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Abstract 

Thin multilayer films were prepared through layer-by-layer adsorption of 

oppositely charged polyelectrolytes in aqueous media using a recently established 

electrostatic self-assembly approach. The adsorbing polyelectrolytes can be classified as 

either weak or strong based on their level of dissociation in solution. The density of 

charge in weakly charged polyelectrolytes, unlike in strongly charged ones, can be 

controlled by adjusting the solution pH about the value of its dissociation constant. At the 

onset of this dissertation, there were sorne fundamental and unresolved questions 

regarding assembly mechanisms, kinetics, and internaI structures of the layers in 

polyelectrolyte multilayer films (PEMs). The studies here examine how varying the level 

of dissociation of polyelectrolytes in solution influences the kinetics of assembly, and 

adsorption behavior, as weIl as sorne structural, mechanical, and optical properties of 

PEMs. Using mainly ellipsometry, fluorescence, UV-vis spectrophotometry, and atomic 

force microscopy (used as a nanoindentation tool), the following investigations ofweakly 

charged polyelectrolytes in multilayer assemblies were performed: 

The affect of assembly pH on the layer thickness of weakly ionized versus 

strongly charged polycation/polyanion systems, was compared. At adsorption time scales 

on the order of seconds, weakly charged polyelectrolytes produced layers which were 

significantly thicker than strongly charged multilayer systems (by as much as lü-fold). 

Anomalously rapid adsorption of multilayers was found (i.e., within 1 s) when weakly 

ionized polycation and polyanions were assembled. The strength of counterion binding, 

and hence the rate of counterion displacement (an integral part of PEM formation), was 
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also shown to significantly affect the time-dependant growth of multilayers. The effect of 

polyion chain length on the adsorption of a model polyelectrolyte onto an oppositely 

charged model polyelectrolyte was examined. At long time scales of adsorption (i.e., 24 

hr) preferential deposition of long over short chains was observed. These results were 

rationalized using thermodynamic arguments involving favorable enthalpy (resulting 

from a reduction in the electrostatic barrier during adsorption), and entropy gain (from 

having shorter chains free in solution). Upon adsorption, the relative length of loops 

(formed between "ionic cross-links" in the layers of weakly charged PEMs assembled at 

varying pH) exhibited variation by a factor of 50, as implied by mechanical measurement 

of the film's elastic modulus using an atomic force microscope (AFM). Results from the 

AFM nanoindentation experiments reported here mark first-time measurements of 

relative loop lengths in PEMs. With an appreciation of the importance of assembly pH in 

multilayer build-up, the suitability of weakly charged PEMs, (optically functionalized 

with azohenzene chromophores) as pH sensors in alkaline media, was assessed. The 

proposed optical application was based on differences observed in the rate of photo­

induced isomerization of azobenzenes in varying pH solutions. 
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Résumé 

L'adsorption consécutive de polyélectrolytes de charges opposées est utilisée dans 

la préparation de films de multicouches minces. Cette approche établie récemment fait 

appel au phénomène d'auto-assemblage électrostatique. Les polyélectrolytes adsorbés 

sont divisés en deux classes: ils sont soit faibles ou forts, dépendamment de leur degré de 

dissociation en solution. Contrairement aux polyélectrolytes forts, la densité de charge 

des polyélectrolytes faibles est liée à la constante de dissociation, elle-même contrôlée par 

l'ajustement du pH de la solution. À l'amorce de cette recherche, des problèmes 

fondamentaux existaient quant aux mécanismes d'assemblée, à la cinétique, et aux 

structures internes des films de multicouches de polyélectrolytes (PEMs). La présente 

étude porte sur l'influence de la variation du degré de dissociation des polyélectrolytes en 

solution sur la cinétique d'assemblage, l'adsorption et certaines propriétés (structurelle, 

mécanique et optique) des films de multicouches de polyélectrolytes. Les techniques 

d'analyse et de caractérisation telles que l'éllipsométrie, la fluorescence, la 

spectrophotométrie UV-vis et le microscope de force atomique ont permis d'émettre 

certaines hypothèses sur l'assemblage de multicouche de polyélectrolytes de faibles 

charges. 

L'effet du pH d'assemblage sur l'épaisseur des systèmes de 

polyanions/polycations faiblement ionisés et fortement chargés est comparé. Lorsque 

l'échelle du temps d'adsorption est de l'ordre des secondes, les polyélectrolytes 

faiblement chargés produisent des couches de plus grande épaisseurs que ceux qui sont 

fortement chargés. Une adsorption anormalement rapide des multicouches (c-a-d en 
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moins d'une seconde) est observée lors de l'assemblage des espèces ionisées. La force de 

liaison des contre-ions et leur vitesse de déplacement affectent la croissance (dépendante 

du temps) des couches par un facteur d'au plus 21 %. L'effet de la longueur des chaîne de 

polyion sur l'adsorption dans le cas du polyelectrolyte et de son homologue de charge 

opposé est examiné. Pour des temps d'adsorption élevé (c.a.d: 24 heures), la déposition 

préférentielle des longues chaînes par rapport aux chaînes courtes est observée. Ces 

résultats sont rationalisés à l'aide d'arguments thermodynamiques qui mettent en jeu une 

enthalpie favorable (résultant de la réduction de la barrière électrostatique durant 

l'adsorption) et un gain d'entropie (création de chaînes libres plus courtes en solution). La 

longueur relative des boucles de chaînes formées entre les couches de polyélectrolytes 

faibles liés entre elles par des liaisons ioniques, varie selon le pH de la solution utilisée 

lors de l'assemblage. Les résultats obtenus par mesures mécaniques du module élastique 

démontrent que ce dernier peut varier d'un facteur de 50, dépendamment du pH. Les 

résultats rapportés ici des expériences de nanoindentation avec le microscope à force 

atomique (AFM) marquent la première fois que les longueurs relatives des boucles des 

PEMs ont été mesurées. Considérant l'importance du pH lors de l'assemblage des 

multicouches, la possibilité d'utiliser des PEM faiblement chargés (incluant des fonctions 

optiques par l'addition de chromophore d'azobenzène) comme capteur de pH alcalin est 

évaluée. Cette application optique est basée sur la différence de la vitesse d'isomérisation 

photo-induite des groupements azobenzènes à différents pH. 
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In cornpliance with the "Thesis Preparation and Subrnission Guidelines" for the 
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pa pers submitted, or to be submitted, for publication, or the clearly-duplicated text (not 
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"Guidelines for Thesis Preparation" with respect to font size, line spacing and margin 
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The thesis must include the foUowing: 

1. a table of contents; 

2. a brief abstract in both English and French; 

3. an introduction which clearly states the rational and objectives of the research; 

4. a comprehensive review of the literature (in addition to that covered in the 

introduction to each paper); 

5. a final conclusion and summary; 

6. a thorough bibliography; 

7. Appendix containing an ethics certificate in the case of research involving human 

or animal subjects, microorganisms, living ceUs, other biohazards and/or 

radioactive material. 

4. As manuscripts for publication are frequently very concise documents, where 

appropriate, addition al material must be provided (e.g., in appendices) in sufficient detail 

to aUow a clear and precise judgement to be made of the importance and originality of 

the research reported in the thesis. 

5. In general, when co-authored papers are included in a thesis the candidate must have 

made a substantial contribution to aU papers included in the thesis. In addition, the 

candidate is required to make an explicit statement in the thesis as to who contributed to 

such work and to what extent. This statement should appear in a single section entitled 

"Contributions of Authors" as a preface to the thesis. The supervisor must attest to the 

accuracy of this statement at the doctoral oral defence. Since the task of the examiners is 
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made more difficult in these cases, if is in the candidate's interest to clearly specifj; the 

responsibilifies of al! the authors of the co-authored pa pers. 

6. When previously published copyright material is presented in a thesis, the candidate 

must include signed waivers from the publishers and submif these to the Graduate and 

Postdoctoral Studies Office with the final de position, if not submitted previously. The 

candidate must also include signed waivers from any co-authors of unpublished 

manuscripts. " 

This dissertation is written in the form of four original published papers and a 

contribution in a review article. Each paper is presented as one chapter. A 

comprehensive background of the previous work done in relevant fields as weU as an 

introduction to the work conducted by the author is provided in the first chapter. The 

studies performed by the author are summarized as general conclusions in the final 

chapter, and future work is suggested. AU four papers have been published in scientific 

joumals, and work from Chapter 5 is being prepared for submission. 
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Chapter 1 

Introduction 

1.1 Polyelectrolyte Multilayer Thin Films 

The study of polymer thin films is of great importance because they are amenable 

to a large body of technological applications. Most commonly, they are prepared as 

functional coatings, interfaces, or devices with tailored mechanical, chemical, physical, 

optical, or electronic properties. One common goal of the various strategies used to 

assemble polymer films is that of achieving a deeper understanding of the fundamental 

properties and behavior of polymer surfaces and interfaces. Such an understanding will 

le ad to better control of functional surfaces at the nanoscale by tailoring the structure and 

molecular organization of macromolecules. To fully exploit various surface properties 

and optimize the desired functionality of polymer films, scientists in various 

interdisciplinary fields are interested in studying the mechanism of polymer thin film 

assembly on surfaces under various assembly conditions. Characterization of the 

behavior of the film in relevant environments is therefore cri tic al. Various techniques and 

types of polymer coatings have been investigated in the last 60 years leading to more than 

80 review articles written about the fabrication,I,2 characterization,3-S and application2
,6 of 

these macromolecular films. There exist several established methods for generating well­

defined organic films from macromolecules on a nanometer scale. Most commonly, the 

field of organic multilayer films has been dominated by chemisorption techniques4
,7,8 and 

the well-recognized Langmuir-Blodgett method (a technique in which monolayers are 
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formed on a water surface and transferred onto a solid support through mechanically 

induced compression of organic macromolecules).9-13 Excluding high-energy routes and 

photolithographic methods, other common approaches include self-assembly techniques 

based on mechanical spinning of macromolecule liquids onto surfaces (i.e., spin coating 

or drop casting, and vapor deposition techniques). 14 Many of these schemes can yield 

highly ordered arrangements of macromolecules on solid supportS.5
,15 However, such 

techniques have limitations for example, a) with respect to substrate size and topology, b) 

can be restricted to certain classes or organic molecules and the methods are often 

synthetically challenging, c) often require specialized equipment and require an ultra 

clean environment as in the case of the Langmuir-Blodgett technique, and d) need 

carefully controlled preparation processes to obtain the desired functionality. 

One of the main challenges in constructing organic thin films is the task of 

achieving well-controlled supramolecular architectures through directed assembly of 

macromolecules, containing a diverse range of functionalities, on the surface. In the last 

decade, a new and rather technically straightforward method for creating homogeneous 

organic films has emerged as a promising alternative to previously existing film 

fabrication approaches that either rely on the formation covalent bonds to a surface (i.e., 

using a regimented proto col) and/or have strict materials and surface dimension limits. In 

1991, it was realized that polyelectrolytes of opposite charge could be assembled in a 

sequential and alternating layer-by-Iayer (LBL) fashion onto solid supports to 

systematically build multilayer organic thin films. I
6-18 As evidenced by the publication 

statistics in the area of polye1ectrolyte multilayer films, shown in Figure 1 a, interest in 

this technique of polymer film preparation has grown rapidly since it's introduction and 
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currently on average of over 100 scientific papers are produced per year which give 

attention to this technique and its applications. 
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Figure 1.1b Plot of the number of papers investigating azobenzenes (squares), and 

photoisomerization of azobenzenes (circ1es). 
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1.1.1 Method of Layer-by-Layer Assembly 

The elegance and distinct advantage of the LBL technique is that it is a direct and 

simple approach for self-assembling multicomponent polymer thin films entirely from an 

aqueous environment. Commonly, a practical set-up for multilayer assembly involves 

exposing a hydrophilic surface such as glass or Si (previously cleaned by 24 h immersion 

into a 25%H2S04 and 75% H2Cr04 mixture) to an aqueous solution containing 

polycations i.e. by immersion of the substrate into a bath of polymer solution. After 

adsorption of the polycation, the film is then exposed in a similar manner to a polyanion 

solution. The stepwise polycation/polyanion assembly process is repeated until the 

desired number of layers is achieved (Figure 1.2). The adsorption of the polyelectrolytes 

is relatively rapid, typicaUy requiring an adsorption time on the order of minutes (for 

planar substrates).19-23 In most cases, excess concentrations of adsorbate solutions are 

used (usuaUy 10-3 to 10-1 M per polyion repeat unit) to ensure surface coverage by the 

polyelectrolytes.21 ,24 Any unadsorbed polymer adhering to the support after an adsorption 

step is removed with several rinses of the substrate with copious amounts of water. For 

substrates with dimensions similar to that of a glass microscope slide, washing the 

polymer-modified surface in 3 separate water baths for a few minutes is usuaUy sufficient 

for removing unadsorbed polymer and preventing contamination of the succeeding 

polyelectrolyte solution. The intermittent wash cycles also help to stabilize weakly 

adsorbed polymer layers.25 Since the physical properties of the polymer film have been 

demonstrated to be highly dependant on the ionic strength of the solutions used, our 

studies of LBL assembled films were conducted using 18 M cm resistivity Millipore 

Milli-Q water. Unless otherwise stated, aU adsorption was performed with pH-controUed 

solutions (using NaOH and HCI) and in the absence of added electrolyte. 
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Key to the scheme of electrostatic self-assembled multilayer (ESA) formation is 

the process of charge reversaI such that a greater than stoichiometric number of charges 

ofpolymeric material is adsorbed relative to the surface.26
-

28 This surface charge reversaI 

prepares each layer for subsequent adsorption of oppositely charged polyelectrolyte. 

Figure 1.2a A scheme of the stepwise electrostatic layer-by-Iayer self-assembly of 

polyelectrolytes onto a solid support. A clean, hydrophilic substrate such as glass, mica, 

or Si is: a. first immersed into a polycation solution, followed by b. thorough rinsing of 

unadsorbed polycation in several water baths, then subsequently c. dipped into the 

polyanion solution and finally, d. rinsed in another water bath to remove unadsorbed 

polyanion. This cycle is repeated until the desired number of layers is obtained. 
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Figure 1.2b The layer-by-Iayer build-up ofpolyelectrolyte multilayers. 

There are various ways to introduce polyelectrolyte solutions onto an oppositely 

charge surface and achieve this multilayering process. The most common technique is 

direct immersion of the solid support into the polyion solution, as originally described by 

Decher. For example, substrates may be "hand-dipped" if only a few numbers oflayers is 

desired, while for films of hundreds or thousands of layers, an automated dipping 

apparatus has now been commercialized. Altematively, new adsorption methods such as 

spin-assembly (utilizing a spin coating device),29-31 and multilayer adsorption onto 

colloidal particles (of a size scale on the order of tens of nanometers i 2 have recently been 

demonstrated to be successful, as illustrated in Figure 1.3. In Chapter 6 we explore the 

versatility of the multilayering scheme by investigating the different adsorption 

techniques and available geometries of adsorption for polyelectrolytes onto various 

substrates. 
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Figure 1.3 Strategies for multilayering on various surfaces are: a. the dipping method, 

b. spin deposition, c. dispersing of partic1es in solution, d. deposition onto a high 

curvature surface, and e. flowing solution through a cell. 

Briefly, the following mechanism of multilayer adsorption has been proposed. 

The building of polyelectrolyte multilayers are known to result from the formation of 

weak (i.e., on the order of ksT) but many ionic interactions established between cationic 

and anionic groups of the polyelectrolytes.21 Polyelectrolyte from solution (pol± aq) is 
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added onto a preexisting multilayer containing counterions (pol± CI± m) through the 

displacement of its counterions in order to aUow formation of new electrostatic links with 

the oppositely charged surface. This corresponds to the addition of a new layer to the 

multilayer assembly, porpol+ m. 

por CI+ m + Pol + cr aq ::, ==~" Pol-Pol+ m CI+ + cr (1.1) 

Electrostatic condensation of charged repeat units of surface-bound polyelectrolytes with 

an incoming counter polyion results in the formation of "ionic cross-links". Since charge 

reversaI is a prerequisite for subsequent deposition of polymer layers, charge 

overcompensation must then occur whereby an excess amount of charges remains on the 

adsorbed polymer. This overcompensation must be sufficiently large to accommodate 

layer formation from an oppositely charged polyion to render a charged polymer 

surface.33
,34 The extent to which overcompensation will occur has been theoretically 

investigated, showing dependence on the degree ionization of the polyelectrolyte 

employed.27 

1.1.2 Suitable Polyelectrolytes and Substrates 

Since the ESA technique is based on the attractive interaction of complimentary 

charges, nearly aU polyelectrolytes are suitable for deposition into multilayer films. The 

requirement is only that the polymers used bear a minimum number of charged groups 

below which the ESA process cannot OCCUf. In general, the presence of any additional 

strong interactions that reduce the minimum charge requirement, such as 7t-7t stacking 
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interactions (i.e., when using certain organic dyes) appear to aid the ESA process.35-37 In 

certain cases where large biomolecules are employed in ESA, (such as charged lipids and 

bolamphiphiles) deposition in the form of aggregates from solution is often observed.38--40 

Although a platform for much recent debate, in sorne cases hydrophobic fragments can 

effective1y reduce the usable charge fraction in sorne polyelectrolytes and sterically 

hinder the ion-ion pair formation that is necessary for ESA. Despite the requirement of a 

critical minimum charge density, a large number of polymers with a very low charge 

fraction have been successfully employed in ESA. It is believed that while electrostatic 

interactions are the dominant force driving the assembly, contributions from other 

interactions, as mentioned above may help the formation of stable multilayer thin films. 

With such little materials stringency, neariy any type of polyelectrolyte containing any 

number of functional groups can be used. In fact, the technique has now been extended to 

incorporate charged nanoobjects, such as inorganic molecular c1usters,41--43 enzymes,44,45 

and aggregates.46 

The ESA method is also conveniently amenable to numerous types of charged 

substrates such as metals, glass inorganics, as well as various geometries, as discussed in 

Chapter 6. The solid support must only carry a minimal surface charge sufficient to 

support adsorption of the initial polyion layer. In sorne cases of unc1ean or inherently 

uncharged surfaces, the substrate may be rendered hydrophilic with an oxidizing and 

acidic surface treatment. In general, the choice of substrates is based on suitability of the 

surface for various analytical techniques. For example, transparent surfaces such as 

microscope glass slides, quartz, and mica are appropriate substrates for transmission 

studies, while Si, Al and Au metals are generally used for reflectivity techniques. 
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The polyelectrolytes used in the present studies were chosen based on their simple 

structure. The chemical structures are shown in Figure 1.4. They contain monovalent 

ammonium, carboxylate or sulfonate species to serve as model polycations/polyanions for 

fundamental investigations of the influence of charge density on the thickness, kinetic 

growth and mechanical properties of multilayer thin films. 

AIl polycations and polyanions employed in the PEM studies were commerciaIly 

purchased and used as received with the exception of fluorescently modified P AA, which 

was synthesized to investigate chain length dependence on adsorption (Chapter 5). For 

aIl films fabricated, no further purification of the polyelectrolyte solutions was performed 

(i.e., by filtration or dialysis) since initial experiments revealed this to have a negligible 

effect on the measurements obtained. 

1.1.3 Advantages and Applications 

Several reasons may explain the continuaIly growing interest and investigations of 

the LBL approach for organic thin film fabrication. The first is that LBL assembly of the 

polymeric material is practical and simple, making the fabrication process very 

inexpensive and undemanding. One can incorporate any number of diverse polycations 

and polyanions containing a variety of functional groups, limited only by the synthesis of 

the polyions. In contrast to many other single layer surface modification techniques, such 

as self-assembled monolayers (SAMs), a dense array of any number of functional species 

can be incorporated into the film through assembly of many layers of different polyions. 
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Figure 1.4. Repeat unit structures of aIl polyelectrolytes used in the investigations of 

multilayer thin films. Weakly charged polyions include: a. poly(allylamine 

hydrochloride), b. poly(acrylic acid, sodium salt), and azobenzene-containing c. poly-{I­

[4-(3-carboxy-4-hydroxyphenylazo )benzene sulfonamido ]-1 ,2-ethanediyl, sodium salt}. 

Strongly charged polyelectrolytes include: d. poly( diaIlyldimethylammonium chloride), e. 

poly(sodium 4-styrenesulfonate), and f. azobenzene-containing poly(Sl19). 
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Various combinations of polyions that are based on electro-active, light-responsive, 

chemical sensing, and mechanically active polymers have already been demonstrated as 

good candidates for LBL film fabrication. Whereas the incorporation of functional 

groups is limited to the surface area coverage, as in the case of SAMs, polyelectrolyte 

multilayers (PEMs) can include many nanometers of functionality for example, sensor­

containing polymer layers, thus greatly increasing the sensitivity of the film. Since the 

films are highly swellable,47-51 small molecules such as catalytic nanoparticles,52 dyes,53 

and drugs54-58 can be embedded between layers or encapsulated with a permeable 

multilayer shell with the intention of controlled release in an aqueous environment. 

Additionally the structural properties of the film can be weIl dictated during or post self­

assembly (i.e., by pH adjustments or exposure to salt solutions).59-61 Thus PEM films 

have also found good use as permselective ion62,63 and gas membranes.64-66 The 

versatility of these functional polyelectrolytes that can be used in PEMs allows flexibility 

in the development of multicomposite and hence multipurpose surfaces. 

Since LBL assembly is primarily driven by electrostatic interactions between 

polycation and polyanion chains, this method is particularly attractive for studying 

charged biologically important macromolecules (i.e., prote in s, and enzymes) in various 

applications such as surface modification and cell adhesion.67,68 AIso, the films are 

developed in aqueous media, and therefore do not necessitate the use of stringent 

protocols for water-sensitive assembly. This also gives the advantage of 

biocompatibility. In fact, biological applications ofPEMs as possible intravascular grafts 

and thromboresistent stents,69,70 as weIl as hydrophilic membranes for coating contact 

lenses71 have already been shown. 
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A major concem in the production and application of functional thin films is their 

quality and stability. In this regard, PEMs are highly advantageous. For example, thick 

multilayer films functionalized with dyes have been reported to form optically uniform 

coatings, as indicated by the interference colors throughout the build-up of films. 

Examinations with high-resolution techniques (i.e., AFM) typically indicate the formation 

of coherent films with few defects.72
-

77 This attribute is particularly desirable for optical 

applications of organic multilayer assemblies, such as anti-reflection coatings,78,79 and 

organic light emitting diodes.80,81 Furthermore, by choosing appropriate assembly 

conditions, smooth layers with the desired optical quality properties can be deposited with 

a roughness value <1 nm. 19,82 The molecular architecture of the film, which is govemed 

by the interaction between layers, also has important consequences on the stability of film 

structure over time. For instance, in sorne multilayer systems comprised of a high density 

of ionic links between layers, the film structure tends to be highly stable. The stability is 

in part attributed to the reduced mobility of polyelectrolyte chains once incorporated in a 

tightly networked film.83 On the other hand, PEMs can also be designed with controlled 

structural flexibility by employment of weakly charged polyelectrolytes, as discussed in 

the following section. In Chapter 6, we will examine the structural implications of 

varying the charge density of polyelectrolytes during adsorption and perform a thorough 

investigation of the stability ofthese PEMs in various solvent environments (Chapter 7). 

