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Abstract

We revisit the pH-induced conformational structure of poly(methacrylic) acid (PMAA)
chains in dilute solution using a combination of fluorescence techniques: non-
radiative energy transfer, fluorescence lifetime, and time-resolved anisotropy. These
measurements are supplemented with dynamic light scattering and transmission
electron microscopy experiments. The filuorescence lifetime results suggest that the
PMAA has a more complex structure than previously considered, with graded
changes in density in the collapsed state (low pH). Such structure also suggests that
the swelling of these dilute chains is of a progressive nature, with the outermost
parts responding to the changing pH before the central regions, rather than a

simultaneous swelling.

We have used neutron reflectometry to characterize the volume fraction-depth
profiles of poly[(diethyl amino)ethyl methacrylate] (PDEAMA) and poly(methacrylic)
acid (PMAA) brushes in aqueous solution as a function of pH. The polymers were
synthesized by atom transfer radical polymerization in order to create a dense brush
layer. In the case of PDEAMA .the brushes are collapsed at high pH, and swell at a
pH of between 3 and 4. The depth profiles of swollen brushes have an unusual
shape, with depletion in brush concentration close to the substrate, which increases
away from the substrate. Such a profile is unexpected for weak polyelectrolytes and
we propose that entanglements created during the growth of the brush are an
important consideration, creating a long-lived metastable equilibrium.

The PMAA brush was exposed to a pH cycle, showing a collapsed and expanded
brush at low and high pH values respectively.

In addition, we introduce and test here a new technique as a means to measure
interactions between polymer networks and brushes when immersed in aqueous
solution. The important feature offered by this technique is that measurements are
performed in situ. We have performed measurements showing that there is a
difference between the behaviour of PMAA gel/blank silicon and PMAA gel/brush
systems. These early results show interactions occurring at the interface between
gel and brush, which may be due to adhesion.
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Symbols and abbreviations

Symbols and abbreviations
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Chapter 1

Introduction

Polymer is a generic term used to describe very long molecules consisting of
structural and repeating units connected by covalent chemical bonds. The term is
derived from the Greek words: polys meaning many, and meros meaning parts.’
The key feature that distinguishes polymers from other molecules is the repetition of
many identical, similar, or complementary molecular subunits calied monomers in
these chains. Polymers have replaced natural materials for many applications and
indeed most of the things surrounding us in everyday life are or include polymeric
materials.

An important type of polymers are polyelectrolytes: polymers bearing ionizable
groups which in polar solvents can dissociate into charged polymer chains leaving
ions (counterions) in solution. Very often the polar solvent is water. Because of their
fundamental importance in biology and biochemistry, and their hydrosolubility,
polyelectrolytes have been the subject of continued interest since the early days of
polymer science.>®> Well-known examples of such systems are proteins, nucleic
acids and synthetic systems such as sulfonated polystyrene or poly(methacrylic)

acid.

This thesis is focused on the study of weak polyelectrolytes in solution. Weak
polyelectrolytes are polyelectrolyte whose charge fraction is not fixed but is
controlled by the pH of the solution. Such responsiveness to pH is responsible for
the chains to pass from coiled to expanded structures in poor and good solvent
conditions respectively, and do so in a reversible manner. Reversible behaviour is
central to many device functions in the way that on/off switches are most useful
when they can be used repeatably. Thus, polyelectrolytes can be used as the
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building blocks of more complex structures in order to create ‘smart systems,
emphasizing switchability and reversibility.

On the macroscopic scale, responsive gels (networks), formed by crosslinked
polyelectrolytes, can pass from a collapsed to a swollen state and vice versa upon
variations in pH. Such stimuli—responsive features coupled with their elastic
properties can be utilized for numerous technological applications such as

biomaterials,® drug delivery systems,”® 1011

surface patterning, and actuators for
artificial muscles® among others. At the nanoscale, general interest is found in end-
functionalised polymers (attached with one end only to a substrate) as polymer
brushes. In such brushes the rest of the polymer is not particularly attracted to (or
repelled from) the grafting surface. Thus, it attains a random coil structure in the
surrounding area of the surface at low grafting densities. At high grafting densities a
brush-like structure is formed. The incentive to investigate such terminally attached
polymers arises from their improved route to stabilize particles and surfaces against
flocculation, compatibilization between organic and inorganic materials and
lubrication.? Such applications are greatly enhanced when polyelectrolytes are
used for the grafted layers, since they provide ‘switchability’ with potential uses as

actuators in nanotechnologies, > including pH-controlled wetting and adhesion.

One way to achieve adhesion between an inorganic substrate and a polymer
network is by chemically grafting polymer chains (i.e. polymer brushes) to the
substrate. When the brush and network are placed in contact, the grafted chains
would entangle with the network to create adhesion. O’Connor and McLeish™
introduced the term ‘Molecular Velcro’ to describe such entanglement. The mesh of
the network plays the role of the loops in Velcro whereas the grafted chains of the
polymer brush act like the hooks. A schematic diagram of ‘Molecular Velcro’ is

shown in Fig.1.1

Loops

Polymer
network

Polymer brush Hooks

Fig. 1.1 Schematic diagram showing a ‘Molecular Velcro’ formed by a polymer network
(tanned) placed in contact with a polymer brush (blue). The network would act like the
loops in the Velcro while the grafted chains of the brush would play the role of hooks. The
adhesion is achieved by entanglement of loops and hooks. The diagram is not to scale.
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The ‘Molecular Velcro’ shown in Fig.1.1 is an attempt to mimic a real Velcro (Fig.
1.2) at the molecular level

Fig. 1.2 Photograph of real Velcro where it can be seen clearly the
hooks (left hand side) and the loops (right hand side). Adapted from
http://en.wikipedia.org/wiki/Velcro

Molecular Velcro has been studied theoretically’® and experimentally.'®

Geoghegan et al'’

used polystyrene (PS) networks and brushes and via neutron
reflectometry measurements they observed that the growth of the interface was
logarithmic in time. Polydimethylsiloxane (PDMS) networks and brushes have been

used in other experiments.'®®

The ambitious objective of the present work is to apply ‘Molecular Velcro' to a
polyelectrolyte system and test its reversibility. Using polyelectrolytes (weak
polyelectrolytes) has an advantage over PS and PDMS systems regarding the
disentanglement process. As we have said previously, the grafted polymer chains
would entangle with the network to create adhesion. To disentangle, the grafted
chains must follow exactly the same path that they used to go into the network,
which is entropically forbidden. Thus, bond breakage is the only way to eliminate the
adhesion, which may destroy and/or vary the system. pH-responsive
polyelectrolytes systems offer the option to disentangle the strong interface by
simply switching the pH from bad to good solvent conditions and vice versa. In this
way the polyelectrolyte swelling (in good solvent condition) and contracting (in bad
solvent condition) favors the disentanglement-entanglement processes to take

place.

Consider a polyacid network in contact with a polyacid brush (e.g. poly (methacrylic)
acid (PMAA)) and immersed in aqueous solution. At high pH values the brush and
network will swell. If the pH is decreased the two should collapse together. The
brush and network may collapse around each other creating a strong interface:
adhesion. As the solvent is driven back to high pH, the two should swell, the

3
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swelling would make the network and polymer chains to disentangle without the
need of breaking preformed bonds. Indeed, studies of the interactions between a
PMAA brush in contact with a PMAA gel upon changes in pH constitute the last
chapter of this thesis.

Three separate research lines related to the goals of the project have been followed.
The first one involved a highly detailed study of the pH-induced conformational
transition of dilute poly(methacrylic) acid (PMAA) chains in aqueous solution via
fluorescence measurements. These results would be useful to compare to the
collapse and swelling of PMAA brushes as measured by neutron reflectometry. As it
turned out, the polybase poly[(diethyl amino) ethyl methacrylate] (PDEAEMA)
became the first candidate for the brush experiments, and these data have been
analysed by neutron reflectometry. In addition, a PMAA brush has been analysed
via neutron reflectometry. The third part of the work involved measuring the
adhesion between a PMAA network and brush.

This thesis is divided into two parts:

In Part 1, the necessary theoretical background concerning polyelectrolytes is
introduced. This part consists of Chapter 2 and Chapter 3. Chapter 2 introduces the
fundamental scaling laws of polymer physics for both neutral and charged polymer
chains. In Chapter 3 the theoretical tools necessary to understand the complex
behaviour of polyelectrolytes brushes and networks are given.

Part II presents the experimental work. This part includes Chapters 4,5,6,7 and 8.
Chapter 4 presents a description of sample preparation as well as the experimental
techniques. Neutron reflectometry is explained in detail. Chapter 5 is devoted to the
study of the conformational behaviour of single PMAA chains in dilute solutions via
fluorescence spectroscopy. Chapter 6 covers neutron reflectometry measurements
of PDEAMA and PMAA brushes upon changes in pH. Chapter 7 presents
preliminary results obtained from a PMAA network in contact with a PMAA brush as
a function of pH. Such preliminary results on the interactions between the two
constitute an initial stage from where the ultimate goal of adhesion can be achieved.
Future directions to follow for further characterization of the charged network/brush
system are also given in this chapter. Chapter 8 presents the conclusions to the
work presented here.

The thesis is finally completed with the appendices where short theoretical

considerations are covered in order to provide practical information to the reader.
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Chapter 2

Neutral and Charged
Polymers

To understand the conformational behaviour of charged polymers is one of the main
purposes of the work presented here. In order to study complex polyelectrolyte
systems such as brushes or gels, we have started with the simpler system: single
polyelectrolyte chains in solution. In this chapter we start introducing the
fundamental scaling laws that govern the behaviour of isolated neutral polymer
chains as well as polymers in solution. It follows with the general physics behind
charged polymer chains. In addition, important concepts commonly discussed in
work regarding polyelectrolytes in solution, such as counterion condensation and

electrostatic persistence length are explained.

21 NEUTRAL POLYMER CHAINS

2.1.1 The Polymer chain

As defined previously, a polymer is a molecule with high molecular weight consisting
of a number of structural units linked together by covalent bonds. Such structural
units are molecules called monomers.

In a linear polymer, the structural units are connected in a chain arrangement and
thus need only be bifunctional (i.e., have two bonding sites). When the structural
unit is trifunctional (has three bonding sites), a non-linear, or branched polymer
results. The number of monomers in the chains determines the molecular weight
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(M,), while the monomers employed in the sequence will determine the type of
polymer as well as the adopted structure.

2.1.1.1 Ideal polymer chain: the Freely Jointed Chain (Flexible Chain) and its
Gaussian limit.

The simplest model used to describe a polymer chain is the Freely Jointed Chain
model (FJC). In this model, the chain consists of N links or bonds defined by bond
vectors r; Each bond vector has a fixed length | r; | =a corresponding to the Kuhn
length and can rotate freely in space. Since each link has different orientation, the
path of the polymer in space is a random walk (similar to Brownian motion of
particles in a fluid).

The end-to-end vector R gives the characteristic size of a FJC. Since the possibility
of direction +R is as probable as a direction —R, the average < R > is zero thus the
end-to-end distances are expressed as < R?>. With the random walk model (RW),

the mean square displacement < R?>is proportional to N as
< R?*> =g’ N=La, (2.1)

where the contour length of the chain is given by L=Na .

The end-to-end distances are easily calculated for linear chains but not for branched
polymers. Consequently, a better approach to estimate the size of polymers is given
by the radius of gyration Ry defined as the root-mean-square (rms) distance of the
segments from the centre of mass

Ry’ =—a'N = % <R?>. (2.2)

Random polymer coils are often called gaussian chains because the distribution of
possible end-to-end distances is a gaussian distribution (in the limit of large N). In
such a distribution, the probability that a chain with N links which has one end at the
origin and its other end at a position R is given by

3

> _ap?2
- () ool )

where <R? >=a’N. Eq. (2.3) allows us to express the entropy of the chain as a

function of its elongation as
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3kgR?
R (2.4)

S(R)=S(0)-

where kg is the Boltzmann constant. When the elongation increases (stretched

polymers), the conformational entropy is lowered. Eq (2.4) can be rewritten in terms
of the free energy

3kgTR?

F(R) = F(0)+ e

(2.5)

This is an important equation since it describes the behaviour of the polymer chain
as an entropic spring. When it is stretched there is a restoring force proportional to
the extension. The origin of such a force is entropic, in other words, the random
walk model enables the polymer chains to maximize their conformational entropy.
The FJC model is schematically shown in Fig. 2.1

Arbitrary angle

Fig. 2.1 Freely jointed chain (FJC) model, where N bonds of length a are connected to form
a flexible chain. The angle between the link vectors is considered an arbitrary angle.The
end-to-end vector is R

2.1.1.2 Ideal polymer chains: the Freely Rotating Chain (Semi-flexible Chain)

A more general model for ideal chains is the freely rotating chain (FRC) model. In
this model different chain conformations are given by torsional rotations (given by /)
of the polymer backbone bonds of length b at fixed angle & This model is closer to
real synthetic polymers than the FJC model. In the FRC model, the correlations
between two neighboring bond vectors do not cancel and are given by

<fjrj>= b2 cosé. The mean end-to-end distances for this model in the limit of

long chains is given by’
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1+cosé

<R? >= Nb? .
1-cosé@

(2.6)

In the FRC model, the contour length is given by L=Nbcos(&2). The relation
between the Kuhn length a (given in the FJC) and the monomer size b is given by

st 1+cosé 57
cos(6/2)(1-coséb)’ 1

A typical bond angle value for saturated carbon backbones is 8 ~ 70°, which gives
the relation of a~ 2.5 b. With typical values of b~0.15nm, this yields a~0.38nm. In
the present work, the exposed models will be with flexible chains characterized by
the Kuhn length a. The FRC model is shown in Fig. 2.2

p=180°

Fig. 2.2 Freely rotating chain (FRC) model, where the chain consists of N bonds of
length b (monomer size), with fixed angles @, but with freely rotating torsional angles £.

Another important parameter is the persistence length £, which essentially describe
how far the polymer extends in a given direction before becoming random.* In other
words £, can be defined as the length over which the tangent vectors at different
locations on the chain are correlated. For the semi-flexible polymer model (FRC),
the correlations between tangent vectors exhibit an exponential decay with distance.
Taking into account this exponential decay the mean squared end-to-end radius can
be written in terms of its contour length L as °

-L
<R?>=21,L+202(e 7t ~1), (2.8)

where contour length L can be defined as the maximum end-to-end distance of a
linear polymer chain. From eq.(2.8) two limiting behaviors for R can be obtained
such as:

For long chains L >> £, the chain behaves like a flexible one and <R2>52{OL.
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For short chains L << ¢, the chain behaves like a rigid rod and <R*>=L.

Comparison of the scaling of FRC with the FJC (where £,=0 ) in eq (2.1) shows that
flexible chains can be described by a semi-flexible FJC model when a ~ ¢, and
N=L/,. For stiff chains £, tends to L.

2.1.1.3 Real polymer chain and the Self Avoiding Walk

In the FJC and FRC models, the polymer chain is allowed to intersect itself (each
link is a volume-less vector). In real polymer molecules, the monomer units occupy
a given volume and the chain cannot cross itself. We thus have a Self-Avoiding
Walk (SAW)

The mathematics of a SAW are more complex than that for a RW. Instead of the
expression < RZ>"?=a(N)"?, ina SAW < R*>">=a(N)" wherev > 0.5

The fact that two polymer segments cannot be in the same place at the same time
leads to a repulsive interaction called the excluded volume interaction.

The simplest model was developed by Flory®’ and takes into account both the
repulsive interactions due to excluded volume (which swells the chain) and the
elastic energy, which makes the polymer adopt the state of maximum entropy
(maximum entropy implies collapse of chains). The total free energy of a chain is

given by

Fr(R) N?  R?
keT ™ ¢ " " 2R3 Na? (29)

where T is the absolute temperature and v is the excluded volume constant. By

minimizing the total free energy Fr with respect to R we find

<R >x N33, (2.10)

Polymer coils, which have excluded volume, are said to be ‘perturbed’ (Rsaw ) while
the assumption of volume-less monomers gives ‘unperturbed’ dimensions (Rnw).8
Both dimensions are related to each other by the linear expansion factor a as
follows

12

<Ry > =a < Riw SV (2.11)

10
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2.1.1.4 Self-consistent mean Field Theory

The Flory theory is applicable to isolated polymer chains. In the more complicated
case of concentrated solutions, interactions between chains need to be accounted
for by a Mean Field Theory (MFT). Such theory is built around the concept of a test

polymer, which moves in the mean field generated by the other polymers in the
system.

Consider an ideal polymer chain (no excluded volume considered) as a random
walk with N steps of statistical length a (Fig. 2.1). For such a chain, a distribution
function I" can be defined in order to know the probability that the chain started at a
position R and finished at R'. The distribution function of a random walker in space

obeys a diffusion equation,® (a diffusion equation can be written as
d¢ 10t = DV24 where where #r.t) is the density of the diffusing material, t is time

and D is the constant diffussion coefficient). Consequently for an ideal isolated chain
a diffusion expression can be applied as

! 2
M=a_v2r(R,R'_N), (2.12)
oN 6

where the diffusion coefficient given by a%6 in the right side of the equation, relates
to the square of the Kuhn length a.

When the random walk is affected by a spatially dependent potential U(R), eq (2.12)
has to be modified since the statistical weights of different possible steps are
uneven via a Boltzmann factor. The altered diffusion equation can be written as

a(R.R.N) :fivzr(R,R',N)—MF(R,R',N). (2.13)
N 6 1

This is the basic equation of the self-consistent field theory and was first developed
by Helfand and Tagami in 1972."

in an interacting system, each component i.e. each polymer chain positioned at
certain R will be under a potential U{R) (whose form can be known if the positions
of the other polymer chains in the system are known) and have a distribution
function I' ; obeying eq (2.13). As a result there are as many differential equations
as chains are present in the system, yielding an unsolvable system of coupled
equations. However, the system can be simplified by assuming that every polymer

chain of the same chemical type experiences an average, mean-field potential U(R).

11
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The assumption of this mean field potential is called mean-field theory and has
overcome most of the complexity of eq.(2.13).

2.1.2 Polymers in Solution

2.1.2.1 Good and bad solvent and the theta condition

The conformation of a polymer chain in solution depends on the solvent quality,
concentration and temperature. In order to take into account the solvent quality,
interaction between polymer segments and neighbouring solvent molecules must be
considered. The segment-solvent interaction is conveniently described by the Flory-

Huggins interaction parameter'"'? y as

4 Z(2z<:pS —Epp —Ess ) (2.14)

" 2KgT

where z is the number of close neighbours for each solvent molecule or polymer
segment. &5 is the is the energy of interaction between a neighbouring polymer and

a solvent segment, and g, and &s are the energy of interaction between two
neighbouring polymers and two solvent molecules respectively. The total interaction
energy can be written as a function of the end-to-end chain size as 2

N2
Uit = —kgT 20y Re +U;1(0), (2.15)

where the dependence on R is equal to that found in the repulsive term Frep Of the
total free energy given in equation (2.9). Upon combining F., in €q.(2.9) and
eq.(2.15) an expression regarding the excluded volume and solvent interactions

attractive energy can be obtained as

N2

The quality of the solvent depends on the value of y:
a) x<1/2: The repulsive free energy dominates in eq.(2.16), therefore the statistical
interaction between the units of a polymer chain is repulsive. Chain segments prefer

to be surrounded by solvent molecules rather than other polymer segments. In order

12
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to maximise the number of segment-solvent contacts the polymer chain expands

with a radius R~N ¥ This is referred to as ‘good solvent’ behaviour. In such

conditions the expansion factor « (eq (2.11)) is greater than 1. y may be negative.

b) x=1/2. The repulsive free energy is the same as the energy due to
polymer/solvent interactions and they cancel. The polymer chain is an ideal random
walk, with R~N"2. This is known as the ‘theta condition’. From eq.(2.11) in theta
condition a=0.

c) x>1/2: The attractive term due to polymer/solvent interactions dominates in
eq.(2.16) with respect to the repulsive term. The chain segments prefer to be
surrounded by other chain segments rather than by solvent molecules. In order to
minimize the contact between polymer-soivent segments, the chain collapses to
form a globule. This condition is known as ‘poor solvent’. From eq.(2.11) in ‘poor

solvent’ condition a<1. In the case of very ‘poor solvent’ conditions R~N ",

2.1.2.2 Concentration regimes: dilute, semidilute and concentrated

The interaction between polymer molecules in solution depends strongly on
concentration. Concentration regimes can be separated into three categories: dilute,
semidilute and concentrated.

In dilute solutions the polymer chains are well separated and they do not interact
with each other. Each chain can be considered as a sphere of radius R occupying a
finite volume V~R®. As the concentration of polymer c is increased, a point is
reached where the coils begin to be densely packed and as a result they overlap.
This threshold is called the coil overiap concentration ¢”. Such a threshold is not
sharp; it is more like a region of crossover between the dilute and semidilute
regimes.’ It is expected from ¢ to be comparable with the average concentration

inside a coil as

« N
~ o

-, (2.17)

c

--), while in a theta solvent ¢ ~ N2

where in a good solvent ¢” ~ N*® (¢* ~ NFP

N

(c* = —‘T/z_)?)'1 It is convenient to express the threshold in terms of the polymer
(N

13
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volume fraction ® because for a polymer in the absence of solvent ®=1. As well as
in concentration @ is defined as the overlap volume fraction. For large values of N,
®" is very small, for instance if N~1000 then in a good solvent ®° ~ 10°°. Since @° <<

1, the overlap already occurs at very low polymer fraction.

In semidilute solutions ®*<<d<<1, the coils are overlapping and entangled. The
existence of the regime of semidilute polymer solutions is a specific polymer feature,
for low molecular mass solutions such a regime does not exist because small
molecules cannot ‘overlap’.

When the chains swell in good solvent above the overlap ¢” or ®° the solution enters
the concentrated regime, where the density fluctuations become very small. As the
polymer concentration increases in the region ¢ > ¢*, the coil swelling gradually

diminishes and finally it vanishes in the melt (coils are ideal in the melt, R~N'?).

A diagram of polymer chains in dilute, semi-dilute and concentrated solutions is
sketched in Fig.2.3.

c<c’ c=c’ c>c’ )
Dilute solutions Semi-dilute solutions Concentrated solutions
I I I i
| | | | &
0 O* <<1 ' O << <<1 0.2 1

t
@ ~ N** ( good solvent) Polymer mel

@~ N'?( o conditions)

Fig. 2.3 Schematic diagram of the arrangement of polymer chains in different concer_'ltration
regimes : dilute, semi-dilute and concentrated. The concentration where the polymer coils start
to overlap is c”. It is also shown the crossover between the regimes as a function of polymer
volume fraction ®.

14
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2.2 CHARGED POLYMERS: POLYELECTROLYTES

2.2.1 Introduction.

A polyelectrolyte (PE) is a polymer where a fraction f of its monomers is charged.
When PE are dissolved in solution, they dissociate into charged polymer chains and
a cloud of free, mobile counterions carrying opposite charges. Such
macromolecules appear in numerous industrial applications as well as in biological
systems.

When the charge fraction fis not fixed but varies depending on external factors such
as the pH of the solution and added-salt concentration, the PE is weakly charged.
When the number of charged units f is fixed the polyelectrolyte is strongly charged.
This charged structure is referred to as the polyion.*

In the case of a strong PE, the total charge as well as its specific distribution along
the chain is fixed and imposed by chemistry, i.e. by polymer synthesis. In the
polymerisation process strong acidic and neutral monomers are used as building
blocks. The acidic monomers dissociate into positively charged protons (H") upon
contact with water. Such ions bind to water molecules and negatively charged
monomers. This process charges the polymer molecules, however the electro-
neutrality of the PE in solution is kept by the counterions. The number of
counterions is equal to the number of charged monomer units. Typically the solvent
also contains a salt and so the total number of counterions is f plus the numbers of
positive ions from the salt (called co-ions). Counterions are always present in
polyelectrolyte systems and are attracted to the charged polymers via long-ranged
Coulomb interactions. In strong PEs the charge distribution is characterized by the
fraction of charged monomers in the chain f Examples of strong PE are
poly(styrene sulfonate sodium salt) (PSSNa) and poly(4-vinyl-N-methylpyridinium
iodide) (MePVP).

In the case of weak PE, the total charge of the polymer is not fixed and can be
controlled by the pH of the solution. The distribution of charges is then an annealed
variable, which is why weak PE are also known as ‘annealed’ PE. The charge
distribution along a weak PE is not homogeneous due to chain end-effects and the
non-homogeneous distribution of monomers in solution." Examples of weak
polyelectrolytes are the polyacid poly(methacrylic acid) (PMAA) and polybase
poly((diethylamino)ethyl methacrylate) (PDEAMA).

15
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A schematic picture of a polyelectrolyte molecule in solution is shown in Fig.2.4

/ Coulomb interaction

Neutral monomer units ——> Charged monomer units () + Counter ions (=)

Fig. 2.4 Schematic diagram of a positively charged polyelectrolyte in solution. It is shown a

counterion unit for each charged monomer unit

Another classification of PE can be made according to the type of charges.
Following this classification there are anionic and cationic PE, and polyampholytes
which is a PE containing both anionic and cationic groups.

2.2.2 Interaction between charged objects

In the previous section it has been shown how excluded volume effects are the only
important interactions in neutral polymers. The statistics of PE chain conformation is
governed by intra-chain Coulomb repulsion between charged monomers, as a
consequence the conformation of PE is more extended and swollen than that of
neutral polymer chains. In the case of weakly charged PE due to the small fraction
of links charged, the Coulomb interactions interplay with van-der-Waals interactions
of uncharged links. In strongly charged PEs, the only interaction to consider is the
Coulomb interaction due to the large fraction of charged monomers.

In general, the electrostatic interactions Feecrostat DEtWEEN tWo point-like charges

separated by a distance r can be expressed as
Fetectrostat (1) = Z1Z5Ve (1) = 242, = (2.18)
where z, and z, are the valencies or reduced charges in units of the elementary

charge e (e=1.6022 x 10" C) ; V.(r) is the Coulomb interaction between two

16
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elementary charge in units of kg7 and /g is the Bjerrum length . The Bjerrum length
denotes the distance at which the Coulombic interaction between two unit charges

in a dielectric medium is equal to thermal energy kg T and can be expressed as

eZ

" AmekgT

Ly (2.19)
where ¢ is the medium dielectric constant given by ¢ =g, &. ( being &. the medium
relative dielectric constant and &, the permittivity in free space). In water (pure water

at pH=7 contains 10”’M of H;0" ions and is therefore an electrolyte solution) at room

temperatures £z~ 0.7 nm.

2.2.3 Poisson Boltzmann and Debye-Hiickel Theory

A mean field theory approach to describe the distribution of counterions in PE

solution results in the Poisson-Boltzmann (PB) equation;'>"’

that is, the local
electrostatic potential #(r) at a distance r from the charge point is assumed to

satisfy the Poisson equation of electrostatics as

VA(¥(r)) = —SZn,-z, exp[— z_,e%;@) , (2.20)

where n; is the molar concentration of the i-th ion and z; is the valence or charge of
the j-th ion with the convention that z; < O for counterions and z;> O for co-ions.
Solutions of the non-linear PB equation (2.20) have been studied by
Chapman'®,Gouy'® and Debye and Huickel”. Debye and Hickel made an important
contribution to the theory of electrolytes by approximating eq (2.20) to a linearized
form called the Debye-Huckel equation

1
v? (¥pu(r)) = (—KT)2—<‘PDH(’ ). (2.21)
where ¥pyis the Debye-Hiickel potential and ¥ is the Debye length (also known as

screening length). «is given by

17
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20N\
K=(3K’i_,{J _(8xtgl) 2, (222)

2 1“5 - -

In biological systems, the aqueous solution usually contains mobile salt ions. Salt
ions of opposite charge are attracted by the system formed by charged monomers
and counterions. The effective (screened) electrostatic interaction Fp( r ) between
two charges zse and z.e in the presence of salt ions and a polarizable solvent can
be written as Coulomb interactions (in units of kgT) in the Debye-Huckel
approximation as

£l
For(r) = 21z, ¥pu(r) = 21z, —rB'eXP(—KT)- (2.24)

The main assumption used in the derivation of Debye-Hiickel potential is the relative
weakness of the Coulomb interactions. The Debye-Hickel potential becomes
inaccurate when the interaction between ions exceeds the thermal energy, at this
point non-linear effects become important.

2.2.4 Counterion Condensation

The behaviour of polyelectrolytes in solution is governed by the electrostatic
interactions between the polyions and low molecular ions in solution (counterions
and ions of added salt). The behaviour exhibited by such polyelectrolyte systems
differs from the behaviour of neutral polymers and small electrolytes in solution.

The PB distribution fails qualitatively in highly charged polyelectrolytes due to the
long-range character of Coulomb interactions. When the charge density of a rod-like

polymer exceeds the critical value of one electron charge e per Bjerrum length /g,

the electrostatic attraction of the polymer to its counterions becomes so strong that
a certain fraction of the latter condenses onto the polymer and effectively reduces its
charge density. Such a phenomenon was first predicted by Manning and

13,21-23

Oosawa and it is also named as Mannning condensation.
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Consider a single rigid PE chain represented by an infinitely long and straight
cylinder with a linear charge density p. A typical linear charge density reached with
synthetic PE is one charge per two carbon bonds, or equivalent one charge per
monomer p =e /a .For example for PMAA p~3nm’’ (a~0.3nm). In the initial state the
counterions are confined in the cylinder of radius r,; in the final state they are
confined with the cylinder of radius r, (Fig 2.5). This model does not take in account
several effects such as the interaction between polyions, the flexibility degrees of
freedom of the polyion and finite size effects.

Counterion

Fig. 2.5 Schematic diagram of a single rigid PE chain represented by an infinitely long and
straight cylinder with a linear charge density p =e /a, where a is the separation between charges
and e are the charges. In this model, the counterions (red molecules) go from an initial position

ry to a final position r,. For more clarity added salt ions are omitted in the picture.

The total free energy involved in the process shown in (Fig 2.5) comprises two
terms: the decrease in the average energy of attraction of counterions to the

charged line given by AE ~ eLInU—2
]

]with r>>r; and the gain in the entropy of
27e

translation motion as ASzln(—\‘(/-z-szn(r—z} The expression for the total free
1 n

energy is as follows

P I g .
= AE- S~ —1PKgTIn| 2 [=| =B —1[2kgTIn| 2|, (2.25
AF = AE —kgTA (e4 .~ ] 3 [rJ (a J B [J (2.25)
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lg . . .
where :B is defined as the Manning parameter £. When £ <1 the gain in entropy is

the most important contribution in eq. (2.25) and as a result, the counterions go to
infinity (in Fig. 2.5 ry,—»w). When &£ >1 the term due to energy of attraction between
charges dominates in (2.24), thus the counter ions approach the charge line and
‘condense’ on it. The condensed fraction is just sufficient to reduce the net charge

density until an effective charge density is reached Perr =€ / £g. When such an

effective density is reached, the Manning parameter is at its critical value & =£&=1,at
this stage the number of ‘condensed’ counterions neutralizes the charge of the line
to such extent that the condensation of counterions stops. All the remaining
counterions are floating in the solution. It can be concluded then that in the

presence of counterions, there is a threshold in the charge density given by Perr .

The concept of counterion condensation is fundamental to our understanding of
highly charged polymer systems. Such systems include DNA®* in both its double
and single-stranded (£=4.2 and £=1.7 respectively) forms and many synthetic
polyelectrolytes. DNA hybridization, DNA protein binding, and polyelectrolyte
surface adsorption are also examples of phenomena where counterion
condensation is deeply involved.?*? Numerous efforts have been made to describe
the interactions between polyions and its counterions as well as the distribution
function of such counterions in solution based on Manning's theory. The cell
model®? and the cluster model®®' are attempts to solve the counterion
condensation problem. For example, in the cell model, the total solution can be
partitioned into cells, each containing one polyion with the right amount of
counterions to render the cell neutral, and probably salt molecules too. Since each
cell is neutral, electrosatic interactions between them are neglected. Assuming a
homogeneous distribution of polyions, the celis will have approximately the same
volume. The cell model approximation consists in restricting the theoretical
description of the total system to just one cell. In this way, the many polyelectrolyte
problem is replaced by a one-polyelectrolyte problem.

