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Abstract 

The swelling behavior of thin polyelectrolyte multilayers assembled from 

poly(allylamine hydrochloride) (PAH) and poly(acrylic acid) (PAA) under various pH 

and environmental conditions was characterized in real time by in situ single wavelength 

ellipsometry. Both the rates and extent of swelling were found to be independent of the 

solution environment, yet they depended strongly on the solution pH under which the 

layers were fabricated. The ambient humidity strongly influenced the rate of swelling, 

where a change by as little as 20% prior to swelling with bulk solution lead to a variation 

from seconds to tens of minutes to reach the final swollen thickness. Neutron reflectivity 

studies revealed that water is distributed asymmetrically within the multilayer, and 

preferentially localizes at the polymer surface, and explains the unusual effect of 

humidity on the swelling kinetics. The effect of solution pH and salt ions on the water 

distribution in the multilayer was also investigated by neutron reflectivity. Exposure to 

both pH and salt solutions increased water content in the film. These studies indicate that 

the water localizes asymmetrically in the film and predominantly segregates near the 

substrate when exposed to salt solutions and the distribution of salt ions also increases 

near the substrate region. 

Finally, the light-induced expansion of thin films of polymers containing 

azobenzene chromophores and copolymers of P AA was characterized in real time by 

single wavelength ellipsometry. An initial expansion of the azo polymer films was found 

to be irreversible and with repeated irradiation cycles the expansion becomes reversible. 

Modulating either the pump beam power or the duration of irradiation gave control over 

the extent of the reversible expansion. This represents the first discovery of the photo-
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mechanical effect in azobenzene polymers, and in principle now allows these materials to 

be developed as reversible photo-actuation systems. 
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Résumé 

L'éllipsométrie in situ en temps réel et à longueur d'onde fixe a été utilisé pour 

caractériser le gonflement des multicouches minces formées des polyélectrolytes de 

polyallylamine (PAH) et d'acide polyacrylique (PAA). Ces derniers ont été assemblés à 

différents pH et sous des conditions environnantes différentes. Il en a été déduit que la 

vitesse et le taux de gonflement sont tout deux indépendants de la solution environnante, 

mais dépendent fortement du pH des solutions utilisées dans la fabrication des couches. 

L'humidité ambiante a grandement influencée la vitesse de gonflement, puisqu'un 

changement d'humidité ambiante aussi faible que 20%, préalable au gonflement des films 

induit par une solution aqueuse, a conduit à une variation allant de quelques secondes à 

une dizaine de minutes pour atteindre un niveau de gonflement final. Les études de 

réflectivité des neutrons ont révélées que l'eau est distribuée asymétriquement à 

l'intérieur de la multicouche et localisée préférentiellement à la surface du polymère, ce 

qui explique l'effet inhabituel de l'humidité sur la cinétique du gonflement. L'effet du pH 

et des ions de sel sur la distribution de l'eau dans la multicouche a aussi été étudié par la 

réflectivité des neutrons. L'exposition des films aux conditions saline et de pH fait 

augmenter le contenu d'eau dans ces derniers. Ces études indiquent que l'eau est 

localisée asymétriquement dans le film et se confine de façon prédominante près du 

substrat lorsqu'il est exposé à des solutions salines. Par le fait même, la distribution des 

ions de sel augmente aussi dans la région située prés du substrat. 

Finalement, l'éllipsométrie en temps réel et à longueur d'onde fixe a été utilisée 

pour caractériser l'expansion induite par la lumière des minces films de polymère 

composés de chromophores d'azobenzène et de copolymères de P AA. Une expansion 
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initiale irréversible du film d'azo polymère a été observée lors d'une première irradiation, 

alors que la répétition des cycles d'irradiation a conduit à une expansion réversible des 

films. La modulation de la puissance de la pompe du faisceau ainsi que la durée 

d'irradiation ont permis de contrôler l'étendu de l'expansion réversible. Cette étude 

présente pour la première fois l'effet photo-mécanique des polymères d'azobenzène, ce 

qui en principe ouvre de nouvelles avenues dans le développement de systèmes de 

photo-actuation construits à partir de ces matériaux. 
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Forward 

This dissertation is presented in the form of four original research papers which 

have been either published or submitted, each of which is presented as a chapter. Chapter 

1 gives a comprehensive background of the field of study, and Chapters 2 through 5 

contain original research results. Finally, a general conclusion and suggestions for future 

work are presented in Chapter 6. 
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with Prof essor Christopher Barrett as research advisor, unless stated otherwise. AlI of 

The research presented in this dissertation was initiated, performed, and critically 

analyzed only by the author; but with minor technical contributions of sorne co-authors as 

detailed below. 

Chapter 2 describes the swelling dynamics of polyelectrolyte thin films. The work 

described in this chapter was completed solely by the author under the supervision of 

Professor Christopher Barrett, and published in Chemistry of Materials in 2004. 

Chapters 3 and 4 describe investigations into the water and ion distributions both 

In vapor and bulk in polyelectrolyte multilayers using neutron reflectometry. The 

experiments in these chapters required technical assistance with the NRC Chalk River 

Neutron Scattering Laboratories. The sample preparation, neutron reflectivity 

measurements, and all data workup were completed by Oleh Tanchak, but sorne minor 

technical assistance for the 24hour/day neutron data collection was provided by Mr. 

Kevin G. Yager, under the supervision of Oleh Tanchak. Necessary instrumentation 
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training at the C5 spectrometer was provided by Dr. Helmut Fritzsche and Dr. Thad 

Harroun at the Chalk River Laboratories. The fitting and interpretation of the data were 

completed solely by the author. Minor editorial advice for the final manuscript was 

provided by Dr. John Katsaras, Dr. Helmut Fritzsche, and Dr. Thad Harroun at NRC 

Chalk River, and by Prof essor Christopher Barrett. These results were written as papers 

entirely by Oleh Tanchak, one published in Langmuir in 2006, and the other currently 

under review in Langmuir. 

Chapter 5 describes the photo-expansion of azobenzene containing polyelectrolyte 

thin films. The work described in this chapter was completed solely done by Oleh 

Tanchak under the supervision of Professor Christopher Barrett, and was published in 
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Chapter 1 

Introduction 

1.1 INTRODUCTION TO POL YELECTROL YTES 

Polyelectrolytes are a c1ass of polymers where the monomer unit is ionizable. In 

the presence of a polar solvent, the ionizable groups are able to dissociate and give a 

charge to the polymer chain and take a counter ion from the solvent. 1 In solution, the 

charged polymers have many unique properties that largely govem their behavior upon 

adsorption to a surface.2 Polyelectrolytes are c1assified as strong or weak depending on 

their ability to ionize in solution. If the degree of ionization is effectively independent of 

the solution pH, the polyelectrolyte is c1assified as strong. Conversely, if the charge 

fraction of the ionizable moieties can be modulated through the solution pH, the 

polyelectrolyte is termed as weak. Polyelectrolytes can either carry a positive charge 

(polycations) or a negative charge (polyanions). Examples of strong and weak 

polyelectrolytes are shown in Figure 1.1. Naturally occurring polyelectrolytes inc1ude 

DNA, RNA, and proteins. 

The solution properties of polyelectrolytes are influenced by several factors such 

as solution pH, ionic strength, molecular weight, temperature, and the nature of the ions. 

For strong polyelectrolytes, the polymer configurations in di lute solutions are dominated 

by electrostatic interactions and ionic strength. While for weakly charged polyelectrolytes 

a combination of van der Waals, hydrogen bonding, and electrostatic interactions play a 

significant role in the di lute solution properties of the polymers. Polyelectrolytes have 

found use in a wide variety of industrial applications such as flocculants in water 

treatment processes, pharmaceuticals, and as thickening and gelling agents.3
-
S 
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PAH 
poly(allylamine hydrochloride 

~ 
PAA 
poly(acrylic acid) 

Figure 1.1 Examples of polyelectrolytes 

CI 

PDADMAC 1 P-DAC 
poly(diallyldimethylammonium chloride) 

PEI 
polyethylenimine 

Q 
PSS S03- Na+ 

poly(styrene sulfonate) 

1.2 POLYELECTROL YTE MULTILAYER FILMS 

Thin organic films are of importance to many industrial and technological 

applications. For instance thin films are commonly used for membrane technologies, 

anticorrosion coatings, and antireflection. The ability to tailor chemical and mechanical 

film properties on the nanometer scale may lead to further technological advancements. 

Furthermore, the ability to produce thin films that are multifunctional, facile, robust, and 

defect-free over a large length scale is of great importance to industry and to the field of 

materials science. 
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The layer-by-layer (L-b-L) assembly method is a technique that allows for the 

formation of thin organic films. ner first described the principle of this technique in the 

1960s, where charged partic1es were assembled onto planar substrates.6 In the early 

1990s, Decher and Hong extended the pioneering work began by ner by introducing an 

electrostatic layer-by-layer self-assembly deposition technique for preparing polymer

based thin films that have many of the aforementioned desirable characteristics.7
,8 This 

method is based on the alternating sequential adsorption of oppositely charged polymers 

from di lute solutions onto a substrate.7
,9 The advantage of this technique over other thin 

film preparation methods su ch as spin coating and Langmuir-Blodgett, is the ability to 

produce highly tailored thin films with control over film architecture and the 

incorporation of functional groups within the structure of the film. The polyelectrolyte 

multilayer (PEM) thin films can be deposited on a variety of substrates with varying 

geometry and size. For instance, planar surfaces su ch as silicon, glass slides, quartz, 

mica, and metals have been successfully coated with PEMs. Small colloidal partic1es 

such as silica and polystyrene have also been used as substrates for multilayering. In 

addition, enzymes, prokaryotic and mammalian cells have been encapsulated with 

PEMs. IO The simplicity of the layer-by-layer technique makes it easy to modify the 

surface properties of the multilayer. Properties such as hydrophobicity and 

biocompatibility can be altered through the deposition of the last polyanion or polycation 

layer. ll ,12 Multilayer films are commonly prepared from aqueous solutions thus making 

this technique economically and environmentally appealing to industry. Potential 

applications of PEMs inc1ude their use as antireflection coatings,13,14 antifouling 

coatings,ls selective membranes,l6 for chemical or biosensingl 7-1 9 and for drug 
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delivery?O,21 For many of these aqueous-based applications, knowledge of the in situ 

behavior and response to external stimuli is crucial for the understanding and 

development of applications. Furthermore, the swelling in water or other solvents is of 

fundamental importance and provides crucial information about the internaI properties 

and the local hydration. 

1.3 POL YELECTROL YTE ADSORPTION 

1.3.1 POL YELECTROL YTES IN SOLUTION 

In solution, polyelectrolytes are electroneutral, the charge balance is maintained 

by counterions. The configuration of the polyelectrolyte chains in solution is the result of 

Coulombic interactions between the charged moieties and screening of the charges by the 

counterions. In the dilute solution regime in a good solvent, polymer chains are isolated 

from each other, so uncharged chains can then be described by Gaussian statistics. 

However, polyelectrolyte chains are additionally governed by electrostatic interactions. If 

the degree of ionization along the chains increases, the polymer chains will then adopt a 

stretched conformation. The increase in the persistence length of the pol ymer chain is due 

to the electrostatic repulsion between the charged segments. If salt is added to the 

polyelectrolyte solution where the chains are fully charged, the coulombic interactions 

between the charged segments will be screened. This screening would cause a reduction 

in the persistence length of the polymer chain. The screening length is dependent on the 

ionic strength of the solution. The rigidity of the chain would therefore increase with 

increasing charge density and decreasing ionic strength. When polyelectrolytes are 

weakly charged in solution, the chains are not fully stretched due to the net reduction of 

the repulsive charges. The chain can then be best described as an electrostatic blob, where 

4 



the charged chain is divided into subunits of Gaussian electrostatic blobs. The size of 

each blob is given by the distance at which the interactions between neighboring blobs 

are on the order of KBT?,22 The electrostatic interaction within each blob is negligible and 

is unaffected by the presence of salt. The chain conformation within the blob can then be 

described as Gaussian. Therefore, changes in pH and salt concentration may pro duce 

considerable conformational changes through interfering with inter-mono mer repulsion 

of the charges along the polymer chain. 

1.3.2 ACID-BASE EQUILIBRIUM 

Since the degree of ionization affects the size of the chains and ultimately the thin 

film properties, it is therefore important to discuss the acid base equilibrium of weak 

polyelectrolyte systems. Unlike strong polyelectrolytes, the degree of ionization in weak 

polyelectrolytes and hence the charge along the polymer chain is sensitive to small 

changes of the solution pH. The dependence of the degree of dissociation of weak 

polyelectrolytes on the solution pH can be described by the acid-base equilibrium. The 

dissociation of a weak acid in solution is given by 

PolH aq ~ Pol-aq + H+ aq (1.1 ) 

where PolH is the weakly acidic polyelectrolyte repeat unit. Titration with a base would 

give the fraction of PolH and the fraction of the dissociated polyacid Pol- + H+ at a 

particular solution pH. The dependence of the degree of dissociation of weak 

polyelectrolytes on solution pH can be approximated by its dissociation constants pKa 

and pKb. The degree of ionization of the functional groups on the polymer chain are 

dependent on the dissociation constants of the ionizable groups which in turn are pH 
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dependent. The relationship between pH and pKa for a weak acid is described by the 

Henderson-Hasselbalch equation. 

[p-r l 
pH = pKa +log~[ 0 ] 

PolH 
(1.2) 

As the pH approaches the pKa of the polyelectrolyte, there is a large change in the 

degree of dissociation of the ionizable groups. When the pH is equal to the pKa only 50% 

of the groups are protonated. With weak polyelectrolytes the charge density of the chains 

can be easily manipulated by adjusting the solution pH. 

It is important to note that the local internaI pH value of a polyelectrolyte chain as 

it approaches and adsorbs onto a multilayer might differ from the external solution value, 

so the local pH value therefore can control the dissociation constant. The pKa value of a 

weak polyion can be shifted relative to the solution value because of the local 

electrostatic repulsion of the ionizable groups. The electrostatic environment may 

stabilize either the protonated or deprotonated forms of the polyelectrolyte chains. 

Measurements of the local pKa shifts within multilayers have been recently achieved by 

incorporating pH-sensitive dyes23 and through zeta potential measurements.24 The pKa 

shift of the polyelectrolyte can vary as much as 3 pH units when it is incorporated into a 

multilayer. 24 

1.3.3 POL YELECTROL YTE ADSORPTION PROCESS 

The adsorption of polyelectrolytes onto an oppositely charged surface is 

primarily driven by electrostatic interactions. The adsorption process is therefore 

dependent on the sign and magnitude of the charge density of the polyion, the underlying 
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surface and the factors affecting them such as solution pH and ionic strength. There is 

much debate of whether the adsorption process is governed by kinetics or if the final 

structure is at a true thermodynamic equilibrium.9 Polyelectrolytes adsorbed to charged 

surfaces do not typically show reversibility. Harsh solution conditions such as extreme 

pH25 and high salt concentrations26 are required to weaken the electrostatic interaction 

between the adsorbed polyelectrolytes and the charged substrate. 

The adsorption process is comprised of three main steps as shown schematicallY 

In Figure 1.2. The first step in the adsorption process involves the transport of the 

polymer chains from solution to the surface. The deposition of the polyelectrolyte chains 

is rapid, usually on the order of seconds to minutes.9 This step is diffusion-limited and 

depends on the configuration and hence the hydrodynamic radius of the polyelectrolyte 

chains.27 If the solution pH is such to make the polyelectrolyte chains partially ionized, 

the sm aller globular conformation of the chains leads to a faster adsorption rate.' 

Similarly, screening of the polyion charges by salt in strong polyeletrolytes leads to a 

smaller radius of gyration and results in rapid adsorption to the surface. However, at very 

high ionic strength the attractive interaction of the polyelectrolyte and the underlying 

surface are strongly screened. The adsorption process is no longer dominated by long

range electrostatic interactions but are driven by short-range attractive potentials. 

During the second step the polymer chains begin to anchor to the surface, since 

many adsorption sites are available to the polymer chains. Although electrostatic 

interactions are responsible for the transport of polyelectrolyte chains to the surface, the 

primary driving force for chain attachment is entropy, not enthalpy.9 As the polymer 

chains begin to attach to the surface, counterions are liberated and ex change with the 
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solvent. The liberation of counterions is entropically favourable, enthalpic contributions 

are less significant since the number of available ionic bonds in the system remains 

unchanged.28 

Joop train taiJ 

\.bJJ 
1 1 

Figure 1.2 Polyelectrolyte adsorption pro cess Ca) diffusion of polymer to the surface Cb) 
attachment to the surface Cc) rearrangement of polymer chain 

As more polyelectrolyte chains adsorb, the number of available binding sites of 

the surface decreases and the rate of adsorption becomes dependent on the attachment 

process. The rate of attachment of the polymer chains is further hindered due to the 

electrostatic repulsion between the adsorbed chains and the incoming chains from 

solution. Polyelectrolyte chains with a high linear charge density in low ionic strength 

solution will adopt a stretched conformation. Under these conditions, the interaction 

between the chains and the surface is strong, so the polyelectrolytes will lie flat with the 

segments existing primarily as trains leading to a thin layer with a thickness of a few 

Angstroms?9 The system is charged-compensated when the charge associated with the 

adsorbed polyelectrolyte chains is equal to that of the surface?7 However, the presence of 

loops and tails that extend away from the underlying surface lead to a net charge 

overcompensation. Charge overcompensation of the surface has been confirmed with 

zeta-potential measurements.30
,31 The adsorption process stops due to the e1ectrostatic 

repulsion of the attached polyelectrolyte. The charge overcompensation of the surface can 
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ultimately facilitate the adsorption of an oppositely charged polyelectrolyte. However, 

there is a critical charge density of the underlying surface below which the electrostatic 

interactions are too weak and the amount ofpolymer that adsorbs decreases.27 

In the final step of the adsorption pro cess, the chains begin to rearrange on the 

surface. 1
,27 During this slow rearrangement stage the polymer chain segments are able to 

attain a configuration that is more thermodynamically favored. The molecular spreading 

process typically involves the unravelling of the polymer chains from their original 

globular conformation that contained a few attachment points. The chain then adopts a 

conformation with many segments attached to the underlying surface.32 Many factors 

influence the extent of the mobility of the polymer on the surface, such as electrostatic 

interactions between neighbouring chains for secondary attachment sites. However, 

segment mobility is limited by strong electrostatic interactions with the underlying 

surface and the overall conformation of the polymer chains mirrors what is observed in 

solution.33
,34 The rearrangement of the adsorbed polymer is the rate limiting step of the 

adsorption process and the slow kinetics of this step is why polyelectrolyte adsorption is 

considered to be an irreversible process. 

The solution properties have a large influence on layer properties. The variability 

of the solution pH affects the charge fraction in weak polyelectrolytes, similarly high 

ionic strength solutions can screen the electrostatic repulsion between charged links in 

strong polyelectrolytes. Polyelectrolyte chains with high charge density adopt a flat 

conformation on the oppositely charged substrate. Screening of the polyion charges in a 

strong polyelectrolyte solution leads to a smaller radius of gyration of the polymer chains. 

Consequently, adsorption of smaller coils will take place, which occupy a lower surface 
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area per chain and leads to a larger layer thickness. This quantitatively explains the 

formation of thicker layers in the presence of saIt in strong polyelectrolyte systems?9,35-37 

At pH values where the polyelectrolyte charge density is low, the chains are not fully 

stretched and adopt a globular conformation. The resuItant loopy structure leads to a 

thicker adsorbed layer. AdditionallY' more polymer chains are required to adsorb to 

compensate the surface charge?8 

1.4 LAYER-BY-LAYERASSEMBLY 

The basic princip le of L-b-L involves the aItemate deposition of cationic and 

anionic polymers onto a charged substrate, which leads to the formation of muItilayer 

films. This technique used to make polyelectrolyte muItilayer films can be classified as 

template assisted assembly.39 The main driving force of this assembly method is 

electrostatics, and each deposition step involves the adsorption of an oppositely charged 

polyelectrolyte. The elegance of this technique allows for the assembly of thin films on a 

variety of substrates and geometries so long as the surface is solvent-accessible and that 

sorne sort of interaction exists between the substrate and the adsorbing species. After a 

few deposition steps with two or more polyelectrolyte species muItilayer films are formed 

with highly interpenetrated layers (Figure 1.3).7 

Figure 1.3 Schematic of the electrostatic layer-by-layer build-up of polyelectrolyte 
muItilayers. 
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As previously mentioned, the formation of multilayer films involves electrostatic 

interaction, however, other types of interactions have been successfully used in the build

up of multilayer films. Such interactions include hydrogen bonding, covalent bonding, 

adsorption/drying cycles, charge transfer and specific recognition.40-45 The conformation 

of the adsorbing species and hence the overall architecture of the multilayer film is 

dependent on many interactions. It is therefore possible to control many of the film 

properties through these interactions. Material properties such as solution concentration, 

charge density, and molecular weight play a significant role in the final film properties. 

In addition to this, assembly parameters such as adsorption time, solvent type, rinsing 

proto col and drying procedure can also influence film properties. Furthermore, 

environmental conditions such as solution pH, ionic strength and temperature as weIl as 

ambient humidity can affect the chain conformation upon adsorption.46 The dependence 

on temperature reflects the effect of the hydrophobie interaction between the 

polyelectrolyte chains.47 The multilayer structure of the first few layers deposited are 

different from that of the last polyelectrolyte layer.37 The nature of the substrate, surface 

roughness and the density of the charged groups play a significant role in the initial 

polyrner adsorption process. However, the surface and bulk properties are largely 

unaffected by the underlying substrate. Since multilayer build-up involves the 

consecutive adsorption of the polyions, the influence of the substrate is typically lost after 

a few deposition cycles. 

The versatility of the technique allows for the incorporation of charged 

compounds or nanoobjects into the multilayer through electrostatic interactions. Many 

different materials such as orientable chromophores,48 quantum dots,49 metals50 and 
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carbon nanotubes51 have been successfully incorporated into multilayers. Given the large 

set ofmaterials that can be incorporated into multilayer films, the L-b-L technique is weIl 

suited for the fabrication of complex surface coatings. Multilayer films are typically 

assembled using two oppositely charged linear polyelectrolytes. However, the technique 

is not limited by the configuration of the polymer; branched polymers,52 copolymers53 

and dendrimers54,55 can be incorporated into the multilayer. 

1.4.1 FILM PREPARATION 

The most common approach to produce thin films usmg the layer-by-layer 

assembly is solution dipping. Typically a hydrophilic substrate such as glass or Si 

(previously chemically treated) that has a non-zero surface charge is dipped into a bath 

containing a polyion. The concentration of the polyelectrolytes in solution is typically in 

the range of 10-3 to 10-1 M based on repeat units. For planar substrates, the complete 

adsorption of polyelectrolytes requires time scales of a few minutes.29,56-59 This is 

followed by successive immersion of the substrate into rinse baths (usually repeated two 

or more times). The rinsing process serves two purposes; first excess unabsorbed 

polyelectrolytes are removed and the rinse cycles help in stabilizing the weakly adsorbed 

polymer layer.3o The film is then dipped into a solution containing an oppositely charged 

polyelectrolyte. This process is repeated until the desired number of layers is obtained 

(Figure 1.4). The thickness of the films is controlled by the number of dipping cycles and 

by careful control of the pH and the ionic strength of the dipping solutions. 

