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ABSTRACT 

 
Polyelectrolyte complexes (PECs) have received a growing interest since the early 

sixties. PECs have been used for large-scale industrial applications and have 

demonstrated enormous potentials in various fields such as coatings, binders and 

flocculants. Using the Layer-by-layer deposition technique, an ultrathin polyelectrolyte 

multilayer coating was first built in 1990 and soon both theoretical and practical interest 

in these coatings were growing exponentially. 

In the first part of this dissertation, studies were focused on the fundamental 

properties of polyelectrolyte multilayer and complex systems, such as the effect of 

molecular weight of polyelectrolytes and the effect of ionic strength on the multilayer 

buildup and the thermodynamics of the polyelectrolyte complexation. 

In the second part, a series of pH-tunable polyelectrolyte complexes and pH-

responsive multilayers were designed and studied. Random copolymers composed of pH-

independent “strongly” charged parts and pH-dependent “weakly” charged parts were 

introduced for making pH-tunable polyelectrolyte complex and pH-responsive 

multilayers. A systematic study of the pH induced change of multilayer configuration, 

including film decomposition, phase separation and surface charge rearrangement, was 

conducted. 

It was found, by varying the mole percent of the weakly charged segments in the 

multilayers, the outcome of external pH changes on the multilayers varied from total film 

decomposition, to forming microporous surface, and finally to yielding a surface-charge-

tunable multilayer, which meant the ability of controlling the surface charge polarity and 

density via pH. The outcome was essentially due to the combination of two types of 

charge interaction, charge extrusion and charge expulsion. 



 xvii

It was also demonstrated that, with the use of the pH-responsive polyelectrolyte 

multilayer coatings to modify the substrate surface, the adsorption and release of 

biomaterials, such as proteins, could be controlled by varying the surface charge property 

via simple pH switch. Potential applications of this finding were proposed in the 

dissertation. 
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CHAPTER 1 

 

INTRODUCTION TO POLYELECTROLYTE COMPLEXES AND 

POLYELECTROLYTE MULTILAYER THIN FILMS 

 

 

1.1 Introduction to Polyelectrolyte Complexes 

 

Polyelectrolyte complexes (PECs) represent a special class of polymeric 

compounds [1,2], consisting of oppositely charged polyions. Investigations of PECs have 

quite a lengthy history. In the early 1930’s, Bungenberg de Jong et al found that upon 

mixing aqueous solutions of oppositely charged natural polyelectrolytes (e.g. gelatin and 

gum arabic), under certain conditions, a phase separation and formation of liquid 

coacervates took place [3,4]. The nature and extent of such reactions were found to be 

sensitive to such variables as temperature, pH and the ionic strength of the solution phase.  

The first reported study of an interaction between a strongly acidic polyanion 

(polystyrene sulfonate) and a strongly basic polycation (quaternized polyvinyl 

pyridinium) in aqueous solution was by Fuoss and Sadek in 1949 [5]. They found that the 

interaction between these two polyelectrolytes (PEs) yielded a precipitate and that the 

reaction occurred rapidly to yield a product containing essentially stoichiometric 

equivalents of the component polyions. In 1961, Michaels and Miekka [1] reported that 

the interaction between sodium poly(styrene sulfonate) and poly(vinyl benzyl trimethyl 

ammonium) chloride yielded a precipitate which contained almost exactly stoichiometric 

proportions of the component polyions and contained virtually none of the counterions 

initially associated with the individual polymers (i.e., sodium and chloride ions). This 

complex was infusible and insoluble in all common solvents. 
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In general, mixing solutions of a polyanion and a polycation leads to spontaneous 

aggregation with the release of the counterions (Figure 1.1). Early arguments suggested 

that the driving force of the complex formation was primarily from the gain in entropy 

due to the liberation of the low molecular counterions [2]. However, other interactions 

such as hydrogen bonding or hydrophobic interactions may also play an additional role 

[6]. The rapid and nearly athermal nature of this interaction made it very difficult to 

examine the hypothesis at that early date. However modern microcalorimetric techniques 

provide powerful tools to explore such interactions. A detailed study will be discussed in 

Chapter 2. 

People have extensively studied the PECs and their applications for the last forty 

years. At present, PECs are used for such large-scale industrial applications as 

flocculants, coatings, and binders and for special purposes in biotechnology and medicine 

[6]. Promising fields include PEC-microencapsulation of drugs, enzymes, cells and 

microorganisms [7-9], immobilization of proteins by complex formation [10, 11], and 

polycation complexes with polynucleotides or oligonucleotides as vectors in gene therapy 

[12-15]. 

Depending on their composition, PECs can be either insoluble or soluble in water. 

Insoluble PECs show unique efficiency as hydrophilic soil binders, preventing wind and 

water erosion. Such a PEC composition was used, for example, after the Chernobyl 

accident to suppress the formation of radioactive aerosols in contaminated dusty areas 

[16]. On an industrial scale, insoluble PECs have been demonstrated to be much more 

effective than the industrial polyelectrolytes in coagulating colloid dispersions, 

particularly slag wastes in metallurgy [17]. They have been also reported as 

biocompatible coatings for hemosorbents and other medical items in contact with blood 

and other biological fluids [18]. The development of soluble PECs [19] allowed for a 

large range of prospective applications of PECs, related primarily to biomimetics, 

biotechnology and medicine [20-23]. 
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Figure 1.1. Schematic graph of the formation of PEC by mixing solutions of a polycation 
and a polyanion. Red balls and green balls represent the counterions of the polymers, 
such as sodium and chloride. 
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1.2 Introduction to Polyelectrolyte Multilayer Thin Films 

 

1.2.1 Ordering PECs: Forming Polyelectrolyte Multilayers (PEMs) with Layer-by-

Layer Technique 

 

It has been well recognized that the surface properties of many materials and 

many biological processes are very important in determining their applications. 

Therefore, a lot of strategies have been designed to tailor the material’s surface 

properties, such as employing a thin surface layer, while preserving the bulk properties of 

the material itself. Particular emphasis has been given to the surface modification by 

polymers. In the area of polymer thin films (such as self-assembled monolayers [24]), the 

most influential area of growth for the use of non-covalent self-organization techniques is 

the alternating physisorption of oppositely charged polyelectrolytes, the so-called “layer-

by-layer” (LbL) method, introduced by Decher in 1991 [25, 26].  

The LbL technique is based on the alternating adsorption of multiply charged 

cationic and anionic species. In general, a solid substrate with a charged surface is 

exposed to a solution of a polyion of opposite charge for a short time. The experimental 

setup may be extremely simple, such as dipping the substrate into beakers filled with the 

polymer solutions [27], or spraying polymer solutions onto the substrate [28]. The 

dipping can be done manually [29] or robotically [30]. The amount of adsorbed material 

is self-limiting. Surplus polymer solution that adheres to the support is removed by 

simple rinsing. When the right conditions are utilized, polymeric materials with more 

than the stoichiometric number of charges (relative to the substrate) are adsorbed, so that 

the sign of the surface charge is reversed [31]. Therefore, when the substrate is exposed 

to another solution containing a polyion of opposite charge, a second polyion layer is 

adsorbed and reverses the sign of the surface charge. Consecutive cycles with alternating 

adsorption of polyanions and polycations result in the LbL growth of PEM thin films.  
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The LbL technique employs the complexation interaction between positively and 

negatively charged polyelectrolytes on the surface. In other words, the technique orders 

the amorphous PECs into nanoscale thin film coatings (Figure 1.2). Similar to 

polyelectrolyte complexes formed in solution, the primary driving force is presumably 

entropy. However, other interactions such as hydrophobic interactions or H-bonding may 

also contribute to the success of the LbL technique [32-35]. 

The popularity of the method lies in the ability to create highly tailored polymer 

thin films with a nearly unlimited range of functional groups incorporated into the 

structure of the film. The striking simplicity, reproducibility, flexibility and versatility are 

achieved through the use of this simple, yet elegant sequential adsorption technique that 

is highly inexpensive and readily accessible.  

For the past decade, the PEM field has experienced exponential growth in both 

application and theoretical advances. The first book solely on this topic was published in 

2003 as this still-expanding research field entered its 12th year [36]. 

 

1.2.2 Suitable Support Materials 

 

It is possible to coat almost any solvent-accessible surface including sub-micron 

objects [37], the insides of tubing or even objects with a surface of several square meters. 

Many different surfaces have been employed as substrates for depositing multilayers. 

Some examples are silicon wafers [38], fused silica capillary tubes [39], glass [40], 

titanium oxide [41], Rhodamine B labeled melamine formaldehyde [42] and charged 

latex particles [43]. 

In general, the material chosen as the support is determined by the particular 

analytical method being used or the application purposes. Glass, quartz, silicon wafers, 

mica, and gold coated supports are the materials used most frequently. Due to their 

transparency, glass and quartz are most suitable for their use in UV/VIS spectroscopy, as 

well as for optical microscopy. Silicon wafers are well suited for ellipsometric studies 

[44] and may serve for IR-spectroscopic investigations [45] since they are transparent in 

a wide infrared (IR) range. Also, their smooth surface renders them well suited for X-ray 

reflectivity studies [46] and for near-field microscopy. Mica [47] and float glass [48] are 
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also useful alternatives for these purposes. Gold coated surfaces are used in 

electrochemical studies [49], investigations by quartz crystal microbalance (QCM) [50], 

and studies by surface plasma resonance (SPR) [51], as well as in infrared reflection-

absorption spectroscopy (IR-RAS) [52]. Recently, spherical colloidal supports have been 

increasingly employed [53]. The destruction of core particles by physical or chemical 

means allows for the preparation of hollow spheres [54, 55]. Multilayers have even been 

grown on collapsed, toroidal DNA particles [56]. 

For some practical applications such as in microfluidic devices [57, 58] uniform 

and reproducible deposition of PEMs on organic polymers is necessary. The possibility 

of depositing PEM films on untreated PMMA, poly(phenylene oxide) and 

poly(etherimide)s has been explored by Delcorte et al.[59]. 

Only a few studies exist investigating the effect of the geometry of the substrates. 

Planar solid supports have been mostly used, for convenience. Other geometries, such as 

fibers have been used and seem to pose no particular problems [60]. Porous materials 

have also been used, but a substantial number of dipping cycles is needed to cover the 

pores efficiently [61, 62]. 

 

1.2.3 Suitable Building Materials 

 

The LbL technique is generally based on the electrostatic interaction between the 

oppositely charged species being used. Due to this fact, the most commonly used 

building materials are polyelectrolytes, especially synthetic functional polyelectrolytes. 

Figure 1.3 shows the structures of some commonly used PEs. The studies of different 

functional polyelectrolytes are extensive, including conducting and light-emitting 

polymers [63] , non-conjugated redox-active polymers [64] , polymeric complexes such 

as the Cu2+ complex of poly(ethyleneimine) [65], Ru2+ complex of 2,2’-bipyridyl 

containing polymers [66], or an Os2+ complex of poly(vinylpyridine) [67], reactive 

polymers [68], polymers bearing non-linear optically active dyes [69], liquid crystalline 

polyelectrolytes [70], and dendrimers [71]. 
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Nanoscale objects have also been used in building PEMs. Stable colloidal 

dispersions of charged silica [72], metal oxides [73], polyoxometalates [74], 

semiconductor nanoparticles [75], and fullerenes [76], as well as metal colloids [77], 

metallo-supramolecular complexes [78], charged latex spheres [79], and microcrystallites 

[80] have been successfully employed to form PEM coatings. Natural polyelectrolytes 

have been used for PEMs as well, such as nucleic acids [81], proteins [82], and 

polysaccharides [83], as well as certain charged supramolecular biological assemblies 

such as viruses [84], or membrane fragments [85]. The investigations were mostly 

motivated by their biological function and biomimicking applications, e.g. for 

biocompatibilization of surfaces, enzymatic activity, sensing purposes, or molecular 

recognition.  

 

1.2.4 Factors Affecting the Buildup and Structure of PEMs 

 

Polymer adsorption on the surface mainly takes place during the first couple of 

minutes after exposure of the substrate to the polyelectrolyte solution [30]. Even so, 5-20 

minutes are normally given for the deposition process to be complete. The reason is that 

surface adsorption of polyelectrolytes is a two-step process: a few segments of the whole 

polymer chains are attached to the substrate surface during a fast initial step, and then 

relax to form a densely packed structure during a slower second step [30, 96]. This 

second step requires much longer time. 

Like a chemical reaction, the precise control of the PEM buildup and properties 

depends on a series of parameters. A detailed analysis of the factors controlling the 

growth of PEMs [30, 86-89] and the mechanism of the PEM buildup was completed [90]. 

In addition, the microion effect on the swelling and smoothing properties of PEMs [91] 

and ion transport through PEM membranes [92, 93] were also studied. In general, the 

influence of polyelectrolyte concentration on the adsorption step is small as long as a 

critical threshold value is exceeded [94, 95]. Addition of microions (salts) to the 

deposition solutions allows the adjustment of the thickness and roughness of PEMs over 

a wide range [1, 44, 46, 88]. The effect of the molecular weight of the polyelectrolytes is 

also important and will be discussed in detail in Chapter 3 [96]. The effect of pH on 
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different PEM systems has been studied by several research groups [6, 97, 98] and will 

be addressed in detail in Chapter 4, 5 and 6 including the development of novel features 

and applications of these pH-responsive PEM systems. Other factors, such as the effect of 

different solvents [99-102] and temperatures [103-105] have also been studied. 

One thing worth pointing out here is: the PEM does not indeed possess a well-

defined alternating layered structure. Its structure is more like “spaghetti”, with adjacent 

layers interpenetrating each other.  

 

1.2.5 Applications 

 

More than a decade after the first study of this layering technique, the number of 

investigations of this technique has increased dramatically. Such investigations include 

analytical separations using open tubular capillary electrophoresis (OT-CE) [106], 

antifouling [107, 108], antireflective coatings [109], corrosion protection [110], 

electrochromism and electrocatalysis [111], encapsulation and drug delivery [112], 

microchannel flow control [113] and surface induced nucleation [114]. This technique 

can also be applied in the design of various objects such as: compartmentalized films 

with barrier layers or separation membranes [115], destructive membranes [116], free-

standing membranes [117], high charge density batteries [118], membrane reactors [119], 

modified electrodes [120], optical data storage and magnetic films [121], optically active 

PEM membranes [122], photonic devices such as light emitting diodes [123]; or in the 

control of surface properties for the use of biocompatibility [124], biosensing [125], 

chemical sensing [126], controlled particle and catalyst preparation [127], controlling cell 

growth [128], controlling surface charge density and polarity [129] and enzyme 

immobilization [130]. Now, after 13 years of interest from scientists, the technique is no 

longer a mere laboratory curiosity. The first commercial product, a disposable contact 

lens with multilayer coating, was announced at the 223rd ACS National Meeting in 2002. 

Yasa-sheet, manufactured in Shiratori NanoTechnology Co., is another commercially 

available product that is based on LbL technique. Yasa-sheet is made of alternating layers 

of chitosan and an enzyme-containing liquid extracted from bamboo. The protective 

wrapper works by suppressing the food's emission of ethylene gas. 
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1.3 Introduction to the Aims and Accomplishments of This Dissertation 

 

1.3.1 Introductions to the Dissertation Content 

 

Both fundamental studies on polyelectrolyte complexes and multilayer systems 

and applications development were included in this dissertation. 

The thermodynamics of polyelectrolyte complexation reactions, one of the most 

important fundamental properties, was almost never investigated experimentally due to 

the athermal nature of the interaction. This was studied with the help of the highly 

sensitive Isothermal Titration Calorimetry (ITC) method and will be discussed in detail in 

Chapter 2. Factors affecting the buildup process of PEM systems, such as the molecular 

weight of the polymers and salt concentration in the deposition solutions, were 

investigated and will be addressed in Chapter 3. Chapters 4-7 are focused on the study of 

the effect of pH on the pH-dependent PEC and PEM systems and the development of 

applications based on these effects. A novel PEC with pH-tunable solubility will be 

introduced in Chapter 4. pH-tunable PEMs will be introduced and characterized in 

Chapter 5 and 6. Finally one application of the protein purification technique based on 

the pH-tunable PEMs will be described in Chapter 7. 

 

1.3.2 PEM Nomenclature 

 

For clarity and convenience, the following shorthand is employed to describe 

different multilayer systems: (A/B)x where A is the starting polyelectrolyte contacting the 

substrate by serving as the first layer, B is the next polyelectrolyte contacting solutions or 

air by serving as the last layer. x is the number of layer pairs. For example, in (A/B)xA, 

polymer A would be the terminating polyelectrolyte. Salt, MY (cation M and anion Y), 

has an important role in the buildup process and is represented by (A/B)x @c MY, where 

c is the molarity of the salt (MY) in the polymer deposition solution. The pH can be 

included in the nomenclature especially when using pH-dependent PEMs. For example, 

(PDADMA/PSS)2 @0.25 M NaCl @pH 7.4, represents two pairs of PDADMA/PSS built 

at 0.25 M NaCl and pH 7.4. 
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CHAPTER 2 

 

THERMODYNAMICS OF POLYELECTROLYTE COMPLEXATION 

 

 

2.1 Introduction to the Formation of Polyelectrolyte Complexes 

 

Electrostatic interaction between oppositely charged polyelectrolytes drives them 

to associate and form complexes of various morphologies. The controlled complexation 

of charged macromolecules plays an important role in various fields of science and 

technology, such as interactions between charged polymer and DNA [1] or polymer 

micelles [2] and solubilization enhancement by polymer-surfactant complexes [3]. 

Polyelectrolyte complexes have been
 
studied since the early 60’s. Michaels [4] 

showed that the interaction between a polyanion and a polycation yields a precipitate 

which contains essentially stoichiometric equivalents of the component polyions. The 

composition of the PEC is independent of the relative proportions of the component 

polymers, and of the order or rate of addition. Later Tsuchida et al. studied the formation 

of polymer complexes by comparing different complexation interactions and different 

solvation properties of the component polymers [5, 6]. Recently cooperative electrostatic 

interactions were explored in more detail both experimentally and theoretically [7, 8]. 

The effect of salt has also been studied theoretically on the polyelectrolyte-ligand binding 

[9] and experimentally on the polyelectrolyte complex formation [10]. 

The nearly athermal nature of the complexation process
 
[4] limited the use of 

conventional calorimetric methods for studying its thermodynamics. However, isothermal 

titration calorimetry (ITC) has been shown to be an effective tool for the thermodynamic 

study of both biomacromolecule binding interactions [11] and synthetic polyelectrolyte 

aggregation [12] because of its high sensitivity and accuracy.  
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The thermodynamics of polyelectrolyte complexation was studied by employing 

the isothermal titration microcalorimetric technique in this chapter. The association 

behavior of oppositely charged linear polyion pairs was investigated and the effects of the 

type of polymer and microions (salt) used on the formation and the stability of 

polyelectrolyte complexes will be discussed.  

 

2.2 Experimental Conditions 

 

Figure 2.1 shows the schematic diagram of the Variable Potential Isothermal 

Titration Calorimeter unit (VP-ITC, MicroCal Inc., Northampton, MA). The VP-ITC unit 

directly measures the heat evolved or absorbed by liquid samples as a result of injecting 

precise amounts of reactants. A spinning syringe is utilized for injecting and subsequent 

mixing. A pair of identical coin shaped cells is enclosed in an adiabatic shield. One is the 

sample cell while the other is the reference cell. Polyelectrolyte solution 1 was placed in a 

300 µL continuously rotating (kept at 310 rpm in this project) syringe. The sample cell 

had a volume of 1.4545 mL and was filled with polymer solution 2 prior to each 

experiment. Temperature differences between the reference cell and the sample cell are 

measured, corrected to power units and displayed to the user. The data channel is referred 

to as the differential power (DP) between the reference cell and the sample cell. An 

injection which results in the evolution or absorption of heat within the sample cell 

causes a change in the DP power. Since the DP has units of power, the time integral of 

the peak yields a measurement of thermal energy, ∆H. The polycations employed in this 

chapter included: poly(diallyldimethyl ammonium chloride) PDADMA (Aldrich, Mw = 

369 kDa, Mw/Mn = 2.09), poly(allylamine hydrochloride) PAH (Aldrich, Mw = 50 kDa) 

and poly(N-methyl-4-vinylpyridinium bromide) PM4VP, which was synthesized from 

P4VP (Polysciences, Inc., Mw = 47 kDa, Mw/Mn = 1.14). The methylation of P4VP is by 

the following procedure: P4VP (200 mg, 1.9 mmol) was dried at 110 
o
C and dissolved in 

15 mL of a 50/50 mixture of DMF and nitroethane which had been dried using molecular 

sieve. Methyl iodide (0.18 mL, 2.9 mmol) was added and the mixture was maintained at 

45 
o
C for four hours. Ethyl acetate was used to precipitate the product PM4VP, which 

was then filtered and washed with ethyl acetate as well. 
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Figure 2.1. Schematic drawing of a VP-ITC unit. The sample cell and the reference cell 

are placed in the adiabatic shield. A spinning syringe is utilized for injecting and 

subsequent mixing. Spin rates are user selectable.  
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The polyanions used included: polystyrene sulfonate PSS (Scientific Polymer 

Products, Mw = 72.5 kDa, Mw/Mn = 1.06), sodium polystyrene sulfonate PSSNa, obtained 

by titrating PSS with NaOH, sulfonated poly(ether ether ketone) SPEEK, which was 

synthesized from PEEK
TM

 (450P, Mw = 100 kDa, Mw/Mn = 2.27, Victrex Ltd.). This was 

done by adding 70 mL of 98% H2SO4 to 2.0 g of PEEK in a 250 mL round bottom flask 

[13]. The reaction mixture was maintained under inert conditions at 75 
o
C with constant 

stirring. The reaction was left for 6 hours, at which time the solution turned reddish-

brown because all the PEEK pellets were dissolved. The mixture was then washed with 

0.1 M HCl to remove excess sulfuric acid which is less volatile than HCl. The product, 

SPEEK, was obtained after decantation, filtration, rinses using 0.1 M HCl and dialysis for 

four times. The concentration of the polymer solution in the sample cell was 

approximately 0.5 mM; the concentration of the polymer solution in the syringe was 

approximately 10 mM.  The concentration of NaCl was varied over the course of 

experiment from 0.1 to 1 M. However, the concentration of NaCl in the two polymer 

solutions was always kept the same. The sample solutions were degassed for 7 minutes at 

18 
o
C prior to each experiment. The heat of dilution and the heat of reaction 

(complexation) were measured using a VP-ITC titration microcalorimeter at 25 
o
C.  

