and poly(methyl

methacrylate) (pMMA) brushes grafted from silicon substrates. [30] Their results also

showed that a higher grafting density leads to an extension of the polymer chains
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and thus to an increase in the film thickness. Their results further showed that high-

density brushes were more resistant to compression than low-density brushes.

In 2008, Kelley et al. published their work on poly(2-vinylpyridine)-polystyrene

brushes adsorbed to mica where they compared the results of force-distance meas-

urements obtained through AFM and SFA. [31] Overall, SFA force-distance profiles

where found to be steeper than the AFM data which was thought to be caused by the

AFM tip splaying the polymer chains. Interestingly, the AFM data showed a bimodal

distribution of the force-distance results which was consistent with the topographical

images that showed areas of high and low polymer density. Their results thus raise

questions regarding the interpretation of SFA data. They note that such data might

conventionally be interpreted using models based on homogeneous brushes although

the layer might in practice be heterogeneous. Atomic force microscopy, however, al-

lows the measurement of brush heterogeneity on a ∼10 nm length scale and might

consequently be more suitable fo heterogeneous systems.

AFM measurements can be used to determine the thickness of grafted polymer

layers at, both, the solid-air and solid-water interface. Beyond that, the technique

would be of limited use for this project since it does not deliver chemical information.

Due to the inability to directly confirm polymer-cargo binding, the main application

of the AFM in this project would be the determination of the polymer brush thickness.

In this work, such measurements were carried out using ellipsometry.

ATR-FTIR Spectroscopy Attenuated total reflection Fourier-transform infrared

spectroscopy (ATR-FTIR) is a surface-selective measurement technique where, simil-

arly to total internal reflection Raman spectroscopy, the sample is illuminated by an

evanescent wave. An infrared beam is send through an ATR crystal where it under-

goes total internal reflection at the crystal-sample interface. Depending on the design

of the crystal, multiple reflections are possible increasing signal quality. The beam is

sent to a detector after exiting the crystal. This technique has been utilised success-

fully to characterise grafted polymers in a range of applications including membrane

functionalisation [32,33] and the fabrication of cell sheets. [34,35,36]

ATR-FTIR is a surface-selective and chemically-specific technique for the study

of processes at interfaces. Due to the strong IR-absorption of water, measurements at

the solid-water interface result in spectra with strong water signals. As a consequence,

spectra of polymers at this interface would be dominated by the water background,

reducing the detection limit and potentially swamping weak cargo signals.

Degrafting Another interesting approach is called degrafting, where a polymer is

detached from the surface it was grafted from. The polymer can be degrafted by,

e.g., attacking the bond between the substrate and the surface initiator. Degrafted

polymer layers are subsequently analysed like bulk-initiated polymers would be. Patil

et al. used this technique to study PMMA brushes grafted from silica substrates. [37]

Following the characterisation of the grafted brush using X-ray photoelectron spectro-

scopy (XPS), ellipsometry and contact angle measurements, the polymer was degraf-
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ted using tetrabutylammonium fluoride (TBAF). TBAF attacks the Si-O bonds which

anchor the polymer to the surface and was used as an alternative to hydrofluoric acid.

The free polymer chains were then analysed using size exclusion chromatography. This

technique gives access to properties such as the molecular weight distribution and,

if the area of the substrate is known, the grafting density. Degrafting can thus give

valuable insight into the characteristics of the polymer chains that might otherwise

not be accessible when the chains are bound to the substrate. It is however necessary

to be able to degraft polymers from a large surface area in order to obtain a sufficient

amount of material for analysis.

Degrafting is an invasive technique that has the potential to give access to inform-

ation on parameters such as grafting density and polymer weight. It does not allow in

situ studies on the interactions of the polymer with its surroundings. This technique

is thus not suitable for investigations such as this work that focus on interactions

between the grafted brush and cargo molecules.

1.4 Uptake and release of cargo molecules from films

1.4.1 Thermodynamic description

The association of a cargo molecule with a nanoparticle or a polymer film is

characterised with a binding constant 𝐾binding. This constant reflects the potential

of interaction between a carrier and a cargo molecule at a given temperature, pH,

cargo concentration and polymer density at equilibrium. The binding constant is

then defined as

𝐾binding =
𝑘a
𝑘d

=
[polymer-cargo]eq
[polymer][cargo]eq

(1.18)

where 𝑘a and 𝑘d are the association and dissociation rate constants, respectively.

𝐾binding thus denotes the equilibrium of the two reactions, shown as a schematic

representation in figure 1.5. In the case of a polymer film, an effective binding constant

𝐾eff
binding can be defined as the ratio of the concentrations of bound to free cargo

molecules at equilibrium:

𝐾eff
binding =

[cargobound]eq
[cargofree]eq

(1.19)

[polymer] + [cargo] [polymer-cargo]
𝑘d

𝑘a

Figure 1.5: Schematic representation of the association of a cargo molecule to a
polymer forming a complex polymer-cargo. The association is an equilibrium with an
association and a dissociation reaction.

The successful uptake and release of a cargo molecule from a polymer layer relies

on the carrier’s ability to change its binding affinity with the cargo. In the ideal

scenario, the polymer exhibits two distinct states: one state where 𝑘a ≫ 𝑘d favouring

the association of polymer and cargo, and a second state where 𝑘a ≪ 𝑘d and the

cargo is released. The switch between the states might be triggered through changes
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in parameters such as temperature, pH and ionic strength. Throughout this work,

temperature changes are used as the trigger in the investigated systems.

Binding between carrier and cargo can be due to a range of interactions. Typical

interactions involved in the work presented here are hydrophobic and electrostatic

interactions as well as hydrogen bonding. Binding occurs if these interactions are

attractive enough to overbalance the entropic penalty of burying the cargo molecule

in the polymer layer.

1.4.2 Literature review

Delivery systems Several delivery strategies involving the release of cargo from

films are under consideration for biomedical applications. Liposomes, or lipid vesicles,

are popular system for forming protective shells around hydrophobic drugs. [38] The

vesicles can be coated with polyethylene glycol (pEG) to extent their retention time

in the body. Due to the non-targeted delivery, only a fraction of the liposomes end up

reaching the targeted area. This approach, called passive targeting, can be applied in

cancer treatments since cancerous cells are well irrigated by blood vessel. Targeted

delivery can be achieved by covering the surface of the liposomes with more active

substances such as antibodies or ligands which can react to hormones.

pNIPAM is an interesting candidate for the use in drug delivery systems due to

its phase transition temperature close to the human body temperature. For example,

Zhang et al. designed magnetic microcapsules of chitosan and pNIPAM to encapsulate

and release sodium salicylate as a model cargo. [39] Polystyrene beads were used as

a template for deposited chitosan from which pNIPAM was grafted. Iron ions were

adsorbed onto the particles before the polystyrene core was removed through repeated

washes with tetrahydrofuran and water. The capsules are magnetic and can therefore

be transported towards a target organ easily through the application of an external

magnetic field. They are pH and temperature responsive due to the chitosan and

pNIPAM block, respectively. The particles were then loaded with sodium salicylate

by immersing them in a solution of sodium salicylate for 48 h. The subsequent release

was diffusion limited with a diffusion coefficient tunable through pH and temperature.

Half-times were ranging from 2 to 5 hours.

Kroning and co-workers investigated the protein-adsorbing and -repelling proper-

ties of a range of responsive polymer brushes. [40] The systems they investigated in-

cluded poly(N -isopropylacrylamide) and poly(acrylic acid) (pAA) brushes grafted to

pGMA-coated (poly(glycidyl methacrylate)) silicon wafers as pNIPAM-pGMA block-

copolymers. The researchers employed in situ infrared-spectroscopic ellipsometry

(IRSE) to study the adsorption of human serum albumin (HSA) and human fibrogen

(FIB) onto the model surfaces. The thermoresponsive pNIPAM and pNIPAM-pGMA

brushes showed a consistently repelling behaviour when exposed to HSA and FIB,

respectively. This protein-repellent characteristic was observed for the swollen and

collapsed states of the brushes. The pH-responsive pAA brushes, however, showed a

different behaviour. Time-dependent IRSE measurements showed the adsorption of

HSA at ph 5 and confirmed the stability of pAA-HSA when exposed to protein-free

19



Chapter 1. Introduction

solutions of a similar pH. Raising the pH to 7 lead to a controlled desorption of the

proteins until nearly 90 % of HSA had desorbed. Throughout the adsorption and

desorption processes, IRSE revealed no changes in the amide I and II bands of HSA

that are highly sensitive towards changes its secondary structure. This shows that

the protein’s structure was not altered upon adsorption.

Characterisation methods The uptake and release of cargo molecules from a

polymer film or a soft nanoparticle can be followed either directly or indirectly. An

example for indirect measurements on nanoparticles is dynamic light scattering [41]

which measures a change in the particle’s diameter during loading and release. This

technique is not chemically specific but nevertheless an effective method for studying

cargo release from nanoparticles. UV/vis spectroscopy is a chemically specific altern-

ative that measures depletion in the solution. [42] Aliquots are taken from the solution

at different times and cargo concentrations are determined ex situ. Methods for the

case of films on planar substrates include ATR-IR spectroscopy, neutron reflectometry

and QCM-D measurements which have been reviewed in section 1.3.4 above.

In this thesis, I am studying the interactions between polymers grafted from

planar substrates and cargo molecules mainly using TIR Raman spectroscopy. This

is a chemical specific, surface selective and quantitative technique that allows in situ

measurements of processes at the solid-water interface.

1.5 Optics

1.5.1 Reflection and refraction at interfaces

This section contains a description of reflection and refraction at an interface us-

ing the electromagnetic approach. Through Snell’s law and the subsequent derivation

of the Fresnel equations, we will be able to calculate the relative amplitudes of the

incident, reflected and transmitted rays. I will also describe the case of total internal

reflection and the impact on the electric field at the interface. Knowledge of these pro-

cesses is important for understanding the principle behind TIR Raman spectroscopy

which has been the main tool for the work presented in this thesis. The equations

derived in this section will furthermore allow us to understand the origin of the re-

lative scattered intensities generated by the different polarisation combinations. To

start with, we consider an interface as shown in figure 1.6. This figure defines the co-

ordinate system used for the remainder of this section. The incident monochromatic

light wave can be expressed as: [43]

Ei = E0i𝑒
𝑖(ki·r−𝜔i𝑡) . (1.20)

The initial electric field vector, E0i, is assumed to be constant, and gives the orient-

ation of the initial field and the amplitude of the wave. k is the propagation vector

with the magnitude 2𝜋/𝜆 giving the direction of the incident light and 𝜔 is the an-

gular frequency given by 2𝜋/𝜏 . The time period, 𝜏 , is defined as 𝜏 = 𝜆/𝑣 where 𝑣

is the velocity. The velocity itself can be expressed as 𝑣 = 𝑐/𝑛. The reflected and
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transmitted waves can be expressed similarly as

Er = E0r𝑒
𝑖(kr·r−𝜔r𝑡+𝜑r) (1.21)

and

Et = E0t𝑒
𝑖(kt·r−𝜔t𝑡+𝜑t) , (1.22)

respectively. 𝜑r and 𝜑t are introduced as phase constants relative to Ei since the

position of the origin is not unique.

z

𝜃t

x

y

interface

plane of incidence

𝜃i 𝜃r

𝑘i

𝐸i‖

𝐸i⊥

𝑘r

𝐸r‖

𝐸r⊥

𝑘t

𝐸t‖

𝐸t⊥

Figure 1.6: Schematic representation of reflection and refraction at an interface show-
ing the direction of the parallel and perpendicular components of the electric field
vectors as well as the direction of the propagation vectors.

The laws of electromagnetic theory dictate multiple boundary conditions, one of

which being that the total tangential component of the electric field, E, must be equal

across the interface. Consequently

û×Ei + û×Er = û×Et , (1.23)

where û is the unit vector normal to the interface. This relationship can be expressed

as

û×E0i𝑒
𝑖(ki·r−𝜔i𝑡) + û×E0r𝑒

𝑖(kr·r−𝜔r𝑡+𝜑r) = û×E0t𝑒
𝑖(kt·r−𝜔t𝑡+𝜑t) , (1.24)

which must be true at any time and at all points on the interface. As a consequence,

Ei, Er and Et must share the same dependence on 𝑡 and 𝑟. The time-dependent

terms are thus identical giving

𝜔i = 𝜔r = 𝜔t , (1.25)

while the constrained spatial variation leads to

(ki · r) = (kr · r + 𝜑r) = (kt · r + 𝜑t) . (1.26)

21



Chapter 1. Introduction

This expression can be transformed into two equations giving the relative phases of

the reflected and transmitted waves:

(ki − kr) · r = 𝜑r , (1.27a)

(ki − kt) · r = 𝜑t . (1.27b)

These two equations define a plane swept out by the endpoint of r perpendicular to

ki − kr and ki − kt which is the interface. The incident and reflected waves are in

the same medium and consequently the magnitude of the incident and reflected wave

vectors are identical, 𝑘i = 𝑘r. Since ki − kr has no component in the plane of the

surface, defined as û× (ki − kr) = 0, we can conclude that

𝑘i sin 𝜃i = 𝑘r sin 𝜃r , (1.28)

leading to the law of reflection:

𝜃i = 𝜃r . (1.29)

Similarly, following on from equation 1.27b, ki − kt is also normal to the interface

and parallel to û giving

𝑘i sin 𝜃i = 𝑘t sin 𝜃t . (1.30)

The media on both sides of the interface are different and consequently 𝑘i ̸= 𝑘t.

However, since 𝜔i = 𝜔t (see equation 1.25) both sides can be multiplied with 𝑐/𝜔i to

finally give Snell’s law:

𝑛i sin 𝜃i = 𝑛t sin 𝜃t . (1.31)

1.5.2 Fresnel equations

In the previous section, I have shown the relationships between the phases of

the three waves Ei, Er and Et. We can now investigate the connection between

the amplitudes of the incident, reflected and transmitted waves, E0i, E0r and E0t,

respectively. As above, we consider a plane monochromatic wave incident at the

interface between between two isotropic media. We can separate the E and B fields

of the wave into components that are parallel and perpendicular to the plane of

incidence. This allow us to express any polarisation of the incident wave as a linear

combination of those two orthogonal polarisations. In the first case, we assume that

E is perpendicular to the plane of incidence and B parallel to it. Since 𝐸 = 𝑣𝐵,

k̂×E = 𝑣B (1.32)

follows and since k is perpendicular to E

k̂ ·E = 0. (1.33)

The propagation vector k̂, E and B are thus forming a right-handed system (see

figure 1.6). The boundary condition of the continuity of the tangential electric field
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applies again, giving

E0i + E0r = E0t . (1.34)

There is no such continuity of the component normal to the electric filed. However,

the normal component of the product of 𝜖E — 𝜖 being the permittivity of the me-

dium — is the same on both sides of the interface. In a similar fashion, the normal

component of the magnetic field B and the tangential component of 𝜇−1B — 𝜇 be-

ing the permeability of the medium — are continuous across the interface. Through

this continuity of the tangential component, also referred to as the magnetic intensity

vector H, we can write that

− 𝐵i

𝜇i
cos 𝜃i +

𝐵r

𝜇r
cos 𝜃r = −𝐵t

𝜇t
cos 𝜃t . (1.35)

Following on from equation 1.32 we obtain

𝐵i = 𝐸i/𝑣i , (1.36a)

𝐵r = 𝐸r/𝑣r , (1.36b)

𝐵t = 𝐸t/𝑣t . (1.36c)

Since the incident and reflected waves are in the same medium, 𝜇i = 𝜇r, 𝑣i = 𝑣r and

𝜃i = 𝜃r, allowing us to substitute the above expressions into equation 1.35 to obtain

1

𝜇i𝑣i
(𝐸i − 𝐸r) cos 𝜃i =

1

𝜇t𝑣t
𝐸t cos 𝜃t . (1.37)

We can further simplify this expression as we know that 𝐸i, 𝐸r and 𝐸t must have the

same time dependence:

𝑛i
𝜇i

(𝐸0i − 𝐸0r) cos 𝜃i =
𝑛t
𝜇t
𝐸0t cos 𝜃t (1.38)

Combining this expression with equation 1.34 yields the Fresnel equations for the

reflected and transmitted light:(︂
𝐸0r

𝐸0i

)︂
⊥

=

𝑛i

𝜇i
cos 𝜃i − 𝑛t

𝜇t
cos 𝜃t

𝑛i

𝜇i
cos 𝜃i + 𝑛t

𝜇t
cos 𝜃t

. (1.39)

(︂
𝐸0t

𝐸0i

)︂
⊥

=
2𝑛i

𝜇i
cos 𝜃i

𝑛i

𝜇i
cos 𝜃i + 𝑛t

𝜇t
cos 𝜃t

. (1.40)

The subscript ⊥ highlights that these equations are valid when E is perpendicular

to the plane of incidence. We can further simplify the above equations for dielectric

materials where 𝜇i ≈ 𝜇r ≈ 𝜇t. This transformation returns the common forms of

those two Fresnel equations

𝑟⊥ =

(︂
𝐸0r

𝐸0i

)︂
⊥

=
𝑛i cos 𝜃i − 𝑛t cos 𝜃t
𝑛i cos 𝜃i + 𝑛t cos 𝜃t

(1.41)

and

𝑡⊥ =

(︂
𝐸0t

𝐸0i

)︂
⊥

=
2𝑛i cos 𝜃i

𝑛i cos 𝜃i + 𝑛t cos 𝜃t
. (1.42)
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𝑟⊥ and 𝑡⊥ denote the amplitude reflection coefficient and amplitude transmission

coefficient, respectively. It is possible to further simplify the expressions using Snell’s

Law giving

𝑟⊥ = − sin(𝜃i − 𝜃t)

sin(𝜃i + 𝜃t)
(1.43)

and

𝑡⊥ =
2 sin 𝜃t cos 𝜃i
sin(𝜃i + 𝜃t)

. (1.44)

We can derive the Fresnel equations for light polarised parallel to the plane of

incidence in a similar manner. From the boundary conditions of the continuity of the

electric field it follows that

𝐸0i cos 𝜃i − 𝐸0r cos 𝜃r = 𝐸0t cos 𝜃t . (1.45)

The continuity of the tangential component of 𝜇−1B across the interface consequently

leads to
1

𝜇i𝑣i
𝐸0i +

1

𝜇r𝑣r
𝐸0r =

1

𝜇t𝑣t
𝐸0t . (1.46)

Similar to the previous case, we can now use the fact that 𝜇i = 𝜇r and 𝜃i = 𝜃r to

arrive at the Fresnel equations for light where E is parallel to the plane of incidence.(︂
𝐸0r

𝐸0i

)︂
‖

=

𝑛t

𝜇t
cos 𝜃i − 𝑛i

𝜇i
cos 𝜃t

𝑛i

𝜇i
cos 𝜃t + 𝑛t

𝜇t
cos 𝜃i

(1.47)

(︂
𝐸0t

𝐸0i

)︂
‖

=
2𝑛i

𝜇i
cos 𝜃i

𝑛i

𝜇i
cos 𝜃t + 𝑛t

𝜇t
cos 𝜃i

(1.48)

The subscript ‖ indicates the polarisation the equations are valid for. As above, we

can simplify the expressions for dielectric materials giving

𝑟‖ =

(︂
𝐸0r

𝐸0i

)︂
‖

=
𝑛t cos 𝜃i − 𝑛i cos 𝜃t
𝑛i cos 𝜃t + 𝑛t cos 𝜃i

(1.49)

and

𝑡‖ =

(︂
𝐸0t

𝐸0i

)︂
‖

=
2𝑛i cos 𝜃i

𝑛i cos 𝜃t + 𝑛t cos 𝜃i
. (1.50)

Further simplifications using Snell’s law finally lead to the amplitude reflection and

amplitude transmission coefficients

𝑟‖ =
tan(𝜃i − 𝜃t)

tan(𝜃i + 𝜃t)
(1.51)

and

𝑡‖ =
2 sin 𝜃t cos 𝜃i

sin(𝜃i + 𝜃t) cos(𝜃i − 𝜃t)
, (1.52)

respectively.
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1.5.3 Total internal reflection

Let us now imagine a system where the incident medium is of a higher optical

density than the transmission medium and thus 𝑛i > 𝑛t. Based on the amplitude

reflection coefficients we derived in the previous section, we know that gradually

increasing 𝜃i will increase 𝑟⊥ and 𝑟‖, and consequently decrease 𝑡⊥ and 𝑡‖. Snell’s law

moreover dictates that 𝜃t > 𝜃i. The transmitted ray therefore gradually approaches

tangency with the interface as 𝜃i increases. At some point 𝜃t = 90∘ and all available

energy appears in the reflected beam. Figure 1.7 shows this change in the amplitude

reflection coefficients for a silica–water interface. Since sin 𝜃t = 1 we can use Snell’s

law to calculate this value of 𝜃i for which 𝜃t = 90∘, known as the critical angle 𝜃c:

𝜃c = sin−1

(︂
𝑛t
𝑛i

)︂
(1.53)

Above this critical angle, all incident energy is reflected back into the incident medium.

This process is called total internal reflection.

Figure 1.7: Amplitude reflection coefficient for perpendicular (blue line) and parallel
(red line) polarised light as a function of incident angle, 𝜃i, for the internal reflection
at the silica–water interface (𝑛i = 1.461, 𝑛t = 1.336). No parallel polarised light is
reflected at the Brewster angle, 𝜃B, and all light is reflected above the critical angle,
𝜃c (66∘).

Since there is now no transmitted wave inside the second medium, the incident and

reflected fields are not sufficient to satisfy the boundary conditions. The tangential

components of the electric field must be continuous across the interface. Consequently,

there must be a transmitted wave but simultaneously, on average, no energy transfer

across the interface. We can express the transmitted electric field as

Et = E0t𝑒
𝑖(kt·r−𝜔𝑡) (1.54)

where

kt · r = 𝑘t𝑥𝑥+ 𝑘t𝑧𝑧 (1.55)
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Figure 1.8: Schematic representation showing the propagation vectors for internal
reflection.

as k has no 𝑦-component. The 𝑥- and 𝑧-components are

𝑘t𝑥 = 𝑘t sin 𝜃t (1.56)

and

𝑘t𝑧 = 𝑘t cos 𝜃t , (1.57)

respectively, as shown in figure 1.8. Through Snell’s law it now follows that

𝑘t cos 𝜃t = ±𝑘t
(︂

1 − sin2 𝜃i
𝑛2ti

)︂1/2

(1.58)

where 𝑛ti = 𝑛t/𝑛i. For cases where sin 𝜃i > 𝑛ti, i.e. total internal reflection occurs,

the two components can be expressed as

𝑘t𝑧 = ±𝑖𝑘t
(︂

sin2 𝜃i
𝑛2ti

− 1

)︂1/2

≡ ±𝑖𝛽 (1.59)

and

𝑘t𝑥 =
𝑘t
𝑛ti

sin 𝜃i . (1.60)

Finally, we can rewrite the transmitted electric field as

Et = E0t𝑒
±𝛽𝑧𝑒𝑖(𝑘t𝑥 sin 𝜃i/𝑛ti−𝜔𝑡) . (1.61)

We can ignore the positive exponential in equation 1.61 since it would result in an elec-

tric wave with an ever increasing amplitude away from the interface. The transmitted

wave thus advances in the 𝑥-direction of the interface with its amplitude decaying ex-

ponentially in the 𝑧-direction. It is this evanescent wave that we use in TIR Raman

spectroscopy to stimulate Raman scattering at an interface. The exponential decay

of this wave is governed by the attenuation coefficient 𝛽 introduced above which can
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Figure 1.9: Penetration depth of the evanescent wave (blue) and the square of the
evanescent wave (red) for total internal reflection at the silica-water interface (𝑛i =
1.461, 𝑛t = 1.335) at a wavelength of 532 nm with respect to the angle of incidence.

be rewritten as

𝛽 =
2𝜋𝑛t
𝜆0

[︃(︂
𝑛i
𝑛t

)︂2

sin2 𝜃i − 1

]︃1/2

. (1.62)

Its characteristic decay length, referred to as the penetration depth 𝑑p, is defined as

the point where the strength of the electric field drops to 1/𝑒 of its initial value at

𝑧 = 0. The penetration depth is thus defined as 𝑑p = 1/𝛽. In Raman spectroscopy,

the intensity of the light defined as the square of the electric field is of interest and

has a decay length of 𝛽−1/2. Figure 1.9 shows the penetration depth at the silica-

water interface for a wavelength of 532 nm. I used an angle of incidence of 73∘ for the

majority of my TIR Raman measurement resulting in the penetration depth of the

square of the electric field to be 103.5 nm.

Above the critical angle, 𝑟⊥ and 𝑟‖ are becoming complex quantities. We can thus

rearrange the Fresnel coefficients to give

𝑟⊥ =
cos 𝜃i − 𝑖(𝑛2ti − sin2 𝜃i)

1/2

cos 𝜃i + 𝑖(𝑛2ti − sin2 𝜃i)1/2
(1.63)

and

𝑟‖ =
𝑛2ti cos 𝜃i − 𝑖(𝑛2ti − sin2 𝜃i)

1/2

𝑛2ti cos 𝜃i + 𝑖(𝑛2ti − sin2 𝜃i)1/2
. (1.64)

The overlap of the incident and reflected beams leads to an enhancement of the

Fresnel factors of the transmitted beam. Rather then simply giving one Fresnel factor

for each polarisation, they are now split up into separate factors for each of the three

axes. This distinction is important since the presence of the interface means that

molecules might be ordered with respect to the 𝑧 axis. It is thus of interest for TIR

Raman measurements to know the relative intensities generated by the different planes

relative to the interface for each of the two polarisations. Perpendicular polarised

incident light (E perpendicular to plate of incidence) has no components in the 𝑥 and

𝑧 axes, whilst parallel polarised light has no components in the 𝑦 axis. Consequently,
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𝑡⊥𝑥 = 𝑡⊥𝑧 = 𝑡‖𝑦 = 0. The three remaining non-zero coefficients are: [44]

𝑡‖𝑥 =
2 cos 𝜃i(sin

2 𝜃i − 𝑛2ti) + 𝑖(2𝑛2ti cos2 𝜃i

√︁
sin2 𝜃i − 𝑛2ti)

𝑛4ti cos2 𝜃i + sin2 𝜃i − 𝑛2ti
, (1.65a)

𝑡⊥𝑦 =
2 cos2 𝜃i − 𝑖(2 cos 𝜃i

√︁
sin2 𝜃i − 𝑛2ti)

1 − 𝑛2ti
, (1.65b)

𝑡‖𝑧 =
2𝑛2ti cos2 𝜃i sin 𝜃i − 𝑖(2 cos 𝜃i sin 𝜃i

√︁
sin2 𝜃i − 𝑛2ti)

𝑛4ti cos2 𝜃i + sin2 𝜃i − 𝑛2ti
. (1.65c)

Figure 1.10 shows a plot of the absolute values of the three Fresnel factors for

the silica-water interface. 𝑡⊥𝑦 and 𝑡‖𝑧 show maximum enhancement at the critical

angle, 66∘, while 𝑡‖𝑥 is zero. Minimising 𝑡‖𝑧 would have simplified spectral analysis

and, combined with the enhancement of 𝑡‖𝑥 and 𝑡⊥𝑦, implies that 𝜃c is the preferred

angle of incidence for TIR Raman measurements. To work at this angle, however, is

not feasible for a variety of reasons: Reliably aligning the experiment, including the

beam delivery optics and the sample interface, exactly to the critical angle would be

very challenging. In addition, the finite numerical aperture of the pump laser would

cause some of the light to be incident below the critical angle. Finally, the infinite

penetration depth would cause a massive increase in the water signal and thus swamp

any signals arising from species at the interface. This would, as a consequence, defeat

the point of using TIR Raman spectroscopy for its surface selectivity.

Figure 1.10: Absolute values of the Fresnel factors at the silica-water interface (𝑛i =
1.461, 𝑛t = 1.336) as a function of the angle of incidence. 𝑡‖𝑥 is shown in blue, 𝑡⊥𝑦 in
red and 𝑡‖𝑧 in green.

The angle of 73∘ used in most of my measurements was chosen as a compromise

between maximising the electrical field and minimising the penetration depth. 𝑡‖𝑧 is

close to its local maximum at this angle of incidence. Note that ⊥ and ‖ are replaced

by 𝑆 and 𝑃 , respectively, in the subsequent chapters.
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1.6 Raman spectroscopy

1.6.1 Vibrations in molecules

Raman spectroscopy is a type of vibrational spectroscopy probing vibrational

modes of molecules. We will thus briefly discuss vibrations in polyatomic molecules.

Non-linear molecules containing 𝑁 atoms need 3𝑁 coordinates the specify the loc-

ation of all atoms. Three coordinates are required to describe the location of the

molecule’s centre of mass. The rotation of the molecule about the centre of mass is

specified with three more coordinates. Changes in the remaining 3𝑁 − 6 coordinates

describe vibrations of the molecule. The number of coordinates corresponding to vi-

brational modes is 3𝑁 − 5 for linear modules since there are only two angles needed

to specify their orientation. [45] All atoms of a polyatomic molecule are participating

in vibrations and the potential energy depends on all displacements of atoms from

their equilibrium positions. The potential energy can be expressed through a Taylor

series expansion giving

𝑉 (𝑥) = 𝑉 (0) +
𝜕𝑉

𝜕𝑥

⃒⃒⃒⃒
0

𝑥+
1

2

𝜕2𝑉

𝜕𝑥2

⃒⃒⃒⃒
0

𝑥2 + ... , (1.66)

where 𝑥 is the displacement of an atom away from the equilibrium distance 𝑅0. At the

equilibrium where 𝑥 = 0, the first derivatives can be set to zero. Since the absolute

energy of the molecule is not of interest here, 𝑉 (0) can be set to zero as well. For small

displacements from the equilibrium, the expression can be simplified the neglecting

the terms after the second derivative. The potential energy can now be expressed as

𝑉 (𝑥) =
1

2
𝑘𝑥2 (1.67)

where 𝑘, the force constant, is defined as

𝑘 =
𝜕2𝑉

𝜕𝑥2

⃒⃒⃒⃒
0

(1.68)

arising from the second derivative. The discrete energy levels of this harmonic oscil-

lator are given as

𝐸 =

(︂
𝑣 +

1

2

)︂
~𝜔 (1.69)

for each normal mode where 𝑣 is the vibrational quantum number defined as an

integer ≥ 0. 𝜔, the angular frequency, is given by
√︀
𝑘/𝜇 where 𝜇 is the reduced mass

of the system. The uniform spacing between the levels is consequently ~𝜔 while the

zero-point energy is 1
2~𝜔 when 𝑣 = 0. The total vibrational energy is then the sum

of the energies of each normal mode. This harmonic treatment implies the existence

of an infinite number of discrete energy levels for each normal mode. The potential

energy of real molecules, however, does not actually follow this harmonic shape but

can be described as an anharmonic vibration. The differences become more important

at higher quantum numbers and are a consequence of the simplifications in equation

1.66 where the Taylor expansion was truncated after the quadratic term. Equation

1.69 is, however, still a good approximation at low quantum numbers. The different
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shapes of harmonic and anharmonic potentials together with the associated energy

levels are shown in figure 1.11. One way of modelling the anharmonic vibration is the

Morse potential given by

𝑉 (𝑥) = ℎ𝑐𝐷e(1 − 𝑒−1𝑎𝑥)2 (1.70)

where 𝐷e is the wavenumber associated with the depth of the minimum of the poten-

tial curve and 𝑎 defined as

𝑎 =

√︂
𝑘

2ℎ𝑐𝐷e
(1.71)

The Morse potential shows that the molecule has enough vibrational energy at high

quantum number to break the bonds. It follows, that there is actually a finite number

of available vibrational energy levels. Another difference is the separation between

vibrational levels. The energy levels of the Morse potential are given by [45]

𝐸 =

(︂
𝑣 +

1

2

)︂
~𝜔 −

(︂
𝑣 +

1

2

)︂2

~𝜔𝑥𝑒 (1.72)

with

𝜔𝑥𝑒 =
𝑎2~
2𝜇

(1.73)

and are not equally spaced like as they are for a harmonic oscillation but are conver-

ging with increasing quantum number. It should be noted that the Morse potential

is still an approximation.
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Figure 1.11: Harmonic (blue) and anharmonic (red) potentials as a function of atomic
displacement with added energy levels (horizontal lines). The constants used to gen-
erate this figure were chosen to be close to the values for a C−H stretch at 2900 cm−1.

These vibrational modes can be probed through techniques such as Raman spec-

troscopy and infrared spectroscopy. Raman spectroscopy was utilised extensively

throughout this work and will be discussed in detail in the remainder of this chapter.
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1.6.2 Raman scattering

Background Whenever monochromatic light is incident on a transparent medium

such as a dust-free gas or an optically perfect solid, most of the light will be transmit-

ted. [46] In addition, some of the light is scattered. The vast majority of the scattered

light is of the same frequency as the incident light. This is the result of an elastic

scattering process is called Rayleigh scattering. An even smaller portion of the light

(typically 10−6 of the incident light), however, is scattered inelastically and thus at

a frequency different from the one of the incident light. [47] The underlying process

is called Raman scattering, named after C. V. Raman who first observed it in 1928

following its theoretical prediction by A. Smekal in 1923. The Raman effect can be

described through classical and quantum mechanical descriptions. This section will

only include a classical description since it is sufficient for explaining the vibrational

transitions that are relevant to this work. A quantum mechanical treatment, based on

the work of Placzek in 1934, would be necessary to, for example, describe electronic

transitions seen in resonance Raman scattering.

Rayleigh scattering Stokes scattering Anti-Stokes scattering

E

ℎ𝜈i ℎ𝜈i ℎ𝜈iℎ𝜈s ℎ𝜈s ℎ𝜈s

∆𝐸m

∆𝐸m

Figure 1.12: Diagram showing Rayleigh, Stokes and anti-Stokes scattering.

The Raman scattered light has a lower or higher frequency than the incident light,

and is referred to as Stokes or anti-Stokes scattering, respectively. All three possible

types of scattering are illustrated in figure 1.12. In each case, the photon interacting

with the molecule raises it to a so-called virtual energy level that does not correspond

to a normal vibrational level. The difference between this level and the molecule’s

initial vibrational level matches the energy of the incident photon, ℎ𝜈i. In the case

of Rayleigh scattering, the molecule returns to its initial state and the energy of the

scattered photon matches the incident photon. Conversely, the energy of the molecule

changes by ∆𝐸m during inelastic scattering which is given by

∆𝐸m = ℎ𝜈i − ℎ𝜈s (1.74)

where ℎ𝜈s is the energy of the scattered photon. In the case of Stokes scattering, 𝜈s is

smaller than 𝜈i resulting in a positive ∆𝐸m. The molecule gains energy. Conversely,

the molecule loses energy during anti-Stokes scattering where 𝜈s > 𝜈i resulting in

a negative ∆𝐸m. The magnitude of the shift between the incident and scattered
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photons can be expressed as

∆𝜈 = |𝜈i − 𝜈s| (1.75)

and is the called the Raman shift which is commonly given in wave numbers and

forms the 𝑥 axis of a Raman spectrum.

Anti-Stokes scattering is usually much weaker in a Raman spectrum than Stokes

scattering. This can be explained by the Boltzmann distribution

𝑁1

𝑁0
= 𝑒−Δ𝐸m/𝑘B𝑇 (1.76)

where 𝑁0 and 𝑁1 are the populations the ground and a higher vibrational level,

respectively. 𝑘B is the Boltzmann constant and 𝑇 the temperature. At room temper-

ature, essentially only the lowest vibrational levels are occupied. The exponentially

smaller number of occupied higher levels results in most of the inelastic scattering

being Stokes scattering.

Note that Raman scattering is not an absorption/emission process like the one seen

in IR spectroscopy. The photon interacting with the molecule raises the molecule to

a so-called virtual energy level that does not correspond to a normal vibrational level.

The energy of the photon does not match the match the energy difference between

two vibrational states. Additionally, Raman scattering can not be distinguished into

two processes. For comparison, in IR spectroscopy, where the sample is irradiated

with a range of infrared frequencies, light is only absorbed if the photon’s energy

matches the energy difference ∆𝐸𝑚 between two vibrational states. In the second

step, the energy can be spread amongst a large number of vibrations and transferred

to translational energy.

Classical description When the electric field of incident light is applied to a mo-

lecule, the electrons and protons are forced to respond by moving in opposite direc-

tions. The field is thereby inducing a temporary dipole moment within the molecule.

This induced dipole moment, 𝜇ind, is linearly proportional to the applied electric field

and can be expressed as

𝜇ind = 𝛼E (1.77)

where E is the electric field inducing the dipole and 𝛼 the polarisability of the molecule

which will be discussed further at the end of this section. The electric field of the

incident light with its maximum electric field strength E0 and frequency 𝜈i is given

by

E = E0 cos 2𝜋𝜈i𝑡 . (1.78)

Substituting the above expression into equation 1.77 returns the expression for the

induction of Rayleigh scattering

𝜇ind = 𝛼E0 cos 2𝜋𝜈i𝑡 , (1.79)
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where an oscillating electric field induces an oscillating dipole in the molecule. Ex-

panding the polarisability using a Taylor series leads to

𝛼 = 𝛼0 +
𝜕𝛼

𝜕Q

⃒⃒⃒⃒
0

Q + ... (1.80)

where 𝛼0 is the equilibrium polarisability, Q the normal mode displacement vector and

𝜕𝛼/𝜕Q the change of polarisability with respect to Q at the equilibrium configuration.

The vibrational mode behaves as a harmonic oscillator with a vibrational frequency

𝜈𝑣 and can be expressed as

Q = Q0 cos 2𝜋𝜈v𝑡 . (1.81)

We can now substitute equations 1.80 and 1.81 into equation 1.79 giving

𝜇ind = 𝛼0E0 cos 2𝜋𝜈i𝑡+
𝜕𝛼

𝜕Q

⃒⃒⃒⃒
0

E0Q0(cos 2𝜋𝜈i𝑡)(cos 2𝜋𝜈v𝑡) . (1.82)

Since cos(𝛼) cos(𝛽) = 1
2 cos(𝛼− 𝛽) + 1

2 cos(𝛼+ 𝛽), we can rewrite the above equation

as

𝜇ind = 𝛼0E0 cos 2𝜋𝜈i𝑡+
1

2
E0Q0

𝜕𝛼

𝜕Q

⃒⃒⃒⃒
0

[cos 2𝜋(𝜈i − 𝜈v)𝑡+ cos 2𝜋(𝜈i + 𝜈v)𝑡] (1.83)

to return a classical description of Raman scattering. The unshifted first term on the

right-hand side corresponds to Rayleigh scattering, while the lower frequency second

term and higher frequency third term correspond to Stokes and anti-Stokes scattering,

respectively. Importantly, equation 1.83 shows that Stokes and anti-Stokes scattering

only occur when 𝜕𝛼
𝜕Q ̸= 0, that is, when the polarisability changes during the vibration,

the fundamental requirement of the Raman effect.
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This thesis required the development of novel synthetic and analytic methods to

produce and characterise films of polymers and surfactants. This chapter describes

different techniques used for both types of films, including total internal reflection

Raman spectroscopy, a recently developed Raman imaging technique — which has

been used to evaluate the uniformity of the films with micrometre resolution as well as

the distribution of different components inside the layers — ellipsometry and circular

dichroism spectroscopy. This chapter also details the methods used to produce the

soft matter films, including synthetic procedures to attach polymer layers chemically

to silica substrates and the formation of surfactant films by fusion of vesicles onto a

surface.