Despite these models accurate analytical solutions have not been obtained (the PB
theory is generally considered to be better) and the structure and thickness of the
condensate and what precisely distinguishes it from the free (uncondensed) ions
remains unsettled. This makes the theoretical understanding of polyelectrolyte
systems to be less developed than the understanding of the properties of neutral

polymers.

20



Chapter 2. Neutral and Charged Polymers

2.2.5 Persistence length in polyelectrolyte solutions

The first breakthrough in treating semiflexible PEs analytically was made by Odijk*
and independently by Skolnick and Fixman® by introducing the concept of an

“electrostatic persistence length” {, The notion of persistence length which

measures correlations along the chain, is very useful in describing elastic properties
of semiflexible polymers in general, and PEs in particular. The Odijk, Skolnick and
Fixman theory (OSF) considered a stiff PE chain near the rod limit so that only small
excursions from linear conformation are relevant. Electrostatic interactions are
treated on a mean-field level and the assumption of* uniformly distributed charges
on the polymer is made. Within a linearized version of the Poisson-Boltzmann
theory, the interaction between any two charges on the rod-like PE is screened and
given by the Debye-Hiickel expression (eq (2.21)).

According to the OSF theory, the total persistence length of the polymer /; can be
written as a sum of two contributions: the bare persistence length £, (of the

equivalent uncharged chain) and an electrostatic one £, as

{p

Et =£O +£e =£O+4—,C¥2—,

(2.26)

{p

4x°a?

where =fosr=le is the electrostatic persistence length according to OSF

theory, a denotes the average distance between charges along the chain, /g is the

Bjerrum length and « is the inverse of the Debye length. Equation 2.26 is only valid
for polymer conformations which do not deviate too much from the rod-like
reference state (stiff chains) and for weakly charged polymers; for this expression

the electrostatic persistence length decreases inversely proportional with the

. . . - . - -2 1
increase in the solution ionic strength / since £oge~k™“~".

Many experiments on polyelectrolytes have been interpreted using the OSF theory
for intrinsically very stiff polyelectrolytes, like DNA* and poly(xylylene
tetrahydrothiophenium chloride).> Although it has been claimed that the theory is
also valid for long, flexible chains,®** jight scattering experiments on some flexible
polyelectrolytes systems do show deviations from the OSF theory pointing towards

a linear relation £e~x"'.%*° An objection to the OSF theory is the neglect of entropy.

Taking this into account, Barrat and Joanny" (BJ) showed, via computational
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Chapter 2. Neutral and Charged Polymers

calculations,"**® that when the chains are intrinsically flexible, the electrostatic

persistence length also yields the linear relation £.~x".

Since the OSF theory is strictly a mean-field theory, the effective interaction
between charges on the polymer is always repulsive.*** indeed, eq.(2.26) indicates
that the polymer becomes more rigid (favouring a stretched chain conformation) due
to electrostatics because fosr>0. However, under some conditions experiments

have shown that electrostatics may cause a reversed effect’®*” where enhanced
chain flexibility results from a negative electrostatic contribution to the total

persistence length. In order to consider such behavior, corrections to linearized

44,45 .48

Poisson-Boltzmann theory have been considered. Such corrections take into

account the effect of counterion condensation, the correlations between the ions
(which become more significant at lower temperatures) and thermal fluctuations of
the counterion density.*?

The validity of eq.(2.26) for chains that are intrinsically flexible has also been

questioned using computer simulations. Such simulations usually show deviations

from the OSF theory, and the exponent p in £~ ¥ may vary from 1.5,* down to

0.3-0.9.%° However results with p~1, in agreement with experiment, have also been
reported.>'*? At the present time there is still not available a simple theory for

computing £, for charged polymer chains with arbitrary stiffness.

2.2.6 Electrostatic Excluded Volume

In this section the self-avoidance of strongly charged polyelectrolyte chains is

considered. For short chains where length L << /; the end-to-end radius grows

linearly with the length R ~L. . In this case of short chains, self-avoidance does not

play a significant role.
In the case of long flexible PE, where L >> £, the electrostatic total free energy F°;

can be written as for a neutral chain in eq (2.9) using the Flory expression but

considering that for long flexible charged chains a ~ 4 and N~L/4

e 2
Fr(R) _pe  Foy MLLL&S)LrR_, (2.27)
kgT 2R Ley
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Chapter 2. Neutral and Charged Polymers

where F",e,, and F°, refers to the electrostatic repulsive interactions due to
electrostatic excluded volume and the electrostatic elastic energy, which makes the
polymer adopt the state of maximum entropy. By minimizing the electrostatic free
energy F °rin eq. (2.27) the optimal R can be caiculated as®

<R>xc L’ (2.28)

where v=3/5 which is the semi-flexible analogue of eq. (2.10).

2.2.7 Dilute polyelectrolyte solutions

As we have discussed for neutral polymer chains in section 2.1.2.3, the dilute
regime is defined by c< ¢” where ¢ and ¢ are polymer concentration and coil
overlap concentration respectively. For semi-flexible PEs in dilute regime, the
osmotic pressure (in terms of kg7) is given by

n-f,c (2.29)
z N

where f is the fraction of charged monomers in a polymer chain. The first term in
eq.(2.29) is the ideal pressure of non-interacting counterions. The second term
relates to the ideal pressure made by the polymer coils and, since this term behaves
as~N", it can be neglected for large N. The osmotic pressure in dilute solution of PE
comes mainly from counterion entropy; which explains why PEs can be dissoived in
water even when their backbone is very hydrophobic.

For neutral polymer chains there are no counterions in solution therefore in dilute
conditions, the osmotic pressure is given by the second term in eq (2.29).
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Chapter 3

Polyelectrolyte Systems:
Brushes and Hydrogels

Many properties of polyelectrolyte solutions are not dominated by the chain
conformations but by the counterions. In this chapter we discuss two examples of
this situation: the physics behind polyelectrolyte brushes and polyelectrolyte gels.
Together they form the components of our large system under study: polyelectrolyte
brush together with polyelectrolyte gel in both good and bad solvent conditions.

For polyelectrolyte brushes, sections containing general approaches for the
synthesis of brushes and scaling behaviour of neutral polymer brushes are included
for a better understanding of such systems. It follows with the physics behind strong
PE brushes and a particularly thorough section of weak PEs, as the study of weak
PE brushes is an important component of the present thesis.

As for brushes, for polyelectrolyte gels the present chapter consists of a description
of the general physics behind neutral and ionisable (weakly charged) polymer
networks. A brief section describing the physical properties of polymer networks is
also included.

3.1 INTRODUCTION TO CHARGED SYSTEMS

In both brushes and gels in solution, the polyelectrolyte chains occupy a small
region of space surrounded by solvent. This external solvent region acts as a
reservoir from which the small ions enjoy the freedom to diffuse in and out of the

polyelectrolyte region.
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Chapter 3. Polyelectrolyte Systems: Brushes and Hydrogels

in this scenario of two regions: reservoir and polyelectrolyte a situation of Donnan
equilibrium is reached.? Donnan equilibrium refers to the unequal distribution of ion
species between two ionic solutions separated by a semi permeable membrane or
boundary. The boundary layer maintains an unequal distribution of ionic solute
concentration by acting as a selective barrier to ionic diffusion e.g. some species of
ions may pass through the barrier while others do not.

If the monomer concentration in the polyelectrolyte region is ¢ and the charge
fraction is f, then the standard charge density due to the polyelectrolyte is fc. For a
salted reservoir solution with ionic strength / the Debye-Hickel screening length is

]
given by «* with x=(87dBI)A. We assume here that the counterion charge z; >0

(polyion charge <0, i.e. a polyacid) is equal to the salt positive ion, consequently the
salt negative and positive ion will be confined within the PE and reservoir region
respectively.; we call n,. and n. the molar concentration of positive and negative ions
respectively in the PE region .

There are two parameters that must be considered in charged systems (e.g. PE
brushes and gels): the electrostatic potential difference U between the reservoir

and the PE section and the chemical potential 4 The chemical potential of a
thermodynamic system can be defined as the amount by which the free energy per
particle of the system would change if an additional particle were introduced, with
the volume kept constant. In the case under study, the system contains more than
one species of particle. negative and positive ions, hence there is a separate
chemical potential associated with each charge, defined as the change in free
energy when the number of particles of that species is increased by one.®

The chemical potential of the ions in the PE region are u = kgT In( n.)+U and u =
ksT In(n)+U. When these chemical potentials equal the sait chemical potential in
the reservoir 4 = kgT In(n) an equlibrium situation is reached. This chemical
equilibrium ieads to a balance for the ions as n=n.n.

By also considering the electroneutrality of PEs in solutions (section 2.2.1), a

second relation can be made as n.=n. + fc

The major assumption made here is that the ion densities are uniform. With such an
assumption, the electrostatic contribution to the osmotic pressure (eq. (2.29)) is
small when compared with the translational entropy of small ions. The osmotic
pressure yielded by the Donnan equilibrium is purely entropic and thus independent
of the strength of the electrostatic interactions characterised by the Bjerrum length.
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3.2 POLYELECTROLYTE BRUSHES

3.2.1 Polymer Brushes: General features.

As discussed above, the term “polymer brush” refers to polymer molecules that are
attached by anchor points to a surface in such a way that the graft density of the
polymers is high enough that the surface-attached chains become crowded and are
stretched away from the surface.* Brushes have received considerable attention in
recent years,f*7 due to their totally different behaviour when compared to flexible
polymer chains in solution (described in Chapter 2) and their wide range of
applicability.

We consider a system where the polymers are irreversibly grafted at one of their
chain ends to a solid impenetrable substrate. In the presence of solvent, the brush is
extended in good solvent conditions. On the contrary, in poor solvents, brushes tend
to collapse to exclude solvent; for very poor solvents the system becomes so
collapsed that it behaves like a dry polymer brush.

We shall limit our discussion to good solvent conditions. The absence of any
attractive interactions between the surface (substrate) and the polymer chains is
assumed. The conformation of polymer brushes is dependent upon two parameters:
the number of monomers in the chain N and the average distance between polymer
chains d Another important parameter in such systems is the dimensionless
grafting density o, which can be defined as the number of chains grafted in an area

the square of the segment size a° as

o= (3.1)

Assuming good solvent conditions means than in dilute solutions the chains would
have a radius of gyration given by the Flory equation Re~aN*®. According to the
grafting density of the attached chains we can have two basic cases:

a) For small grafting densities such that the average distance between anchor
points is greater than the radius of gyration (d>Rr) the polymer chains will be far
apart from each other and not interact. In this case, each chain will be isolated from
its neighbours; as a result they adopt a typical random coil that is linked to the
surface through a “branch” of varying size. For such a situation, the term

“mushroom” conformation is used. The dimensions of such mushrooms are
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comparable to the radius of gyration of the free chains as shown schematically in
Fig. 3.1(a). The brush can be treated then like an isolated brush (single chain) in a
good solvent, such situation is analogous to the regime of dilute solution described
in the previous chapter.

b) As the grafting density increases (R->d) the chains start to overlap. Since we
assume that the solvent is good, the monomers repel each other. Being fixed the
lateral separation between grafted chains, excluded volume interactions make the
polymers extend away from the surface in order to avoid each other. Such an
arrangement is similar in shape to a ‘brush’ of vertical height h which exceeds the
unperturbed random walk coil radius.*® A schematic diagram is shown in Fig.3.1 (b)
At relatively low grafting densities the brush in solution is in semi-dilute condition, by
a progressive increase of the monomer density the concentrated regime is reached.

(a)

Fig. 3.1 Schematic diagram of the conformation adopted by grafted polymer chains dependent
on the distance d between the grafting points: (a) the ‘mushroom’ conformation where the
distance d ~ o’ between chains is larger than the radius of gyration of the polymer coil. (b) the
‘brush’ conformation, where the distance between chains is larger than the unperturbed polymer
size. The chains are stretched from the surface due to repulsive interactions between monomers
reaching a height h.

The limit of low o after which the polymer chains start to interact (the threshold
between a) and b) situations) is simple to find.® Assuming that each chain occupies
a hemisphere (Fig. 3.1(a)) with a radius comparable to the Flory radius for a coil in
good solvent Re~aN*? | the different coils do not overlap when Re<d, using equation
(3.1) we find

112
2—F<1:>RFO- <1=0<NP. (3.2)
a

The result from eq.(3.2) yields the threshold grafting density as o'~N"°°. Such

threshold separates ‘mushroom conformation’ for o <N from ‘brush conformation’
for N%° <o
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A special case of polymer brushes is brushes formed by charged polymers grafted
to a surface, they are called polyelectrolyte or charged brushes and they will be
discussed in detail below.

3.2.2 Synthesis of Polymer brushes

A requisite for forcing polymer molecules into brush-like conformations is that the
strength of anchoring of the molecules to the interface is sufficiently high that the
molecules are connected irreversibly to the surface of the substrate. A second
requirement is that the synthetic approach allows the generation of grafting densities
high enough to cause sufficient repulsive monomer—monomer interactions within the
surface-attached chains to bring them to stretch. The polymer layer can be
constructed in several ways depending of the application in mind.

Experimentally, two main routes can be used to build the end-grafted polymer layer
(also valid for charged brushes). The first route is by a selective physical adsorption
of a block copolymer with the substrate; this process is called ‘physisorption’.®

In the second possibility, one of the polymer ends can be chemically bound to the
grafting surface leading to an irreversible attachment; this process is called

‘chemisorption’.'*'2

3.22.1 Polymer Brushes via Physisorption.

Physisorption is a reversible process based on the assembly of block copolymers at
a solid surface-liquid interface. A copolymer can be defined as a polymer formed
when two (or more) different types of monomer are linked in the same polymer
chain. Block copolymers can be defined as a type of copolymers that is made up of
blocks of different polymerized monomers.

In physisorption one block adsorbs at the surface and acts like an ‘anchor for the
second block. This second block has stronger interactions with the solvent than with
the surface and so it floats in the solvent forming the brush layer.

The main drawback of the physisorption method is that the chemical variability of
the system prepared by this method is restricted as a solvent must be available in
which the block copolymer adsorbs to the surface without formation of micelles.

In addition, as the interaction with the surface is based on long range and weak van
der Waals interactions, anchoring of the molecules to the substrate is weaker than
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those covalently bounded bringing poor control over polymer chain density and
decreasing the film stability.

A scheme of brushes prepared by the physisorption method is shown in fig.3.2

S

Fig. 3.2 Schematic diagram of brushes prepared by physisorption of block copolymers. The grey
sections represent the adsorbed ‘anchor’ block to the substrate surface. The black sections
represent the remaining chains floating in the solvent and away from the grafting surface.

3.2.2.2  Polymer Brushes via Chemisorption

Covalent attachment of polymer brushes to the solid substrate can be achieved by
either “grafting to” or “grafting from” techniques. Both approaches provide short
range and strong bonding between adsorbate and substrate.

a) Polymer Brushes via the ‘grafting to’ technique

This technique involves tethering preformed end-functionalized polymer chains to
suitable chemical substrate groups under appropriate conditions (addition or
condensation reactions)."

The ‘grafting to' method often leads to low grafting density and low film thickness,
typically 3~6nm as the polymer molecules must diffuse through the existing polymer
film to reach the reactive sites on the surface.'*' The grafting density decreases if
high molecular weight polymers are employed because of the kinetic and entropic
hindrance from surface attached chains to the chains-to-graft Another restraint
encountered by the ‘grafting to’ approach is the limited choice of end-
functionalization for most polymers.

To overcome the low grafting density problem, the “grafting from” approach can be
used and has generally become the most attractive way to prepare thick, covalently
tethered polymer brushes with a high grafting density. "°

A scheme of brushes prepared by the ‘grafting to' technique is shown in Fig.3.3.
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Fig. 3.3 Schematic diagram of the ‘grafting to’ technique for the attachment of polymer chains,
separated by a distance d, to a substrate. (a) Grafti ng of preformed end-functionalised
polymers (black coils with grey ends) to suitable chemical groups located on the substrate
surface (Y) (b) Scheme of the hindrance from surface attached chains to the incoming chains,
such hindrance increases when polymer film thickness h (~molecular weight) increases.

b) Polymer Brushes via the ‘grafting from’ method

This method provides brushes with high grafting densities and is widely used for

making neutral'’ % 2126

as well as polyelectrolyte brushes. It has been reported that
by using a ‘grafting from technique’, polyelectrolyte brushes can be produced with a
grafting density such that the average distance d between high molecular mass

neighbouring chains (M,>10° g/mol) is 3<d<10nm.*""®

The *“grafting from”™ approach involves the self-assembly of initiators onto the
substrate followed by in situ surface initiated polymerization to generate the tethered
polymer brush. The initiation of chain growth from the initiators can be performed via
free radical polymerisation.”'9?"% Such surface polymerization can be started
thermally either via a chemical process or photochemically.

Recent advances in polymer synthesis techniques has given rise to the importance
of controlied “living” free radical polymerization, as it provides several advantages
over traditional free radical techniques.”” The main advantage that a “living” free
radical system provides for polymer brush synthesis is control over the brush
thickness, via control of molecular weight and narrow polydispersities. Numerous
“living” free radical techniques have been used to produce polymer brushes.
Probably the most common “living” radical technique to produce polymer brushes is
atom transfer radical polymerization (ATRP).?**
Biesalski et al have synthesized and characterized strong and weak polyelectrolyte
brushes such as poly-N methyl-[4-vinylpyridinium]iodide (MePVP)*»? and
poly(methacrylic acid) (PMAA) brushes® using an AIBN-analogous initiator system
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that can be immobilized on surfaces carrying hydroxyl groups such as silicon wafers
and glass substrates.

A schematic diagram of the ‘grafting from’ method is shown in Fig. 3.4.

Immobilization of Polymerization
the initiator
! -, -
I T

IAA T AA e A A

Fig. 3.4 Diagram showing the common synthetic strategy for the generation of polymer brushes
via the ‘grafting from’ approach: surface-initiated polymerization. An initiator molecule ('I') is
deposited on a surface by means of a self-assembly process via the reaction of an anchor group
(Y) to suitable surface sites, this process is called immobilization of the initiator. After the
initiators have been attached, polyelectrolyte chains are grown on the surface from the initiating
sites: polymerization process.

3.2.3 The physics of neutral polymer brushes

Consider a polymer brush where the distance between grafted chains is less than its
radius of gyration; this is the case of a “brush conformation” as described in section
3.1.1. Considering brushes in good solvent, two regimes can be distinguished:

semi—dilute and concentrated solutions.

3.2.3.1 Semi-Dilute conditions and Alexander scaling arguments

In semi—dilute solutions, at relatively low grafting densities, we can use a scaling
argument given by Alexander® to find the dependence of the brush height h with the
grafting density o

A grafted chain may be subdivided into “blobs” of linear size d, each of them
containing a number N, of monomers (N,<<N). At smaller length scales than the
blob size (r<d) the sub-chains follow excluded volume statistics, the relation

between N, and d is of the form

d =aNb3/5. (33)

In the region occupied by the grafted chains, the blobs behave like hard spheres
and fill space densely (Fig.3.5). The polymer volume fraction ¢, inside the brush is
as
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3

a
¢ ~ Np res (3.4)

Inserting eq (3.3) and eq (3.1) into eq (3.4) we obtain
¢, o (3.5)

The polymer volume fraction ¢, can be written also by expressing the volume per
grafted chain as hd®, and as each chain contains N monomers

a’ a

-NZ__N_E_
o =N =N

(3.6)

The thickness of the grafted layer h can be derived from equating eq (3.5) and (3.6)
as

h ~Naoc¥3. (3.7)

In semi-dilute solutions the brush height h depends linearly on the number of
monomers in the brush N instead the square root dependence as for ideal chains or
the 3/5 power for isolated chains in good solvent condition.

Fig. 3.5 Diagram of stretched situation for a grafted layer in good solvent condition in the
semi-dilute regime. Each grafted chain can be subdivided into blobs of linear size d.

3.2.3.2 Concentrated conditions and Flory calculation

A concentrated solution may be considered as one in which the brush chains
strongly overlap. In such case the grafting density is o > a’/<Rr>>, which means that
the projected area of a tethered chain on the substrate is smaller than the cross-

. . 32
sectional area of an unattached chain in the solvent.
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For concentrated solutions, a slightly more general analysis is used to find the brush
height. We achieve this by considering excluded volume, in which manner the
affinity of the chains for the solvent is taken into account besides the polymer-
polymer interaction. Thus, the same argument employed by Fiory® for single chains
in good solvent condition (Chapter 2 section 2.1.1.3) is employed for a concentrated
brush layer. The starting point is a form of the free energy Fr,chein (per N chains)
containing two physical contributions: a repulsive term due to the excluded volume
interaction and an entropic free-energy loss due to the stretching of the chain up to
the height of the brush h as

Frenain(h)  N2c  h?
ROt
kgT ha Na

(3.8)

where, taking as a reference eq.(2.9) the term 1/R’ in the repulsive component of
the free energy Fr (R) has been replaced by the volume associate with a single
grafted chain o/ (ha®) which using eq.(2.1) equals to 1/(hd®) ~1/R".

The equilibrium height h is obtained by minimizing eq.(3.8) with respect to h giving

h ~ N(ve )3, (3.9)

From eq.(3.8) we find the same grafting density and chain length linear dependence
as in the semi-dilute regime (eq.(3.7)). It is important to state that the physics
involved in semi-dilute and concentrate solutions is not the same; in the
concentrated regime the extension of the brush is caused by the osmotic pressure
difference between brush and solvent. Such osmotic pressure drives solvent into the
brush, stretching out the chains until a balance between stretching energy and
excluded volume interaction is reached.* The above scaling calculation has been

10,35-38 39,40

confirmed by experiments and computer simulations.

At the overlap threshold o"~N°®° (below which the mushroom conformation is
present) the height given by eq.(3.9) scales as h~ N* and thus agrees with the
scaling of an unperturbed chain radius in good solvent (eq.(2.10)).

3.2.3.3 Parabolic Brushes and Self-Consistence Theory.

Both the Flory and scaling arguments presented above assume that all chains are
stretched to exactly the same height (each chain behaves in a manner identical with

every other), leading to a step profile for the monomer density. Monte Carlo' or
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molecular dynamics simulations* have been used to confirm this general scaling of
the brush height but yielded a more rounded monomer density profile which goes
continuously to zero in the outer perimeter of the brush. In order to understand the
segment profile given by such simulations a ‘classical path’ theory was used for
strongly stretched polymer systems.43 The classical path can be understood as the
most probable path that a polymer takes (for a given start and end position) to
minimize the free energy. It is expected that this classical path is a good
approximation in the strong-stretching limit, since in such regimes random walk
fluctuations around the classical path can be neglected.* Based on this assumption,
numerical and analytical self-consistent field theories (SCF) have been proposed for

such systems in the infinite-stretching limit.>***

In such SCF models; the monomer
interactions are replaced by a position-dependent monomer chemical potential
arising self-consistently from the calculated monomer density profile. The classical
SCF equations yield a simple, analytical solution: the monomer volume-fraction
profile depends on the vertical distance y from the grafting surface and has a
parabolic profile,** however the brush height has the same functional dependence
as that predicted by the Flory energy balance argument that yielded eq.(3.9): h~
N(o v)'°. A diagram of the segment density profile (normalized to unity) of polymer

brushes ¢=¢(y) in different regimes is shown in Fig. 3.6.

¢ (y)

parabola

.
% mushroom 1
1

<« l
1

y/h

1.5

Fig. 3.6 Schematic diagram of the monomer volume fraction profile @ (y) versus height (y/h) at
different regimes. The typical profile given by ‘mushroom conformation’ (>Rg) is plotted in red
dotted lines. The step profile as a result of the Alexander and Flory arguments (where
y=h=constant) for ‘brush conformation’ (d<Rf) in the semidilute and concentrated regimes
respectively is shown in black dotted lines. The parabolic profile describes the strongly
stretched brush using self-consistent-field (SCF) theorv.

Deviations from the parabolic profile become progressively important as the length
of the polymers N (~molecular weight) decreases. With respect to the grafting

density o this law also fails at both very low graft densities (by predicting a
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vanishingly small thickness of the brush) as well as at very high graft densities (by
predicting a brush thickness larger than the length of the grafted polymer).*

It should be noted that, although the “parabolic field” was derived by assuming a
high stretching of the polymers chain, it provides a better description of polymer
brushes in the intermediate-stretching regime (good solvents and moderate graft
densities).”’

3.2.3.4 Poor solvent conditions

So far, we have assumed that the polymer-grafted layer is in contact with good
solvent. In such a case the grafted chains try to minimize their mutual contact by
stretching out into the solvent.

When the solvent is bad, brushes tend to collapse to exclude solvent; the height
reached by the grafted chains is lower than that reached in good solvent conditions.
The Flory energy balance treatment employed in the concentrated regime (section
3.2.3.2) can be extended through the theta point into the bad solvent condition by
modifying the stretching energy term in eq (3.8). The new stretching energy would
include the energy cost of brush compression,* this can be expressed in terms of
the reduced temperature t =(7-Tg)/ Towhere T,is the theta temperature. The brush
height is then (as shown in section 3.1.3.2)

v f t
h=No" f(—Tz—) , (3.10)
g
where the function f(x) is as follows
) x3  for x>>1
X)=19,
W™ for xeet. (3.11)

In conditions of very poor solvent (f<< -1) by using eq.(3.10) and eq.(3.11) the
height of the collapsed layer scales linearly in h ~oN (the same dependence as that
obtained for a dry polymer layer), in agreement with experiments.48 In conditions of
good solvent, eq.(3.10) still yields the same dependence h~ N(o v)"3. For theta
solvents using an Alexander approach similar to that yielding eq.(3.9), the brush
height is predicted to scale as h~No'™ in good agreement with computer
simulations.” The SCF theory can also be applied to theta and poor solvent

conditions.
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3.2.4 The physics of polyelectrolyte brushes

The physics of polymer brushes becomes more complex when ionic charges are
included in the brush system. In this case of charged brushes, the swelling
behaviour is mainly governed by electrostatic interactions and the osmotic pressure
of the counterions within the brush predominates over the osmotic pressure of the
macromolecular segments.

As with single polyelectrolyte chains, polyelectrolyte brushes can be divided into
strong and weak PE brushes. In strong PE brushes, PE chains with fixed charge are
grafted onto the substrate. In weak PE brushes, PE chains with no fixed charge are
tethered on the substrate and the degree of dissociation depends on the local pH.
Little is known from experiments on the scaling behaviour of PE brushes when
compared with neutral brushes. Grafted PE layers have been the focus of
theoretical®®* and experimental®®’ studies.

We follow here the lines of the original work of Pincus™ which assumes that the
polymer concentration is uniform through the height of the brush h, similar to the
approximation Alexander® made for neutral polymer brushes. Pincus presented
scaling theories for PE brushes, in salt-free good solvent conditions, in the so-called
osmotic brush regime (OB). In this regime, the brush height h is the end result from
the balance between the repuisive osmotic counterion pressure (which tends to
increase the brush height) and the chain elasticity (which tends to decrease the
brush height). This work has been lately generalized to poor solvent conditions®*®
and to the regime where excluded volume interactions cannot be neglected: the
quasi-neutral (QNB) or Alexander regime introduced by Borisov et al.*® In this
regime, the excluded volume interactions between non-charged units at certain
positions dominate over the electrostatic interactions. In the following, the strong PE

brush with no added salt will be described.

3.2.4.1 Strong PE brushes

In our arguments we assume that two length scales characterize the charged brush:
the average vertical stretching of the grafted PE chains h and the extent of the
counterion cloud, denoted by C. In addition we make the assumption that the
grafted PE chains are ideally flexible and a fraction f of their monomers possesses
charge. The presence of additional salt is neglected in our PE brush system for

simplicity.
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Two cases must be considered: when the counterions extend outside the brush
C>>h and the brush becomes charged, and the case in which the counterions are
confined inside the grafted layer C~h yielding a neutral brush. The case of C>>h is
indicative of weakly charged brushes while when Cxh, the strongly charged limit is
reached.

A schematic picture of both scenarios is shown in Fig. 3.6.

(b)

Fig. 3.6 Schematic diagram of a strong PE brush in good solvent conditions in the absence of
added salt. (a) It is shown the weak-charge limit where the thickness of the counterion cloud is
greater than the brush thickness C>>h. (b) The case of strong-charge limit is shown here,
where the thickness of counterion cloud and PE brush are roughly the same C=h.

(a) Counterions extended over the brush height: C>>h (weak-charged limit)

The total free energy density (per unit area in units of kgT) for a PE brush Fr,pe prush
when C>>h contains four contributions.
The osmotic free energy F,s associated with the entropy cost of confining the

counterions to a layer of fixed thickness C is given by
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Nfo | ( Nfo
F.~—In——
08 - ( 7C ) (3.12)

where the grafting density of PE is o z is the counterion valence, N the
polymerization index of the grafted PE chains and f the charge fraction. The charge
density of the grafted PE layer pre push is due to the monomer charges and can be
expressed as ppe prush = oNf.

Since the brush is not locally electro-neutral an electrostatic contribution has to be
taken into account. This electrostatic term is given by

2
F® ~ ZB(Nfo-)z—(g:hh—). (3.13)

As for neutral polymer brushes, in charged grafted systems the repuision between
the monomers due to excluded volume (contributions due to counterions are not
taken into consideration) contribute to the total free energy as

N2o2
F., =0 .
rep h

(3.14)

The entropic energy cost due to the stretching of the chain (strictly, this is a
conformational entropy) contributes to the total free energy as

Fg = a—hz—, (3.15)
Na?®
These two contributions given by eq.(3.14) and eq.(3.15) are general for the total
free energy of non-charged brushes (section 3.1.3.2) as well as real polymer chains
(section 2.1.1.3).
As we have shown Fr,ee prush= F1,pe brusa(h, C)= Fost F°+ Frep+ Fgt ; minimization of
F1. e srush(h, C) with respect to C will yield the counterion cloud height C as

OF1 prush(h,C) _ O(F,s +F€) 0= C~ 1

~ , (3.16)

which has the same scaling behaviour as the Gouy-Chapman length Agc. The

Gouy-Chapman length defines the characteristic thickness of the counterions cloud
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60,61

above a charged surface. In the case of a PE brush, the surface charge density

is given by peeprusn = olNf.

In order to get the so-called Pincus brush height”’ hp..., we must balance the PE
stretching and electrostatic energy as

O(F, e ;
'('ia;_,:—z = 0= Apjpoys = Nao'azerz , (3.17)
corresponding to the Pincus brush regime (PB) ,which results from the electrostatic
attraction between the charged monomers and the counterions cloud. Note the
unusual dependence of hp;,.,s With N meaning that the layer thickness grows faster
than linearly with molecular weight, as well as hp;,.us dependence on grafting density

O.

(b) Counterions confined within the brush height: C=h (strong -charged limit)

When counterions are trapped inside the grafted polymer layer the brush can be
considered neutral and hence the electrostatic energy F ° contribution to the system

total free energy disappears: Fr, pg prush= F1, pe brush(N=C)= Fos + Frept Fst.

There are two ways of balancing Fr, e susn(h). By comparing the osmotic energy of
counterion confinement with the PE stretching term the brush height can be
obtained as

(Fos +Fst) Naf "2
=25 = 02 Rogmoto ~ 77— (3.18)

constituting the osmotic brush regime (OB). In such a regime, the driving force for
chain stretching is the osmotic pressure of the counterions; hgsmosc given by eq.
(3.19) does not depend on the grafting density.

The second way to balance Fr,pe pusn(h) is by comparing the free energy due to
excluded volume interactions with the polymer stretching energy. This approach is
usually made for brushes with high grafting density where excluded volume
interactions can no longer be neglected. By balancing these two contributions to the

total free energy we obtain
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o(F,, +F. »
J%Ffﬁ = 0= Nyt = Na(fg—) , (3.19)

where the brush height h is called hg.,e.rar bECause its dependence with N,v and cis
identical at that obtained for a neutral brush in eq.(3.7) and (3.9). This regime is
called the quasi-neutral brush regime (QNB).*

By constructing an equation system with the PE brush heights in the three regimes:
Ppincus: Nosmotic @NA Ny neurrar @iven by eq. (3.17), (3.18) and (3.19) respectively, the
characteristic charge fraction f. and grafting density o, at which the three scaling
regimes coexist can be found as

13
£~ (_29__} , (3.20)

2,2
N<a“tg

and

1

As in the case of neutral brushes, the scaling laws for PE brushes can be extended
to theta and poor solvent conditions if the additional contributions to the total free
energy given by PE brushes (F,s and F °) are considered.”® Table 3.1 shows the
scaling behaviours of neutral polymer brushes and strong PE brushes at good, theta
and poor solvent conditions.