Polyelectrolyte multilayer build up is the result of the ionic interactions between 

the cationic and anionic groups of the polyelectrolyte that results in the formation of ionic 

cross-links that hold the multilayer together. Although charge neutrality is maintained 
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within the polyelectrolyte film, charge reversaI of the surface layer facilitates the 

adsorption of the next polyelectrolyte layer. This charge overcompensation of the 

previously adsorbed polyelectrolyte layer is the result of loops and tails that extend away 

Polycation Rinse Polyanion Rinse 

~------D 

Figure 1.4 Schematic outline of the solution dipping method for the layer-by-Iayer 
assembly of films onto to planar substrates. 

from the surface into solution. The electrostatic interaction is of a long-range character 

and extends beyond the layer thickness. The overall charge of the polymer segments must 

be of sufficient magnitude to allow the formation of a new layer of oppositely charged 

polyions. The extent to which the charge overcompensation occurs has a dependence on 

the degree of ionization of the polyelectrolyte.6o The slow rearrangement of the 

previously adsorbed chains enables the diffusion of chain segments of the incoming layer 

into the inner regions of the PEM.61
-
63 The ionic interactions of the positively and 

negatively charged segments lead to an irreversible charge complexation.64
,65 Once the 

multilayer is formed the film is quite stable, with little chain diffusion in PEMs as 

indicated by neutron reflectivity studies. No differences are observed between the fresh 

sample and after one year of equilibration. 7 
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Other methods of L-b-L assembly onto planar substrates include spin_coating66,67 

and spray-assembly.68 The assembly process for these techniques involves that same 

cycles as used in the solution dipping method. The advantage of these methods over 

solution dipping is that the amount of solution used is greatly reduced.69 

1.5 MONITORING MULTILAYER FILM GROWTH 

Polyelectrolyte multilayer growth has been monitored either in-situ or ex-situ by 

following layer property changes with each deposition step or after the whole film has 

been formed. The techniques used are essentially the same used for other organic thin 

films. A common ex-situ method to monitor film growth on a planar substrate is UV -vis 

spectroscopy.9,70 Most materials that are used in the L-b-L assembly absorb in this 

wavelength region. A linear increase in absorbance with layer number is commonly 

observed.9,57,70,71 Other ex-situ methods used to monitor film growth are 

ellipsometry,9,29,31,57,7o,n X_ray7,56,73 and neutron reflectometry.35 For monitoring film 

growth on colloidal particles elemental analysis and solid state NMR spectroscopy are 

typically used.74-76 

While an ex-situ method of monitoring film buildup is generally straightforward, 

in-situ measurements are often more desirable since analysis can be done without 

interrupting deposition process. In sorne instances, depending on the sampling rate, in

situ methods allow for monitoring kinetic processes such as adsorption and/or multilayer 

reorganization.62,77 The most common in-situ measurement methods include quartz 

crystal microbalance,7o,78 surface plasmon resonance,79 optical waveguide lightmode 

spectroscoplo and zeta potentia1.24,75,79 In addition, a number of ex-situ methods such as 
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ellipsometry,81 atomic force microscopy,26,80 X-ray and neutron reflectometry62,82 have 

been adapted for monitoring multilayer growth. Although these in-situ techniques are 

used to monitor film growth, addition al properties such as the swelling behavior,49,54,83 

acid-base equilibria,24 film morphologl4 and film stabilityO can be determined by these 

techniques. Structural properties of polyelectrolyte multilayers have been investigated 

with neutron reflectivity measurements,35,85 and small-angle X-ray reflectivity.86 

1.6 MULTILAYER GROWTH 

For a large number of polyelectrolytes, the multilayer films grow linearly with the 

number of bilayers, that is, the amount of polyelectrolyte adsorbed (polycation and 

polyanion) in each deposition cycle is the same.70,87 However, in a number of cases the 

linear buildup typically does not occur for the initial layers and the layer thickness does 

not increase linearly for the first few bilayers. The nonlinearity in the film growth has 

been attributed to substrate effects such as interactions between the polyelectrolyte and 

the substrate surface that may lead to inhomogeneous surface coverage. 17,31 Adsorption of 

flexible chains onto a hard substrate may result in stratification of polymer chains on the 

surface and lead a lower amount of polyelectrolyte adsorbed, whereas polyelectrolyte 

adsorption onto a rough surface with a previously adsorbed layer will result in an increase 

in roughness and an increase in layer thickness as each new layer is added.35 After several 

layers are adsorb ed, a stationary regime is reached where the film properties become 

independent of the substrate, the level of charge overcompensation becomes constant and 

the film growth becomes linear. 
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In sorne cases, anomalous adsorption is observed where no linear growth regime 

1S ever reached. Pseudo-exponential growth of thickness and adsorbed amount is 

observed with each deposition step in polyelectrolyte systems that contain for example 

poly(L-glutamic acid)/poly(L-lysine),80 and hyaluronic acid/poly(L-lysine).88 Transitions 

from linear to exponential nonlinear growth have also been observed in 

polydiallydimethylammonium chloride/ poly-(styrenesulfonic acid) systems with 

increasing ionic strength of the dipping solution.84 In these systems, more material gets 

adsorbed with increasing layer number and indicates that the layer structure is very 

dynamic.36 The nonlinear growth has been correlated to an increased surface roughness 

with each adsorbing layer. The increase in surface roughness facilitates a larger surface 

area; more charged groups are available to complex with the incoming polyelectrolyte 

and results in a larger layer thickness with each deposition step.36 A recent mechanism 

for exponential growth in these systems has been attributed to the diffusion of 

polyelectrolyte chains in and out of the film which results in a complete rearrangement of 

the multilayer with each new layer. 89 However, the anomalous growth behavior seen here 

is rare and is only observed in a few systems and therefore does not display the typical 

growth behavior of multilayer films. 

During the multilayer buildup the internaI bulk structure of the film is 

electroneutral or compensated whereas the outer layer is overcompensated and enables 

the adsorption of the next layer. Charge overcompensation and therefore reversaI of the 

surface charge on polyelectrolyte adsorption is essential for multilayer assembly. The 

presence of small counterions renders the entire multilayer system neutral. In solution, 

polyelectrolytes contain counterions that are condensed along the polymer chain in order 
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to balance the charge of the oppositely charged polymer segments.57 As the polymer 

chain adsorbs onto an oppositely charged polyelectrolyte layer, ion-pairing between the 

charged segments is driven by the release of counterions and water exchange. 

Radiochemical labeling experiments indicate that the surface counterions are displaced 

during the adsorption of an oppositely charged polyelectrolyte layer.9o In addition, the 

presence of added salt ions compete with charged polymer segments for charged surface 

sites and affects the overall free energy of the polyelectrolyte-polyelectrolyte interaction. 

At high ion concentrations it is possible to displace all of the pol ymer from the surface. 

The multilayer buildup process is an ion exchange phenomenon and can therefore be best 

described as a competitive ion-pairing process.29 

There are two scenarios that describe how charge neutrality is maintained in the 

multilayer and is schematically shown in Figure 1.5.57 In one case, intrinsic 

compensation, charge neutrality is fulfilled through the ionic linking of the positive 

polyelectrolyte and the complementary polymer. Alternatively, a fraction of these charges 

may not form ionic links with the underlying layer. In this case the charge balance of the 

system is maintained extrinsically by salt counterions originating from the bathing 

solutions used to assemble the film. Extrinsic and intrinsic charge compensation has been 

observed in polyelectrolyte multilayers. However, it is not possible for a multilayer to be 

solely comprised with extrinsic charge compensation, with the absence of ionic-linking 

the film would decompose back into solution.57 Furthermore, it is not possible for the 

film to be dominated by intrinsic charge compensation, as this would lead to a well

defined stratified architecture. Polyelectrolyte multilayers have amorphous fuzzy layer 
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structures as deterrnined by X-ray and neutron reflectivity. Typically, no Bragg peaks are 

observed because ofhigh level ofinterdigitation of the adjacent layers.91 

a) 

b) 

Figure 1.5 Polyelectrolyte multilayer, a) intrinsic and b) extrinsic charge compensation. 

There is much controversy over the presence of counterions within the bulk 

interior of multilayers. Ion exchange experiments with radiochemical salts and neutron 

reflectivity studies indicate that no substantial amount of counterions is present within 

multilayers.57
,92 Electrochemical experiments also indicate the absence of internaI 

counterions in polyelectrolyte multilayers.93 One view suggests that oppositely charged 

polyions intrinsically compensate each other; the excess counterions are displaced by the 

adsorption of the incoming polyrner which is entropically favorable and removed by 

successive rinsing cycles.47
,57 However, the surface contains excess polyrner charge, 

which is inverted each time a new layer of polyrner is added to the surface. Thus, 

counterions exist at or near the surface of a multilayer, to extrinsically compensate the 

surface and render the system electrically neutra1.26
,31,57 However, extrinsic compensation 

has been observed in systems assembled in salt solutions.93
-
95 In this case sorne of the 

polyelectrolyte ion pairs are disrupted by exchangeable salt ions which are able to 

penetrate into the film and are driven by an external chemical potential.93 Post-assembly 
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exposure to salt solutions have been used to anneal multilayers, that result in a smoothing 

of the outer layer.96 The presence of counterions have been reported in systems where the 

polyelectrolyte stoichiometry deviates from al: 1 complexation.30
,97,98 In addition, 

extrinsic ion pairs can be introduced into weak polyelectrolyte assemblies through 

varying the environmental pH of the solution.81 However, counterions have not been 

detected in large quantities within multilayers. Overall, successful multilayer buildup is 

driven by charge overcompensation of the film surface and the entropic gain through the 

release of counterions. 

The CUITent model for the composition of a multilayer is of the film-sub divided 

into three distinct regions (Figure 1.6).37 It is known that the structure and physical 

properties of PEMs are dependent on the location within the multilayer film. For 

instance, diffusion rates are substantially different for polyelectrolyte layers near the 

surface than for those which comprise the bulk of the film. 99 Each zone in the proposed 

model differs in both the chemical and structural composition. Zone l is comprised of one 

or a few layers closest to the substrate, where the film properties are influenced by the 

nature of the substrate. The outer region of the film (zone III) is comprised of one or a 

few polyelectrolyte layers. In this diffuse region the surrounding solution environment or 

air influences the properties of the layers. The bulk region of the polyelectrolyte film 

designated as zone II, is sandwiched between zones l and III. In zone II the properties of 

the film are not influenced by either zones l and III. The three-zone model is only valid 

once a certain number of layers have been deposited. During the assembly process zone l 

is completed first and subsequently zone III will develop. Zones l and III will continually 

evolve before zone II is actually forme d, as the deposition process continues until their 
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Figure 1.6 Schematic representation of the zone model for polyelectrolyte multilayer 
films. The interface between the zones is diffuse and is only schematically represented as 
sharp for clarity. Once aIl three zones are established only zone II grows with increasing 
number of layers. 

final composition and thickness is obtained.37 It is therefore probable that if an 

insufficient number of layers are added, zones l and III will not have reached their final 

composition and zone II will not be formed. As more layers are added, 1: 1 complexes are 

formed between adjacent polyelectrolyte layers and zone II emerges. The addition of 

more polyelectrolyte layers leads to an increase of thickness in zone II. The structure and 

thickness of zones l and III remain relatively unchanged as more layers are added. As 

layers absorb to the outer surface of zone III, the number of layers in this zone will not 

increase. The diffuse layer at the interface between zones II and III far away from the 

surface will not be influenced by the presence of the additional layer in zone III and 

therefore becomes part of zone II. The addition of a layer to zone III simply moves the 

interface between zones II and III upward rather than increasing the thickness of the last 

zone.37 This model is more suited to explain layer formation for simple and relatively 
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flexible polyion complexes that exhibit 1: 1 stoichiometry. The situation becomes more 

complicated when the polyelectrolytes used in the layer-by-Iayer processes are not 

capable of forming al: 1 stoichiometric complex. However, in most cases the 

stoichiometry does not deviate greatly from 1: 1 complexation and the overall multilayer 

buildup process is believed to be similar.37 In addition, this type of zonal model has also 

been observed in weak polyelectrolyte systems. 100 

It should be noted that the transitions between the zones are graduaI and not 

sharp. This is due to the amorphous nature of polyelectrolyte multilayer films that stems 

from the fuzziness of the interpenetration of polymer chains between the layers. It is 

therefore difficult to as certain the exact location of the boundary between each zone, and 

the number of layers involved in each zone is dependent on a number of system 

parameters i.e. the nature of the substrate, the polyelectrolytes system, and the deposition 

conditions.37 Besides film structure, the primary difference between each zone is the 

charge character. The bulk of the multilayer film (zone II) is generally comprised of 

polyelectrolyte layers in al: 1 stoichiometry where the polymer segments are intrinsically 

compensated. Again the presence of counterions within multilayers as revealed by XPS,95 

neutron reflectometry,92 and radio-analytical techniques57 is marginal or non-existent. 

However, zones l and III are both known to exhibit excess charge. In sorne instances, 

depending on charge density of the substrate and substrate roughness, counterions may be 

present in zone 1. Polyelectrolytes that normally form 1: 1 complexes in zone II may not 

be able to form intrinsic charge complexes with the substrate and the next polyelectrolyte 

layer. It is believed that the chain conformation during the adsorption process may hinder 

the development of aI: 1 charge compensation between the substrate and the adsorbed 
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polymer chains, so the excess charge would then be compensated extrinsically with 

counterions. However, in zone l counterions may or may not be present whereas 

counterions are thought to be ubiquitous to zone III. The addition of each new layer to 

zone III leads to charge overcompensation of the surface, so this extra charge must be 

neutralized by counterions. However, this does not mean that the excess charge is 

exclusively associated with the polymer chains of the last absorbed layer. As previously 

mentioned the polymer layers are highly interpenetrated, and it is therefore expected that 

the layers further away from the surface would also contribute to the surface charge 

excess. The fuzzy nature of the polyelectrolyte layers leads to a gradient of charge in 

zone III and in sorne instances zone 1.37 The gradient of charge in zone l is believed to be 

sm aller than that of zone III or it might not exist at aIl. The gradient of charge in zone III 

extends from the interface of zone II and III and is maximal at the film surface. 101 

Whereas the charge in zone l is the greatest at the substrate and decays as zone II is 

approached. The differences in the charge state of each zone may contribute to the 

differences in their physicochemical behavior.37 

1. 7 PROPERTIES OF WEAK POL YELECTROL YTE MULTILAYERS 

The majority of work done on multilayer assemblies has involved strong 

polyelectrolytes or weak systems assembled under the appropriate pH conditions that 

render the chains fully charged. With these systems the polyelectrolyte chains tend to 

absorb in a fiat conformation leading to the formation of very thin films.26,31,57 The use of 

salts to screen the repulsive charges on the chains has been used to control many physical 

properties of the multilayers, such as the layer thickness and morphology.35,84,96 However, 
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there are limitations to this approach, namely the small range of salt concentrations 

beyond which lead to film decomposition or solubility problems in the polyelectrolyte 

solutions? 1 Unlike strong polyelectrolyte systems, the charge density of weak 

polyelectrolyte depends on the solution pH. The solution pH affects the conformation of 

the chains, which ultimately controls the conformation upon adsorption to a surface. The 

response of weak polyelectrolytes to their environmental pH has led to many dramatically 

different physicochemical properties and has been actively investigated by several 

research groups. 14,n,81 

Pioneering work by Rubner and co-workers demonstrated that small changes in 

assembly pH can lead to a vast difference in the film properties of weak 

polyallylamine/poly(acrylic acid) (PAH/PAA) assemblies. The dry per-Iayer thickness 

can vary over an order of magnitude from ~5 to 80 A as shown in Figure 1.7.38,n The 

effect of solution pH on the charge fraction of the chains is similar to that of ionic 

strength, in so much as the reduction of intramolecular repulsion of the chain, which 

leads to a decrease in the chain stiffness. The charge density of P AH and P AA chains are 

dictated by their respective pKb and pKa values which are approximately 9.0 and 4.5,z4 

For instance, molecularly fiat films are formed when both the PAH and PAA chains are 

fully ionized at a neutral pH. The multilayer assemblies can be made to undergo a large 

thickness transition over a narrow pH range (less than 1 pH unit) if one of the 

polyelectrolytes is close to being fully charged by increasing or decreasing the solution 

pH from neutral. For instance, at an assembly pH 5.0, PAH is fully charged and PAA is 

close to being fully charged and the average incremental thickness of both absorbing 

species is greatly increased. Mayes and co-workers have developed a theoretical model 
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that explains this thickness transition. 102
,I03 The pronounced thickness transition stems 

from the cooperative ionic linking of the polyelectrolyte chains that becomes flustered. 

The surface charge density of the adsorbing fully-charged polyelectrolyte drops below a 
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Figure 1. 7 Average incremental per layer thickness and roughness contribution by P AA 
and P AH as a function of assembly solution pH.38 

critical value and the enthalpie energy required to keep the chain in an extended rod-like 

conformation is no longer able to overcome the entropie penalty of this conformation. As 

a result, the adsorbing chain adopts a globular structure with many loops and tails that 

yields very thick layers. Recently it has been observed that a similar thickness transition 

occurs with assemblies of P AA and P AH with strong polyelectrolytes. The transition 

occurs when the charge density of the weak polyelectrolyte is decreased from its fully 

charged state. 104 Another interesting thickness regime occurs in the pH range of ~2.5 to 

4.5, where PAH is fully charged and PAA becomes more ionized with increasing pH. In 

this region, the relative amounts of P AA and P AH in the film can be varied widely 

depending on the assembly pH. Furthermore, such films are populated with unbound 

funetional groups that can be used for many potential applications. In this pH region (2.5 

to 4.5) the charge fraction of the adsorbing polyelectrolyte and the surface roughness of 
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the previously adsorbed layer are important parameters. The adsorbed amount of P AH is 

influenced by the charge fraction of the underlying layer, hence when the charge density 

of P AA is increased, more P AH is required to compensate the charge. The decrease in the 

adsorbed amount of P AA with increasing pH is due to the decrease of loops and tails as 

the chains become more ionized.38
,72 

Variation of film morphology and surface roughness has been observed in weak 

polyelectrolyte systems.72 Through the control of assembly pH and salt concentration, 

P AHIP AA assemblies have been produced with surface morphologies that range from 

nearly featureless to vermiculate patterns.81 It is important to note that the surface 

roughness is largest when the assembly solutions of the polyions are near their pKa and 

pKb values. 24
,38 The dependence of the surface roughness on assembly pH also has a 

pronounced effect on the surface properties of the film. For example, Yoo et al have 

observed a large variation of the wettability of the water droplets on the film. The contact 

angle of the water droplets ranged from around zero to as high as 50°, and control over 

the degree of wettability was achieved through the assembly pH. 38,72 

As previously mentioned, the assembly pH can greatly affect the dry film 

thickness. Multilayers are strongly hydrate d, at ambient "dry" conditions PEMs contain a 

substantial amount of water (10_20%).35,105 The variability of the conformation of the 

polyrner chains in the PEM also influences the degree of swelling that the films undergo 

when exposed to different pH environments. 12
,81 Typically, pH-induced swelling events 

are fully reversible, and a discontinuity occurs at either extreme pH or salt 

concentrations, which leads to film deconstruction. As expected, films assembled under 

highly charged conditions undergo a limited degree of swelling. 81 This is primarily due to 
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a highly interpenetrated and ionically cross-linked film structure that inhibits an extensive 

expansion of the film when exposed to a solvent. Reducing the charge density of one or 

both polyions, however, would facilitate the formation of multilayer structures with many 

loops and tails that may provide an environment where a larger extent of swelling can be 

induced. In a special strong/weak P AH/PSS system, an extraordinary degree of swelling 

has been observed, where films swelled by more than 5 times their original 

thickness. 106
,I07 It is believed that in this system the local pH and hydrophobic 

interactions lead to an increase in the extension of the polymer segments. It is also 

interesting to note that in this system the swelling is discontinuous in nature, as the film 

goes through a swelling/deswelling loop which is linked to a conformational memory of 

the PEM. Although the extent of swelling in sorne weak polyelectrolyte assemblies has 

been studied, the swelling dynamics and the factors that affect the rate of swelling have 

not been weIl studied. 

1.8 INTRODUCTION TO AZOBENZENE 

Azobenzene (azo) is a broad class of compounds that contain a characteristic 

(-N=N-) linkage joining two phenyl rings (Figure 1.8). The main property ofthis class of 

molecules is that they exhibit strong electronic absorption due to their highly conjugated 

Tt-system. Azobenzene compounds have many interesting properties; in particular they 

have the ability to undergo fully reversible photoisomerization from the thermally stable 

trans geometric isomer to a metastable Gis form upon the absorption of photons. Much 

interest has been taken in their properties as chromophores, and in the incorporation of 

these systems into PEMs to serve as optically responsive materials. The absorption 
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spectrum of azobenzene is similar to that of carbonyl compounds and stilbenes (phenyl-

C=C-phenyl).108 Azobenzene molecules are relatively chemically stable and were 

originally used as dyes and colorants 109 The absorption spectrum of azobenzene can be 

modified by the position of the ring substitution and may be tailored to lie anywhere from 

the ultraviolet to the visible-red region. 

Figure 1.8 Azobenzene structure 

Azobenzene can be divided into three spectral classes according to their n ...... 7t * 

and 7t ...... 7t * electronic transitions as described by Rau. 110 These classes, which depend on 

the substituents on the phenyl rings are azobenzene-type molecules, aminoazobenzene-

type molecules, and pseudo-stilbenes. The particular absorption spectra of each class lead 

to the observable colors yellow, orange, and red, respectively. Azobenzene-type 

molecules exhibit a low-Iying n ...... 7t * absorption band in the visible region and a strong 

7t ...... 7t * band in the UV region. Adding substituents to the ortho- or para-position of the 

phenyl rings can modify the absorption spectra of these materials. In particular, the 

addition of an electron donating group (such as -NH2) leads to the aminoazobenzene 

c1ass of azo-molecules. The aminoazobenzene-type molecules have absorption spectra 

* * where the n ...... 7t and 7t...... 7t are in close proximity and may overlap. Finally, 

substituting azobenzene with an electron-donating and electron-withdrawing groups 

(such as an amino and N02, group) on the 4- and 4'-positions creates a pushlpull electron 
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effect due to the strongly asymmetric electron distribution. This substitution affects the 

transition bands, and leads to a reverse ordering absorption band. In this pseudo-stilbene 

class of azobenzene, the 7t~ 7t * transition is shifted to lower energy past the n ~ 7t * 

towards the red. The variability in the Àmax of the different classes of azobenzene 

chromophores makes them particularly useful for a large number of applications. For 

instance, pseudo-stilbenes are very sensitive to their local environment and have been 

readily used as sensitive probes. Ill-lIS 

1.8.1 AZOBENZENE PHOTOCHEMISTRY 

The optical isomerization of azobenzene is key to many interesting applications. 

The isomerization is completely reversible and is considered to be one of the cleanest 

photochemical reactions known. 110 The photoisomerization event is depicted in Figure 

1.9. For most azobenzenes, the molecule can be photochemically isomerized from trans 

to cis with high efficiency, using light with a wavelength anywhere within the broad 

trans absorption spectrum. During the photoinduced isomerization process, a geometric 

conversion between the trans to cis form occurs, which can be reconverted to the trans 

state either photochemically or thermaIly. The trans form of azobenzene is 

thermodynamically more stable then the cis form by about 50 kJ/mo1 116 whereas the 

energy barrier to induce isomerization is approximately 200 kJ/mol. ll7 Therefore, under 

ambient light conditions the stable trans form will predominate and these systems can be 

considered to be aIl trans. Although the exact mechanism of the isomerization is still 

under debate, the process involves either the breaking of a single 7t bond followed by a 

rotation about the N-N bond, or inversion where the 7t bond remains intact. 118
,119 The 

28 



thermal relaxation to the more stable trans state is thought to occur through the rotation 

mechanism. 12o Alternatively, the conversion from cis to trans can be induced 

photochemically with a wavelength of light that overlaps with the corresponding cis 

absorption band. This geometrical change defines the shape and orientation of the azo-

N::::: 
N 

hv )e.. 

~ hv',Lt 

trans isomer cis isomer 

Figure 1.9 The photoisomerization of the azobenzene molecule indicating the change in 
size and shape with light irradiation. 

molecule. The isomerization produces a decrease in the distance between the phenyl rings 

from about 9.0 A in the trans form to about 5.5 A in the cis form. 121 In addition, the trans 

form has a planar geometry, whereas the cis form adopts an out of plane configuration 

with the phenyl rings positioned at right angles of the C-N=N-C plane. 122 

Many factors affect the kinetics of the isomerization events. In particular, the 

steady-state composition of azobenzene under illumination will depend on the irradiation 

intensity, the wavelength of the pump beam, temperature and the composition of the 

matrix (i.e. solution or free volume effects of a polymer). Typically, the conversion from 

trans to Gis is achieved with timescales on the order of picoseconds.1 23
,124 However, the 
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thermal reconversion from the Gis to trans state is dictated by ring substitution and the 

local environment, with time sc ales ranging from milliseconds to hours. Under 

illumination with an appropriate wavelength of light, the azo-molecules will achieve a 

photostationary state. The photostationary state is in essence the Gis concentration that 

results from the extent of the photochemical reaction. The final of photostationary 

trans/Gis composition will depend on the competing effects of the rate of thermal 

relaxation to the trans state, the isomerization rate of the trans to cis conversion and 

depending on the system, the photochemically driven Gis reconversion. The 

compositionof the photostationary state is unique to each system and is dependent on the 

rate of thermal relaxation and the quantum yields for the two processes ((j)trans and 

) 
125 

(j)cis . 

In sorne cases, such as in pseudo-stilbene systems, the absorption spectra of the 

two isomers overlap and a single wavelength can facilitate a rapid interconversion 

between the trans to Gis and Gis to trans configurations. This will lead to a mixed 

photostationary state and in the absence of illumination, the system will thermally 

con vert back to the stable trans state. The rapid interconverstion of the chromophores is 

believed to be the driving force behind sorne of the more interesting photo-induced 

motions and deformations of azo-polymer systems that can be used for nanopatterning. 

1.8.2 AZOBENZENE MASS TRANSPORT AND PHOTO-INDUCED 
DEFORMATION 

The isomerization of azobenzene and ultimately the geometric conversion from 

trans to cis have many unique properties. For instance, azobenzene systems have an 
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ability to photo-orient on the molecular scale when exposed to linearly polarized light. 