The solvent used was ultrapure water, which was purified by both ion exchange 

and filtration steps (Barnstead E-pure deionizing system). A total of twenty-five 

injections were made in each experiment. Each injection volume was 6 µL and samples 

were injected at intervals of 220 seconds. The only exceptions were the injections No. 9-

16, where the injection volume was 3 µL. This was done to obtain more data points close 

to the stoichiometric point. An experiment using blank solutions (i.e. without polymer) 

was done before each experiment to obtain a background which was used to eliminate 

any unwanted heat effect such as heat of dilution. Data analysis was carried out using a 

home-designed fitting model (see the next section for the detail of data handling).  

A ternary solvent mixture
 
[4] (20 wt.% NaBr, 20 wt.% acetone, 60 wt.% water), 

which dissolves the polymer complexes, was used to clean the cell and the syringe 

between each experiment. 

 

2.3 A Model Designed for Fitting ITC Experimental Data 
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In the following equations, 

Vo = active cell volume; 

∆Vi = the volume of the i
th

 injection; 

∆V = total displaced volume after the i
th

 injection; 

M
0
 and X

0
 are the initial concentrations of polymer M and X before the first injection 

respectively; 

Mt and Xt are the actual concentrations of polymer M and X after each injection 

respectively; 

K = association constant; 

[X] = the concentration of the polymer X that is not associated to polymer M in the cell; 

Θ = the fraction of association between M and X; 

∆H = the molar heat of complex association. 

Generally, two polymers are involved in an ITC experiment when studying the 

polyelectrolyte complexation interaction. The polymer (referred to as M) that is placed in 

the cell has an initial concentration of M
o
. While the polymer (referred to as X) that is 

placed in the syringe has an initial concentration of X
o
. It is assumed throughout, that the 

polymer M is at its initial concentration M
o
 before the first injection, and the polymer X 

is initially at zero concentration in the cell. 

The working volume of the lollipop-shaped cell is referred as Vo. The size of the 

i
th

 injection is ∆Vi and the total liquid which has been injected at any point during the 

experiment, ∆V, is simply the sum of the individual ∆Vi for all injections. 

Vo

∆V 

 

During the titration experiment, both the cell and the long communication tube 

are filled with polymer solution, but only the volume Vo can be sensed calorimetrically. 

Because of the total-fill nature of the cell, each injection drives liquid out of the working 
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volume and up into the inactive tube as shown by the darkened portion representing ∆V. 

Thus, the concentration of the polymer M changes by a small amount after each injection, 

since the total number of moles of the polymer M initially in the cell (i.e. M
o
 times Vo) is 

later distributed in a larger volume, Vo + ∆V. Since the average concentration of the 

polymer M in ∆V is the mean of the beginning concentration M
o
 and the present 

concentration Mt in the active volume, then conservation of mass requires that 

VMMVMVM tt ∆++= )(
2

1 0

00

0                                                                          (1) 

so that 
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Using similar reasoning, it can be shown that the actual concentration of the 

polymer X in Vo, Xt, is related to the initial concentration X
o
 in the syringe (assuming 

that mixing is fast) as follows: 
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The above expressions for Mt and Xt are used to correct for the displaced volume 

effects which occur with each injection. 

In a typical complexation reaction, the association constant K is defined by 

equation (5), while the actual concentration of polymer X is expressed by equation (6), 

( )[ ]X
K

Θ−

Θ
=

1
                                                                                                      (5) 

[ ] tt MXX Θ+=                                                                                                     (6) 

Combining equation (5) and (6) above gives 

0
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The total heat content, Q, of the solution contained in Vo (determined relative to 

zero for the unliganded species) at fractional saturation, Θ, is 

HVMQ t ∆Θ= )( 0                                                                                                   (8) 

Solving the quadratic equation (7) for Θ and then substituting it into eq. (8) gives 
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The value of Q above can be calculated (for any chosen values of K and ∆H) at 

the end of the i
th

 injection as the designated Q(i). The parameter of interest, however, is 

the change in the heat content from the completion of the (i-1)
th

  injection to completion 

of the i
th

 injection. The expression for Q in eq. (9) only applies to the liquid contained in 

volume Vo. Therefore, after completing an injection, a correction must be made for the 

displaced volume. This is because some of the liquid in Vo after the (i-1)
th

 injection will 

no longer be in Vo after the i
th

 injection, but it will contribute to the heat evolved 

(assuming the kinetics of reaction and mixing are fast) before it passes out of the working 

volume Vo. The liquid in the displaced volume contributes about 50% as much heat 

evolved as an equivalent volume remaining in Vo. The correct expression, then, for heat 

evolved, ∆Q(i), from the i
th

 injection is 

)1(
2

)1()(
)()(

0

−−






 −+
+=∆ iQ

iQiQ

V

dV
iQiQ i                                                    (10) 

 

During the ITC experiments, the raw data of DP power change are plotted as a 

function of the experiment time (see Figure 2.2 for an example). Each peak in the 

negative or positive direction corresponds to each injection and is generated by the 

evolution or absorption of heat inside the sample cell. After collecting the raw data, the 

Origin software integrates the area of each peak and plots the heat of injection vs. mole 

ratio of polymer solution M to X using the concentrations and volumes of the solutions in 

the sample cell. Then the data is fitted using the afore mentioned fitting model and 

thermodynamic data are extracted from the fitted curve. The fitting was done manually 

using Excel Spreadsheet. 
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Figure 2.2. DP power change vs. experiment time. PDADMA (11.36 mM, in the syringe) 

was complexed to PSS (0.44 mM, in the cell). Both solutions contained 0.1 M NaCl. Cell 

temperature was kept at 25 oC. Stirring speed was kept at 310 rpm. Injection volume was 

3 µL for injection #9-16 and 6 µL for injection #1-8 and #17-25 respectively. 
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Figure 2.3 demonstrates sample fitted curves for a strong association interaction 

(solid curve) and a weak association interaction (dotted curve). As known, the association 

constant K or free energy change ∆G is bigger for the strong association interaction than 

for the weak association interaction. In the ITC experiments, the slope of the fitted curve 

is steeper for the strong association interaction than for the weak association interaction, 

which is in agreement with this.  

 

2.4 Thermodynamics of the Formation of PDADMA/PSS Complex 

  

2.4.1 Fitting data Using Variable Association Constant K 

 

In these experiments, the polymer PDADMA (11.36 mM) was placed in the 

syringe, while the polymer PSS was placed (0.44 mM) in the sample cell. As an example, 

the raw data of the differential power (DP) change was plotted as a function of 

experiment time (Figure 2.2) when 0.1 M NaCl was present in both polymer solutions. In 

the figure, each peak corresponds to an injection. Negative peaks indicate that the 

complexation between PDADMA and PSS is exothermal. The area of the peak decreases 

as more PSS is consumed by association with PDADMA. At the stoichiometric point all 

the PSS in the sample cell is associated with PDADMA. Therefore the peaks 

corresponding to the titration after the 1:1 molar ratio become barely distinguishable from 

the baseline, which is generated by the heat of dilution and subtracted later by the control 

experiment. 

Figures 2.4-2.7 are plots of the heat of injection (obtained by the integration of 

peak areas from the raw data plot) versus the molar ratio of PDADMA to PSS using 

different but matching concentrations of salt (0.1/0.2/0.3/0.5/1 M NaCl respectively) in 

both polymer solutions.  

From the experimental data, the heat of complexation interaction is negative 

before the stoichiometric equivalent point. This indicates that the complexation process is 

exothermal. The data also confirms the well-known 1:1 stoichiometry of PE 

complexation interaction [4, 10]. 
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Figure 2.3. An example of fitted curves for strong association interaction (solid curve) 

and weak association interaction (dotted curve). 
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Figure 2.4. Heat of injection vs. mole ratio of PDADMA to PSS. PDADMA (11.36 mM) 

was put in the auto-injecting syringe (300 µL, rotating at 310 rpm). PSS (0.44 mM) was 

kept in the sample cell (1.4545 mL). 0.1 M NaCl was present in both solutions. Cell 

temperature was kept at 25 oC. Stirring speed was kept at 310 rpm. Injection volume was 

3 µL for injection #9-16 and 6 µL for injection #1-8 and #17-25 respectively. Graph 

shows experimental data and fitted curve. 
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Figure 2.5. Heat of injection vs. mole ratio of PDADMA to PSS. 0.2 M NaCl was 

present in both solutions. Refer to the cation of Figure 2 for other experimental details. 

Graph shows experimental data and fitted curve. 
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Figure 2.6. Heat of injection vs. mole ratio of PDADMA to PSS. 0.3 M NaCl was 

present in both solutions. Refer to the cation of Figure 2 for other experimental details. 

Graph shows experimental data and fitted curve. 
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Figure 2.7. Heat of injection vs. mole ratio of PDADMA to PSS. 0.5 M NaCl was 

present in both solutions. Refer to the cation of Figure 2 for other experimental details. 

Graph shows experimental data and fitted curve. 

 



 26

From the shape of the fitted curves in Figures 2.4-2.7 (notice a more gradually 

changing curvature at the beginning of the complexation compared to a sharper change of 

the curvature towards the end of the titration), it is apparent the complexation interaction 

has a lower association constant during the complexation process but a higher association  

constant near the stoichiometric point. It is possible that at the end of the complexation 

process, the titrating polymer, PDADMA, adapts a more relaxed configuration when 

associating with the titrated polymer, PSS, to gain some entropy. This would cause the 

sudden increase in the association constant. 

We arbitrarily assign the later association constant K2 (molar ratio>0.95) an order 

of magnitude higher than the earlier association constant K1 (molar ratio<0.95). The fitted 

curves are also plotted in Figures 2.4-2.7. The thermodynamic data extracted from the 

fitting are listed in Table 2.1. 

The association constants of the complexation, K1 and K2, are in the order of 10
4
-

10
6
, (See Table 2.1), indicating that the complexation is very thermodynamically 

favorable. The enthalpy change of the complexation process is relatively small (only in 

the range of 1.5-2 kJ/mol, accounting for 5-6% of the total free energy change), which 

proves the process is entropically driven regardless of the salt concentration [7]. Michaels 

[4] explained this behavior as the “escaping tendency” of the microions (counterions) 

associated with each separate polyion. That means that the entropy increase upon 

microion liberation exceeded any entropy decrease upon collapse and condensation of the 

polyion-polyion pair. 

The formation of polyelectrolyte multilayers has the same driving force as the 

formation of polyelectrolyte complexes. According to the previous study in our group 

[14], the driving force in the formation of polyelectrolyte multilayers is competitive 

charge compensation instead of solely electrostatic or ionic interaction [15, 16]. When a 

polymer molecule is deposited on the oppositely charged surface of a polyelectrolyte 

multilayer (PEM), it displaces salt counterions dwelling on the multilayer surface [17]. 

According to the intrinsic charge compensation effect due to the preference of polymer-

polymer electrostatic interaction over small counterion-polymer segment interaction, 

interactions between polymer charges are well balanced. Small counterions are thus 

strongly excluded from the bulk of multilayer to the film surface [15, 18]. 
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Table 2.1. Thermodynamic data extracted from the fitted curves. The complexation was 

performed using PDADMA (11.36 mM) and PSS (0.44 mM) in the presence of NaCl in 

varying concentrations. K is the association constant. K1 represents the region with the 

molar ratio smaller than 0.95, and K2 represents the titrating region with the molar ratio 

greater than 0.95. ∆H, ∆S and ∆G are the changes of enthalpy, entropy and free energy of 

the complexation process respectively. K and ∆H were extracted from the fitting curves. 

∆S and ∆G were calculated value from K and ∆H. 

 

 

[NaCl] (M) K1 ∆H1(kJ/mol) ∆G1(kJ/mol) ∆S1(J/mol*K) 

0.1 (8.0±4.0)x105 -2.1±0.1 -34 106 
0.2 (2.0±1.0)x105 -1.9±0.1 -30 95 
0.3 (9.0±4.5)x104 -1.7±0.1 -28 89 
0.5 (3.2±1.6x104 -1.5±0.1 -26 81 
1.0 (8.0±4.0)x103 -1.1±0.1 -22 71 

[NaCl] (M) K2 ∆H2(kJ/mol) ∆G2(kJ/mol) ∆S2(J/mol*K) 

0.1 (8.0±4.0)x106 -2.1±0.1 -39 125 
0.2 (2.0±1.0)x106 -1.9±0.1 -36 114 
0.3 (9.0±4.5)x105 -1.7±0.1 -34 108 
0.5 (3.2±1.6x105 -1.5±0.1 -31 100 
1.0 (8.0±4.0)x104 -1.1±0.1 -28 90 
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2.4.2 Salt Effect and Normalized Association Constant 

 

As the salt concentration increases, the enthalpy change decreases along with the 

association constant values. It can be rationalized in terms of electrostatic interactions [7]. 

Salt ions near the charged site of the polymer chain can screen the charges and hinder the 

electrostatic interactions between them. When studying the association of oppositely 

charged macromolecules such as polyelectrolytes, increasing the salt concentration 

dramatically weakens the binding. As a result, the higher the salt concentration, the less 

favorable the complexation is. This salt dependence can be interpreted as the entropically 

favorable release of “thermodynamically” bound counterions which drives the binding 

but is weaker at higher salt concentrations [9]. 

A similar phenomenon was seen in other polyelectrolyte complex systems
 
[19] 

where salt even prohibited the formation of PEC. This same phenomenon occurs in the 

polyelectrolyte multilayer system too, in which different multilayer systems could be 

decomposed using solutions with different salt concentrations [20, 21]. 

In a typical complexation reaction (Pol
+
Cl

-
 + Pol

-
Na

+
 ↔ Pol

+
Pol

-
 + Na

+
 + Cl

-
), 

small counterions such as sodium and chloride are released as the complex is formed. In 

our fitting model mentioned above, the concentration of the small counterions is not 

taken into consideration. Therefore the K is actually a “conditional” association constant 

that depends on the salt concentration. 

When taking the salt concentration of the complexation reaction into 

consideration, according to the literature [22], an equation relating the interaction energy 

(∆G
0
) under standard conditions (1 M NaCl) to the interaction energies (∆G) under 

nonstandard conditions (for salt concentrations other than 1 M )is obtained as ∆G = ∆G
0
 

+ RTln[NaCl]
2
. 

Therefore, a similar relationship between standard K
0
 and nonstandard K is set up 

as K = K
0
/[NaCl]

2
. “Conditional” association constant K1 was plotted as a function of salt 

concentration in Figure 2.8 using the natural logarithmic scale. BY extrapolation, the 

standard K
0
 was determined to be 8050. Accordingly, ∆G° at standard conditions is -22.3 

kJ/mol, higher compared to the reported value (-8.0 kJ/mol) [22]. 
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Figure 2.8. Association constant K1 vs. salt concentration (plotted using the natural 

logarithmic scale). 
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2.4.3 Correcting Association Constant K According to Different Reference State 

 

According to the above definition, the concentration of repeat units is used in the 

fitting model. In the polymer solution, the “actual” concentration of polymer segments 

during complexation reaction is higher than the “nominal” concentration based on the 

repeat units due to the nature of polymeric structure, so a correction for the concentration 

term is used to obtain a more accurate association constant K’ (K’ = KM
0
). The corrected 

thermodynamic data is listed in Table 2.2. 

In order to support the concentration correction argument, an experiment was 

conducted under different polymer concentrations. 2.0 mM PDADMA was titrated 

against 0.1 mM PSS in the presence of 0.1 M NaCl (see Figure 2.9). The extracted 

thermodynamic data both in the “nominal” concentration state and the “corrected” 

concentration state is listed in Table 2.3. After correcting the concentration difference, 

the association constant K1’ (300) for the low polymer concentration system is in a good 

agreement with that (352) for the high polymer concentration system. 

 

2.5 Thermodynamics of the Complexation of PAH and PSS 

 

A buffer of 10mM sodium acetate/acetic acid was used in both polymer solutions 

to keep the pH constant at 4.5 so that PAH is completely positively charged (the 

secondary amine in PAH has a pKa ~ 8.7) [23].  

Figures 2.10-2.12 are the plots of heat of injection vs. mole ratio of PAH (9.89 

mM) to PSS (0.44 mM) while using different concentrations of salt (0.1/0.2/1 M NaCl 

respectively) in both polymer solutions. The data was fitted and the thermodynamic data 

extracted from the fitted curves is listed in Table 2.4. The data based on the corrected 

concentration is listed in Table 2.5. 
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Table 2.2. Thermodynamic data extracted from the fitted curves. The complexation was 

performed using PDADMA (11.36 mM) and PSS (0.44 mM) in the presence of different 

NaCl concentrations in both solutions. K’ is the association constant related to the 

corrected polymer segment concentration. K1’ represents the region with the molar ratio 

smaller than 0.95, and K2’ represents the titrating region with the molar ratio greater than 

0.95. ∆H’ is the same as ∆H in Table 2.1. ∆S’ and ∆G’ were calculated from K’ and ∆H’.  

 

 

[NaCl] (M) K1
' ∆H1

'(kJ/mol) ∆G1
'(kJ/mol) ∆S1

'(J/mol) 

0.1 352±176 -2.1±0.1 -15 42 
0.2 88±44 -1.9±0.1 -11 31 
0.3 40±20 -1.7±0.1 -9 25 
0.5 14±7 -1.5±0.1 -7 17 
1.0 3.5±1.7 -1.11±0.1 -3 7 

[NaCl] (M) K2
' ∆H2

'(kJ/mol) ∆G2
'(kJ/mol) ∆S2

'(J/mol) 

0.1 3520±1760 -2.1±0.1 -20 61 
0.2 880±440 -1.9±0.1 -17 50 
0.3 400±200 -1.7±0.1 -15 44 
0.5 140±70 -1.5±0.1 -12 36 
1.0 35±17 -1.11±0.1 -9 26 
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Figure 2.9. Heat of injection vs. mole ratio of PDADMA (2.0 mM) to PSS (0.1 mM). 0.1 

M NaCl was present in both solutions. Refer to the cation of Figure 2 for other 

experimental details. 
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Table 2.3. Thermodynamic data extracted from the fitting curves. The complexation 

process was performed using PDADMA (2.0 mM) and PSS (0.1 mM) in the presence of 

0.1 M NaCl in both solutions. K1 and K1’ represent the region with the molar ratio 

smaller than 0.95. K2 and K2’ represent the titrating region with the molar ratio greater 

than 0.95. (a) Parameters were obtained based on the “nominal” polymer segment 

concentration. (b) Parameters were obtained based on the “corrected” polymer segment 

concentration.  

 

(a) 

[NaCl] (M) K1 ∆H1(kJ/mol) ∆G1(kJ/mol) ∆S1(J/mol*K) 

0.1 (3.0±1.5)x106 -2.1±0.1 -37 117 

[NaCl] (M) K2 ∆H2(kJ/mol) ∆G2(kJ/mol) ∆S2(J/mol*K) 

0.1 (3.0±1.5)x107 -2.1±0.1 -43 136 
 

(b) 

[NaCl] (M) K1
' ∆H1

'(kJ/mol) ∆G1
'(kJ/mol) ∆S1

'(J/mol) 

0.1 300±150 -2.1±0.1 -14 40 

[NaCl] (M) K2
' ∆H2

'(kJ/mol) ∆G2
'(kJ/mol) ∆S2

'(J/mol) 

0.1 3000±1500 -2.1±0.1 -20 60 
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Figure 2.10. Heat of injection vs. mole ratio of PAH to PSS. PAH (9.89 mM) was put in 

the auto-injecting syringe (300 µL, rotating at 310 rpm). PSS (0.44 mM) was kept in the 

sample cell (1.4545 mL). 0.1 M NaCl was present in both solutions. pH was kept at 4.5 in 

both solutions with the use of acetate buffer (10 mM Sodium Acetate/Acetic acid). Cell 

temperature was kept at 25 oC. Stirring speed was kept at 310 rpm. Injection volume was 

3 µL for injection #9-16 and 6 µL for injection #1-8 and #17-25 respectively. 

 



 35

 

-1.5

-1.3

-1.1

-0.9
-0.7

-0.5

-0.3

-0.1

0.1

0.0 0.5 1.0 1.5

Molar Ratio (PAH:PSS)

kJ
/m

ol
e 

of
 in

je
ct

an
t

 

Figure 2.11. Heat of injection vs. mole ratio of PAH to PSS. 0.2 M NaCl was present in 

both solutions. Refer to the cation of Figure 8 for other experimental details. 
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Figure 2.12. Heat of injection vs. mole ratio of PAH to PSS. 1.0 M NaCl was present in 

both solutions. Refer to the cation of Figure 8 for other experimental details. 
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Table 2.4. Thermodynamic data extracted from the fitted curves. The complexation 

process was performed using PAH (9.89 mM) and PSS (0.44 mM) in the presence of 

0.1/0.2/1.0 M NaCl respectively in both solutions. K1 represents the region with the 

molar ratio smaller than 0.95, and K2 represents the titrating region with the molar ratio 

greater than 0.95. 

