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Chapter 1

Introduction

Outline of the thesis

In this thesis, the relation between structure, growth and swelling in water of polyelec-
trolyte multilayers are investigated. Polyelectrolyte multilayers are fabricated by alter-
nating adsorption of polyanions and polycations on a silicon substrate. The multilayer
is sensitive to external stimuli, which often counteracts the stability of the multilayer.
Also the many applications of polyelectrolyte multilayers have made the interphase be-
tween the substrate and the film bulk to be of interest. The thesis addresses the effect
of preparation parameters such as type of ion and ionic strength on the thickness, rough-
ness, mobility and amount of water in the polyelectrolyte multilayers. The effect of the

substrate on the multilayer is also studied.

1.1 Introduction

Polyelectrolytes are polymers with charged groups attached to the repeat unit and can
dissociate in aqueous solution. Polyelectrolyte multilayers (PEM) are fabricated through
the self assembly layer-by-layer adsorption technique introduced by Decher.! PEM can
be assembled on variety of hydrophilic substrates such as silica, glass, mica or gold wafers
by alternating exposure to solutions of polyanions and polycations.*® This self assembly

69 is very simple and offers a lot of opportunities in which it can be applied.

0

technique

sensors, 12 functional materials, surface modifica-
5 16,17 18,19

Applications are optical devices,!

8,11,13,14 surface coat-

tion, encapsulation, catalysis, '® separations, nanofiltration,
ings, light-emitting diodes,? electrochromic,?' membranes and bioactive thin films of con-
trolled thickness,???? selective area patterning?* and nanotubes.??6 As building blocks,
for example, inorganic nanoparticles such as gold colloids,?” temperature-sensitive com-

29,30 31,32

pounds,?® orientable chromophores, charged biopolymers and mesogenic units

including local order®?® have been employed.

The layer-by-layer adsorption method has gone through many advancement from dipping
in the early stages to spraying in recent times.3* Polyelectrolyte multilayers are known to
be driven not only by electrostatic interactions®3® but also entropic gain due to release of

counterions, hydrophobic interactions and hydrogen bonding.

t 36-40

Type of sal used in the multilayer preparation influences the thickness of the mul-

tilayer according to the Hofmeister effect. The amount of salt also affects the multilayer
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thickness which can be explained by different conformations of the chains: Without salt
the polyelectrolyte chains are oriented flat and parallel to the substrate, with higher salt

4142 which are then adsorbed

concentrations of the aqueous solutions the chains form coils
at the interface. Because of screening of charges along the polyelectrolyte chains the
polymer is more entangled with larger thickness. TIRF (Total Internal Reflection Fluores-
cence) kinetic experiments, where the fluorescence of a fluorescein labeled polyelectrolyte
is measured, indicate an increasing amount of adsorbate with increasing salt concentra-
tion. Measurements of the rhodamine transport through the polyelectrolyte multilayer
reveal a higher diffusion coefficient of rhodamine for multilayers prepared without salt.
These findings lead to the conclusion that the polyelectrolyte density of multilayers pre-
pared without salt is lower than the polyelectrolyte density of multilayers prepared with

salt additive.*?

Reflectivity techniques, especially neutron and x-ray reflectometry, are well suited for
the characterization of multilayer films, as they allow the determination of concentration
gradient along the layer normal. X-ray reflectometry have only exhibited Kiessig fringes
that arise from the interference of x-ray beams reflected at the substrate-film and film-
air interfaces.* % Neutron reflectivity measurements of polymer films of super lattice
structure showed that the polyelectrolytes are deposited as layers with an interdigitation
larger or equal to a single layer thickness and indicate that there is no distinct layer-
by-layer separation between polyelectrolytes of opposite charges.?%47*® Measurements of
the surface potential resulted in a change of (surface) potential (but not with opposite
sign) after each adsorption step, i.e. after each additional single deposited polyelectrolyte

layer, 11:14:19,50

The properties of PEM are not fully understood up to now and more work needs to go
into investigating their structural behaviour. PEM can be fabricated with A precision
by tuning preparation parameters like type of ion, ionic strength, pH, temperature, type
of polyelectrolyte and degree of charge. Depending on which application of the PEM
is of interest it is necessary to have a broad knowledge of the PEM as well as in-depth

knowledge of specific properties of the multilayer.

The content of this thesis covers characterization of PEM using different experimental
techniques such as: Ellipsometry, Neutron and X-ray reflectometry, Quartz Crystal Mi-
crobalance with Dissipation, Contact Angle measurements, Atomic Force Microscopy,
and Fluorescence Recovery After Photobleaching. These techniques are used to study
the structural behaviour of PEM, both external and internal structures. The external
structure includes, thickness, type of growth, morphology, surface roughness, hydropho-

bicity and swelling whereas the internal structure include, amount of void and swelling
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water, internal roughness towards substrate, and mobility. These structural properties
are studied as a function of type of salt (or type of ion) and the amount of salt (or ionic

strength) during preparation.

The results are presented in the form of papers (articles) which are either published,
accepted or in preparation. The chapters of this thesis are named depending on the

specific properties of PEM under discussion. The layout of the thesis is as follows.

Chapter 2 - Scientific background and theory will cover some basic definitions like,
polyelectrolytes, polyelectrolyte complexes, polyelectrolyte multilayers, type of growth
as well as the principles of intermolecular interaction theory necessary to explain this

thesis.

Chapter 3 - Experimental Section: Materials and Techniques will present the
various materials used and the detailed description of the experimental procedures and

techniques including instruments and parameters.

Chapter 4 - Effect of ionic strength and type of ions on the structure of
water swollen polyelectrolyte multilayers will discuss thickness, roughness, void
water and swelling water as a function of various amounts of Sodium Fluoride (NaF),
Sodium Chloride (NaCl) and Sodium Bromide (NaBr).

Chapter 5 - Effect of ionic strength and layer number on swelling of polyelec-
trolyte multilayers in water vapour will discuss the the swelling behaviour of PEM

in water vapour as well as the interphase and continuum behaviour of PEM.

Chapter 6 - Long Chains versus Short Chains will discuss structural differences

and analogies of long chains and short chains PEM

Chapter 7 - Types of multilayer growth will discuss the linear growth, exponential

growth and unstable growth as influenced by preparation parameters.

Chapter 8 - Summary and Outlook will summarize the key findings of this thesis
and highlight possible project for the future.






Chapter 2

Scientific background and theory

2.1 Polyelectrolytes

Polyelectrolytes are polymer chains having charged groups attached to the repeat unit.5!
Examples of natural polyelectrolytes are proteins, DNA and polysaccharides. Because of
synthetic polyelectrolytes are water soluble, they allows a wide range of non-toxic, en-
vironment friendly and inexpensive formulation. Super-absorbing diapers, low fat food,
washing detergent and their additives, waste water purifiers are amongst the most com-
mon examples. After dissociation in aqueous media polyelectrolytes break into charged
polymer chains and counterions. Based on the degree of dissociation, a polyelectrolyte can
be considered as “strong” or “weak” and the type of charge that the polymer carries deter-
mines whether it is a polyanion or polycation. In cases where a polyelectrolyte dissociates
completely it is termed as strong polyelectrolyte. But in cases where a polyelectrolyte

only partially dissociates, this is termed as weak polyelectrolyte.

Polyelectrolyte solutions are characterized by a wide range of interactions varying from
molecular distances (counterion-chain interaction) to almost micrometer lengths (long-
range electrostatic forces). The properties of electrolytes as polyions can be seen in the
electrostatic interactions between charges on the polymer chain and also between charged
chains and the counterion cloud around it which influences the chain conformation con-
siderably. Considering polymer molecules with like-charges, the chains are more stretched
than the chains of uncharged polymers as a result of electrostatic repulsion. Considering
electrostatic interactions of polyelectrolytes, the Debye-Hiickel theory®® can be applied
as first approximation to explain their interactions. An important parameter in the de-
scription is the Bjerrum length (g, which is defined as the distance where the electrostatic
interaction between two unscreened elementary charges e in a dielectric medium equals

the thermal energy (kgT),

e2

= kgT 2.1
4dmelp B (2.1)

where € is the dielectric constant of the medium. At room temperature the /g for water

is 7 A. The electrostatic repulsion leads to an increased persistence length of the chain,
[

The excluded volume statistics can be used to describe semi-rigid charged chains, but
with an increased persistence length [, and thus an increased end-to-end distance Ry of

R%? = 2Nal,. Tn salt solutions, the electrostatic interaction is screened and decays with
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2 = 8mcsanlp, and cyyy is the salt concentration.

the Debye length \p = x~!, where &
Given [ as the persistence length of the uncharged chain, the self-repulsion of the polyion
chain leads to an increase of the persistence length, which is dependent on the extent of

salt screening, resulting in
L. =lo + (%) (4K?), (2.2)

with 7 = f/a given as the charge density per unit length, calculated from f as the fraction
of charged monomers along the chain, and a as the monomer length. Here, Manning

condensation, which occurs at higher charge densities on the chain, is neglected.?

2.2 Complexes

Polyelectrolyte complexes (PECs) are formed by mixing a solution of polyanion and a
polycation solution.**® Electrostatic and entropy gain due to counterion release drive this
self-assembly process.?® The same process is also necessary for the association between
oppositely charged polyelectrolytes and surfactants, colloidal particles, and biomolecules.
Dautzenberg®” found that mixing of strong polyelectrolyte with low concentration of salt,
leads to formation of low amount of aggregates. However, at high concentrations, a sec-
ondary aggregations is formed which causes the large aggregates to precipitate out of
solution. In a complex of a weak polyelectrolyte and a strong polyelectrolyte, the addi-
tion of salt causes a complete dissolution of the complex.?® For a weak polyelectrolyte,
the charge density changes depending on the pH. Combination of a polyelectrolyte with
a high charge density and a polyelectrolyte with a low charge density leads to the forma-

tion of non-stoichiometric PECg?%59-61

which are normally formed when polyelectrolytes
are mixed with an excess of one type of polyion charge. Non-stoichiometric PECs are
usually in two categories: (i) highly aggregated PECs made up of several polyelectrolyte
chains that are stabilized by the polyion in excess, which charges the PEC surface and
prevents macroscopic precipitation; (ii) water-soluble molecular PECs that form at special
conditions.%? Stoichiometric polyelectrolyte complexes contain equal amounts of positive
and negative charges. They are usually insoluble and precipitate out of solution upon
formation. However, the precipitation of stoichiometric PECs can be avoided if a hy-
drophilic nonionic block is attached to at least one of the polyelectrolytes.®® In such a
case uncharged water soluble PECs are formed, comprising of a water-insoluble core (the

insoluble PEC) surrounded and stabilized by a hydrophilic corona.
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2.3 Polyelectrolyte Multilayers

2.3.1 The layer-by-layer self-assembly procedure

Coulombic interactions do not only take place between polyelectrolytes. A charged surface
immersed in a polyelectrolyte solution will adsorb the polyelectrolyte onto the surface.
When the adsorbing polyelectrolytes completely cover the surface, in most cases the charge
of the system will now carry the charge of the polyelectrolyte. This is termed to as charge
reversal. If this occurs the surface can be washed in water and then immersed in a solution
of another polyelectrolyte having a charge opposite to that of the initial polyelectrolyte.
The subsequent polyelectrolyte will be adsorbed on top of the initial polyelectrolyte. The
difference between complexes and a surface is that this process can be repeated as many
times as desired. This procedure is termed as layer-by-layer (LbL) assembly and leads
to a multilayer formation, with the early idea being developed by Decher et al.?3 The
internal structure of the films are investigated by neutron reflectivity. These investigations
revealed that the structure is continuous with interdigitation of the chains.®*" If the film
consist of a species that induces some water structuring, like a hydrophobic species, a
less interdigitated film could be realized.®* Films consisting of as many as 200 layers have

been reported.5®

S g@ﬁﬁi@

NOLS)

Bare substrate

Increasing layer number
Figure 2.1: Setup of layer-by-layer alternating adsorption of polycations and polyanions

from aqueous polyelectrolyte solutions unto a charge planar substrate.

After the earlier work by Decher in 1992, the work done on LbL has largely increased due

to its ease and versatility. A number of substrates have been used so far which include
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glass, quartz, silicon wafers, mica, and gold surfaces. Apart from the many available
substrates, many layer constituents have been realized also, including polyelectrolytes,
biopolymers, inorganic particles, and many others.”% Usually multilayers are fabricated
using electrostatic interaction between oppositely-charged polyelectrolytes. Aside the
electrostatic interaction, there are other interactions involved during multilayer formation.

For example, hydrophobic interaction arising from the carbon backbone of the polymer

68,69

also plays a major role.%” Furthermore, interactions like hydrogen bonding and specific

0 are also involved in multilayer formation. Preparation parameters such

b, 9:53,71-74

interactions
as type of ion and ionic strengt pH and temperature affect the structure of
polyelectrolyte multilayers. Atmospheric humidity can also influence the thickness of the

film.™

2.3.2 Kinetics of multilayer build-up

The adsorption of each layer takes place simultaneously with complexation of polyelec-
trolytes, due to charge interactions between previously deposited layers. The level of inter-
digitation is determined during the adsorption process of each layer, assuming the internal
chains in the multilayer to be immobile. One way to view the adsorption-complexation
process is as a time dependent process at a polymer concentration larger than the satura-
tion concentration. The timescale differs a lot in kinetic studies of multilayer build-up. "
The kinetics is considered to be a two-step process where the first adsorption occurs in
seconds to minutes, and a much slower process, which can occur as slowly as over hours.”
Movement of chains to the surface and a quick mass adsorption is the first steps of kinet-
ics. 7077 In this case the rate of adsorption is controlled by the diffusion of polyelectrolyte
coils. Rearrangement of chain takes place at the surface and mass adsorption continues
at a slower rate until reaching saturation.” The second kinetic step involves chain re-
arrangement making the diffusion of chains into the areas of previously deposited layer
possible. The irreversible complexation of charges is finally achieved by combining pos-
itive and negative polyelectrolytes.?>”" The proof of layer interdigitation experimentally
is concluded not only from the properties of preformed multilayers, but is evident already
during the formation process of the assembly. Kinetics and equilibrium properties influ-
ence the multilayer build-up. Rearrangement of slower chains allows for equilibration and
adsorption of more chains. The flexibility of the final layers ensures the interdigitation and
thus the complexation. Finally, further adsorption is hindered by repulsive interaction,
while the deposited amount in each layer is determined by the efficiency of interdigitation

and complexation.
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2.3.3 Multilayer growth

The adsorption of the first layer on the charged substrate is the start of the multilayer
growth. With each deposition step the layer thickness changes characterizing multilayer
build-up. A linear growth of the multilayer thickness with number of deposition step is
usually observed for most polyelectrolyte multilayer systems. 431337 However, the few
initial layers don’t follow this growth order where a relatively lower amount is adsorbed
leading to thinner layer thickness and only after many deposition steps is a constant
thickness increase observed.™ Multiplication of surface functionality is shown to cause a
nonlinear growth of the few initial layers.® The substrate surface charge is considered an
important parameter determining the first layer properties. This zone in the multilayer
growth where the properties of the multilayer is influence by the underlying substrate is

termed the precursor zone.®°

A constant regime is reached after many layers where the multilayer properties no longer
depend on substrate surface charge. In this regime the layer by layer thickness become
constant with roughness and thickness increasing with increasing number of deposition
layers. This second zone is considered the core zone.®® The outer zone is made up of
the outer layers carrying the excess charges making contact with the electrolyte solution
where the polyelectrolyte chains are weakly bound, with their chain ends protruding into
the solution. The local properties of the multilayer in the outer zone differ from those of

the core zone.

There are instances where no linear regime of multilayer growth is observed but rather
the amount of adsorbed polyelectrolyte and thickness increase more rapidly than linearly
with the number of deposited pairs. This type of growth is called “exponential growth” in
literature and is mainly due to the mobility of polyions used. Examples of such multilayer
systems include poly(L-glutamic acid) (PDA)/poy(L-lysine) (PLL)™ or hyaluronic acid
(HA)/PLL.®" The adsorption of more chains with increasing number of layers indicates
a layer structure that changes with layer increase. Observations such as these are cor-
related with an increase in surface roughness which provides an increase of total surface
and thus with each deposition step a lager number of charges are available for complexa-
tion.®2 A complete rearrangement of the multilayer with each new layer addition is said
to lead to an exponential growth, and evidence of a very large chain mobility shown by
polymer diffusion experiments.®® Apart from the polyelectrolyte pairs that determine the
type of multilayer growth, certain parameters are also known to influence the type of

growth. These parameters include ionic strength, type of ion, polymer charge density, pH
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of weak polyelectrolyte solutions, type of solvent, temperature, adsorption time, polymer

concentration and molecular weight of the polyelectrolytes.

2.4 Theory of polyelectrolytes

In this section specific interactions explaining the behaviour of polyelectrolyte multilayers

are discussed in detail. 8436

2.4.1 Chain extension at infinite dilution

The effect of the repulsive interaction between like charges on the chain can be understood
by a Flory-type calculation. Let us consider a chain with N monomers and assume that
a fraction f of those are ionizable. Thus, in solution the chain contains fN charged
monomers and (1-f)N neutral monomers. all randomly distributed. In a mean-field
approach, the Flory-type energy for a chain of size R is

R (Nf)*ls

Ep =kgT— T
r=kp Na2+kB R

(2.3)
The first term is the elastic energy where we assume that the chain has a Gaussian
configuration when all electrostatic interactions are switched off. The second term is the
electrostatic energy due to the N f monomers of charge e. Minimization with respect to
R leads to

RN f*3(1ga®)Y/? (2.4)

where a monomer length. This simple calculation leads to the important result that the
size of a polyelectrolyte is proportional to the number of monomers and to the two third

power of the charge fraction.

2.4.2 Van der Waals forces

Considering two freely rotating permanent dipoles, there exist orientation forces or Kee-
som forces between them. Let u; and uy be the dipole moments of the two dipoles and r
be the distance between them. The Keesom interaction energy between them is given by
equation 2.5.%°

u3u’ Ck

_ _ Gk 9.
wie(r) 3(4meen)?kTrS 76 (2:5)
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where € is the dielectric constant of the medium, ¢, is the dielectric constant of vacuum,

k is Boltzmann constant and T is the temperature.

For a permanent dipole and an induced dipole, the interaction force between them is
induction forces or Debye forces. Two different molecules possessing permanent dipole u;
and uy and polarizabilities ag; and aqgs, their net dipole-induced dipole interaction energy

can be described by equation 2.6,% Debye interaction energy.

2 2
ujQp2 + uz001 _CD
(dmeey)?rd r6

wp(r) = — (2.6)

The third interaction is between two non-polar species and this is called London forces or
dispersion forces. If h be the Planck constant, hv; and hvy be the ionization potentials
of the two molecules respectively, the London dispersion interaction energy is given by

equation 2.7.%
30(10[2(]11/1>(h1/2) . _ﬁ

2(4meg)2rShyy + hvy 16

(2.7)

wr(r) = —
Since these three equations are attractive and possess an r® dependence, summing them

up will result to the total Van der Waals interaction energy, which is written as

Cxk+Cp+Cy
r6

wyaw (r) = (2.8)

Now, to calculate the interaction energy between two planes at a distance, d, an integration
over all Van der Waals forces of points within these planes is necessary. The integration
will result in a d=2? dependence having interaction constants merging into a Hamaker

constant A, according to equation 2.9.

A

=~ T (2:9)

wyaw (d)

2.4.3 Double layer forces

Double layer forces are repulsive in nature and arise when a surface with ionizable groups is
placed in water. The dissociating charges will be compensated by opposite charges in solu-
tion or adsorbed at the surface. The Poisson-Boltzmann equation describes the electrolyte
distribution near the interface. The equation requires that a non-linear second-order dif-
ferential be solved. The ionic strength in the solution affects the charge distribution, o.

The Debye length, x~!, is the characteristic decay length of the diffuse (double) layer.
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This refers to the “thickness” of the double layer. Equation 2.10 gives the interaction
energy of the electric double layer.
202

we(d) = ;Eoe*“d (2.10)

The DLVO theory after Derjaguin, Landau, Verwey and Overbeek combines the Van der
Waals forces and the electric double layer force. It describes the total interaction energy
between two surfaces as a function of distance. With reference to equations 2.9 and 2.10,
one can see that the Van der Waals contribution to the total potential is dominant at long
ranges and at extremely short distances, while at intermediate distances the electric double
layer forces become dominant. The interaction between two surfaces is described by the
DLVO theory but at very, very close range, the DLVO no longer completely describes all
the effects seen between two interacting bodies. These forces are referred to as non-DLVO

forces.

2.4.4 Non-DLVO forces

At distances that are within a few nanometers from a surface, the DLVO theory does
not describe completely all the interactions that occur, except for atomically flat surface
like mica. These non-DLVO forces, which are not described by the DLVO theory, are
attractive, repulsive or oscillatory in nature. These forces are steric forces, hydration
forces, solvation forces, and hydrophobic forces. Steric forces normally refer to the case
at small distances that the Stern layer overlaps. Primarily the geometry of molecules
and their arrangement around a constraining boundary determine the solvation (or struc-
turing) of solvent molecules at a surface. Solvation forces do not arise simply because
liquid molecules tend to arrange in semi-ordered layers at surfaces, but they result from
the disruption or change of this ordering during the approach of a second surface. In the
absence of change, there would be no solvation force. Chemical and physical properties
of the surfaces as well as the properties of the intervening medium influence the solvation
forces. Short distance interactions are usually referred to as solvation forces, structural
forces or when the medium is water, hydration forces. Hydrophobic forces arise from
species that are inert to water or cannot bind to water. The case where a hydrophobic
species is in an aqueous environment is an entropically unfavorable one. Therefore the

hydrophobic species are drawn together to reduce the surface to water.
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2.4.5 Hydrogen bonding

Hydrogen bonding is a special case of attractive directional dipole-dipole interactions
force that cannot be explained by the DLVO theory or by the non-DLVO forces. In
particular, if hydrogen is bonded to an electronegative atom, the electron will spend more
time around the electronegative atom, leaving a partial positive charge on the hydrogen
and a partial negative charge on the electronegative atom. Species that take the role
of the electronegative atom are known as hydrogen bonding donors; examples of good
hydrogen bonding donors are oxygen, nitrogen, and fluorine. Hydrogen bonding is useful
in nature because of its directional dependence as well as its semi-strong nature. It has
strength from 10-40 kJ/mole which is between Van der Waals forces (about 1 kJ/mol)
and covalent bonds (500 kJ/mol), which means it is a strong interaction but not so strong
to be unbreakable. Water is a special case of an associated liquid, or liquids that display
hydrogen bonds. The oxygen of a water molecule has two lone pairs of electrons, each of
which can form a bond with hydrogens on two other water molecules. This can repeat so

that every water molecule is H-bonded with four other water molecules.






