
ABSTRACT 

ISLAM, SABINA. Revisiting the Colloidal Fundamentals of Ionic Polymers for Engineering of 

Dispersions and Nanocoatings with Tailored Properties. (Under the direction of Prof. Orlin D. 

Velev). 

Self-assembly is a predominant hallmark of nature. Without the right self-assembly and folding of 

biopolymers such as proteins, enzymes, nucleic acids, and cellulose, our existence as we know 

now, might not be possible. Similar to proteins, when placed in water, synthetic polymers with 

ionic groups self-assemble into defined nanostructures programmed by their composition and the 

characteristics of the medium such as dielectric constant, pH, electrolyte concentration, etc. One 

such polymer system is the family of sulfopolyesters. Water-dispersible sulfopolyesters are a major 

class of film-forming and solution-modifying polymers, which are routinely used in applications 

such as inks, adhesives, coatings, and personal care products. These ionic polyesters are developed 

for replacing the solvent-borne coating polymers in response to the environmental legislations 

imposed upon coating industries for reducing the emission of volatile organic compounds (VOCs). 

Since these polyesters are designed to be used as waterborne dispersions, understanding their 

colloidal interactions in dispersions is critical for their successful application.  

By using a range of commercially available water-dispersible sulfopolyesters as a model 

system, we investigated the relationship between their molecular composition, colloidal 

interactions, and phase equilibria. We established how these polyesters undergo different 

molecular configurations and nanoaggregated states, depending on the nature of the liquid 

medium. For example, the polyesters are in a solvated molecular form in certain organic solvents, 

whereas they self-assemble into compact nanoaggregates in water. We found that the interactions 

of these nanoaggregates follow the classical DLVO theory of critical colloidal coagulation where 



the stability of these nanoparticles is extremely sensitive to multivalent electrolytes (i.e., 

Ccrit ∝ z-6). By using static, dynamic, and electrophoretic light scattering, we correlate their 

nanoscale intermolecular and interparticle interactions with corresponding macroscale phase 

behavior in both organic medium and water, based on the theoretical framework of second virial 

coefficients. Furthermore, we present a model for nanoaggregate formation in water based on the 

critical surface charge density of these polyester nanoparticles. 

These ionic sulfopolyesters were originally developed for various packaging and coating 

applications. Despite their widespread commercial use, the fundamental understanding of their 

film formation properties is still limited. While   incorporation of sufficient ionic groups into the 

polyester backbone ensures the formation of stable dispersion, an excess of ionic groups are 

deleterious for film performance such as water sensitivity. Therefore, it was important to 

understand how the ionic composition affects the interaction of the films with water. We deposited 

polyester nanofilms of brilliant structural colors, which allowed us to investigate the structural 

integrity of the films upon exposure to water. To test the properties of the dried films, we deposited 

sessile water drops on their surface, which lead to observation of evaporation-induced “coffee-ring 

erosion”. The polyester nanoparticles spontaneously get partially redispersed in the sessile water 

droplets and driven by convective evaporation flows, become redistributed forming multiple 

colorful ring patterns whose colors correspond to the different thicknesses of the films. We found 

that the generated erosion patterns are dictated by the ionic composition and not governed by 

molecular weight. Furthermore, we show that the integrity of these thin polyester films can be 

significantly improved by thermal densification without any further chemical curing. 

Another prominent example of polymer self-assembly is the formation of polyelectrolyte 

complexes (PECs) from the electrostatic interactions of two polyelectrolytes with oppositely 



charged groups. When mixed in solution, they spontaneously neutralize each other to form 

insoluble complexes. This process is routinely used for making waterborne coatings by sequential 

layer-by-layer (LBL) assembly. The compact structure of LBL films often offer superior barrier 

property which can be used for drug and food packaging application. However, one of the inherent 

challenges of commercial application of LBL barriers remains in that the barriers are typically not 

stretchable due to having tight intermolecular complexation of the polyelectrolytes.  

In the last section of this thesis, we investigated the effect of the solution pH on the 

ionization state of the weak polyelectrolyte Chitosan (CS) and Polyacrylic acid (PAA) on the final 

coating properties of CS/PAA LBL films. We found that the barrier and stretchability of the 

deposited films were crucially dependent on the deposition pH conditions. The films were oxygen 

impermeable and stretchable when the PAA solution pH was higher than that of CS solution. In 

contrast, the coatings were brittle and leaky when pH of the PAA solution was less than that of CS 

solution. This way, such fundamental understanding of colloidal parameters and interactions could 

be used to efficiently control and improve the film-formation ability of ionic polymers and may 

enable the design of novel high-performance waterborne coating systems.   
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1.1.    Introduction: Water-dispersible ionic polymers 

Since their invention in 1907, synthetic polymers have found their way into all sectors of human 

life. The hydrophobic polymer macromolecules could be rendered water-dispersible by 

incorporating ionic functional groups into their backbone chains. These amphiphilic polymers 

possessing both charged and hydrophobic groups have attracted widespread attention primarily 

due to the ease of their dispersability and self-assembling properties in water medium. As a result, 

ionic polymers have found applications in a variety of research-based and commercial fields such 

as solvent-free coatings,1–7 fuel cell membranes,8–10 personal care products,11,12 drug delivery 

systems,13–15 biomedicals,16–18 sensors,19,20 flocculants,21,22 rheology modifiers, 23,24 emulsifiers, 

25,26 and many others.  

Typically, ionic polymers are referred to as “ionomers” when they contain relatively small 

fraction of ionic groups (up to 10-15 mol%). Such small number of ionic groups are insufficient 

for water solubility. The ionic polymers are known as polyelectrolytes when the charged group 

content is sufficiently high allowing them to be spontaneously water soluble.27 Ionomers are also 

called weakly-charged polyelectrolytes when dissolved in a polar solvent. From the perspective of 

molecular architecture, entities whose ionic groups are randomly distributed along the polymer 

backbone are known as random ionomers (Figure 1.1a). The fraction of ionic groups can be 

tailored from very low value (less than 1 mol%) to a higher value (more than 10 mol%) for random 

ionomers.28 The ionomers are known as telechelic ionomers when the ionic group is located at the 

chain end (Figure 1.1b). Monotelechelic ionomers have one ionic group at one end while 

ditelechelic ionomers have ionic groups at the both ends of the linear chain.29 Telechelic ionomers 

are considered to be simplest model system for more complex random ionomers as the number, 

location and the distance between their ionic groups are well-defined.30 Another molecular class 
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of ionomers is known as ionic block copolymer in which one block is entirely or partially charged 

(Figure 1.1c). These polymers exhibit complex self-assembly and solution behavior.31–34  The 

simple cases of linear ionomers are illustrated in Figure 1.1. More intricate architectures of ionic 

polymers have been reported under terms such as ionenes, dendrimers, telechelic stars, and 

others.35   

 

 