 

[NaCl] (M) K1 ∆H1(kJ/mol) ∆G1(kJ/mol) ∆S1(J/mol*K) 

0.1 (8.0±4.0)x105 -1.3±0.1 -34 109 
0.2 (8.0±4.0)x105 -1.4±0.1 -34 108 
1 (8.0±4.0)x105 -1.5±0.1 -34 108 

[NaCl] (M) K2 ∆H2(kJ/mol) ∆G2(kJ/mol) ∆S2(J/mol*K) 

0.1 (8.0±4.0)x106 -1.3±0.1 -40 128 
0.2 (8.0±4.0)x106 -1.4±0.1 -40 128 
1 (8.0±4.0)x106 -1.5±0.1 -40 127 
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Table 2.5. Thermodynamic data extracted from the fitted curves. The complexation 

process was performed using PAH (9.89 mM) and PSS (0.44 mM) in the presence of 

0.1/0.2/1.0 M NaCl respectively in both solutions. Parameters were obtained based on the 

corrected concentration. K1 represents the region with the molar ratio smaller than 0.95, 

and K2 represents the titrating region with the molar ratio greater than 0.95. 

 

[NaCl] (M) K1
' ∆H1

'(kJ/mol) ∆G1
'(kJ/mol) ∆S1

'(J/mol) 

0.1 352±176 -1.3±0.1 -15 45 
0.2 352±176 -1.4±0.1 -15 44 
1 352±176 -1.5±0.1 -15 44 

[NaCl] (M) K2
' ∆H2(kJ/mol) ∆G2

'(kJ/mol) ∆S2
'(J/mol) 

0.1 3520±1760 -1.3±0.1 -20 64 
0.2 3520±1760 -1.4±0.1 -20 63 
1 3520±1760 -1.5±0.1 -20 63 
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The PAH/PSS complex shows the same general behavior and characteristics as 

the PDADMA/PSS system (athermal, enthalpy and entropy change in the same range, 

high association constant). However, as the salt concentration increases from 0.1 M to 1.0 

M, the data retains its “s” shape. There is not any noticeable change for the 

thermodynamic parameters. This indicates that the salt concentration affects the 

formation of PAH/PSS complex less than it affects the PDADMA/PSS complex. In other 

words, it is easier for salt to prohibit the formation of the PDADMA/PSS complex than 

the PAH/PSS complex. Indeed, experimentally it is shown that the complexation between 

PDADMA and PSS is completely inhibited by the presence of 3.5 M NaCl [24], while 

the PAH/PSS complex remains insoluble in salt concentration as high as 5.0 M NaCl. 

Similar behavior is observed in the polyelectrolyte multilayers. With the help of 

atomic force microscopy [22], it was found that, multilayers built with the 

PDADMA/PSS pair are more swellable than those made of PAH and PSS. The difference 

is presumed to reflect the relative degree of association of oppositely charged 

polyelectrolyte segments. Polymer pairs which form more hydrophobic complexes are 

expected to associate more strongly when in contact with aqueous solutions and would 

thus be less prone to swelling by salt.  

 

2.6 Thermodynamic Studies of the Complexation of Two Other PEC Systems 

 

2.6.1 Complexation between PDADMA (11.36 mM, in the syringe) and SPEEK (0.50 

mM, in the cell) 

 

Figure 2.13 is a plot of heat of injection vs. mole ratio using solutions with a 

concentration of 0.2 M NaCl. The thermodynamic data extracted from the curves is listed 

in Table 2.6. 
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Figure 2.13. Heat of injection vs. mole ratio of PDADMA (11.36 mM, in syringe) to 

SPEEK (0.5 mM, in cell). 0.2 M NaCl was present in both solutions. Refer to the cation 

of Figure 2 for other experimental details. 
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Table 2.6. Thermodynamic data extracted from the fitted curves. (a) The complexation 

process was performed using PDADMA (11.36 mM) and SPEEK (0.50 mM) in the 

presence of 0.2 M NaCl in both solutions. K1 represents the region with the molar ratio 

smaller than 0.95, and K2 represents the titrating region with the molar ratio greater than 

0.95. (b) The complexation process was performed between PSSNa (8.55 mM) and 

PM4VP (0.45 mM) in the presence of 0.1 M NaCl in both solutions. 

 

(a) 

PDADMA/SPEEK [NaCl] (M) K1 ∆H1(kJ/mol) ∆G1(kJ/mol) ∆S1(J/mol*K) 

11.36 mM/0.50 mM 0.2 (9.0±4.5)x106 -2.2±0.1 -40 141 

PDADMA/SPEEK [NaCl] (M) K2 ∆H2(kJ/mol) ∆G2(kJ/mol) ∆S2(J/mol*K) 

11.36 mM/0.50 mM 0.2 (1.0±0.5)x107 -2.2±0.1 -40 141 
 

(b) 

PSSNa/PM4VP [NaCl] (M) K1 ∆H1(kJ/mol) ∆G1(kJ/mol) ∆S1(J/mol*K) 

8.55 mM/0.45 mM 0.1 (5.0±2.5)x104 -2.5±0.1 -27 82 

PSSNa/PM4VP [NaCl] (M) K2 ∆H2(kJ/mol) ∆G2(kJ/mol) ∆S2(J/mol*K) 

8.55 mM/0.45 mM 0.1 (5.0±2.5)x104 -2.5±0.1 -27 82 
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Involving a very hydrophobic polymer, SPEEK, in the complexation reaction led 

to some interesting complexation behavior. The curve still retained its “s” shape, but it 

was inverted. From the data obtained, the entropy change was still dominant and the 

equilibrium constant was still large. However the enthalpy was positive this time. Since 

SPEEK is composed of both hydrophilic segments (sulfonate group) and hydrophobic 

segments (two benzene rings), it may be forming a micelle-like structure in solution.  So 

when complexing with another polymer, the ordered micelle-like structure of SPEEK has 

to be broken first. This would result in overall absorption of heat. However the total 

complexation was still thermodynamically favorable because of the entropy gain of the 

complexation.  

 

2.6.2 Complexation between PSSNa (8.55mM, in the syringe) and PM4VP (0.45mM, 

in the cell) 

 

PM4VP was placed in the cell instead of syringe, because of its counter ion, 

Bromide. If PM4VP was put in the syringe, the dilution of such a large ion would result 

in a lot of noise in the measurement. The reason fore choosing PSSNa instead of PSS was 

to avoid the dilution of the hydrogen ion, which may also cause a lot of noise. Figure 2.14 

was the plot of the heat of injection vs. mole ratio using a salt concentration of 0.1 M in 

both solutions. The thermodynamic data extracted from the curves is listed in Table 2.6.  

The general trend seen in the data was similar to the first two systems except for 

the last few points close to the stoichiometric end of titration.  The reason for this 

difference is still not well understood. The fitting result still showed an entropy-driven 

complexation and a large equilibrium constant. 

2.7 Conclusion 

 

Thermodynamic information can be successfully obtained via ITC. The results 

confirm that the formation of a polyelectrolyte complex is entropically driven and is 

highly thermodynamically favorable. Salt plays a very important role concerning the 

formation and stability of the PE complex. 
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Figure 2.14. Heat of injection vs. mole ratio of PSSNa (8.55 mM, in syringe) to PM4VP 

(0.45 mM, in cell). 0.1 M NaCl was present in both solutions. Refer to the cation of 

Figure 2 for other experimental details. 
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CHAPTER 3 

 

THE STUDY OF THE CONSTRUCTION OF POLYELECTROLYTE 

MULTILAYERS: STRIPPING VERSUS STICKING 

 

 

3.1 Factors Affecting the Buildup of PEM 

 

The procedure of building ultrathin polyelectrolyte multilayers was introduced in 

Chapter 1 and also comprehensively reviewed in the literatures [1, 2].  

There are several factors that affect the construction of PEM films using the LbL 

method [3], such as the type of polymers (weak vs. strong), the polymer concentration, 

the molecular weight of the polymers, the deposition time, the salt concentration in the 

deposition solution and the pH (which will be discussed in detail in Chapter 5). The 

properties of PEMs comprised of strong polyelectrolytes [4, 5] as well as weak 

polyelectrolytes [6, 7, 8] have been extensively studied, compared and summarized [9]. 

The influence of polyelectrolyte concentration on the adsorption step is generally small as 

long as a critical threshold value is exceeded [10]. Deposition time is also not a major 

factor here as long as the adsorption time is greater than a couple of minutes [11]. Salt 

concentration in the deposition solution plays a great role in building PEMs. Generally, 

the higher the salt concentration, the thicker the film that forms will be [12]. However, 

almost all PEM films tend to break apart when a critical salt concentration value is 

exceeded [13, 14, 15]. 

Among these factors, molecular weight, MW, of the polymers is generally 

thought to be a less important variable when compared to the salt concentration. 

Although this assumption is quite valid for high molecular weight polyelectrolytes, 
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several examples illustrate that the LbL deposition of PEMs does not always work well 

for low molecular weight species [16, 17, 18] or for nanoparticles [19]. 

The work presented in this Chapter was designed to study why the LbL buildup is 

compromised by low molecular weight components, to explore the lower limits for 

molecular weights and to find out what happens to the polymers that do not stick to the 

surface. 

 

3.2 Experimental Conditions 

 

3.2.1 Materials and Reagents. 

 

Sodium polystyrene sulfonate PSS (narrow molecular weight distribution) was 

obtained from Scientific Polymer Products, Inc. and used as the polyanions. Two 

molecular weights were used. The high molecular weight polyanion (Mn = 103.2 kDa, 

Mw/Mn = 1.23) is identified as “L-”, while the low molecular weight polyanion (Mn = 7.2 

kDa, Mw/Mn = 1.11) is identified as “S-”. 

Poly(4-vinyl pyridine) P4VP with two different molecular weights (narrow 

molecular weight distribution, Mn = 5.1 kDa and 46.7 kDa, Mw/Mn = 1.06 and 1.14 

respectively) was obtained from Polymer Sources Inc. and used as the polycation after 

methylation. After methylation with methyl iodide, the high molecular weight Poly(N-

methyl-4-vinyl pyridine), PM4VP (Mn = 110 kDa) is identified as “L+”, while the low 

molecular weight PM4VP (Mn = 12 kDa) is identified as “S+”. The characteristics of the 

polymers used are summarized in Table 3.1. 

The methylation of P4VP was performed by the following procedure: P4VP (200 

mg, 1.9 mmol) was dried at 110 oC and dissolved in 15 mL of a 50/50 mixture of DMF 

and nitroethane, which had been dried with molecular sieve. Methyl iodide (0.18 mL, 2.9 

mmol) was added and the mixture was maintained at 45 oC for four hours. The product, 

PM4VP, was precipitated with ethyl acetate, filtered and washed with ethyl acetate. The 

complete disappearance of the IR stretching band at 1414 cm-1 frequency in the IR 

spectra indicated over 95% methylation [20]. 
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Table 3.1. Characteristics of the polyelectrolytes employed in this Chapter. 

 

Identifier Polymer Mn (kDa) Mw/Mn Number of repeat unit 

“L+” Poly(N-methyl-4-vinyl pyridine) 110* 1.14 >445 

“S+” Poly(N-methyl-4-vinyl pyridine) 12* 1.06 >48 

“L-” Sodium poly(styrene sulfonate) 103.2 1.23 >501 

“S-” Sodium poly(styrene sulfonate) 7.2 1.11 >35 

 

* Mn is the calculated value based on 100% methylation with iodide as the counterion. 
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3.2.2 Making PEMs 

 

Silicon wafers (Si<100>, 0.5 mm thick, 1-inch diameter, undoped, polished from 

Topsil Inc.) were cleaned in “piranha” solution (70%H2SO4 (conc.)/30% H2O2(aq). 

Caution: highly corrosive; prepare fresh and do not store in closed containers) and then in 

H2O2/ammonia/water mixture (1:1:7 vol/vol), rinsed in distilled water and dried with a 

stream of N2. Multilayers were prepared on these Si wafers manually or with the aid of a 

robot. For layer-by-layer buildup using the manual method, the wafer was alternately 

dipped in 1 mM PM4VP in 0.5 M NaCl aqueous solution and 1 mM PSS in 0.5M NaCl, 

with a triple rinse in distilled water between each layer. The wafer is deposited in the 

polymer solutions for 5 minutes each and the water rinses for 1 minutes each. Polymer 

solutions were constantly stirred with the aid of a stir bar. After each layer, the multilayer 

was dried with N2 and the thickness was measured. Polyelectrolyte concentrations refer 

to the polymer repeat unit in this Chapter unless otherwise specified. 

For the robotic deposition [11], the Si wafer was affixed to a stainless steel shaft 

with TeflonTM tape. The shaft was rotated at 300 rpm by a small DC motor. A robotic 

platform (StratoSequence V, nanoStrata Inc.), accommodating eight 100-mL beakers, 

was programmed to expose the wafer alternately to the 1 mM polymer solutions, with 

water rinses in between, for a total of 20 layers. (These multilayers are amorphous [21]. 

“Layer” simply refers to the increment in thickness after the exposure to the 

polyelectrolyte solutions and “layer pair” is used to describe a negative/positive 

“bilayer”). The salt concentration in these solutions was varied from 0 to 5 M. The 

thickness of the dried multilayers was measured with a Gaertner Scientific L116B 

Autogain ellipsometer, using a 632.8-nm light at 70o incidence angle. A refractive index 

of 1.55 was employed for multilayers. A native oxide layer of 8-10 Å was subtracted 

from the total measured thicknesses. 

 

3.3 Molecular Weight Effect on the PEM Buildup 

 

3.3.1 LbL Buildup of Different PE Combinations 
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The polyelectrolytes used in this Chapter were almost monodisperse. The charge 

on the polymers was high and pH independent. Four combinations of low and high MW 

polyelectrolytes were employed for building PEMs, which were “L+L-”, “L+S-”, “S+L-” 

and “S+S-”. While a much wider range of molecular weight polyelectrolytes are available 

for the PEM buildup, the use of approximately 10 kDa and 100 kDa polymers is 

representative of the two molecular weight regimes in the present case.  

The layer-by-layer buildup of different combinations of “short” and “long” (S and 

L, respectively) PM4VP and PSS at constant ionic strength (0.5 M NaCl) is summarized 

in Figure 3.1. The L+L- combination exhibited the classical PEM buildup [22], i.e., a 

slight upwards curvature for the first few layers followed by a linearly growing thickness.  

Incorporating a low MW polyelectrolyte gave anomalous buildup. The S+L- 

combination exhibited lower buildup efficiency than the L+L- combination, but still 

provided a continuous increase in film thickness with layer number. For the S-L+ system, 

the buildup efficiency was even worse. Depositing the high MW polycation PM4VP (L+) 

inhibited the film growth or even decreased the film thickness. For the S+S- system, 

besides an initial thin film growth, the film thickness approached an oscillatory behavior: 

a slight increase in thickness provided by the polyanion PSS (S-) deposition followed by 

a thickness decrease after the subsequent deposition in the  PDADMA solution (S+). 

 

3.3.2 The Fate of Polymer Adsorbed on the Surface: Stripping vs. Sticking 

 

To rationalize the behavior of the LbL buildup shown in Figure 3.1, a schematic 

diagram is used (Figure 3.2), which represents two possible scenarios following the 

deposition of an “S-” capped multilayer to the “L+” polyelectrolyte solution. 

For clarity, Figure 3.2 does not show the polymers to be interpenetrating [3, 21]. 

The outmost layer of the PEM is the low MW PSS “S-”. When dipping the PEM into a 

solution of the high MW PM4VP “L+”, “L+” can either compensate the existing charge 

on the surface and continue the film growth, as in the regular multilayer buildup process; 

or it can form a water-soluble polyelectrolyte complex (PEC) with “S-”, stripping it off 

the surface and decreasing the film thickness. This decrease in film thickness is clear 

evidence for the loss of polymers from the PEM surface. 
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Figure 3.1. Thickness as a function of layer number for four combinations of PM4VP 
and PSS. The combinations were: diamonds, L+L-; squares, S+L-; triangle, S-L+; and 
circles, S+S-, as defined in Table 3.1. Polyelectrolytes were deposited at room 
temperature from 1 mM solutions in 0.5 M NaCl onto silicon wafers. 
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Figure 3.2. Model of the possible fates of the surface polyanion on exposure to a solution 
of polycation. The polyanion is either stripped off the surface (upper scenario) to yield a 
non-stoichiometric soluble polyelectrolyte complex, or (lower scenario) it adds to the 
surface. It is also possible to lose complex from the surface (k3), especially in the 
presence of salt. For multilayer growth to propagate in a linear fashion, k2>k1 and k3 
should be negligible on the time scale of the experiment. As shown herein, both of these 
assumptions are not necessarily met if “low” molecular weight polyelectrolyte is 
employed. 
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Investigation of the fate of a surface polymer molecule can be approached by 

using kinetic factors. It was recognized that for polyelectrolyte adsorption [3, 23], each 

component should adsorb irreversibly to the surface, forming an insoluble complex and 

increasing the thickness of the film. A possible competing process to the surface 

adsorption is surface removal. That is, stripping of the adsorbed polymers from the 

surface to form a stable and soluble PEC. 

Soluble PECs are well-known stable solution phase particulate morphologies [24, 

25] of the same composition found in polyelectrolyte multilayers [26]. It is introduced in 

more detail in Chapter 4 that soluble PECs are usually non-stoichiometric [24, 27]. 

According to the structural model of the soluble PECs suggested by Dautzenberg [27-29], 

PEC particles consist of a neutralized core surrounded by a charged shell of the 

component in excess at nonstoichiometric mixing ratios. This shell stabilizes the particle 

with respect to further coagulation. The established general condition of making stable 

PECs [25, 30] is to mix a great excess of one polyelectrolyte with another oppositely 

charge polyelectrolyte or use polyelectrolytes of greatly different molecular weights. 

Obviously the first condition is always fulfilled on the PEM surface when depositing a 

PEM film to a polyelectrolyte solution. 

Kinetic irreversibility of the LbL process was also demonstrated with radio-

labeled polymer in the 100 kDa range [31], which was neither removed from the surface 

by the oppositely-charged polymer, nor exchanged by the like-charged polymer on the 

time scale of the LbL process. At long times, however, some loss of polymer was 

observed [31], indicating a slight reversibility. 

Herein the equilibrium between sticking and stripping is likely controlled by 

kinetic factors. Polyelectrolyte adsorption is a multistep process: polymers are initially 

anchored to the surface with the attachment of a few segments, then they are flattened on 

the surface and form denser polymer/polymer interactions, finally they penetrate into the 

bulk of PEM films to form an amorphous structure [1, 3, 21]. Stripping has to take place 

before adsorbing polymer has a chance to interpenetrate. Similarly, the existing surface 

polymer that is removed should be minimally interpenetrated, which is more favorable to 

the low MW polymers.  
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With S/L combinations (Figure 3.1), it is seen that high MW polymers (L+ or L-) 

remove some of the low MW polymers (S+ or S-) on the surface, but do not compromise 

the rest of the multilayer.  Low MW polymers (S+ or S-) do not remove high MW 

polymers on the surface because the latter has already interpenetrated into the PEM films. 

The difference in behavior between S+L- and S-L+ was explained as follows: S+ has 

over 48 repeat units while S- has about 35 repeat units (Table 3.1). Compared to S-, the 

S+ chain may have stronger interaction with the PEM surface or deeper penetration into 

the bulk. 

  

3.4 Salt Concentration Effect on the PEM Buildup 

 

The thickness of a 20-layer PEM is plotted as a function of salt concentration in 

the deposition solution in Figure 3.3. The L+L- system showed the typical pseudo-linear 

growth of PEM thickness with salt concentration. The S+L- system showed a similar 

pseudo-linear growth of PEM thickness with salt concentration but the thickness 

increment is smaller than the S+L- system. The S-L+ combination, by contrast, showed 

anomalous behavior, with enhanced thickness at low salt concentration, followed by a 

decrease at high salt concentration. The S+S- system exhibited no significant film growth 

at any salt concentration in the range 0-1 M. Figure 3.4 shows that the critical 

concentration for multilayer decomposition was approximately 4.5 M NaCl. 

All polyelectrolyte solutions contained a defined amount of salt. It is known that 

salt is able to alter the strength of the electrostatic interactions between oppositely 

charged polyelectrolytes [32, 33], according to the following: 

 

Pol+Pol-
(p) + Na+

(aq) + Cl-
(aq) � Pol+Cl-

(p) + Pol-Na+
(p) 
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Figure 3.3. Thickness vs. salt concentration. 20-layer PM4VP/PSS multilayers were 
deposited at room temperature from 1 mM solutions onto silicon wafers. The 
combinations were: diamonds, L+L-; squares, S+L-; triangle, S-L+; and circles, S+S-, as 
defined in Table 3.1. 
 



 54

 

0

500

1000

1500

2000

2500

3000

3500

0 1 2 3 4 5

Salt Concentration

T
hi

ck
ne

ss
(Å

)

0

500

1000

1500

2000

2500

3000

3500

0 1 2 3 4 5

Salt Concentration

T
hi

ck
ne

ss
(Å

)

 

 

Figure 3.4. Thickness vs. salt concentration. 20-layer PM4VP/PSS (L+L-) multilayer 
was deposited at room temperature from 1 mM solutions onto silicon wafers.  
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In the above equation, Pol+ represents the polycation with the chloride ion (Cl-) as 

its counter ion, and Pol- represents the polyanion with the sodium ion (Na+) as its counter 

ion. The subscript “p” refers to the PEC or PEM phase, and “aq” refers aqueous phase. In 

addition to weakening polymer interactions, salt enhances the thickness of the surface 

charge overcompensation region [22] and therefore the thickness of each “layer”. On the 

other hand, exposing an existing PEM to salt causes the PEM film to swell.  However, 

each PEM system or even PEC has its own critical salt concentration. Above that 

concentration, salt ions can completely shield the polyelectrolytes, and as a result, inhibit 

the formation of PECs, stop the LbL process, or decompose the PEM films (see Chapter 

4 for more detail). Direct measurements of the swelling of PEMs by salt ions [4] showed 

it to be reversible, provided the swelling caused by salt was maintained below the point 

of PEM decomposition [13]. 