Chapter 3

Experimental Section: Materials and Techniques

Abstract

This section deals with the objectives behind the work and the experimental approach
towards fulfilling these objectives. As stated in the outline, understanding the structural
behaviour of polyelectrolyte multilayers (PEM) is the main objective. The structural
properties of PEM are different under different length scales and for that reason different
experimental setups have to be designed to probe these properties. Different techniques
provide different structural information about the multilayers. Some techniques are suit-
able for studying the external properties while others are suitable for studying the internal
ones. To gain an insight to specific knowledge of the polyelectrolyte system various tech-
niques are needed to complement each other. The techniques used to analyze the systems
discussed in the work are a mixture of microscopy, spectroscopy, and reflectivity methods.
Combining the knowledge gained from all the measurements with one another gives a bet-
ter understanding of the system as a whole. The principles and setups of the techniques

used in this work are described in this chapter.

3.1 Materials

3.1.1 Polyelectrolytes and Salts

The polyelectrolytes used in this work include poly(ethylenimin) (PEI), 750 kDa, 50
wt.% solution in water, poly(allylamine hydrochloride), (PAH) 65 kDa, poly(sodium
4-styrenesulfonate), (PSS) 70 kDa and are purchased from Sigma-Aldrich (Steinheim,
Germany). The linear copolymers poly|(diallyl dimethyl ammonium chloride) -stat- (N-
methylactamide)|, (PDADMAC-stat-NMVA) 300 kDa are synthesized by free radical
polymerization of positively charged diallyldimethylammonium chloride monomers and
neutral N-Methyl-N-vinyl-acetamide with different percantages which corresponds to dif-
ferent degree of charge in the resulting polycation. The synthesis was done by Dr. W.
Jaeger (Fraunhofer Institut fiir Angewandte Polymer Forschung). Throughout this the-
sis, fully charged PDADMAC or PDADMAC100% is denoted as “PDADMAC” otherwise
the respect degree of charge is denoted accordingly, e.g. PDADMAC75%. Sodium car-
boxymethylcellulose (CMC) with the degree of charged substitution of 0.89 and the aver-

age molecular weight of 250 kDa was purchased from AQualon Inc. France. Hyaluronic
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acid (HA) in the sodium hyaluronate form, 150 kDa was obtained from Amersham Bio-
science GmbH, Germany. The type of salts used in preparing the electrolyte solutions
are sodium floride NaF, sodium chloride NaCl and sodium bromide NaBr (purity > 99%)
purchased from Merck (Darmstadt, Germany). Deionized and ultrapure Milli-Q water
(specific resistance 18 MQ-cm™!) was used as solvent. The chemical structures of all the

polyelectrolytes are shown in 3.1.

Polyanions
nt / o fer ® .
ol U » Q o
\CT//VA}"Q;‘_‘ OO/R%O 4,
s0, Na’ =/ R=COONa* R
PSS HA CcMC
Polycations
n * x\/“\N]’ * n * n N *
m H + . ~
+ K/NJF N N o= “cH,
NH, ClI n H3C/(:FCH3 H3C/CFCH3 CH,
PAH PEI PDADMAC P(DADMAC-NMVA)

Figure 3.1: Chemical structures of all the polyelectrolytes used in the sample preparation.

3.1.2 Preparation of fluorescently labeled PAH (FITC-PAH, RITC-PAH)

Fluorescein labelled PAH, was prepared according to the labeling procedure suggested by
Nargessi et al.8” 25 mg PAH was gently dissolved in 2 ml buffer solution of Nay;CO3 and
NaHCOj3 (pH = 9.5). Either 1 mg fluorescein isothiocyanate FITC or 1.38 mg rhodamine
B isothiocyanate was dissolved in 1 ml buffer after which 200 ml of FITC or RITC solution
(in a similar buffer solution) was added drop by drop. After two hours of stirring, the
mixture was filtered through a separating column (Deasalting and buffer exchange HiPrep
26/10 columns, Amersham Bioscience GmbH, Germany) in order to separate the single
dye molecules not attached to the polyelectrolyte from those attached according to their
different elution time in the column. After the labeling process, the FITC or RITC

molecules are bound covalently to the PAH chain. The polymer was then freeze dried in
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order to have a precise concentration of 1072 monomolar polyelectrolyte in the solution.

The ionic condition associated with the solution was fixed at 0.5 M NaCl.

3.2 Sample Preparation

3.2.1 Cleaning and Preparation of Negatively Charged Planar Substrate

Since surfaces and interfaces of polymers are very sensitive to dirt and contamination,
it is very necessary to thoroughly clean everything that will have contact with the poly-
electrolytes during the sample preparation. Before the actual sample preparation all
glassware, tweezers, magnetic stirrer bars to be used are soaked in a solution of Q9 (5 %)
from Ferak Berlin GmbH and Miili-Q water (95 %) for at least 24 hours, after which they

are rinsed with Milli-Q water very well before drying in an oven at 70°C.

Layer-by-layer PEM adsorption requires a solid charged substrate onto which the mul-
tilayers will be adsorbed. In this thesis planar substrate is employed because it offers
advantages over colloidal particles as substrate, sometimes used in PEM buildup. Silicon
wafers (Wacker Siltronic AG, Germany) or silicon blocks of dimension (80 x 50 x 15) mm?®
(Silizium Bearbeitung A. Holm, Tann, Germany) used as solid substrates are etched with
a 1:1 mixture of piranha solution (HyO2:H2SOy; 1:1) for 30 min followed by extensive
rinsing with Milli-Q water until the pH of the solution around the Si wafers/blocks was
about 6 or 7. The Si wafer/block is held with a pair of tweezers from underneath to
prevent washing contaminants from the tweezers onto the wafer/block. A gentle flow of

nitrogen gas is blown over the wafer/block to dry it.

3.2.2 Cleaning of Quartz Crystals with Gold Electrodes

The surface properties of the sensor crystal are crucial for the interaction of sample ma-
terial with the surface. Therefore, the use of proper procedures for cleaning and surface
preparation are required to obtain reproducible measurements. The quartz crystals used
in the Quartz Crystal Microbalance with Dissipation QCM-D (Q-Sense Sweden) mea-
surements are cleaned according to the RCA 1 cleaning procedure followed by a plasma
cleaning (recommended by Q-Sense). A safer protection of the sensor crystals is by us-
ing the Q-Sense crystal cleaning Teflon holder while working with them. A mixture of
(HoO:H304:NHy; 5:1:1) is heated to 80°C and then the quartz crystal is put into the boil-
ing mixture for 5 min after which it is rinsed with Milli-Q water thoroughly. The crystal
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is held with a pair of tweezers from underneath to prevent washing contaminants from
the tweezers onto the crystal. Liquid is chased off the crystal with a flow of nitrogen gas.
The cleaned crystals are then plasma cleaned at 30 W for 10 min to get rid of organic

contaminants.

3.2.3 Polyelectrolyte Multilayer Adsorption onto Si Substrate

The polyelectrolyte multilayers are deposited on silicon wafers or blocks (for X-ray and
neutron reflectivity measurements) by immersion for 20 min into aqueous solutions con-
taining 1072 monoM (concentration of monomer units) of the respective polyelectrolytes
in HyO and by rinsing three times with Milli-QQ water for 1 min after each deposition
step. First, the wafer is immersed in aqueous solution of PEI for 30 min and then rinsed
gently in Milli-Q water. This extra step is found to be efficient in the reduction of sub-
strate influence on the adsorption of the next polyelectrolyte layers.®® After that, PSS and
PDADMAC are deposited consecutively via the self-assembly technique. The multilayers
are dried in a gentle stream of nitrogen for 3 minutes after completion of the multilayer

assembly.

3.3 Measurement Procedure and Techniques

3.3.1 Reflectometry

Reflectometry is an analytical technique for investigating thin layers using the effect of
total external reflection of x-rays or neutrons. In reflectivity experiments, the x-ray re-
flection of a sample is measured around the critical angle. Below the critical angle of
total external reflection, x-rays penetrate only a few nanometers into the sample. Above
this angle the penetration depth increases rapidly.®® At every interface where the electron
density changes, a part of the x-ray beam is reflected. The interference of these partially
reflected x-ray beams creates the oscillation pattern observed in reflectivity experiments.
From these reflectivity curves, layer parameters such as thickness and density, interface

and surface roughness can be determined.

X-rays are electromagnetic radiation occupying the spectrum from about 1072 to 102 A
in wavelength, but those used for the study of structure of materials have wavelengths
more narrowly confined to the approximate range of 0.5-2.5 A. Studies on polymers are

performed mostly with the K« characteristic radiation from copper target tube having a
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wavelength of 1.5418 A. X-ray wavelength of around 1 A is of the same order of magnitude
as most interatomic distances, that is why it plays such important role in probing the
structure of matter.?® X-rays are characterized by their energy £ and momentum p,

which are related to the wavelength A and frequency v by

E =hv (3.1)

and ,
= _ 3.2
p=x (3.2)

where h is Planck’s constant (6.626x 10734 Js) and equation 3.2 is known as the de Broglie

relation. A photon does not possess a mass or an electric charge.
On the other hand, a neutron is an uncharged elementary particle, possessing a mass m
equal to 1.675x1072* g and spin 1/2. Its kinetic energy £ and momentum p are

E=_—-mv (3.3)

and
p = muv (3.4)

where v is its velocity. Neutrons also exhibit wave-like behaviour, with the wavelength A

given by the de Broglie relation
h
A=—=—. 3.5
p (3.5)

When a radiation is incident on an interface between two materials, part of the energy is
reflected at the interface and the rest is transmitted through it.®? Irrespective of whether
the radiation involved is a beam of light, x-rays or neutrons, the geometry and the relative
intensities of the reflected and refracted rays can be described by the principles of optics, !

once the refractive indices of the two media are known (Figure 3.2).

With reference to Figure 3.2a, consider an incident radiation with intensity [y which
is partly reflected and partly transmitted with intensities I, and I; respectively. By
definition, reflectivity R is given by

(3.6)

where 6 is the incident angle. From Figure 3.2a, k is the wave vector of the radiation with
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Figure 3.2: Schematic of x-ray / neutron reflection at surface and interface.

ko given by )
ko = Tﬂsine. (3.7)

ko is the z-component of the k; and it is perpendicular to the substrate. ky is given by
]{31 = k0n1 (38)

where ng and n; are the refractive indices of air and film respectively. The reflection

coefficient 7 at the air/film interface is given by equation 3.9.

ko — ky
=2 = 3.9
" ko + k1 (3.9)
Now let’s consider Snells Law which is given by
nocosd = nycost’ (3.10)

for < 0. When the incident angle is lowered, the transmitted angle gets smaller till
the transmitted beam is parallel to the surface. This is the limiting condition for total
external reflection, <6, where 6. is called the critical angle. Equation 3.10 therefore
becomes

nocosl. = ny (3.11)
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which implies
cosf.=1—-10 (3.12)

where 0 is the real part of the refractive index of the film. Using the series expansion of

cos(x) which is given by

2 2t
=1——=4+—=—.. 3.13
equation 3.12 becomes
92
1—56 =1—-0=0.= V2. (3.14)
For x-rays, ¢ is given by
/\2
0= %,067"0 (315)

where p, is the electron density and rq is radius of the free electron (2.82x107° A) or the

Thompson radius. For neutrons, ¢ is given by

/\2
0= 5-Nb (3.16)

where N is the Number density [1/A3%] and b is the coherent neutron scattering length [A].
From Figure 3.2b, the path length difference between the waves scattered by the atoms

in consecutive lattice planes is 2z, which is
2x = 2dsind (3.17)

From Bragg’s law (condition for constructive interference)

n\ = 2dsinb; sinf~0 (3.18)
and
(2= 1)\ = 2d(6; — 6,) (3.19)
then
A = 2dA0 (3.20)
with 5
k= (=)0 (3.21)
A
and 5
Ak = (Z5)A0 (3.22)
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therefore
T
d=—. 3.23
A% (3.23)
Mostly the reflectivity R is plotted as R(Q) with @ = 2k; explicitly
. 2,
Q. = 2k, = 2ksinf = 2(7)32719. (3.24)
Hence 9
T
d=— 3.25
- (3.25)

Neutron Reflectometry

The homemade sample cell for neutron reflectivity studies of solid/liquid interfaces rep-
resents a modified version of the design by Satija and co-workers.”? It consists of a Teflon
trough of inner dimensions (72 x 42 x 3) mm? stainless steel inlet and outlet tubes for the
fluid mounted in opposite corners of the trough. It is sealed with a Viton O-ring against
the silicon block. A more detailed description of the sample cell is given elsewhere.? All
measurements are conducted at room temperature. Neutron reflectivity measurements
are performed at the V6 instrument at the HZB Berlin. A detailed description of the
instrument can be found in the literature.* A neutron wavelength of 4.66 A is selected
by a graphite monochromator in the incident white beam. The resolution is set by a slit
system on the incident side to AQ = 0.001 A~! for Q < 0.0518 A~!, and AQ = 0.002
A~ otherwise. A beam of rectangular cross section 0.5 x 40 mm? for Q < 0.0518 A~! and
1 x 40 mm? for Q > 0.0518 A~ impinged on the samples at the solid /vacuum interface
through vacuum and at the solid/liquid interface through the silicon block. The scattered
neutrons are recorded with a *He-detector in single 6/20 steps with a complete run from
0.0047 to 0.1646 A~ taking typically 6-9 hours. Every run is repeated in the low Q-range
to check for changes in structure during this time. The off-specular signal is collected
simultaneously in a *He counter offset from the specular position by 0.44° toward larger
angle 20. The extinction coefficient of the silicon blocks is found to be x = 0.0038 mm ™!
for the monochromatic neutrons used in this work. In the neutron reflectivity experi-
ment at the V6 instrument, the background to the measured intensity is determined to
(1.5 + 0.5) x 107° for measurements against both liquid phases and (8 + 1) x 107° for
measurements against vacuum. The intensity is normalized on the measured incident
intensity Iy to obtain the reflectivity R(Q), of the interface. The centerpiece of the exper-
imental setup is shown in figure 3.3.% A complete measurement cycle consisted of four

steps: Recording neutron reflectivity from the multilayer 1) against vacuum (Pressure:
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Neutron reflectometry Neutron reflectometry
against vacuum or vapour against liquid water
Si
= -
Q,=2ksina /
; k;

Liquid

Vacuum or Vapour

Figure 3.3: Schematic setup of neutron scattering at planar surface. Image is taken from
elsewhere.?’

from (0.2-2.7)x1072 mbar) after preparation i.e. after exposure to HyO (HyO vac), 2)
against H,O (HyO liq), 3) against DO (D20 liq) and 4) against vacuum after exposure
to DO (DO vac).

X-ray Reflectomery

X-ray reflectivity experiments are made using a triple axis diffractometer built at the
Helmholtz Zentrum Berlin. The primary beam of this instrument is defined by the line
focus of a sealed x-ray tube (0.04x8 mm?, Cu anode) and a diaphragm (0.24x8 mm?) at
a distance of 500 mm. The reflected beam is monochromatized by a pyrolytic graphite
crystal and the pulse height discriminator of the scintillation detector. The graphite
crystal is set to reflect the Cu Ko doublet (1.541 A). For measurements at high intensities,
e.g., primary beam and region of total external reflection, a remote-controlled Ni absorber
is inserted in the reflected beam. The Si wafers are placed in a homemade closed-cell
made of stainless steal containing a reservoir which is filled with water during vapour

measurements or PoO5 drying powder for measurements in the dry state.
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Scan | FROM | TO(OM) | ZT | OM TIM | NS1 | DOM2 | NS2 | DZT2
/deg /deg /deg | /deg | millisec /deg /deg

1 0.1 0.3 0.4 0.2 5000 1 0.01 21 0.02
2 0.3 0.7 1.0 | 0.5 10000 1 0.01 41 0.02
3 0.7 1.5 2.2 1.1 40000 1 0.02 41 0.04
4 1.5 3.1 4.6 2.3 80000 1 0.04 41 0.08

Table 3.1: X-ray scan parameters: ZT is detector angle (2- Theta-Position), OM is sample
angle (Omega-Position), TIM is measuring time per step, NS1 is repetition factor, DOM2
is step width of Omega (increment of sample angle), NS2 is number steps, and DZT2 is
step width of 2-Theta (increment of the detector angle)

Table 3.1 shows the scan parameters of the X-ray reflectivity measurements. For the
adjustment of the 2-Theta Zero point and the Omega angle the slit width is set to 0.2
mm after which it is set to 2 mm just before the scan is started. The primary intensity
Iy is scan by removing the sample from the holder and setting ZT — 0°, OM = 0°, TIM
= 10000 milliseconds, NS2 = 3, DOM2 = 0°, and DZT2 = 0°.

Fitting procedure

The reflectivity data are fitted with Parratt’s dynamic approach® using the Parratt32
fitting software (provided by HZB). Since all the fabricated multilayers are assumed to
have a homogeneous density a so-called one-box model is used to fit the experimental
data. Thereby, the multilayer is described by a certain thickness, scattering length density
(SLD) and roughness towards the outer medium (vacuum or water). A SiO, layer with
thickness between 5 and 25 A and with SLD of 1.891 x 10~ A =2 (x-rays) or 3.475 x 1076
A ~2 (neutrons) representing the native oxide layer is established between Si substrate
and PEM. The roughness of the SiOs-interlayer towards silicon and towards the polymer
multilayer is kept at zero. The SLD for Si is fixed at 2.073 x 10~% A2 throughout the
fitting. First, the H,O vac data are fitted. Then, the best fit for the SiO, thickness is
kept fixed for a particular substrate for all other conditions, i.e. HyO lig, D;O liq and
D>0O vac. This fitting procedure is applied to all the polyelectrolyte multilayers except
for (PSS/PDADMAC)g prepared from 0.25 M NaCl (neutron reflectivity data only). In
this case, the SiO, layer went to thickness values smaller than 5 A, which is physically
senseless. For the very reason the SiO, layer is omitted from the model and replaced by a
roughness term instead. All previously fitted samples are cross-checked with this second

fitting approach and no significant differences are observed in the derived parameters.
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3.3.2 Ellipsometry

Ellipsometry has become one of the most important and powerful tools for the charac-
terization of optical properties, in particular, of thin-film- and multi-layered materials.®
It is the most accessible of direct interfacial probe of surfaces. This method measures
the change in polarization state of light reflected upon a planer interface and, based on
the refractive indices of the surface, second medium and interfacial layer. The null el-
lipsometer provides information about the layer thickness of the adsorbed layer.” In the
context of ellipsometry a thin film ranges from essentially zero thickness to several thou-
sand Angstroms. The sensitivity of an ellipsometer is such that a change of film thickness
of a few Angstroms is usually easy to detect. Ellipsometry is sensitive to several material
characteristics, such as layer thickness, optical constants (refractive index and extinction
coefficient), composition, and optical anisotropy. A beam of light is incident on a sample
at an angle of incidence 6;; the angle of incidence is defined as the angle between the
input beam direction and the direction normal to the sample surface. At the boundary
of the medium, part of the light will be reflected at angle 6, while the other part will be
transmitted through the sample at angle 6;. Snell’s law requires that all three beams be
in the plane of incidence. The plane of incidence is defined as that plane which contains

the input beam, the output beam, and the direction normal to the sample surface.

The measured values are Psi (¥) and delta (A), which are related to the ratio of Fresnel
reflection coefficients, R, and R, for p and s-polarized light, respectively.
, R
tan(¥)e® = 2 (3.26)
Ry
From equation 3.26 the ratio is seen to be a complex number, thus the “phase” information
is contained in A, which makes the measurement very sensitive. A linearly polarized
input beam is converted to an elliptically polarized reflected beam. For any angle of
incidence greater than 0° and less than 90°, p-polarized light and s-polarized will be
reflected differently. The optical constants define how light interacts with a material.

The complex refractive index is represented by
n=n+ik (3.27)
The real part or the refractive index, n, defines the phase velocity of light in a material:

(3.28)

C
U= —
n
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where v is the speed of light in the material and c¢ is the speed of light in vacuum. The
imaginary part or extinction coefficient, k, determines how fast the amplitude of the wave
decreases. The extinction coefficient is directly related to the absorption of a material

and is related to the absorption coefficient by:

_ank
D)

(0%

(3.29)

where « is the absorption coefficient and A is the wavelength of light.

Ellipsometry in air and under controlled humidity condition.

Ellipsometric measurements are performed with a polarizer - compensator - sample -
analyzer (PCSA) ellipsometer, Multiscope from Optrel GbR (Wettstetten, Germany) in
Null-Ellipsometry mode. The measurements are performed using a He-Ne laser light
(wavelength 632.8 nm) at an incident angle of 70° against the air/film interface and 60°
against the water/film interface. The instrument is controlled by the software Multi, which
measures A and U the phase shift and magnitude respectively, of change in polarization
of light after reflection at the sample surface. The data analysis for the determination of
thickness d and refractive index n of the multilayers is performed by using the software
Elli (Optrel).

The data are analyzed by a least-squares fit with four-layer box model: (i) air (n = 1)
or water (n = 1.3325), (ii) multilayer, (iii) SiO, (d = 1.5nm, n = 1.4598) and (iv) Si
(n = 3.8858, k = —0.020). For most of the multilayer both thickness and refractive index
are fitted simultaneously without any assumption for the refractive index (otherwise the
assumed n is stated) due to in-built algorithm which can fit both d and n even below
thickness of 10 nm. The Garnet equation® is used to cross check the obtained thickness
(below 10 nm) and refractive index. The thickness and refractive index obtained from the

Garnet equation showed no significant difference from those obtained from the software.

For the measurements under controlled humidity, a locally made humidity cell is used
(Figure 3.4). The cylindrical cell made of stainless steal is 57 mm long with 55 mm inner
diameter. Tt is mounted on a (90 x 53 x 4) mm® metal plate for stability. Humidity
and temperature sensors are connected to the cell from the top. The channels of the
sensors are connected to the computer and the readings are recorded. The height of the
round sample table (35 mm) inside the cell can be adjusted by rotating it clockwise or
anticlockwise. The front window of the cell is closed with a transparent Plexiglas 5 mm

thick. Attached to the Plexiglas is a rubber O-ring to ensure air-tight closure of the cell.
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1. Adjustable sample table 5. Temperature sensor 9. Ellipsometer detector arm

2. Nitrogen gas in-let 6. Rubber gasket 10. Ellipsometer laser arm
3. Nitrogen gas out-let 7. Light guide 11. Humid nitrogen gas tube
4. Transparent plastic lid 8. Humidity sensor 12. Dry nitrogen gas tube

Figure 3.4: Cross-section of the humidity cell showing the various components of the cell.