1.2 Weak Versus Strongly Charged Polyelectrolytes 

The simplest form of a polyelectrolyte that can be employed in a multilayer 

assembly is a chain that is comprised of a charge on each monomeric unit. When all 

monomeric units maintain a fixed charge fraction in solution, independent of the solution 

13 



pH, the polyion is said to be a "strong" polyelectrolyte. Sorne strong polyelectrolytes that 

have commonly been employed in previous PEM studies include PSS, PDADMAC, and 

PEI. Conversely, "weak" polyelectrolytes allow the possibility of variable charge along 

the chain, i.e. by control of the fraction of charged segments. While polyelectrolytes may 

be synthesized with a specified charge density, as in the case of P AA-co-PMA 

(poly(acrylic acid)-copolymer-polymethacrylate), one can simply adjust the pH of a 

polyelectrolyte assembly solution to vary the degree of ionization in the case of weak 

polyelectrolytes. To understand how this is achieved, a brief discussion of acid-base 

equilibria is in order. 

The degree of dissociation of a dilute weak polyacid or polybase can be 

approximated by its dissociation constants Ka or Kb respectively (or pKa and pKb 

expressed in convenient logarithmic units). Through titration of a weak monoprotic 

polyacid with a base for example, the fraction of protonated (PolrI+ aq) verses dissociated 

polyacid (Por + H+) can be determined at a particular solution pH value. 

\ (1.2) , 

A titration curve may be produced to reveal the fraction of dissociated species (i.e., the 

percent of por species) at a particular pH value, as suggested by the Henderson-

Hasselbalch equation (Equation 1.3). 

pH=pKa+IOg[A-] 
[HA] 

(1.3) 
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During titration of a weak acid with a base there is continuaI change of the acid into its 

conjugate base, and there is a simultaneous change in pH. As the pH approaches the pKa 

value a drastic change in the percentage of charge repeat units occurs, and when pH = pKa 

approximately 50% of the ionizable species are charged. Thus by manipulating the 

solution pH value about its normal range (i.e., 1 to 12 units), one can control the degree of 

protonation of a weak polyelectrolyte in solution and thereby alter its charge density. 84 

Most of the early work on multilayer assemblies has focused on using strong 

polyelectro1ytes, or involved working under pH conditions which render weak 

polyelectrolytes in their most highly charged form, as in the case with protonated P AH or 

deprontonated P AA. 19
,85 One of the most frequently encountered trends observed in 

multilayer films prepared from strongly charged polyelectrolytes is that they tend to 

adsorb as very thin layers.86 While adding electrolyte, such as NaCI to the assembly 

solution, has proven to be a plausible route for controlling physical properties of 

individual layers, such as layer morphology and thickness, it has limitations.87
-

90 For 

instance, decomposition of multilayer films and solubility problems associated with use 

of salt concentrations beyond a small range has previously been reported.33 As a result, 

the use weak polyelectrolytes has recently gained much interest for multilayer thin film 

fabrication due to their ability to respond to the local electrostatic environment through 

ionization. Several investigations exploring the effects of assembly pH on multilayer film 

properties have revealed that employment of weak polyelectrolytes in LBL assembly 

provides a rich and diverse range of opportunities for structural and organizational control 

of film layers at the molecular leve1.91
,92 This is primarily due to the fact that the linear 

charge density of a weak polyelectrolyte is very sensitive to both the assembly solution 

pH, as well as the rinse bath pH when operating near the pKa of the assembled polymer. 
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To better understand how one can take advantage of this pH-sensitive response to tune 

various properties, we will now examine a simple multilayer system comprised of a weak 

polyacid and weak polybase. 

1.2.1 Properties of a Simple Weak Polyelectrolyte Multilayer 

Multilayer films prepared from both weakly charged P AH and P AA, containing 

amine and carboxylate species respectively, have served as a simple model system for 

exploring the various film properties that may be controlled by adjusting the assembly 

bath pH. SpecificaIly, it has been observed that physical properties such as the mass of 

polymer adsorbed during an adsorption step, and stability, as weIl as structural properties 

of the composite layers, such as layer density, thickness, degree of swelling in solution, 

and level of interlayer penetration, are highly sensitive to the degree of ionization of both 

the weakly charged polycation and polyanion.86,93-96 Such properties have important 

consequences on the numerous applications proposed for these films. For example, since 

the acid/base equilibria controls the degree of electrostatic interaction between layers of 

polycation and polyanion, pH mediated layer properties such as permeability/porosity and 

stability (i.e., to layer decomposition) offer the possibility of using multilayer films as 

membranes92,97 and drug delivery vehicles98 respectively. In addition, surface properties 

of the multilayer film, such as roughness,99,lOO friction,I°l,102 and surface wettability (as 

measured through AFM and contact angle of a water droplet) have also demonstrated 

high pH dependence when the films are prepared from weak polyions. Notably, thin 

multilayer films composed ofPAH and PAA (represented as PAH/PAA) yield the largest 

root mean square (RMS) surface roughness when the dipping solution pH is near that of 
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the solution pKb and pKa values of the polycation (approximately 9.0 for P AH) and the 

polyanion (around 4.5 for PAA) respectively.84 

The effect of pH on the overall film growth behavior, however, is not always 

intuitive/predictable and is governed by the specific acidlbase properties of the unique 

polyelectrolyte system chosen. For instance, the type of film growth in complex 

multilayer systems composed of biopolyelectrolytes such as polyL-lysine (PLL) and 

hyaluronic acid (HA) have been shown to be uniquely dependent on the pH of 

assembly.lo2 For these polyelectrolytes certain pH regimes lead to unusual trends in 

adsorption such as exponential layer-by-Iayer growth. 103,lo4 This anomalous adsorption 

behavior in the more complex multilayer system, polyL-lysine/hyaluronic acid, is 

believed to stem from the ability of these biopolyelectrolyte to undergo various secondary 

structural orderings, as well as chain stiffening, as a function of assembly solution pH. 104 

This in turn influences the nature of layer build-up. On the other hand, linear build-up of 

layers over a large pH range is more commonly observed in more simple systems, as best 

exemplified for multilayers comprised of P AH and P AA. For simplicity and in order to 

understand the fundamental effects of the degree ionization on the molecular organization 

and structure, we shaH focus here how the solution pH affects the structural properties of 

P AHIP AA multilayers. 

1.2.2 Structural Properties of P AH/P AA Multilayer Films 

1.2.2a Layer Thickness 

From early studies, layer thickness has been used as the primary parameter to 

characterize multilayer build-up. Layer thickness measurements are most commonly 

obtained using the optical method of ellipsometry (described in Chapter 2). Using this 
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method much of the initial work has focused on how the ionic strength of the assembly 

solution can influence the thickness of polyelectrolyte multilayer films. More recent 

work has shown that layer thickness can be easily controlled with solution pH wh en 

working with weak polyelectrolytes. Pioneering studies of P AH/P AA films have shown 

that the bilayer thickness of these films can be tuned from 10 A to greater than 100 A by 

varying assembly pH. In one of the key studies of this phenomena Rubner et al. showed 

that with as little change as half a pH unit in the solution of P AH and P AA, dramatic 

transitions are observed in the average incremental layer thickness, as revealed in Figure 
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Figure 1.5 Average per layer thickness of the polyanion P AA (black circles), and the 

polycation P AH (gray squares) adsorbed into multilayer films as a function of the 

assembly solution pH.86 

18 



Experiments in which both the pH of the weak polycation and the weak polyanion 

has been adjusted indicate that an even wider range of tunable layer thickness can be 

obtained. As indicated in Figure 1.5, the largest values and transitions in average layer 

thickness are observed when the dipping solution pH approaches near the pK values of 

4.5 and 9 respectively for PAH and P AA. Such behavior is believed to arise from the 

large pH-induced changes in the molecular conformation of the adsorbing polyelectrolyte, 

as a consequence of altered degree ionization. 

1.2.2b Molecular Conformation 

It has been suggested that a change in charge density leads to variable polyion 

adsorption either in the form loops and tails or train-like conformations, particularly when 

the dipping solution pH is near the polyelectrolyte pK value.27 Furthermore, c10ser 

examinations of the pK values affiliated with the polyelectrolyte as it approaches and 

adsorbs onto a charged multilayer indicates that the solution value polyelectrolyte acidity 

(represented by its solution pK value) is often shifted (sometimes by as much as 3 pH 

units) when it is incorporated as part of a PEM.84 Major molecular conformation 

transitions are believed to occur near this "apparent pK" value as polyelectrolytes adsorbs 

onto multilayers. A schematic representation of the two extremes of adsorbing 

confirmation is proposed in Figure 1.6. It suggests that for polyions assembled at high 

versus low charge density, the number of ionized groups, and hence the percent of "ionic 

cross-linkable" groups is presumed to differ for the two cases. Thus, changing the 

assembly pH in weakly charged systems allows the flexibility of molecular control over 

the nature of polyelectrolyte deposition. For instance, strongly ionized polyelectrolytes 

are speculated to adsorb onto the multilayer in a more train-like configuration since 
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nearly aU its repeat units are fuUy charged, whereas fractionaUy charged polyelectrolytes 

are likely to form many loops and tails due to the formation of fewer ionic contacts 

(represented as x in Figure 1.6), with previously adsorbed layers in the PEM. 

The commonly observed occurrence of loops and tails, which enable extension of 

chains into adjacent layers is believed to be in part responsible for the poor stratification 

oflayers.93 The use ofhigh resolution X-ray and neutron reflectometry techniques, which 

are based on interferences between waves scattered at interfaces, are capable of revealing 

detailed information about the internaI structure of PEM films and have been particularly 

useful for studying the interaction of polyelectrolyte chains between neighboring 

layers.93
,105-107 It is generaUy agreed that the adsorption of most simple polyelectrolytes 

(i.e., flexible or polyions with smaU functional groups) lead to multilayer systems, which 

exhibit a low level of internaI molecular organization, and are nondiscrete adjacent layer 

interfaces. 108-1 10 However, little is known about the relative extent of loops and tails 

versus train-like conformations, since these cannot be triviaUy determined and thus 

remain an open question. We explore the use of an AFM nanoindentation technique in 

Chapter 5, to address this problem. 

1.2.3 Kinetics of Adsorption in Polyelectrolyte Multilayers 

While many steady-state studies have been devoted to demonstrate that complex 

adsorption behavior can come from the employment of weakly charged polymers in 

PEMs, less progress has been made in understanding the kinetics of LBL self-assembly. 

Kinetic studies of electrostatic multilayer adsorption onto solid supports are crucial for 

the controUed preparation ofthese film and optimization oftheir physical properties. 
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Weakly charged system Strongly charged system 

(i.e., pH ~ pK) (i.e., pH« or » pK 
or pH independent) 

Figure 1.6 Proposed molecular conformation differences giving rise to variable layer 

thickness values in PEMs from use of weakly charged verses strongly charged 

polyelectrolytes. Strongly charged polymers are presumed to form a greater percentage 

of electrostatic interactions with preadsorbed layers, and hence adsorb as thinner layers as 

compared to weakly charged polyelectrolytes. 

Despite much activity, which addresses mechanistic aspects of the LBL process, there 

still remain many unanswered fundamental questions. For example, equilibrium concepts 

and models cannot be applied to explain the deposition of PEMs, since no experimental 

studies have thus far shown the spontaneous formation of PEMs by exposing a 

hydrophilic surface to a mixed solution of polycations and polyanions. 111
,112 

Additionally, no theoretical model for single layer polyelectrolyte adsorption has been 

able to be generalized and extended in order to predict the adsorption behavior of many 

layers in PEM assemblies, in particular for weak polyelectrolyte systems. 

Recent experimental explorations into the mechanism of LBL formation indicate 

that the mutilayer formation is a multi-step process involving a delicate interplay of both 
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thermodynamic and kinetic contributions in the build-up of weak polyelectrolyte 

multilayer systems. l13 A common observation in the formation of multilayers is that the 

kinetics appear to be influenced by two important steps.114,115 The first step is believed to 

involve the diffusion of polyions through solution to the surface, followed by the massive 

and rapid deposition of polyions (usually on the order of seconds) a process dominated by 

the rate of polymer diffusion.91 During the second step, the rate of polyelectrolyte 

adsorption onto the surface becomes slower, as polymer chains begin to rearrange on the 

surface, and finally saturation is achieved. It has been shown that during this second step, 

slow chain rearrangements contribute to the interdiffusion of chain segments into the 

inner regions of previously deposited layers.98,116,117 Mixing of positive and negative 

segments eventually leads to the irreversible charge complexation. 110 The stability of the 

layer is believed to be attributed to the additive effect of forming many ionic links, each 

of the order of kB T. 118 Polycations and polyanions can adsorb on top of each other, by 

first passing through a strong electrostatic/steric barrier, and then forming an ion-pair 

linkages from the shorter range attractive forces. The electrostatic barrier limits the 

amount of polyelectrolyte adsorbed, which in tum is responsible for yielding consecutive 

layers of equal thickness. 115 

An important consideration, which affects the rate of LBL deposition, is the role 

of counterions. Many previous studies have shown that increasing salt concentration 

during assembly causes increased inter- and intra-polyelectrolyte screening of 

charges.21 ,33,119 This leads to enhanced chain coiling and increased adsorbed amount. 

While the influence of ionic strength on structural parameters, such as deposition 

thickness, has been extensively investigated,89,120,121 little is known of the effects of the 

nature of the counterion on the adsorption. For example, we propose that the degree of 

22 



polyelectrolyte adsorption in multilayers should be sensitive to counterions of variable 

slze. One can use simple electrostatic arguments to suggest that different binding 

energies of different counterions can lead to variances in the displacement of counterions, 

which is necessary for the addition of polyelectrolyte onto a surface. By this, smaller 

counterions should exhibit either reduced adsorption or a reduced rate of adsorption due 

to higher binding energies than larger counterion species, as depicted in Figure 1.7. 

Adding to this complex description of adsorption kinetics one has to also consider 

the nature of the assembling species and the surface, such as variation of the geometry 

and size of sub strate , 122 as weIl as the chemical structure of the polyelectroyte. 123
,124 

Counterions exchange in polyelectrolyte adsorption 

~ 

5 

" ~ 

F -= 0.136 Â 

CI-=0.181Â 

Br - = 0.195 Â 

1 - = 0.216 Â 

Tight binding: 
reduced or slower 

exchange 

Loose binding: 
increased or faster 

exchange 

time = to + Llt 

Figure 1.7 Possible model to explain the role of IOn displacement on polyion 

adsorption. Smaller counterions, such as F- should be more tightly bound to a 

counterpolymer and thus result in either reduced adsorption or slower exchange with an 

incoming polyelectrolyte segment as compared to larger r species. 

23 



However, limited exploratory work has been conducted to determine the effect of 

polyelectrolyte charge density on the rate of PEM formation. Moreover, no generalized 

mechanism can fully explain the effect of time and concentration on the adsorption of 

different polyelectrolytes in multilayer systems. The adsorption rate, and the internaI 

dynamics within multilayers is highly sensitivity to assembly variables such as the 

effective concentration of the ionic repeat units available for assembly over the deposition 

time, and the ionic strength or salt concentration of the solutions. 125 The time allowed for 

adsorption is a particularly interesting parameter which strongly affects the growth 

behavior of multilayer thin films. This time-dependent adsorption process occurs at 

polymer concentrations large compared to the saturation concentration of the polymer in 

the form of PEMs. Initially fabrication of PEMs used long timescales of the order of tens 

of minutes to achieve saturated adsorption, often cited when purely strongly charged 

systems were examined (i.e., those containing both strongly charged polycation and 

polyanion). However, CUITent kinetic investigations of multilayer formation with various 

systems, including those employing a weakly charged polyion, report mu ch different 

saturated adsorption times, often in less than 10 min. 124,126 The amount oftime necessary 

to achieve LBL assembly is therefore an interesting question, particularly with regards to 

understanding the role of kinetics in the mechanism of PEM formation. 

1.3 Properties of Azobenzene-Containing Molecules 

Azobenzene, with two phenyl rings separated by an azo ( N=N ) bond, serves 

as the parent molecule for a broad class of aromatic azo compounds. These 

chromophores are versatile molecules, and have received much attention in research of 

optically responsive material incorporated into PEMs, as indicated in Figure lb. The 
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strong electronic absorption maximum of azobenzenes can be tailored by ring substitution 

to fall anywhere from the ultraviolet to red-visible regions, allowing chemical fine-tuning 

of color. This, combined with the fact that these azo groups are relatively robust and 

chemically stable, has prompted extensive study of azobenzene-based molecules as dyes 

and colourants. 127,128 

Figure 1.8 The structure of azobenzene. 

Azoaromatic chromophores are classified based on the energetic ordering of their (n*, n) 

and (n*, n) electronic states. Azobenzene molecules (shown in Figure 1.8) display a low 

intensity n-7n* adsorption band in the visible region and a high intensity n-7n* band in 

the UV. Red or blue shifting of the electronic transition bands may be accompli shed by 

ortho- or para-substitution with electron donor or electron acceptor substituents for 

example amino and nitro groups respectively. 

One of the most interesting properties of these chromophores is the readily­

induced and reversible isomerization about the azo bond between the trans and the Gis 

geometric isomers,129,130 and the geometric changes that result wh en azo chromophores 

are incorporated into polyelectrolyte assemblies. In general, either the polycation or 

polyanion can bear substituted azobenzene chromophores along the side chain. Variable 

photoorientation by irradiation of organic mutilayer films prepared from azobenzene-
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containting polyelectrolytes has been shown to induce optical effects such as photo-

switching,I3I,132 in-plane dichroism,133,134 and holography.135 

1.3.1 Photoisomerization 

Most interesting applications of azobenzene polymers involve exploiting the 

readily-induced and reversible isomerization about the azo bond between the trans and Gis 

geometrical isomers, which can be interconverted by light and heat (illustrated in Figure 

1.9a). A typical experimental setup for this photoreaction is outlined in Figure 1.9b and is 

N=N 

ob 
a. b. 

Figure 1.9a Geometric structures of azobenzene in the form of the: a. trans, and b. Gis 

lsomer. 

N4 Plate 

~""' __ ""I-__ ... __ 4_8_8n_m_-t Ar+ Ion laser 

Si photodiode 
detector 

D·: 

Figure 1.9b A schematic of a typical setup for an azobenzene isomerization 

experiment. 
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based on previously reported methods. 136 Isomerization of an azobenzene-containing 

amphiphilic co-polymers, for example, can be achieved by irradiation with a circularly 

polarized beam of an argon laser of", = 488 nm, at 425 mWcm-2
•
137 As shown in Figure 

l.9b the linearly polarized light coming from the argon laser is sent through a ",/4 wave 

plate to become circularly polarized. The pump beam (responsible for the isomerization) 

is sent into the sample at time = 1 s for a duration of 1 s. The probe beam (4% of the laser 

power) is used to measure the change in the intensity of the signal. The probe beam is 

sent through the chopper and an OD 2 filter (used to reduce the intensity of the beam by 

lOO-fold) and finally through the sample and into the detector so that the transmission at 

"'max can be monitored over time. 

The isomerization is completely reversible, free from side reactions, and is 

considered one of the cleanest photoreactions known. 129 The kinetics and extent of 

isomerization of azobenzenes depend on the irradiation intensity, the quantum yields for 

the two processes (<l>trans and <l>cis) , and the rate constant k, which govems the thermal 

relaxation from the Gis back to the trans form. The net effect of these competing 

processes can be summarized by the Gis concentration in the photostationary state 

representing the extent of isomeric conversion achieved under irradiation. The 

composition of the photostationary state, the steady-state of the three conversion 

processes under irradiation, lS umque to each system and can depend on irradiation 

intensity, temperature, quantum yields, free volume, and substituents. The trans form of 

azobenzene is the more stable isomer, with a difference in ground state energies of cis and 

trans of 50 kJ/moi. 138 Unlike the planar trans form, Gis azobenzene assumes a geometry 

with the phenyl rings twisted at right angles to the CNNC plane. 139 In the 
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photostationary state, the isomeric ratio is predominantly cis under usual irradiation 

levels. 129 In the dark, the concentration of cis usually lies below the limit of detection, 

and the system can be considered to be comprised of 100% trans molecules. 

In sorne cases of thin films containing azobenzenes both trans and cis isomers can 

be pumped with the same wavelength in the blue or green to induce rapid trans ~ cis and 

cis ~ trans photoisomerizations, with a timescale on the order of picoseconds. 140,141 In 

the absence of light there is a thermal relaxation from the cis-containing photostationary 

state to the trans-only state, which has been well studied,142-145 and is observed to occur 

on the order of seconds. 136,137,146-149 It is important to realize that for most thin film 

photo-applications, the molecular orientation of the azobenzene functionalities, as part of 

a polymer film for example, and the environment of the chromophores significantly 

influence photoisomerization kinetics. 150,151 

1.3.2 Use as Sensor Probes 

The use of photochemical methods for sensing applications in thin films is often 

desirable from the perspective of minimal contamination and reversibility, as is the case 

with photoisomerization of azobenzene. Unlike traditional chemisorption or the 

Langmuir-Blodgett technique, a high number of optically active azobenzene moieties can 

be electrostatically assembled over many layers. One can also take advantage of the large 

and well-controlled swelling capability of multilayers to incorporate a dense matrix of 

sensing material. In the assembly of polyelectrolyte multilayers rearrangements of the 

uppermost layer and even lower underlying layers (up to 6 layers deep) during film 

growth has been experimentally observed. 102,152-154 Thus the selective incorporation of 
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azobenzene chromophores in specified layers of PEMs can provide a simple and direct 

means for optically tracking (i.e., through spectral shifts measurements) the molecular 

environment, dynamics and local interactions throughout the film. Recent discovery of a 

solvato-chromic influence on the photoisomerization kinetics of self-assembling 

amphiphilic azo-copolymers in aqueous-organic solutions suggests that these 

photochromes can serve as excellent probes for the local polymer environment in stacked 

multilayer surfaces. 136 Furthermore, by embedding azo-containing weak polyelectrolytes, 

which are more sensitive to the local electrostatic environment, it has been suggested that 

one can optically sense changes in the external environmental conditions that affect the 

multilayer assembly.155 

1.4 Scope of Thesis 

The following work mms to address the unique kinetic behavior, as well as 

structural and mechanical aspects, of polyelectrolyte multilayer films prepared from 

model weakly charged polyelectrolytes. It will be shown that adjusting the charge density 

of the weak polyelectrolytes assembled serves as an excellent method for achieving 

control of the physical properties of weak PEMs. The specific properties of weak 

polyelectrolyte mutilayers that have been investigated herein are: a) total and incremental 

layer thickness b) optical absorbance and thickness of chromophore-containing PEMs, c) 

rate of polyelectrolyte adsorption, d) degree and rate of ion displacement, e) elastic 

modulus f) adhesive force between polycationic and polyanionic layers, g) temperature 

and solvent stability of PEMs h) stability of LBL adsorption onto various types of 

surfaces and substrate geometric constraints, and i) rate of photoisomerization of an azo­

containing polyelectrolyte. As described in Chapter 2, various optical spectroscopies and 
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microscopy techniques will be used to study these properties. The chapters in this 

dissertation will cover the following subjects: 

Chapter 3 Effeet of Charge Density and Counterions on the Assembly of 

Polyelectrolyte Multilayers 

The kinetics of LBL adsorption of weakly charged P AH, and azo-cromophore­

containing P-Azo, is studied using UV -vis spectroscopy and ellipsometry. The growth of 

multilayers was examined as function of time and concentration. We show that the weak 

acid-base nature of the polyelectrolytes is a responsible for anomalously rapid adsorption. 