Figure 1.1. Types of different molecular architectures of ionic polymers that self-assemble in 

water based on ionic interactions. (a) random ionomers, (b) telechelic ionomers, (c) block 

copolymer ionomers and (d) polyelectrolytes.  
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The incorporation of ionic groups radically modifies and improves various physical 

properties of the polymers such as glass transition temperature, miscibility, melt rheology, and 

mechanical characteristics.36 Therefore, much attention has been focused on understanding the 

structure-property relationship of ionomers in solid state.37–40 Compared to the properties in solid 

state, relatively little is known about the structure-property behavior of ionomers in solutions.28 In 

contrast, the solution properties of polyelectrolytes in aqueous medium have been extensively 

studied.30,41,42 However, solution and colloidal properties of ionomers have gained significant 

interest during the past two decades due to their unique self-assembly properties in aqueous 

medium.28,37 For example, lightly sulfonated polystyrene (SPS) polymer has been extensively used 

as the model ionomer for studying the association/dissociation behavior of random ionomers in 

solutions.43 

Figure 1.2 presents the chemical structures of some well-known commercially available 

random ionomers. When placed in water, these ionomers undergo spontaneous self-assembly to 

form well-defined nanometer sized aggregates. The ionomer aggregation behavior is different than 

that of surfactant micellization in water. The type of the ionomer nanostructures formed in water 

are dictated by their macromolecular architectures, chemical nature of each monomer, ions, 

counterions as well as the total ionic content. Controlling their aggregation state is paramount for 

tailoring the material properties of ionomers for various applications.44 This section summarizes 

the recent advancements made in understanding the stability, interaction and aggregation states of 

random ionomers. We first discuss how the ionic groups as well as the properties of the medium 

influence the aggregation states of random ionomers and their interactions in solution. Next, we 

review the important structural and physical properties of ionomer coatings based on the ionic 

content of the polymers.  
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Figure 1.2. Examples of chemical structures of commercially available ionomers. (a) Surlyn and 

Iotek by DuPontTM and Exxon Mobil; (b) Nafion® by DuPontTM; (c) ACLyn by Honeywell.45 

 

  



6 
 

1.2.    Types of aggregation states 

Ionomer aggregation in presence of monovalent counterions has been extensively studied in bulk 

polymer systems in absence of solvents. The aggregates can be of two types based on the ionic 

composition of the nonionic backbone chains: (1) multiplets, the simplest ionic aggregates formed 

in the case of low ion content; (2) ionic clusters, which are larger aggregates than the multiplets.38 

Multiplets consist of a small number of tightly associated group of ion pairs with no hydrophobic 

polymer chain. Ionic clusters may form from the association of multiple multiplets and consist of 

both ion pairs and hydrocarbon chains. At high ionic content, the multiplets form higher order 

aggregates leading to microphase separation into ion-rich domains. These modes of association of 

the ionic groups lead to much higher melt and solution viscosities and broader glass transition 

region than the analogous unfunctionalized backbone polymers.46  

The solution properties of ionomers were actively investigated since 1980’s when the 

random ionomer SPS became commercially available.32,47–49 Since the ionomers possess both 

hydrophilic and hydrophobic groups, their self-assembly in different solvents has been a focus of 

a large number of research efforts. The aggregation properties of ionomers in solution are critically 

dependent on the solvent polarity. While the detailed model of ionomer aggregation is still not 

complete, it is now well-established that ionomers exhibit two types of characteristics depending 

on the solvent polarity.30 The polarity of the solvent controls the degree of ion dissociation. In 

organic solvents of high polarity or high dielectric constant (ε), such as dimethylformamide (DMF) 

(ε = 37), the ionomers exhibit polyelectrolyte behavior due to the dissociation of the majority of 

counterions (Figure 1.3a). In this case, their solution properties are dictated by long-range 

electrostatic interactions.27 In contrast, in nonpolar organic solvents or solvents with low polarity, 

such as toluene (ε = 2.4), the majority of the counterions are associated with the fixed ionic groups 
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on the polymer backbone which leads to formation of ion-pairs (Figure 1.3b). In such low-polar 

solvents, the ionomers display aggregation behavior resulting from the short-range electrostatic 

interactions of ion pairs. The aggregation of ion-pairs allows to form stable ionic cores in nonpolar 

or low-polar solvents.31  

Polyelectrolytes have sufficiently high hydrophilic ionic groups to remain soluble in 

aqueous environment. Contrary to polyelectrolytes, ionomers are not molecularly soluble in 

aqueous medium due to the presence of fewer ionic groups functionalized into the hydrophobic 

polymer backbone. While the counterion dissociation prevents the ionomers from phase separation 

in high dielectric aqueous medium, the hydrophobicity of the backbone polymer acts as a driving 

force for molecular aggregation. The interplay between the long-range electrostatic interaction and 

hydrophobic interaction results into nanophase separation of ionomers into nanometer-scaled 

structures in aqueous medium.50 During this process, the insoluble hydrophobic backbones tends 

to collapse and associate in order to minimize their contact with aqueous phase. The hydrophilic 

charge groups concentrate on the periphery of the aggregate to reduce the interfacial energy (Figure 

1.3c).51 In contrast, the ionomer aggregates that form in low-polar solvents have the ionic groups 

at the core of the structure, while the hydrophobic moieties of the polymers concentrate on the 

peripheral corona (Figure 1.3b). These aggregates are known as reverse aggregates or reverse 

micelles.32,52,53 The reverse aggregates are in equilibrium with the single chain soluble polymer 

molecules having lower ionic content. Due to the polydisperse nature of distribution of the ionic 

groups, the single chains with low ionic content constitute the majority, while the reverse aggregate 

containing polymers with relatively higher ionic content constitute the minor portion of the 

ionomer distribution (Figure 1.3b).32 Additionally, the aggregation number is tightly controlled by 
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the hydrophobic chain length, ion content, size of the counterion, polymer concentration and the 

dielectric constant of the solvent.52 

 

Figure 1.3. Types of aggregated states of ionomers based on the nature of the solvent media. (a) 

polyelectrolyte behavior in highly polar organic solvent arising from complete dissociation of 

counterions; (b) aggregation behavior in non-polar organic solvent from the equilibrium between 

soluble ionomers and reverse aggregates where the charged groups are clustered within the core 

of the aggregates to form ion-pairs; (c) nanoparticle formation in aqueous medium where the 

charged groups are decorated on the outer surface. 
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1.3.    Aggregation of ionomers in aqueous medium 

The self-assembly of ionomers in aqueous medium is result of a balance of enthalpic and entropic 

factors. The ionomer molecules undergo microphase precipitation into insoluble nanoparticles 

where the aggregate morphology and growth is driven by various entropic contributions to the 

structure formation.31 These self-assembled polymer micelles are different from the classic 

micelles formed in surfactant systems. The critical micelle concentration (CMC) of ionomers is 

several 1000-fold (<10 mg/L) lower than that of surfactants.54 Similar to classic micelles, the ionic 

polymer micelles are thermodynamically stable above CMC. However, unlike the surfactant 

micelles, the ionomer micelles are not in true dynamic equilibrium with the single molecules in 

aqueous solution. The large difference in relative solubilities of the insoluble hydrophobic polymer 

backbone and the ionic groups results in solvent exclusion from the hydrophobic core of the 

micelles. Consequently, the polymer cores are well-below their glass transition temperatures under 

normal condition which effectively locks the individual chains in the micelle structure. Therefore, 

these kinetically frozen polymer micelles are described as stable “aggregates” rather than 