Solvent quality | Neutral brush PE brush
h~ N (OB)
good h~ No ' h~ N°c (PB)
h~ No"*(QNB)
theta he No ' h~ No"*
poor h~ No h~ No

Table 3.1 Comparison of the scaling behaviour of neutral
polymer brushes and strong PE brushes in different solvents.
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3.2.4.2 Weak PE brushes

The properties of weak PE brushes become more complex®*®

than those of strong
PE brushes. Weak PE brushes involve two major complications: the charge density
can be controlled by external parameters such as pH or the addition of salt, and
conversely non fixed charges means that the ions can move via dissociation and
association processes.®

We follow the work of Israéls et al®® for the SFC theoretical description presented in
this section. A polyacid brush will be used as an example for the swelling behaviour

of weak PE brushes.

In the SCF model we assume that the half-space next to the surface (formed by PE
region and part of the reservoir region) can be separated into discrete paraliel layers
at vertical distance y from the surface being y=1,2... M where M is sufficiently large.
A new parameter must be introduced that defines the statistical probability of finding
a segment of the type A in a certain layer y. This parameter is called the weighting
factor Ga(y) and is given by

Gply)=e ke (3.22)

where u,(y) denotes the potential of mean force, with respect to a reference state
that we take to be the bulk solution: u,”.

As grafted PE chains are considered, all allowed conformations must have their first
segment in y=1 and the total number of polymer units in the system fixed.*® In each
layer there are three components allowed: water, positively charged ions, and

negatively charged ions that are free to leave the PE region.

The dissociation of a proton from a polyacid-grafted chain yields a COO" group and
thus a negative charge. The total number of charges along the chain is not fixed but
the solution pH imposes the chemical potential of H" and thus the charges chemical
potential. The non-constant charge density is governed by the acid-base equilibrium

HA = A +H', (3.23)
where HA is the uncharged brush segment (carboxylic acid), A" is the negatively
charged brush segment (carboxylate ion) and H' is the proton. This equilibrium is

characterized by a constant K,. We have to include the equilibrium in each of the y

layers, so we express
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K, )= A HUy)

(HA(y) (3:24)

where the square brackets denotes concentration. The degree of dissociation o(y)

as a function of local concentration is expressed as

ANy
[A™Ky) +[HALY)

a(y)= (3.25)
Eq.(3.22), (3.23) and (3.24) are valid for local concentration, but it is also important

to find the degree of dissociation of a polyacid segment in the bulk o (the reference
state). By using eq.(3.24) and eq.(3.25) this can be obtained

e Ko (Al
Ka+[H'] [AT]p+[HA],

(3.26)

where [H'] and K, are respectively the concentration of protons and the dissociation
constant in the buik. The subscript b refers to the bulk reference state.

In the two state model, each segment A can be in two states: the protonated HA or
the deprotonated A". According to this model the statistical weigth Ga(y )given by eq.

(3.22) can also be expressed as a function of concentration®® as

[Aly) _ [A"1(y)+[HAKY) (3.27)

G =
aly) [Al,  [A"], +[HAl,

where the weighting factors of HA and A" segments are

_[A)y) _[HA)y)
Ga(y)= (Al and  Gya(y) HAl, (3.28)

Introducing eq(3.26) and eq.(3.28) into eq.(3.27) we obtain
Galy) = a®Ga(y)+(1-2®)Gpaly)- (3.29)

Inserting €q.{3.27) and eq.(3.28) into eq.(3.25) the local degree of dissociation can
be written as
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a(y)=a® %’:((—yy)) (3.30)

where substituting equation (3.29) gives

O!b

a® +(1-aP)eEN’

aly)= (3.31)

where e'E‘y)=GA-(y)/GHA(y) is defined as the Boltzmann factor of the local electrostatic
potential E(y) (in units of kgT). For a polyacid brush E(y)<0 with respect to the bulk
solution (Ga.(y)<Gua(y)). By using €q.(3.26) and eq.(3.31) we finally obtain

aly)= . (3.32)
+

The attractiveness of this model is in its simplicity: the local degree of dissociation
a(y) given by eq.(3.32) has the same form as that in the bulk a® given by eq.(3.26)
except that the bulk proton concentration [H'] is replaced by the local proton

concentration [H'] €Y.

In order to derive the weak PE brush height in a monovalent salt solution, we make
a simplification in the above proposed model. We consider the brush as a
homogeneous region with degree of dissociation o in equilibrium with the bulk
solution degree of dissociation o and assume that the PE brush is uniform in
segment density and electrostatic potential (the step-like model). This is the same
assumption Alexander made to describe neutral brushes® (shown in section 3.2.3.)
and Pincus® took to illustrate charged brushes with constant charge density
(section 3.2.4. 1) and seems to predict correctly the behaviour of weak PE brushes.®
The y dependence in eq. (3.32) can then be neglected and written as

Ka

fa 3.33
K, +[H"le™® (3:33)

aly) =

where the electrostatic potential (y—independent) in the brush with respect to the
bulk solution can be expressed as the ratio between counterions inside the brush
region n; ( since it is a polyacid its counterions are rendered positive) and those in

the bulk solution ns as
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(3.34)

We identify now different brush regimes for different bulk salt concentrations n,

(a) At high salt concentrations ng~n, = E=0 and by €q.(3.33) a ~ a°, meaning that
the dissociation degree is constant which is equivalent to say that the charge
fraction f can be replaced by «” and be controlled by the pH of the solution. This
regime is known as salted brush regime (SB). In this regime weak PE brushes
behave in a very similar way as strong PE brushes. Using mean field theory7° the
scaling behaviour of weak PE in this regime is found to be

hsateaw ~N(a® P oPn ", (3.35)

where the height of the PE brushes (both strong and weak) decreases with
increasing salt concentration, due to electrostatic screening.

(b) At lower salt concentrations n;>>n, we are in the OB regime and using the
electroneutrality condition n.is given by

n, =ac = aﬂhﬂ (3.36)

In the OB regime from eq.(3.18) we see that h/Neca'?, and with eq.(3.34) and eq

(3.36) we obtain

12
ePaZ® (3.37)
nS

Inserting eq.(3.37) and eq.(3.26) in €q.(3.33) it yields

o'ng, (3.38)

where it is implicit that the degree of dissociation in the brush region a decreases
with decreasing salt concentration n,. This equation (3.38) cannot be solved easily

except with the approximation employed (low salt concentrations). By replacing f
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with o and using eq.(3.38) in the expression for hgsmai given in eq.(3.18) we obtain
the brush height in the OB regime for a weak PE brush as

Posmotiow ~ No3n >, (3.39)
osmolic, L3

where hysmoticw refers to the brush height in the OB regime for a weak PE brush. The
final result yielded by eq.(3.39) shows that the brush height increases with
increasing salt concentration. When external salt is added to the system there is an
increase in the degree of dissociation of the acidic groups, as a consequence
charge build up along the PE chains leading to an increased stretching caused by
coulombic repuisions.

As we have previously said, we are considering the case of polyacid brushes, for
polybase ones the treatment would be equivalent to that presented here. The
equilibrium constant would be that of a base K, and the uncharged brush segment
B. The dissociation of an OH group from the polybase-grafted chain yields HB" ions,
thus the brush segments become positively charged.

In the limit of ns—>0, according to eq.(3.38) a=x0, and then the weak PE enters a

QNB regime. Although the lowest level of ionic strength is given by the dissociation
of water when it is in contact with the weak PE chains.
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3.3 POLYELECTROLYTE HYDROGELS

3.3.1 Hydrogels: general features

A hydrogel can be defined as a three-dimensional, water-swellable network
connected by chemical or physical cross-link points (points where at least three
chains emanate”) and immersed in an aqueous medium.’ A hydrogel is a form of
matter intermediate between a solid and a liquid: the liquid inside the gel prevents
the polymer network from collapsing into a compact mass, whereas the network
prevents the liquid from flowing away, both network and liquid coexist in a
thermodynamic equilibrium. In order to understand gel systems two types of
statistical information are needed: the situation at the moment of preparation and at
the moment of study (solvent, temperature etc.). Thus, gels are described in terms
of the ‘preparative ensembie’ and the ‘final ensemble’, which give them a more
complex behaviour than usual equilibrium system where a single ensemble (ruled
by Boltzmann exponentials) is required.

A sol (solution) is defined as a stable suspension of colloidal solid particles in a
liquid. For sol to exist must be small enough for the dispersion forces to be greater
than those of gravity. A gel forms when the homogeneous dispersion in the initial sol
rigidifies. This process is called gelation. A sol can be transformed into a polymeric
gel by going through the gel-point. The gel-point is the threshold where the sol
abruptly changes from a viscous liquid state to another phase called gel.” Fig. 3.7
shows a simplified scheme of the formation of a polymeric network.

crosslinks
et
Fj‘—"‘
,_f,_,_
Far from gel-point N«.aar gel-?ont Gel-point
Entangled primarily linear molecules Crosslinks at junctions

Fig. 3.7 Schematic diagram of the formation of a polymer network (hydrogel).

As a whole, a polymer gel is actually one single giant three-dimensional molecule
since all the monomer units in the gel are linked to each other to form a large

molecule on a macroscopic scale. In fact such macroscopic scale confers gels an
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important advantage when compared to dilute polymer solutions: the possibility of
direct visual observation of conformational transitions. In contrast, the main
disadvantage is the very slow equilibration time associated with gels.

Generally, hydrogels can be divided into two classes: neutral and charged. In
neutral hydrogels (e.g. polyethylene glycol (PEG)), the swelling properties can be
explained as a balance of two effects: the osmotic pressure due to polymer-solvent
interactions and the elastic contributions (stretching energy) of the crosslinked
polymer chains.” It has been demonstrated that the osmotic pressure of neutral
gels may differs from that of the un-crosslinked polymer solution at the same
concentration and that the degree of crosslinking may determine the quality of

polymer-solvent interaction.”>"’

But, if the gel is not too heterogeneous the
conformational properties of the elastic chains are basically the same as for isolated
linear polymer chains of the same molecutar weight.”®

As for charged chains and brushes, the physics of charged gels is more complex
than that of neutral gels. Being charged, the dominant force for swelling in PE gels
is the electrostatic repulsion between gel charges. In addition the counterions have
also a dominant effect on the osmotic pressure. Consequently swelling of PE gels

can be induced through stimuli as changes in pH and salinity. ">

Important parameters used to characterize the network structure of hydrogels are:
the water and polymer volume fraction in the swollen state, v, and v, respectively
(we will use 1 as subscript to refer to water and 2 to refer to polymer). The average
molecular weight of the polymer chain between two neighbouring crosslinking points
M., that is inversely proportional to the crosslinking density of the gel P M, is
calculated in average values due to the randomness of the gelation process. The
mesh size R.® is another important parameter that measures the average linear
distance between adjacent crosslinks providing the space accessible for particle
diffusion in the network.®'

Another subdivision that can be made in gels depending on the nature of the
crosslinks that connect the units are: physical and chemical gels. Both neutral and

charged gels can be of a physical or chemical nature.

3.3.1.1 Physical gels (reversible)

In this type of gels the bonds linking the subunits are due to physical interactions
(i.e. dipole-dipole interactions, traces of crystallinity). Such systems are generally
thermoreversible as the bonds break at high temperature and reform again at lower
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temperature. We discuss in turn gels due to microcrystalline region and microphase
separation. |

(a) Microcrystalline regions.

In polymer solutions there are regions where polymer chains meet, as a result they
can form small crystalline regions linking more than one chain. Given the
thermoreversible property, such crosslinks will break when the solution is heated
above the crystallite melting point and form again when low temperatures are
reached (Fig. 3.8). An example of this physical gel type is the familiar gelatin
dessert, which is the product of dissolution in water at high temperature of collagen
(which has helix structure in its native state). In this case, a solution of long chain
polymers undergoes a phase transition on cooling which results in aggregation of
individual chains into clusters through helix formation or crystallization.*

crystallized zone

Fig. 3.8 Schematic diagram of the thermoreversible gelation by the formation of microcrystals.

(b) Microphase separation.

This mechanism occurs for block copolymer gels. In this case and under certain
conditions (i.e. solvent types) block copolymers can microphase separate. We
illustrate this example with triblock copolymers formed by hydrophilic and
hydrophobic sections. Fig.3.9 shows the conformations that these copolymers adopt

in presence of water, in this case the hydrophobic regions are the crosslinking

.J:} JC ~ = % 3%
‘e -Q‘.U“v water ‘*- é"ﬂ’

Example blocks

points.

Hydrophilic block ———  Poly(ethylene glycol) (PEG)
Poly(propylene oxide) (PPO)
Poly(butylene oxide) (PBO)

‘ Hydrophobic block

Fig. 3.9 Schematic diagram of the formation of a physical gel by microphase separation
between hydrophilic and hydrophobic parts in triblock copolymers. Examples of copolymers
able to provide this type of networks are also given.
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3.3.1.2 Chemical gels (irreversible)

Chemical gels are formed by multi-functional units that can be covalentiy linked to
make three-dimensional networks. A standard recipe starts from a dilute (1-10%)
aqueous solution of the desired monomer, crosslinking agent, and an initiator that
will start the polymerisation reaction. Common crosslinkers are poly(ethylene glycol)
dimethylacrylate (PEGDMA), ethylene glycol dimethylacrylate (EGDMA) and bis-
acrylamide. The crosslinking density depends on the ratio of crosslinking agent to
monomer and the functionality of the crosslinker (number of chains that emanate
from a crosslink point).

Aimost any water-soluble polymer can be prepared as a gel by performing the
polymerisation in the presence of a cross-linking agent or by carrying out a cross-
linking reaction on a solution of the polymer. The degree of cross-linking will
determine the properties of the gel.‘33 The chemical networks undergo swelling in
analogy to dilution of free polymer chains in solution. Chemical gels are not
homogeneous. They usually contain regions of low water swelling and high crosslink
density, called ‘clusters’, that are dispersed within regions of high swelling and low
crosslink density. In chemical gels, free chain ends are seen as network defects that
do not contribute to the elasticity of the network. Other network defects are chain
loops and entanglements.®

Examples of chemical gels are: vulcanized rubbers where natural rubber (linear
polyisoprene) is crosslinked using sulfur to yield an elastic material.** Many more
examples of chemical gels are found in hydrogels used for biomedical applications
(generally methacrylates), where they have been chemically tailored in order to

obtain biological recognition.®"**

3.3.2 The physics of neutral gels

In order to derive the equilibrium swelling theory of ionisable (weakly charged) gels
we start with the simple case of chemical hydrogeis that do not contain ionic
moieties.

For a low concentration of crosslinking sites, the strand end-to-end vector R.
distribution function can be described by a Gaussian distribution; excluded volume
effects make a minor contribution to the entropic changes associated with strand
deformations.”” To a good approximation, the macroscopic dimensions of the
system determine the mean link positions. For networks under strain and for

sufficiently long strands, different models have been proposed to describe
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fluctuations of R,, the “affine’” model’>* or the “phantom” model® are examples of
such models. In the phantom model, the network junctions can freely move and are
not influenced by stretched chains; in the affine model, the junctions move ‘affinely’
under swelling. This means that the relative position of the junctions remains
unchanged under swelling. Both models are likely to fail at high crosslinking
densities, where excluded volume effects play a significant role both on the
conformational properties and entropy of the strands and on the fluctuations of R,
which can no longer be described by a Gaussian distribution.®

Assuming that the network is homogeneously swollen (Byeix=fery=Loeiz=Fgel):
neglecting excluded volume interactions and at relatively low crosslinking density
the Flory-Rehner theory’® expresses the total free energy of a swollen polymer
network as

AFiotar = AFgjastic + AFmixing » (3.40)

where AFqusic 1S given by the elastic retractive forces inside the gel and is described

by classical rubber elasticity; using the simplest phantom network model’® which
assumes that the junctions of a network undergo Brownian motion about their mean

positions, we obtain

3
AFgpastic = EkBTNSEI(ﬂgeIZ —1-InBge ), (3.41)

where N is the number of ‘effective’ (tethered at both ends) subchains in the

network and S, is the gel expansion or deformation factor

4

— 3.42
Vo (3.42)

3
ﬂx,gelﬂy,gelﬂz,gel =ﬁgel =

where V and V,are the total volume of a swollen and relaxed hydrogel respectively.

The mixing term in eq. (3.40) is given by the Flory-Huggins lattice model.In the
phantom model, there is no contribution from number of polymer chains g, in AF .
Although the network itself has a mass that should be considered infinite, the
network strands can have entropy between two fixed junctions because they have a
certain conformational freedom. If the junctions are not fixed in space, as in the

phantom theory, then the entropy does not contribute in AF,,,,-,(.87 The expression for

AF i i8S
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APy = kgTlgo1in0vy + 2 o405}, (3.44)

where g, is the number of solvent molecules in the swollen gel; vy and v, are the
volume fractions of solvent and polymer respectively and y is the Flory-Huggins
parameter related to segment-solvent interactions, previously introduced in
eq.(2.14). The volume fraction of the polymer in the swollen gel v, can be expressed
as v= Vp/V, incorporating the molar volume of the solvent ¢, to compute the solvent
contribution to the volume yields

B, = 1 (Vo +(094/Ny))
gel — - V. '
) 0

(3.45)

where N, is Avogadro’'s number. By introducing eq.(3.45) into the successive
following expressions everything will become molar instead of per lattice site.

At equilibrium, the difference between the chemical potential of the solvent outside
and inside the gel must be zero.

m-m =0, (3.45)
where p% and p, are the chemical potential of solvent outside (pure water in

standard state) and inside the gel respectively. Thus, the changes of the chemical
potential due to mixing and elastic forces must balance each other as

AF
0 = (At )iotas = Na (?(—58;—0@2) = (At mixing + (Bt )etastic - (3.46)
1

Vo

Inserting in AF,xing Qiven by eq.(3.44) the relation v, = given by
o e 2" Vo +(@191/Na)
€q.(3.45) and vy=1-v,, we obtain AFpuing =AFmiing (71, VA 1)) Where
A(AF i
(A1 )mixing = NA(—(#—’*”"QJ = RT{In(1-v;) +0; + 203]. (3.47)
1

and using eq.(3.41) for AFgpstic, and eq.(3.45) for Syer

a(AFe,asm)) _ N{@(A&mm))( op J _

(At)etastic = NA( 20 Y 5r
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Ng
=RM1;(%%—&J. (3.48)
0

Using eq.(3.47) and eq.(3.48) we can now evaluate the equilibrium situation given
by eq.(3.46) as

2 N 13 _ 2
0= M) ot = RT{IN(1-03)+ 05 + 205 + 4 Vc vy ——2—) : (3.48)
0
yielding
Ng
=[In(1-0v,5)+vyy +l”22m] =@ \; (U2m1/3 __‘)_22m_), (3.49)
0

where v., is the volume fraction of polymer at swelling equilibrium (with the
subscript m indicating maximum). The left hand member in eq. (3.49) represents the
lowering of the chemical potential due to the mixing of polymer and solvent; the right
side yields the increase from the elastic reaction of the network. Another term we
can include in the right side of eq.(3.49) is a multiplying factor (1-2M,/ M) where M
is the molecular weight of the polymer chains prepared under identical conditions
but in the absence of the crosslinking agent. Such a term expresses the corrections
for the network imperfections resulting from chain ends, for a perfect network M=c,

then the correction term is one. We assume ideal perfect networks.

Specific volume V can be defined as the volume of a unit of mass of a material. it is
equal to the inverse of density (units of the specific volume are m3/kg)‘ We can
rewrite N /V, in terms of the specific volume of the polymer ¥ and the molecular
weight between crosslinks Mcas

- =pg (3.50)

where pc""’ is the gel crosslinking density. Inserting eq.(3.50) into eq.(3.49) we obtain
the crosslinking density of the polymer network as
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1 RTIn(1-0o +U, + 702
gel _ [In( 2m) 2 Zv2m], (3.51)
V“"C 13 Uym
¢1 Uzm ———2

The swelling ratio g is given by the ratio of the swollen and unswollen network V/V,,
therefore g=1/v,. At swelling equilibrium we can calculate g, (maximum swelling
ratio at equilibrium) by replacing 1/v.m by g, in eq.(3.49). As an approximation,
consider low degree of crosslinking=high degree of swelling, implying large M,
values, i.e. 10,000 or more, then g,, in a good solvent situation will exceed 10, which
means small v,."> As a result vam™>> s, then as an approximation we neglect

v2,/2 and higher terms in the series expansion of In (1-vy,) in €q.(3.49) resulting®

ys . Vo (1)1 3.52
m —Nge;[z ZJ%- (3.92)

Equation (3.52) shows the dependence of the equilibrium-swelling ratio of a polymer
network on the quality of solvent (y) and density of cross-linking ( Vp/N.%=1/p2%)

The mesh size of the network can be calculated as R = B, < (RZ®)? >V? where

<(R%® )2 > is the mean square unperturbed end-to-end distance of the polymer
chains between two neighbouring crosslinks and f,e is given by eq.(3.45). In the

original Flory theory” <(R%)? > is gaussian and is given by eq.(2.1) that for

polymer networks becomes < (R%)? >= a® N9 .

3.3.3 The physics of ionisable (weak polyelectrolyte) gels

Electrostatic interactions modify profoundly the behaviour of polymeric gels.
Perhaps one of the most striking properties of charged gels is their ability to swell.
Polyelectrolyte gels can exhibit a swelling degree in water as high as 1000, which
can be controlled by changing the ionic strength of the solution.®°

In a salt free solution, for any charge located on a monomer there is a counterion to
maintain the neutrality of the hydrogel. For the counterions, it is thermodynamically
advantageous to abandon the gel and travel in the external volume (reservoir),
because by doing this, they gain significant entropy of translationai motion.
However, this is impossible because the condition of macroscopic electroneutrality
of the gel must be kept. The counterions are thus forced to be confined within the
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gel, producing a significant osmotic pressure providing more space for the
transactional motion of every other counterion. This explains why counterions have
a dominant effect on the osmotic pressure of ionisable gels.

The swelling behaviour of weakly charged gels has been described by Katchalski et
al®®*® and Flory and Rehner’® as resulting from a balance between the elastic
energy of the network (as for neutral gels) and the osmotic pressure of the ions. In
salt free solutions, this osmotic pressure is due to the counterions that are confined
inside the gel in contact with the system reservoir. In the presence of salt, the
osmotic pressure is associated with the establishment of the Donnan equilibrium. 7

Consider a flexible polyelectrolyte network immersed in water with added salt
(monovalent salt). We assume low salt concentration (i.e. weak screening limit),
where the Debye-Hiickel screening length «” is larger than the network mesh size.
In such a case, according to the model proposed by Barrat et al, the equilibrium
swelling of the gel does not depend on the strength of the electrostatic interaction
but just on the osmotic pressure of the counterions.’® The tension created by this
pressure is transmitted through the crosslinks to the elastic chains, which behave as
isolated chains with applied forces at their end points.** Such a model predicts a
simple scaling behavior of equilibrium swelling degree as a function of the ionization
degree a. We restrict ourselves here to consider the model presented by the Flory

Rehner theory”"*® for describing the swelling behaviour of weakly charged gels.

For instance, if we consider a PMAA network the monomers carry acrylic acid as
ionisable group. For simplicity we will assume that only one type of ion can bind
chemically to the network-fixed carboxylate, in this case hydrogen ions
(counterions). The electrostatic repulsions between the fixed carboxylate ions are
screened by the presence of other ions (ions from the solvent i.e. H" and OH" for
water, and ions from the salt) thus reducing such repulsions. A schematic diagram
of an ionisable network (e.g. an acrylic acid network) in a pH solution is shown in
Fig. 3.10

In Fig. 3.10 the equilibrium between the swollen ionic gel and its surroundings
resembles Donnan membrane equilibria. In such a system, the polymer acts as its
own membrane preventing diffusion of the fixed charged substituents into the outer
solution.”® Equilibrium is reached when the chemical potentials of mobile
components within the gel are equal to those in the reservoir (osmotic equilibrium)
and simultaneously, the chemical potential of free hydrogen ions in the gel equals
that of counterions (chemical equilibrium).”
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Osmotic pressure acting outward 4

lonic species diffusing out

External solvent

(reservoir)

lonic species diffusing in

. lonic specie diffusing in: positively/negatively charged or undissociated - Fixed carboxylate ions

O lonic specie diffusing out positively/negatively charged or undissociated =  Counterions associated to carboxylate ions

Fig. 3.10.Schematic diagram of the swelling of an ionisable hydrogel in a pH solution. The blue
arrows represent the osmotic pressure mainly due to the counterions inside the gel. The outer
part of the gel acts like a polymeric membrane that allows free ionic species diffuse in and out of
the network but prevent the diffusion of the fixed charges (carboxylate ions) in the external
solvent. The distribution of the ions between the gel and the reservoir is obtained from Donnan
equilibrium.

To obtain the equilibrium conditions we express the free energy of the ionisable gel
as

AFiotar = AF, elastic +AF, mixing + AFion s (3.53)

where the first two terms are common for neutral networks (as described in the
previous section) and 4F;, is the free energy term due to the ionic nature of the

polymer network and can be written as”

A/:ion = AFdis +AFCou/n (3.54)
where AF4; is introduced to account for the dissociation of the acid groups. They
are assumed to be far apart in the chains thus interactions between them are

neglected, AFc,, is the free energy contribution associated with Coulombic

interactions within the system and can be expressed as
AFeou = D 0iZiU +922aU | (3.55)
i
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where U is the Donnan potential energy which is the electrostatic potential
difference between the reservoir and the polyelectrolyte region (network).The
potential is considered constant throughout the gel and does not affect the mobility
of the internal ions; g;is the number of ions in the gel (the subscript i refers to free
ions of type i (positive or negative) and a to the dissociated acrylic acid), and z and
e are the valency of ions and elementary charge respectively. In the expression
given by eq.(3.55) we have neglected electrostatic interactions between ions (both
fixed and mobile) within the gel for simplicity in our arguments.

We express eq. (3.53) in terms of chemical potentials as

1= 15 = (At erastic + (A )mixing + (Bt Dion (3.56)

where (Ap1)mixing @Nd (A )estic are given by eq.(3.47) and eq.(3.48) respectively.

In the neutral gels section p° and p4 are the chemical potential of solvent outside
and inside the gel respectively, the solvent outside being pure water. In the case of
charged gels, the chemical potential of the solvent outside the gel contains ions and
so differs from the chemical potential of pure water. We name p," to the chemical
potential of external solution (containing ions).”

For the swelling equilibrium, fulfilment of p,"=p, is required so pe-peC=pq"-ps° , taking
this into account we can write eq. (3.56) as

(Ao = (Dt1)ion = (At )esastic + (D14 )mixing » (3.57)

where (A )ion=p1™-p1. In general (Awg)ion = 14 — i =gRTINN; where g is a
constant, known as the osmotic coefficient and N, the mole fraction of solvent in the

reservoir. In dilute solutions g ~1 and InNy z—@Zn,‘, where1Zn,‘ is the
i i

concentration of all ionic solute species in the reservoir.” Hence
(Aion = -RT Y 1}, (3.58)
7
Similarly with the gel

(B Yion = ~@RT D 1; (3.59)
i
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where the summation includes all mobile species only. Substitution of the
expressions given by eq.(3.58) and (3.59) together with those given by eq.(3.47)
and (3.48) into eq.(3.57) we obtain

.. RT Noe
RTY (n; -n})= . [lnm—vzm )+ Vg + X0Rm + Py —— (Uzm1/3 -—"’;"' D (3.60)
i 1

where Z(n,- -n;)y=(n, +n_-n; -n>)
i

More relationships are needed for the Donnan equilibrium, these include

n:eutra/ -1, (3.61)
N neutral

where Npeurar @and n*,eurer refers to the concentration of neutral solute (undissociated
electrolyte) in the gel and external solution respectively. The other two important
relations that need to be introduced are

n; ; 2
—L —exp| -=|=K*, 3.62
n; p( kBT) 5:62)

and

NNy — [A_][H+] =K (3 63)
Nan [AH] 2 .

where we have introduced the Donnan ratio K in eq.(3.62) which describes the
distribution of mobile ions of type i between the gel and the solution ; the term

n; n. n
—-can be —i:—*

= f’% Eq. (3.63) describes the dissociation equilibrium of the
n; nj n n

fixed acid groups introducing dissociation constant in the gel:K, We make the
assumptions that only hydrogen ions of molar concentration n,=[H’] can associate
with the carboxylate of molar concentration n,=[A}, [AH}=n., refers to the

concentration of ionisable repeat units on polymer chains.

We derive now equations for the free mobile ions inside and outside the anionic gel
due to the added monovalent salt (e.g.NaOH or HCI)
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n
n+ =V+nneut,a/ and n = V_nneu(,a, +a—L
Z_
implies that
n, _ n
N, +n_ =V, +V_Wpoutras + &2 = My +a =2, (3.64)
z z

n; =v,N"neutral and n* =v_n"neutrsi = N+ +N*_ =(v, +v_)N"neutral = v "neutral (3.65)

where stoichiometric coefficients v; are coefficients that represent the degree to
which a chemical species participates in a reaction v.=v_; n, (n,=n,;) refers to the
molar concentration of fixed ionizable repeat units in the gels, an, is the

concentration of fixed ions in the gel in eqilibrium ,where o is the degree of
dissociation and can be expressed as

[A7] k, K,
o = = = .
[AH]+[AT] Ky+[H'] K,+107P

(3.66)

introducing in the left side of eq.(3.60) the relations given by eq.(3.64) and (3.65)
we obtain

Om2
z

RTZ(n, -n’)=RT(n, +n_-n; -n")= RT[ “ P peutral —n;‘,eu,,a,)} . (3.67)
i

and introducing this new expression in the swelling equilibrium given by eq. (3.60)

anz -
~z V(Npeytral — Mneutral) =

gel
= I 030) + 2 + 202 + ﬂ‘-’—(vzm‘“ —32&) . (@70)
P Vo 2

which has to be resolved for (Npeutrar1 neurar) @nd is not a simple task without
approximations. A good approximation is to consider that the external free ions
concentration is small when compared to that of the dissociated fixed anions. In

such case N’ e <<anyZ and then we can neglect the term V(D poutral = Pheutrar) iN

the left hand side of eq.(3.70).
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In addition, we make the same approximation as we have made for neutral gels in
the previous section: consider low degree of crosslinking=high degree of swelling
which implies high g, in a good solvent situation and smallu,,. ™ As a result up, s>
vz, then as an approximation we neglect v,,/2 and higher terms in the series

expansion of In (1-v,,,) in eq.(3.70) resulting’®

n, 1 1 gel
_q__Z_ - _(Z _ _) 22m + Nc U2m1/3
Z_ ¢1 2 VO y (371)

and expressing the concentration of fixed acid groups in the polymers as

n,=—_22m _ (3.72)

where Vinonomer is the molar volume of the monomer unit of the polymer (=VMonomer)
Introducing eq.(3.72) into eq.(3.71) we obtain the swelling equation as a function of

avy, 1 1) , NS 13
—_— —_—— + —_—
Z_Vionomer 1 (l 2}) 2Ty, Vam (3.73)

and from this final expression the ratio of swelling can be calculated by substituting
vom for 1/, as we have done previously for neutral networks; this ratio will have a

strong dependence on the degree of dissociation.”

3.3.4 Physical properties of hydrogels

3.3.4.1 Mechanical properties

Hydrogels resembie natural rubbers in their ability to elastically respond to applied
stress. A hydrogel subjected to a relatively smail deformation, less than 20% will
fully recover to its original dimension in a rapid fashion. Accordingly, hydrogels can
be mechanically characterised by an elastic shear modulus ®' G which can be
defined as the ratio of shear stress to the shear strain.