Light guides are connected to the cell through a rubber gasket attached to two openings
on the upper sides of the cell. The openings allow up to 10° movement of the laser and
detector arms of the ellipsometer. For the water vapour, nitrogen gas is blown through
water and the saturated water vapour flows through a tube into the cell. Both the water
vapour and the dry nitrogen gas are connected to the in-let tube of the cell and circulates
out of the cell through the out-let tube to avoid pressure in the cell. The relative humidity
could be controlled between 1% and 98% by adjusting the right amount of nitrogen and
water vapour flowing into the cell (Figure 3.4). The height of the round sample table (35
mm) inside the cell can be adjusted by rotating it clockwise or anticlockwise. The front
window of the cell is closed with a transparent plexiglass 5 mm thick. Attached to the

plexiglass is a rubber O-ring to ensure air-tight closure of the cell.

The condition of 100% relative humidity means the sample is immersed in water and the
measurement performed with a homemade cell which is described elsewhere.?

The amount of swelling water is determined by using equation 3.307

dswollen - ddry

-100 (3.30)

dswollen

where duoien is the thickness of the swollen PEM at r.h. > 1 % or against liquid water
(100 % r.h.) and dg, is the thickness of the dry multilayer at 1% r.h..
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3.3.3 Atomic Force Microscopy under ambient conditions

AFM is a technique which helps to study the structure of polyelectrolyte multilayers
in terms of information on morphology and surface roughness. AFM can be operated
in Contact Mode, Tapping Mode and Non-Contact Mode. Tapping Mode is chosen for
probing the samples since it is developed as a method to achieve high resolution without
inducing destructive frictional forces both in air and fluid. With the Tapping Mode

technique, very soft and fragile samples can be imaged successfully.

Two different AFM apparatus are employed for the surface probe of the samples in order
to check for consistency in the images produced and for better resolution using the second
instrument. The first AFM instrument used for most part of the thesis is Nanoscope III
(Veeco), Digital instrument, Santa Barbara, USA, model MMAFM-2. It has a liquid cell
for fluid measurements where the temperature of the cell environment could be adjusted
from a NanoScope Temperature Controller. The Nanoprobe SPM Tips are made from
non-conductive Silicon Nitride. The cantilevers are 125 pum long. The type of tips (0.4
pm - 0.7 pm) for measurements in liquid and ambient conditions are NP-S10 and TESP
respectively. The resonance frequency ranges from 302 - 396 KHz. The second instrument
is Asylum Research Cypher Scanning Probe Microscope. It has a better resolution than
the Nanoscope III and because of that it is possible to make zoom-in scan of size 500 x 500
nm? which is not possible with the Nanoscope III. The tips are made of silicon, having
spring constant of 42 N/m and resonance frequency in the range of 294 - 346 kHz. A
scan speed of 1 Hz and scan sizes of (5 X 5 and 2.5 x 2.5) um? are made. The roughness
is determined by using a 1 x 1 um? box so as to be comparable to neutron reflectivity
measurements with 1 pym neutron correlation length. The final value is an average of

those calculated at different positions on each image.

3.3.4 Quartz Crystal Microbalance with Dissipation

An applied electric field across a piezoelectric material will subject the material to a me-
chanical strain, and vice versa: when a piezoelectric material comes under a mechanical
strain, an electric field is being generated within the material. The magnitude and direc-
tion of the piezoelectric strain is directly dependent on the direction of the applied electric
field relative to the crystal axis. Mostly, so-called AT-cut quartz crystal is used for QCM
measurements. The crystal which is normally circular disc, has diameter of (0.5 - 1.5) cm
and is (0.1 - 0.3) mm thin, with metal electrodes (mostly gold, or silicon) evaporated on

the crystal, see Figure 3.5.
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Figure 3.5: Schematic illustration of the Quartz Crystal with gold electrodes used in the
QCM measurements. Sketch is not to scale.

The measurements are performed with QCM-D from Q-Sense, Sweden. An AT-cut crystal
(Q-sense) having fundamental resonance frequency of 5 MHz is used. The crystal with
gold electrodes is mounted in a fluid cell with the active electrode side (see Figure 3.5) in
contact with the solution. The mass sensitivity constant, C of the crystal is 17.7 ng/cm?

Hz. The minimum measurable frequency shift is 1 Hz in liquid medium.

The crystal oscillates when excited in the thickness shear mode at its fundamental res-
onance frequency, fo when voltage near the resonance frequency is applied across the
electrodes. An adsorbed polyelectrolyte onto the electrodes induces a change in the reso-
nance frequency Af, which is proportional to the adsorbed mass Am. In air or vacuum,
provided the adsorbed layer is rigid, evenly distributed, and much thinner than the crys-
tal, Af is related to Am and the overtone number (n = 1, 3, 5, 7...) by the Sauerbrey

equation. %

I, A
Am = —Pala BF (3.31)

Jo n
where f( is the fundamental frequency, p, and [, are the specific density and thickness of
the quartz crystal, respectively. The dissipation D is proportional to the energy dissipated
in the oscillatory system.'! The dissipation factor is the inverse of the more familiar Q

factor and is defined by
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1 Edissi ated
AD = = = _dissipated 3.32
Q 27TEstored ( )

where Fgigsipated 15 the energy dissipated during one period of oscillation and Egppeq is

192 The AD measurement is done knowing

the energy stored in the oscillating system.
that when the driving power of a piezoelectric oscillator is switched off the voltage across
the crystal decays exponentially as a damped sinusoidal.!®® Periodic switching of the
driving voltage on and off, leads to a series of changes of the resonance frequency and
the dissipation factor which can be obtained simultaneously. For data acquisition the
software Q-Soft from Q-Sense is used and for data analysis the software Q-Tools (Q-

Sense) is used.

3.3.5 Fluorescence Recovery After Photo-bleaching (FRAP)

FRAP is a technique which can be used to measure the lateral mobility of fluorescein la-
belled polyelectrolytes. Through this method one can determine the diffusion coefficient of
the polyelectrolyte chains by measuring the rate of recovery of fluorescence which results
from transport of fluorophore into a bleached spot from unirradiated parts of a sample.
The procedure involves bleaching a small region of the surface of the sample containing
the mobile fluorescein molecules with an intense light coming from the reflected illumi-
nation optics of a fluorescent microscope. The intense illumination causes an irreversible

photochemical bleaching of the fluorophores at that spot.

The instrument used is a fluorescent microscope (Axioskope plus, CARL ZEISS) having a
CCD camera (Hamamatsu) to capture the images and a camera controller (Hamamatsu)
which are digitized by an image grabber of WASSABI (Hamamatsu, photonics Deutsch-

land GmbH). The Tmage-J software is used to process the images.

The experiment starts by illuminating a small spot on the sample with an intensive light
with the wavelength of 488 nm (FITC-PAH terminated samples) or 530 nm (RITC-PAH
terminated samples) through for at least 5 minutes. At this moment the controlling
aperture of the microscope is half-closed and the intensity of illumination is adjusted to
100%. In order to get sharp borders between bleached and unbleached area the objective
must be well focused. Using Nicon (Nicon Fluor, 20x0.5) immersion objective, it is
possible to bleach the surface of the sample under water as the objective could be immersed
into the liquid. After 5 min, when the bleached spot darkens, the aperture is gently opened
while the intensity is adjusted to 50% after which a snap shot of the image is taken. The

sample is treated also in water to investigate the mobility of the chains in liquid. After
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some time (hours or days), new snap shots of the bleached area is taken and compared with
the initial image taken just after the bleaching. The images are processed with Image-J
by applying the microscopic scaling to the image and to draw the image profile. The
latter shows the change in the brightness measured in the so-called Grey scale (arbitrary

units) by moving from unbleached area to the bleached one on the image.

There are two diffusing processes taking place: (i) movement of single dye molecules and
(ii) self-diffusion of the polyelectrolyte chains. Single molecules which are not bound to
the polyelectrolyte chains during the labeling process diffuse into bleached area much
faster than the labelled polyelectrolyte, leading to a rapid increase in the fluorescence
intensity of the dark area. The actual diffusion process is considered to be the segmental
movement of polymer chains which are interdigitated and entangled in the multilayer and
are rather glassy at room temperature. This is a slow process which can be promoted by
some stimuli. However, the whole process may happen in the micron scale around the
borders of the bleached and unbleached areas, making the sharp borderlines fuzzy (Figure
3.6).

Figure 3.6: Snap shots from the fluorescent microscope during FRAP measurement of
FITC-PAH terminated polyelectrolyte multilayer. (a) Before bleaching, (b) after bleaching
and (c¢) recovery after 3 days.

To avoid noise and obtain good results, the raw data are fitted with a Sigmoidal (Boltz-
mann) function. The amount of material transport into the dark area during the mea-
surement time is obtained from the change in slope of the resulting graphs with time.
The diffusion process in an isotropic medium and can be simulated with a Gaussian-like
function. To calculate the diffusion coefficient, the fitted Sigmoidal curve is differentiated

into a Gaussian curve. The diffusion coefficient Dg; is given by

w2

Dyiy = 0

(3.33)

where w is the width of the Gaussian peak at half height, see Figure 3.7
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Figure 3.7: Diffusion coefficient as determined from the deviation in peak width of Gaus-
stan curves representing the diffusion process.

3.3.6 Contact Angle measurements

When a drop of liquid is put on top of a solid surface, there are two competing effects.
The interaction with the solid substrate makes it energetically favourable for the drop to
spread such that it wets the surface. However, spreading increases the area of contact
between the liquid and vapour, which also increases the surface energy between the drop
and the vapour. When the interaction with the solid surface dominates, one gets complete
wetting, and when the surface term dominates, one gets “partial wetting” as sketched in
Figure 3.8. Contact angle measurements is the most accurate method of determining the
interaction energy between a liquid (L) and a solid (S). The cosine of the macroscopic
contact angle 6, (measured through the drop), at the tangent to the drop, starting at
the triple point solid-liquid-air; is a measure of the resultant of the energy of cohesion of
the liquid with surface tension, v, and the energy of adhesion between liquid and solid,
expressed as AGgy. In case of complete wetting, the interfacial tension gy is given by

the equation:

Vs¢ =7sL tYLe (3.34)

In case of incomplete wetting the interfacial tension is given by:

YsG — VsL = YLGCosOe (3.35)
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Figure 3.8: Schmematic of wetting at hydrophilic and hydrophobic surfaces.

The contact angle of water on polyelectrolyte multilayers is measured by the sessile drop
method using an OCA 20 instrument (DataPhysics Instruments GmbH, Germany). The
multilayers are freshly prepared on Si/SiO, substrates and placed in a cell made of trans-
parent optical glass (Hellma, Germany) having a Teflon lid and sample support. The cell
is filled with water up to two-thirds of the height of the cell just enough to saturate the
cell when closed and the system is left equilibrating for 15 min; after that, a water droplet
(Milli-Q water, specific resistance ~19 MQ-cm™!) is placed on the multilayer through the
hole of Teflon lid by using a syringe. The software SCA 20 (DataPhysics Instruments
GmbH, Germany) is used in real time image mode to draw the baseline and the droplet
contour by image analysis. The time-dependent measurement is run for a total time of
60 min by measuring the contact angle on the two sides of the droplet at intervals of 10

min.
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Chapter 4

Effect of ionic strength and type of ions on the

structure of water swollen polyelectrolyte multilayers 1

Abstract

This Chapter addresses the effect of ionic strength and type of ion on the structure and
water content of polyelectrolyte multilayers. Polyelectrolyte multilayers of poly(sodium-4
styrene sulfonate) (PSS) and poly(diallyl dimethyl ammonium chloride) (PDADMAC)
prepared at different NaF, NaCl and NaBr concentrations, have been investigated by
neutron reflectometry against vacuum, HyO and D5O. Both thickness and water content
of the multilayers increase with increasing ionic strength and increasing ion size. Two
types of water were identified, “void water” which fills the voids of the multilayers and
does not contribute to swelling but to a change in scattering length density and “swelling
water” which directly contributes to swelling of the multilayers. The amount of void water
decreases with increasing salt concentration and anion radius while the amount of swelling
water increases with salt concentration and anion radius. This is interpreted as a denser
structure in the dry state and larger ability to swell in water (sponge-like) for multilayers
prepared from high ionic strengths and/or salt solution of large anions. No exchange of
hydration water or replacement of H by D is detected even after eight hours incubation

time in water of opposing isotopic composition.

4.1 Introduction

Polyelectrolyte multilayers are very sensitive to the water content of the environment.
This is of interest since polyelectrolyte multilayers are often used as cushions or junctions
between different materials. Further, they present building blocks for novel stimuli respon-
sive materials. Therefore, it is necessary to conduct structural investigations for clarifying
the internal structure of the polyelectrolyte multilayers. Swelling behaviour of polyelec-
trolyte multilayers has been investigated in recent times by ellipsometry, X-ray and neu-
tron reflectometry. Wong et al.?® observed an “odd-even effect” which shows outer-layer

dependence for poly(sodium-4 styrene sulfonate) (PSS)/poly(allylamine hydrochloride)

!Similar content is included in: Effect of ionic strength and type of ions on the structure of water
swollen polyelectrolyte multilayers, S. Dodoo, R. Steitz, A. Laschewsky, and R. v. Klitzing, Phys.
Chem. Chem. Phys., 2011, 13, 10318-10325
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(PAH) multilayer in ellipsometric swelling experiments in 99% relative humidity. Ellipso-
metrically determined swelling percentages of PSS/PDADMAC multilayers prepared in
0.5 M NaCl show that water uptake can vary depending on whether the outermost layer
is a polycation or a polyanion.'% Steitz et al.”® reported that PSS/PAH systems swell as
much as 56% in outer layer and 42% in inner part by neutron reflectometry, where two
boxes of different scattering length densities are needed to fit the reflectometry curves.
PSS/PAH bilayers studied by X-ray and neutron reflectometry as a function of type of
salt shows that the PSS/PAH bilayer thickness is independent of the type of salt (NaCl

105 Especially in

or KCl), yet its composition is different (more bound water for NaCl).
biologically relevant systems like in presence of proteins, specific ion effects™ become

important.

It is well known that the addition of salt induces changes in the water structure,!%® and
it is likely to be different depending not only on the ionic strength and ion size but
also on the type of ions in the salt solution. Ions have been ranked in the Hofmeister

series 07

according to their ability to precipitate a given protein. Ions that have weaker
interactions with water than water itself are known as structure breakers or chaotropes,
whereas ions that have stronger interaction with water molecules are known as structure
makers or kosmotropes. ITon specific effects are caused by short-range (direct) contact
between, for example, polyelectrolyte and small ion.” Some experiments can be explained
by the size, charge density, and related polarizability of small ions, but there are other
experiments which show reverse effects of the same ion series in the presence of different

macromolecules, micelles, or vesicles.

So far, a detailed study on specific anion effects on the water content and the inner
structure of polyelectrolyte multilayers is missing. The problem in many studies is that
the water content calculated by changes in scattering length density differs from the one
calculated by the swelling ratio of multilayer thickness. Here the structural investigation
of PSS/PDADMAC multilayers by neutron reflectivity is reported. In order to determine
effect of type of salt and ionic strength on the water content and swelling behaviour
of PSS/PDAMAC multilayers, neutron reflectometry experiments are conducted at the
solid-liquid and solid-vacuum interface. The polyelectrolyte multilayers fabricated are
Si/PEI/(PSS/PDADMAC100%)¢ at different NaF, NaCl and NaBr concentrations.
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4.2 Results

4.2.1 Hydration water in dry polyelectrolyte multilayer

Figure 4.1 shows the raw neutron reflectivity data (symbols) of PSS/PDADMAC sample
and the best fit (solid line). The spectra contain Kiessig oscillations but no Bragg peaks
suggesting that there is no pronounced density variation within the repeat units of the

multilayer.

i 5 HIZO'va'c E
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Figure 4.1: Neutron reflectivity against vacuum of (PSS/PDADMAC)s prepared in 0.1
M NaBr aqueous solution and measured against vacuum after exposure to Hy O and Dy O,
respectively. The data points are supplemented with continuous line representing the best
fit model as described in the fitting procedure.

The sample (PSS/PDADMAC)g prepared from aqueous solution of 0.1 M NaBr is mea-
sured against vacuum. The Kiessig oscillations of the multilayer against vacuum after
exposure to HyO (H2O vac) and D;O (D2O vac) coincide i.e., the oscillation amplitudes
and the minima positions are the same, which means equal thickness, SLD and rough-
ness of the multilayer. The best fit of the experimental data results in a thickness of
229 + 5 A, SLD of (1.04 4 0.02) x 10-® A~2 and roughness of 23 &4 A for both condi-
tions. Throughout the experiment there is no difference between HyO vac and D50 vac
which is consistent with all samples irrespective of their preparation parameters. This

can be attributed to either no hydration water or strongly bound hydration water where
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the displacement of HoO by DO molecules is suppressed. An isotopic exchange of H by
D atoms in the polyelectrolytes can be excluded since both PSS and PDADMAC do not
possess any displaceable acidic protons. In case of an exchange of hydration water in the
dry multilayer, it is to be expected that the SLD obtained from the measurement against
vacuum after exposure to HoO or D50 is different. The interpretation that no hydration
water is exchanged in the course of varied environmental conditions is in agreement with
the report of Ivanova et al.,'% who stated that most of the HyO molecules found in poly-
electrolyte multilayers at 0% relative humidity remain bound at 100% relative humidity
D, 0.

4.2.2 Effect of ionic strength

Figure 4.2 shows three different spectra of (PSS/PDADMAC)g prepared in aqueous NaCl
solutions of various ionic strength and against vacuum after exposure to HyO. Upon
adsorption of polyelectrolytes from solution of higher ionic strength the minima positions
of the Kiessig fringes in the spectra shift towards low QQ and the distance, AQ), between
adjacent minima shrinks. The thicknesses derived from the fits for 0.1 M, 0.25 M and

10° | 5> 0.1 molll NaCl
F A 0.25 mol/l NaCl

o 0.5 mol/l NaCl

Reflectivity

0,00 0,02 0,04 0,06 0,08 0,10 0,12 0,14
Q/A*

Figure 4.2: Neutron reflectivity against vacuum after preparation (HyO vac) showing the
effect of ionic strength on multilayer thickness of (PSS/PDADMAC)s prepared from 0.1
M, 0.25 M and 0.5 M NaCl concentration. The spectra of 0.25 M and 0.5 M have been
multiplied by 10 and 100, respectively, for clarity.
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0.5 M are 1444+ 1 A, 267+ 6 A, and 481 + 3 A, respectively. The smearing out of the
oscillations at high Q is due to the roughness of the samples. The roughness obtained
for different ionic strengths is 10 £4 A, 11 +£4 A, and 22+ 5 A in order of increasing
ionic strength. Hence, both multilayer thickness and roughness increase with increasing
ionic strength.!9110 Addition of salt to the polyelectrolyte solution during multilayer
preparation introduces counterions which also contribute to complex formation. %™ By
adsorbing polyelectrolyte from salt solutions of varying ionic strength, the layer thickness
can be controlled over a wide range. Screening of the polyelectrolyte charges in a strong
electrolyte solution leads to a smaller radius of gyration. Thus, adsorption of coils will
take place, which occupy a smaller surface area per chain, leading to a larger adsorbed
amount of segments and consequently to a larger layer thickness.*!>® The pronounced
difference in roughness between 0.25 M and 0.5 M is attributed to strong interdigitation
of more coiled chains caused by higher ionic strength. The scattering length density does

not show any systematic change with increasing ionic strength.

4.2.3 Effect of type of ion

The type of salt used during the multilayer preparation can affect the growth of the
multilayer strongly. 2! In order to investigate this effect (PSS/PDADMAC); is prepared

_ NaF |
10 3 . 4 NaCl 73
10 F e o NaBr ]
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Figure 4.3: Neutron reflectivity spectra of (PSS/PDADMAC)s containing 0.25 M con-
centration of NaF, NaCl and NaBr against Hy O vacuum.
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from NaF, NaCl and NaBr solutions at a fixed ionic strength of 0.25 M. Different anions are
chosen since anions are known to have a significantly larger effect on the thickness of the
multilayers than their cation counterparts.™ Ion-specific effects become more important
for cations above an ionic strength of 0.25 M at which stage the influence is not negligible
anymore. The result of the neutron reflectivity measurements are shown in Figure 4.3.
At first sight, the distance, AQ), between adjacent minima shrinks as the size of the anion
of the respective salt increases. The position of the first minimum shifts towards low Q
values. From the fits the thickness obtained is 218 +3 A, 267+6 A and 498+4 A for NaF,
NaCl and NaBr, respectively. This shows an increase in the thickness of the multilayer
as the size of the anion gets larger. The roughness obtained is 25 +5 A, 11 £4 A and
50 + 8 A for NaF, NaCl and NaBr, respectively. The roughness is expected to show a
pattern similar to that of thickness, however, NaF is seen to produce exceptionally rougher
multilayers. That explains why there is only one Kiessig oscillation and strong damping
of R at high Q values. The effect of the anion on thickness and of the polyelectrolyte
multilayers is due to its respective position in the Hofmeister Series!'%” and coincides with

results of other studies on polyelectrolyte multilayers. ?3839.73

4.2.4 Quantitative analysis of water content

A complete set of measurements as shown in Figure 4.4, i.e., H,O vac, HyO lig, DO liq
and Dy 0 vac, is performed for all (PSS/PDADMAC)g multilayers which are prepared with
different concentrations of NaF, NaCl and NaBr. In the following the quantitative analysis

of the water content is described. The percentage of swelling in water is determined by:

dswollen - ddry

¢Swell - x 100 (41)

dswollen

where ¢4,¢ is the percentage of swelling, dg,onen 1S the thickness in the water swollen state
and dgy, is the thickness of the multilayer against vacuum. For example, the percentage
of swelling in water of (PSS/PDADMAC)4 prepared from aqueous solution of 0.1 M, 0.25
M and 0.5 M NaCl are 36%, 43% and 55%, respectively (see Figure 4.5a). In many
former studies the percentage of swelling is equated with the amount of water within the
polyelectrolyte multilayer. However, it differs from the amount of water calculated by
the concurrent change in scattering length density of the multilayers. This leads to the
conclusion that some hidden water exists which does not contribute to swelling in water

but to the change in scattering length density only.