The role of counterion displacement in multilayer formation is explored by examining the 

time-dependant P-Azo adsorption in PAHlP-Azo multilayer formation from polymer 

solutions containing the counterion series F-, cr, Br-, and r. These results are used to 

relate the counterion binding energies with the observed extent of displacement by an 

adsorbing polymer segment. 

Chapter4 Effeet of Chain Length on Layer-by-Layer Adsorption of 

Polyeleetrolytes 

We examine competitive adsorption of short versus long chains of 

polyelectrolytes in formation of multilayer assemblies on a long time-scale. Low and 

high molecular weight P AA are covalently and quantitatively labeled with two different 

naphthalene molecules to observe preferential adsorption onto P AH coated silica colloids 

using fluorescence spectroscopy. 
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Chapter 5 Structural and Mechanical Properties of Polyelectrolyte Multilayer 

Films Studied by AFM 

Force-distance measurements are acquired for the model P AH/P-Azo multilayer 

system prepared at varying charge densities. We determine the relative elastic modulus 

of the films prepared with identical thickness, and compare these values as a function of 

the ionization fraction of the multilayer films. The elastic modulus implies that a relative 

"loop length" may be obtained for the multilayer assemblies. An estimate of the relative 

loop length between "ionic cross-links" in the multilayer films is ascertained by analogy 

to previously studied covalent cross-linked polymer networks. Force-distance 

measurements obtained by AFM are also used to compare the relative adhesion values 

between polycation and polyanion layers in films constructed with varying charge 

densities. This is done by coating an AFM tip with multilayers and indenting into a 

multilayer surface capped with an oppositely charged surface polyelectrolyte layer. 

Chapter 6 Stable Sensor Layers Self-Assembled onto Surfaces Using 

Azobenzene-Containing Polyelectrolytes 

Functionalized polyelectrolytes with photoisomerizable azobenzene chromophores 

are multilayered onto various inorganic and metal surfaces and investigated for their 

suitability as sensor host materials. Films are assessed with respect to the criteria of 

control over physical layer properties such as layer thickness, versatility to different 

substrates and adsorption geometries, and stability of the formed layers to heat, solvent, 

and sonication. We examine the variation of adsorption solution pH to evaluate this 

parameter as a method for achieving good control over individual layer thickness. The 

limits of the LBL technique are also tested. Stability of the deposited layers is studied by 
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determining the extent of desorption in a range of organic solvents, aqueous temperatures 

up to 100 oC, and c1eaning protocols such as sonication. Lastly, laser-induced geometric 

isomerization of the azobenzene chromophores is investigated to demonstrate an 

application as a hydroxide ion sens or in highly alkaline media. 
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Chapter 2 

Experimental Techniques 

2.1 Preface 

This chapter describes the main methods that were used to examine vanous 

properties of the polyelectrolyte multilayer films. These techniques inc1ude spectroscopic 

methods (such as UV-vis spectroscopy, and fluorescence spectrophotometry), an optical 

reflectivity method (using an ellipsometer), and a microscopy-based technique (using an 

atomic force microscope). 

2.2 UV-vis Spectroscopy 

UV-visible spectroscopy is an optical technique involving the measurement of the 

wavelength and absorption intensity of near-ultraviolet and visible light (approximately 

190-750 nm) through a sample, thereby probing the electronic transitions of molecules. 

In this electromagnetic spectral region, the energy is sufficient to promote valence 

electrons of low excitation energy to higher energy levels (i.e., transitions of n or 1t 

electrons to the 1t * excited state in organic molecules containing chromophores). UV -vis 

spectroscopy can be used for quantitative measurements and characterization of the 

optical or electronic properties of materials. 1 

Generally, the absorbance spectrum of a material is obtained, which shows 

absorption bands corresponding to structural groups within the molecule. An important 
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aspect of UV -vis spectroscopy is the relation of absorbance (A) to the concentration of 

analyte, c, in the sample as given by the Beer-Lambert law, 

A = cc 1 (2.1) 

where cis the extinction coefficient, and 1 is the path length (or thickness of the sample). 

It allows us to calculate the concentration from the absorbance if c and 1 are known. In 

polyelectrolyte multilayer characterization, UV -vis spectra were obtained for PEM films 

prepared from P-Azo polyanions to quantify its adsorption through the layers. The 

absorbance maximum was optically tracked at À = 365 nm as a function of the number of 

layers deposited. 

Standard instrumentation inc1udes a hydrogen or deuterium lamp, which is used 

for UV measurements, while a tungsten lamp is generally the light source for visible 

measurements. 1 Selection of the wavelengths from these continuous light sources is 

achieved using a wavelength separator such as a prism or grating monochromator. 

Spectra are acquired by scanning the wavelength separator and quantitative measurements 

can be made from a spectrum or at a single wavelength. 

UV-vis lamp lens monochromator sample detector amplifier 

Figure 2.1 Instrumentation of a UV -vis spectrophotometer. 
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2.3 Ellipsometry 

Ellipsometry is a common reflectance-based thin film technique that uses 

polarized light to characterize the dielectric properties of a flat sample?·3 An ellipsometer 

monitors the change in the state of polarization and intensity of a reflected beam of light 

(from the various interfaces of a film sample) upon shining incident light onto a sample 

surface at an oblique angle.2
-4 As depicted in Figure 2.2, an incident linearly polarized 

light is reflected off a film surface as eIlipticaIly polarized. The instrumentation thus 

requires a light source, a polarizer, a rotating analyzer (relative to the polarizer) and a 

detector. For a film containing various interfaces, the resultant reflected beam is 

comprised of the initial reflected beam and the series of beams which are transmitted 

through aIl the interfaces. According to Equation 2.2, reflection from the surface induces 

a phase shift of light reflected parallel (P) and perpendicular (s) to the incident plane, and 

amplitude reduction of these two waves. 

(2.2) 

At various incidence angles, the p- and s-polarized components are reflected differently. 

In practice, data values for the ellipsometric angles delta (~A) and psi ('l'), are acquired 

for a given wavelength and incident angle (respectively related to the relative phase shift, 

and reflection amplitude relationships between the p- and s-wave). For a given multi-

interface surface, the Fresnel reflection coefficients in the two planes, Rs and Rp, define 

the ratio of the magnitude of the resulting outgoing wave (reflected electric field 

amplitude) to the magnitude of the incoming wave (initial electric field). 5 
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By analyzing the state of polarization in light reflected from the sample, one can 

determine properties such as thickness and refractive index for film layers that are thinner 

than the wavelength of light (i.e., on the order of angstroms). An optical model describing 

the sample structure and accounting for alllayers is required to obtain parameters such as 

thickness and other optical constants by determining the best fit to experimental values.5 

Incident 

linear polarized light 

light source 

Reflection 

elliptical polarized light 

rotating detector 
analyzer 

Figure 2.2 Schematic representation of the ellipsometry technique, where a linear 

polarized input beam of electric field Ë is reflected from a surface, converted and 

detected as elliptically polarized light. 

For analysis of multilayer films a 3-layer model is used. The substrate layer Si is given a 

fixed refractive index (ns = 3.875) and extinction coefficient (ks = -0.018). The Si02 layer 
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is also given a fixed refractive (no = 1.458) and the thickness of this oxide layer is 

experimentally determined (~27 A). The multilayer film is treated as a single polymer 

layer and the thickness and refractive index are independently determined. In order to 

determine the thickness and refractive index of the multilayer film, an estimated 

refractive index (in the range of np = 1.5-1.6) and thickness must be supplied since there 

are multiple solutions to delta (8Â) and psi ('JI). The multilayer film and Si02 is assumed 

to have a negligible absorption coefficient at the laser wavelength (Â = 632 nm). In all 

ellipsometry measurements, the thickness values of the polyelectrolyte multilayer films 

were obtained in air and the measured refractive index of the film was found to be in the 

expected range for common organic polymers. 

Applications of ellipsometry to surface characterization incIude analysis of 

surface film formation6 (i.e., thickness measurements of adsorbed polymers9 and 

proteins10
), and determination of surface optical properties (such as the index of 

refraction),7,8 The advantage of ellipsometry in thin film characterization is that it 

measures a ratio of two values (the Fresnel reflection coefficients). Thus even using low 

intensity of light, highly accurate and reproducible measurements can be obtained without 

requiring a reference sample. 

2.4 Atomic Force Microscopy- Nanoindentation Measurements 

Atomic force microscopy (AFM) is an optical lever technique in which a sharp 

probe (such as a tip on the end of a cantilever) is raster scanned over-the-top of a surface 

and receives topographical information about the surface in response to the force between 

a tip (usually ShN4) and a sample. 11 The technique is based on detection of laser light 
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reflection from the cantilever into a split photodiode as a result of the bending of the 

cantilever. For small deflection, d, we can assume that the cantilever behaves according 

to Hooke's law, 

F=kd (2.3) 

where F is the loading force and k is cantilever spnng constant. In practice, a 

piezoelectric crystal is used to make small and precise movements of the tip or sample 

towards one another. The deflection is the difference between the z-movement of the 

piezoelectric crystal and the consequent indentation, 0, of the surface. 12
-

14 In imaging, an 

electronic feedback is used to allow the piezoelectric to respond to changes in force as the 

tip-sample separation changes and alter the separation to restore the force to a fixed 

value. This mode of operation has been coined "constant force". In the simplest method 

of obtaining an image, the tip and sample are maintained in close contact as the surface is 

scanned. While this is the most common method of imaging, lateral forces from dragging 

the tip over the sample can contribute to poor imaging. 

While traditionally the AFM method has primarily been used for high-resolution 

imaging of surfaces (i.e., on the nanometer scale), recently this technique has been 

successfully extended to perform nanomechanical measurements on soft polymer-coated 

films. 12
-

15 The AFM can provide information about the amount of force felt by the 

cantilever as the probe tip is brought close to, and indented into a sample surface and then 

pulled away, as suggested in Figure 2.3. Through the measurement of force over the 

vertical indentation depth, one can determine for example, the elasticity of a polymer 
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film. 12
,14 This is achieved by indenting a tip (usually with a radius r, on the order of tens 

of nanometers) onto a planar surface. Through this process, a force curve is obtained, 

which is related to the interaction between the tip and the sample at a given 

separation/indentation value. 

Attractive and 
repulsive 
forces are 
measured ~. 

, . 
r- 35 nm 

• • • 

for a series 
of distances 

Figure 2.3 

film. 

A schematic illustration showing the indentation of an AFM tip into a soft 

To obtain a force curve, the vertical position of the tip is varied systematically 

with respect to the sample. As the tip indents the sample, the acting force leads to 

bending in the cantilever. In the approach segment of the curve, the tip begins to feel an 

attractive potential towards the surface at a given inter-molecular distance. This attractive 

force causes the bending of the cantilever towards the surface until the tip "jumps-to-

contact" the surface. The net attractive force then vanishes when both the attractive and 

repulsive interaction forces exactly balance each other. Eventually, as indentation 

progresses, deformation of the sample occurs, which leads to the observation of repulsive 
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forces between the tip and sample. The retraction of the tip is then invoked after a given 

maximum force is achieved and force, as a function of separation, is recorded in the 

reverse direction. Notably, the force curve is not traced exactly in the retraction portion 

of the cycle. This is especially evident in the "snap-off' portion of the curve, which is 

primarily attributed to the combination of various tip-surface inter-molecular adhesion 

forces. The main regimes ofthis force-distance method are depicted in Figures 2.4a-2.4f. 

Nanomechanical information about our multilayer systems was extracted from 

force-distance measurements obtained in aqueous solution. Analysis of the region of 

indentation into the film (i.e., specifically the change in the slope of the linear regime of 

the indentation) allowed determination of the film elasticity in a manner similar to 

previous described methods. 12 This procedure is discussed in detail in Chapter 5. 

-2.05 V 

z-piezo 
moves up • 

Force 

+ •• repulsion 

1 
setpoint 

attraction 

+ 

".,. • •••• ~ retract ... cxtcnd 
+. 

-2 •• ." .... •• • 
++ • .. • a. 

••• • • • • ••• .: 
z position 

( .... toward film ) 

Figure 2.4a Initially, the tip-sample separation is large and there is no interaction 

force. The piezoelectric (piezo) is moved upward to bring the sample towards the tip. 
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z-piezo 
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Figure 2.4b An attractive potential at small tip-surface separation causes the tip to 

''jump-to-contact'' and the cantilever bends, which moves the deflected light position. 

-2.05 V 

z-piezo 
moves up 

Force 

+ •• repulsion 

1 
setpoint 

+ 

. .... ~ •• retract •• 
••• l'xtcnd 

-2 ••••••• #. • •• • 
(. • c. · •• • • • ••• .: 

zposition 
( .... toward film ) 

Figure 2.4c The sample and tip are in contact with no net force being exhibited and 

thus the cantilever does not bend. 
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Figure 2.4d Light deflection related to surface indentation occurs due to repulsive 

interaction. After full extension, the piezo reverses direction for the retraction segment. 
Force 

-3.75 V + 
repulsion 

1 
setpoint 

attraction 

moves down 
z-piezo ! 

•• • •••• ~ retract 
l'Xtl'Ild 

•• 
••• • -2 +.. . ..... . 

••• • 
+. : 

••• e. : •. ; 
z position 

( .... toward film ) 

Figure 2.4e Tip continues to retract from the surface with attractive forces bending the 

cantilever. 
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Figure 2.4f The tip "snaps-off' the surface after a sufficient degree of retraction, 

bringing the cantilever to neutral position. 

2.5 Fluorescence Spectrophotometry 

Fluorescence is a three-stage photophysical process that occurs when certain 

molecules, called fluorophores, emit photons (of a longer wavelength) after absorption of 

shorter wavelength photons. This occurs as result of excitation of the molecule to a 

higher electronic energy state. As illustrated in a Jablonski energy diagram (shown in 

Figure 2.5) a fluorophore, which is originally in its ground electronic state at room 

temperature (So) first absorbs energy (h J'excitation) in a transition that brings its energy to a 

higher electronic singlet state, SI'. 16, 17 The absorption process is very rapid, occurring on 

the order of 10-15 
S.18 After this time, the fluorophore may undergo conformational 

changes and various possible interactions with its molecular environment. As a result, 
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relaxation of the mole cule to the lowest vibrationallevel ofthis excited state, SI, follows 

in a process known as internaI conversion (approximately 10-12 
S).18 

S' 1 

1 

hVexcitation hVemission 

3 

Figure 2.5 A simplified Jablonski diagram showing the fluorescence process by: 1. 

excitation of a ground state fluorophore, So, to an e1ectronic energy level, SI', followed by 

2. relaxation to a lower vibrationallevel, SI, and lastly 3. radiative emission at a longer 

wavelength. Note that competing processes such as collisional quenching have been 

omitted for simplicity. 

After the excited molecule has dissipated its energy in this manner radiative fluorescence 

emission (h Vemission), originating from the lower energy SI state, then occurs on the order 

of 10-9 s to bring the molecule back down to the ground state energy (at a higher 

wavelength than the excitation). 18 Both fluorescence and non-radiative processes, such as 

collision quenching, can compete to depopulate the SI state. 

The difference in excitation and emission energy is known as the Stokes shift and 

is fundamental to this highly sensitive analytical technique. It allows emission photons to 

be detected against a low background, isolated from excitation photons. Therefore, 

fluorescence, unlike absorbance spectrophotometry, is highly specific due to the fact that 

few materials both absorb and emit light at the same wavelength. AIso, by labelling with 
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fluorophores, which have a known and unique excitation and emission energy, it is 

unlikely that potentially absorbing non-target compounds will emit light at a wavelength 

similar to the target being detected. 

An important aspect of fluorescence detection is that the same fluorophore can be 

repeatedly excited and detected. The entire fluorescence process is thus cyclical. A 

single fluorophore can generate many thousands of detectable photons, which contributes 

to making this optical detection technique a highly sensitive one (usually concentrations 

on the order of 1 ppm are sufficient for detection). However, a limiting factor in 

fluorescence detection is the competing photochemical process known as photobleaching. 

This occurs when excited state fluorophores are irreversibly destroyed as a result of high 

intensity illumination. 

In the work described in Chapter 4, we use fluorescence spectrophotometry to 

track the preferential adsorption of short versus long chains of P AA onto a P AH covered 

colloidal surface. Poly(acrylic acid) chains of two extreme molecular weights are 

selectively and quantitatively labeled with two different naphthalene-based fluorophores, 

5-dimethylaminonaphthalene-l-(N-(2-aminoethyl) )sulfonamide (dansyl ethylenediamine, 

or D112), and I-naphthalmethylamine (NMA) by covalently attaching the fluorophore 

amine units to the carboxylic acid of the polyanion. 19 The structures of the aromatic 

fluorophores used are shown in Figure 2.6 (as a. and b. respectively). A typical example 

of excitation/fluorescence emission spectrum is also displayed in Figure 2.6 (c.) for the 

Dl12 fluorophore. Our adsorption studies require detection of polymer concentrations 

that are on the order of 10--4 mol of polymer, of which less than 5% is modified with 

optical labels. Thus, the fluorescence method is a suitable technique for this analysis 

because it offers a high level of sensitivity. 
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Figure 2.6 Structures of fluorophores, which are attached to P AA through amide 

linkages, are: a. I-naphthylmethylamine, and b. dansyl ethylenediamine (D112). The 

absorption (at Â), and fluorescence emission (at Â') ofDl12 in methanol is shown in c.20 
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Chapter 3 

Effects of Charge Density and Counterions on the Assembly of 

Polyelectrolyte Multilayers 

3.1 Preface 

In Chapter 1, the layer-by-layer method was introduced as a method for 

assembling polyelectrolytes into multilayer films. A list of tools and techniques that were 

used in the studies of such films was presented in Chapter 2. In this chapter, we use sorne 

of these techniques, namely UV-vis spectroscopy and ellipsometry, to examine how the 

rate of the layer-by-layer assembly is affected by the charge density of polyelectrolytes 

and the role of counterions in the adsorption mechanism. 

3.2 Introduction 

The sequential adsorption of charged polymers onto oppositely charged surfaces is 

a straightforward and versatile technique for the preparation of polymer thin films.) The 

layer-by-layer approach is suitable for designing functionalized polymer films over broad 

length scales, ranging from angstroms to microns. Polyelectrolyte multilayer films have 

thus become useful for many applications, including capsules for drug delivery,2 chemical 

sensors,3 ultra-thin ion selective membranes,4 electrochromic devices,5 and all-optically 

pattemed surfaces.6
,7 Such applications have fueled much experimental study of various 

thermodynamic aspects of multilayer formation with the aim gaining better chemical 
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control of film properties such as layer morphology,8,9 interpenetration,IO-12 and 

thickness. 13,14 

Recent steady-state studies have shown that multilayers constructed from weakly 

charged polymers can exhibit a rich and complex behavior, owing to their variable charge 

density. In particular, the thickness of the multilayer films has been shown to be highly 

dependant on the pH of the polymer solutions during assembly by over two orders of 

magnitude, as demonstrated in the now well-studied poly(allylamine hydrochloride) 

(PAH) and poly(acrylic acid) (PAA) system. 15 Thus, by manipulating the charge fraction 

in adsorption baths of weakly charged polymers, one has good molecular control over the 

adsorption of polyelectrolyte chains, which can lead to variable layer structures and 

thickness transitions in the film. I 6-18 An understanding of the kinetics of electrostatic 

layer-by-Iayer assembly of polyelectrolytes onto solid supports is also necessary for the 

controlled preparation of functional polymer films, and optimization of their physical 

properties. However, many fundamental questions conceming multilayer formation 

remain unclear. While several theoretical studies have provided sorne insight into the 

effects of adsorption variables for a single polyelectrolyte layer (i.e., concentration of 

counterions, pH, and surface charge density),19-22 the predictions for adsorption behavior 

from the models are still poor in many systems, especially for weak polyelectrolytes. 

Furthermore, although the kinetics of polyelectrolyte adsorption onto an uncharged 

surface have been theoretically examined,20,23 there remains a limited amount of detailed 

experimental data on adsorption kinetics of oppositely charged polymers into multilayer 

assemblies, particularly for films made from weak polyelectrolytes. Recent results of the 

interplay between kinetic and thermodynamic contributions in multilayer adsorption of 
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weak polyelectrolytes have broadened our understanding of the process, but also prompt 

further studies into these systems.24 

In an effort to examine sorne of the variables that govem the rate of polymer 

adsorption, we have conducted studies to determine the time-dependant thickness of a 

model weakly charged system. Specifically, we optically measured and mapped the 

growth profiles of weakly charged polycation P AH, and a polyanion containing 

azobenzene dye moieties, P-Azo (poly {1-[ 4-(3-carboxy-4-hydroxyphenylazo) 

benzenesulfonamido ]-1 ,2-ethanediyl, sodium salt} as a function of various polymer 

concentrations. We then compared the thicknesses after just 1 s adsorption of nine 

different multilayer systems in order to identify the origins of the substantial increase in 

film thickness observed over time in our model weak PAHIP-Azo system. Lastly, we 

examined the influence of counterion exchange on the adsorption of weak 

polyelectrolytes. This study involved comparing the time-dependant adsorption ofP-Azo 

onto a weakly charge PAH surface in the presence ofhalogen salts F-, Cl-, Br-, and 1-. 

3.3 Experimental Section 

3.3.1 Materials 

The principal polycation/polyanion combination investigated was P AH 

(Polysciences, Mw 60K), and P-Azo (Aldrich, Mw 90K) respectively. Other polyions 

employed were poly(diallyldimethylammonium chloride) (PDAC; Aldrich, Mw 200-

350K), poly(acrylic acid, sodium salt) (PAA; Aldrich, Mw 90K), poly(sodium 4-

styrenesulfonate) (PSS; Aldrich, Mw 70K) and an azobenzene containing poly(S119), 

(Aldrich). Figure 3.1 depicts the chemical structures of the various polyelectrolytes used. 

Unless otherwise indicated, aqueous solutions containing 10-2 M per repeat unit of 
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polyion were prepared with 18 MO·cm resistivity Millipore Milli-Q water. Where 

indicated, the pH of the solutions was adjusted using NaOH and HCL For the counterion 

study, polymer solutions of concentrations 10-3 M were adjusted to pH = 9, and salt of 

concentration 5xlO-2 M was added (NaF, NaCI, NaBr, or NaI; Fisher, used as received at 

minimum 99% purity). To prevent replacement of the target ions, the quantity of NaOH 

used for pH adjustments was ensured to be at least one order of magnitude lower than the 

concentration of the examined salt. 

X:~~ ~ NH 
o 0 Na / \ O=~=O 1 

o=s=o 
CI 

a. b. 

~ 
N~N N~N 

HO 
CI 0- Na+ 3 

- + 
- + S03 Na 

S03 Na OH 0 

c. d. e. f. 

Figure 3.1 Repeat units of the polyelectrolytes used for multilayering: a. PAA (weak 

polyanion), b. PDAC (strong polycation), c. PSS (strong polyanion), d. PAH (weak 

polycation), e. P-Azo (weak polyanion), and f. P-Sl19 (strong polyanion). 
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3.3.2 Multilayer Film Preparation 

Glass microscope slides (Fisherbrand), and silicon wafer substrates (Wafemet) 

were cleaned by immersion in a bath of 25% H2S04 and 75% H2Cr04 for a minimum of 

24 h. Substrates were subsequently washed with neutral Milli-Q water (pH -7.5) in 

preparation for electrostatic deposition of the initial polycationic layer. Except where 

specified, multilayer films were constructed with the aid of an automatic slide stainer 

(Shandon) using matched dipping times for both polycation, and polyanion as indicated. 