2.1 Total Internal Reflection (TIR) Raman Spec-

troscopy

2.1.1 Optical set up

The total internal reflection (TIR) Raman set up of the Bain group (see figure 2.1),

has been built around a Renishaw spectrometer (Ramascope 1000, Renishaw) and a

Leica upright microscope equipped with an Olympus objective (×50, NA 0.55).

The laser (Opus 532, Laser Quantum) emits a green light (𝜆 = 532 nm) horizont-

ally polarised with tunable power of up to 2 W. The laser beam is expanded via a

telescope L1-2 (𝑓1 = −25 mm and 𝑓2 = +125 mm) and directed onto the sample stage

with a controlled angle of incidence via a periscope. The telescope is used so that the

beam spot is smaller on the sample, thus improving spectral resolution. The beam is

focussed onto the sample via a convex gradient index lens L3 (𝑓3 = +120 mm) to a

diameter of 10 µm. The reflected beam is blocked by a beam dump. The polarisation

of the beam can be changed using a half-wave plate. Scattered light is collected and

collimated by the objective lens, and directed into the spectrometer. The path of the

scattered light is shown in figure 2.2.

In short, the Rayleigh-scattered and anti-Stokes scattered light are removed with

an edge filter EF. A half-wave plate can be flipped into the beam path to selectively

probe the different polarisations of the scattered light. A lens focusses the light onto

the entrance slit ES of the spectrometer. The light is then re-collimated and dispersed

by a grating (1800 lines/mm). The spectrum is focussed onto a CCD camera.
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Laser

M1

1/2 wave
plateL1L2

M2

L3 beam dumpsampleperiscope

Figure 2.1: The optical beampath of the Raman spectrometer as set up in the Bain
laboratory, seen from above. [48] The laser beam is expanded by a telescope L1-2,
directed by a periscope and focused by L3 onto the sample.

2.1.2 Alignment

The laser power is reduced to 10 mW using a OD1 neutral density filter added

to the beampath. The expanded beam is set to a desired angle of incidence by two

mirrors acting as a periscope. The first mirror sends the light in the vertical direction,

while the second mirror defines the beam height and angle of incidence. The angle of

incidence is set by measuring the height of the beam between two points. The height

of the beam is measured in two known points from either side of the microscope. Once

the angle is set, the focussing lens is positioned perpendicularly to the beam. This is

achieved by checking the height of the beam as well as the back-reflected light. The

position of the lens is finely adjusted by moving the lens along the direction of the

beam using a translational stage (Thorlabs) to get a minimal spot size on the sample.

The position of the lens before the entrance slit of the spectrometer is adjusted to

maximise the intensity and reduce the full width at half maximum (FWHM) of the

520 cm−1 silicon band of a silicon wafer. This band is used to relate the position of a

peak on the CCD camera to the Raman shift.

2.1.3 Data acquisition and data analysis

Operating parameters

The Renishaw spectrometer possesses two modes of data acquisition. In the ex-

tended scan mode, the grating rotates while the CCD is read out simultaneously. This

mode enables the collection of spectra with a large spectral window which are not

limited by the size of CCD. Internal reference spectra are collected using this mode.

The main disadvantage of this mode is the long acquisition time required, as the

grating is moving at low speed. In the single scan mode, the entire width of the CCD

is read at once. This mode enables the acquisition of spectra covering a 660 cm−1
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Figure 2.2: The travel of the scattered light inside the Renishaw spectrometer seen
from the side. [48] Scattered light from the sample is collected by a microscope ob-
jective, O, the Raman scattered light is passed through a high-pass edge filter, EF,
polarised (P and 𝜆

2 ), focussed onto the entrance slit of the spectrometer, ES, dispersed
by a grating and focussed on the CCD.

spectral window in one second. After selecting the region of interest in the extended

scan spectrum, the single scan mode is used to collect all further Raman spectra.

The polarisation of the incident light can be selected with the half-wave plate of

the beam delivery optics (see figure 2.1). S polarised light has an electric field vector

perpendicular to the plane of incidence and P has an electric field vector parallel to

the plane of incidence. In the lab coordinate system, described in chapter 1, the

electric field of S polarised light is pure y while the electric field of P polarised light

has components in x and z. The polarisation of the scattered light is also selected with

the half-wave plate and polariser in the spectrometer (see figure 2.2). The y-polarised

scattered light is in the same plane as both the surface and the S-polarised light. The

x component is in the same plane as the surface but perpendicular to y. The four

possible combinations of polarisations probe different elements of the Raman tensor

(see table 2.1). The different polarisations are used for the final assignment of the

Raman bands. All data are collected with the Sy polarisation combination, unless

specified otherwise.

Table 2.1: Elements of the Raman tensor probed by the polarisation combinations in
the TIR Raman set up. It is worth noting that some of the equivalences assume that
the sample is symmetric in the plane of the sample.

Experimental Detected tensor Equivalent tensor

polarisation elements elements

Sy 𝛼𝑦𝑦 𝛼𝑥𝑥

Sx 𝛼𝑦𝑥 𝛼𝑥𝑦

Px 𝛼𝑥𝑥, 𝛼𝑧𝑥 𝛼𝑦𝑦, 𝛼𝑥𝑧, 𝛼𝑦𝑧, 𝛼𝑧𝑦

Py 𝛼𝑥𝑦, 𝛼𝑧𝑦 𝛼𝑦𝑥, 𝛼𝑦𝑧, 𝛼𝑥𝑧, 𝛼𝑧𝑥

Typical acquisitions consist of five accumulations of 30-second scans. This mode

has been preferred to a single scan of 150 seconds as no saturation of the detector

from the water band is observed at any polarisation or laser power used. Also, the

extra noise and readout time resulting from the multiple scans is negligible compared

to the shot noise in the Raman signal.
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When cosmic rays, high energy particles from outer space, hit the CCD, it liber-

ates many electrons causing artefacts in the data. Cosmic ray peaks are unavoidable

but can be removed as they are sharper and more intense than the Raman scattering

bands. A Matlab code developed by a former PhD student of our group, Dr. David

Woods, has been used to find and remove cosmic ray peaks from all spectra. Altern-

atively, the Renishaw software possesses an automatic cosmic ray removal function

which records two additional scans and remove any spike present in only one of them.

This alternative works well but requires extra measuring and readout time.

Background subtraction

Fused silica hemispheres used as substrate have a large spectral window enabling

the measurement of most organic bands. All peaks above 1100 cm−1 are detected.

Characteristic bands are shown in figure 2.3. The signals between 2700–3300 cm−1

can be attributed to the water OH stretch. At lower Raman shift, between 2700–

3000 cm−1, lie CH stretches. CD stretches are located between 2000 and 2300 cm−1.

In the region between 1400–1700 cm−1 lie different bands: aromatic C−C stretches,

CH deformations, features of ketones or amides.

Figure 2.3: TIR Raman spectrum of a mixed layer of surfactants — one being deu-
terated — showing the regions of interest.

Water OH stretches are sensitive to temperature. As the temperature increases,

hydrogen bonded networks are disrupted. Thus, the OH stretches of water become

freer and vibrate at higher frequencies leading to a larger Stokes shift. Sets of water

reference spectra are collected for every degree between 5 ∘C and 60 ∘C in the regions

of interest.

A Matlab function written jointly with another PhD student, Mario Possiwan,

has been used to estimate the peak position, half-width, amplitude and Gaussian and

Lorentzian fractions. Raman spectra are fitted by minimising the mean squared error,

𝜀, between the fitted and original spectra. If two sets lead to a similar error (less than

0.5 % difference), the one requiring fewer peaks is chosen.
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Bulk contribution and quantitative analysis

The Raman effect is linear and it is therefore possible to relate the Raman in-

tensity of a band to the number of induced dipoles in the probed volume. To do so,

adsorption isotherms are collected. Solutions of increasing concentration are prepared

and inserted into the cell. The variation of intensity of the Raman signal with respect

to the bulk concentration is called an isotherm, see figure 2.4.

(a) TIR Raman spectra of potassium thiocyanate solutions
at various concentrations

(b) Amplitude of 𝜈𝑠(SCN
– ) as a function of concentration

of potassium thiocyanate in bulk (right).

Figure 2.4: TIR Raman spectra and amplitude of 𝜈𝑠(SCN– ) from solutions of po-
tassium thiocyanate.

Above a certain concentration, the surface excess remains constant and the in-

crease in the Raman intensity is linear and arises from the contribution of bulk solu-

tion within the evanescent wave. In the example shown above, this is true at all

concentrations, since SCN– does not adsorb onto silica. The slope of this increase

gives the calibration factor between the Raman intensity and the concentration, and

the contribution from bulk can be thus removed. The remaining Raman intensities

arose only from adsorbed material, i.e. all material in the probed volume that is

38



Chapter 2. Methods

actually on the surface. The surface excess can be calculated as follows: all detected

signals arise from the exponentially decaying evanescent wave. A recorded signal is

thus the integral of this profile which is equivalent to a layer of solution with a thick-

ness of 𝑑p/2. Because of this relationship, the surface excess can be calculated by

multiplying the concentration by the sampling depth (𝑑p/2).

The detection limit is calculated by comparing the concentration-dependent integ-

rated signal to the noise level in the same integrated region in absence of the species.

The detection limit is given by the standard deviation (65 % confidence limit).

2.1.4 Wall-jet cell

The glass cell used in this thesis has been made in the glass–blowing workshop

of the Durham Chemistry Department (see figure 2.5). This cell has been designed

Figure 2.5: The glass cell as designed for TIR Raman experiments and made by the
glass blowers of the Department of Chemistry of the University of Durham.

to control the hydrodynamics close to the interface in order to observe the kinetics

of adsorption of surfactants and surfactant mixtures, using a wall-jet geometry. This

geometry allows the distribution of the solution onto the surface with a zero radial

speed. Transport of material onto the surface is diffusion limited. This assumption

is valid only if the flow is laminar which gives restrictions on the tubing size and the

flow speed. The wall–jet cell is surrounded by a glass jacket which can be filled with

water to control temperature using a circulating water bath. The temperature close

to the interface is measured by a thermocouple placed in a sheath inside the jacket.

The injection and outlet ports of the cell are attached to tubing and connectors made

from Teflon. Sealing is enabled by small O-rings inside the connectors. Solutions are

injected using syringe pumps providing control over flow speed and volume.

The substrates are hemispherical to prevent chromatic aberrations in the scattered

light, to make the collection more efficient and to get a better control over the angle of

incidence at the interface. The hemisphere is held in place by a Teflon plate screwed

on top of the cell. As the hemisphere can be slightly tilted from the platform, the glass

cell is mounted onto an optical mount (Thorlabs) enabling to compensate for this tilt.
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The procedure to align the platform so that the bottom surface of the hemisphere lies

perpendicular to the plane of incidence requires the researcher to repeat two steps

alternately until the reflection from the bottom surface of the hemisphere is at the

right height and in the plane of incidence. Firstly, the central position on the bottom

surface of the hemisphere is found, which is achieved by locating the position of a

bright spot within the hemisphere using the microscope. The bright spot is caused

by the hemisphere focussing the light of the microscope illumination. This point is

located slightly above the actual interface. Secondly, the cell is tilted so that the

reflection from the hemisphere is at the same angle as the angle of incidence.

2.1.5 Sample preparation

Fused silica hemispheres (IR-grade, diameter 10 mm, CVI) used for Raman spec-

troscopy are thoroughly cleaned prior to use. Hemispheres are placed in a Teflon

beaker and sonicated in ethanol for 5 minutes, rinsed 5 times with ultra high pur-

ity (uHP, Millipore) water and immersed in a solution of chromium sulfuric acid for

30 minutes. Chromium sulfuric acid solution is a powerful oxidizing agent removing

any organic contamination from the surface; it requires careful handling and precau-

tion, and should not be used without prior training. The acid is stored in a 100 mL

glass jar on a chemical resistant tray inside the fumehood to ease handling and pre-

vent spillage of large quantities. The mixture can be used several of times before it

should be carefully neutralised and disposed of. The substrates are rinsed with a small

amount of Milli-Q water to remove any remaining acid. The rinsing water is then

transferred to a specific waste bottle since it now contains toxic chromium IV and VI

ions. The substrates are then rinsed 10 times with uHP water. The presence of any

organics is assessed by taking a TIR Raman spectrum at the silica–water interface.

Silicon wafers were placed in a Teflon beaker and sonicated in ethanol for 5

minutes, rinsed 5 times with uHP water and immersed in a solution of 3:1 sulfuric

acid:hydrogen peroxide solution 30 % for 30 minutes. This mixture — often referred

to as piranha solution — is a powerful oxidizing agent and requires careful handling

and precautions. After use, the acidic mixture is allowed to cool and carefully diluted

with water before disposal.

All glassware is sonicated in a solution of Decon 90, a commercial detergent, for

15 minutes and left to soak overnight. Glassware is rinsed 10 times in uHP water,

sonicated for 15 minutes and rinsed again 10 times. The contact angle of uHP water on

the glassware should be close to 0∘ and is verified through visual inspection. Stainless

steel spatulas and tweezers are sonicated in a solution of Decon 90 for 15 minutes and

rinsed with copious amount of uHP water. Teflon connectors, O-rings and syringe

plungers are cleaned in a similar manner.

2.1.6 Film thickness model

Introduction

The penetration depth of the electric field is a function of the angle of incidence.

Varying the angle of incidence thus changes the probed volume below the interface.
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If a uniform polymer layer of a volume fraction 𝑦 and thickness ℎ is present at the

interface, the relative intensities of the Raman signals originating from the polymer

and water layers will then vary with the angle of incidence. The magnitude of this

change is a function of 𝑦 and ℎ. Figure 2.6 shows a schematic diagram of such a

polymer layer grafted onto a silica substrate in water.

Figure 2.6: Schematic diagram of the multilayer model used in this work. The polymer
layer is a uniform film of thickness ℎ and volume fraction 𝑦, lying between two media
of infinite thickness, silica and water.

This section outlines a model that calculates the Raman intensities originating

from polymer layers at the silica-water interface, as a function of the angle of incidence,

polymer film volume fraction and thickness. TIR Raman spectra of polymer films

recorded at a range of angles of incidence can then be matched to the model, returning

the volume fraction and thickness of the grafted polymer layer.

Description of the algorithm

The algorithm calculates the relative Raman intensities scattered from the polymer

grafted onto silica and from water for a range of angles of incidence. Raman intensities

are simulated over a range of polymer densities and thickness. The polymer volume

fraction ranges from 0.1 to 1 and the thickness from 1 to 500 nm.

The refractive index 𝑛1 of the polymer layer is a function of the polymer volume

fraction, 𝑦, and calculated in the first step from the refractive indices of pNIPAM [49]

and water: [50]

𝑛1 = 1.51 𝑦 + 1.33 (1 − 𝑦) (2.1)

An effective medium approximation would be a more accurate way of calculating

the refractive index. The linear relationship is, however, a good approximation and

sufficient for this algorithm.

The Fresnel factors of the y-component of the electric field, in transmission and

reflection, 𝑟⊥ and 𝑡⊥ respectively, are calculated as shown in equation 2.2. [51]

𝑟⊥ =
𝑟0,1⊥ + 𝑟1,2⊥ 𝑒2𝑖𝜑

1 + 𝑟0,1⊥ 𝑟1,2⊥ 𝑒2𝑖𝜑
𝑡⊥ =

𝑡0,1⊥ 𝑡1,2⊥ 𝑒𝑖𝜑

1 + 𝑡0,1⊥ 𝑡1,2⊥ 𝑒2𝑖𝜑
(2.2)

𝜑 refers to the phase change between the reflected beams at the two interfaces
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and is defined in equation 2.3. 𝑟𝑚,𝑛
⊥ and 𝑡𝑚,𝑛

⊥ are the Fresnel factors in transmission

and reflection at the interface between the media 𝑚 and 𝑛. The silica substrate,

the polymer film and the water bulk phase are denoted by the number 0, 1 and 2,

respectively. The Fresnel factors at each of the two interfaces are calculated as shown

in equation 2.4 where 𝜉i =
√︁
𝑛2i − 𝑛20 sin2 𝜃.

𝜑 =
2𝜋ℎ

√︁
𝑛21 − 𝑛20 sin2 𝜃

𝜆
(2.3)

𝑟01⊥ =
𝜉1 − 𝜉2
𝜉1 + 𝜉2

𝑟12⊥ =
𝜉2 − 𝜉3
𝜉2 + 𝜉3

𝑡01⊥ =
2𝜉1

𝜉1 + 𝜉2
𝑡12⊥ =

2𝜉2
𝜉2 + 𝜉3

(2.4)

The average electric fields inside the polymer layer,
⟨︀
𝐸2

𝑦,1

⟩︀
, and inside the water

layer,
⟨︀
𝐸2

𝑦,2

⟩︀
, can now be defined as shown in equations 2.5 and 2.6, respectively. [51]

⟨︀
𝐸2

𝑦,1

⟩︀
⟨𝐸2

0⟩
=

⃒⃒⃒⃒
(1 + 𝑟⊥) cos

(︂
2𝜋 𝑧 𝜉2
𝜆

)︂
+ 𝑖

𝜉1
𝜉2

(1 − 𝑟⊥) sin

(︂
2𝜋 𝑧 𝜉2
𝜆

)︂⃒⃒⃒⃒2
(2.5)

⟨︀
𝐸2

𝑦,2

⟩︀
⟨𝐸2

0⟩
= |𝑡⊥|2 exp

(︂
−4𝜋 (𝑧 − ℎ) 𝑛2 cos(𝜃𝑖)

𝜆

)︂
(2.6)

The polymer layer has a defined thickness, ℎ, and volume fraction 𝑦. Thus only a

fraction of the electric field inside the polymer layer
⟨︀
𝐸2

𝑦,1

⟩︀
contributes to the Raman

intensity of the polymer, 𝐼𝑝. The Raman intensity of water, 𝐼𝑤, is a combination of

the water inside the polymer layer and the water layer. The two Raman intensities

are consequently defined as follows:

𝐼𝑝(𝜃) ∝
∫︁ ℎ

0

𝑦

⟨︀
𝐸2

𝑦,1

⟩︀
⟨𝐸2

0⟩
𝑑𝑧

𝐼𝑤(𝜃) ∝
∫︁ ℎ

0

(1 − 𝑦)

⟨︀
𝐸2

𝑦,1

⟩︀
⟨𝐸2

0⟩
𝑑𝑧 +

∫︁ ∞

ℎ

⟨︀
𝐸2

𝑦,2

⟩︀
⟨𝐸2

0⟩
𝑑𝑧

(2.7)

This process generates a look-up table of the expected Raman intensities for the

set of possible polymer layers defined by the input ranges of 𝑦 and ℎ.

Experimental data set and fitting

Figure 2.7 shows the dataset of Raman spectra from a layer of grafted pNIPAM at

the silica–water interface, collected for a range of angles of incidence between 66∘ and

80∘. The Raman spectra are all normalised to the water maximum. After subtraction

of the water background, the integral of the spectra are calculated in the range of

2800–3050 cm−1, and plotted against the angle of incidence. As the angle of incidence

increases, the penetration depth decreases. Consequently, the water layer contributes

less to the Raman spectrum leading to the increase in 𝐼p shown in the figure below.
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Figure 2.7: Multi-angle data set collected from a swollen pNIPAM film at room
temperature. The spectra are collected at various angles of incidence between the
critical angle (66∘) and grazing incidence. The spectra have been normalised to the
maximum of the water band (left). The water background is subtracted and the
resulting integrals are plotted against the angle of incidence (right).

It is not possible to directly compare the absolute values of the simulated and

measured Raman intensities. The algorithm thus compares the relative change in the

signal of the polymer layer. All simulated data therefore has to be scaled to the ob-

served intensities first. Scaling is carried out for each modelled set of intensities using

Matlab’s mrdivide function. This function solves the equation 𝑠𝜑model = 𝜑real for 𝑠,

where 𝜑model and 𝜑real are row vectors containing the integrated polymer intensities

of the model for one combination of 𝑦 and ℎ, and the input data, respectively. The

solution 𝑠 can then be used to scale the modelled Raman intensities. The degree of

agreement between the simulated and measured intensity profiles is assessed through

the coefficient of determination, 𝑟2*.

The map in figure 2.8 shows the 𝑟2 for all simulated polymer films and the exper-

imental data shown above. Areas plotted in red show the highest agreement between

the simulated and measured data. Blue areas have the lowest 𝑟2 values.

There are multiple suitable (𝑦, ℎ) combinations matching the experimental data-

set. An isotherm of pNIPAM solutions had been recorded at an angle of incidence of

73∘ (shown in figure 2.24). The isotherm enables the conversion of the polymer/wa-

ter signal ratio to a polymer concentration. The Raman data of the grafted polymer

film at the same angle of incidence can thus be converted into an equivalent polymer

concentration, 𝐶0, using the relationship shown in equation 2.8. The term on the

left-hand side represents the polymer signal in a grafted film, while the term on the

right hand side represents the polymer signal in a solution of a concentration 𝐶0.

However, film density and thickness are related to the total amount of polymer

in the probed volume by equation 2.8. The TIR Raman spectrum of a pNIPAM film

collected at the angle of incidence of 73∘ can relate the polymer to water ratio signal

*Here, the coefficient of determination is 1 minus the ratio of the sum of squares of residuals to

the total sum of squares, i.e. 𝑟2 = 1−
∑︀𝑛

𝑖=1(𝑦i−𝑦i)
2∑︀𝑛

𝑖=1(𝑦i−𝑦)2
with 𝑛, 𝑦i, 𝑦i and 𝑦i being the number of data

points, the measured values, the predicted values and the mean of the observed data, respectively.
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Figure 2.8: Map showing the goodness of the fit using the film thickness and polymer
fraction as parameters. The goodness of the fit is determined by calculating the
coefficient of determination, 𝑟2, between the shape of the multiangle data (squares)
and the modelled data (line).

to the total amount of material in the probed volume 𝐶0. The (𝑦, ℎ) combination

solution verifies equation 2.8.∫︁ ℎ

0

𝑦 𝑒−𝑧/𝑑𝑝 𝑑𝑧 =

∫︁ ∞

0

𝐶(𝑧)𝑒−𝑧/𝑑𝑝 𝑑𝑧 (2.8)

𝑦 can therefore be expressed as a function of ℎ:

𝑦 =
𝐶0

1 − 𝑒−ℎ/𝑑𝑝
(2.9)

Figure 2.9 shows the overlap of the map of coefficient of determination with this

concentration band. The solution is found by taking the (𝑦, ℎ) combination on this

concentration band with the highest coefficient of determination.

I grafted pNIPAM from eight hemispheres with identical reaction mixtures and

removed individual hemispheres at different times to control the reaction for each

surface. Raman spectra of the grafted polymers in contact with water were then

recorded at 20 ∘C with seven different angles of incidence (66∘, 68∘, 70∘, 74∘, 76∘, 78∘

and 80∘). The spectra were analysed with the multiangle algorithm. The algorithm

considered film thicknesses in 1 nm steps in a 1–500 nm range. Volume fractions

between 0.1 and 1 with a step size of 0.002 were permitted. The results are summarised
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Figure 2.9: Overlap of the coefficient of determination map with the concentration
band. The thickness and density of the film are determined by taking the (𝑦, ℎ) with
the highest 𝑟2 on the concentration band. On this map, 𝑦 = 0.63 and ℎ = 81 nm.

in the table 2.2 below.

Table 2.2: Fitting results of the multiangle measurements.

Reaction thickness / polymer

time / h nm fraction

0.3 60 1.00

1.0 98 0.70

2.0 81 0.63

4.0 83 0.72

8.0 60 1.00

12.0 108 0.52

24.0 84 0.62

30.0 86 0.80

The thickness data shows no correlation between the film thickness and reaction

time. The film thickness is expected to increase with time as the chains are growing.

Polymer fractions of 1 were determined for two of the datasets which is unlikely to be

real. The thickness are also very similar to each other when the Raman spectra, shown

in figure 2.10 for an angle of incidence of 72∘, are actually quite different in intensity.

The apparent errors in the calculated results might be due to experimental errors.

Note that the overall intensity is not strictly increasing with reaction time. This

might be due to the reaction having terminated prematurely on some hemispheres.

Additional possible errors might stem from the beam delivery alignment, resulting in

errors in the angle of incidence, as well as experimental errors during the recording

of the concentration line.
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Figure 2.10: TIR Raman of eight grafted pNIPAM layers produced with varying
reaction times. The spectra are normalised the the water signal.

The results show that more work needs be done to deliver reliable thickness and

volume fraction data. The next step in the development should be the addition of a

more realistic polymer profile. The step function could, for example be replaced with

a parabolic profile. In terms of experiments, it would be beneficial to complement the

TIR Raman spectroscopy with a second technique such as AFM measurements of the

swollen chains to validate the model.

Since the model does not return reliable data yet, I am limiting thickness meas-

urements to ellipsometry on dry films. The technique is described in section 2.3.

2.2 Raman imaging of surfaces

2.2.1 Optical path

The Raman imaging set up is an extension to the TIR Raman spectrometer de-

scribed above (section 2.1). In the original setup, a telescope is introduced into the

beam path to increase the laser beam diameter, which results in a smaller sized focus

on the sample and increases the spectral resolution. In Raman imaging, a larger laser

spot is of advantage since it increases the field of view. Therefore, additional mirrors

(M3-7) are added to circumvent the telescope and deliver an unexpanded beam to

the sample. Mirrors M3 and M7 are mounted on flip mounts and can be added easily

to the beampath.

Inside the spectrometer (figure 2.12), additional mirrors M2-5 steer the collec-

ted light around the grating. As a result, an undispersed image of the scattered

light is formed on the CCD sensor. A tunable bandpass filter (TBP01-628/14-25x36,

Semrock) (TBF) is mounted on a motorised rotation stage (CR1/M-Z7, Thorlabs)

between M3 and M4. The center of its transmission band changes with the angle of

incidence from 630 nm at 0∘ to 589 nm at 40∘. For this setup with a laser wavelength

of 532 nm, the tuning range of the filter corresponds to 1450–3250 cm−1. The image

on the CCD camera is thus formed by only a defined part of the Raman spectrum.
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Figure 2.11: Beam delivery of the Raman imaging setup in the Bain laboratory, seen
from above. [48] The laser beam bypasses the telescope (L1-2) before reaching the
sample.
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Figure 2.12: The beam path of the Raman imaging extension inside the Renishaw
spectrometer, seen from the side. [48] Additional mirrors (M2-5) deflected the Raman
scattered light from the grating onto a tunable bypass filter (TBF). The filtered light
is focussed onto the CCD.

In order to be able to determine the spatial distribution of the different components

in the sample, multiple images at different filter angles have to be collected. The four

mirrors of the imaging path are aligned using a 632.8 nm HeNe laser light since the

centre of the transmission band of the tunable filter at 0∘ is close to the HeNe laser

emission wavelength. During alignment with the HeNe laser, a ND filter is added to

the optical path to avoid any damage to the CCD.

2.2.2 Image collection and reconstruction

Choice of filter angles

To collect a Raman image of 𝑁 components, a minimum of 𝑁 filter angles is

required. For each component there needs to be at least one filter angle with a

transmission band that overlaps with its Raman spectrum. Recording images at

more filter angles can improve the quality of the data and lower the noise.
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(a)

(b)

Figure 2.13: (a) Transmission curves of the tunable band pass filter for different
filter angles overlapping with the spectrum of a mixed layer of DDAB–d-SDS. The
corresponding filter angle is indicated above each filter curve. (b) Filter curves of
water, DDAB and d-SDS. These curves were obtained from the transmission curves
(a) and the Raman spectrum of each component. Vertical red lines show the chosen
filter angles for the DDAB–d-SDS–water system.

Figure 2.13a shows the TIR Raman spectrum of a mixed layer of didodecylam-

monium bromide (DDAB) and deuterated sodium dodecyl sulfate (d-SDS) at the

silica–water interface (black line). Superimposed are the transmission bands of the

filter at five different angles. Using the reference spectra of each component, so-called

filter curves can be plotted (see figure 2.13b). These curves show how much signal of

each component is transmitted as a function of the filter angle. An algorithm has been

developed in our group to find the best combinations of angles. [48] This algorithm sim-

ulates measurements obtained with a combination of all available filter angles. The

number of angles is then reduced one at a time, removing the angle whose absence

causes the smallest increase of error in the simulated component weights. For the

layer of DDAB–d-SDS, these filter angles are: 0∘, 10∘, 15∘, 30∘ and 35∘. Figure 2.14

shows the Raman images collected at various filter angles. These images are then

analysed to access the distribution of the different components.

48



Chapter 2. Methods

Figure 2.14: Raman images of a mixed layer of DDAB and d-SDS at each filter angle.

Sub-pixel precision image matching

As the Raman imaging technique requires the acquisition of a set of images, the

information relating to a pixel is disseminated into a set of images. This relies on the

hypothesis that there is enough commonalities between the images. This had been

true for all images collected for this thesis. Therefore, it is essential to make sure that

all images match with a pixel or even a sub-pixel resolution and any possible sample

movement during the image acquisition is corrected. Cross correlation with the image

collected at a filter angle of 0∘ has been calculated for each filter angle. The method

relies on finding the maximum of the correlation surface, which gives the translational

shift between the two images. Parabola fitting is used to determine the maximum

of the peak, with a sub-pixel resolution. The correlation surface is computed using

Fourier-transforms methods as they are fast and not resource-intensive. [52]

Figure 2.15: Raman images of adsorbed pNIPAM at 35 ∘C, showing the impact of sub-
pixel matching on the quality of the reconstructed image. Image (a) and zoomed-in
view (b) are reconstructed without the matching correlation fitting program while
image (c) and zoomed-in view (d) are reconstructed with it. The detail images cover
an area of 20 × 20 µm.

Figure 2.15 shows the impact of the matching correlation fitting program on the

reconstructed image. In the zoomed-in view (b), the distribution of pNIPAM (in red)

is systematically translated from the distribution of water (in green). This aberration

is corrected by the image matching algorithm, as shown in the zoomed-in view (d).
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Image reconstruction

Once the 𝑁 images have been collected, a fitting algorithm is carried out to extract

the contribution of each component in every pixel. Each pixel of the collected images

can be expressed as a linear system of equations:

(︁
𝐼1 𝐼2 · · · 𝐼𝑛

)︁
=
(︁
𝑐1 𝑐2 · · · 𝑐𝑚

)︁
⎛⎜⎜⎜⎜⎝
𝑓1,1 𝑓1,2 · · · 𝑓1,𝑛

𝑓2,1 𝑓2,2 · · · 𝑓2,𝑛
...

...
. . .

...

𝑓𝑚,1 𝑓𝑚,2 · · · 𝑓𝑚,𝑛

⎞⎟⎟⎟⎟⎠ (2.10)

where 𝐼𝑖 is the observed intensity of that pixel at the 𝑖th filter angle, 𝑐𝑗 the unknown

weight of the 𝑗th component, and 𝑓𝑖,𝑗 the convolution of the filter curve at the 𝑖th

angle with the spectrum of the 𝑗th component weight.

The filter curves have been previously collected for any angle, so the matrix 𝐹 is

known. If 𝑁 > 𝑚, this system can be solved through matrix inversion for each pixel

giving the weight of each component. Figure 2.16 shows an example of the solution

of the linear system.

Figure 2.16: Solution of equation 2.10 for one pixel of a Raman image of mixed layer
of DDAB and d-SDS. The graph shows the agreement between the recorded intensities
(black squares) and the combined component weights (red line).

Pixels located at the edge of the field of view — where signal intensities are lower

— might show negative component weights. As they have no physical meaning, such

values are set to zero and the fitting procedure is repeated.

To allow the simultaneous visualisation of up to three components, RGB plots are

created. Each component is expressed in either red, green or blue. The colour of the

pixel in the RGB plot is a combination of the three colours. Pixels where all three

components are present with similar weights will thus be shown as white. In this

thesis, two-component RGB plots are shown where one component is set to red and

one to green. Overlaps will appear consequently in yellow.
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2.2.3 Calibration and post-processing

Scale bars of images are obtained by imaging a LaVision calibration ruler. This

ruler has metallic spots of 5 µm of diameter, 20 µm apart. Figure 2.17a shows the

images of the calibration rule obtained with a traditional white light microscope.

The metallic dots have no spectra in the CH region as opposed to the glass they are

deposited on. We can therefore obtain the Raman images shown in figure 2.17b.

(a) Microscope images of the LaVision calibration ruler. The
metallic cross is moved side ways and up and down.

(b) Raman images collected from the LaVision calibration
ruler. The letters correspond to the configuration of the
microscope images shown above.

Figure 2.17: Microscope (a) and Raman (b) images of the LaVision calibration ruler.

The metallic cross of the ruler is used as the reference object to visualise the

potential rotation and inversion operations required to overlap both images. The

images read from the CCD and plot in Matlab undergo a counter clockwise rotation

of 90∘ as compared to the microscope images.

After the Raman images are rotated, they are scaled by finding the positions of

the center of the spots in pixels (see figure 2.18a), and converting a distance in pixels

into a distance at the interface using an in-house written Matlab code. Final images

are plotted with a scale bar calculated from this conversion. An example image is

shown in figure 2.18b.
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(a) (b)

Figure 2.18: Raman image of the LaVision calibration target (a) used for the image
calibration and final Raman image of a layer of adsorbed pNIPAM at 35 ∘C (b). Scale
bars are calculated from imaging the calibration ruler.

2.3 Ellipsometry

This section introduces ellipsometry which I have used to measure the dry thick-

ness of grafted-from polymer films. Ellipsometers measure a change of polarisation of

light upon reflection (or transmission) from a substrate. This change of polarisation

is due to the dielectric nature of the interface and can be assigned to the presence

of one or multiple film layers. Ellipsometry has been used previously to determine

the thickness and/or the optical constants of thin polymer films, after being spin

coated, [53] adsorbed [54] or grafted. [55]

2.3.1 Principle

Reflection ellipsometry determines the complex ratio 𝑟 of the Fresnel coefficients

in reflection for the S and P polarisations, 𝑟⊥ and 𝑟‖, as defined in section 1.5.2.

𝑟 =
𝑟‖

𝑟⊥
= tan(𝜓)𝑒𝑗Δ = tan(𝜓) cos(∆) + 𝑖 tan(𝜓) sin(∆) = Re(𝑟) + 𝑖Im(𝑟) (2.11)

with tan(𝜓) and ∆ being the relative change in amplitude and in phase of the two

polarisations upon reflection. The Fresnel factors are related to the thickness and

refractive index of the film.

2.3.2 Instrument

The Picometer Ellipsometer (Beaglehole Instruments, Wellington New Zealand)

is equipped with a HeNe 632.8 nm laser source (Melles Griot, Germany). The sample

is mounted on an anti-vibration table.

Figure 2.19 shows the set-up of the Picometer ellipsometer, which consists of

a laser light source, a polariser producing linearly polarised light, a birefringence

modulator, a second polariser and a detector. The birefringence modulator modulates

the polarisation of the incident light at high frequency. The modulation has two

advantages. Firstly, the polarisation of the light can be changed at high speed (1.5 Hz)
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Figure 2.19: Layout of the Picometer ellipsometer.

and without moving any optics enabling fast and accurate measurement. Secondly,

the modulation at a 50 kHz frequency reduces the noise.

The optics are mounted on two motor-controlled arms allowing computer control of

the angle of incidence. The sample is placed on a kinematic platform mount attached

to a Z-translation stage, enabling the sample to be positioned and levelled at the

intersection between the laser and detection arms.

The laser spot at the sample is 1 mm wide. Temporal resolution can be as low as

1 ms. Data was averaged over 1 second for the measurements presented in this thesis.

2.3.3 Optical model and data analysis

The interface of a polymer-coated silicon wafer consists of three interfaces as a

film of silicon dioxide forms on the chemically oxidised silicon wafer (see figure 2.20).

Figure 2.20: Reflection and transmission of a plane wave at the air-solid interface of
a polymer-coated silicon wafer

Prior to polymerisation, the thickness, 𝑑2, of the silicon dioxide layer is obtained

by measuring the ellipticity at the air–silicon dioxide interface at 8 angles of incidence

between 40∘ and 80∘. The measurement is repeated after the polymerisation. In the

thin film approximation, Im(𝑟) is directly proportional to the ellipsometric thickness

defined as:

𝜂 =

∫︁
(𝜀1 − 𝜀0)(𝜀1 − 𝜀2)

𝜀1
𝑑𝑧 (2.12)

with 𝜀0, 𝜀1, and 𝜀2 being the relative permittivities of the substrate, the thin film and
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the medium at the laser frequency, respectively. This equation is used successively

for a film of silicon dioxide on a silicon wafer in air, and a film of polymer on a silicon

wafer in air. The relative permittivities and thickness used in the optical model are

tabulated in 2.3. The thin film approximation breaks down when 𝜆/𝑑 is not much

smaller than 1.

Table 2.3: Relative permittivities and thicknesses used in the modelling of the polymer
layer grafted onto silicon.

Relative

Layer permittivities [56] Thickness

air 1.00 n/a

polymer and silane 2.25 𝑑1

silicon dioxide 3.90 𝑑2

silicon 11.68 semi-infinite

2.4 Circular Dichroism Spectroscopy

Most biopolymers in solution feature secondary structures stabilised by weak

bonds. These structures are key to their biological functions and significant efforts

have been made to establish spatial conformation of biomacromolecules in solution.

Circular dichroism spectroscopy utilises the difference of absorptivity from these sec-

ondary structures to measure the conformation of macromolecules.

2.4.1 Principle

When a polarised electric field penetrates an anisotropic medium, such as a solu-

tion of macromolecules with a secondary structure, its amplitude and polarisation

can be modified. Circular dichroism measures the difference in absorptivity of two

electric field polarised circular left and right by a solution (see in figure 2.21a) .

Hence, at a given wavelength 𝜆, the difference of absorptivity or extinction coeffi-

cients between a left (L) and right (R) circularly polarised light is:

∆𝜀𝜆 = 𝜀𝐿 − 𝜀𝑅 (2.13)

The unequal absorption of the right-handed and left-handed polarised electric fields

defines an ellipticity 𝜃:

tan 𝜃𝜆 =
𝐸𝑅 − 𝐸𝐿

𝐸𝑅 + 𝐸𝐿
(2.14)

Figure 2.21b shows the components of the electric field in each polarisation of

both the incident and emergent light. Circular dichroism measures this asymmetric

absorption at different wavelengths in the UV range.