This allows birefringence to be written and erased with relative ease, which makes these 

systems important to many technological applications such as information storage and 

holography.126,127 Azobenzene molecules preferentially absorb polarized radiation along 

their long axis and through a statistical selection process, will order with their dipoles 

perpendicular to the polarization field. During irradiation with polarized light the azo

chromophores that have their dipoles aligned with the polarization direction will 

isomerize and reorient. If during the reorientation process the chromophores fall 

perpendicular to the polarization direction, the isomerization, and hence the reordering, 

will cease. The net result is an increase in the population of azo-molecules aligned 

perpendicular to the polarization direction and a photoinduced anisotropy of the film is 

achieved. The induced photo-orientation of the azo-polyrners can be easily erased by 

heating the polyrner past the glass transition temperature or through irradiation with 

circularly polarized light. The forces induced by the photoisomerization and the 

reversible photo switching process on single polymer chains have been investigated by 

AFM. 128,129 Viscosity changes of azo-polyrners in solution have also been investigated. It 

was found that irradiation of the solution leads to a net decrease in the viscosity and was 

attributed to the geometrical contraction of the polyrner chains due to dipole-dipole 

interactions between the azo-chromophoresyo,l3l In addition, studies conducted with 

monolayers of azo-materials indicate that the larger Gis conformation leads to a lateral 

expansion of the monolayer. 132 The photoinduced geometric change of azo-containing 

monolayers has also led to the modification of the surface energy of thin films, where the 

water contact angle could be modulated with light. 133
-
135 
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The most intriguing applications of azobenzene involve the photochemically 

induced deformation and the macroscopic mass transport of polyrners. The 

photoisomerization characteristics of azobenzene have been used to produce surface 

modulations on thin films that contain azo-materials. A surface relief grating (SRG) can 

be produced experimentally by exposing the azo-polyrner surface to an interference 

pattern of polarized light. The SRG arises from the large-scale mass transport of 

material.136-138 This mass transport is entirely light-driven and features can be inscribed 

even with modest irradiation power. The formation of SRGs requires an isomerization 

process (many trans-cis-trans cycles), and surface modulations will not form with other 

absorbing chromophores that do not undergo an isomerization process. 139,140 This 

macroscopic motion is not limited to the azobenzene moieties, but also involves the 

movement of many polyrner chains. Depending on the irradiation intensity, SRGs can be 

inscribed in a matter of seconds to minutes. The formation of SRGs is generally restricted 

to intermediate molecular weight polyrners, and large molecular weight systems hinder 

polyrner motion. 140 Typically, films doped with azo chromophores yield poor inscription 

patterns, and a more efficient SRG formation is achieved when the azo groups are 

attached to either the main chain or to side chains of the polyrner systems. 136,141 

It is important to note that mass transport can occur in azo-polyrners that are in 

the glassy state. The SRGs that are inscribed onto the films are permanent although they 

can be erased by heating the film above the glass transition temperature. 142 Another 

interesting feature of the mass transport in SRG formation is that the polyrner chains 

move from regions of high light intensity to low light intensity. However, the mechanism 

of SRG formation is not well understood.138 Several models that explain the formations 

32 



of SRGs, based either on a gradient of electromagnetic energy density,143 a pressure 

gradient caused by the difference in the volume of the trans and cis conformations,140 or 

an anisotropic diffusion of the azobenzene chromophores,144 have been proposed. None 

of the models, however, can fully explain aIl of the experimental results that are unique 

with SRG formation. 

The macroscopic bending and unbending of free-standing films c1early 

demonstrates macroscopic motion induced by azo-photoisomerization. 145,146 The bending 

direction in these liquid crystalline polyrners can be selected by either orienting the 

chromophores with rubbing or with polarized light. The bending in these films occurs due 

to the absorption of the impinging light by the upper portions of the film which causes the 

film to contract. The interior of the film, which is not irradiated due to the strong 

absorption of the upper part of the film, does not contract. Similar effects have been 

investigated with thin films floating on water, where an expansion of a film was observed 

for amorphous materials and a contraction with liquid crystalline polyrners. 147 An 

extension of the photo-induced deformation of azobenzene has been applied to the 

mechanical bending of a microcantilever coated with an azo-monolayer. 148 

There is much interest in the incorporation of optically active azobenzene 

chromophores into polyelectrolyte assemblies.71 ,1l1,149-153 This of course takes advantage 

of the L-b-L assembly method and the photoresponsive properties of azobenzene. There 

are several approaches to incorporate azobenzene chromophores into PEMs. One 

approach involves the incorporation of a small ionic azobenzene dye during the assembly 

process. 154 Other systems are based on copolyrners that are synthesized to contain repeat 

units of azo chromophores and polyelectrolyte groups.135,155 In sorne cases, azobenzene 
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can be incorporated into a pre-assembled PEM through a post-functionalization process.71 

In aIl cases, photoinduced changes such as birefringence156,157 and the creation of surface 

patterns have been observed. 158,159 These systems generally exhibit poor surface features 

when compared to non-polyelectrolyte azo systems.158-161 There are essentially two 

opposing factors that affect SRG formation in PEMs. The electrostatic interactions enable 

the incorporation of azo chromophores into the system, which facilitate mass transport. 

However, the chain motion is restricted due to the ionic cross-linking in the PEM 

assembly and leads to inefficient SRG formation. Early attempts to produce SRGs in 

multilayer assemblies were hindered due to the high extent of ionic-linking. However, the 

use of weak polyelectrolyte systems with their tunable charge densities have overcome 

sorne of the inherent ionic-linking constraints of strong systems.71 Utilizing the 

electrostatic L-b-L method, the physicochemical properties of polyelectrolytes and the 

photoinduced properties of azobenzene may provide an avenue to produce novel 

materials. 

1.9 THIN FILM CHARACTERIZATION 

1.9.1 ELLIPSOMETRY 

Ellipsometry is a technique that has been used for more than a century for the 

non-destructive analysis of the thickness and optical constants of thin films. 162,163 The 

technique involves generating monochromatic light with a known polarization state that 

is specularly reflected from a planar surface at an oblique angle. The technique was 

termed ellipsometry since it involves the measurement and analysis of the ellipticity of 

polarization that is generated when the incident polarized light beam interacts with the 

sample. A typical ellipsometric experiment is shown in Figure 1.10. 
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Light with a well-defined polarization state is reflected from the surface at an 

angle of incidence <Do relative to the surface normal. The trajectory of the beam lies in a 

plane normal to the surface of the sample, called plane of incidence (POl). The effect of 

the reflection depends on the polarization state of the incoming light and the incident 

angle. Typically oblique angles of incidence (<Do> 0) are used since the incident light 

Figure 1.10 Reflection of a light beam from a surface III a typical ellipsometric 
experiment. 

differs in its polarization state upon reflection. These changes are measured and 

quantified in an ellipsometric experiment. The difference in the polarization of light upon 

reflection from the sample is due to the interaction of polarization states of the electric 

field vector Ë oscillating within the plane of incidence (p-polarization) and perpendicular 

to it (s-polarization). This change is related to the optical properties of the material, which 

in turn depend on physical properties (e.g. density) and chemical makeup. In isotropic 

materials, the sand p components of light are mutually orthogonal and do not interfere 

with each other and hence can be treated separately. The change in the polarization state 

upon reflection from a surface is defined by the ellipsometric angles ~ and \}J. The 

change in the phase difference upon reflection is defined as 
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(1.3) 

where Srp - Srs and SiP - SiS are the phase differences of the p and s polarized light of the 

reflected and incident beams. In addition to a phase shift, the reflection will also induce a 

reduction in the amplitude of the parallel and perpendicular waves. The change in the 

ratio of the amplitude upon reflection for the p and s components can be described by the 

tangent of the of the angle \f 

(1.4) 

When light impinges onto a film-covered substrate, the beam will undergo 

reflection and refraction at each interface. This will lead to multiple reflections as 

depicted in Figure 1.11. The resultant reflected beam is the infinite summation of these 

reflections, where each successive reflection into the ambient medium is smaller. The 

reflection properties of the sample are given by the corresponding reflection coefficients 

'p and,s that are described by the complex change in phase amplitudes of the reflected 

electric field Er with respect to the incident beam Ei' The overall reflection coefficients 

are defined by 

The basic equation of ellipsometry then follows as 

, '/':,. 

p = ..L = tan \f e' 
's 

(1.5) 

(1.6) 

(1.7) 
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r 
The complex quantity p = ~ is the ratio of the total reflection coefficients also known as 

rs 

the Fresnel reflection coefficients. The quantity tan 'fi is the ratio of the magnitudes of 

the total reflection coefficients and hence a real number. Equation 1.1.7 relates the 

quantities L1 and 'fi with the reflectivity properties of the sample under investigation. 

E;p Erp 

Ambient (No) 

Substrate (N2) 

Figure 1.11 Incident and reflected light for two interfaces. 

The total reflection coefficients rp and rs , and consequently p, are functions of the 

complex refractive index of the media (No), film (N 1), and substrate (N2), the thickness of 

the film (LI), the wavelength of light (À), and the angle of incidence (<Do). For a one-layer 

sample consisting of two ideal atomically smooth, isotropie and abrupt interfaces, the 

total reflection coefficients are given by the Airy formula: 

(-i2{3) rOlp + rl2pe 
r = . 

p 1 + r. r. e{-'2{3) 
Olp 12p 

(1.8) 

(1.9) 

Where rOlp and rl2p are the Fresnel reflection coefficients at the interface between the 

medium/film and film/substrate for the p component, and rOIs and rl2s is for the s 

component of light. The phase change fJ occurs due to the multiple reflections the light 

37 



wave experiences as it transverses from the top of the film to the bottom of the film. 

Therefore, 2fJ is the phase difference between the part of the reflecting wave and the 

transmitted wave that has traversed the film twice. The film phase thickness is given by 

(1.10) 

If Snell's law is applied, the angle of light propagation within the film structure can be 

determined. The complex refractive index of the material is designated as 

N = n -ik (1.11) 

where n is the refractive index and k is the extinction coefficient. Typically for most 

polyelectrolytes when analyzed in the visible region k=O and the Fresnel coefficients 

(Equation 1.10), NI and CPI are real numbers. For absorbing films, k must be determined 

or when possible an appropriate wavelength outside the absorption maximum should be 

used. 

For multiple films, the expreSSIOn of equations 1.8 and 1.9 become more 

complicated due to the additional interfaces. However, these equations can be used in an 

iterative way, and often, a scattering matrix formalism is used to deduce the complex 

reflection coefficients. 

Equations 1.7 to 1.10 can be used to predict ~ and \fi if the thickness and 

refractive index are known, however the equations cannot be directly inverted. The 

equations can be inverted if the refractive index is known and then only thickness is 

calculated. For organic thin films «100 A, the refractive index or mass coverage is 

determined. If both thickness and refractive index are desired for films of > 1 00 A, an 

iterative approach is used where a fitting algorithm minimizes the difference between a 
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combination of optical constants that yields predicted 11 and \}' values and the measured 

values. 

The measured quantities 11 and \}' are always correct assummg that the 

ellipsometer is properly aligned. Whether the calculated sample parameters such as 

thickness, refractive index and the extinction coefficient are correct is sole1y dependent 

on the assumed optica1 mode1 for the system under investigation. The optica1 parameters 

can be determined accurately using ellipsometry if one assumes that the film is 

homogeneous and has a 10w surface roughness. Film roughness can distort experimenta1 

data from the predictions made on the basis of models assuming mathematically abrupt 

interfaces. However, ellipsometry is fairly immune to the effects of large surface 

inhomogeneity or roughness where such defects are greater than the wavelength of 1ight. 

In this instance the macroscopic roughness scatters the reflected beam out of the specular 

beam. The 10ss in intensity does not affect the measurement great1y since ellipsometry 

measures the ratio of the sand p comp1ex reflectance rather than the abso1ute reflectance. 

Samples with very large surface roughness can depo1arize the reflected beam 164 and are 

very difficult to model accurately. The transfer of energy between the polarization states 

will depend on the topography of the surface roughness, angle of incidence and the 

wave1ength. Ellipsometry is therefore not weIl suited to very rough samples. If 

homogenous roughness exists on a surface where the roughness is 1ess than the 

wavelength of 1ight, the depolarization effects are 1ess noticeable. Data can often be 

analyzed by incorporating one or more intermediate layers in the optical model to 

simu1ate the surface roughness. Often the optica1 functions are approximated using 

effective medium approximations where the surface roughness is modeled as a layer 
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consisting of a mixture of the ambient media and the underlying layer. Scattering loss due 

to surface roughness is larger with shorter wavelengths than for longer wavelengths. It is 

therefore easier to model surface roughness using multi-wavelength spectroscopie 

ellipsometry.165 Generally, it is difficult to model surface roughness using single 

wavelength ellipsometry and it is common practice to treat the film as a single film 

model. 

Film anisotropy is also a challenge for ellipsometry. When a light beam passes 

through an isotropie medium into an anisotropie one, the sand p polarization components 

can be refracted through different angles. Ellipsometric measurements using different 

polarization states, angles of incidence, or surface orientations can give partial 

information on the complex amplitude reflection ratios in the x, y and z planes of the 

material. Treatment of the more difficult problem of anisotropie component materials is 

the subject of CUITent research.166-168 

Another ambiguity with ellipsometry is that both L1 and \fi are periodic functions 

of film thickness, with the thickness period, Lo, given by 

(1.12) 

Since the film thickness period is a function of wavelength, care must be given with 

single wavelength experiments to ensure that the proper film thickness is determined. 

Often, angle dependent measurements are performed since the periodicity is different at 

each angle. 
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1.9.2 NULL ELLIPSOMETRY 

Null ellipsometry is one of the oldest ellipsometry configurations. The layout of 

this single wavelength configuration is shown in Figure 1.12. Another ellipsometry 

design configuration is the rotating analyzer type, where the intensity is recorded as a 

function of the analyzer setting and the unknown ellipsometric angles are worked out by 

Fourier analysis. This type of design has been successfully applied to multi-wavelength 

spectroscopic ellipsometry. Other designs include a polarization modulation ellipsometer, 

this configuration uses a variable phase retardation to determine the ellipsometric angles. 

The advantage of these types of ellispometric designs is that measurements can be made 

quickly. However, the null ellipsometry design is more robust, where the various nulling 

schemes can greatly reduce alignment errors. The main components of this system are a 

polarizer (P), compensator (C), sample (S), analyzer (A) and a detector (this 

configuration is known as a PC SA ellipsometer). With a nulling ellipsometer, the 

orientations of the polarizer, compensator, and analyzer are adjusted so that the intensity 

of the light reaching the detector is zero. There are many settings of the polarizer and 

compensator that can accomplish this. As will be shown later, the equations used to 

describe the polarization of light as it travels through the ellipsometer simplify 

considerably if the compensator is fixed at ±45°. In this configuration the compensator (a 

quarter-wave plate) fixed at ±45° imparts a phase change and elliptically polarized light 

is produced incident on the sample. The compensator consists of a birefringent material 

cut to a thin plate. Optically the quarter-wave plate imposes a phase shift Ôc on the 

electric field component along the slow axis of the device, relative to the component 

41 



along the orthogonal fast axis. Linearly polarized light oscillating paraUel to either axis 

will remain linearly polarized. However, since the refractive indices are different for the 

Unpolarized 

Laser UII~ 
Detector 

De-polarizer 
Sample 

Figure 1.12 The PCSA nulling ellipsometer configuration. 

fast and slow axes, a phase difference is introduced between the two components of an 

eUiptically polarized beam, or a linearly polarized beam not aligned with the fast or slow 

axis. The light velocities along the fast and slow axes through the birefringent material 

vary inversely with the refractive index of that axis. This difference in the velocities gives 

rise to the phase difference when the beams recombine; the phase difference will be 900 
.. 

for a quarter-wave plate. Another advantage of setting the quarter-wave plate to ±45° is 

that the amplitude of the p and s components of the light incident on the sample in the 

plane of incidence is always the same, independent of the polarizer setting, and these two 

incident polarizations only differ in phase. AU polarization states of light can be produced 

with the fast axis of the quarter-wave plate set to ±45° with respect to the POl, through 

the rotation of the polarizer. In general, reflection of polarized light off a sample produces 

elliptically polarized light. The PCS combination can be made to produce linearly 

polarized light upon reflection from the sample by simply rotating the polarizer. The 
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analyzer (another polarizer element) is then oriented such that the linearly polarized light 

produced from the reflection from the surface is extinguished. The complex reflection 

coefficient is obtained by varying the azimuth positions of P and A for a fixed C until the 

signal is nulled (1 = 0). The changes in polarization of light as it passes through a null 

ellipsometer can be described in an elegant manner using Jones vectors and matrices, a 

sound treatment that is shown by Azzam. 162 The azimuth positions of the polarizer, 

analyzer and compensator are related to pas shown below 

rp A[ tanC+ Pc tan(p-c)] fi 1- 0 p = - = - tan or -
rs 1- Pc tanCtan(p-C) 

(1.13) 

where Pc is the complex transmittance ratio of the compensator, 

t ·0 p =~=Tel c 
c t C 

f 

(1.14) 

where ts and fJ are the transmission coefficients for the electric field components along the 

slow and fast axes of the compensator respectively. Tc is the attenuation in amplitude 

relative to the orthogonal component parallel to its fast axis and Ôc is the phase shift. This 

equation can be further simplified if a quarter-wave plate is used as a compensator with 

the fast axis fixed at ±45°, where for an ideal quarter-wave plate (ôc = -90°, Tc =1 => Pc= 

-i) and with equation 1.1.7 leads to 

ifC=-45° (1.15) 

These equations link the azimuth null settings of the polarizer Po and the analyzer Ao to 

the ellipsometric quantities 11 and \}I in a straightforward manner, where \}Io = Ao and 
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~ = 2Po -900 when C = -45°. Once a null setting has been detennined (Po, Ao), the same 

holds true for another distinct set of nulling angles ~,~) through the rotation of the 

polarizer and analyzer 

if 1=0 for (Po, Ao) (1.16) 

By convention, restricting the angle of the quarter wave plate to -45° gives two 

distinguishable nulling polarizer-analyzer pairs ofnulling angles denoted by (P], Al) and 

(P3, A3). These are referred to as null zones one and three. Similarly if the quarter-wave 

plate is set to +45° then pairs of nulling angles are denoted by (P2, A2) and (P4, A4). The 

two nulls are designated as zones two and four. Among the different ellipsometer 

designs, the null configuration is one of the most robust and accurate. Measurements 

conducted by averaging the four zones give values of ~ and 'fi that are free of error due to 

misalignment of the components and sample imperfections. However, measuring by four

zone averaging is time consuming. Typically, automated null ellipsometers measure 

either in a single zone or by two-zone averaging. 

1.9.3 OFF-NULL ELLIPSOMETRY 

A limiting factor of null ellipsometry is the rather slow acquisition time due to the 

mechanical movement of the polarizer and analyzed to obtain null. With an automated 

null ellipsometry system, the typical acquisition time for a single ~ and \fi data point is of 

the order of seconds. For fast transient events it may be impossible to obtain null 

conditions during measurement. A way to record fast kinetics with using a null 

ellipsometer in the PC SA configuration is to conduct off-null ellipsometry. This 

technique has been used to follow rapid adsorption of proteins and monitoring film 
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growth.169-171 In an off-null experiment, the changes of the intensity are recorded during 

sorne surface process. The principle behind off-null ellipsometry is illustrated in Figure 

1.13. The null positions of the polarizer Po and the analyzer Ao of the sample are 

measured before the sample is perturbed. The position of the azimuth null settings are 

held constant during the experiment and the intensity 1 is recorded as a function of time. 

When the ambient medium changes abruptly at the start of an experiment, as in the case 

with swelling measurements, a predicted initial null position can be calculated using an 

appropriate model. The change in intensity .& is caused by variations of the sample 

during the experiment. Specifically, any change in the thickness or refractive index of the 

sample surface will result in an increased light intensity. When a stable final intensity is 

reached, the final null conditions are measured Pl and Al. 

Po Pl 
Polarizer Angle 

Figure 1.13 Schematic illustration of the principle of off-null ellipsometry. For 
simplicity, only changes in the polarizer are shown. Po is the polarizer setting at null 
before the sample film is perturbed. Plis the polarizer setting at null after the sample is 
perturbed . .& is the change in intensity measured at a constant polarizer setting po. 
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The light intensity It is a function of the initial null polarizer and analyzer azimuth 

positions and the time dependent null positions Pl and Al, and is given bi62
,172 

(1.17) 

where ID is an instrument-dependent normalization factor. As expected, the intensity will 

be zero if Pl = Po and Al = AD. The signal detected is a symmetric parabolic function of 

the polarizer off null azimuth deviation (Pl - Po), for any analyzer setting. By 

comparison, the signal detected for analyzer deviations (Al - AD) is a parabolic function 

only when the polarizer is set at extinction. The change in the polarizer and analyzer 

settings from the null condition can be related to the ellipsometric quantities ~ and \fi, if 

an appropriate model is used. Equation 1.1.17 simplifies for very thin films «50 A), in 

which case the change in the analyzer setting is negligible (Al ~ AD ) and It is related to 

changes in ~ only. 

The advantage with operating in off-null mode is speed. However, off-null 

ellipsometry provides less information than conventional null ellipsometry since only one 

parameter i.e. intensity, is recorded. The technique is more suited for following changes 

of the sample properties such as thickness growth and changes in the optical properties of 

thin films. 

1.9.4 NEUTRON REFLECTOMETRY 

Neutron reflectometry is a well-established technique and can provide detailed 

information on the variation of the composition of a polymer film normal to the surface, 

with accuracy on a sub-nanometer length scale. Similar information may be obtained 

with X-ray reflectivity and to a lesser extent with ellipsometry. However, neutron 
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reflectometry has many advantages over these techniques, namely the ability to tune the 

scattering contrast through isotopic modifying of the material or solvent, and small 

wavelength. Unlike X-rays, neutrons can easily penetrate most materials and as such, 

measurements can be made in liquid environments or through various sample 

containment cells. The relatively low energies of thermal neutrons used for reflectivity 

make the technique non-destructive. Although neutron reflectivity is a relatively old 

technique, its use in the study of polymers has only recently been explored.173-176 A full 

overview of the theory is beyond the scope of this thesis, but complete reviews can be 

found elsewhere. 177
-
181 

Neutrons can be reflected from planar surfaces according to the usual laws of 

specular optics and can be considered as either particles or wave. The connection 

between the two descriptions is provided by the de Broglie relationship 

Â=~ , 
mv 

and 
E 

v=-
h 

(1.18) 

where E is the energy of the neutron, m is the mass of the neutron, v is velocity and h is 

Plank's constant. The wavelengths (1..) of thermal neutrons are approximately 0.5 A - 10 

A and are several orders of magnitude larger than the radius of the nucleus. The nucleus 

is effectively a point scatter and therefore a neutron scatters isotropically from the centre. 

The interaction between the neutron and the scattering centres (nuclei) can be 

approximated by 

(1.19) 

where Vo is the Fermi's pseudopotential to which the neutron is subjected and Nb is the 

scattering length density (SLD) defined as 
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I "bDNA I b . N = b .n. = L..J J =_J 
b j J J Mw V 

(1.20) 

nj is the number of nuclei per unit volume and bj is the scattering length of nucleus j. For 

polymers, D is the bulk density, NA is Avogadro's constant and Mw is the repeat unit 

molecular weight, which is used to obtain a unit volume V. The coherent scattering length 

b, or scattering amplitude, can be determined experimentally and cannot be calculated 

reliably in terms of fundamental constants. The scattering length is a measure of the 

strength of the neutron-nucleus interaction and is related to the scattering cross section cr 

by ()" = 47Z'b 2 
• Nuclear interactions are typically spin dependent, neutrons carry spin (1 = 

'li) and as a result, the measured value of b is a superposition of the scattering lengths of 

aIl existing spin states. It is for this reason that the neutron scattering lengths can be both 

negative and positive, depending on the phase shifts the neutrons experience upon 

scattering from the nucleus. Unlike X-rays where the interaction is correlated with atomic 

number (electron density), the scattering length fluctuates as atomic number increases as 

shown in Figure 1.14. 182 The neutron's interaction with a nucleus of an atom can vary 

from one isotope to another. For instance, hydrogen and deuterium, which both interact 

weakly with X-rays, have neutron scattering lengths that are substantially different: -

3.740 x 1O-15m and 6.674 x 1O-15m, respectively. This variation in SLD is useful in 

providing contrast through deuterating or labeling polymer layers, or by varying the 

scattering length of the medium. Furthermore, neutrons are sensitive to light elements 

such as hydrogen, which makes the technique particularly useful in the study of 

polymers. 
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The motion of the neutrons reflected from an interface, a planar boundary 

between air (Vo =0) and a uniform medium with a potential Vo, depends only on the 

potential in the direction normal to the interface z. Upon reflection, the momentum and 
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Figure 1.14 The variation of neutron scattering length as a function of atomic weight. 182 

energy of the neutron are usually conserved. It is therefore convenient to think in terms of 

the scattering vector q, defined as the difference between the final and initial wave 

vector of the neutron q = kr - ki • For elastic scattering, the length of the wave vectors 

remain constant (JS = kr). The momentum transfer perpendicular to the interface qz, 

which is the proj ection of the wave vector along the z axis (as indicated in Figure 1.15) is 

given by the change in the neutron wave vector on reflection at the boundary 

(1.21) 

For specular reflection, the incident angle Bo equals the reflected angle Br. In the 

reflectometry experiment the intensity of the neutrons scattered by the material is 

measured as a function of qz and information about the sample can be obtained for 
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different length scales. For fixed wavelengths, the typical geometry involves the sample 

moving through an angle B and the detector moving by 2 B. 

Figure 1.15 Reflection from a beam on an interface between two media with refractive 
indices nI and n2. 8r and 82 denote the angles of reflection and transmission, and the 
incident and reflective wave vectors, k; and kr, respectively. The momentum transfer 
vector qz is defined as the difference in the wave vectors as given in the Figure. 

As with light, total reflection of the neutron beam occurs if the refractive index of 

medium 1 (nI) is larger than the other medium (n2)' The incident beam is entirely 

reflected for angles smaller than the critical angle Be. Neutrons hardly interact with 

matter, so the neutron refractive index is always close to one. The refractive index for 

positive scattering (which includes most materials) is less than unit y (for vacuum and air 

n = 1). The critical angle can be derived from Snell's law ni cosBo = n2 cosB2 with B2 = O. 

The index of refraction for neutrons is given by 

(1.22) 
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The real component ofrefractive index describes the behavior of the transmission, 

and reflection, the imaginary part of the refractive index accounts for adsorption of 

neutrons by the material. For most materials fJ ;;:i 0, with only a few nuclei, such as 

cadmium, and boron, absorbing appreciably. 