“Swelling” and “void water”: Polyelectrolyte multilayers are deposited as layers that
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Figure 4.4: Neutron reflectivity spectra on (PSS/PDADMAC)s multilayers prepared from
0.25 M NaF, showing the order of measurements. The reflectivities of the curves Hy O vac,
D50 vac and Dy O lig have been multiplied by 10, 10 and 100, respectively.

form continuous molecular layers without distinct layer-by-layer separation between poly-
electrolytes of opposite charges,??4"® which in turn creates voids in the multilayer. In
vacuum those voids within the multilayer are empty and the multilayer thickness is termed
dgry. Upon swelling the voids are filled with water called “void water”. That water does
not contribute to the swelling of the multilayers but exclusively to the change in scattering
length density. Subsequent water absorbed by the multilayer, called “swelling water” on
the opposite directly contributes to the swelling of the multilayer. The amount of “void
water” @yeiq, is retrieved from comparison of the amount of “swelling water”, ¢qc, calcu-
lated from equation (1), with the total water content, ¢, calculated from the respective
changes in scattering length density and appropriate boundary conditions (see equation
4.6): At 0% relative humidity (r.h.), the SLD of the dry multilayer is given by

Nbdry = l"Nbpglymer + (1 - {L‘)'Nbvoids. (42)

with Nb,qs—0, empty voids against vacuum, the SLD of the dry multilayer becomes

proportional to the SLD of pure polymer, Nbyoymer- Equation 4.2 then becomes

Nbdry = x'Nbpolymer- (43)
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d(H,0)  d(H,0) d(D,0) o(H,0) o(H,0) SLD(H,0) SLD(H,0) SLD(D,0)
Concentration ddry dswf)llen dsw;)llen 6dry o-swollen pswolben pswollen

Par
of salt (A) (A) (A) (A) (A) 10°%?) (10° A (10° A

0.25M NaF 218+3 2955 295%6 25+5 40%x6 0.95+0.02 0.53+0.03 3.48+0.3

0.5 M NaF 3005 486+8 495+10 346 555 1.20+0.03 0.45£0.02 4.04+0.2

0.1MNaCl 144+1 226+3 226+x2 10+4 27+4 133+0.02 058+0.01 347+01
025MNaCl 2676 465+9 480+15 11+4 35%13 134+0.03 0.49+0.02 4.00+0.2

05MNaCl 481+3 1041+18 1110+30 22+5 48+19 0.74+0.04 0.02+0.07 411+0.1

0.1MNaBr 229+5 3956 381+9 234 369 1.04x0.02 0.34 £0.05 3.45+0.2

0.25M NaBr 498+4 1282+20 1200+£40 50+8 123+9 1.05+0.02 0.05+0.01 436+0.1

Table 4.1: Structure parameters of (PSS/PDADMAC)s multilayer prepared from aqueous
polyelectrolyte solution containing NaF, NaCl and NaBr, respectively. Data set Hy O vac
and Dy O vac are the same. Error bars are set in accordance to a level of 10% increase in

chi?.
At 100% r.h. (fully swollen), the SLD of the swollen multilayer is given by

Nbswollen = (1 - gbswell)[x'Nbpolymer + (1 - x)'waater] + ¢swellewater (44)

where z, the volume fraction of polymer, is given by

T = Nbdry B Nbswollen - (bswellewater

= +1 4.5
waater (1 - ¢swell)waater ( )

¢total = (1 - l’)(]_ - ¢swell) + ¢swell = ¢v0id + gbswell (46)

Nbgyy is the SLD of dry multilayer, Nbgsyouen is the SLD of the swollen multilayer and
Nbyater 18 the SLD of the water, DoO or HyO. Hence, the total water content ¢y of a
swollen multilayer is the sum of the “void water” ¢,.;q and “swelling water” ¢ge. The

summary of the results for the amount of “void water” ¢,qq, “swelling water” ¢, and
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total water ¢, is represented in Figure 4.5. There is no significant difference in the
water content for HoO and DO in the multilayer. Therefore, the values presented in
Figure 4.5 are the average water content in the multilayers. It is concluded that there is
no isotopic effect in the thickness of the swollen multilayers as well as in the water content

as can be seen from Table 1 and the supporting information, respectively.
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Figure 4.5: (a) Amount of void water and swelling water in dependence of the salt
concentration and type of ion of the preparation solutions. (b) Total amount of water in
dependence of the salt concentration and type of ion of the preparation solutions.

For each type of salt 3 different concentrations are used, i.e., 0.1 M, 0.25 M and 0.5 M. The
results for 0.1 M NaF could not be provided because the multilayer is too thin to produce

any oscillations and for 0.5 M NaBr the multilayer is unstable. With increasing ionic
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strength and increasing ion size the amount of total water and swelling water increases.
The amount of void water shows an opposite effect: It decreases with increasing ionic
strength (exception for NaF). This means that the two water species (swelling and void
water) partially compensate each other. In case of 0.1 M the ion type has no effect on
the total amount of water but on the amount of void and swelling water. Obviously, the

increasing ion size has qualitatively the same effect as increasing the ionic strength.

4.3 Discussion

The main findings can be summarized as follows: (i) There is no displacement of hydration
water in the dry polyelectrolyte multilayers and there is no replacement of H by D. (ii)
The thickness of the polyelectrolyte multilayers increases with increasing ionic strength of
the polyelectrolyte solution. (iii) The thickness of the multilayers increases in accordance
with the arrangement of the anions in the Hofmeister series. (iv) The total water content
of the polyelectrolyte multilayers increases with increasing ionic strength and also type
of ion. In order to qualitatively explain these findings, the hydrophobic effect will be

discussed and the Hofmeister effect on polyelectrolyte multilayers.

4.3.1 Hydration water in polyelectrolyte multilayers

The generally accepted model of hydration!!? invokes a cage of water molecules around a
nonpolar solute molecule or molecular part, i.e polymer backbone. Hydrogen bonds are
preserved by partial ordering of water (a decrease in entropy), and contact with the solute
can generate favorable, though small, enthalpies of dissolution. Hydrophobic interactions
are generated when multiple nonpolar solutes, or fragments of molecules, associate to
maximize contact of water with water, maintaining structure and hydrogen bonds. Poly-
electrolyte multilayers prepared by alternating adsorption of polyanions and polycations
from aqueous solution are assumed to contain hydration water in their dry state. Evidence
is reported by Schwarz and Schonhoff''® who applied 'H NMR transverse relaxation to
monitor the hydration water in polyelectrolyte multilayers. Schlenoff et al.!'* also re-
ported hydration contributions to association in polyelectrolyte multilayers. The analysis
based on neutron reflectivity indicates no structural change in the dry polyelectrolyte
multilayers, prepared from light water HyO, dried and subsequently exposed to heavy wa-
ter D,O for 8 hours and then dried. This result is proven at different salt concentrations
of NaF, NaCl and NaBr. For all samples the reflectivity spectra of HoO vac and D,O vac

are identical producing the same multilayer thickness, same scattering length density and
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multilayer roughness. If hydration water exists in vacuum, then it is included in z, the
volume fraction of polymer as fixed, not displaced (as integral part that cannot be resolved
by the applied technique). The explanation for this phenomenon would be the presence of
strongly bound hydration water surrounding the molecules of the polyelectrolytes making
it impossible for the H in the hydrogen bonds to be displaced by D, which is not fully
understood so far. Similar effects are reported by Ivanova et al,'®® who observed about 6
immobile protons at 0% r.h. in a PSS/PAH multilayer system. It could be imagined that
by supplying the system with energy in the form of heat, more first-shell water conforma-
tions would be made accessible. Melting the cages of water molecules would then allow
a closer approach of the polymer groups. The observed variations in SLD of the films in
dry state are caused by two effects: (i) Variations in polymer volume fraction, x, and (ii)
amount of bound water included in z. While with the present technique it is possible to
resolve x, it is not possible to resolve the amount of bound hydration water associated to

the polyelectrolyte with certainty.

However, the number of water molecules ny, o, dry for a pair of monomers PSS/PDAD-
MAC can be calculated from the measured SLD. By definition, SLD = ). n;b;/ >, n;V;,
which is the ratio of the sum of the scattering lengths b; and the volumes V; of the atoms
and molecular groups of the system. Hence the amount of HyO molecules per PSS/P-
DADMAC can be calculated as follows:

b b b
SLp — Pss + OppADMAC T+ NEL,00H,0 (4.7)
Vpss + Vepapmac + 1,0 Vi,o

then
bpss + bppapmac — SLD(Vess + Vepaparac)

SLD-Vi,0 — bu,o

(4.8)

N0 =

(The numerical values are?®198:115 b0 — 47.203 x 107° A, bppaprrac = 3.587 x 1075 A,
bi,o — —1.675 x 1075 A, Vpgg — 201 A3, Vppapaacs — 156 A3, Vio — 30 A3, SLD
from Table 4.1.)

With these formulas the number of water molecules at 0% r.h. are calculated. For
example, the number of hydration water molecules for PSS/PDADMAC pair of monomers
having 0.1 M NaBr, with SLD = 1.04 x 1076 A~2, is calculated to be ny,o = 2.85. Table
4.2 show the calculated amount of hydration water “void water”, “swelling water” and
total water content for HoO. The upper limit for the SLD of the polymer complex itself
without hydration water is 1.43 x 10~® A~2. This number is based on published data on
the molecular volumes of PSS and PDADMAC of 201 A340 and 156 A3115 respectively, the

latter based on the measured mass density of PDADMAC of 1.19 g/cm?®. From measured
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SLD values against vacuum, it is concluded that beside the polymer volume fraction also

the amount of bound water varies as a function of preparation conditions.

Conc./ No. of void swell total fraction
type water mol.  water water water  of polymer

of salt N,0dry (bvoid(%) (bswell(%) (btotal (%) X(%)
0.25 M NaF 3.7 10.6 26.0 36.6 85.0
0.50 M NaF 1.5 13.2 38.3 51.5 78.4
0.10 M NaCl 0.6 9.1 36.2 45.3 82.7
0.25 M NaCl 0.5 7.2 42.6 49.8 88.6
0.50 M Na(Cl 6.3 2.7 53.8 56.5 94.1
0.10 M NaBr 2.9 4.2 42.1 46.3 92.7
0.25 M NaBr 2.8 2.8 61.2 64.0 92.8

Table 4.2: Parameters of PSS/PDADMAC pair of monomers prepared from solutions of
different type of ion and ionic strength. x is the volume fraction of polymer and ng,odry
is the number of water molecules bound to the pair of monomers.

4.3.2 Effect of ionic strength and type of ion

The properties of the polyelectrolytes constituting the multilayer determine its structure
and the charge compensation mechanism. The presence of salt in the solution can create
electrostatic screening of the charge on the polyelectrolyte layer and also influence both
the dynamics of polyanion /polycation complexes holding the layers together as well as the
forces operating in the system.!'"118 Polyelectrolyte multilayers prepared from NaBr salt
are thicker than those prepared from NaF due to the ion-specific effects of the anions and

their position in the Hofmeister Series. ?-383%73,107 Bp—

has larger size, higher polarizability,
and small hydration shell than F~, and this makes the Br~ interact stronger with the
PDADMAC chains thereby forming coils which leads to thicker films. The Hofmeister
Series usually presents an inversion point™107 at about Cl~ (for anions) and Na't (for
cations). Hence, the position of these two ions is usually considered as a null point in
the ion-specific effects. This explains why the NaCl multilayer has the smallest roughness
in Figure Figure 4.3 and Table 4.1. In contrast to the thickness the roughness does not
follow systematically the Hofmeister series. The increasing coiling of the chains leading
to an increasing film thickness has two counteracting effects on the roughness. A slight
increasing flexibility of the PDADMAC chains due to a stronger interaction with anions
from F~ to Cl~ leads to a stronger ability for rearrangement and therefore to a smoother

interface. A further increasing coiling (from CI1~ to Br™) leads to rougher surfaces.? !9
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The thickness of the multilayers prepared using different sodium salts (NaF, NaCl, NaBr)
at an ionic strength of 0.25 M increased in the order of F~<Cl~<Br~.3%!20 The roughness
increases in the same order with increasing ionic strength due to an increase in coiling.
The scattering length density of the dry multilayer varies from (0.95 + 0.02) x 1076 A2
in the case of NaF to (1.34 + 0.02) x 10 A=2 in the case of NaCl, with NaBr having
(1.05 £ 0.02) x 107 A2 An opposite effect between roughness and SLD is observed
among the multilayers of NaF, NaCl and NaBr. Whereas the multilayer of 0.25 M NaCl
shows lowest roughness, it also has the highest SLD among the multilayers of the sodium

salts.

At ionic strengths up to 0.1 M the counterions involved in extrinsic complex formation with
the polyions are few. This increases electrostatic attraction between oppositely charged
layers and causes the polyelectrolyte chains to conform flat to the substrate. In this case
the layers are tightly bound to each other resulting in low multilayer thickness, roughness
and voids. This accounts for the fact that multilayers prepared from 0.1M NaCl and
0.1M NaBr have the same total water content of 44% and 45%, respectively. Therefore
at low ionic strength the electrostatic interactions are dominating and specific ion effects
are minor as shown in the present study. Above an ionic strength of 0.1 M salt specific
ion effects come into play. This observation supports findings of former studies.” It has
been shown that at high ionic strength (above 0.1 M), where the electrostatic interactions
are partially screened, the interion interactions are controlled by dispersion forces that

depend on the polarizability of the ionic species.'?!

4.3.3 Swelling behavior and water content of polyelectrolyte multilayers

The results show that the amount of void water and swelling water show opposite de-
pendencies on the ionic strength and the ion size leading to a partial compensation with
respect to the total amount of water within the polyelectrolyte multilayers. Starting with
the swelling water, the polyelectrolyte multilayer can be considered as a sponge. Due
to stronger interaction of the PDADMAC with Br~ more loops are formed, which are
less fixed by oppositely charged polyelectrolytes than in presence of F~ during prepara-
tion. These loops will be folded during drying and have a strong ability for unfolding, i.e.

reswelling, in presence of water. The same effect occurs at high ionic strength.

In contrast, the amount of void water, which does not contribute to the swelling, rather
probes the structure of the dry state. Less void water means a denser structure in the dry
state. A higher flexibility of the chains leads to an easier reorganization of the chains and

therefore a denser packing. A higher flexibility is reached by intrachain screening caused
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by a high ionic strength and/or large counter ions. With increasing salt concentration
and increasing size of ion, the total amount of water increases which indicates a decrease
of polyelectrolyte density in the swollen state. This contradicts a former experiment on
rhodamine transport through polyelectrolyte multilayers. An explanation might be that

rhodamine also probes defects in the film.*3

4.4 Conclusions

In this study, the influence of ionic strength and type of ion (during preparation) on the
water content of polyelectrolyte multilayers has been investigated by neutron reflectivity.
It is found that there is no exchange of hydration water or replacement of H by D when
dry polyelectrolyte multilayers prepared from H,O, are incubated in D5;O liquid for at

least eight hours.

The polyelectrolyte multilayer acts like a sponge. The total amount of water of the
polyelectrolyte multilayer is the sum of the “void water” which fills the empty space
(excluded volume) between the polyelectrolyte chains and does not contribute to the
swelling but to the change in scattering length density and the “swelling water” which
contributes directly to swelling. “Swelling water” and total water content of the mul-
tilayer increase with increasing ionic strength and increasing size of the anions. With
increasing ionic strength of the polyelectrolytes solutions the amount of counterions in
the aqueous medium contributing to extrinsic polyelectrolyte complex also increases, re-
sulting in screening of electrostatic attraction between oppositely charged polyelectrolyte
segments. Increasing screening effect causes the polyelectrolyte chains to change from flat
conformation to coil conformation thereby increasing the total thickness of the multilayer

and the roughness.

In contrast, the amount of void water shows the opposite effect. It decreases with in-
creasing ionic strength and anion size reflecting a denser structure in the dry state at high

ionic strength and for large anions.

In the experiments shown increasing anion size acts like increasing the salt concentration.
The specific ion effects become pronounced at an ionic strength larger than 0.1 M, where
the electrostatics are mainly screened and dispersion forces between the ions and polyions

become dominant.
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Chapter 5

Effect of ionic strength and layer number on swelling

of polyelectrolyte multilayers in water vapour !

Abstract

The swelling behavior of polyelectrolyte multilayers (PEMs) of poly(sodium - 4 styrene
sulfonate) (PSS) and poly(diallyl dimethyl ammonium chloride) (PDADMAC) prepared
from aqueous solution of 0.1 M and 0.5 M NaCl are investigated by ellipsometry and
Atomic Force Microscopy (AFM). The study shows that from 1 double-layer up to 4
double-layers from 0.1 M NaCl, the amount of swelling water in the PEMs decreases with
increasing number of adsorbed double layers. This is explained by an increase in poly-
electrolyte density as a result of the attraction between the positively charged outermost
PDADMAC layer and the Si substrate. From 6 double layers to 30 double layers, the at-
traction is reduced due to a much larger distance between substrate and outermost layer
leading to a much lower polyelectrolyte density and a higher amount of swelling water.
In PEMs prepared from aqueous solution of 0.5 M NaCl the amount of water constantly
increases which is related to a monotonically decreasing polyelectrolyte density with in-
creasing number of polyelectrolyte layers. Studies of the surface topology also indicate
a transition from a more substrate affected interphase behavior to continuum properties
of the polyelectrolyte multilayers. It is shown that the threshold for the transition from

interphase to continuum behavior depends on the physical quantity that is investigated.

5.1 Introduction

Polyelectrolyte multilayers are known to be sensitive to external parameters such as salt
concentration,*"*? type of salt,3¢3? pH'""!22 and temperature.'?® The neutron reflec-
tivity study described in 4 showed that increasing ionic strength and preparation with
anions of increasing size lead to increasing thickness and swelling water of the multilay-

40,77,95,124128 51 hydration and swelling behavior of polyelec-

ers.”® There are some papers
trolyte multilayers. The typical amount of water uptake in high humidity environment

or water varies between 39 vol % for PSS/PAH system®% and 300 vol % in the case

!Similar content is included in: Effect of ionic strength and layer number on swelling of polyelectrolyte
multilayers in water vapour, S. Dodoo, B. Balzer, T. Hugel, A. Laschewsky, and R. v. Klitzing, Soft
Material, Accepted
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of poly(acrylamide)/poly(diallyl dimethyl ammonium chloride) PAA/PDADMAC sys-

tem 117

There are only a few studies addressing the effect of the substrate on the swelling water.

Wong et al.?

reported that swelling and deswelling of poly(sodium-4 styrene sulfonate)
(PSS) and poly(allylamine hydrochloride) (PAH) multilayer are completely reversible and
that at 99% relative humidity (r.h.), a pronounced “odd-even effect” in the swollen thick-
ness (about 20% with respect to total thickness) is observed depending on the type of
polyelectrolyte in the outermost layer. The swelling water decreases from about 50% to
25%, indicating an increase in polyelectrolyte density with increasing number of deposited
layers. This study stops at 6 double layers and the ionic strength is fixed at 0.25 M. So
far, it is unclear whether a PEM of 6 double layers presents already the continuum phase
or still the interphase between substrate and continuum phase with respect to the amount

of water. In addition the effect of the ionic strength has not been clarified.

In order to address these questions a multilayer system of PSS/PDADMAC (1, 2, 4,
6, 8, 14, 20 and 30 double layers) prepared from aqueous solution of 0.1 M and 0.5 M
NaCl is studied under different relative humidities. For the reliability of the results two
different methods for the determination of the swelling water are applied. Ellipsometric
measurements are performed in a home-made humidity cell Figure 3.4 equipped with
humidity and temperature sensors. Measurements at relative humidities between 1% and

98% are performed. For 100% r.h. the samples are immersed in liquid water.

5.2 Results

5.2.1 Surface roughness against ambient conditions

For studying the changes in morphology upon adsorption of polyelectrolyte layers onto
Si/PEI, AFM images of PSS/PDADMAC PEMs are taken after different numbers of
adsorption steps. Figure 5.1 (left) shows that a bare Si substrate is with a roughness of
0.09 nm. The adsorption of PEI onto Si substrate leads to a homogeneous layer with a

low roughness of 0=0.12 nm (Figure 5.1 right).

Due to strong electrostatic attraction between the substrate and the PEI layer the chains
have a flat conformation on the substrate. PEMs prepared from 0.1 M NaCl show a
grain-like topography, and the roughness increases with increasing number of adsorbed
layers (Figure 5.2, 0.1 M). PEMs prepared from aqueous solution of 0.5 M NaCl exhibit

as well an increasing roughness with increasing number of adsorbed layers to a larger
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PEI

o(rms) = 0.09 nm o(rms) = 0.12 nm

Figure 5.1: AFM image of Si (left image) and Si coated with PEI prepared without
addition of salt. Scan size: 2 x 2 pum?.

extent than PEMs prepared at an ionic strength of 0.1 M. The topography shows a
development from grain-like via rod-like to blob or worm-like structures (Figure 5.2, 0.5
M). For multilayers prepared from 0.1 M NaCl, blobs are observed for a multilayer of 30
double layers. However, for an ionic strength of 0.5 M NaCl the blob formation is already
observed from 14 double layers on. The roughness values determined over an area of 1

x 1 pym? are in good agreement with the ones of neutron reflectivity:” For instant the

roughness of (PSS/PDADMAC)s are (10 + 4)A and ( 22 & 5)A for 0.1 M and 0.5 M
NaCl, respectively.

It is important to point out that the ionic strength®%!''! of the multilayer affects the
topography and the roughness in a pronounced way. For the same number of layers,
PEMs prepared from 0.5 M NaCl solution show larger roughness than PEMs prepared
from 0.1 M NaCl.

5.2.2 Swelling behavior

The correlation between the swelling behaviour at different relative humidities and the
thickness of the multilayers is studied. Figure 5.3 shows ellipsometry results of thickness
as a function of the relative humidity for PSS/PDADMAC multilayers prepared at an
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(PSS/IPDADMAC);  (PSSIPDADMAC),, (PSS/PDADMAC),,  (PSS/PDADMAC)4,

Figure 5.2: AFM images in ambient conditions of PSS/PDADMAC multilayers prepared
from aqueous solution of 0.1 M NaCl and 0.5 M NaCl. Top: multilayers having 1 to 6
double layers and Bottom: multilayers have 8 to 30 double layers. The images have scan
size of 2.5 X 2.5 pm?.

ionic strength of 0.1 M and 0.5 M, respectively. The measured thicknesses are consistent

within the experimental error with AFM measurements of similar films by Bizan Balzer. '2°

The thickness increases with increasing r.h. and increasing ionic strength. Figure 5.4
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Figure 5.3: Thickness against relative humidity of PSS/PDADMAC polyelectrolyte mul-
tilayers on Si/PEI prepared from aqueous solutions of 0.1 M NaCl (a) and 0.5 M NaCl
(b). The data points at 100% r.h. are obtained from measurements against liquid water.
The numbers in the legend correspond to number of PSS/PDADMAC double layers.

demonstrates how the amount of swelling water varies with relative humidity. The swelling

water is calculated using equation (1) for both ellipsometry and AFM data recorded under
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Figure 5.4: Amount of swelling water as a function of relative humidity for PSS/PDAD-
MAC multilayers on Si/PEI prepared from aqueous solutions of 0.1 M NaCl (a), and 0.5
M NaCl (b). The numbers in the legend correspond to the number of PSS/PDADMAC
double layers.

controlled relative humidity:

dswollen (T' h) - ddry
dswollen (Th)

Pswen(r-h.) = x 100 (5.1)
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where ¢gen corresponds to the swelling water, dgpouen iS the thickness of the swollen
PEM at r.h.> 1% or against liquid water (100 % r.h.) and dg,,, is the thickness of the dry
multilayer at 1% r.h.. Firstly, all the plots in Figure 5.3 and Figure 5.4 indicate an increase
in both thickness and swelling water as the relative humidity in the sample cell increases.
Interestingly, in case of the thinner PEMs (1-4) the multilayers swell differently for 0.1
M and 0.5 M. For 0.1 M the swelling water increases in the order of (PSS/PDADMAC),
< (PSS/PDADMAC), < (PSS/PDADMAC) (see Figure 5.4a. This means that the 1,
2, and 4 double layers prepared from 0.1 M NaCl exhibit swelling water decreasing with
increasing number of layers. This observation is consistent with the work of Wong et al.?
who reported a decreasing swelling water with increasing number of layers for PSS/PAH
up to 6 double layers prepared from 0.25 M NaCl even though the polycation and the
ionic strength is different from this work. From 6 to 30 double layers of 0.1 M NaCl, the

swelling water increases again.