“associates” since the time-scale of aggregation disassembly is not rapid enough for dynamic 

exchange between aggregated and single chain polymers.31,55  

The type of the self-assembled structures formed in aqueous environment critically 

depends whether the hydrophobic association occurs intramolecularly or intermolecularly, which 

is primarily dictated by the macromolecular architecture. Therefore, one can prepare an ionomer 

aggregate of given structure and properties by designing and synthesizing the polymer molecular 

structure.56 The collapsed structure of ionomer may consist of single (Figure 1.4a) or multiple 

aggregated polymer chains (Figure 1.4b) depending on the polymer architecture and solvent 

properties. In 1995, Morishima et al. first observed unimolecular micelles by random 
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copolymerization of sodium 2-(acrylamido)-2-methylpropanesulfonate and methacrylamides 

bearing bulky hydrophobic groups of cyclododecyl and reported unimolecular particle with a mean 

hydrodynamic radius of 5.5 nm in water.57 Since then, Van De Mark’s group has performed 

extensive research on the making of stable, collapsed single chain of poly(ethyl methacrylate-co-

methacrylic acid) copolymer in aqueous medium which have been named colloidal unimolecular 

polymers (CUPs) particles. These unimolecular particles are formed by the 

hydrophobic/hydrophilic interactions of pendant charge groups and the hydrophobic backbone as 

the solvent composition is gradually changed from good solvent such as tetrahydrofuran (THF) to 

poor solvent - water.58,59 Optimal design of the balance between the hydrophilic and the 

hydrophobic groups, polymer concentration, temperature, and solution pH allows for unimolecular 

collapse of ionomer single chains into spheroidal CUP particles of 3-9 nm in water.59 In contrast, 

common aggregates consisting of multiple polymer chains (Figure 4b) have been observed in many 

ionic polymer systems such as waterborne polyurethanes2 and water-dispersible polyesters.60 In 

both cases, the ionic groups are concentrated at the periphery facing the water phase and resulting 

in long-range electrostatic repulsion stabilizing the nanoaggregates in aqueous medium. Figure 

1.4c illustrates the self-assembled structure of perfluorosulfonic acid (PFSA) ionomer, Nafion in 

aqueous medium obtained by coarse-grained molecular dynamic simulation which shows the 

location of the charged groups at the periphery.61 Such aggregation behavior of Nafion in water is 

routinely utilized to construct solid polymer electrolyte membranes (PEMs) for fuel cells. 

Therefore, understanding ionomer aggregation behavior in solution provides key insights for 

effective applications of ionomers.62     
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Figure 1.4. Aggregated structures of ionomers in aqueous medium. (a) single polymer chain 

collapses to form a nanoparticle in water; (b) multiple polymer chains collapse and aggregate to 

form a nanoparticle in water; (c) coarse-grained model of Nafion ionomer represented by red beads 

(hydrophobic backbones), green beads (sidechains), and yellow beads (hydrophilic charged 

sulfonate groups) and a snapshot of its aggregated structure in aqueous medium (wH20 =0.8) by 

coarse-grained molecular dynamics simulation.61 
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The self-assembled ionomer aggregates in aqueous medium are typically in the range of 

20~100 nm. Such small size of nanoparticles allows to form electrostatically stabilized colloids in 

water.63 The shape of these nanoaggregates is dependent on several critical factors such as the 

amount, position and relative distribution of the ionic groups, hydrophobicity and rigidity of each 

of the non-ionic groups, size, concentration of the polymer molecules and composition of the 

aqueous phase such as pH, ionic strength and dielectric constant. The asymmetric architecture of 

block ionomer leads to formation of non-spherical features such as rods, vesicles, tubules, large 

compound vesicles, etc.64–66  Such structural features have also been utilized in case of telechelic 

polyimide ionomers with rigid backbone. Depending on the medium pH, polyimide molecules 

with two terminal carboxyl groups self-assemble into dimpled-bead, porous aggregates, or vesicle 

structures in aqueous medium.51 Unlike block and telechelic ionomers, the ionic groups are 

randomly distributed throughout the polymer backbone for common ionomers. For these random 

ionomers, spherical shape with least interfacial energy is predominant in aqueous medium.60  

The size distribution of the self-assembled ionomers is usually not homogenous as seen for 

emulsion-polymerized latex type particles. The size distribution of sulfopolyester random 

ionomers depends on their ionic content. Polyesters with low or moderate fractions of sulfonate 

groups formed nanoparticles with bimodal size distribution (Figure 1.5a). While most of the 

population consists of smaller nanoparticles, a considerable portion consists of a bigger 

subpopulation which may have formed from a secondary aggregation of the smaller nanoparticles 

(Figure 1.5b).60 Similar broad size distribution has also been observed with polyurethane ionomers 

with carboxylate functional groups (Figure 1.5c).2 Figure 1.5d represents a simple model of the 

polymodal nature of the ionomer nanoparticles. The polydispersity is mainly attributed to the 

stochastic distribution of the charged groups along the polymer backbone. Depending on the 
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solvent, the larger aggregate disassembles into smaller aggregate populations. Li et al. observed 

two populations for Nafion aggregates in aqueous medium where the higher molar mass aggregate 

diminishes with addition of methanol in water (Figure 1.5e).67  Similar disassociation of higher 

sized aggregates in presence of propanol was also observed for sulfopolyesters systems (Figure 

1.5f) (unpubl.). These results imply that the hydrophobic association that holds the smaller 

particles into a larger aggregate weakens in presence of organic solvent in aqueous medium.  

  



14 
 

 
Figure 1.5. Examples of the polydisperse size distribution of random ionomers in aqueous 

medium. (a) bimodal size distribution of sulfopolyester nanoparticles in water; (b) cryo-SEM 

visualization of the bimodal population of sulfopolyester nanoparticles in water; (c) TEM image 

of polydisperse nanoparticles of polyurethane in water;2 (d) schematic of the bimodal spherical 

particle model; (e) weight fractions of Nafion in varying fractions of water-methanol mixtures 

(solid curves indicates smaller components whereas dotted curves indicates larger components);67 

(f) size distribution of sulfopolyesters nanoparticles in varying fractions of water-propanol 

mixtures.  
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1.4.    Effect of ionic groups on the particle size 