Since the neutron refractive indices of most materials are only slightly less than 

that of air, total external reflection is more commonly observed instead of the internaI 

reflection experienced with light. Below the critical angle, the reflectivity (defined as the 

intensity ratio of the reflected to the incident neutrons as a function of qz) is unit y and the 

reflectivity profile does not contain any structural information about the layer. The 

presence of the totally reflected beam is of importance in reflectometry experiments, as it 

gives a means to determine the absolute value of the reflectivity. When the incident beam 

is at angles greater then Be the reflection does not disappear completely and as mentioned 

previously the reflectivity as a function of momentum transfer depends on the refractive 

index profile in the direction normal to the reflecting interface. For an ideal surface the 

expression for the reflectivity can be derived as181 

(1.23) 

where Rf is the Fresnel reflectivity, and qc is the critical value of the momentum transfer 

for total reflection and is given by 

(1.24) 
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Mb is the SLD difference of the incoming medium and sample, which provides 

scattering contrast. For measurements at values of qz much larger than qc the reflectivity 

can be approximated by 

(1.25) 

which is the reflectivity in the kinematic approximation. 183 Equation 1.1.25 shows that 

the reflectivity above the critical angle decreases sharply with qz. However, it is important 

to point out that Fresnel reflectivity does not depend on the sign of Mb and gives no 

information about the phase. Therefore, more than one model may give the same 

reflectivity profile. A typical reflectivity curve for an organic layer on a silicon substrate 

is shown in Figure 1.16, along with the associated SLD profile of the sample. The 

modulations, or Kiessig fringes, of the curve are due to the constructive and destructive 

interference of the waves reflected from the different interfaces between the ambient 

mediaJpolymer film and the polymer film/substrate. The occurrence of Kiessig fringes is 

an indication that the film is very smooth and homogeneous. From this feature, the 

thickness and the density of the layer can be estimated. The spacing of the maxima can be 

used to determine the film thickness L ~ 2Jr / b.q , provided that there is sufficient 

instrument resolution. 

The equations used so far describe the reflectivity from infinitely sharp interfaces. 

In reality, the interfaces are not abruptly sharp, the material may have surface roughness 

or there might be a gradient in density due to the inter-diffusion between polymer and the 

surrounding medium or between consecutive layers of polymers. The reflectivity will fall 

off more rapidly if the interface is diffuse or if there is surface roughness. Specular 
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reflectivity cannot distinguish between surface roughness and a diffuse interface. In either 

case, the Fresnel reflectivity can be modified with the exponential factor (Debye-

Waller)181,184,185 

(1.26) 

where cr is the variance of the Gaussian distribution describing the length of the layer 

imperfection. 
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Figure 1.16 a) Simulation of the reflectivity profile of a polymer film on a Si wafer 
substrate. b) Modeled profile of the characteristic density as a function of the thickness of 
the sample. 

The evaluation of the SLD profile of the material is an inverse scattering problem. 

It is generally not possible to obtain SLD profiles by inversion of the measured 

reflectivity data. This is due to the lack of the neutron wave's phase information. The 
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analysis of the reflectivity curves to obtain SLD profiles does not yield a unique solution. 

It is necessary to assume a realistic model and reject physically unreasonable SLD 

profiles. The parameters of the Fresnel model are refined to match the measured 

reflectivity. Typically this is done with the use of programs such as P ARRATT32, which 

divide the profiles into boxes of constant density normal to the surface. The Parratt 

algorithm properly takes into account multiple reflections, dispersions and absorption 

corrections. 186 The SLD profile is modeled with ideal, flat layers, and roughness is 

introduced in order to describe the smooth transition of different densities between 

adjacent layers. The parameters that can be varied are the scattering length density of the 

boxes, the thickness of the boxes, and the width of the transitions between the boxes (cr 

interface roughness). Through iteration, the overall computed reflectivity is compared to 

the measured reflectivity through the minimization of an error function. 

1.10 THE SIS OBJECTIVES 

The aim of this dissertation IS to investigate the swelling properties of 

polyelectrolyte multilayers prepared from weak polyelectrolytes. Knowledge of the 

hydration properties of weak polyelectrolyte multilayer systems is of importance to the 

potential development of novel applications. Chapter 2 provides detailed study of the 

hydration properties and swelling mechanism of poly(acrylic acid) (PAA) and 

poly( allylamine hydrochloride) (P AH) multilayer films. The swelling properties were 

investigated in-situ under a variety of environmental conditions and the swelling rates 

were found to be strongly influenced by the pre-exposure to humid atmospheres. The 

anomalous effect of humidity on the swelling rate was investigated using neutron 
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reflectivity and is the focus of chapter 3. The ability to control the scattering length 

density of water allowed for the elucidation of the water association within the multilayer 

film. Additional neutron reflectometry studies probed the influence of pH and a salt 

solution on water distribution in the P AHIP AA films assembled with and without salt and 

is presented in chapter 4. The counterion distribution and the effect of the capping layer 

were also investigated for films assembled in the presence and in the absence of salt. 

Chapter 5 investigates the photo-induced expansion of thin films of poly-Disperse Red l 

acrylate (PDRIA) and copolymers containing P AA. The influence of film thickness, 

chromophore content and irradiation intensity on the photo-expansion properties of the 

films was examined. Finally, chapter 6 gives an overview of the general conclusions of 

this work and outlines sorne suggestions for future studies. 
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Chapter 2 

Swelling Dynamics of Multilayer Films of Weak Polyelectrolytes 

2.1 INTRODUCTION 

Polymer multilayers can be prepared by the sequential electrostatic adsorption of 

oppositely charged polyelectrolytes onto a substrate. Through control of various assembly 

parameters one can gain good control over the thickness, internaI structure, and surface 

roughness of the multilayer. l Thin polyelectrolyte multilayer (PEM) films fabricated by 

this layer-by-Iayer (L-b-L) adsorption technique have been extensively studied, and have 

been demonstrated to have potential applications as sensors,2,3 membranes,4 drug delivery 

agents,5.7 and in sorne polyelectrolyte systems biocompatibility was observed.8
,9 It is 

important to note that for many of these more interesting applications water transport 

plays a key role, and hence the conformation and behavior in an aqueous environment 

must be well understood for systems to be tailored and optimized. Sorne of the most 

interesting systems reported to date are PEMs of weak polyelectrolytes. Unlike strong 

polyelectrolytes that remain fully charged over a wide range of pH, the charge fraction of 

weak systems can be regulated with assembly pH, affording great control over many final 

film properties. Two of the most well studied weak polyelectrolytes are poly(acrylic acid) 

(PAA) and poly(allylamine hydrochloride) (PAH), which can exhibit many anomalous 

properties. For example, Shiratori and Rubner have found that PAH/PAA systems can 

undergo a large thickness transition depending on assembly conditions. IO Measuring the 

swelling in situ is key to the understanding of the structural and physical properties of 

multilayers in response to the local environmental in many applications. For instance, the 

swelling behavior of PEMs in air at different relative humidites has been used to 

Reprinted with permission from Chem. Mater. 2004, 16, 2734-2739. Copyright 2004 
American Chemical Society. 67 



determine a Flory-Huggins parameter for a fully charged PAHIPSS system and to suggest 

a mechanism for vapor water permeation. II 

When a thin polymer film is brought into contact with a penetrating liquid, the 

penetrant diffuses into the polymer matrix and the polymer swells. The solvent enters the 

polymer through pre-existing voids or through spaces that are formed by local segmental 

motion in the polymer network, which is followed by local relaxation of polymer 

segments. The swelling mechanism is then characterized by diffusion and relaxation 

times of the polymer. The process can be described as Fickian (case 1) diffusion when the 

rate of permeant diffusion is much less than the polymer segment mobility. In this process 

there is a continuous concentration profile in the film and a steady transport of the 

penetrant. 12 When the rate of diffusion is much faster than the swelling-induced polymer 

relaxation, the diffusion process is classified as case II. Case II swelling is characterized 

bya sharp interface between the swollen polymer and unswollen polymer, that moves at a 

constant rate. 12 The diffusion process is termed super case II when a late-stage 

acceleration in the permeation rate occurS. 12
-
15 Generally, with super case II swelling 

there is an induction period where a concentration profile has been established across the 

film. Super case II diffusion has been reported in polymer systems such as polystyrene 

swollen with n-hexane. 14 Finally, anomalous or non-Fickain swelling is a combination of 

Fickian and case II swelling, and occurs when the rate of permeant diffusion and the rate 

of polymer relaxation are comparable. 12 

While swelling has been weIl studied in many hydrophobic polymer films, the 

kinetics and environmental factors that affect the swelling mechanism of PEMs in water 

have not been studied. In this paper, the swelling of P AH/P AA multilayers assembled 

under various conditions was studied as a function of various aqueous bath conditions by 
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in situ null- and off-null ellipsometery, to record swelling behavior in real time, and to 

determine the mechanism. The effect of humidity pre-exposure to the dry films on 

subsequent water transport through the multilayer films was also investigated, as this 

variable was found to be highly influential to the resulting swelling behavior. 

2.2 EXPERIMENTAL SECTION 

2.2.1 MATERIALS AND FILM ASSEMBLY 

Poly(acrylic acid) (MW = 90 000) (PAA), Poly(allylamine hydrochloride) (MW = 

60 000) (P AH) were obtained from Polysciences and Aldrich respectively, with structures 

detailed in Figure 2.1. 

~ iYi; 
- + ~.",~I-

o 0 Na NH3 CI 

Figure 2.1 Structures of polyelectrolytes: P AA and P AH 

Polyelectrolyte solutions of 10-2 M were prepared based on repeat unit molecular 

weight using 18.2 MOcm Millipore water. The pH of the polyelectrolyte solution was 

adjusted with Hel or NaOH, and solutions were then filtered though a 0.7 j.lm filter. 

Polished Si <100> silicon slides were cleaned in concentrated chromium (III) oxide/ 

sulfuric acid for 12 hours minimum and then tirst thoroughly rinsed with D.l. water and 

then rinsed with Millipore water. Multilayer films were fabricated based on the usual 

layer-by-Iayer technique using an automated dipper. 10
,16 The silicon substrate was first 

immersed into the P AH solution for 15 min. This was followed by a rinsing procedure, 
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where the substrate was successively immersed into three rinse baths of Millipore water 

(pH~ 5.5 -6.5) for 1,2 and 2 min respectively. The substrate was then immersed into the 

oppositely charged polyanion (P AA) solution for 15 min, and followed by the same 

rinsing procedure to complete one bilayer. The process was repeated until the desired 

layer thickness was achieved (15, 25 and 60 bilayers for matched assembly pH 5.0, 3.5 

and 6.5 respectively). After the films were assembled, excess water was removed with 

compressed air and then the films were oyen dried under vacuum at 65 oC overnight. 

P AHIP AA films assembled at assembly pH= 6.5 were auto dipped with light agitation. 

2.2.2 SWELLING EXPERIMENTS 

The thickness and refractive index of the P AH/P AA films were measured using a 

Multiskop (Optrel, Germany) single wavelength (633 nm) null-ellipsometer at a fixed 

angle of 70° with respect to the normal. In situ measurements were conducted in a home

built liquid sample cell that has two fixed BK7 windows aligned perpendicular to the 

incident and reflected beam. Film thickness was measured dry, then swelling 

measurements were subsequently made by the addition of solution ofpH = 4.0, 7.0, 8.0, 

9.0 and 10.0 by adjusting the pH with HCI or NaOH and assumed an ambient refractive 

index for water of 1.332. The accuracy of the cell was tested through the non-swelling of 

a hydrophobic test film of polystyrene spin-coated onto Si wafer, to confirm that the 

instrument was correctly calibrated for the liquid cell. Ellipsometric measurements were 

performed first in air and then in solution. The error associated in the thickness and 

refractive index measurements were determined to be ± 1 % and ± 0.2% respectively. For 

studies of the effect of salt on swelling, solutions of 1-6 mM NaCI were used. For the 
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determination of the % swelling of the P AR/P AA film, 15 separate ellipsometric 

measurements were conducted in a 1.2 X 0.5 cm area around the center of the film. 

Experiments were preformed on multiple samples. The percent swelling is defined as: 

( 
swollen thickness - dry thickness J x 100% 

dry thickness 
(2.1) 

In cases where the swelling rate approached the timescale of sampling, off-null 

ellipsometry was used. 17
,18 

Controlled humidity environments for the dry films prior to measurement were 

established by using the equilibrium water vapor over saturated salt solutions. 19 The 

P AR/P AA films were dried in cell with a dry nitrogen purge. After the film was dried the 

film was exposed to a constant purge of nitrogen at specifie % humidity until equilibrium 

was reached. The film was then hydrated with water. 

2.3 RESULTS AND DISCUSSION 

2.3.1 EXTENT OF SWELLING 

Polyelectrolyte multilayers consisting of (PARIP AA), with PAA as the top 

capping layer, were assembled under different conditions as indicated in Table 2.1. In this 

study the layer number was varied to ensure similar film thickness was being compared 

between different assembly pH conditions. A typical swelling profile and corresponding 

refractive index change are shown in Figure 2.2; after the dry layer thickness was 

determined in air to be 1200 A, water was added to the cell at time 0, and the thickness of 

the swelling film was recorded every ~2 s until saturation of 1440 Ais reached at ~ 2000 
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s. From this, an equilibrium swelling extent could be estimated as 20% by equation 2.1. 

The validity of the final swollen thickness was verified through a simple conservation-of-

Table 2.1 Dependence of assembly conditions and layer number on the dry thickness. a 

Assembly pH 
3.5 
4.0 
5.0 
5.0 
5.0 
6.5 

Layer no. 
50 
50 
20 
26 
30 
120 

Average dry thickness (A) 
1153 
1325 
668 
1357 
1739 
402 

aThe average dry thickness was obtained at ~45% R.H. Errors associated with the 
average dry thickness are ~4%. 

mass mixing approximation, to check that the refractive index measurement returned by 

the ellipsometer agreed with the corresponding water-dilution of the swollen polymer. 

1500 1.545 

1450 
, 1.540 

0 0<9 1.535 g 1400 0 0 
0 0 1.530 ::! 1350 0 

QI 
DO 

1.525 'ë 
~ 1300 
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0<tJ 1.520 
~ 1250 ~ o D ~ o 0 1.515 00 0 

1200 o«;l:I:IP 
1.510 

1150 1.505 
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Time (5) 

Figure 2.2 Typical swelling curve for assembly pH=3.5 (25 bilayers), when exposed to 
bath pH= 4.0, showing swelling of 20% and a corresponding reduction in refractive 
index. Prior to solution exposure the film was equilibrated at ~45% R.H. 

The final equilibrium swelling extent and reduced refractive index was within 1 % of the 

calculated conservation-of-mass value. Equilibrium swelling extents for similar films 

constructed and measured in a range ofpH solutions are presented in Figure 2.3. 

72 



60 
55 
50 

tn 45 
4 :§ 40 

~ 35 .f. rp 4 
en 30 0 0 0 

~ 25 
20 0 

0 
0 

15 
10 

3 4 5 6 7 8 9 10 

MilliQ Bath pH 

Figure 2.3 The effect of assembly pH on the degree of swelling when exposed to various 
MilliQ bath pH. The symbols 0, D and /:::", correspond to assembly pH= 3.5 (25 
bilayers), assembly pH= 5.0 (15 bilayers), and assembly pH= 6.5 (60 bilayers) 
respectively. The films were equilibrated at ~45% R.H. prior to solution exposure. 

Film assembled at pH= 3.5 (25 bilayers) exhibited only a mode st extent of 

swelling (~20%) when immersed in solutions ofpH= 4.0, 7.0, and 8.0 as shown in Figure 

2.3. The films assembled at pH= 3.5 were not stable in water beyond pH= 8.0, as the 

original film thiclrness could not be recovered reversibly. The apparent low level of 

swelling of the pH= 3.5 assembled films may be due to the films being pre-swollen at 

~45% relative humidity. 

At an assembled pH of 5.0 (15 bilayers), the films swelled to a greater extent than 

those assembled at pH= 3.5. No great change in the extent of swelling was observed when 

the assembly pH= 5.0 films were exposed to bath pH of 4.0 to 9.0, in aIl cases the films 

swelled ~ 30%. However, the films swelled to ~ 56% when exposed to bath pH= 10.0. At 

pH=10.0, the free amine groups in PAH are less charged (~20% free NH/ groups) as 

compared to that of the assembly conditions, and the free carboxylic acid groups of the 

PAA are completely charged (100% COO- groupS).20 At this solution pH, there would be 

a low amount of available ionic cross-links expected, and the increase in the repulsion of 
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the negative charges of the free carboxylic acid groups on the P AA chains could facilitate 

a larger extent of swelling. 

Films assembled at pH= 6.5 (60 bilayers) swelled to a greater extent than those 

assembled at pH= 3.5 and 5.0, however, this is may be an artifact of the greater pre-

swollen thickness. The extent of swelling was ~ 40% upon exposure to a bath pH of 4.0. 

The films swelled to ~35% when immersed in bath pH= 7.0 and 10.0. Although one 

might expect an increase in swelling at pH= 10.0, the nature of the assembly condition 

might play a key role. The highly compact networked structure and lack of free amine and 

carboxylic acid groups, may impair greater swelling when exposed to bath pH= 10.0. In 

general the P AH/P AA system swells to the same extent (20 to 40%) regardless of the bath 

conditions used in this study, over a wide range of pH. It thus appears that the swelling 

properties of the polyelectrolyte multilayers are governed largely by the pH conditions 

under which they are assembled, and not by their pH environment. 

2.3.2 DYNAMIC SWELLING AND KINETICS 

The dynamic swelling behavior of the polyelectrolyte multilayer films was 

analyzed with the following equation: 21 

Mt k n -= t 
Moo 

(2.2) 

where Mt is the amount of water absorbed at time t, M<XJ is the amount of solution 

absorbed at equilibrium, k is a characteristic constant dependent on the structure of the 

polymer network, and n is the exponent which describes the type of diffusion into the 

polymer. Equation 2.2 is valid only when the fraction of water (Mt /M<XJ) uptake is less 

than 0.60?! From the slopes and intercepts of In(Mt /M<XJ) versus ln t the constants n and k 
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were calculated. A typical such fit is shown in Figure 2.4. From the evaluation of n the 

diffusion type for the system can be obtained. For a thin film, n = 0.5 implies Fickian 

diffusion, 0.5 < n < 1.0 indicates anomalous diffusion, n = 1.0 describes case II transport 

and when n > 1.0 the transport mechanism is super case 11. 12
,21 For volume fractions 

greater than 60%, the swelling process was assumed to be dominated by the relaxation of 

the polymer network. The first-order sorption process was fit with the following 

equation:22,23 

Mt - = 1- Aexp(-kl) 
Moo 

(2.3) 

where A is a vertical scaling constant and k2 is the relaxation constant. The pre-

exponential factor and k2 were calculated from the slopes and intercepts of the plot of 

1 
0.9 
0.8 
0.7 

8 0.6 
~ 0.5 
::iE 0.4 

0.3 
0.2 
0.1 
O~~~---'----.----r---'----. 

o 500 1000 1500 2000 2500 3000 

Time (5) 

Figure 2.4 Swelling curve for assembly pH= 3.5 (25 bilayers), when exposed to MilliQ 
bath pH= 4.0. Prior to solution exposure the film was equilibrated at ~45% R.H. The 
solid line corresponds to a fit with equation 2.2 and the dashed line was fit with equation 
2.3. 

In(1-Mt /Mro ) versus time t. The evaluation of the constants n, k, k2 and A at various film 

assembly conditions and solution pH were similarly determined, and are shown in Figures 

2.5, 2.6 and in Table 2.2. 

75 



From Figure 2.5 it is apparent that the transport mechanism is highly dependent 

on assembly pH. Films assembled at pH= 6.5 exhibited case II behaviour with n ~ 1 when 

exposed to bath pH= 4.0 and 7.0. Although the extent of swelling of assembly pH=6.5 

films when exposed to bath pH=lO.O was recorded, the dynamics of the swelling was 

beyond the sampling rate of the off-null technique. The transport mechanism for 

assembly pH= 3.5 was determined to be super case II with n ~ 3.2 at solution pH= 4.0 and 

7.0. With increasing solution pH, no significant change in the exponent was observed (n 

varies fromjust 2.8 to 3.0). 

Assembly pH= 5.0 films also appear to swell by a super case II process. When 

exposed to pH= 4.0, n was ~ 2.4. With increasing pH, n increased to approximately 3.2. 

At bath pH= 9.0 and 10.0, n decreased to ~2.0. 

Table 2.2 Assembly pH dependence on k2 and A at various MilliQ bath pH.a 

A k2 (sec-I ) 

Bath pH pH=3.5 pH=5.0 pH=6.5 pH=3.5 pH=5.0 pH=6.5 
4.0 2E6 8ElO 1.7 0.01 0.5 0.6 
7.0 2ElO 3E6 1.6 0.02 0.1 0.8 
8.0 7E8 6E7 0.03 0.2 
9.0 lE5 2E5 0.04 0.2 
10.0 4E5 0.3 

aErrors on k2 are approximately 10%. The pre-exponential factor A is accurate to within 
an order of magnitude. Prior to solution exposure the films were equilibrated at ~45% 
R.H. 

The dependence of swelling mechanism on assembly conditions is related to the 

amount of ionic-linking in the multilayer film. The films assembled at pH= 3.5 and 5.0 

have a complex nature due to the 'loopy' structure of the multilayer. The availability of 

counter ions, free acidlbase groups, increased water content and the highly entangled 
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Figure 2.5 The dependence of assembly pH on the transport mechanism at various 
MilliQ bath pH. The symbols <>, 0 and 6., correspond to assembly pH= 3.5 (25 
bilayers), assembly pH= 5.0 (15 bilayers) and assembly pH= 6.5 (60 bilayers) 
respectively. Errors associated with n are 14%. The films were equilibrated at ~45% R.H. 
prior to solution exposure. 

structure can greatly influence chain dynamics that will affect transport mechanism and 

rates. Films assembled at pH= 3.5 have a highly convoluted internaI structure and 

therefore probably this leads to the late stage exponential rate enhancement once the 

initial entanglements are overcome. Therefore the 'loopy' structure with fewer ionic-links 

of films assembled at pH= 3.5 might be expected to facilitate an enhanced relaxation 

controlled transport mechanism with the largest value of n ~ 3.2. Films assembled at 

pH= 5.0 also exhibited super case II transport. However, the mechanism is generally less 

relaxation controlled with a lower value of n ~ 2.5. At assembly pH= 6.5, the multilayer 

forms with a "zipper type" mechanism since both PAH and PAA are fully charged. 10 The 

highly ionic-linked polymer network, free from these impeding considerations should be 

expected to exhibit an enhanced rate of permeation as observed, relative to a more 

diffusion controlled mechanism where n ~ 1, even though the process is still relaxation 

controlled. 
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Figure 2.6 Dependence of k on solution pH, for films assembled under various pH 
conditions. The syrnbols 0, D and ~, correspond to assembly pH= 3.5 (25 bilayers), 
assembly pH= 5.0 (15 bilayers), and assembly pH= 6.5 (60 bilayers) respectively. Errors 
associated with k are within an order of magnitude. Prior to solution exposure the films 
were equilibrated at ~45% R.H. 

Assembly pH also has a significant effect on k, as time scales are many orders of 

magnitude different. As depicted in Figures 2.6 and 2.7, films assembled at pH= 6.5 

undergo fast swelling with values of k in the range of 0.23 to 0.31 son when swelled with 

solutions ofpH = 4.0 and 7.0. The swelling was completed within 5 s. Films assembled at 

pH= 5.0 underwent slower swelling; 60% sorption is generally complete in 40 s to 2 min. 

When exposed to solution pH= 4.0 the value of k is 1.4E-4 son, at a higher bath pH (7.0 

and 8.0) k decreases to 1.9E-7 s·n and 3.6E-7 s·n respectively. At higher pH conditions of 

9.0 and lO.O, k decreases to the same order of magnitude found when exposed to a bath 

pH of 4.0. Films assembled at pH= 3.5 have characteristic swelling times that are much 

slower than films assembled at pH = 6.5 and 5.0. Complete swelling generally takes 

approximately 5-30 min. The values of k increased with increasing solution pH. At low 

pH, the value of kwas 3.8E-II s·n and increased to 3.2E-8 s·n at a bath pH of 9.0. 
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Figure 2.7 Swelling curves for different assembly pH values when exposed to bath pH= 
4.0. pH= 3.5 (25 bilayers) 0, pH= 5.0 (15 bilayers) D, and pH= 6.5 (60 bilayers) ~. 
Prior to solution exposure the films were equilibrated at ~45% R.H. The time scales of 
maximum swelling are drastically different depending on assembly conditions (note the 
% swelling is plotted versus t°.5 for c1arity) 

The dependence on humidity to which the dry films were exposed prior to 

swelling on the onset of swelling is related to the amount of ionic-crosslinks and thus the 

amount of free carboxylic acid groups associated with P AA. As will be shown later, the 

dependence of k on humidity is most prevalent with films assembled at pH= 3.5. It is 

known that water c1usters can form around the free carboxylic acid groups of P AA, and 

that the amount of water c1usters associated with P AA is dependent on the humidity,z4 It 

may also be possible for water c1usters to form around counterions within the multilayer. 