In contrast to this, for an ionic strength of 0.5 M , the swelling water shows a monotonous
increase with increasing number of PSS/PDAMADC double layers (Figure 5.4b). For
both 0.1 M and 0.5 M, the refractive index of the PEM decreases with increasing relative
humidity but there is no systematic change between the PEMs of different number of

layers.

5.3 Discussion and Conclusion

PSS/PDADMAC multilayers with different numbers of double layers (1, 2, 4, 6, 8, 14, 20
and 30) are prepared from two different ionic strengths (0.1 and 0.5) and are characterized
by ellipsometry at different relative humidities. An influence of the substrate on the few

adsorbed double layers is observed.

Ladam et al®® reported a three zone model (precursor zone, core zone and outer zone) for
PSS/PAH polyelectrolyte multilayer system. Both, with respect to the swelling behavior
and the topography the transition from substrate dominated interphase structure to the
continuum structure differs for 0.1 M NaCl and 0.5 M NaCl as shown in Figure 5.5,
swelling water against number of double layers. The observations are discussed in the

following:

Multilayers prepared from 0.1 M NaCl solution. The increasing roughness with

34,130 and is due

increasing number of adsorbed layers is consistent with the literature
to increasing coiling, interdigitation of oppositely charged chains and increasing chain

mobility.™ The chain conformation is rather flat and more stretched creating more contact
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Figure 5.5: PSS/PDADMAC multilayers on Si/PEI prepared from aqueous solutions of
0.1 M NaCl and 0.5 M NaCl. Amount of swelling water (100% r.h.) as a function of
number of double layers.

points to the surface which leads to rather grain—like structures. As more and more layers
are adsorbed the interdigitation increases leading to the formation of worm (blob)-like

structures.

The swelling structure of the PEM from low ionic strength is explained by the proposed
model in Figure 5.6 (0.1 M NaCl). The first double layer has a quite loosely packed
structure due to its close contact to the environmental aqueous phase. That is the com-
mon feature of all outer layer independent of the number of layers. That is confirmed
by mobility and permeability measurements which show a higher diffusion coefficient of
polyelectrolyte chains in the outer layer™ and also a higher diffusion coefficient of probe
molecules through this layer*® . The adsorption of the next layer leads to a densification
due to strong interdigitation with the former adsorbed double layer related to intrinsic
charge compensation. Although the formation of complexes between oppositely charged
polyelectrolytes is entropically driven (release of counterions) the overall increase in den-
sity is enhanced by the electrostatic attraction between the negatively charged Silicon
substrate and the outermost PDADMAC layer. In addition the rather flat conformation
at low ionic strength causes a higher density of adsorbed layers. This leads to decreasing
chain mobility™ and decreasing permeability*® with increasing number of layers. This

process explains the formation of multilayers at least up to a number of 4 double lay-
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ers, i.e. the swelling water decreases in the order of 1 > 2 > 4 double layers. It is in
good qualitative agreement with the findings of Wong et al.”® where 6 double layers of
PAH/PSS system exhibited an interphase structure. The present work shows 6 double-
layers of PSS/PDADMAC system to have a continuum structure. The difference between
the former work® and now is the adsorption of PEI as the first layer before the PSS/P-
DADMAC multilayer. Also, the multilayers without PEI are relatively thin compared to
those having PEI as a first layer. In the case of the PEMs consisting of more than 4 double
layers, the attraction between the outer polycation layer and the substrate is screened.
This leads to a less dense packing and they swell more when exposed to water vapour.
In this context, PEMs consisting of 1, 2 or 4 double layers show interphase behavior, i.e.
still affected by the substrate and only the 6, 8, 14, 20 and 30 double layers show rather

continuum behavior with respect to the amount of swelling water.
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Figure 5.6: Proposed model for the influence of substrate on the different number of
adsorbed polyelectrolyte multilayers

Multilayers prepared from 0.5 M NaCl solution. In contrast to this, the topology
for an ionic strength of 0.5 M changes dramatically with the number of layers from grain—
like via rod-like to worm(blob)-like structures. This indicates that in—plane interaction

between interdigitating polyelectrolytes becomes almost as prominent as the interaction
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between polyelectrolytes perpendicular to the surface. This leads to a 3D-bulk complex
between oppositely charged polyelectrolytes. This might be a hint for a transition from
the interphase to continuum behavior. Since the 30 double layers of both 0.1 M and 0.5
M NaCl have almost the same roughness (6.7 nm and 6.9 nm respectively) this indicate

the beginning of constant roughness irrespective of ionic strength.

For the high ionic strength the PEM swelling structure is completely different from the
low ionic strength PEM. First of all, due to the charge screening along the polycation
chain, the chains adsorb in a more loosely packed structure, which enhances the amount
of water. In addition the attraction between the outermost layer and the oppositely
charged substrate is stronger screened which counteracts a denser packing of the layers
close to the substrate. This is consistent with the swelling water increase in the order of
1 <2<4<6<8< 14 <20 < 30 double layers. The swelling of (PSS/PDADMAC)3,
prepared from 0.5 M NaCl solution shows that the polyelectrolyte multilayer can absorb
up to 70 vol.% of water.

From this point of view it is concluded that the PEMs prepared at an ionic strength of 0.5
M show already a continuum behavior at quite a low number of polyelectrolyte layers, at
least concerning the electrostatic attraction between substrate and outermost layer. Still
unclear is from which number of layers on the amount of swelling water remains constant.

Experiments concerning this point are underway.

In conclusion, this study shows that polyelectrolyte multilayers do not show one fixed
threshold, i.e. number of layers, where all features switch from an interphase behavior,
i.e. dominated by the substrate to a continuum properties. Rather the transition from
one zone to the other depends on the physical quantity of the polyelectrolyte multilayers

that is investigated.
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Chapter 6

Long chains versus short chains polyelectrolyte

multilayers: a comparison of structural and dynamic

properties 1

QCM-D and AFM measurements on short polymer chains have been performed by Saman-
tha Micciulla in her master thesis under the supervision of Samuel Dodoo and Chloé

Chevigny.

Abstract

Structural and viscoelastic properties of high and low molecular weight polyelectrolyte
multilayers are investigated by the use of Ellipsometry, Atomic Force Microscopy (AFM),
Contact Angle (CA) and Quartz Crystal Microbalance with Dissipation (QCM-D). The
combination of the obtained results highlighted the effect of chain length for poly(sodium
styrene sulfonate) PSS/ poly(diallyl dimethyl ammonium chloride) PDADMAC multilay-
ers. First the structure, i.e. type of growth, thickness and external roughness is investi-
gated for both systems. Short-chains systems are much thinner and grow slower, but the
growth stays linear in every case in the observed range (up to 6 bilayers). The external
roughness is found to be independent of chains length. Then the interactions with water
(contact angle and swelling in humid atmosphere) are studied. While water uptake does
not depend on chain length, the short-chain PEMs are much more hydrophilic than the
standard long-chain system. Finally, a detailed analysis of the QCM-D results allowed
to characterize the different adsorption behaviour for both multilayer systems, i.e. long
chains and short chains PEMs via the dissipation (AD) and frequency (Af) changes.
A link between energy dissipation and roughness, surface hydrophobicity and amount of

adsorbed water are elaborated to explain the differences between the two systems.

6.1 Introduction

Polyelectrolyte multilayers (PEMs) are self-assembled systems built up by the subse-
quential deposition of oppositely charged polymers, known as the Layer-by-Layer (LbL)

!Similar content is included in: Long chains versus short chains polyelectrolyte multilayers: a comparison
of structural and dynamic properties, S. Dodoo, S. Micciulla, C. Chevigny, A. Laschewsky, and R. v.
Klitzing, in preparation.
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method.?? Since two decades PEMs have attracted increasing interest, both from a
fundamental and an applied point of view, due to the advantages they offer: simple
preparation and wide versatility. They find many applications, ranging from biosensing!*

0

and biomedicine™! to optical devices,'® coating of flat surfaces,” surface functionaliza-

132,133

tion, colloidal particles or even hollow capsules!®'3* for controlled delivery. Their

structure and properties have been extensively studied as a function of different parame-
ters: polyelectrolytes type, ionic strength or counterions, pH or temperature. 28:45.73,98,109
These parameters are known to have major effects on structure, type of growth (linear or
exponential) or functionalities (swelling in water, chain mobility, elasticity). Besides these
investigations, studies have been directed in understanding the features of adsorption of

polymers making thin films. 101135138

Losche et al.,*°

who investigated the internal structure of PEMs with Neutron Reflectivity,
were the first to look at the chain length influence. Working with PSS chain lengths rang-
ing from 400 to over 5000 monomers/chain, combined with 650 monomers/chain PAH,
they did not notice any substantial effect in the films structure. But the use of chains
shorter than the average (below 300 monomers/chain and down close to the oligomer
limit) will significantly change the PEMs features, already from the formation process.
The fabrication of multilayers by adsorbing low molecular weight (LMW) polyelectrolytes
is a challenge already from this first deposition step: reaching an efficient multilayer
growth. As discussed by Sui et al.,'? the combination of long and short chain polyelec-
trolytes for the preparation of multilayers leads to the decrease of growth efficiency, and
even no overall growth is observed if short chain compounds are used both as polyanion
and polycation. This behavior was explained by kinetics considerations: thermodynami-
cally, the most stable conformation for oppositely charged polyelectrolytes in solution is
to form complexes, whatever their chain length. But in the case of high molecular weight
compounds, adsorption of the chains on a surface is kinetically irreversible in the time
frame of a deposition cycle. While for low molecular weight compounds, redissolution
of the adsorbed chains will occur during the same time frame, because of weaker inter-
actions between the surface and the polyelectrolytes, the shorter chains being less eager
to interdigitate with the already existing multilayer and having less charges pro chain.
The screening of electrostatic interactions via increase of ionic strength will also favor the
complexes formation, for all chain lengths. More recent investigations were done on the
behaviour of short chain or low molecular weight polyelectrolytes on complexes or mul-

1407143 always focusing on the formation parameters. Also mentioned are studies

144,145

tilayers,
on the interaction between polymers and low molecular weight dyes, whose results
have shown that the adsorption of polymer enters in competition with the desorption of

previously adsorbed dyes.
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This chapter present a complete study of the structure and properties of PSS/PDADMAC
multilayers formed with two molecular weight ranges: the "standard" High-Molecular
Weight (HMW) system (PSS 340 monomers/chain, PDADMAC 840 monomers/chain),
and a second system with shorter chains (LMW), close to the oligomer limit (PSS 32
monomers/chain, PDADMAC 31 monomers/chain). After the development of a dipping
process which allows the reproducible synthesis of short-chains films, first the structure of
the films, obtained by a combination of ellipsometry and AFM will be presented. Then the
behaviour in water was investigated (contact-angle measurements and swelling behaviour).
Finally, QCM-D was used to unify all the previous results via mass and viscoelasticity
monitoring, and get hints on the kinetics of formation of each system. Knowing that the
QCM is an improved method for studying the viscoelastic behaviour of polymers, 467149
and the fact that dissipation change during the adsorption of PEM is influenced by surface
roughness of the film, the wetting properties of the film, and the amount of water trapped
in the pores or voids in the film, 136 these helpful informations about the properties of
the film are used to understanding the kinetic behaviour of short and long chains PEMs.
Previous studies on the swelling behaviour of PEM showed that aside the swelling water
PEM can trap up to 20% void water when swollen. This trapped water is likely to be
sensed by the quartz crystal as added mass which is related to the frequency change. Such
difficulties which arises in the interpretation of the QCM data can only be overcome by
having supporting measurements using techniques like Ellipsometry, AFM and Contact

Angle measurements.

LMW polyelectrolytes: The linear polymer PDADMAC (M,, 5,000 g/mol) was synthe-
sized by free radical polymerization in Fraunhofer Institute (Potsdam, Germany). The
PEI (50%,, solution in water, M,, 1,300 g/mol) was purchased by Sigma-Aldrich (Stein-
heim, Germany) and the PSS (M,, 6,520 g/mol, M,, /M, <1.2) was obtained from Polymer
Standard Service (Mainz, Germany). All the reagents are used without further purifica-
tion. The LMW PEM is prepared the same way as the HMW PEM, except the dipping

time is 5 minutes.

6.2 Results

In this section, the results obtained from the investigation of HMW and LWM PEM are
presented. The experimental data are divided into sections which refers to each specific
measurement, differences and analogies between the two systems are highlighted with

the aim of giving a general overview of the work. A link between the experimental data
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is presented in the discussion, where also further considerations on kinetic aspects are

presented.

6.2.1 Multilayer growth

The thickness as a function of number of double layers of PSS/PDADMAC polyelectrolyte
multilayers on Si/PEI are shown in Figure 6.1. The long chain (HMW) system form

thicker layers compared to short chain equivalent. This feature is confirmed by the values

of relative growth, shown in Table 6.1. The growth of each layer is estimated in relation

to the thickness of the previous one.

220
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Figure 6.1: HMW and LMW multilayers of PEI/(PSS/PDADMAC),, prepared in 0.1
M NaCl aqueous solution. Data points represent the PDADMAC outer layer. Thickness
against number of double layers. Measurements are made on dry films, against air.

double layers | Long chains

Relative growth [%]

Short chains

1

S O s W N

95
61
45
30
26
20

22
35
6
8
26
7

Table 6.1: Relative growth of thickness of PEI/(PSS/PDADMAC),, multilayers for HMW
and LMW systems. The values are calculated by comparing the increase of thickness of
each layer with the thickness of the previous one.
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6.2.2 Surface morphology

The surface morphology of PEI(PSS/PDADMAC)s PEM from high and low molecular

weight polyelectrolytes are shown in Figure 6.2.

Figure 6.2: AFM images of PEI/(PSS/PDADMAC)s multilayers of (a) long chains (PSS
~340 monomers/chain, PDADMAC ~840 monomers/chain) and (b) short chains (PSS
~32 monomers/chain, PDADMAC ~31 monomers/chain) polyelectrolytes prepared from
0.1 M NaCl aqueous solution. The scans which are performed in ambient conditions have
size of 2 um 2 pm.

12 \ = :
Long chains —e—
Short chains —6—

10 +

8 L

Roughness [A]
()]

o 1 2 3 4 5 6

No. of double layers
Figure 6.3: Roughness versus number of double layers for HMW and LMW multilayers of
PEIL/(PSS/PDADMAC),, prepared in 0.1 M NaCl aqueous solution. The values reported

here are calculated as root mean square roughness of AFM images scanned in ambient
conditions.
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The roughness, extracted from the AFM scan by imaging elaboration, in dependence of
the number of double layers are shown in Figure 6.3. Larger aggregates can be noticed
for the long chain system. Nevertheless, from Figure 6.3 it is evident that the increase in
roughness for both long chain and short chain multilayers proceeds in the same range of

values.

6.2.3 Hydrophilicity of the surface: contact angle measurements

65 ‘ — :
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60 ¢

55
50
45 |
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20 : : : : : :
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Time [min]
Figure 6.4: Water contact angle measurements in a saturated vapour cell on polyelec-
trolyte multilayers PEI/(PSS/PDADMAC)s prepared from HMW (PSS ~840 monomer-
s/chain, PDADMAC ~840 monomers/chain) and LMW (PSS ~32 monomers/chain,
PDADMAC ~81 monomers/chain) polyelectrolytes from aqueous solutions of 0.1 M NaCI.

The time-dependent contact angle measurements performed on PEI/(PSS/PDADMAC);
multilayers after 15 min equilibration are shown in Figure 6.4. For the high molecular
weight PEM, after an initial equilibration period, the contact angle levels around 52°
(mean value: 52.2°). For the low molecular weight multilayer, the value remains stable
around 28° (mean value: 27.6°). The lower contact angle for the short chain multilayer
(outermost layer is PDADMAC) indicates higher hydrophilicity compared to the surface

of the long chain system.

6.2.4 Multilayer response to water vapour

Figure 6.5a shows the thickness evolution for PEI/(PSS/PDADMAC)¢ multilayers of high

and low MW polyelectrolytes under increasing relative humidities. In both cases, an
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Figure 6.5: Swelling behavior of PEI(PSS/PDADMAC)s multilayers prepared from
HMW (PSS ~340 monomers/chain, PDADMAC ~840 monomers/chain) and LMW
(PSS ~32 monomers/chain, PDADMAC ~81 monomers/chain) polyelectrolytes. Thick-
ness (a) and swelling water (b) versus relative humidity. Filled symbols represent high
MW compounds, open symbols represent low MW equivalents.

increase in thickness with increasing relative humidity of the environment is observed,
which represents the swelling of the multilayers as they soak water vapour from the
atmosphere like a sponge. As the absolute thicknesses are much larger for the HMW
system, it is convenient for a better comparison of the swelling behaviour of the two

systems to extract the relative thickness increase between dry and swollen state, which is
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dswollen _ddry X 100

dswollen

a measurement of the amount of swelling water: ¢guci=
From Figure 6.5, it is clear that the swelling behaviour is the same and independent of
the chains length. The amount of water in the films increases with increasing humidity,
up to about 35 % when fully swollen in water for both HMW and LMW multilayers. This

75,129

result is in agreement with our previous works, as well as with other measurements

on the PSS/PDADMAC system. '™

6.2.5 Layer deposition and viscoelastic properties

Figure 6.6 shows the data of frequency, dissipation and mass adsorbed obtained from
QCM-D measurements during the preparation of PEI(PSS/PDADMAC)g, for both HMW
and LMW polyelectrolytes. Mass is obtained directly from the frequency change via the
Sauerbrey formula, equation 3.31. The Sauerbrey mass is used because the overtones
in the measured signals are close to each other (as shown in Figure 6.9) which justifies
the Sauerbrey equation. In case of long chains (Figure 6.6a), a regular cycle is observed
during the multilayer preparation on the quartz crystal, consisting in two steps : first an
adsorption plateau, then a loss of material during water rinsing. The dissipation maintains
an overall constant value, but sharp peaks in the signal are registered corresponding to
the rinsing steps: an increase after PDADMAC adsorption and a lower increase after
PSS adsorption, respectively. It can be noticed that the dissipation values after rinsing
increases with increasing number of adsorbed layers, before dropping to its constant value

during adsorption.

Figure 6.6b present the results of the short-chains system for QCM-D with water rinse.
The first important observation is the loss of mass during the polyelectrolytes adsorption
step: this occurs during each PDADMAC deposition and becomes stronger after each
cycle. It is however, not observed for the adsorption of PSS. As for the HMW system, the
overall dissipation values are constant, but sharp-peaks are observed during the rinsing
steps. Rinsing after PDADMAC results in a large increase of dissipation, larger with the
number of adsorbed layers, exactly as was observed for the HMW system. On the contrary,
rinsing after PSS results in a decrease of the dissipation to almost zero, irrespective of
the number of adsorbed layers. The absolute values of dissipation and mass uptake are

always significantly lower for the LMW system than for the HMW system.

To check the effect of the change of ionic strength due to the rinse with pure water, the
same QCM-D experiments are made by using a solution of 0.1 M NaCl for the rinsing step.
The Figure 6.7 shows the data of frequency shift, dissipation and mass change (obtained

via Sauerbrey formula, equation 3.31) for the two systems.
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Figure 6.6: QCM-D data of PEI(PSS/PDADMAC), multilayers from (a) HMW (PSS
~340 monomers/chain, PDADMAC ~840 monomers/chain) and (b) LMW (PSS ~32
monomers/chain , PDADMAC ~31 monomers/chain) polyelectrolytes deposited on gold
quartz crystal. After each deposition, Milli-Q water is used for rinsing. Upper plot:
Frequency shift and dissipation, lower plot: change of mass calculated by the Sauerbrey
equation. Polyelectrolyte solution contains 0.1 M NaCl; both adsorption and rinsing time

are 5 min at constant flow rate of 0.8 mL/min.

The first remarkable observation concerns the mass uptake: for all chain lengths, it is

higher than with pure water rinse, as highlighted in Figure 6.8. But the overall linear
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Figure 6.7: QCM-D data of PEI(PSS/PDADMAC), multilayers from (a) HMW (PSS
~340 monomers/chain, PDADMAC ~840 monomers/chain) and (b) LMW (PSS ~32
monomers/chain , PDADMAC ~31 monomers/chain) polyelectrolytes deposited on gold
quartz crystal. After each deposition, 0.1 M NaCl aqueous solution is used for rins-
ing. Upper plot: Frequency shift and dissipation, lower plot: change of mass calculated
by the Sauerbrey equation. Polyelectrolyte solution contains 0.1 M NaCl; both adsorption
and rinsing time are 5 min at constant flow rate of 0.3 mL/min.

growth is not changed by this new rinsing medium. It is particularly obvious for the HMW
system, where the salty water rinsing step induces almost no loss of material irrespective

of the outermost polyelectrolyte. Concerning the LMW system, while the loss decreased
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Figure 6.8: Adsorbed mass versus number of double layers (PDADMAC outer-layer)
registered after rinsing with Milli-Q) water or 0.1 M NaCl solution subsequent to each
PDADMAC deposition. Filled symbols represent high MW system, open symbols represent

the low MW equivalent. Cubes for rinsing with 0.1 M NaCl, circles for rinsing with Milli-@Q)
water.

after PSS adsorption compared to pure water rinse, no changes are observed for the
PDADMAC adsorption: the loss during the adsorption steps and the rinsing steps are

still observed.

The overall values of dissipation are, as for water rinse, still constant irrespective of the
chain length. Differences are noticeable in each adsorption cycle and the most striking
being the sharp dissipation peaks. This is observed during the rinsing step following
PDADMAC adsorption but vanishes when rinsed with salty water. The dissipation char-
acteristics of one cycle (PSS-adsorption, PSS-rinse, PDADMAC-adsorption, PDADMAC-
rinse) are in this case similar for both HMW and LMW multilayers. Always, adsorption
of a polyelectrolyte induces an increase in dissipation, higher when this polyelectrolyte is
PDADMAC. On the contrary, all rinsing steps are characterized by a dissipation decrease
to a constant low value, close to zero. The overall range of the dissipation values is higher
in the case of HMW.