Furthermore, salt controls the kinetics of polyelectrolyte rearrangement and 

detachment, as shown by radiochemical studies [34, 35], atomic force microscopy [32] 

and PEC exchange kinetics [36]. The manipulation of salt towards the PE interaction 

enables it to arrange the motions of polyelectrolyte molecules [34, 37, 38]. With the help 

of atomic force microscopy, in situ measurements of the surface morphology of PEMs 

showed that salt is able to smooth the PEM surface as well as to swell the PEM films 

[32].  

Since increasing the salt concentration in the deposition solutions induces both 

weaker interaction and faster molecular motion of the polyelectrolytes, the surface 

removal of adsorbed polyelectrolytes from the surface of a growing PEM can be 

facilitated by high salt concentration. 

The anomalous behavior (thickness increase first then followed by a decrease) of 

S-L+ in Figure 3.3 reflects a competition between increased thickness as a function of 

salt concentration due to greater overcompensation [22], and salt-facilitated PEC 

formation. The kinetic balance turns towards stripping at high salt concentration. 

 

3.5 Conclusion 
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In summary, molecular weight is a concern in the LbL process when a low MW 

species is involved in forming PEM. The “low” MW range used here was 5-10 kDa, but 

this range may depend on the interaction energy. For weakly interacting polymers, such 

as polycarboxylates with PDADMA [12], significantly longer molecules may be 

required, especially in the presence of salt. Furthermore the concept of kinetic 

irreversibility in the polyelectrolyte complexation and the LbL process is supported in 

this work and shown to be influenced by the salt concentration. 
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CHAPTER 4 

 

A NOVEL POLYELECTROLYTE COMPLEX WITH PH-TUNABLE 

SOLUBILITY 

 

 

4.1 Introduction to General Solubility Properties of PECs 

 

It is well known that two opposite-charged polyelectrolytes generally yield a 

special type of complex that is insoluble in all common solvents [1]. The precipitate can 

be dissolved in selected ternary solvent mixtures [1] (comprising water, a water-miscible 

organic solvent and a microionic salt) or by the addition of sufficient amounts of 

microions (salts) [2]. Finding soluble PECs as isolated examples [3, 4] and then 

establishing the general conditions of soluble PEC formation, valid for most pairs of 

oppositely charged polyelectrolytes [5-8], marked a great breakthrough in the PEC field.  

According to Kabanov [9], complex formation between polyelectrolytes with 

significantly different molecular weights at nonstoichiometric mixing ratios yields 

soluble PECs, consisting of a long host molecule, such as Na-poly(methacrylate), and 

shorter sequentially attached guest polyions of opposite charge, such as quaternized 

poly(vinylpyridine). 

Nonstoichiometric PECs may be considered to be a block-copolymer containing 

free hydrophilic segments of host PE chains and relatively hydrophobic guest-host PE 

domains [7, 8, 10]. According to Zintchenko 
et al [11], this kind of soluble complex can 

be formed only under special conditions:(1) one component with weak ionic groups, (2) a 

significant difference in the molecular weights of the oppositely charged chains, (3) a 

high excess of the long-chain component, (4) the presence of salt in solution, and (5) a 

relatively narrow range of mixing ratios. If one or more of these conditions are not valid, 
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complex formation results in highly aggregated complex particles in the colloid range. 

Most importantly, the nature of the polyelectrolytes used for complex formation plays a 

large role (for example, the complexes with Na-PSS have been shown to be unable to 

form soluble complexes [11, 12]). 

A recent family of soluble PECs [13] has been described as PECs based on block 

copolymers containing ionic and nonionic blocks, such as the system polyisobutylene-

block-poly(sodium methacrylate) with poly(N-ethyl-4-vinylpyridinium bromide). They 

essentially represent an amphiphilc polymer species revealing a typical c.m.c. behavior. 

Although the general conditions of soluble PEC formation have been established 

for two decades, there are a couple of disadvantages in the classical category of “soluble 

PECs”. Firstly, the soluble PECs can only be formed in highly dilute solutions (normally 

in the range of 0.2 ~ 1 mM) [12, 14, 15]. Secondly, the solubility of the classical PECs 

(including both soluble and insoluble PECs) can not be changed. 

A novel “intelligent” polyelectrolyte complex will be introduced in this chapter. 

Its solubility can be reversibly converted between the soluble state and the insoluble state 

by simply changing the pH of the solution. Furthermore, this special PEC is water soluble 

over a certain pH range even at a concentration as high as 0.1 M. Potential applications 

include “smart” nanoparticles and coating materials for gastrointestinal drug delivery. 

Furthermore, pH-tunable PEMs, based on the concept of the water-soluble PEC, have 

been developed and characterized [16, 17]. 

 

4.2 Experimental Conditions 

 

4.2.1 Polyelectrolyte Materials and Solutions 

 

Polystyrene sulfonate acid, PSS, (Scientific Polymer Products, Inc. Mw = 70 kDa, 

Mw/Mn = 1.06) was used as the polyanion. Random copolymer PDADMA-co-PAA, 

composed of 64 mol% poly(diallyldimethyl ammonium) chloride and 36 mol% 

poly(acrylic acid), (Calgon Inc., Merquat® 280, Mw = 200 kDa) was used as the 

polycation. The concentrations of the polymer solutions used here are all measured or 

calculated based on the polymer repeat unit. The weighted average molecular weight (Mw 
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= (0.64 x 161.5) + (0.36 x 72) = 129.3 Da, where 161.5 Da refers to the DADMA 

monomer and 72 Da refers to the AA monomer) was used for the repeat unit of the 

random copolymer. 

The complex was formed by mixing two polymer solutions at different volume 

ratios. Herein we define the molar ratio of the complex as copolymer:PSS. Therefore, a 

1.5:1 complex system means this complex is formed by mixing copolymer:PSS at molar 

ratio of 1.5:1. Ultrapure water obtained by ion exchange and filtration steps (Barnstead E-

pure deionizing system) was used as the solvent. 1 ~ 100 mM (based on repeat unit) 

aqueous solutions of PDADMA-co-PAA and PSS were prepared by diluting polymer 

stock solutions with ultrapure water. 

 

4.2.2 Turbidimetric and Viscometric Analysis 

 

A UV/VIS Spectrophotometer (Lambda 3A, Perkin Elmer) was used as the 

turbidimeter to monitor the state of the complex between the soluble and insoluble states. 

A wavelength of 500 nm was selected because neither of the polymers absorbs at this 

region. A high absorbance indicated high turbidity of the solution, indicating the 

solubility of the complex was low, while a low absorbance indicated high solubility of 

the complex. Given the experimental error, the complex solution was considered clear 

when the absorbance number was lower than 0.05 and the complex was considered 

completely soluble at this point. When the reading was between 0.05 and 0.4, the solution 

was hazy like milk, but had no obvious phase separation. When the reading was higher 

than 0.4, the complex began to precipitate out of solution. 

A Cannon-Fenske routine type viscometer (for transparent liquid, No. 418, 

capillary tube size #50) was used to measure the dynamic viscosity at 30 oC. A 

viscometer constant of 0.003966 centistoke/second at 30 oC was used. 

 

4.2.3 Dynamic Light Scattering Analysis 

 

A Quasi Elastic Light Scattering instrument (QELS, Wyatt Technology Corp.) 

was used to measure the hydrodynamic radius of the complex. The hydrodynamic radius 
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(Rh) of the PDADMA-co-PAA/PSS complex was monitored at different pH values. The 

molar mixing ratio of copolymer:PSS was1.5:1 (by mixing 12 mL 10 mM copolymer and 

8 mL 10 mM PSS). The concentration of the complex was kept at 10 mM. The NaCl 

concentration in the complex solution was 10 mM. 

 

4.2.4 Potentiometric Titration 

 

A potentiometric titration was performed on a digital pH-meter (Accumet® Basic 

AB15, Fisher Scientific) using a combined glass/reference electrode, calibrated with 

standard buffer solutions of pH 4.0, 7.0 and 10.0. The titration of copolymer PDADMA-

co-PAA and polyelectrolyte PDADMA-co-PAA/PSS was performed with the use of 9.61 

mM NaOH solution as the titrant. pH readings were always taken after establishing 

equilibrium, when the pH reached a constant value after each step of titrant addition.  

 

4.3 Study of pH-Tunable Solubility Property of PDADMA-co-PAA/PSS Complex 

 

4.3.1 Turbidimetry Study of PDADMA-co-PAA/PSS Complex 

 

The random copolymer PDADMA-co-PAA used in this work contains both pH-

dependent units (acrylic acid, AA; uncharged at low pH, negatively charged at high pH) 

and pH-independent units (diallyldimethyl ammonium, DADMA, positively charged at 

any pH). When the copolymer is in a sufficiently low pH environment, AA units are 

completely protonated, and the entire copolymer chain is positively charged from 

DADMA units. By defining the total number of repeat units of the copolymer as one, the 

net charge density of the copolymer at low pH is +0.64. At sufficiently high pH, AA units 

are fully deprotonated so that the copolymer chain has both positive charges (about 64 

mol%) and negative charges (about 36 mol%). Therefore, the net charge density of the 

copolymer PDADMA-co-PAA at high pH is +0.28.  

Varying pH. PDADMA-co-PAA/PSS complex was formed simply by mixing the 

copolymer solution with the PSS solution at volume ratio 1.5:1 (1 mM each, obtained by 

dilution of the 100 mM sample stock solutions). This gave the mixing molar ratio of 
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copolymer:PSS the value 1.5:1. No salt was added to the solution. The turbidity of the 

complex solution, represented as the absorbance number measured by a UV/VIS 

spectrophotometer, was monitored as a function of pH at different temperatures (25, 45 

and 65 oC) and the result was plotted in Figure 4.1. 

As shown in Figure 4.1, when the two polymer solutions were mixed together, the 

complex was formed immediately precipitated out of solution. This is indicated by a high 

absorbance number (0.8~1.6) in the figure. As the solution pH was gradually increased 

by adding NaOH, the absorbance reading decreased gradually, indicating a change in the 

solubility of the complex from insoluble to soluble. When the pH was above 5.7, the 

complex was completely dissolved and formed a homogeneous solution. The soluble 

complex solution stayed stable over months. When the pH was decreased gradually, a 

hazy solution was formed between pH 4.5-5.5, and then the complex slowly precipitated 

out of solution as the pH was further lowered. Repeating the pH cycling experiment 

resulted in the same observations, indicating the process was reversible and reproducible. 

To rationalize these observations, a structural model of the PECs is built (Figure 

4.2) according to Dautzenberg [18, 19]. According to the model, PEC particles consist of 

a neutralized core surrounded by a charged shell made up of the component that is in 

excess at nonstoichiometric mixing ratios. This shell stabilizes the particle with respect to 

further coagulation. When the mixing ratio is 1.5:1, at low pH with fully protonated PAA, 

the ratio of the positive charge (quaternized ammonium on DADMA units, pH-

independent) to the negative charge (from PSS) is approximately 1:1 (1.5 x 0.64 = 0.96). 

Since all the charges are balancing each other to form the neutralized core, no net charges 

are left on the shell to stabilize the particles against further coagulation. Furthermore, the 

protonated carboxylic groups may have additional interactions through H-bonding and 

favor the aggregation of the complex. As a result, a highly aggregated complex is formed. 

The complex behaves the same as a typical nonstoichiometric insoluble PEC. 

When the pH is increased, extra net negative charges are formed from the 

deprotonation of PAA. These net negative charges, residing on the shells, repel PEC 

particles due to the like charge repulsion interaction. As a result, the complex appears 

soluble. Lowering the pH reduces the net negative charges and induces the aggregation. 

That is why when the pH is lowered the complex precipitates out of solution. 
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Figure 4.1. Turbidity (absorbance) vs. the pH of solution. Wavelength 500 nm; mixing 
ratio of copolymer:PSS was 1.5:1; no salt was added to the polymer solutions. 
Experiments were conducted at 25 oC (filled square), 45 oC (open circle) and 65 oC (filled 
triangle). 
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Figure 4.2. Structural model of the polyelectrolyte complexes. At low pH, the 
aggregation of the complex particles yields precipitates (left and middle). At high pH, the 
carboxylic groups on PAA are deprotonated. The net negative charges on the surface 
repel each other and inhibit the aggregation so that the complex is soluble (right).  
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According to the dynamic light scattering experiments (see Figure 4.3), the 

hydrodynamic radius, Rh, of the soluble particle was in the range of 14~20 nm when the 

pH was above 5.5. Below pH 5.5, the complex started to aggregate. The hydrodynamic 

radius of the pure polymer solution was measured for comparison. At pH 8 with the 

presence of 0.01 M NaCl in the polymer solutions, the Rh of the copolymer is 19.8 ± 3.4 

nm, and that of PSS is 21.1 ± 3.5 nm. No noticeable two modes were observed on the 

autocorrelation function, indicating the polymers were well screened by the salt [20]. 

Notice an interesting property of this complex shown in Figure 4.1. At a pH 

between 5.0-5.5, the complex solution remained homogenous sometimes when the pH of 

the complex solution was changed from high to low pH. However, the complex remained 

insoluble when the pH of the complex solution was increased from low to high pH. This 

hysteretic phenomenon (exhibiting different states at a given environment condition 

depending on the stimulus-history) [21, 22], usually observed in copolymers and 

homopolymers of chemically crosslinked gels, suggests a memory effect. It suggests that 

in the pH range of 5.0-5.5, the complex can attain either of the two states (soluble or 

insoluble) depending on its pH-history, which is stored as molecular information. 

The above turbidity experiments were also conducted at 45 oC and 65 oC (Figure 

4.1).  The higher the temperature, the narrower the transitional pH range was. The results 

suggest that in this pH range the complex is not at thermodynamic equilibrium. 

Varying salt concentration. The solubility of the complex at high pH as a 

function of the concentration of NaCl was plotted in Figure 4.4. A salt-free complex 

solution (as the stock solution for later use) was prepared by mixing the 1 mM copolymer 

solution with the 1 mM PSS solution at a mixing ratio of 1.5:1. The pH of the solution 

was adjusted to 8.0-8.5 by adding concentrated NaOH solution. 
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Figure 4.3. Hydrodynamic radius, Rh (nm), of the copolymer/PSS complex vs. pH. 
Complex concentration was 10 mM. 0.01 M NaCl was added in the complex solution. 
The molar mixing ratio was 1.5:1 (by mixing 12 mL 10 mM copolymer and 8 mL 10 mM 
PSS).  
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Figure 4.4. Turbidity (absorbance) vs. the concentration of NaCl. Wavelength 500 nm; 
molar ratio of copolymer:PSS was 1.5:1. Solutions were kept at pH 8.0-8.5. Square, 
increasing salt concentration; triangle, decreasing salt concentration. 
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In the first part of the experiment, the salt concentration was increased by adding 

solid NaCl to the stock complex solution. The volume change due to the increment of salt 

concentration was ignored here. The complex remained soluble when the salt 

concentration was lower than 0.1 M. As the concentration of NaCl was increased above 

0.1 M, the complex began to precipitate out until the lowest solubility was reached 

around 0.5 M NaCl. After that point the complex began to dissolve again. The complex 

became completely soluble when the salt concentration was higher than 2 M. 

In the second experiment, a soluble complex solution was prepared with the 

presence of 2 M NaCl. The salt concentration was decreased by adding the salt-free stock 

complex solution to the salt-contained complex solution. Decreasing the salt 

concentration by dilution yielded a similar phenomenon. Addition of the stock complex 

solution lowered the salt concentration and gradually forced the complex to precipitate 

until the lowest solubility was reached around 0.5 M NaCl. After that point, the complex 

began to dissolve again. The complex was completely soluble when the salt concentration 

was lower than 0.1 M. The results demonstrated the reversibility of the salt effect. 

It is well known that the driving force of the polyelectrolyte complexation 

reaction is the strong ionic interaction between the oppositely charged polyelectrolytes, 

whereby the gain in entropy due to the release of the low molecular counterions plays an 

important part [23, 24].  

 

Pol+Cl-
(aq) + Pol-Na+

(aq) � Pol+Pol-
(p) + Na+

(aq) + Cl-
(aq) 

 

The equation above represents the complexation reaction between two oppositely 

charged polyelectrolytes, where Pol+ represents a polycation with chloride ion (Cl-) as its 

counter ion, and Pol- represents a polyanion with sodium ion (Na+) as its counter ion. The 

subscript “p” refers to the PEC phase, and “aq” refers to the aqueous phase. 

According to Kabanov [25-27], addition of NaCl to the dissolved complex 

solution induces three different processes: (1) at very low ionic strength (< 0.01 M), the 

PEC shrinks because of the shielding of the charges by the salt. (2) In a certain ionic 

strength range, the screening of the electrostatically stabilizing shell around the PEC 
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particles results in the formation of an insoluble stoichiometric PEC. (3) Further addition 

of salt leads to complete dissociation of the PEC. 

In this case, the presence of salt in the concentration range of 0.1-0.5 M screens 

the negative charges on the shell. As a result, it induces the aggregation of the complexes. 

Further addition of salt shifts the equilibrium of the complex formation reaction to the left 

and gradually dissociates the complex. The addition of sufficient amounts of the salt (> 

2M) completely dissociates the polyelectrolyte complex.  

A similar salt effect was also observed in the polyelectrolyte multilayer (PEM) 

buildup process [28-32]. For example, Dubas [31] et al. studied the delamination or 

decomposition of the multilayers by applying two different stimuli (salt and pH). The 

systems used were PAA/PDADMA pairs. According to the observations, either a high 

concentration of salt or a low pH can totally decompose the multilayer. However, when 

both high salt concentration and low pH were applied on the multilayer, instead of the 

full decomposition of the multilayer as expected, incomplete loss of thickness was seen. 

Obviously, the effects of the salt and pH towards the decomposition were not cooperative 

in this situation. 

It is interesting that much less hysteresis is observed when cycling the salt than 

when cycling the pH. According to the model proposed earlier, the solubility change of 

this complex through pH switched involves complex conformation rearrangement. 

According to the experimental observations, the aggregation of soluble complex particles 

normally occurs slowly and smoothly along as the pH is decreased, but the insoluble 

complex dissolves much more abruptly. It is possible that the aggregation process occurs 

closer to the thermodynamic equilibrium. However, along the dissolution path, the 

complex aggregates need to repel each other to a certain degree in order to form the well-

dispersed nanoscale particles which appear soluble. For this to occur, it needs to 

overcome a certain energy barrier and this is the major reason for the hysteresis. 

However, the salt cycling involves two simple processes: one, the aggregation of 

complex at low salt concentration by screening the like-charge repulsion effect between 

complex particles; and two, the dissolution of the complex at high salt concentration 

involves an equilibration shift of the complexation reaction which could occur near the 
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thermodynamic equilibrium. Both processes are fast and near equilibrium therefore 

resulting in less hysteresis. 

Several other factors have been investigated on the 1.5:1 complex system. The 

precipitate isolated by centrifugation could still be dissolved at high pH even after being 

dried. The order of mixing had no effect on the experimental results. 

A significant finding of this project was that the complex was soluble at high pH 

even at a concentration as high as 0.1 M. 

Varying mixing ratio. Systems of other mixing molar ratios (1:1, 1.2:1, 1.3:1, 

1.4:1, 2:1 and 3.6:1) were also investigated in this project. 

Except for the 3.6:1 complex system, the complex in each of the other systems 

was insoluble upon initial mixing and was then dissolved by high pH. However, different 

behaviors were observed for different systems when the pH was lowered from a high pH 

state in which the complex was dissolved. For the 1:1, 1.2:1 and 1.3:1 systems, lowering 

pH did not precipitate the complex (Figure 4.5). In other words, the complex solutions 

remained clear at every pH after the dissolution of the complex from the initial mixing.  

When the molar ratio was 1.4:1, lowering the pH precipitated some of the 

complex but the turbidity was not as high as the 1.5:1 system (Figure 4.6). The behavior 

of the 2:1 system was very similar to the 1.4:1 and 1.5:1 system although the transition 

pH range was shifted to higher values (Figure 4.6). The complex did not dissolve at any 

pH when the mixing molar ratio was 3.6:1 (Figure 4.6).  

Except for the 3.6:1 complex system, salt had the same effect on the solubility of 

all the salt-free complex systems when they were dissolved at high pH (soluble below 0.1 

M or above 2 M NaCl, and insoluble in between; see Figure 4.7). 