The ellipticity, 𝜃𝜆, is a linear combination of the ellipticity of its constitutive

secondary structures:

𝜃𝜆 = Σ𝛾𝑖𝜃𝜆𝑖 (2.15)

where 𝛾𝑖 is the fraction of each secondary 𝑖, and 𝜃𝜆𝑖 is the ellipticity at each wavelength

54



Chapter 2. Methods

(a) An electric field E polar-
ised circular clockwise, propagat-
ing along the u direction.

(b) Components of the electric field in each polarisa-
tion (black arrows) and their sum (red arrows), The
comparison is made between the incident light and the
light emerging through a CD active sample.

Figure 2.21: Asymmetric absorption of two circular polarised electric field induced by
local anisotropy in a solution of macromolecules with secondary structures.

of each 𝑖𝑡ℎ secondary structural element. Analysing a CD spectrum consists in finding

the fraction of each basis secondary structure as shown in figure 2.22.

Figure 2.22: Circular dichroism (CD) spectra of polypeptides and proteins with rep-
resentative secondary structures. Reproduced from reference [57].

Several algorithms are available to find the weight of each secondary structure.

These algorithms use reference CD spectra of proteins whose secondary structure

has been determined independently, for example by X-ray crystallography. [57] The

reference data set of these algorithms influence the accuracy of the analysis of the

secondary structure. I used the algorithm using natural and synthetic polypeptide

based reference sets, LINCOMB, as recommended in the literature. [57] The Insti-

tute of Structural and Molecular Biology of Birkbeck College (University of London)

has a server holding the fitting algorithms and reference data sets in open access for

academics.
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2.4.2 Experimental details

In a circular dichroism spectropolarimeter, a polarised monochromatic light is

shone through a sample and the relative intensity of the transmitted light is detected

with a photomultiplier. A schematic representation of a CD spectropolarimeter is

shown in figure 2.23. As the difference of absorption between both polarised light is

much smaller than the absorption of each, the CD signal can be quite noisy. Hence,

the polarisation is modulated to high frequency via a photoelastic modulator. Thus,

a fair fraction of the noise can be filtered out. Inside the spectrometer, a powerful

UV lamp is used to generate the incident light. This lamp promotes the ionisation of

oxygen in ozone, which in addition to be toxic, damages the optics. Therefore, the

Jasco spectrometer is flushed with nitrogen to make sure all the oxygen is removed

from the light chamber before the lamp is turned on.

Figure 2.23: Layout of the Jasco circular dichroism spectrometer. For every
wavelength (selected by a monochromator), the incident light is polarised. The
polarisation is modulated by a photoelastic modulator. For every wavelength, the
polarisation of the transmitted light is measured.

I used high-transparency quartz rectangular cuvettes with path length of 1 cm

(Hellma, OG, 10 mm) as fewer artefacts are produced compared to the cuvettes with

a smaller path length. [57] These cuvettes can be used to analyse very small quantities

of material or when a buffer is not completely transparent. As no CD transparent

buffer has dissolved polyvaline at detectable concentration, I chose to graft polyvaline

from the cuvette to analyse its secondary structure in water or buffer. The graft-

ing procedure is described in section 2.7.5. Prior to the measurement, the reference

cuvette (with no polymer on its surface) is cleaned by a piranha mixture (see sec-

tion 2.1.5) and rinsed with Milli-Q water. Both cuvettes are immersed in ultrapure

water in a sealed container until use. A spectrum in air is first collected to make

sure the lamp is stable and the optics aligned, which is confirmed by a non-drifting

baseline. A background spectrum of water is collected with the reference cuvette.

The wavelength is tuned at 5 nm per minute allowing a spectra resolution of 0.1 nm.

Typical acquisitions consist of five accumulations.

The equivalent concentration of polyvaline is determined by measuring the ab-

sorption at 214 nm. [58] Assuming a uniform degree of polymerisation, 𝑎DP, the molar

extinction coefficient for a chain of length 𝑎DP is:

𝜀polyvaline = 𝜀valine × 𝑎DP + 𝜀peptide bond × (𝑎DP − 1) (2.16)

with 𝜀polyvaline, 𝜀valine and 𝜀peptide bond the molar extinction coefficient of respectively

polyvaline chains, valine and peptide bond in M−1 cm−1.
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2.5 Gel Permeation Chromatography

Gel permeation chromatography (GPC) or size exclusion chromatography (SEC)

is a liquid chromatography technique separating polymer chains according to their

hydrodynamic volume. Macromolecules dissolved in a solvent form coils with a size

dependent on their molecular weight, 𝑀w, and interaction with the solvent. Size

exclusion chromatography uses a column filled with an insoluble porous material

with pores of known sizes to separate macromolecules according to their molecular

weight. Coils diffuse in and out from the pores, with larger coils being excluded

from most pores. Therefore, the retention time (or retention volume) of analytes is

inversely proportional to their hydrodynamic size. All GPC data are collected on

a microporous silica column (Viscotek TDA 302, Malvern Instruments) with N,N -

dimethylformamide (DMF) as eluent. Using a calibration curve (log 𝑀w against

retention volume) obtained from polystyrene standards, the retention volume is con-

verted into molecular weight. Concentrations of chains at a given retention volume

are determined by refractometry as shown in equation 2.17.

𝑛retention = 𝐾I
𝑑𝑛

𝑑𝑐i

⃒⃒⃒⃒
𝑐i→0

𝑐i (2.17)

with 𝑛retention being the refractive index, 𝐾I an instrument dependent constant, 𝑛 the

refractive index of a solution of polymer in the eluent, 𝑐i the concentration of polymer

at a given retention volume.

Knowing the molecular weights, 𝑀w,i, and concentrations, 𝑐i, of all retention

volumes enables one to calculate the weight average 𝑀w, number average 𝑀n and

hence the polydispersity index, defined as the ratio of 𝑀w

𝑀n
. Calibration standards are

linear chains of polystyrene. Molecular distributions are converted for linear chains

of pNIPAM. The chemistry and the architecture of the sample lead to different val-

ues of 𝑑𝑛
𝑑𝑐i

⃒⃒⃒⃒
𝑐i→0

, hence to different concentrations, and different retention volumes.

The variation of refractive index for pNIPAM in DMF at 20 ∘C is substituted to the

polystyrene value, [59] and the chains are assumed linear.

In a typical experiment, 1 mg of polymer is placed in a glass vial with 1 mL of

solvent and placed on a roller overnight until dissolution is complete. The sample is

filtered and pushed into the column.

2.6 Preparation of mixed surfactant solutions

I have examined the potential of surfactant vesicles for transporting and releasing

a cargo molecule from a surface. The model cargo is an anionic surfactant which does

not adsorb onto the negatively charged silica surface on its own. I chose a cationic

surfactant as a vehicle for transporting an anionic surfactant onto a negatively charged

surface. This transport is made possible by the stability of catanionic surfactant

system. In particular, DDAB–SDS form remarkably stable vesicles over a wide range

of concentrations and ratios. [60]
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Recrystallisation of deuterated sodium dodecylsulfate

Both surfactants are carefully recrystallised to ensure purity. For instance, SDS

hydrolyses to dodecanol when dissolved in water reaching concentrations of up to

1 % within one day. Deuterated sodium dodecylsulfate (d-SDS) (Cambridge Isotope,

98 %) is recrystallised from ethanol following a procedure previously described. [61] All

glassware, including Pasteur pipettes, is cleaned following the procedure described in

section 2.1.5 and placed in an oven at 100 ∘C until use. In a typical recrystallisation

procedure, 0.5 g of d-SDS is placed in a 10 mL glass beaker with a magnetic stirrer

bar. 5 mL of ethanol (99 % high purity grade) is heated up in a 10 mL conical flask.

1 mL of hot ethanol is added to the beaker placed onto a hot plate. Hot ethanol

is then added dropwise until all the d-SDS is dissolved. The mixture is left to cool

down for 15 minutes so that crystals would form. Most of the solvent is then removed

with a pipette. The procedure is repeated twice. White crystals are then dried under

vacuum overnight. Purity is checked by equilibrium pendant drop tensiometry. The

surface tension of a 5 mM solution of d-SDS freshly prepared is 35 mN m−1, which is

in agreement with previous report for SDS. [62]

Recrystallisation of didodecyldimethylammonium bromide

Similarly, didodecyldimethylammonium bromide (DDAB) (Sigma Aldrich, 98 %)

is recrystallised from acetone. [63] Crystals of both surfactants are placed in tubes

filled with argon and stored in the freezer. The tubes are removed from the freezer

30 minutes prior to the sample preparation, the tubes are then dried with paper and

opened inside the glovebox to prevent water crystals from forming on the surfactants.

Purity is checked by equilibrium pendant drop tensiometry. The surface tension of a

1 mM solution of DDAB freshly prepared is 23 mN m−1, which is in agreement with

previous report. [63]

Solution preparation

In a typical experiment, 10 solutions with a total surfactant concentration of

2.5 mM are prepared from fresh stock solutions. The concentration of the stock solu-

tions is chosen to be 3 or 4 times higher than the final solutions in order to prepare

all solutions from the same stock. At these concentrations, d-SDS remains below its

critical micelle concentration (CMC), while DDAB forms unilamellar vesicles. [64]

Vesicles of DDAB are prepared by hydrating a thin film, following a similar method

used in our group to form lipid vesicles. Typically, 0.1 g of recrystallised DDAB are

placed in a 50 mL round bottom flask with ∼500 µL of chloroform. Chloroform is

slowly evaporated by reducing the pressure to 70 mbar at 25 ∘C for 30 minutes. As

the round bottom flask is slowly rotated, a homogeneous thin film of DDAB is formed

on the bottom of the flask. The pressure is further reduced to 1 mbar to ensure

evaporation of all chloroform. 40 mL of Milli-Q water is added to the thin film and

the round bottom flask is sonicated for 30 minutes at 40 ∘C, so that DDAB is in its

liquid crystalline state. The solution takes light blue turbid appearance, confirming

the presence of vesicles. The solution is transferred to a 100 mL volumetric flask and
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the concentration adjusted to 4 mM. The mixture is sonicated further for 30 minutes

at 40 ∘C.

Stock solutions of d-SDS are prepared by dissolving 0.040 g of recrystallised deu-

terated sodium dodecylsulfate in 100 g of Milli-Q water and sonicated for 10 minutes

at 40 ∘C.

The surfactant mixture solutions are prepared by slowly adding the d-SDS solution

onto the DDAB solution, while maintaining the temperature of the mixture above

the the transition temperature of DDAB (𝑇m = 16 ∘C). The turbidity of the mixed

solution increases rapidly, indicating the formation of bigger aggregates. Milli-Q water

is added as necessary, to reach lower surfactant concentrations.

2.7 Coating surfaces with polymers

The production of polymer films for releasing and uptaking cargo molecules has

two prerequisites. First, the synthesis of polymer layers layer needs to be stable

towards solutions of cargo molecules. Second, the layer has to be uniform and dense

enough to prevent any interaction between the cargo molecule and the substrate.

This section introduces two approaches for coating substrates with polymers, first by

physical adsorption from polymer solutions and second by grafting polymers onto the

surface. I will evaluate each of these approaches regarding the two criteria previously

described.

2.7.1 Adsorption of polymers

The adsorption of polymers from a solution is a simple way of getting macro-

molecules onto a surface. This section presents the adsorption from aqueous poly(N -

isopropylacrylamide) solutions.

Poly(N -isopropylacrylamide) chains with an average molecular weight 𝑀w =

5000 g mol−1, bearing uncharged end group were dissolved in Milli-Q water. The TIR

Raman spectra of the solutions of pNIPAM at the silica–water interface are shown

in figure 2.24a. Band assignment of pNIPAM spectra will be detailed in chapter 4.

Spectra are collected from lowest to highest concentrations. After the highest con-

centration has been recorded, the cell is rinsed with 20 mL of ultrapure water. The

surface excess is calculated by assuming that the surface is saturated at high con-

centrations. Further signal increase then corresponds to bulk polymer only. This

slope can be used to determine the adsorbed amount from the excess signal at lower

concentrations. The resulting isotherm is plotted in figure 2.24b. The detection limit

of pNIPAM corresponds to 0.02 mg m−2. pNIPAM adsorbs weakly onto hydrophilic

silica with a maximum surface coverage, Γmax, of ≈0.075 mg m−2. However, once

adsorbed the chain is difficult to lift off. Even if the attractive interaction between

a segment of pNIPAM is small (compared to the thermal energy 𝑘B𝑇 ), there is a

strong entropy penalty to lift off all the segment at once. Therefore once adsorbed, a

polymer chain is more likely to remain on the surface.
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(a)

(b)

Figure 2.24: (a) TIR Raman spectra of solutions of pNIPAM at a silica–water interface
and (b) isotherm of adsorption of pNIPAM onto hydrophilic silica at 20 ∘C.

2.7.2 “Grafting onto” and “grafting from” polymer layers

This section reports the synthesis of polymer layers chemically bound onto sur-

faces. The methods described in this section are not only applicable to the modifica-

tion of planar silica surfaces, but can be transferred to other materials and to curved

surfaces. There are two approaches of attaching polymers onto a surface called “graft-

ing onto” and “grafting from”, as represented in figure 2.25. These two methods differ

by the order in which immobilisation and polymerisation occur. In the grafting onto

approach, a pre-formed polymer chain is attached by its end group onto the surface.

Typical protocols add an amine end-group onto an electrophile bound to the surface,

such as an epoxide or a ketone. The main advantage of this approach is the possibility

to measure the molecular weight and polydispersity index of the polymer chain before

grafting. The only unknown left is the grafting density. The main disadvantage is the

poor surface coverage, due to the steric hindrance between the chains.

The grafting from approach entails immobilisation of the initiator on the surface

and a subsequent polymerisation step from the monomers in solution. This method

enables a denser and more uniform coverage while leaving the grafting density, the

molecular weight and chain polydispersity unknown. In spite of the difficulty of
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Figure 2.25: Drawings of the two grafting approaches.

getting structural parameters of the polymer layers, I opted for the grafting from

method as it gives the means to prepare denser layers. Steric hindrance between

preformed chains block the access to the surface and reduce the amount of material

on the surface. Both grafting methods require the modification of silica substrates by

fixing either the initiator of the polymerisation reaction, or a reactive group to the

surface. The next section will detail the methods used to modify silica surfaces.

2.7.3 Modification of silica substrates

The surfaces of silica and silicon substrates is a network of Si−O bonds. These

bonds are rather strong and organised in multivalent structures as shown in figure

2.26.
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Figure 2.26: Si−O bonds are organised in silanols and siloxanes.

Silanols and siloxanes are composed of three or four Si−O bonds. Therefore,

substrates are modified by condensation of a coupling agent, a silane which bears

siloxanes which are easily connected to the silanol bonds. Silanes have been used

extensively to modify the wettability of glass, for example to promote adhesion or

hydrophobicity, or to add a new chemical moiety to the surface. In this work, silanes

are used to couple an inorganic and unreactive surface with a highly reactive initiator

of polymerisation. A wide range of silanes are available. Chain length, end group or

number of silicate bonds can be easily tailored. I chose the coupling silane based on

two criteria:

(i) a silane bearing a versatile end-group

(ii) a short hydrocarbon chain for sterics to get dense coverage and to enhance the

sensitivity of polymers
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The aminosilane aminopropyltrimethoxysilane (APTMS), see figure 2.27, is a good

candidate as it satisfies both conditions.

H3CO Si

OCH3

OCH3

NH2

(a)

(b)

Figure 2.27: (a) Structure of aminopropyltrimethoxysilane (APTMS) and (b) TIR
Raman spectrum of a layer of APTMS at the silica–water interface. The weak Raman
intensity of APTMS makes it a good candidate as a first building block of grafted
layers. Aminopropyltrimethoxysilane (APTMS) has been used as a coupling agent to
modify silica and silicon substrates.

Aminosilanes are versatile and various chemical groups can be added onto the

amine site, subsequently to the silanization. Also, APTMS bears a short hydrocar-

bon chain, thus giving a small Raman intensity, required to detect the subsequent

spectra of polymer-coated prisms. Figure 2.27 shows the Raman spectrum of a silica

hemisphere coated with aminopropyltrimethoxysilane at the silica–water interface.

The weak TIR Raman spectrum of a layer of APTMS makes it a good candidate for

a base for grafting polymer layers.

The general mechanism to covalently bind methoxysilanes onto a silica substrate

involves the hydrolysis of the methoxy groups. The silanols formed react onto the

silanols of the substrate by condensation. Aminopropyltrimethoxysilane can form

three silica bonds, enabling horizontal polymerisation forming a dense and connected

network of silane bonds. Vertical polymerisation is also possible. The consensus

for producing reproducible, stable and homogeneous layers of aminosilanes by liquid

silanization includes the following criteria:

(i) an anhydrous solvent. Controlling the amount of water is key for producing ho-

mogeneous and stable layers in a reproducible way. 10 mL of anhydrous toluene

99.8 % contain 20 µL of water.

(ii) low silane concentration to avoid self-polymerisation, typically 1 % v/v are used

(iii) after silanization, rinsing substrates with toluene, ethanol and water to displace
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weakly bonded silane molecules. This step can also trigger the hydrolysis of

residual alkoxy groups in the silane layer.

(iv) after the substrate is dried with a stream of nitrogen, a curing step (110 ∘C for

1 hour) promotes the conversion of silanol bond into siloxanes. This step also

converts the ammonium ion into more reactive amines.

The bottle of APTMS is opened and stored in the glovebox to limit any extra

adsorption of water supporting the polycondensation of APTMS. In a typical experi-

ment, surfaces are placed into a Teflon beaker in an argon-purged glovebox, immersed

in a solution 1 % v/v of APTMS in anhydrous toluene 99.8 % and left to stir for about

12 h at room temperature. Substrates are washed with copious amounts of toluene,

taken out of the glovebox, immersed in ethanol and sonicated for 10 minutes to remove

unbound silane molecules. The formation of the siloxane bond network is favoured

by curing the substrates at 110 ∘C for an hour. To remove any silane non-covalently

bound to the surface, the substrates are immersed in deionised water and sonicated

for 30 minutes, see figure 2.28. Substrates are then dried with a stream of nitrogen.

This protocol led to the formation of silane and polymer layers. The layers are stable

in water for more than 24 hours.

Figure 2.28: Removal of unbound APTMS, formation of a network of siloxane bonds
onto the substrates.

2.7.4 Atom Transfer Radical Polymerisation

Controlled radical polymerisations — as opposed to free radical polymerisations

— have enabled the synthesis of a variety of polymers with control over structure,

polydispersity and molecular weight. [65,66] In a free radical polymerisation, a radical

is created from the homolytic breakage of a bond (initiation) and monomers success-

ively add onto the radical site (propagation) until termination occurs caused by, for

example, a recombination of two radicals. In free radical polymerisations, the con-

centration of radicals is not controlled creating multiple active sites. Conversely, in

controlled radical polymerisations, the availability of radicals is limited, slowing down

the propagation step and having a small fraction of the chains active. In atom trans-

fer radical polymerisations (ATRP), the concentration of radicals is controlled by an

equilibrium between active and dormant chains. This is enabled by a catalytic agent

transferring a labile atom (in general a halogen) to and from the chains as shown in

figure 2.29.

The polymerisation rate, 𝐾p, and the polydispersity index, DM, are then expressed

as follows: [65]

63



Chapter 2. Methods

Pn X + CuI L
𝑘act

𝑘deact
Pn + CuIIX L

𝑘t
𝑘p

M

Figure 2.29: General mechanism of atom transfer radical polymerisation. The addi-
tion of monomer M onto a radical P𝑛∙ is controlled by an equilibrium of activation.
A halogen atom X is transferred from a deactivated chain to a catalytic agent, here
copper–based.

𝐾p = 𝑘p[M][R∙] =
𝑘p𝑘act[RX0][M][CuI]

𝑘deact[CuIIX]

DM = 1 +

(︂
𝑘p [RX0]

𝑘deact[CuII𝑋]

)︂(︂
2

𝑝
− 1

)︂
.

(2.18)

with 𝑘p being the propagation rate constant, 𝑘act the activation rate constant, 𝑘deact

the deactivation rate constant, 𝑝 the monomer conversion, [M] the concentration

of monomer, [R∙] the radical concentration, [CuI] the activator concentration and

[CuIIX] the deactivator concentration. Equations 2.18 show that the polydispersity

index can be modulated with the addition of copper(II) (see the section below).

Transfer agents are often copper-based because copper can be easily oxidised by

one degree and is readily available. Copper(I) is not very soluble in a lot of organic

solvents and the equilibrium between the metal in its two oxidation states is fragile. To

overcome this difficulty, an organic ligand folds around copper, stabilises it and keeps

the activation or deactivation of the chain equally facile. The choice of the ligand is a

function of the solvent and the acidity of the monomer. The stability constants of the

complexes of copper(I) and copper(II), 𝛽I and 𝛽II in the chosen solvent, should also

be high enough to overcome the larger concentrations of monomer and polymer which

are competing ligands to copper. High catalytic activity also requires the additional

condition of 𝛽II being much larger than 𝛽I. The geometry of the complex depends

on the state of oxidation as the exchangeable atom is either present or absent in the

coordination sphere. I opted for a normal ATRP i.e. using a catalytic system based

on copper(I). This choice has been motivated by the possibility to use of anhydrous

solvents, access to a glovebox and commercial availability of high purity copper(I).

Copper chloride (CuCl(I)) has been used in this thesis with a content of copper(I)

higher than 99.99 %. Copper(I) is stored in the glovebox to avoid oxidation. It is sold

as beads and embedded in a glass ampule as it is sensitive to moisture. The glass

ampule is opened inside the glovebox and CuCl(I) is partitioned into small batches

that are weighed with a balance with a precision of 0.1 mg. The mass of each sample

is used as a reference to calculate masses and volumes of the other reactants.

Atom Transfer Radical Polymerisation of N -isopropylacrylamide

In an attempt to follow the kinetics of in situ surface polymerisation of N -

isopropylacrylamide (NIPAM) by Total Internal Reflection Raman spectroscopy (see
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section 2.1), I aimed at polymerising in aqueous media, suitable for TIR conditions

with silica substrates. Synthesis of polyacrylamides in aqueous media is reported

from multiple sources [67,68,69] using multidentate ligands such as N,N,N ′,N ′′,N ′′-

pentamethyldiethylenetriamine (PMDETA) and 1,1,4,7,10,10-hexamethyltriethylene-

tetramine (HMTETA), shown in figure 2.33.

N
N

N
N

1,1,4,7,10,10-Hexamethyl-
triethylenetetramine

HMTETA

N
N

N

N,N,N ′,N ′′,N ′′-Pentamethyl-
diethylenetriamine

PMDETA

N

N

N

N

Tris(2-dimethyl-
aminoethyl)amine

Me6TREN

Figure 2.33: Example of multidentate ligands used for ATRP

I carried out surface polymerisations with PMDETA and HMTETA in Milli-Q

water. The conditions of polymerisation are shown in Table 2.4.

Table 2.4: Reaction parameters of surface-polymerisation of NIPAM in Milli-Q
water using CuCl(I):PMDETA as catalyst and surface-attached ethyl 2-bromo-2-
methylpropionate as initiator

Reactants Mass / mg 𝑛 / mmol Ratio

CuCl 3.0 0.03 1

NIPAM 342.0 3.03 100

PMDETA 10.5 0.06 2

The kinetics of the CuCl(I)/PMDETA-catalysed surface polymerisation of NIPAM

was followed in situ using TIR Raman spectroscopy. Figure 2.34 shows the evolution

of the integrated signal arising from the polymer’s CH2 stretches during the reaction.

This data indicates a fast growth of the polymer chains and a rapid termination

of the reaction after about 10 minutes. This behaviour is due to PMDETA which is

not binding strongly enough to copper(I) in order to overcome its disproportionation.

The result is a free radical polymerisation. Copper(0), formed during the dispropor-

tionation, is embedded in the polymer layer and absorbs some of the laser light used

for the Raman measurement. This causes damage to the polymer layer in the form

of burn marks which are visible in the microscope image (see figure 2.35).

No polymerisation was observed with the ligand HMTETA.

These preliminary experiments showed that polymerisations in water with PM-

DETA and HMTETA will not yield the desired surface-grafted polymers. I thus

decided to investigate protocols using different solvents even though I will not be able

to follow the reaction in situ using TIR Raman spectroscopy.

In their work on the surface-polymerisation of NIPAM in DMSO, Suzuki et al.

presented a thorough investigation of various reaction parameters. [66] They demon-

strated their ability to produce uniform and dense pNIPAM layers with a controlled

polydispersity. Silicon wafers modified with self-assembled thiols are used as sub-

strates and the catalytic system is CuCl and Me6TREN (figure 2.33). I decided to

65



Chapter 2. Methods

(a) Stack of Raman spectra from pNIPAM as it grows from
the surface

(b) Integrals of Raman intensities as a function of reaction
time.

Figure 2.34: Kinetics of surface polymerisation of NIPAM in Milli-Q water
using CuCl(I):PMDETA as a catalyst and surface-attached ethyl 2-bromo-2-
methylpropionate as initiator.

use the findings of Suzuki et al. as the basis for the development of my synthetic pro-

tocol. In a typical experiment, 0.75 g of recrystallised NIPAM are dissolved in 5 mL

of anhydrous DMSO and introduced in a two-neck round-bottom flask. The mixture

is degassed by three freeze-thaw cycles and placed in an argon purged glovebox. In

a second two-neck round-bottom flask, 30 µL of Me6TREN are dissolved in 1 mL of

anhydrous DMSO, degassed and placed in the glovebox. 10 mg of CuCl stored in

the glovebox are left to stir in the DMSO/Me6TREN mixture for 30 minutes. After

dissolution of all beads of copper(I), the mixture becomes light green. 130 µL of this

catalytic mixture is added to the first one and 5.6 µL of ethyl 2-chloropropionate to

initiate the polymerisation. The reaction is stopped by taking out the mixture from

the glovebox and left to stir overnight. The solution is concentrated to get a viscous

green oil. The catalyst is removed by passing the mixture though a neutral alumina

column. A transparent solution is obtained and further solvent evaporation leads to

a white solid, which is analysed by NMR and gel permeation chromatography (see

section 2.5).
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Figure 2.35: Microscope image of a surface-grown pNIPAM, presenting “burn” spots
— shown by the white arrows. These burn marks are due to laser damage.

Cu(I):Cu(II) 𝑀w / g mol−1 DM

1.0:0.0 8000 1.3
0.9:0.1 7800 1.3
0.8:0.2 7200 1.7
0.6:0.4 3900 1.4

Figure 2.36: Gel Permeation Chromatograms of poly(N -isopropylacrylamide) chains
obtained by ATRP for different Cu(I):Cu(II) ratios. All reactions were stopped after
7 hours. The introduction of copper(II) slows down the reaction but does not improve
the polydispersity of the chains.

As the polydispersity index of the pNIPAM chains (see table 2.36) is higher than

reported in the literature, [66] I decided to try to slow down the polymerisation rate

by adding copper(II). As expected, the average molecular weight decreases with a

rise in the concentration of copper(II) — with a similar reaction time — as shown

in figure 2.36. However, the addition of copper(II) does not improve the distribution

of polymer chains suggesting the ATRP is slow enough for disproportionation to

occur. Therefore, a catalytic system only consisting of Cu(I) was selected. The final

conditions for the surface initiated polymerisation of NIPAM are very similar to the

optimised bulk one except that no free initiator is added to the mixture. Instead, the

initiator of polymerisation is covalently attached to the silica surface.

Fixation of the initiator onto the surface

The initiator of the surface polymerisation has been chosen so that its activity,

once at the surface, is close to the activity of ethyl 2-chloropropionate used for the

bulk reaction. 2-chloropropanoyl chloride is a good candidate as the initiating site

is activated in a similar manner. First, the chlorine atom regulating the activity

of the chains is in the alpha position of the ester of the amide for the bulk or the

surface, respectively. Second, the methyl group, also in the alpha position, stabilises

the future radical and favours initiation. 2-chloropropanoyl chloride is fixed onto the

67



Chapter 2. Methods

amine function of the silane by nucleophilic substitution, see figure 2.37.

R NH2 +
Cl

O

Cl Et3N, 0 ∘C

N
H

R

O

Cl

Figure 2.37: Immobilisation of the initiator of polymerisation onto an aminosilane
coated substrate.

Following a procedure described in the literature, [70] substrates coated with amin-

osilanes are placed in 10 mL of anhydrous toluene and cooled down to 0 ∘C when 1 eq

of trimethylamine is added. 15 minutes later, 1.1 eq of 2-chloropropanoyl chloride

are added drop-wise. The reaction is stirred for an hour or until triethylammonium

chlorohydrate precipitates as a yellow salt. Substrates are then washed with copious

amounts of anhydrous toluene to remove unbound material and sonicated in ethanol

for 10 minutes. The substrates are then dried with a stream of nitrogen and are ready

for polymerisation.

Surface Initiated Atom Transfer Radical Polymerisation of

poly(N -isopropylacrylamide)

Once the initiator is fixed, the substrates are immersed in a mixture of

[NIPAM] : [CuCl] : [Me6TREN] = 100 : 1 : 1 with a concentration of [NIPAM] = 0.3 M.

The reaction is stopped by taking the sample out of the glovebox and rinsing it with

DMSO and ethanol. The substrates are sonicated in ethanol for 5 minutes and in

water for 30 minutes, and are then ready to be used.

With these conditions, it is possible to produce films of various thicknesses by

varying the reaction time. Figure 2.38a shows the thickness of polymer films determ-

ined by ellipsometry as function of reaction time. The surface initiated ATRP is slow

enough to fine tune the thickness of the polymer film.

The homogeneity of these films has been assessed by Raman imaging (see figure

2.38b). The resolution of the image is of 1 µm.

Surface Initiated Atom Transfer Radical Polymerisation of

poly((2-dimethylamino)ethyl methacrylate)-b-

poly(N -isopropylacrylamide)

The synthesis of the surface grafted diblock copolymer is done in two steps. First,

the cationic monomer ((2-dimethylamino)ethyl methacrylate) (DMAEMA) is poly-

merised by ATRP following a procedure described in the literature. [71] In short, the

reaction is performed in methanol — DMAEMA is not soluble in DMSO — with a

[DMAEMA] : [CuBr] : [HMTETA] = 400 : 2 : 3 ratio and a DMAEMA concen-

tration of 0.1 M. Prior to polymerisation, DMAEMA is purified by reduced-pressure

distillation, to remove monomethyl ether hydroquinone. NMR confirmed the purity

of the monomer and the absence of self polymerisation. After 4 hours, the substrates
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(a) Thickness of dry pNIPAM films as a function of polymer-
isation time. The error bars indicate the standard deviation.
The dashed line is used as a guideline.

(b) Left: Raman image of a film of surface-grown pNIPAM.
The resolution limit of the image is 1µm. Right: Surface
excess of pNIPAM along the cross-section highlighted in the
Raman image.

Figure 2.38: Control over the production of pNIPAM in terms of thickness and ho-
mogeneity.

are sonicated in methanol and water. The polymerisation of the methacrylate is con-

firmed by the disappearance of the vinyl peaks in the Raman spectrum. Substrates

are dried and ATRP of NIPAM is conducted following the conditions described above.

2.7.5 Ring Opening Polymerisation of polyamino acids

Polyaminoacids are synthesised by a ring-opening polymerisation of N -carboxy-

anhydrides formed from the corresponding amino acids.

Synthesis of N -carboxyanhydride of valine

The most common method for synthesising the anhydride is the dehydration of

amino acids by phosgenation (Fuchs method). The reaction is shown in figure 2.39.

Triphosgene is preferred to diphosgene and phosgene as it is solid and safer to

handle. Nevertheless, the reaction produces some lethal phosgene gas and extra care

is taken to remove this gas and quench it as it is formed. The reaction is carried out in
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Figure 2.39: Phosgenation of valine into N -carboxyanhydride valine. The reaction
produces the lethal gas phosgene and requires specific precautions.

a dry three-neck round-bottom flask with a condenser. A positive pressure of argon is

set before the reaction is started and maintained for up to an hour after the end of the

reaction. The positive pressure pushed phosgene gas out of the flask and into a beaker

where it is bubbled through a sodium hydrogen carbonate solution. A pH indicator

is used to monitor the accumulation of phosgene. Also, to prevent suck-back of any

sodium carbonate solution into the reaction medium, a trap is inserted between the

top of the condenser and the bubbling solution. Triphosgene is added via a pressure-

equalised addition funnel. The dehydration of valine also produces small quantities

of hydrochloric acid which can reopen the anhydride. 𝛼-pinene is therefore required

as a scavenger. Typically, 2.3 g of valine (20.0 mmol, 1 eq) and 0.1 eq of 𝛼-pinene

are dissolved in 20 mL of anhydrous ethyl acetate in a dry three-neck round-bottom

flask. 0.34 eq of triphosgene (2.25 g, 7.5 mmol) are dissolved into 8 mL of anhydrous

ethyl acetate. [72] The vessel is heated up to 50 ∘C, the funnel is opened and a third

of the triphosgene is added. The other two thirds are added with a 30 minutes gap

to avoid the accumulation of phosgene inside the round bottom flask. After 3 hours

of reaction, the mixture is cooled to room temperature and the nitrogen flow is left

on for 30 minutes to remove phosgene. The mixture is filtered and the solid, which

is contaminated with trisphogene, dissolved in sodium hydrogen carbonate. Contam-

inated glassware is then immersed in a solution of sodium hydrogen carbonate. The

filtrate is transferred to a rotary evaporator where most of the solvent is removed.

A small quantity of sodium carbonate is placed inside the first collection flask in the

rotary evaporator to quench any phosgene which would had been dissolved in the

filtrate. A brown oil is obtained and washed with hexane to remove 𝛼-pinene. The

valine anhydride is purified by recrystallising twice from a 1:1 hexane : anhydrous

ethyl acetate mixture. Needles are dried under vacuum overnight. The 1H NMR

(see Appendix) spectrum showed (d6DMSO, 400 MHz): 𝛿H/ppm= 9.1 (1H, −NH−),

4.35 (m, 1H, −NH−CH−C−−O), 2.06 (m, 1H, (CH3)2CH−), 0.96 (d, 3H, J = 6.9 Hz,

(CH3)2CH−), 0.87 (d, 3H, J = 6.9 Hz, (CH3)2CH−) and confirms the cyclisation.

The carboxyanhydride of valine is very sensitive to moisture and nucleophiles. There-

fore, the polymerisation is carried out in a glovebox purged with argon and without

exposing the sample to the environment.

Ring opening polymerisation of polyvaline from the N -carboxyanhydride

of valine

Carbon dioxide is evolved during the ring opening polymerisation, see figure 2.40.

Therefore, most procedures described in the literature [72] recommend sparging of
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nitrogen into the reaction medium.
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Figure 2.40: Ring opening polymerisation of N -carboxyanhydride valine.

Raman images from our custom rig (described in section 2.2) of polymer sur-

faces grown on silica surfaces using this method, showed circular patterns which may

have been caused by the formation of bubbles on the surface. Since sparging did

not produce homogeneous polymer layers, reactions were carried out inside a glove-

box where the mixtures were simply stirred under an argon atmosphere. Specifically,

aminosilane-coated silica hemispheres were placed in a Teflon beaker in the glove-

box where 0.5 g of valine N -carboxyanhydride were dissolved in 5 mL of anhydrous

dimethylformamide. The mixture was left to stir for 48 hours. Hemispheres were

then taken out of the glovebox and sonicated in anhydrous dimethylformamide for

10 minutes, followed by ethanol for 5 minutes and water for 15 minutes, and dried

with a stream of nitrogen. Hemispheres were stored in Teflon beakers covered with

parafilm.
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desorption of

oppositely charged

surfactant layers

3.1 Introduction

In this chapter, I will examine the potential of positively charged vesicles to incor-

porate, transport and release an anionic surfactant to and from a hydrophilic silica

substrate. This ternary system (cationic vehicle, anionic cargo and solvent) is equi-

valent to what has been referred to as catanionic mixtures. In the first part of this

chapter, I will summarise the literature on catanionic mixtures and detail some aspects

of the theory of vesicles adsorption onto a surface. Then, I will present my results

on the study of a double-chained cationic surfactant, didodecyldimethylammonium

bromide (DDAB), used for incorporating an anionic cargo, deuterated sodium do-

decylsulfate (d-SDS), onto the negatively charged interface of hydrophilic silica and

water at a pH of 5.

3.2 Review

3.2.1 Surfactant assembly

Surfactants are amphiphilic molecules, with a hydrophilic head and a hydrophobic

tail, which self assemble in aqueous solutions in order to minimise hydrophobic inter-

actions. A conceptual tool for inferring the structures of surfactant assemblies from

the molecule geometry is the packing parameter defined as the ratio between optimal

area of the chain 𝑎hc over the optimal area of the headgroup 𝑎hg. [73]

𝑝 =
𝑎hc
𝑎hg

=
𝑉c
𝐴0 𝑙c

(3.1)

The volume of the chain, 𝑉c, is calculated with the following equation established

from alkane chains at their freezing point based on the number of methylene groups,

𝑛CH2
, and methyl groups, 𝑛CH3

: [74]

𝑉c/Å
3

= 29.65𝑛CH2 + 34.81𝑛CH3 (3.2)
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The surface area of the headgroup, 𝐴0, is determined from the aggregation number

of single chains surfactant assuming they form spherical micelles. The chain length,

𝑙c, is calculated following the Tanford formula: [75]

𝑙c/Å = 1.5 + 1.265𝑛c (3.3)

where 𝑛c is the number of carbons in the tail.

When the area of the headgroup is about three times larger than the area of the

tails (𝑝 ≈ 1
3 ), the surfactant molecules have roughly the shape of a cone, and tend to

assemble as spherical micelles. When the area of the tails gets larger ( 1
3 ≤ 𝑝 ≤ 1

2 ), the

surfactant molecules look like truncated cones and assemble as cylindrical micelles. In

the case of equal area between the headgroups and the tail, the surfactant molecules

look like a cylinder and assemble as planar bilayers. In between the truncated cone

and the cylinder, the molecule has a truncated cone shape (with a larger second base)

and assembles as flexible bilayers or vesicles. When the area of the tails is larger than

the headgroup, the same series of structures, although inverted, is predicted.

3.2.2 Vesicles

Among these structures, vesicles have attracted a lot of attention for their potential

as encapsulating agents. Vesicles can protect the integrity of a molecule in a medium

or dissolve both hydrophobic and hydrophilic molecules. The former can be trapped

in the membranes while the latter are located in the aqueous internal cavity. [76] These

systems have been studied as potential carriers in cosmetics, [77] pharmacology, [78,79,80]

foods [81] or farming industries. [82]

In drug delivery, the compartmentalisation of a drug improves its stability in

a biological medium towards hydrolysis, oxidation, and immune response and also

reduces its toxicity. [76] Compartmentalisation also prevents potential incompatibil-

ities with other drugs as recently demonstrated in a clinical study by Elsabahy et

al. [80] who encapsulated vancomycin and acyclovir, an antimicrobial and an antiviral

drug, in distinct vesicles. They found that when trapped inside separate vesicles, the

co-precipitation of the two drugs was suppressed and oedema formation prevented.