Particle size is an important colloidal parameter which influences the stability of the polymer 

dispersions in water. Usually smaller particles form more stable dispersions.68 In addition, the size 

of the particles also plays a role in polymer processing as different particle sizes are required for 

different applications. For example, relatively large particles are preferred in formulating surface 

coatings requiring short drying times, while smaller particles are desirable when deeper penetration 

of the dispersion into a substrate is crucial.69 The size of the nanoaggregates is dependent on many 

factors such as the polarity and dielectric constant of the dispersant, size and nature of counterions, 

number and location of the ionic groups. Among these factors, the number of the ionic group plays 

the most significant role in controlling the aggregate size and stability in water. Our previous study 

on sulfopolyester systems demonstrated that regardless of the ionic group content or polymer 

composition, the particle size is primarily governed by a critical surface charge density.60 Similar 

influence of critical surface charge density on particle size was also encountered for polyurethane 

systems.2 The correlation bewteen the surface charge density and the nanoparticle stability can be 

explained by the classic DLVO theory of colloidal stabilization. It is well-known that the colloidal 

stability of an electrostatically interacting system is mostly dependent on the interplay between 

electrostatic double layer repulsion and van der Waals attraction.70–72 The electrostatic double layer 

repulsion depends on the surface charge density of the nanoparticles. Therefore, sufficiently higher 

surface charge density is required for the electrostatic repulsive interaction to overcome the 

attractive van der Waals interaction. Otherwise, higher attractive interaction leads to phase 

separation or incomplete dispersion in water. Commonly, the ionomer molecules collapse and 

aggregate in water until an the increased surface charge density ensures the formation of a stable 

colloidal dispersion.  
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One of the most common ways of rendering polymers water-dispersible is to incorporate 

dimethylolpropionic acid (DMPA) ionic groups, which add functional carboxylic acid moiety to 

the ionomers. While the degree of dissociation of carboxylic acid groups depends on the pH of the 

solution, alkali metal salts of sulfonates such as sodiosulfo isophthalic acid (SSIPA) group have 

pH-independent ion dissociation. The order of counterion–sulfonate bond force was established as 

Li+ < Na+ < K+ < Ca2+ which implies Ca2+ will dissociate less readily than K+ ions.73,74 Regardless 

of the type of the ions or counterions used, the average particle size of the polymer nanoparticles 

decreases with increase of the number of ionic groups.2,37,68,75–79 This inverse correlation between 

particle size and ionic charge was observed for both DMPA (Figure 1.6a-c) and sulfonate (Figure 

1.6d) ionic groups. This inverse relationship stems from requirement of optimum surface charge 

density mentioned earlier. In order to maintain a constant surface charge density, the aggregate 

particle size will be smaller in presence of higher number of ionic groups. A minimum amount of 

ionic content is required for preventing phase separation and enabling stable nanoparticle 

formation. In the presence of high concentration of ionic groups, the particle size reaches a 

minimum value (Figure 1.6b-d). Another way to control the particle size is to vary the degree of 

neutralization of the ionic groups where higher neutralization (i.e., higher ionic dissociation) also 

results in smaller particle size formation.75  The viscosity of the dispersion typically increases as 

the particle size decreases since the smaller particles have higher relative hydrodynamic diameter 

(Figure 1.6c).80 Though higher ionic group density enables effective electrostatic repulsion 

stabilizing the nanoparticles, an excess of ionic groups is detrimental in other performance 

benchmarks such as water sensitivity and premature polymer hydrolysis.63 
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Figure 1.6. Effect of the ionic groups density on the aggregate size. (a) effect of varying ionic 

group (DMPA) to polyol (PTHF) molar ratio on the polyurethane particle size in water;77 (b) 

decreasing particle size of waterborne polyurethane dispersion with increasing carboxylate 

content;79 (c) effect of DMPA content on the particle size and viscosity of waterborne polyurethane 

nanoparticles;78 (d) influence of ionic SSIPA groups on the particle size of sulfopolyesters in 

water.60 
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1.5.    Effect of ionic groups and medium on the colloidal interactions 

The interactions between the ionomer nanoparticles and the resulting stability of the waterborne 

dispersion is highly dependent on the pH of the medium. In our previous colloidal characterization 

of sulfonated polyester ionomers, the effect of pH on the stability of the sulfopolyesters particles 

was explored as a function of polyester composition.60 All polyester nanoparticles with SSIPA 

ionic groups are very stable and remain dispersed at a wide range of pH (i.e., 2-12). This trend is 

expected since the counterions dissociate readily in aqueous medium irrespective of pH. However, 

the average particle size of polyesters with high ionic charge decreases at highly alkaline 

conditions (Figure 1.7a). Further analysis of the size distribution revealed that when the polyesters 

were initially dispersed in water, they had bimodal size distribution. The bigger sized nanoparticles 

disappeared at high pH, which was indicated by the decrease in average particle size. Such 

dissociation of larger nanoparticles in response to pH change indicates that they are essentially 

composed of multiple smaller nanoaggregates which are bound by weaker interactions.  

 In contrast, when the polyesters are stabilized by incorporating pH-responsive carboxylic 

groups, the nanoparticles are well-dispersed at alkaline condition (Figure 1.7b) (unpubl.). The 

carboxylated polyester particles aggregate and the dispersion becomes unstable at low pH. In this 

case, the proton counterion of carboxyl moiety dissociates only at high pH, facilitating large 

electrostatic repulsive interactions driving the polyester to disperse with high zeta potential at basic 

condition. As a result, when the pH is lowered, the zeta potential decreases gradually, which leads 

to irreversible aggregation and coagulation due to strong hydrophobic interaction. On the other 

hand, when ionomers contain both positive and negative charged groups, such as amphoteric 

polyurethane containing both acidic (-COOH) and basic (-N(CH3)2) groups, they can be dispersed 

in both acidic or basic conditions.81–83 These amphoteric polyurethane particles are well-dispersed 
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when the pH is below 2 or above 10 and they start to aggregate when pH is either 2~4 or 8~10 

(Figure 1.7c). Around the isoelectric point (i.e., pH 6~7), when the number of acidic charged 

groups are equal to that of acidic basic groups, the amphiphilic polyurethanes are not dispersible 

in water.81 Such effect of pH on the dispersion stability is further exemplified when the ratio of 

acidic to basic groups were varied for these amphoteric polyurethanes. Depending on this ratio, 

the amphoteric polyurethanes show a range of dispersibility at varying pH conditions (Figure 

1.7d). Higher number of basic groups allows the ionomers to disperse at lower pH whereas higher 

number of acidic groups leads to stable dispersion formation at higher pH values.83  
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Figure 1.7. Effect of pH and salt on the colloidal stability of ionomers in water. (a) particle size 

of sulfopolyesters as a function of pH;60 (b) effect of pH on the particle size and zeta potential of 

carboxylated polyesters (unpubl.); (c) size of amphoteric polyurethane nanoparticles as a function 

of pH;81 (d) phase diagram of amphoteric polyurethane dispersions with varying carboxyl contents 

in different solution pH: (●) good dispersions, (○) poor dispersions, line A is the acidic critical pH, 

line B is the basic critical pH, dotted line is the isoelectric pHs;83 (e) particle size of sulfopolyesters 

in presence of varying concentration of NaCl;60 (f) particle size of sulfopolyester dispersion in 

presence of varying concentration of monovalent and multivalent electrolytes.60  
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The other essential colloidal parameter that controls the self-assembly and aggregation of 

macromolecules are the nature and concentration of electrolytes and the total ionic strength of the 

medium. When the electrolyte concentration increases, the repulsive electrostatic interactions 

decrease, which eventually leads to coagulation of an electrostatically stabilized colloidal system. 

As the ionomer nanoparticle are electrostatically stabilized, their stability is critically dependent 

on the salt concentration in water. The effect of salt concentration and the nature of the electrolytes 

on the stability and composition of random sulfopolyester ionomers were investigated in our 

previous work.60 The sulfopolyester nanoparticles are stable when the electrolyte concentration is 

low. At high electrolyte concentration, the size of the nanoparticles increases indicating 

aggregation. Along with the ionic strength of the medium, the composition of the polymers also 

plays key role in influencing such aggregation phenomenon. Polyesters with large fraction of ionic 

groups aggregated at higher ionic strength, whereas polyesters with low ionic groups aggregated 

at much lower ionic strength (Figure 1.7e).  