To sum-up, single adsorption cycles from the plots in Figures 6.6 and 6.7 are plotted in

Figure 6.9 and the differences are:

e For the short-chains system, irrespective of the rinsing media, the PDADMAC ad-
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Figure 6.9: QCM-D data of PEI/(PSS/PDADMAC),, multilayers. Each plot represent
single adsorption cycle in Figures 6.6 and 6.7, respectively. (a) HMW, water rinsing, (b)
LMW, water rinsing, (¢) HMW, 0.1 M NaCl solution rinsing and (d) LMW, 0.1 M NaCl
solution rinsing.

sorption step is characterized by a loss of material: after a steep mass uptake during

the first minute, the adsorbed mass regularly decreases for the next 4 minutes. This

is not observed with PSS, and not observed for the HMW multilayers.

e Whatever the chain length is, every rinsing step with pure water induces a mass

loss.

e Rinsing with 0.1 M NaCl solution decreases significantly this loss for PSS and
PDADMAC in the HMW system, but for the LMW system only for PSS.

e Overall dissipation values are in every case constant, but undergo important sharp

rising-and-falling in a cycle.
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e For water-rinse-experiments, rinsing steps after PDADMAC adsorption presents a
high increase of the dissipation regardless of the chain length, increasing also with
the number of adsorbed layers. This is characteristic of increased flexibility of the

film. In the case of HMW multilayers, this is also observed after PSS adsorption.

e On the contrary, every PDADMAC adsorption step induces decrease of dissipa-
tion, and this is also observed for PSS adsorption in the HMW system, indicating

increased rigidity.

e For the LMW system, rinsing with pure water after PSS adsorption induces a steep
decrease of dissipation to almost zero, while PSS adsorption increases the dissipa-

tion.

e When rinsing with 0.1 M NaCl solution, regardless of the chain length, adsorption
steps are characterized by increased dissipation (flexibility) and rinsing steps by

decreased dissipation (rigidity).

6.3 Discussion

6.3.1 Multilayer growth: stripping versus sticking

For the multilayers preparation, different adsorption times are used: 20 minutes for the
HMW system, reduced to 5 minutes for the LMW system. The choice of reducing the
adsorption time for the LMW system is due to the observation of a continuous and re-
producible growth in this case, while no overall thickness increase or reproducibility was
accessible with higher dipping times. Sui et al.'3® observed no overall growth when using
short chain compounds both as polyanion and polycation. This behavior was explained
by kinetics considerations: at first the polyelectrolytes will adsorb on the surface, but
thermodynamically, the most stable conformation for oppositely charged polyelectrolytes
in solution is to form complexes, regardless of their chain length. In the case of high molec-
ular weight compounds, adsorption of the chains on a surface is kinetically irreversible in
the time frame of a deposition cycle, because of strong interdigitation and electrostatic
interactions. While for low molecular weight compounds, redissolution of the adsorbed
chains will occur during the same time frame, because of weaker interactions between
the surface and the polyelectrolytes, the shorter chains being less eager to interdigitate
with the already existing multilayer (being more rigid) and having less charges per chain
(being shorter). This is indeed observed with QCM: for the short chains, during each
PDADMAC adsorption step, after a steep mass uptake (corresponding to the adsorption
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on the multilayer surface, i.e. "sticking"), the adsorbed mass was constantly decreasing
(corresponding to complexes formation in solution, i.e. "stripping"). But in 5 minutes,

this mass loss was still smaller than the mass uptake taking place at the beginning.

If this "stripping-vs-sticking" kinetic explanation of the short chains behaviour can jus-
tify the 20-min-dipping-time results (no multilayer formation for shorter chains), it has
to be adapted to understand why growing short-chains multilayers was successful when
decreasing the dipping time down to the value used by Sui et al. (5 minutes). Here
it should be noticed that these previous observations are made on a PSS/PAH system,
the polycation PAH being less rigid (smaller persistence length) than PDADMAC. Be-
cause of that, PDADMAC have less binding points available to connect with the previous
layer, which makes it more mobile and more eager to interdigitate with previous layers
than PAH.™ The redissolution kinetics is then slower than for PAH, because PDADMAC
is more deeply entangled with previous layers, which explains why in 5 minutes stable
multilayers of PSS/PDADMAC can be formed while it is impossible to form PSS/PAH
multilayers. One could argue that the slightly higher charge density of PAH would cre-
ate a stronger bond, but at 0.1 M NaCl the influence of this small difference must be

screened.

6.3.2 Surface morphology and roughness

The larger aggregates observed in the case of the HMW PEM (Figure 6.2a) is due to higher
flexibility of the long chains and higher degree of freedom to form loops which favours coil
conformation of the chains on the substrate during adsorption and hence higher roughness
(Figure 6.3). Short chains remain stiffer and form thinner and low-roughness films, due
to flat conformation during adsorption. Due to their short chain length, a very low degree
of chain interpenetration, which leads to poor efficiency for polymer adsorption and that
accounts for the lower aggregates observed in the image (Figure 6.2b) as well as the lower

surface roughness (Figure 6.3).

6.3.3 wettability

The results from contact angle measurements show difference in hydrophilicity between
HMW and LMW PEMs. The reason for the lower contact angle (28°) in the case of LMW
PEM is the fewer number of hydrogen atoms in the backbone of the chain. In addition,
short chain system can be related to the different surface morphology having smaller

aggregates at the surface (Figure 6.2). On the other hand, the long chain system (Figure
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6.2a) has larger homogeneous area, ascribable to the polymer backbone, i.e. hydrophobic

parts and hence the higher water contact angle of 52°.

6.3.4 Swelling behaviour

From chapter 4, it has been established that the total amount of water content in a
swollen multilayer comes from the void water and the swelling water. From the results in
Figure 6.5 which show equal amount of swelling water (35% at 100% r.h.) for both long
and short chains PEM, it implies that the difference in dissipation between the two systems
could come from the different amount of void water that might be trapped in the film
which can not be estimated for, by the present technique. However, the effective density
can be estimated from the thickness and the mass per unit area. From the density one
can tell if the multilayer structure is closed packed or loosely pack. A denser film implies
the multilayer is ridig and chains are less mobile while less dense film implies a flexible

multilaye and the chains are very mobile. Since the density is inversely proportional to the
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Figure 6.10: Normalized density versus number of double layers on polyelectrolyte mul-
tilayers PEI/(PSS/PDADMAC), prepared from high (PSS 70,000 g/mol, PDADMAC
135,000 g/mol) and low (PSS 6,520 g/mol, PDADMAC 5,000 g/mol) molecular weight
polyelectrolytes from aqueous solutions of 0.1 M NaCl. FEach data point represents PDAD-
MAC outer layer. The density is normalized to 1 by dividing by the highest value. This
way the swelling water in the system is eliminated.

volume, it can be inferred from Figure 6.10 that at the first double layer the density of the
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short chains is lower than the long chains which is an indication that there are more voids
in the short chains than the long chains. By the third double layer, both the long chains
and the short chains PEM have the same density (same amount of voids). After the third
double layer, the short chains PEM becomes denser than the long chain PEM indicating
compact film structure where the chains are less mobile for the short chains PEM. At this
point the voids in the long chains PEM are more than those in the short chain PEM. A
reason for this density change can be attributed to rearrangement of chains as the number
of adsorption cycles increases. This confirms the expectation that, as the number of layers
increases the long chains will have better interdigitation than the short chains and also
the long chains will form more coils in their conformation during the adsorption thereby
decreasing in layer density. Neutron reflectivity studies have shown that up to 8 vol.%
void water exist in the swollen long chains PEM prepared from aqueous solution of 0.1 M
NaCl.”™ Therefore the percentage void water in the short chain equivalent is expected to
be lower than 8 vol.%.

6.3.5 Adsorption kinetics

Using QCM in the liquid phase to study the structural behaviour of flexible and non-
flexible polyelectrolytes reveals interesting experimental results. The dissipation channels
of the QCM records the dynamics of the chains or the viscoelastic behaviour of the
multilayer during the adsorption process. From the dissipation signal, the structural
behaviour of the outer layer as well as the cumulative behaviour of the entire multilayer can
be interpreted. The high dissipation peaks observed during rinsing with pure water after
polyelectrolyte adsorption in both short and long chain systems indicate the sensitivity of
the chains to changes in the aqueous surroundings. Increasing dissipation means increasing
flexibility or unfolding of the chains and decreasing dissipation means increasing rigidity
related to a stronger folding of the chains and for lower water content. There is difficulty
regarding the interpretation of the QCM response. The flexible nature of polyelectrolytes
actually implies that the energy dissipation of the system may be affected. Therefore a
better way to evaluate the data is to consider AD/Af which gives information about
much dissipation that is caused by a unit frequency (mass) change. This method of QCM
data evaluation does not only eliminate time as an explicit parameter but also reveals
whether the adsorption is purely kinetically controlled or affected by transport (diffusion)
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limitation.'®" It can also be used as a quantitative measure about when the Sauerbrey

relation may be justified.

The Figure 6.11 shows plots of AD/Af of single adsorption cycles (PSS adsorption and
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Figure 6.11: AD vs —Af for the adsorption of PEI/(PSS/PDADMAC),, multilayers of
long chains (PSS 70,000 g/mol, PDADMAC 155,000 g/mol) and short chains (PSS 6,520
g/mol, PDADMAC 5,000 g/mol) polyelectrolytes in 0.1 M NaCl aqueous solution. (a)
HMW, water rinsing, (b) LMW, water rinsing, (¢) HMW, 0.1 M NaCl solution rinsing
and (d) LMW, 0.1 M NaCl solution rinsing. The plots show the different adsorption
kinetics of HMW and LMW PEMs in different rinsing media. The data is taken from the
single adsorption cycles of PSS/PDADMAC presented in Figure 6.9. The straight lines
are guide to the eyes. Note that the density of data points-equispaced in time-become more
distant the faster the kinetics in this type of plot. That explains the scarcity of data points
at areas where the kinetics is fast.

PDADMAC adsorption) of the HMW and LMW PEMs. Note that the density of data
points (equispaced in time) become more distant the faster the kinetics in this type of plot.
That explains the scarcity of data points at areas where the kinetics is fast. The fast and
slow phases of the adsorption cause different relative dissipation per unit frequency shift
(mass adsorbed), i.e. AD and Af measure different properties of the adsorption kinetics.
An indication that the adsorbed polyelectrolyte have different viscoelastic properties de-

pending on the interaction with the solid surface and or with other polyelectrolytes. 36
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From Figure 6.11 (a) and (b), a fast kinetics is recorded at the onset of PSS adsorption
after water rinsing for both HMW and LMW multilayers in terms of large change in
dissipation corresponding to a small mass adsorbed. This phenomenon is caused by
the rearrangement of the chains and change in conformation leading to folding of the
multilayer and pressing of water out of the multilayer. The structure of the multilayer
becomes dense and compact at this point. Thereafter, the system either maintains a
constant energy dissipation (saturation plateau) in the case of the long chains or slow
dissipation increase in the case of the short chains during subsequent mass adsorption.
However, PDADMAC exhibits a different kinetics during adsorption after pure water
rinse. The dissipation per unit frequency change, takes a linear dependence during the
adsorption. In which case a faster adsorption for long chains than short chains is revealed
by the steep AD/Af slope for the long chains. Figure 6.11 (¢) and (d) are the kinetics for
the adsorption after salt rinse. It is remarkable to note that both PSS and PDADMAC
adsorption after salt rinse for long chains, have similar linear dependence of AD/Af (c).

The short chains also have a similar behaviour but a non-linear dependence on AD/Af
(d)-

So far only the kinetics of single adsorption cycles have been discussed but it is also
interesting and necessary to consider the kinetics of the entire multilayer from the initial
rinsing step to the final rinsing step after adsorption of the last PDADMAC layer. In
order to do this, AD/Af plots of the whole adsorption steps are plotted in Figure 6.12
for (a) long chain multilayers and (b) short chain multilayers with pure water as the rinsing
medium. Though the plots contain a lot of data points which might be a bit confusing,
it is however important to notice the different adsorption kinetics between the long and
short chains multilayers. The PSS and PDADMAC adsorptions are marked with PSS and
PDAD, respectively. The rinsing step are also marked as follows: r-PSS for rinsing after
PSS adsorption, and r-PDA for rinsing after PDADMAC adsorption.

The first important observation from these plots is the position of the adsorption line on
the dissipation axis. For the long chains AD is about (3x107%) and for short chains about
(1.5-2x107%). While the dissipation during adsorption is below the dissipation for r-PSS
and r-PDA in the case of the long chains, it is however between the dissipation for r-PSS
and r-PDA in the case of the short chains. During rinsing after PSS adsorption (r-PSS),
short chains, the dissipation drops to zero. For both long chains Figure 6.12(a) and short
chains Figure 6.12(b), the dissipation during rinsing after PDADMAC adsorption (r-
PDA) increases with increasing number of adsorption steps. An indication of a flexible
adsorbed PDADMAC layer to the multilayer matrix, which is weakly coupled to the

multilayer and causes a phase shift in following the oscillation of the quartz crystal.
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Figure 6.12: AD vs Af for the adsorption of PEI/(PSS/PDADMAC), multilayers of (a)
long chains (PSS 70,000 g/mol, PDADMAC 135,000 g/mol) and (b) short chains (PSS
6,520 g/mol, PDADMAC 5,000 g/mol) polyelectrolytes in 0.1 M NaCl aqueous solution.
The D and [ data in Figure 6.6 with Milli-Q) water as rinsing water, are used for the
AD/Af plot. On the plot, PSS and PDA denote PSS and PDADMAC adsorptions
respectively. Also, rinsing after PSS and PDADMAC adsorptions are denoted by r-PSS
and r-PDA respectively. The straight lines are guide to the eyes just to differentiate
between adsorption and rinsing.

The flexibility of outer layers due to decrease of ionic strength of the rinsing water is in
agreement with Feldotd et. al.'®' As a measure of the energy dissipated by the system

when it follows the oscillation of the vibrating crystal, the contribution to the dissipation
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comes from two interfaces: the substrate-PEM substrate and the aqueous medium-PEM
interfaces. At the contact with the substrate, the PEM dissipates energy when it vibrates
due to the slippage on the gold resonator.'®® Assuming that the amount of dissipated
energy at this interface is constant or minimal'®® during the preparation of the whole
multilayer, part of the sharp dissipation peaks could come from the second interface

(PEM-aqueous environment). 74155

Friction between the multilayer and the surrounding liquid environment can also influence
AD.'5 Surface roughness of the adsorbed layer is another contributing factor. The higher
the surface roughness, the higher the friction between them, since the coupling of the
two systems is reduced. The increase of dissipation after subsequent layer deposition (for
instance in Figure 6.12a, PDADMAC: from (8 - 18) x107°) could be related to the increase
of roughness of the multilayer surface.®*!5 Figure 6.3 shows an increase in roughness
with increasing number of double layers (long chains: 2.5 A - 10 A, short chains: 2.6 A
- 84 A), element which is found also in the increasing of dissipation when the system
reacts to changes in the surrounding medium. Longer backbones might wrap around the
charged groups which are directed to the inner part of the film, in the side chains, while

a short backbone cannot do that in a such efficient way.

Another candidate of AD from the polyelectrolyte - liquid interface is the wettability of
the PEM surface. From the contact angle measurement in Figure 6.4, water wets the
surface of the short chains PEM (CA = 28°) better than long chains PEM (CA = 52°).
This partly explains why the maximum AD (6.5x1079) for short chains is less than the
maximum AD (18 x107°%) for longs chains in Figure 6.12.

However interfacial processes and roughness effects are known not to be the dominant
mechanism in D shift.!%1% Dynamic conformational changes in the structure of the
polyelectrolytes have been reported!°! to cause dissipational losses in the adsorbed poly-
electrolyte multilayers as a result of periodic shear motion of the crystal. Hydration
layer might also induce dissipational changes.!®"!® Polyelectrolyte multilayers interdig-
itate during adsorption and this creates voids in the multilayer. Trapped voids and in-
tralayer water may influence the AD. Structural deformation of the adsorbed multilayer
caused by the oscillation of the crystal can change the size and shape of the voids forcing
the void water to move within or in and out of the multilayer. The movement of the void

water can generate dissipative losses.
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6.4 Conclusion

In conclusion, this study shows that structural properties of polyelectrolyte multilayers
are strongly affected by the chain lengths. Short chains and long chains PEM require
different preparation protocol for stable multilayer formation. Probing the surfaces of the
long and short chains multilayers revealed increasing roughness with increasing number
of layers. Contact angle measurements confirmed the hydrophilicity of the short chains
PEM giving it better wettability at the interface with water. Other structural similarities
between the two systems are swelling behaviour in water vapour and equal amount of

swelling water.

Structural differences however, include flexibility of the outer PDADMAC layer during
rinsing with water and also the different adsorption kinetics between long and short chains
PEM. The two systems also have different viscoelastic behaviour in terms of rearrangement
of chains in an entropic favorable state. The time resolved dissipation shift indicates their
viscoelastic behaviour of the PEM during adsorption and rinsing. The latter is responsible
for the quick reversible conformational change of the adsorbed PDADMAC layer when the
rinsing medium is of lower ionic strength as the polyelectrolyte solution. Whereas rinsing
with water after PSS adsorption leads to flexibility of the multilayer (increasing D) in the
case of long chains PEM, it leads to an increase in rigidity of the multilayer (decreasing
D) in the case of short chains PEM. Three possible contributions to AD during multilayer
deposition in the liquid phase are dissipation at the substrate - polyelectrolyte interface,
polyelectrolyte - liquid interface, including effects of roughness and hydrophilicity of the
surface, and amount of swelling water and void water trapped within the polyelectrolyte

multilayers.
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Chapter 7

Types of multilayer growth

Abstract

Type of growth of polyelectrolyte multilayers (PEM) namely linear, exponential and
unstable growth, has been investigated as a function of different polyelectrolyte pairs,
type of salt, amount of salt and degree of charge of the polycation using complemen-
tary techniques such as Neutron Reflectometry, Ellipsometry, Contact Angle measure-
ments, Quartz Crystal Microbalance (QCM) and Fluorescence Recovery After Photo-
bleaching (FRAP). The different polyelectrolyte pairs investigated include poly(styrene
sulfonate) (PSS)/poly(allylamine hydrochloride) (PAH), PSS/ poly|(diallyl dimethyl am-
monium chloride)-stat-(N-methy- lactamide)| (PDADMAC-stat-NMVA), Hyaluronic acid
(HA)/PAH, and sodium carboxy-methylcellulose (CMC)/PAH. The competition between
ion specific effect (NaF, NaCl and NaBr) and electrostatic interactions at 0.1 M, 0.25
M and 0.5 M are considered. Ions with higher polarizability, larger size with smaller
hydration shell turns to interact stronger with the polyions thereby forming thicker and
rougher multilayers. The same effect is observed for increasing the ionic strength of the
dipping solution which in turn increases chain mobility and flexibility thereby leading
to adsorption of thicker multilayers. At low ionic strength (below 0.1 M) electrostatic
interactions are dominant but above that dispersion forces become very important due
to strong screening of charges along the polymer chains. Decreasing polycation degree of
charge, increasing ionic strength, increasing chain mobility and preparation from solutions
with large ions lead to transition from linear to exponential growth and even further to

unstable multilayers.

7.1 Introduction

The self assembly layer-by-layer method*'° developed nearly two decades ago makes
fabrication of polyelectrolyte multilayers (PEM)™ very simple. Studies on PEM growth
have shown that the thickness of the PEM can be fabricated with A precision provided
the right parameters which determine PEM growth are carefully tuned. This chapter
focuses on the different types of PEM growth namely: linear growth (constant thickness
increment per double layer (DL)), non-linear growth usually called “ezponential growth”

in the literature (increasing increment with increasing number of DL) and unstable growth
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(alternating adsorption and desorption). The choice of polyelectrolyte pairs determines
whether the multilayer will grow linearly, exponentially or if no PEM will be formed.

Aside the polyelectrolyte pairs that determines the type of multilayer growth, certain

Exponential growth

—

Linear growth

Increasing thickness

Unstable growth

Increasing layer number —

Figure 7.1: Schematic illustration of different types of polyelectrolyte multilayer growth.

parameters are also known to influence the type of growth. These parameters include
ionic strength, type of ion, polymer charge density (e.g. PDADMAC-stat-NMVA), pH in
case of weak polyelectrolytes (e.g. PAA), type of solvent, temperature, adsorption time
(short chains PSS/PDADMAC), polymer concentration, and the molecular weight of the
polyelectrolytes.

h 780,160 jpcluding

A number of studied multilayers in the literature presented linear growt
the work of Wong et al.?® where poly(styrene sulfonate)/poly(allylamine hydrochloride)
(PSS/PAH) multilayer studied with ellipsometry exhibited “odd-even effect” in the swollen
state but a linear increase with increasing adsorption steps in the dry state. In this case
the multilayer structure is said to be flatly conformed at the surface with each adsorbing

layer penetrating into only a few previously adsorbed layers.

Examples of multilayers which constitute exponential growth include poly(L-glutamic
acid) / poly(L-lysine) (PDA/PLL)™ or Hyaluronic acid (HA)/PLL.8! The exponential
growth is said to be caused by high polyelectrolyte mobility leading to diffusion of lay-
ers deep in and out of the multilayer matrix. This growth type is also attributed to
an increase of the film surface roughness with the number of adsorption steps. Garza
et al.'® presented a multilayer which exhibit a combination of exponential (HA/PLL)
and linear (PSS/PAH) growth. He studied the multilayer made of several compartments
containing “free polyelectrolytes” with Quartz Crystal Microbalance (QCM) and Confo-
cal Laser Scanning Microscopy (CLSM) and showed that the linearly growing multilayer
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acts as a barrier preventing polyelectrolyte diffusion from one compartment to another.
On the other hand, Kovacevic et al.'®? showed that the stability of poly(acrylic acid) /
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Figure 7.2: Ellipsometry data on multilayers of different polyelectrolyte pairs prepared
from 0.1 M NaCl aqueous solution and measured in ambient conditions (room temperature,
30-50 % relative humidity).

poly(dimethylaminoethyl methacrylate) (PAA/PAMA) is dependent on the right amount
of salt in the aqueous polyelectrolyte solution. It is concluded from the optical reflec-
tometry experiments'6? that the adsorption /redissolution process can be attributed to (i)
non-equilibration of the macromolecules during regular multilayer formation, (ii) plasti-
cization of the multilayer by the added salt which causes the molecules to be sufficiently
mobile leading to equilibration between the layer and surrounding solution, and (iii) the
presence of excess polyelectrolyte brings the system to a one-phase region of the polyelec-
trolyte complex phase diagram. Despite all these previous studies on PEM growth, the
use of different complementary experimental techniques to study the growth behaviour
of PEM is still missing. In particular, the use of neutron reflectivity (which probes the

internal structure of the films) to investigate the growth behaviour is lacking.