The dipping protocol was a repeated and altemating immersion of substrates in polycation 

solution, folIowed by the polyanion solution. Between each adsorption cycle of polymer 

layers, the films were rinsed thoroughly with neutral Milli-Q water. 

3.3.3 Film Characterization 

Optical absorbance measurements of P-Azo containing multilayer films on glass 

microscope slides were performed with a UV-vis spectrophotometer (Varian Cary 300-

Bio; scan rate 100 nm.min-1
). The optical thickness ofP-Azo containing multilayers was 

quantified (an average of 3 measurements) by observation of the 1t71t* absorbance 

maximum of P-Azo at Âmax = 365 nm for the trans azobenzene isomer. Transmission 

results are represented as the calculated average of three replicate measurements and 

blank corrected. Reflective data for multilayers deposited on Si substrates were obtained 

using a Gaertner Ellipsometer at A. = 633 nm, solved for both refractive index and layer 

thickness. AlI total layer thickness values are reported as the statistical mean of 13 

acquired measurements folIowed by a surface oxide subtraction of 27 ± 3 A, determined 

independently. The average error associated with the UV-vis absorbance and 
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ellipsometry measurements was determined as approximately ± 5%, and ± 3% 

respectively. 

3.4 Results and Discussion 

3.4.1 Layer Thickness 

Several recent studies have reported the pH-dependant thickness of weakly 

charged polyelectrolytes assembled into multilayer films?1,22,25 In a similar manner, we 

characterized the growth of the P AHIP-Azo system prepared under conditions of varying 

charge density by assembling multilayers at matched solution pH values ranging from 3 

to 11, and using a dipping time of 12.5 min. The optical absorbance resulting from 

variable P-Azo adsorption was measured as a function of the assembly bath pH, at 

intervals of every 4 layers up to 62 layers, as displayed in Figure 3.2. A trend of 

increasing P-Azo adsorption with increasing assembly solution pH toward the pKa was 

observed, in agreement with the previous studies. This effect was most prominent in the 

multilayer series assembled at pH values 9 to 11, where a nearly 20-fold increase in 

optical absorbance was obtained by increasing the pH of the assembly bath from a value 

of 3 to 10. Recent acid-base equilibria studies of layered colloids prepared from P AH and 

P AA indicate that the apparent local pKa of the adsorbed polycation, as determined 

through ~ potential measurements, is approximately in the range of 9.9 and 1O.8?6 For 

PAHIP-Azo films made near the half neutralization point of P AH, i.e. at pH = 9 and 10, 

the measured average optical thickness of -19 A/layer corresponds to an intermediate 

value between the weakly charged (-35 A/layer at pH = Il) and strongly charged systems 

(-3 A/layer at pH = 4). In order to characterize the time-dependant thickness of the 
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multilayers constructed from weakly charged P AH, we examined the effect of assembly 

bath pH on the kinetics ofPAHIP-Azo adsorption. 
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Figure 3.2 UV-vis absorbance at Âmax = 365 nm from 0 to 62 layers of PAHIP-Azo 

self-assembled under varying pH matched polycation/polyanion solutions. 

3.4.2 Time-Concentration Profile 

While there have been sorne kinetic studies on the formation of multilayer 

assemblies from strongly charged polyelectrolytes,27 there is little information on the 

kinetics of layer-by-Iayer adsorption of weakly charged polyelectrolytes. We performed 

static experiments to measure the multilayer growth for PAH/P-Azo prepared at pH = 9 as 

a function of immersion time and concentration. Polyelectrolyte solutions of P AH and P-

61 



Azo were prepared at various concentrations ranging from 10-2
.
0 to 10-5

.
0 M per repeat 

unit, and films of 30 layers were fabricated on Si substrates using various immersion 

times, ranging from 1 to 120 s, matched for both the polycation and polyanion. The 

average layer thickness of films prepared using various dipping times was measured using 

ellipsometry. In this fashion, a layer growth profile was constructed and compared for 

seven sets ofpolycation/polyanion pairs at matched concentrations. Figure 3.3 illustrates 

the indirectly observed time-dependant growth of several PAH/P-Azo films prepared at 

concentrations ranging from 10-2
.
0 to 10-4.5 M (3.16 X 10-5 M). No significant growth 

was detected when the concentration of the assembly solutions was 10-5
.
0 M. The data 

indicate that when polymer solutions of at least 10-4·0 Mare used, multilayers adsorb and 

reach saturation (>80%) in approximately 60 s. Thus, saturated adsorption is rapidly 

achieved in the case of P AH/P-Azo assembled under conditions employing weakly 

charged polycations. At the saturation point, we also obtained the widest range in layer 

thickness for PAHlP-Azo films of 1 to 12 A. Note that this static experiment suggests 

that a measurably thick layer of polymer is adsorbed within the first few seconds of 

substrate immersion into a polymer bath. However, the true thickness (which can be 

obtained from dynamic experiments) would not include experimental contributions to 

layer thickness, seen at short immersion times of Figure 3.3. For example, the adsorption 

of polyelectrolyte resulting from the presence of a concentration gradient, which exists on 

the surface of the film, during the rinse cycles. 

Furthermore, experiments conducted using longer immersion times of 4 and 12.5 

min revealed no significant increase in average layer thickness beyond the 1 min 

saturation point (i.e., a maximum of 12.5 A/layer). The highest layer thickness, 

determined as 8 to 12 A, is obtained with more concentrated solution baths of the order 
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10-3 and 10-2 M respectively, while in more dilute systems a significant reduction to 1/2, 

1/3, and 1/12 the maximum layer thickness occurs at concentrations of 10-3
.
5 (3.16 x 10-4 

M), 10-4·0, and 10-5.
0 M respectively. 

a. 

b. 

Figure 3.3 
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Layer thickness growth profiles for 30 layers of PAHIP-Azo adsorbed at 
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a. as a function of time, using various matched concentrations of polycation/polyanion 

solutions, and b. as a function of concentration, for various deposition times (t). 
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In a separate study, we deposited 30 layers for various adsorption times and 

examined the layer thickness as a function of solution concentration. Figure 3.3b 

illustrates the resulting concentration-dependant decay curves in layer thickness for a 

series of six different adsorption times. As previously determined from the variable time 

experiments, Figure 3.3b confirms that the largest variation in layer thickness is between 

1 and 12 Â, which is observed when multilayer films are prepared near the saturation 

point, t = 60 s. These results are presented in Figure 3.4 as sets of superimposed time and 

Figure 3.4 
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concentration variables, which provide a constant layer thickness in the early growth 

regime, in this case between 5 and 9 Â. The lines provided are intended to be visual 
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guides only. Most notably, we observed rapid increase in film thickness of thin polymer 

layers after 1 s of substrate contact with the polymer solution. Whereas many previously 

studied multilayer combinations typically report adsorption times on the order of minutes 

or even tens of minutes,28 our data for the PAH/P-Azo system indicate unusually rapid 

adsorption within the first few seconds of substrate immersion into a polymer bath 

adjusted to pH = 9. 

3.4.3 Dependence of Adsorption Kinetics on Charge Density 

In an effort to understand the source of the anomalously rapid growth observed in 

P AH/P-Azo films constructed at pH = 9, we examined various other polyelectrolyte 

multilayers on Si prepared from l-s immersions, and measured the resulting thicknesses 

by ellipsometry every 5 layers. We first obtained the l-s layer growth of a model 

P AH/P AA system over 25 layers, in which the charge density of either the polycation or 

the polyanion was selectively altered by suitable pH adjustments of the polymer 

solutions. The resulting l-s thickness of the P AH/P AA films made from polyelectrolyte 

solutions at matched pH values of7, and 9 is displayed in Figure 3.5. At assembly pH = 

9, we observed a large l-s thickness of ~20 À/layer. Conversely, we did not detect a 

significant increase in the l-s layer thickness when P AH/P AA films were prepared from 

solutions set to pH = 7. The anomalously fast l-s growth observed for the P AH/P AA 

system assembled at pH = 9 is in agreement with the rapid adsorption kinetics observed in 

the case of PAH/P-Azo films, which were also prepared using weakly charged 

polycations (Figure 3.3a). 

In a more broad study, we similarly obtained the l-s thickness profile of various 

other polyelectrolyte pairs, each assembled with their unique pH dependant charge 

65 



densities. The results, shown in Figure 3.5, suggest that aIl films made from both a 

strongly charged polycation and polyanion exhibit considerably less or negligible l-s 

thicknesses in comparison to multilayers prepared using at least one weakly charged 

component. For example, no significant l-s thickness was detected for PDAC/PSS films 

(i.e., ~ 1 A/layer) prepared from polycation/polyanion solutions at matched pH values of 

either 5 or 9. Notably, both PDAC and PSS are strongly charged polye1ectrolytes in the 

pH range of 3 to 11. Similarly, a reduced l-s thickness of ~2 A/layer was detected in 

both cases ofPAH/PSS and PAH/P-Azo multilayered at pH = 5. The estimated pKa ofP­

Azo is -3.3 based on observations of precipitation near this pH value, and in agreement 

with a recent report of the dissociation constant ofP-Azo in multilayer thin films?9 Since 

both PAH and P-Azo remain strongly charged at pH = 5 we did not observe the usual 

weakness effect, which appears to give rise to the adsorption of thick polymer layers at a 

short immersion time. 

In contrast, multilayer films prepared using one weakly and one strongly charged 

polyelectrolyte exhibit much greater l-s thickness of 8 A/layer and 10 A/layer 

respectively for both the P AHlPSS, and the PAH/P-S 119 systems assembled at a pH 

value of 9. Although both PSS and P-S119 (an altemate azobenzene containing 

polyanion) are fully charged polyanions, the polycation here remains weakly charged, 

which leads to thicker layers after only l-s immersion times. Our result is also in 

agreement with the rapid adsorption recently noted in the assembly of P AH/P-S 119 

multilayers.3o Notably, when we changed the assembly solution pH to a value of 5 in the 

PAHlPSS system, the l-s thickness value was reduced by 5-fold. All1-s thickness results 

reported here are consistent with the hypothesis that reduced charge density in adsorbing 
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polyelectrolytes is mainly responsible for larger film thicknesses observed at short 

immersion times. Although previous in situ studies, through second harmonie generation, 

indicate fast adsorption of PDAC/PSS multilayers «10 S),31 our l-s thickness studies 

suggest that considerably thicker layers are a consequence of reduced charge fraction in 
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Figure 3.5 Multilayer film growth using l-s adsorption times for variously charged 

polycationlpolyanion combinations. A weak/weak system demonstrating unusually large 

l-s thickness is: (.) PAHpH 9/P AApH 5. Intermediate l-s thicknesses are observed in 

weak/strong systems inc1uding: • ) PAHpH 9/P-S119pH 9, and (\7 ) PAHpH 9/P-AzOpH 9, 

which contain azobenzene chromophores, as well as (!:::. ) P AHpH 9/P AApH 9, and ( 0 ) 

PAHpH 9/PSSpH 9. Stronglstrong systems displaying minimal l-s thickness inc1ude: (Â ) 

PAHpH 5/P-AzOpH 5, ( 0) PAHpH 5/PSSpH 5, ( 0) PAHpH 7/PAApH 7, and (+) PDACpH 9/ 

PSSpH 9. 
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the assembling polymers. This is supported by the fact that all strongly charged 

polycationlpolyanion multilayer combinations examined here demonstrate little or 

negligible adsorption on the time scale of 1 s. Furthermore, the largest l-s growth is 

expressed in a system assembled with both a weakly charged polycation (P AH at pH = 9) 

and a weakly charged polyanion (PAA at pH = 5), resulting in films of ~28 A/layer. 

Since the weakness effect is most pronounced in a system prepared using both a weakly 

charged polycation and polyanion, we suggest that the degree to which the l-s thickness 

is increased is therefore related to the extent to which charge fraction may be reduced in 

the assembly of both the polyelectrolytes. We speculate that this effect may arise from a 

variable "effective" charge density of weak polyelectrolytes upon approaching the surface 

for adsorption. This charge readjustment of the polymer near the surface can 

consequently result in a net larger degree of charge overcompensation, and therefore yield 

greater layer thicknesses at low immersion times. The ability of weak polyelectrolytes to 

alter their charge due to an "effective" local pH in the interface, which is different from 

that in the bulk solution, has previously been shown both experimentally26,32 and 

theoretically.33 In addition, it has been demonstrated that the local pH during adsorption 

is influenced by the ionization fraction of the underlying polymer layers, which oscillates 

with the number of layers deposited. Thus, the extent to which the l-s layer thickness 

increases (observed in our studies as large differences between a purely weak 

polyelectrolyte system and a purely strong one) is not only influenced by the alteration of 

local charge density at the surface during adsorption, but also by the changing ionization 

fraction of the of the relevant underlying polymer layers.34 
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3.4.4 Ion Displacement and Adsorption Kinetics 

The finding of anomalously fast adsorption kinetics in multilayer assemblies 

prepared from weakly charged polyelectrolytes leads to questions regarding the 

mechanism of adsorption, such as the role of ion displacement in the formation of 

polymer layers. It is known that when a polyion segment approaches a surface containing 

an oppositely charged polyelectrolyte layer, a displacement of the salt ion must occur to 

allow for segment adsorption.35 This exchange of salt ions for the repeat units of strongly 

charged polyelectrolytes has been confirmed by direct observation with radio-labeled ion 

probes?6 Results from X-ray photoelectron spectroscopy studies have shown that the 

residual ion content trapped within formed multilayers made from strongly charged 

polymers is negligible.37 However, there is a lack of experimental data on the effect of 

counterion displacement on the kinetics of polyelectrolyte adsorption into layer-by-layer 

assemblies. In addition, these effects cannot be generalized to the adsorption behavior of 

weakly charged polyelectrolytes. 

The role of ion exchange in the adsorption kinetics of multilayers was investigated 

here by comparing the relative rate of P-Azo adsorption on partially charged PAH (pH = 

9) for a series of polyelectrolyte solutions containing one of NaF, NaCl, NaBr or NaI of 

concentration 5x 1 0-2
.
0 M. Multilayer films containing 30 layers were assembled onto 

glass slides using various adsorption times ranging from 1 s to 15 min for the P-Azo 

component while the saturated adsorption of polycation was ensured by maintaining a 

constant immersion time of 15 min. Reported optical measurements on multilayer films 

were time-corrected for prolonged polyelectrolyte adsorption resulting from significant 

polymer concentration at the surface of the film during rinse cycles initially, which was 

quantified using UV-vis. As shown in Figure 3.6 of the UV-vis absorbance of the various 
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P AHlP-Azo films prepared, immediate adsorption of P-Azo results for all ion solutions 

within 5 s of immersion. 
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Figure 3.6 Effect of ion exchange on the time-dependant adsorption of PAHIP-Azo 

multilayers (at a constant pH value of 9 for both polyelectrolyte solutions). 

The optical thickness measurements show that saturation is nearly achieved in 

approximately 60 s of adsorption time. The results from this time-dependant study of 

film thickness for PAHIP-Azo on glass slides is in agreement with the thickness values 

obtained from reflective ellipsometry measurements obtained for thickness of P AHIP-

Azo (Figure 3.4), which suggests that maximum polyelectrolyte adsorption is obtained 

upon approaching 1 min of immersion time. No distinguishable difference in the kinetics 

of P-Azo adsorption for the films prepared with varying halogen ion salt films was 

observed up to 20 s. After 20 s, significant differences in the optical thickness revealed a 
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reduced adsorption of the P-Azo when the multilayers were prepared in the presence of 

small P- counterions. Conversely, an increase of 21 % in the UV-vis absorbance of 

multilayer films prepared from r containing solutions suggests that polymer solutions 

containing larger counterions exhibit faster adsorption of P-Azo than those containing an 

equivalent amount of P- counterions. The analogy to weak polymer systems is that lower 

charge density similariy facilitates rapid adsorption by effectively reducing the number of 

ionic interaction sites required for adsorption and hence lowering the energy barrier. 

The observed variances in the rate of polyanion adsorption based on the presence 

of either P-, cr, Br- or r, can be rationalized using a simple electrostatic argument 

considering the binding energies of the tested anions with various cations (Table 3.1). 

The Arrhenius equation (Equation 3.1) is used to qualitatively compare the adsorption 

rates at constant temperature. The rate constant k here is proportional exponentially to the 

chemical bond strength of ionic dissociation. 

-Ej 
k =Ae /RT (3.1) 

As a first approximation, we assume first-order kinetics. The rate of dissociation for the 

anions thus scales with k, suggesting slower displacement of the smaller P- counterion, 

with a relative rate -53% of the larger r, as shown in Table 3.1. 

Since P-Azo must exchange with the bound counterions existing on the PAH 

surface for adsorption to occur, systems with larger r ions (i.e., more loosely bound) 

would be expected to exchange more rapidly than that of the more tightly bound P- ions, 

as observed. In comparing the relative (rel) rates of adsorption, it is also important to 
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consider the effect of the hydrated radii of the counterions when they are displaced from 

their counter-charge on the polyelectrolyte. For example fluoride ions, while having the 

smallest ionic radius, have the largest hydrated radius and are therefore much slower to 

target ionic radius avE*a E* rel rel k rel exptl 

counterion (A) (kcal'mor1
) to r k to r rel k 

F- 1.33 137.5 1.63 0.20 53 81 

cr 1.81 111.9 1.32 0.27 73 84 

B{ 1.96 100.2 1.19 0.30 83 91 

r 2.16 84.6 1 0.37 100 100 

aE* detennined from the average ionic binding energies oftarget counterion with Li+, Na+, K+, 

and Rb+.38 

Table 3.1 Calculated and Experimental Relative k for Multilayer Formation with 

Target Counterions 

diffuse away into water than chloride, bromide, and iodide ions, which have smaller 

hydrated radii respectively. As indicated in Table 1, a trend of faster counterion 

dissociation (and thus thicker polymer layers at equivalent time) with increasing 

counterion radius (decreasing hydrated radius) is indeed observed qualitatively. The 

expected variance in the counterion diffusion rates due to the different sizes of the 

hydrated radii, combined with the effect of the binding energies (proportional to the ionic, 

not hydrated radius) both further support our experimental finding of more rapid 

adsorption with larger ha1ide counterions. However, the sca1ing argument based on 
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counterion binding energies al one does not adequately de scribe the full increase in rate of 

layer-by-Iayer adsorption observed for weakly charged polyelectrolytes. Thus, while our 

kinetic study of counterion displacement suggests that this process may not necessarily be 

the rate-limiting step in multilayer formation, it has a significant and measurable effect on 

the rate at which weakly charged polyelectrolytes adsorb. 

3.5 Conclusions 

We observed anomalously rapid adsorption for the formation of PAH/P-Azo 

multilayers, on the order of seconds. This was attributed to the reduced charged density 

on the polyelectrolytes since significantly large 1-s thicknesses could only be obtained 

with weak polyelectrolytes. The resulting 1-s film thickness of polyelectrolyte 

multilayers prepared using weakly charged polycations or polyanions can be 

approximately 10-fold greater than that obtained from similar polyelectrolytes, which are 

strongly ionized. Furthermore, when both the polycation and the polyanion are 

assembled at low charge fraction, this weakness effect gives rise to much thicker 1-s 

films, bya factor ofup to 30, as compared to both strongly charged polyelectrolytes. Our 

studies have also shown that the process of counterion displacement has a significant and 

easily measurable contribution to the time-dependant growth of multilayers up to the 

point of saturation. The time-dependant thickness of weakly charged polymers appears 

sensitive to the variables of concentration, charge fraction and counterion species, and 

demonstrates that the layer-by-Iayer technique can be highly advantageous from the point 

of view of achieving a precise control of thickness in multilayer assemblies. 
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Chapter 4 

Effect of Chain Length on the Layer-by-Layer Adsorption of 

Polyelectrolytes 

4.1 Preface 

In the previous chapter, it was established that variation of the charge density in 

polyelectrolytes has measurable effects on the adsorption kinetics of layer-by-Iayer self­

assembly. Particularly when weakly charged polyelectrolytes are employed, the 

adjustment of kinetic assembly parameters, namely the adsorption time and adsorbant 

concentration, allows for wide-range control over the individual layer thickness of 

polyelectrolyte multilayers. In this chapter, we investigate how thermodynamics 

influence the adsorption behavior of polyelectrolyte chains onto oppositely charged 

polyelectrolytes. Specifically, the effect of entropy and enthalpy on the competitive 

adsorption of long versus short chains of weakly charged polyelectrolytes is examined 

using fluorescence spectrophotometry. 

4.2 Introduction 

In the interest of developing new molecular architectures that cover a wide range 

of length scales, various methods to self-assemble and organize polymers on surfaces 

continue to be explored, from covalent atiachment techniques 1-3 to physisorption 

approaches.4
,5 Recently, a new technique for preparing polymer thin films which uses 

electrostatic interactions between oppositely charged polyelectrolytes to assemble a 
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multilayer organic film, has attracted attention from broad areas of materials science.6 

Polyelectrolyte multilayer films (PEMs) are built-up layer-by-Iayer (LBL) by altemating 

adsorption of polycations and polyanions from aqueous solution onto a surface.7 

Growing interest in these self-assembled films can in part be attributed to the fact that 

their fabrication is experimentally simple, and versatile with respect to the surfaces and 

materials that can be utilized. Furthermore, industrial applications of functional 

polyelectrolyte multilayer films (PEMs), for example as biomedical materials, have given 

impetus to explore in detail the driving forces in LBL formation, interactions between 

adsorbed polyelectrolyte layers, and the limitations for LBL self-assembly of 

polyelectrolytes. 

Key to controlling the LBL process and the multilayer film properties is 

understanding factors which govem the adsorption of polyions from solution onto 

surfaces containing oppositely charged polymers. Extensive theoretical work regarding 

the adsorption criteria for neutral polymers onto surfaces has previously been done, which 

have given both quantitative predictions8
,9 and scaling relations.JO,11 For example, 

theoretical calculations for neutral polymers have shown that its adsorption is dependant 

on the chain length,12 and these results have been confirmed by experiment. 12
,13 

Theoretical attempts to predict polyelectrolyte adsorption are more recent, and have 

proven difficult to generalize to the formation of PEMs, since these assemblies are 

nonequilibrium. In addition to accounting for complex electrostatic forces (Le., by 

incorporating Debye-Hückel length-scales for polyions whose charge density can be 

highly sensitive to the local ionic strength at assembly),14 one must also consider 

thermodynamic and kinetic factors, which are both integral to the build-up of PEMs. 15 
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In this study, we examine the role ofpolyelectrolyte chain length in the adsorption 

of a simple model polyanion, poly(acrylic acid) onto silica particles capped with a model 

polycation, poly(allylamine hydrochloride). Such studies of the adsorption behavior of 

charged macromolecules are important in order to understand various relevant biological 

surface and biointerface phenomena. For instance, the adhesion ofbacterial cells to solid 

surfaces (govemed by electrostatic, van der Waals, and Lewis acid-base interactions) is 

often largely affected by cell-surface polymers, such as lipopolysaccharides. 16 The 

affinity and reversibility of this adsorption process have been found to depend 

significantly on the molar mass of the cell surface polysaccharides involved in the 

adhesion. 16 

4.3 Experimental Section 

4.3.1 Materials 

We used poly(allylamine hydrochloride) (PAR) as received from Polysciences, 

Inc. Poly(acrylic acid sodium salt) (PAA) oftwo different molecular weights (Mw 2K and 

450K) was purchased from Sigma-Aldrich and modified as described in section 5.3.2. 