The minimum electrolyte concentration at which the repulsive energy barrier plunges to 

near zero leading to rapid coagulation is known as the critical coagulation concentration (Ccrit). 

According to the DLVO theory, the Ccrit value is extremely sensitive to the valence of the 

counterions so that Ccrit is inversely related to the 6th power of the valence (z) of the counterions 

(i.e., Ccrit ∝ z-6). As a result, the coagulation concentration of multivalent salt (e.g., AlCl3, CaCl2) 

is few orders of magnitude smaller than that of monovalent salt (i.e., NaCl) for these 

sulfopolyesters dispersions (Figure 1.7f).60 Apart from the valence, the Ccrit value also depends on 

the nature of the counterions. Fernández–d’Arlas et al. studied the aggregation behavior of 

positively charged polyurethanes in presence of different monovalent salts.84 The ability of the 

anionic counterions to precipitate the catiomeric polyurethane particles was found to be in the 
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order of F- < Cl- < Br- < NO3
- < CH3COO- < H2PO4

- < HCO3
- < I- < ClO4

- < SCN- which was 

explained based on the charge density of the counterions and the resultant degree of polymer-ion 

pairing in aqueous solution. The Ccrit value was also used to calculate the surface potential of the 

ionic polyurethane dispersions.63 Furthermore, Ishikawa et al. explained the stabilization 

mechanism between electrostatic vs. surfactant stabilized polymethacrylate nanoparticles by 

utilizing experimentally obtained Ccrit values.85 Thus, the determination of Ccrit values for various 

salts can be a facile tool for investigating and predicting general and long-term colloidal stability 

of ionic polymer dispersions.   

In addition to pH and electrolyte, polymer-solvent interaction has been proved to be 

critically important in determining the aggregation state of ionomers and the nature of their 

interactions in solvents of various polarity. Okuhara et al. studied the aggregation behavior of ionic 

poly(dimethylsiloxane) (PDMS) with pendant quaternary amino groups in mixtures of varying 

fractions of methanol and water using static light scattering (SLS).86 In SLS experiments inverse 

of the excess scattered light (KC/Rθ) is plotted against varying polymer concentration (C) where 

the molecular weight can be found from the inverse of the intercept and the inter-particle 

interaction parameter or the second virial coefficient (B2) can be obtained from the slope. The 

molecular weight (Mw) of the ionic PDMS increases with increased weight fraction of water 

(Figure 1.8a). This change in Mw with solvent property indicates transition from soluble PDMS 

polymer chain in pure methanol to aggregated nanoparticle state in presence of water. Furthermore, 

the degree of aggregation increases with higher weight fraction of water. Nomula et al. synthesized 

a model ionic polyurethane with regularly spaced pendant sulfonate groups and performed similar 

light scattering study in water.87–89 The molecular weight of such ionomer aggregates in water does 
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not change with polymer concentration which suggests the aggregation process is independent of 

polymer concentration.87  

On the basis of light scattering technique, we investigated the nature of sulfopolyester 

aggregation in aqueous medium in our previous study.60 We observed that the polyesters, in their 

solvated state in DMF, had either repulsive or attractive interaction depending on their monomer 

composition (Figure 1.8b). The polyesters with positive 2nd virial coefficient (i.e., repulsive 

interaction) were stable for long terms, whereas the polymer solutions where the 2nd virial 

coefficient was negative (i.e., attractive interaction) precipitated within time frames of days to 

weeks. The 2nd virial coefficients were positive for all compositions where the polyesters were in 

water (Figure 1.8c). Additionally, the Mw
 values were few orders of magnitude higher compared 

to the Mw
 values obtained in organic solvent.  These results indicate that regardless of the 

compositions, the sulfopolyester molecules aggregated in water and formed stable nanoparticles 

which interacted through long-range electrostatic repulsion. The magnitude of repulsive 

interactions increased for polyesters with higher ionic groups as the 2nd virial coefficients increased 

with ionic content (Figure 1.8d). The ionic content was also observed to correlate with the zeta 

potential at the hydrodynamic shear plane of the aggregates. For example, the nanoparticles of 

polyurethanes with higher DMPA content had higher zeta potentials (Figure 1.8e).77  

Another way to influence the ionic content is by controlling the degree of ion-dissociation. 

By changing the degree of deprotonation of -COOH groups, the colloidal interactions of the 

ionomer nanoparticles can be influenced. For example, higher degree of neutralization of -COOH 

groups of polyesters leads to formation of nanoparticles of smaller zeta potential magnitude 

(Figure 1.8f) (unpubl.). In summary, the attractive and repulsive interactions between the ionomer 
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nanoaggregates are governed by an intricate balance between the monomer composition, ionic 

content, ion-dissociation and the solvent properties such as polarity, charge and pH.  
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Figure 1.8. Effect of ionic concentration and composition on the colloidal charge and interactions. 

(a) static light scattering (SLS) experiment with ionic poly(dimethylsiloxane) (PDMS) in varying 

composition of methanol-water mixtures;86 (b) SLS experiment with sulfopolyesters in DMF 

showing the molecular weight, Mw (inverse of intercepts) of the individual polymer and the second 

virial coefficient, B2 (slopes). Insets are pictures of solutions after three months indicating stable 

solution for polyester B and precipitated solution of polyester C;60 (c) SLS with sulfopolyesters in 

water showing the large molecular weight, Mw and the inter-particle interaction parameter, B2 of 

the polyester nanoparticles. The positive slopes indicate repulsive interparticle interaction in 

water;60 (d) values of the 2nd virial coefficient, B2 from SLS experiment in water plotted as a 

function of sulfonated groups (%SSIPA content);60 (e) effect of varying ionic group (DMPA) to 

polyol (PTHF) molar ratio on the zeta potential of the nanoparticles in water;77 (f) effect of 

neutralization of carboxyl groups on the zeta potential of the polyester dispersion (unpubl.). 
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1.6.    Effect of ionic groups on the coating properties 

The deposition of traditional solvent-borne polymer coatings leads to high emission of volatile 

organic compounds (VOCs) which is very harmful for human health and environment. In response 

to the recent environmental regulations on lowering VOC emission, coating industries have 

focused on developing various waterborne systems in order to replace the organic solvents with 

water. In typical water-based system, polymers are commonly synthesized by emulsion 

polymerization in aqueous medium, where surfactants are added for providing colloidal 

stabilization. However, the presence of surfactants is detrimental for many coating applications as 

they migrate to the air-film interface during film formation, resulting in lower film gloss and higher 

water sensitivity of coatings, or migrate to the film-substrate interface resulting in weaker substrate 

adhesion.90 Therefore, ionomers which are synthesized by incorporating ionic groups into the 

polymer backbone and are capable of forming stable dispersions in water, have been favored as a 

popular alternate to the surfactant-stabilized emulsion system.  