Oedemas are notably observed in the brain when the two drugs were injected together

free in the body. The antimicrobial activity of vancomycin was preserved during the

co-injection of acyclovir. Their study thus demonstrated the potential of vesicles in

medical applications.

Vesicles are also capable of targeting various organs. With passive targeting,

the vesicles are transported by the blood stream towards the cleaning organs or the

reticuloendothelial system (liver, spleen and bone marrow) where they can be filtered

out according to their size or surface charge. [83] For example, particles smaller than

the renal threshold (40 kDa [84]) are filtered out by the kidneys. Passive targeting

has been used to deliver contrast agents in kidney and liver imaging. [85,86] In active

targeting, vesicles are tailored to increase their time in the blood stream bypassing

the cleaning organs before reaching their targets where they can bind specifically. [87]
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There are four typical vesicular systems: liposomes, niosomes, double tailed dialkyl

surfactants and catanionic surfactant mixtures.

(i) Liposomes are vesicles made of lipids. They have been extensively studied for

their potential as biocompatible drug carriers. Among them, phospholipids ves-

icles have attracted a lot of attention for their biomimicking properties as models

of cell membranes. While their spontaneous formation has been reported in a few

papers, [88,89] it is commonly accepted that their formation requires some energy

such as sonication or extrusion. Vesicles of phospholipids are not thermodynam-

ically stable structures and tend to aggregate into multilamellar structures with

greater radius. They are usually quite expensive to fabricate and have a short

half-life. It is possible to improve their stability by mixing phospholipids with

surfactants. Such hybrid vesicles will be briefly discussed later in this section.

(ii) Niosomes are non-ionic surfactant vesicles that typically include additives such

as cholesterol. These additives are often required to aid the vesicle formation [90]

and make the membranes more rigid. [91] Niosomes are usually bigger than other

vesicles, typically in the micrometer-range, allowing the delivery of more ma-

terial. Niosomes have a longer shelf time than liposomes even though they also

tend to aggregate. Their main advantage over liposomes is their stability versus

osmotic pressure. [92] They share two disadvantages with liposomes: (1) they

can induce hydrolysis and oxidation of the host and (2) they are permeable.

Niosomes are formed by the same processes used for the vesiculation of lipo-

somes. [93]

(iii) Spontaneous vesiculation has been observed with double tailed dialkyl surfact-

ants. These surfactants tend to form bilayers, vesicles or sponge-like structures

with packing parameters between 0.5 and 1. The resulting structures can take

up a lot of water and are often used as swelling agents. In addition, due to the

very low solubility of monomers in water — sometimes as low as 10−10 M for C18

chains [94] — the slow exchange of molecules between aggregates makes the struc-

ture of solutions of double-tailed dialklyl surfactants sensitive to their history.

Among double-tailed dialkyl surfactants, quaternary ammonium salts are util-

ised in important applications as antimicrobial agents, [95,96] wetting agents, [97]

and antistatic control agents. [98]

(iv) Mixtures of cationic and anionic surfactants can be seen as pseudo double-tailed

dialkyl surfactants. [94] The term catanionic mixture was first used by Jokela et

al. in a study on swollen lamellar phases of equimolar mixtures of oppositely

charged surfactants. [99] Jokela et al. demonstrated that equimolar mixtures of

catanionic surfactants can be used as the uncharged equivalent of zwitterionic

phospholipids. They demonstrated that stable bilayers were formed simply due

to repulsive hydration forces and not electrostatic interactions. In mixtures of

cationic and anionic surfactants, bilayers were formed from single-tailed sur-

factants as a result of contraction of the polar heads due to the electrostatic

interaction between the oppositely charged headgroups. The packing para-

meter of single-tailed surfactants could thus reach the ones of double-chained
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surfactants and spontaneous vesiculation has been observed. Additional driving

forces for vesiculation include the expulsion of counterions which can form a pre-

cipitate. Counterion-free catanionic surfactants, called ”ion-pair amphiphiles”

(IPAs), can be formed very easily by combining an organic acid and an organic

hydroxide which assemble and release water rather than a salt. Various IPA

systems and their properties have been described by Tondre and Caillet. [100]

Their phase diagrams are similar to the ones observed for solutions of phosphol-

ipids. In addition, while vesicles of phospholipids are not thermodynamically

stable and require ultrasonication and extrusion, vesicles of catanionic surfact-

ants form spontaneously. Vesicles of surfactants give access to a larger range

of compression and bending moduli than vesicles of phospholipids. [101] Their

potential to replace phospholipids in formulation or drug delivery system has

been investigated extensively. [102,103,104,105] In a recent paper, Dew et al. used

the spontaneous vesiculation of catanionic mixtures to design encapsulating sys-

tems for a dozen cationic drugs such as tetracaine, lidocaine or atenolol with

two anionic surfactants, capric acid and lauric acid. [106] Cryo-TEM was used to

identify the composition leading to spontaneous vesiculation giving a range of

ratios of drug to surfactant at constant total concentrations (𝑐 = 40 mM) for

which vesiculation was observed. The release of the encapsulated drug from a

gel (agar-agar or carbopol) was then followed using UV spectroscopy in a water-

based medium. Diffusion of the encapsulated cationic drug out of the gel was 50

times slower than when free. The main disadvantage of catanionic mixtures is

their poor biocompatibility. Even though strategies such has hybridation with

lipids or the use of aminoacid-based surfactants [107] have been developed, there

is currently no application in the medical field.

3.2.3 Catanionic surfactants mixtures

Phase diagrams

A typical catanionic phase diagram is shown in figure 3.1. At the equimolar

ratio, the two surfactants form a precipitate. As one of the surfactant gets in excess,

the stable structures move towards lamellar phases and charged vesicles, and finally

micelles.

The interest in catanionic mixtures particularly increased when Kaler et al. ob-

served spontaneous vesicle formation in aqueous mixtures of cetyl trimethylammonium

tosylate (CTAT) and sodium dodecylbenzenesulfonate (SDBS). [108] The ternary phase

diagram of CTAT/SDBS at 25 ∘C showed large vesicle domains (see figure 3.2 (b)).

This diagram was constructed after equilibrium had been reached (visual observa-

tions). Equilibrium can take a couple of days to two weeks to be attained in most com-

positions while solutions containing vesicles usually require longer times. The pres-

ence of vesicles in these solutions was inferred by their blueish color and confirmed by

cryo-TEM [108,109,110,111,112] or small-angle neutron scattering. [108,109,110,111,112,113,114]

The symmetry of the phase diagram and the prevalence of the vesicle domains is

related to the symmetry of the chain length of the two surfactants. Kaler et al. com-

pared three ternary diagrams of mixtures of surfactant with the same headgroups
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Figure 3.1: Typical phase diagram of a catanionic mixture. Upon addition of anionic
surfactant to a cationic solution, the structures formed are micelles (M), positively
and negatively charged vesicles (V+ and V-), a precipitate (line) and lamellar phases
(L). Adapted from reference [76].

(sulfate and trialkylammonium), namely cetyl trimethylammonium bromide/sodium

octyl sulfate (CTAB/SOS), cetyl trimethylammonium tosylate/sodium dodecyl ben-

zyl sulfonate (CTAT/SDBS) and dodecyltrimethylammonium bromide/sodium do-

decyl sulfate (DTAB/SDS). [115] The three diagrams are shown in figure 3.2. When

the chains of the cationic and anionic surfactants are identical (DTAB/SDS), the

range of compositions leading to precipitation is the largest. When the tails are highly

asymmetric, such as in the CTAB/SOS system, a larger vesicular domain forms on

the side of the shorter chain surfactant (i.e. SOS). Vesicles rich in the longer chain

surfactant are restricted to a very narrow composition range. The phase diagram

of CTAT/SDBS shows a vesicular domain in both sides with equivalent composition

ranges.

(a) (b) (c)

Figure 3.2: Phase diagrams of the catanionic mixtures of (a) CTAB/SOS, (b)
CTAT/SDBS and (c) DTAB/SDS. V corresponds to vesicle, L𝛼 to lamellar phase,
M to micelles, PPT to precipitate, R to rodlike micelles. Reproduced from refer-
ence [115].

Encapsulation and permeation

Encapsulation by catanionic mixtures is typically tested on dyes for it is possible

to discriminate trapped from free dye by fluorescence measurements. [116] Using this

method, anionic and cationic CTAT/SDBS vesicles (V+ and V−) were both found to
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encapsulate carboxyfluorescein (CF) much more efficiently (21 %) than phospholipids

vesicles formed from egg-yolk phosphatidylcholine (1.6 %). [105] The half period of CF

release was 84 days for the V+ catanionic vesicles against 2 days for the phospholipids.

Such an encapsulation efficiency for a single chain surfactant membrane is rather atyp-

ical and is associated with a specific electrostatic interaction between the anionic CF

and the cationic membrane bilayer in addition to the inner water pool encapsula-

tion. All CTAT/SOS vesicles and IPA were found to encapsulate carbofluroescein,

riboflavein or glucose rather poorly [117] while SDBS-rich vesicles of SDBS/CTAT en-

capsulated CF sucessfully. [105] Wang et al. investigated the encapsulation of cationic

and anionic drugs by both positively and negatively charged mixed surfactant ves-

icles. [116] They found that the charge effect on the encapsulation was strong enough

to selectively capture and separate cargo molecules. The change in size of the vesicles

due to encapsulation was determined by light scattering and small angle scattering.

Vesicles of catanionic mixtures which became larger upon the uptake were separated

from the rest of the vesicles by size exclusion chromatography. It was even possible

to selectively retrieve a particular drug from a mixture. [116] These results highlight

the subtlety of interaction between the cargo and the vesicle.

In 1998, Chung et al. demonstrated that vesicles formed spontaneously from mul-

tichain ion-pair amphiphiles could be a lot less permeable than catanionic mixtures.

The membranes of didodecyldimethylammonium and dioctadecyldimethylammonium

vesicles were very resistant to dilution and the encapsulation of carboxyfluorescein

even resisted dialysis. The release could be triggered by breaking the membranes

through addition of other surfactants such as SDS and Triton X. In 2012, Jiang et al.

used the double-chained anionic surfactant bis-(2-ethylhexyl)sulfosuccinate sodium

salt to transport tetracaine via mixed surfactant vesicles. [118]

Delivery of DNA material

Gene therapy is bringing immense hope for curing some genetic diseases or ma-

lignant forms of cancer by inserting missing or corrupted DNA into defective cells.

Nucleic acids can be inserted inside the kernel of a cell via an impotent virus (tranfec-

tion) or via a liposome (lipofection). Transfection is the most commonly used method

although the production of transfective viruses is not without difficulty or risks. In

addition, the amount of material that can be delivered into the cell is rather small

compared to what is required for an effective gene therapy. Lipofection is a promising

alternative as it allows a denser packing of DNA. A mixture of cationic and non-ionic

surfactants could provide a solution to densely pack DNA. And if positively charged,

this mixture could penetrate the cell membrane and deliver the DNA material. The

main advantage of lipofection is the ability to transport more material than tranfec-

tion. The efficiency of the method remains relatively poor, partly due to the little

knowledge on the vesicle-DNA complex in water. The stability of the DNA strands

is hindered by potential aggregation of the complexes. DNA strands are not only

encapsulated inside the vesicles but also cover their surface. In buffer solutions and

in the body pH, the presence of DNA around the vesicle is enough to decrease the

zeta potential of the positively charged vesicles until aggregation occurs.
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3.2.4 Vesicles at interfaces

Biological membranes are highly complex assemblies ensuring the cohesion of living

cells as well as the transfer of information and materials in and out of it. They are

made of lipid bilayers held together by hydrophobic interactions. They also contain

proteins, typically anchoring proteins, ion transporters, receptors, glycolipids and

glycoproteins. In biophysics, biological membranes are modelled by the homogeneous

surface of confined lipid bilayers, which allows the control of global parameters such as

the lipid density as well as the curvature or the stiffness of the bilayer. In practice, lipid

bilayers can be simply supported by the solid. Methods include solid-supported lipid

bilayers (SLB), and confinement on a polymer cushion or a self-assembled monolayer

such as thiols on gold, silanes on glass or silica. Furthermore, lipids can be tethered

or even freely suspended as shown in figure 3.3.

Figure 3.3: Methods to produce surface-confined lipid layers. (A) solid-supported lipid
bilayer. (B) polymer-cushioned lipid bilayer. (C) lipid monolayer on a self-assembled
monolayer (e.g. thiols on gold, or silanes on glass or silica) (D) tethered lipid bilayer
(E) freely suspended lipid bilayer (F-G) supported vesicular layers. Reproduced with
permission from reference [119].

The formation of a solid-supported lipid bilayer (configuration (A) in figure 3.3)

is a one-step procedure allowing a simple way of producing SLBs of various lipids

and lipid mixtures. [120,121,122,123] The mechanism of the formation of supported lipid

bilayer has two stages: (i) the adhesion of the vesicles onto the substrate and their

subsequent rupture into bilayer patches and (ii) the evolution of these patches into a

complete SLB. [119] The driving force for the adsorption is the gain in adhesion energy

which overbalances the energy penalty caused by the bending the vesicle, especially

at its edges. Figure 3.4 shows a schematic indicating the position in the membrane of

an adsorbed vesicle where bending stress is the largest. [124] The formation of a hole

can release some of this stress. This local relaxation is counterbalanced by another

bending penalty for the formation of the new boundaries around the hole. [125]

Some theoretical aspects on the shape of the vesicles during their adhesion process
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Figure 3.4: Schematic of a cross section of a vesicle rupture subsequently to its ad-
sorption. Adapted from reference [126].

onto a surface will be described in this section. A surface can be described locally by

two curvatures, 𝑐1 = 1
𝑅1

and 𝑐2 = 1
𝑅2

with 𝑅1 and 𝑅2 being the radii of curvature

in two perpendicular directions as shown in figure 3.5. There is an energy density,

Figure 3.5: Description of the local curvatures of a lipid membrane. The first radius of
curvature is defined as the radius of the largest sphere which best fits a normal section
of the surface. The second radius is defined in the same way in the direction normal
to the surface and perpendicular to the other normal. Adapted from reference [127].

𝑓c, associated with this curvature. The curvature energy density is defined assuming

that the membrane is locally elastic:

𝑓c =
1

2
𝜅1 𝑐

2
1 +

1

2
𝜅2 𝑐

2
2 (3.4)

with 𝜅1 and 𝜅2 being the bending rigidity in the directions 1 and 2, respectively.

Equation 3.4 can be rearranged as [128]

𝑓c =
1

2
𝜅 (𝑐1 + 𝑐2)2 + 𝜅 𝑐1𝑐2 (3.5)

which defines two moduli with 𝜅 being the bending modulus and 𝜅 the saddle splay

modulus. This equation assumes that the membrane is symmetric. If it is not,

an additional curvature term called spontaneous curvature, c0, is introduced and
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subtracted from equation 3.5.

The gain in free energy during adhesion is proportional to the adhesion area 𝐴

such as

𝑓a = −𝑊 𝐴 (3.6)

where 𝑊 is the effective free energy per unit of contact area.

Vesicles will adsorb to the surface if the gain in energy due to adhesion can com-

pensate the stretching and bending energies 𝑓a ≥ 𝑓c + 𝑓G. For spherical objects, the

Gaussian curvature energy is 𝑓G = 0 (Gauss Bonnet theorem). Since the adsorption

energy is a function of the radius of the vesicles while the bending energy is not, there

will be a critical radius 𝑅a above which adsorption will become favourable:

𝑅a =

√︂
2𝜅

𝑊
(3.7)

Once adsorbed, a vesicle will rupture if the energy associated with the adsorbed

vesicle is greater than the energy of the adsorbed disk resulting from the rupture.

The free energy of an adsorbed vesicle 𝑓bv is given as

𝑓bv = −2 𝜋 𝑊 𝑅2 + 2 𝜋 𝑔
√

2𝜅𝑊 𝑅 (3.8)

with 𝑔 being a numerical constant, and 𝑅 the radius of the vesicle. The free energy

of an adsorbed disk 𝑓bd is

𝑓bd = −4 𝜋 𝑊 𝑅2 + 4 𝜋 Σ 𝑅 (3.9)

with Σ being the line tension of the adsorbed disk.

There is rupture of the adsorbed vesicle if 𝑓bd ≤ 𝑓bv. Consequently, a critical

radius exists above which the vesicle ruptures:

𝑅rup =
2 Σ − 𝑔

√
2𝜅𝑊

𝑊
(3.10)

Figure 3.6 shows the deformation of a single vesicle during the adsorption as a

function of the interaction potential. Kasemo et al. have also calculated the total

energy at different points of the vesicles and showed that most of the bending stress

is located at the edges of the vesicles. [124]

In the same study, they also show that neighbouring vesicles or patches can in-

duce the rupture because of the energy released from reducing the number of edges.

Therefore, a critical vesicular concentration would have to be reached to observe

bilayer formation at the interface. Such a scenario has been observed by QCM-D and

AFM. The results presented in figure 3.7 show very stable adsorbed isolated vesicles

which would, above a critical concentration, coalesce with an already adsorbed vesicle

or bilayer patch, rupture and form a bilayer. Richter et al. have recorded AFM images

of bilayer patches of various lipids on mica with increasing lipid concentration. They

have observed spontaneous coalescence of the neighbouring bilayer patches. They
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Figure 3.6: Average y coordinate of lipids (top) and bending and stretching energy
(bottom) of an axisymetric vesicle made of 50 beads, for different intensity of in-
teraction parameters with the substrate, 𝐶. Increasing 𝐶 means increasing gain in
adhesion energy. Reproduced with permission from reference [124].

also induced the coalescence with the AFM tip. Furthermore, they observed patches

stable to both spontaneous and induced coalescence. [122] They concluded that the

mobility of surface-bound vesicles was an important parameter and explained the

surface aggregation or patches stability. The critical vesicular concentration is there-

fore related to the statistical distribution of patches or vesicles on the substrate. The

other scenarios show typical QCM-D responses when the vesicles do not adsorb (A),

the vesicles adsorb but do not rupture at any concentration (B) and vesicles rupture

spontaneously (D).

In addition to the interaction potential of the vesicles with the substrate and their

mobility once bound, other parameters can influence the SLB formation. Divalent ions

and among them calcium ions in particular are promoting adsorption and rupture,

even at low concentrations (𝑐 ≤ 1 mM). [121,129,130,131] The physicochemical properties

of the substrate surface are also important. For example, the basic treatment of silica

substrate could reduce the hydroxylation state and modify the contact potential and

alter SLB formation. The topography of the surface can bring an additional energy

penalty to the SLB formation. Nevertheless, it was possible to deposit SLBs on silica

films of high porosity. [132] The formation of SLBs can also be altered by modifying

electrostatic interactions between the vesicles and the substrate, e.g. via a change of

pH or ionic strength. [133]

A final consideration on lipid adsorption relevant to this chapter is the distribution

of lipids in an adsorbed structure in mixed vesicles. [134,135] Richter et al. investigated

asymmetries in mixed biyalers of 1,2-dioleoyl-sn-glycero-3-phospho-l-serine (DOPS)

and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) by introducing proteins that

bind specifically to DOPS. For example, the bilayer formed on mica from vesicles

composed of 20 % DOPS is highly asymmetric. The bulk-facing leaflet only contains

7 % of DOPS rather than the expected 20 %. [135] On the other hand, the same mixture

leads to the formation of a symmetric bilayer on silica. Richter et al. attributed the

asymmetry of the adsorption on mica to the influence of calcium ions. [134]
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Figure 3.7: Different mechanisms of lipid vesicles adsorption onto a silica substrate
identified by QCM-D. The adsorbed mass is given by the change in vibrating frequency
of the quartz piezo, while the dissipation ∆𝐷 helps to distinguish between vesicles
(high dissipation) and bilayer patches (low dissipation). Reproduced with permission
from reference [119].

3.2.5 DDAB

Phase diagram of aqueous DDAB solutions

DDAB has a packing parameter of 0.66 and is therefore expected to form bilayers

and vesicles. The packing parameter has been calculated using equation 3.1, based

on a trimethylammonium headgroup size of 68 Å
2
. The volume of 758 Å

3
and the 𝑙c

of 16.7 Å were calculated using equation 3.2 and the Tanford equation, respectively.

Vesicles of DDAB have been observed very early on by Kunitake et al. using cryo-

TEM. [136] The phase diagram of DDAB solutions at 25 ∘C shows that vesiculation

occurs at concentrations as low as 0.05 mM. [137] Additionally, scattering data showed

that vesicles are unilamellar at concentrations up to 0.2 mM while multilamellar ves-

icles formed at higher concentrations. A cross polarisation study showed that lamellae

start to form at [DDAB] = 0.7 mM. The fraction of lamellae gradually increases until

the complete disappearance of vesicles at 21 mM.

The adsorption onto solid substrates from aqueous DDAB solutions has been fol-

lowed by AFM [138,139,140] and neutron reflectometry. [141] Griffith et al. showed that

DDAB adsorbs onto silica at the CMC, forming a weakly hydrated bilayer (7 % hy-

drated) with a thickness of 20 Å. This value is close to the 𝑙c calculated with the

Tanford equation. Surface vibrational spectroscopy showed the rather different pic-

ture of a disordered film. [142] At 0.1 CMC, a highly hydrated layer of 15 Å thickness

was observed. At 0.5 CMC, the adsorbed layer thickens and gets denser (28 Å, 84 %

hydrated). On mica, DDAB was found to form a complete bilayer at much lower

concentrations: unhydrated layers with a thickness of 23 Å where detected at concen-

trations between 0.1 CMC and 0.5 CMC. [141] The adsorption of DDAB onto mica

had previously been observed using AFM measurements. [138]

Phase transitions of DDAB at various concentrations have been measured by dif-
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ferential scanning calorimetry (DSC). [137] Feitosa et al. recorded a sharp gel-to-liquid

phase transition in DDAB vesicular solutions. The transition is exothermic with a

critical temperature around 15 ∘C. [143] Baptista et al. measured a similar gel-to-liquid

transition temperature at 𝑇m = 16 ∘C, [144] collecting calorimetry data from liposomes

of DDAB/DODAB (dioctadecyldimethylammonium bromide) mixtures of various ra-

tios. They found that DODAB exhibits a gel-to-liquid transition temperature of 60 ∘C

while the mixtures show two transitions: one at 15 ∘C and another one that varies

with the mole fraction of DODAB. The authors also looked at the uptake and release

of a dye by these vesicles. They found that for all compositions, cooling the mixture

led to a release of the dye. For pure DDAB vesicles, the dye emission was found to

be weaker above 15 ∘C indicating a liquid crystal phase. Additional DSC data have

demonstrated the potential existence of an hysteresis in the DDAB gel-to liquid phase

transition [137] since the liquid-to-gel transition was found to be at 9.5 ∘C.

3.2.6 Mixtures of DDAB and SDS

The phase diagram of the DDAB-SDS-water system at 40 ∘C was first determined

by Marques et al. and is shown in figure 3.8. The addition of a small amount of DDAB

to an aqueous SDS solution leads to the replacement of micelles by vesicles (blueish

solution). The domain of stability of negatively charged vesicles is large. Further

addition of DDAB leads to the formation of lamellaes. Close to the equimolar ratio,

the precipitate DDA+ SD− forms but is quickly destabilised upon the introduction

of a net charge.

Figure 3.8: (a) Phase diagram for the SDS-DDAB-water system at 40 ∘C. Isotropic
micellar (L1), normal hexagonal (E), cubic (I), lamellar (D𝐼−𝐼𝑉 ) and crystals (G).
(b) Phase diagram for the SDS-DDAB-water system at low surfactant concentration
(lower than 3 wt%) 25 ∘C. Reproduced with permission from reference [145].

The phase diagram of dilute DDAB-SDS-water solutions was later determined by

Marques et al. [145] When DDAB is added to SDS micelles (see figure 3.9) the expected
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micellar growth — due to a change in the effective packing parameter and a partial

screening of charged intra and inter aggregates and higher counterions concentrations

— occured but on a very limited domain (up to 0.06 % of DDAB). Instead, vesicles —

objects with a larger curvature — were observed very early on. The first order micelle-

to-vesicle transition — common to many catanionic mixtures — was not observed

for DDAB-SDS. Instead, disk shaped aggregate were formed leading to unilamellar,

polydisperse and very large vesicles distributions. [145]

In the DDAB-rich region, see figure 3.10, pure vesicle solutions have a larger area

upon introduction of SDS compared to the DDAB-water system. DDAB rich vesicles

are unilamellar but polydisperse (the radii ranged between 0.1–5 µm). The average

size of the vesicle distribution is furthermore a function of the catanionic ratio. This

variation is non-monotonic and there is a critical ratio above which electrostatics

replace packing effects as the dominating force. Below the critical ratio, the excess

of DDAB is much lower than the salt concentration and the role of electrostatics

is reduced. Tighter packing is possible via the SDS single chain which leads to a

reduction of the vesicle size. Above the critical ratio, the electrostatic interactions

between the DDAB molecules dominate and the vesicles are typically larger than pure

DDAB vesicles.

Figure 3.9: Phase diagram for the SDS–DDAB–water system at 25 ∘C on the anionic-
rich side. The micellar region is reduced by the addition of DDAB and large domains
of negatively charged vesicles V− are formed. Reproduced with permission from
reference [145].

84



Chapter 3. Coadsorption and desorption of oppositely charged surfactant layers

Figure 3.10: Phase diagram for the SDS–DDAB–water system at 25 ∘C on the
cationic-rich side. Large domains of polydisperse positively charged vesicles V+ are
formed. Reproduced with permission from reference [146].

3.3 Results

In this section, I will describe and discuss the results obtained on the interaction

of each surfactant and their mixtures with silica substrates. The primary aim of this

chapter is to design a transport and release system for an anionic molecule to and

from a silica surface. The hypothesis is that liquid-gel phase transition inside the

DDAB bilayers will alter the binding constant of an anionic cargo. d-SDS is used as

a model anion since it is known to form mixed vesicles with DDAB and can be easily

monitored by TIR Raman scattering. The effect of temperature on the adsorbed

layer has been investigated, along with the partition of d-SDS inside the two possible

phases of DDAB. In addition, this chapter will also present the spectral markers to

identify the onset of the phase transitions in a DDAB-based adsorbed layer.

3.3.1 Single surfactant systems

Band assignment of the d25-SDS Raman spectrum

Throughout this chapter, sodium dodecylsulfate (structure shown in figure 3.11)

is used in a nearly fully deuterated version (≥ 98 atom% D), referred to as d-SDS. The

most intense bands are located in the CD region as expected. The band assignment

of the CD stretches is presented below.

The spectra of a solution of 10 mM of d-SDS in SY and SX polarisation are shown

in figure 3.12. Six bands are resolved in both spectra. The assignment of deuterated

aliphatic chain is established. [147] The band at 2075 cm−1 is assigned to the methyl

symmetric stretch (r+). The methylene symmetric stretch is located at 2107 cm−1. Its

higher intensity compared to the methyl symmetric stretch despite the lower Raman

scattering cross section is due to the number of methylene groups in SDS. The signal

at 2137 cm−1 corresponds to the Fermi resonance of the methyl symmetric stretch

(r+FR). The band at 2204 cm−1 is assigned to the antisymmetric methylene stretch
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(a)

(b)

Figure 3.11: (a) Structure of sodium dodecylsulfate and (b) Raman spectrum of fully
deuterated sodium dodecylsulfate (d25-SDS)

.

(d−). The antisymmetric methyl stretch is found at 2220 cm−1 (r−). The band

at 2173 cm−1 has previously been assigned to either an antisymmetric methylene

stretch, [148] or to Fermi resonance of the methylene symmetric stretch. [149]

Isotherm of adsorption of d25-SDS at the silica-water interface

Spectra of solutions of d-SDS with concentrations ranging from 8 µM to 13 mM

were recorded to create an isotherm. Figure 3.13 shows the background-subtracted

TIR spectra collected for each solution in the SY and SX polarisation.

To generate the isotherm, the spectra were normalised to the water maximum and

d-SDS signals integrated. Figure 3.14 shows the isotherms collected for each polarisa-

tion. For both isotherms, the TIR Raman intensities are directly proportional to bulk

concentration. This proportionality without a change of slope at the CMC (8.1 mM)

demonstrates that no d-SDS adsorbs onto silica and all TIR Raman signals arise from

bulk d-SDS. The slope of each isotherm allows us to relate the TIR Raman intensity to

the d-SDS concentration in the probed volume and therefore to the adsorbed amount.

The SX and SY polarisations are shown in this section to assign the symmetry of the

CH or CD stretching bands. In the next section, I use S polarised light, the sum of

SX and SY polarised light, to improve the detection limit of the technique. These

isotherms later used as calibration data between TIR Raman intensities and surface

coverage are obtained in a similar way as shown in the method chapter.

Band assignment of the didodecyldimethylammonium bromide (DDAB)

Raman spectrum

Didodecyldimethylammonium bromide (DDAB) is a double-chained cationic sur-

factant (structure shown in figure 3.15). The most intense bands of the Raman
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Figure 3.12: TIR Raman spectrum of bulk d-SDS in the SY and SX polarisations.

Figure 3.13: TIR Raman spectra collected from solutions of d-SDS of concentrations
ranging from 10−3 to 1.6 times the CMC. The generally accepted value for the CMC
of SDS in deionised water at 25 ∘C is 8.1 mM. [150,151,152]

spectrum, figure 3.15, are located in the CH stretch region as expected.

The CH region of Raman spectra of a 2.5 mM solution of DDAB in SY and SX

polarisation are shown in figure 3.16. Band assignment of the CH stretches is well

established. [153] The symmetric (d+) and antisymmetric (d−) methylene stretches are

located at 2854 cm−1 and 2890 cm−1, respectively. The band at 2932 cm−1 is assigned

to a Fermi resonance of an overtone of a CH2 scissoring mode (1445 cm−1). The band

at 2962 cm−1 is assigned to the antisymmetric methyl stretch (r−). The symmetric

terminal mode at 2876 cm−1 is not resolved and is buried under the d− mode. The

band at 2980 cm−1 is assigned to the symmetric methyl stretch of the headgroup r+HG,

while the band at 3036 cm−1 is assigned to its antisymmetric methyl stretch r−HG.

Isotherm of adsorption of DDAB at the silica-water interface

Spectra of solutions of DDAB with concentrations ranging from 0.3 µM to 3.8 mM

were recorded to create an isotherm. This range of concentrations corresponds to
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Figure 3.14: Isotherms of d-SDS at the silica–water interface at 25 ∘C collected in the
SX and SY polarisations.

1/1000 to 22 times the critical aggregation concentration (CAC, see table 3.1). The

minimum waiting time corresponding to the transport of DDAB vesicles to the in-

terface has been estimated by recording the kinetics of adsorption from a solution of

5 mM of DDAB. All spectra were recorded after stabilisation of the signal intensity

which happened 30 minutes after insertion of the solution in the cell at 0.5 mL min−1.

The kinetics of adsorption of DDAB is discussed later in this section.

Using the isotherm, the signal intensity can be related to the amount of DDAB

present at the silica-water interface. Figure 3.17 shows the background-subtracted

TIR Raman spectra collected for each solution in the SY and SX polarisation. To

generate the isotherm, the DDAB signals were integrated and divided by the range

of wavenumbers used for the integration. The resulting plot, figure 3.18, shows good

agreement between the two polarisations. The observed signal increased up to a

concentration of 0.1 mM. Above this concentration, the signal intensities level off and

remain constant. The critical aggregation concentration (CAC) of DDAB has been

determined by different methods which agree on a value close to 0.1 mM, see table 3.1.

Table 3.1: Critical aggregation concentration of DDAB measured by different meth-
ods.

CAC / mM Method

0.17 surface tension [142]

0.070–0.086 surface tension [154]

0.078±0.006 conductivity [154]

0.099±0.007 potentiometry [154]

Our standard method for relating the Raman signal intensity to the amount of

material at the interface could not be used for DDAB. Previous isotherms were calcu-
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(a)

(b)

Figure 3.15: (a) Structure and (b) Raman spectrum of didodecyldimethylammonium
bromide.

Figure 3.16: TIR Raman spectrum of a bilayer of DDAB in the SY and SX po-
larisations in the CH stretch region. The symmetry of the stretches is assigned by
comparing the relative band intensity in the polarisation SX and SY.

lated by subtracting the bulk contribution from the Raman intensities. The isotherm

of DDAB does not show a linear increase with bulk concentration in the range of

measured concentrations. Above the critical aggregation concentration, there is an

excluded volume near the surface where the centres of vesicles cannot lie. In addition,

the electrostatic repulsion between the cationic vesicles and the cationic adsorbed

layer further depletes the probed volume from bulk DDAB. Hence, the concentration

of DDAB in the evanescent wave is not equal to the bulk concentration. Therefore, I

decided to collect the isotherm of another surfactant, DTAB, which is the single chain

equivalent of DDAB. The structure of DTAB is shown in figure 3.19.

The normalised TIR Raman spectra of both surfactants are shown on the same

graph in figure 3.19. There are two minor differences between the DDAB and DTAB

spectra. First, the relative amplitudes of the methyl stretches from the headgroup and

the methylene stretches of the alkyl chain are different. The bands r−HG and r+HG are
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Figure 3.17: TIR Raman spectra collected from solutions of DDAB of concentration
ranging from 1/1000 to 22 times the critical aggregation concentration. The red line
marks the position of the CAC (see table 3.1).

Figure 3.18: Isotherm of adsorption of DDAB at the silica–water interface at 25 ∘C.
The isotherms were obtained by averaging the integrated TIR Raman signal over the
range 2800–3085 cm−1.

therefore better defined in the Raman spectrum of DTAB compared to the spectrum

of DDAB, as expected. Also, the ratio between the symmetric stretch (2855 cm−1)

and the antisymmetric stretch (2890 cm−1) is higher for DDAB. The impact of this

difference on the calculation of the surface coverage will be discussed at the end of

this section.

Spectra of solutions of DTAB with concentrations ranging from 1.5 µM to 220 mM

were recorded. Figure 3.20 shows the background-subtracted TIR Raman spectra

collected for each solution in the SY and SX polarisation. The resulting isotherm is

shown in figure 3.21. The shape of the isotherm of adsorption of DTAB collected from

TIR Raman spectra in the SY polarisation indicates a two-step adsorption mechanism,

corresponding to the formation of a monolayer or a fraction of a monolayer of DTAB

at the hydrophilic silica-water interface. The maximum adsorbed amount corresponds

to a surface area per molecule of ≈60 Å
2
. The surface area per molecule of DTAB is
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(a) DDAB (b) DTAB

(c)

Figure 3.19: (a-b) Structures and (c) TIR Raman spectra of adsorbed DDAB and
DTAB in the CH region. Both spectra shown are in the SY polarisation. Spectra are
normalised to 1 at the highest intensity.

therefore larger than the size of the TAB headgroup (≈68 Å
2
), implying an incomplete

monolayer at the hydrophilic silica–water interface. This is in agreement with previous

reports. [155]

Figure 3.20: TIR Raman spectra of DTAB at the silica–water interface at 25 ∘C. The
spectra recorded at the CMC (14 mM) are shown in red.

The bulk contribution from DTAB solutions in the TIR Raman spectra gives a

scaling factor to convert the integrated Raman intensity to the amount of DTAB at

the interface 𝛼DTAB. Assuming the spectra of DTAB and DDAB are identical and

assuming the cross sections of all C−H bonds are the same, it is possible to obtain

the scaling factor for DDAB, 𝛼DDAB, using equation 3.11.

𝛼DDAB = 𝛼DTAB
𝑁DDAB

𝑁DTAB
(3.11)
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Figure 3.21: Isotherm of adsorption of DTAB at the silica–water interface at 25 ∘C.

where 𝑁DDAB and 𝑁DTAB the number of C−H bonds in DDAB and DTAB respect-

ively. The isotherm of DDAB at the silica-water interface is then calculated for both

polarisation combinations. Results are shown in figure 3.22.

Figure 3.22: Isotherm of adsorption of DDAB at the silica–water interface at 25 ∘C.

The maximum adsorbed amount is found to be 8 µmol m−2, which corresponds to

a minimum surface area per molecule of 𝐴min = 21 Å
2

which is about half the calcu-

lated surface area per molecule for closed-packed double chain quaternary ammonium

salts (40 Å
2
), with a vertical orientation of the alkyl chain. [143] The adsorbed amount

corresponds to a tightly packed bilayer. The formation of a bilayer is in agreement

with previous studies on the adsorption of DDAB at the solid–water interfaces, such

as mica, silicon oxide, and silica. [141] The adsorbed amount is probably slightly over-

estimated by the method of conversion the Raman intensities into surface coverage.

The method relies on the assumption that the Raman intensities from DDAB can be

scaled from the intensities of DTAB.
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Figure 3.19 shows that one difference in the shape of the spectra of DDAB and

DTAB lies in the relative intensities of their antisymmetric and symmetric stretch.

The intensity of the symmetric stretch in DDAB is stronger than in the spectra of

DTAB. Also, the C−H bonds in the adsorbed layer aligned preferentially parallel to

the surface (since the chains have a preferential orientation normal to the surface),

while the C−H bonds have an isotropic orientational distribution in bulk DTAB

solutions. Therefore, when the scaling method is applied to spectra acquired with

the electric field parallel to the surface (S polarisation), it tends to overestimate the

amount of material present on the surface.

The shape of the adsorption isotherm of surfactants also gives an insight on the

type of structures formed at the interface — two models have been developed, the

two-step model [156,157] and the four-region model. [158] They differ in the interplay

between electrostatic and hydrophobic interactions. In the two-step model, the ad-

sorbed amount is first very low, corresponding to the adsorption of single surfactants

molecules at low density surface coverage. Then, the adsorbed amount increases

steeply, corresponding to the formation of admicelles from the nucleated sites, until

the CMC is reached and the adsorbed amount remains constant. This model cor-

responds to cases where the electrostatic interactions between the surface and the

surfactant are weakly attractive and the adsorption is mainly driven by the hydro-

phobic interactions. For stronger electrostatic attractions, the adsorption isotherm

is better described by the four-region model (see figure 3.23). At low bulk concen-

trations, when there is no interaction between the adsorbed molecules, the adsorbed

amount increases linearly with concentration (region I). Then, due to the stronger

electrostatic interactions, the surface coverage is more dense (region II) leading to

the formation of hemimicelles (region III) and the attachment of a second layer. The

formation of this second layer continues until the bulk concentration reaches the crit-

ical aggregation concentration. Then, the adsorbed amount remains constant (region

IV). The two models do not describe all adsorption isotherms such as the adsorption

of CTAB onto silica. [159] Likewise, neither model accurately described the adsorption

of DTAB onto silica shown in figure 3.21. The shape of the isotherm of adsorption of

DDAB onto hydrophilic silica also does not clearly match either of the two mechan-

isms. However, the calculated surface coverage of DDAB implies that the formation

of hemimicelles is rather unlikely and that DDAB will fall into the category of sur-

factants adsorbing in a four-region type mechanism. In that case, it is possible that

only the regions III and IV of the surface coverage evolution are visible in our adsorp-

tion isotherm. The other regions are at very low concentrations where experimental

errors in the sample preparation might become too significant. Nevertheless, lower

concentrations can be probed at the first stage of the adsorption kinetics of DDAB.