The two different molecular weights of P AA were chosen based on the large difference in 

the average chain length (i.e., by greater than 2 orders of magnitude). Furthermore, 

dynamic light scattering characterization (Brookhaven BI9000; Thom EMI Electron 

B2FBK RFI photomultiplier tube; Coherent Technologies Compass 315M-150 laser) of 

the low and high molecular weight P AA, showed very little overlap in the histograms of 

the hydrodynamic radius of the polymers under the solution conditions used for the 

adsorption experiments. Chemical structures for the polycation, unmodified polyanion, 
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Figure 4.1 Structures of the polyelectrolytes used are: a. poly(allylamine 

hydrochloride), and b. poly(acrylic acid sodium salt). Fluorophores used to label the 

polyanion are: c. I-naphthalmethylamine, and d. dansyl ethylenediamine (Dl12). 

Structures oflabeled poly(acrylic acid) are: e. NMA-PAA450K, and f. Dan-PAA2K 
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and the two labeled poly(acrylic acids) are presented in Figure 4.1. We prepared aqueous 

polyelectrolyte solutions of concentration 10-2 M (based on the molecular weight of 

repeat units) using 18.2 Mncm resistivity Millipore Milli-Q water and the adsorption 

experiments were done in the presence of 1 M NaCl. 

Two naphthalene-based fluorophores with amine functional groups, 5-

dimethylaminonaphthalene-l-(N-(2-aminoethyl) )sulfonamide (also known as dansyl 

ethylenediamine), and I-naphthalmethylamine were purchased from Molecular Probes, 

and Sigma-Aldrich respectively. Our adsorbing surface was colloidal silica of 70-100 

nm in diameter, received from Nissan Chemical Industries. The pH of the solutions was 

adjusted to a value of 9.0 using NaOH. At pH = 9.0, we can observe the adsorption of 

strongly charged PAA onto a mostly weakly charged PAH surface (since PAH was first 

adsorbed onto the colloidal particles). 

4.3.2 Derivatization of P AA with Fluorophores 

Through a method previously described,17,18 partial conversion of the carboxylic 

acid units of the 2K and 450K PAA to amide derivatives (amidization) was achieved in 

two separate reactions as follows: Inside a dry three-neck flask attached to a condenser, 

vacuum dried PAA (2.0 g) was mixed with an anhydrous solvent, I-methylpyrolidone 

(approximately 100 ml), in the presence of flowing nitrogen. The mixture was stirred to 

allow for dissolution (in the case of2K PAA) or additionally heated to 60 Oc for 2 hr (in 

the case of 450 K) to promote dissolution. In a dry and nitrogen-rinsed flask, the 

fluorophore (7.0 x 10-4 mol) was dissolved in sorne I-methylpyrolidone (approximately 

5 ml) and injected into the PAA reaction pot. Subsequently, dicyclohexy1carbodiimide 

(DCC, 8.0 x 10-4 mol), a coupling agent commonly used to promote amide formation 
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was also injected into the reaction mixture upon dissolving in dry I-methylphyrolidone 

(approximately 5 ml). The use of an aprotic solvent, I-methylphyrolidone, and DCC 

promotes the random covalent attachment of the hydrophobic fluorophores onto P AA. 18 

The final mixture was stirred in the dark at 60 Oc for 96 hr. The reaction flask was then 

cooled in an ice bath, and concentrated NaOH was added dropwise to neutralize the 

solution, which resulted in precipitation of the sodium salt of the modified P AA. The 

solid product was obtained by vacuum filtration and subsequently purified by twice 

precipitating an aqueous solution in methanol. AU solvents were removed to yield the 

final product by drying in a vacuum oven. 

Both the unmodified and labeled PAA were characterized by IH NMR (300 MHz 

Varian Mercury) performed in D20. In the case of I-naphthalmethylamine-Iabeled PAA 

(NMA-P~50K) NMR spectrum analysis shows the expected ratio of naphthalene (7) 

and amide (1) protons at chemical shifts of 7-8 ppm while the alpha aromatic proton (1) 

appears at 4.7 ppm. In unmodified PAA, only methylene protons from the backbone (1-

2.3 ppm) appear in the NMR spectrum. The NMR spectrum of dansyl ethylenediamine­

labeled PAA (Dan-PAA2K) also reveals the expected chemical shifts at 7.2-8.3 ppm from 

the aromatic protons of the fluorophore, and the ~, y methylene protons (4) from the 

amide link at around 3.4 ppm. Both UV-vis absorption (Varian Cary 300-Bio 

Spectrophotometer), and IH NMR spectral analysis of the final product suggested little 

contamination of labeled P AA and the degree of modification was calculated by 

integration of the IH NMR spectral peaks. It was determined that PAA of 450 Kwas 3.8 

mol% modified while 4 mol% of the 2 K P AA was labeled. The degree of derivatization 

of P AA was kept at a low value to prevent interference from the hydrophobic fluorescent 
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tags on the electrostatic adsorption of the polyelectrolyte. Fluorescence intensity 

calibration plots at variable concentration of NMAPA~50K and Dan-PAA2K were 

prepared using a FluoroMax-2 (Jobin Yvon-SPEX; slit width set to 2.5 cm). 

4.3.3a Preliminary Adsorption of P AH onto Colloids 

An excess amount of the polycation layer, poly(allylamine hydrochloride), was 

first provided for adsorption onto colloidal Si02 according to the following standard 

protocol previously outlined for the preparation of P AHIP AA multilayers onto Si02.
19 In 

this protocol the polyelectrolyte adsorption conditions are set to a pH value of9.0 and 1.0 

M of NaCI was used to ensure highest coverage of the colloid with the polycation. 

Colloids were dispersed in a polyelectrolyte solution for 30 min, followed by 1 h of 

centrifugation at 4500 rpm. The supematant is then removed and the colloids are washed 

three times with copious amounts of Milli-Q H20 (adjusted to pH = 9) to remove 

unadsorbed polymer. Each wash step consists of 30 min of sonication (to expose colloids 

to wash solution while preventing aggregation), 1 h centrifugation, and finally extraction 

of the liquid. 

4.3.3b Competitive Adsorption of PAA onto a PAH-Coated Surface 

The competitive adsorption of long (450 K) versus short (2 K) chains of P AA was 

examined by supplying in solution a stoichiometric surface coverage amount of each of 

Dan-PAA2K and NMA-PA~50K to 2.0 g/L of PAH-coated partic1es. This required 

surface coverage amount of polyelectrolyte (3-5 x 10-4 M repeat units of each type of 

P AA) for 2.0 g/L of PAH-coated partic1es was determined from quantitative titrations of 

P AH/P AA-coated partic1es with poly( diallyldimethyl-ammonium chloride) (PDAC).19 
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The molar concentration oflabeled PAA necessary to coyer the PAH surface (3-5 x 10--4 

M for 2.0 g/L of particles) was obtained by converting the bare mass of titrant (PDAC) 

required to achieve charge overcompensation, and thus multilayer formation, to a molar 

surface coverage value (as determined by ç potential measurements).19 Specifically, this 

point refers to the mass of titrant at the initial plateau point after the half neutralization 

point in the titration curve (i.e., 0.05g/L of PDAC for 2.0 g/L of coated particles). 

Although this estimation of the surface coverage value is based on a titration experiment 

involving a different polyelectrolyte than that used in our experiment, it provides a 

reasonable approximation of the required coverage amount. Furthermore, the titration 

experiment was performed under comparable solution conditions to our P AA adsorption 

study (ImM NaCI and solution pH = 9) and in both cases the adsorbing polyelectrolyte is 

strongly charged. Thus, assuming that the adsorption isotherms are comparable, the error 

in determining the surface coverage value is estimated to be in the range of the 

experimental uncertainty reported in the titration study, ± 9.6 %. We allowed 24 h to 

ensure coverage adsorption of the labeled P AA onto P AH since previous P AH/P AA 

multilayer studies have shown significant time-dependent adsorption at low 

polyelectrolyte concentrations (i.e., <10-3 M).20 

4.4 Results and Discussion 

4.4.1 Fluorescence Calibration Plots of Labeled P AA in Solution 

As shown in Figure 4.2, we initiallY characterized the fluorescence emlSSlon 

intensity of the labels on the short- and long-chain P AA in solution. Fluorescence spectra 
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Figure 4.2 Fluorescence ernission spectra obtained for variable concentration of: a. 

short-chain labeled PAA (Dan-PAA2K), and b. long-chain labe1ed PAA (NMA-PAAtsOK) 

in water. 
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were acquired for NMA-PA~50K (by excitation at ÂEx = 290 nm; emission at ÂEm = 

340),18 and Dan-PAA2K (by excitation at ÂEx = 335 nm; emission at ÂEm = 550 nmi1 in 

the concentration range of 10-1 to 10-5 g/L ofPAA. Note that the sharp peaks centered at 

twice the excitation wavelength, 580 nm (in the NMA-PA~50K sample) and 670 nm (in 

the Dan-PAA2K sample), are instrumental artefacts. Specifically, they are scattered light 

transmitted as the second order diffraction of the emission monochromator. 

We compared the fluorescence intensity of the two fluorophore-Iabeled PAA 

samples, at the peak maximum. Although both of the P AA samples were modified by 

approximately 4% fluorophores, the fluorescence intensity exhibited by NMA-PA~50K 

was found to be greater by an order of magnitude than that of Dan-PAA2K prepared at an 

identical solution concentration. The smaller fluorescence signal from the Dan-PAA2K is 

attributed to the dansyl fluorophore, which is known to fluoresce much less intensely in 

water as compared to nonpolar organic solutions. 17,21,22 A fluorescence signal for both 

samples, however, was detectable at concentrations above the cri tic al coverage adsorption 

concentration used for the study (10-4 M). As indicated in Figure 4.3, we also determined 

that there was no significant quenching of one fluorophore by the other, by obtaining the 

fluorescence spectrum of a mixed sample of both NMA-PA~50K and Dan-PAA2K in 

solution at identical concentrations of 5.0 x 10-3 g/L (above the coverage concentration). 

From Figure 4.3, the relative ratio of the NMA-PA~50K to Dan-PAA2K emission peak in 

the mixed solution was determined as 13:1. The relative fluorescence intensity ofNMA­

PAA450K to Dan-PAA2K obtained from isolated solutions was similar to that of the mixed 

P AA solution indicating that the emission of one fluorophore did not perturb the emission 

of the other by any measurable amount. (Figure 4.3). 
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Figure 4.3 Pre-adsorbed fluorescence spectrum of a mixed solution containing 5.0 x 

10-3 g/L of each of NMA-PAAtsOK (ÂEx = 290 nm), and Dan-PAA2K (ÂEx = 335 nm). 

Emission intensity ratio ofNMA-PAA4SOK to Dan-PAA2K is 13: 1. 

4.4.2 Competitive Adsorption of Labeled P AA onto a P AH Surface 

Successful adsorption of P AA onto a P AH coated surface is known from previous 

ç potential measurements and solid-state NMR spectroscopy of similar multilayer 

systems. 19,23 We provided an equal surface coverage concentration of both the 2K and 

the 450K P AA repeat units to a quantitative amount of P AH layered Si02. At 

concentrations lower than that required for complete coverage, both 2K and 450K P AA 

would adsorb to me et until surface coverage achieved, and such an experiment would fail 

to test for preferential adsorption. If experiments are conducted at concentrations higher 

than that required for surface coverage, we might not observe a significant change in the 
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Figure 4.4 Possible extreme results for the competitive adsorption experiment of P AA 

onto PAH-coated particles. The two extreme cases show preference of the surface for 

only the short chains (emission only at ÂEm = 550 from adsorbed Dan-PAA2K), or solely 

the long chains (emission only at ÂEm = 550 from adsorbed NMA-PA~50K). The third 

intermediate case (not shown) is that of indifferent adsorption. 
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fluorescence signal to identify preferential adsorption. Figure 4.4 illustrates the two 

extreme outcomes for this competitive adsorption study. Given an identical concentration 

of repeat units, the two extreme cases involve either sole preference for shorter chains of 

PAA (i.e., Case 1, where fluorescence is only detected from Dan-PAAzK) or the longer 

ones (i.e., Case 2, where only NMA-PAA450 fluorescence is observed). A third possible 

scenario is that of an unbiased adsorption of both short and long chains, in which no 

change in the relative fluorescence signaIs would be expected before and after the 

adsorption. 

Although previous studies examining the preparation of P AH/P AA multilayers 

suggest adsorption times on the order oftens of minutes, (supplying excess concentration 

of the adsorbing polyelectrolyte), we allowed 24 h for the competitive adsorption study of 

P AA since here, we supply only a minimum coverage concentration of short and of long 

chains ofPAA. After 24 h, we examined the fluorescence ofboth the PAA/PAH-coated 

particles (thoroughly rinsed free of excess polymer), and the remaining unadsorbed PAA 

in the supematant. Figure 4.5 shows the relative fluorescence intensity obtained for the 

labeled P AA adsorbed on the particles while Figure 4.6 shows that of the unadsorbed 

P AA remaining in the supematant. After exciting both fluorophores on the particles, no 

detectable fluorescence emission from Dan-PAAzK at ,.lEm = 550 nm was observed. 

However, the particles did exhibit a strong emission signal from at ,.lEm = 340 nm. 

Similar inspection of the supematant indicated an opposite trend, where we observed 

significant fluorescence from Dan-PAAzK. Furthermore the intensity ratio of NMA­

P~50: Dan-PAAzK in the supematant was 3.4:1, which was significantly less than the 

original pre-adsorption ratio of 13: 1. Fluorescence analysis of both the P AA adsorbed 
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Figure 4.5 Post adsorption fluorescence emission of the P AA adsorbed on partic1es. 

A detectable fluorescence from the partic1es is solely from NMA-P~50K. 
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Figure 4.6 Post-adsorption fluorescence emlSSlon of P AA in the supematant. 

Emission intensity ratio ofNMA-P~50K (ÂEx = 290 nm) to Dan-PAA2K (ÂEx = 335 nm) 

is reduced to 3: 1. 
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onto the particles and the P AA remammg m the supematant suggest the preferred 

adsorption of the higher molecular weight component PAA onto the P AH-coated 

colloidal particles after 24 hr. AIso, we do not expect the effects of P AA polydispersity 

to significantly mislead our results since: a) the two extreme chain lengths differ by two 

orders of magnitude, and b) preliminary DLS characterization of the 2 K and 450 K 

chains showed negligible overlap in the distribution of their hydrodynamic radius. 

4.4.3 General Processes in Adsorption 

To understand why there is preferential adsorption of longer chains of P AA onto 

PAH-coated particles, it is worthwhile to examine the general steps involved in the 

process of polymer adsorption. The adsorption mechanism begins by the transport of 

bulk polymer to the surface-adsorbing site. Kinetically, this diffusion-limited step would 

favor the arrivaI of shorter chains to the surface. Transport is then followed by polymer 

attachment to the surface, and lastly rearrangements, which can occur in the adsorbing 

layer. The two initial steps generally occur rapidly and the adsorption rate is usually 

transport-limited since the polymer arriving at the surface adsorbs immediately?4 As 

surface coverage increases, adsorption becomes hindered. At this stage, further 

adsorption is highly dependant on attachment to the remaining free sites.25 At very high 

surface coverage and approaching maximum coverage, transport plays a minimal role 

and the specifie attachment process becomes increasingly important. 25 Rearrangement 

processes are also generally much slower and thus sorne polymer adsorption can be 

considered to be irreversible at relatively short time-scales.26
,27 Therefore, in the case 

where adsorption is examined at time-scales much larger than that required to achieve 
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full surface coverage, kinetic contributions are less like1y to influence the preferential 

adsorption of polymers and over much longer time-scales. In this plateau region of an 

adsorption isotherm adsorption is less dependant on transport.25 

4.4.4 Polyelectrolyte Adsorption 

In polyelectrolyte adsorption additional interactions need to be considered which 

have important thermodynamic implications. The the ory of neutral polymer adsorption 

can be extended to polyelectrolyte adsorption by incorporating Debye-Hückel theory.14 

Polyelectrolytes adsorb onto oppositely charged surfaces when the energy of adsorption 

exceeds the net entropy resulting from the culmination of entropic losses (associated with 

the reduction in the number of configurations available to the polyelectrolyte), and 

entropic gains (associated with the release of counterions). Whether or not adsorption 

will occur depends on if there is sufficient energy given to the system to overcome the 

entropy loss i.e. if the temperature is below a critical value to reduce the free energy and 

to drive towards adsorption. 

Enthalpic contributions inc1ude the interaction type and strength between the 

polyion and the surface (i.e., electrostatic attraction with each link of the order kB T) as 

weIl as the interaction between charged segments (i.e., electrostatic repulsion), which 

oppose adsorption.25
,28 In the adsorption of charged polymers the surface charge is 

compensated when the adsorbed charge balances with the surface charge such that the 

electrostatic attraction of the segments with the surface is balanced by the repulsion of 

segments in the adsorbing layer. In polyelectrolyte multilayer adsorption the surface 

charge is overcompensated, causing net electrostatic repulsion. In achieving charge 

overcompensation, weakly charged polyelectrolytes differ from strongly charged 
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polyelectrolytes in that more polyion molecules have to adsorb in order to 

overcompensate the surface charge and this is why more polyelectrolyte adsorption is 

generaUy observed. Chain stiffness and conformation also have significant effect on 

adsorption, particularly in the case of weak polyelectrolytes?9 For example, adsorption 

of weak charged polyelectrolytes onto an oppositely charged surface in the form of 

"loops and tails" can be favored over a more flat, "train-like" configuration where 

electrostatic interactions between polyion segments and the surface are maximized. 3o 

The conformation of polyelectrolyte adsorption is thus highly sensitive to the 

electrostatic environment during adsorption, for example,. the solvent pH and ionic 

strength.31 In the case of polyelectrolyte multilayer adsorption, nonelectrostatic short 

range forces such as hydrophobie interactions have also been observed, which enhance 

stability in adsorption.32 

4.4.5 Long- versus Short-Chain Adsorption 

4.4.5a Enthalpie Considerations 

In considering the preferential adsorption of P AA onto PAH-coated partic1es, we 

assume uniform capping of the Si02 with the polycation, PAH. Thus aU potential 

adsorption surface sites are assumed to be entirely composed of P AH repeat units, and 

the adsorption occurs on a chemicaUy homogeneous surface. This is a reasonable 

assumption for P AH adsorbed in excess concentration and under solution conditions that 

render it a weakly charged polycation (i.e., adsorption solution adjusted to pH = 9, near 

the pK of PAH).19,33 This implies that aU electrostatic attractions between identical 

polycations and polyanions are energeticaUy equivalent (i.e., of equivalent kBT, since in 

both cases each PAA sample contains an equal number ofrepeat units).34 AdditionaUy, 
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the enthaplic loss derived from displacement of counterions from their associated 

polyelectrolytes is also similar for the short and long chain systems. Hence, if we 

assume that the electrostatics is one of the dominant driving forces in multilayer 

formation, we can simplify the thermodynamic comparison by presenting an ideal case in 

which the enthalpic energy is identical in the two cases, under identical solvent 

conditions (i.e., pH value and salt concentration). 

Interestingly, the addition of a high concentration of electrolyte has been shown to 

influence the adsorption of polyelectrolytes of varying chain lengths. In previous 

adsorption studies of a strongly charged polyelectrolyte, poly(styrene sulfonate) onto a 

chemically homogeneous Fe203 surface, preferential adsorption was observed for shorter 

chains from a salt-free solution while longer chains were preferred in the presence of 0.1 

M NaC1.35,36 Adsorption studies ofPAA,37 polyacrylate,38 and carboxymethyl cellulose38 

adsorbed onto BaS04 report similar preferential adsorption of low molecular weight 

components in the absence of salt. However, these adsorption isotherms reveal 

significant displacement of the low molecular weight with the high molecular weight in 

the presence of 0.5 M NaC1.38 This adsorption behavior is rationalized using a sequential 

adsorption process, which suggests that first, smaller chains are adsorbed.39 For 

example, short P AA chains initially adsorbed eventually generate an electrostatic barrier 

from charge overcompensation occurring on the positive surface. This barrier strongly 

affects the diffusion of chains towards the P AA covered surface. Specifically, the barrier 

can prevent longer chains from accessing the surface, and thus limits their displacement 

of pre-adsorbed shorter chains. With an increased salt concentration the barrier is 

lowered, permitting longer chains to reach the surface and adsorb. At this point, the 

adsorption preference is shifted to longer chains as experimentally observed.39 We 
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therefore suggest that our observation of preferred adsorption of longer P AA chains onto 

P AH after a 24 h adsorption period is likely restricted to the time-window past which 

such displacement effects are likely to occur. Further supporting evidence for the 

occurrence of short-chain displacement is given by recent adsorption experiments of 

model cationic oligomers onto colloids,4o and short polyions assembled onto proteins,41 

which suggest that shorter chains have more difficulty forming loops and tails under 

assembly conditions where the polyion is weakly ionized. As such, adsorbed short-chain 

polyions can be more easily displaced by longer chains from failure to make a sufficient 

number of ionic contacts. 

4.4.5b Entropie Considerations 

Although the LBL self-assembly technique is based on electrostatic attraction of 

positively and negatively charged polyions, the primary driving force is presumed to be 

entropy and not enthalpy. In the electrostatic assembly of multilayers, the condensation 

of oppositely charged polyions liberates low molar mass counterions. This process 

increases the entropy of the system, comparable to the polyelectrolyte complexes formed 

in solution.42,43 Thus, although other interactions such as hydrophobic interactions, 

charge transfer interactions, 1t-1t stacking forces, or H-bonding may also contribute, the 

successful formation of polyelectrolyte multilayers is primarily attributed to the entropy 

gain from ion exchange.32,44 

In determining the effect of entropy on the preferential adsorption of short versus 

long chains of polyelectrolytes, three entropic contributions need to be considered. First 

is the net entropy associated with the liberation of the counterions. Since we provide an 
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identical number of repeat units for both long- and short-chain P AA, and assume 

coverage adsorption in both cases, the counterion release entropy should be similar for 

both 2 K and 450 K. Secondly, we need to compare the configurational entropy of the 

short- versus long-chain polyelectrolyte upon adsorption. As the polyelectrolyte chain 

length is increased, the entropy penalty associated with the adsorption becomes greater. 