Water-based ionic polymers have extensive potential as substitutes for organic solvent-

borne systems for painting, ink, paper-making, adhesive, and coating industries, not only because 

of their environmentally friendly nature, but also because of their cost-effectiveness.91–96 

Furthermore, incorporation of ionic groups leads to remarkable improvement of the mechanical 

properties of the coatings (e.g., adhesion, toughness, tear strength, abrasion resistance) compared 

to those of the non-ionic polymer backbones. The ionic groups form strongly bound domains and 

act as reinforcing fillers and physical crosslinkers which is primarily responsible for enhanced 

coating properties.68,97–100 
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Significant research work on the drying processes of emulsion-based waterborne systems 

has been reported in the literature to interpret the transformation from nanoparticle dispersion to a 

continuous polymer film. The widely accepted model for this process is divided into three essential 

stages, namely: 1) drying: water evaporation leading to close-packed structure, 2) deformation: 

filling up of void space by hexagonal deformation of particles, and 3) coalescence: fusion of 

particle boundaries by polymer interdiffusion to form a continuous film (Figure 1.9a).101,102 Unlike 

traditional latex polymers, the ionomer dispersions do not require additional coalescent agent since 

water acts as the effective plasticizer.  

Ionomer dispersions oftent form smooth, glossy films with superior mechanical properties 

when applied to a surface. Figure 1.9b depicts the topography of a sulfopolyester film that was 

deposited on a glass substrate and had a roughness less than 2 nm (unpubl.). Additionally, these 

ionomer films dry very rapidly at ambient conditions. Such desired combination of low minimum 

film formation temperature (MFFT) with high film hardness is attributed to extremely small 

particle size distribution and the effective plasticization of the nanoparticles by water.2,103 

However, since water is essentially the plasticizer for deposited coatings of waterborne polyester 

nanoparticles, it is critical to understand the film-water interaction and structural integrity of the 

deposited coatings upon exposure to an aqueous environment. 
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Figure 1.9. Effect of ionic groups on the coating properties of ionomers. (a) schematic of the three 

stages of film formation process from a colloidal dispersion, including (1) drying: water 

evaporation leading to close-packed structure, (2) deformation: filling up of void space by 

hexagonal deformation of particles, (3) coalescence: fusion of particle boundaries by polymer 

interdiffusion to form a continuous film; (b) topographic atomic force microscopy (AFM) of a film 

made from sulfopolyesters dispersion in water (unpubl.); (c) dependence of contact angles of 

ionomer coatings on the ionic DMPA content of the polymers;75 (d) effect of amount of 

neutralization of -COOH groups on the contact angle of the coatings;104 (e) effect of DMPA 

content on the water swelling property of polyurethane coatings.78   
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The response of the dried polymer film surface to water is influenced by the ionic content 

of the ionomers. The surfaces of the films with higher ionic content are more hydrophilic in nature. 

As a result, the water droplet spreads more when in contact with highly hydrophilic coatings. For 

example, the contact angle of the dried film decreases with increased ionic content (Figure 1.9c).75 

Similar relationship between contact angle and coating hydrophilicity is also observed when the 

effective ion content is modulated by changing the degree of -COOH neutralization (Figure 

1.9d).104 In addition to the surface property, the polymer ionic content also controls the bulk film 

properties in presence of water. Polyurethane films with higher hydrophilic ionic content 

experience higher water swelling due to higher water absorption (Figure 9e).78,105–107 The ionic 

groups aggregate within the bulk film creating periodic hydrophilic microdomains.2 As a result, 

water molecules can diffuse and penetrate more readily into these microdomains leading to higher 

water absorption for films with higher ionic content.  

In order to further characterize the effect of ionic groups on the structural integrity of 

ionomer films, we explored interactions of water droplet with sulfopolyester nanocoatings.108 

When deposited via convective assembly method, the dried films were extremely smooth with 

nanometer dimension resulting in brilliant structural colors (Figure 1.10a). To examine the 

structure and properties of the dried films, we deposited sessile water drops on the dried films, 

which lead to partial dispersion and evaporation-induced coffee-ring type erosion phenomena. The 

nanoparticles spontaneously get redispersed in the sessile water droplets and, driven by capillary 

evaporation flows, become redistributed forming multiple colorful ring patterns whose colors 

correspond to the different thicknesses of the films (Figure 1.10b). Therefore, the emergent 

structural colors can be used as a visual guide to investigate the film erosion resulting from 

interaction of the water droplet with the nanofilms. The degree of damage depends on the 



30 
 

hydrophilic contents of the ionomers. Films with higher sulfonate ionic content displayed higher 

coffee-ring erosion as the center of the erosion profiles is dark blue or black in color representing 

the thinnest film area (Figure 1.10c). As the ionic content increases, the films get enriched with 

higher hydrophilic microdomains which allows deeper water penetration resulting in higher water-

damage. Such structurally colored water evaporation induced erosion phenomenon can be utilized 

to study film integrity and water-resistivity of ionomer coatings.   
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Figure 1.10. Effect of ionic groups on water erosion of sulfopolyesters films.108 (a) structural 

color emerges as film is being deposited due to water evaporation from the polyester dispersion 

via convective assembly method; (b) schematic of coffee ring damage on polyester film: 

deposition of water droplet on the dried films, redispersion of polyester nanoparticles in the 

sessile water droplet, redistribution of polymer nanoparticles to the edge of the droplet as water 

evaporates resulting in coffee-ring erosion; (c) effect of ionic content on the water damage of 

the films where films with higher ionic content experiences higher water-erosion.  
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1.7.    Polyelectrolyte complexes and their nanoassembly into multilayered films 

Polyelectrolytes are water soluble since they carry a relatively high number of charged groups. 

However, when two polyelectrolytes with oppositely charged groups are mixed in solution, they 

undergo spontaneous neutralization with each other to form insoluble complexes. These 

complexes that are formed by electrostatic interactions between a positively charged 

polyelectrolyte (polycation) and a negatively charged polyelectrolyte (polyanion) are known as 

polyelectrolyte complexes (PECs). The instantaneously formed PECs undergo further aggregation 

and may form larger structures with a net surface charge which are stable and repel each other 

(Figure 11.1a).109 Polyelectrolyte multilayers (PEMs) is one subclass of PECs with specific 

importance to coating applications. They are prepared by sequential deposition of polyanions and 

polycations (Figure 11.1b).  