The aim of this work is to use complementary techniques such as Neutron Reflectometry,
Ellipsometry, Contact Angle measurements, Quartz Crystal Microbalance (QCM), Atomic
Force Microscopy (AFM) and Fluorescence Recovery After Photobleaching (FRAP) to un-
derstand the linear, exponential and unstable growth of PEM. The AFM surface roughness
of the multilayers are determined as follows: The surface roughness is calculated by root-
mean-square (rms) roughness from a (1 x 1) um? box. This makes data comparison with
neutron reflectivity measurements easier since neutrons have pym correlation length. The

final value is an average of those calculated at different positions on each image. Different
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polyelectrolyte pairs, salts, salt concentrations and degree of charge of PDADMAC are

used to determine their effects on the type of growth of polyelectrolyte multilayers.

7.2 Results

Different experimental techniques are employed to study the type of growth of polyelec-
trolyte multilayers. The results and observations are categorized as follows: (i) Type of

polyelectrolyte pairs, (ii) ionic strength, (iii) type of ion and (iv) degree of charge.

7.2.1 Multilayer growth as influenced by polyelectrolyte pairs

The type of polyelectrolyte pairs used during multilayer preparation can strongly affect
the type of growth of the multilayer during preparation, i.e. whether the multilayer will

grow linearly, exponentially or unstable growth due to redissolution.

In other to investigate this effect, specific polyelectrolyte pairs are chosen for the multilayer
formation and the thickness measured with Ellipsometer. These polyelectrolyte pairs are:
PEI/(PSS/PDADMAC100%),, PEI/(PSS/PDADMAC75%),, PEI/(PSS/PAH),, PEI/
(HA/PAH),, and PEI/(CMC/PAH), where n represents the number of double layers.
The polyelectrolyte concentration during the preparation is 1072 M (concentration of
monomer units) and the salt concentration of the aqueous medium is 0.1 M NaCl. Figure
7.2 shows the thickness of the multilayer plotted against the number of double layers. The
different growth patterns are seen by the different multilayer pairs. HA/PAH multilayer
exhibits exponential growth where the multilayer thickness increases gradually from the
first double layer up to the fifth double layer then a rapid increase in thickness after the
fifth double layer. PSS/PDADMACT75% multilayer also grows exponentially but not as
thick as the HA /PAH multilayer. PSS/PDADMAC100% and PSS/PAH multilayers grow
linearly at low ionic strength such as 0.1 M NaCl.

On the other hand, CMC/PAH multilayer showed very thin increment per double layer
which accounts for the low multilayer thickness of 120 A after 8 double layers. PSS/P-
DADMAC100% and PSS/PDADMAC75% are both 275 A thick. Although the multilayers
have the same thickness the different growth types between them is seen from the shape
of the growth curves. However, the difference is clearly seen at higher ionic strength
(0.25 M NaCl) as will be shown later. This observation is in agreement with the work
of Voigt et al.''® where at low ionic strength of 0.1 M NaCl, six double layers of both
PSS/PDADMAC100% and PSS/PDADMAC75% are about 200 A thick.
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Polyelectrolyte Ionic cond.  Ionic cond. Diff. coeff. Nom. charge
Pairs Preparation  Treatment (em?/sec) distance (A)
CMC/PAH 0.5 M NaCl 0.1 M NaCl <1071 10/2.5

PSS/PAH 0.5 M NaCl 0.1 M NaCl (2.0 4 1.0) x 107  2.5/2.5
PSS/PDAD.100% 0.1 M NaCl 0.1 M NaCl (1.4 +1.0) x 107 2.5/3.6
PSS/PDAD.75% 0.1 M NaCl 0.1 M NaCl (9.0 +2.3) x 107**  2.5/438

HA/PAH 0.1 M NaCl 0.1 MNaCl (7.542.0) x 10722 10/2.5

Table 7.1: Diffusion coefficient of the FITC-PAH layer (0.5 M NaCl) adsorbed on top
of different polyelectrolyte pairs as obtained from FRAP measurement. The multilayers
are prepared from 0.1 M NaCl except for CMC/PAH and PSS/PAH which are prepared
from 0.5 M NaCl solution to increase their mobility since they are much rigid and glassy.
After the preparation the multilayers are treated in 0.1 M NaCl solution for 24 h before
measurement.

Since the mobility of the polyelectrolyte pairs affects the type of growth, FRAP measure-
ment is performed to support the results of the ellipsometry in order to draw convincing
conclusions. The diffusion coefficient of each polyelectrolyte pair is calculated from the
lateral mobility of FITC labelled PAH layer into a bleached spot. The FITC-PAH, CM-
C/PAH and PSS/PAH are prepared from 0.5 M NaCl and the rest are prepared from
0.1 M NaCl. The multilayers are treated in 0.1 M NaCl solution for 24 h to enhance
the mobility of the chains before measurement. The diffusion coefficient is calculated
using equation 3.33. The results which are shown in Table 7.1 show that the order of
increasing diffusion coefficients correspond to the order of increasing multilayer thickness
obtained from ellipsometry. The order of increasing mobility correlates with the charge
density (norminal charge distance divided by the Bjerrum length in water (7.12 A)) of
the Polyelectrolyte pairs except for CMC/PAH. Although CMC and HA have the same
charge density (1.4), it is not clear why the multilayers of CMC/PAH are exceptionally

thin. The experiment is repeated but the same result is obtained.

7.2.2 Effect of ionic strength on type of growth

QCM data obtained from in-situ monitoring of multilayer growth shows that the growth
type can be influenced by the ionic strength of the aqueous solution. Figure 7.3 shows
the frequency shift and the corresponding adsorbed mass as a function of number of
layers of PSS/PDADMAC100% multilayer prepared from different ionic strength of NaCl
and NaBr. The adsorbed mass increases with increasing number of layers. As the ionic
strength increases from 0.1 M to 0.25 M the multilayer growth changes from linear growth

to exponential growth for both ion types. At 0.5 M the exponential growth becomes
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Figure 7.3: QCM data on PSS/PDADMAC100% multilayer showing change in frequency
and the corresponding adsorbed mass with increasing layer number. (a) Multilayers pre-
pared from different NaCl concentrations, and (b) different NaBr concentrations. X-axis:
Even and odd numbers represent PSS and PDADMAC adsorption respectively except num-
ber 1 which represents PEI adsorption.

very pronounced due to effective screening of the charges along the polyelectrolyte chain

as a result of the high amount of counterions in the solution. The effective screening
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of the charges leads to a rearrangement of the chains from flat conformation to coiled
conformation and hence the higher adsorbed mass. The Sauerbrey relation, equation 3.31
is used to calculate the mass per unit area. To justify the Sauerbrey relation, the data is

further analyzed using the Voigt model. Comparing the two models showed no significant

difference because the frequency overtones are closed to each other. Moreover the energy

dissipated during the vibration of the quartz crystal is not too high.

7.2.3 Effect of type of ion

Figure 7.4 shows PSS/PDADMAC multilayers prepared from 0.5 M concentration of NaF,
NaCl and NaBr.
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Figure 7.4: Frequency shift versus number of layers of PSS/PDADMAC100% multilayers
prepared from aqueous solution of 0.5 M NaF, NaCl and NaBr. X-azis: Fven and odd
numbers represent PSS and PDADMAC adsorption respectively except number 1 which

represents PEI adsorption.

The multilayer prepared from NaBr has the highest frequency shift, followed by NaCl

and then NaF. The frequency shift is directly proportional to the adsorbed mass per unit
area as observed in Figure 7.3. The increasing order NaF' <NaCl<NaBr, is due to the ion

specific effect as explained in Chapter 4. Among the three type of ions, NaBr multilayer

grows exponentially while NaCl and NaF multilayers grow linearly.
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7.2.4 Effect of degree of charge

Multilayers prepared from PSS/PDADMACT5% at certain ionic strength and ion type

causes the multilayer growth to become unstable.

( a) :I.O1 T T T T T T (b) 101 T T T T T T
- ° 100%P 0.25MNaF H,Ovac | " > 100%P_0.25M_NaBr_H,Ovac
v 100%P 0.25M NaF D,Ovac = 100%P_0.25M_NaBr_D,Ovac
10§ o
> > 10
S 107 2 102k %
5 5 d =498 A
Q 10°F Q2
i3] T 10°F
X 10'f x
. 10k
10°F
10-5 | | | | | 1 1075 ] | ! | ! ! 1
000 002 004 006 008 010 012 000 002 004 006 008 010 012
1 -
1 Q/A Q/AlL
(C) 10 T T T T T T d ]_01 T T T T T T
- o 75% P 0.25M NaF H,Ovac ( ) , o 75%P_0.25M_NaBr_H,0vac
@ 4 75% P 0.25M NaF D,Ovac 107 = o 75%P_0.25M_NaBr_D,Ovac
_ 10_1 [ 2 10_1 &
= >
S 10%F = 2
2 d=97A g d=99A
2 10°¢ D 10°
© ©
@ 10%f i 3 @ 10*
6%%0@%%7
10°F Copobororpper 10°
10-6 ! L 1 1 Il 1 10-6 1 ! L 1 1 Il
000 002 004 006 008 010 012 0.00 002 004 006 008 010 0.12
-1 -
QIA /Al

Figure 7.5: Neutron reflectivity of PSS/PDADMAC100% (100%P) and PSS/PDAD-
MAC7T5% (75%P) prepared from 0.25 M NaF or NaBr. HyOvac and DyOvac indicate
measurement against vacuum after exposure to either HyO liquid or Dy O liquid respec-
tively. Open symbols represent data points and solid lines represent best fit. Data from
both HyQvac and Dy Ouvac are presented to show that both water isotopes produce identical
reflectivity curves. This observation is explained as no displacement of hydration water
or exchange of H by D in the water molecules even after eight hours of exposure to Dy O

liquid.

This unstable growth is observed in the multilayers of PSS/PDADMAC75% - NaF: 0.5 M,
NaCl: 0.5 M and NaBr: 0.25 M and 0.5 M. Figure 7.5 shows neutron reflectivity data of
six double layers of PSS/PDADMAC100% and PSS/PDADMACT75% prepared from 0.25
M aqueous solution of NaF or NaBr. PSS/PDADMAC100% multilayers prepared from
0.25 M NaF and 0.25 M NaBr are stable as can be seen from the multilayer thicknesses
ie. 218 A and 498 A for NaF and NaBr, respectively. However, the multilayers of
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PSS/PDADMACT5% prepared from the same amount NaF and NaBr showed NaF PEM
to be very thin (only 97 A thick) and NaBr PEM to be unstable (99 A thick). The results
are in good agreement with literature,™ where PSS/PDADMACT75% prepared at 0.25 M
NaBr showed unstable (zig-zag) growth.
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Figure 7.6: Ellipsometry data on (PSS/PDADMAC75% )s multilayer prepared from aque-
ous solution of 0.25 M NaF, 0.50 M NaF and 0.50 M NaBr, measured at ambient condi-
tions.

In the same literature reference,” it is reported that PSS/PDADMACT75% multilayer
becomes unstable at 0.5 M NaCl. To confirm whether the multilayers of 0.25 M NaF, 0.5
M NaF and 0.5 M NaBr are just too thin or unstable the thickness of the same multilayers
are measured by ellipsometry where the layer-by-layer thickness can be determined. The
result is presented in Figure 7.6. A summary of results obtained from the different ion
types, ionic strength and degree of charge are shown in Tables 7.2 and 7.3. Deducing
from the total multilayer thickness as seen in the table, PDADMAC100% multilayer grows
linear when prepared from 0.25 M NaF but grows exponentially when prepared from 0.25
M NaBr. However the multilayer of PDADMAC75% becomes very thin when prepared
from 0.25 M NaF and unstable when prepared from 0.5 M NaF and 0.25 M NaBr. Another
observation is that, at lower ionic strength of 0.1 M NaBr PDADMAC75% multilayer is

stable but become unstable at concentrations higher than 0.1 M NaBr.



94 Chapter 7 Types of multilayer growth

Ton type & (PSS/PDADMACI00%)g (PSS/PDADMACT5%)q
Ionic strength  d /A  p(10%A2) /A d/A p(0C°A2% o /A
0.10 M NaCl 144 4+1 1334+002 10+4 1424+3 133+004 11+£5
0.10 M NaBr 229 +5 1044002 23+4 209+5 1.024+003 39+£5

025 M NaF 218 £3 095+£0.02 25£5 973 095+£003 32&£7
0.25 M NaCl 267+6 1.34+£0.03 11+£4 3065 0.99+0.04 27+6
0.25 M NaBr 498 +£4 1.05£0.02 508 99+4 0.70=£0.03 60+ 8

0.50 M NaF 300£5 120£003 34+£6 76+4 065£002 37+4

Table 7.2: Parameters extracted from Neutron reflectivity data with Parratt’s dynamic
approach® using the Parratt32 fitting software (provided by HZB). d, p and o stand for
thickness, scattering length density and roughness respectively.

(PSS/PDADMAC100%)g¢
dry swollen  dry  swollen dry swollen
Tonic strength  d /A  d/A o/A o/A p(10°A2) p(107° A2
0.10 M NaCl 160 2 226 +£3 11 £1 24 +2 1.16 £0.02 1.28 +0.03
0.25 M NaCl 297 +£4 428 45 12 +1 32 46 1.27 £0.02 1.29 +0.03
0.50 M NaCl 507 4+9 757 +6 21 +£4 4247  1.15 40.02 1.17 +£0.04

PDADMACT5%
0.10 M Na(Cl 140 £2 207 £2 13 £2 25 3 1.16 £0.02 1.27 £0.02

Table 7.3: Parameters extracted from X-ray reflectivity data with Parratt’s dynamic ap-
proach®® using the Parratt32 fitting software (provided by HZB). d, p and o stand for
thickness, electron density and roughness respectively. For the dry thickness the film s
measured against PoOs dry powder and for the swollen thickness the film is measured

against Hy O vapour. (PSS/PDADMAC75%)s is represented by PDADMAC75%.

7.3 Discussion

The results presented that the type of growth of polyelectrolyte multilayers can be tuned
by the preparation conditions: ionic strength, type of ion, type of polyelectrolyte pair and
charge density. All three types of growth can be achieved.

7.3.1 Effect of polyelectrolyte pairs

The linearly growing PSS/PAH and PSS/PDADMAC100% multilayers are a result of
charge overcompensation which is required for multilayer formation. In this case intrinsic
and extrinsic complex formation in the solution leads to equal adsorbed amount per

deposition cycle.
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The mechanism that leads to the exponential growth is well investigated by the use of

78,83,163

proteins such as polypeptides and polysaccharides, where the polyelectrolytes (e.g.

PLL or HA) are mobile. Lavalle et al.”!6% explained that in the exponential growth

9 and

mode, chains which have not formed complex, diffuse into the multilayer matrix
diffuse back to the surface. At the surface, this mobile chain forms complex with another
oppositely charged polyelectrolyte. In this case additional complexes are formed between
polyelectrolytes of opposite charges at the multilayer surface, aside the regular intrinsic
and extrinsic complexes already taking place. The additional complex formation leads to

mass gain by the multilayer. The results of the FRAP measurement as shown in Table 7.1,
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Figure 7.7: Contact angles versus time for various polyelectrolyte pairs measured against
saturated water vapour in a cell. The humidity cell is chosen to prevent evaporation of the
water droplet from the surface of the multilayer. The multilayers are allowed 15 minutes
saturation time to ensure equilibrium conditions.

confirm the exponential growth of HA/PAH and PSS/PDADMACT75% multilayers. This
is due to their higher diffusion coefficient compared to the linearly growing multilayers.
The diffusion coefficient increases in the order PSS/PAH < PSS/PDADMAC100% <
PSS/PDADMACT5% < HA/PAH.

The unexpectedly thin multilayer growth observed by CMC/PAH can be due to either
too long dipping time or inadequate balance of counterions because of the presences of
at least one weak polyelectrolyte (PAH). In such polyelectrolyte pairs the dipping time
is very critical since after some time the polyelectrolyte complexes become soluble and

162

the multilayer is destroyed. ®® The behaviour of such polyelectrolyte pairs can be well
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explained by the stability diagram of an adsorbed multilayer consisting of oppositely

charged polyelectrolytes reported by Kovacevic et al. 62

In some cases the type of growth can be correlated with certain structural properties of
the multilayer. However, there is no correlation observed between the type of growth and
the hydrophobicity of the multilayer surface. Figure 7.7 exhibits the water contact an-
gle against time for PSS/PAH, PSS/PDADMAC100%, PSS/PDADMACT75%, HA /PAH,
and CMC/PAH multilayers. The water contact angle of the multilayers in this plot are
unusully high. The reaseon could be the age of the films before measurement (measured

48 hours after preparation)

7.3.2 Effect of ion type and ionic strength

The type of ion and the ionic strength influence the type of growth of polyelectrolyte mul-
tilayers in terms of thickness and roughness. Type of ion and ionic strength increases the
vertical mobility of the polyelectrolyte chains which is a requisite for the transition from
linear to exponential growth. Summary of these two effects can be seen in Figure 7.8(a)
where the ellipsometric thickness of (PSS/PDADMAC100%)¢ multilayers prepared from
NaF, NaCl and NaBr are plotted aagainst the ionic strength of the aqueous solution. The
plot shows transition from linear growth to exponential growth and vice versa depending
on the type of ion and the ionic strength of the dipping solution. As one moves from NaF
to NaCl and to NaBr, the slope gets steeper or the gradient of the slope increases. The

same is observed for increasing the ionic strength of the dipping solution.

Increasing ionic strength increases screening of the charges along the polyelectrolyte chains
and increases chain flexibility, this causes more coiling of the polyelectrolyte chains which
results in larger thickness and higher roughness of the adsorbed layer.? For the linearly
growing multilayers the chains are adsorbed with flat conformation while in the exponen-

tially growing multilayers the chains are adsorbed with coil conformation.

The ion specific effect as arranged in the Hofmeister series explains the dependency of the
growth type on the type of ion. Among the three anions: F~, CI~ and Br™, the smallest
anion (F ) has the least polarizability, highest electric field at short distances and prefer to
keep its water of hydration. In addition, F~ has a well-ordered larger hydration shell than
Br~, which on the other hand, is larger in size with a higher polarizability, a weak electric
field and small hydration shell which can be easily removed. The Br~ therefore adapts
to the environment (polycation) easily which leads to a stronger interaction between

them causing a kind of bridging and/or overlap of hydration shells of counterions and
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Figure 7.8: (a) Ellipsometry data of (PSS/PDADMAC100% )¢ multilayers prepared from
NaF, NaCl and NaBr. Dry thickness (closed symbols) and swollen thickness (open sym-
bols). (b) Diffusion coefficient of (PSS/PDADMAC100%)s/PSS/FITC-PAH as a func-
tion of type of ion. Three ionic strengths (0.1 M, 0.25 M and 0.5 M) are used during
preparation and for 24 hours treatment 0.1 M NaCl solution is used. The FITC-PAH is
prepared from 0.5 M NaCl solution.

polycations. Consequently the amount of extrinsically compensated polymer charges in
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Figure 7.9: Ellipsometry data of (PSS/PDADMAC100%)s multilayers prepared from 0.1
M. 0.25 M, 0.5 M NaCl. Thickness plotted as a function of increasing relative humidity.
100% relative humidity means measurement aagainst water.

the case of Br™ should be higher and the density of complexes lower than in the case of
F~. This increases the chain mobility as shown in Figure 7.8(b) which in turn will lead
to transition from linear growth to exponential growth. This result is in agreement with

literature. 73120,165

There is a correlation between the type of growth and the swelling behaviour of the
multilayers. Figure 7.8(a) shows that the slope of the swollen thickness is steeper than
that of the dry thickness. The same correlation can also be seen in Figure 7.9 where the
thickness of (PSS/PDADMAC100%)¢ multilayers prepared from 0.1 M. 0.25 M, 0.5 M
NaCl, is plotted against changing relative humidity. The multilayer of 0.5 M NaCl swells
faster than that of 0.25 M and 0.1 M NaCl.

7.3.3 Effect of degree of charge

The effect of degree of charge on multilayer growth is in two ways: (i) Induces transition
from linear growth to exponential growth e.g. from PSS/PDADMAC100% to PSS/P-
DADMACT75% at 0.25 M NaCl. This is in agreement with Voigt et al.,''® where it is
shown that the minimum degree of charge of PDADMAC required to form stable PEM
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Figure 7.10: Stability diagram of PSS/PDADMAC75% multilayer showing the effect of
degree of charge in combination with ion type and ionic strength. The signs plus (+) and
minus (-) stand for stable and unstable growth, respectively. The green zone indicates
region of stability and the pink zone indicates region of instability. This sketch is based
on complementary data from neutron reflectivity and ellipsometry. The data 0.5 M NaCl
is adapted from Wong et al.”

with PSS is 70%. (ii) Produces unstable multilayer at certain concentrations for certain

anions as can be seen in Figure 7.10.

The exponential growth of PDADMACT75% over PDADMAC100% at 0.25 M NaCl is due
to the charge density of PDADMACT75%. At higher ionic strength of 0.25 M NaCl, more
extrinsic complexes are formed in the solution between the counterions and the polyelec-
trolyte chains. Because of the lower charge density of PDADMACT75% the weak electro-
static repulsion along the polymer backbone favours stronger coiling of the chains than in
the case of the fully charge PDADMAC. The coil conformation of PDADMAC75% gives
rise to higher adsorbed amount leading to exponential growth. In the case of PDAD-
MAC100%, there is strong electrostatic repulsion between the charges along the poly-
electrolyte backbone forcing the the polyelectroyte chains to be extended, stiff and flat

conformation.

The multilayer of PDADMAC100% is stable against all three anions (F~, Cl~, and Br™)
and for all three concentrations 0.1 M, 0.25 M and 0.5 M, but for PDADMAC75% this
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Figure 7.11: AFM images scanned against air of (PSS/PDADMAC100%)s multilayer
prepared from aqueous solution of NaF, NaCl and NaBr (rows). The columns represent
three ionic strengths: 0.10 M, 0.25 M and 0.50 M, respectively. Scan size: 2.5 x 2.5 pm?.

is not the case. At lower ionic strength of 0.1 M, electrostatic interactions are domi-
nant and the multilayers of PDADMAC75% are stable. Above ionic strength of 0.1 M,
dispersion forces overcome the effect of electrostatic interactions and the multilayer of
PDADMACT5% becomes unstable against F~ and Br~ as shown in Figure 7.10. Wong
et. al.™ reported that at 0.5 M NaCl, PDADMAC75% multilayer becomes unstable.