This is because there are more configurational restrictions to surface-bound long chains 

as compared to adsorbed short chains. The loss in configurational entropy upon 

adsorption is therefore expected to be much larger for the 450 K P AA, which wou Id 

favor short-chain adsorption. Lastly, we need to compare the configurational entropy of 

the free polyelectrolytes in solution. There is a far greater entropic gain from having 

more shorter chains in solution, which can explore a greater number of configurational 

states than a fewer longer chain species in solution. Similar to the liberation of 

counterions which drives the LBL assembly process, the entropy gain of having more 

free short chains in solution favors the preferential adsorption of long-chain P AA onto 

the PAH surface. Experimentally, the configurational entropy difference between short 

and long-chains of P AA in solution appears to be the governing factor leading to the 

preferential adsorption of 450 K P AA. Moreover, this argument is supported by reports 

of shorter-chain polyelectrolyte displacement in exchange for adsorption of longer-chains 

on Fe203 and BaS04 in the presence of salt, as previously mentioned.39 Analysis ofboth 

the fluorescence spectrum of the PAA-adsorbed partic1es, and that of the remaining 

supernatant after the adsorption, suggest that the preferential adsorption of long- over 

short-chain P AA is dominated by the entropy gain of keeping short chains free in 

solution. 
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It is important to note that the discussion of entropic and enthalpic contributions to 

adsorption preference of longer versus shorter chains is based solely on thermodynamic 

arguments. As such, polyelectrolyte multilayer formation here is treated as equilibrium in 

nature and thus limited since kinetic factors such as the adsorption of kinetically trapped 

polyions, and irreversible adsorption can also influence the chain-Iength preference for 

adsorption. For example, while we assume that the enthalpic component is identical for 

both the longer chain and the shorter chain (given the same concentration of repeat units 

for both cases), the higher degree of connectivity between the repeat units for the longer 

chain can restrict its desorption from a surface since there is a reduced probability for 

simultaneous removal of all repeat units off the surface as compared to the shorter chains. 

Hence a more detailed study involving examination of the kinetic influences in adsorption 

in addition the thermodynamic considerations outlined here would help c1arify the role of 

kinetics on the competitive adsorption of short versus long chains in polyelectrolyte 

multilayer deposition. 

4.5 Conclusions 

Given a stoichiometric quantity for coverage of polyelectrolyte, fluorescence 

studies of labeled 2 K versus 450 K P AA adsorbed onto P AH-coated silica colloids 

showed complete preferential adsorption of the long chains after a 24 h deposition period 

and in a 1 mM NaCI assembly bath. Furthermore, any initially adsorbed short PAA 

chains on the surface are likely to be displaced by long chains after sorne time if the 

adsorption solution contains added electrolyte sufficient enough to reduce the 

electrostatic barrier associated with the development of charge overcompensation. The 

preferential adsorption of long P AA chains is primarily believed to be a consequence of 
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the greater configurational entropy gain in having more short chains in solution as 

compared to long chains. This is analogous to the large entropy gain upon liberation of 

counterions, which is believed to drive the LBL assembly of oppositely charged 

polyelectrolytes. 
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Chapter 5 

Structural and Mechanical Properties of Polyelectrolyte 

Multilayer Films Studied by AFM 

5.1 Preface 

In the previous chapter, we examined the adsorption of a polyelectrolyte onto a 

surface modified with an oppositely charged weak polyelectrolyte from both a 

thermodynamic and kinetic point ofview. Having sorne insight into the factors important 

in the mechanism of adsorption, the following chapter explores how we can achieve 

molecular control over the structure of the polyelectrolytes deposited into multilayers by 

employing weakly charged polymers in adsorption. Furthermore, we propose a simple 

AFM-based approach for comparing the different structural and mechanical properties 

obtained when multilayers are assembled with polyelectrolytes ofvarying charge density. 

Importantly, we demonstrate how AFM nanoindentation experiments can give an 

estimation of the relative "loop length" between "ionic cross-links" in multilayer films. 

5.2 Introduction 

The sequential assembly of oppositely charged polyelectrolytes in an alternating 

layer-by-Iayer fashion has recently bec orne a useful tool for the controlled fabrication of 

organic thin films and modification of surfaces in aqueous media. 1,2 The promise ofthese 

multicomposite organic films as viable materials in various applications such as 

separation membranes and drug delivery capsules relies on the ability to direct the internaI 
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architecture of the multilayers on a molecular leve1.3,4 For example, controlling structural 

properties such as the density or porosity of a multilayer film is critical for their use as 

anti-reflection optical coatings,5 biocompatible macromolecule encapsulates,6,7 and gas 

separation membranes, S since the architecture governs the refractive index, molecular 

diffusion rates, and gas permeability respectively in the film. Furthermore, the use of 

weak polyelectrolytes allows flexibility in the film architecture, which can be defined 

either during the multilayer preparation (prepn) through pH-adjustments of the polymer 

ionization fraction or post self-assembly via pH-mediated porosity transitions.9 

Early on in the study of polyelectrolyte multilayer assemblies it was shown that in 

cases where the polyions of constant charge density are used, the ionic strength of the 

adsorption solutions is a significant factor in determining both the conformation of the 

adsorbing polyelectrolytes1
0-

12 and the thickness of the adsorbed layers. 13,14 More 

recently, it has been demonstrated that the employment of weak polyelectrolytes (i.e., 

those containing pH-dependent charge density in aqueous solution) is highly 

advantageous due to the ability to control the layer thickness by tuning the ionization 

fraction of the polyions about their pK. 15-17 The diverse range of solution-dependent 

conformational properties that polyelectrolytes can adopt when forming multilayer 

assemblies have prompted several investigations aimed at examining the internaI 

architecture of the films. Previously, x-ray and neutron reflectometry experiments have 

been used for small-scale structural elucidation of the films (i.e., on the order of 10 

nm).2,lS For instance, neutron experiments have been used to probe concentration 

gradients along the layer normal, thus revealing information about the extent of 

stratification of the layers, the interfacial roughness and the degree of interpenetration 

between subsequent layers. 19,20 However, these high-energy techniques are inefficient 
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requiring deuteration of the sample and are unable to measure contact-point density in 

multilayer films. Optical methods such as second harmonic generation (SHG) have also 

been useful for probing interfacial properties of anisotropically oriented polyelectrolyte 

layers,21,22 while optical waveguide lightmode spectroscopy (OWLS) and scanning angle 

reflectometry (SAR) have also been employed to obtain structural information on 

multilayers.23 While many ofthese techniques have been successful at characterizing the 

interfaces and layer architecture in the films, there is still a lack of understanding 

conceming sorne of the basic structural properties of the polymer chains forming the ionic 

links between the layers, i.e. the loop length between "ionic cross-links". Obtaining such 

information, as a function of assembly conditions has proved difficult and this task is 

further complicated by the presence of significant interpenetration observed between 

adjacent layers,2 as revealed by reflectivity studiesll and Forster energy transfer 

experiments.24 

Previous atomic force microscopy (AFM) studies of polyelectrolyte multilayers 

have focused primarily on visual characterization of the thin films in response to various 

assembly parameters such as: the number of layers built,z5 solution salt,26 pH 

conditions,27 intermittent drying between adsorption cycles28 and the effect of post­

assembly exposure to electrolyte solution.5,9 Extensive AFM investigations into various 

polyelectrolyte multilayer systems in the image mode have revealed much information 

regarding surface properties such as: aggregation,29 homolheterogeneity,30 roughness,31 

coverage/o and porosity.9 However, relatively few investigations have been conducted 

on the mechanical properties of layered polyelectrolyte films, in particular by AFM force­

distance measurements. A few notable exceptions to this have involved using an AFM in 

force mode to measure dynamic interactions and friction in adsorbed single 
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polyelectrolyte layers.32-33a,b Gravimetric techniques such as quartz crystal microbalance 

(QCM) have also been used for mechanical characterization of the film-solution interface 

in polyelectrolyte multilayers via acoustic impedance measurements of a multilayered 

resonator. In a recent report, the viscoelastic behavior of the outermost diffuse layers in 

polyelectrolyte multilayer films was determined using QCM measurements and the shear 

modulus of the film's surface was investigated as a function of ionic strength, intrinsic 

polyion flexibility and variable terminating polymer layer.34 In addition, the surface force 

apparatus (SF A) has been a suitable tool for in-depth examinations of the interaction 

forces and shear properties of adsorbed polyelectrolyte layers35 and multilayers.36 

In this study, we obtained elasticity measurements from the indentation curves of 

an AFM tip into a series of PAHIP-Azo multilayer films, prepared at various pH 

conditions, in order to probe the mechanical nature of the polymer layer structures 

resulting from assembling weakly charged polyelectrolytes at various charge densities. 

The elastic modulus is then determined from the force-distance data by fitting the 

deformation in the contact region to Hertzian mechanics. A structure-mechanical 

property relation in the polymer films is inferred by relating the "ionic cross-link" density 

(frequency of connection points between oppositely charged polyions in the multilayer) to 

the resulting elastic response. Consequently, we propose that mechanical force-distance 

measurements made using an AFM may be successfully and systematically applied in 

order to compare relative polymer loop length between "ionic cross-links" formed during 

the assembly of weak pol yi ons into multilayer films, a measurement difficult to obtain by 

any other technique. 
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5.3 Experimental Section 

5.3.1 Materials 

The weakly charged polycations and polyanions assembled into multilayer films 

were P AH (Polysciences, Mw 60K), and P-Azo (Aldrich, Mw 90K) respectively. The 

chemical structures of these polyelectrolytes are shown in Figure 5.1. Aqueous solutions 

containing 10-2 M per polyion repeat unit were prepared using 18 Mn'cm resistivity 

Millipore Milli-Q water. The charge density of the polyelectrolytes was adjusted by 

altering the pH of the assembly solutions from a value of 5.0 to 10.5 using NaOH or Hel. 

The pH of the polymer solutions was periodically monitored and did not deviate more 

than ± 0.2 pH units over the course of film fabrication. 

Figure 5.1 Repeat unit structures of the polycation, P AH (left), and the polyanion, P-

Azo (right) used. 
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5.3.2 Multilayer Film Preparation 

The substrates, Si (Wafemet) and glass slides (Fisherbrand), were cleaned by 

immersion in a bath of 25% HzS04 and 75% HzCr04 for 24 h. To rid the substrates of 

chromium and other ions, the surfaces were rinsed with a concentrated solution of HCI 

followed by thorough rinsing with Milli-Q water. The average contact angle of the 

surfaces was measured to be <100 (Optrel GBR Multiskop), ensuring that the substrates 

were hydrophilic prior to deposition of the initial polycationic layer. The film assembly 

procedure involved the altemating and repeated immersion of substrates in polycation 

solution, followed by the polyanion solution. Between each polyelectrolyte deposition, 

films were rinsed in several baths of Milli-Q water. It is known from previous time­

dependent studies of various weak polyelectrolyte systems into multilayer assemblies that 

saturated adsorption in these systems (>80%) is readily achieved in <1 min.37 Thus, 

multilayer films were constructed using a dipping time of 2 min for both polyelectrolyte 

solutions. Using an automatic slide stainer (Shandon), multilayer films were prepared 

with polyions having varying charge densities using solutions adjusted to pH values of 

5.0, 7.0, 9.0, and 10.5 (matched for both polycation and polyanion) and depositing 346, 

560, 116 and 76 layers respectively to make films of identical thickness (1100 ± 60 nm) 

on Si. A Gaertner Ellipsometer at 633 nm, (calculating both refractive index and layer 

thickness) was used to measure the film thickness on Si. We also confirmed that films 

assembled on glass slides at varying pH values were similar in optical thickness by 

observing the 1t-71t* absorbance maximum of P-Azo at Âmax = 365 nm using a UV-vis 

spectrophotometer (Varian Cary 300-Bio; scan rate 100 nm.min-1
). 
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For adhesion measurements, silicon nitride tips (Veeco, DNP probes) were 

modified with 75 layers of PAH/P-Azo, prepared by dipping in polycationlpolyanion 

solutions matched at either pH = 5.0 or pH = 9.5. In all cases, the capping layer of the 

multilayered probe was P AH. The multilayered AFM probes and reference uncoated tips 

were imaged with a scanning electron microscope (SEM, JEOL 840A) at 10000x 

magnification. 

5.3.3 Elasticity Measurements Using an AFM 

Force measurements of the multilayer films were performed using an AFM in 

force calibration mode (Nanoscope Version 3A, Digital Instruments). The multilayer 

surface and the tip were brought together in a fluid cell at room temperature. We used 

silicon nitride probes (r = 20-60 nm) with a manufacture specified force constant, kF, of 

0.12 N/m. AlI elasticity measurements of the films were performed with the same AFM 

tip, thus no calibration for the absolute spring constant of the tip was performed. The 

AFM detector sensitivity was calibrated by obtaining a force curve on a bare substrate 

and determining the slope of the linear portion of the data after contact. Obtaining force 

curves of the multilayer film involved bringing the tip in close contact with the surface in 

aqueous media, and obtaining force measurements after allowing the system to equilibrate 

for 10 min, or until reproducible curves were observed. The rate of the indentation cycle 

was kept constant at 0.2 Hz. For elasticity measurements, 4 replicate measurements of 

the deflection as a function of the piezo z-position were acquired with the unmodified 

AFM tip indented at random coordinates on the film surface. 
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5.3.4 Data Analysis of Force Curves 

Similar to previously described methods, we analyzed our AFM data by first 

characterizing the 3 main regions in the deflection curve, which depict the interaction of 

the tip with the substrate (both on the approach and the retraction).38,39 In the non-contact 

region, the tip and surface do not interact with one another, except in the case of long­

range forces, and thus no change in the cantilever deflection, d, is detected with respect to 

z-position of the piezo, z. After contacting the surface, deflection of the probe begins to 

increase and this characterizes the non-linear contact region. Provided that the film is 

sufficiently soft, the tip will indent the sample to a distance, 6 resulting in a smaller 

deflection with d = z-t5. At sorne point in the indentation, the cantilever deflection 

becomes linear with respect to z, upon which d = z, indicating that "infinite stiffness" in 

the sample has been reached. While a more rigorous approach using SF A can yield an 

absolute value for the true separation between the tip and the sample, the contact or zero 

point, Zo, in AFM is ascertained graphically as the initial point where the non-contact 

region of the curve begins to deviate from linearity. In practice, the Zo is obtained as the 

intersection coordinate between the extrapolated linear pre-contact region (part a in the 

deflection curve, inset of Figure 5.2) with the extrapolated "infinitely stiff' portion of the 

contact region (part b).40 AlI force measurements were obtained in 10 mM NaCI (i.e., at 

pH = 5.0, below the pKa of the ShN4 tip of 6.0).40 Under these conditions, there was 

more efficient screening of adhesion (observed in the retraction curve when using Milli-Q 

water) and reduced tip-sample interactions resulting in tip instability, (i.e., near Zo in the 

approach curve). Note that for ease of comparing the force data, the curves were rotated 
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to remove elements of long-range repulsive forces, a procedure which results in flattening 

the force curves. 

To convert the raw deflection versus z-position data into a plot of force as a 

function of indentation we use Hooke's law in which the loading force, F, is related to the 

deflection through the cantilever force constant, kF•
38 

(5.1) 

A final force versus separation plot is thus obtained by: a) calibrating the sensitivity, b) 

shifting the deflection curve to the appropriate (0,0) contact point, c) converting the z 

movement of the piezo to an indentation, and d) using Hooke's law to convert deflection 

into force. 

We used Hertzian mechanics to describe the elastic deformation of the multilayer 

film (assumed to be a planar surface) with a spherical tip (fit to this geometry based on 

indentation depths into the multilayer which were less than the tip radius). Young's 

modulus, E, can then be calculated from the following equation.39 

(5.2) 

We assume that the multilayer polymer film behaves as an elastic rubber, and thus impose 

a Poisson ratio of (J = 0.5. The average specified tip radius was r ~ 40 nm. In a linear 

plot of log F as a function of log 6, the elastic modulus is then extracted from the 

intercept value as suggested by Equation 5.3. Note that while we observed little 
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hysteresis between the approach and retract cycle of the nanoindentation, we analyzed the 

approach curves due to interference of adhesion forces exhibited during the retraction of 

the tip. To determine the elastic modulus of the films, the force curves in the contact 

region were fitted to Equation 5.3 by fixing the slope to 3/2 (with all experimental? > 

0.92) and solved for the intercept value, b. 

3 ( 4E..{; J 10gF = -10gb' + log 2 
2 3(1- a ) 

(5.3) 

For the adhesion experiments, measurements of the pull-off force between a 

multilayered tip and multilayer films on glass slides were conducted in both Milli-Q 

water and 10 mM NaCl. The average adhesion values were compared for three assembly 

pH combinations for both the tip and the substrate (a minimum of 20 random 

measurements per sample over a 10 x 10 J.lm area). 

5.4 ResuUs and Discussion 

5.4.1 Elastic Modulus of MuUilayer Films 

It has previously been established that the thickness of a multilayer film 

assembled from weakly charged P AH and P-Azo is dependent on the ionization fraction 

of the polyelectrolytes during assembly, in particular, that ofPAH.37 For example, when 

P AHIP-Azo films are prepared using a solution pH above that of the pKa of PAH, i.e. pH 

- 8.7,41 the per layer optical and ellipsometric thickness of the film increases significantly 

as compared to the film constructed with PAH when it is strongly charged at pH = 5.0 and 
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pH = 7.0, as indicated in Table 5.1. Using an atomic force microscope, nanoindentations 

of P AH/P-Azo were performed on identically thick films to determine the relative 

Young's modulus as a function of the polyelectrolyte charge density during assembly. 

For comparison, Figure 5.2 shows representative force versus indentation curves obtained 
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Figure 5.2 Force as a function of indentation after the tip contacts a multilayer film 

prepared with low charge density (pH = 9.0), and strongly charged (pH = 5.0) PAH. 

Empty and gray shaded circ1es represent the region where the indentation obeys Hertzian 

deformation mechanics for the respective systems. The inset illustrates a typical 

deflection versus z-position raw approach curve. 
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for films prepared above and below the pKa of P AH. Indentation of the films was 

typically <50 nm, thus restricting the fit of Hertzian deformation mechanics to a spherical 

tip geometry.39 Analyzing the contact region of the approach curves and applying 

Equation 5.3, we determined the elastic modulus of the films via the intercept value of the 

plot of log F vs log t5. The elasticity for films made at pH = 9.0 and pH = 5.0 was found 

to be 6.7 x 10-3, and 1.2 x 10-4 nN/nm2 respectively, as displayed in Figure 5.3. 
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Figure 5.3 Log F vs log t5 plots for the multilayer films fit to Hertzian mechanics. 

From Equation 5.3, the elastic modulus is determined by the intercept value, b, where Log 

(b) = o. 

Similarly, we obtained force versus indentation data for films prepared at pH = 7.0 and 

pH = 10.5. Since the indentation depth (~50 nm) is much smaller than the film thickness 

(- 1100 nm), we assume negligible substrate effects in the determined e1asticity. Figure 

5.4 shows the average elastic modulus of the 4 films, determined by averaging 4 unique 
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Figure 5.4 The elastic modulus of P AHIP-Azo films as a function of the assembly 

pH. 

sets of measurements at each pH value. It was observed that both the films prepared pH = 

5.0 and pH = 7.0 (i.e., employing strongly charged PAH) exhibit a Young's modulus 

which is on the order of 50 times greater than that of the multilayers constructed at pH = 

9.0 and pH = 10.5 (i.e., assembling with weakly charged PAH). 

The range of elastic modulus values for the entire series ofPAHIP-Azo multilayer 

films analyzed was determined to be on the order of 102 to nearly 104 kPa, with modulus 

increasing as the assembly pH was decreased. The magnitude of our results agree with a 

recent QCM study ofhigh molecular weight PSSIPDADMA films containing ::;10 layers 

where the "softness parameter" was found to be between 102-103 kPa for the strongly 
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charged system and shown to increase with the number of layers deposited.34 In fact, the 

observed range in the elasticity for P AH/P-Azo multilayers of low and high ionic cross-

link density is comparable to that of adsorbed mussel adhesive prote in layers before, and 

after covalent cross-linking, respectively.42 It appears that reducing the charge density of 

P AH results in multilayer films having elastic behavior, which resemble that of hydrogel-

type layers. 

The build-up of polyelectrolyte multilayers are known to result from the formation 

of a large number of weak ionic interactions (i.e., on the order of kET) established 

between cationic and anionic groups of the polyelectrolytes.43 For polyelectrolytes 

assembled at high and low charge density the number of ionized groups and hence the 

percent of "ionically cross-linkable" groups between layers, are different in the two cases. 

This implies that the relative loop length between ionic cross-links in multilayer films 

may be inferred from the differences in the elastic behavior of the films, as a consequence 

of varying the polyelectrolyte charge density. In essence, we can use AFM force-

indentation data to ob tain information on the internaI architecture of the film, specifically 

the density of the ionic cross-links connecting the layers via the positive and negative 

repeat units of the two polyelectrolytes. In the ideal and simplest case of vulcanized 

rubber (i.e., ignoring effects of "loose ends" of molecules), the relation between the 

degree of covalent cross-linking and the resulting network elasticity has previously been 

described by the following equation:44 

(5.4) 
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where Gis the modulus of rigidity, plMx is the density of cross-links, and R, and T have 

their usual Boltzmann definitions. Here, we extend this equation to correlate the elastic 

behavior of the multilayer films to the average density of "ionic cross-links". Since G 

and E are directly proportional to the density of cross-links, a 50-fold increase in the 

observed modulus of P AH/P-Azo, resulting from decreasing the solution pH from a value 

of 9.0 to 5.0, corresponds to an increase in the ionic cross-link density by 50 times. 

Given that at solution pH = 5.0, PAH is significantly below its pKa value, we assume that 

P AH is 100% charged at this pH and therefore is 100% cross-linked (every segment is 

paired). While QCM studies have shown evidence for the formation of a small degree of 

loops in ev en strongly charged polyelectrolyte layers adsorbed onto gold,45 our 

assumption is valid for determining a relative comparison of a loop length with respect to 

charge density. There fore , by normalizing the ionic cross-link density relative to the 

100% cross-linked case, we have an estimate of the average relative (rel) loop length 

between the ionic cross-links for the various assembly pH conditions examined (Table 

5.1). From the inference of the 

prepn h/nL E plMx % rel relloop 

pH (A) (kPa) (mol/m3
) plMx length 

5 3.0 6500 ± 900 870 100 1 

7 2.0 1800 ± 1000 240 28 4 

9 9.2 120 ± 60 17 2 50 

10.5 18 170 ± 40 23 3 33 

Table 5.1 Ca1culated and Experimental Relative k for Multilayer Formation with 

Target Counterions. 
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corresponding average loop length, we find that in the case of employing weakly charged 

polyelectrolytes, polymer layers of 30-50 times the loop size of the strongly charged 

species are produced. The results in Table 5.1 also indicate that AFM nanoindentation 

experiments can clearly distinguish between high and low cross-link density samples of 

the multilayers, (i.e., attributed to use of strongly versus weakly charged polyelectrolytes 

respectively). However, while pH = 10.5 films are nearly twice the thickness per layer, 

h/nL, of pH = 9.0 multilayers, AFM elasticity measurement are unable to c1early 

differentiate between varying degrees of ionic cross-links formed from a range of weakly 

charged polyelectrolytes (i.e., between pH = 9.0 and pH = 10.5). 

5.4.2 Multilayer Adhesion and Charge Density 

We also used AFM to measure the relative adhesion forces between ev en and odd 

layers in P AHIP-Azo films as a function of the ionization fraction of the polyelectrolytes. 

To compare the strength of interactions between identically thick multilayer films 

prepared at pH = 5.0 verses that at pH = 9.5, we obtained force curves between 

multilayers assembled on glass slides, and an AFM tip also modified with 75 PAH/P-Azo 

multilayers. While quantitative comparisons between various AFM probes are possible 

when tips are calibrated, relative adhesion measurements with the same AFM probe are 

preferable, since effects due to tip imperfections and variations in geometry are 

identically propagated with all samples examined. However, in the case of a multilayered 

AFM probe, even use of the same tip may introduce complications in comparing multiple 

adhesion measurements. Specifically, one cannot be sure that a multi1ayer-modified 

AFM probe remains constant between consecutive in situ nanoindentations into a surface 

also containing polyelectrolyte multilayers. To determine the severity of this problem, 
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the multilayered AFM tips were imaged by SEM to qualitatively characterize and 

compare the tips before and after adhesion measurements were acquired. As displayed in 

Figure 5.5, polymer layers are indeed adsorbed onto the tip and the structure of the 

adsorbed layers appears to depend on the assembly pH. In agreement with our previous 

li) 

~ 
Il 

== c::l.. 