The resulting graph of the kinetics of adsorption is shown in figure 3.24. This

data supports a four-region adsorption mechanism, although with several differences

from the model usually proposed. Regions I and II have different rates of adsorption.

Regions III and IV overlap quite well with the equilibrium adsorption isotherm shown

in figure 3.22.

This section has shown that vesicles of DDAB formed as described in section 2.6
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(a) Proposed shape of the adsorption isotherm of DDAB
onto silica, following the four region model. Regions I and
II are not visible in our data (dotted line).

(b) Corresponding adsorption mechanism.

Figure 3.23: Proposed mechanism of adsorption of DDAB onto silica. Adapted from
reference [158].

and adsorb at the silica–water interface, a process probably driven by attractive elec-

trostatic interactions between the cationic DDAB vesicles and the negatively charged

hydrophilic silica. The vesicles rupture and form a bilayer which is stable towards

rinsing with water and methanol (results not shown). This is in agreement with

previous studies. [141]

The influence of temperature on the supported bilayer of DDAB will be examined

in the next section. A liquid-to-gel phase transition of the supported DDAB bilayer

could be potentially used for releasing a coadsorbed surfactant.

Influence of temperature on a bilayer of DDAB at the silica-water interface

To assess the influence of temperature on a bilayer of DDAB at the silica–water

interface, TIR Raman spectra of a bilayer of DDAB were collected in S and P polar-

isations at temperatures ranging from 60 ∘C to 10 ∘C (see figure 3.25). The bilayer

was formed at 60 ∘C from a vesicular solution of DDAB in water. The vesicular solu-

tion was left in contact with the silica surface for 30 minutes after which the Raman

intensity from DDAB had stabilised indicating equilibrium in the sample cell. The
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Figure 3.24: Isotherm of adsorption of DDAB on a log-log plot. The data is extracted
from time series of S-polarised TIR Raman spectra collected every 2 seconds during
the introduction of a solution of 1 mM of DDAB at 0.1 mL min−1.

cell was then flushed with 15 mL of pure Milli-Q water, equal to two times the cell

volume, at a temperature of 60 ∘C with a flow rate of 0.1 mL min−1. The temperat-

ure was then reduced at a rate of −0.1 ∘C min−1. Spectra were collected 5 minutes

after the temperature inside the cell had reached the target value. Figure 3.25 shows

the TIR spectra collected in the S and P polarisations at each temperature. As the

temperature was gradually reduced to 10 ∘C, the band positions shifted towards lower

Raman shifts. There was a simultaneous reduction in the intensity of the CH stretches

observed in both polarisations. The shape of the spectra was also changing, signalling

a change in the chain tilt. Figure 3.25 shows spectra normalised to their methylene

symmetric stretch (2855 cm−1). As the temperature decreased, the ratio between the

antisymmetric to symmetric methylene stretches intensities (I(d−)/I(d+)), called the

primary order parameter, increased. This ratio has been correlated with the chain

packing of the aliphatic chains of lipids at the interface. [148] The higher this ratio, the

more ordered the chain packing. This parameter thus gives information on the phase

the lipids are in: when in the fluid phase, the primary order parameter is ≈ 1.05,

when in the gel phase, the primary order parameter is ≈ 1.4.

Quantitative analyses are shown in figures 3.26, 3.27 and 3.28. TIR Raman spectra

were fitted to obtain the position and amplitude of the symmetric and antisymmetric

methylene stretches with a mixture of Gaussian and Lorentzian curves as explained

in section 2.1.3.

Figure 3.26 shows the primary order parameter in the DDAB bilayer as a function

of temperature. The order parameter has been calculated from S-polarised intensities.

The primary order parameter at 60 ∘C is around 1.09 which is close to the values

measured in phospholipid bilayers. The primary order parameter increases as the

temperature decreases, which is in agreement with a transition from a liquid-like

phase towards a gel-phase. However, the values of the primary parameter measured

for the gel phase in phospholipids of around 1.4 is not reached. The tail of a DDAB
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(a)

(b)

Figure 3.25: TIR Raman spectra in S and P polarisations of a DDAB bilayer recorded
at different temperatures (a) and normalised to the methylene symmetric stretch (d+)
(b). The bilayer was prepared at 60 ∘C and the temperature was gradually decreased
to 10 ∘C, at a rate not exceeding 0.1 ∘C min−1. Arrows indicate the direction of
decreasing temperature.

molecule is shorter than those in a phospholipid. Getting both chains parallel in a

tightly packed gel-phase requires a certain number of gauche conformations to make

a turn. DDAB chains are a little bit too short to get both chains parallel and tightly

packed.

Figure 3.27 shows the changes in the positions of the symmetric and antisymmetric

methylene stretches with temperature. Both peaks are gradually shifting towards

lower wavenumbers with decreasing temperature, signalling fewer gauche defects and

an ordering in the layer. This is consistent with a liquid-to-gel phase transition. This

shift of around 2–3 cm−1 is caused by a dehydration of the layer and is similar to the

one observed during the phase transition of phospholipids albeit of a lower magnitude.

Figure 3.28 shows the ratio of the integrated intensities of the CH stretches of P-

polarised and S-polarised TIR spectra. This parameter has been used to characterise

the average chain tilt of phospholipids in supported lipid bilayers. The amplitude

of this ratio has no real physical meaning but relative changes indicate a change in

the tilt of the chains: an increase in the ratio is correlated to an increase in the
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Figure 3.26: Order parameter of the DDAB bilayer as a function of temperature. The
dotted line is to guide the eye only.

Figure 3.27: Peak position of the symmetric methylene stretch ( ) and the antisym-
metric methylene stretch ( ) as a function of temperature.

chain tilt away from the normal to the surface. The data can be divided into two

regions of different ratios. The ratio is higher at high temperature and increases at

around 42 ∘C where figures 3.26 and 3.27 show a change in slope. This data implies

that, on average, DDAB chains are getting closer to the normal of the surface as the

temperature is reduced.

These three markers of the order in the molecular chain (the primary order para-

meter, the peak positions, and the ratio of the P and S intensities) lead to different

possible interpretations on the start of the transition, and even on its characteristic

temperature. For instance, there is a concomitant change in the slope of the primary

order parameter with a change of the CH intensity ratio, while the peak positions are

gradually shifting throughout the studied temperature range. Previous studies have

acknowledged the primary order parameter to be the marker the most sensitive to

structural changes in supported lipid bilayers. [160]
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Figure 3.28: Ratio of the integrated intensities of the CH stretches of P-polarised and
S-polarised TIR spectra of the DDAB bilayer, as a function of temperature.

3.3.2 Coadsorption of d-SDS–DDAB

To study the coadsorption of mixed vesicles of d-SDS–DDAB, solutions of varying

surfactant ratios were prepared in Milli-Q water. The total surfactant concentration

was kept at 2.5 mM whilst the d-SDS content was varied between 15 % and 80 %. For

each ratio, the solution was injected into the Raman cell and left in contact with the

silica surface for 30 minutes at 40 ∘C. This temperature was well above the phase

transition temperature of DDAB and was maintained throughout the experiment.

The cell was then rinsed with 15 mL of Milli-Q water at a rate of 0.1 mL min−1, dis-

placing the surfactant solutions. S-polarised TIR Raman spectra were then collected

in the CH and CD regions. Figure 3.29 shows the spectra collected for each mixture.

Between each solution, the cell was dismantled and cleaned thoroughly. This pro-

cess includes rinsing the cell with methanol, water and sonicating it in Decon for 10

minutes. The hemisphere was cleaned with BIC following the procedure described in

section 2.1.5.

Figure 3.29: S-polarised TIR Raman spectra in the CD and CH region of the adsorbed
layer from mixtures of d-SDS and DDAB, collected at different [d-SDS] : [DDAB]
ratios. All spectra were collected at 40 ∘C.
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The data falls into three categories. In the d-SDS rich region (60 % and 80 %

d-SDS), the vesicles are negatively charged and do not adsorb onto the silica surface.

There are consequently no signals, neither in the CD nor CH region of the Raman

spectrum. In the DDAB rich region (15–45 % d-SDS), both surfactants are adsorbing

at the interface. The peak intensities in the CH region are increasing with DDAB

concentration, while the intensities in the CD region are decreasing. At the equimolar

ratio (50 % d-SDS), a small amount of DDAB but no d-SDS is detected. The DDAB

signal intensity corresponds to a surface excess of 0.3 µmol m−2. The chemical poten-

tial of DDAB in the vesicle phase has to be uniform (at equilibrium). There are thus

no pure DDAB vesicles and the surface excess originates from an excess of monomers

of DDAB in solution. Based on the isotherm measurements (see figure 3.22), a bulk

concentration of DDAB of 0.85 µM is necessary to achieve this surface coverage. This

excess, deviating from the equimolar ratio, corresponds to an error in the bulk ratio

of 0.03 %.

The quantitative analysis of signal intensities over the whole range of surfactant

ratios is shown in figure 3.30. The data is obtained by converting the signal intensities

from the CD and CH regions into the amounts of adsorbed d-SDS and DDAB using

the isotherms shown in figure 3.14 and figure 3.22. For pure DDAB vesicles, a bilayer

with a surface excess of 8 µmol m−2 is formed at the interface. The substitution of 15 %

of DDAB in solution with d-SDS increases the surface excess of DDAB by 9 %. d-SDS

coadsorbs with a surface excess of 1.5 µmol m−2. Throughout the DDAB-rich region

(mole fraction 𝑥d-SDS ≤ 0.45), the amount of d-SDS at the interface increases with

its concentration in the vesicles reaching a maximum of 0.7 at the [d-SDS] : [DDAB]

ratio of 0.67 in the vesicle solution.

Figure 3.30: Adsorbed amount of surfactants DDAB ( and ) and d-SDS ( and )
as function of the mole fraction of d-SDS in bulk, 𝑥d-SDS, at 40 ∘C. Quantities were
determined from the TIR Raman spectra in S polarisation, in the range of Raman
shift of 2800–3050 cm−1. The filled and empty symbols correspond to two sets of
data.
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The area per chain in a monolayer is related to the surface coverage by:

𝐴min =
1

Γchains 𝑁a
(3.12)

where

Γchains =
2 × ΓDDAB + Γd-SDS

2
(3.13)

with ΓDDAB and Γd-SDS being the surface coverage of DDAB and d-SDS in µmol m−2,

respectively. They are obtained from figure 3.30. The factor 2 accounts for the fact

that the surfactants are packed in a bilayer.

Figure 3.31 shows the area per chain in the mixed surfactant adsorbed layer, as a

function of the d-SDS mole fraction in the vesicle solutions.

Figure 3.31: Area per chain of surfactant as a function of bulk d-SDS ratio, determined
from the S polarisation spectra in CH and CD regions.

Pure DDAB layers show the lowest density with an area of 20 Å
2

per molecule. A

small substitution of DDAB with d-SDS ([d-SDS] : [DDAB] = 0.15 : 0.85) is enough to

lower the area per chain by 15 %. The experimental data shows a decrease in the area

per chain with increasing d-SDS content down to 15 Å
2
. This further decrease can be

due to a change in density but might also be a consequence of experimental errors.

An area per chain of 15 Å
2

is below the limit of an hexagonal packed bilayer (20 Å
2

per chain). The amount of d-SDS and DDAB in the layer is, however, overestimated

since the calculation is based on isotropic solutions. As the orientation effects will be

similar for both species of the mixed bilayer, mole fractions are more reliable than

the absolute values of surface excess.

The mole fraction of each surfactant in the cation-rich region is shown in fig-

ure 3.32. The mole fraction of d-SDS increases until reaching an equimolar ratio with

the mole fraction of [d-SDS] : [DDAB] = 0.4 : 0.6. There is therefore an excess sur-

face coverage of d-SDS compared to the vesicles’ composition. The increase in mole

fraction in the adsorbed layer is not linearly increasing with the bulk d-SDS mole

fraction, showing that the adsorbed surfactants are not mixing ideally on the surface.
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Figure 3.32: Mole fractions of DDAB ( ) and d-SDS ( ) within the bilayer as a
function of d-SDS mole fraction in bulk, 𝑥d-SDS, at 25 ∘C. Above a d-SDS mole
fraction of 1.2 mM, the layer does not form.

In ideal solutions, both the enthalpy and the entropy of mixing are null. In

this model, there is no preferred neighbour meaning that the enthalpy of mixing

between two identical neighbours 𝑈𝑖𝑖 and the enthalpy of mixing between two different

neighbours 𝑈𝑖𝑗 are the same. The simplest deviation from this model is called the

regular solution theory where the enthalpy of mixing is non zero while the entropy of

mixing is. In the case of oppositely charged surfactants, the electrostatic attraction

and repulsion are too strong to be considered as equal. It is therefore expected for a

catanionic mixture to be non ideal. In the case of an adsorbed DDAB–SDS layer, the

repulsive interactions between the DDAB headgroups are screened by the sulphate

headgroups. This energetic gain overcomes both the repulsive interaction between

the sulphate headgroup and the negatively charged silica interface. A similar effect

has been observed with mixed layers of DDAB and dodecanol. [142] The attraction

between the two oppositely charged headgroups is also in favour of an excess of SDS

at the interface.

In order to establish whether the DDAB–d-SDS adsorbed layers follow a regular

solution mixing, I will calculate the expected molar fraction of adsorbed d-SDS as a

function of its bulk concentration. The goodness of the fit to figure 3.32 will indicate

whether regular solution theory is an appropriate model to the adsorbed mixture

and thermodynamic constant can be extracted. In a regular solution of a cationic

surfactant + and an anionic surfactant −, the chemical potential of each component

𝜇𝑖 is a function of the molar fraction of i in the mixture, 𝑥𝑖, the temperature, 𝑇 , and

the activity coefficient, 𝛾𝑖, which marks the deviation from ideality.

𝜇𝑖 = 𝜇0
𝑖 + 𝑅𝑇 ln𝑥𝑖 + 𝑅𝑇 ln 𝛾𝑖 (3.14)

where 𝑅 is the gas constant and 𝜇0
𝑖 the standard chemical potential, i.e. the chemical

potential of i when pure. In a regular solution mixture of i and j, the activity
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coefficient of i, 𝛾𝑖, is related to the square fraction of j as follows :

ln 𝛾𝑖 =
𝛽𝑗
𝑅𝑇

𝑥2𝑗 (3.15)

and symmetrically

ln 𝛾𝑗 =
𝛽𝑖
𝑅𝑇

𝑥2𝑖 (3.16)

with 𝛽𝑖 = 𝛽𝑗 = 𝛽.

If the adsorbed layer is a regular solution, the chemical potential of d-SDS in the

layer is:

𝜇s
d-SDS = 𝜇s0

d-SDS + 𝑅𝑇 ln𝑥𝑠d-SDS +
𝛽

𝑅𝑇
(𝑥sDDAB)2 (3.17)

and similarly for DDAB

𝜇s
DDAB = 𝜇s0

DDAB + 𝑅𝑇 ln𝑥sDDAB +
𝛽

𝑅𝑇
(𝑥sd-dSDS)2 (3.18)

If the bulk mixture is also a regular solution and assuming the potential of inter-

action of the two surfactants is the same in bulk and at the interface, the chemical

potential of d-SDS in the bulk is:

𝜇b
d-SDS = 𝜇b0

d-SDS + 𝑅𝑇 ln𝑥bd-SDS +
𝛽

𝑅𝑇
(𝑥bDDAB)2 (3.19)

and similarly for DDAB

𝜇b
DDAB = 𝜇b0

DDAB + 𝑇 ln𝑥bDDAB +
𝛽

𝑇
(𝑥bd-dSDS)2 (3.20)

At equilibrium, 𝜇b
DDAB = 𝜇s

DDAB and 𝜇b
d-SDS = 𝜇s

d-SDS.

Figure 3.33: Composition of the adsorbed layer as measured by TIR Raman and as
predicted by different models: ideal solution (black line), regular solution with two
attractive interactions with 𝛽 = −1.15 (green dashed line) and 𝛽 = −0.10 (orange
dashed line).
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Figure 3.33 shows that the composition of the adsorbed layer deviates strongly

from ideality (black dashed line). Deviation to ideality can not be fitted by a regular

solution model over the whole range of study. Instead, two interaction parameters

can be calculated, one for the lowest d-SDS fractions (𝑥d-SDS ≤ 0.3, 𝛽 = −1.15) and

one for the highest d-SDS fractions (𝑥d-SDS ≥ 0.35, 𝛽 = −0.10).

The insertion of d-SDS into the adsorbed DDAB layer has an impact on the CH

region of the DDAB Raman spectrum. The data shown in figure 3.34a is normalised

to symmetric methylene stretch at around 2855 cm−1. The antisymmetric methylene

stretch at 2894 cm−1 increases in intensity with the d-SDS content in the mixed-

surfactant vesicles.

(a)

(b)

Figure 3.34: (a) S polarised TIR Raman spectra of DDAB in the coadsorbed d-SDS–
DDAB layer as a various d-SDS mole fractions in bulk, 𝑥d-SDS. The spectra are
normalised to the symmetric methylene stretch, d+. (b) Primary order parameter of
the DDAB chains in the d-SDS–DDAB adsorbed layer. The dotted line is to guide
the eye only.

The corresponding primary order parameter I(d−)/I(d+), shown in figure 3.34b,

increases from 1.10 for a pure DDAB layer to 1.16 in the equimolar mixed layer. These

103



Chapter 3. Coadsorption and desorption of oppositely charged surfactant layers

values have also been observed during the fluid-gel phase transition occurring in the

DDAB bilayer between 50 ∘C and 10 ∘C (see figure 3.26). This behaviour implies that

the presence of d-SDS in the adsorbed layer induces a phase transition well above

the transition temperature of DDAB. This would imply that the chemical potential

of d-SDS in DDAB in the gel phase is lower than in liquid phase DDAB. It might

therefore be possible to trigger the release of d-SDS from a mixed layer could happen

via a gel-to-fluid phase transition. This possibility is addressed in the next section.

3.3.3 Temperature induced gel-to-liquid phase transition in a

mixed d-SDS–DDAB layer.

(a)

(b)

Figure 3.35: TIR Raman spectra of d-SDS and DDAB in S polarisation during the
temperature increase raw (a) and normalised to the methylene antisymmetric stretch,
d−, at 2200 cm−1 and the methylene symmetric stretch, d+, at 2855 cm−1, respect-
ively (b). Arrows indicate the direction of increasing temperature.

The release of d-SDS from a coadsorbed d-SDS–DDAB layer could potentially be

triggered by the gel-fluid phase transition. The solution of d-SDS–DDAB was chosen

so that the composition of the resulting layer contains the maximum amount of d-

SDS, i.e. when [d-SDS] : [DDAB] = 0.4 : 0.6. The solution was inserted at 40 ∘C

and the cell was gradually cooled down to 10 ∘C with a rate of 0.05 ∘C min−1 with the

vesicle solution still inside the cell. This way, the adsorbed mixed layer was gradually
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getting denser. The solution was rinsed out of the cell with 15 mL of Milli-Q water at

10 ∘C. The temperature was then gradually increased up to 50 ∘C. Figure 3.35 shows

the TIR Raman spectra collected from the mixed bilayer at various stages of the

temperature rise. As the temperature was gradually increased, the signal intensities

and shapes were changing.

Changes in the spectrum of DDAB mark that the layer is gradually changing from

gel-like to more fluid-like. Quantitative analysis is shown in figure 3.36a where the

amounts of each surfactant have been extracted from the S polarised TIR Raman

spectra. Up to 40 ∘C, d-SDS is released down to 40 % of the initial amount measured

at 10 ∘C, while the amount of DDAB is relatively constant. At higher temperatures,

fractions of DDAB are irreversibly removed while the amount of d-SDS remains stable.

The ratio of the adsorbed DDAB and d-SDS is shown in figure 3.36b. At 12 ∘C, 20 ∘C,

30 ∘C and 50 ∘C, the composition is richer in anionic species which could imply that

the system has not reached equilibrium.

(a)

(b)

Figure 3.36: Surface coverage (a) and fractions (b) of DDAB ( ) and d-SDS ( ) in the
coadsorbed layer as function of temperature. The quantities were determined from
the S polarisation spectra.
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Images collected at different stages of the temperature rise are shown in figure 3.37

along with illumination-corrected cross-sections. The overall intensities are not uni-

form, which is due to a non-uniform illumination of the sample. To account for this

variation, I fitted the water signal with a polynomial which I then used to scale the

d-SDS and DDAB signal. Figure 3.38 shows the intensities of the three components

along the cross section of the image recorded at 50 ∘C. Also, the surfactants to water

ratios are related to the concentration of each surfactant and therefore, the signal

intensities can be converted into surface coverage. The image analysis confirms the

Figure 3.37: TIR Raman images of a DDAB–d-SDS layer formed from a [DDAB]:[d-
SDS] = 0.60 : 0.40 solution, during the heating up step from 10 ∘C back to 70 ∘C.
DDAB is shown in red and d-SDS in green. The amounts of each surfactant along
the cross sections determined after image flattening are shown below each image.

inversion of the ratio d-SDS–DDAB with the temperature rise. The amounts of sur-

factant at 10 ∘C and 30 ∘C are close to the ones determined by spectral analysis shown

in figure 3.36a. At 50 ∘C, the reduction of DDAB is also observed although not at

the level measured by spectral analysis. The images furthermore show the presence

of aggregates on the surface. For example, the cross-section at 50 ∘C shows a d-SDS

rich aggregate at 20 µm.

3.4 Conclusion

In this chapter, I used TIR Raman spectroscopy to measure the adsorption of a

pure anionic surfactant (d-SDS), a dibranched cationic surfactant (DDAB) and their

mixtures onto hydrophilic silica. After demonstrating the formation of a stable bilayer

of DDAB, I described a phase transition inside the adsorbed layer similar to a gel-

liquid phase transition observed in supported lipid bilayers. Quantitative parameters

such as the primary order parameter, the position of the peaks and the ratio between
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Figure 3.38: Untreated cross-section of the Raman image shown in figure 3.37
(𝑇 = 50 ∘C). The black line is a polynomial fit of the water signal used for flattening
the cross-section.

S and P intensities have been introduced. All these parameters are mildly changing

in the range of temperatures studied. The peak positions of the methylene stretches

shifted gradually over the temperature range. The lowest temperatures show the

lowest peak positions, demonstrating that less hydrogen bonds were formed between

the CH groups of the methylene and the water molecules. This is in agreement with

a gel phase and an increased packing density. However, the shape of this shift does

not correlate with the change of amplitude of Raman intensities or the primary order

parameter. The ratio of S and P intensities changes weakly during the phase transition

showing that the chain tilt is not varying significantly. The more sensitive primary

order parameter I(d+)/I(d−) is not reaching the value of 1.4 which would mark the

formation of a complete gel phase, observed for longer dibranched alkylammonium or

phospholipids. Instead, the phase transition in the DDAB bilayer is milder and has

probably been completed at the experimental temperature limit of 10 ∘C.

Deuterated SDS was incorporated in the DDAB vesicles in various mole fractions

in Milli-Q water. On the anion-rich side, no adsorption was observed. The vesicles

are repelled from the negatively charged silica surface. On the cation-rich side, both

surfactants adsorbed in concentrations that depend on the ratio between their molar

fraction. The total surface coverage was higher in all compositions compared to pure

DDAB, reaching a maximum around [d-SDS] : [DDAB] = 0.4 : 0.6. The composition

of the layer deviates strongly from an ideal mixture. This deviation can not be

fitted by one regular solution model over the whole range of concentrations. Instead,

two interaction parameters can be calculated, one for high and one for low d-SDS

bulk fractions. The composition of the adsorbed layer at higher d-SDS bulk fractions

(𝑥d-SDS ≥ 0.35), is close to the bulk fraction. The presence of d-SDS additionally shifts

the DDAB phase transition towards high temperatures, demonstrating the better

affinity of SDS with DDAB in its gel phase, compared to DDAB in its fluid phase.

The primary aim of this chapter was to design a transport vehicle for SDS onto

a negatively charged surface, which will undergo a phase transition in the range
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of temperatures studied triggering an asymmetric release of SDS by changing the

temperature. Mixed bilayers containing an equimolar ratio of d-SDS and DDAB were

adsorbed with DDAB in the gel phase and release was tentatively triggered by the

transition of DDAB towards the liquid phase where SDS is less soluble. However, the

ratio of [d-SDS] : [DDAB] does not undergo a clear change although the gel-liquid

phase transition of DDAB is happening inside the layer.

An additional attempt was carried out with the amine equivalent of DDAB, dido-

cyldimethylamine (DDA) to tune the electrostatic attraction with d-SDS by changing

the pH. However, it has not been possible to prepare vesicles by hydrating films of

DDA, above the pKa of DDA.

This chapter has pointed out the difficulty of designing a transport vehicle which

would also release the cargo once both are coadsorbed on the surface. The following

chapters will focus on the release of cargo molecules from responsive surfaces. To do

so, polymers undergoing phase transition in water will be chemically attached onto

the substrates and the binding constant of various cargo molecules will be measured.
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4.1 Introduction

The aim of this chapter is to examine the potential of poly(N -isopropylacrylamide)

films to take up and release a cargo molecule to and from a coated surface. In the first

part of this chapter, I will given an overview of the research that has been done on

pNIPAM films. Then, I will present and discuss my results on the interactions between

the polymer film and potential cargo molecules. I will also discuss the selection of

cargo models for the following chapters.

4.2 Review

pNIPAM has been intensely studied since the seminal publication by Heskins

and Guillet in 1968 where they presented the phase diagrams of the polymer in wa-

ter. [161] The polymer showed a macroscopic phase separation over a small temperature

range close to the human body temperature. pNIPAM has now become one of the

most studied thermoresponsive macromolecules with researchers studying its beha-

viour with a wide range of techniques including NMR, [162,163,164,165] light scatter-

ing, [166,167,168,169,170,171] turbidity measurements, [161,172,173,174,175] fluorescence mi-

croscopy, [176,177] IR spectroscopy, [178,179,180,181] and Raman spectroscopy. [182,183] There

are multiple reasons for its popularity: The location of the phase transition close to

the body temperature makes it an interesting candidate for biomedical applications

such as drug delivery. pNIPAM is as a model system for the study of hydrogen-based

interactions since it is neutral in water and its behaviour is mainly driven by hydrogen

bonding. The polymer’s amide bonds and conformational changes during the phase

transition furthermore make it a good model for the study of folding mechanisms in

proteins where pNIPAM and its derivatives are e.g. used to assess the impact of the

chemical structure on sterical hindrance.

This review will first focus on the phase diagram on pNIPAM and spectroscopic

techniques used to study the associated changes in the polymer structure. The next

part discusses the behaviour of grafted pNIPAM films while the last section provides

an overview of pNIPAM-based cargo delivery systems.

4.2.1 Phase diagram of aqueous solutions of pNIPAM

The thermoresponsiveness of pNIPAM in water is due to a change in solubility

of pNIPAM chains in water. Above a critical temperature, the solution demixes
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into a polymer-rich phase and a water-rich phase. This behaviour has also been

observed in other neutral polymers such as poly(ethylene oxide) (pEO) or poly(N -

vinylpyrrolidone) and has been attributed to the formation of a network of hydrogen

bonds around the chains. The high entropy penalty for breaking these networks res-

ults in peculiar phase diagrams. For example, the phase diagram of pEO in aqueous

solutions contains a closed loop. Outside the loop, pEO chains are dissolved in water,

inside there is phase separation. [184] The shape of the miscibility line is a function

of the molecular weight of the chains. The lowest temperature upon which such a

solution demixes is called the lower critical solution temperature (LCST). A number

of small molecules also show a closed loop phase diagram in water such as triethyl-

amine [185] (LCST = 19 ∘C) and nicotine (LCST = 61 ∘C). [186]

In contrast to pEO, the phase diagram of pNIPAM shows that the LCST is rather

independent of the concentration of pNIPAM at low polymer concentrations (see

figure 4.1). The closed loop becomes closer to a square. This behaviour has been

rationalised by Tanaka et al. who demonstrated sequential adsorption of water mo-

lecules onto the pNIPAM chains. In other words, once a water molecule is bound onto

a NIPAM monomer, the neighbouring water molecules adsorb much more easily onto

the neighbouring site. This sequential adsorption is related to the steric hindrance

resulting from the large hydrophobic isopropyl group. [187] The amide is then by far

the preferred binding site onto pNIPAM. The resulting domino effect leads to a sharp

transition. Using this model, Tanaka et al. were able to find good agreement with

their own experimental data using polymer samples with various chain lengths.

Figure 4.1: Phase diagrams of pNIPAM aqueous solutions as predicted by Tanaka et
al. (lines) and reproduced with permission from reference [187].

The first phase diagram of pNIPAM was measured by Heskins and Guillet [161]

in 1968 who reported a LCST of 32 ∘C. However, additional measurements show

a variety of phase diagrams. In a recent review, [188] Halperin et al. plotted them

altogether as shown in figure 4.2. The diversity of phase diagrams can be due to

differences in the polydispersity of the chains, different chain ends or experimental

errors such as overheating. They can also be related to slow equilibration between
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Figure 4.2: Phase diagrams of aqueous pNIPAM solutions as reported in the literature
where 𝑤 denotes the weight fraction of pNIPAM in water. Low molecular weight (left)
and high molecular weight (right) samples were plotted separately. The seminal paper
of Heskins and Guillet [161] was taken as reference (thick black line). Other papers are
labelled with the name of the first author and year of publication. Reproduced with
permission from reference [188].

the different states of hydration of the polymer. There is overall a high variation in

the phase behaviour plotted in figure 4.2 but we can conclude that the LCST depends

on the polymer concentration.

An elegant method for constructing the phase diagrams of pNIPAM in water

has been developed by Zhou et al. using a microfluidic system to enable a rapid

heat exchange in the solution. [189] The concentration of pNIPAM was varied by a

controlled evaporation and phase diagrams were obtained very easily and quickly.

The results proved to be very reproducible and allowed the study a large range of

concentrated solutions which otherwise too viscous to measure their phase transition

temperature. This way it was possible investigate solutions with more than 40 wt%

pNIPAM. The LCSTs of aqueous pNIPAM solutions at various concentrations are

shown in figure 4.3.

The LCST behaviour of pNIPAM has also been characterised using change of

solvent. Tirrell et al. measured the LCST of a 0.04 wt% solution of pNIPAM in

water/methanol mixtures using cloud point measurements and microcalorimetry. [190]

Both measurements agreed quantitatively in showing that the LCST drops when

adding methanol and rises sharply again at higher concentrations. A more expected
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Figure 4.3: LCST of pNIPAM–water solutions prepared in a microfluidic systems.
Three repetition curves showed good overlap between different set of data (𝑀w =
390 000 g mol−1, DM = 1.10). Reproduced with permission from reference [189].

behaviour would have been to observe an increase in the transition temperature when

adding a better solvent (methanol). The smallest LCST of −5 ∘C was reached for

a specific volume fraction of methanol of 0.55. The first drop in the LCST marks

a co-nonsolvency behaviour where a mixture of two otherwise good solvents leads

to a drop in solubility. This behaviour was also observed with other water miscible

polar solvents such as tetrahydrofuran [191] or in dioxane. [192] The same behaviour

was recorded for 200 times more concentrated solution (8 wt%). [193] Tirrel et al. con-

cluded that the interactions between water and methanol were preferred to the ones

between water and pNIPAM. The co-nonsolvency phenomenon in methanol became

a recurring topic and several mechanisms were inferred. In 2014, Kremer et al. sug-

gested that molecules of methanol could promote the binding of two distant NIPAM

monomers driving collapse. [194] Rodŕıguez-Ropero et al. suggested a preferential bind-

ing of methanol as compared to water onto collapsed pNIPAM, resulting in a shift

of the LCST towards lower temperatures upon addition of methanol. This mechan-

ism is consistent with the dependency of the reentry into the coil regime at higher

concentrations on the molecular weight of the chain. [195] For Grazziano et al., the

competition between the two otherwise good solvents leads to a collapse in the mixed

solvents region for pure geometrical reasons. Methanol binds preferably onto the

isopropyl group of pNIPAM while the water molecules position themselves onto the

amide. The collapse of pNIPAM reduces this frustration. [196]

Spectroscopy The phase transition of pNIPAM in aqueous solution has been the

subject of multiple studies over the years, investigating the impact of temperature on

the structure and hydration of the polymer. Although majority of the studies utilised

IR spectroscopy, Raman spectroscopy has received some attention as well. This sec-

tion outlines some of the spectroscopic studies on the chain collapse of pNIPAM giving

insight on peak assignment as well as the mechanism behind the phase transition. The

findings of the presented studies will help with the interpretation of spectral changes

reported in the results section of this chapter.
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One of the first IR spectroscopic studies on this subject was published by Maeda

and coworkers in 2000. [180] They recorded IR spectra of solutions of pNIPAM and

pNIPAM-d, a version of pNIPAM where the amide groups are deuterated, in wa-

ter and D2O, respectively. Spectra of the solutions were recorded between 25 ∘C

and 40 ∘C, capturing the phase transition in both systems. Changes in the spec-

tra were determined through the subtraction of spectra recorded at low temperature

from high temperature spectra. The C−H stretching, amide II and C−H bending

bands were found to move to lower wavenumbers during phase transition whereas

only the amide I band shifted upwards to higher wavenumbers. The inflection point

of all signal shifts matched the onset of the phase transition observed with DSC

measurements. A closer analysis of the amide I band in pNIPAM-d, which contains

contributions from C−−O stretching vibrations (80 %) as well as minor contributions

from N−H bending vibrations, revealed the appearance of an additional peak above

the LCST located at 1650 cm−1. It was determined through comparison with the

IR spectrum of N -methylacetamide (NMA) that the first component of the amide I

band, located at 1625 cm−1, can be assigned to hydrogen bonding between the C−−O

and water. The second peak appearing above the LCST (1650 cm−1) was assigned

to weak intra- and intermolecular hydrogen bonding between C−−O and N−H/N−D

groups of pNIPAM/pNIPAM-d. Spectral analysis showed that only 13 % of the C−−O

groups form hydrogen bonds with amide groups above the LCST indicating that the

majority of C−−O is not dehydrated and still forms hydrogen bonds with water. The

amide II band of pNIPAM is associated with N−H bending (60 %) as well as C−N

stretching (40 %) and consists of a single peak at 1559 cm−1 below the LCST. The

appearance of a second peak at 1535 cm−1 was interpreted as a consequence of a shift

from hydrogen bonding between the N−H groups and water to hydrogen bonding

between N−H and C−−O groups. The opposite shifts of the amide I and II bands

can thus be explained with weaker hydrogen bonding involving the polymer’s amide

groups. The deconvolution of the C−H bands revealed that all bands except the

𝜈𝑠(CH2) and 𝜈(CH) bands experience a shift towards lower wavenumbers of up the

6 cm−1 during the phase transition. This change was also attributed to dehydration

since C−H···OH2 interactions lead to a contraction of the C−H bond thus shifting

the signal to higher wavenumbers.

Similarly, Katsumoto and coworkers studied the phase transition in aqueous solu-

tions of pNIPAM using IR spectroscopy but utilised Density Functional Theory (DFT)

calculations to aid the interpretations of the results. [179] Their temperature-dependent

IR measurements also show single peaks in the amide I and II regions located at

1624 cm−1 and 1562 cm−1, respectively, below the LCST. The appearance of a second

peak (1653 cm−1) in the amide I region was attributed to free C−−O groups following

the breaking of C−−O···H−N hydrogen bonds. They observed a gradual upward shift

in the wavenumber of the amide II band of about 6 cm−1 which they assigned to the

formation of intramolecular hydrogen bonds as well as conformational changes in the

main chain. Changes observed in the amide III bands located between 1130 cm−1 and

1180 cm−1 were also attributed to conformational changes in the main chain. DFT

calculations suggested that the bands located at 1173 cm−1 and 1155 cm−1 can be
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attributed to contributions from trans and gauche conformations, respectively. The

relative intensity increase of the two bands during the phase transition was thus seen

as either a decrease in gauche or an increase in trans conformations.

In their follow-up work, Katsumoto et al. focussed on changes in the amide I

band. [197] By adding methanol and THF to aqueous pNIPAM solution, they saw the

appearance of a second peak in the amide I region previously seen above the LCST

in pure pNIPAM–water mixtures. The mixtures show phase separation but redis-

solve again at high co-solvent concentrations. Interestingly, the second amide I peak,

located at 1650 cm−1, still increases with co-solvent concentration when pNIPAM

dissolves again. As a consequence, the signal at 1650 cm−1 cannot purely be a con-

sequence of C−−O···H−N interactions following the pNIPAM chain collapse. Through

DFT calculations and spectral comparisons with model systems, the researchers con-

cluded that the peak at 1624 cm−1 can be assigned to di-hydrated C−−O groups as

well as intramolecular C−−O···H−N interactions. The amide I peak at 1650 cm−1 was

assigned to mono-hydrated C−−O in addition to C−−O···H−N interactions. For com-

parison, the fully hydrated C−−O bonds in the model component NMA give rise to

an amide I peak at 1618 cm−1. It thus follows that the C−−O groups of pNIPAM in

water are not fully hydrated below the LCST. The peak observed at 1673 cm−1 in

methanol and THF is assigned to weakly solvated C−−O groups.

In a later study, Maeda et al. utilised confocal Raman microscopy to follow the

phase transition of pNIPAM in water focussing on the CH part of the Raman spec-

trum. [183] They observed the expected formation of particles above 32 ∘C which ad-

sorbed to the glass surface of their sample cell. Through Raman microscopy they

were then able to determine the composition of the polymer-rich particles and the

surrounding solvent phase at 40 ∘C as a function of bulk pNIPAM concentration. At

a bulk concentration of 10 wt%, in the polymer-rich and solvent-rich phases were

found to contain 51 wt% and 9 wt%, respectively. The pNIPAM concentration in-

creased linearly in both phases with increasing bulk concentration. Monitoring the

polymer concentration inside the particles during the cooling process showed a sharp

decrease around 34 ∘C matching the endothermic peak observed in DSC measure-

ments. A close investigation of the CH vibrations showed that the 𝜈(C−H) vibration

was located at 2924 cm−1 polymer-rich phase and at 2944 cm−1 in the solvent-rich

phase. In the single-phase system below the LCST (30 ∘C), the signal can be found

at 2943 cm−1. As mentioned above, interaction with water can shift the signal of

C−H bonds to higher wavenumbers. The observed shift is consequently an indicator

of a dehydration of pNIPAM’s main chain. The researchers furthermore added 2-

propanol-d8 to pNIPAM solutions observing an accumulation of the co-solvent inside

the polymer-rich phase. Their research thereby shows the viability of using Raman

spectroscopy for the study of pNIPAM systems enabling the detection of changes

within the polymer in situ as well as the study of species accumulating within it.