The charge ratios at different pH values for different complex systems and their 

solubility properties are summarized in Table 4.1. A descriptive phase diagram was 

plotted based on the above results to illustrate the solubility properties of different 

complex systems as a function of pH (Figure 4.8). 
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Figure 4.5. Turbidity (absorbance) vs. the pH of solution. Wavelength 500 nm; no salt. 
mixing ratio of copolymer:PSS was 1:1 (filled diamond), 1.2:1 (open square), 1.3:1 
(filled triangle). 
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Figure 4.6. Turbidity (absorbance) vs. pH of solution. Wavelength 500 nm; no salt. 
mixing ratio of copolymer:PSS was 1.4:1 (filled diamond), 2:1 (open square), 3.6:1 
(filled triangle). The dotted line is for 1.5:1 system for comparison. 
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Figure 4.7. Turbidity (absorbance) vs. Concentration of NaCl. Wavelength 500 nm; 
Solutions were kept at pH 8-8.5 so that soluble complex was kept soluble. The mixing 
ratio of copolymer to PSS was 1:1 (filled diamond), 1.2:1 (open square), 1.3:1 (filled 
triangle), 1.4:1 (filled square), 2:1 (open circle). 
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Table 4.1. Charge ratio of the complex at different pH values with different mixing molar 
ratios. At low pH, the carboxylic group is neutral; charge ratio = 0.64 x (molar ratio). At 
high pH, the carboxylic group becomes negative; charge ratio = 0.64 x (molar ratio) / 
[1+0.36 x (molar ratio)] 
 

mixing molar ratio 

(copolymer to PSS) 

charge ratio at 

low pH (positive : 

negative )  

charge ratio at 

high pH (positive : 

negative )  

solubility 

at low pH 

solubility 

at high pH 

1.0:1 0.64:1 0.47:1 Y Y 

1.2:1 0.77:1 0.54:1 Y Y 

1.3:1 0.83:1 0.57:1 Y Y 

1.4:1 0.90:1 0.60:1 N Y 

1.5:1 0.96:1 0.62:1 N Y 

2.0:1 1.28:1 0.74:1 N Y 

3.6:1 2.30:1 1.00:1 N N 
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Figure 4.8. Phase diagram showing the solubility state of the complex at different pH 
values as a function of polyelectrolyte mixing molar ratio (for the conditions where the 
concentration of polymers is lower 0.1 M and the concentration of NaCl is lower than 0.1 
M). 
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One way to explain these observations is that at high pH, except for the 3.6:1 

system, there are always extra negative charges in these systems (see Table 4.1). These 

systems fall into the category of the water-soluble nonstoichiometric PECs [20]. When 

the molar ratio is 3.6:1, the charge ratio is 1:1 (see Table 4.1). The system behaves as a 

normal stoichiometric insoluble PEC. However, at low pH, when the molar ratio is below 

1.5:1, negative charges are in excess, so that the PECs are soluble. At the ratio 1.4:1, 

some of complexes begin to precipitate out of solution, because the actual positive to 

negative charge ratio is 0.9:1, nearly stoichiometric. The higher the mixing ratio, the 

closer the charge ratio is to 1:1, therefore, the complex is more easy to precipitate, and 

the initial precipitation pH is lower (pH 4.4 for 1.4:1 system, 4.8 for 1.5:1 system and 5.5 

for 2:1 system). When the ratio is 3.6:1, although the positive charges are now in excess 

at low pH, the complex remains insoluble. The reason is still unknown. 

 

4.3.2 Viscometry Study of the 1.5:1 PDADMA-co-PAA/PSS Complex System 

 

In the first part of the experiment, dynamic viscosity was measured on the 1.5:1 

complex system (1 mM) as a function of pH as shown in Figure 4.9. The upper curve 

represents the experiments when no salt was added to the solution; while the lower curve 

represents the experiments when 0.05 M NaCl was present in the solution. As expected, 

the viscosity of the complex solution was always lower with the presence of the salt than 

with no salt. In both curves, the viscosity of the complex solution was always higher in 

the high pH medium when the complex was in the soluble state (represented as odd 

numbers on the x-axis) than in the low pH medium when the complex was in the 

precipitated state (represented as even numbers on the x-axis). 

The results are explained as follows: There are essentially no free polymer chains 

left in the solution when the complex precipitates. All the polymer molecules are used up 

in the complexation. This makes the solution a lower viscosity. When the complex is 

soluble, repulsion from extra negative charges prevents the complex from aggregating. 

When the complexes dissolve in the solution, the solution has a higher viscosity. A 

similar phenomenon was observed in the polyelectrolyte gel system where pH changes 

induce the collapsed gel as opposed to the swollen and hydrated gel [33]. 
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Figure 4.9. Dynamic viscosity vs. the state of the complex; odd numbers on the x-axis 
represent the high pH media (pH>8) where the complex is soluble; even numbers 
represent the low pH media (pH<5) where the complex is insoluble. Mixing ratio of 
copolymer:PSS was 1.5:1. Square, no salt; triangle, 0.05 M NaCl. 
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The viscosity of the complex solution was also monitored as a function of the 

mixing ratio as shown in Figure 4.10. Experiments were done at pH 8.5-9.5 to keep the 

complex soluble. In the first experiment, the copolymer solution was added to the PSS 

solution. The viscosity of the complex started to decrease as the molar ratio was 

gradually increased until a minimum was reached at a molar ratio between 1.5:1 and 2:1. 

Then the viscosity increased again with further increase of the complex molar ratio. In 

the second experiment, PSS solution was added to the copolymer solution and the result 

was the same. The results were also similar when no salt or 0.05M NaCl was present in 

the solution. 

Recall that in the complex structure model, it is proposed that oppositely charged 

polyelectrolytes are still associated and form the soluble complex at high pH. This result 

supports this assumption. As we know, higher concentrations of polymer solutions 

generally have higher viscosity. If the oppositely charged polyelectrolytes were not 

associated at high pH, then adding one polymer into the solution would simply increase 

the overall polymer solution so that the solution viscosity would be increased. 

According to the observed results and the structural model, and due to the highly 

compact structure of the PEC particles when compared to the free polyelectrolytes, the 

contribution of the excess polyelectrolyte component to the viscosity prevails. Before the 

point of the charge equivalence, the concentration of the free polymer molecules being 

titrated decreases along with the PEC formation. The viscosity also decreases.  Around a 

mixing ratio of 1.5-2:1 basically no free polyelectrolyte exists in the solution so that a 

minimum viscosity is observed. Further addition of the polymer leads to an excess of this 

polymer and hence a further increase in viscosity. 

 

4.3.3 pKs of Copolymer and the 1.5:1 Complex System 

 

In order to further understand the behavior and mechanism of the pH-tunable 

complex, the pKa of both the copolymer and the complex was measured by means of a 

potentiometric titration. The titration results for the free copolymer PDADMA-co-PAA 

and the PDADMA-co-PAA/PSS complex are presented in Figure 4.10 and 4.11, and a 

summary of the pKa values is listed in Table 4.2. 
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Figure 4.10. Dynamic viscosity vs. the mixing ratio of copolymer:PSS. The solution pH 
was kept at 8.5-9.5. Filled square, adding PSS to copolymer, no salt; open square, adding 
copolymer to PSS, no salt; filled triangle, adding PSS to copolymer, 0.05M NaCl; open 
triangle, adding copolymer to PSS, 0.05 M NaCl. 
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Figure 4.11. Titration curves for the copolymer PDADMA-co-PAA (11.27 mM) by 9.61 
mM NaOH. Open circles, no salt was present in the polymer solution; filled squares, 0.1 
M NaCl was added in the polymer solution. 
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Figure 4.12. Titration curves for the PDADMA-co-PAA/PSS complex solution (the 
molar ratio of PDADMA-co-PAA to PSS was 1.5:1, obtained by mixing 11.27 mM 
PDADMA-co-PAA solution with 8.63 mM PSS solution) by 9.61 mM NaOH. Open 
circles, no salt was present in the polymer solution; filled diamonds, 0.05 M NaCl was 
present in the polymer solution; filled squares, 0.1 M NaCl was present in the polymer 
solution. 
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Table 4.2. A summary of pKa values for the copolymer PDADMA-co-PAA and the 
PDADMA-co-PAA/PSS complex with the presence of different salt concentrations. 
 
 

  Solvent pka 
PDADMA-co-PAA (11.27 mM) H2O 3.36 
  0.1 M NaCl 3.81 
PDADMA-co-PAA/PSS complex (1.5:1) H2O 5.37 
  0.05 M NaCl 5.56 
  0.1 M NaCl 5.31 
PAA (100 mM)a 0.1 M NaCl 5.57 
PDADMA/PAA complexb H2O 3.6 
  0.5 M NaCl 4.0 
 

 

a: obtained from reference 29.  
b: obtained from literature (Petrov, A. I.; Antipov, A. A.; Sukhorukov, G. B. 

Macromolecules 2003, 36, 10079-10086.) 
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The only titratable groups in these systems are the acrylic acid groups on the 

copolymer chain. According to the results, the pKa of the copolymer PDADMA-co-PAA 

in the salt free solution is 3.36. Compared to the pKa of acetic acid (4.7), the carboxylic 

group in the copolymer is more acidic, which is due to the local ion pairing interaction by 

the permanent positive charges of PDADMA on the copolymer chain [10]. 

The pKa of the copolymer PDADMA-co-PAA (11.27 mM) in 0.1 M NaCl 

solution is 3.81, which is in a good agreement with the data reported in the literature (pKa 

of copolymer is reported to be 3.7 when its concentration was around 100 mM) [16, 17]. 

Apparently, local ion pairing between acrylic acid units and DADMA units is still 

responsible for the decrease of the pKa from 4.7. However, a slight increase in the pKa 

from 3.6 is due to the screening effect of the salt, which, by shielding the DADMA units 

from their adjacent AA units, reduces the local ion pairing effect between the AA units 

and the DADMA units.  

Drastic changes in the titration behavior of the copolymer, PDADMA-co-PAA, 

are observed when it forms the complex with PSS. The pKa of the complex in the salt 

free solution is 5.37, much lower than that of the free copolymer. This is because when 

forming the complex with PSS, the DADMA units are coupled with PSS so that its ion 

pairing effect with the carboxylic groups is greatly reduced. This observation is in strong 

agreement of the structural model of the complex. 

In 0.05 M or 0.1 M NaCl solution, the complex shows a pKa of 5.56 and 5.31 

respectively. Apparently, when the two oppositely charged polyelectrolytes are 

associated, salt has little effect on the pKa of the complex. 

 

4.4 Conclusion and Potential Applications 

 

It should be kept in mind that the PECs are “living” systems, which may undergo 

various changes depending on their surroundings [20]. However, transformations are 

often under kinetic control, rather than thermodynamic control. In this case, with the use 

of a pH-dependent copolymer, it is possible to control the solubility of this pH-reversible 

polyelectrolyte complex by simply manipulating the solution pH and the salt 

concentration. Small stimuli, such as pH changes, promote decomposition of the 



 83

complex, as compared to drastic stimuli, such as large ionic strength changes and/or 

solvent changes. This provides a new system for better understanding the formation and 

structure of the PEC. Other systems based on the concept of using copolymers containing 

both strong and weak polyelectrolyte segments may also be designed. 

Since the Copolymer/PSS complex is insoluble in the gastric acid environment 

and soluble in the intestinal fluid environment, it could be used as an enteric coating 

material for gastrointestinal drug delivery. Enteric coatings have traditionally been 

reserved for drug that cause gastric irritation, produce nausea if released in the stomach, 

or are destroyed by acid or gastric enzymes [34, 35]. The water-based coating materials 

currently used to achieve enteric properties include: anionic polymethacrylates 

(copolymers of methacrylic acid and either methyl methacrylate or ethyl acrylate) [36], 

cellulose based polymers such as cellulose acetate phthalate, hydroxypropyl 

methylcellulose [37, 38] and hydroxypropyl methylcellulose acetate succinate [39], 

polyvinyl derivatives such as polyvinyl acetate ethylene phthalate [40], soft gelatin 

capsules [41], sodium alginate matrices [42] and silicone microspheres [43]. 

This complex also exhibits a history-dependent solubility behavior. A potential 

application is to make “intelligent” materials [21, 22] that enable the expression of the 

solubility memory. 
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CHAPTER 5 

 

PH INDUCED PHASE SEPARATION ON THE PH-RESPONSIVE 

POLYELECTROLYTE MULTILAYERS: CHARGE EXTRUSION 

VERSUS CHARGE EXPULSION 

 

 

5.1 Introduction to the Building Block of PEM: Weakly vs. Strongly Charged 

Polymers 

 

Polyelectrolyte multilayers, PEMs, are prepared by alternately depositing a pair of 

oppositely charged polymers onto a substrate surface (see Chapter 1) [1-3]. Each 

deposition provides a uniform, reproducible layer of polyions on the surface and reverses 

the surface charge, so that it is ready for the next deposition. Rinsing in pure solvent 

between depositions removes excess polymers from the last deposition. 

In starting to explore the PEM kingdom, a primary focus of fundamental studies 

on the layer-by-layer adsorption was the behavior of the highly charged strong 

polyelectrolyte chains (i.e., the polyelectrolyte chain is essentially fully charged under 

any pH conditions), which can be shielded by altering ionic strength [4].  

Later works studying the effects of pH on the assembly of the weak polyions [5, 

6] demonstrated that shielding and surface charge density effects on layer thickness and 

stability can be achieved in weak polyelectrolytes such as polyacids or polybases. This 

can be done by varying the pH and thereby, affects the relative amount of the charge 

along the backbone. It was found that by varying pH for the polycation and the 

polyanion, surface charge, interpenetration between layers, and layer thickness can be 

dramatically altered. The most significant thing about this work is the ability to fine tune 
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not only the layer thickness, but also the very nature of the polymer film, including the 

degree of interpenetration and the surface composition, solely by changing pH. 

Recently, increasing attention has been paid to multilayers consisting of weak 

polyelectrolytes. Studied have been done on the properties of these PEMs such as pH-

dependent thickness and surface wettability behavior of PEMs [6, 9], construction and 

deconstruction of PEMs [10], local electrostatics with embedded weak polyelectrolytes in 

PEM [11], the influence of the polyelectrolyte charge density [12]. Applications are being 

developed on making nanoporous thin films [7, 8], floating membranes [13] and pH-

tunable PEMs for EOF control [14]. 

According to the literature, the use of weak acidic or basic polyelectrolytes 

affords the possibility of controlling the average charge density on the PE chains, and 

thus the extent of the interaction between charged polymers. However these PEMs are 

generally less stable to pH extremes and high salt concentrations [10, 13] than those 

formed from strong polyelectrolytes. Therefore, if a copolymer which has both strong and 

weak segments can be incorporated into a PEM, it would be expected to have many 

advantages and even novel features. In this chapter the novel structure and properties of 

the pH-responsive multilayers will be investigated by employing a random copolymer, 

(composed of 64 mol% of PDADMA and 36 mol% of poly(acrylic acid), PAA) as one of 

the components. PAA is pH-dependent, so its charge density can be manipulated by pH. 

PDADMA is a strong polyelectrolyte that would provide stable pH-independent PEMs, 

when coupled with a strong polyanion such as polystyrene sulfonate, PSS. A systematic 

study of the pH induced change of the multilayer configuration, including film 

decomposition, phase separation and surface charge rearrangement, will be thoroughly 

discussed in this chapter. 

 

5.2 Experimental Conditions 

 

5.2.1 Materials and Reagents 

 

Polystyrene sulfonate acid, PSS, (Scientific Polymer Products, Mw = 70 kDa, 

Mw/Mn = 1.06) was used as a polyanion. Random copolymer PDADMA-co-PAA 
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(Calgon, mol% of AA is 36%; Mw = 200 kDa) was used as a polycation. Homopolymer 

PDADMA (Aldrich, Mw = 369 kDa, Mw/Mn = 2.09) was also used as the polycation. 

Polyethylenimine, PEI (branched, Aldrich Co.) was always deposited as the first layer 

[15]. Ultrapure water obtained by ion exchange and filtration steps (Barnstead E-pure 

deionizing system) was used as the solvent for rinsing and for preparing both deposition 

solutions in all the experiments. Deposition solutions of polymers are all 1 mM based on 

the repeat unit. Citrate buffer series (10 mM, pH range 2.78-7.30) was used to control the 

pH. 

Silicon wafers (Si<100>, 0.5 mm thick, 1 inch diameter, undoped, polished from 

Topsil Inc.) were cleaned in “piranha” solution (70%H2SO4 (conc.)/30% H2O2(aq) 

caution: highly corrosive; prepare fresh and do not store in closed containers) and then in 

a H2O2/ammonia/water mixture (1:1:7 vol/vol), rinsed in distilled water and dried with a 

stream of N2. 

 

5.2.2 Instrumentation 

 

The multilayers were prepared on the Si wafers with the aid of a homemade robot. 

When making the multilayers, the Si wafer was affixed to a stainless steel shaft with 

TeflonTM tape. The shaft was rotated at 300 rpm by a small DC motor. A robotic platform 

(StratoSequence V, nanoStrata Inc.), accommodating eight 100 mL beakers, was 

programmed to expose the wafer alternately to the 1 mM polymer solutions, with acidic 

water rinses in between, for a certain number of layers. The salt concentration (NaCl) in 

the deposition solutions was 1 M. The pH of both deposition solutions and rinsing water 

were adjusted to 2 by HCl. 

Transmission IR spectra were taken with a Nicolet AVATAR360 FT-IR 

spectrometer. The thickness of the dried multilayers was measured with a Gaertner 

Scientific L116B Autogain ellipsometer, using 632.8 nm light at 70o incidence angle. A 

refractive index of 1.55 was used for the multilayers.  

Atomic force microscopy, AFM (Digital Instrument, Veeco Metrology Group) 

was used to track the multilayer surface morphology change. The tapping mode was 

employed. 
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The ATR measurements were performed with a Nicolet Nexus 470 fitted with a 

0.5 mL capacity flow-through ATR assembly (Specac Benchmark) using a 70x10x6 mm 

45o germanium crystal. Each spectrum had 32 scans coadded at a resolution of 4 cm-1. 

The multilayers were deposited on the ATR crystal by passing the polyelectrolyte and the 

rinse solutions through the flow cell in an alternating manner.  

Since in this work, a mixture of copolymer PDADMA-co-PAA and homopolymer 

PDADMA was used as the cationic polymers in the PEM buildup, for convenience, a 

shorthand “copolymerφ-blend-PDADMA1-φ” was defined to represent the polycation 

mixture, where φ represented the mole fraction of the copolymer in the polycation 

mixture solution. For example, (copolymer0.2-blend-PDADMA0.8/PSS)20 @1.0M NaCl 

@pH 2 means (1), the polycation mixture contains 0.2 mole fraction of the copolymer 

and 0.8 mole fraction of PDADMA, and (2), ten bilayers of the polycation mixture and 

PSS pair were built at pH 2 in 1.0 M NaCl solutions. 

 

5.3 Systematic Study of the Structure of Property of Copolymer-contained PEM at 

Different pH 

 

5.3.1 pKa of Carboxylic Groups in Different Environments 

 

In order to better understand the pH-dependent behavior of the copolymer 

PDADMA-co-PAA in the coatings, the pKa of the carboxylic group on the copolymer 

and on the homopolymer, PAA, were measured by means of titration (Figure 5.1). From 

the titration curve, the pKa of the copolymer is 3.66; while the pKa of the homopolymer, 

PAA, is 5.57. Compared to the pKa of acetic acid (4.75), the carboxylic group on the 

homopolymer, PAA, is less acidic. This is because the deprotonation of the carboxylic 

group disfavors further deprotonation of the other carboxylic groups.  In contrast, the 

carboxylic group on the copolymer is more acidic, which is due to the local electrostatic 

attraction from the permanent positive charges of PDADMA, an effect that is generally 

observed for the polyelectrolyte complexation interaction [16]. 
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Figure 5.1. Titration curve of the copolymer PDADMA-co-PAA (0.1M, with 0.1 M 
NaCl present in the solution, lower curve) and homopolymer PAA (0.1M, upper curve) 
by adding 0.1 M NaOH.  
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The pKa of the carboxylic group in the multilayer, also known as the “internal” 

pKa of AA, was measured in situ with the help of ATR-FTIR spectroscopy (Figure 5.2). 

A 15-layer multilayer thin film (copolymer0.5-blend-PDADMA0.5/PSS)7copolymer0.5-

blend-PDADMA0.5 @1.0 M NaCl @pH 1.97 was built at pH 2 on the surface of a 

germanium crystal used for the attenuated total internal reflection infrared spectroscopy 

(ATR-FTIR). The multilayer was rinsed with water of gradually increasing pH (adjusted 

by HCl and NaOH) and IR spectra were taken at each pH. Peak areas corresponding to 

the protonated carboxylic group (-COOH, 1677 - 1756 cm -1, see inset) and deprotonated 

carboxylic group (-COO-, 1504 - 1625 cm -1, see inset) were measured and normalized to 

the same scale. The normalized peak areas of -COOH and -COO- groups were plotted as 

a function of the environmental pH. Peak areas indicated the relative abundance of each 

species. The “internal” pKa measured in this way was 4.01, somewhat more basic than 

that for the free copolymer in the solution. 

Since the multilayers were assembled at pH 2, carboxylate groups of PDADMA-

co-PAA were assumed to be fully protonated and the multilayer was presumably bound 

together by the pH-independent PSS/PDADMA interactions only. In other words, as 

assembled, the AA segments, being neutral, were not coupled with DADMA segments. 

The pKa shift of the carboxylic group within the PEM is also described [7, 11, 14] and 

rationalized in other literature [14, 17]. The “internal” pKa of the carboxylic group is 

higher than that of the pure copolymer. This is probably because the permanent positive 

charges of PDADMA are paired with polyanions in the multilayer so that the effect of the 

local electrostatic attraction to the free carboxylic groups is suppressed.  

 

5.3.2 Stability Study of the PEM Films 

 

Different mixing ratios of copolymer PDADMA-co-PAA with homopolymer 

PDADMA (containing 2, 5, 10, 20, 30, 50, 90 and 100 mol% copolymer respectively) 

were used as the polycation mixture to build the multilayers on the silicon wafers. PSS 

was used as the polyanion. 1 M NaCl was present in both polymer solutions. The 

multilayers were built at pH 2.7. The pH of the rinsing water and both polymer solutions 

was adjusted by HCl. 20 layers were built for each multilayer. 
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Figure 5.2. Normalized peak area of COO- (squares) and COOH (triangles) bands vs. 
pH. Peak areas were measured from the ATR-FTIR spectra. (copolymer0.5-blend-
PDADMA0.5/PSS)7copolymer0.5-blend-PDADMA0.5 @1.0 M NaCl @pH 1.97 was 
deposited on the germanium crystal. The pKa of AA in the multilayer was determined to 
be 4.01. Inset: ATR-FTIR spectra of the multilayer film at pH 1.97, 4.01 and 6.10 
respectively. The range 1660 - 1768 cm-1 corresponds to the COOH peak, while the range 
of 1504 - 1625 cm-1 corresponds to the COO- peak. The spectrum taken at pH 1.97 was 
used as the background. 
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After buildup, the multilayers were exposed to a solution at pH 11 (adjusted by 

NaOH) for an hour. The IR spectra were taken for each sample before and after the high 

pH exposure [18]. The characteristic peaks for AA and DADMA are 1774 - 1681 cm-1 

and 3112 - 2993 cm-1 respectively (see an example in Figure 5.3).  