Figure 5.5 

Before use After use 

SEM micrographs (lOOOOx magnification) of ShN4 tips modified with 75 

layers, nL, of PAH/P-Azo using: a. assembly bath pH = 5.0, b. assembly bath pH = 9.5. 

Sample c. is a representative bare ShN4 reference tip. The left and right columns show 

images of the tips prior to and post adhesion measurements, respectively. 
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studies of P AH/P-Azo on flat Si wafers, the SEM micrographs show that much thicker 

polymer layers are obtained in the case of multilayers prepared at pH = 9.5 compared to 

those at pH = 5.0. The SEM micrographs also suggest that while bare tips are not 

significantly altered by the adhesion measurement procedure, noticeable differences in 

the nature of the polymer-coated tips are observed before and after the tips are engaged in 

force measurements. The images presented are typical of those obtained for replicate 

multilayers assembled onto various other ShN4 tips. We speculate that contact of the 

positively charged PAH surface layer on the tip with the negatively charged P-Azo 

surface layer on glass, in an aqueous environment, results in the exchange of multilayers. 

To survey the relative adhesive forces in layers of PAH/P-Azo films, we 

constructed adhesion histograms for the multilayered tip and glass surface in the case of 

both weakly and strongly charged PAH and in the various electrolytic environments. A 

significant difference was observed in the adhesion of a multilayered tippH 5 and surfacepH 

5 when measured in 10 mM NaCI (average adhesion force of 6.7 nN, displayed in Figure 

6) as compared to Milli-Q water (average adhesion force of 1.4 nN, results not shown). 

These results suggest that the interaction forces, measured between oppositely charged 

polymer layers of the indenting tip and the surface, are highly dependent on the 

electrolyte environment. The study also shows that a markedly large variance in the 

distribution of adhesion forces is obtained in the former case, as indicated in Figure 6.6. 

Although different tips were used in the assembly of multilayers at pH = 5.0 and pH = 

9.5, the adhesion between various tips prepared at pH = 9.5, and substrates multilayered 

at pH = 9.5, consistently resulted in lower adhesion values than any combination oftip or 

surface employing polyelectrolytes assembled at pH = 5.0. 
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Figure 5.6 Relative adhesion between P AH/P-Azo multilayers on a tip and on a 

multilayered surface. 

One might expect that the adhesion forces between the P AH capped tip 

multilayers and the P-Azo capped substrate multilayers depend on the acid-base 

properties of cationic and anionic functional groups. For example, the relative adhesion 

strength might be analogous to mono layer systems, which have previously demonstrated 

pK-dependent interaction between a carboxyl functionalized AFM tip and substrate.46 In 

such a case, the adhesion would be dominated by the free functional units, i.e. those not 

involved in forming ionic cross-links. This implies that multilayer films prepared with 

weakly charged polyelectrolytes would exhibit larger adhesion than strongly charged 

systems due to a larger density of free functional groups, which are fully ionized in the 
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measurement solution of pH = 5.2. However, we observed the opposite trend. The 

weakly charged polyelectrolytes exhibited the smallest adhesion upon bringing the tip­

substrate multilayers in contact. It is speculated that the reduced adhesion values 

observed in this case may be an effect of the different film architecture attributed to the 

reduced ionization fraction of P AH during multilayer assembly on the AFM probe. 

Elasticity measurements have demonstrated that P AH/P-Azo multilayers on an AFM tip 

constructed at pH = 9.5 exhibit a reduced cross-link density in precursor layers compared 

to samples prepared at pH = 5.0. Since the adhesion is much stronger in the case ofpH = 

5.0, we believe that multilayers between the tip and substrate are exchanging in situ 

during the adhesion measurement. Consequently, the force required to break the 

interactions between the layers is much greater in the case ofpH = 5.0, assuming that the 

dominant interaction force in the multilayers is ionic. This result is consistent with the 

SEM data, which suggests the occurrence of mass transfer between multilayers on the tip 

and the substrate during subsequent force measurements (Figure 5.5). 

5.5 Conclusions 

The elasticity of polyelectrolyte multilayer films as a function of polymer charge 

density during assembly can be successfully probed with force-distance measurements 

using an AFM. The modulus of elasticity in turn reveals the average "loop length" 

between the "ionic cross-links" at the interface between the layers, thus allowing a 

straightforward method for comparing the internaI architecture of the multilayers 

constructed at varying pH values. In the case of multilayers made from weakly charged 

PAH and P-Azo (a condition producing thick layers) we found that the relative loop 

length can be up to 50-fold greater than an identical system prepared using strongly 
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charged polyelectrolytes (resulting in much thinner layers). We also demonstrate that in 

situ measurements of adhesion forces between multilayered AFM probes and planar 

multilayered surfaces provide an estimate of the relative strength of layer-to-Iayer 

interaction as a function of the bulk ionic cross-link density of the film. While we suspect 

that a significant degree of mass transfer of layers occurs between the multilayered tip 

and surface during these AFM adhesion measurements, we consistently observed much 

lower adhesion forces in an cases of multilayers prepared from weakly charged 

polyelectrolytes. This suggests that the employment of fully ionized polyelectrolytes 

result in multilayers, which as a bulk appear to be more strongly interlinked due to the 

larger degree of association of anionic/cationic repeat units in the assembly. 
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Chapter 6 

Stable Sensor Layers Self-Assembled onto Surfaces Using 

Azobenzene-Containing Polyelectrolytes 

6.1 Preface 

From the previous chapters its has been demonstrated that unique adsorption 

behavior and tunable structural and mechanical properties arise when multilayer films are 

assembled from weakly charged polyelectrolytes. This type of chemical control over the 

kinetics and the molecular architecture is necessary in designing applications for these 

organic multilayer films. In the following chapter, we will show how we can readily 

achieve both good chemical and physical control of polyelectrolyte multilayers derived 

from azobenzene-containing polyelectrolytes, making them suitable for an optical sens or 

application. Specifically, we demonstrate that the photoisomerization of azobenzene 

chromophores is sensitive to the solvent pH and can therefore be used as sensor host 

material in polyelectrolyte multilayer films for detection of solution pH values. 

6.2 Introduction 

Ionically self-assembled multilayer (ISAM) films of polyelectrolytes have 

received much recent attention as a route to designing highly tailored surfaces, 1 for a wide 

range of applications. They have been employed in such areas as bio-compatiblilty,2,3 

photo-responsive materials,4 microelectronic devices such as electroluminescent LEDs,5-7 

conducting polymer composites,8,9 and sensitive gas sensors. 10 Sequentiallayer-by-layer 
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(LBL) physisorption of altemately charged polyelectrolytes is achieved through a method 

of electrostatic self-assembly first described by Decher. 11
,12 With this technique, 

multilayer films are assembled by first immersing a negatively charged flat substrate in a 

positively charged polymer solution, followed by thorough rinsing of the surface in an 

aqueous bath to remove unadsorbed polymer. The resulting polycation coated surface is 

subsequently immersed in the oppositely charged polyion solution, and followed with 

another wash. The cycle is then repeated until a desired number of layers is achieved. 

This LBL coating technique is particularly attractive because of the ease and efficiency of 

fabrication in aqueous solution, and the versatility with respect to incorporation of 

secondary functionalities in the polyions assembled. The potential to create highly 

tailored film structures and to impose specific chemical functionalities provides an 

excellent opportunity for applying the ISAM technique to novel surface sens or 

applications. Various means exist for manipulating the material properties of ISAM films 

(such as layer thickness and surface chemistry) either through choice of substrate or 

polyion, adsorption bath conditions, or post self-assembly functionalization. The 

irreversible nature of the ISAM adsorption process results in films with good stability and 

high reproducibility. We report here our recent investigations of various strategies that 

can be employed for manipulating properties of organic multilayered thin films, in weak 

polyelectrolyte systems containing an optically responsive azobenzene chromophore. 

This paper seeks to present the LBL ISAM technique as a promising host platform for 

sensors, which is facile and inexpensive to assemble, and stable to a range of solvent 

environments. 

One distinct advantage that ISAM films possess over other tailorable surface 

modification techniques, such as self-assembled monolayers (SAMs), is the potential for 
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the incorporation of a large number of sensor groups. In contrast to SAMs, where sensor 

coverage is limited to the surface area, ISAM films can be highly swollen in contact with 

analyte solution, and incorporate many nanometers of sensor-containing polymer layers, 

greatly increasing sensitivity. Furthermore, ISAM films may offer an advantage of 

stability to temperature, cleaning, and solvent and pH resistance. We examine in the 

following the applicability of the polyion layering technique to surface sensor 

modification through study of: (a) various methods for film thickness control with a focus 

on the effects of polymer charge density on film growth, (b) possible substrates amenable 

to LBL self-assembly, and (c) film stability/resistance to harsh solvent environments and 

consequences of high temperature exposure, sonication, and cleaning. As an example 

application of ISAM layers as sensor host materials, we will also demonstrate the 

applicability of the se multilayers for use as hydroxide ion sensors in extreme alkaline 

media. 

6.3 Experimental Section 

6.3.1 Materials 

The polyions used were commercially available poly(allyl)amine hydrochloride 

(P AH; Polysciences; MW 60K), poly {1-4[ 4-(3-carboxy-4-hydroxyphenyl-azo) 

benzenesulfonamido]-1,2-ethanediyl sodium salt} (P-Azo; Aldrich; MW 90K) and 

Poly(diallyldimethylammonium chloride) (P-DAC; Aldrich, MW 200-350K), the 

structures of which are presented in Figure 6.1. Azobenzene chromophore [2-[4-

(diethylamino )phenylazo ]benzoic acid] (ER) was obtained from Aldrich. Aqueous 

solutions of polyion concentration 10-2 M per repeat unit were prepared using Milli-Q 

water (18 Mn resistivity) and the pH ofboth solutions were adjusted and matched (from 

125 



pH = 4 to pH = 11) with HCI and NaOH. Unless otherwise stated, multilayering was 

performed using pH 9 solutions. Various metallic and inorganic substrates, including Al, 

Au, Ag, Cu, mica, Mo, Ni, quartz, Si02 microscope glass slides, stainless steel, V, and 

100-150 nm diameter colloidal Si02, were cleaned by 12 h immersion in 10-3 M H2S04. 

Ellipsometry and optical absorbance measurements were conducted on Si wafer 

substrates (Wafemet; crystallographic orientation < 1 00» and Fisherbrand microscope 

glass slides respectively, which were similarly treated for 12 h in a bath of 75% H2S04 

and 25% H2Cr04. Subsequent washing of aIl substrates with neutral Milli-Q water (pH 

7.5 ± 5%) was performed in preparation for electrostatic multilayer deposition. 

~H3 CI +;Q~ Na - 1 o ~ 

CI 

o OH 

a. b. c. 

Figure 6.1 Repeat unit structures of polyelectrolytes used for multilayering: a. P AH 

(weak polycation), b. P-Azo (weak polyanion), and c. P-DAC (strong polycation). 
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6.3.2 Methods for Multilayer Coating 

Multilayering was initiated by immersion of the cleaned substrates (with a 

hydroxylated surface) into the lO-z M polycation solution for 12.5 min. This adsorption 

was then followed by washing of non-adsorbed polyion through two immersions in 

separate neutral Milli-Q HzO baths for a total of 5 min. Next, a similar dipping protocol 

was used for adsorption of the polyanion at similar solution concentration and dipping 

time, with subsequent rinsing of unadsorbed polyion. This procedure was repeated until 

the desired number of layers was obtained. On the conclusion of the aqueous adsorption 

cycles, layered samples were dried in an oyen at 65 oc for 2 h, and allowed to retum to 

room temperature before measurements. Additionally, a similar multilayering scheme 

was applied to altemate geometries of adsorption. Three different geometries were 

chosen for testing the versatility of LBL multilayering: (1) high curvature surfaces, (2) 

confined geometries, and (3) spin-coating. 

Layering on a high curvature surface was demonstrated by cyclic immersion of 

SiOz colloidal particles in altemately charged polyelectrolyte solutions. Specifically, 

ISAM growth on silica colloids was implemented using a procedure reported by Donath 

and co_workers. 13
,14 Colloids (3 g) were dispersed in 500 mL of polyion solution for 30 

min. This was followed by 1 h of centrifugation at 4300 rpm and removal of supematant. 

Three separate washing cycles (each with 500 mL of Milli-Q HzO), sequentially 

consisting of 25 min sonication, 1 h centrifugation and extraction of supematant liquid, 

was then performed to remove unadsorbed polyions. Silica particles were sonicated in 

solution at each washing step to prevent aggregation and to exploit maximum surface area 

for subsequent polyelectrolyte deposition. The above procedure was then repeated for 

polyion deposition of the opposite charge, thereby constructing a bi-layer. The presence 
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of the layers was confirmed through ç potential measurements and solid-state NMR 

spectroscopy.15 

Multilayering was also attempted in a confined geometry, using 30 sequential and 

repetitive flow cycles of polyelectrolyte through a glass tube «1 mm diameter and flow 

rate ~0.3 mLis for 5 s). Between flow depositions of oppositely charged polyions, 3 

intermittent flow-rinsing cycles were implemented (each of 5 s duration). Successful 

layering of dye-containing polyelectrolyte was confirmed opticalIy. 

Films of 30 spin-cast multilayers were also constructed by introducing polyion 

droplets (0.1 mL) on a flat Si surface or microscope side, immediately followed by rapid 

spinning (at 4000 rpm) using a spin coater (Precision Scientific). Similarly, three 

individual spin washing cycles (each of 0.5 mL H20) separated each subsequent layer 

deposition. 

6.3.3 Film Thickness Measurements 

The optical absorption of P AHIP-Azo multilayer films was probed by 

transmission studies through microscope glass slides (Varian Cary 300-Bio 

Spectrophotometer; scan rate of 100 nm per minute). Unless otherwise stated, reflective 

measurements of Si films were obtained using Gaertner Ellipsometer (with a HeNe laser 

at 633 nm and fitted for both layer thickness and refractive index). AlI ellipsometric 

determinations of total layer thickness are reported as the statistical mean of 13 

measurements after subtraction of surface oxide layer thickness (measured average of 27 

±3 A). 
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6.4 Results and Discussion 

6.4.1 Physical Control of Thickness 

In order to incorporate a desired number of sensor groups in contact with a unit 

area of surface, it is necessary to control the total thickness of the sensor-containing 

polymer layers. Figure 6.2 depicts a series oftypical UV-vis absorption profiles (studied 

on a glass slide surface) showing build-up of multilayers obtained for the PAH/P-Azo 

system at unaltered pH of polyelectrolyte dipping solution (measured as pH = 4.2 and pH 

= 8.5 for polycation and polyanion respectively). Optical measurements were taken for 

the 1t~1t* absorbance maximum centered at 365 nm for the trans azobenzene isomer. No 

appreciable variation in Âmax was observed throughout the layering, suggesting that the 

chromophore sensors are not significantly altered by the layering process. This suggests 

that films of a desired total thickness can be achieved by appropriate selection of the total 

number of layers deposited (nd. These results concur with previous demonstrations of 

physical manipulation of thickness for P-DAC/P-Azo films as reported up to 100 nL.
16 

The upper limits for multilayering the same polyelectrolyte system deposited at pH 9 

were similarly examined by spectroscopically trac king an off-maximum absorbance of 

the azobenzene moiety. Beyond an absorbance of 3 (approximately at 350 nd, an off­

maximum probe of Â = 440 nm was used to prevent detector saturation. The measured 

optical absorbance shown every 50 nL up to 1000 nL in Figure 6.3 (inset) and indicates 

continued linear growth behaviour in the LBL build-up for the same polyelectrolyte 

system. The absence of observable film desorption from the glass surface suggests stable 

LBL growth as tested to 1000 nL. A corresponding optically-determined thickness of 547 

nm indicates that uniformly thick films, in the micron regime, may easily be fabricated 
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using the ISAM method. These results suggest that choice of total layer number can be 

considered a simple physical approach for film fabrication to a predetennined thickness, 

from the angstrom to the sub-micron level. 
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Figure 6.2 UV -vis absorbance for layer-by-Iayer build-up of a PAHIP-Azo multilayer 

film measured successively at 10 layer intervals. 

6.4.2 Chemical Control of Thickness 

The total layer thickness can also be controlled through varying the solution 

conditions of the adsorption baths. In agreement with previous investigations of ionic 

effects on film structure using strong polyelectrolytes,17 the thickness of layers deposited 

was shown to be strongly dependant on the charge density of the ionic functionalities 

incorporated in the polymer chain. Specifically, recent studies have indicated that 

multilayer thickness and interpenetration can be altered by manipulation of 

polyelectrolyte ionic strength via addition of salt or adjustment of the solution pH during 
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the layering process.4
,18 Here, the effects of charge density with variable pH experiments 

were examined for the two weakly charged polyelectrolytes, PAH and P-Azo. Figure 6.3 

displays a plot of absorbance as a function of nL for the probed pH regimes of assembly 

dipping solutions (pH = 4 to pH = Il), which were matched for both polyelectrolytes. 

Comparison of the two pH extremes revealed a near 20-fold increase in optical density 

between a fully charged (pH = 4) verses weakly charged (pH = Il) case (the pKa ofPAH 

= 8.7).19 The corresponding P-Azo thickness was determined as 1 A/layer and 18 

A/layer for pH = 4 and pH = Il adsorption environments respectively. This suggests 

significant contribution of polyelectrolyte pH in the weak/weak PAHIP-Azo system with 

respect to film thickness. Therefore, exploiting the polyion charge fraction can provide a 
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Figure 6.3 UV -vis absorbance of P AHIP-Azo multilayers assembled under various 

pH matched adsorption bath conditions from 0 to 62 layers, and from 50 to 1000 layers 

(inset). 
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more straightforward chemical means for obtaining control over the extent of polyion 

deposition through dipping bath parameters. The advantage is that a good command over 

ISAM film structure is achievable over a large pH range. Specifically, dipping solution 

conditions in LBL assembly can appropriately be set over 7 pH units, ranging from acidic 

to strongly basic. Sufficient polarity arising from the weakly charged polycation P AH 

allows for thick multilayer self-assembly at pH 9, as demonstrated experimentally by 

ellipsometry and UV-vis spectroscopy (Figure 6.3). Although both weak polyelectrolytes 

exhibit good aqueous solubility under highly alkaline conditions (pH = 12), ideal for thick 

film fabrication, graduaI precipitation of P AH with increasing pH represents an upper 

limit for achieving films of a thickness greater than 20 À/layer. 

ISAMs made from weakly charged polyelectrolytes (where ionizable repeat units 

are not fully charged) also behave analogously to strongly charged polymers under 

suitable pH conditions. Evidence of this is offered by the observation of a similar film 

optical thickness (within 6%) for P-Azo multilayer films constructed with either strongly 

charged polycation P-DAC, or a weak polycation PAH, converted to the fully charged 

state upon altering the acidity ofboth the polycation and polyanion solutions to pH = 3. 

6.4.3 Practical Considerations 

6.4.3a Suitability of Substrates 

Recent comprehensive studies of ISAMs films have mainly employed glass and Si 

substrates for multilayer film fabrication. This is primarily due to the ease and well­

established tools that exist for reflective or absorptive spectroscopie optical measurements 

on these standard substrates. Both glass and Si are relatively inexpensive, are resistant to 

harsh c1eaning protocols and extreme pH/salt conditions, and are readily available. 
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Additionally, it has been repeatedly demonstrated that these surfaces are highly suitable 

for investigations of azobenzene-containing films for application as photo-sensors and 

e1ectro-optic films?0-22 For sens or modification purposes, it is of interest to examine 

substrate variability with respect to the electrostatic multilayering technique by: (a) 

investigating the range of alternative metal oxides and native metals available, and (b) 

testing a range geometries available for layering. 

The PAHIP-Azo deposition parameters described were implemented to build 30 

layers on cleaned Al, Ag, Au, Cu, Mo, Ni, Ti, V, mica, and quartz substrates. Successful 

LBL physisorption was demonstrated for all tested surfaces through comparison of the 

multilayered thin films to the initially clean surface. The presence of adsorbed 

multilayers for all surfaces was optically confirmed by qualitative observation of the 

characteristic P-Azo absorption at Â = 365 nm. These results suggest no restrictions with 

respect to choice of metal oxide surface used for electrostatic self-assembly. AlI films 

exhibited stability to repeated washing cycles, and were also resistant to de-wetting when 

heated in an oven for >24 h at 70 oc. Similar to the results obtained for Si02, no 

indication of physicallimitations on the number of layers deposited was observed for the 

metallic substrates, as demonstrated by multilayering 1000 nL of PAH/P-Azo on a 

stainless steel surface. 