The main driving force for the polyelectrolyte complex formation in aqueous medium is 

the trade-off between the electrostatic attraction and the entropy of dilution.110 Polyelectrolyte 

molecules in their soluble state in aqueous medium are surrounded by electrical double layers of 

dissociated low molecular weight counterions. During the polyelectrolytes complex formation, the 

oppositely charged ionic groups screen each other and the counterions are released. The formation 

of PEC is favorable as the free energy decreases due to increase in entropy of the released 

counterions. Similarly, during the PEM build-up, formation of electrostatic bonds between the 

polyelectrolytes releases the counterions in a similar way and there is a gain in entropy from 

counterion release. Moreover, the interplay between the electrostatic attraction and repulsion is the 

key to control the PEM formation. Electrostatic attraction drives the polyelectrolyte adsorption 

whereas the electrostatic repulsion controls the total adsorbed amount.109 Additionally, short-range 

non-electrostatic interactions such as hydrophobic interactions, hydrogen bonding, and dispersion 
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forces also play important role in formation of PEMs and PECs and in some cases, can determine 

whether or not a stable complex structure will form at all.111  

 

Figure 1.11. Polyelectrolyte complexes and polyelectrolyte multilayered films. (a) schematics 

depicting polyelectrolyte complex particle formation during mixing of polycations and polyanions 

followed by aggregation to form larger structures;109 (b) polyelectrolyte multilayer is a subclass of 

polyelectrolyte complexes.109 

 

PEMs are prepared by sequential layer-by-layer (LBL) deposition of polyanions and 

polycations on a substrate with an intermediate washing step to remove un-adsorbed polymers 

(Figure 1.12a).112 Figure 1.12b illustrates a free-standing ultrathin PEM film made by LBL 

deposition method. This method of alternating deposition of oppositely charged macromolecules 

has become widely used for surface functionalization and construction of polymer films with 

precise control of film structures and compositions.111 The deposition procedure is extremely 
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simple which allows this method to be applicable to virtually any pair of synthetic ionic polymers, 

colloidal nanoparticles or charged biomacromolecules such as proteins, enzymes, or nucleic 

acids.113 These PEMs deposited by LBL method have attracted numerous applications such as 

antireflection coatings, controlled released coatings, biosensors, nonlinear optics, solid-state ion 

conducting materials, solar-energy conversion, barriers coatings and separation membranes.114 

The LBL deposition of PEMs involves two steps: rapid adsorption where the 

polyelectrolyte molecules move to the surface due to electrostatic attraction, and slow 

rearrangement where polyelectrolyte molecules move within the layers and change conformation 

until strong bounds are formed by releasing the counterions and removal of hydration layer 

surrounding the polyelectrolytes.109,115 The adsorption of polyelectrolytes leads to charge inversion 

and proceeds until the charge build-up repels further polymer deposition. The net charge developed 

on the outer layer corresponds to the extent of charge overcompensation.116 As a result of charge 

inversion during deposition of each layer,  the zeta-potential oscillates between positive and 

negative values corresponding to the charge build-up of outer deposited layer (Figure 1.12b).117 

The adsorption of highly charged strong polyelectrolytes such as poly(sodium 4-styrenesulfonate) 

(PSS) is controlled by changing the ionic strength which controls the electrical double layer 

surrounding the polyelectrolyte molecules. In contrast, the adsorption of weak polyelectrolytes 

such as poly(acrylic acid) (PAA) is controlled by altering the pH which similarly affects the 

relative amount of charge along the polymer backbone.111 Apart from salt concentration and pH, 

deposition time, individual and relative polymer concentration, solvent polarity and temperature 

also influence the multilayer buildup and the surface morphology of the deposited LBL 

films.109,111,115  
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Figure 1.12. Making and properties of polyelectrolyte multilayered films from layer-by-layer 

(LBL) deposition. (a) schematic of the LBL film deposition process. Each bilayer formation 

involves four sequential steps, including step-1: adsorption of polyanion, step-2: washing of excess 

polyanion, step-2: adsorption of polycation, step-4: washing of excess polycation;112 (b) 

photograph of thermally crosslinked free standing LBL film of negatively charged PSS and 

positively charged poly(acrylic acid) PAA - poly(allylamine hydrochloride) PAH complexes;114(c) 

zeta-potential measurement as a function of layer number of polyanion PAA and polycation 

PAH.117 

 

Recently, it has been shown that the nanocomposite LBL PEM assemblies displays highly 

attractive mechanical and optical properties with very low gas permeation values.118 The LBL 

films composed of only polymers have been designed with superior barrier properties which 

outperform currently used barrier technologies such as ethylene vinyl alcohol (EVOH) or metal 

oxide films (Figure 1.13a).119 The barrier property of LBL films can be effienctly tailored by 

controlling the number of  bilayers and film thickness values (Figure 1.13b). One such example of 

all polymer barrier is the LBL films made of polyethyleneimine (PEI) and PAA polyelectrolytes. 
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The superior oxygen permeability is attributed to the strong electrostatic interactions resulting in 

reduced free volume.120 The barrier properties of the composite films have been further improved 

by incorporating highly aligned filler nanoparticles such as montmorillonite (MMT) clay which 

increases the length of the diffusion pathway of the oxygen molecules (Figure 1.13c).119 The 

spacing between the multilayers resulting from varying solution pH also influences the 

permeability of the nanocomposites (Figure 1.13d). Therefore, understanding the polyelectrolyte 

interactions in solution and the nanostructure of the deposited layers is essential for designing 

multilayers with well-defined barrier properties.  

 
Figure 1.13. Gas barrier property of polyelectrolyte multilayered LBL films.119 (a) coating 

thickness as a function of oxygen permeability for various organic and inorganic barrier films; (b) 

thickness and oxygen permeability as a function of number of polyacrylamide (Pam)/MMT 

bilayers; (c) a simplified schematic of permeation of oxygen molecule through a barrier film; (d) 

barrier property of PEI/MMT clay where oxygen transmission rate (OTR) depends on the clay 

spacing and pH of PEI.  
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1.8.    Layout of this dissertation 

Colloidal aggregation of ionic polymers in aqueous medium is a complex phenomenon controlled 

by many factors such as the nature of ionic and non-ionic groups, electrostatic and hydrophobic 

interactions as well as the solution properties such as polarity, pH, and salt content. My research 

has been focused on understanding the colloidal interactions and structure-property relationship of 

ionic polyesters and polyelectrolyte complexes in aqueous medium and as deposited nanocoatings 

as depicted in Figure 1.14.  

This Chapter (Chapter 1) introduces the background of colloidal aggregation of ionomers 

in water and the influence of the ionic groups on the interactions, stability, aggregate type, and 

nanofilm properties. Chapter 2 discusses the fundamental mechanism of the self-assembly of 

sulfopolyester molecules into nanoparticles in aqueous medium. We present a model for 

nanoaggregate formation in water, based on the critical surface charge density of these 

nanoparticles. We established how these polyesters undergo different molecular configurations 

and nanoaggregated states, depending on the nature of the liquid medium and the molecular 

composition of the polymers. Chapter 3 discusses the influence of ionic groups on the nanocoating 

properties of the sulfopolyesters. To test the film integrity of the dried films, we deposited sessile 

water drops on the films, which lead to partial dispersion and evaporation-induced coffee-ring 

erosion phenomena. We characterized the coffee-ring erosion patterns as a function of the polymer 

composition and molecular weight and revealed how the polymer composition affects such water-

damage. Chapter 4 discusses the fundamental mechanism of barrier property and stretchability of 

polyelectrolyte multilayer films made of branched PEI, PAA, chitosan and ionic polyesters for 

food and drug packaging applications. By understanding the colloidal interactions and 

conformations of the polymer molecules in water, we characterized the correlation between the 
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nanostructure of the deposited LBL films to their macroscopic coating behaviors such as oxygen 

permeability and stretchability. 