The Young modulus E is defined as the limit, for small strains, of the rate of change

of stress with linear strain. Flory and Rehner® recognized the swelling phenomenon
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exhibited by cross-linked polymers when exposed to certain solvents and derived an
expression for the elastic modulus of a swollen (isotropic) polymer network as

gel 13
E=[57_—£c_"2_m_} 142 =1, (3.74)
MC ﬂgel

where all the terms have been defined in the previous section. For a chemically
cross-linked gel in a good solvent for the polymer, the elastic modulus would be
expected to be less than that of a rubbery polymer, below 10 MPa.®

3.3.4.2 Diffusion properties

The swelling kinetics of hydrogels can be classified as diffusion controlled (Fickian)
and relaxation-controlled (non-Fickian) swelling.®' When water diffuses into the
hydrogels much faster than the relaxation time employed by the polymer chains, the
swelling kinetics is diffusion controlled. We focus on the case where the expansion
and contraction of hydrogels depends on the diffusion of water or solvent into and
out of the matrix® The type of diffusion present in polymer networks in the
presence of solvent is called collective diffusion, defined as the cooperative diffusion
of a large number of particles, most often within a solvant. The diffusion coefficients
of solutes in gels have been measured and do not differ dramatically from those in
solution.®' Accordingly, by extending descriptions developed for long polymer chains
in solution, diffusion constants in terms on the Flory radius and viscosity can be

given.

The arguments presented here are obtained from a two fluid model.*> We introduce
a displacement vector u=u(r,t) which represents the displacement of a point r of a
polymer network from its average location at time t. Such a displacement for every
point in the gel results from a balance between the the elastic restoring force and a

viscous force due to the solvent resistence.>**%

The elastic force per unit volume of
the gel is GV2u(r,t) where G is the elastic shear modulus. The viscous force
exterted by a solvent flowing through a porous medium of pore size R (mesh size)

is given by the Brinkman equation® and is of the order of (R%® )2 @%-t—),where n

is the solvent viscosity. Thus,the force balance in the gel can be written as

au(r.t) _ G(R%® y?

~ Vau(r,t), (3.75)
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which is Fick's Second Law of diffusion used for non-steady or continually changing
state diffusion,® i.e. when the concentration within the diffusion volume changes
with respect to time; the diffusion constant D in eq.(3.75) is

_ G(R¥)?
77 1

D (3.76)

where R is given by eq.(3.50). This diffusion constant assumes that all chains

interact
A thorough discussion of the mathematics involved in diffusion processes in polymer
network systems is given by Crank *°
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Chapter 4

Experimental Techniques

We present in this chapter the experimental techniques employed in this thesis. The
chapter is divided into three major sections concerning three separated areas:
single poly(methacrylic) acid chains, polyacid and polybase brushes and adhesion
measurements on poly(methacrylic) acid gel/brush systems.

Sample preparation, instrumentation and analysis are presented in each section.

41 LABELLED POLY(METHACRYLIC) ACID

The behaviour of single poly(methacrylic) acid chains will be studied mainly via
fluorescence technigues. Thus, the polyacid chains used are labelled with
fluorescent chromophores.

4.1.1 Sample preparation

The monomer used was methacrylic acid, MAA (Aldrich-99%) distilled under
vacuum and stored below 0°C in a stoppered vessel. In order to be able to screen
the pH dependent behaviour of MAA the following fluorescent chromophores were
employed:. acenaphthalene (N) and (9-anthryl) methyl methacrylateanthracene (A).
Acenaphthalene (N) (Aldrich-85%) was purified by precipitation liquid
chromatography; a mixture (60/40 volume %) of acetonitrile and water was used as
the eluent at a flow rate of 1 mi/min. The monomer solution collected from the
column was evaporated and dried in a vacuum oven overnight at room temperature.
(9-Anthryl) methylmethacrylate anthracene (A) synthesis was performed by Dr
Ramune Rutkaite as discussed elsewhere.' The initiator used was 2,2-
azobisisobutyronitrile (AIBN) recrystalized from NaOH or EtOH (three times). The
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recrystallised material was washed with a small amount of methanol, filttered under
vacuum and dried in a vacuum oven overnight at room temperature. The purified
reagent was stored at -10°C.

Poly(methacrylic) acid (PMAA) was synthesized by copolymerization of MAA with
the single comonomer N (label) 0.5mol% in feed, A (label) 1.5 mol% and the double
label NA 0.5mol%/1.5mol% in the feed, yielding N-PMAA A-PMAA and NA-PMAA
respectively. The polymerization was performed by free radical polymerization using
AIBN as initiator in benzene solution. Fig. 4.1 shows a diagram of the structure of
NA-PMAA and rotation of both chromophores N and A when excited.

Naphthalene-anthracene poly(methacrylic acid)
NA-PMAA

Methacrylic acid
MAA

98 mol%j\/
Feed
0" "o-H 5
Initiator

+

1.5 mol%
Feed +AIBN in O
OO 80°C 5min - 2hours

Naphthalene
N +

X

0.5 mol%
< DO H

Anthracene
A

Y

Backbone axis

Fig 4.1 Chemical structure of labelled NA-PMAA polymer chains. It is also shown the rotation
axis of excited naphthalene and anthracene chromophores

Before use, the samples were thoroughly degassed (oxygen inhibits free radical
polymerisation), three times freeze pumped and sealed under high vacuum (ca 10
mbar). After the degassing process the samples were polymerised at 60°C for 48
hours. In order to ensure a truly random distribution of fluorescent chromophores
along the length of the polymer most samples were only allowed to proceed to 10-

20% conversion (full conversion leads to branching and problems due to the
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reactants no longer being in excess). The polymers were purified by multiple
dissolution (five times) in methanol followed by precipitation into diethy! ether. As
shown in Fig.4.1 the final product is a polymer bearing a naphthyl chromophore
rigidly bound to the chain backbone through two single covalent bounds, such that
polymer segment-independent motion is not possible, and an anthracene
chromophore bound via a methacrylate group (i.e. limited to only the carbon
backbone). The anthracene probe can then rotate around two different axes.

4.1.2 Sample characterisation

4.1.2.1 Gel-Permeation Chromatography (GPC)

Sample GPC chromatogram of the labelied PMAA materials was performed in a HP
1047A Refractive Index (RI) detector. The calculated molecular weights were based
on polyethylene oxide standards. The conditions were of ~1mg/ml solutions. The
injection volume was of 200ul and the eluant was a pH 7.0 aqueous buffer. The
columns used were 2x30cm Viskotec VisKogel columns with flow rate of 1ml/min
and run time of 40 min. The detection was by RI (the difference in refractive index
(dRI) between the eluent in the reference side, and the sample and eluent in the
sample side is measured).

Molecular weights of double labelled napthalene-anthracene-PMAA, single labelled
napthalene-PMAA and single labelled anthracene-PMAAA were measured as 80
kgmol-1, 72 kgmol-1 and 74 Kgmol-irespectively. Polydispersities were
approximately 2.9 and 2.7 for the single napthalene and double labelled PMAA
respectively. Polydispersity for anthracene labelied PMAA was approximately 2.6.

4.1.2.2 Ultraviolet (UV) spectra.

To calculate the amount of label present in the polymer Ultraviolet (UV) spectra
were recorded with a Hitachi U-2010 spectrometer scanning from 200 to 400nm.
The wavelengths where there was maximum absorption were estimated from the
absorption spectra. Polymer solutions (0.01 wt%) in methanol (spectroscopic grade)
were prepared and measured at room temperature. For NA-PMAA the concentration
of anthracene was calculated first with the amount of napthalene calculated from the
absorption at 290 nm after correction for anthracene absorption. A detailed
explanation of the method employed is given at the appendix 2. For NA-PMAA the
amount of naphthalene and anthracene was 0.56 mol% and 0.23 mol% respectively

(i.e. there is 1 naphthalene per 221 units of monomer MAA and 1 anthracene per
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440 units of MAA). For the single labelled N-PMAA the calculated amount of
naphthalene chromophores was 0.82 mol% or 1 unit of naphthalene every 130 units
of MAA. For the single labelled A-PMAA the calculated amount of anthracene
chromophores was 1 unit of anthracene every 330 units of MAA. UV absorption
spectra of N-PMAA, A-PMAA and NA-PMAA are shown in Fig. 4.2

s ——N-PMAA
] : —— A-PMAA
) / : —— NA-PMAA

Absorbance (a.u.)

0 v “.-T;' T v T
250 300 350 400
Wavelength (nm)

Fig 4.2. UV absorption spectra of N-PMAA, A-PMAA and NA-
PMAA in methanol 0.01 wt % scanning from 200 to 400nm.

In order to monitor single molecule behaviour via fluorescence techniques, aqueous
dilute solutions of 0.01wt% were prepared with N-PMAA, NA-PMAA and A-PMAA
samples.

4.1.3 Fluorescence measurements: Instrumentation and
Analysis

4.1.3.1 Steady State measurements

The Steady State Measurements were performed in a LS-50B Perkin-Elmer
luminescence spectrometer equipped with a 20kW/ 8us-equivalent xenon discharge
lamp (FL WinLAb Software). Pulse width at half height is better than 10us. The
optical system consists of two reflection grating monochromators (excitation and
emission), two polarisers (excitation and emission) and the reference and sample
photomultiplier detectors. Fig. 4.3 shows a schematic diagram of the LS-50B Perkin-
Elmer luminescence spectrometer.

In the present study single labelled (N-PMAA) and double labelled (NA-PMAA)

samples have been excited at the characteristic excitation wavelength of the donor
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(N) 290nm. Emission intensity was recorded over a range of wavelengths including
the characteristic emission wavelengths of napthalene and anthracene, 340 and 420
nm respectively. It is important to state that the dilute condition of our experiment
allows us to study the (average) behaviour of single polymer chains.

Source Detector
Excitation Emission
monochromator monochromator

Excitation
polariser

Emission
polariser

Sample

Fig.4.3 Layout of the LS-50B Perkin-Elmer luminescence spectrometer used for steady
state measurements.

Energy Transfer efficiencies were characterized by the ratio of the emission
intensities of anthracene and naphthalene I, /ly at 420 and 340 nm respectively.

In order to study the acceptor (A) behaviour in NA-PMAA, excitation scans have
been recorded (at a fixed emission wavelength of 420nm) over a range of
wavelengths including the characteristic excitation wavelengths of naphthalene and

anthracene: 290 and 370 nm respectively.

The data were obtained using a steady state fluorimeter combined with a flow
cell/peristaltic pump system, such that liquid from a stirred vessel (the pH of which
was accurately adjusted by means of a burette containing acid or base) was
constantly circulated through the flow cell. Drops of HCI or NaOH are added to the
solution to change the pH, which is recorded as soon as the solution stabilizes. Fig.
4.4 shows a schematic diagram of the flow cell/peristaltic pump set-up employed for

this experiment.
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== Liquid Path
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Pump urette l
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Polymer
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\

Light Source Xenon Excltatlon Emission
discharge lamp Monochromator Monochromator

Fig.4.4 Schematic diagram of the flow cell/peristaltic pump set-up employed for

fluorescence measurements in NA-PMAA at various pH.

4.1.3.2 Lifetime measurements

Measurements were carried out on a spectrometer, equipped with an IBH System
5000 coaxial nanosecond flash lamp and a single photon counting photomultiplier
connected to a time to amplitude converter (TAC) and multichannel analyser (MCA)
A schematic diagram of the IBH system 5000 is shown in Fig.4.5.

Each lamp flash (red path) is viewed directly by photomultiplier 1 through a fibre
optic cable (Fig.4.5) The output from photomultiplier 1 passes through a
discriminator to the start input of the time-to-amplitude converter (TAC), where it
initiates a voltage ramp linear with time. Simultaneously, the optical pulses (dark
blue path) travel through the excitation monochromator, where the excitation
wavelength is selected. The emission (bright blue path) passes through the
emission monochromator where the analysis wavelength is selected and detected
by photomuitiplier 2, which is connected, via a constant fraction discriminator, to the
"stop side" of the TAC. When a photon is detected, a signal is sent from the stop
multiplier to the TAC, which stops the voltage ramp charging. The output from TAC,

71



Chapter 4. Experimental Techniques

yields a number (proportional to the time between start and stop pulses) and is
stored in the multichannel analyser (MCA). After many start cycles, a histogram of
various time intervals and the frequency at which they occur is built up in the MCA
unit.” Such a set-up enables fluorescent decays in the range of 10’s of ns to 1-2us
to be studied .

Time to amplitude converter

Discriminator 1
(logic pulse)

Muiti-channel

analyser
Discriminator 2
Photomultiplier 1

Photomultiplier 2

Pulsed '. ST |

source
Fluorescence decay
Excitation Emission
monochromator monochromator

Excitati
pc::llarisleo:' Emission

polariser

Sample

Fig 4.5 Schematic diagram of the IBH System 5000.

Naphthalene and anthracene fluorescence decays were collected at the “magic
angle” of 54.7° with respect to that of vertically polarized excitation. The use of the
“magic angle” results in an intensity signal proportional to the total intensity /7, not
one proportional to vertically polarized light, horizontally polarized light or a
combination of both.*

Excitation and emission wavelengths of 290 and 340nm respectively were employed
in N-PMAA and NA-PMAA to study acceptor decays and energy transfer. Excitation
and emission wavelengths of 370 and 420nm respectively were employed in A-
PMAA to study acceptor decays. Sampling was carried out using the same method
comprising a pump/flow cell pH meter combination as illustrated in Fig. 4.4
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The Edinburgh Instruments analysis software was used to analyse fluorescence
decay curves. The use of just one exponential to fit the decays was insufficient. The
decays were fitted to triple eq (4.1) or double exponential eq (4.2),

I=Asexp (/1) +As exp (4/ 1) +Asexp (4 /z3), or (4.1)
I=Aexp(-t/mm)+Bexp (-t/ 1), (4.2)

where / is intensity and t is time.

The average lifetime <7 > of the excited state of the chromophores was estimated
using eq (4.3)

@)= A /ZA,-T,- : (4.3)

where A; are the pre-exponential factors and 7 are the lifetimes given by the

multiexponential fitting to the decays.

4.1.3.3 Time Resolved Anisotropy measurements (TRAMS)

All time resolved anisotropy measurements were performed on an Edinburgh
instrument 199 Fluorescence spectrometer with the addition of a computer
controiled toggling polariser accessory. The excitation source used was an IBH
nanoled, model-03 at a wavelength of 370nm.The emission was fixed at 450nm. At
this wavelength anthracene chromophores (acceptors) are excited. Time resolved
data were obtained using time correlated single photon counting (Fig.4.5).
Components of the time dependent emission intensity were collected with the
emission polariser in the vertical and horizontal positions (/,{t) and /,(t) respectively)
using a "toggling" procedure. In this procedure the analyser was rotated sequentially
through 90° with simultaneous switching from the two separate detection systems
(vertical and horizontal) in the Muiti-channel Analyser (MCA).

In the TRAMS experiment, vertically polarized radiation is used to photoselect (via
absorption) those chromophores whose transition vectors (dipole moments) are in a
parallel plane to that of the incident radiation at the instant of photon incidence. If
the luminescent molecule remains stationary during its excited state lifetime, the
resultant radiation wili remain highly polarised, characteristic of the intrinsic
anisotropy r, of that particular species. The light emitted from the molecules that
changed their orientation while they were excited will be polarised differently to the
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exciting radiation. A schematic diagram in Fig.4.6 illustrates these processes taking
place in TRAMS measurements.

% @ @ Vertical Relaxation
%@ Photoselection %@ Molecular motion % %

Brownian motion ) ] 5 New Random orientation
Random orientation Vertical orientation New equilibrium
o B
)
Relaxati
t=0 time

<+ P>

Excited state lifetime

Fig.4.6 Diagram of the processes taking place in TRAMS measurements: photoselection and
relaxation. Initially the chromophores are in Brownian motion. Vertically polarized radiation
photoselects the chromophores whose dipole moments (represented as little black arrows in
the chromophores) are vertical: vertical photoselection. After the photoselection, the molecules
return to a relaxed state via light emission (during their excited state lifetime). In the new
equilibrium, the orientation of the dipole moments is again random.

The degree of orientation within the sample can be quantified by the anisotropy R(t).

Information regarding molecular motion is contained within the relative time
dependent intensities /,t) and /,t) of luminescence observed in parallel and
perpendicular planes to that of photoselection. To decode this information we make

use of the anisotropy function R(t) defined as follows:

R(t) = M (4.4)
Iy (t)+21(t)

Using eq (4.4) anisotropy decays were collected as a function of pH in NA-PMAA
samples exciting anthracene. Different procedures of analysis have been discussed
elsewhere.? In the present studies, the raw anisotropy data R(t) were directly fitted
to a function (without deconvolution with the response function) which is assumed to
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model the decay of true anisotropy data. Assuming the dyes behave like an isotropic
rotor in a fluid environment, the anisotropy could be modelled with just one rotational

correlation time 7, using the following equation:

R(t)=ryexp(-t/z,). (4.5)

The Edinburgh Instrument analysis software was used to analyse anisotropy decay
curves.

4.1.4 Dynamic Light Scattering measurements (DLS)

Dynamic light scattering experiments were performed on a BI-200 SM goniometer
with 0.01° steps from Brookhaven Instruments Corporation using a He-Ne-Laser (of
wavelength A=633 nm and maximum power output 75 mW). Each sample was
measured at angles of 40°, 60°, 90° and 120°. The pinhole in front of the detector
was set at 400 pym. Data collecting time was 5 min for each experiment (i.e. each
pH) with a time window from 100 ns to 100 ms. Fig 4.7 shows a schematic diagram
of the DLS set-up.

—— Excitation beam ——— Scattered beam

Fig. 4.7: Schematic diagram of the DLS set-up, 1: Laser, 2: Sample tube, 3: Sample bath
(decaline), 4: Circular base, 5:Detector, 6: Housing.

The measured correlation functions were analysed using cumulant analysis by
polynomial fit> The linear relaxation rate '=1/zy (where 7z, is a time constant
representing the temporal decay in light scattering intensity) was plotted as a

function of the squared scattering vector q° (q=(2x /4)sin@ ) with the linear fit to the
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data forced through the origin, yielding the diffusion coefficient D, as the siope (=

D:q°).% The hydrodynamic radius Ry was determined using the Stokes-Einstein
relation”®

with kg= Boltzmann’s constant, 7= absolute temperature and n= viscosity.

For dynamic light scattering, it is important to increase the concentration of the
PMAA in order to increase signal intensity. Too great an increase in concentration,
resuits in aggregation, which can be detected by a slow mode (interchain effects) in
the DLS experiments.®'® This slow mode can be inhibited by adding salt to shield
the charges. However, too much salt will affect the conformational transition. The
best compromise between shielding interchain forces and minimizing intrachain
forces is found at a concentration of 0.1 wt% of polymer and 0.01 M of NaCl.
Solutions were prepared by dissolving the same labelled PMAA used in
fluorescence analysis in previously filtered 0.01 M NaCl water solution. The pH was
adjusted by adding 0.5 M HCI and 1 M NaOH. Sampies were prepared at least 16 h
prior to the experiment in order to ensure the complete dissolution of the polymer
and to equilibrate the pH, which was measured using a pH meter under constant
stirring. To ensure that the samples were completely dust-free, solutions and

samples were prepared in a clean room environment.

4.1.5 Transmission Electron Microscopy measurements

Transmission electron microscopy was performed using a Philips CM100 electron
microscope (tungsten source at 100 kV) equipped with a Gatan 1k CCD Camera.
Carbon grids were submerged for 20 seconds into the sample solution and
subsequently in a uranyl acetate water solution (2% wiw). The grids were blotted
and dried under vacuum (uranyl acetate is a highly efficient staining agent for many

. . 1
polymers, freezing the structure in several ms). !
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4.2 POLYELECTROLYTE BRUSHES

The polyelectrolyte brushes presented in this thesis were prepared by Dr Collin J.
Crook, Dr Paul D. Topham, Andrew J. Parnell and Dr Jonathan R. Howse.'?

4.2.1 Brush preparation

Polymer brushes, comprising polyacid (PMAA) or polybase poly[(diethylamino) ethyl
methacrylate] (PDEAMA) chains, were grown from functionalized surfaces by atom
transfer radical polymerization (ATRP). The polyacid was formed by hydrolyzing a
poly(tert-butyl methacrylate) brush whereas the polybase brush was grown directly
(ATRP is not suitable for growing PMAA chains directly). These samples were
required for neutron reflectivity experiments and so were prepared on large silicon
blocks to provide a large surface area and suitable thickness for the refiection
geometry.

Small pieces of silicon wafers (Mitsubishi Research and Crystran Ltd., 30x30x20
mm, polished to the (100) surface with a native SiO, layer of 1.5 nm) were then
used as substrates. These substrates were rendered hydrophilic by a two step
process, first cleaning in oxygen plasma for 10 min and then immersion in an
aqueous solution of ammonia (5% v/v) and hydrogen peroxide (3% Vv/v) at 80 °C for
10 min (details of the method are given elsewhere'®). The sample was then
repeatedly washed with clean water. The silicon was then dried under a nitrogen
atmosphere for several minutes to remove all traces of water. After preparing the
substrates the synthesis of bushes is based in two differentiated steps: (a) surface
functionalization and (b) polymerisation.

4.2.1.1 Polyacid brushes.

(a) The clean silicon block was transferred to a refluxing environment of 5% (v/v) 3-
aminopropyltriethoxysilane (1) in toluene. The sample was held in place for 16 h
using a specially designed PTFE holder at a height just above the condensing
region. Once removed, the sample was placed in a reaction vessel containing a
solution of 2-bromo-2-methylpropionic acid (2) (33.4 mg, 0.20 mmol) and p-(dimethyl
amino) pyridine (3) (6 mg, 0.05 mmol) in 10 ml of dry dichloromethane." The
solution was cooled to 0°C before adding dicyclohexylcarbodiimide (51.6 mg, 0.25
mmol). The wafers were left at room temperature overnight before being washed

with toluene and acetone. Finally the wafers were dried with nitrogen before
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proceeding to following polymerisation step. A scheme of the chemical reaction is
shown in Fig. 4.8.
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Fig.4.8 Formation of poly(methacrylic) acid brushes . Adapted from ref. (11)

(b) The chemicals employed in the synthesis were purified as follows: tert-butyl
methacrylate (tBuMA) (Aldrich, 98%) was stirred over CaH, overnight before being
distiled under reduced pressure. N,N,N’,N’ ,N"-pentamethyldiethylene-triamine
(PMDETA) (Aldrich 99%) was used as received. Cu(l)Br (Aldrich, 98%) was stirred
with glacial acetic acid overnight, before being filtered and thoroughly washed with
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ethanol and acetone, and then dried under vacuum. Benzonitrile (Aldrich, 98%) was
used as supplied.

Methyl-2-bromoprionate (0.103 ml, 9.25 x10™ mol), Cu(l)Br (133 mg, 0.925 mmol)
and 1 ml of benzonitrile, were introduced to a reaction tube. The mixture was stirred
vigorously under an inert atmosphere for 20 min before the addition of PMDETA
(0.579 ml, 278 x1 0 mol), resulting in the development of an intense green colour.
After another 20 min, tBuMA (15 mi, 9.2 x10? mol) was added and stirred until
homogeneous. An initiator-coated silicon wafer heid in a wire cradle was then
lowered into the mixture, and the temperature rose to 100°C. The polymerisation
mixture rapidly increased in viscosity and, after a period of an hour, the silicon wafer
was removed from the vessel and was washed clean in tetrahydrofuran (THF). The
free polymer was dissolved in THF and recovered by precipitation in a
methanoliwater (95/5 viv) mixture. The polymer was then filtered and cleaned by
further dissolving/precipitating cycles.

Following polymerisation the brushes were hydrolysed to remove the tert-butyl
group by refluxing in a solution p-toluene sulfonic acid in 1,4 dioxane. Sacrificial free
polymer was used in order to reach ideal concentrations, i.e. 20% polymer in
solution and 5% acid with respect to polymer. The brushes were then removed and
placed in a water/methanol mixture followed by several wash steps with deionised

water.

4.2.1.2 Polybase brushes

(a) The initiator surface was generated by a 2-step process and differs slightly from
that used in the generation of PMAA brushes as described above. Here we attached
the initiator to the surface in a single step transfer using (11-(2-bromo-2-
methyl)propionyloxy)undecy! trichiorosilane as described elsewhere' and shown in
Fig. 4.9.

i 0
{11<(2-bromo methyl) Cl—Si 0
proplonyloxy)undecyl trichlorosiiane i‘\/\{\%s

Br

—O—H —O—H
—O0 O
—O—H o z o Toluene N o
+ CI—Si _ oO——Si
—0-H é|VM9 [M N
L O—H B 0] Br
r
—O—H —O~H
o+ [TOH

Fig. 4.9 Formation of the initiator surface for polybase brushes. Adapted from ref. (11)
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The silicon surface was was placed it in a PTFE beaker with a tight fitting lid
containing 20 mi of a 1.5 ul mI” solution of trichlorosilane initiator in dry toluene.
After the required period the silicon block was removed and subjected to washings
with toluene twice, acetone, and ethanol before finally dried under nitrogen. The
blocks were stored under vacuum until required for the brush synthesis (Fig.4.9)

(b) (Diethylamino) ethyl methacrylate (DEAMA) (Aldrich, 99%) was stirred over
calcium hydride overnight before being distilled under high vacuum at 70 °C.
PMDETA (Aldrich 99%) was used as received. Cu(l)Br (Aldrich, 98%) was stirred
with glacial acetic acid overnight, before being filtered and thoroughly washed with
ethanol and acetone, and then dried under vacuum. THF was distilled over
sodium/potassium benzophenone and stored under vacuum before use.

Copper (I) bromide (163 mg, 1.14 mmol) and PMDETA (270 ml, 1.29 mmol) were
added to 15 ml of stired THF. The reagents were purged with nitrogen and
thoroughly mixed, to which the DEAMA monomer (25 ml, 124 mmol) was
subsequently introduced. After 20 min of further stirring, whilst maintaining the flow
of nitrogen, the suspended initiator was lowered into the bright blue solution at
75°C. After 17 h, the silicon-based polymer brushes were withdrawn from the
solution (now dark green) and purified using a THF soxhlet reflux system for 24 h. A
reference wafer with a saturated initiator surface of dimensions 10 x10 x0.625 mm
was also used for each polymerisation bath to assess the consistency of polymer
chain growth. With the absence of any direct means of measuring the polymer chain
molecular weight the use of a reference wafer allows for some assessment of the
molecular weight of the polymer chains on the dilute brush under study. Fig. 4.10
illustrates the process described in this subsection.

Cu(l)Br
PMDETA
THF

3

_ /N

Fig. 4.10 Preparation of polybase brushes. Adapted from ref. (11)
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4.2.2 Neutron Reflectivity measurements: Instrumentation and
Analysis

4.2.2.1 Instrumentation.

Neutron Reflectometry is a key technique in the study of soft matter, complex fluids,
surfaces, interfaces, and thin films. Neutrons scatter from material via a nuclear
interaction. This interaction is such that the scattering power of an atom is not
related to its atomic number but to what is called the scattering length of the
nucleus, which varies seemingly randomly with atomic mass. This property makes
neutrons a very important technique for studying polymeric systems since it allows
the detection of isotopes of the same element in a distinct manner. Deuterium has a
greater scattering length than hydrogen and so is used to label one of the
components of the system under study. This labelling method allows materials that
cannot be investigated by X-ray reflection to be studied.”® In addition, neutron
reflectivity is non-destructive to delicate systems and has the ability to study buried
interfaces that be used to look at samples in shear cells, pressure cells, cryostats
and furnaces for example.

In the present work neutron reflectivity (NR) is used as a complementary technique
to the luminescence techniques previously described. NR will provide us with
information about the swelling or coiling of the PDEAMA and PMAA brushes when
the pH of the medium in which it is dissolved changes. In addition it can yield
information about the kinetics of the swelling/collapse processes.

In any spectrometer, which uses radiation to investigate organization or motion at a
molecular level several components in common can be identified:

(a) First a source of radiation is required. There are two types of sources of
interest. reactors and pulsed (spallation) sources. In the reactor source a nuclear
chain reaction produces a continuous flux of neutrons. The reflectivity profile is often
(but not always) obtained by changing the angle of incidence 6, simultaneously with
angle of detector 20 at a constant wavelength. In pulsed sources high energy
protons from a synchrotron hit a heavy metal target, such as tantalum, and expel
neutrons from the nuclei, which come in sharp bursts (the protons are diverted from
the synchrotron onto the target at a fixed frequency). For such sources
measurements are performed at fixed angle of incidence and analysed by a Time-
of-Flight method in which neutrons are velocity (wavelength) selected using typically
a chopper and filters so that a spectrum can be obtained at constant angle 8. For

both reactor/spallation sources the neutrons have to be moderated.
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(b) When the neutrons emerge from the nuclei that produce them they have a
large energy that needs to be “slowed down”. A moderator is used to decrease this
energy. In the moderator the neutrons are scattered many times within a suitable
medium (usually liquid hydrogen) exchanging energy at each collision. This process
is stopped when the neutrons reach thermal equilibrium with the nuclei of the
moderator. The moderator temperature determines the spectral distribution of
neutrons produced, so for a liquid hydrogen moderator the neutrons have a Maxwell
Boltzmann velocity distribution for a temperature of 20K.

(©) After the cold moderator, the energy (and hence wavelength) of the beam
needs to be defined before it reaches the sample object of our study. For this
purpose a chopper (and some filters) is used as a wavelength selector.

(d) After the wavelength distribution of the incident neutrons has been defined,
scattering detectors will identify changes in direction and energy, which have
occurred. The neutrons are detected before the sample and that is used to
normalize the signal at the sample. In Time-of-Flight spectrometers, the wavelength
comes from the de Broglie relation A=h/mv, where 1 is the neutron’s wavelenght, h
is the Planck constant, m is the neutron's rest mass and v is the neutron’s velocity.
Thus longer wavelength neutrons come after short wavelength ones. The velocity of
the neutrons will be dependent upon their energy, with the more energetic neutrons
travelling at a higher velocity (and smaller wavelength). Since the distance from the
source to the detector is known, then the time at which a neutron hits the detector
(relative to their timing pulse) will provide its velocity and therefore its energy (kinetic
energy). Such energy can be converted into wavelength by the de Broglie relation
and the neutrons intensity varies with wavelength. In other words, detectors
measure intensity as a function of time.

Traditionally reflectivity profiles are recorded either as a function of 8 or 1 however is
convenient to use the scattering vector Q= (4n/1) sin6. Measurements can be either
specular or off specular. Specular measurements are those where the angle of
incidence relative to the normal between the two interfaces is equal to the relative
angle of reflection, whereas off specular reflection involves different incident and
reflection angles including those out of plane. Variation in the refractive index
normal to the surface is monitored. A specular neutron reflectivity measurement
provides information on concentration or composition perpendicular to the surface or

interface, in particular the surface and interface roughness.®
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The data presented in this thesis were obtained at the EROS Time-of-flight neutron
reflectometer (Orphée reactor) at the Laboratoire Leén Brillouin at Saclay in France.
The reflectometer is composed of a chopper that defines the neutron bursts. Then, a
3.9 m evacuated collimator defines a very narrow neutron beam. Inside the
collimator, a neutron supermirror deflects neutrons of the wrong energies away and
allows the use of liquid measurements by allowing the liquid surface to remain flat.
The samples are installed on a goniometer head for alignment purpose. Changing
the height and angle of the sample via the goniometer will ensure that incident and
reflected angles are equal (specular measurements). Measurements of PDEAMA
and PMAA brushes were performed in air (dry) at 1 °® angle and in a liquid cell at an
angle of 1.4 °. The reflected intensity is measured at a 2 to 4 m distance by single
®He counter. A diagram of EROS is shown in Fig. 4.11.