The phase transition in pNIPAM was also studied by Dybal and coworkers who

compared it to the transition in poly(N -isopropylmethacrylamide) (pNIPMAM). [198]

They combined Raman spectroscopy, ATR-IR and DFT calculations to study the

impact of the 𝛼-methyl group present in pNIPMAM on the polymer’s physical struc-
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ture in water. Their finding include a strong hysteresis in the phase transition of

pNIPMAM during cooling which was explained by the formation of larger compact

structures during the chain collapse. The dissociation of those compact structures has

a higher energy barrier compared to pNIPAM. They also showed that hydration of the

amide group increases the strength of inter-amide hydrogen bonds compared to free

dimers, leading to shorter C−−O···H−N bonds. This explains the shift of pNIPAM’s

amide II band to lower wavenumbers during the phase transition. Their findings were

confirmed by Tang et al. who studied similar systems using laser light scattering and

ultrasensitive differential scanning calorimetry. [199] This again highlights the utility

of vibrational spectroscopy for the study of changes within pNIPAM.

Sun and coworkers employed FTIR and 2D-IR correlation for a detailed study of

changes in the CH and amide I signals during the phase transition of highly con-

centrated pNIPAM (20 wt%) in D2O. [200] Increasing the temperature past the phase

transition led to a sudden shift in the positions of peaks associated with the 𝜈as(CH3)

vibrations of the side chains and the 𝜈as(CH2) vibrations of the main chain, located

at 2981 cm−1 and 2938 cm−1, respectively. This shift towards lower wavenumbers

was, as before, associated with a dehydration of the side and main chains during the

phase transition. The transition of the CH3 groups was observed about 1 ∘C below

the transition of the main chain’s CH2 groups indicating that the side chains are more

sensitive towards temperature. 2D-IR correlation revealed two dehydration steps of

the CH3 groups: first CH3 groups hydrated with more water molecules will change to

CH3 groups with less water molecules. In a second step, these groups will dehydrate

further. The changes in the 𝜈as(CH2) peak were interpreted to reflect main-chain

aggregation. This aggregation happens following the two-step dehydration of the side

chains. The process during the cooling is slightly different as the CH3 groups surroun-

ded by fewer water molecules hydrate partly, followed by disentanglement of the main

chain. The CH3 groups hydrate further in the final step. The amide I region showed

the familiar single peak at low temperature (1624 cm−1), dropping in intensity during

the phase transition while a second peak (1649 cm−1) emerges. The two peaks were

associated with C−−O···D−O−D and C−−O···D−N hydrogen bonds, respectively. The

changes thus indicated the dehydration of the C−−O and the formation of intra- and

intermolecular hydrogen bonds during the phase transition. An analysis of the signal

intensities showed that only about 35 % of the C−−O groups form hydrogen bonds

with N−H groups after the phase transition. Consequently, 65 % of the groups are

still hydrated. This observation matches the observations by Maeda et al. who re-

ported a significant water content in pNIPAM-rich phases above the phase transition

temperature. [183] It should be noted that Sun and coworkers observed that the molar

fraction of C−−O···D−N did not drop back down to zero during the cooling process

which is thought to be a consequence of the high pNIPAM concentration. 2D-IR cor-

relation analysis of the amide I region showed that a temperature rise first leads to the

breaking of hydrogen bonds with water before hydrogen bonds are formed between

C−−O groups and D−N. A combined analysis of the phase transition indicated that

these processes happen after the changes in the CH3 and CH2 groups.

The number of water molecules associated per monomer has been addressed by
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Füllbrandt et al. Using dielectric relaxation spectroscopy, they demonstrated that

above the LCST, pNIPAM solutions are as conductive as pure water. Below the

LCST, however, strong deviations were observed and attributed to the formation of

additional hydrogen bonds between water and pNIPAM. They were able to estimate

that five additional water molecules per NIPAM monomer are attached to pNIPAM

below the LCST which is in agreement with the vibrational spectroscopy studies

presented in this section. [201]

4.2.2 pNIPAM grafted films

The previous section showed the complex phase behaviour of aqueous pNIPAM

solutions as a function of temperature and polymer concentration. Grafting intro-

duces a new parameter called grafting distance which is a measure of the average

distance between the anchor points of two neighbouring chains. This parameter is

therefore somewhat similar to the polymer concentration in solutions. Grafting dens-

ity and molecular weight are thus expected to both have significant impact on the

changes that occur within grafted pNIPAM at the LCST. [202] The understanding of

this influence is consequently of high importance in order to be able to design effi-

cient thermoresponsive polymer layers. This section explores some of the work that

has been done to study the impact of the three parameters — temperature, grafting

density and molecular weight — on grafted pNIPAM films including the phase beha-

viour, structure and topography. The majority of the studies presented in this section

focus on films grafted from planar substrates but also include an example concerning

spherical substrates.

An extensive study on the impact of grafting density and molecular weight on

the collapse of grafted pNIPAM chains was published by Plunkett and coworkers

in 2006. [203] The researchers grafted pNIPAM brushes from gold surfaces at varying

grafting densities and molecular weights controlling the parameters by diluting the ini-

tiator on the substrate and limiting the reaction time, respectively. The dry polymer

thickness of the brushes was determined through AFM and ellipsometry measure-

ments. Both techniques showed an increase in film thickness with grafting density

and molecular weight. AFM measurements overall returned lower values than ellipso-

metry which can be caused by adhesion of the AFM tip to pNIPAM and subsequent

damping of the oscillation. SFA measurements of the polymer films in water were

carried out at 26 ∘C and 36 ∘C, above and below the LCST. The measured thickness

again increased with increasing molecular weight and grafting density. Comparing

the relative changes in film thickness during the phase transition showed that the

magnitude of the change also increases with an increase of the two parameters. For

example, the thickness of the longest brush with the highest density (2.3 nm2/chain,

269.0 nm at 26 ∘C) decreased by 30 % whereas the shortest brush with the lowest

grafting density (19.3 nm2/chain, 38.3 nm at 26 ∘C) showed no noticeable change in

its thickness. The LCST itself, however, was independent of the two parameters and

did not vary throughout the investigated systems. Force measurements indicated the

existence of a two-layer structure below the LCST with a high-density inner layer and

a low-density outer layer.
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A different behaviour was reported by Yim et al. who grafted pNIPAM brushes

of varying lengths but constant grafting density (3.2 nm2/chain) from gold. [204] Con-

centration profiles at the gold–D2O interface obtained through neutron reflectometry

at 41 ∘C were step-like for all chain lengths and did not change in shape with the

molecular weight. There was, however, much more variation in the low temper-

ature concentration profiles (20 ∘C): the highest molecular weight (71 000 g mol−1)

showed a step-like profile albeit with a broader transition indicating that the brush

thus existed as a single dense layer at both temperatures. The profiles became more

bilayer-like with decreasing molecular weight leading to the distinct bilayer profile of

the 13 000 g mol−1 brush. The sample had a thin layer of high segment concentra-

tion close to the substrate followed by a low concentration layer that extended far

into the subphase at a distance comparable to the length of fully extended chains.

The film thickness was determined to change the most during the phase transition

at low molecular weights while the sample with the highest 𝑀𝑤 showed only a small

collapse. In contrast to the results reported by e.g. Plunket et al., the fractional

change of the polymer thickness between 20 ∘C and 41 ∘C decreased with increas-

ing molecular weight. The variation in the low-temperature concentration profiles

was seen as a consequence of attractive segment-segment interactions at high graft-

ing densities matching previously reported behaviour in aqueous pNIPAM solutions.

The similar profile shapes at 41 ∘C are explained through the much more attractive

segment–segment interactions at high temperature leading to more uniform collapsed

layer.

The work of Ishida and Biggs is an interesting addition to the findings of Plunket et

al. since they worked with similar pNIPAM brushes. [205] Their brushes were grafted

from silicon at varying grafting densities but constant molecular weight, comparable to

the highest molecular weights used in the work above. The high and medium grafting

densities in this study are comparable to the highest and lowest densities synthesised

by Plunkett and coworkers, respectively. Ishida and Biggs recorded AFM images of

the pNIPAM brushes at different temperatures between 26 ∘C and 40 ∘C to detect

possible morphology changes during the phase transition. All brushes were virtually

featureless at low temperatures. The low-density brush began to show domains close

to the LCST which then increased in contrast with rising temperature indicating the

formation of more rigid structures. First features appeared earlier for more dense films

with the onset temperature decreasing with increasing grafting density. The domain

formation in the AFM images are direct evidence of the formation of mushroom-like

features during the phase transition. The researchers did not determine the changes in

film thickness but compression tests with the AFM tip indicated a significant collapse

of the layers towards the surface. The earlier onset of the feature formation at higher

grafting densities shows a broader phase transition for denser films at constant LCST.

This formation of domains in pNIPAM brushes was investigated further by Choi

and coworkers who studied the impact of the features on ellipsometric height measure-

ments. [206] AFM images of dense pNIPAM films (11 nm2/chain) grafted of varying

molecular weights (30–85 kDa) were recorded at room temperature and above the

LCST at 35 ∘C. Ellipsometry was then used to measure the heights of the polymers
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at both temperature. The collapse of a brush with high molecular weight that was

uniform at both temperatures was reflected well in the ellipsometry results. A brush

of medium molecular weight did not collapse above the LCST but AFM data showed

the formation of distinct domains at high temperatures. The ellipsometry measure-

ments, however, returned identical values for the brush thickness at both temperat-

ures. A similar behaviour was seen for a low-𝑀𝑤 brush although the features were

smaller. The researchers also compared AFM images to data from protein adsorption

measurements carried out with similar brushes. The polymer films of varying graft-

ing densities were swollen and featureless at low temperature but exhibited domains

at high densities above the LCST. Protein adsorption at high temperature initially

increased with increasing grafting density but dropped with the onset of micelle form-

ation. This behaviour is potentially caused by the micelles as dense brushes can repel

proteins. It has to be noted though that the presented AFM images are not of the

polymer brushes that were used for the adsorption measurements.

Suzuki and coworkers found that very high grafting densities (∼2 nm2/chain) lead

to the situations mentioned before where a temperature increase above the LCST does

not lead to the sudden change in film thickness usually observed in grafted pNIPAM

films at the solid–water interface. [66] Instead, the physically restrained state of the

polymer chains leads to a gradual decrease of the film thickness with increasing tem-

perature. The high grafting density means that the pNIPAM chains cannot fully

interact with water at low temperatures leading to the brush behaving like a partially

collapsed layer at low temperatures. More interactions are possible at higher temper-

ature, leading to the more gradual change in film thickness. IR measurements in the

amide region furthermore revealed that there is still significant interaction between

the chain and water above the LCST leading to the increased film thickness of the

collapsed layers compared to dry films.

Variations of the polymer density within a pNIPAM brush can also lead to multiple

phase transitions inside the layer. Tang and coworkers studied phase transitions in

particles composed of pNIPAM grafted from poly(oligo(ethylene glycol) methacrylate)

(pOEGMA) cores. [207] 2D-IR correlation showed a two-step phase transition during

the temperature increase where the inner part of the pNIPAM brushes collapses first.

The outer part collapses at higher temperatures forming a densely packed shell. The

non-uniform collapse was due the higher packing and lower hydration of pNIPAM

segments closer to the core, a consequence of the particles’ spherical shape. This

resulted in the lower phase transition temperature compared to the outer parts of the

polymer. Similar behaviour had been observed for gold nanoparticles with grafted

pNIPAM brushes albeit at lower temperatures. [208] The temperature difference is

thus a consequence of the pOEGMA core which favours hydrophilic conditions and

highlights the complexity of the phase transition in grafted pNIPAM layers.

This section provided an overview on the complexity of the phase behaviour of

grafted pNIPAM layers. While the phase transition is generally less sharp than in

solutions, it was also shown that the presence, amplitude and shape of the temperature

response of grafted pNIPAM layers across the LCST is impacted by its grafting density

and molecular weight. The LCST itself, however, appears to be less dependent on
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those factors. It became furthermore apparent that heterogeneous structures can

form inside the layers close to and above the LCST, and potentially affect cargo

interactions. It is also important to note that techniques which average a relatively

large sampling area, such as ellipsometry and neutron reflectometry, might make it

difficult to detect the formation of such features.

4.2.3 pNIPAM-based cargo delivery systems

The close proximity of pNIPAM’s phase transition temperature to the human

body temperature makes it a popular candidate for controlled drug delivery. The

published work can be roughly split into two main categories: carriers consisting

of pNIPAM-based hydrogels and particles surrounded by pNIPAM. Hydrogels are

usually simultaneously synthesised and loaded with cargo by cross-linking pNIPAM

or copolymers containing NIPAM in the presence of cargo molecules to trap them

inside the forming network. The second category includes core-shell particles where

the phase of the pNIPAM shell controls the diffusion rate between the core and the

surrounding medium. A very small number of studies focusses on trapping cargo

inside pNIPAM brushes grafted from planar substrates which is more relevant to the

work presented in this chapter. The following paragraphs provide a brief overview of

some of the work that has been carried out to develop pNIPAM-based cargo delivery

systems.

The work published by Zhang and coworkers in 2004 is an example of the advanced

work on pure pNIPAM hydrogels. [42] The researchers synthesised the hydrogels by

cross-linking the polymer but also explored interpenetrating polymer network (IPN)

structures. IPN-pNIPAM hydrogels were synthesised through an additional cross-

linking reaction between pNIPAM hydrogels and NIPAM monomers. The aim was the

creation of hydrogels with an increased mechanical stability, reducing the risk of open

channels inside swollen hydrogels which can lead to the undesired diffusion of cargo

out of polymer assembly. The degree at which the second pNIPAM network formed

was controlled through the concentrations of NIPAM and the redox initiator. The IPN

structures were found to increase of the compression modulus and tensile modulus

but had no significant impact on the LCST. The modified hydrogels, however, showed

the formation of fibrillar structures alongside less regular pore structures compared

to regular pNIPAM hydrogels. They also had an impact on the release of the protein

bovine serum albumin (BSA), leading to a slower release above and below the LCST.

The release of BSA at 20 ∘C during a period of 96 h, for example, dropped from 54 %

for a normal pNIPAM hydrogel to 28 % in the hydrogel with the highest degree of

second pNIPAM structures. It is important to note that the release profiles do not

change considerably above the LCST: 43 % and 23 % of BSA were released at 37 ∘C

during the same time span, respectively. The formation of additional structures thus

has no significant impact apart from improved mechanical stability and does not allow

the controlled release of BSA.

Hydrogels synthesised from a copolymer containing pNIPAM and a second poly-

mer are an alternative to pure pNIPAM hydrogels. Huang and coworkers used such

copolymers as the basis for their work on hydrogel nanoparticles. [41] They cross-linked
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monodisperse d(NIPAM-co-allylamine) and d(NIPAM-co-acrylic acid) nanoparticles

to create interconnected hydrogel nanoparticle networks consisting of a primary net-

work of cross-linked polymers and a secondary network of cross-linked particles. The

cross-linking was carried out in solutions containing dextran of varying molecular

weights to trap the molecule inside the hydrogels. Pure pNIPAM gels were loaded

with dextran as well to assess the impact of the copolymers on the release kinetics.

Allylamine-containing hydrogels exhibited a phase transition similar to pure pNIPAM

hydrogels but different release kinetics. The release of dextran from p(NIPAM-co-

allylamine) and pNIPAM hydrogels was studied at 21 ∘C and 37 ∘C, and monitored

by UV/vis spectroscopy. Overall, dextran-release was much slower from pNIPAM

hydrogels than from the allylamine-containing derivative, e.g. less than 25 % within

28 h compared to 60 % after 9 h, respectively. The release rates from p(NIPAM-co-

allylamine) decreased with increasing polymer weight of dextran but were higher at

temperatures above the LCST than at room temperature. The p(NIPAM-co-acrylic

acid) hydrogels, by contrast, showed a rather different behaviour. The hydrogels

shrank much less during the temperature increase and released dextran at similar

rates at both temperatures. The lack of a substantial chain collapse was thought

to be the reason for this temperature-independence since it means that the mesh

size did not change significantly over the studied temperature range. The results of

this work nevertheless show that hydrogels based on pNIPAM derivatives can poten-

tially be used to deliver cargo molecules that are otherwise only slowly released from

pure pNIPAM hydrogels. The work also highlights the challenge of preserving the

thermoresponsiveness of pNIPAM when forming copolymers.

A different study on p(NIPAM-co-acrylamide) hydrogels was published by Zhang

et al. who studied its possible application for the delivery of anticancer drugs. [209]

Their research did not focus on the controlled release of cargo but on its targeted

delivery. The researchers were able to tune the LCST of their hydrogels by varying the

acrylamide concentration inside the hydrogel. An increase of the acrylamide content

led to a rise in the LCST ranging from 35.5 ∘C to 48 ∘C for 2.4 wt% and 16.7 wt%,

respectively. The hydrogel diameter was controlled by the SDS concentration inside

the reaction mixture. A SDS concentration of 0.5 mg mL−1 resulted in hydrogels with

a diameter of 440 nm while an increase to 2 mg mL−1 led to smaller hydrogels with

diameters of around 50 nm. The targeting behaviour of those hydrogels was studied

by injecting dispersions of the hydrogels into mice. The hydrogels of the animal

study had an LCST between 37 ∘C and 42 ∘C, and thus above the body temperature

of the mice. Loading the hydrogels with the hydrophobic fluorescent dye NIRD-12

prior to the injection allowed the monitoring of their distribution inside the mice in

vivo through near infrared imaging. Injecting dye-loaded hydrogels as well dye-only

injections led to accumulations inside the livers. Raising the temperature of one of the

legs, however, led to an additional accumulation inside that leg. Similar results were

achieved in mice with tumor tissues. Raising the temperature of the tumor tissue,

referred to as hyperthermia treatment, led to an accumulation of the dye-loaded

thermoresponsive hydrogel inside said tissue. As before, no such accumulation was

seen in the control groups. This study is an important addition to research focussed
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on the controlled release of cargo from thermoresponsive pNIPAM-based structures as

it shows the impact of temperature on the localised accumulation of such structures.

The results highlight the potential of pNIPAM for the targeted delivery of cargo

molecules such as anticancer drugs.

Another approach is to utilise changes in the shape of pNIPAM during the phase

transition. You et al., for example, used the collapsed polymer as a sterical barrier

to control the release of a cargo molecule. [210] To do so, disulfide-pyridyl-terminated

pNIPAM chains were grafted to silica nanoparticles via the particle’s thiol surface

modification. The particles had diameters of 80–90 nm and pore sizes of 1–4 nm.

The resulting carrier particles were loaded with fluorescein through immersion in

a solution of the cargo at room temperature and were subsequently filtered at high

temperature and washed with a buffer solution. The concentration of fluorescein inside

particles following this procedure was determined to be close to the concentration in

the fluorescein solution. In contrast, immersion of the particles in solution at 38 ∘C,

above the LCST, led to no cargo uptake. Release experiments were carried out by

immersing the loaded particles in buffer solutions at 25 ∘C and 38 ∘C. Measurements of

the fluorescein concentration with UV/Vis spectroscopy after 48 h showed that about

80 % were released from the particles at the lower temperature, below the LCST.

The particles immersed at temperatures above the LCST, however, had only released

∼20 % of their cargo. A more detailed experiment on the temperature-dependent

release of fluorescein showed a significant step-wise decrease in the amount of cargo

released at temperatures above the LCST. It thus follows that the pores of the particles

are blocked by collapsed pNIPAM chains. The polymer consequently acts as a barrier

above the LCST, obstructing the release of the cargo molecules. This work shows that

the thermoresponsive behaviour of pNIPAM can be used to create molecular gates

for the controlled release of cargo from porous nanoparticles.

A different approach, one that is closer to the work presented in this thesis, was

taken by Elliott and coworkers who investigated pNIPAM as a potential carrier for the

tuberculosis drug isoniazid. [211] In this case, the carrier is not a particle or hydrogel

but a polymer brush grafted from a planar substrate. pNIPAM was grafted from

silicon with a dry thickness of about 30 nm, and immersed in D2O showed a LCST

of ∼34 ∘C. AFM measurements indicated that the presence of a 5 vol% solution

of isoniazid slightly decreased the thickness of the extended brush and delayed the

onset of the phase transition. The endpoint of the transition and thickness of the

collapsed brush, however, did not appear to be affected. Neutron reflectometry was

then utilised to determine the density profile of the brush at different temperatures

and the impact of isoniazid. Below the LCST (23 ∘C), the brush was extended with

and without the drug. The results indicated though that there might be a layer of

higher density closer to the interface in both cases. Midway through the collapse

(34 ∘C) the polymer brush was best described with a two layer model consisting of

a dense brush near the interface and a less dense layer further from the interface.

This vertical phase separation was referred to as a bilayer collapse. The dense layer

was found to be thinner in the presence of the drug although that was ruled to be a

possible consequence of the shifted phase transition. The collapsed layer at 46 ∘C was
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modelled with one layer in both cases and had a thickness of 41 nm and 45 nm with and

without the drug, respectively. At low temperatures, below the LCST, the isoniazid

concentration was found to be on average 5.7 ± 0.5 vol% inside the polymer layer at

a bulk concentration of 5 vol%. Isoniazid thus has a stronger affinity towards the

polymer than water. The average concentration inside the brush was 9.6 ± 1.0 vol%

above the LCST. Although the numbers might indicate an accumulation of the drug at

high temperature, it should be noted that the decrease in the pNIPAM volume fraction

matches the increase in the concentration of isoniazid. The amount of the cargo inside

the brush is thus constant across the phase transition. pNIPAM is consequently able

to bind very small quantities of isoniazid but it is not possible to release the drug by

triggering a phase transition.

4.3 Results

In this section, I will describe and discuss the effect of temperature on the TIR

Raman spectra of pNIPAM grafted films. One aim of this study is to characterise the

spectral changes induced by the rupture of hydrogen bonds during the pNIPAM phase

transition, and better understand the underlying mechanism. The second aim of this

preliminary study is to determine the temperatures at which the two isotherms of

adsorption of cargoes will be collected. The idea is to compare the binding constant

of a given cargo onto two very different states of hydration of the polymer film.

Then, the adsorption isotherms of various cargoes will be measured at these two

temperatures and will be compared to the isotherms collected on free silica to deduce

the effectiveness of uptake and release of the polymer films.

4.3.1 Band assignment of the pNIPAM Raman spectrum

Figure 4.4: TIR Raman spectrum of a grafted pNIPAM film in the fingerprint region
(left) and CH region (right), in the Sy polarisation.

Figure 4.4 shows the SY-polarised Raman spectrum of a pNIPAM film grafted onto

a silica hemisphere at the silica-water interface. The main features in the Raman

spectrum of pNIPAM are located in the 2800–3050 cm−1 range. Four main peaks

are resolved and have been assigned to CH stretches. The band at 2982 cm−1 has

been assigned to a methyl antisymmetric stretch, [212,213] while the symmetric stretch
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Figure 4.5: Structure of pNIPAM. The superscript letters are used to label the dif-
ferent hydrogen atoms listed in ta.1ble 4.1.

arises at 2883 cm−1. [212,213] The band at 2941 cm−1 is assigned to the methylene

antisymmetric stretch. [213] Other others have assigned it to the methylene symmetric

stretch, [212] however, based on polarised Raman spectra, I conclude that the former

assignment is more likely. Finally, the band around 2929 cm−1 is assigned to a Fermi

resonance of the methyl stretch. The remaining CH stretches including those of the

methine group (C−Hb and C−Hc) are buried under these bands. The assigned peaks

of the CH region are listed in table 4.1 with their peak positions and normalised

intensities. Due to the number of Fermi resonances in the CH region, much of the

intensity in the centre of this region is likely due to the Fermi resonances rather than

fundamental modes. Figure 4.5 shows the the structure of pNIPAM and identifies the

hydrogen atoms listed in the table.

Table 4.1: Comparison of the peak position arising from from pNIPAM.

Peak position / Normalised

Assignment cm−1 intensity

CH3 symmetric stretch, [213] Hd 2883 0.47

CH3 Fermi resonance, Hd 2929 0.98

CH2 antisymmetric stretch, [213] Ha 2941 1.00

CH3 antisymmetric stretch, [212,213] Hd 2982 0.56

In the 1300–1800 cm−1 region, 6 peaks are resolved. The Amide III (1270 cm−1)

is resolved even though it has a weak Raman contribution. The bands at 1331 cm−1

and at 1395 cm−1 are tentatively assigned to an antisymmetric deformation of the

isopropyl group. The band at 1462 cm−1 is tentatively assigned to a methylene scis-

soring mode. The bands at 1571 cm−1 and 1632 cm−1 correspond to the Amide II

and Amide I bands, respectively.

The Amide I, II and III refer to a combination of two vibrations, the C−N stretch

and the C−−O stretch. The Amide I band mainly probes the C−−O stretch near

1650 cm−1. The Amide II band is sensitive to the N−H bend (60 %) and the C−N

stretch (40 %). The Amide III mostly probes the C−N stretch and the N−H bend. [180]
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4.3.2 Influence of temperature on

poly(N -isopropylacrylamide) films

The influence of temperature on the spectrum of pNIPAM films in water has been

studied. Raman spectra were recorded at temperatures ranging from 10 ∘C to 55 ∘C,

starting at 10 ∘C. At each temperature, the sample cell was given 15 minutes to equi-

librate before the measurement. As the spectrum of water changes with temperature,

a reference spectrum was recorded for each temperature. Figure 4.6 shows the Raman

spectra of a pNIPAM brush at different temperatures after the subtraction of the cor-

responding water background spectrum. The dry thickness of this brush is estimated

to be 60 nm. This value is based on ellipsometry measurements of a brush grafted

from a silicon wafer placed in the reacting mixture alongside the silica hemisphere

that was used as the substrate for the brush shown below.

Figure 4.6: TIR Raman spectra of a grafted pNIPAM layer in the CH and CO regions,
collected at different temperatures ranging from 10 ∘C to 55 ∘C. The brush has an
estimated dry thickness of 60 nm.

The rise of temperature inside the cell triggers several spectral changes in terms of

positions and intensities. The change of intensities during the transition is observed

in both spectral regions. At the same time changes in positions of individual signals

are recorded. All changes are described in the sections to follow.

Changes in intensities during phase transition

Figure 4.7 shows the amplitudes of CH stretches of pNIPAM at temperatures in-

creasing from 10 ∘C to 55 ∘C. These intensities were calculated from the integrated

TIR Raman spectra in the CH region and normalised to the intensity calculated at

10 ∘C. Spectra were also collected while decreasing the temperature and the corres-

ponding amplitudes are shown in blue.

As the temperature increased, the signal amplitude in the CH region increased.

This could be due to a collapse of the film where the chains move closer to the in-

terface. As outlined in section 1.5.3, the square of the amplitude of electrical field

of the evanescent wave is highest at the interface and decays exponentially with in-

creasing distance. The observed increase in signal intensity is therefore consistent
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Figure 4.7: Change in intensity of the TIR Raman spectrum of a grafted pNIPAM
layer as a function of temperature. These changes are probed during a temperature
rise ( ) and fall ( ).

with the pNIPAM chains collapsing onto the substrate. The lack of a plateau at high

temperatures implies that this process is not completed at 55 ∘C.

The curve shows two distinct regions: between 10 ∘C and 35 ∘C, the signal in-

tensity increases rapidly with temperature. Above 35 ∘C, the increase slows down

and becomes linear. There are two possible explanations for this behaviour: One is

that the inner parts of the chains, close to the substrate, collapse first leading to the

observed rapid increase in signal intensity as TIR Raman spectroscopy is more sens-

itive towards material closest to the interface. The outer parts of the chains are then

collapsing at higher temperatures. A similar behaviour was reported for pNIPAM

grafted from curved substrates. [207,208] The smaller increase in signal intensity could

then be a combination of the lower sensitivity towards those changes as well as the

possibly lower chain density of the polymer’s outer region. The second explanation is

that the chains are collapsing uniformly perpendicular to surface and that the change

in the signal increase is due to a slowing down of the transition. It is not possible to

exclude either explanation based on this data alone.

There is a good overlap between the two curves obtained during the temperature

rise and fall. No hysteresis was observed implying that the transition is truly revers-

ible. The pNIPAM film is elastic and can return to its initial density and thickness

after the collapse.

Changes in the band position of C−H stretches during the phase transition

Figure 4.8 shows the variation of the positions of C−H stretches as a function

of temperature. The position of all peaks shifted towards lower Raman shifts with

increasing temperature. This change has previously been attributed to a dehydra-

tion. [180] The reduction in C−H···OH2 interactions leads to an extension of the C−H

and a signal shift to lower wavenumbers.

125



Chapter 4. pNIPAM films

Figure 4.8: Change in peak position in the CH region of the TIR Raman spectrum
of a grafted pNIPAM layer as a function of temperature. The position of the anti-
symmetric methyl stretch ( ), the Fermi resonance of the methyl stretch ( ) and the
antisymmetric methylene stretch ( ) are sensitive to the increase in temperature.

Changes in the fingerprint region during the pNIPAM phase transition

Figure 4.9 shows the changes in the Raman shift of the methyl deformation as well

as the Amide I and II band positions (1400–1800 cm−1) as a function of temperature.

Each band was fitted using a Gaussian-Lorentzian blend. Whereas the position of

the methyl deformation does not change across the range of temperatures studied,

the position of the Amide II shifts downwards (−12 cm−1) while the position of the

Amide I shifts upwards (+8 cm−1). Such observations have already been made on the

study of pNIPAM solutions by another Raman spectroscopy technique. [214]

Figure 4.9: Changes in peak position in the fingerprint region of the TIR Raman
spectrum of a grafted pNIPAM layer as a function of temperature.The positions of the
Amide I ( ) and the Amide II ( ) bands are sensitive to the increase in temperature.
The position of the methylene stretch ( ) does not change.
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Amide II The downshift of the Amide II band during the dehydration of pNIPAM

has previously been reported and attributed to the loss of hydrogen bonds with wa-

ter. [180] By comparing the signal shifts in pNIPAM and pNIPAM-d, Ahmed et al.

showed that water is bonded as N−H···OH2 rather than C−N···H−O−H at low tem-

peratures. [214]

Amide I The upshift of the Amide I band can be explained by the presence of

three peaks. At all temperatures, the Amide I band can be decomposed into three

bands of fixed position and width, of which only one increases in amplitude. These

three bands are located at 1614 cm−1, 1631 cm−1 and 1650 cm−1. [197] The band at

1614 cm−1 arises from a fully hydrated amide, with two water molecules onto the

carbonyl oxygen and a third molecule of water onto the N−H site. The band at

1631 cm−1 arises from a partially hydrated amide, with only two water molecules per

amide. The band at 1650 cm−1 is tentatively assigned to a fully dehydrated amide

bond.

The relative amplitudes of the three Amide I bands are plotted as a function of

the temperature on Figure 4.10. Assuming that all bands have equal Raman cross

sections, the band at 1631 cm−1 becomes the main contributor from 30 ∘C. The band

at 1650 cm−1 has the lowest contribution at all temperatures, suggesting that the

majority of the amides remain hydrated. At 10 ∘C, 45 % of amides are fully hydrated.

This percentage decreases gradually until it reaches 38 %. Hence, during the phase

transition of the pNIPAM chains, the level of hydration of the amides is reduced

while remaining fairly hydrated at all stages. This is in agreement with the picture

of amide–water bonds being gradually replaced by amide–amide bonds as described

in previous reports, although the initial proportion of fully hydrated amides is lower

than reported for bulk pNIPAM. [214]

Figure 4.10: (a) Example of the peak fitting of the Amide I bands into 3 peaks of
fixed positions: 1614 cm−1 ( ), 1631 cm−1 ( ) and 1650 cm−1 ( ), following a method
developed by Ahmed et al. [214] and Katsumoto et al. [197] (b) Change in relative amp-
litudes of the three Amide I bands of the TIR Raman spectrum of a grafted pNIPAM
layer as a function of temperature.

A transition temperature can be determined by looking at the relative population
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of fully and partially hydrated amides. Figure 4.11 shows the ratio of amplitudes of

the Amide bands corresponding to the most and second most hydrated amide groups.

The ratio increases from 0.7 at 10 ∘C up to 1.1 at 37 ∘C showing an increase in the

relative amount of partially hydrated compared to fully hydrated amide groups. The

ratio remains constant above this temperature. This could imply that the dehydration

of the amide groups is finished at this point. The temperature matches the one at

which the increase in the amplitude in the CH signals changes, see figure 4.7. As a

consequence, the picture of a uniform collapsing of the pNIPAM chains is more likely

than a vertical phase separation. In the case of a vertical phase separation, further

changes in the hydration of the chains would have been expected.

Figure 4.11: Ratio of amplitude of two Amide I bands as a function of temperature.
The two Amide bands correspond to two partially hydrated amide function, with 3
bound water molecules (1614 cm−1) or 2 bound water molecules (1631 cm−1). The
dashed lines are for visual guidance only.

Changes in Amide I and II band intensities during the phase transition

The intensities of the amide bands Amide I and Amide II change during the

phase transition. The intensity of the Amide II band decreases while the intensity of

the Amide I band increases. Recent density functional calculations [215] focussing on

the orbitals of the amide of N -methylacetamide as a function of the number of water

molecules per amide explains this observation. The results show that the formation of

hydrogen bonds between the amides and the water molecules stabilises the resonant

form [O−−C−NH↔ –O−C−−NH+] inducing a change in the geometry of the amide

bond, i.e. a shortening of the C−N bond and an elongation of the C−−O bond. Also,

the resonant form is more stable in a polar solvent. The ratio of intensity is a good

indicator of the polarity of the solvent.

Figure 4.12 shows that the ratio of amplitudes of AmI/AmII increases with tem-

perature. This highlights that the polarity inside the pNIPAM film decreases when

the temperature increases and is in agreement with the replacement of amide–water

hydrogen bonds with amide–amide bonds. This evolution follows the replacement

of fully hydrated amides by partially hydrated amides. The polarity inside the film
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Figure 4.12: Variation of the AmI/AmII ratio as a function of temperature.

decreases gradually from 10 ∘C to 50 ∘C. The slope of increase in the AmI/AmII

intensity ratio changes at around 24 ∘C.

Comparison with the spectral changes in the Amide I bands in

N -methylacetamide

The impact of dehydration on the amide bonds can be modelled using a simple

amide bond bearing molecule such as N -methylacetamide (NMA). NMA is highly

soluble in water and the hydration of its amide bond can be varied easily by changing

its concentration. Figure 4.13 shows the TIR Raman spectra of a range of NMA

solutions in the CH and the CO regions. NMA does not adsorb onto silica and the

Raman spectra arise purely from bulk NMA. As the concentration of NMA is increased

Figure 4.13: TIR Raman spectra of N -methylacetamide at different concentrations
in the fingerprint (left) and CH (right) regions.

from 100 mM to 850 mM, the TIR Raman intensities in both regions increase. The

shape of the spectrum in the amide region is changing corresponding to changes in

the relative ratio of the Amide I bands and a change in peak position, very similar to

what has been observed in pNIPAM. The increase in the relative amplitudes of the

Am I band to Am II band with concentration is shown in figure 4.14. This behaviour

matches the trend in pNIPAM films increasing temperature (see figure 4.12). This
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confirms that this ratio change indicates the replacement of hydrogen bonds between

C−−O and water with inter- and intramolecular C−−O···H−N hydrogen bonds. This

matches the behaviour reported by Maeda et al.. [180]

Figure 4.14: Change in relative amplitudes of the Amide I and Amide II bands of the
TIR Raman spectrum of NMA solutions as a function of concentration.

Summary

The results presented in this section showed that the phase transition of surface-

grafted pNIPAM is a complex process. The transition is less sharp than in pNIPAM

solutions and a state with fully dehydrated amides has not been reached at 55 ∘C.

At 10 ∘C, the largest fraction of amides are fully hydrated (with three bound water

molecules). This fraction falls from 45 % to 38 % from 10 ∘C to 30 ∘C, while the

proportion of partially hydrated amides become more preponderant. Fully dehydrated

amides represent the smallest fraction at all temperatures. The amide I bands show

that most of the amide dehydration is completed at 37 ∘C. Spectral features of the

amide still continue to change at higher temperatures. In particular, the continuous

increase of the Amide I/Amide II ratio across the studied temperature range indicates

that the environment around the amide bonds continues to become less polar with

increasing temperature. Experiments with NMA confirmed the connection between

the Amide I/Amide II ratio and the hydration level of the amide bonds. In the CH

region, the position of the methyl stretches are also gradually shifting towards the red

in the range of temperature studied. This is in agreement with a gradual dehydration

of the pNIPAM chain.

The positions of the individual Raman bands themselves and relative signal in-

tensities prove to be a good indicator for the dehydration of the pNIPAM film. In

parallel, the absolute intensities of the pNIPAM Raman signals increase with tem-

perature signalling a collapse of the brush towards the interface during the phase

transition.

For comparison, the temperature dependent integrated CH signals of the brush

used as an example in this section is shown alongside the data of a shorter brush (dry

thickness 13 nm) in figure 4.15. The behaviour is overall similar but the amplitude of
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the change is smaller for the shorter film. This can be attributed to optical effects as

the collapse of shorter films leads to smaller changes in thickness and therefore smaller

changes in the electric field. The reason for such effects is the exponential decay of the

evanescent wave — and consequently the Raman signal — with increasing distance

from the surface. I decided to use the longer brush to study the interaction with cargo

molecules since it might be able to capture a larger amount of cargo leading to higher

signal intensities.

Figure 4.15: Change in intensity in the CH region of the TIR Raman spectrum
of a long grafted pNIPAM layer (dry thickness 60 nm) ( ) and a shorter film (dry
thickness 13 nm) ( ) as a function of temperature. These changes are probed during
a temperature rise ( and ) and fall ( and ).

4.3.3 How to choose cargo molecules?

I wanted to explore three types of binding between pNIPAM and the cargo mo-

lecule: hydrophobicity, hydrogen bonding and specific ion interactions. In order to

be able to detect small quantities of the cargo molecules inside the polymer layer, I

have favoured molecules that show strong and sharp Raman signals. Further details

on the selection process can be found in this section.

Hydrophobic interactions

Hydrophobic interactions are expected between the backbone of the pNIPAM

chains and hydrophobic cargo molecules. At high temperatures, amides are less hy-

drated which is in agreement with the picture of a film becoming more hydrophobic.

On the other hand, at lower temperatures, more hydrogen bonds are formed between

the chains. This network of hydrogen bonds could act as a good shield from hy-

drophobic moieties of cargo molecules. The table shows a series of molecules with

high solubility in water yet bearing a hydrophobic moiety. The partition coefficient

between octane and water has been taken as a good reference of hydrophobicity.
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Table 4.2: Partition coefficients between octanol and water for potential cargoes
preselected for their Raman visible moieties.