7.3.4 Surface roughness and topology

Figures 7.11 and 7.12 present the AFM images of PEI/(PSS/PDADMAC100%)¢ and
PEIL/(PSS/PDADMACT75%)e multilayers, respectively. The multilayers are prepared from
NaF, NaCl and NaBr (columns) at 0.1 M, 0.25 M and 0.5 M (rows). The images show ho-
mogeneously adsorbed PEMs with grain-like morphology. The images have similar surface

topology irrespective of salt type and ionic strength. However, increasing ionic strength
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Figure 7.12: AFM images scanned against air of (PSS/PDADMAC75%)s multilayer
prepared from aqueous solution of NaF, NaCl and NaBr (rows). The columns represent
three ionic strengths: 0.10 M, 0.25 M and 0.50 M, respectively. Scan size: 2.5 x 2.5 pm?.

increases the surface roughness for each type of salt. Increasing ionic strength increases
effective screening of charges along the polyelectrolyte chain thereby reducing the electro-
static attraction between the chain and the multilayer leading to stronger coiling, higher

mobility and interdigitation of the chains. This in turn leads to rougher multilayers.

The effect of type of ion on the roughness is different from the effect of ionic strength.
The effect of type of ion on roughness does not follow systematically the Hofmeister series.
The roughness increases in the order NaCl < NaF < NaBr. In the previous chapters, ion-
specific effect is explained as the reason for ions having larger size, higher polarizability and
smaller hydration shell to react stronger with polyions leading to stronger coiling of the
chains. The increasing coiling of the chains leading to an increasing film thickness has two
counteracting effects on the roughness. A slight increasing flexibility of the PDADMAC
chains due to a stronger interaction with anions from F~ to CI~ leads to a stronger ability

for rearrangement and therefore to a smoother interface. A further increasing coiling
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(from C1~ to Br™) leads to rougher surfaces. 719

The multilayers of PEI/(PSS/PDADMACT75%) are rougher than the multilayers of PEI/-
(PSS/PDADMACT5%) becuase of the lower charge density of PDADMAC75%. This
result is in good agreement literature.''® At higher charge densities, the roughness de-
creases slightly due to an increase in the electrostatic repulsion between charged segments
that makes PDADMAC100% adsorb in a more flat conformation. ™

7.4 Conclusion

Polyelectrolyte multilayer growth has been investigated by varying preparation conditions
like type of polyelectrolyte pairs, type of ion, ionic strength of the dipping solution and
the degree of charge of PDADMAC. The experiments which are performed using different
techniques such as Ellipsometry, QCM, FRAP, AFM, Neutron and X-ray Reflectometry

give complementary results.

Among multilayers of different polyelectrolyte pairs, the polyelectrolyte with higher mo-
bility turns to have exponential growth due to diffusion of free mobile chains in and out
of the multilayer matrix thereby forming extra complexes with the adsorbing layer which
results in higher adsorbed amounts. The less mobile polyelectrolyte pairs grow linearly
with increasing adsorption cycles. Polyelectrolyte pairs containing at least one weak poly-
electrolyte turns to have unstable multilayer growth due to inadequate charge distribution

along the chains which leads to redissolution of the complex after some time.

The results show that increasing ionic strength and preparing from solution of large highly
polarized ions with smaller hydration have similar effect on the mode of growth of the
multilayers. The bigger ions interact strongly with charged polyelectrolytes leading to
thicker and rougher multilayers. At low ionic strength electrostatic interactions dictate
the mode of growth and dispersion forces play a minor role. However, ion specific effects
become dominant at elevated ionic strength i.e. 0.25 M and higher, due to strong elec-
trostatic screening of charges along the polyelectrolyte chains. It is therefore concluded
that increasing ionic strength, increasing ion size and decreasing polymer charge density
(from 100% to 75%) support transition from linear to exponential growth and in some

cases unstable multilayers.

Finally, PDADMAC100% multilayer is always stable when prepared from NaF, NaCl and
NaBr at 0.1 M, 0.25 M and 0.5 M. The stability of PDADMACT75% critically depends
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on the type of ion especially above 0.1 M where dispersion forces dominate electrostatic

interactions.






Chapter 8

Summary and Outlook

8.1 Summary

The control of correlation between structure and ion distribution within polyelectrolyte
multilayers are investigated. Both sensitivity to external stimuli and the stability of thin
film are considered. The properties of the multilayer are scanned in order of layer by layer
increase in thickness. Polyelectrolyte multilayers are fabricated by alternate adsorption
of polyanions and polycations on a planar substrate. The thesis has addressed the profile
of the properties across the polyelectrolyte multilayers as a function of the preparation

parameter and the effect of the solid substrate.

In Chapter 4, the thesis addressed the effect of ionic strength and type of ion on the
structure and water content of polyelectrolyte multilayers. Polyelectrolyte multilayers of
poly(sodium-4 styrene sulfonate) (PSS) and poly(diallyl dimethyl ammonium chloride)
(PDADMAC) prepared at different NaF, NaCl and NaBr concentrations, have been in-
vestigated by neutron reflectometry against vacuum, HoO and D;0O. Both thickness and
water content of the multilayers increase with increasing ionic strength and increasing ion
size. Two types of water are identified, “void water” which fills the voids of the multilay-
ers and does not contribute to swelling but to a change in scattering length density and
“swelling water” which directly contributes to swelling of the multilayers. The amount of
void water decreases with increasing salt concentration and anion radius while the amount
of swelling water increases with salt concentration and anion radius. This is interpreted
as a denser structure in the dry state and larger ability to swell in water (sponge) for
multilayers prepared from high ionic strengths and/or salt solution of large anions. No
exchange of hydration water or replacement of H by D was detected even after eight hours

incubation time in water of opposing isotopic composition.

In chapter 5, the swelling behavior of polyelectrolyte multilayers (PEMs) of poly(sodium
- 4 styrene sulfonate) (PSS) and poly(diallyl dimethyl ammonium chloride) (PDADMAC)
prepared from aqueous solution of 0.1 M and 0.5 M NaCl are investigated by ellipsometry
and Atomic Force Microscopy (AFM). The study shows that from 1 double-layer up to
4 double-layers from 0.1 M NaCl, the amount of swelling water in the PEMs decreases
with increasing number of adsorbed double layers. This is explained by an increase in
polyelectrolyte density as a result of the attraction between the positively charged outer-
most PDADMAC layer and the Si substrate. From 6 double layers to 30 double layers,

the attraction is reduced due to a much larger distance between substrate and outermost
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layer leading to a much lower polyelectrolyte density and a higher swelling water. In
PEMs prepared from aqueous solution of 0.5 M NaCl the amount of water constantly
increases which is related to a monotonically decreasing polyelectrolyte density with in-
creasing number of polyelectrolyte layers. Studies of the surface topology also indicate a
transition from a more substrate affected interphase behavior to a continuum properties
of the polyelectrolyte multilayers. It is shown that the threshold for the transition from

interphase to continuum behavior depends on the physical quantity that is investigated.

In chapter 6, structural and viscoelastic properties of high (HMW) and low (LMW) molec-
ular weight polyelectrolyte multilayers (PEM) are investigated by the use of techniques like
Ellipsometry, Atomic Force Microscopy (AFM), Contact Angle (CA) and Quartz Crystal
Microbalance with Dissipation (QCM-D). The combination of the obtained results has the
aim of highlighting analogies and differences between long and short chains poly(sodium
styrene sulfonate) PSS / poly(diallyl dimethyl ammonium chloride) PDADMAC multi-
layers. Starting from different preparation settings, since the 20 minutes dipping time
required for long chain systems have to be reduced to 5 minutes in the case of short chain
multilayers in order to observe progressive layer-by-layer and reproducible growth, the
structure and the response to changes in the external environment are investigated for
both systems. A deep analysis of the QCM-D results showed that for both multilayer
systems, i.e. long chains (PSS 70,000 g/mol, ~340 monomer/unit; PDADMAC 135,000
g/mol, ~840 monomer /unit) and short chains (PSS 6,520 g/mol, ~32 monomer/unit;
PDADMAC 5,000 g/mol, ~31 monomer/unit) PEM, dissipation change (AD) and fre-
quency change (Af) show different adsorption phases. A link between energy dissipation
and roughness, surface hydrophobicity and amount of adsorbed water was elaborated to

justify the differences between the two systems.

In chapter 7, type of growth of polyelectrolyte multilayers (PEM) namely linear, exponen-
tial and unstable growth, has been investigated as a function of different polyelectrolyte
pairs, type of salt, amount of salt and degree of charge of the polycation using comple-
mentary techniques such as Neutron Reflectometry, Ellipsometry, Contact Angle mea-
surements, Quartz Crystal Microbalance (QCM) and Fluorescence Recovery After Pho-
tobleaching (FRAP). The different polyelectrolyte pairs investigated include poly(styrene
sulfonate) (PSS)/poly(allylamine hydrochloride) (PAH), PSS/ poly|(diallyl dimethyl am-
monium chloride)-stat-(N-methy- lactamide)| (PDADMAC-stat-NMVA), Hyaluronic acid
(HA)/PAH, and sodium carboxy-methylcellulose (CMC)/PAH. The competition between
ion specific effect (NaF, NaCl and NaBr) and electrostatic interactions at 0.1 M, 0.25
M and 0.5 M are considered. Ions with higher polarizability, larger size with smaller

hydration shell turns to interact stronger with the polyions thereby forming thicker and
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rougher multilayers. The same effect is observed for increasing the ionic strength of the
dipping solution which in turn increases chain mobility and flexibility thereby leading
to adsorption of thicker multilayers. At low ionic strength (0.1 M) electrostatic interac-
tions are dominant but above that dispersion forces become very important due to strong
screening of charges along the polymer chains. Decreasing polycation degree of charge,
increasing ionic strength, increasing chain mobility and preparation from solutions with
large ions lead to transition from linear to exponential growth and even further to unstable

multilayers.

8.2 Outlook

During the course of the thesis, the quest to find answers to some challenging questions
led to new projects which could be further undertaken. The following are some projects

which could be done and possible research areas.

For instance, Neutron Reflectivity measurements offer a lot of detail analysis of the internal
structure of the multilayers and has advantage over other techniques. The results obtained
from Neutron Reflectivity measurements in a saturated vapour atmosphere was performed
at the beginning of the thesis but due to inability to control the vapour in the cell, this
project could not be completed. If this work is done, one can compare the data from

ellipsometry humidity studies to those of neutron reflectometry.

Although much work has been done on different polyelectrolyte systems (mostly PSS /P-
DADMAC), there are more which could be done. Due to lack of beam-time not all the
analysis on some of the systems could be completed. So far no neutron reflectivity mea-
surements have been performed on PSS/PDADMACT75% multilayers prepared from 0.1
M NaF, 0.5 M NaCl and 0.5 M NaBr. If these measurements are done it will make the

knowledge on these systems complete.

The effect of the type of ion on the swelling water is very interesting and more anions must
be employed to enlarge the scope of research in this area. So far, only three types of salts
(NaF, NaCl and NaBr) have been studied. The effect of cation at higher concentrations

is not considered in this work and can be a future project.
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Appendix A

AFM Images

S R r
0.25 M NaCl

Figure .1: AFM images of (PSS/PDADMAC100%)s multilayers against air (top row)
and against water (bottom row). Scan size: 2.5 x 2.5 pm?.
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PEI/(PSS/PDADMAC100%),

0.1 M NaBr 0.1 M NaF
PEI/(PSS/PDADMACT75%),

-

0.1 M NaBr 0.1 M NaF

Figure .2: AFM images scanned against air of (PSS/PDADMAC100%)s - (top row) and
(PSS/PDADMAC7T5%)s) (bottom row) multilayers prepared from 0.1 M NaF and NaBr

solutions. Scan size: 2.5 x 2.5 um?.
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Water Content in H,O

void swell total
Concentration water water water
of salt (I)void (%) (I)swell (%) (I)total(%)

0.25 M NaF 106+03 26.0+0.8 36.6+05
0.5 M NaF 132+04 383+10 515%+06

0.1 M NaCl 91+04 36.2+08 453+0.5
0.25 M NaCl 7.2+07 426+13 49.8+0.8
0.5 M NaCl 27+02 538%+13 565+1.2

0.1 M NaBr 42+06 421+19 46321
0.25 M NaBr 28+02 612+14 64013

Water Content in D,O

void swell total
Concentration water water water
of salt (I)void (%) (I)swell (%) (I)total(%)

0.25 M NaF 126+0.3 26.1+08 38.7+32

0.5 M NaF 13.3+04 385+1.0 51.8+0.7
0.1 M NaCl 74+04 358+09 432%05
0.25 M NaCl 7.1+07 427+10 49.8+0.8
0.5 M NaCl 28+02 56.6+11 594+12

0.1 M NaBr 5006 392+13 442+18
0.25 M NaBr 3.1£04 585+20 61625

Figure .3: Neutron reflectivity data on (PSS/PDADMAC)s multilayers. Supporting in-
formation to the work in Chapter 4.
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Ellipsometry: Thickness / nm of PEI/(PSS/PDADMAC)n 0.1 M NacCl

rh.% [ n=1 n=2 n=4 n==6 n=8 n=14 | n=20 | n=30
0 3.5 4.4 10.0 21.0 324 58.4 102.3 156.7
10 3.6 4.5 10.2 21.8 33.9 61.5 109.0 168.4
20 3.8 4.7 10.3 23.1 35.6 65.0 114.6 177.4
30 3.9 4.8 10.5 23.7 36.7 67.8 121.5 192.8
40 4.1 4.9 10.7 24.6 39.2 72.0 129.6 205.8
50 4.2 5.0 10.9 25.2 40.0 73.9 135.2 215.6
60 4.3 5.1 11.0 26.0 41.0 76.2 141.6 229.4
70 4.4 5.2 11.2 27.0 42.5 80.8 150.9 239.6
80 4.6 5.6 11.6 28.1 44.1 85.2 161.8 262.4
90 4.8 5.8 11.9 30.0 48.4 93.4 175.5 292.3
100 5.0 6.0 12.1 31.6 50.6 106.2 200.2 326.3

Figure .4: Parameter values of Figure j.4a as measured by Ellipsometry. Thicknesses in
nm, n represents number of double layers. Supporting information to the work in Chapter
5.
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AFM: PEI/(PSS/IPDADMAC)n 0.1 M NaCl
n=1 n=2 n=4 n==6
r.h.% d/nm r.h. % d/nm r.h. % d/nm r.h. % d/nm

99 | 23+04 | 164 3.8+0.38 6.4 10.0. £ 0.5 8.0 17.9+2.2
188 | 42+09 | 29.0 40+05 22.3 10.2+1.4 18.6 18.1+1.3
305 | 44+06 | 834 59+0.8 75.6 133+15 | 871 31.6+3.4

100.0| 55+1.3 | 1000 | 6.7+0.6 100.0 | 150+18 |100.0| 304+24

n==8 n=14 n=20 n=230
r.h.% d/nm r.h. % d/nm r.h. % d/nm r.h. % d/nm

46 | 262+16 | 286 | 61.8+1.3 6.4 95.7+5.7 9.2 198.3 + 3.4
229 | 276+16 | 333 | 682+27 | 200 | 975+£52 | 26.1 | 199.8+10.2
811 | 325+20 | 850 | 874+32 | 764 | 1645+12 | 79.1 | 395.2+28.9

100.0| 39.3+1.3 | 100.0 | 89.0+3.7 | 100.0 | 174.7+3.6 | 100.0 | 404.3+39.8

Figure .5: Parameter values of Figure 4.4c as measured by AFM. Thicknesses in nm,

n represents number of double layers. Supporting information to the work in Chapter 5.

The measurements are done by Bizan Balzer!'®’
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Ellipsometry: Thickness / nm of PEI/(PSS/PDADMAC)n 0.5 M NaCl

R.H. % n=1 n=2 n=4 n==6 n=38 n=14 n=20 n=230
0 55 12.9 36.1 449 64.2 207.6 285.0 439.8
10 5.7 134 37.7 47.0 68.2 221.1 305.0 476.1
20 5.8 13.6 38.5 48.2 69.8 230.5 319.0 499.5
30 5.8 14.1 39.0 51.7 74.5 240.6 331.0 522.8
40 6.0 14.2 41.6 53.0 76.4 252.5 358.0 560.2
50 6.1 14.6 425 58.6 84.3 275.0 388.0 621.0
60 6.3 15.0 44.2 61.9 90.7 305.0 430.0 704.0
70 6.4 15.6 46.1 67.0 98.9 332.0 470.0 814.8
80 6.5 17.5 52.0 75.6 111.9 380.0 550.0 920.7
90 7.0 19.2 57.3 87.9 129.4 430.0 648.5 1120.0
100 7.1 20.3 70.2 101.0 152.8 530.0 791.2 1337.8

Figure .6: Parameter values of Figure 4.4b as measured by Ellipsometry. Thicknesses in
nm, n represents number of double layers. Supporting information to the work in Chapter
5.
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AFM: PEI/(PSS/IPDADMAC)n 0.5 M NacCl
n=1 n=2 n=4 n==6

r.n.% d/nm r.h. % d/nm r.h. % d/nm r.n. % d/nm

4.2 74+09 9.2 16.1+1.7 11.75 30.7+4.9 6.6 46.1+14
20.0 76%0.8 22.7 173+19 29.5 34.4+32 20.1 46.2+19
74.7 79+11 74.9 218+16 73.5 505+1.2 92.6 61.6 +2.5

100.0 | 9.7+1.2 | 100.0 240+0.38 100.0 55.3+19 100.0 67.3+1.7

n=8 n=14 n=20 n =30
r.h. % d/nm r.h. % d/nm r.h. % d/nm r.h. % d/nm

5.2 546+ 15 9.7 2222 +85 5.0 206.2 +154 7.8 407.7 £ 6.8
204 | 604+33 | 229 | 2585+136 | 19.7 | 230.8+36.5 | 259 4169+ 27.5
811 | 88.0+18 | 76.6 410.2+6.4 89.7 | 337.4+£69.1 | 92.6 529.1+17.8

100.0 | 107.8+3.5 | 100.0 | 632.9+17.9 | 100.0 | 553.0+38.1 | 100.0 | 1068.5 * 46.6

Figure .7: Parameter values of Figure /.4d as measured by AFM. Thicknesses in nm,
n represents number of double layers. Supporting information to the work in Chapter 5.
The measurements are done by Bizan Balzer!'®’
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Preparation/ Ellipsometry Neutrons X-rays
condition  dgry/A  d,wollen/A  dgry/A  dawollen/A  dgry/A  dwollen/A

(PSS/PDADMAC100%)g
0.10 M NaF 136 170 - - - -
0.25 M NaF 225 290 218 295 - -
0.50 M NaF 325 482 300 486 - -
0.10 M NaCl 185 300 144 226 160 226
0.25 M NaCl 290 500 267 465 297 428
0.50 M NaCl 500 1010 481 1041 507 757
0.10 M NaBr 230 429 229 395 - -
0.25 M NaBr 530 1250 498 1282 - -
0.50 M NaBr 1100 2500 - - - -

(PSS/PDADMACT5%)g
0.10 M NaF 116 - - - - -
0.25 M NaF 142 - 97 143 - -
0.50 M NaF 170 - 76 115 - -
0.10 M NaCl 180 - 142 219 140 207
0.25 M NaCl 300 - 306 564 - -
0.50 M NaCl - - - - - -
0.10 M NaBr 217 - 209 325 - -
0.25 M NaBr 145 - 99 140 - -

0.50 M NaBr 135 - - - - -

Table .1: Measured thickness obtained for PEI/(PSS/PDADMAC100%)s and PEI/-
(PSS/PDADMAC100%)s multilayers, respectively by Ellipsometry, Neutron and X-ray
Reflectometry. The dry thickness is measured at ~ 0% r.h. and the swollen at 100% r.h.
(or against water). The error bars are up to a mazimum of + 10%.
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Preparation/ AFM Neutrons X-rays
condition  ogry/A  oawollen/A  ogry/A  owollen/A  ogry/A  ogwollen/A

(PSS/PDADMAC100%)g
0.10 M NaF 15 - - - - -
0.25 M NaF 17 - 25 40 - -
0.50 M NaF 28 - 34 55 - -
0.10 M NaCl 11 23 10 27 11 24
0.25 M NaCl 13 33 11 35 12 32
0.50 M NaCl 22 43 22 48 21 42
0.10 M NaBr 24 - 23 36 - -
0.25 M NaBr 51 - 50 123 - -
0.50 M NaBr 67 - - - ; ;

(PSS/PDADMACT5%)g
0.10 M NaF 20 - - - - -
0.25 M NaF 38 - 32 - - -
0.50 M NaF 41 - 37 40 - -
0.10 M NaCl 11 - 11 14 13 25
0.25 M NaCl 24 - 27 44 - ;
0.50 M NaCl 30 ; - ] ] ]
0.10 M NaBr 39 - 39 56 - -
0.25 M NaBr 58 - 60 - - -

0.50 M NaBr 69 - - - - -

Table .2: Measured roughness obtained for PEI/(PSS/PDADMAC100%)s and PEI/-
(PSS/PDADMAC100% )s multilayers, respectively, by AFM, Neutron and X-ray Reflec-
tometry. The dry roughness is measured at ambient conditions (AFM) or at ~ 0% r.h.
(reflectometry). the swollen roughness is measured at 100% r.h. (or against water). The
error bars are up to a mazimum of &+ 10%.
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(PSS/IPDADMAC100%), 0.1 M NaBr PAH-FITC

After bleaching Recovery after 2 days
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Figure .8: FRAP of (PSS/PDADMAC100%)s multilayers prepared from 0.1 M NaBr.
Top row: tmages of the film just after bleaching and after several hours after recovery.
Bottom: Gaussian plot representing the diffusion process in a probing layer. Values in
the vertical axis show the grey scale values normalized with respect to the highest number.
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(PSS/DADMAC100%), with 0.25 M NaBr PAH-FITC

after bleaching after two days
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Figure .9: FRAP of (PSS/PDADMAC100% )s multilayers prepared from 0.25 M NaBr.
Top row: tmages of the film just after bleaching and after several hours after recovery.
Bottom: Gaussian plot representing the diffusion process in a probing layer. Values in
the vertical axis show the grey scale values normalized with respect to the highest number.
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(PSS/PDADMAC100%), 0.5 M NaBr PAH-FITC

After bleaching

Recovery after 2 days
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Figure .10: FRAP of (PSS/PDADMAC100%)s multilayers prepared from 0.5 M NaBr.
Top row: tmages of the film just after bleaching and after several hours after recovery.
Bottom: Gaussian plot representing the diffusion process in a probing layer. Values in
the vertical axis show the grey scale values normalized with respect to the highest number.
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