Preliminary measurements were performed on the SURF reflectometer at the ISIS
source, Rutherford-Appleton laboratory, Chilton, Didcot, Oxfordshire. The ISIS
source relies on the spallation process in which pulsed neutrons are produced as a
result of the collision of highly energetic protons from a source with a heavy metal
target. The result is a “white beam” consisting of a continuous distribution of neutron
wavelengths which is analyzed with the time of flight method, under a fixed angle.

| 3gm (= 0.39M = 2m !
| vacwmevacuated | i }
! collimator : i detector
neutron guide : 2z ‘
! /—I_ super-mirror = 2 V% _
P sample I ?% ‘
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Fig. 4.11 Schematic diagram of EROS time-of-flight neutron reﬂ.ectometer
(Orphée reactor) at the Laboratoire Ledn Brillouin at Saclay in France.
Adapted from http:/Mwww-lIb.cea.fr/spectros/pdf/eros-lib.
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The object of our study is a semi-infinite system, single film of thickness d (the
PDEAMA/PMAA brush is the single film). Each sample is clamped into a
polytetrafiuoroethylene (PTFE) sample cell via a rubbed ring. The geometry in the
sample cell is an inverted one, with neutrons incident on the brush through the
silicon. After impinging the silicon, the beam undergoes successive reflections and
transmissions along the brush. Heavy water (at various pHs by addition of NaOH or
HCI as appropriate) is used for contrast with the hydrogenous polybase/polyacid
brush placed in the sample cell. D,O scatters neutrons very well whereas H,O does
not, and so swollen brushes reflect less efficiently neutrons than collapsed ones.
This is due to the fact that when the brush is swollen, some D,O molecules are
within the hydrogenous brush region and so the interface between brush and
external solution can be considered diffuse. In this case, the difference in Nb values
of the brush region with respect to the external solution is not large. In collapsed
brushes a sharp interface is formed between the brush and the heavy water regions,
such interface is highly reflective for neutrons

Details of the sample cell and orientation can be seen in Fig. 4.12

Incident beam Reflected beam

Single crystal silicon block

Trough containing D,O
solutions at various pHs

Grafted polymer

Fig. 4.12 Schematic diagram of the sample cell used in NR measurements to measure
swelling/collapse on brushes

The experiments we performed from a starting point of neutral pH (plain D,O), after

which the pH was progressively increased till reaching pH ~ 10. Further experiments
were performed decreasing gradually the pH. After each measurement of the
reflectivity of a given swelling (i.e. pH value), the silicon wafer with the brush was
removed from the sample cell and washed before the next solution was added. In
some runs, the brush usually needed circa 30 minutes to equilibrate from the new
pH (the reflectivity profile changed during the first stages of the run). In order to
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obtain the most accurate refiectivity profile typically three scans were measured at
each pH, scans for which the data unchanged were added together to produce the
data presented here.

4.2.2.2 Theoretical background and analysis

If the radiation used to study a material consists of neutrons then the refractive
index for this material is usually slightly less than unity (order of 10'6) and can be
expressed as:

Nmar= 1-A2A +iiB, (4.7)

where A is the neutron wavelength (in vacuum); A and B are constants and
represent the effects of scattering and absorption respectively:

A=M?_ ,BZLV(_%_J’_G"Z, (4.8)
27 4z

Where N represents the atomic number density, b is the scattering length and Nb
and N(o. +0;) are the scattering length density and absorption cross section density
respectively. The neutron scattering length varies randomly across the periodic table
and between isotopes. The scattering length density Nb for a material is calculated
like:

Nb = 2 _ coherent s.c.atterlnglength _ NAZ 4 b;p; , (4.9)
v specific volume — M,

where N, is Avogadro's constant and the summation is over all the molecules
contained in the material. ¢, b;, p; and M,; are the volume fraction, scattering length,
density and molecular weight of the molecule i respectively. The scattering length
density of a single molecule Nbecue (Of molecular weight M,) is the sum of the
scattering lengths of each atom b, present in the molecule

(ND, oot = %{V—'iZba ,where pis the density of the molecule).

w

From eq.(4.8) o. and o, are the coherent and incoherent scattering cross sections
respectively, the sum of both is the total scattering cross section o, which is related

to the scattering length b by o.=4x|b*
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Given A and B in (4.8) and using (4.7) it can be seen that the “refractive index” for
neutrons is related to the scattering length density. Neglecting absorption effects (no
significant absorption phenomena is observed for most polymeric materials of
interest), the refractive index for neutrons is a real number that can be expressed
as:

L (4.10)

The refractive index for neutrons is very close and usually slightly less than unity, so
there will be a critical glancing angle below which there is total external reflection.
For incident angles above the critical angle, the reflectivity falls away very rapidly.
The sharp change in the reflectivity marks what is generally referred to as the “total
reflection edge”. A detailed explanation of the critical angle is given below.

Consider an interface separating two media with refractive indexes no and ns
respectively and a neutron beam incident on the surface at an angle a,. As neutron
can be treated in similar way to electromagnetic radiation, a parallel to Snell's law of
refraction can be developed. Snell's law for classical optics is:

neSinap = NySinay (4.11)
where n; is the refractive index of the medium and ¢ is the angle of incidence
relative to the normal between the two interfaces. For neutron reflectivity the angle
of incidence is usually defined as the angle relative to the surface, which the beam
is incident, resulting in:

NeCoS@y = N4COSH; (4.12)

where @=90-a. Reflection and refraction of an electromagnetic beam is shown in

Fig. 4.13 for incidence on a single layer.

Incident beam Reflected beam

Refracted beam

Fig. 4.13 Diagram illustrating reflection (at an angle 8y) and refraction .(at an angle 8y) of a neutron
beam incident to an interface between air and a médium of refractive indexes ngand ny

86



Chapter 4. Experimental Techniques

When the angle of incidence is equal to the critical angle 4=6., the angle of
refracted beam is zero and the neutron beam is propagated along the surface. In
this situation ,=0 so cos,=1 in eq.(4.12).

Total Internal Reflection (instead of refraction) will occur for a beam incident upon
an interface where n,<1 (as the medium 0 is air, ne=1). From eq.(4.12) n, < 1 implies
that cosg< cos@,;, then 6,<6, and there is a real angle of refraction for values of 4,
>0, where:

n
cosf, = —=n,. (4.13)

o

The cosine function can be expressed as an expanded series such as follows;

cosf =1-—+-—-—+ ... (4.14)

For small angles only the first two parts of the above expression need to apply so be
obtained

92
0039:1——2—.. (4.15)

An approximation for the critical angle 6, can be obtained using eq.(4.15),
neglecting absorption (the imaginary part of refractive index is ignored) and
combining eq.(4.10) and (4.13) as :

g, = a/Nb (4.16)
/4

Where &, is expressed in radians and Nb and 4 are in AZand A respectively.

If we consider a beam of neutrons incident on a semi-infinite block of material, then
at small angles of incidence &, < €, there is total external reflection and only an
evanescent wave propagates into the specimen. The reflectivity R(6)=1.

For incident angles greater than g,the beam begins to penetrate the sample and the

reflectivity falls off very rapidly.
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The extent to which radiation is reflected at an interface depends upon difference in
the wavevector on both sides and the interface. In vacuum, the z component of the
wavevector (normal to the interface) can be written as:

27\ .
Ko = (7) sing, , (4.17)
or as a momentum transfer:
4 .
Q0 = (7”)5|n490. (4.18)

Since the geometry is such that the incident and detection angles are equal, the
only component of interest of K or Q is the z-component.
In 2a medium 1, K, propagates following

Kp1=yKio—K21 . (4.19)

where K. 1 is the critical value of K, ; below which total reflection occurs.
Consider an infinitely sharp interface separating two media, air and a film. The

reflection coefficient is the same as that for Fresnel reflection of electromagnetic

waves and is given by'®

Kz,O - Kz,1

r = (4.20)
o1 Kz,O + Kz,1

and the reflectivity by
R=ro1r 02 (4.21)

where the asterisk denotes the complex conjugate. Combining eq.(4.19) and
eq.(4.20) , eq.(4.21) can be written as:
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2
[ (K \‘2—%
1-11-| =&
\Kz,O
R(Kz0) = [— jy : (4.22)
2172
1+ 1—(K°’1
KZ,O/
where
4
K
R(KZ,O)OC[K”J . (4.23)
2,0

For an infinitely sharp interface eq.(4.23) implies that

R(K;0) K ;0" =constant, (4.24)

17,18

Which is known as Porod’s Law by which it can be assumed that the reflectivity

will vary with K ,¢* at high values of K .

When the interface is not sharp is due to roughness at the air interface. In such case
the measured reflectivity will not follow Porod's law, instead the reflectivity will fall
faster than K,o*."° The reflectivity expression has to be modified which is usually
done by giving the interface a Gaussian smoothing function'®.

R =|ros|expl- 4K oK, 1024), (4.25)

where o is the width of the Gaussian function. Using eq.(4.25), the deviation of the
actual interface from its mean position can be described by Gaussian statistics.

The roughness in an interface produces an overall reduction of the reflected
intensity while maintaining the features of the reflectivity profile (Fresnel reflectivity).

When the system under study has more than one interface between media different
methods are employed. Optical matrix methods are particularly useful for either
discreet layers or continuous interfaces which can be broken up into series of
discreet layers by treating each one with its own defined thickness and scattering
length density. The Optical matrix method is often referred to as dynamic optics
approximation. Another method for modelling reflectivity data is the kinematic
approximation in which the reflectivity is related to the Fourier transform of the
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scattering length density normal to the interface. We will not refer to this model in
the present study.

Consider the example of a semi-infinite system, for example a single film of

thickness d,, with sharp interfaces and constant refractive index situated above a
bulk substrate of thickness d, (Fig 4.14).

Incident beam Reflected beam
n &
5 : &
ny Refractedbeam \% _, . [ d

d

Fig. 4.14 Diagram showing incident, reflected and refracted beams for a single film of thickness d;
on substrate of thickness d>

The expression to calculate the reflectivity is given by standard optical methods as:

| o1 +11p exp(2iB) |
|G+ rogr; exp(2B))] e

where r;is the (Fresnel) reflection coefficient between medium j and j and 8 is the

optical path length for neutrons in the film defined as:
2r .
= (7) n,d;siné;,. (4.27)

With a single layer multiple reflection and refraction are likely to occur and so
interference patterns occur. For interference to occur the Bragg condition needs to
be satisfied:

mA=2n,d, sin@ (4.28)

90



Chapter 4. Experimental Techniques

Where d; is the distance between scattering centers (film thickness) and m is an
integer known as the order of the diffracted beam. Combining eq.(4.28) with Q=
(4n/A)sing the peak to peak distance AQ in Q space can be calculated for our
pattern as:

2z

AQ =
d

(4.29)

Consider a multi-layer generalisation of the two-layer system shown in Fig. 4.14.The
reflection coefficient of the (n-1)”’l n" interface in an n layered film is given by

rn—1,n + rrlr,n+1 exp(2id,,K,, )

I, : - - .
1+ rn—1,nrn,n+1 exp(21d,,K,,)

n-in =

(4.30)

where the prime designates the reflectance given from eq.(4.20)
This reflectance given in eq.(4.30) is used to calculate the reflectance at the next
interface

Fnopq= rn—2,n—1 +rn—1,n eXp(Zidn—1Kn—1)
n-2n-1~— [ A .
1+ rn—2,n—‘lrn—1,n eXp(Z’dn—1Kn—1)

(4.31)

in this manner, the calculation can continue recursively until the air-film interface is

reached.

For the treatment of the data, the data for the various angles were normalised to
total reflection. Neutron reflection data were analysed using the s/ab fit program,
created by Dr Devinderjit S. Sivia (Rutherford Appleton Laboratory). The slab fit
program attempts to carry out an ab initio search for a density-profile in good
agreement with the reflectivity data, using a combination of trial-and-error slab-
splitting and initialisation steps and local optimisation using the downhill simplex
algorithm.

The sum of several (up to 20) uniform layers of material (or slabs) and three
Gaussian roughness parameters: one each for the outer and innermost interfaces,
and the third for all the internal ones, are assumed to describe satisfactorily the
density profile. The fitting was repeated for various thickness limits to allow different
levels of swelling with the brush thickness used to calculate the conserved volume
fraction for each of these thickness ranges. Regardless of the different thicknesses
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used, the total volume fraction of brush was conserved, although it was allowed to
float to within +10%. A total thickness d was chosen for the fitting procedure.

The first iteration of the fitting routine is a single layer whose volume fraction is given
by the dry brush thickness divided by the total thickness of the layer d (to conserve
mass). A failure to fit the neutron data to this profile by varying volume fraction,
thickness (volume fraction and thickness were allowed to vary within 10%) or
roughness parameters is followed by the layer being divided into two, yielding a new
volume fraction profile. The thicknesses of the two layers are allowed to float (again
within the 10% tolerance limit), such that the total thickness continues being the
same as the first (single)layer. Three layers follow. If fitting continued inadequate,
the number of layers increased to a maximum of 20, where the internal roughnesses
of each layer is kept constant (in order to keep the number of fittings parameters
low).

Fitting was ended when (the normalized) x? < 1. The choice of d for the fittings is
rather arbitrary, but is a predetermining factor in the quality of the fits so, the entire
procedure was repeated for various thicknesses. In order to differentiate between
different high-quality fits of similar %2, we spared physically unrealistic profiles (brush
layer detached from the substrate, negative volume fraction) and chose the fit
requiring the fewest number of layers. The silicon oxide and initiator layer were not
present in these fits, perhaps because they often are imprecise and can be
subsumed into the brush-substrate roughness.

4.3 PMAA HYDROGELS

4.3.1 Hydrogels preparation

The pH responsive gels were synthesised via a free-radical mechanism. The
synthesis was performed in an aqueous environment using MAA as the monomer,
2,2'-azobis(2-methylpropionamide) dihydrochloride (AMPA) as the initiator and N,N’-
methylene bisacrylamide (MBA) as the crosslinking agent. Fig.4.15 shows the
chemical structure of such reactants.

The polymerisations were carried out in a water solution containing MAA 47% wiv,
AMPA 0.9Wt% and MBA 1.1% wi/v. (relative amount of crosslinker MBA with respect
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of monomer MAA is 3.2wt%). Different amounts of reagents were tested but those
chosen allowed the gels to fully swell at high pHs while still maintaining their shapes

H H 0
MBA MAA
NH NH

Fig. 4.15 Reactants used for the synthesis of cross-linked PMAA gels

The aqueous solution containing MAA, AMPA and MBA was degassed under a
nitrogen atmosphere for approximately 10 minutes. The polymerisation was then
initiated thermally at 80°C and gelation occurred in an hour. In order to obtain gels
with the desired shape (hemispherical shape of radius ~3mm) a glass mould was
used, allowing three hemispherical gels to be made at the same time (under
identical conditions). This mould was placed in a bottled sealed with a rubber
septum so the degassing and polymerisation processes could be performed in situ
(Fig.4.16).

Aqueous solution containing
MAA, AMPA and MBA

Glass mould with three
hemispherical ‘holes’

Fig. 4.16 Scheme of the system used to make hemispherical-shape
gels. The aqueous solution containing monomer MAA, initiator AMPA
and crosslinker MBA rests on a glass mould built in order to obtain
gels of the desidered hemispherical shape when gelation occurs. The
three hemispherical ‘holes’ of radius ~3mm allowed three gels of that
dimension to be prepared at the same time under identical conditions.
The polymerisation process was performed in situ.
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The percentages used for the different reactants yielded a network with a high
crosslink density of one crosslinker unit every 60 chains of PMAA.

The three gels were weighed after being removed from the mould where gelation
took place, yielding an average weight w;. They were then placed in a water bath
overnight in order to remove residual solution (free chains in the gel) and left to dry
in open air for about 4 hours and weighed again (ws). The ratio w./ w; allowed us to
know approximately the amount of free (residual) chains that did not form part of the
final gel.

4.3.2 Contact area measurements: instrumentation and Analysis

In order to probe the existence of adhesion between the PMAA gel and PMAA brush
in basic conditions, hemispherical gels (lenses) were made as described previously.
The adhesion properties could be preliminary observed by measuring the contact
area between the two components of the system at various pHs.

Various methods were tested to measure the contact area between gel and brush in
aqueous solution. Such a task might seem relatively trivial but the fact that the
system is immersed in an aqueous solution creates problems of contrast between
the gel and water. The first attempt was to use a reflection microscope to observe
from above the contact area between the gel and the brush on silicon when
immersed in water. Several problems were faced; for example the gel could not be
distinguished from the water (due to their similar refractive indexes). In order to
resolve this problem the water was coloured but, as expected, after a short period of
time it diffused into the gel. Alternatively the gel was coloured via addition of a
chromophore in the synthesis but still not much contrast was provided. In addition to
this problem, the unavoidable air bubbles trapped during the gelation and the
heterogeneities present in the gel made it unviable to observe any well-defined
contact area from above. By looking at the contact area from the side, reliable
information was obtained despite the air bubbles and heterogeneities.

Preliminary measurements were then performed using a contact angle machine
equipped with a high-resolution Watec CCD camera, WAT-902 B model. The
camera was connected to the computer via a Belkin USB-video driver, F5U228 FCC
standard. Pictures were constantly taken at different frames of time using Capture
Studio Professional v.4.05 software, video format 720x565 resolution. The pH meter
was a Mettler Toledo, SevenEasy S20K model (inserted permanently in the
system), which allowed us to monitor the pH constantly via an external driver
connected to the computer, and the software used was Balink software.
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The brush was placed in a petri-dish covered in water (glass containers caused
distortion in the images obtained). Three hemispherical lenses were positioned onto
the brush forming a triangle, distant enough so they did not overlap when fully
swollen. A glass slide was positioned on top of the three lenses so they were kept in
place during the processes of changing pHs (Fig.4.17). The weight of the glass slide
was not considered as the same glass slide was used in all experiments. Solutions
of HCI and NaOH, 1M and 2.5 M respectively were prepared and added to the
system in order to obtain the desired pH. Fig. 4.18 shows a picture of the set-up
used to perform these experiments.

Aqueous solution Glass slide Gel lense
™ -
e
Contact area
Petri-dish container Brush on silicon
a) b)

Fig.4.17 Diagram of the brush—gel system used to study adhesion; a) View from the side b) View
from the top

y g

Camera

1

3Gels+brush system on
a petri dish

Contact area image

Fig. 4.18 Picture of the set-up used to measure contact area between gel and brush system at
different pHs For more clarity the pH meter is not included in this picture
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After contact area measurements of the gels in contact with the brush were

performed, contact areas of the gel in contact with blank silicon were also measured

in order to provide a reference for the polymer-coated silicon. The idea behind this

experiment is to observe how fast the gel spreads over the surface (with and without

brush) when the solution is driven from poor to good solvent conditions. Short

timescales should imply small interactions between gel and surface. in contrast,

retarded timescales employed for the gels to fully spread over the surface should

entail significant interactions (adhesion) between gel and surface.
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Chapter 5

Poly (methacrylic) acid in
Solution

5.1 INTRODUCTION

The behaviour of polyelectrolytes in solution remains an active area of research.
The areas of potential application of these polymers are very extensive and include
semiconductor devices, molecular sensors, nanoscale pumping devices, switchable
adhesion systems, new optics, microelectronics, drug delivery, flocculants, super-
absorbants, etc." Knowledge of the processes taking place in simple polyelectrolyte
systems when exposed to different external stimuli, particularly their magnitude, the
extent and range over which they occur, together with an understanding of the
forces arising from changes in shape, will assist in elucidating the roles that complex

biological polyelectrolytes such as DNA play in biochemical processes.>*

In particular, poly (methacrylic acid) (PMAA) is a weak polyacid of interest because
it exhibits a marked pH-induced conformational transition. This transition has been
studied by different techniques such as: potentiometry titration,*” viscosimetry
measurements,® ! solubilization of hydrophobic molecules in aqueous PMAA,'**®
calorimetry,'®'®?' Raman spectroscopy” and scattering methods.>*?® The results
obtained from these different techniques have indicated that at low pH the PMAA
chains exist as hypercoils with most of the methyl groups in the interior due to
hydrophobic interactions. At higher pH the chains stretch to a more open
conformation due to coulombic repulsions between ionized carboxylic groups. The
conformational transition between the two states occurs at pH 4-6, but the origin of
this transition is not well understood. Besides the issue of the origin of the process,
some studies suggests that the conformational change is cooperative (affine) and
occurs in one step analogue to the helix-coil transition of polypeptides.29 Contrary to
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this suggestion, data from Raman spectroscopy indicate the presence of a

multiplicity of structures suggesting the transition happening as a progressive rather
than a cooperative change.?

Techniques with resolution in a range from 2 to 100A are needed to observe the
transition on the single molecule level. Fluorescence spectroscopy measurements
offer such resolution and they allow in situ monitoring of processes occurring within
the polymer chains when changing pH. In order to screen such processes it is
necessary to attach a small amount of fluorescent dyes to the polymer under study.
These chromophores are introduced as a dispersed molecular probe or covalently
bond label in extremely low levels of concentration (10“”~10‘6M) in the expectation
that minimal perturbation of the system will result. Different probes have been used
in order to study the conformational transition in PMAA. For example pyrene has
been used to investigate the kinetics of polymer coil expansion,'® transitions from
hypercoil to rod-ike structures’® and structural microdomains  in

polyelectrolytes, *430%!

restrictions of movement of reactive molecules by the
polymer® etc. Other probes commonly used to study PMAA are dansyl label,"”

anthracene® and 1-viny! naphthalene *

Combination of chromophores in polymeric systems is a common procedure used in
order to investigate molecular distances. For this purpose non-radiative energy
transfer (NRET) measurements are performed in donor—acceptor labelled polymers.
NRET observed when the emission spectra of the donor fluorophore overlaps the
absorption spectra of the acceptor fluorophore depends on the relative orientation
and separation distance R between the pairs. Since the chromophores are attached
to the polymer chains, changes in chain conformation reveal changes in the distance
between donor-acceptor dyes.*** Such variation in distances is monitored as a
greater or lower efficiency in transfer of energy from the donor to the acceptor. For

such reason NRET is commonly referred to as a ‘spectroscopic ruler.®

One of the most popular combinations of chromophores used for NRET
measurements is naphthalene as a donor and anthracene as an acceptor. This
particular pair has some advantages: there is a range of wavelengths (290-320nm)
where naphthalene can be excited with minimal direct excitation of anthracene,
naphthalene monomer and anthracene fluorescence bands are quite different and
easy to distinguish and the anthracene chromophore can be covalently bound to

polymers containing naphthalene in different ways.*
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In the present study we use naphthalene (N) and anthracene (A) labels covalently
bound to the PMAA chains. The chromophores are randomly distributed along the
chain. NRET measurements were performed in the donor (N)-acceptor (A) pair upon
steady state fluorescence intensity and emission decay measurements at different
pHs. Fig 5.1 illustrates how the ‘spectroscopic ruler concept, based on NRET
measurements, can reveal information about the conformational changes in PMAA
as function of pH.

Basic Acidic

Aex(N) 290nm

{

I
> =z

~2 90
i

—> Aen(N) 340nm

Aex(N) 290nm
pH
—_— —3 Aem(N) 340nm
—_———
—> Aen(A) 420nm
25A
lonised carbfoxylate Protonated carboxylate
groups = fewer - oups =
intramolecular S DE‘CTTO scopic siJrrltrLa':'noIecnllj?::r\re
interactions = more ruler interactions = more
hydrophilic = more hydrophobic = more
stretched. colled.
No Energy transfer Energy transfer

Fig. 6.1 Scheme of the Energy Transfer process between naphthalene (N) donor and
anthracene (A) acceptor as a function of their relative distance. On the left hand side
energy transfer does not occur due to the great average distance between donors and
acceptors (stretched conformation at high pHs). On the right hand side the average
distance between donors and acceptors is enough for energy transfer to occurs (coiled
conformation at low pH).

In addition to these measurements we employed time resolved anisotropy
measurements of the labelled polymers for information on molecular segmental
dynamics.

Although other authors have studied naphthalene—anthracene labelled PMAA, prior
work has emphasized generally the combination of two techniques: Steady State
combined with lifetime measurements®%%*° or time resolved anisotropy
measurements (TRAMS) combined with lifetime measurements in the case of single
labelled naphthalene-PMAA.***' We report here a complete characterisation of the
pH-dependent conformational changes occurring in PMAA in dilute solution upon
combination of the three fluorescence techniques. In addition, complementary data
were obtained from dynamic light scattering (DLS) and transmission electron
microscopy (TEM) measurements. Such techniques allow an estimation of the

polymer chain size at different degrees of ionization.
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5.2 FLUORESCENCE MEASUREMENTS

5.2.1 Steady Sate measurements in aqueous solution

5.2.1.1 Donor and donor-acceptor labelled PMAA comparison

In the current work NA-PMAA and N-PMAA were dissolved in water (0.01wWt%, which
is dilute enough to observe single molecule behaviour, see Appendix). Emission
spectra were recorded at a range of pH from pH 2 to 10 for both samples. Fig.5.2
shows the two extremes (pH 2 and pH 10) of such a range of pH for single and
double-labelled PMAA.

g, —+— NA-PMAA pH 2
== § —o— NA-PMAA pH 10
—=— N-PMAA pH 2

. —o— N-PMAA pH 10

500

300 ' 350 ' 460 - 450 ' 560
Wavelength (nm)

Fig. 5.2 Steady-State spectra of both single (N-PMAA) and double (NA-
PMAA) labelled PMAA in aqueous solution (10'2wt°/n) at different pH. The
Emission wavelength was A.,=310-650nm, the excitation wavelength was
Ae=290nm

In the curve for N-PMAA, no difference in the spectra is observed when the pH of the
solution is changed. There is no significant dependence in the emission of the
naphthalene chromophore with the structural conformation of the polymer backbone
to which it is attached. Naphthalene monomer emits at 340 nm after direct excitation,
monomer and excimer emit from 350nm to approximately 410 nm For NA-PMAA the
naphthalene (donor) and anthracene (acceptor) emit at 340 and 430nm respectively.
At high pH the donor emission peak appears slightly decreased with respect to that
of the N-PMAA. Anthracene emission is observable at ~ 420nm. This emission may
be due to both some absorption of excitation at ~290nm sufficient for its emission

and some low transfer of excitation from naphthalene.
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In acidic conditions (below pH 6) the naphthalene emission peak for NA-PMAA
decreases due to de-excitation to the anthracene chromophore whose emission
increases as a result of ET.

5.2.1.2 Donor-acceptor labelled PMAA and Energy Transfer.

From emission spectra of NA-PMAA over a whole range of pH the enhancement of
anthracene emission allows the calculation of the ET efficiency as

Increased anthracene emission (A, = 420nm)
Quenched napthalene emission l(Aem = 340nm)

(5.1)

Fig 5.3 shows such spectra. In Fig 5.4 (a) the enhancement of anthracene emission
from Fig. 5.3 can be seen in detail as the pH is progressively lowered. The
behaviour was reversible when pH was increased from pH 2 to pH 10. In Fig.5.4 (b)
we show the efficiency of energy transfer (eq.(5.1)) as a function of pH.
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Fig. 5.3 Emission spectra for NA-PMAA at different pHs. The excitation was fixed at
Aex=290nm (naphthalene characteristic), and the emission was Aem=310-500nm.Peak 1
and peak 3 are the donor and acceptor emission peaks at 340nm and 420nm
respectively.

The transition curve in Fig.5.4 (b) has the same pattern as those observed by other
authors using different chromophores attached or dispersed in polyelectrolyte

systems. **
The ratio of peak 3 and peak 1, lzo/ls (Fig.5.4 (b)) increases as the polymer
collapses from a stretched (at high pH) to a coiled conformation (at low pH). The
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phenomenon is reversible within the pH cycle and the same data are obtained when
the chain swells. In the 6spH<10 region l420/1340 TEMains approximately constant
indicating no major changes in the chain conformation when becoming more basic.
In the pH<6 region the process changes dramatically and depends strongly of the
acidity of the solution.
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Fig.5.4 (a) Detailed acceptor anthracene enhancement as a consequence of ET from naphthalene
in NA-PMAA as the pH is lowered (from Fig.5.3). (b) Ratio of emission at A.,=420nm (anthracene)
to emission at A.»=338nm (naphthalene) exciting at A.,= 290nm with varying pH for a NA-PMAA
sample.

In order to obtain the neutralization point of NA-PMAA (Fig.5.4 (b)) we fitted the data
using a Levenberg-Marquardt routine to an empirical function

f(pH)=h2+%(h1—h2)~ \/(Htanh(ﬂD-(‘Htanh(MD , (52)

o4 lop

where hy,hy,A4,Az,09 @and o3 are fitting parameters. Although this function is wholly
empirical it models the data well and allows an accurate estimation of the
neutralization point (inflection point) by differentiation. The neutralization pH for
PMAA is thus calculated to be 5.7

At pH 2 the ratio is at a maximum ~0.45 indicating ~45% efficiency of energy transfer
in the hypercoiled form of PMAA. It has been demonstrated that this maximum ratio
increases when M, or polyelectrolyte concentration in solution is increased. ***°
Understandably, when M, increases the greater probability of having donor and
acceptor in the same chain results in greater ET efficiencies; in the same way, when
the concentration of PE in solution is increased the probability of interchain ET is

also augmented and thus the ET efficiency.
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The energy transfer efficiency E; is a function of the distance r between the donor
and acceptor

1

E, ="
"4 IRy

(5.3)

where R, for rotational chromophore pairs is the average donor-acceptor distance at
which 50% energy transfer takes place.* R, distance for the naphthalene-
anthracene pair involved in our studies is ~ 25 A.® Eq. (5.3) is widely used in
systems where donor-acceptor pairs are attached to the polymer chains at fixed

known positions (i.e chain ends, or middle and chain ends positions).

When donor-acceptor pairs are randomly attached to the polymer chain, the
distribution of distances between such pairs is related to the chain dimensions. Two
factors affect this distance distribution: the variation of concentration of donor and
acceptor over the system under study and the location of donor and acceptor within
the chain (i.e. whether it is located at the centre of a coil, or at the extremities).** For
several acceptors per chain, the probability of ET in optimum conditions (low pH)
increases because it is likely that one acceptor chromophore will be closer to the
donor than the average distance between all the possible donor-acceptor pairs
present in the system. Steady State data cannot be used to determine the distance
distribution and will not even reveal the presence of any distribution in the system.
Distance distributions have been expressed as Lorentzian functions.*® End-to-end-
distances (size of the polymer chain) have been calculated assuming a Gaussian
distribution function to model the energy transfer efficiency.® All of these theoretical
treatments are postulated assuming that segmental diffusion does not occur on the
timescale of the energy transfer. However, no such assumption is necessary for
DLS and this is used (see below), along with TEM, to estimate an approximate size
of the conformation adopted by PMAA in both acidic and basic conditions.

5.2.2 Fluorescence Lifetime measurements in aqueous solution

5221 Comparison between donor and donor-acceptor labelled PMAA

In Fig. 5.5 we show fluorescence decay data for NA-PMAA and N-PMAA at pH 2
and pH 10. From the data it can be observed that at high pH, naphthalene
chromophores have the same fluorescence decay behaviour regardless of whether
the polymer also has an anthracene label. In acidic conditions such decays become
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slower than those of basic conditions since the polymer chains are coiled due to
hydrophobic interactions. It is worth noting that in acidic situations the donor decay
in NA-PMAA deviates away from the decay of N-PMAA, indicating energy transfer
from naphthalene to anthracene.

10000
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* N-PMAA
I pH2
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Fig. 5.5 (a) Naphthalene fluorescence decays for NA-PMMA and N-PMAA in acidic and basic
conditions. Excitation and emission wavelengths are Aex= 290nm and Aem= 310-550 nm. (b)
Deviation from linearity observed on NA-PMAA decay with respect of N-PMAA decay at pH 2.

We note that in acidic conditions in the presence of acceptor chromophores, the
donor decays are rather more complex particularly at short times after its excitation.
This complexity is understood as a consequence of a distribution of distances
between different N-A pairs. The decay of donor in NA-PMAA at basic conditions
does not appear to be so affected by this distribution. In such basic conditions
average N-A distances are greater than the minimum R, necessary for 50 % of
efficiency in ET, which means that there is no major perturbation in the naphthalene

emission by the anthracene trap.

Assuming a distribution of distances would imply some N-A pairs closely spaced
displaying shorter decay times, and other N-A pairs would be further apart
displaying longer decay times. The range of N-A distances results in a range of
decay times, which are statistically averaged in the measured decays. As a
consequence multiexponential equations are needed to fit time resolved decays of

the donor.