It is further known that for the PSSIP AH system water is a bad solvent for the system 

with X ~0.91.11 It is not unrealistic to assume that the water/water association is much 

stronger than the association of water/polymer for PAHIP AA. The Flory-Huggins 

parameter for our systems was experimentally determined to be ~ 1.6 for films assembled 

at pH= 3.5. This strong association ofwater (X >0.5) within the multilayer may inhibit the 

permeation of bulk liquid water through the film. Contact angle measurements for 

P AHIP AA systems indicated a hydrophilic surface,1O but it is still possible that the 
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internaI polymer matrix is much more hydrophobie than the surface layer. Blockage of 

accessible microchannels in the film, through the formation of hydrogen bonded water 

clusters, or through hydrogen bonding interactions with entangled loops would lead to a 

longer time needed to establish a Fickian or case II front before the autocatalytic 

plastization of the film occurs resulting in super case II swelling. Therefore at a given 

humidity, films assembled at pH= 3.5 will take longer to reach maximum swelling than 

those assembled at pH= 5.0 and 6.5. 

The first order relaxation process also appears to be strongly dependent on 

assembly conditions, as shown in Table 2.2. The relaxation process was substantially 

faster for films assembled at pH= 6.5 than those assembled at pH= 5.0 and 3.5. Films 

assembled at pH= 5.0 displayed a slower relaxation process than those assembled at pH= 

6.5. The relaxation rate of the multilayers is also related to the amount of ionic-linking in 

the multilayer. The first order relaxation (k2) is much faster with films assembled at pH= 

6.5. The high degree of ionic-linking of the network would result in a high elastic 

restoring force. 25 Values of k2 decrease as the ionic-linking of the multilayer network 

decreases, because the elastic restoring force decreases. The lowest values of k2 were seen 

with films assembled at pH= 3.5 which have the lowest amount of ionic-linking groups. 

Other factors that were investigated for their influence on the swelling dynamics 

were ionic strength of the solution, identity of the capping layer, and layer number. Only 

minor swelling changes were observed when assembly pH = 4.0 (25 bilayers) films were 

exposed to various salt concentrations up to a 6 mM NaCI solution, with only a ~5% 

increase in swelling seen when compared to that of pure unadjusted (pH 5.5 - 6.0) water. 

Similarly little dependence of the transport mechanism was observed on the nature of the 

capping layer for films assembled at pH= 3.5 (25 and 25.5 bilayers). The water transport 
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mechanism was super case II for both P AA and P AH capped multilayers, with similar 

dynamics. The effect of layer number was also studied for assembly pH= 5.0 films (10, 

13 and 15 bilayers), with dry film thicknesses of approximately 670, 1360 and 1780 

angstroms respectively. The extent of swelling in pure water for this thickness series was 

found to be 23 ± 2%, 28 ± 4% and 29 ± 3% for 10, 13 and 15 bilayers respectively. The 

water transport mechanism was super case II for aIl the films, with n ~ 1.5, (10 bilayer) 

and n ~ 1.8 for the 13 and 15 bilayer films at ~45% R.H .. Values for k and k2 were of the 

same order of magnitude and did not vary significantly. OveraIl, little dependence of the 

transport mechanism was seen with layer number. 

2.3.3 THE EFFECT OF HUMIDITY ON SWELLING DYNAMICS 

Ambient humidity levels (prior to swelling with bulk water) however, were 

observed to have a strong effect on the swelling dynamics of P AH/P AA films. The most 

pronounced effects are seen with films assembled at pH= 3.5 (compare Figure 2.4 and 

2.8). The initial swelling behavior is super case II at both low and high humidity. At low 

and high humidity, the values of n are comparable: 3.2 and 3.3, respectively. However, 

the onset of swelling was orders of magnitude different, with the swelling process being 

completed in ~ 3 s when films were equilibrated at low humidity prior to solution 

swelling, as compared to 1800 s at high humidity. This behavior is also indicated by k, 

which was determined to be 2.5E-2 s-n and 3.8E-ll s·n when pre-equilibrated at ~20% and 

~45% R.H. respectively, when swollen with pH=4.0 solution. A large difference in the 

relaxation process was also observed. At low humidity the k2 was determined to be 7.2 S-1 

indicating a very fast relaxation. At high humidity the relaxation process was 

substantially slower and k2 was found to be 0.017 S-I. These trends were also seen at 
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higher bath pH's. One might naively expect that higher water vapor content in the film 

would plasticize the film and therefore increase the rate of swelling. However, the rate of 

swelling decreases with pre-exposure at high humidity. Previous investigations have 

shown that water adsorbed from a humid atmosphere into a hydrophobic polyrner matrix 
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Figure 2.8 Swelling curve for assembly pH= 3.5, 25 bilayers when exposed to MilliQ 
bath pH= 4.0. Prior to solution exposure the film was equilibrated at ~20% R.H. The 
solid line corresponds to a fit with equation 2.2 and the dashed line was fit with equation 
2.3. 

(such as that under consideration here, with )(>0.5) forrns tightly associated water 

clusters.24 Furtherrnore, it has been suggested that the low mobility ofthese water clusters 

could explain lower diffusion rates at higher ambient humidity, at least with regard to 

sorption from the gas phase. 12 It is conceivable that a similar argument might apply here. 

At low humidity, the polyrner network is free of bound water and as a result the first order 

relaxation is unhindered. At high humidity, the highly organized water within the polyrner 

network would slow the dynamics. 
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2.4 CONCLUSIONS 

P AAIP AH polyelectrolyte films swell in water to 20-50% of their dry thickness at 

45% R.H., but at vastly different rates depending on the pH of their assembly. It has been 

demonstrated that the extent of swelling is largely independent of the environmental pH, 

salt concentration, and number of layers. It was found, however, that the assembly 

conditions of the polyelectrolyte multilayers strongly influence both swelling mechanism 

and kinetics. Our results suggest that the swelling mechanisms can be tuned through the 

assembly pH. Unexpectedly, it was found that ambient humidity strongly influences the 

rate of swelling. The time scales to reach maximum swelling varied from a few seconds 

to tens of minutes, depending on the pre-exposed humidity conditions. This anomalous 

swelling behavior should be considered by research groups who use polyelectrolyte 

multilayers for aqueous applications such as membrane coatings and drug delivery. 
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Chapter 3 

Water Distribution in Multilayers of Weak Polyelectrolytes 

Chapter 2 described an extensive investigation of the swelling dynamics of thin 

polyelectrolyte multilayers assembled with poly(acrylic acid) (PAA) and poly(allylamine 

hydrochloride) (PAH) when exposed to various pH conditions. Using single wavelength 

ellipsometry, it was determined that the extent of swelling was largely independent of the 

solution environment that the films were exposed to once assembled. The transport 

mechanism was non-Fickian and the swelling rates were significantly affected by the 

initial assembly conditions. We observed swelling rates that varied by more than 3 orders 

of magnitude depending on the pH of the assembly of the layers and surprisingly on the 

pre-exposure humidity levels. The effect humidity had on the swelling rates is more 

prevalent with films that have a higher content of free carboxylic acid groups. In fact, 

times to reach equilibrium swelling ranged from seconds to tens of minutes for the same 

films assembled at a pH of 3.5, with only a modest change in the ambient humidity (~20 

% R.H. change) prior to measurement. The strong effect of ambient humidity on the rate 

of swelling is presumably due to the formation of water clusters that associate with the 

free acid groups in the film. The water clusters essentially block accessible 

microchannels in the film and impede the diffusion of water into the sub-region of the 

multilayer. In this chapter neutron reflectometry was used to probe the fine structure and 

water distribution in the film when exposed to water vapor and bulk water. The 

investigation was done on PAH/PAA films (assembled at pH= 3.5 where the humidity 

effect is more pronounced) in order to gain further insight to the unusual and strong effect 

Reprinted with permiSSion from Langmuir 2006, 22, 5137-5143. Copyright 2006 
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of humidity on the swelling kinetics. The manipulation of the scattering length of the 

solvent (water), allowed for the unambiguous determination of the water distribution in 

the multilayer. 

3.1 INTRODUCTION 

Polyelectrolyte multilayers (PEMs) prepared by sequentially dipping a charged 

substrate into solutions of oppositely charged polyelectrolytes are of interest in many 

material applications due to their novel properties. Film thickness and surface properties 

can be controlled in weak polyelectrolyte systems through the regulation of the pH and 

the ionic strength of the solution, through the control of the solution's screening length 

and the average charge, which modifies the polymer conformation during adsorption. 1 

The ease of thin film assembly and the ability to introduce functional groups into the 

multilayers makes PEMs suitable for applications such as sensors,2-4 separation 

membranes,5-7 and drug delivery vehicles.4,8-11 However, the ionic character of the 

internaI cross-link points and free acid/base groups makes their interaction with water 

complex. Recently it has been found that PEM pre-exposure to various humidity 

environments can greatly influence bulk water uptake, where the rate of swelling could be 

varied by three orders of magnitude based on the relative humidity prior to exposure to 

bulk water. 12 Films pre-exposed to high humidity required a longer time to reach 

saturation when swollen with bulk water. This observation is counter-intuitive since one 

might expect that pre-exposure to high levels of water vapor could plasticize the 

multilayer and accelerate the rate of swelling. The sensitivity of PEMs to water vapor 

content may be attributed to structural changes in the film and/or water organization 
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within the film, and knowledge of the hydration properties and the water distribution 

within the PEM is of great importance to many applications. 

Studies on the build-up of PEMs have shown that fully charged PEM systems 

composed of polystyrenesulfonate/polyallylamine can be subdivided into three regions of 

graduaI transitions. 13 The first region is typically composed of a few dense layers that are 

influenced by the underlying substrate. The second bulk zone consists of 

polyanion/polycation layers of 1: 1 stoichiometry, and the third outer region contains a 

few layers that are charge overcompensated, which enables adsorption of further layers. 

Neutron reflectivity studies have proven to be a powerful method to characterize the 

internaI structure of PEM in terrns of their polyrner density and water content,14,15 and it 

has been shown that the internaI structure of the PEM layers are highly interpenetrated 

and that initially deposited layers are thinner than the bulk. 14,15 Other studies have shown 

that a density gradient of the polyelectrolyte chains occurs within PEMs when exposed to 

D20. 16 Neutron reflectivity studies have also been used to deterrnine Flory-Huggins 

interaction parameters. 17 However, these previous studies did not elucidate the water 

distribution within the multilayer. In this paper, we provide a direct measurement of 

water association inside weak poly(acrylic acid) and poly(allylamine hydrochloride) 

(P AAiP AH) PEMs. The water distribution in P AA/P AH assembled films was measured 

when exposed to water both as vapor, and in the bulk, using neutron reflectivity. These 

experiments give insight into the sensitivity of the swelling dynamics with water vapor of 

the multilayers, and to understanding the water distribution within the film, which could 

aid in further technological applications of these films. The deterrnination of the water 

distribution within the films was achieved by varying the effective scattering length 

density (SLD) of a solvent mixture to equal zero. This ability to control the SLD of the 
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solvent is unique to neutron reflectivity, since one can select among chemically identical 

isotopes that have different neutron scattering lengths. Although controlling the SLD of 

the environment is commonly employed in studies with biological systems, this technique 

has not been commonly used in the study of multilayer films. The ability to tune the 

solvent scattering properties (by controlling hydrogen to deuterium mix) without affecting 

chemical properties has enabled water distributions to be examined in detail. 

3.2 EXPERIMENTAL SECTION 

3.2.1 MATERIALS AND FILM ASSEMBLY 

Poly(acrylic acid) (MW = 90 000) (PAA), and poly(allylamine hydrochloride) 

(MW = 60 000) (P AH) were obtained from Polysciences and Aldrich respectively. 

Polyelectrolyte solutions of 10-2 M (concentration based on mono mer unit) were prepared 

in 18.2 Mn . cm Millipore water. Multilayer films were fabricated according to the usual 

layer-by-Iayer technique using an automated dipper. 18
,19 Polished Si (100) silicon wafers 

(~ 1 00 mm diameter and ~6 mm thick) purchased from Wafer World Inc. were used as 

substrates and were c1eaned in concentrated chromium (III) oxide/sulfuric acid for at least 

12 hours. The films were then first thoroughly rinsed with D.1. water and then rinsed 

with Millipore water. The pH of the polyelectrolyte solution was adjusted with Hel to a 

pH of 3.5 for both the polycation and polyanion solutions. An altemating series of 

polycation and polyanion layers was deposited by immersing the wafers for 15 min into 

the polyelectrolyte solutions. Between each adsorption step, the wafer was successively 

immersed into three rinse baths of Millipore water for 1, 2, and 2 min respectively. The 

process was repeated until the desired layer thickness of ~800 A was achieved (18 
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bilayers). After the films were assembled, excess water was removed under a stream of 

compressed nitrogen. The assembled films were then oyen dried under vacuum at 65 oC 

ovemight. The films were then stored under vacuum until placed into the environmental 

sample chamber for measurement. 

3.2.2 NEUTRON REFLECTOMETRY AND DATA ANALYSIS 

The reflectivity experiments were performed at the Chalk River Laboratories 

(National Research Council Canada) on the CS spectrometer at a neutron wavelength of 

2.37 A. Measurements were preformed in the specular reflection mode and the 

momentum transfer qz = (4n/À) sin (), was varied by scanning in the qz range of 0.006 A-1 

to 0.08 A-1
. The collimation slits were varied throughout the scan to ensure that the 

illuminated sample area remains the same and de fines the instrument resolution at f).qz/qz 

= 0.045. The background scattering was measured off-specularly with a fixed angular 

displacement of the sample of -1 ° for the humidity cell and -0.15° for the liquid cell. 

Measurements were performed in three qz regions: qz = 0.08 A-1 to 0.048 A-l, qz = 0.052 

A-1 to 0.018 A- I and qz= 0.022 A- I to 0.006 A- I
• The overlaps between the three regions 

are used to match up the intensities in the separate regions. The data was normalized by 

the incident beam intensity to account for variations due to slit widths. The count time in 

the high qz regions (0.08 A-1 to 0.018 A- I
) was increased in order to maintain a proper 

count statistics throughout the entire scan. The samples were placed into an 

environmental chamber where the humidity, temperature, and solvent conditions can be 

controlled. The properties of this sample cell and its ability to precisely maintain constant 

humidity has been fully characterized previosuly,zo The sample stage was maintained at 
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25 oC for aIl experiments. For dry scans the PAH/PAA films were kept dry in the cell 

with a nitrogen purge. Controlled humidity environments for films prior to measurement 

and while in the sample cell were established by using the equilibrium water vapor over 

saturated salt solutions.zl The samples were allowed to equilibrate for a minimum of 12 

hours in the humidity chamber prior to any measurements. Bulk water and humidity 

swelling studies were carried out using 100% DzO. Dried films were obtained by placing 

the sample under vacuum for 16 hours at 65 oC, and purged with nitrogen while in the 

sample ceIl, after the films had been H-D exchange equilibrated by exposure to DzO 

vapor before drying. To deconvolute the contributions from the swollen PEM matrix and 

from water uptake within the film, swelling experiments were also conducted using a 

water/solvent mixture of 92:8 HzO:DzO. This solvent mixture has a net scattering length 

density of zero, and hence only the PEM matrix contributes to scattering. The water 

distribution within the film was then obtained by simply subtracting the SLD profile from 

the original (100% DzO) scattering curve. Although water and deuterium oxide have 

slightly different kinetic properties, they possess largely similar thermodynamic 

properties and the chemical potentials can be assumed to be equivalent. 17 In the case 

where bulk water with a solvent mixture of 92:8 H20:D20 was used, the lack of a critical 

edge required the reflectivity curve to be normalized with the corresponding 100% DzO 

normalization factor. The scattering length density profiles of the films were fitted with 

Parratt's dynamic approach,zz using the Parratt32 fitting software (provide by HMI). The 

instrumental resolution was included when fitting the reflectivity curves. The silicon 

oxide thickness and roughness was fitted from neutron reflectivity curves on bare Si 

wafers of the same batch as those used as substrates for multilayering. Details of the fit 

parameters are provided as supporting information. Errors on the structural parameters 
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were determined by varying the fit parameter based on a 10% increase of X:, and 

Patterson analysis of reflectivity data was also carried-out.23 Patterson analysis of the 

reflectivity data however was limited by the fact that the experiments were only 

conducted to qz = 0.08 A -1, and resolution limitations made it difficult to assess the 

sharpness at the polymer surface independently from this fit. The correlation distances of 

the interface using this analysis however were similar to the SLD profile interface 

estimates obtained from the fits using Parratt32, and support weIl our interpretation by the 

primary fitting method and analysis presented here. 

3.3 RESUL TS AND DISCUSSION 

Figures 3.1 and 3.2 show the raw neutron reflectivity data of P AH/P AA samples, 

and best fits to a four-slab model in which the properties of the Si substrate were kept 

constant. The spectra contain numerous Kiessig oscillations to qz= 0.08 A-1 suggesting 

that the films are of uniform thickness, which can be determined by 2nll1qz, where I1qz is 

the distance between two successive fringes. A simple one-box or two-box model of the 

polymer film was insufficient in producing reasonable fits to the data especially for the 

cases where the samples were hydrated. In the case of the humidity-swollen films, a low

SLD outer layer was added to account for chain extension into the ambient environment. 

In the case of dry films, additional narrow boxes at the polymerlsubstrate and the 

polymer/environment interfaces were required to obtain best fits, and one large slab was 

used to model the bulk interior of the multilayer. Fits obtained for the bulk water 

experiments could be fit by subdividing the film bulk into three sub-regions of slightly 

changing SLD. 
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Figure 3.1 Neutron reflectivity data (error bars are within the size of the symbols) and fit 
(solid continuous line) for assembly pH= 3.5 PAA/PAH multilayer film a) in the dry 
state, b) exposed to Il % R.H with a 100% D20 content. The corresponding SLD profile 
of the model is shown in the inset. 

The resulting SLD profile however was found to contain step features that were 

artifacts of the fitting method. A gradient model was then used instead, where the bulk 

interior of the multilayer was modeled using a sigmoidal function. The resulting fit was 

as good as the four-box model, and produced a similar SLD profile. All parameters 

(filmlsubstrate roughness, internaI roughness, film/air roughness and the SLD of the 

polymer slabs) were free to evolve except for the SLD of the substrate and oxide, and 

produced physically reasonable fits. In the resulting SLD profiles of the mUltilayer films, 
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Figure 3.2 Neutron reflectivity data (error bars are within the size of the symbols) and fit 
(solid continuous line) for assembly pH= 3.5 PAA/PAH multilayer film a) exposed to 
Il % R.H. with a solvent vapor mix of 92:8 (H20:D20), b) exposed to 43% R.H. with a 
100% D20 content. The corresponding SLD profile of the model is shown in the inset. 

we have chosen to define z = 0 as the silicon/oxide film interface, and the multilayer film 

can be described well using a three-region model of nominal thickness 794±15 A 

(determined from the midpoint of the diffuse polymer-air interface). The SLD profile 

indicates that the free surface was quite diffuse, and that the bulk of the film is best 

described by a smooth and flat profile. The absence of oscillations in the profile shows 

that the bulk multilayer structure is evidently highly interpenetrated, consistent with 
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prevlOus investigations. 14,15 The spike seen at z = 0 is attributed to the high SLD 

(3.475xl0-6 A-2) of the Si02 layer. However, the film-substrate interface appears to have 

a measurably higher SLD than the film bulk. This increased SLD near the substrate 

interface is likely due to higher density of polymer material, which is consistent with 

other literature suggestions. Conceivably, the increased SLD could also be due to a 

localization of counterions, but to account for the increased SLD near the substrate 

(1.5 x lO-6 A-2, as compared to 0.7xlO-6 A-2 in the film bulk) would require, for example, 

~6 Na+ ions per PAA group. The films studied were assembled at pH=3.5, and under 

these conditions PAH is fully charged and PAA is partiality ionized (~ 76 %).14,20 Given 

that only ~25% of the PAA groups are available for bonding to counterions (the rest form 

ionic cross links ), it does not seem reasonable to suggest that the increased SLD is due to 

counterions alone. 

The films assembled at pH=3.5 can be viewed as a mesh of many voids in which 

water molecules absorb. The incorporation of deuterium oxide vapor into the film, which 

has a large positive scattering (SLD = 6.4 x 10-6 A -2) leads to an increase of the SLD of 

the multilayer as seen in Figures 3.1 b) and 3.2 b). A single-slab mode! could not 

describe films swollen in a humid atmosphere, and an internaI asymmetry in the film was 

necessary in order to reproduce the experimental reflectivity profiles. However, it is 

difficult to determine whether the contribution to the SLD profile is due to film swelling 

or sorption of D20 vapor. To determine the SLD profile of the polyelectrolyte multilayer 

at Il % R.H., a vapor solvent mixture of 92:8 H20:D20 was used. When the multilayer 

was exposed to this environment only the film contributes to scattering, since this solvent 

mixture has an effective scattering length density of zero. The resulting SLD profile is 

shown in Figure 3.2 a), and is very similar to that ofpolymer in the dry state (Figure 3.1 
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a), indicating that the multilayer does not swell to an appreciable extent. As inferred from 

the dry and Il % R.H. (92:8 H20:D20) SLD profiles, the extent of H/D exchange in the 

film was negligible even when exposed to 100% D20 vapor. It is plausible that at this 

low humidity the osmotic stress is insufficient to induce film swelling. The low water 

fraction in the film (and hence low extent of swelling) limits the amount of exchangeable 

water available to the film. The SLD profile of water within the film was then 

deconvoluted from the contributions due to film and water in the original Il % R.H. 

(100% D20) scattering curve, and is shown in Figure 3.3. It is c1ear that the water 

distribution within the multilayer is asyrnmetrical; the water vapor is strongly localized at 

the film-air interface and does not penetrate to the substrate. Ellipsometry studies on films 

of similar thickness exposed to 11 % R.H. have shown a ~ 1.15% increase in thickness. 

Defining the absolute thickness of the sample is nontrivial due to the fuzzy interface 

resulting from the polyelectrolyte's loops and tails which extend into the humid 

environment. For this reason, we chose to deterrnine the film thickness at the midpoint of 

the bulk polyrner-air interface. For the profile of the 11% R.H. (100% D20) film, the 

thickness was observed to have increased by 0.45±0.03%. In contrast, the thickness 

deterrnined with ellipsometry was modeled as a single slab and did not take into account 

the internaI density gradient of water vapor, nor does it accurately interpret the diffuse 

surface. These factors may lead to an inaccurate deterrnination of the optical properties 

of the film by this technique, but the extent of swelling using the two techniques is still 

quite similar however. Neutron Experiments also show that exposures to 43% R.H. 

(100% D20) leads to a 4.98±0.03 % increase in thickness (834±16 A), as indicated in 

Figure 3.2 b). There was sufficient osmotic stress induced on the polyrner network to 

expand to a greater extent than when exposed to Il % relative humidity. The polyrner/air 
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interface is sharp, as seen in the SLD profile and is an indication that water is localized 

preferentially at the surface. Ellipsometry studies on films exposed to 43% R.H. have 

shown a ~4.2 % increase in thickness, which is consistent with the neutron reflectivity 

results presented here. 

o 
--1 
Cf) 

-200 

4.0 

1.0 

0.5 

o 

"'------... 
" 

200 400 600 800 

z(Â) 

1000 

Figure 3.3 SLD profile of the neutron reflectivity data for a multilayer film exposed at 
11 % R.H.. The open symbols corresponds to the model at 11 % R.H. (100% D20) the 
dashed line corresponds to the SLD profile at Il % R.H. (92:8 solvent mix of H20:D20) 
and the black solid line is the difference of the SLD profiles and indicates the water 
distribution within the film. 

The asymmetrical water distribution in the PEM and the relatively sharp boundary 

at the polymer-air interface may contain clues of the strong effect of water vapor 

adsorption on the swelling kinetics with bulk water. For instance, bulk water swelling 

studies on multilayers assembled at pH=3.5 required ~3 s to reach equilibrium when the 

film was pre-exposed to an environment of 20% R.H., whereas when the film was 

equilibrated at 45% relative humidity, ~ 1800 s were required to reach maximum 

swelling. 12 Water molecules are likely in constant motion, but hydrophobie interactions 
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of the P AH and P AA polymer backbone may weIl force the water molecules into a more 

rigid organized c1uster of hydrogen-bonded molecules, whereas the free carboxylic acid 

groups of the PAA would participate in hydrogen-bonding network.24 This effect serves 

to increase the structural organization of water, and thus decreases the entropy of the 

water molecules in the c1usters. The relatively sharp interface (Figure 3.3) strongly 

suggests that water is segregated at the film-vapor interface. As shown in the supporting 

information (Figure 3.1S) the fit is sensitive to the bulk interfacial roughness. An increase 

in the surface roughness of only 5 A is sufficient to cause a substantial deviation from the 

fit, indicating the requirement for the sharp interface. Water localization at the film-air 

interface might also be ascribed to surface tension effects, however, this is not likely the 

case as will be shown later. 

The asymmetrical water distribution cannot be explained with a simple diffusion 

model where water penetrates in a passive manner through the pores of the PEM. Our 

results support the notion that the outer layers are more diffuse than the interior of the 

multilayer10
,25 as indicated by the SLD profile of the dry film (Figure 3.1a) and indeed 

more water vapor is associated with the outer layer (Figure 3.3), which is consistent with 

previous investigations. 13
,16,26 However, a simple percolation model would predict a 

constant water distribution through the bulk region of the film that extends to the 

substrate, which is not the case as our results c1early indicate that the water vapor does 

not penetrate to the substrate and is distributed asymmetrically throughout the film. 