The amount of the copolymer in the multilayer was evaluated by transmission 

FTIR. Mole fractions of copolymer in the PEMs were plotted as a function of the mole 

fraction of copolymer in the polycation solution (Figure 5.4). Ideally there would be no 

preference for either copolymer or homopolymer PDADMA, giving a slope of 1.0 

(shown as the dotted line in Figure 5.4). However, a slight preference for the copolymer 

over homopolymer, PDADMA, is seen here. In other words, the copolymer is more 

favored to form the multilayer. This positive deviation could be explained by the “hit and 

stick” model. For the polyelectrolyte adsorption process, assuming all the polymer 

molecules that encounter an oppositely charged surface stick irreversibly, it is possible 

that the copolymer, having a lower molecular weight and being more compact due to 

internal coupling with DADMA and AA segments, has a higher diffusion coefficient and 

therefore a greater flux to the surface than the homopolymer, PDADMA. In spite of this 

slight preference for the copolymer, Figure 5.4 shows that the multilayers with 

continuously variable compositions can be built with our blending strategy. 

To assess the stability of various combinations of polymers used to make the 

PEMs, their thicknesses were measured and compared before and after the high pH 

exposure. The thickness change as the percentage of thickness lost was plotted as a 

function of the mole fraction of copolymer in the polycation solution (Figure 5.5). It is 

shown that thickness generally decreases after the high pH exposure. The percentage of 

thickness lost increases dramatically as the amount of carboxylate incorporated into the 

multilayer is increased. The decrease in thickness indicates that some polymers are 

“peeled” off of the multilayers. Perhaps it is because extra negative charges in the 

multilayers created by deprotonation of the carboxylic groups break the charge balance in 

the multilayer and cause hyperswelling and decomposition [13, 19]. The more AA in the 

film, the less stable the film was when subjected to pH changes. 
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Figure 5.3. FTIR spectra of the multilayer deposited on the silicon wafer. (copolymer0.5-
blend-PDADMA0.5/PSS)10 @1.0 M NaCl @pH 2. Upper curve: fresh multilayer built at 
pH 2; lower curve: exposed at pH 11 for an hour then back to pH 2. 
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Figure 5.4. Mole fraction of the copolymer PDADMA-co-PAA in the multilayer 
(φmultilayer) vs. in the polycation solution (φsolution). (copolymerφ-blend-PDADMA1-φ/PSS)10 
@1.0 M NaCl @pH 2 was deposited on the silicon wafer. The dotted line shows “ideal” 
multilayer blend formation, for the case where the mole faction in the PEM is the same as 
the mole fraction in solution. 
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Figure 5.5. Thickness loss vs. mole fraction of the copolymer in the polycation solution 
(φsolution). (copolymerφ-blend-PDADMA1-φ/PSS)10 @1.0 M NaCl @pH 2 (diamonds) and 
(copolymerφ-blend-PDADMA1-φ/PSS)10copolymerφ-blend-PDADMA1-φ/PSS @1.0 M 
NaCl @pH 2  (squares)  deposited on the Si wafer, then exposed to pH 11 for 60 minutes. 
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However, Figure 5.5 also demonstrates that the percent of thickness loss is quite 

different as the charge of the outmost layer varies from negative to positive (in this 

experiment, 20 layers and 21 layers were employed and compared). The 21-layer 

multilayer shows a higher stability (less percentage of thickness loss) than the 20-layer 

one when subjected to the pH change. 

It is rationalized that when the outmost layer is negative (i.e., capped with a 

polyanion), extra negative charge from the deprotonation of PAA, plus the existing 

negative charge from the outmost layer provides a very high like-charge repulsion energy 

so that the multilayer is no longer stable. It releases the extra charge by decomposing part 

of the multilayer or even the whole multilayer [13]. However when the outmost layer is 

positive (or capped with a cationic polymer), the existing positive charge from the 

outmost layer will neutralize some of the extra negative charge and lower the like-charge 

repulsion energy so as to make the multilayer more stable. 

Microscopic investigation (done on AFM) of the surface morphology of the 21-

layer multilayer ((copolymer0.2-blend-PDADMA0.8/PSS)10copolymer0.2-blend-

PDADMA0.8 @1.0 M NaCl @pH 2, Figure 5.6(a)) was taken after alternate exposure to 

low and high pH 10 times. Nanopores (35~70nm wide, 10~20nm deep) were seen 

throughout the surface, probably due to pH-induced phase separation, as seen in other 

systems [7, 8]. However, a few large pits (600~750nm wide, 30~35nm deep) were also 

observed, probably due to the loss of the polymers from the surface in the form of big 

chunks. These pits were due to large scale polymer reorganizations in the multilayer film. 

AFM measurements revealed some evidence of pH-induced cratering in the 

surface morphology. It is noted that in the present case the loss of the thickness from the 

multilayers is evident for not only polymer charge expulsion but also charge extrusion. 

The excess negative charge from the deprotonation of AA not only occurs on the surface 

but also in the bulk of the multilayer. Efficient ion pairing tends to drive the excess 

charge to the surface, where there are fewer excluded volume constraints. 
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Figure 5.6. AFM images of PEM topologies after exposure to pH 11 solution. (a) 
(copolymer0.2-blend-PDADMA0.8/PSS)10copolymer0.2-blend-PDADMA0.8 @1.0 M NaCl 
@pH 2; (b) (copolymer0.2-blend-PDADMA0.8/PSS)5copolymer0.2-blend-PDADMA0.8 
@1.0 M NaCl @pH 2; (c) (PDADMA/PSS)5copolymer0.2-blend-PDADMA0.8 @1.0 M 
NaCl @pH 2. RMS roughness: (a) 6.4 nm; (b) 3.3 nm; (c) 2.3 nm. 
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When the internal AA is ionized it is probable that the charge is extruded to the 

surface by a “charge recoupling mechanism”. That is, a “new-born” negative charge from 

the deprotonation of AA neutralizes itself by breaking an adjacent interchain ionic bond, 

coupling with the positive charge, and at the same time leaving another negative charge 

uncoupled. The interaction keeps going towards the surface direction until the appearance 

of the uncoupled negative charge on the surface. 

Reducing the number of layers would be a good way to reduce the amount of 

excess charge created in the bulk of the PEMs. An 11-layer multilayer was built at the 

same conditions mentioned above and tested under alternate exposure to low and high pH 

10 times. An AFM image ((copolymer0.2-blend-PDADMA0.8/PSS)5copolymer0.2-blend-

PDADMA0.8 @1.0 M NaCl @pH 2, Figure 5.6(b)) was taken after the pH switches. No 

pits were found and the film showed no such topological nonidealities. Thickness 

measurement showed the thickness loss was less than 5%. 

Applying a monolayer of a polycation mixture on top of a classical pH-

independent multilayer would be another way of eliminating the excess negative charge 

created in the bulk. A multilayer made by capping one layer of a polycation mixture on 

top of a 10-layer PDADMA/PSS multilayer ((PDADMA/PSS)5copolymer0.2-blend-

PDADMA0.8 @1.0 M NaCl @pH 2, Figure 5.6(c)) was tested in the same manner. No 

noticeable thickness change was observed and the surface looked smooth. 

 

5.3.3 Establishing a Model 

 

A systematic model (Figure 5.7) was established to summarize the result of the 

internal ionization change in a multilayer containing pH-dependent charge sites induced 

by the environmental pH change. 

Complete dissociation of multilayer components is one of several possible fates, 

as shown in Figure 5.7 (a). When the proportion of the pH-dependent charge sites is high 

enough, the film is highly unstable to external pH changes. The film could be 

decomposed completely, in the extreme case, in spite of the number of layers [13]. 
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Figure 5.7. A scheme for possible outcomes for a weak polyacid-contained multilayer 
constructed at low pH and exposed to high pH. In (a), the multilayer decomposes 
completely. In (b) the excess charge that appears causes phase separation on the surface 
which, in the absence of material loss, may be pH-reversible. Alternatively, polymer 
charge is expelled from the PEM (c), or the bulk and surface are able to absorb the excess 
charge without major rearrangements (d). 
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This approach has been used to disrupt PEMs held together by hydrogen bonding 

[20] or ion pairing [10, 13]. The effect can be rationalized in terms of the electrostatic 

repulsion between newly-created charges, or by a strong increase in the the osmotic 

pressure within the PEM, which draws water in and hyperswells the thin film. 

To remain intact, a PEM must accommodate a large quantity of excess polymer 

negative charge that appears throughout the PEM, both at the surface and within the bulk 

of the multilayer. If it cannot, polymer must be lost.  

When the fraction of pH-dependent charge sites is in the medium range, there are 

two possibilities. First, pH change induces phase separation on the multilayer surface [7] 

and rearrangement of the PEM. Figure 5.7 (b) shows how a PEM can accommodate 

excess negative charges by rearranging the PEM film with a higher surface area. Excess 

charge can be extruded to the surface of a highly porous structure, with or without 

concomitant loss of polyelectrolyte. An example of this type of behavior is provided by 

PAH/PAA multilayers exposed to low pH [7, 8]. Such morphological changes may be 

reversible in the absence of polymer expulsion. pH-stimulated reversible poration has 

been invoked as a possible mechanism [21] for loading PEM capsules. 

In Figure 5.7 (c) excess charge leads to the loss of the polymer from the surface. 

This was illustrated as less polymer was lost on the 21-layer film than on the 20-layer 

film. It is explained in this chapter that, for the same fraction of pH-dependent charge 

sites in the multilayer, thinner films leave less space for creating extra charges. For 

example, the 11-layer PEM film is much more stable to the external pH change than the 

21-layer PEM film.  

The multilayer possesses a very interesting feature when the fraction of pH-

dependent charge sites, the number of layers, and the polarity of the outmost layer are all 

in the appropriate conditions. That is, its surface charge is reversibly tunable via pH. 

Figure 5.7 (d) shows that the PEM remains intact and continuous, along with a reversal of 

the surface charge if it happens to be positive. The details of this will be revealed and 

further investigated in the next chapter. 
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5.4 Conclusion 

 

Charges created inside the multilayers after the buildup process are not stable 

inside the film. They tend to “swim” out onto the surface by a process called charge 

extrusion. The amount of the extra charge accumulated on the surface will determine the 

degree of the decomposition of the film, by a second process called charge expulsion 

here. Fine adjustment to the composition of the film yields a pH-responsive multilayer 

which has a charge polarity and density that is tunable via pH [22]. 
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CHAPTER 6 

 

A REVERSIBLE CHARGE-SWITCHING SURFACE COATED WITH 

PH-RESPONSIVE POLYELECTROLYTE MULTILAYER 

 

 

6.1 Introduction to the Surface Modification Techniques 

 

Interfacial properties, such as the surface charge behavior, can be controlled by 

the molecular–level structure of the modified surface. Surfaces derivatized by using 

covalent [1], noncovalent [2] or dynamic coatings [3-5] have been demonstrated for use 

in controlling the surface charge behavior. 

Recently polyelectrolyte multilayers (PEMs) have been utilized to modify the 

substrate surface charge behavior for the capillary electrophoretic separation system [6, 

7]. The deposition of the PEM is constructed in situ by alternating rinses of positively and 

negatively charged polymers [8-12]. The mechanism of the formation and charge balance 

in PEMs has already been explored [13-17]. It is a simple, reproducible method, which 

offers a stable and uniform coating. Such coatings have been found to be robust and thus 

highly resistant to deterioration during use [6, 18, 19]. Effective resistance to protein 

adsorption yields exceptional efficiency in the capillary zone electrophoretic separation 

of proteins that would normally adsorb irreversibly to the bare silica [6]. Similar efficacy 

is expected on different polymeric substrates [20], since the substrate properties are 

effectively masked after a few layers. 

Electroosmotic flow (EOF) is commonly employed in capillary electrophoresis 

[21-23] and in microfluidic devices [24-27]. The direction and rate of the EOF are 

determined by the substrate surface charge polarity and density. Previous studies have 

shown [28] that different substrates provide very different EOF mobilities in  
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microchannel devices. Furthermore, the distribution of the surface charge on the 

polymeric substrate has been shown to be nonuniform and problematic [29]. Recently 

polyelectrolyte multilayers (PEMs) have been utilized to modify the substrate surface of 

microfluidic devices [30-32]. The multilayer coated surface has the ability of improving 

EOF reproducibility by offering a more uniform charge distribution, and determining 

EOF polarity by applying different number of layers.  

However, it would be beneficial if the PEM coating could possess the ability to 

control the charge density as well as the polarity of the surface. Adding another polymer 

layer to affect the charge polarity is obviously inconvenient and time-consuming. 

In this chapter, a special series of random copolymers comprising both strongly 

and weakly charged segments on the same PE chains were introduced in making pH-

responsive PEM coatings. The function of the “strong charges” is essentially to keep the 

multilayer stitched together at all pH values, while the function of the pH-dependent 

“weak” charges is to control the surface charge density and polarity via pH changes. 

 

6.2 Introduction to Electroosmotic Flow 

 

6.2.1 History of Capillary Electrophoresis 

 

Electrophoresis is the migration of ions or charged particles under the influence of 

an electric field. The first successful electrophoretic analysis performed in free solution 

was accomplished in the late fifties by Hjertén [33]. In 1974, Virtanen [34] developed an 

open tube electrophoresis system in 200-500 µm i.d. glass tubes with potentiometric 

detection. Within a few years, Mikkers [35] followed up by using 200 µm i.d. Teflon 

tubes and by demonstrating plate heights (lower plate heights correspond to greater 

equilibration between solutes and therefore better separation) of less than 10 µm, showed 

that rapid and highly efficient separations were possible. 

Shortly after the developments of Virtenen and Mikkers, Jorgenson and Lukacs 

[21, 36] used open tubular glass capillaries with an inner diameter of only 75 µm. 

Voltages were applied as high as 30 kV across a 1 m long capillary with fluorimetric 

detection to separate dansylated amino acids. Experimental plate heights of only a few 
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micrometers were determined for the amino acids. The efficiency has increased due to the 

miniaturization of the capillary, and the thin capillaries were also able to dissipate heat 

more evenly across the capillary. With this ability to prevent the generation of excess 

heat, or joule heating, high electric fields could be applied, leading to fast analysis times, 

as well as efficient separation [37]. The apparatus that Jorgenson and Lukacs built can be 

considered the first capillary zone electrophoresis instrument.  

Today, many capillary electrophoresis instruments are commercially available 

with quite a few detection options. However, it has not become a robust technique as 

many though it would 20 years ago. Some of the larger problems include poor limits of 

detection and poor reproducibility in transferring methods to everyday quality control 

use. It has emerged as a complimentary technique to HPLC for some applications and in 

some special cases the primary method when HPLC cannot be applied. 

 

6.2.2 The Setup of Capillary Electrophoresis 

 

The setup of a capillary electrophoresis system is very simple (Figure 6.1). A high 

voltage power supply is connected by platinum electrodes to two buffer reservoirs. The 

ends of a fused silica capillary (20-100 cm long, 25-100 µm inner diameter) are placed in 

the buffer reservoirs. The fused silica capillary has an outer layer of polyimide to make it 

more flexible and durable. When a potential is applied, solvent migrates through the 

capillary from the inlet vial to the outlet vial and solutes are detected on-line near the 

outlet vial based in their size and charge. 

Detection is performed in an area (window) of the capillary where the polyimide 

coating has been removed. Most systems employ absorbance or laser-induced 

fluorescence detectors. Absorbance detectors have a limit of detection of only 10-6 M due 

to poor optical conditions posed by the thin capillaries [38]. Laser-induced fluorescence 

detectors can have limits of detection down to 10-12 M, but derivatization may be 

necessary to tag molecules [38]. Other detection systems used include refractive index, 

conductivity, electrochemical detectors and mass spectrometers. 
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Figure 6.1. Schematic diagram of a typical capillary electrophoresis set up. 
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Injection into the capillary can be performed hydrodynamically or 

electrokinetically. Hydrodynamic injection is accomplished normally applying pressure 

on the sample vial. Electrokinetic injection is typically another option on commercial 

instruments. It takes advantage of electrophoretic migration by applying a relatively low 

voltage (1-10 kV) for a short period of time. The voltage and the amount of time applied 

govern the amount of sample that is introduced into the capillary. The rinse function is 

used for flushing the column with water, buffer or whatever solution is desired. On the 

Beckman Coulter P/ACETM MDQ Capillary Electrophoresis System that was used in this 

work, rinses were accomplished hydrodynamically by applying pressure to the inlet side. 

 

6.2.3 Electroosmotic Flow 

 

In capillary electrophoresis, an applied electric field is used to separate the 

components of a solution within a fused silica capillary tube. The inside wall of a 

capillary tube contains silanol groups (Si-OH) that are deprotonated at a pH above 2. A 

tightly adsorbed, stagnant layer (so-called stern layer) of cations partially neutralizes the 

negative surface of the deprotonated silanols. Excess mobile solvated cations in a diffuse 

layer neutralize the rest of the negative charge. The potential the negative surface imparts 

across this “electric double layer” is termed the zeta potential, ξ (V), and is given by: 

ξ = 4πηµeo / ε 

where η (N sec m-2) is the buffer viscosity adjacent to the capillary wall, ε (A sec V-1 m-1) 

is the dielectric constant of the solution, and µeo (m2 V-1 sec-1) is the coefficient for 

electroosmotic mobility [39]. The electroosmotic mobility is a measurement of the flow 

velocity at unit field strength. As shown in Figure 6.2, in an electric field, cations are 

attracted to the cathode and anions are attracted to the anode. µeo is based on their size 

and charge. In a fused silica capillary, the cations in the diffuse layer migrate toward the 

cathode and since they are solvated, drag solvent with them. This solvent flow is termed 

electroosmotic flow (EOF). The rate of flow is governed by the extent of potential drop 

across the double layer. The EOF velocity u (m sec-1), is given by: 

u = (ε / 4πη)Eξ 
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Figure 6.2. Schematic diagram of the electroosmotic flow EOF formation. 
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where E (V m-1) is the potential field strength [40]. Molecules are separated by their 

charge/size ratio in the elution order: cations, neutrals (not separated), and anions. All 

molecules are detected as long as the addition of µeo and µep generates a value with the 

same sign as µeo.  

The EOF can be affected by increasing or decreasing the charge density of the 

surface or by changing the double layer thickness [41]. The double layer thickness can be 

reduced by increased ionic strength since the thickness is inversely proportional to the ion 

concentration [41]. Electroosmotic flow decreases at low pH due to the decreased surface 

charge density. The thickness of the double layer ranges from 3 to 300 nm for electrolyte 

concentration of 10-2 to 10-6 M [37]. The electroosmotic flow originates at the walls of 

the capillary because of the extremely small size of the double layer. This results in a flat, 

plug-like profile unlike the laminar flow profiles that occur in HPLC. The smaller inner 

diameter capillaries introduced by Jorgenson and Lukacs play an important role in this 

area too. When using large diameter tubes in electrophoresis, joule heating would occur 

and a flow profile similar to HPLC would be observed. However, with the smaller 

diameter capillaries, heat is dissipated evenly and the flow profile is nearly flat. Also, the 

lack of a stationary phase prevents band broadening effects due to mass transfer between 

mobile and stationary phases. Because of the plug-like profile and the lack of stationary 

phase, capillary electrophoresis is a system of high efficiency with theoretical plate 

values greater than 106. 

 

6.3 Experimental Conditions 

 

6.3.1 Materials and Reagents 

 

Polystyrene sulfonate acid, PSS, (Scientific Polymer Products, Mw = 70 kDa) was 

used as the polyanion in all the PEM coatings. Random copolymer PDADMA-co-PAA 

(Calgon, mol% of AA is 36%; Mw = 200 kDa) was used as a polycation. Homopolymer 

PDADMA (Aldrich, Mw = 369 kDa, Mw/Mn = 2.09) was also used as the polycation. 

Polyethylenimine, PEI (branched, Aldrich Co.) was always deposited as a first layer. 
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Quaternized poly(4(5)-vinylimidazole), QPVI, was synthesized in our lab by 

methylating PVI (PVI was synthesized according to [42]) using excess methyl iodide as a 

methylating agent in a concentrated solution of the polymer in methanol. The reaction 

took 16 hours to complete, and the compound was precipitated with acetone and collected 

by filtration. Elemental analysis showed the compound to be roughly 60% quaternized.  

Poly(N-methyl-2-vinylpyridinium bromide) PM2VP (Mw = 50 kDa) was 

purchased from Polysciences Inc. The methylation percentage is approximately 90%. 

Ultrapure water obtained by ion exchange and filtration steps (Barnstead E-pure 

deionizing system) was used as the solvent for rinsing and preparing both deposition 

solutions in all the experiments. Polymer deposition solutions are all 1 mM based on the 

repeat unit. Citric buffer series (10 mM, pH range 2.78-7.30) and phosphate buffer series 

(10 mM, pH range 2.72-8.73) were used to control the pH. 

 

6.3.2 Instrumentation 

 

Experiments were conducted on a Beckman Coulter P/ACETM MDQ Capillary 

Electrophoresis System (Palo Alto, CA) with 254 nm UV detection operating at 15 kV 

and 25 oC. A fused silica capillary (Polymicro Technologies Inc., Phoenix, AZ) with the 

dimension of 50 µm x 31.2 cm (effective length 21 cm) was employed. Sample injections 

were performed by pressure (0.5 psi, 5 seconds). 

Multilayer coatings were deposited using the rinse function on the Beckman CE 

system. The capillary was first conditioned by a 30-minute rinse of 1 M NaOH.  