6.4.3b Snitability of Varions Geometries 

The applicability of the ISAM method to various geometries of adsorption was 

also investigated for the PAH/P-Azo system. Layer-by-layer adsorption was optically 

demonstrated for three adsorption geometry cases tested including: (a) spin-cast 
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polycation/polyanion drop lets on a flat glass or Si, (b) polyelectrolytes deposited on high 

curvature colloidal Si02, and (c) flow-based ISAM fabrication within a cylindrical glass 

tube. To determine the nature of polyion/substrate interaction, we compared optical 

measurements of the LBL spin-cast system of 30 nL to the homopolymer spin coated 

films generated solely using PAH or P-Azo homopolymer. Both resultant films were 

rinsed well with water. Table 6.1 summarizes the results for UV -vis P-Azo optical 

density and calculated average per layer thickness obtained by ellipsometry for the two 

systems. Evidence of multilayer physisorption in the case of LBL polyion spinning on 

Case Surface Description Total UV-Vis Ellipsometric 
Absmax height per layer 

(À) 

A Bare glass substrate < 0.01 * 
B Spin-cast on glass P-Azo 

homopolyrner, [10-1
] 0.239 

C Sample B and 2 min 
subsequent H20 wash < 0.01 * 

D Bare Si surface 0 

E Spin-cast on glass P AH 
homopolymer, [10-1

] 103 

F Sam pie E and 2 min 
subsequent H20 wash 0 

G Spin-cast 30NL P AH/P-
Azo, [10-2

] 39 

H Sample G and subsequent 
25 hH20wash 38 

* = below detectable 
threshold 

Table 6.1 Optical density and per layer film thickness of PAH and P-Azo 

homopolymers, and P AHIP-Azo multilayers spin-cast on glass and Si surfaces. 
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a surface is supported by the absence of aqueous desorption observed for the 39 Â1nL 

ISAM film (case G). After 24 h rinsing of the film in solvent, ellipsometry indicated a 

negligible difference in the layer thickness, measured as 38 A (case H). In contrast, the 

spin-deposited homopolymers, P AH and P-Azo, readily and completely de-wetted from 

the surfaces after 2 min immersion in water, suggesting only a weak electrostatic 

interaction of the polyion with the surface (cases C and F). For the spin-deposited PAH, 

the measured de-wetting of the homopolymer was likely due to the formation of only a 

mono-layer, below the detection limit of the ellipsometer. Identical results were obtained 

for multilayering via flow of polyion through the capillary, where 30 stable layers were 

successfully deposited on the interior surface of a 1 mm diameter glass tube. ISAM 

stability within the flow cell was also confirmed by exposing the internaI coating to 

constant aqueous washing for several minutes and film resistance to immersion in a 70 oC 

water bath for 2.5 h. Layering on high curvature surfaces was demonstrated by washing 

100-150 nm diameter colloidal Si02 with alternately charged polyelectrolyte solutions, 

similar to previous reports on latex partic1es. 13
,23 Results from ç potential measurements 

and solid-state IH NMR spectroscopy confirm the existence of these stable deposited 

layers. 15 The demonstrated suitability of the ISAM technique to a variety of film casting 

methods such as spin-coating and flow cells, and to high curvature surfaces such as 

colloids, suggests that this technique can in principle be applied to sensor layering 

through a wide variety of processes and in 3 dimensions on the nanometer scale. 
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6.4.3c Film Stability 

The stability of constructed PAHIP-Azo ISAMs to prolonged exposure in various 

solvent environments was tested. Figure 6.4 displays the measured changes in film 

thickness after 2.5 h heating cycles of 30 nL films in water. A near-constant average layer 

thickness of 40 ± 2 A was observed for films exposed to water baths at temperatures 

ranging between 25 and 90 oC, indicating resistance to any desorption up to boiling 

temperatures. At 100 oC, the average layer thickness was reduced to 50%, but complete 

de-wetting of the film was still not observed in the temperature range examined. PAHIP-

Azo films were also subject to a 14 h immersion in solution environments of widely 

varying polarities, using a diverse range of 18 common organic solvents. The resulting 
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Figure 6.4 Layer thickness from ellipsometry of PAH/P-Azo films after 2 h 

immersion in temperature-controlled water baths. 
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difference in film optical density was calculated from UV -vis data after films were 

submerged in acetone, acetonitrile, glycerol, 1,4-dioxane, DMSO, toluene, ethylacetate, 

methylethyl ketone, heptane, THF, benzene, nitrobenzene, 2-propanol, ethyl alcohol, 

hexanes, ethyl ether, chloroform, and methylene chloride. No measurable degradation in 

film thickness was observed in any case. Additionally, the films were exposed to aqueous 

solutions of a wide range of salt concentrations, from 0.001 to 2 M, of both NaCI and 

NaBr. Multilayered films again remained fully intact, showing no desorption on 

immersion in either saturated salt solution. Desorption was only observed when the films 

were subject to highly acidic salt water (2 M at pH = 1). 

As an important demonstration of the films ability to withstand common c1eaning 

protocols, constructed films were also shown to withstand 1 h sonication in a high salt 

and extreme pH environment. Measurements of the percentage difference in UV -vis 

absorbance of P AH/P-Azo multilayers were made on films before and after sonication in 

various solutions. The films revealed good resistance to sonication with solutions of: (a) 

Milli-Q water, (b) 1 M NaCI, and (c) pH 12 water, yielding only a 2%, 9%, and 14% 

reduction in optical thickness respectively. Only after sonication in a combined solution 

of pH 12 and 1 M salt, did experiments show sorne appreciable film desorption, with an 

associated optical absorbance reduction of 59%. The results of film stability tests 

performed for varying concentrations of salt suggest that this effect may well be 

attributed solely to the combined and unusually harsh solvent environment, rather than 

the sonication process itself. 
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6.4.3d Example Application 

While this research seeks to study the general suitability of ISAM layers as a 

promising sens or host material independent of individual applications, one example 

sensor system was investigated as proof-of-principle. ISAM films functionalized with 

azobenzene chromophores can make use of the readily-induced and reversible 

photoisomerization between the two geometric forms of trans and ciS.24
,25 Under 

irradiation at an absorbing wavelength in the blue visible or near-UV, the more stable 

trans form is converted to the less stable cis, to an extent that depends on the irradiation 

intensity. The cis state then decays back to the trans form either photochemically, or 

thermally. The thermal rate constant varies widely depending on the azo chromophore, 

but in general varies from milliseconds to hours.25 The absorption coefficient of the 

azobenzene can change dramatically on isomerization from trans to cis, which can be 

easily monitored by absorption spectroscopy near the Àmax to determine the first order rate 

constant. A typical trans-cis-trans isomerization cycle (of ER azo chromophore) is 

presented in Figure 6.5 (inset) where the transmission at Àmax is monitored over time, 

while a high intensity pump laser is introduced at time t = 1 s for a duration of 1 s. As the 

photo-generated cis isomer has a lower visible absorption coefficient than the trans 

isomer, the probe beam transmission signal intensity increases substantially while the 

pump beam is on and a photo-stationary state containing an equilibrium ofboth isomers is 

generated and maintained. With the pump beam turned off, the cis relaxes thermally back 

to the trans form, and the signal intensity decays exponentially. This signal decay is 

monoexponential, and thus a first or der rate constant can be determined for the process. 
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Figure 6.5 Optical transmission during photoisomerization (inset) and the resulting 

trans-cis-trans thermal isomerization rate constant as a function of pH for ER azobenzene 

chromophores. 

This first order rate constant can depend strongly on the local solvent however, as 

depicted in Figure 6.5 for the isomerization taking place in aqueous solution over a range 

ofpH values from pH = 9.5 to pH = 12.26 The thermal isomerization rate constant varies 

linearly over two orders of magnitude in this range, with a time constant (l/rate constant) 

ranging from 30 ms at pH = 9.5 to more than 3 s at pH = 12. This therefore represents an 

effective and sensitive hydroxide ion sensor, which can function at high pH, of interest to 

many wastewater applications?7 Although this hydroxide ion sensor relies on a 

spectroscopie determination of a rate constant, one could readily develop a practical 

sensor based on this technique using routine fibre optics, whereby the sens or layers are 

adsorbed either directly on a light-guiding fibre, or on top of a waveguiding layer over a 

support, provided appropriate refractive index contrast between material layers. With a 
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reflective coating at the end of this cylindrical sensor, the polymer material's absorbance 

could be continually monitored through reflected evanescent wave absorption with a low 

power probe laser, monitored at source through fibre optics. The 'pump' flash could be 

delivered with the same wavelength at higher power, and then the first-order retum of the 

absorbance monitored for a few seconds to determine the rate constant, and hence the 

local pH. The versatility and stability of the multilayer host material, described 

previously in this paper, then suggests that a sensor of this type would be suitable to pH 

determination in highly alkaline media, and be easily c1eaned with solvents and 

sonication without harm to the sensor material. One can envisage a wide variety of 

sensor groups incorporated into ISAM layers such as these (electrochemical or 

spectroscopie), or even multiple sensors incorporated in various layers to comprise a 

stable multifunctional probe, assembled easily in aqueous baths by appropriate 

adsorption. 

6.5 Conclusions 

ISAM films constructed from weak/weak polyelectrolyte systems containing 

chromophores can be physically and chemically controlled during self-assembly, making 

them promising candidates as host layers for sensor applications. PAH/P-Azo multilayer 

films were shown to be adsorbed under a range of layering conditions and geometries and 

exhibit good stability toward heat and a range ofharsh solvent environments. 
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Chapter 7 

Conclusions, Contributions to Original Knowledge, and 

Suggestions for Future Research 

7.1 Conclusions and Contributions to Original Knowledge 

Driven by an effort to find new noncovalent assembly methods for biocompatible 

polymer surface modification, l the polyelectrolyte multilayer assembly technique has 

proven to be a promising approach for the straightforward fabrication of functional 

organic surfaces in aqueous media. In contrast to other more traditional polymer coating 

methods,2,3 the findings here highlight the versatile nature of this technique. Self­

assembled polyelectrolyte multilayer films are amenable to a diverse range of charged 

polymers. The surfaces on which multilayers can be assembled are also variable with 

regards to the chemistry, size, geometry, and deposition set-up that can be used. 

Key to exploiting polyelectrolyte multilayer films as functional surfaces is the 

ability to achieve good physical and chemical command over the assembly process, and 

thus ob tain desired multilayer properties. Therefore, a fundamental understanding of 

significant kinetic processes, driving energetic forces involved in the layer-by-Iayer 

assembly process, and dominant adsorption variables which direct the physical properties 

of the film, is cri tic al. Motivated by this goal, the studies undertaken here have focused 

on determining the effect of varying polyelectrolyte ionization (by manipulating the 

assembly pH) on the adsorption behavior and consequently, the resulting structural and 

mechanical film properties. 
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The role of ionic strength in assembly, as controlled through added electrolytes, 

has dominated the previous literature in the area of polyelectrolyte multilayers.4
-

9 In this 

dissertation however, the importance of polyion charge density in multilayer formation 

was evaluated through mechanistic investigations and physical property determinations. 

Specifically, this was done by obtaining multilayer measurements of: a) the kinetic 

thickness and degree of counterion displacement (Chapter 3), b) the polyion chain-length 

adsorption preference (Chapter 4), c) the elastic modulus and layer-to-layer adhesion 

(Chapter 5), and d) the density of functional groups which can be incorporated (i.e., the 

optical loading capacity of azo-polyelectrolytes in multilayer films, Chapter 6), all as a 

function of the assembly solution pH. 

Aiso of considerable impact ln the area of structural determinations for 

polyelectrolyte multilayers has been the quantitative determination here, of the length of 

loops formed from electrostatic cross-linking of layers in weakly charged polyelectrolyte 

systems using a standard atomic force microscope (Chapter 5). Quantitative 

measurements of this loop length, and the effect of assembly pH on this value, have until 

now been lacking. Thus, this finding has been particularly valuable in response to recent 

multilayer reports, which predict and allude to the formation of loops resulting from 

reduced ionic contacts between layers ofweakly charged polyelectrolytes.IO,11 

In the kinetics studies of Chapter 3, PEMs prepared from weakly charged polyion 

were found to exhibit anomalously rapid adsorption (on the order of seconds). At short 

adsorption times, PEMs prepared using either weakly charged polycations or weakly 

charged polyanions resulted in layers, which were lü-fold thicker than of that of films 

produced from strongly ionized polyelectrolytes. Moreover, if both the polycation and 

the polyanion are assembled at low charge fraction, films thickness values were found to 
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increase by as much as 30 fo1d in comparison to the ana10gous systems emp10ying both 

strong1y charged po1ye1ectro1ytes. By varying both time and concentration in mu1tilayer 

assemb1y, fine control over the layer thickness was achieved, specifically, on the order of 

angstroms. Counterion disp1acement was a1so determined to be an influentia1 factor 

affecting the degree ofpo1yion adsorption into multi1ayers. For examp1e, films assemb1ed 

with strong1y bound counterions, such as F-, exhibit a reduced time-dependant adsorption 

by 21 % as compared to those prepared with weak1y bound counterions, such as r. 

Investigations which examined short- versus long chain po1ye1ectro1yte adsorption 

onto an opposite1y charged po1ye1ectro1yte surface revea1ed complete preference for 

longer chains, given a 24 h adsorption period in a solution containing 1mM NaCl. 

Fluorescence experiments showing this competitive adsorption behavior suggest that the 

configurational entropy gain from having short-chains in solution (as opposed to free 

long-chains) is a driving factor for the preferential assembly of long-chains. This 

behavior is analogous to the entropy-driven liberation of counterions, known to be 

necessary in the formation of multilayer assemb1y. Furthermore, the addition of 

electrolyte to the assembly solution is be1ieved to reduce the height of the e1ectrostatic 

barrier produced from charge overcompensation during layer deposition. Consequently, 

short-chains, which may initially be more kinetically favored towards adsorption, are 

likely replaced by long chains given a sufficiently long adsorption period of 24 h. 

In Chapter 5, the elasticity of polyelectrolyte multilayer films, as a function of 

polymer charge density during assemb1y, was successfully probed using an AFM 

nanoindentation approach. In PEMs prepared with an identica1 thickness value, the 

resultant loop length in layers assembled from weakly charged polyelectrolytes was found 

to be up to 50-fold greater than an identica1 multilayer system but prepared using strongly 
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charged polyelectrolytes (as implied by measurements of the modulus of elasticity). 

Measurements of adhesion forces between multilayered AFM probes and planar 

multilayered surfaces in situ also provided an estimate of the relative strength of layer-to­

layer interaction as a function of the bulk ionic cross-link density. Although SEM data 

suggest the occurrence of sorne mass transfer of layers during adhesion measurements, 

smaller adhesion forces were consistently observed in aIl cases where multilayers were 

assembled from weakly ionized polyelectrolytes. A comparison of the adhesion 

histograms obtained for strong versus weak PEMs suggests that strongly ionized 

polyelectrolytes produce multilayers which as a bulk appear to be more strongly 

interlinked (due to the presence of many more kBT interactions). 

Lastly, in Chapter 6 it was shown that the construction of multilayers from 

weak/weak polyelectrolyte systems containing azo-chromophores could be physically and 

chemically weIl-controlled during self-assembly. SpecificaIly, PAH/P-Azo multilayer 

films could be adsorbed under a wide range of layering conditions and geometries and 

exhibited good stability toward heat and a range of harsh solvent environments. These 

multilayers were demonstrated to be promising candidates as host layers for sens or 

applications based on photo-isomerization of the azo-chromophores. 

AlI results presented here have come from investigating and comparing several 

model polycation/polyanion systems and as such, have led to an important general 

conclusion concerning the ionization of polyelectrolytes during assembly. Namely, the 

employment of weakly charged polyelectrolytes for multilayer assembly offers a simple 

but highly useful means for directing the adsorption behavior and accessing wider ranges 

oftunable physical properties in the resulting film. 
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7.2 Suggestions for Future Research 

Studies of the kinetic factors which influence the rate of polyelectrolyte 

adsorption revealed that counterion binding strength, and hence the displacement of 

counterions in multilayer adsorption of polyelectrolytes, has a measurable impact on the 

time-dependant growth behavior of the film. It would be interesting to explore the effects 

of varying the series of counterions (i.e., cations of the alkali metal series) and different 

valencies to generalize the results observed for the halogen counterions. It would also be 

interesting to kinetically quantify and compare the displacement rate for a counterion 

series by, for example, monitoring over time the intensity of an emission signal resulting 

from counterion release into solution (i.e. using sensitive spectroscopie methods). 

Investigation of the effects of chain length on the adsorption of a model polyanion 

to a model polycation indicated a sole preference for longer chains wh en 24 h was given 

for adsorption. Using solely entropic arguments, scaling arguments can be used to 

quantitatively model this result. Investigation of kinetic contributions to preferential 

adsorption could also be interesting. It is believed that diffusion-limited transport is 

likely to drive the shorter chains to initially adsorb, followed then by entropy-driven 

displacement by longer chains. The next logical experiment would therefore be a time­

dependant study ofpreferential adsorption. With this study, one may be able to detect the 

expected turnover from short- to long-chain preference. Furthermore, the time-dependant 

preferential adsorption study could be performed over many layers, and compared under 

pH conditions where the polycation and polyanion are: a) both weakly charged, b) both 

strongly charged, and c) one weak and one strongly charged. 

In Chapter 5, it was established that AFM is a powerful tool for performing 

nanoindenation experiments, and obtaining mechanical properties of polyelectrolyte 
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multilayer films. In a previous study of the mechanical properties of spin-coated azo­

polymers, it was demonstrated that photoisomerization of the chromophore could lead to 

changes in the mechanical compliance of the film, specifically mechanical softening of 

the film. 12 Thus, it could be interesting to extend the AFM nanoindentation technique to 

explore elastic modulus changes resulting from photoisomerization of azo-containing 

polyelectrolytes in multilayer assemblies. 
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Appendix 

Analysis of Counterion Displacement Data and Discussion 

A.1 Details of Data Treatment for the Analysis of Counterion Displacement, 

Chapter 3 (pp 69-73) 

Comparison of the adsorption kinetics of P AH/P-Azo multilayers in the presence 

of F, cr, B( and r was achieved by fitting the ion exchange plots of absorbance versus 

time (Figure 3.6) to first order kinetics. 

(A.I) 

Here, A represents the Absorbance (related to the thickness of the multilayer product), a is 

the final absorbance at infinite time (or final concentration of the product multilayer), b is 

the rate constant k, and x is time. Results of the first order fit to the different counterion 

series are shown below. 

Forr 
[Equation] 
f=a*(1-exp( -b*x» 
fitftoy 
[Constraints] 
b>O 
[Options] 
tolerance=O.OOO 100 
stepsize= 1 00 
iterations= 100 
R = 0.99106142 Rsqr = 0.98220274 
Standard Error of Estimate = 0.0329 

a 
b 

For Br­
[Equation] 

Coefficient Std. Error 
0.6614 0.0171 
0.0332 0.0029 

f=a *(1-exp( -b*x» 
fitftoy 

Adj Rsqr = 0.98093150 

t 
38.6454 
11.3259 

P 
<0.0001 
<0.0001 
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[Constraints] 
b>O 
[Options] 
tolerance=O.OOO 1 00 
stepsize= 1 00 
iterations= 100 

R = 0.98740010 Rsqr = 0.97495896 

Standard Error of Estimate = 0.0354 

Adj Rsqr = 0.97317032 

Coefficient Std. Error t p 

a 
b 

0.6006 0.0177 33.9573 <0.0001 
0.0352 0.0036 9.6334 <0.0001 

Forer 
[Equation] 
f=a*( l-exp( -b*x)) 
fitftoy 
[Constraints] 
b>O 
[Options] 
tolerance=O.OOO 1 00 
stepsize= 1 00 
iterations= 1 00 
R = 0.98907686 Rsqr = 0.97827304 
Standard Error of Estimate = 0.0303 

Adj Rsqr = 0.97672111 

Coefficient Std. Error t p 

a 
b 

For F-

0.5590 0.0157 35.7069 <0.0001 
0.0335 0.0032 10.4418 <0.0001 

[Equation] 
f=a*(l-exp( -b*x)) 
fitftoy 
[Constraints] 
b>O 
[Options] 
tolerance=O. 000100 
stepsize= 1 00 
iterations= 1 00 
R = 0.99133568 Rsqr = 0.98274643 
Standard Error of Estimate = 0.0259 

a 
b 

Coefficient Std. Error 
0.5386 0.0137 
0.0324 0.0028 

Adj Rsqr = 0.98151403 

t 
39.1774 
11.7067 

P 
<0.0001 
<0.0001 
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A.2 Discussion of Counterion Displacement 

With regards to Chapter 3, it should be clarified that the counterion displacement 

does not affect the rate of polyelectrolyte adsorption as much as it does the total adsorbed 

amount of polyelectrolyte in the multilayers (related to the final absorbance 

measurements in Figure 3.6), where a (in Eq. A.1) is significantly different for PEMs 

assembled with varying size counterions. We therefore suggest the differences in the 

ionic binding energies of the varying size counterions leads to varied extent of multilayer 

adsorption (arising from the difference in the net free energy required for displacement of 

a smaller counterion versus a larger one). Section 3.4.4 has thus been revised as follows 

to further clarify this concept. 

3.4.4 Ion Displacement and Adsorption Kinetics 

The role of ion exchange in the adsorption kinetics of multilayers was investigated 

here by comparing the relative rate of P-Azo adsorption on partially charged PAH (pH = 

9) for a series of polyelectrolyte solutions containing one of NaF, NaCI, NaBr or Na! of 

concentration 5x10-2
.
ü M. Multilayer films containing 30 layers were assembled onto 

glass slides using various adsorption times ranging from 1 s to 15 min for the P-Azo 

component while the saturated adsorption of polycation was ensured by maintaining a 

constant immersion time of 15 min. Reported optical measurements on multilayer films 

were time-corrected for prolonged polyelectrolyte adsorption resulting from significant 

polymer concentration at the surface of the film during rinse cycles initially, which was 

quantified using UV -vis. 

The optical thickness measurements show that saturation is nearly achieved in 

approximately 60 s of adsorption time. The results from this time-dependant study of 

film thickness for PAHIP-Azo on glass slides is in agreement with the thickness values 

obtained from reflective ellipsometry measurements obtained for thickness of P AHIP­

Azo (Figure 3.4), which suggests that maximum polyelectrolyte adsorption is obtained 

upon approaching 1 min of immersion time. No distinguishable difference in the optical 

absorbance resulting from P-Azo adsorption was observed up to 20 s dipping time for the 

films prepared with varying halogen ion salt. After 20 s, significant differences in the 

optical thickness revealed a reduced adsorption of the P-Azo when the multilayers were 
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prepared in the presence of smaU F- counterions. Conversely, an increase of 21 % in the 

uv -vis absorbance of multilayer films prepared from r containing solutions suggests that 

polymer solutions containing larger counterions exhibit greater adsorption of P-Azo than 

those containing an equivalent amount of F- counterions. 

Figure 3.6 Effect of ion exchange on time-dependant adsorption of P AH/P-Azo 
multilayers (at a constant pH value of 9 for both polyelectrolyte solutions). 

The observed variances III the extent of polyanion adsorption based on the 

presence of either F-, CC Br- or r, can be rationalized using a simple electrostatic 

argument considering the binding energies of the tested anions with various cations 

(Table 3.1). The Arrhenius equation (Equation 3.1) is used to compare the adsorption 

for the series of counterions at constant temperature. 

-Ej 

k =Ae IRT (3.1) 

The time-dependant absorbance for aU counterions (Figure 3.6) was found to fit well to 

first-order kinetics with r2 = 0.97-0.98 (Appendix A.I). As indicated in Table 3.1, the 

experimentally obtained rate constant, k, derived from the 1 st order fitted curves is similar 

for aU counterions (and hence Eq. 3.1 implies similar activation energies, Ea, for the 
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counterion series). However, the adsorbed thickness of the multilayer prepared with F 

was found to be 81 % that of the films prepared with r counterion (as determined by the 

final absorbance value at time -700 obtained from the fitted 1 st order kinetics plot). This 

implies that the extent of dissociation of the counterions scales inversely with the ionic 

binding energy, E*. For example, since the binding strength of the F counterion is 1.63 

fold larger than the r we observe a reduced adsorption for multilayer films assembled 

with the smaller F counterion (by 19%). 

Since P-Azo must exchange with the bound counterions existing on the P AH 

surface for adsorption to occur, systems with larger r ions (i.e., more loosely bound) 

would be expected to ex change to a greater extent (due to a greater reduction in the free 

energy from the dissociation process) than more tightly bound F- ions, as observed. 

target ionic radius av E* a E* rel exptl exptl 

counterion (À) (kcal·mor1
) to r k b rel thicknes{ 

p- 1.33 137.5 1.63 0.0324 81 

cr 1.81 111.9 1.32 0.0335 84 

Br- 1.96 100.2 1.19 0.0352 91 

r 2.16 84.6 1 0.0332 100 

a E* detennined from the average ionic binding energies oftarget counterion with Li+, Na+, K+, 
and Rb +.38 b Experimental k obtained from 1 st order kinetics fit of polyelectrolyte multilayer 
adsorption as a function oftime (Figure 3.6; see Appendix A). C Experimental relative thickness 
at time -7 00 as indicated by the final absorbance values. 

Table 3.1 Experimental Relative k and Relative Final Thickness for Multilayer 
Formation with Different Target Counterions 

While our kinetic study of counterion displacement suggests that this process is not 

necessarily rate-limiting with regard to multilayer formation, it has a significant and 

measurable effect on the adsorbed thickness of weakly charged polyelectrolytes in 

multilayer films. 
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