Furthermore, this model would fail to explain the water localization at the polymer-air 

interface. The water gradient that forms in the film can be explained through kinetic 

arguments though. EssentiaIly, water adsorbs at the free surface of the film and blocks 

accessible microchannels in the film, thereby inhibiting further diffusion of the vapor. If 
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this were strictly a surface phenomenon the water distribution within the film would 

eventually saturate and have a uniform profile throughout the film. However, 

ellipsometry studies on PEMs of similar thickness exposed to Il % R.H. indicate that the 

exposure times used in these experiments is sufficient for the film to reach saturation. 

Furthermore, a partial scan (qz= 0.022 A-1 to 0.006 A-1
) was taken ~ Il hours prior to the 

full scan. The partial and full scans overlap each other, indicating that the film was 

equilibrated. Insufficient exposure time would have resulted in an observable shift in the 

critical edge to higher qz .. If the drying process, after exposure to D20 vapor, was not 

uniform or incomplete, an observable asymmetry in the film SLD would have also been 

observed in the Il % R.H. (92:8 solvent mix of H20:D20) experiment (due to the higher 

scattering contrast of deuterium). We must stress that the resultant profiles represent the 

multilayers at equilibrium and are not merely a snapshot of the diffusion process or 

isotopic exchange. It is therefore more likely that water clusters would form a gradient 

throughout the film, which would further restrict the motion of water vapor and establish 

a chemical gradient through the film. As the vapor front moves through the film, the 

formation of water clusters would impede the diffusion of more water into the 

microchannels of the sub-phase, resulting in less water being available to the underlying 

layers. This is clearly shown in the SLD water profile within the film, where vapor does 

not penetrate to the substrate-polymer interface. Swelling studies with bulk water suggest 

that the interior of the PEM is less restrictive than the outer surface layers. Upon 

exposure to bulk water the film gradually expands, but only to a modest extent. After a 

relatively long induction period which is dependent on the pre-exposure humidity, the 

rate of swelling abruptly increases until eventually a constant rate of swelling is 

established. PEM swelling dynamics support the idea of a gradient of water clusters 
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through the film, where water is found to preferentially localize at the PEM surface. This 

asymmetric water distribution may also be due to the formation of a pKa gradient in the 

film during assembly, characterized previously.2o As layers are added, the apparent pKa of 

the P AA shifts to lower values, where the surface layers are more ionized than those 

within the film. The free carboxylic acid groups at the surface of the film would therefore 

associate with the water clusters through hydrogen bonding, which results in a higher 

concentration of water near the surface. The degree of ionization decreases on approach 

to the sub strate , as fewer carboxylic acid groups are available to aid in the formation of 

water clusters and a gradient in the water distribution results. In either case, these effects 

are more pronounced at higher humidity and leads to a longer time scale for the diffusion, 

but the osmotic stress is larger and the polymer network expands. It is therefore 

conceivable that the diffusion of bulk water would be hindered through the blockage of 

accessible microchannels in the film, through the formation of hYdrogen-bonded water 

clusters, and this effect would lead to longer time scales required to reach saturation with 

increasing humidity. More importantly, the gradient of water clustering would explain the 

long induction time required to establish a late stage acceleration in swelling due to 

autocatalytic plastization of the film as observed in kinetic studies. 

The SLD values produced from the fits of the reflectivity curves for PEM films 

are consistent with those reported previously in the literature. 15,17,27 The physical density 

and corresponding water fraction distribution in the PEM are shown in Figure 3.4, where 

the density profiles were calculated using an association stoichiometry of P AA to P AH, 

with the PAA ionized ta ~76%. This percent ionization is based upon literature reports 

of the effective pKa of P AA chains in P AAiP AH multilayers (where an apparent pKa = 3 
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was observed),28 and is consistent with FTIR measurements of PAA ionization in 

multilayers. 18 The association of counterions was omitted in the ca1culations since it was 

1.0 
0 

0.9 0 
0 

0.8 ..-
~ 0.7 E 

C,,) 0.6 
C') 0.5 '-'" ,....----->-:::: 0.4 ,.......,. 
en 
c 

0.3 ----ID 

1 \~ 0 
0.2 

0.1: 1 \~ 
-200 0 200 400 600 800 1000 

z(A) 

Figure 3.4 Film density and water distribution for a multilayer film exposed at Il % R.H. 
The open symbols correspond to the film density and the dashed line corresponds to the 
water fraction distribution within the film. 

extent of exchange in the films appeared negligible, and assumed then to be zero for the 

fitting. Based on this, the average physical density of the bulk interior of the PEM was 

determined to be 0.8±0.1 g·cm-3, which is reasonable considering that under the assembly 

conditions the PEM forms a loose structure and is consistent with measurements on 

PAHIPSS multilayers, where densities of ~0.8-1.1 g/cm3 were deduced. 15,26,29,30 As 

indicated, the polymer-air interface is diffuse whereas at the substrate interface the 

multilayer is more dense than in the bulk. This densification is presumably due to 

substrate effects during the assembly of the few first layers. The water density associated 

to the diffuse outer layer is ~40% of that of bulk water, whereas the water content ranged 

from 30-20% in the bulk of the film. 
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The distribution of bulk water was also studied. Neutron reflectivity data, fits, 

and the corresponding SLD profiles of the PEM exposed to pure D20 and to the solvent 

mixture of92:8 H20:D20 are shown in Figure 3.5. When exposed to bulk water the SLD 

profiles reveals that the multilayer film swells considerably to 1071±13 A, with an extent 

of swelling of 34.87±0.03%, which is consistent with other reports in the literature which 

range from ~20% to 40%.15,27 

The profile of water within the film was agam deconvoluted from the 

contributions due to film (92:8 H20:D20) and water in the original 100% D20 scattering 

curve as shown in Figure 3.6. The resultant water distribution in films swollen with bulk 

solvent is again asyrnmetric. Here again, a relatively sharp film-ambient interface is 

observed, and water is preferentially found to localize at the film surface, only partially 

penetrating to the substrate. This implies that surface tension effects are not responsible 

for the water localization at the surface; the relatively sharp interface is present ev en 

though the film was exposed to bulk water, which is consistent with the formation of 

water clusters. The physical density and water fraction distribution in the PEM when 

exposed to bulk water is shown in Figure 3.7. The density profile of the PEM was 

calculated in a similar manner as the Il % R.H. case with an assumed association 

stoichiometry of PAA (~76% ionized) to PAH. However, when complete D/H ex change 

was assumed the overall density of the PEM was higher than the case when exposed to 

water vapor. Since the mass density of the film is conserved, the resultant bulk interior 

density of the film should be 0.59±0.02 g·cm-3 when swollen to an extent of ~35 %. It is 

known that the kinetics of H20 to D20 ex change is faster than D20 to H20 ex change due 

to the lower zero point energy of the D-O bond. It is therefore conceivable that 

inefficient isotopic substitution (D to H) occurred in the PEM film due to insufficient 
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solvent exposure time. However, the film SLD for the bulk 92:8 H20:D20 shows no 

asymmetry and suggests that the exchange event has occurred uniformly in the film. The 
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Figure 3.5 Neutron reflectivity data (error bars are within the size of the symbols) and fit 
(solid continuous line) for a multilayer film a) exposed to 100% bulk D20 and b) exposed 
to bulk water with a solvent mix of 92:8 (H20:D20). The corresponding SLD profile of 
the model is shown in the inset. 

reflectivity data for the bulk 92:8 H20:D20 experiment was analyzed using data from 

regions two and three (qz= 0.052 A-1 to 0.018 A-1 and qz= 0.022 A-1 to 0.006 A-1
) (~5.5 

hours after the scan in region 1, qz = 0.08 A-1 to 0.048 A-1
). Fits obtained using the 

truncated data sets (region two, and regions two and three) gave similar profiles to that 

obtained using aIl the three scan regions. The bulk SLD of the film was virtually 
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unchanged and suggests that the ex change process was complete. Analysis of the spacing 

of the Kiessig fringes from the three regions also indicates that the timescale used in the 

experiment was sufficient for the exchange process. If the SLD of the film were changing 

in time, the position of the Kiessig fringes would be changing during scanning, leading to 

an apparent modification of the fringe shape. The fact that the Kiessig spacing does not 

change over the measured qz range indicates that the SLD of the film was constant during 

the measurement. We can therefore state with confidence that the resultant SLD profile is 

not due to a kinetic D to H exchange process (kinetic isotope effect), and represents the 

film at equilibrium. To account for the problem of inefficient D/H exchange, the H/D 

ratio was calculated based on the assumed physical density and the inferred SLD profile 

of the film. The extent of the H/D exchange was thus determined to be ~59 %. Here 
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Figure 3.6 SLD profile of the neutron reflectivity data for a multilayer film exposed to 
bulk water. The open symbols corresponds to the model with 100% D20 the dashed line 
corresponds to the SLD profile with the solvent mix of 92:8 H20:D20 and the black solid 
line is the difference of the SLD profiles that indicates the water distribution within the 
film. 
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again the polyrner-water interface is diffuse whereas the multilayer is more dense at the 

polyrner/substrate interface than in the bulk. It is difficult to know with any certainty the 

extent of H/D exchange with respect to the 100% D20 bulk water experiment. The extent 

of deuteration in the film could range from 100% to 41% (the corresponding water 

fraction distributions are shown in Figure 3.7). In either case, the overall water 

distribution in the film is asyrnmetrical, similar to the case of exposure to Il % RH .. 

The difference between the two is a decrease of ~8% in the water fraction within the film 

in the case where ex change is 100%. The water fraction associated with the diffuse outer 

layer is ~54% and the water content in the bulk of the film ranges from 45-35%. The 

water content near the polyrner/substrate interface is much lower (~18%) than the bulk 
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Figure 3.7 Film density and water distribution for a multilayer film exposed to bulk 
water. The open syrnbols correspond to the film density, the dashed line corresponds to 
the water fraction distribution within the film with the extent of deuteration calculated to 
41 % and the solid line corresponds to the water fraction distribution within the film with 
the extent of deuteration calculated to 100%. 
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interior of the film. The overall water fraction in the film is higher due to the increase of 

osmotic stress on the polymer network. 

Although there is sufficient osmotic stress to induce expansIOn of the PEM 

network, water c1usters may still be forming within the film. Similar arguments as in the 

case of sorption from the gas phase could be applied to the case of swelling with bulk 

water, however, the effect is not as pronounced as in the case of vapor sorption. In this 

instance, water would permeate quickly through the film since the PEM was swollen 

from the dry state. As the solvent front moves through the film, the water molecules 

would associate with the free carboxylic acid groups as well as induce hydrophobic 

interactions between the polyelectrolyte chains, leading to the formation of a gradient of 

water c1usters that is preferentially localized at the surface. In principle, this would 

inhibit water from penetrating to the substrate, since the accessible microchannels deep 

within the film would be blocked. 

3.4 CONCLUSIONS 

Neutron reflectivity experiments have provided sorne the fine details of film 

swelling and water localization in thin P AHIP AA multilayer films assembled at a pH of 

3.5. In particular, the ability to tune solvent scattering properties (by controlling 

hydrogen to deuterium mix) without affecting chemical properties has enabled water 

distributions to be examined in detail. It is now apparent that water localizes 

asymmetrically within multilayer systems in both the gas phase and when swollen with 

bulk water. In either case, water segregates predominantly at the diffuse free surface. 

The localization of water at the polymer-air interface can be used to explain anomalous 

swelling kinetics, where time scales to reach maximum swelling varied from a few 
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seconds to tens of minutes, depending on the pre-exposed humidity conditions of these 

novel materials. 
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3.6 SUPPORTING INFORMATION 
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Figure 3.1S Neutron reflectivity data and fit for assembly pH= 3.5 PAA/PAH multilayer 
film exposed to Il % R.H. with a 100% DzO content. Variation of the bulk interface 
roughness +5 A, + 1 0 A, -5 A and a one-box model are shown. 
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Table IS Structure parameter of dry P AHIP AA film. Errors are calculated based on a 10% increase in ;:, box 1 is the SLD at the 
polymer/environment interface, af/e signifies the roughness at the surface, and af/s is the roughness at the filmlsubstrate interface. 

Film Thickness (A) SLD, p(10-s A2) 

Box 1 crfle (A) Box 2 crint 2 (A) 
80+694+26+17±15 0.3±0.1 16±17 0.82±0.09 81±32 

Box 3 
1.5±O.17 

crint 3 (A) 
28±7 

Box 4 
1.9±0.2 

crfls (A) 
8±9 

Table 2S Structure parameter of P AHIP AA film exposed to Il % R.H. with a 100% D20 content. Errors are calculated based on a 
10% increase in ;:, box 1 is the SLD at the polymerlenvironment interface, afle signifies the roughness at the surface, and af/s is the 
roughness at the filmlsubstrate interface. 

Film Thickness (A) SLD, p (10-s A2) 

Box 1 crfle Box 2 
(A) 

70+40+346+335+99+13±16 0.12±0.04 14±18 0.42±O.04 

crint 2 Box 3 crint 3 Box 4 
(A) (A) 

11 ±9 3.75±0.03 8±4 2.9±0.1 

crint 4 (A) Box 5 crint 5 

(A) 
111±34 2.53±0.07 98±5 

Box 6 

1.4±0.2 

crfls 

(A) 
12±7 

Table 3S Structure parameter of P AHiP AA film exposed to Il % R.H. with a solvent vapor mix of 92:8 (H20:D20). Errors are 
calculated based on a 10% increase in ;:, box 1 is the SLD at the polymer/environment interface, af/e signifies the roughness at the 
surface, and af/s is the roughness at the filmlsubstrate interface. 

Film Thickness, (A) SLD, p (10-6 A2) 

Box 1 
104+641+48+27±18 0.3±0.1 

crfle (A) Box 2 
20±18 0.8±0.1 

crint 2 (A) 
79±32 

Box 3 
1.2±0.1 

crint 3 (A) 
26±13 

Box 4 crfls (A) 
1.9±0.1 9±8 
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Table 4S Structure parameter of PAHIP AA film exposed to 43 % R.H. with a 100% D20 content. Errors are calculated based on a 
10% increase in i, box 1 is the SLD at the polymer/environment interface, crf/e signifies the roughness at the surface, and crf/s is the 
roughness at the film/substrate interface. 

Film Thickness, (A) - ----- .----. --- - SLD, P (10-6 A2) 

Box 1 afle Box 2 ain! 2 

(A) (A) 
70+31+362+337+117+14±19 0.07±0.03 14±16 0.47±0.06 14±11 

Box 3 

3.77±0.02 

ain!3 

(A) 
8±3 

Box 4 ain!4 (A) Box 5 ain! 5 (A) Box 6 

2.8±0.1 123±14 2.55±0.05 102±43 1.4±O.2 

Table 5S Structure parameter ofPAHIPAA film exposed to bulk D20. Errors are calculated based on a 10% increase in X2
, box 1 is the 

SLD at the polymer/environment interface, crf!e signifies the roughness at the surface, and crf!s is the roughness at the film/substrate 
interface. The bulk asymmetry in the interior of the multilayer (790 Â) was modeled using a sigmoidal function (equation 1 S), 
parameters A and B were held constant and correspond to the SLDs at the substrate/film interface and the free surface respectively. 

Film Thickness, (À) 

250+790+20±13 
afle (A) 

7±5 
Box 1 

3.8±0.2 

SLD, p(10-6 A2) 

ain! 1 (A) 
20 

Box 2 

2.9±0.2 
aIls (A) C 
9±17 430±231 

fez) = A + _( z;C) 
l+e 

B 

° 120±71 

(1S) 

afls 

(A) 
12±7 
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Table 6S Structure parameter of P AHIP AA film exposed to bulk water with a solvent mix of 92: 8 (H20:D20). Errors are ca1culated 
based on a 10% increase in X2

, box 1 is the SLD at the polymer/environment interface, crf!e signifies the roughness at the surface, and 
crf!s is the roughness at the film/substrate interface. 

Film Thickness, (À) SLD, P (10-6 A2) 

Box 1 (Jf/e (A) Box 2 (Jin! 2 (A) Box 3 (Jin! 3 (A) Box 4 (Jf/s (A) 
174+826+74+32±5 0.60±0.04 50±15 0.89±O.03 10±9 1.15±0.03 17±3 1.76±0.07 14±2 
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Chapter 4 

Ion Distribution in Multilayers of Weak Polyelectrolytes: A Neutron 
Reflectivity Study 

The prevlOUS chapter described the water distribution within the weak 

polyelectrolyte system when exposed to an environment of controlled humidity and to 

bulk water. The water distribution in the film was found to be asymmetric and to 

preferentially localize at the free surface of the film in both the gas phase and in solution. 

The segregation of water at the polymer-air interface and the asymmetric water 

distribution can be used to explain the anomalous kinetics reported in chapter 2. This 

supports the notion of water structuring that impedes the diffusion of bulk water into the 

sub-phase of the film. The focus of this chapter was to investigate the effect of pH and 

salt on the water distribution within the film. Neutron reflectivity was used to probe the 

water and counterion distribution in films that were exposed to salt solutions and in those 

assembled with salt. As previously done in chapter 3, the scattering properties of solvent 

were adjusted in order to deconvolute the water distribution in the film. Furthermore, the 

scattering properties of the salt ions provided a way to resolve their distribution in the 

polyelectrolyte multilayer films. 

4.1 INTRODUCTION 

The electrostatic interaction between two oppositely charged polyelectrolyte 

chains is the main driving force for the formation of polyelectrolytes multilayers (PEMs). 

The altemating adsorption of two oppositely charged polyelectrolytes onto a substrate 

using the layer-by-Iayer (L-b-L) technique can pro duce thin multilayer films with well-
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defined composition, thickness and surface properties.1 With weak polyelectrolyte 

systems, the degree of ionization of both polyrner systems (polyacid and polybase) can be 

regulated by varying the solution pH and allows for further control of the film properties.2 

The ability of the L-b-L method to form thin films that are structurally diverse has 

attracted intense interest for building novel systems with many potential applications 

including sensors,3-5 optical devices,5.6 separation membranes/-9 and drug delivery 

vehicles. lO
-
13 

The ability to predict the behavior and response of these systems under various 

conditions such as exposure to water, pH, and the influence of salt on the microstructure 

of the film is of fundamental importance. Knowledge of the internaI properties of the 

PEMs may give insight to further fine-tune film properties in order to produce novel 

materials. However, the interaction of water with polyelectrolyte thin films is of crucial 

importance, and is complex. Recently it has been found that water distribution within 

weak polyelectrolyte thin films is asyrnmetric and localizes preferentially at the polyrner 

surface when films were swollen using both humid air and bulk water. 14 The 

determination of the water profile in these PEMs helped to explain the anomalous 

swelling kinetics previously observed in these systems. 15 However, the effect of pH and 

counterions on the water distribution in polyelectrolyte multilayers has not been fully 

elucidated, and reported experimental results are contradictory on the role of salt and 

counterions in the formation of PEMs. 16-19 Recently neutron reflectometry studies on 

poly[5-(2-trifluoromethyl-l, l, I-trifluoro-2-hydroxypropyl)-2-norbornene] spin cast 

polyelectrolyte films have indicated a depletion of the counterion near the substrate of the 

film and an enrichment near the free surface of the film. 2o Although these experiments 

revealed the distribution of base counterions within the film, the study was not performed 
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with a multilayer system. In this paper, we provide a direct measurement of the water 

association and counterion distribution inside weak poly(acrylic acid) and poly(allylamine 

hydrochloride) (PANPAH) PEMs, when treated post-assembly with varying solution pH 

and salt conditions. The water distribution and counterion distribution in P AA/P AH 

assembled films was measured when exposed to salt solution both in situ and dried using 

specular neutron reflectivity. Using a null solvent, which was achieved by tuning the 

scattering length density (SLD) of a solvent mixture (92:8 H20:D20) to zero, the water 

and salt ion distribution within the film was determined. These experiments give insight 

into the understanding of the distribution of salt ions in the film, which could aid in 

developing further technological applications. 

4.2 EXPERIMENTAL SECTION 

4.2.1 MATERIALS AND FILM ASSEMBLY 

Poly(allylaminehydrochloride) (MW = 60 000) (PAH) was purchased from 

Aldrich. Poly(acrylic acid) (MW = 90 000) (PAA) ,was obtained from Polysciences as a 

25% aqueous solution. The polyelectrolytes were used as received without further 

purification. Polyelectrolyte solutions of 10-2 M (concentration based on monomer unit) 

were prepared in 18.2 MO'cm Millipore water. Multilayer films were fabricated 

according to the usual protocol using an automated dipper.2
,14,21 Polished Si (100) silicon 

wafers (~1 00 mm diameter and ~6 mm thick) purchased from Wafer World Inc. were 

used as substrates. The wafers were cleaned in concentrated chromium (III) oxide/sulfuric 

acid for at least 12 hours and then thoroughly rinsed with D.l. and Millipore water. The 

solution pH of the polyelectrolytes was adjusted to 3.5 using Hel. The substrates were 

then altemately immersed into the polyelectrolyte baths for 15 minutes. Between each 
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deposition step, the films were successively immersed into three rinse baths of Millipore 

water for 1, 2, and 2 min respectively. The process was repeated until the desired number 

oflayers was deposited (18 bilayers). For the capping layer study an additional PAR layer 

was added for a total of 18.5 bilayers. In the case of salt-assembled films, O.2M NaCl 

solutions in Millipore water were used for the polyelectrolyte solutions and the rinse 

baths, a total of 9 bilayers were deposited. After the films were assembled, excess water 

was removed under a stream of compressed nitrogen. For salt-assembled films, the 

surface was quickly rinsed with Millipore water in order to remove excess salt on the 

film. The assembled films were then dried under vacuum at 65 oC ovemight. The films 

were then stored under vacuum until placed into the environmental sample chamber for 

measurement. 

4.2.2 NEUTRON REFLECTOMETRY AND DATA ANALYSIS 

Neutron reflectivity experiments were perforrned at the Chalk River Laboratories 

Canada (National Research Council Canada) on the C5 spectrometer. Measurements were 

perforrned in the specular reflection mode, as a function of the momentum transfer qz = 

(4nn..) sin e, in the range of qz range of 0.006 A-l to 0.08 A-l, where À is the fixed 

incident neutron wavelength of 2.37 A. Measurements were perforrned in three qz 

regions: qz = 0.08 A-l to 0.048 A-t, qz = 0.052 A-l to 0.018 A-l and qz = 0.022 A-l to 

0.006 A-l
. The resolution of the measurements was varied in discrete steps by changing 

collimation and exit slit widths at several scattering angles, and the count times were 

adjusted so that proper count statistics were maintained throughout the entire scan, with a 

typical (full-width half-maximum) resolution of /).qz/qz = 0.045. The background 
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scattering was measured off-specularly with a fixed angular displacement of the sample 

of -1 ° for the dry measurements and -0.15° for the liquid cell. The overlap between the 

regions was used to match up the absolute reflected intensities in the three separate 

regions and the data was nonnalized by the incident beam intensity to account for the 

variations due to the changing slit widths. The samples were placed into an 

environmental chamber where the temperature and solvent conditions could be 

controlled?2 The sample stage was maintained at 25 oC for all experiments and for dry 

scans the films were kept dry in the cell with a nitrogen purge. Bulk water swelling 

studies were carried out using 100% D20, the pD of the solutions was adjusted with 

either NaOD or DCL To deconvolute the contributions of the swollen PEM matrix and 

counterions from water uptake within the film, swelling experiments were also conducted 

using a null solvent (a mixture of 92:8 H20:D20). This solvent mixture has a net 

scattering length density of zero, and therefore only the PEM matrix and/or the 

counterions contribute to neutron scattering intensity. The water or counterion 

distribution within the film was then obtained by simply subtracting the SLD profile from 

the original (100% D20) scattering curve. In the case of the null solvent experiments, the 

lack of a critical edge required the reflectivity curve to be nonnalized with the 

corresponding 100% D20 nonnalization factor. Various salt (NaCl, LiCI and KCI) 

solutions were prepared in either D20 or null solvent. The films were exposed to the salt 

or pD solutions for a minimum of 7 hours. The scattering length density profiles of the 

films were fitted with Parratt's dynamic approach,23 using the Parratt32 fitting software 

(provided by HMI) and the instrumental resolution was included when fitting the 

reflectivity curves. The silicon oxide thickness and roughness were fitted from neutron 

reflectivity curves on bare Si wafers of the same batch as those used as substrates for 
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multilayering. A simple one-box or two-box model of the polymer film was insufficient 

in producing reasonable fits to the data especially for the cases where the samples were 

swollen or with dry film that had been exposed to salt solutions. A three or four-box 

model was used to fit the reflectivity curves, where single thin slabs were used to model 

polymerlsubstrate and polymer/environment interfaces. A larger slab was used to model 

the bulk interior of the multilayer. AlI parameters (film/substrate roughness, internaI 

roughness, film/air roughness and the SLD of the polymer slabs) were free to evolve 

except for the SLD of the substrate and oxide. In the resulting SLD profiles of the 

multilayer films, we have chosen to define z = 0 as the silicon/oxide film interface. 