For the PDADMA-co-PAA/PSS coating system, the first layer of the polymer 

(PEI, 10 mM) was deposited by rinsing the polymer solution through the capillary for 10 

min followed by a 5-minute pH 2.78 citrate buffer rinse. Polymer deposition solutions 

contained 1 mM polymer, and 1 M NaCl. All other layers were deposited with 5-minute 

deposition time followed by 5-minute pH 2.78 citrate buffer rinse. After finishing 

coating, the tube was rinsed by pH 2.78 citrate buffer for an hour to stabilize the coating. 

For the QPVI/PSS system and PM2VP/PSS system, polymer deposition solutions 

contained 1 mM polymer and 0.5 M NaCl in pH 8.73 phosphate buffer solution. The first 

layer (QPVI or PM2VP) was deposited by rinsing the polymer solution through the 
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capillary for 10 minutes followed by a 5-minute pH 8.73 phosphate buffer rinse. All other 

layers were deposited with 5-min deposition time followed by a 5-minute pH 8.73 

phosphate buffer rinse. After finishing coating, the tube was rinsed with the pH 8.73 

phosphate buffer for an hour to stabilize the coating. 8 layers were built for both systems. 

Acetone was used as a neutral electroosmotic flow marker. Electroosmotic 

mobility (µeo) was used here to quantify the electroosmotic flow (EOF) and was given as 

the velocity of solvent flow per unit electric field strength (cm2 V-1 sec-1). We used the 

convention that the “normal” direction, from anode to cathode, was positive. 

 

6.4 Using pH to Control the Surface Charge Polarity and Density and thus EOF 

 

6.4.1 PDADMA-co-PAA/PSS system 

 

Choosing the buildup conditions. 

In the last chapter the stability of PEMs containing random copolymer 

PDADMA-co-PAA and their interesting properties when subjected to pH changes were 

thoroughly studied. Based on these results, a polycation solution mixture containing 20 

mol% PDADMA-co-PAA was selected as the polycation composition for designing pH-

controlled surface-charge-switching PEMs. Low pH was used for the PEM buildup to 

ensure the complete protonation of acrylic acid. Since excess negative charges were 

created by exposing PAA at high pH, odd number of layers was chosen to ensure the 

outmost layer was positive. 

Multilayer films were coated on the inside wall of the capillary columns. A 

capillary electrophoresis system was employed to study the surface charge behavior of 

the pH-responsive coating by monitoring the EOF.  

 

21-layer pH-tunable PEM coating. 

A capillary was coated with a 21-layer PEM and the EOF was monitored and 

plotted as a function of the number of runs at different pH values (Figure 6.3). 
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Figure 6.3. EOF mobility of the PEM coatings vs. the number of runs between pH 2.78 
and 7.30. (copolymer0.2-blend-PDADMA0.8/PSS)10copolymer0.2-blend-PDADMA0.8 
(open squares), (copolymer0.2-blend-PDADMA0.8/PSS)5copolymer0.2-blend-PDADMA0.8 
(diamonds) and (PDADMA/PSS)5copolymer0.2-blend-PDADMA0.8 (triangles) @1.0 M 
NaCl @pH 2 were coated on the inside of the capillary column. Even runs were done at 
pH 7.30, a positive EOF indicated the surface charge was negative; odd runs were done at 
pH 2.78, a negative EOF indicated the surface charge was positive. The hollow circle 
represents the EOF of the bare capillary. 
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The EOF exhibits reproducible switching of the flow direction with alternating 

pH conditions between buffers of "high" (7.30) and "low" (2.78) pH. The oscillation of 

EOF at different pH values indicates that the surface charge reversal process is reversible. 

Fine control of the EOF is possible by the selection of intermediate pH conditions 

for buffers. Figure 6.4 depicts EOF as a function of the pH for the 21-layer PEM coating. 

The pH-of-zero-flow [43], corresponding, presumably, to the pH-of-zero-net-surface-

charge, occurs at a point (3.60) near the pKa of the PAA within the multilayer. 

The phenomenon was rationalized as the following: when building the multilayer 

at pH 2.78, all the carboxylic groups from AA units are presumably protonated. When 

exposed at pH 7.30, those carboxylic groups get deprotonated and create extra negative 

charges. Apparently these pH-dependent negative charges outnumber the existing 

positive surface charges so that they actually switch the surface charge polarity and 

change the EOF direction. Lowering the pH protonates AA, diminishes the pH-dependent 

negative charges and leaves the permanent positive charges “emerged”. Accordingly, 

EOF direction is reversed again. At a certain pH where the positive charges on the 

surface equal the negative charges, the net surface charge density is zero, and the EO 

flow is also zero. According to Figure 6.4, when the pH is higher than the pH-of-zero-

flow, the surface charge polarity is negative. The higher the pH, the higher the charge 

density, the higher the EOF will be in the normal direction. When the pH is lower than 

the pH-of-zero-flow, the surface charge polarity is positive. The lower the pH, the higher 

the charge density, the higher the EOF will be in the reverse direction. 

For comparison, the pH-dependent behavior of the bare silica column was also 

studied (Figure 6.5). The pH was cycled between 2.78 and 7.30 five times. 

Irreproducibility of the bare silica column under pH change is clearly demonstrated in the 

graph. Furthermore, EOF does not switch directions even at the pH extremes. 
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Figure 6.4. EOF mobility of PEM coatings on fused silica capillary vs. pH. 
(copolymer0.2-blend-PDADMA0.8/PSS)10copolymer0.2-blend-PDADMA0.8 (open squares), 
(copolymer0.2-blend-PDADMA0.8/PSS)5copolymer0.2-blend-PDADMA0.8 (diamonds) and 
(PDADMA/PSS)5 copolymer0.2-blend-PDADMA0.8 (triangles) @1.0 M NaCl @pH 2. 
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Figure 6.5. EO flow vs. pH on bare silicon column. Five cycles with the pH varied 
between 2.7 and 7.3 were conducted, represented by different symbols. pH was adjusted 
by citric buffer series. 
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11-layer pH-tunable PEM coating. 

As illustrated in the last chapter, reducing the number of layers is an effective way 

to reduce the amount of excess charges created in the bulk so that the stability and surface 

morphology of the film when subjected to pH changes can be improved. 

The pH switching experiments were repeated with the 11-layer coating. The EOF 

was plotted as a function of the number of runs at different pH values in Figure 6.3 and as 

a function of the pH in Figure 6.4. Figure 6.3 demonstrated that the 11-layer coating 

provided a higher EOF at both pH conditions compared with the 21-layer coating, and the 

reproducibility of 11-layer coating was also better than that of 21-layer coating. Figure 

6.4 also demonstrated higher EOF compared with the 21-layer coating. This observation 

confirms the idea that reducing number of layers helps stabilize the coating. The pH-of-

zero-flow was still 3.60. The run-to-run reproducibility was excellent (Figure 6.6). After 

a short time the EOF was very stable. This contrasts strongly with the notorious 

instability of the EOF in bare capillaries in response to wide swings in the pH [44]. The 

coated column provided stable and reproducible EOF for at least 500 runs over two 

weeks. 

 

1-layer pH-tunable PEM coating on the support of regular pH-inert PEM. 

What is the minimum number of layers to provide both the surface charge 

switching property and decent reproducibility and stability? Apparently one is the 

minimum number of layers that can be built. So a monolayer of PDADMA-co-PAA was 

deposited on the capillary column for the pH switch study. This monolayer also afforded 

pH-controlled switching of EOF (Figure 6.7), but the flow was irreproducible and 

unstable. This is probably due to contributions from the underlying silanol groups, which 

are insufficiently masked. 
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Figure 6.6. EOF mobility vs. number of runs between pH 2.78 and 7.30. Run-to-run 
reproducibility on the (copolymer0.2-blend-PDADMA0.8/PSS)5copolymer0.2-blend-
PDADMA0.8 @1.0 M NaCl @pH 2 coating. 
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Figure 6.7. EOF mobility vs. number of runs between pH 2.78 and 7.30. 1 layer, 
copolymer0.2-blend-PDADMA0.8 @1.0 M NaCl @pH 2. The first point is for bare 
capillary. For the rest, even number of runs were done in pH 7.30. Positive EOF indicates 
the surface charge is negative. Odd number of runs were done in pH 2.78. Negative EOF 
indicates the surface charge is positive. 
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Since the interactions of the underlying silanol groups somehow compromised the 

monolayer’s behavior, a monolayer of polycation mixture was deposited on top of a 

regular pH-inert PEM coating.  A 10-layer multilayer was coated on the capillary column 

with the use of the homopolymer PDADMA, and PSS with 1 M NaCl present in both 

deposition solutions. One layer of the polycation mixture was deposited on top of the 

existing pH-independent multilayer. EOF was plotted as a function of the number of runs 

at different pH values in Figure 6.3 and as a function of pH in Figure 6.4. Figure 6.3 

demonstrates that the 1-layer coating provides a lower EOF at both pHs but a similar 

reproducibility compared with the 11-layer coating. Obviously, applying a pH-responsive 

monolayer on top of a certain pH-independent supporting multilayer improves the 

stability of the coating by eliminating the charge repulsion effect in the bulk, which is 

illustrated by its good reproducibility. However, at the same time, the contribution to the 

surface charge distribution from the underlying layers according to the overcompensation 

effect [14] is eliminated too, resulting in a lower EOF. The pH-of-zero-flow was still 3.60 

(Figure 6.4). 

 

Varying the composition of copolymer. 

To verify the explanation of the surface charge switching property, the 

composition of the polycation mixture was varied to employ 5 mol% copolymer or pure 

copolymer.  

A layer of the pure copolymer or the polycation mixture containing 5 mol% 

copolymer was employed as the outmost layer on top of a 10-layer PDADMA/PSS 

multilayer respectively. Their EOF properties as a function of pH were plotted in Figure 

6.8. The pH-of-zero-flow was approximately 3.20 for the multilayer containing pure 

copolymer. And the EOF did not switch at all when the outmost layer contained only 

1.8mol% AA. The results further prove the mechanism of the surface charge reversal 

effect. The less AA present in the multilayer, the higher the pH-of-zero-flow will be. 

When the amount of the carboxylic group present is not enough to outnumber the 

permanent charge sites from PDADMA, varying pH only changes the surface charge 

density but is not able to switch the charge polarity. 
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Figure 6.8. EOF mobility of the PEM coatings vs. pH. The coatings were 
(PDADMA/PSS)5copolymerφ-blend-PDADMA1-φ @1.0 M NaCl @pH 2, where φ = 0.05 
(squares), 0.2 (diamonds) and  1.0 (triangles). 
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6.4.2 PM2VP/PSS System and QPVI/PSS System 

 

For the PM2VP/PSS system and the QPVI/PSS system, the PEM buildup was 

carried out at pH 8.73. At this pH, the unquaternized ammoniums (from the pyridine ring 

or imidazole ring) on the PM2VP or QPVI chains are deprotonated and hence uncharged. 

Exposing the system to low pH protonates the unquaternized ammoniums so that they are 

positively charged. 

Fine control of the EOF direction as well as the flow rate via pH is illustrated in 

Figure 6.9 for the 10-layer PM2VP/PSS system.  The pH-of-zero-flow, corresponding to 

the pH-of-zero-net-surface-charge, occurs at pH 4.7. 

The phenomenon was rationalized as the following: when building the multilayer 

at pH 8.73, all the unquaternized ammoniums on the pyridine ring from the PM2VP 

chains are deprotonated and thus uncharged. According to Figure 6.9, when the pH is 

decreased from 8.73, those unquaternized ammoniums begin to get protonated and create 

extra positive charges which gradually neutralize the original negative surface charges 

from the last layer of PSS. The lower the pH, the lower the overall negative surface 

charge density and the lower the EOF created in the normal direction. When the pH 

reaches a certain point, the original negative surface charges are completely neutralized 

by the pH-created positive charges. The overall surface charge density is zero, thus the 

EOF is zero too. 

When the pH is lower than the pH-of-zero-flow, the pH-created positive charges 

begin to outnumber the original negative surface charges and reverse the surface charge 

polarity. The direction of EOF is also reversed. The lower the pH, the higher the overall 

positive charge density, and the higher the EOF will be in the reverse direction.  

Run-to-run reproducibility of the PM2VP/PSS system is excellent (Figure 6.10 

and 6.11). EOF is very stable and reproducible under pH switches. The coated column 

provided stable and reproducible EOF for at least 500 runs over two weeks. 
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Figure 6.9. EOF mobility vs. pH. (PM2VP/PSS)5 @0.5 M NaCl @pH 8.73. pH-of-zero-
flow is 4.7. 
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Figure 6.10. EOF mobility vs. number of runs between pH 3.54 and 6.91. Run-to-run 
reproducibility on the (PM2VP/PSS)5 @0.5 M NaCl @pH 8.73 coating.  
 



 122

 

-5

-3

-1

1

3

5

0 15 30 45 60

Number of Runs

µ
E

O
F
 [x

 1
0-4

 c
m

2 V
-1

s-1
]

 

 

Figure 6.11. EOF mobility vs. number of runs between pH 2.72 and 8.73. Run-to-run 
reproducibility on the (PM2VP/PSS)5 @0.5 M NaCl @pH 8.73 coating.  
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The surface charge switching property and run-to-run reproducibility of the 

QPVI/PSS system when exposed to pH changes was also studied (Figure 6.12 and 6.13). 

A similar phenomenon was observed. The pH-of-zero-flow occurs at pH 6.2. The EOF 

was not very reproducible. The reason for this is not well understood. 

Up to now, three pH-tunable PEM systems for controlling the surface charge 

density and polarity have been introduced. These systems not only have the abilities to 

control the EOF, but also have quite different pH-of-zero-flow values, which cover the 

pH range from 3.6 to 6.2 (Figure 6.14). 

 

6.5 Conclusion and Potential Applications 

 

There are several advantages of these pH-responsive thin film coatings: first, they 

provide the ability to control the surface charge polarity conveniently and reversibly 

compared with the current multilayer coating techniques. Hence EOF can be simply 

manipulated in microfluidic devices. Furthermore, the coatings potentially offer a good 

surface modification in the CZE system for separating both acidic and basic proteins on 

one coated column, either by choosing pH values that minimize irreversible adsorption of 

all components, or by switching the pH to release proteins that may have adsorbed to the 

surface. Secondly, the use of coated capillaries can allow for the rapid, precise and 

reproducible separation of moderate to strong basic solutes at low pH compared to the 

uncoated capillaries. Finally, choosing a pH where the EOF is truly zero (hard to 

accomplish in silica capillaries) allows separation based solely on electrophoretic 

mobility and may allow isoelectric focusing [45, 46]. 
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Figure 6.12. EOF mobility vs. pH. (QPVI/PSS)5 @0.5 M NaCl @pH 8.73. pH-of-zero-
flow is 6.2. 
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Figure 6.13. EOF mobility vs. number of runs between pH 4.32 and 7.73. Run-to-run 
reproducibility on the (QPVI/PSS)5 @0.5 M NaCl @pH 8.73 coating.  
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Figure 6.14. EOF mobility vs. pH. Solid triangle: (copolymer0.2-blend-
PDADMA0.8/PSS)5copolymer0.2-blend-PDADMA0.8 @0.5 M NaCl @pH 2.72; Hollow 
square: (PM2VP/PSS)5 @0.5 M NaCl @pH 8.73; Solid diamond: (QPVI//PSS)5 @0.5 M 
NaCl @pH 8.73. pH-of-zero-flow is 3.6, 4.7 and 6.2 respectively.  
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CHAPTER 7 

 

THE STUDY OF PROTEIN ADSORPTION AND RELEASE ON PH-

TUNABLE PEM COATINGS 

 

 

7.1 Introduction of Chromatographic Techniques for Protein Purification 

 

7.1.1 Introduction and Comparison of Some Common Used Chromatographic 

Techniques for Protein Purification 

 

The development of an efficient bio-separation process for the production of high-

purity biopharmaceutical products is one of the most pressing process development 

challenges facing the pharmaceutical and biotechnology industries today [1]. 

Chromatography, by virtue of its high resolving power, has made itself indispensable in 

the down-stream purification of biomolecules [2]. 

Affinity Chromatography: Affinity chromatography [3-6] relies on the protein 

binding specifically to an immobilized ligand while the rest of the proteins pass on 

through the column. The ligands of choice are monoclonal antibodies [7-10]. There are 

four distinct advantages of protein affinity chromatography as a technique for detecting 

protein-protein interactions. First, and most importantly, protein affinity chromatography 

is incredibly sensitive. It can detect interactions with binding constants as weak as 10
-5

 M 

[11]. Secondly, this technique treats all proteins in an extract equally; thus, extract 

proteins that are detected have successfully competed for the test protein with the rest of 

the population of proteins [12]. Thirdly, it is easy to examine both the domain of a protein 

and the critical residues within it that are responsible for a specific interaction, by 
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preparing mutant derivatives [13, 14]. Lastly, interactions that depend on a multisubunit 

tethered protein can be detected, unlike the case with protein blotting. 

However, studies [15-18] have also revealed several drawbacks of this technique, 

such as: the monoclonal antibodies are expensive and need to be purified; they normally 

bind with such tenacity that it is hard to release them, so forcing one to use harsh 

conditions that may inactivate the protein sample or destroy part of the monoclonal 

antibody; other proteins in the preparation also may inactivate the antibodies (proteases) 

or bind non-specifically to them; and monoclonal antibodies often tend to leach off the 

column during the purification and then this must be removed from the protein. 

Attaching a fusion "tag" to the protein is a very common way of purifying protein 

in a research lab. This is because it is easy to purify proteins and easy to achieve high 

levels of purified proteins in this manner [19-22]. However, this technique is seldom 

allowed by the F. D. A. for injectable proteins. 

Hydrophobic Interaction Chromatography: Proteins are made from both 

hydrophilic and hydrophobic amino acids. Most of the hydrophobic amino acids are 

located in the core of the protein structure away from the surface where they would 

interact with water molecules. There are, however, some hydrophobic residues on the 

surface of almost all proteins [23, 24]. These are the hydrophobic amino acids that are 

used in this form of column chromatography to separate proteins according to their 

relative hydrophobicity [25-30]. The column beads are coated with hydrophobic 

adsorbents [31-35]. The hydrophobic amino acid side groups are not normally exposed 

on proteins since the hydrophilic amino acids attract so many water molecules that the 

entire protein is surrounded by water molecules, except in conditions of high salt 

concentration. At high salt concentrations, the hydrophobic areas are exposed and bind to 

the matrix [36-38]. The column is eluted with decreasing concentrations of salt in the 

buffer [39, 40]. Proteins usually elute only when the salt concentration is very low. The 

fact that you put proteins onto this type of column in high salt and get them off in low salt 

makes this method very useful as a next step after proteins are eluted from ionic 

exchange columns with high salt [41, 42]. The hydrophobic column does not require a 

buffer change before the protein is loaded. The protein is eluted off in low ionic strength 
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(step wise) so it is ready for the next purification step without a further buffer exchange. 

This saves time and protein loss [43]. 

Ion Exchange Chromatography: Ion Exchange Chromatography, IEC, is the 

most used chromatographic technique in protein purification and separation [44, 45]. It is 

included in about 75% of all purification protocols. Ionic interactions have been applied 

successfully as the basis for separation and purification of proteins since the late 1940s 

[46-52]. 

Reasons for the popularity of IEC include its (I) high resolving power, (II) high 

protein-binding capacity, (III) versatility, (IV) straight forward separation principle 

(primarily according to the difference in charge), (V) and ease of performance.  

Generally, the protein adsorption is engaged by electrostatic interaction and the 

release is controlled by either ion elution [53-55] or pH changes [56-58].  Elution by salt 

is easy and seemingly universal so it is mostly commonly used. However, high salt 

concentration introduced into the protein solution has to be removed later by an extra step 

either with dialysis or gel filtration chromatography. In addition, some proteins may be 

sensitive to salt, so the choice of salt type and concentration is still up to the protein being 

purified.  

The pH is one of the most important parameters in determining protein binding, as 

it determines the charges on both the protein and the ion exchanger. At pH values far 

away from the pI, proteins bind strongly and in practice do not desorb at low ionic 

strength. Near to its pI, the net charge of a protein is less and consequently it binds less 

strongly. It is hard to apply the pH changing method to highly acidic or basic proteins, 

because the pH has to be adjusted to extremes in order for the protein to be neutralized 

and released. 

 

7.1.2 Improvements of Regular IEC Technique: IEF, Chromatofocusing and pH 

Gradient 

 

Although the product throughput and yield is high for the regular IEC technique, 

the resolution in ion-exchange is generally lower, especially when salts gradients are 

used. 
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An improved technique based on the regular IEC technique, which has advantages 

over the established methods when the adsorption affinity of the target protein is highly 

sensitive to pH, is the use of a retained pH gradient. Such gradients can be produced 

when the buffering species are adsorbed, when the column packing itself has a buffering 

capacity, or when both of these conditions apply. When a gradual retained pH gradient is 

employed, either by using a polyampholyte elution buffer or a mixture of well-defined 

buffering species, the process is generally termed chromatofocusing [59-62] or buffer 

focusing chromatography [63-65], respectively. In either case, proteins with minor 

differences in isoelectric point (pI) are easily resolved [1], and high-resolution protein 

separations can be achieved due to the focusing effects that result from using a retained 

gradient [66]. Chromatofocusing is ideal for preparative-scale purification of components 

with closely related pI values. 

However, there are many limitations to the conventional chromatofocusing 

technique [67]. 

One limitation of the conventional technique is the characteristic of the mobile-

phase buffer. The technique requires polymeric ampholyte buffers, which are expensive, 

have poor chromatographic reproducibility because of variability in the physical and 

chemical properties [68, 69], and association of these with some proteins leads to 

additional complications [70, 71]. To overcome these limitations, conventional 

chromatofocusing techniques using mobile phases employing low molecular mass buffer 

species have been tried [72-76].The quality of the pH gradient generated using these low 

molecular mass buffer components has generally been poor compared to that generated 

by polymeric ampholyte buffers, giving nonlinear gradients, cascade steps [72, 75], 

spikes [77], and protein elution plateaus [73, 77]. 