Molecule logP

cholesterol 7.00

decanoic acid 4.09

metoproclamide 2.62

hydrobenzoic acid 1.30

benzylamine 1.10

benzamide 0.64

procainamide 0.88

caffeine −0.07

adenine −0.09

guanine −0.91

isoleucine −1.70

Cross referencing the table 4.2 with the detection limits with our system, ben-

zylamine appears to be the best compromise between an easily detectable cargo (its

detection limit being as low as 0.1 µmol m−2) with a large water solubility range and

a potent hydrophobicity via its benzene ring. However, in presence of benzylam-

ine, grafted pNIPAM layers tend to get permanently detached from the substrate.

Figure 4.16 shows the decay of the pNIPAM features after the introduction of ben-

zylamine. The incompatibility with the pNIPAM layers consequently disqualifies this

compound as a potential cargo molecule. Benzamide was subsequently identified as a

good alternative. Similar to benzylamine, this molecule also possesses a hydrophobic

benzene ring as well as an amide group. It, however, does not damage pNIPAM

layers.

Hydrogen bonding

The formation of hydrogen bonds is another potential method of binding cargo

molecules to the polymer brush. Table 4.3 shows the potential of a series of candidates

to bind with hydrogen bonds. The candidates were selected based on the number of

possible hydrogen bonds.

Table 4.3: List of possible hydrogen bonding cargoes giving the number of hydrogen
bond donor and acceptor sites.

Molecule H Donor H Acceptor log P

lysine 5 4 −3.00

valine 3 2 −2.30

metoproclamide 4 2 2.62

urea 1 2 −2.11

malonamide 2 2 /

Malonamide was an interesting choice for two reasons. First, it has two binding sites

allowing a high interaction potential with the hydrated form of the pNIPAM film. In
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Figure 4.16: Degradation of a pNIPAM layer in contact with a solution of benzylam-
ine (2 mM) followed by TIR Raman over time. A 𝑡 = 0, the red spectrum shows a
pNIPAM layer and a water band. After the introduction of a 2 mM solution of ben-
zylamine, an additional band originating from the phenyl ring of benzylamine appears
at 3080 cm−1 and the pNIPAM C−H stretches start to decrease in amplitude with
time. After 1 day, benzylamine is rinsed away and half of the layer has disappeared.
Not all spectra are shown in the left hand side for clarity.

addition, it can be easily deuterated, thus increasing its detection limit which means

it is easily detectable at low concentrations (as low as 1 µmol m−2). The deuteration

of the protons in the 𝛽 position of both amides can be achieved in D2O at a pD

of 9. The deuteration is followed by NMR and full exchange is achieved after one day

(see Appendix). The solution was neutralised by the addition of NaOD. Deuterated

malonamide is retrieved by evaporating the water slowly in a lyophilisator.

Specific ion interactions

Potassium thiocyanate was identified as another possible cargo molecule. Since it

is an ionic species, potassium thiocyanate can potentially bind to the pNIPAM layer

through specific interactions with the polymer’s amide groups. Thiocyanate exhibits

an intense Raman signal at 2060 cm−1 which means it is easily detectable with a low

detection limit of 0.5 µmol m−2. The signal position itself is of interest as well since
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it depends on the molecule’s oxidation state. It might thus be possible to follow the

binding of potassium thiocyanate through changes in the peak position.

Conclusion

Three cargo molecules were chosen based on their potential for binding to pNIPAM

through different types of interactions. Benzamide was chosen for being a good com-

promise between solubility in water, its safety towards the pNIPAM film and its

potential to bind to a pNIPAM film via hydrophobic interactions. Deuterated malo-

namide was chosen because of its ability to form hydrogen bonds whilst potassium

thiocyanate was identified as a candidate since it might bind through specific ion

interactions. Each molecule shows strong Raman signals that are different from the

ones originating from grafted pNIPAM films (see Table 4.4). Their presence in the

polymer film can thus be easily deduced through TIR Raman spectroscopy. The

Raman spectra of the cargo molecules are shown alongside pNIPAM in figure 4.17.

The results of the experiments probing the interactions between those molecules and

pNIPAM are shown in the next section.

Figure 4.17: Normalised Raman spectra of a pNIPAM film and the three selected
cargo molecules.

Table 4.4: Target Raman bands of the model cargo molecules and their calculated
detection limit.

Raman band / Detection limit /

Cargo molecule cm−1 µmol m−2

benzamide 3080 0.1

d-malonamide 2150 1.4

KSCN 2060 0.5

4.3.4 Interaction between a poly(N -isopropylacrylamide) film

and cargo molecules

This section presents the results of the interaction of pNIPAM films with the afore-

mentioned potential cargo molecules. Equilibrium adsorption isotherms were collected
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at temperatures below and above the phase transition of the pNIPAM brushes, and

are visualised with blue and red dots, respectively. In addition to the recorded signal

intensities, each figure features a dotted line indicating the intensity of the cargo mo-

lecule’s Raman signal as a function of the bulk concentration. A detailed description

of experimental details is given in section 2.1.3.

Interaction between a poly(N -isopropylacrylamide) film and benzamide

The interaction of benzamide with pNIPAM was studied over a concentration

range from 10 to 90 mM. The resulting adsorption isotherms for 20 ∘C and 40 ∘C

are shown in figure 4.18. The increased concentration of benzamide inside the brush

compared to the bulk phase shows that the molecule adsorbs onto the polymer brush.

The bound amount of benzamide is calculated from the difference between an isotherm

on clean silica and the equilibrium adsorption isotherm on the pNIPAM brush. The

resulting surface excess plot is shown on the right of figure 4.18.

Figure 4.18: Adsorption isotherm of benzamide onto pNIPAM below ( ) and above
( ) the pNIPAM phase transition temperature. The dotted line shows the signal
intensity expected if the bulk concentration continued up to the surface (left). The
bound amount of benzamide is calculated from the difference between an isotherm on
clean silica and the equilibrium adsorption isotherm on the pNIPAM brush (right).

At both temperatures, the surface excess of benzamide increases with increas-

ing bulk concentration. The surface excess of benzamide reaches 4.0 µmol m−2 and

3.4 µmol m−2 at 20 ∘C and 40 ∘C, respectively, for a bulk concentration of 90 mM.

Interaction between a poly(N -isopropylacrylamide) film and d-malonamide

The adsorption of d-malonamide onto pNIPAM was studied for concentrations

ranging from 5 to 300 mM at 20 ∘C and 40 ∘C. The resulting isotherms are shown in

figure 4.19.

At both temperatures, the amount of d-malonamide at the interface is about the

same in the presence of the pNIPAM film as on clean silica. This observation implies

that d-malonamide does not adsorb onto pNIPAM whichever state of hydration it

is in. The negative values indicate an excluded volume for d-malonamide from the

surface due to the presence of the pNIPAM film. Therefore, the attractive potential
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Figure 4.19: Adsorption isotherm of d-malonamide onto pNIPAM below ( ) and above
( ) the pNIPAM phase transition temperature. The dotted line shows the signal
intensity expected if the bulk concentration continued up to the surface (left). The
difference in d-malonamide concentration between the isotherms on pNIPAM and
silica (right). Negative values indicate an excluded volume from the surface due to
the presence of the pNIPAM film.

of forming hydrogen bonds between the amide moieties is not high enough to compete

with the entropic penalty of concentrating d-malonamide close to the interface.

On a separate note, the overlap between the data at 20 ∘C and 40 ∘C shows that

the impact of a change in the refractive index of the polymer layer during the phase

transition is minimal.

Interaction between a poly(N -isopropylacrylamide) film and potassium

thiocyanate

The adsorption isotherms of potassium thiocyanate are presented in figure 4.20.

The isotherms were generated through spectra recorded at concentrations ranging

from 10 to 214 mM at 20 ∘C and 40 ∘C. Similarly to what has been observed with

Figure 4.20: Adsorption isotherm of potassium thiocyanate onto pNIPAM below ( )
and above ( ) the pNIPAM transition temperature. The dotted line shows the signal
intensity expected if the bulk concentration continued up to the surface.

d-malonamide, potassium thiocyanate does not bind onto pNIPAM in either state of

hydration. In addition, there was no change in the peak position of the thiocyanate
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stretch or in the pNIPAM spectrum at any KSCN concentration. The position of

the thiocyanate stretch is sensitive to its state of oxidation. [216] Thus, if potassium

thiocyanate were to bind onto the electrophilic site of the amide of pNIPAM as inferred

by Sainant et al., the position of the band would have changed during the adsorption.

Therefore both the band position and intensity of the thiocyanate stretch imply no

interaction between the anion and the amide function. This is in disagreement with

a recent paper investigating the potential of vibrational spectroscopy to measure the

specific ion binding effect onto amides and hence proteins. In their study, Cremer

et al. used IR Spectroscopy to detect changes in the Amide I stretching bands in

the presence of anions, inferring a binding effect. [217] A shift in the position in the

Amide I is visible in the presence of several anions including potassium thiocyanate

but at very high concentrations (close to 5 mol L−1). The previous section on the

effect of dehydration on this amide stretch has shown the sensitivity of the technique

towards the hydrogen bonding network of the amide. Also the independent detection

of the thiocyanate anion also shows no accumulation or changes in the band position,

implying no adsorption or bonding.

4.4 Conclusion

In this chapter, I have shown that TIR Raman spectroscopy is a viable method

for studying pNIPAM brushes. The phase transition inside the brush can be detected

through an increase in the Raman signal intensity as the chains are collapsing onto

the silica surface. The position of CH stretches gives information on the hydration of

the brush at different temperatures. An increasing redshift shows that the hydration

of the brush decreases with increasing temperature. The Amide I and II bands prove

to be highly sensitive to hydrogen bonding. The Amide I band was shown to be

composed of three different bands, corresponding to different levels of hydration.

With increasing temperature, the amide signal indicating full hydration decreased

in intensity. At the same time, the signal associated with partially hydrated amide

groups increased in intensity. The phase transition inside a dense pNIPAM film was

shown to be more gradual when compared to the phase transition in bulk pNIPAM.

The data implied a two-step process that can be explained through the slowing down

of the transition above 37 ∘C. The composition of the Amide I band does not change

above this temperature and the increase in the intensity of the CH signals decreases.

A range of potential cargo molecules was investigated. The molecules were chosen

based on the driving force behind their possible adsorption: hydrophobicity, polarity

and hydrogen bonding. The cargoes were furthermore required to not be harmful to

the polymer and exhibit a low detection limit. None of the investigated molecules

showed selective binding to either state of the polymer brush. Potassium thiocyanate

and d-malonamide did not bind onto either state of pNIPAM. The driving adsorption

force was not strong enough to overbalance the entropic penalty of trapping a molecule

close to the interface and inside a polymer film. Benzamide bound onto pNIPAM

below and above the phase transition temperature, and only showed small differences

at high benzamide concentrations. pNIPAM is thus hydrophobic enough in both

states for benzamide to favour adsorption. Hydrophobic interactions therefore seem
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to be the only driving force for the adsorption of the investigated cargo molecules

onto pNIPAM.

The next chapter will explore a different type of surface-grafted polymer: the

polypeptide polyvaline. This polymer is expected to be thermoresponsive in water

due to the presence of an isopropyl group while being less hydrophobic than pNIPAM.

Such a system might show different affinity towards hydrophobic molecules depending

on its phase.
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5.1 Introduction

The previous chapter has shown that adsorption onto pNIPAM was driven by hy-

drophobic interactions and therefore was not selective enough for a temperature stim-

ulated release of a cargo. This chapter will explore the potential of a less hydrophobic

layer: a grafted film of polyvaline. Polyvaline is expected to be thermoresponsive in

water due to the presence of an isopropyl group while being less hydrophobic than

pNIPAM. The aim of this chapter is to examine the potential of polyvaline films to take

up and release a cargo molecule to and from a coated surface. In the first part of this

chapter, I will summarise the relevant literature on polyvaline and polyaminoacids.

Then, I will present and discuss my results on the interactions between the polymer

film and the studied cargo molecules.

5.2 Review

5.2.1 Grafted polyaminoacids

Proteins are essential to biological activities controlling the structure and func-

tion of cells. They are made of long chains of amino acids called polyaminoacids.

Synthetic polypeptides have received growing interest since they are good models for

studying the peptide bonds and are much easier to synthesise than actual proteins.

They also have great potential for therapeutic and biotechnological applications such

as tissue engineering and drug delivery. [218] One important factor for the interest in

polypeptides as biological applications is their potential biocompatibility and bio-

degradability. [219] Similarly to polymers like pNIPAM, there has been a significant

interest in grafted polypeptides to combine the properties of the polymer and the

supporting substrate. [220]

There are overall three main techniques for the synthesis of polypeptides brushes:

The first two methods are grafting to and grafting from which are outlined in sec-

tion 2.7. Grafting from is commonly achieved through ring-opening polymerisation of

𝛼-amino acid N -carboxyanhydrids (NCAs). [219] NCA vapour deposition is the third

option and was first developed by Chang and Frank. [221] It is a solvent-free tech-

nique where NCA monomers are polymerised through vapour deposition. The layer

thickness is tuned through temperature, pressure and reaction time. [222] Some re-

search, however, indicates that this approach might not be suitable for the synthesis
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of polyvaline brushes. [223]

One of the few studies on grafted polyvaline was published by Wang and coworkers

in 2010 who prepared d- and l-valine based polymers on silicon via ATRP. [224] Cell

adhesion experiments showed an increased cyctocompatibility of l-polyvaline where

cells adhered, grew and spread better than on d-polyvaline. Follow-up work showed a

similar behaviour for alanine- and leucine-based polymers. [225] They, however, did not

directly determine the conformation of the grafted chains but repeated the synthesis

in bulk and carried out CD measurements on polymer solutions. The CD measure-

ments showed that the chirality of the d- and l-valine was preserved in the respective

polymers. This work is a part of a wider effort to develop chiral polymer-based ma-

terials with possible applications as anti-fouling coatings, chiral separators in drug

synthesis and chiral sensors. [226]

It is worth mentioning that the research on the development of bioinspired and bio-

mimetic materials is not limited to polypeptides but extends to polypeptoids. [227,228]

This class of polymers has the same backbone as polypeptides but side chains are

attached to the nitrogen rather than the 𝛼-carbon. They thus do not form hydrogen

bonds in the backbone and show properties dominated by the side chains.

5.2.2 Spectroscopy of polyvaline and other polyaminoacids

A wide range of techniques is available for the study of polypeptide films. Tech-

niques such as ellipsometry, [229,230] AFM, [224,225,231] and XPS [232,233] determine the

thickness, topography and composition of the brushes, respectively. This section,

however, will focus on CD and vibrational spectroscopy since they are more relevant

to the work presented in this chapter.

CD spectroscopy is used to determine the conformation of grafted polypeptides

although the measurements are not always carried out directly on the brushes. In-

stead, the synthesis is repeated in bulk and a solution of the resulting polymer is

analysed. [224,225] In a different approach, the polymers are grafted from a quartz sub-

strate which is then placed in the beam path of the spectrometer allowing the direct

acquisition of CD spectra of the grafted polypeptide. [234,235] An example of the latter

technique is the work by Yang et al. who grafted polymers of l-lysine from substrates

such as silicon and quartz. [231] CD measurements on the polymer grafted from quartz

revealed characteristic features of an 𝛼-helical secondary structure which transitioned

to 𝛽-sheet and random coil structures in solutions of anionic polyelectrolytes. The

advantage of this approach is that it is direct.

IR spectroscopy is a popular tool for probing the composition as well as secondary

structure of polypeptides. It is possible to characterise grafted polypeptides but also

bulk polypeptides. [236,237] Grafted polymers can be probed in the transmission mode

if they are e.g. grafted from silicon [230,231,233,238] or through ATR-IR if they were

grafted from an ATR crystal. [221] It is also possible to use IR spectroscopy for poly-

peptides grafted from particles. [220,239] One example is the work of Lee and coworkers

who synthesised a range of grafted polypeptides through NCA vapour deposition. [223]

The polypeptides grafted from silicon were characterised using FTIR spectroscopy in
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transmission mode. The researchers were able to determine the secondary structures

through characteristic Amide I and II signals for film thicknesses as low as 50 Å. This

highlights the ability of vibrational spectroscopy to probe the secondary structure in

polypeptides with a high sensitivity.

Raman spectroscopy has so far played a minor role in the characterisation of

polypeptides in general and polyvaline in particular. One of the first Raman spectra

of poly(l-valine) was published by Koenig et al. in 1971 who presented spectra of a

range of synthetic polypeptides. [240] The spectrum showed a sharp and strong peak

at 1667 cm−1 which was assigned to the polymer’s anti-parallel 𝛽-sheet secondary

structure. The signal was compared to the two bands at 1687 cm−1 and 1625 cm−1

in the IR spectrum of poly(l-valine) that are indicating the same structure. They

furthermore recorded two strong peaks at 1455 cm−1 and 1462 cm−1 associated with

asymmetric CH3 deformations. Two weak lines at 1346 cm−1 and 1316 cm−1 were

assigned to deformations of the C𝛽−H and C𝛼−H groups, respectively. The work of

Chen and coworkers confirmed these findings. [241]

Conformation studies on poly(l-valine) at different degrees of polymerisation (DP)

were carried out by Fasman and coworkers. [242] Raman spectra of the pure polymer

at low DP showed the distinct sharp peak at 1668 cm−1 characteristic of a 𝛽-sheet.

At DPs above 500, a shoulder appeared at 1650 cm−1 indicating the formation of an

𝛼-helix. The proportion of 𝛼-helix only increased slowly with increasing DP and was

judged to be low even at a DP of 1000. Their findings are similar to those reported

by Itoh and coworkers who studied this effect with IR spectroscopy. [236]

As seen so far, the majority of the published work focusses on l-valine and poly(l-

valine) where the polymer was consistently shown to be present in an anti-parallel

𝛽-sheet structure. Akaike and coworkers prepared polyvaline from l-valine and d-

valine with varying l-valine contents ranging from 50 % to 100 %. [243] IR spectroscopic

measurements of the solid polymers showed the strong peak at 1630 cm−1 and a

weaker signal at 1690 cm−1. Both peaks are characteristic of an anti-parallel 𝛽-sheet

structure, showing that the introduction of d-valine does not alter the secondary

structure of polyvaline. This is of importance since the polyvaline brushes used in

this chapter are a mix of both enantiomers.

5.3 Results

In this section, I will describe and discuss the effect of temperature on the TIR

Raman spectra of grafted polyvaline films. The aim of this study is to generate a

thermoresponsive polymer film with two states that show a bigger difference in hy-

drophobicity than pNIPAM. The thermoresponse in pNIPAM is controlled through

the disruption of the hydrogen network surrounding its isopropyl groups. I chose poly-

valine as an alternative to pNIPAM since it also has the isopropyl groups but exhibits

a lower hydrophobicity due to the absence of the CH2 backbone. In the following sec-

tions, I will show a TIR Raman spectrum of polyvaline giving special attention to the

Amide region since it reveals some features of self-organisation within the film. The

response of the film towards changes in temperature is outlined in the subsequent
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section. Finally, I will present the adsorption of three cargo molecules introduced

in the previous chapter (benzamide, malonamide and potassium thiocyanate) onto

polyvaline films.

5.3.1 Band assignment of the polyvaline Raman spectrum

At the beginning of this section, I will first introduce the Raman spectrum of

valine. Its structure is shown in figure 5.1a. A spectrum of valine obtained from

powdered dl-valine is shown in figure 5.2. The Raman spectrum of valine has been

previously discussed elsewhere [244,245] and most band are well assigned. The Raman

spectrum of a polyvaline film grafted onto a silica hemisphere at the silica-water

interface is discussed afterwards.

HO

O

NH2

(a) Valine

O
H
N

⎛⎜⎜⎝
⎞⎟⎟⎠
𝑛

(b) Polyvaline

Figure 5.1: Structures of valine and polyvaline.

The TIR Raman spectrum of valine

The Raman spectrum of valine is shown in figure 5.2 and the peak assignment

summarised in table 5.1. Within the fingerprint region shown on the left, the band at

1275 cm−1 corresponds to a deformation of the CH unit. The two signals at 1329 cm−1

and 1353 cm−1 can be assigned to the C𝛼−H and C𝛽−H groups, respectively. The

three bands at 1398 cm−1, 1425 cm−1 and 1455 cm−1 correspond to bending modes of

the methyl groups with the latter being an antisymmetric band. The C−N stretch is

detected at 1512 cm−1. The three signals associated with stretches of the carboxylic

group are located at 1566 cm−1, 1595 cm−1 and 1631 cm−1.

Five bands are visible in the CH region shown on the right of figure 5.2. The

band at 2884 cm−1 corresponds to a combination of the CH3 and CH stretches. [153]

The band at 2913 cm−1 corresponds to a methyl symmetric stretch, while the bands

at 2952 cm−1 and 2973 cm−1 are assigned to CH stretches. Finally, the band at

2996 cm−1 is assigned to either stretches of the NH3 group or antisymmetric CH3

stretch. [244] Because this signal disappears during polymerisation (see below), it is

more likely that it belongs to the NH3 group.

The TIR Raman spectrum of grafted polyvaline

The background-subtracted Raman spectrum of polyvaline recorded in SY po-

larisation is shown in figure 5.3. Table 5.2 summarises the peak assignment. The

dominant peak in the fingerprint region (left) is located at 1667 cm−1 and belongs

to the Amide I band. Its peak position is characteristic for a 𝛽-sheet (see section

5.2.2). The Amide II region between 1535 cm−1 and 1620 cm−1 is not well resolved.
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Figure 5.2: TIR Raman spectrum of valine powder in the fingerprint region (left) and
CH region (right), recorded in SY polarisation.

Table 5.1: Assignment of the Raman bands of valine. Intensities are normalised to
the the symmetric methyl stretch at 2913 cm−1.

cm−1 Intensity Assignment

2996 0.50 𝜈(NH3) or 𝜈𝑎𝑠(CH3) [244]

2973 0.87 𝜈(CH) [244]

2952 0.66 𝜈(CH) [244]

2913 1.00 𝜈𝑠(CH3) [244]

2884 0.51 𝜈(CH3) + 𝜈(CH) [153]

1631 0.03 𝜈𝑎𝑠(C−−O)
1595 0.02 𝜈𝑠(C−−O)
1566 0.01 𝜈𝑠(CO –

2 )
1512 0.02 𝜈(N−C)
1455 0.11 𝛿𝑎𝑠(CH3)
1425 0.04 𝛿(CH3)
1398 0.05 𝛿(CH3)
1353 0.10 𝛿(C𝛽−H)
1329 0.08 𝛿(C𝛼−H)
1275 0.02 𝛿(C−H)

The diffuse Raman scattering in this region is characteristic for polyvaline. [240] The

symmetric and antisymmetric bending modes of the methyl groups are located at

1396 cm−1 and 1458 cm−1, respectively. The signals at 1316 cm−1 and 1348 cm−1

are assigned to the C𝛼−H and C𝛽−H groups, respectively. Finally, the signal at

1281 cm−1 is assigned to the Amide III band.

Four peaks are resolved in the CH region of polyvaline, shown on the right of

figure 5.3. Three bands assigned to the methyl symmetric stretch are located at

2876 cm−1, 2902 cm−1 and 2937 cm−1. The band at 2968 cm−1 is assigned to the

CH3 antisymmetric stretch. The shoulder at 2855 cm−1 is assigned to a symmetric

C−H stretch.

5.3.2 Secondary structure of polyvaline in grafted films

The secondary structure of proteins is of utmost importance for their functions.

Over the years, a range of tools has been developed to accurately evaluate the spatial
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Figure 5.3: SY-polarised TIR Raman spectrum of a grafted polyvaline film in the
fingerprint region (left) and CH region (right).

Table 5.2: Assignment of the Raman bands of polyvaline. Intensities are normalised
to the the symmetric methyl stretch at 2902 cm−1.

cm−1 Intensity Assignment

2968 0.68 𝜈𝑎𝑠(CH3)
2937 0.86 𝜈𝑠(CH3)
2902 1.00 𝜈𝑠(CH3)
2876 0.88 𝜈𝑠(CH3)
2855 0.32 𝜈𝑠(C−H) [153]

1667 0.21 𝜈(C−−O) (Amide I) [240]

1535–1620 (Amide II) [240]

1458 0.10 𝛿𝑎𝑠(CH3) [240]

1396 0.02 𝛿𝑠(CH3) [240]

1348 0.03 𝛿(C𝛽−H) [240]

1316 0.01 𝛿(C𝛼−H) [240]

1281 0.03 𝛿(N−H), 𝜈(C−C𝛼), 𝜈(N−C) (Amide III) [240]

arrangements of biomacromolecules. CD Spectroscopy is a standard method used in

biochemistry to measure the structure of a protein or a synthesised polypeptide.

Since polyvaline is not soluble in a CD transparent liquid (deionised water and

various kinds of buffer) at room temperature, it was not possible to simply fill a cu-

vette with a polyvaline solution and record a CD spectrum. I thus decided to graft

a polyvaline film from the inside of a cuvette in order to gain access to structural in-

formation of such a film. After subtraction of the water background, the CD spectrum

of polyvaline was obtained and shown in figure 5.4.

The structure of polyvaline could be a combination of alpha helices, beta sheet seg-

ments and random coils. Since each structure has a specific CD signal (see figure 2.22

in chapter 2), the CD spectrum of polyvaline is a convolution of these signals. The

maximum just above 200 nm is consistent with a beta sheet. The absence of a negat-

ive signal at 215 nm, however, implies that the secondary structure is not a pure beta

sheet but a mixture of different structures. In the next step, the CD data was further

analysed using the DichroWeb online service provided by Wallace of Birkbeck Col-

lege, University of London. [246] The analysis, which compares the measured spectrum
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Figure 5.4: CD spectrum of a grafted-from polyvaline film.

to a library of CD spectra of proteins of known structures, is capable of extracting

a percentage of each basic structure in the sample. The analysis revealed that the

synthesised film consists mainly of an equal mixture of beta sheet and random coil

(48 %) but also a small amount of alpha helix (4 %). The recorded CD spectrum is

rather noisy since it originates from a thin film. I believe the 4 % alpha helix might

thus be a consequence of noise in the CD spectrum. The website does not return

values indicating the goodness of the fit such as r2, making it difficult to assess the

confidence in the assignment.

TIR Raman spectroscopy and Circular Dichroism Spectroscopy are consistent with

self assembly of polyvaline chains inside the grafted film. The self assembly is con-

sistent with a mixture of beta sheet and random coil structure. This formation of

intermolecular amide bonds is a potential deactivator of the polyvaline binding sites.

With the neighbouring amide being a chelatant for the amide, its potential for forming

hydrogen bonds with cargo molecules may be limited.

On the other hand, this additional intermolecular interaction could potentially

act as a trap for cargo molecules by limiting their diffusion out of the film. To do

so, it is necessary to activate and deactivate the formation of the beta sheet strands.

Urea was identified as a potential candidate since it is a small molecule with two

amide functions and might thus be able to disrupt a hydrogen bond by inserting itself

between the two connected functions and separating for example the two strands of

a helix or breaking a beta sheet. To test this hypothesis, a polyvaline film was left

in contact with a 50 mM solution of urea in deionised water for two hours. A Raman

spectrum was recorded subsequently and showed no changes whatsoever. I concluded

that urea was not able to disrupt the structure of the grafted polyvaline film.

This result was in disagreement with a recently published paper [247] by Cremer

et al. aimed at detecting the direct binding of urea onto amide bonds. They used

pNIPAM as a model system of biomacromolecules and gel permeation chromato-

graphy and Fourier Transform Infrared Spectroscopy. They related an increase in

the Stokes radii of the pNIPAM chains in presence of urea to a swelling due to the

crosslinking of pNIPAM chains by urea. Also, they used FTIR and isotope labelling
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to detect the hydrogen bonding between urea and the amide of pNIPAM. Using C13-

labeled urea, they observed a shift in the amide bond of pNIPAM in presence of a

6 M urea solution. I exposed a polyvaline film to a 50 mM solution of urea to invest-

igate whether it is able to trigger a disruption in the hydrogen bond network of the

polymer, and a change in the 1667 cm−1 and 1535 cm−1 band. The Raman spectrum

of the film, however, did not show any changes.

Using the secondary structure of the polyvaline grafted film as a way to selectively

encapsulate or deliver a cargo molecule was consequently not an option. Therefore,

I decided to continue with a similar strategy as used with pNIPAM i.e. triggering a

change in the hydrogen bond network through a temperature rise.

5.3.3 Influence of temperature on polyvaline films

The influence of temperature on the spectrum of polyvaline films was studied by

recording Raman spectra at temperatures ranging from 10 ∘C to 70 ∘C. In between

measurements, the sample cell was warmed up to the next temperature point and

given 15 minutes upon reaching the set point to equilibrate before the measurement.

The background-subtracted Raman spectra of a polyvaline film at different temper-

atures are shown in figure 5.5.

Figure 5.5: SY-polarised TIR Raman spectra of a grafted polyvaline layer in the CO
(left) and CH (right) regions, collected at different temperatures ranging from 10 ∘C
to 70 ∘C.

The increase of the signals in the CH region with temperature is shown in figure 5.6

and indicates a contraction of the polymer film towards the interface. This entropy-

driven phase transition is milder in polyvaline than in pNIPAM and shows no clear

transition temperature between 10 ∘C and 70 ∘C. The transition appears to be shifted

to higher temperatures which is consistent with polyvaline being less hydrophobic

than pNIPAM. The entropic penalty of hydrating the monomer is lower in polyvaline

leading to the upwards shift in transition temperature.

Figure 5.7 shows that the shape of the amide band at 1667 cm−1 associated with

a 𝛽-sheet structure is not very sensitive to a change of temperature. This implies

that there is no significant change to the polymer’s secondary structure over this

temperature range.
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Figure 5.6: Change in intensity of the CH region in the TIR Raman spectrum of a
grafted polyvaline layer as a function of temperature.

To check this hypothesis, I recorded a Raman image of the film (see figure 5.8) by

choosing the filter angles so that I could overlap the distribution of the 1667 cm−1 band

(in green) with the CH stretches of polyvaline across the surface. Table 5.3 shows the

centres and FWHM of the transmission bands for the chosen filter angles. The two

distributions are overlapping over the sampled area and show a rather homogeneous

distribution of the beta sheet across the polyvaline film.

Table 5.3: Centres and FWHM of the transmission bands of the tunable filter for the
angles used to reconstruct the images shown in figure 5.8.

Filter angle centre / cm−1 FWHM / cm−1

0∘ 2938 507
10∘ 2850 509
15∘ 2750 511
35∘ 2048 530
40∘ 1813 541

The results showed that the synthesised films are homogeneous and exhibit a ther-

moresponsive behaviour. Based on the findings of the temperature study, I decided to

study cargo adsorption between 20 ∘C and 50 ∘C. The high temperature was chosen

as a compromise between having a temperature as high as possible to get the biggest

difference between the two states of the polymer and the long-term stability of the

layer to avoid degradation.

5.3.4 Interaction between polyvaline films and cargo molecules

This section summarises the results of the interactions between polyvaline films

and three different cargo molecules: benzamide, deuterated malonamide and po-

tassium thiocyanate. The choice of cargo molecules is explained in detail in sec-

tion 4.3.3. In short, the molecules were chosen based on their potential for binding to
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Figure 5.7: TIR Raman spectra of the Amide I band at 1667 cm−1 as a function of
the temperature.

Figure 5.8: TIR Raman image of a polyvaline film. The distribution of the CH
stretches onto the surface (left), the 1667 cm−1 band assigned to a beta sheet (center)
and the overlap of both (right).

polyvaline through different types of interactions. For each cargo molecule, an equilib-

rium adsorption isotherm was collected at 20 ∘C and 50 ∘C. Throughout this section,

data recorded at low and high temperature is visualised with blue and red dots, re-

spectively. To aid the interpretation of the results, the Raman signal intensity of the

cargo molecules is plotted as a dotted line as a function of the bulk concentration

alongside the isotherms.

Interaction between a polyvaline film and benzamide

The adsorption isotherms for benzamide on polyvaline are shown in figure 5.9.

The isotherms were generated from spectra recorded at concentrations ranging from

10 mM to 90 mM at 20 ∘C and 50 ∘C.

The data overall shows a small accumulation of benzamide inside the polyvaline

film at both temperatures at high bulk concentrations. As shown on the right of

figure 5.9, the adsorbed amount increases with increasing bulk concentration until

approximately 2.3 µmol m−2 and 1.6 µmol m−2 at a bulk concentration of 90 mM at

20 ∘C and 50 ∘C, respectively. Since similar small quantities of benzamide are adsorbed
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Figure 5.9: Adsorption isotherm of benzamide onto polyvaline below ( ) and above
( ) the polyvaline phase transition temperature. The dotted line shows the signal
intensity expected if the bulk concentration continued up to the surface (left). The
bound amount of benzamide is calculated from the difference between an isotherm on
clean silica and the equilibrium adsorption isotherm on the polyvaline brush (right).

at both temperatures, it will not be possible to trigger the uptake of release of this

molecule through temperature changes. The adsorbed amounts are similar to the

ones observed for pNIPAM films as shown in section 4.3.4 (4.0 µmol m−2 at 20 ∘C

and 3.4 µmol m−2 at 40 ∘C). The observed difference is a consequence of polyvaline

being less hydrophobic than pNIPAM. This behaviour shows that the adsorption onto

polyvaline is still driven by hydrophobic forces.

Interaction between a polyvaline film and d-malonamide

d-malonamide was used in concentrations between 10 mM and 300 mM to study

its adsorption to polyvaline at 20 ∘C and 50 ∘C. The resulting isotherms are shown

in figure 5.10. Throughout the range of concentrations investigated, d-malonamide

shows a slightly increased presence in the polymer compared to the bulk concentration.

Approximately 2.0 ± 0.6 µmol m−2 and 2.0 ± 0.8 µmol m−2 adsorbed at 20 ∘C and

50 ∘C, respectively. There is no significant impact of the bulk concentration on the

adsorbed amount. Although the isotherms show that d-malonamide can bind to

polyvaline in small quantities, the results further indicate that it is not possible to

release the cargo by either cooling or heating the polymer. In addition, the adsorption

of similar amounts at high and low concentration implies that the attractive potential

of forming hydrogen bonds between the amide moieties does not change significantly

over the studied temperature range.

Interaction between a polyvaline film and potassium thiocyanate

The adsorption of potassium thiocyanate onto polyvaline was studied for concen-

trations ranging from 10 mM to 270 mM at 20 ∘C and 50 ∘C. The resulting isotherms

are presented in figure 5.11 alongside the expected Raman intensity of KSCN as a

function of bulk concentration. The isotherms were generated from spectra recor-

ded at concentrations ranging from 2 to 280 mM at 20 ∘C and 2 to 170 mM at 50 ∘C.

Above these concentrations, the grafted polyvaline film is degrading. This could be
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Figure 5.10: Adsorption isotherm of d-malonamide onto polyvaline below ( ) and
above ( ) the polyvaline phase transition temperature. The dotted line shows the
signal intensity expected if the bulk concentration continued up to the surface (left).
The bound amount of d-malonamide is calculated from the difference between an
isotherm on clean silica and the equilibrium adsorption isotherm on the polyvaline
brush (right).

due to the reduction of the hydroxysilane bonds by the SCN− anion, favoured at

higher temperatures.

Figure 5.11: Adsorption isotherm of KSCN onto polyvaline below ( ) and above
( ) the polyvaline phase transition temperature. The dotted line shows the signal
intensity expected if the bulk concentration continued up to the surface (left). The
bound amount of KSCN is calculated from the difference between an isotherm on
clean silica and the equilibrium adsorption isotherm on the polyvaline brush (right).

Over the investigated range, the concentration of potassium thiocyanate inside

the polyvaline brush is equal to the bulk phase at both temperatures. The cargo does

thus not adsorb onto polyvaline. It is consequently not possible to capture potassium

thiocyanate using a polyvaline film and to release it subsequently by changing the

temperature.

5.4 Conclusion

In this chapter, I presented polyvaline films grafted from a silica surface and

their behaviour during temperature changes and in the presence of cargo molecules.
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Polyvaline was synthesised to provide a less hydrophobic alternative to pNIPAM and

to give more importance to the network of hydrogen bonds.

TIR Raman spectroscopy was again used to study the phase transition within the

polymer brush. Similar to pNIPAM, an increase in the Raman signal intensity with

temperature showed a contraction of the chains onto the silica surface. This change

was more gradual and of a smaller magnitude than the one observed for pNIPAM.

The interaction with three potential cargo molecules with polyvaline was studied.

Benzamide, d-malonamide and potassium thiocyanate were previously investigated as

potential cargo molecules for pNIPAM brushes but did not show selective binding to

either state of the polymer. Benzamide and d-malonamide showed some binding to

polyvaline but at similar low levels at high and low temperature. The molecules can

therefore not be released through temperature changes. Potassium thiocyanate did

not adsorb to the polyvaline films. Overall, the hydrogen bonds within the polyvaline

brush could not be replaced with hydrogen bonds between polyvaline and the cargo

molecules. Figure 5.12 shows that no changes are observed in the Amide region of

polyvaline in the presence of all cargoes. This demonstrates the absence of association

between the amides and the cargoes. The next step in the design of a carrier polymer

Figure 5.12: TIR Raman spectra of a polyvaline film in the fingerprint region at
20 ∘C in the presence of the three cargo molecules at a bulk concentration of 100 mM.
Spectra were normalised to the CH3 bending.

is the development of a block-copolymer. A polymer consisting of a charged block at

the interface and a thermoresponsive block at the other end could be able to capture

cargo molecules and release them following a temperature change.
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films

6.1 Introduction

This chapter will present the work on the grafted diblock copolymer poly((2-

dimethylamino) ethyl methacrylate)-b-poly(N -isopropylacrylamide) (pDMAEMA-b-

pNIPAM). The previous two chapters showed that three cargo molecules — benz-

amide, d-malonamide and potassium thiocyanate — did not show selective binding

to grafted pNIPAM or polyvaline films. The idea behind using this copolymer is to

achieve adsorption through electrostatic interactions via pDMAEMA, mediated by

pNIPAM. This chapter will first give a review on some of the work on grafted copoly-

mers and introduce pDMAEMA. The results part presents the TIR Raman spectrum

of the diblock copolymer film and the changes during the temperature-induced phase

transition. The last part shows the interactions between the copolymer film and the

three cargo molecules in water.