4.3 RESULTS AND DISCUSSION 

Polyelectrolyte films containing PAHIPAA were assembled at pH = 3.5 with and 

without O.2M NaCI, and the effect of exposure to pH, salt conditions, and capping layer 

were investigated. The films were then scanned to qz = 0.08 A-1 in the environmental 

chamber. Firstly, the effect of the pD of the solution was investigated. Figure 4.1 shows 

the raw neutron reflectivity data and model fits of P AH/P AA samples that were exposed 

to solutions of varying pD (3.0, 6.3, 7.0, and 8.0) in 100% D20. The SLD profile 

necessary for a good fit of the sample immersed in pure D20 (pD = 6.3) is not uniform 

throughout the film, but instead is strongly asymmetric, increasing from the substrate 

interface to the free surface. This non-uniform and increasing SLD profile is also 

apparent when the film is immersed in pD = 7.0 solution, but is not apparent when the 

film is immersed in pD = 3.0 or pD = 8.0 solutions, where the SLD is essentially uniform 

throughout the swollen film. This trend is illustrated more c1early in Figure 4.2a where 

the film thickness has been normalized. Although the films were assembled under the 
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a) 

b) 

~ 

same pH conditions, deviations such as temperature, humidity, and pH can lead to slight 

variation in the thickness of the films as seen in Figure 4.1 and Figure 4.1 S (for dry 

films). To provide an estimate of the amount of D20 incorporated in the film, the area 
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Figure 4.1 Neutron reflectivity data (error bars are within the size of the symbols) and fit 
(solid continuous lines) for PAAIPAH films assembled at pH = 3.5 exposed to D20 at a) 
(pD = 6.3), b) pD = 7.0, c) exposed to pD = 8.0, and d) exposed to pD = 3.0. The model 
fit for corresponding SLD profiles of the film are shown in each inset. The corresponding 
dry reflectivity data and SLD profiles are shown in the supplemental section (Figure 
4.1S). 

under the swollen profile was integrated and the corresponding dry SLD area was 

subtracted and normalized, as shown in Figure 4.2b. As evident in Figures 4.2a and 4.2b, 

in addition to the strong asymmetry in the SLD profile for the sample in pD = 6.3, there is 
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also less D20 incorporated into this film compared to the others. As the pD of the 

solution is increased from pD = 6.3, the SLD profiles become more uniform, and a 

greater content of D20 is observed in the film. When the film was exposed to a low pD 
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Figure 4.2 a) SLD profiles of the films normalized to the same thickness, under solution 
conditions of: pD = 6.3 (dashed line), pD = 7.0 (0), pD = 8.0 (solid line), and pD = 3.0 
(~). b) Normalized SLD area of the pD series (swollen SLD area - dry SLD area)/dry 
SLD area. 

value of 3.0, the bulk SLD again becomes more uniform, and more D20 also appears to 

have penetrated the film relative to the pD = 6.3 system. The increase in the D20 content 

in the films with a pD value higher or lower than 6.3 can be attributed to the effect of the 

strong pD change imposed on the ionizable P AA and P AH groups, relative to the pH 

~5.5-6.5 conditions that are experienced by the films during all of the rinsing steps during 
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assembly and preparation. At higher pD values, the free carboxylic acid groups on the 

PAA chains become more charged (to near 100% COO- groups at pD = 8.0),24 whereas 

the free amine groups of P AH become less charged. This results in a self- repulsion of the 

polyelectrolyte chains that enhances the porous structure of the film which leads to a 

greater D20 content in the film, and to greater permeability towards the substrate. 

Similarly, when the film was exposed to a lower pD value (3.0) the amine groups of the 

P AH chains become fully charged, while the charge fraction on the P AA chains 

decreases, leading to a similar charge inequality, and similar behavior in water. This also 

may lead to a more diffuse film structure that can facilitate an enhanced permeability of 

D20 toward the substrate. It may be also possible that the increased amount of ionic 

groups present in the film after exposure to the pD solutions could enhance water uptake 

where each additional ionic group provides a site for water to c1uster. It is important to 

note that the films expanded to the same extent when exposed to the pD solutions, which 

is consistent with previous studies of swelling vs pH. 15 

The effect of varying ionic strength was then investigated. Enhanced water 

permeability towards the substrate was also seen in this salt study, where Figure 4.3 

shows the neutron reflectivity data and model fits of P AHIP AA samples that were 

exposed to solutions of varying NaCI concentrations (0.0 M, 0.1 M, and 0.2 M) in D20. 

The SLD profile of water within the film was then deconvoluted by subtracting the 

contribution of the swollen film (null solvent swelling experiments as shown in Figure 

4.2S) and water (100% D20), and is shown again normalized to thickness in Figure 4.4. 

The water distribution within the multilayer is again strongly non-uniform when the film 

is exposed to low ionic strength water, and the water appears predominantly localized at 
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the film-ambient interface and does not completely penetrate towards the substrate, in 

agreement with previous studies. 14 
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Figure 4.3 Neutron reflectivity data (symbols) and model fits (lines) for PAAJPAH 
multilayer films assembled at pH = 3.5, and exposed to D20 with ionic strength of: a) no 
added salt, b) 0.1 M NaCl, and c) 0.2 M NaCl. The corresponding SLD profile of the 
model fits are shown in the insets. The corresponding reflectivity data and SLD profiles 
for the 92:8 (H20:D20) null solvent reference experiments are shown in the supplemental 
section (Figure 4.2S). 
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Figure 4.4 Water distribution in PAA/PAH multilayer films assembly pH = 3.5, exposed 
to to D20 no salt added (dashed hne), exposed to 0.1 M NaCI (open symbols), and 
exposed to 0.2 M NaCI (solid hne). 

The water fraction associated with the outer layer is ~ 54%, while in the bulk region of 

the film the water content ranges from ~45-35%. When the film was exposed to a 

solution of 0.1 M NaCI now however, the water fraction in the bulk region of the film 

became more uniform, near ~50%, while the water fraction associated with the outer layer 

is ~60%. There is also an apparent decrease in water content near the substrate interface, 

but the overall water content in the film clearly has increased when compared to the salt-

free case. When the film was exposed to a 0.2 M NaCI solution, the overall water content 

in the film increased even more substantially, and now with an increasing water profile 

from the free surface towards the substrate that ranges from ~45%-50%, to ~56% 

observed near the substrate. The increase in the water content in the film when exposed to 

salt solutions can be attributed to a screening effect. As the ionic strength of the solution 

increases, shielding of the charges on the polyelectrolyte chains in the multilayer 

increases, and a decrease in the electrostatic interaction between the chains results. The 
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decrease in the electrostatic interaction between the chains leads to the formation of a 

more diffuse film structure that enhances the permeation of salt ions (used to extrinsically 

compensate for the free charges) and additional waters of hydration into the film as 

observed. At higher salt concentrations the mobility of the polymer chains is enhanced 

due to the freeing up of the ionic sticker groups. The polyelectrolyte segments associated 

with the salt counterions are more hydrophilic and therefore more water will be 

associated with the polymer chains.25 

The reflectivity data, model fits, and SLD profiles for a dry film before and after 

sequential exposure to salt solutions of 0.2 M LiCI and 0.2 M KCI are shown in Figures 

4.5 and 4.6. As evident in the SLD profile after exposure to the salt solutions, an increase 

in the SLD is seen near the substrate and the bulk region of the film. This suggests that 

salt ions preferentially localize near the substrate. Using the inferred molecular volume 

and the scattering length of KCl, the amount of ions present per repeat unit can be 

calculated by subtracting the underlying SLD of the dry film prior to exposure to the salt 

solution from the SLD of the film (dry) that was exposed to the salt solution. The amount 

of KCl ions per repeat unit was calculated to be 0.77 at a distance of 300 A from the 

substrate and 1.53 at a distance of 100 A from the substrate. The amount of ions in the 

film increases near the substrate and is consistent with the notion that the water fraction 

distribution and hence the amount of ions in the film increase dramatically near the 

substrate as previously shown (Figure 4.4). The decrease in the SLD profile near the free 

surface of the film after exposure to the salt solutions indicates that there is sorne material 

loss or rearrangement of the polymer chains. These relatively harsh conditions of high 

salt that the film was subjected to may have contributed to the decrease in the SLD near 

the free surface. 
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Figure 4.5 Neutron reflectivity data (error bars are within the size of the symbols) and 
model fit (line) for PAAIPAH multilayer films assembled at pH = 3.5 measured in the dry 
state, but after exposure to 0.2 M LiCl and 0.2 M KCl 100% D20 solutions. The 
reflectivity data and fit for the dry film prior to exposure to the salt solutions can be found 
in the supplemental section (Figure 4.1 Sc). 
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Figure 4.6 SLD profiles of PAAIP AH multilayer films assembled at pH = 3.5 in the dry 
state prior to exposure to salt solutions (solid line) and then after exposure to 0.2 M LiCl 
and 0.2 M KCl100% D20 solutions (dashed line). 
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It is also possible that the apparent decrease in the dry SLD profile near the 

surface could be due to the presence of lithium ions that associate with the free COO-

groups that are present in the P AA capping layer. Lithium ions have a negative scattering 

length (-1.9 fm) whereas potassium has a large positive scattering length (3.67 fm). It is 

possible that the potassium ions have not completely exchanged with the lithium ions 

near the film surface and hence results in the apparent lower SLD profile near the surface. 

In addition a non-stoichiometric exchange of ions would have to occur, with more lithium 

ions associated with Cl- in that region. However, incomplete and non- stoichiometric 

exchange of ions is not likely the case as suggested by null solvent experiments (solvent 

mix of 92:8 (H20:D20)), presented in Figure 4.7 and Figure 4.8. Here the SLD profile 
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Figure 4.7 Neutron reflectivity data (symbols) and model fits (lines) for P AAiP AH 
multilayer films assembled at pH = 3.5 and exposed to a) a solution of 0.2 M KCl with a 
solvent mix of 92:8 (H20:D20), and b) a solution of 0.2 M LiCl with a solvent mix of 
92:8 (H20:D20). The data are offset for clarity. 
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for the 0.2 M KCI is higher in the bulk region due to the positive scattering length of 

potassium. The overall SLD is lower in the case of 0.2 M LiCI since lithium has a 

negative scattering length. The amount of ion per repeat unit (potassium ions that 

displaced the lithium ions) can be ca1culated from this using the inferred molecular 
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Figure 4.8 SLD profiles of multilayer films exposed to a solution of 0.2 M LiCl with a 
solvent mix of92:8 (H20:D20) (solid line) and exposed to a solution of 0.2 M KCI with a 
solvent mix of92:8 (H20:D20) (dashed line). 

volume (based on the dry salt-free SLD of the film), the scattering length difference of 

potassium and lithium (5.57 fm) and by subtracting the SLD profile of LiCI from KCl. 

The amount of exchangeable cations per repeat unit was determined to be 1.32 at a 

distance of 100 A. In the bulk region of the film (700 A from the substrate) the amount of 

ions per repeat unit was ca1culated to be 0.48. However, as seen in the SLD profile for the 

film exposed to 0.2 M LiCI (Figure 4.8) with a solvent mix of 92:8 (H20:D20), the SLD 

is higher near the free surface, and this would suggest that a 10w amount of lithium ions 

are present at this interface. The decrease in the SLD at the free surface in the dry film 

(Figure 4.6) has not been observed in the other films studied without prior pD treatment, 
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so it is therefore more likely that the decrease is caused by materialloss or rearrangement 

of the polymer chains due to the previous pD treatments. 

Figure 4.9 shows the dry neutron reflectivity data and fits of PAH/PAA samples 

that were exposed to salt solutions of 0.2 M NaCI and 0.2 M LiCI in null solvent (92:8 

(H20:D20)), the resulting SLD profiles are shown in Figure 4.10. The SLD profile of the 
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Figure 4.9 Neutron reflectivity data and fit (solid continuous line) for multilayer films a) 
in the dry state prior to exposure to 0.2 M NaCI and 0.2 M LiCI salt solutions and b) in 
the dry state after exposure to solutions of 0.2 M NaCl and 0.2 M LiCI with a solvent mix 
of 92:8 (H20:D20). The data are offset for clarity. 

dry film after exposure to the salt solutions reveals a higher density near the substrate. 

The higher SLD here indicates that salt ions (LiCl) preferentially localize near the 

substrate. This is consistent with the notion that the water fraction and the amount of salt 

ions that are able to diffuse into the film greater near the substrate (Figure 4.4). The 

enhanced permeability near the substrate leads to the observed increase in the SLD of the 

dry film after exposure to the salt solutions. Assuming 100% displacement of NaCI by 

LiCl and that the chains are 100% hydrogenated, the amount of LiCl ions per repeat unit 
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100 A from the substrate was determined to be 1.81, whereas a much lower amount 

(0.08) of salt ions are found in the bulk region. 
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Figure 4.10 SLD profiles of multilayer film in the dry state prior to exposure to salt 
solutions (sohd black hne) and after exposure to solutions of 0.2 M NaCI and 0.2 M LiCI 
with a solvent mix of92:8 (H20:D20) (dashed hne). 

The effect of the cation type on the water distribution in the film was also 

investigated. Figure 4.11 shows the reflectivity data, fits, and profiles for a film exposed 

to 0.1 M LiCI and 0.1 M NaCI in 100% D20 and null solvent. The water distribution in 

the multilayer film that was exposed to salt solutions containing LiCI and NaCI is shown 

in Figure 4.12, calculated by subtracting the null solvent profile of the swollen film from 

the corresponding D20 profile. The resulting profiles suggest that the water distribution 

in the film is similar, within experimental uncertainties, regardless of what type of salt 

was used. Therefore, the water distribution in the multilayer film does not appear to be 

affected by the type of salt ions used at a concentration of 0.1 M. 
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Figure 4.11 Neutron reflectivity data (error bars are within the size of the symbols) and 
fit (solid continuous line) for a multilayer film a) exposed to a solution of 0.1 M LiCl 
100% D20 and b) exposed to a solution of 0.1 M LiCl with a solvent mix of 92:8 
(H20:D20). The corresponding SLD profile of the model is shown in the inset. For the 
corresponding data and fits for 0.1 M NaCl 100% D20 and 92:8 (H20:D20) refer to 
Figure 4.3b), and Figure 4.2S b) respectively. 

The extent of diffusion of salt ions into and out of a P AAIP AH multilayer film was also 

studied, as a function of the identity of the polymer at the free surface (the capping layer). 

Figure 4.13 shows the neutron reflectivity data of a film capped with P AH in the dry state 

before exposure to a salt solution, after exposure to a salt solution of 0.1 M LiCl in a null 

solvent, and again after exposure to water. The corresponding SLD profiles are shown in 

130 



o 
....J 
Cf) 

7.0 
6.5 
6.0 
5.5 
5.0 
4.5 
4.0 
3.5 
3.0 
2.5 
2.0 
1.5 
1.0 
0.5 
0.0 

0 200 400 600 800 1000 1200 1400 1600 

Z(À) 

Figure 4.12 Difference in the SLD profiles of the neutron reflectivity data for a 
multilayer film exposed to 0.1 M NaCI and 0.1 M LiCI solutions (100% D20 and 92:8 
(H20:D20). The difference of the SLD profiles indicates the water distribution within the 
film. The solid line corresponds to the water distribution in the film when exposed to a 
solution of 0.1 M NaCl. The open symbols indicate the water distribution in the film 
when exposed to a solution of 0.1 M LiCl. 

Figure 4.14. Exposure to a 0.1 M LiCI solution resulted in an overall increase in the SLD 

profile with a large increase in the SLD near the substrate. This increase in the SLD near 

the substrate suggests that salt ions preferentially localize near the substrate, as previously 

discussed, and as observed in the other profiles. The distribution of the LiCI ions in the 

film as a function of film thickness however is shown in Figure 4.15 (solid line). The 

number of salt ions per A3 was estimated with the difference between the dry SLD profile 

after exposure to a 0.1 M LiCI solution, and the underlying SLD profile for a dry film 

exposed to a salt solution. As previously stated, there is a higher concentration of salt ions 

near the substrate, as weIl as a pronounced increase in the SLD near the free surface of 

the film. As will be discussed later, the increase in the SLD near the free surface of the 

film may be due to a capping layer effect. The number of ions per repeat unit was 

calculated to be 2.0 at a distance of 100 A from the substrate. This amount was 
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determined by the usual manner described here (subtracting the original underlying dry 

SLD profile from the dry LiCI profile, using the inferred molecular volume from the dry 
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Figure 4.13 Neutron reflectivity data (error bars are within the size of the symbols) and 
fit (line) a P AAIP AH multilayer film (P AH capped) a) in the dry state prior to exposure 
to a salt solution b) in the dry state after exposure to a solution of 0.1 M Liel with a 
solvent mix of92:8 (H20:D20) and c) in the dry state after exposure to H20. The data are 
offset for clarity. 

3.5 

3.0 

--. 2.5 
~ 
b 

2.0 

...- 1.5 '-' 

0 
-1 1.0 Cf) 

0.5 

0.0 
-200 0 200 400 600 800 1000 1200 

z(A) 

Figure 4.14 SLD profile for a dry multilayer film (PAH capped). The solid line is the 
SLD profile of the film prior to exposure to a salt solution. The dashed line is the SLD 
profile of the film that was dried after exposure to a 0.1 M LiCI solution and the open 
symbols is the dry SLD profile of the film after it was exposed to water. 
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Figure 4.15 Ion distribution in a dry multilayer film (P AH capped). The solid line 
represents the ion distribution (Li Cl) through the multilayer film. The diffusion of LiCI 
ions from the film into MilliQ water is represented by the dashed line 

profile and the scattering length of LiCI). In the bulk region of the film (700 A from the 

substrate) the number of ions per repeat unit was determined to be 1.13. After exposure to 

water the SLD profile decreased, which suggests that LiCI ions diffused out of the film 

into solution. However, the extent of the salt ion diffusion out of the film was not 100% 

as indicated by the slightly higher SLD in the bulk region of the film relative to the 

original dry film SLD. In addition, the diffusion of the salt ions out of the film did not 

affect the SLD near the substrate and suggests that the affinity of the salt ions to the 

polymer chains in this region of the film is strong. The diffusion of LiCI ions from the 

film is shown in Figure 4.15 (dashed line) as inferred by the difference between the SLD 

profiles of the dry film after exposure to a O.lM LiCI solution and water. This clearly 

indicates that the diffusion of the salt ions primarily occurs in the bulk and outer region of 

the polyelectrolyte multilayer film. The number of ions that have diffused out of the film 

in the bulk region (700 A from the substrate) was determined to be 0.77 per segment, 

which corresponds to a depletion of ~68%. 
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The effect of the identity of the capping layer is evident in Figure 4.16, where the 

film assembled with an additional layer (P AH capped). The resulting SLD profile under 

null solvent conditions where only the polymer and salt ions contribute to the reflectivity 

data reveals an increase in the SLD near the substrate. This increase in the SLD profile 
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Figure 4.16 a) Neutron reflectivity data (error bars are within the size of the symbols) and 
fit (solid continuous line) for a multilayer film (P AH capped) exposed to a solution of 0.1 
M Liel with a solvent mixture of92:8 (H20:D20), b) the corresponding SLD profile. 

near the substrate indicates that more ions are present which is consistent with previous 

arguments presented in this discussion. However, there is an increase in the SLD near the 

free surface of the film which is also apparent in the dry profile (Figures 4.14 and 4.15). 
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It is possible that this increase in the SLD near the free surface is due to the association of 

Cl- ions with the free amine groups of the P AH layer capping layer. Chloride has a very 

large scattering length (9.58 fm), in comparison to lithium (-1.9 fm) and sodium (3.63 

fm), and can be easily differentiated at the surface of the film. It is therefore conceivable 

that the relatively low scattering length of the cations used in this study would not be 

easily differentiated near the free surface of the PAA capped films. 

In a case where ions of type A are then replaced by ions of type B, there are four 

scenarios to consider. Firstly, there is the simple assumption that the type A salt ions, for 

instance Na+ and cr can displace the other type B salt ions (Li+ and Cn in the film. 

Secondly, there is the possibility that there is an incomplete ex change of the type B salt 

ions and sorne residual type A salt ions that remain in the film. The third scenario is that 

the multilayer film has a different affinity for different types of salts, i.e. the film may 

have a greater affinity for type A ions versus type B ions. Finally, there is the possibility 

of a non-stoichiometric inclusion in the film, where one type of counterion (either the 

positive or negative species) will preferentially associate in the multilayer film. The 

experimental evidence shown here suggests that scenario two is unlikely, since ion 

ex change was seen with the multilayer system irrespective of what order of salt solutions 

were used. The third possibility is also unlikely since the water distribution in the film is 

apparently unaffected by the type of cation used, however, the degree of diffusion is 

affected by salt concentration. Calculating an inferred swollen SLD from a dry film (prior 

to salt solution exposure, Figure 4.14) gives values in the bulk region that are much 

higher 6.7 x 10-7 A-Z than those obtained experimentally when exposed to salt solutions 

(Figure 4.16, SLD = 5.2 x 10-6 A-Z
). For this to be possible there would have to be more 

Li+ incorporated into the bulk of the multilayer. The SLD value in the bulk region of the 
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film is lower than for the films assembled without a P AH capping layer. It is therefore 

more likely that there is a non-stoichiometric diffusion that occurs. Under the assembly 

conditions, P AH is fully charged and P AA is partially charged. It is therefore possible 

that as the salt ions diffuse into the film, more lithium ions will associate with the free 

carboxylic acid groups in the film. This would lead to the apparent decrease in the SLD in 

the bulk region of the film. Previous studies on this system suggest that the film is more 

dense near the substrate than in the bulk region of the film. 14 It is weIl known that the 

film morphology near the substrate can be quite different than the bulk, so it is not at aIl 

inconceivable that substrate effects may induce the film to form a stoichiometry close to 

1: 1 near the substrate. This type of film structure, mimicking a strong polyelectrolyte 

multilayer, might facilitate a stoichiometry of counterions with a ratio of more cr that 

extrinsically compensates the charges then in the bulk region. This would explain the 

increase in the SLD near the substrate relative to the bulk region of the film; whereas the 

increase at the diffuse surface is due to the presence of cr ions. 

The distribution of ions in films assembled in the presence of salt was also 

investigated. Figure 4.17 shows the dry neutron reflectivity data and fits for an assembly 

pH = 3.5 PAAIPAH multilayer film assembled with 0.2 M NaCI before and after 

exposure to a solution of 0.2 M LiCI in pure D20. The overall SLD of the dry film 

assembled with 0.2 M NaCI (Figure 4.18) is greater than those that were not assembled in 

the presence of salt. This increase in the SLD is due to the high scattering length of Cl

(9.58 fm) and Na+ (3.63 fm) ions that extrinsically compensate the multilayer film. 

Furthermore, the region near the substrate of the film has a higher SLD than the bulk 

region and suggests that salt ions preferentially localize near the substrate of the film. 
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Figure 4.18 SLD profile for a dry assembly pH = 3.5 PAA/PAH multilayer film 
assembled with 0.2 M NaCl. The solid line is the SLD profile of the film prior to 
exposure to a salt solution. The open symbol is the SLD profile of the film that was dried 
after exposure to a 0.2 M NaCl and 0.2 M LiCl solution. 
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This was also observed with films that were assembled salt-free where the film was 

exposed to salt solutions post assembly and suggests that this phenomenon of salt 

localization near the substrate is inherent to the polyelectrolyte system investigated. After 

exposure to a solution of 0.2 M Liel in pure D20, the dry SLD of the film decreased in 

the bulk and near the substrate regions of the film. This suggests that the sodium ions that 

were originally incorporated into the multilayer have been displaced by the lithium ions. 

The amount ofNa+ displaced by Lt ions per repeat unit was determined to be 1.02 in the 

bulk region of the film (500 A from the substrate) and 2.28 near the substrate (100 A 

from the substrate). 

4.4 CONCLUSIONS 

Neutron reflectivity experiments have provided a means to examine the water and 

counterion distribution in weak polyelectrolyte multilayer films. It is evident that 

exposing the films to a pH above or below that of the rinse bath results in an 

enhancement of water permeation. An increase in water penetration into the films was 

also observed with films exposed to salt solutions. The water content in the film increases 

with increasing salt concentration. It is apparent that the water localizes asymmetrically in 

the film, and predominantly segregates near the substrate, which is contrary to the 

distribution seen with salt-free solutions. This water localization and hence the increased 

salt content near the substrate region of the film manifests itself in the dry film profiles, 

where an increase of the salt ions near the substrate region is observed. The capping layer 

strongly influences the ion distribution in the film, however, an enhanced ion content is 

still observed near the substrate. Films assembled with salt also exhibited an increased 

salt ion content near the substrate. This suggests that the pronounced increase of the 
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counterions near the substrate as observed in films exposed to salt solutions is an inherent 

property of the PEM system investigated. 
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Figure 4.1S Neutron reflectivity data (error bars are within the size of the symbols) and 
fit (solid continuous line) for dry multilayer films used in the pD series (Figures 4.1 and 
4.2). a) prior to being exposed to bulk D20 with a pD of 5.5, b) prior to being exposed to 
bulk D20 with a pD of 7.0, and c) prior to being exposed to bulk D20 with a pD of 3.0 
and 8.0. The corresponding SLD profile of the model is shown in the inset. 
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Figure 4.28 Neutron reflectivity data (error bars are within the size of the symbols) and 
fit (solid continuous line) for a multilayer film a) exposed to bulk water with a solvent 
mix of 92:8 (H20:D20), b) exposed to a solution of 0.1 M NaCI with a solvent mix of 
92:8 (H20:D20), and c) exposed to a solution of 0.2 M NaCl with a solvent mix of 92:8 
(H20:D20) . The corresponding SLD profile of the model is shown in the inset. 
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Chapter 5 

Light-Indueed Reversible Volume Changes in Thin Films of Azo Polymers: 
The Photo-Meehanieal Effeet 

In the preceding chapters, the swelling kinetics, water and counterion distribution 

was investigated for the P AH/P AA multilayer system. It was found that the water 

distribution in the film was highly affected by solution pH and salt content. From these 

extensive investigations, a thorough understanding of the response of these systems to 

external stimuli was obtained. In this chapter, we explore the photochemically induced 

expansion of thin polymer films that contain the azobenzene chromophore and 

polyelectrolytes. This fundamental study on the photomechanical effect was conducted on 

poly-Disperse Red 1 acrylate (PDRIA) and copolymers containing the polyelectrolyte 

acrylic acid. Factors such as azobenzene content, film thickness, and isomerization power 

were investigated. This study gives insight to the formation of surface relief gratings and 

supports an isomerization pressure mechanism. In addition, these studies may help in the 

development of novel biocompatible photo-responsive materials that utilize the L-b-L 

technique, the hydration properties of polyelectrolytes and the photochemical properties 

of azobenzene. 