Naphthalene decays were collected over the whole pH range for N-PMAA and NA-
PMAA as shown in Fig. 5.6. For NA-PMAA triple exponential functions of the form of
eq.(4.1) were required to adequately describe the decay data when ET occurs (at
low pH). At high pH the use of a double exponential (eq.(4.2)) was sufficient to fit the
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decay data. N-PMAA decays were adequately fitted with double exponential over
the entire pH range. In order to describe these results an average lifetime was
calculated from eq.(4.3).

pH3
pH 4
pH 5.8
pH7
pH 10

Counts

160 i ‘200 : :u':o ; 400
Time (ns)

Fig.5.6 Naphthalene decays Ae¢ Aem =290/340nm collected
at different pH for double labelled NA-PMAA sample.

By comparing NA-PMAA and N-PMAA average lifetimes (table 5.1) at low pHs we
see that <z > are shorter for donor naphthalene in the presence of the anthracene

trap than for donors without acceptor. At the maximum efficiency of energy transfer
(pH 2) the naphthalene molecule in NA-PMAA remains excited 5ns less than in the
N-PMAA sample at the same pH.

pH | <t> (ns) N-PMAA <> (ns) NA-PMAA
25 315 26.5
35 312 27
43 305 27
48 312 26
5 30 256
54 25.7 25
58 23 24
6.3 214 20
6.5 21 20
72 19.3 19
7.4 18.2 18.2
8 17 174
85 17 17
9.2 16 17
10 16.5 16.8

Table 5.1.Average lifetimes <t> comparison for N-PMAA and NA-PMAA samples in
aqueous solution at various pHs. Aey Aem = 290/340nm. Fig. 5.7 shows <t> for N-PMAA
and NA-PMAA versus pH.
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In the range 6<pH<10 (above the neutralization point) there are no significant
differences in average lifetimes of naphthalene in both samples. In such range of
PHs, the more extended conformation of the chain due to coulombic repulsions does
not allow significant quenching of donor excitation from acceptor which means no
energy transfer. This unquenched donor emission explains the similar average
lifetimes in the 6<pH<10 range for double and single labelled PMAA.

Average naphthaiene lifetimes for NA-PMAA and N-PMAA are plotted against pH in
Fig.5.7. This curve showed the same pattern obtained from the change of
fluorescence intensity or ratio l,0/ls40 (Fig.5.4 (b)). The shape of the plot (as in the
previous section) is a result of a conformational transition taking place in the
polymer when changing pH. Such a transition goes from a relatively open coil at
high pH (shorter <z>) to a hydrophobic cluster at low pH (longer <z>). From Fig.5.7
the inflection point that separates both states is obtained by fitting the data (using
€q.(5.2)) and is located at a pH of 5.8 for NA-PMAA and 5.7 for N-PMAA.

The similarity between the neutralization values for double and single labelled
polyelectrolytes indicates that the inclusion of the covalently bound acceptor does
not affect significantly the behaviour of PMAA. These values are also in good
agreement with the value of pH 5.7 yielded by Steady State measurements.
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Fig. 5.7 Donor average lifetime <r> for NA-PMAA and N-PMAA in a range of different pH
and fits at Ae/ Aem= 290/370nm.The data points are taken from Table 5.1
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5.2.2.2  Donor-acceptor labelled PMAA

The different values of 7; needed to fit the time dependence of donor decay in NA-
PMAA reported different domains within the open or coiled conformation. Different
domains are understood as microenvironments with different degrees of
hydrophobicity and/or viscosity sensed by the chromophores. The explanation of
different domains associated to different lifetimes has been discussed before for
dansyl labelled PMAA systems,17 or for pyrene dispersed in PMAA.*®

The fractional contribution of the different relaxation times used to fit the
naphthalene fluorescence decays in NA-PMAA is shown in Fig.5.8. In the range
2<pH<transition point~5.8 the values of z; for NA-PMAA are < 5ns and their fraction
is close to 60%. 10ns <, < 15ns and affects approximately 20% of the
chromophores. 7; (~34ns) remains approximately constant with a fraction of circa
20%.

¢ 13 72 8 Ty
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0.0

Fig. 5.8 Fractional contribution of lifetime parameters 7 (i =1,2 and 3) used
to fit the naphthalene decays in NA-PMAA at different pHs. The broken
vertical line refers to the neutralization pH and the solid lines are guides
to the eye.

Given the lifetime fluorescence data we could consider the model proposed by
Ghiggino and Tan*" to explain the evolution of lifetimes of chromophores located in
different microenvironments. Using time resolved anisotropy measurements on
PMAA labelled with terminal dymethylanthracene, Ghiggino and Tan suggest that
the polyelectrolyte adopts a ‘peart necklace’ conformation in acidic conditions. Such

a conformation would consist in rigid hydrophobic globular clusters of polymer linked
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each other by more flexible polyelectrolyte segments. The different lifetimes then
correspond to dyes trapped either in the clusters (longer 7) or in the more open
segments (shorter 7). However, in our studies the labelled PMAA samples used

were of a relatively low molecular weight and are unlikely to be capable of forming
such structures.®

5.2.2.3 Proposed Model: the ‘Onion’ model

In acidic conditions, the polyacid coils dramatically to avoid contact with solvent. We
describe this hypercoiled conformation as an " onion like “ structure with different
levels of exposure to the solvent. In the nucleus with a contribution of 20% would be
the most hydrophobic region with the methyl groups responsible for the closed
structure. We suppose that there is negligible solvent present in this nucleus. Donor
chromophores tightly trapped in this rigid pocket do not exhibit significant freedom of
movement and as a result their decays are retarded to leave a relative large lifetime

of r; #34ns.

Surrounding the nucleus is a second region, again affecting 20% of the total
chromophores. The chromophores located in this part displayed shorter relaxation
times 10ns < 7 < 15ns than the dyes trapped in the heart of the globules. These
shortened lifetimes imply more freedom of movement and more chain flexibility. We
assume some solvent molecules present in this second region

The outer layer would be the most hydrophilic part, being in close contact with
solvent molecules and accounting for 60% of the total chromophores. Dyes in this
third region would reach equilibrium faster than the previous ones with lifetimes of z;
< 5ns. Another possibility is that naphthalene dyes are bonded to the end of the
chain, in which case the decay would be faster than these of dyes bonded to
backbone. This outer region may take into account such dyes. Our samples have
been only allowed to 20% conversion at most during the synthesis in order to
ensure a low degree of branching. Such a low degree of branching would imply a
small number of chain ends. Therefore it seems improbable that 60% of
chromophores with 73 < 5ns would be trapped at chain ends. This high percentage
of chromophores with significant freedom of movement reinforces the suggestion

that chromophores are trapped at the edge of an ‘onion’ like structure.

The lifetime results showed that this ‘onion’ conformation in acidic conditions
remains unchanged in the range from pH 2 to the transition pH ~ 5.7. It is probable

therefore that the structure is impenetrable to changes in pH until the transition
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(neutralization point) is reached. At pH ~5.8 the solvent molecules are able to
penetrate the innermost regions with large density of COOH groups. The coulombic
repulsions between these carboxylic groups are now sufficient to destroy the
hydrophobic pocket and change the conformation of the polyelectrolyte.

In the pH range from the neutralization point to pH=10 it can be seen from Fig.5.8
that z; disappears (as a triple exponential is not necessary to fit the decays) and that
two exponentials suffice. 7 now appears in the range of 18ns < 7, < 25ns with a
contribution of 75% of the total chromophores. 7z is <10ns and contribute only in
approximately 25 % of the total decay. The rigid heart of the globule disintegrates
and the second region in the cluster that contributed 20 % to the decay in acidic
conditions is swollen until it dominates with approximately 75% of the total decay
forming the centre of the new structure. The outer region affects 20 % of the
chromophores.

A schematic diagram of this structure is shown in Fig. 5.9. Spherical and tubular
shapes were assumed at low and high pH respectively according to the results
obtained from TEM on the samples under study.

Basic conditions
From pH 5.8 to~ 10

Acidic conditions
From pH 2to ~ 5.8

71 ~ 34ns 20%

<S5 ns 60% <10 ns 25%

Fig. 5.9 Schematic diagram of the proposed ‘onion’ model to explain the conformation adopted

by PMAA at acidic and basic conditions upon fractional contributions of lifetimes 7; where
=1,2,3. In acidic conditions (left), the chain forms a layered structure with each layer

corresponding to a different lifetime ( 7y~34ns, 10ns<7,<15ns, and 73<5 ns respectively from the
inside of the structure moving outwards). In basic conditions (right), the chain has a much more

open structure with lifetimes of 18ns< 7,<25ns (inside the swollen coil) and 73< 10 ns (at the
outermost parts).
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From Fig. 5.9, the blue region in acidic conditions may also be more extended to
form a looser layer, possible even of a ‘tadpole’ form. Such form would be plausible
if the electrostatic energies within the chain were enough to overcome the entropic
cost of such a conformation. In terms of entropy an ‘onion’ conformation (Fig. 5.9) is
more likely to occur than a ‘tadpole’ form.

Another possible model to explain the fact that at acidic conditions three decay
times are required to fit the data would be a ‘plum pudding’ conformation (Fig.5.10).

Such a conformation would have hydrophobic pockets with aggregates of COOH (7
~34ns, 20%). A second layer would surround each pocket (7> < 15ns, 20%). Such

structures would be placed in an open coil (73 < 5ns, 60%). However, a ‘plum
pudding’ conformation suggests that when transition takes place, the structure
would swell via a pearl necklace intermediate state. As mentioned above we do not
believe our samples are capable of forming such structures due to their low
molecular weight .As seen in section 4.1.2.1 , the molecular weight of NA-PMAA is
80 kgmol-1, which gives a degree of polymerisation of N<1000

(N = M,, polymer

=_—w""7 _~ where M, of methacrylic acid is 86 gmol-1).
M, monomer

Fig. 5.10. Plum pudding conformation model adopted by the PMAA chains at acidic conditions

It is worth noting here that a layered structure such as the one that we describe (Fig.
5.9) is unlikely to be compatible with a cooperative swelling of the polymers. As the
pH increases, the outermost parts of the chain would be expected to swell before
the innermost regions, supporting, for example, previous conclusions of Raman

spectroscopy experiments.22 Hence, the transition occurs as a progressive change.
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5.2.2.4 Acceptor labelled PMAA.

The behaviour of donor and donor-acceptor labelled PMAA has been discussed in
the previous section for samples in which the donor (naphthalene) is directly excited
at Aex = 290nm. However, information about distance distributions can also be
obtained also from the acceptor decay. Acceptor molecules generally absorb light at
wavelengths used to excite the donors. As a consequence, the acceptor
chromophores can be excited via two routes: direct excitation and energy transfer
from the excited donor. Only the transfer of energy from the excited donor leads to
information on distance distributions but this route is a minor contribution to the
acceptor decay. The majority of such decays are due to direct excitation, which is
why appropriate analysis of acceptor decays should also consider directly excited
acceptors. Fig. 5.11 shows an excitation scan in a NA-PMAA sample, where the
emission has been fixed at 420 nm (a characteristic emission wavelength of
anthracene) at various pHs. The excitation range includes the excitation
wavelengths of naphthalene and anthracene, 290nm and 370nm respectively. The
contributions of both paths to excite the anthracene molecule can be observed at
different pH.

—pH2
= pH 3
— pH 4
—— pH 4.5
———OH 5
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Fig. 5.11 Excitation scan in a range Aem= 270-410nm at fixed emission
Aem= 420nm for a double labelled sample NA-PMAA

The ratio between anthracene excitation due to energy transfer from the excited
donor and total excitation at different pH has been calculated from Fig. 5.11 and is

shown in Fig. 5.12.
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Fig. 5.12 Percentage of excitation in anthracene due to energy transfer from
excited naphthalene at various pH. Emission was fixed at A.,=420nm.Data
fitted (dashed line) using eq.(5.2)

From Fig. 5.12 it can be seen that at low pH, the excited anthracene transfers circa
52% excitation to naphthalene. When the pH increases this percentage gets smaller
implying that the major source of excitation of anthracene is its direct excitation. It is
notable that the trend obtained from Fig. 5.12 mirrors the trends obtained in the
previous section for naphthalene in Fig. 5.4 (b) and Fig. 5.7.

A-PMAA was excited at the characteristic excitation wavelength of anthracene
Lex=370 nm over a range of pH. Fig. 5.13 shows anthracene decays at pH 2 and pH
8. A shoulder is observed at 70ns in both decays, for which we have no plausible
explanation except to suggest that it may be due to some instrumental artefact

present in the measurement.

s APMAA pH2
e A-PMAA pH8
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Fig. 5.13. Anthracene decays in A-PMAA measured at pH 2 and pH 10 at
Aex Aem= 370nm / 420nm.
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From Fig. 5.13 it can be observed that the anthracene decay in basic conditions is
shorter than in acidic conditions. This trend was observed also in naphthalene

decays but with a greater variation between acidic and basic conditions than is
observed here.

Anthracene decays were fitted using double and triple exponential functions (eq.
(4.2) and eq.(4.1) respectively). In this case, the complex decay in basic conditions
was fitted by a triple exponential function. In acidic conditions the use of a double
exponential function was sufficient. The short timescale of anthracene excitation
make the decays particularly difficult to fit. The selection of different channels (each
channel is 0.4565 ns wide) as the starting point of the fitting routine had large
consequences in the lifetimes obtained. Although the individual amplitudes and the
lifetimes obtained from the triple and double exponential fits do not have a well
defined physical meaning and are subject to fitting artefacts, the average lifetimes
derived from them is reliable and has an interpretable meaning. Nevertheless, the
pH dependence of the anthracene average lifetimes <z > yielded the same trend as
that obtained previously from naphthalene average lifetimes. Anthracene average
lifetimes plotted against pH are shown in Fig. 5.14 and were fitted optimally using
the same function described previously by eq (5.2).

4 . A-PMAA lifetime
10 - Fit

Average lifetime (ns)

N
F -9
-]
[--]
)
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Fig. 5.14 Acceptor average lifetimes <r > for acceptor decays in A-PMAA
at Aex Aem= 370nm / 420nm.

It can be observed from Fig. 5.14 that the inflection point of the fitted curve
(corresponding to the pH at which the conformational transition takes place) is in
good agreement with the value obtained previously upon excitation of naphthalene:
pH ~5.8
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5.23 Time Resolved Anisotropy measurements (TRAMS) in
aqueous solution.

Anisotropy curves R (t) for NA-PMAA were calculated using the method previously
described in the experimental section. The pH-dependence of anisotropy decay for
a NA-PMAA sample is shown in Fig. 5.15. For these fluorescence depolarization
measurements the chromophore excited is the acceptor anthracene.

Fig. 5.15 shows longer anisotropy decays in acidic conditions due to the poor
mobility of the dyes trapped in the coiled conformation. In basic conditions the decay
is faster. A marked difference between the behaviour in acidic and basic conditions
is observable. The transition mentioned in the previous section appears in these
plots as a gap between the different behaviours occurring just after the transition pH
was reached (pH ~5.8). The greater sensitivity of TRAMS compared to that of
lifetime measurements allows us to observe this gap-effect which is not observed
clearly for fluorescence decays over different pHs (Fig. 5.6)
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Fig. 5.15 Anisotropy decays for NA-PMAA at A/ Am= 370/450nm for different pHs.
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Double (eq.(4.2)) and single exponential functions (eq.(4.5)) were used to fit the
anisotropy decays over the whole range of pH. Due to the low fractional contribution
of one of the components and the good fit reached with one rotational correlation
time, a single exponential function was employed to fit the anisotropy decays. This
approach was capable of broadly characterising the polymer dynamics (segmental
mobility) within single polymer chains.

Correlation times 7; corresponding to anthracene molecules and f values for wide
range of pHs are shown in Table 5.2. A plot of these rotational correlation times as a
function of pH is shown in Fig. 5.16

The curve shown in Fig. 5.16 was fitted using the same modified hyperbolic tangent
function given in eq.(5.2) and the inflection point was thus calculated. The pH at
which the transition takes place from these measurements was found to be at
approximately pH 5.8, in good agreement with the previous results. The rotational
correlation time-pH plot yielded a similar behaviour as that obtained from the donor
average lifetime as a function of pH plotted in Fig. 5.7. However both curves in Fig.
5.7 and Fig. 5.16 showed slightly different behaviour in acidic and basic conditions.
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Fig. 5.16 Rotational correlation times vs pH for NA-PMAA at Aex! dem= 370/450nm.
Data fitted (dotted line) using eq.(5.2).
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pH z{ns) NA-PMAA | B pre-exponential 22
factor
2 31.98 0.1985 1.29
2.2 32.28 0.1943 0.96
2.4 31.97 0.1985 1.03
2.6 324 0.192 1
3.2 34.66 0.1873 1.16
3.4 34.17 0.1932 1.15
37 35.38 0.189 1.06
3.9 35.05 0.1982 0.99
42 33.18 0.1973 1.28
45 | 32.24 0.2011 1.14
48 32.25 0.1995 1.19
5 32.16 0.1859 1.05
5.2 27.54 0.1931 1.16
5.5 2527 0.1897 1.18
5.7 30.8 0.1823 1.15
6 20.37 0.1794 1.4
6.3 12.64 0.1584 1.8
6.5 11.27 0.1687 1.6
7 10.2 0.1641 1.64
7.2 11.48 0.15 1.53
7.6 11.36 0.1636 1.55
8 11.92 0.1619 1.6
8.5 13.5 0.1551 1.54
8.8 15 0.1531 1.66
9 14.73 0.156 1.60
9.5 14.94 0.1569 15
9.8 15.18 0.1503 16

Table 2. Correlation times <t.>, pre-exponential factor and x’ for single exponential fit
of anisotropy decay of NA-PMAA at various pHs at Ao/ Aem=370/480nm

From Fig.5.16 at low pH 7 is observed to have some dependence on the degree of
acidity with a maximum value at pH ~ 4. This effect would imply that the cluster
adopted by the polyelectrolyte in acidic conditions would reach its smallest coiled

conformation in the region of pH ~ 4 not long before the transition to a more open

conformation takes place. The behaviour observed in 7 in acidic media for NA-
PMAA mirrors those observed for dansyl-PMAA' and PMAA-1vinylnaphthalene™
upon anisotropy measurements. There is a maximum in correlation time reflecting a
minimum in the rate of segmental motion. This trend can be understood following
Bednar et al'’ who suggested that restrictions on the segments of PMAA due to

attractive electrostatic interactions between carboxylate ions and carboxylic groups
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before the transition to a swollen form could be responsible. At the region of pH ~ 4
the polyelectrolyte would be partially neutralized presenting both carboxylate anions

and carboxylic groups at approximately similar quantites what would favour
intramolecular hydrogen bonding between them.

The idea that electrostatic interactions restrict motion in the region of pH ~ 4
contradicts the explanation proposed in the fluorescence decay section of the
present work. Fig. 5.7 shows an average lifetime of the excited donor naphthalene
independent of pH in acidic media. From this independence of pH it was assumed
no change in rigidity, hydrophobicity and size in each region of the onion like cluster
in the zone 2<pH< 5.8 (transition point pH). The rate of segmental motion within the
three different regions explained before would therefore remain constant in acidic
media. The same pH independent segmental relaxation was derived from TRAMS
measurements in N-PMAA >

At this point it is important to discuss the different characteristics of both:
naphthalene and anthracene. The form of attachment of naphthalene to the polymer
backbone, bound at two places to the chain, could affect the rate of relaxation of the
polymer chain by locally stiffening the segments. Such an effect would make the
probe not sensitive enough to the local liberation of macromolecular motion
observable in full acidification® in Fig. 5.16. The anthracene molecule is bound to
the backbone at a single point not constraining or giving rigidity to the polymer. Such
dyes are able to rotate along two axes. Like the dansyl and vinyl-naphthalene
labels, anthracene reflects rotation about its bond to the polymer and is independent
of chain backbone anisotropy decays. The architecture of such molecules allows
them greater sensitivity in detecting macromolecular segmental dynamics at
different degrees of acidity due to their decoupled motions.

In basic conditions (Fig.5.16) a maximum in 7z at pH 10 is observable. The
coulombic repulsion between carboxylic anions is large at this pH and the aromatic
benzene groups of anthracene sense such repulsion and so their movement
becomes more impeded yielding locally higher 7. From the lifetime results of
naphthalene in NA-PMAA such an effect is not observed maybe due to the lower

sensitivity in lifetime measurements when compared to TRAMS.
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5.2.4 Fluorescence Lifetime and TRAMS measurements in
methanol.

The behaviour of PMAA in agueous solution as a function of pH has been presented
earlier. It was shown that at low pH the hydrophobic interactions between the
polyacid and water make the chains collapse into compact globules of non-uniform
structure. As a result, the change in conformation of PMAA when increasing the pH
is not due to a homogeneous ionisation of polymer chains. Such a change does not
occur as a cooperative process but instead as a stepwise (progressive) process
involving initially only the outer regions of the coils. Fluorescence decays were fitted
as multiexponentials as a result of those different sites sensed by the chromophores
complicating the fluorescence Dbehaviour. Consequently, fluorescence
measurements have been performed with labelled PMAA in the simpler situation
afforded by methanol solutions. In methanol the carboxylic groups of PMAA do not
significantly dissociate, thus the weak polyacid behaves as neutral polymer (the
PMAA charges are negligible). The results yielded from measurements in methanol
served as a reference when compared to those obtained from PMAA in aqueous
solutions.

Polymer solutions of donor, acceptor and donor-acceptor labelled PMAA were
prepared in methanol (spectroscopic grade) 0.01 wt% and measured at room
temperature.

Donor fluorescence decays were measured in a NA-PMAA sample in methanol and
compared to the decays of the same sample in water at pH 2 and pH 10 and the
results are shown in Fig. 5.17 (a). The decay in methanol was optimally fitted using
a double exponential function (eq.(4.2)) yielding <z > = 16.8 ns and £~1. Fig. 5.17
(b) shows the donor average lifetime of NA-PMAA in methanol with the average
lifetimes in aqueous solution at various pH for the same sample.

The same route was followed for anthracene decays in the A-PMAA sample. The
results obtained are shown in Fig. 5.18 (a) and (b). The decay in methanol was
optimally fitted using a double exponential function (eq.(4.2)) yielding <z>=4.5ns
and zzzi
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Fig. 5.17 (a) Naphthalene decays in the NA-PMAA sample in methanol and in aqueous solution
at pH 2 and pH 10 with A.,= 290nm and Aen= 310-550nm. (b) The average lifetimes of
naphthalene in the NA-PMAA sample in aqueous solution are plotted at various pHs. The
average lifetime of naphthalene in the same sample in methanol (A= 290nm and Aem= 310-
550nm) is plotted in red.
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Fig. 5.18 (a) Anthracene decays in A-PMAA sample in methanol and in aqueous solution at pH
2 and pH 10 with Aex = 370 and A.m = 420-550nm. (b) The average lifetimes of anthracene in
PMAA-A sample in aqueous solution are plotted at various pHs. The average lifetime of
anthracene in the same sample in methanol (Aex= 370nm and Aem = 420-650nm) is plotted in red.

From Fig. 5.17 (a) it can be observed that the fluorescence decay of naphthalene in
methanol has a similar behaviour to its decay in an aqueous solution at pH 10.
Furthermore, the plot of the naphthalene average lifetime in methanol (the red linein
Fig.5.17 (b)) overlaps clearly with the lifetimes in aqueous solution in the region of
pH 10. It was assumed then that the fluorescence response of the chains in
methanol matches the fluorescence responses obtained at high pH when the
coulombic repulsions between ionised carboxylic acid stretch the polymer chains. In
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methanol the PMAA chains can be considered uncharged. As introduced in Chapter
2. Section 2.1 uncharged linear polymer chains are found in a random coil
conformation in solution, following the SAW and RW models in good solvent and
theta condition respectively. The results obtained from Fig. 5.17 (a) and (b) show
that the swollen conformation adopted by charged PMAA at high pH has the same
behaviour as the random coils adopted by uncharged PMAA in solution.

The results obtained when the anthracene was excited were slightly different. Fig.
5.18 (a) shows how the decay obtained in the A-PMAA sample in methanol is
shorter than decays in aqueous solution at pH 8. The difference between decays in
water and methanol was also found in the linearity of the decay in methanol when
compared to the curved and multicomponent decays in aqueous solution. The plot
of anthracene average lifetime in methanol (red line in Fig. 5.18 (b)) overlaps with
the lifetimes in aqueous solution in the region of pH =~ 6 after the conformational
transition takes place. The difference in this value of pH and that obtained from
excitation of napthalene in Fig. 5.17 (b) can be found in the different patterns in the
anthracene decays seen in Fig. 5.18 (a). Nevertheless, we can say that the
behaviour of PMAA in methanol (uncharged situation) is equivalent to its behaviour
in aqueous solution when the coulombic repulsions between carboxylic groups are
able to cause expansion of the chain above a pH of 5.8 (pH of the conformational

transition)

fn order to obtain a complete characterisation of the fluorescence decay of PMAA,
naphthalene was excited and its fluorescence decay recorded for both naphthalene
and naphthalene-anthracene labelled PMAA. The same procedure was performed
for anthracene. Data are shown in Fig. 5.19 (a) and (b). Fig.5.19 (a) shows that
using methanol as the solvent, the behaviour of naphthalene is the same in
naphthalene and naphthalene-anthracene labelled PMAA. This same result was
obtained previously (see Fig. 5.5 (a)) when decays of N-PMAA and NA-PMAA were
identical at pH 10. The fact that the behaviour of the donor is identical with and
without the presence of the acceptor trap indicates that no energy transfer occurs
between the pair. The absence of energy transfer between donor—acceptor in
methanol indicates an open conformation of the chains as stated before. A similar
behaviour between anthracene and anthracene-naphthalene labelled PMAA was

observed in Fig. 5.19 (b) when exciting the anthracene chromophores.
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Fig. 5.19 (a) Naphthalene decays of N-PMAA and NA-PMAA samples in methanol with A., =
290nm and Aem = 310-550nm. (b) Anthracene decays in A-PMAA and NA-PMAA samples in

methanol with A, =370 and A, = 420-550nm.

TRAMS measurements were performed on a NA-PMAA sample in methanol in
order to corroborate the results obtained for the lifetime measurements.
Reasonably, the results obtained from TRAMS in methanol verify that PMAA chains
in methanol and in basic conditions have the same behaviour. Fig. 5.20 (a) shows

that NA-PMAA anisotropy decays faster in methanol than in aqueous solution in the

basic region. This anthracene anisotropy decay in methanol was fitted using a

double exponential function yielding <z > ~ 12ns and 7°~1. The equivalence of

correlation times in methanol with respect to those in basic and acidic conditions

has been schematised in Fig. 5.20 (b) as it has been done above.
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Fig. 5.20 a) Anthracene anisotropy decays in NA-PMAA sample in methanol and ‘in aqueous
solution at various pHs with Ae = 370 and Aem = 420-550nm. 20b) Anthracene correlation times in
NA-PMAA sample in aqueous solution at various pH. Plotted in red line is the average
correlation time of anthracene in same sample in methanol with Ae = 370nm, Aem = 420-550nm.
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5.3 DYNAMIC LIGHT SCATTERING

Solutions of polyelectrolytes show a qualitatively different behaviour compared to
that of neutral polymers. With the transition from a coiled to an open chain
conformation, the hydrodynamic radius Ry, (effective radius of a hydrated molecule in

solution) increases. '’

At low concentrations, such as those used for the
fluorescence measurements, the diffusion coefficient calculated by DLS is due to
single chain diffusion and therefore the hydrodynamic radius can be measured as a
function of the pH. Nonetheless, experiments at this low concentration are
technically difficult due to the very weak scattering signal. At higher concentration the
chains start “clustering” and forming large aggregates leading to diffusion coefficients
that do not reflect single chain conformations. Such aggregations can be minimized
by shielding the polyions by adding salt. However such shielding can also inhibit
conformational transitions (by screening the charges) such as those described in the
present chapter.

Indeed, concentrations between 1 and 100 mg/ml at low ionic strengths exhibit two
so-called “diffusive modes® in the relaxation time distribution.*® The first, "fast mode*®,
is attributed to coupled polyion (single chain) and counterion diffusion processes.
The second, “slow mode®, reflects the formation of multi chain domains or temporal
aggregates and its origin is believed to arise from long-range electrostatic
interactions rather than hydrophobic aggregation. When the ionic strength of the
system increases, the scattered intensity from the polyelectrolyte (fast mode) also
increases®®® while the signal of the slow mode becomes weaker and finally
disappears. Whether this fact is due to the burying of the slow mode or because the
aggregates vanish at all, has not been clarified.

The compromise between shielding the interchain forces and minimizing the
intrachain forces is found at concentration of 0.1 wt% of polymer and 0.01 M of NaCl.
At lower salt concentration the interchain forces prevail over the intrachain and the
polymers tend to aggregate into clusters whose hydrodynamic radii are independent
of pH. At higher concentrations of salt, the intrachain interactions are almost fully

shielded and no coiled-uncoiled transition was detected.

In Figure 5.21 the hydrodynamic radii as a function of pH in 0.1 wt% of PMAA
solutions with 0.01 M NaCl is shown. The hydrodynamic radius cannot be treated as
the exact size of the polymer because it is related to the diffusive properties of the
polymer in its hydrated/solvated state, and so is expected to be larger than a size
determined from real-space measurements. This is because it includes the effect of

the solvent that is part of the hydrodynamic sphere detected by light scattering.
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The transition from the coiled to the open chain conformation is seen at pH 5.8 in
good agreement with the value obtained from fluorescence measurements. We also
note that in swelling, the chain increases in size from Ry = 7.7 nm at low pHs to 15
nm at high pHs
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Fig 5.21 Hydrodynamic radii as a function of pH for PMAA as measured by
dynamic light scattering at 0.1 wt% of PMAA and 0.1 M NaCl. The size of the
polymer nearly doubles for solutions with pH greater than 5.8 (the neutralization
point measured here).

5.4 TRANSMISSION ELECTRON MICROSCOPY

Two samples at the two extremes of pH, respectively 2 and 10 have been analysed
by TEM. Polymer solutions have been negatively stained with uranyl acetate. This
staining agent is used because it fixes organic structures at the molecular level
extremely rapidly®' (~10 ms), arresting structural changes in macromolecules due to
drying effects, and they interact with the electron beam producing phase contrast.
Negative staining electron microscopy has been largely used for studying and
understanding structural properties of sub-cellular compartment, proteins, and
nucleic acids.*

As already pointed out in the DLS discussion, one of the major issues with
polyelectrolytes is to avoid the formation of aggregates. Such aggregates have also
been observed by TEM in the present work (due mainly to water loss in the fixing
process). It should also be noted that the uranyl acetate staining agent requires
times of the order of ms to fix the polymers, which is much larger than all of the
polymer relaxation times. However, the presence of the staining agent highlights
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dense domains and therefore information on the single chain conformation can be
extracted.

The two micrographs in Fig. 5.22 show two different architectures, which have been
observed by TEM on the two samples. At low pH, the aggregates seem to be the
result of the assembling of several chains coiled to form globules with average size
of 4-5 nm (calculated over 5-6 specimens).

At high pH, where aggregation does not occur, the chains seem to have more
tubular structures and their size has more than doubled (average size 12-14 nm).
These results support the conclusion obtained by fluorescence techniques where
compact coiled structures are present at low pH but after the transition point the
polymer chains adopt extended conformations.
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Fig. 5.22 TEM micrographs for NA-PMAA samples at pH 2 (a) and 10 (b). The
image at pH 2 shows an aggregate of what seem to be individual coils, and in (b)
a single chain is observed.