6.2 Review

Extensive research is carried out developing functional copolymers responding to

a range of external stimuli including temperature, pH, ionic strength and light. [248]

The combination of the functionalities of different polymers in one molecule through

copolymerisation leads to multi-stimuli responsive systems. These polymers have the

potential to deliver the complex responses required in a wide range of applications. [249]

A wide variety of systems combines the thermoresponsive polymer pNIPAM with

a range of polymers. pH responsive polymers such as polyacrylic acid [250,251] and

chitosan [252] are often combined with pNIPAM to get dual response – temperature

and pH. Other research associates pNIPAM with biocompatible polymers including

poly(ethylene glycol), [253] dextran [254] and DL-lactide [255] to design systems fit for

clinical applications such as drug delivery. Comonomers can also be added to pNIPAM

to shift its phase transition temperature. [256]

Since the focus of this thesis is on vibrational spectroscopy, it is worth discussing

the work of Plamper et al. who conducted an IR-spectroscopic study on the im-

pact of copolymerisation on the phase transition of pNIPAM and poly(N,N -diethyl

acrylamide) (pDEAA). [257] Both homopolymers show phase transitions at around

30 ∘C albeit sharp in pNIPAM and broad in pDEAA. Homopolymers of pNIPAM
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and pDEAA, mixtures of both, block copolymers and statistical polymers of similar

molecular weights were synthesised and dissolved in D2O. Cloud point turbidity meas-

urements showed a lower LCST for the mixture of homopolymers at 23.9 ∘C compared

to 28.8 ∘C and 26.3 ∘C for pure pNIPAM and pDEAA, respectively. The statistical

copolymer showed the lowest LCST (16 ∘C) whereas the diblock copolymer exhibited

a LCST (28.6 ∘C) close to the one of pNIPAM. IR spectroscopy showed a higher con-

tribution of the 1640 cm−1 band in the Amide I region of the statistical copolymer and

the mixture of homopolymers than in the homopolymers on their own. This is thought

to be a consequence of a less hydrophilic environment for the carbonyl functions which

can be due to additional hydrogen bonding between the polymer chains. The diblock

copolymer, however, behaves as an ideal copolymer where the Amide I band is an

average of the contributions of both homopolymers. A closer look at changes in the

IR spectrum during the phase transition shows a decrease in the 1600 cm−1 band

intensity for all polymers, indicating a reduction in hydrogen bonding between the

polymers and water. The slope of the decrease changes close to the phase transition.

At this point, the solvation is so far reduced that the polymers aggregate. The signal

at 1620 cm−1, assigned to amide carbonyls in a mixed hydrophilic/hydrophobic sur-

rounding, increases in all cases. A step-wise increase is seen in the 1640 cm−1 band

at the phase transition, indicating an increase in inter-polymer hydrogen bonding. It

follows from their findings that the properties of block copolymers can resemble the

averaged properties of the homopolymers.

6.2.1 Poly((2-dimethylamino)ethyl methacrylate)

(pDMAEMA)

I chose pDMAEMA as the inner block since it is charged in the pH range that is

workable without hydrolysing the silane layer on which the polymer layer is grown.

Previous work on grafted pDMAEMA includes the study of Moglianetti and

coworkers on the conformation of pDMAEMA films in aqueous solutions of various

pH. [258] They used neutron reflectometry to measure the density profile of layers of

pDMAEMA. At all pH, the volume fraction profile could be modelled by a Gaussian

distribution, with a dense core close ot the interface and a loose tail. A possible

explanation for such a profile is the presence of short chains close to the interface

which increases the density in this area. At pH 7 and 9, the segment distribution of

the brush is in agreement with the quasi neutral regime for high density grafted weak

polyelectrolytes described by Zhulina and Borisov. [259] In this regime, the segments

are weakly charged and stretch out from the surface in a similar fashion as neut-

ral brushes. In a previous study, [260] pDMAEMA was estimated to enter the quasi

neutral regime at a pH of 7, which is close to the pK 𝑎 of the monomer in aqueous

solutions (p𝐾a = 7 − 7.5 [261]). The brush is even more stretched at pH 3 as the

excluded volume effect between the protonated monomers is stronger than at higher

pH. Water remains a good solvent over the whole pH range studied and no collapse

has been observed.

In addition to the pH-responsive behaviour, pDMAEMA can also be thermore-

sponsive. The transition temperature of aqueous pDMAEMA solutions was shown to
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be highly pH-dependent. [262] At pH 7 the transition temperature is at about 80 ∘C

and decreases with increasing pH. At same time, the molecular weight of the polymer

starts to influence the transition as well. For example at pH 10, the temperature

can vary between 25 ∘C and 45 ∘C depending on the molecular weight. A similar

behaviour was observed for pDMAEMA grafted from silicon by Thomas et al. [263]

who carried out AFM measurements on the film at different pH. The film thickness

increased when decreasing the pH to 2. At the same time, the transition temperature

shifted from 60 ∘C at pH 10 to 75 ∘C at pH 4. This behaviour was interpreted as a

consequence of the protonation of the amine groups at low pH, leading to increased

hydration, and repulsive electrostatic and steric interactions between the polymer

chains. As a consequence, the phase transition is delayed in acidic environments. A

similar behaviour was reported by Jia and coworkers who grafted pDMAEMA from

gold. [264]

Although a phase transition has been reported for free and grafted pDMAEMA,

my experiments with the pDMAEMA-b-pNIPAM diblock copolymer will be at con-

ditions where no such transition is expected. The pH will be slightly acidic due to

CO2 dissolved in Milli-Q water. The temperature will not exceed 50 ∘C.

Another factor influencing the transition temperature is the presence of a co-

monomer. Yuk and coworkers have, for example, used ethyl acrylamide (EMA) as

a comonomer of DMAEMA. pEMA has a LCST above 80 ∘C in neutral pH but the

copolymerisation with DMAEMA results in a copolymer with a transition temperat-

ure of just 4 ∘C. [265] The researchers investigated the potential of such a system to

release insulin on demand. They embedded insulin in a matrix of pDMAEMA-co-

pEMA and transferred it to a glucose-containing solution. Aliquots were removed at

various times and the glucose concentration measured with liquid chromatography.

The presence of an excess of glucose was shown to protonate the amino groups of

pDMAEMA. The polymer swelled as a consequence, releasing insulin. The rate of

the insulin release was governed by the glucose concentration. Several load and release

cycles were shown although responsiveness of the copolymer decreased after several

cycles.

6.2.2 Surface-grafted copolymers

Analogous to homopolymers, block copolymers are of interest for the development

of smart surfaces and can be grafted from and to substrates. Surface-grafting is

not limited to diblock copolymers but can be extended to e.g. triblock copolymer

systems. [266,267] This section will review some of the work published on surface-grafted

copolymers containing pNIPAM or pDMAEMA. This includes statistical and diblock

copolymers.

The work of Cunliffe and coworkers on bacteria adhesion to polymer-coated sur-

faces shows how copolymerisation can be used to tune the properties of a respons-

ive polymer. [268] The researchers grafted pNIPAM and statistical copolymers of N -

isopropylacrylamide with acrylamide as well as N -tert-butylacrylamide from glass

surfaces. The introduction of the hydrophobic N -tert-butylacrylamide lowered the
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phase transition temperature from 32 ∘C to 20 ∘C while the addition of the hydro-

philic acrylamide increased the LCST to 42 ∘C. To measure the adhesion of bacteria

onto the films, the coated surfaces were left in contact with solutions of dye-labelled

bacteria for 24 h at 5 ∘C and 37 ∘C. The amount of cells adsorbed onto the surface

was determined through fluorescence microscopy. The substrates showed a higher

amount of bacteria when the adsorption happened above the polymer’s phase trans-

ition temperature. Gram positive and Gram negative bacteria cells both attached

more strongly onto hydrophobic interfaces. These two observations suggested the

attachment is driven by the hydrophobicity of the substrate rather than specific in-

teractions between the substrate and the bacteria.

A similar study on cell adhesion on films of pNIPAM-based copolymers was car-

ried out by Ebara et al. in 2003. [251] pNIPAM and statistical copolymers of NIPAM

with acrylic acid (AA) as well as with 2-carboxyisopropylacrylamide (CIPAAm) were

grafted to polystyrene cell culture dishes. Using CIPAAm instead of the popular AA

avoids the rise in the phase transition temperature and the dampening of the trans-

ition. Cell spreading measurements were carried out at 37 ∘C (above the LCST) and

the progress monitored through phase contrast microscopy. pNIPAM and pNIPAM-

co-pCIPAAm showed similar cell spreading while none was observed on pNIPAM-

co-pAA. The cell spreading was hindered on pNIPAM-co-pAA by excessive surface

hydration due to the introduction of the acrylic acid group. Cell lifting experiment

at 20 ∘C showed a faster detachment from pNIPAM-co-pCIPAAm compared to pure

pNIPAM. This behaviour is a consequence of the hydrophilic carboxyl group microen-

vironment of CIPAAm leading to an accelerated grafted surface hydration. This de-

pendence of cell behaviour on the hydrophobicity of the grafted film matches the

observations by Cunliffe and coworkers.

The temperature-induced collapse of pNIPAM chains formed the basis of bacter-

icidal and bacteria repellent copolymers developed by Wang and coworkers. [269] The

hierarchical structure consisted of a poly(sulfobetaine methacrylate) (pSBMA) block

grafted from silicon and a second block containing a statistical copolymer formed by

NIPAM and 2-carboxyethyl acrylate. The antibiotic molecule vancomycin (Van) was

chemically bound to the second block. The block copolymer thus consists of an anti-

fouling inner block and a thermoresponsive antibacterial outer block. Below its LCST

(36.5 ∘C), the statistical copolymer is extended, exposing Van. This leads to antibac-

terial behaviour, killing bacteria that adsorb to the brush. Raising the temperature

above the LCST leads to a collapse of the pNIPAM-based block burying the antibiotic

and exposing the pSBMA block. This block can thus now repel bacteria from the sur-

face. The structure therefore overcomes the limitation of traditional contact-killing

antibacterial surfaces where adhesion of dead bacteria compromises the antibacterial

activity. Blood cells are also repelled which is of interest for biomedical applications

such as implants. The results show that the collapse of the outer layer in a grafted

block copolymer can expose the bottom layer to the surface which then governs the

interactions with the environment.

The effect of block length in grafted block copolymers on solvent response was

investigated by Xu and coworkers. [270] They first grafted poly(n-butyl methacrylate)
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(pBMA) of constant length from silicon and then added a second block of pDMAEMA

with a thickness gradient. The solvent response was studied by immersing the sub-

strates in water or hexane for 30 minutes before drying them and measuring the static

water contact angle. After water treatment, the contact angle reduces with increas-

ing pDMAEMA length, quickly reaching the contact angle of the homopolymer. The

same behaviour was observed for three different lengths of pBMA. Following hexane

treatment, the contact angle decreases only at higher pDMAEMA lengths. For the

longest pBMA block, the contact angle did not reach the values of a pDMAEMA

homopolymer over the range of pDMAEMA lengths studied. In the case of water

treatment, the behaviour is explained by a collapse of the pBMA segment and the

domination of the surface properties by the extended pDMAEMA block. The situ-

ation is reversed following the hexane treatment. For short pDMAEMA segments,

the collapsed pDMAEMA block can be covered by the pBMA block. This becomes

more difficult with increasing pDMAEMA length until a region is reached where the

surface properties are always controlled by the pDMAEMA block. This research high-

lights the possibility of using solvent quality as a stimulus for giving the bulk phase

increased access to the inner block of a grafted diblock copolymer. This could be of

potential use for controlling the capture and release of cargo molecules in a diblock

film.

In a more applied study, Nagase et al. have used diblock-coated chromatography

columns for the separation of biomolecules. [271] Statistical and diblock copolymers

consisting of 3-acrylamidopropyl trimethylammonium chloride (APTAC) and NIPAM

were grafted from silica beads. In the diblock copolymer, pAPTAC formed the inner

block whereas the outer block consisted of pNIPAM. Stainless steel columns were filled

with the coated beads forming the stationary phase and the retention time of several

biomolecules was measured as a function of temperature. Acidic compounds such as

adenosine nucleotides were retained by all copolymers. Diblock copolymers, however,

showed a stronger retention than the statistical copolymer. No retention was observed

for the case of a column with pNIPAM-modified silica beads. Hydrophobic molecules

such as steroids showed a weaker retention in both copolymer-based columns com-

pared to pure NIPAM-based columns. This was explained through a lowered hy-

drophobicity inside the copolymers due to APTAC. In pNIPAM-based columns, the

retention of steroids increases with temperature due to the increased hydrophobicity

of the polymer. In contrast, the copolymers show a lower retention at higher tem-

perature. Experiments with mixtures of milk proteins and the pNIPAM-b-pAPTAC

column showed the potential of this stationary phase. At 40 ∘C, acidic proteins like

𝛼-lactalbumin were retained while others, including lactoferrin, eluded. Upon cooling

of the column to 10 ∘C, all proteins that previously adsorbed to the polymer eluted.

Thermoresponsive diblock copolymers are thus an interesting choice for the separa-

tion of organic mixtures utilising the thermoresponsive change in hydrophobicity of

pNIPAM.
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6.3 Results

In this section, I will present the results on the work on grafted poly((2-dimethyl-

amino) ethyl methacrylate)-b-poly(N -isopropylacrylamide) (pDMAEMA-b-pNIPAM)

films. The first part will focus on the Raman spectrum of the polymer and the impact

of temperature. The second part shows the adsorption of the three cargo molecules

(benzamide, malonamide and potassium thiocyanate) onto the block copolymer.

6.3.1 Band assignment of the pDMAEMA-b-pNIPAM film

This section begins with the introduction of the Raman spectrum of poly((2-

dimethylamino) ethyl methacrylate), pDMAEMA, along with a proposed peak as-

signment. The structure of pDMAEMA which forms the first block of the copolymer,

is shown in figure 6.1. The Raman spectrum of pDMAEMA-b-pNIPAM grafted from

fused silica in the CH and fingerprint regions is shown later in figure 6.3.

Ha Ha
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CHc
2
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2
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3
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Figure 6.1: Structure of poly((2-dimethylamino) ethyl methacrylate) (pDMAEMA),
the first block of the polymer film.

The TIR Raman spectrum of pDMAEMA

The background-subtracted Raman spectrum of pDMAEMA recorded in SY po-

larisation is shown in 6.2. Table 6.1 summarises the peak assignment discussed in

this section. Three main bands are resolved in the fingerprint region (left). The

main band located at 1451 cm−1 and its shoulder at 1406 cm−1 are assigned to bend-

ing of the methylene and methyl groups, in the side chain and along the polymer

backbone. [272,273] The band located at 1714 cm−1 is assigned to C−−O stretching.

Several peaks are resolved in the CH region shown on the right of figure 6.2. The

strongest stretches are located at 2944 cm−1 and 2961 cm−1. The former is assigned to

the symmetric stretch of the methylene of the side chain, closest to the oxygen atom

(denoted with the letter c in figure 6.1). The latter has also been observed by Thomas

et al. in polymethyl methacrylate and was assigned to a combination of the symmet-

ric stretch of the methyl in 𝛼 position and the antisymmetric stretch of the methylene

of the backbone. [272] The band at 3005 cm−1 is assigned to the antisymmetric stretch

of the methyl group in 𝛼 position, [272] while the peaks at 3030 cm−1 and 3050 cm−1

are assigned to the symmetric and antisymmetric stretch of the methyl in the di-

methylammonium group respectively. The stretches at 2894 cm−1 and 2856 cm−1 are
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assigned to a methylene stretch of the side chain antisymmetric and symmetric re-

spectively. [159] The symmetric stretch of the methylene of the backbone is located

at 2884 cm−1. [273] The band at 2800 cm−1 is tentatively assigned to an overtone of

bending of the methylene and methyl groups.

Figure 6.2: SY-polarised TIR Raman spectrum of a grafted pDMAEMA film in the
fingerprint region (left) and CH region (right).

Table 6.1: Assignment of the Raman bands of pDMAEMA. Intensities are normalised
to the band at 2944 cm−1.

cm−1 Intensity Assignment

3050 0.19 𝜈𝑎𝑠(CH e
3 ) [159]

3030 0.29 𝜈𝑠(CH e
3 ) [159]

3005 0.45 𝜈𝑎𝑠(CH b
3 ) [272]

2961 1.00 𝜈𝑠(CH b
3 ) and 𝜈𝑎𝑠(CH a

2 ) [272]

2944 1.00 𝜈𝑠(CH c
2 ) [273]

2894 0.66 𝜈𝑎𝑠(CH d
2 ) [159]

2884 0.53 𝜈𝑠(CH a
2 ) [273]

2856 0.45 𝜈𝑠(CH d
2 ) [159]

2800 0.21 overtone of 𝛿(CH3)
1714 0.02 𝜈(C−−O)
1451 0.08 𝛿(CH3) [272]

1406 0.03 𝛿(CH3) [272]

The TIR Raman spectrum of pDMAEMA-b-pNIPAM

The Raman spectrum of a pDMAEMA-b-pNIPAM film recorded in SY polarisa-

tion is shown in figure 6.3. In the fingerprint region, the band at 1450 cm−1 corres-

ponding to CH3 bending is still the dominant feature. The band associated to C−−O

stretching inside the pDMAEMA block is located at 1726 cm−1. The band around

1650 cm−1 is similar to the Amide I band found in pNIPAM. The signal assigned to

the antisymmetric deformation of the isopropyl group of pNIPAM can be found at

1311 cm−1. It is more difficult to assign individual peaks in the CH region but some

features of pDMAEMA are still visible. This includes the shoulder at 2962 cm−1 as-

signed to a combination of the symmetric stretch of the methyl in 𝛼 position and

the antisymmetric stretch of the methylene of the backbone, as well as the bending

overtone at 2800 cm−1.
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Figure 6.3: SY-polarised TIR Raman spectrum of a grafted pDMAEMA-b-pNIPAM
film in the fingerprint region (left) and CH region (right).

The plot in figure 6.4 shows the overlap between the diblock Raman spectrum

and spectra obtained from the separate blocks. The latter spectra of surface grafted

pNIPAM and pDMAEMA are also shown in figures 4.4 and 6.3, respectively. The

two spectra were scaled and combined to overlap with the pDMAEMA-b-pNIPAM

spectrum. While the resulting spectrum does not match the spectrum of the diblock

perfectly, it shows that the main features of the pDMAEMA-b-pNIPAM spectrum

arise from a combination of spectra of the two blocks.

Figure 6.4: SY-polarised TIR Raman spectrum of a grafted pDMAEMA-b-pNIPAM
film in the fingerprint region (left) and CH region (right). The spectrum of the diblock
copolymer is shown in black alongside scaled spectra of pDMAEMA (dashed yellow),
pNIPAM (dashed light blue), and the sum of both (dashed dark blue).

The uniformity of the diblock film was assessed by TIR Raman imaging of the poly-

mer at the silica-water interface. Figure 6.5 shows the distribution of pDMAEMA-

b-pNIPAM and water. Table 6.2 shows the centres and FWHM of the transmission

bands for the chosen filter angles. There are a number of high-intensity spots in the

polymer image indicating a non-uniform layer. At the same time, the water image

shows areas of very low intensity. The image on the right of the figure shows that the

two features are overlapping. We can conclude that the polymer has areas of increased

intensity that could stem from a higher density or increased film thickness. I believe
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that it is unlikely that these features are caused by adsorbed polymer chains that are

not chemically bound to the substrates. All initiator molecules should be bound to

the surface and the substrate has been washed and sonicated extensively in a good

solvent (water) between the synthesis and the measurements. The polymerisation is

thus less controlled than the polymerisation of e.g. pNIPAM.

Figure 6.5: TIR Raman images of a pDMAEMA-b-pNIPAM film at the silica–water
interface. The copolymer is shown in red and water in green.

Table 6.2: Centres and FWHM of the transmission bands of the tunable filter for the
angles used to reconstruct the images shown in figure 6.5.

Filter angle centre / cm−1 FWHM / cm−1

0∘ 2938 507
5∘ 2911 507

10∘ 2850 509
15∘ 2750 511
20∘ 2621 513

6.3.2 Influence of temperature on a pDMAEMA-b-pNIPAM

film

The influence of temperature on the spectrum of pDMAEMA-b-pNIPAM films was

studied by recording Raman spectra at temperatures ranging from 15 ∘C to 49 ∘C. In

between measurements, the sample cell was warmed up to the next temperature point

and given 10 minutes upon reaching the set point to equilibrate before the measure-

ment. The background-subtracted Raman spectra of a pDMAEMA-b-pNIPAM film

at different temperatures are shown in figure 6.6.

An increase in the intensity of Raman bands with increasing temperature is ob-

served in the fingerprint and CH region. Within the fingerprint region, a signal

increase is observed in the Amide I region around 1650 cm−1 and in the band at

1452 cm−1 assigned to a methylene scissoring mode. Similar increases were also ob-

served during the phase transition of grafted pNIPAM presented in section 4.3.2. The

band associated with the ester group of pDMAEMA (∼1727 cm−1) shows a smaller

increase in intensity than the amide. This is consistent with the absence of thermore-

sponsive behaviour in the pDMAEMA block. As it is closer to the interface, even

a small movement towards it would have resulted in a stronger signal increase. The
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Figure 6.6: SY-polarised TIR Raman spectra of a pDMAEMA-b-pNIPAM film in the
CO (left) and CH (right) regions, collected at different temperatures ranging from
15 ∘C to 49 ∘C.

increase of the signals in the CH region with temperature is shown in figure 6.7 and in-

dicates a contraction of the polymer film towards the interface. The variability in the

data can be attributed to the non-uniform polymer distribution shown in figure 6.5.

Small changes in the hemisphere position during the temperature ramp might lead

to different signal intensities as different areas are probed. The behaviour matches

the one of grafted pNIPAM during the temperature increase but with a magnitude

similar to a thin film (see figure 4.15). No shift of the peak positions was observed in

the CH region. A pNIPAM film is expected to show a shift towards lower wavenum-

bers during the temperature increase. This change, however, was shown to be mild

(−0.1 cm−1/∘C, section 4.3.2). It is thus possible that it was not detected for the

weaker transition in pDMAEMA-b-pNIPAM.

Figure 6.7: Change in intensity of the CH region in the TIR Raman spectrum of a
grafted pDMAEMA-b-pNIPAM layer as a function of temperature.

The phase transition in the pDMAEMA-b-pNIPAM film shows feature changes

similar to grafted pNIPAM. This confirms that the pNIPAM block is thermorespons-

ive. It is not possible to determine a clear transition temperature since the changes

are happening more gradually than in a pure pNIPAM film. This could be an op-
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tical effect as the pNIPAM chains are further away from the interface compared to

chapter 4. As outlined in chapter 1, the sensitivity of TIR Raman spectroscopy drops

exponentially with the distance from the interface, reducing the impact of changes

in pNIPAM on the recorded spectrum. An additional contribution to the observed

behaviour could be the hydrophilic pDMAEMA block shifting the phase transition of

the pNIPAM block towards higher temperatures. A similar effect has been reported

by Cunliffe et al. although for statistical copolymers of N -isopropylacrylamide and

acrylamide. [268] The potential impact of the pDMAEMA block on the phase trans-

ition of pNIPAM could be investigated by studying temperature-induced changes in

free pDMAEMA-b-pNIPAM. Based on this behaviour, I decided to study cargo ad-

sorption between 20 ∘C and 45 ∘C. This temperature range will allow me to probe the

biggest difference between the two states of pDMAEMA-b-pNIPAM.

6.3.3 Interaction between pDMAEMA-b-pNIPAM films and

cargo molecules

This section summarises the results of the interactions between pDMAEMA-b-

pNIPAM films and benzamide, deuterated malonamide and potassium thiocyanate.

The two uncharged cargos (benzamide and d-malonamide) are studied even though

mainly electrostatic interactions are expected with the diblock copolymer in order to

better compare this polymer the previous ones. An equilibrium adsorption isotherm

was collected for each cargo molecule at 20 ∘C and 45 ∘C. Data recorded at low and

high temperature is visualised with blue and red dots, respectively, alongside a dotted

line showing the Raman signal intensity of the cargo molecules as a function of the

bulk concentration.

Interaction between a pDMAEMA-b-pNIPAM film and benzamide

The adsorption isotherms for benzamide on a pDMAEMA-b-pNIPAM film were

recorded at concentrations ranging from 11 mM to 60 mM at 20 ∘C and 45 ∘C. The

data is shown in figure 6.8.

Across the isotherms, the concentration of benzamide is increased inside the poly-

mer brush. The surface excess increases linearly with increasing bulk concentration

at both temperatures in the range of concentrations studied. The surface excess is

similar at both temperatures and reaches 50 µmol m−2 and 46 µmol m−2 at a bulk

concentration of 60 mM at 20 ∘C and 45 ∘C, respectively.

pNIPAM and polyvaline showed a slight enrichment of benzamide inside the

films that did not change significantly with temperature. The surface excess on the

pDMAEMA-b-pNIPAM film, however, was an order of magnitude higher than it was

for pNIPAM and polyvaline. Still, similar quantities of benzamide are adsorbing at

both temperatures. Release kinetics might still differ between 20 ∘C and 45 ∘C de-

pending on whether the cargo has to diffuse through an open or a collapsed pNIPAM

layer. The binding mechanism is not clear since no changes were observed in the

fingerprint region.
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Figure 6.8: Adsorption isotherm of benzamide onto pDMAEMA-b-pNIPAM at 20 ∘C
( ) and 45 ∘C ( ). The dotted line shows the signal intensity expected if the bulk
concentration continued up to the surface (left). The bound amount of benzamide is
calculated from the difference between an isotherm on clean silica and the equilibrium
adsorption isotherm on the pDMAEMA-b-pNIPAM brush (right).

Interaction between a pDMAEMA-b-pNIPAM film and d-malonamide

The interactions between a pDMAEMA-b-pNIPAM film and d-malonamide was

studied for concentrations ranging from 10 mM to 250 mM at 20 ∘C and 10 mM to

180 mM at 45 ∘C. The resulting isotherms are shown in figure 6.9.

Figure 6.9: Adsorption isotherm of d-malonamide onto pDMAEMA-b-pNIPAM at
20 ∘C ( ) and 45 ∘C ( ). The dotted line shows the signal intensity expected if the bulk
concentration continued up to the surface (left). The bound amount of d-malonamide
is calculated from the difference between an isotherm on clean silica and the equilib-
rium adsorption isotherm on the polyvaline brush (right).

At low temperature, the concentration of d-malonamide inside the layer is in-

creased compared to the bulk concentration. This difference increases with increasing

bulk concentration and a surface excess of 12 µmol m−2 is reached at a bulk concen-

tration of 250 mM. A similar behaviour is recorded at 45 ∘C where the concentration

of malonamide in the film starts at a bulk concentration of 150 mM to reach a sur-

face coverage between 5 and 12 µmol m−2. As a consequence, it could be possible to

capture d-malonamide at both low and high temperatures. Similarly to benzamide,

the collapsed pNIPAM layer might lead to different release kinetics.
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No change were detected in the band position of the C−D stretch of d-malonamide

or in the C−−O stretch of the diblock polymer. This suggests that the binding is not

though hydrogen bond formation between malonamide and the polymer.

Interaction between a pDMAEMA-b-pNIPAM film and potassium thiocy-

anate

The interactions between potassium thiocyanate and a pDMAEMA-b-pNIPAM

film were studied for concentrations ranging between 10 mM and 250 mM at 20 ∘C

and 45 ∘C. The calculated isotherms are presented in figure 6.10 together with the

expected Raman intensity of KSCN as a function of bulk concentration.

Figure 6.10: Adsorption isotherm of KSCN onto a pDMAEMA-b-pNIPAM film at
20 ∘C ( ) and 45 ∘C ( ). The dotted line shows the signal intensity expected if the
bulk concentration continued up to the surface (left). The bound amount of KSCN is
calculated from the difference between an isotherm on clean silica and the equilibrium
adsorption isotherm on the diblock brush (right).

The isotherms show that potassium thiocyanate binds strongly to the pDMAEMA-

b-pNIPAM film at both temperatures. The concentrations inside the film are signi-

ficantly higher than the bulk concentration. This difference increases with increasing

bulk concentration. This increase in surface excess appears to reduce at higher bulk

concentrations at 20 ∘C. The surface excess first increases from 15 to 39 µmol m−2

between bulk concentrations of 10 and 75 mM and reaches 45 µmol m−2 at 250 mM.

The data suggests that a concentration limit inside the brush is reached but more

data points are necessary to confirm this assumption. The surface excess at 45 ∘C

is consistently higher than at 20 ∘C. The surface excess also increases with bulk

concentration over the entire range studied and reaches 131 µmol m−2 at 250 mM.

Potassium thiocyanate did not show any binding onto pNIPAM or polyvaline

films. This behaviour is in stark contrast to the results for pDMAEMA-b-pNIPAM.

The data presented in this section suggests that it would be possible to load a film of

pDMAEMA-b-pNIPAM with KSCN at 45 ∘C and release a fraction of this cargo by

reducing the temperature to 20 ∘C.

There were no changes in the fingerprint region of pDMAEMA-b-pNIPAM during

the adsorption of KSCN. Binding to the amide or methacrylate groups is expected to
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lead to changes in this region. There was also no change in the peak shape or position

of the SCN– signal at 2060 cm−1.

Figure 6.11 shows Raman images of the pDMAEMA-b-pNIPAM film in contact

with a 250 mM solution of KSCN at 20 ∘C and 45 ∘C. The centres and FWHM of

the transmission bands for the filter angles used for those images are summarised in

table 6.3. The images of the polymer show high intensity areas as seen in figure 6.5

above. The KSCN image shows a relatively uniform distribution across the image.

This implies that the cargo is not more concentrated in the parts of the polymer that

show a higher intensity. The image overlapping the two distributions consequently

has red spots in the areas where the polymer shows a higher intensity. The uniform

distribution of KSCN is not due to contributions of the bulk phase since the amount

of the molecule inside the brush is significantly higher than the bulk concentration

(see figure 6.10).

Figure 6.11: TIR Raman images of a pDMAEMA-b-pNIPAM film and KSCN at 20 ∘C
(top) and 45 ∘C (bottom)

Table 6.3: Centres and FWHM of the transmission bands of the tunable filter for the
angles used to reconstruct the images shown in figure 6.11.

Filter angle centre / cm−1 FWHM / cm−1

0∘ 2938 507
10∘ 2850 509
15∘ 2750 511
30∘ 2271 523
35∘ 2048 530
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6.4 Conclusion

In this chapter, I presented films of a block copolymer poly((2-dimethylamino)

ethyl methacrylate)-b-poly(N -isopropylacrylamide) grafted from a silica surface. TIR

Raman spectroscopy was used once again to study the impact of temperature changes

on the polymer and its interaction with cargo molecules. pDMAEMA-b-pNIPAM

was designed to provide a stronger driving force for adsorption using long range

electrostatic and dipolar interactions. TIR Raman imaging showed that the layer was

less uniform than the pNIPAM and polyvaline films shown in the previous chapters.

The pDMAEMA-b-pNIPAM layer was found to be thermoresponsive. The trans-

ition was however milder than in pure pNIPAM films and no clear temperature trans-

ition was found. This is consistent with the general behaviour of polymer films ob-

served in this thesis. Based on the temperature behaviour, 20 ∘C and 45 ∘C were

chosen for the study of the adsorption of cargoes onto the films.

The interaction between the layer and the three cargo molecules was studied. In

contrast with pNIPAM and polyvaline, all the cargoes studied were found to adsorb

onto the layer. Benzamide adsorbed onto a pDMAEMA-b-pNIPAM layer at both

temperatures and reached a surface coverage of 50 µmol m−2 at a bulk concentration

of 60 mM. d-malonamide was also found to adsorb to the polymer at both temper-

atures albeit with a smaller surface coverage of 12 µmol m−2 at 250 mM. Out of the

three cargo molecules, potassium thiocyanate binds the strongest onto pDMAEMA-

b-pNIPAM films. It binds onto both states of the polymer but more strongly at

higher temperature (up to 130 µmol m−2 at 250 mM at 45 ∘C). TIR Raman images

showed that KSCN was uniformly distributed in the layer and was not adsorbing more

strongly onto spots of higher polymer density.

This chapter has demonstrated that pDMAEMA-b-pNIPAM is capable of binding

relatively large amounts of certain cargo molecules. The degree of adsorption changes

with temperature, showing that pDMAEMA-b-pNIPAM is a potential candidate for

the temperature-dependent capture and release of cargo molecules.
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Smart surfaces have attracted a lot of interest as they have the potential to deliver a

complex response to stimulation in a wide range of fields from biomedical applications

to material science. A lot of work — both experimental and theoretical — has been

carried out in order to understand the underlying mechanisms. This thesis seeks to aid

the development of soft matter-based surfaces by designing methods for monitoring

the uptake and release of cargo from thermoresponsive systems.

As part of this thesis, I developed synthetic methods for grafting three polymers

— pNIPAM, polyvaline and pDMAEMA-b-pNIPAM — from silica substrates. I then

studied their temperature response and their interactions with three cargo molecules:

benzamide, d-malonamide and KSCN. I furthermore presented a procedure for the

coadsorption of DDAB and d-SDS to silica. TIR Raman spectroscopy proved to be

a powerful technique for probing the phase transition in grafted polymers, showing

changes on a molecular level such as the dehydration of amide groups. Through

isotherms, it was possible to gain quantitative and qualitative information on the

species at the solid-water interface. The technique was sensitive enough to detect low

cargo surface excess in the range of µmol m−2. The filter-based Raman imaging proved

to be a useful tool to assess the spatial distribution of the components on substrate,

providing e.g. information on the homogeneity of surface grafted polymers. It was of

particular use for the diblock copolymer where it revealed that the synthesis resulted

in inhomogeneous films while the distribution of adsorbed cargo did not match the

polymer topography.

The work on mixtures of DDAB and d-SDS showed that mixed vesicles of cationic

and anionic surfactants can be used to transport an anionic surfactant to a negatively

charged surface. On its own, d-SDS does not adsorb to silica but, together with

DDAB, the inter-surfactant interactions overcome the repulsion between d-SDS and

silica leading to a coadsorption of the two surfactant species. TIR Raman spectroscopy

revealed that the composition of the mixed layer does not follow the surfactant-ratio

in bulk. The highest amount of d-SDS adsorbs from mixtures where its concentration

in the bulk phase is just below the equimolar ratio. A mechanism for this behaviour

was proposed where the concentration of free DDAB is low enough to not change the

charge of silica significantly during its adsorption. This would otherwise prevent the

mixed vesicles from fusing to the surface. At the same time, the mixed vesicles are

still overall positively charged and thus able to fuse to the surface.

The work on pNIPAM layers showed that the temperature-induced phase trans-
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ition was broader than the one observed in bulk, as expected. Even though the

hydrophobicity of the pNIPAM layer changed across the phase transition, it did not

lead to selective adsorption of any of the studied cargo molecules. This is potentially

caused by pNIPAM being too hydrophobic in either state, preventing selective cargo

adsorption. The next step was the study of polyvaline which is less hydrophobic

than pNIPAM but is also expected to show some thermoresponsive behaviour due to

the presence of isopropyl groups. The adsorption of cargo molecules, however, was

comparable to the observation with pNIPAM. This led to the development of the

diblock copolymer pDMAEMA-b-pNIPAM. The aim was that cargoes could interact

with the cationic bottom layer, pDMAEMA, while the conformation of the top layer,

pNIPAM, restricts diffusion between the bottom of the polymer and the bulk phase.

The surface excess of each cargo was larger than observed for pNIPAM and poly-

valine. In the case of potassium thiocyanate, the surface excess was nearly double at

45 ∘C compared to 20 ∘C. TIR Raman spectroscopy indicated some chain collapse at

high temperatures which was expected to lead to a smaller amount of KSCN inside

the layer. At the same time, no changes were observed in the CH region during the

transition or the adsorption. This implies that there was no major change of structure

in the layer such as a migration of the top layer towards the interface exposing the

pDMAEMA block, as had been reported by Wang et al. for another pNIPAM-based

diblock copolymer. [269]

The findings on the interactions between the diblock copolymer pDMAEMA-b-

pNIPAM and the cargo molecules highlight the sensitivity of TIR Raman spectroscopy

and its ability to detect cargo molecules bound to surface-grafted polymer films. It

follows that the lack of observed selective binding of the cargo molecules to layers

of pNIPAM and polyvaline is not due to an insufficient sensitivity of TIR Raman

spectroscopy. The three different cargo molecules studied in this work are thus not

binding to surface-grafted layers of either pNIPAM or polyvaline.

While TIR Raman spectroscopy allowed the quantitative detection of e.g. cargo

molecules, it might be necessary to employ complementary techniques to gain a full

understanding of the processes in the polymer layers. For example, in situ AFM

measurements can reveal in layer’s topography. Neutron reflectometry could provide

information on the changes in the layer profile during temperature increase and cargo

adsorption. The method for grafting polymers from silane-terminated silica imposes

limitations on the accessible pH-range to ∼5–7. Working outside this range can

cause hydrolysis of the silane groups leading to the detachment of polymer chains.

Alternatives need to be investigated if an extension of the pH range is desired.

I believe that this thesis presents useful methodologies and techniques for the

study of responsive films at interfaces and their interactions with cargo molecules.

The multilayer model has the potential to be a useful tool for determining thin film

thicknesses as part of TIR Raman measurements. However, more work is required

to validate its results. The synthetic protocols presented here can be valuable for

the preparation of similar responsive systems. Future work should focus on diblock

copolymers such as pDMAEMA-b-pNIPAM since it showed the highest potential for

cargo capture and release. It will be interesting to study the kinetics of KSCN adsorp-
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tion and release from pDMAEMA-b-pNIPAM. Experiments could include mixtures

of cargoes to study competitive adsorption onto the polymer. It should be possible

to carry out these studies with the techniques employed in this thesis. As mentioned

above, a detailed study of structural changes might, however, require a wider range

of techniques. Theoretical work might also provide valuable insight into intra- and

inter-polymer as well as polymer-cargo interactions. Together the different techniques

will aid the design of novel responsive cargo-polymer systems.
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NMR of N-carboxyanhydride of valine

Figure 8.1: NMR spectrum of N-carboxyanhydride of valine.
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Deuteration of malonamide
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[195] F. Rodŕıguez-Ropero, T. Hajari, and N. F. A. van der Vegt. Mechanism of

Polymer Collapse in Miscible Good Solvents. The Journal of Physical Chemistry

B, 119(51):15780–15788, 2015.

[196] A. Pica and G. Graziano. An alternative explanation of the cononsolvency of

poly(N -isopropylacrylamide) in water-methanol solutions. Physical Chemistry

Chemical Physics, 18:25601–25608, 2016.

[197] Y. Katsumoto, T. Tanaka, K. Ihara, M. Koyama, and Y. Ozaki. Contribu-

tion of Intramolecular C=O···H-N Hydrogen Bonding to the Solvent-Induced

Reentrant Phase Separation of Poly(N -isopropylacrylamide). The Journal of

Physical Chemistry B, 111(44):12730–12737, 2007.

[198] J. Dybal, M. Trchová, and P. Schmidt. The role of water in structural changes

of poly(N -isopropylacrylamide) and poly(N -isopropylmethacrylamide) studied

by FTIR, Raman spectroscopy and quantum chemical calculations. Vibrational

Spectroscopy, 51(1):44–51, 2009.

[199] Y. Tang, Y. Ding, and G. Zhang. Role of Methyl in the Phase Transition

of Poly(N -isopropylmethacrylamide). The Journal of Physical Chemistry B,

112(29):8447–8451, 2008.

[200] B. Sun, Y. Lin, P. Wu, and H. W. Siesler. A FTIR and 2D-IR Spec-

troscopic Study on the Microdynamics Phase Separation Mechanism of the

Poly(N -isopropylacrylamide) Aqueous Solution. Macromolecules, 41(4):1512–

1520, 2008.
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