5.1 INTRODUCTION 

Thin films of azobenzene (azo) containing polymers have many potential 

applications as photo active materials for micropatterning, l reversible optical storage,2,3 

and as sensors,4-7 based on the light-activated interconversion between the two 

geometrical isomers. The photochemical trans to cis isomerization and the thermal or 

Reprinted with permisSiOn from Macromolecules 2005, 38, 10566-10570. Copyright 
2005 American Chemical Society. 143 



photochemical back cOnVerSiOn to the energetically favoured trans isomer are weIl

studied phenomena.8
,9 The photo-induced trans-cis isomerization generally takes 

picoseconds to milliseconds to complete in solution, lO,11 while the thermal relaxation 

from cis to trans is a slower process that requires tens of seconds to many hours 

depending on the chromophore,12 and the nature of the polymer backbone. 13,14 Although 

the photochemical trans-to-cis isomerization of azobenzene has been weIl studied for 

nearly fi ft y years,15 many interesting questions conceming the behavior of polymerie azo 

systems remain unanswered. For example, spin-cast films of azo polymers have been 

found to produce surface relief gratings (SRGs) when exposed to interfering laser 

irradiation,16-18 whereby the polymer moves across a surface in response to light of certain 

polarizations. The mechanism of the mass transport weIl below Tg is still unresolved, but 

it has been suggested that the formation of SRGs is possibly due to a photo-expansion 

effect. 19
,20 Recently, similar interest has been given to the photo-deformation properties 

of other azo thin films, such as studies with free films of azo-polyester which have shown 

macroscopic deformation upon irradiation with low power circularly polarized light for 

both amorphous or liquid crystalline polymers.21 Lastly, Ikeda and co-workers have also 

demonstrated a light-induced bending of free standing liquid-crystal network azo films, 

whereby light impinging on the surface causes the material to bend and curl along the 

polarization director, relaxing back to flat when the cis to trans back isomerization is 

activated at a different weavelength.22,23 Despite sorne similarities to previous 

observations of photochemically induced free volume changes in azo films measured by 

ellipsometry,24 or by total attenuated reflection,25,26 no CUITent explanation for a 

mechanical force at the molecular level exists for the phenomena of both SRG 

photoinscription and Le film curling. In addition to any fundamental insight to be gained 
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from a detailed study of this effect, an understanding of the photo-expansion behavior of 

these azo polymer systems might provide development of sorne interesting applications 

based on this piezoelectric-like response, such as photo-actuation or artificial muscles. In 

this paper, we use null-ellipsometry to confirm a photo-mechanical response in azo 

polymers directly for the first time, and then characterize this photo-mechanical effect for 

thin films poly-Disperse Red 1 acrylate (PDR1A) and copolymers of acrylic acid (AA) 

with varying dye content, under various irradiation conditions and film thicknesses. In 

addition to providing a thorough characterization of the photo-mechanical effect for 

development of future photo-mechanical materials, this work also allows insight into the 

previously unresolved mechanisms of light-activated material response, such as LC film 

bending, and the mass transport effect of SRG formation. 

5.2 EXPERIMENTAL SECTION 

5.2.1 MATERIALS 

A co-polymer series of poly-Disperse Red 1 acrylate (PDR1A) and acrylic acid 

(AA) as shown in Figure 5.1, was synthesised by free radical polymerization,z7 Thin 

films of PDRlA and co-polymers were prepared by spin-coating (1300 RPM) from 

solutions made from distilled tetrahydrofuran onto polished <100> silicon wafers. The 

films were annealed under vacuum for 8 hours at 110°C. 
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Figure 5.1 Chemical structure ofpoly(DRIA-co-AA) where n = 1,0.35 and 0.05 

5.2.2 PHOTO-EXPANSION 

The thickness and refractive index changes of the azo-films were measured using 

a Multiskop single wavelength (633 nm) null-ellipsometer (Optrel, Germany) at a fixed 

angle of incidence (70°). Although the He-Ne laser of the measuring beam is far from the 

absorption maximum of PDRIA, the power was attenuated by a 2.0 O.D. filter to further 

minimize any induced photo-orientation during the measurements. The irradiation (pump) 

beam at À = 514 nm was obtained from an Ar+ ion laser. The beam was expanded to a 

diameter of 5.0 mm with a series oflenses in order to ensure that the probe beam cross-

section (2.3 mm) was completely irradiated. The pump beam was arranged to be incident 

normal to the plane of the film and so that the pump beam coincides with the rotational 

axis of the goniometer. The pump beam was circularized with a quarter wave-plate to 

ensure that no in-plane photo-alignment of the azo-chromophore occurred. The power of 
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the pump beam (0.7-215 mW/cm2
) was varied by attenuation with neutral density 

absorbance filters. 

5.3 RESULTS AND DISCUSSION 

Isomerization was induced in amorphous films of the azo copolymers by brief 

irradiation with the pump beam, and the corresponding change in film thickness was 

measured. The trans-cis conversion is depicted in Figure 5.2, as well as a schematic 

representation of the resulting photo-expansion response. As depicted, the isomerization 

of the initially all trans state azo film leads to an initial irreversible expansion of the film 

when irradiated to the cis-rich photostationary state. Following the thermal cis-trans 
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Figure 5.2 An illustration of photochemical induced trans to cis isomerization of 
azobenzene and a schematic representation of the photo-expansion effect in poly(DR1A
co-AA) thin films where the thickness d' > d"> d. 
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relaxation the film contracts, and upon further irradiation the film expands again, this 

time reversibly. A typical photo-expansion cycle profile of PDRIA is shown in Figures 

5.3 and 5.4. 
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Figure 5.3 Typical initial expansion and relaxation curve for 100 mol % PDRIA with a 
30s pump beam irradiation at 514 nm with a beam intensity of 207 mW/cm2

, showing a 
saturation of thickness increase in the first pump cycle, and a relaxation in the dark. 

Upon irradiation for 30 seconds with circularly polarized light, an initial increase 

in film thickness of 3% was observed, with a corresponding decrease in refractive index, 

but this increase in thickness was not observed to be fully reversible on relaxation. 

Subsequent photo-expansion is reversible however, as presented in Figure 5.4, along with 

the associated decrease in refractive index observed during the irradiation cycle. This 

refractive index decrease does not mirror the thickness increase exactly, because the 

irradiated material now contains a mixture of cis and trans isomers which possess 

different refractive indices. The time-scales required to reach saturation of the initial 

expansion are on the order of many tens of seconds to many tens of minutes depending on 

pump beam power. These time scales are significantly longer than the photochemically 

induced trans-cis isomerization of the azo-polymer in pump-relaxation experiments 
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which typically require under a few seconds to reach saturation. At low power, the 

expansion grows over time more slowly, but eventually reaches the same extent of 

expansion obtained at high power. Since the saturation time depends on irradiation 

power, there is strong suggestion that it is the trans-Gis cycling that drives the expansion 

of the film. 
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Figure 5.4 Typical reversible expansion and relaxation curve for 100 mol % PDRIA, 
with three 30s pump cycles irradiated at 514 nm with a beam intensity of 207 mW/cm2 

a) indicating the % maximum and % reversible expansion for the first three pump cycles 
b) corresponding refractive index change. 

Azo isomerization alone has been shown to be on the order of microseconds or 

faster, and has a high quantum yield, so in princip le a brief irradiation of this timescale 

should be sufficient to cause expansion in the film. Irradiations of one second duration at 

a power of ~200mW/cm2 were observed to induce a measurable photo-mechanical 
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response, though less than saturation, and the effect achieves more then 90% of its 

saturation of thickness change after 10 seconds of exposure. Although most of the 

characterization shown here used 30 second exposures to reach saturation, azo polymers 

exhibit sufficient response on shorter time scales to act as photo-induced actuators for 

sorne applications. Following a ten-minute period where the azo-polymer was allowed to 

thermally relax with cis-trans thermal isomerization, the film was then irradiated again 

and expanded to an extent of 1.3% relative to the relaxation thickness. With repeated 

irradiation cycles, the extent of photo-induced expansion remained constant with a 

reversible expansion of -1.3%. To ensure that upon isomerization the pump beam did not 

induce a significant orientation of the chromophores and hence the corresponding 

birefringence be misinterpreted as thickness change, studies were also conducted with an 

integrating sphere. This served to completely depolarize the pump beam, but the same 

expansion profiles with refractive index conserved were observed. This indicated that the 

azo-polymer chromophores remained unoriented when irradiated with circularly polarized 

light and thus did not interfere with ellipsometeric measurements, which assume an 

isotropic sample. Furthermore, birefringence was not observed in irradiated regions, 

measured through usual techniques.9 

The initial non-reversible expansion of the film is due to a rapid trans-cis cycling 

that occurs during isomerization. Although 100 mol % PDR1A has a Tg ofapproximately 

95 oC, the rapid trans-cis-trans cycling likely also has a softening effect on the film, 

enhancing the photo-mechanical effect. Recently, Mechau et al. have shown a small 

change in the elasticity of an azo-film due to a photo-induced mechanical softening 

effect.28
,29 The relatively long times required to reach maximum thickness imply that azo 

chromophores would undergo a large number of these trans-cis-trans cycles. It is 
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proposed that this trans-cis-trans cycling requires an increase in the free volume of the 

polymer matrix, because of the change in shape requirements between the trans and cis 

geometries, the local movement of the azo moieties, and the concomitant segmental 

motion of the polymer chains. These effects result in the observed increase in thickness 

and a reduction in the refractive index of the film, and when the pump beam was tumed 

off, the film thermally relaxed as expected. The original film thickness however was not 

fully recovered after the first cycle, suggesting that the sorne of the photochemically 

induced free volume increase remains trapped in the polymer matrix. Similar findings 

were observed in azo-PMMA systems using a quartz crystal microbalance, where sorne of 

the free volume change induced by trans-cis isomerization was captured irreversibly in 

the film. 4 In our materials however, when the film was heated above Tg in an attempt to 

recover the initial pre-irradiation film thickness, the resulting thickness after heating

cooling was 3.5% thinner than initial. This decrease in the irradiated film thickness above 

Tg may be due to a more efficient molecular packing achieved through the isomer cycling, 

or also to the formation of density gradients in the film, as reported previously.30-32 It is 

clear however that the thermal cis-trans relaxation alone is not as effective in re-packing 

the pol ymer chains to their initial density as is heating the film above the glass transition 

temperature. 

With repeated irradiation cycles the film expanded reversibly. After the first 

irradiation cycle, the free volume of the polymer matrix has reorganized and increased to 

its maximum, and the subsequent reversible expansion appears simply as an elastomeric 

response of the polymer matrix to light, through rapid trans-cis-trans cycling on 

irradiation. When the pump beam is tumed off, the film undergoes cis-trans relaxation 

and the matrix deforms back reversibly. The timescale of this mechanical relaxation is at 
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least an order of magnitude slower than the thermal cis-trans relaxation rate, suggesting 

that a slow material relaxation dominates after the chromophores have reverted back to 

the trans form in the dark. The relaxation profiles were fit to a first order decay and rate 

constants were found to be independent of the pump beam power, with a mean value of 

0.006 ±0.001 S-l, while typical cis-trans relaxation rate constants for PDRIA were 

measured to be approximately 0.24 S-1.14 This would suggest that the reversible relaxation 

component is largely regulated by the polymer matrix, and is not by the thermal 

relaxation of the cis fraction. 

Similar photo-expansion measurements were then conducted varying the azo 

chromophore content of the polymer, the intensity of the pump beam, and the film 

thickness. The thickness dependence of PDRIA on the extent of expansion is shown in 

Figure 5.5. As depicted, the overall extent ofthickness increase for the homopolymer and 

the 35 mol % copolymer is 10 A in thin films (of ~ 250 A). As the film thickness is 

increased the overall extent of expansion and saturates at ~23 A in the thicker films in the 

range of ~ 1200-1500 A. The 5 mol % PDRIA showed no discernable change in film 

thickness when irradiated. The similar extent of expansion for the homopolymer and the 

35 mol % PDRIA-co-AA as weIl as the zero extent of expansion of the 5 mol % PDRIA

co-AA can be attributed to the volume fraction of the azo moieties in the matrix. Even 

though the mol fractions appear quite different, the 35 mol % PDRIA occupies a volume 

fraction of ~ 70 % azo in the material which provided a similar extent of expansion to 

that of the homopolymer, regardless of film thickness. However, the 5 mol % PDRIA 

copolymer has a volume fraction of only ~ 20 %, and appears to be below a cri tic al azo 

threshold to efficiently facilitate the movement of polymer backbone and hence no 

thickness increase in the film was observed. This dependence on the azo content is non-
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linear and suggests that a critical minimum concentration is required for a cooperative 

motion of the azo molecules to induce deformation of polymer matrix. 
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Figure 5.5 Thickness study for 100%, 35% and 5 mol % copolymers irradiated at 514 nm 
(210 mW/cm2

). a) The maximum extent ofthickness increase obtained during irradiation, 
and b) 30 s isomerization cycles following a 10 min relaxation showing % maximum and 
reversible expansion b). The closed symbols e, Â and • correspond to the maximum 
expansion of the first cycle for 100, 35 and 5 mol % PDR1A respectively. The open 
symbols correspond to the reversible expansion. 

The homopolymer and the 35 mol % PDR1A-co-AA both exhibited a decrease in 

the extent of relative expansion as film thickness is increased for both the maximum 

(from 4-1.5%) and reversible components (from 1.5-0.5%) as shown in Figure 5.5 b). 

The 100 mol% and 35 mol% PDR1A-co-AA films both had a similar relative extent of 

expansion over the thickness range studied. The apparent decrease in the relative extent 

of expansion with increasing film thickness of the 100 mol% and 35 mol% PDRIA-co-
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AA polymers is likely due to the extinction of the incoming pump beam near the free 

surface of the highly-absorbing films. The molar absorptivity of the homopolymer was 

determined to be ~ 4.3 Jlm-1 at 514 nm, which implies that for a film that is ~ 1500 A 

thick, only ~ 30 % of the incident light will reach the substrate, whereas in a thin film of 

250 A more than 80% of the light will reach the bottom of the film. Therefore, thicker 

films expand to a lesser relative extent than thinner films due to a lower effective 

irradiation intensity near the substrate than at the exposed surface, which also implies that 

this observed expansion is in fact in the form of a gradient through the film, normal to the 

incident light. 

The extent of reversible expansion of 100 mol % PDR1A versus the irradiation 

power is presented in Figure 5.6. At low pump beam power (0.7 mW/cm2
) the film 

expanded to ~ 0.1 % reversible and saturated to ~ 1.2 % at ~90 m W/cm2
. Above an 

irradiation intensity of ~90 mW/cm2 the extent of reversible photo-expansion appears 

constant. At low irradiation power, a measurable but smaller change in expansion can be 

induced, as the chromophores would be expected to suffer a reduction in the number of 

azo groups able to isomerize. This is due to the dominance of the thermal cis-trans 

conversion at low power, which reduces the cis population in the photostationary state, 

and results in a low extent of expansion. At higher irradiation intensities the trans-cis

trans isomerization process would be expected to become more efficient and hence the 

film expands to a greater extent, also as observed. Thus the reversible component can be 

attributed to the geometrical changes of the azo molecules during the irradiation and is 

dependent on the cis fraction in the film, whereas the irreversible expansion is dependent 

only on the trans-cis-trans cycling to induce a free volume change in the film. This 
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behavior is comparable to that of the thickness dependence study, where a reduction in 

intensity occurs when the pump laser passes through the highly absorbing film. 
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Figure 5.6 Pump laser power dependence on the extent of reversible expansion for a 220 
A, 100 mol % PDR1A irradiated at 514 nm. 

This demonstration of a photo-mechanical effect that varies with irradiation 

intensity and azo content implies that this is a phenomenon general to an thin films of 

azobenzene polymers above a certain azo content. This study also suggests that 

previously observed light-induced mechanical changes (such as SRG formation) are 

probably due to this photo-mechanical effect, induding a previously postulated 

rationalization of an isomerization pressure mechanism for SRG formation. 18,19 This 

proposed mechanism relies on the formation of a free volume pocket around the azo 

molecules, which results in a mechanical pressure exerted on neighbouring polymer 

chains in regions of high light intensity. The pressure gradient that is formed by a 

corresponding interfering light gradient then drives plastic flow of the polymer to regions 

of low light intensity, and requires only a few % expansion with light for this to occur, 

similar to the range ofthe effect measured here directly.19,20 The photo-mechanical effect 
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could now be considered sufficient to drive a pressure type mechanism in the formation 

of SRGs, and other light-driven mechanical systems fashioned with azo polymers. 

5.4 CONCLUSIONS 

A photo-mechanical effect was observed in thin films of azo polymers, whereby 

light produces a reversible increase in thickness, and corresponding decrease in refractive 

index. The initial photo-expansion ofPDRIA films is not fully reversible, but subsequent 

irradiation cycles exhibit a completely reversible expansion over many cycles. We have 

demonstrated that the relative extent of expansion of PDRI-co-AA copolymers can be 

controlled through film thickness, and by varying the pump beam intensity or duration. 

The response of the polymer matrix appears to govem the relaxation rate of the polymers 

in the dark, and not the thermal back isomerization. Low power irradiation is sufficient 

in producing a photo-mechanical response in the azo films and in principle these 

polymers could be developed as photo-induced actuators. This photo-mechanical effect 

appears to be of sufficient magnitude to explain sorne previously observed light-activated 

mechanical changes in similar materials, su ch as a pressure type mechanism being 

responsible for the formation of SRGs in azo films. 
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Chapter 6 

Conclusions, Contributions to Original Knowledge, and Suggestions for 
Future Work 

6.1 CONCLUSIONS AND CONTRIBUTIONS TO ORIGINAL KNOWLEDGE 

Weak polyelectrolyte multilayer systems have many potential applications III 

membrane separations, drug delivery, and biocompatible surface preparations. Many of 

the film properties can be controlled by manipulating the charge fraction on the polyrner 

chain. In all of these applications, knowledge of the in-situ conformation, swelling extent, 

and dynamics are crucial. The primary focus of this dissertation is the study of the 

structural and physical properties of polyelectrolyte multilayers perturbed from ambient 

conditions to a natural hydrated state, characterized through non-destructive techniques 

such as ellipsometry and neutron reflectivity. A comprehensive study of the swelling 

behavior of poly(acrylic acid) (PAA) and poly(allylamine hydrochloride) (PAH) 

multilayer films is given in chapter 2. The swelling dynamics was investigated in real 

time by in-situ single wavelength null-ellipsometry under a variety of environmental 

conditions. The swelling rates varied widely (3 to 1800 seconds) depending on the 

assembly pH of the layers, and on the humidity level that the films were pre-exposed 

prior to measurement. A reflectivity based off-null ellipsometry technique was 

implemented to study short time-scale swelling events. The swelling rates for films 

assembled at a pH of 3.5 were strongly influenced by pre-exposure to humid 

atmospheres. This was the first comprehensive study to report the unusual effect of 

humidity on the swelling rates in polyelectrolyte multilayer assemblies. The swelling 

mechanism was found to be non-Fickian and the swelling rates were predominantly 
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independent of the bath pH the films were exposed to. The unusual effect of humidity on 

the swelling rate was investigated further and is reported in chapter 3. Neutron 

reflectivity experiments were conducted on the P AH/P AA system in the dry sate, after 

exposure to a variety of relative humidities and to bulk water. By adjusting the scattering 

length density (SLD) of the solvent (vapor or bulk water) to zero, we were able to resolve 

the SLD profile of the hydrated PEM without any contributions from the solvent. The 

films were also exposed to 100% D20 (vapor and bulk water), from which we were able 

for the first time to deconvolute the water profile in the PEM. This study revealed that the 

water distribution in the multilayers is asymmetric where there is higher concentration at 

the outer part of the film. The study also revealed that the boundary at the 

polymerlsolvent interface is relatively sharp. Both the asymmetric distribution of water 

vapor within the PEM and the sharp interface suggest that water structures through the 

film. This water structuring through the film blocks the accessible microchannels in the 

film and leads to the unusual swelling kinetics observed at higher humidities. In addition, 

neutron reflectometry was used to probe the influence of pH and salt solutions on water 

distribution in the P AH/P AA films and this is described in chapter 4. Films were 

assembled in the presence and in the absence of salt. By taking advantage of the variation 

of scattering length of the salt ions used, the counterion distribution in the PEMs was 

determined. The effect of the capping layer on the counterion distribution was also 

investigated. An enhanced permeation of water into the film was observed when exposed 

to a pH above or below that of water used to rinse the films during the assembly process. 

Exposure to salt solutions also increased the water content in the films where the water 

distributes asymmetrically towards the substrate. A higher salt ion content was observed 
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near the substrate in films assembled in the presence of salt as weIl as in the cases where 

films were assembled in the absence of salt but subsequently exposed to salt solutions. 

The capping layer was found to strongly influence the counterion distribution, in this case 

a pronounced increase of the salt ion was observed near the substrate and at the 

polymer/liquid interface. These studies fully characterize the response of the weak 

P AH/P AA system to external stimuli. 

Another goal of this thesis lS the study of photo-responsive azobenzene 

chromophores in polyelectrolyte systems. These studies are key in the development of 

many technologies as reversible photo-mechanical materials. The photo-expansion of 

spin-cast thin films of azobenzene containing poly-Disperse Red 1 acrylate (PDRIA) and 

copolymers containing P AA were characterized for the first time by null-ellipsometry 

and is presented in chapter 5. The photochemical expansion of the film was found to have 

an irreversible component during initial isomerization and a reversible component upon 

subsequent irradiation cycles. The extent of the irreversible expansion, which was found 

to be dependent on the film thickness, ranged from 1.5% to 4% and 0.6% to 1.6% for the 

reversible expansion. In addition, the extent of the reversible expansion can be controlled 

by either varying the duration of the irradiation or by modulating the power. The study 

provides insight to the formation of surface relief gratings and the short time scales 

required to induce a mechanical response of the film suggest that the material is suitable 

for a variety of potential applications such as photo-actuation. 
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6.2 SUGGESTIONS FOR FUTURE WORK 

The polyelectrolyte system studied in this dissertation has sorne unusual sorption 

properties. Sorne industrial applications may require non-aqueous sol vents used in 

processing thin films. It would be of interest to see how this PEM system would interact 

with other non-aqueous solvents. Experiments using organic solvents in the vapor phase 

may also provide a further understanding of the structure of the films in response to 

hydrophobic solvents. Such studies could lead to new systems that can potentially be 

used as nonspecific chemical sensors. 

Another area of research that can be explored is the effect of temperature on the 

extent of swelling or deswelling in the PEMs. It is probable that these materials may 

exhibit a lower critical solution temperature (LeST) phase transition, where changes in 

the film morphology and permeability can be thermally switched. This may lead to 

applications such as drug delivery vehicles, where the molecule of interest can be loaded 

into the PEM system and subsequently released under thermal stimulus. 

With conventional neutron reflectometry experiments only the reflected intensity 

is recorded as a function of momentum transfer. It is known that due to the lack of the 

phase information, analysis of the reflectivity curves is consistent with more than one 

SLD profile. To circumvent this, an emerging technique, which provides contrast 

variation using polarized neutrons and a ferromagnetic reference layer could aid future 

studies on PEM systems. 1
,2 Contrast variation is based on measurements for neutrons 

polarized in the spin up and in the spin down states and yields a different SLD in each 

polarization state. The advantage of using polarized neutron beams in conjunction with 

the ferromagnetic reference layer is that it is possible to obtain both the specular 
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reflection amplitude and the phase angle. Knowledge of the phase angle allows for the 

unambiguous determination of the SLD profile of the film. 

The incorporation of photo-switchable azo chromophores into PEM systems 

offers a host to a wide array of applications including sensors and actuators. However, the 

interaction of water, solvents, and temperature on the photo-physical and mechanical 

properties are complex and require further investigation. Azobenzene is sensitive to its 

local environment and therefore is responsive to the polyelectrolyte matrix. Studies can 

be conducted on the effect of humidity on the photo-physical properties of the system 

such as the photostationary state (quantum yields), surface energy (contact angle) and 

biocompatibility. The photo expansion is mode st for the systems studied although it may 

be sufficient to induce changes in surface properties upon irradiation such as roughness, 

and wettability. Light-induced hydrophobic surfaces may lead to applications requiring 

easily switched wetting behavior, such as in microfluidics. The changes in surface 

roughness and wettability may also resolve sorne of the problems of laminar flow in these 

devices. Laminar flow may be disrupted photo-chemically using azo polymers and allow 

for proper mixing of the analytes. Furthermore the facile and robust L-b-L technique 

makes it stable for coating the thin capillaries of the device. Other properties such as 

photoinduced surface wettability and biocompatibility changes can also be investigated as 

a function of relative humidity. 
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