We note that the dynamic light scattering measurements reveal larger chain sizes
than those for TEM, as expected. The difference is most dramatic at low pH, where
the light scattering reveals domains that are nearly 80% larger than those as
measured by TEM, whereas at high pH there is only a ~10% difference in size. If
this is not due to artifacts in the TEM measurement, it might suggest that the
outermost layer in the “onion” model described above is very loosely connected to
the inner regions of the chain. These regions will not stain effectively for the TEM

measurements, but they may well be solvated for the measurement of Ry,

Assuming that the globules formed at low pH are spherical and that the volume of a
globule is given by a°N (where a=0.3nm for MAA and N<1000 for our sample), we
could use the simple relation (asN) = (47/3)(R/2)° obtaining average globules sizes

of R<4nm. Such value is closer to the values obtained from TEM measurements. A
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quantitative calculation of volume and area of each region in the onion-like

conformation at acidic conditions (Fig. 5.9) could be made.
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Chapter 6

Swelling behaviour of
polybase and polyacid
brushes

We present in this chapter Neutron Reflectometry experiments performed in both
poly((diethylamino)ethyl methacrylate) (PDEAMA) and poly(methacrylic) acid
(PMAA) brushes (synthesised as described in Chapter 4.Section 4.2.1) in aqueous
media as a function of pH. For every brush the volume fraction—depth profile at each
measured pH is presented together with the data fits. In the polybase section a
subsection containing preliminary data analysis is presented.

6.1 POLYBASE BRUSH: POLY[(DIETHYLAMINO)
ETHYL METHACRYLATE ] (PDEAMA)

PDEAMA brushes were clamped in the sample cell described in Chapter 4. Section
4.2.2 (Fig.4.12) and measured at various pH (with a mixture of D,O and NaOH or
HCl as appropriate). We restrict ourselves here to considering the brush
conformation as the pH decreases.

The initiator surface density of the two polybase brushes employed was determined
by x-ray reflectometry to be 1.1 nm’ and 0.5 nm? per molecule. The brushes dry
thicknesses were 13 nm and 27 nm respectively, as measured by neutron
reflectometry. We use these values as necessary parameters for our data analysis.
The brush dry thickness is understood as the thickness of the brush in absence of
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Chapter 6. Swelling behaviour of polybase and polyacid brushes

solvent (i.e. in air). The dry thicknesses were measured also by X-ray and
ellipsometry yielding values within ~10% of the neutron results.

6.1.1 Preliminary data analysis using a hyperbolic tangent
function

The reflectivity data were preliminarily fitted to model profiles using a Monte Carlo
fitting algorithm as well as a steepest descent fitting routine. Monte Carlo methods
are defined as a class of computational algorithms simulating the behavior of
various physical and mathematical systems. They are distinguished from other
simulation methods by being stochastic, that is nondeterministic in some manner
usually by using random numbers (or more often pseudo-random-numbers) as
opposed to deterministic algorithms.?

We chose a simple model accounting for single layers of silicon oxide and initiator

(both with thickness and roughness) to fit the reflectivity data; the brush profile ¢

(A-y)

was fitted to a hyperbolic tangent function ¢:¢0[1+tanh ) where ¢, is the

volume fraction of brush at the initiator layer, A and & are constants, and y is the
distance from the initiator layer. With the aim of limiting the number of parameters,
we used the scattering length densities set from reflectometry experiments
performed on the dry brush in air. This enables us to acquire information about the
thickness and scattering length density of the initiator layer, which we could use in
the case of the brushes in solution. The dry brush thickness yielded also the
thickness of the brush layer in the dry state, which fixes the amount of PDEAMA that
we could fit to in the swollen case (i.e. the integrated area under the hyperbolic
tangent volume fraction profile must be constant and equal to the brush thickness).
Fig. 6.1 shows a schematic diagram of the different layers or regions comprising the

brush in solution.

D,O Nb ~6.4-10°A%

PDEAMA brush Nb~5.6-107 A

Initiator Nb~1.15107 A?
SiO, Nb~3.475-10°A?

Fig. 6.1 Schematic diagram showing the different layers (with their cqrrequnding roughness
represented by dotted lines) comprising the PDEAMA brush in soluthn. It is shown also the
scattering length densities (Nb) of each different region. This diagram is not to scale.
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Chapter 6. Swelling behaviour of polybase and polyacid brushes

Typical data and fits for one of the PDEAMA brush are shown in Fig. 6.2. There are
some deviations between the data and the fit curves; this is due to the fact that the
fits were very constrained. The values of normalized 5 were between 5.7 and 11.0

suggesting that the model used to analyze the reflectivity data is too simplistic and
provide poor quality fits.

10°F

|0-2.

Reflectivity, A

i[2:-

0.04 0.06 0.08 0.10 0.12

Momentum transfer, Q (A™)

0.00 002

Figure 6.2. Neutron reflectivity data and fits for a PDEAMA brush, of dry thickness 27nm, in
D20 as a function of pH. For clarity of viewing the data are shifted down vertically from each
other by a factor of 10. The fits are to a hyperbolic tangent volume fraction profile

(A-y)

(¢ = ¢o (1+ tanh J , Where g is the volume fraction of brush at the initiator layer, A and &

are constants, and y is the distance from the initiator layer). The values of y* for the best fits
are 5.9, 10.2, 5.7, 7.5, 11.0, 6.7 (in order of decreasing pH).

Volume fraction-depth profiles for the two PDEAMA brushes are shown in Fig 6.3.
As a first outcome, it can be seen from the profiles that the brushes are collapsed
for values of pH > 4, but to different degrees (i.e. the width of the hyperbolic tangent

profiles, increases with decreasing pH). For pH < 5, the brush is stretched.

From the volume fraction profiles (Fig.6.3) we can also observe that the 13nm brush
(smaller grafting density) swells at pH 3 to a thickness of nearly ten times its dry
thickness (Fig. 6.3(a)). In contrast, the 27nm brush (higher grafting density) swells at
pH 3, to a thickness of only two times its dry thickness (Fig.6.3 (b)). As shown in
Chapter 3.Section 3.2.4.2, the swelling degree of weak polyelectrolyte brushes (i.e.
the brush height) depends on the molecular weight, grafting density of the brushes
and pH. The difference in the degree of swelling of both brushes suggests then an
effect of grafting density (we do not expect the molecular weight of these brushes to
vary dramatically and the pH at which swelling is observed is ~3 for both brushes).
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Chapter 6. Swelling behaviour of polybase and polyacid brushes

In this way, a dense brush (high o) of long chains (high N) may swell less than a not
so dense brush (low o) of shorter chains (low N) (according to eq.(3.39) at the same
pH , h~No"?).

pH=10
ﬁO. pH=8.7 |
= ——— phi='6
]
c 0. pH=4
= pH=3 1
B
g \
504}
£ 1y
= [ \
S0z -
0 \» 1 i \
0 500 1000 1500
(a) Depth (A)
1. .
pH=8
=08 — pH=8
=} i pH=4
L
pH=3
506 ez
2 !
=
© 04F 4
E
=
S 0.9} |
0. . - .
0 500 1000 1500
(b) Depth (A)

Fig. 6.3 Volume fraction-depth profiles for the two PDEAMA brushes as a function of pH. The
dry thicknesses are 13 nm (smaller o ) (a) and 27nm (higher o) (b). The profiles in (b)
corresponds to the data and fits shown in Fig. 6.2

6.1.2 Data analysis using the slab-fit programme.

The same reflectivity data obtained from the two PDEAMA brushes (13 nm and 27
nm of dry thickness) were analysed using the slab-fit programme described in
Chapter 4.Section 4.2.2.2. The silicon oxide and initiator layer were not present in
the volume fraction profiles extracted from the best fits. This is due perhaps
because they often are imprecise and can be subsumed into the brush-substrate
roughness (see appendix 1 for the plots of the scattering length density Nb versus
depth for the brushes in solution). Such a roughness was affected by irregularities
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caused by an incomplete coverage of the silicon with the self-assembled monolayer
(the brush was observed using scanning force microscopy (SFM) to cover ~80% of
the surface, with patches of holes at other parts of the surface). Nevertheless, the
slab-fit programme provided high quality fits and values of normalized X2 ~1.The
features of such fits were also reproduced by a downhill simplex fitting routine to a
trilayer profile model® in contrast with the free-form profiles yielded by slab-fit.
Typical data and fits for the two PDEAMA brushes are shown in Fig.6.4.

= pH10
o pH8.7
A4 pH6
v pH4
¢ pH3
YA
=
~
o
1 4
1 L T T T T T T
0.02 0.04 0.06 0.08 0.10
() Momentum transfer. Q (A™)
107
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A pH6
v pH4
¢ pH3
¥ 0
= i
=
o
x T
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VYV ' v
10" T g
. Y3 v
10™ T - T " T ; T v
0.02 0.04 0.06 0.08 0.10
4
(b) Momentum transfer, Q (A")

Fig. 6.4 Neutron reflectometry data and fits for PDEAMA brushes of 13nm (a) and 27nm (b) as a
function of pH.The data are shown in the Porod form (eq. (4.24)) RQ*, where Q is the neutron
momentum transfer on reflection and R is the reflectivity. Such form enhances the quality of the
fits relative to a R(Q) plot (Fig. (6.2)). For clarity of viewing the data are shifted down vertically
from each other by a factor of 10. Fringes are observed at pH 3 due to a well defined thickness in

the sample or parts of it. The values of 12 were ~1.
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The corresponding volume profiles obtained from the fits shown in Fig.6.4 are
shown in Fig. 6.5. The brush volume fraction to which all the profiles (i.e. all the pH)
tend at OA depth is ¢ »us»=0.74. This volume fraction is equivalent to the scattering

length density of the silicon given by Nb(z =0) = (NbDzo Y00 +(Nbprysh Worusn Where
Nb (z=0)=Nbsiicon @and ¢p,0 =1-@pnusn- The broadness of these profiles (Fig.6.5)

close to the substrate shows the effect of the interfacial roughness, which has
contributions from oxide and initiator layers.

1.0
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E 0.8 S a— pH 6
= | —pH 4
= e pH 3
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Fig. 6.5 Volume fraction-depth profiles for the two PDEAMA brushes as a function of pH as
obtained from the NR data and fits shown in Fig. 6.4. The dry thicknesses are 13 nm (a) and 27nm
(b). The mass conservation routine is flexible to within +10%.
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It is clear from the profiles shown in Fig. 6.5 that at low pH the brush is swollen. In
the 13nm brush (Fig.6.5 (a)) the swelling occurs at pH=4 in good agreement with
the profiles shown in Fig.6.3 (a). The 27nm brush swells only at pH 3 again in good
agreement with the behaviour observed in this brush from the preliminary fits (Fig.
6.3 (b)).

It is important to understand that the pH we measured (within £0.5) is the pH of the
external solution (reservoir). As discussed in Chapter 3.Section 3.24.2 the pH
inside the brush region is controlied by the local degree of dissociation a(y), where y
is the depth away from the substrate. Experimentally, measurements of a(y) involve
complex labelling and/or contrast matching,®® and for this reason it is not
considered here. Hence, a(y) in the brush layer has not been measured. However,
we can say that a(y) in the brush layer is expected to be less than that in the bulk
o®. Such an assumption can be made because the bulk pK, (i.e. pK, of PDEAMA in
solution) has been measured to occur at ~7,”® while we observe swelling at pH
values between 3 and 4. It seems that these polybase brushes must be weaker than
the bulk polymer, maybe due to the dense brush layers (discrete parallel layers
within the brush region at vertical distance y from the substrate).

Another feature that can be observed in Fig.6.5 (a) and (b) is that the swollen
brushes have a non-monotonically decreasing volume fraction profile (i.e. the
volume profile function is consistently decreasing but then it increases again in
value). Such an effect suggests an increase of brush concentration towards the end
of the substrate, leaving a region depleted in polymer between the substrate and
another region of increasing volume fraction away from the substrate. We refer to
this unusual brush conformation as a ‘depletion zone’ conformation. One might think
this as being due to a mushroom conformation at low grafting density (as described
in Chapter 3. Section 3.2.1) but polyelectrolyte brushes do not show ‘depletion
zones’ when swollen. Moreover, if we had low grafting density, the brushes would
behave as isolated brushes (single chains) in good solvent and thus they would
have swollen more than a factor of two. With a volume faction of between 0.3 and
0.5 at the maximum density point of the profile (Fig. 6.5) we can be sure that the
brushes under study are not at a low grafting density (i.e. do not have a mushroom
conformation).

As the pH is lowered, the degree of protonation inside the brush increases. The
electrostatic interactions together with the osmotic pressure of the counterions
cause the swelling of the brush. Generally, in charged brushes the swelling begins
in the outer part of the brush i.e. in the region closer to the external solution and
away from the substrate. This is due to the fact that the brush is less dense away
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from than close to the substrate (typical of a monotonically decreasing volume
fraction-depth profile). Hence, the degree of ionization progressively decreases
closer to the surface.® Our profiles shown in Fig.6.5 seem to indicate the contrary
with the swelling taking place at the substrate and with a collapsed region
(entangled region) near the free chain ends. Such a collapsed region is indicated in
the data for pH 3 in Fig. 6.4 (b), where the periodicity of fringes suggest a well
defined thick layer; using eq. (4.29) such thickness is d~274Q ~75nm.

Some Scanning Force Microscope (SFM) measurements were performed on the 13
nm PDEAMA brush at low and high pH, they are shown in Fig. 6.6. The tip used
was an unfunctionalyzed silicon nitride tip. In this figure the line profiles show an
increase in swelling by a ratio of between 50 and 100% in agreement with the
volume fraction—depth profile obtained from the NR data fit (Fig. 6.5 (a)). However,
the thickness obtained from SFM differs from that yielded by the neutron data, which
suggest that the SFM tip may have penetrated the brush. Despite that, the SFM
measurements confirm the swelling of the PDEAMA brush upon pH.

Height (nm)

Distance (um)

Fig. 6.6 In situ images of the 13nm brush for (a) pH =10 and (b) pH =3. Here the |mage_d
region is slightly smaller than the 13nm of the reflectivity measurements. The scratch in
the brush is used to measure the height of the brush relative to the substrate. The bl:-!ck
line in each plot represents the location of the line scan in the figure below. Fl:om‘such line
scans, we san see that the brush at pH 3 has swollen to nearly twice its size in pH=10.
(Image taken by C.C. Dang).
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6.1.2.1 Possible explanation of the ‘depletion zone’

A possible explanation we find to the ‘depletion zone’ structure obtained from Fig.
6.5 (a) and (b) is that the brushes (within the timescale we measured them) are not
in thermodynamic equilibrium with the bulk solution but instead in a long-lived
metastable equilibrium due to entanglements.

As discussed in Chapter 3. Section 3.2.2.2 b) the ‘grafting from’ method provides
brushes with high grafting densities, making the brush to become entangled as it
grows from the surface. When the brush swells at low pH, these entanglements will
not unravel, as one would expect them to do. Instead they gradually turn into tighter
structures till there is no further three-dimensional movement in the brush.
Assuming that initially the brush starts swelling at the substrate, the entanglements
will be pushed vertically in the direction of the external solution and away from the
substrate. The point where the brush is greatly entangled is the point away from the
substrate where the brush fraction is at its larger value i.e. second peak of the black
and red curves in Fig 6.5 (a) and second peak in the black curve in Fig. 6.5 (b). In
order to maintain the electroneutrality of the system once the metastable equilibrium
is reached, this entangled region cannot be charged. A schematic diagram of the
proposed explanation is shown in Fig. 6.7

entanglements

Layer of thickness
d~22/AQ ~75nm.

Depletion zone ——»

substrate

(c)

Fig. 6.7. Schematic diagram showing the expeculative explanation of the ‘depletion zone’
structure obtained from the data analysis (using slab-fit) of the swollen PDEAMA brushes. (a)
Represents the initial stage of swelling occurring at the substrate, where the entanglements
are pushed away from the substrate. (b) The entanglements away from the substrate
continue swelling becoming tighter till the constraints imposed by the system geometry stop
their movement. (c) Shows the final long-lived metastable state reached by the system,
where a well defined layer is formed and corresponds to the peaks observed in the volume
fraction-depth profiles (Fig. 6.5) in the region away from the surface.
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No reports of neutron reflectometry on PDEAMA brushes created by ATRP have
been found in the literature. Neutron reflectometry measurements performed in a
block copolymer poly (2-(dimethylamino) ethyl methacrylate-block-methyl
(methacrylate) (PDEAMA-b-MAA) ‘grafted to’ a silicon surface were reported by An
et al.™ By using the ‘grafted to approach’ the resulting brush generally leads to low
grafting density'’ and thus the DEAMA-b-MAA experiments should not be expected
to reproduce our results. In fact such copolymer brush presents a monotonic decline
in the brush volume fraction-depth profiles. ™

An interesting consideration to our model would be that swelling-deswelling cycles
could lead to disentanglements. Such cycles should be based on very long
timescales to make the relaxation of disentanglements take place. We attempted to
look at the hysteresis in the data at low and high pH values, but possibly due to the
timescale employed, we did not get reliable results.

A different explanation for the profiles obtained in Fig. 6.5 in acidic conditions relates
to the substrate affecting the counterion distribution within the brush. Previous
reflectivity studies of the counterion density in films (not brushes) of a weak polyacid
(poly[S-(2-trifluoromethyl-1, 1, 1-trifluoro-2-hydroxypropyl)-2-norbornene}, PNBHFA) ¢
revealed a nonuniform counterion profile with depletion near the silicon substrate
and when the film is swollen. Such a nonuniform distribution of counterions is
aftributed to electrostatic behaviour induced by the substrate.
In the present case of polybase brushes the counterion depletion that we observe is
away from the substrate causing the entangled brush region that is schematically
shown in Fig. 6.7. The negatively charged silicon substrate could then have a
significant effect on the charge distribution within these brushes. In this way, when
the brushes are collapsed at high pH the silicon substrate remains negatively
charged. When lowering the pH the grafted chains become positively charged
(negative counterions) and thus are extended due to coulombic repulsions. The
negatively charged silicon drives away the counterions and at the same time attracts
a fraction of the fixed positive charges. The final state (pH 4 and 3 for the 27nm and
13 nm brushes respectively) is a neutral surface, due to the condensation of positive
charge, and counterion depletion at the polymer/solution interface. The counterion
cloud screens the fixed charges and thus inhibits further stretching of the chains
crating a layer of well-defined thickness (~75nm). A schematic diagram of the
proposed explanation is shown in Fig. 6.8
Deeper theoretical considerations should take into account the different dielectric
constants of the various layers present in our system. Such differences in dielectric
constants are not considered here.
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High pH values

substrate

(@)

Layer of thickness
d=2/AQ ~75nm.

Depletion zone —

Final state
pH 4 (27nm brush)
substrate pH 3 (13nm brush)

(c)

Fig. 6.8. Schematic diagram showing the explanation of the ‘depletion zone’ structure obtained
from the data analysis (using slab-fit) of the swollen PDEAMA brushes. This second explanation
is based on substrate effects. (a) At high pH the brush is collapsed and the substrate is
negatively charged (white dashed line). (b) At lower pH values the chains are positively charged #
(negatively charged counterions =). The substrate drives away counterions into the outer region
of the brush (blue arrow). The grafted chains are stretched due to coulombic repulsions between
their positively charged groups (red arrow). The fixed positive ions close to the surface are
attracted by it (orange arrow). (c) Shows the final state reached by the system (pH 4 and 3 for the
27nm and 13 nm brushes respectively). The substrate is rendered neutral. A well-defined layer
(75nm thickness) is formed and corresponds to the peaks observed in the volume fraction-depth
profiles (Fig. 6.5) in the region away from the surface.

A third explanation might perhaps be related to the non-monotonic volume fraction—
depth profiles observed in the computer simulations of von Goeler and Muthukumar,
who observed an increase in concentration near the extremity of the brush."?
Essentially, the dense brush is swollen by electrostatic repulsion acting all around it.
At the extremity of the brush, the driving force for swelling only comes from within
the brush because, at the edge, half of the repelling components are missing thus
the system will have a lower self-repulsion energy. Lower self-repulsion away from
the surface means less stretching force and therefore a denser brush at the ends. If
such an explanation is responsible for the observed density profiles, the effect is
much stronger here than in the simulations. It would certainly be necessary to
include counterions explicitly in any future simulations, which has not been the case
in the work referred to here.
Brushes synthesised by ATRP are likely to be osmotic brushes where the
counterions are located within the brush and cause it to swell by their gain in
entropy on swelling (osmotic swelling).13 However, the volume fraction profiles that
we obtain from the PDEAMA brushes are not expected from any of the present
theories of polyelectrolyte brushes.

137



Cnaprer o. Swelling behaviour of polybase and polyacid brushes

6.2 POLYACID BRUSH: POLY (METHACRYLIC) ACID
(PMAA)

6.2.1 Data analysis using the slab-fit programme.

A poly (methacrylic) acid brush was measured in aqueous solution at various pH via
neutron reflectometry with the same sample cell as for PDEAMA brushes. Its dry
thickness was determined to be 20 nm by neutron refiectometry, in good agreement
with the values yielded by ellipsometry and X-ray measurements.

The data were analyzed by the slab-fit programme (the silicon oxide and initiator
tayer were not present in these fits). We considered the PMAA brush data regarding
a pH cycle i.e. pH 10, 5.8, 3.4, 7 and 10 run 2 .The fits to such data were of good
quality and the values of normalized x> were y* < 2.

Typical data and fits for the PMAA brush at various pH are shown in Fig. 6.9. Fig.
6.10 shows the corresponding volume fraction-depth profiles obtained from the fits
presented in Fig. 6.9

From Fig. 6.10 we see again that all the profiles at 0A depth depart from a brush
volume fraction of ¢ ,usp=0.74 equivalent to the scattering length density of the
silicon.

At the first run of pH =10 the brush is swollen; when lowering the pH (upon addition
of HCI) it remains swollen even at pH 5.8. At that value of pH is where the PMAA in
bulk solution has its neutralization point, as we have shown in Chapter 5. However,
the profile at pH 5.8 appears to be swollen to the same degree as that at pH 10 but
with a shape of a ‘depletion zone’ conformation.

When the pH is decreased to pH 3.4 the brush is collapsed by approximately 50%
with respect to the swollen state. In such a collapsed state (pH 3.4) the maximum
brush volume fraction is at OA depth: ¢ ,us=0.74. At larger depths away from the
surface the brush volume fraction-depth profile falls continuously suggesting a
significant fraction of water in the collapsed state of the PMAA brush. For instance
at 100A depth the brush volume fraction is ¢ pusn(y=100 A)~0.6, implying 40% of
water content (Fig. 6.10, pH=3.4 profile).

As the solution is driven back to basic conditions the swelling becomes observable
at pH 7. At such a value of pH the degree of swelling presents no significant
difference to that observed for pH 10 run 2 (~800A). The volume fraction-depth
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profiles (Fig. 6.10) illustrate the swelling behavior of the polyacid brush in a pH cycle
where hysteresis seems to be present.

107
E = pH10
& ] o pHS5.8
10" 4 4 A pH34
{ v pH7
i ¢ pH10run2
i 10‘9? L i
< :
v10-1° i S
- 3 e P e e 00750 ¢
S G Al
10" 43 8 B = XX
1N G O
10—12 - ~ _ .3 _ L
: D e wReTgeeg Ve Ty L 1
10" 3
1 1 Y L] ! ) = i 7 ';f I
0.02 0.04 0.06 0.08 0.10

Momentum transfer, Q (A™")

Fig. 6.9 Neutron reflectometry data and fits for a ~ 20nm PMAA brush as a function of pH. The
data are shown in the Porod form RQ*Q) where Q is the neutron momentum transfer. For
clarity of viewing the data are shifted vertically from each other by a factor of ten. The values of
normalized xzwere 1.1, 2, 1.4, 1.8 and 1.9 for pH values of 10, 5.8, 3.4, 7 and 10 run 2.
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Fig. 6.10 Volume fraction-depth profile for the PMAA brush (~20nm dry thickness) asa fuqctiqn
of pH as obtained from the NR data and fits shown in Fig.6.8. The mass conservation routine is

flexible within 10%.
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With regards to the shape of brush profile exhibited at pH 5.8 (Fig. 6.9) we can say
that NR data were thoroughly fitted and the ‘depletion zone’ profile corresponded to
the best fit We make the conjecture that at pH 5.8 the PMAA brush is in overall
swollen but the polyelectrolyte layer starts shrinking more and more as the ionic
strength is decreased. Before the collapsed state occurs, a conformation with a
defined region of brush away from the surface is observed, i.e. the ‘depletion zone’
structure at pH 5.8, formed basically by hydrophobic interactions. However, the
maximum and minimum density points of the depletion are not as differentiated as
those seen for PDEAMA brushes in Fig. 6.5. That might be the reason why no
fringes are observable in their corresponding refiectivity data at pH 5.8 (Fig. 6.8). As
the pH decreases the shrinking of the brush layer becomes progressively more
homogeneous, so no ‘depletion zone' structure is observable at pH 3.4.
Furthermore, it is quite possible that the brush is in thermodynamic equilibrium with
the bulk solution at pH 3.4.

As we do not have fitted data for other PMAA brushes of a different thickness (i.e.
different grafting density), we cannot evaluate appropriately the swelling and brush
profile features of the PMAA brush obtained here (as well as the pK, value).
Nevertheless, we venture ourselves to establish a similarity between the results
yielded by the polybase brushes and this of the polyacid brush. It might occur that
the ‘depletion zone’ structure takes place at the pK of the brush, which we observed
to be at pH between 3 and 4 for the PDEAMA brush and at pH < 5.8 for the PMAA
brush. It would be interesting to see if a ‘depletion zone' profile would still be
displayed at pH ~2 for the PDEAMA brush in Fig.6.5. Similarly, if at pH~4 (before
the collapsed state shown at pH =3.4) a ‘depletion zone’ profile would be displayed
for the PMAA brush in Fig. 6.9.

In the swelling behaviour of the PMAA brush some hysteresis was found in the pH
cycle. The profiles shown in Fig. 6.9 for pH 10 run 1 and pH 10 run 2 are very
different at depths < 400 A away from the substrate. Both profiles expand up to
depths of ~800 A, however this may be due to some fitting artifacts. Nevertheless
we can say that pH 10 run 2 yielded a more collapsed conformation that pH 10 run
1, which might be due to charge shielding effects. The sharp swelling transition
observed in the PMAA brush (Fig. 6.9) may be very sensitive to the exact value of
pH; so the difference in the pH 10 profiles (run 1 and run 2) may actually be due to
them falling on either side of the transition. Hysteresis is thus likely to be due to a

difference in ionic concentration between the first and second pH cycle.
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Other PMAA brushes of different grafting densities exposed to pH cycles should be
able to reproduce such a result.
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Chapter 7

Poly (methacrylic) acid
network /brush interactions
as a function of pH

7.1 INTRODUCTION

The aim of the preliminary measurements presented in this chapter is to show how
the interface between a polyelectrolyte network and a grafted polyelectrolyte layer

(brush) in an aqueous environment varies upon changes in the pH.

A comprehensive understanding of the swelling behaviour of poly(methacrylic) acid
in bulk solution has been achieved (Chapter 5). In addition, we have studied the
swelling behavior of polyelectrolyte (polybase and polyacid) brushes (Chapter 6).
With such accomplishments, the ultimate goal of the project presented here is to
create reversible adhesion of the polyelectrolyte network to the inorganic substrate
(polyelectrolyte brush). Such a goal will be considered a success once the adhesion
of the charged network onto the polyelectrolyte grafted layer, when the solvent
deteriorates, is characterized in a well-controlled and reproducible way. Fig. 7.1
shows a schematic diagram of how adhesion could be achieved in a system formed
by a PMAA network in contact with a PMAA brush upon changes in pH

Studies regarding switchable adhesion at polymer/polymer and polymer/solid
interfaces are widely found in the literature as they are of great importance for
numerous applications, from microelectronics to the aircraft industry.' The current

situation concerning solid-elastomer adhesion has been well summarized by
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Chapter 7. Poly (methacrylic) acid network brush as a function of pH

Brown.>* For instance, the Johnson Kendall and Roberts (JKR) technique* has
been used to examine the effects of different surface treatments of
poly(dimethylsiloxane) (PDMS) on adhesion®® as well as to examine the effect of
tethered chains on adhesion.?®’ Such a technique measures well defined contact
areas at low rates of deformation. Contact angle measurements have also proven to
be a powerful means of examining the wetting behaviour of switchable polymer
films.>"® UKR and contact angle are well-understood methods widely used in
different types of systems with the purpose of probing adhesion. However,
‘traditional’ adhesion tests such as these are limited for measuring the contact area
between gel and brush when immersed in solution.

(a) Good solvent conditions | | Poor solvent conditions (b)
Non-defined interface between Entangled well defined interface
network and brush pH between network and brush

Fig. 7.1 Schematic diagram showing the conformational behaviour of a system formed by a
poly (methacrylic) acid network (blue) in contact with a poly (methacrylic) acid brush (red) in
an aqueous environment as a function of pH. In (a) we show how, in good solvent
conditions, both network and brush will expand maximising their contact with the solvent.
An interface between them is not well defined. (b) Shows how in poor solvent conditions the
brush and network will collapse together forming an entangled interface. Such system
should be reversible. The solid blue circles show the crosslink points.

We introduce and test here a new technique as a good means to measure
interactions between polymer networks and brushes when immersed in aqueous
solution. An important aspect offered by this technique is that measurements are
performed in situ. The preliminary results presented constitute an initial stage from

where the ultimate goal of adhesion can be achieved.
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The chapter introduces first the preliminary results yielded by the system PMAA gel
and blank silicon. Such an arrangement serves as a reference for the system
formed by PMAA gel and grafted PMAA layer (brush) onto blank silicon. A section
regarding future directions for these measurements follows the preliminary results.

7.2 PRELIMINARY CONTACT AREA MEASUREMENTS

As described in Chapter 4.Section 3.3.1 the gel employed for the measurements
has an average crosslink density of one crosslinker every 60 units of PMAA. Since
the gel will be exposed to several extreme changes of pH, we performed a simple
test to test conservation of mass. In this test the gel is driven to high and low pH (at
approximately the same values for high and low pH) three times. Each time the gel
is taken to high (low) pH it is left to equilibrate (by pH stability). Once equilibrium is
reached and the pH of the external solution remains constant the gel mass is
measured. The purpose of this experiment is to verify that the gel takes in and out
approximately the same amount of external solvent i.e. there is conservation of
mass in a pH cycle. The result yielded by this experiment is shown in Fig. 7.2.
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Fig. 7.2 Mass variation of a poly(methacrylic) acid gel (pc‘”' ~60 ,dry thickness 0.15g) in a pH
cycle. The high and low pH values are 10.5<pH<11 and pH ~2.2 respectively. Mass were
measured when equilibrium was reached between the gel and the external solution.

From Fig. 7.2 we can see that the absorption and expulsion of water by the gel
follows rapidly the change in pH. Before starting the pH cycle, the gel is left to swell
in water (pH 7) in order to remove the free chains that have not been properly
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crosslinked in the gelation process. Neutral pH corresponds then to the first point in
Fig.7.2

The gel masses at pH values of 10.5, 10.7 and 11 were of 0.53g, 0.58g and 0.62g
respectively. With a dry thickness of 0.15 g the gel increases its volume by a factor
of 3.5, 3.8 and 4 at pH 10.5, 10.7 and 11 respectively. Such a large change in mass
for such small increments of pH in basic conditions indicates that the gel responds
strongly to small variations in the degree of ionization of the reservoir. At low pH
values of pH ~ 2.2 the mass was ~ 0.22 g. Because the same amount of solution is
taken from the reservoir in each run (at high pHs) we can confirm that the system is
reproducible. When driven to acidic conditions the amount of solvent that is expelled
into the outer solution is also measured to be approximately the same. There is no
loss of polymer in the gels when exposed to cyclic changes in pH.

7.21 Poly (methacrylic) acid network and silicon

Contact area measurements of a PMAA hemispherical gel (lens) and a clean silicon
wafer (set-up described in Chapter 4. Section 4.3.3), upon changes in pH are shown
in Fig. 7.3 (a), (b) and (c). Each plot shown in Fig. 7.3 corresponds to a different
PMAA gel synthesised under the same conditions (Chapter 4. Section 4.3.1) to yield
a gel of 5 ~ 60. Although the same amounts of reagents have been used in each
gel, this cannot prevent heterogeneities from being formed during the gelation
process. Such heterogeneities together with the formation of air bubbles provide
gels with their own and unique internal structure. Consequently, this ‘uniqueness’ in
the structure of each gel may be the responsible for the dissimilar contact areas
observed at the starting point (after pH 7 has equilibrated to pH ~ 4): 1.19 mm,
1.7mm and 1.5 mm for Fig. 7.3 (a), (b) and (c) respectively. Likewise, after swelling
in basic conditions the gel reaches its equilibrium (i.e. the contact area remains
constant in the plateau region of the pH curve); the length of contact area is
approximately 1.37mm, 2.1mm and 3.25mm for Fig. 7.3 (a), (b) and (c) respectively.