The second limitation of the conventional chromatofocusing technique concerns 

the concentration of the buffer in the mobile phase. Relatively low buffer concentrations 

are required in the conventional chromatofocusing technique to generate pH gradient 

slopes that are not too steep, and to obtain reasonable resolution [72, 78-80]. A high 

concentration of buffer in the mobile phase produces a pH gradient slope that is too steep, 

as the mobile-phase buffering capacity overwhelms the buffering capacity of the column. 

Thus, possible optimization gains in chromatofocusing separations using high buffer 
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concentrations in the mobile phase cannot be studied or realized in the conventional 

chromatofocusing technique. 

The third limitation in conventional chromatofocusing is its inflexibility in 

controlling pH gradient slope. The only way to control the pH gradient slope for a given 

column in conventional chromatofocusing is to change the mobile-phase buffer 

concentration, with lower mobile-phase buffer concentrations giving shallower pH 

gradients. However, linear pH gradients are difficult to generate using very low buffer 

concentrations, as it has been reported that low-concentration polymeric ampholyte 

buffers (diluted more than 1:10) give irregular and irreproducible pH gradients [73, 81]. 

 

7.1.3 Advantages of the pH-tunable PEM Coating Technique 

 

Besides the above limitations in conventional chromatofocusing, it is also hard to 

apply this technique to highly acidic or basic proteins because pH has to be adjusted to 

extremes in order for the protein to be neutralized and released. 

For the pH-responsive PEM coating systems [82], the polarity and density of 

surface charge can be altered by pH. With this coating on the stationary phase of a 

regular IEC column, the release of proteins can be realized by two options, altering either 

the surface charge polarity of the stationary phase or that of proteins. 

 

7.2 Materials and Methods 

 

Materials: Poly(styrenesulfonic acid), PSS (Mw = 70 kDa, Mw/Mn = 1.06) and  

poly(diallyldimethylammonium chloride), PDADMA (Mw = 369 kDa, Mw/Mn = 2.09) 

were used as received from Aldrich. Random copolymer PDADMA-co-PAA (mol% of 

AA is 36%; Mw = 200 kDa) was from Calgon Merquat® 281. PM2VP (Mw = 500 kDa) 

was from Polysciences Inc. (roughly 90% quaternized according to the company 

figures/elemental analysis) Quaternized poly(4(5)-vinylimidazole), QPVI, was 

synthesized in our lab by methylating PVI using excess methyl iodide as a methylating 

agent in a concentrated solution of the polymer in methanol. (PVI was synthesized 

according to reference 83). The reaction took 16 hours to complete, and the compound 



 132

was precipitated with acetone and collected by filtration. Elemental analysis showed the 

compound to be roughly 60% quaternized. Lysozyme (from chicken egg white) was 

purchased from Sigma. Lysozyme solution was 1 mg/ml and was dissolved in 10mM 

phosphate buffer. All polymer and buffer solutions were prepared using ultrapure water. 

 

Preparation of a PEM coated silica column for capillary electrophoresis 

experiments: Ultrapure water obtained by ion exchange and filtration steps (Barnstead 

E-pure deionizing system) was used as the solvent for rinsing and preparing both 

deposition solutions in all experiments. A phosphate buffer series (10 mM, pH range 

2.72-8.73) was used to control pH. 

Experiments were conducted on a Beckman Coulter P/ACE
TM

 MDQ Capillary 

Electrophoresis System (Palo Alto, CA) with 214 nm UV detection operating at 15 kV 

and 25 
o
C. Fused silica capillary (Polymicro Technologies Inc., Phoenix, AZ) with the 

dimension of 50 µm x 31.2 cm (effective length 21 cm) was employed. Sample injection 

was performed electrokinetically (3 kV, 3 seconds). 

Multilayer coatings were deposited using the rinse function on the Beckman CE 

system. The capillary was always conditioned by a 30-minute rinse of 1 M NaOH before 

building multilayers. 

For the copolymer/PDADMA/PSS system, (copolymer0.2-blend-

PDADMA0.8/PSS)5copolymer0.2-blend-PDADMA0.8 @0.5 M NaCl @pH 2.72 was coated 

inside the capillary column. For the QPVI/PSS and P2MVP/PSS system, (QPVI/PSS)5 

and (PM2VP/PSS)5 @0.5 M NaCl @pH 8.73 were coated inside the capillary column. 

The first layer of polymer (polymer blend, QPVI or PM2VP, 1 mM) was 

deposited by rinsing the polymer solution through the capillary for 10 min followed by a 

5-min phosphate buffer rinse (pH was 2.72 for the copolymer blend system and 8.73 for 

the QPVI and PM2VP system). All other layers were deposited with 5-min deposition 

time followed by a 5-min corresponding buffer rinse. After finishing the coating, the tube 

was rinsed with corresponding buffer for an hour to stabilize the coating. 

Phenol was used as a neutral electroosmotic flow marker. Electroosmotic mobility 

(µeo) is used here to quantify the electroosmotic flow (EOF) and is given as the velocity 
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of solvent flow per unit electric field strength [cm
2
 V

-1
 s

-1
]. We use the convention that 

the “normal” direction, from anode to cathode, is positive. 

Coating beads with PEMs for ion-exchange chromatography experiments: 

The inert supporting material used was glass beads with an average diameter of 156 µm 

(A-Glass 2024, Spheriglass solid glass spheres, Potters Industries Inc.). Using wire mesh, 

small particles less than 106 µm were removed.  Glass beads were washed with Nitric 

acid 0.1M (10ml per 1 gram of beads) and refluxed at 90ºC for 2 hours. The beads were 

then washed with water and filtered with pure water until the pH of the filtrate was raised 

to the pH of pure water. (QPVI/PSS)4 @0.25 M NaCl @pH 8.2 (phosphate buffer) were 

deposited on the beads that had been stored in phosphate buffer overnight. The coating 

time for each layer was 30 minutes followed by an extensive rinse in buffer. 

The chromatography column (BioRad) was loaded with 0.6676 grams of beads 

(~0.4 mL volume in the column). A schematic graph of the column setup is shown in 

Figure 7.1. Loading was done by pouring the slurry into the column with no air bubbles. 

Uneven flow onto the surface of the beads can cause uneven patterns of flow through the 

column. A small layer of buffer above the surface can help to even out irregularity. The 

flow rate through the column was 3ml/min. 

After pouring the coated beads and letting them sit in the phosphate buffer (pH 

8.2), 200 µL of lysozyme (1 mg/mL) was introduced in the column and left to adsorb for 

5 minutes with no flow. After that, the pure buffer was flushed through the column to get 

rid of the proteins that were not loaded or loosely bound on the bead coating surface. This 

was checked by collecting samples and testing them with the dye described below. 

Phosphate buffer (pH 3.2) was then passed through to switch the pH in the 

column and release the proteins. 10 samples 0.5ml each were collected and stored for the 

dying procedure. 
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Figure 7.1. Schematic diagram of the setup of the protein purification column. The 

column was loaded with 0.6676gram of glass beads. A small layer of buffer above the 

surface was kept to even out irregularity. The flow rate through the column was 

3mL/min. 
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Coomassie Brilliant Blue G-250 dye (BioRad) changes color from hazy brown to 

blue in response to various concentrations of proteins. 200 µL of the pure dye was 

dissolved in 800 µL of pure water. 90 µL of this solution was added to 40 µL of the 

collected eluent after pH switch. The concentration of the protein in the eluents was 

examined by using a UV spectrophotometer. 

 

7.3 Results and Discussion 

 

7.3.1 Surface Charge Reversal Effect of the pH-tunable PEM Coatings 

 

Capillary columns were coated with the (copolymer0.2-blend-

PDADMA0.8/PSS)5copolymer0.2-blend-PDADMA0.8 @0.5 M NaCl @pH 2.72 system, 

(QPVI/PSS)5 @0.5 M NaCl @pH 8.73 system and the (PM2VP/PSS)5 @0.5 M NaCl 

@pH 8.73 system respectively. EOF was monitored on these PEM-modified columns at 

different pH values between 2.72 and 8.73 and plotted as a function of pH (Figure 7.2). 

It was observed that for the copolymer blend/PSS system, when the pH was below 

3.6, the EOF was in the negative direction and the lower the pH was, the higher the flow 

rate. When the pH was above 3.6, EOF was in the positive direction and the higher the 

pH was, the higher the flow rate. At pH 3.6, EOF was indistinguishable from zero. 

According to the Stern model of the electroosmotic flow generation (and the EOF 

direction, from anode to cathode, is defined as positive in this work), this phenomenon 

indicates at pH lower than 3.6, the overall surface charge polarity is positive. 

Furthermore, the lower the pH, the higher the positive charge density will be on the 

surface. While at a pH higher than 3.6, the overall surface charge polarity is negative. 

The higher the pH, the higher the negative charge density will be on the surface. The 

overall surface charge density is zero at pH 3.6. This pH is named the pH-of-zero-flow. 

The protonation/deprotonation of the carboxylic groups from acrylic acid on the 

copolymer chains is the main cause of this surface charge reversal effect. A thorough 

study of this phenomenon and a detailed explanation is addressed in the last chapter. 
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Figure 7.2. EOF mobility vs. pH. Solid triangle: (copolymer0.2-blend-

PDADMA0.8/PSS)5copolymer0.2-blend-PDADMA0.8 @0.5 M NaCl @pH 2.72; Hollow 

square: (PM2VP/PSS)5 @0.5 M NaCl @pH 8.73; Solid diamond: (QPVI//PSS)5 @0.5 M 

NaCl @pH 8.73. pH-of-zero-flow is 3.6, 4.7 and 6.2 respectively. 
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Similar surface charge reversal effects were observed on both PM2VP/PSS and 

QPVI/PSS systems. That is, at relatively high pH, the EOF is positive. The higher the pH, 

the higher the flow rate; while at relatively low pH, the EOF is negative. The lower the 

pH, the higher the flow rate. The pH-of-zero-flow was 4.7 for the PM2VP/PSS system 

and 6.2 for the QPVI/PSS system. 

We rationalize the phenomena of these two systems as follows: there are about 

10% unquaternized amine groups on the PM2VP chains and 40% unquaternized amine 

groups on the QPVI chains. When building the multilayer at pH 8.73, all these 

unquaternized amine groups are presumably protonated. When the multilayers were 

exposed to a lower pH, these unquaternized amine groups started to protonate and create 

extra positive charge in the multilayers. At a certain pH value, these pH-dependent 

positive charges began to outnumber the existing negative surface charges (note: 10 

layers were built for these two systems to keep the surface charge negative) so that they 

actually switched the surface charge polarity and changed the EOF direction. It is also 

observed that increasing pH from 2.73 to 8.73 reversed the EO flow direction from 

negative to positive. This is because increasing the pH gradually deprotonated these 

unquaternized amine groups, diminishing the pH-dependent negative charges and leaving 

the permanent negative charges “emerged”. 

 

7.3.2 Protein Release on the pH-tunable PEM Coatings 

 

The capillary column was coated with the (copolymer0.2-blend-

PDADMA0.8/PSS)5copolymer0.2-blend-PDADMA0.8 @0.5 M NaCl @pH 2.72 system. 

Then the column was rinsed with pH 7.4 buffer for an hour. Previous studies showed at 

this condition the surface charge polarity was negative. 

Separation was performed by injecting the lysozyme sample solution (1 mg/mL, 

containing ~ 1mM phenol as a neutral marker) and then applying 15 kV with the normal 

polarity for 15 minutes. The phenol peak appeared at 3.03 minutes (Figure 7.3, bottom 

chromatogram), which further indicated that the surface charge was negative. No protein 

peak was observed within 15 minutes. 
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Figure 7.3. Chromatograms of protein loading and releasing at different pH values on the 

pH-tunable PEM coatings. ((copolymer0.2-blend-PDADMA0.8/PSS)5copolymer0.2-blend-

PDADMA0.8 @0.5 M NaCl @pH 2.72 multilayer was coated on the capillary column. 

Bottom curve: inject the lysozyme sample solution (1 mg/mL, containing phenol as a 

neutral marker, electrokinetical, 3 kV/3 seconds) at pH 7.40. 15 kV with the normal 

polarity was applied. The phenol peak occurred at 3.03 minutes. No protein peak was 

observed. Middle curve: rinse the column with pH 2.72 buffer for 30 seconds. Inject 1 

mM phenol solution. 15 kV with the reverse polarity was applied. The phenol peak 

occurred at 1.72 minutes. Top curve: inject lysozyme sample solution at pH 2.72. 15 kV 

with the reverse polarity was applied. The phenol peak occurred at 1.67 minutes. 
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The column was rinsed with the pH 2.72 buffer for 30 seconds to convert the 

surface charge polarity to positive. Then the neutral marker phenol (~1 mM) was injected 

and 15 kV with the reverse polarity was applied across the column. The phenol peak 

eluted at 1.72 minutes (Figure 7.3, middle chromatogram), indicating the surface charge 

was altered to negative.  The protein peak appeared at 12.02 minutes. 

According to these results, since the overall surface charge polarity of the PEM 

coating is opposite to that of lysozyme at pH 7.4, the lysozyme is adsorbed on the coating 

surface and will not elute with the buffer solution. When the pH is changed to 2.72, the 

surface charge of the PEM coating is altered to positive, and the lysozyme is released 

from the multilayer surface due to electrostatic repulsion and eluted as a peak. 

As a comparison, the lysozyme sample solution was injected at pH 7.4. 15 kV 

with the normal polarity was applied. The phenol peak occurred at 1.67 minutes (Figure 

7.3, top chromatogram), which indicated the surface charge was positive. The protein 

elution peak occurred at 10.55 minutes. The slight elution time difference between the 

lysozyme peak that was loaded at high pH (7.4) and released at low pH (2.72) and the 

peak by regular injection at pH 2.72 may be due to a kinetic effect of the protein releasing 

from the coated surface. 

Experiments were repeated 5 times and the results were very reproducible. 

7.3.3 Ion Exchange Chromatography for the Protein Purification Experiment 

 

(QPVI/PSS)4 @0.25 M NaCl @pH 8.2 (phosphate buffer) were deposited on the 

beads. 200 µL of lysozyme (1 mg/mL) was loaded for 5 minutes in the column. After 

rinsing off the proteins that were not loaded or loosely bound (proof-checked by 

Coomassie Brilliant Blue G-250 dye), phosphate buffer (pH 3.2) was passed through to 

switch the pH in the column and release the proteins. Eluents (0.5ml each) were 

collected. 90 µL of Coomassie Brilliant Blue G-250 dye was added to all the samples to 

colorize the eluted lysozyme. The concentration of the protein in the eluents was 

examined by using a UV spectrophotometer and then calculated based on the standard 

working curve. 
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Figure 7.4. Eluents collected from the protein purification column packed with 

(QPVI/PSS)4 @0.25 M NaCl @pH 8.2  coated beads. 0.2 mL lysozyme solution 

(1mg/ml) was loaded at pH 7.4 and left to equilibrate for 5 minutes with no flow. Then 

the column was washed with pH 7.4 pure buffer to get rid of excess proteins loosely 

bound on the coated column.  To ensure no protein elution, eluent was collected and 

tested with Coomassie Brilliant Blue G-250 dye (BioRad). Phosphate buffer (pH=3.2) 

was then passed through to switch the pH of the column and release the proteins. 
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It was found (Figure 7.4) that the adsorbed lysozyme was released after the pH 

switch and mainly collected in the first 1 mL. The concentration of these two eluent 

portions was found to be 0.03mg/mL with the help of a UV spectrophotometer. The total 

amount of proteins adsorbed on the column was roughly 0.03 mg. 

A few parameters related to the column behavior were calculated and listed 

below:  

1. Column capacity: 0.03 mg/0.4 mL = 0.075 mg/mL. 

2. Coverage of lysozyme on the (QPVI/PSS)4 @0.25 M NaCl @pH 8.2 coated 

column:  0.03 mg/0.0106816 m
2
 = 2.81 mg/m

2
. 

(Average radius of bead r= 75 µm; Density bead= 2.5 g/cm
3
, since 0.6676 grams 

were used, total surface area = Surface area bead * 0.6676 g/ Mass bead = 4πr
2
 * 0.6676 

g/(2.5 gm/cm
3
*(4πr

3
)/3) = 3 * 0.6676 g/(2.5 g/cm3 * 75 µm) = 0.0106816 m

2
) 

3. Lysozyme adsorption per active material: 0.03 mg/(0.0106816 m
2
 * 70 nm * 

1.1 g/mL) = 0.036 mg/mg. (Assume the density of QPVI/PSS multilayered system is 1.1 

g/mL; thickness of the (QPVI/PSS)4 @0.25 M NaCl @pH 8.2 multilayer is 70 nm) 

One thing worthy of mentioning is that since the beads used in this work were 

nonporous, the column capacity is much lower than the reported values of the 

conventional ion-exchange columns. 

 

7.4 Conclusion 

 

Compared with conventional IEC and chromatofocusing techniques, there are 

several advantages of this surface modification technique.  

Firstly, elution can be achieved by changing the surface charge property of the 

stationary phase instead of changing the charge property of the protein samples. This is 

especially useful when highly acidic or basic proteins are purified. 

Secondly, these pH-tunable PEM coatings can be used for purifying proteins with 

virtually any pI values. When the pI of the protein sample is lower/higher than the pH-of-

zero-flow of the selected coating system, proteins can be loaded at a pH between the pI 

and the pH-of-zero-flow, and then elution can be carried out by increasing/decreasing pH 

across the pH-of-zero-flow point. 
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Three pH-tunable PEM coating systems with different pH-of-zero-flow values 

have been introduced in this work so that possible overlap of the pI and pH-of-zero-flow 

can be avoided by careful selection of the coating system according to the protein’s 

properties. 

Thirdly, compared to the conventional pH elution technique, the release of the 

adsorbed protein samples can be enhanced by a particular property of these pH-tunable 

PEM coatings, a so-called “double effect”. Note a general feature here: for the pH-

tunable PEM coatings, when the pH is above pH-of-zero-flow, the higher the pH, the 

higher the negative charge density; below pH-of-zero-flow, the lower the pH, the higher 

the positive charge density. While for proteins, when the pH is above the pI, the higher 

the pH, the higher the negative charge density; below the pI, the lower the pH, the higher 

the positive charge density. In other words, the overall charge change (both polarity and 

density) of the protein via pH change is in the same direction as the change of the 

coating. In this case, as we increase/decrease the pH across the pH-of-zero-flow of the 

coating to alter the surface charge polarity and release the adsorbed “acidic”/“basic” 

proteins, the charge density of the proteins is also increased so that a bigger charge 

repulsion interaction will occur to better release the proteins. 
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CHAPTER 8 

 

CONCLUSIONS AND SUGGESTED FUTURE WORK 

 

 

8.1 Conclusions of pH-Responsive Polyelectrolyte Complex and Multilayers 

 

In this dissertation, some fundamental studies on the formation of polyelectrolyte 

complexes and multilayer systems, such as the molecular weight effects, ionic strength 

effects and thermodynamics have been conducted and described in Chapters 2 and 3.  

Chapters 4, 5, 6 and 7 were focused on pH-responsive complexes and multilayer 

systems. A new class of water-soluble polyelectrolyte complex systems with tunable 

solubility was introduced in Chapter 4. Characterization of novel pH-tunable 

polyelectrolyte multilayer systems was introduced in Chapters 5 and 6. Then one 

application development of these pH-tunable multilayer systems as surface coating 

materials was later introduced in Chapter 7. It was found that, when the pH-tunable 

multilayer was coated on a surface, the surface charge polarity and density could be 

controlled through an environmental pH change. 

This important feature makes these multilayer thin films perfect surface 

modification materials for manipulating the electroosmotic flow in regular capillary 

electrophoresis system and microfluidic systems and controlling the biomacromolecule 

interfacial interaction with any multilayer modified surface.  
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8.2 Suggested Continuing Work 

 

In Chapter 4, we have introduced a new class of water-soluble polyelectrolyte 

complexes with tunable solubility via pH and we have proposed some applications for 

this new material. It will be important for some further studies on this topic. For example, 

microcapsules can be built from the complex using the LbL process at low pH, and then 

be filled with some pH-independent drug molecules. The drug release time and rate can 

be monitored as a function of pH. 

We have also demonstrated that, at certain mixing ratios, solubility of the 

complex can be tuned by pH. However, it would be interesting and important to study the 

effect of the mole fraction of the acrylic acid unit in the copolymer on the complex’s 

tunable solubility property. Also since the principle of making this pH-tunable complex is 

to combine both pH-dependent segments and pH-independent segments onto one random 

copolymer chain, other random copolymers such as PMVP-co-PVP, QPVI-co-PVI or 

PSS-co-PAA may possess the same pH-tunable solubility property and are definitely 

worthy of investigation. 

In Chapter 7, we have shown that EOF can be controlled by these pH-tunable 

multilayer coatings and we have proposed that these coatings may be used to control the 

fluid flow in microchannel devices. It would be important for some studies to be 

conducted on different substrates such as glass, quartz or PDMS. In this way we can 

monitor the stability and reproducibility of these coatings under pH switches. 

In Chapter 7, even though we have demonstrated the capability of pH-tunable 

multilayers as surface coating materials to control the protein uptake and release, it would 

be important to demonstrate that these coatings can also control the uptake and release of 

other biomacromolecules, such DNA or RNA. 

Additional column capacity and reproducibility studies should be performed on an 

ion exchange column that is coated and packed by the same procedure. For a potential 

commercial development, other inert stationary phase supports such as porous resins 

could also be studied. Another important potential application of these coatings is to 

conduct separation of different acidic and basic proteins in the capillary electrophoresis 

system. 
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