In the present measurements we will focus on the timescale employed for the gels
to reach swelling equilibria rather than on the precise values of contact area
themselves. Since the purpose of these tests is to show interactions occurring
between gel and brush (Fig. 7.1) attention will be centred in the case of going from

low pH (pH~2) to high pH (pH>10.5).
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Fig. 7.3 Contact area measurements upon changes in pH for a poly(methacrylic) acid gel in
contact with blank silicon. The plots (a), (b) and (c) are for different PMAA gels prepared under
identical conditions (pcg"'~60). Each experiment starts with the gel at pH 7 and left to equilibrate.
After a change in pH equilibrium is reached when the measured pH remains constant (Ap=Aw").
The equilibrium point in the pH curve is presented as a black dashed line, which is followed by
a plateau region. A red dashed line marks the point at which the contact area stops increasing.
Aty is the time taken for the contact area to become constant when the pH is increased. At; is
the time gap between the equilibrium pH and that where the growing of contact area stops.
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In Fig. 7.3 we consider the time interval starting when the pH is suddenly increased
to high pH values (pH 11.25, 10.5 and 11.85 for (a), (b) and (c) respectively) and
finishing when no more swelling is observed in the contact area (dashed red line).
This interval At; was approximately 11h, 11,5h and 11.7h for (a), (b) and (c)
respectively.

Taking into account the slightly diverse values of high pH reached in (a), (b) and (c)
and possible experimental errors, the values of At, are in good agreement with each
other. Therefore, we can conclude that the time taken for a gel in contact with silicon
to reach equilibrium after a sudden increment in pH is 11h< At,<12h.

Another feature to consider in Fig. 7.3 is the time at which the pH in the reservoir is
equilibrated (black dashed line). According to the theory regarding swelling
equilibrium of ionisable gels (Chapter 3. Section 3.3.3), a gel reaches its
thermodynamic equilibrium when the chemical potential of mobile ions in the gel
equals that in the external solution (Ap=Ap;"). The ion diffusion in and out of the gel
during the swelling process would translate as a continuous variation in the pH of
the external solution. When the pH reaches a constant value (followed by a
plateau), the ion diffusion in and out of the gel stops and hence equilibrium should
be reached. At this point, the gel reaches its maximum degree of swelling (eq.
(3.52)).

It is interesting to note in the plots shown in Fig. 7.3 the delay At, between the pH
equilibrium point and that where the contact area stops growing. If interactions
between the gel and the surface were small or not significant, one would expect the
contact area to stop growing shortly after the maximum swelling of the gel is
reached (thermodynamic equilibrium). For that reason At, ideally should be zero or a
very small time interval. At;is ~Oh for (c) and approximately 2h and 3h for (a) and (b)
respectively. The possible explanation we find for these values of At, (2h and 3h for
Fig. 7.3 (a) and (b)) is that after the pH in the external reservoir is equilibrated
rearrangements of local structures within the network are still occurring. In this way,
charge effects would be responsible for the gel to continue unfolding after the ion
diffusion in and out of the gel stops. Tanaka et al first studied the dynamics of the
relaxation time for gels placed in solvents based in Darcy's law of flow.""'? The
Darcy's law is a derived equation that describes the flow of a fluid through a pourus
medium (gel). However, a precise mathematical formulation for a gel swelling
dynamics (i.e. what limits the rate of swelling of a gel in a macroscopic system) has

not been done until recently by Yamaue et al.">"*
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We consider the time taken for the contact area to stop decreasing when the system
is driven back to acidic conditions as Ats. From Fig. 7.3(c) we see that Ats~11h.

7.2.2 Poly (methacrylic) acid network and brush.

Contact area measurements of a hemispherical PMAA gel (synthesised at identical
conditions to those exposed in the previous section) in contact with a PMAA brush

were performed in a pH cycle and shown in Fig.7.4. The PMAA brush had a dry
thickness of circa 14nm.

The experimental set-up, initial pH of the experiment and modus operandi were the
same as those employed for contact area measurements of the gel in contact with
blank silicon. The gels employed were able to withstand two pH cycles, however
when driven to high pH for the third time internal cracks were observed. Hence the
mass uptake was of three times.

From Fig. 7.4 (a) the time interval At, is approximately 21.4 h and 22.8 h for high pH
run 1 (pH=10.5) and run 2 (pH~11) respectively. The similar time taken for the gel to
fully expand for the first and second time in the pH cycle is visibly shown in Fig. 7.4
(b). Such a finding suggests that the behaviour of a gel left to equilibrate in water
(final pH ~4) and suddenly driven to basic conditions is equivalent, with respect to
the equilibration time, to that from a gel at pH ~2 taken to the same basic conditions.
In other words, it seems that when a polyacid gel and brush are left to equilibrate in

water at pH~7 they interpenetrate each other.

It is also worth noting the time taken for the contact area to stop decreasing when
the system is driven back to acidic conditions. When the gel contact area is at its
maximum length (high pH, gel fully swollen), the time taken to reach its minimum
length (low pH, gel contracted) At; is approximately 11.3h and 10.4h for pH 2 run 1
and run 2 respectively. These results confirm that the gel behaves in a cyclic

manner when expelling solvent in a pH cycle.

We obtained At, ~8.5h and 10h for high pH run 1 and run 2 respectively. We turn to

an explanation for the observed values of At;(i=1,2,3) in the next subsection.
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Fig. 7.4 Contact area measurements upon changes in pH for a poly (methacrylic) acid gel
(p¢’l~60) in contact with a poly(methacrylic) acid brush (dry thickness 14nm). (a) The pH
cycle starts with the gel in water and left to equilibrate. Then, the pH is taken to values of pH
10.5, 2, 11.2 and 2. Following a change in pH, equilibrium is reached when the measured pH
remains constant. After the pH has been increased the equilibrium point is presented as a
black dashed line, which is followed by a plateau region. A red dashed line marks the point
at which the contact area stops increasing. At; is the time taken for the contact area to
become constant when the pH is increased. At; is the time gap between the equilibrium pH
and that where the growing of contact area stops. At;is the time taken for the contact area to
shrink and become constant when the pH is suddenly decreased.

(b) Shows in detail the contact area behaviour when high pH is reached for the first and
second time in plot (a). In order to show with more clarity the symmetry of the system, the
time scale of high pH runs and contact area of the ‘high pH run 2’ have been normalized.
With this approach both plots depart from the same origin.
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Fig. 7.5 shows images taken from the contact area of the PMAA gel in contact with
the brush at low and high pH corresponding to the plot shown in Fig. 7.4.

pH ~11

Fig. 7.6 Photographs taken from a PMAA gel (pcg" ~60) in contact with a PMAA brush (dry
thickness 14nm) at pH 2 and ~11. From both photographs it can be seen how the contact area
between the gel and the brush is visibly increased at pH~11.Both pictures have been taken with
the system in equilibrium. The time interval between the first and second picture is of At{~22.8h
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7.2.2.1 Comparison with measurements performed on blank silicon

in order to have a clearer image of the different At; (i=1,2,3) obtained for the gel in

contact with blank silicon and brush such values are presented in Table 7.1.

Aty(h) Ata(h) As(h)
PMAA gel /blank silicon 11< Aty<12 O< At <3 11
PMAA gel /brush 21< Ah<23 8< At;<10 10.4< At3<11.4

Table 7.1. Table showing the values of At;, At; and At; obtained from contact area
measurements on the systems: PMAA gel in contact with blank silicon and PMAA gel in
contact with PMAA brush upon changes in pH. Aty, At; and Ats for PMAA gel /blank silicon are
obtained from Fig. 7.3. Ay, Atz and At; for PMAA gel/brush are obtained from Fig. 7.4

From Table 7.1 we see that At,is nearly identical to At;for a PMAA gel /blank silicon
system. This means that when the pH is increased, the contact area of the gel in
contact with the surface reaches equilibrium within the same timescale than in the
situation where the pH is lowered. In other words, the time taken for the gel to fully
swell is equivalent to that taken for the gel to contract. This is the typical behaviour
of an isolated gel. Hence, the interactions between gel and blank silicon can be
considered negligible. In the same way the values obtained for At, are small (the

possible explanation of why At,#0 has been given in section 7.2.1).

In the case of the PMAA gel in contact with the brush, we can see that At is
approximately twice than that obtained for PMAA gel and silicon. This suggests that
when increasing the pH of the solution to an average pH ~11, the presence of a
polyacid layer attached to the silicon retards At, by a factor of two when compared to
blank silicon. A schematic diagram demonstrating such an effect is shown in Fig.7.6.

The values obtained for Aty ,8h < At, < 10h in the system PMAA gel/brush must also
be considered. At, has been defined as the time gap between the equilibrium pH
(ion diffusion in and out of the gel is stopped =Ap=Ap;") and that where the growing
of contact area stops. In the presence of a brush the contact area is not yet in
equilibrium when Ap=Ap". Instead, when the reservoir is equilibrated in pH, the gel
continues spreading over the brush for an average of ~ 9 hours. This suggests a
time scale greater than that of an isolated gel or a gel in contact with a non-

responsive surface (0 < At; < 3 for PMAA gel/blank silicon). The expansion of the
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contact area over the brush surface is not just ruled by the kinetics of an isolated gel
but also by the kinetics of swelling of the responsive brush.

These early results show interactions occurring at the interface between gel and
brush. A possible reason for the weak interactions may be due to an electrostatic
repulsion still remaining between the two components of the system (both brush and
gels are made of polyacid chains). This would mean that the gel effectively slides
over the brush, almost as if it were lubricated. However our experiments, which
suggest a slight increase in adhesion, demonstrate that this cannot be the complete
explanation for the observed behavior. Further experiments are being performed.

Contact area

(b)

Fig. 7.6 Schematic diagram showing a hemispherical collapsed PMAA gel in contact with (a)
blank silicon and (b) PMAA collapsed brush, swelling at high pH conditions. In (a), the non-
responsive surface does not impede the contact area to grow, bearing Aty ~11h. In (b), the
interface (represented as a region limited by white dashed line) formed between the gel and
grafted chains coiled together offers resistance to the expansion of the contact area, and as a
result At;~22h.

The growing processes of the contact area of the system gel/blank silicon when the
pH is suddenly increased, obtained from Fig. 7.3 (a), (b) and (c), have been
normalized with respect to their time scale and averaged. Similarly, for the system

gel/brush, an average has been calculated from the plots presented in Fig. 7.4 (b)
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(growing process of the contact area at high pH run 1 and 2). Both average curves
summarize the results obtained to date and are shown in Fig. 7.7

—m=—averaged PMAA gelblank silicon plots
—e—averaged PMAA gel/brush high pH run 1&2
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Fig. 7.7 Averaged contact area measurements of a PMAA gel in contact with a blank silicon
(black) and a PMAA brush (red) when the system goes from acidic to basic conditions (time
interval Aty). The averaged PMAA gel/blank silicon curve is taken from the plots presented
in Fig. 7.3 (a), (b) and (c). The averaged curve for PMAA gel/brush is taken from Fig. 7.4. The
time has been normalized in order to have both plots departing from same origin. The
length of the contact area has been normalized yielding a dimensionless value.

7.2.2.2 Comparison with measurements performed with a gel of different
crosslink density on a different brush

Further contact area measurements have been performed using a different gel and
brush. A new PMAA gel (gel 2) has been synthesised to yield approximately one
crosslink point every 85 units of PMAA, less crosslinked than the previous gel (gel
1). Crosslink density is related to gel hydrodynamics. The new brush is a PMAA
brush (brush 2) of dry thickness ~17nm (thicker than the previous brush (brush 1)).

Measurements of the contact area of the new PMAA gel and brush in a pH cycle
have been carried as in the previous section. Again, we focus on the case where the
system in acidic conditions is suddenly driven to basic conditions employing a time
Aty to reach equilibrium. Fig. 7.8 shows the contact area measurements of PMAA
gel 1/blank silicon, PMAA gel 1/brush 1 and PMAA gel 2/brush 2 in the case where

their initial low pH is increased to pH values of approximately pH ~11.
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From Fig. 7.8 it can be seen that the value of At; obtained from the system PMAA
gel 2/brush 2 is approximately 20 hours. (At1)gepomrushz iS Similar to (Aty)gepmusht With
approximately 2 hours of difference. Such a difference might be due to the different
grafting density and/or crosslinking density of brush2/gel2 with respect to
brush1/gel1. Further characterisation is required to determine such matters; the next
section provides future directions that could be followed.

Fig. 7.8 also shows the difference between the contact area measurements on
blank silicon and both brushes. The equilibration time of the system gel/silicon
(At4)genssiicon IS relatively short compared to (Aty)geizmrush2 @and (Aty)geimrusnt- The fact
that there is not a large difference between (Ati)geitssiicon @Nd (Aty)gerbrush (1 @nd 2) is
not very interesting because almost certainly a gel/brush combination could be
made to yield similar equilibration times to gel/blank silicon.
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Fig. 7.8 Measurements of the contact area in the systems PMAA gel1 /blank silicon, PMAA
gel1 /brush1 (pcg" ~60 and dry thickness of brush1 ~14nm) and PMAA gel 2/brush 2 (p,’"
~85 and dry thickness of brush 2 ~17nm) when the pH is increased. In PMAA gel 1/blank
silicon, the average curve obtained from Fig. 7.7 in included. This curve serves as a
reference for those obtained from gel and brush. In PMAA gel1/brush1 and PMAA gel
2/brush 2 the two runs at high pH have been plotted. The red and blue arrows represent
the time interval Aty yielded by PMAA gel 1/brush 1 and PMAA gel 2/brush 2 systems

respectively.
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One could speculate that the interactions (possible adhesion effect) between gel
2/brush 2 are weaker than those for gel 1/brush 1 since (Aty)gemrush2 < (Ats)gettbrushi-
In this way, a shifting of the gel/brush contact area curves in the direction of (in the
opposite direction of) the gel/blank silicon curve would render low (high) degrees of
adhesion. It would be interesting to test different gel/brush systems to achieve
minimum and maximum degrees of adhesion, reached when (At4)geubrush( At )geusiiicon

and (At1)geimrusn™>>(At1)geusiicon respectively. (Fig.7.9)

(At))getbrsn

St >

-
(Aty)geusiicon

Lower degrees of
adhesion

E

Higher degrees of
adhesion

s

Nomalized contact area

Normalized time (h)

Fig. 7.9 Schematic diagram showing plots of normalized contact area against normalized time
for a gel/brush (red plot) and gel/blank silicon (black plot) systems. The lower or greater
degrees of adhesion between a gel and a brush would be given by the magnitude of (At1)gemrush.
A shifting of the red plot towards the black plot (towards left hand side), would render smaller
values of (Atq)gemrush and thus lower degrees of adhesion. The minimum degree of adhesion (no
interaction between gel and brush) would be reached when the black and red plot
overlap=(Ati)gerbrush = (At1)geusiicon- IN the same manner, greater degrees of adhesion between gel
and brush would be reached when the red plot is further apart from the black plot (moving
towards the right hand side) =(At1)gerbrush >> (Atq)gersiicon

Nonetheless, we can conclude that these preliminary contact area measurements
offer a good reproducibility. The results that we have obtained so far are also

important because the system is controlled in situ.

7.3 FUTURE DIRECTIONS

In this section, we provide a few routes that could be followed with the aim of
achieving an improved characterisation of the interactions between polyacid gel and

brush upon variations in pH.
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In order to have a better understanding of the role that the gel (lens) play in the
system gel/brush, they could be mechanically characterized via rheology
measurements. Such measurements provide the elastic modulus of the network i.e.
the shear modulus G (Chapter 3. Section 3.3.3.1) via analysis of the applied stress
and resulting strain. Thus, gels in a range of pH could be measured. Knowing
G=G(pH), the fundamental JKR equation* can be applied in order to calculate the
interfacial adhesion energy y as

y = r’c
62R° "

(7.1)

where r and R are the radius of the contact area and gel respectively, which can be
measured, and G is the elastic modulus.

A major practical problem is to understand how the adhesive energy y varies with
the surface concentration of “connector molecules” (grated chains), as very often, at
high grafting density, the strength decreases. For simple grafted PDMS layers de
Gennes predicted theoretically a grafting density limit after which the adhesion
energy increases very slowly with the grafting density.'® Experimental studies of
adhesion enhancement in PDMS elastomer in contact with PDMS layers as a
function of surface grafting density have been performed."® It would be interesting to
accomplish the same thing in a PMAA gel/brush system. As exposed in the previous
section, straightforward measurements of contact area of PMAA gel/brush systems
using brushes of different o at same 2% could easily be performed. Once the
optimum o is found, other parameter that can be varied in order to achieve a

stronger interface would be p,% .

Contact angle measurements could be performed on the PMAA brushes. By adding
drops of HCI or NaOH on the substrate surface the degree of hydrophobicity could
be quantified. We have used blank silicon as the reference for the measurements
performed on brushes. Other substrates could also be tested; for example, a
silanated substrate should provide a more hydrophobic surface, which should be an
interesting comparison.

As for PDEAMA and PMAA brushes (Chapter 6), neutron reflectometry
measurements should provide details on the shape of the interface between gel and
brush as a function of pH. In addition, it will provide in situ measurements of the
kinetics and degree of interpenetration. Contrast matching must be provided in a
PMAA gel/brush system. The simple case would involve a deuterated PMAA brush
that can be achieved using deuterated monomer MAA during the synthesis process
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(Chapter 4. Section 4.2 1.1). By placing the deuterated PMAA brush in contact with
the PMAA network, the interpenetration between brush and network could be
observed. Information such as the equilibration time At, of a PMAA gel/brush when
the pH is changed is an essential parameter for such measurements. Indeed, such
an experiment has been performed but unfortunately the At, timescale was not
known at that stage. Knowing that the timescale taken for a PMAA gel/brush system
to equilibrate is Aty > 20 hours offers the possibility of acquire NR data at different
stages of the swelling process as at the final swelling equilibrium.

We have performed measurements showing that there is a difference between the
behaviour of PMAA gel/blank silicon and PMAA gel/brush systems, which may be
due to adhesion. However, in practical terms this adhesion seems unlikely to be
enough. In performing these experiments one would like to notice a bonding
between substrate and gels, which we did not. It may well be that the neutralized
PMAA is not hydrophobic enough to fully coliapse. Although, for the reasons
discussed in the present chapter, we believe we have observed an attractive
interaction between the gel and the brush we might find better results using a
different system. Candidate systems might include PDEAMA brushes and gels, or
maybe even a mixed gel/brush system in which one component is a polyacid and
the other a polybase. In this latter case an enhancement in the interactions between
the polyacid and polybase components of the system should be observed. In any
case, adhesion tests could be performed following the same method exposed in the
present chapter.
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Chapter 8

Conclusions

8.1  SINGLE POLY (METHACRYLIC) ACID CHAINS IN
SOLUTION.

A detailed study of the pH-induced conformational transition of poly(methacrylic)
acid in aqueous solution using three fluorescence techniques (non-radiative energy
transfer, fluorescence lifetime, and time-resolved anisotropy measurements),
dynamic light scattering, and transmission electron microscopy has been performed.
The first four techniques reveal the collapse transition to occur at a pH of between
5.7 and 5.8, in agreement with numerous earlier measurements.

Fluorescence lifetime measurements reveal three lifetimes for the hypercoiled
PMAA, which we interpret as (three) different regions of solvent concentration within
the polymer chain. Such a result suggests that the polymer expansion is progressive
rather than cooperative. A progressive expansion means that different parts of the
polymer chain swell differently; as the pH increases, the outermost parts of the
chain would be expected to swell before the innermost regions. TEM and dynamic
light scattering measured the size of the polymer chains, with the former yielding an
absolute size, and the latter a hydrodynamic radius. For our particular samples, the
chain is observed to expand in size by approximately a factor of two as it passes
from acidic to basic solution.

The behaviour of PMAA in methanol (PMAA in methanol has negligible charge) is
equivalent to its behaviour in aqueous solution at pH > 5.8 (pH of the conformational
transition) when the coulombic repulsions between carboxylic groups are able to

cause expansion of the chain.

159



Chapter 8. Conclusions

8.2 POLY[(DIETHYLAMINO) ETHYL METHACRYLATE]
(PDEAMA) AND POLY(METHACRYLIC)ACID (PMAA) BRUSHES

We have performed neutron reflectometry experiments to demonstrate the pH-
induced conformational transition of PDEAEMA and PMAA brushes. For the
PDEAMA brushes the experiments were performed on two samples of different
thickness. A swelling transition occurs at a pH of ~4. The structure at values of pH >
~4 is of a collapsed polymer, but at lower values of pH (swollen brush), there is a
configuration in which there is a region depleted in the polymer between the
substrate and another peak in polymer density away from the substrate, which is not
predicted by present theories. We suggest that such a structure might be due to the
synthetic route to these brushes creating entanglements, which are not released
during the swelling, leading to a situation of a metastable equilibrium. This is in
contrast to data for brushes synthesized using a “grafting to® technique, which are
generally of a lower moiecular weight and/or grafting density, and so will not exhibit
the structure that we observed for our brushes because they cannot get so
entangled. Another possible explanation proposed suggests the substrate might
affect the counterion distribution in the films.

Experiments were performed on one PMAA brush. The polyacid brush was exposed
to a pH cycle and measured. The structure at values of pH >5.8 is of an expanded
brush. At pH=3.4 the structure is of a collapsed brush. When driven back to basic
conditions the swelling becomes observable at pH 7 and pH 10 run 2. However at
pH 10 run 2 the volume fraction-depth profile is quite dissimilar to that observed at
pH 10 run 1. Thus, in the swelling behaviour of the PMAA brush hysteresis was
found in a pH cycle. In order to evaluate properly this result, other PMAA brushes of
different thickness (i.e. different grafting densities) should be measured.

8.3 POLY (METHACRYLIC) ACID NETWORK/BRUSH.

We introduce and test here a new technique as a good means to measure
interactions between polymer networks and brushes when immersed in aqueous
solution. The important feature offered by this technique is that measurements are
performed in situ.

We have performed measurements showing that there is a difference between the
behaviour of PMAA gel/blank silicon and PMAA gel/brush systems, which may be
due to adhesion. In PMAA gel/blank silicon when the pH is increased, the contact
area of the gel in contact with the surface reaches equilibrium within a similar
timescale as to when the pH is lowered. In other words, the time taken for the gel to
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fully swell is equivalent to that taken for the gel to contract. This is the typical
behaviour of an isolated gel indicating that the interaction between the gel and the
silicon surface is independent of whether the gel was swelling or contracting.

When the silicon is coated with a PMAA brush At; is approximately twice than that
obtained for PMAA gel and silicon. This suggests that when increasing the pH of the
solution to pH ~11, the presence of a polyacid layer attached to the silicon retards
the time taken to reach equilibrium when compared to blank silicon. The expansion
of the contact area over the brush surface is not just ruled by the swelling of the gel
but also by the swelling of the responsive brush.These early results show
interactions occurring at the interface between gel and brush. Varying the grafting
density and/or crosslink density of the polyelectrolyte brush and gel respectively is a
useful means to control the interaction between the brush and the gel.
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Appendix i.iiatiieinatical expression of polymer volume fraction in solution

Appendix 1

Polybase brushes: scattering length
density as a function of depth.
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Fig. A1.1 Scattering length density-depth profiles for the two PDEAMA brushes as a function
of pH as obtained from the NR data and fits shown in Chapter 6. Section 6.1.2. Fig. 6.4 The
dry thicknesses are 13 nm (a) and 27 nm (b).
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Appendix 2

Calculation of chromophore
concentration in poly(methacrylic) acid

In this appendix | provide a list of instructions to follow in order to calculate the
concentration of chromophores (naphthalene and anthracene) in labelled PMAA
from UV spectra.

A2.1 Obtaining absorbance values of naphthalene and
anthracene chromophores in double labelled poly(methacrylic)
acid sample (NA-PMAA) from UV spectra.

1: Run baseline scan with spectroscopic grade MeOH (or whatever solvent is being
used to dissolve sample) in both cuvettes (the reference cuvette and the sample

cuvette).

2. Replace MeOH in forward cuvette with sample (approximately 10mg dry polymer
(NA-PMAA) in 10ml of spectroscopic grade solvent accurately weighed) and run
spectum 3 times (usually scanning at wavelengths from 200nm to 500nm).

3: Adjust region of interest by zooming in with mouse. Read off average anthracene

absorbance value direct from spectra at approximately 370 nm (Ay).

4: Note position of naphthalene absorbance peak maximum at approximately
290nm (Az).

5: Load spectrum of polymer containing only anthracene labels from memory. Read
off anthracene absorbance value direct from spectra at approximately 370 nm (Ay),

in this case without the presence of naphthalene.

6: Adjust axes by zooming in on region of interest and copy this file. Paste into
window containing the spectra of the unknown sample (NA-PMAA).
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7: Note the ratio of anthracene absorbances at ~ 370nm (i.,e. unknown NA-
PMAAG70nmy known N-PMAA (365,m)= As/ A, = X ). Fig. A3. 1 shows A, A;and A, in
UV spectra containing an unknown NA-PMAA and known A-PMAA sample
respectively.
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Fig. A2.1 UV absorption spectra of NA-PMAA and A-PMAA sample in methanol 0.01
wt% scanning from 200 to 400 nm. The absorbance of anthracene in an unknown
NA-PMAA and known A-PMAA samples are As and Asrespectively (at ~370nm). The
absorbance of the napthalene from the NA-PMAA sample previous to correction is
A; (at ~290nm). Spectra taken from Chapter 4.Section 4.1.2.2. Fig. 4.2.

8: Start ‘spectra arithmetic' program and take X times the A-PMAA sample spectrum
away from the unknown spectrum (unknown in top selection window, A-PMAA
sample in lower window). The anthracene peak in unknown PMAA spectrum at

~370nm should resolve to zero.

9: Read off naphthalene response at wavelength value from above (point
number.4). The new value is the corrected value for the absorbance Ajcorrected »

generally Az.correctea< A2.

10: Calculate values of naphthalene and anthracene labels (mol%) as follows below.

A2.2 Concentration of naphthalene and anthracene
chromophores in double labelled poly(methacrylic) acid sample

(NA-PMAA) from UV spectra.

1- Once that the absorbance is known for naphthalene and anthracene, we use the

following equation
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A=ecl, therefore c= % (A2.1)

where c is the concentration of naphthalene or anthracene expressed in molft |, / is

the cuvette length (1 cm) and ¢ is the extinction coefficient (calculated from
calibration for each chromophore). The extinction coefficient of anthracene and
naphthalene are 9028 mol'cm™ and 7154 mol'ecm™ respectively.

2: Calculate the concentration in mol/l from eq.(A3.1) : ¢4

3: Calculate the concentration in g/l :C, by doing c¢; x M,=C;, where M,, is the

molecular weight (M,, of anthracene and naphthalene are 276.21 and 152.2 g/mol
respectively).

4. Repeat for a second label if required: ¢,(mol/l) and C,(g/).

5: See the total concentration of polymer which was put into solution initially in g/l :
Cs.

6: Calculate the concentration of primary (i.e. non-fluoro) monomer (Cy4) in g/l as
follows C4=C:r(C1+Cz)

7: Convert C4to mol/l by dividing by M,, of primary monomer methacrylic acid (M of
methacrylic acid is 86.02 g/mol): ¢4

8: Calculate Mol% labels by:

€
Ci+Cp + Cs4

Cy

Jxmo, (A2.2)
Ci4+Cyr+Cy

(Mol %), =( )xmo and (Mol%), =(

In all cases ignore c,, Coand (Mol%).if a second label is no present in the system.
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Basic concepts related to acids and
bases

A3.1 Acids and bases

An acid (often represented by the generic formula HA) is defined by the Brensted-
Lowry theory as any substance that can donate a proton to another substance. The
acid is said to be dissociated after the proton is donated. A base (often represented
by B) according to the same theory is any substance that can accept a proton from
another substance.

These definitions make no mention of the solvent (and apply even if no solvent is
present);however, by far the most important medium is aqueous solution, and we

confine our attention to that.

In water the following equlibrium occurs between an acid (HA) and water, which acts

as a base:
HA — H;0'+ A, (A3.1)

Where A’ is the conjugate base of the acid and H;O" is the hydronium ion, a
représentation of the state of the proton in aqueous solution. In aqueous solution,
the water is protonated to form hydronium ion, H,O".This is often abbreviated as H*
even though the symbol is not chemically correct. The terms "hydrogen ion" and

“proton" are used interchangeably; both refer to H.

The acidity constant or acid dissociation constant K, is the equilibrium constant for

the reaction of HA with water and is expressed as

K, - [_4__[][,;_13_]‘?1, (A3.2)
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where the bracketed terms represent the equilibrium concentrations of the various
species. The more complete the dissociation of HA (i.e. the reaction equilibrium lies
far to the right; the acid is almost completely dissociated to H;O" and A’), the greater
will be the value of Ka. An acid is considered to be strong if Kais unity or greater. For
example, the K, value for hydrochloric acid (HCl) is 107

Weak acids have small K, values (i.e. at equilibrium significant amounts of HA and
A~ exist together in solution;, modest levels of H;O" are present; the acid is only
partially dissociated). For example, the K, value for acetic acid is 1.8 x 10”°. Most
organic acids are weak acids (i.e carboxylic acid).

It is common to express values of K, in terms of its negative logarithm pKj:
pK, = -logK,. (A3.3)

A high value of pK, (positive values) signifies a very small value of K, (because K,=
107%®) and hence a very weak acid. Strong acids have pK, of zero or less.

As for it has been done for acids in eq.(A3.1) , for a base B in water , the
characteristic proton transfer equlibrium is given by

— HB + OH, (A3.4)

where HB' is the conjugate acid of the base B. We can express this equlibrium
reaction in terms of the basicity constant K, as

_[HB"JIOH"]

Ko=""15]

(A3.5)

where, as above, the bracketed terms represent the equilibrium concentrations of
the various species. Although K, can be used to assess the strength of a base, it is
also common to express proton transfer equilibria involving a base in terms of its

conjugate acid as

_1BIH0°]

A3.6
[HB"] (AS9)

HB* —— H;0" + B forwhich K,
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By multiplying the expressions obtained for K, and K, in eq.(A3.5) and (A3.6)
respectively , we obtain

KaKp = [H30*]-[OH"], (A3.7)

where [H,0"]-[OH7] is called ionization constant, dissociation constant, or self-

ionization constant of water and is symbolized by K, .This means that, in a very
small proportions) water is dissociated as

H,O + H,0 —— H;0" + OH, (A3.8)

in which one H20 is acting as the acid and the other is the base.
In pure water at 25 °C, K, =[H;0*]-[OH"]=10"x10"=1.00 x10"* (pK,=-log K,) and

pK, = -log (1.0 x 10™*) = 14. The product of the hydrogen ion and hydroxide ion
concentrations in any aqueous solution will always be 1.00 x 10™** at 25 °C. The
consequences of this imply that if the concentration of H" is large, that of OH will be
small, and vice versa. This means that H' ions are present in all aqueous solutions,
not just acidic ones. When [H'] > [OH], [H'] <[OH] and [H'] = [OH] we have acidic,
basic and neutral solutions respectively.

A3.2 pH calculations

The possible values of [H'] and [OHT] in an aqueous solution can vary many orders
of magnitude, ranging from about 10"®to 107'°. It is convenient to represent them
on a more compressed logarithmic scale. We use the pH scale to denote hydrogen
ion concentrations as
pH = —log[H"] from where  [H*]=10"PH (A3.9)
We can also define pOH as
pOH = -log[OH"]. (A3.10)

By adding pH (eq.(A3.9) to pOH (eq.(A3.10)) we obtain that

pH + pOH = pK,, (=14.0 in pure water at 25 °C) (A3.11)
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In a neutral solution at 25 °C, because the concentrations of H;0" and OH are
equal, the pH will be 7.0. A higher pH corresponds to a basic solution, a lower pH to
an acidic solution.
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