 

Figure 1.14. Summary of the colloidal interactions of ionic polymer aggregation in water and their 

deposited nanocoating properties.  
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CHAPTER 2 

Revisiting the colloidal fundamentals of water-dispersible polyesters: Interactions and self-

assembly of polymer nanoaggregates in water 

S. Islam, D. L. Inglefield Jr., O. D. Velev, Soft Matter 2018, 14, 2118 
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2.1.    Introduction 

Driven by environmental and legislative pressures, the coating industry has been undergoing a 

massive overhaul of coating formulations for past decades. The focus has been on limiting solvent 

content in order to reduce the emission of volatile organic compounds. This research in sustainable 

organic solvent substitutes has led to the invention of various low-solvent alternatives such as 

waterborne systems, high solid dispersions, powder coatings, and UV-curable coatings. 

Waterborne polymer systems have the widest potential among these sustainable, environmentally 

friendly substitutes of traditional organic solvent systems. In addition to low toxicity, other useful 

features of the water dispersions include low odor, low flammability, and ease of disposal. These 

factors, coupled with the cost-effectiveness of water as the medium, have steadily expanded the 

use of waterborne polymer systems in novel adhesives and coatings.91,92  

Waterborne systems have traditionally included polymeric latexes (e.g., acrylics 

copolymers, styrene-butadiene, styrene-acrylics) synthesized by emulsion polymerization in 

aqueous medium starting with a monomer, initiator, and stabilizing agents and ending with ~100 

nm diameter or larger polymer particles stabilized by surface charge and surfactants.121 Despite 

extensive study of emulsion polymers for past 50 years,122 certain limitations such as removal of 

stabilizers and surfactants still pose practical challenges.123 Moreover, this approach is not suitable 

for making waterborne systems with step-growth polymers, namely, polyesters and polyurethanes. 

Therefore, a more general approach for transforming the water-insoluble hydrocarbon polymer 

resins into water-dispersible ones involves synthetic incorporation of a small amount of ionic or 

polar functional groups into the backbone of the polymers. Typically, this is achieved by 

introducing carboxylate, sulfonate, or tertiary amine moieties to the organic polymer molecules.124  
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The resultant molecular type of polymer is often referred to as an ionomer. The increased 

hydrophilic nature of ionomers allows them to be readily dispersible in water without additional 

stabilizers. The obtained polymer dispersion is essentially a binary colloidal system where the 

polymer particles are dispersed in the continuous aqueous phase.91 Among these systems, a large 

volume of work has been reported on the synthesis, and the colloidal, morphological, and structure-

property study of aqueous polyurethane dispersions,2,63,131,91,92,125–130 whereas only a handful of 

studies have been focused on the properties of aqueous polyester dispersions.132,133 Polyesters are 

one of the most important classes of polymers in coatings, textile, and packaging application due 

to their superior mechanical, optical, and processing properties, which are otherwise unattainable 

from polyurethanes or acrylic based systems. Therefore, a considerable research effort is ongoing 

in polymer industry to translate the benefit of polyesters into waterborne formulations.134–136 

Polyesters are labile to hydrolysis due to the anchimeric group effect where carboxylic acid group 

breaks down neighboring ester bond.137 The sulfonate group offers a convenient means of 

functionalizing polyesters to become waterborne as it limits their hydrolytic sensitivity. Moreover, 

just a small fraction of sulfonate groups impart significant dispersibility in water, yet allow the 

formation of water-resistant coatings.138 As a result, water-dispersible sulfopolyesters have been 

in commercial use for a variety of applications, examples of which include inks, adhesives, paints, 

coatings, and personal care products.  

The complex behavior of these sulfopolyester-ionomers is influenced both by their polymer 

backbone composition and ionic charges, which could be characterized and analyzed on the basis 

of colloidal and interfacial science approaches. It has been well established that salts of multivalent 

ions can have dramatic effect on the phase equilibria of polyelectrolytes (e.g., change in viscosity, 

gelation).139–143 Such effects arise from the deep suppression of electrostatic interaction and 
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possible electrostatic bridging. However, to date, the properties of sulfopolyesters have not been 

systematically investigated on the basis of colloidal theory. Meanwhile, it has been shown that 

light scattering can be a powerful tool in determining the intermolecular interactions and phase 

properties of the polymeric and colloidal systems.144 Numerous amphiphilic systems, which can 

be as complex as proteins and biomolecules145 to simple micellar surfactants146 have been 

extensively characterized earlier using such elastic scattering techniques. Therefore, by using 

similar interfacial science tools, we investigated the colloidal fundamentals of a number of 

commercially available sulfopolyester systems. In this report, we describe the results of our study 

on the solubility and aggregated state of the polyesters as a function of pH, electrolyte 

concentration, and polymer composition. The nanostructure of the colloidal particles and their 

interaction in different solvents are examined by using dynamic, static, and electrophoretic light 

scattering. We then test classical colloidal theory (which was originally developed for traditional 

latex polymeric particles) on these soft nanoparticles. We analyze the effect of sulfonate groups 

on the colloidal stability, interactions, and phase behavior of the dispersions. 
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2.2.    Materials and Methods 

2.2.1. Polymers and reagents 

The AQTM polyester samples were provided by Eastman Chemical Company (Kingsport, TN). All 

experiments were carried out in deionized (DI) water obtained from a Millipore Corporation Milli-

Q system or dimethylformamide (DMF) (Fisher Scientific, Pittsburgh, PA). The electrolyte 

compositions were adjusted by using either sodium chloride (NaCl) (Sigma Aldrich, St. Louis, 

MO) or calcium chloride (CaCl2) (Sigma Aldrich, St. Louis, MO) or aluminum chloride (AlCl3) 

(Alfa Aesar, Haverhill, MA). The pH was adjusted by slowly adding the required amount of 

sodium hydroxide (NaOH) (Fisher Scientific, Pittsburgh, PA) or hydrochloric acid (HCl) (Acros 

Chemical, Pittsburgh, PA).  

 

2.2.2. Polyester dispersion 

Polyester dispersions in water were prepared by adding the measured amount of polyesters to hot 

DI water at 60 - 80 oC and allowing the dispersion to mix with active stirring for one hour. All 

polyesters dispersed readily in hot water except polyester D, which required the addition of sodium 

acetate (0.00214 g per g polyester) and co-solvent n-propanol (0.38 g per g polyester). Polyester 

E was obtained as 30 wt% dispersion from the company. The volume of the dispersions was 

adjusted with DI water to obtain 100 g/L stock dispersions. The stock dispersions were then diluted 

further with DI water for performing light scattering experiments.  

 

2.2.3. Dynamic light scattering (DLS) measurements 

Nanoaggregate polymer particle size was determined via DLS. The stock polymer dispersions (100 

g/L) were diluted 100× or 1000× with DI water or salt solutions to eliminate the possibility of 
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multiple scattering for DLS measurements. 1 mL of each diluted dispersion was transferred to a 

cuvette and was measured in triplicate at 25 oC using a Zetasizer Nano ZSP (Malvern Instruments) 

with a 10 mW He–Ne laser at 633 nm and a photodiode located 173o from the incident laser beam. 

Plastic cuvettes were used for the measurements in water-based medium and glass cuvettes for 

organic solvents. The Z-average diameter and size distribution were measured on the basis on the 

intensity of the scattered light from DLS experiment using cumulant and distribution analysis 

algorithm respectively as described previously.147  

 

2.2.4. Cryo-scanning electron microscopy (SEM) 

Cryo-SEM images were obtained using a JEOL JSM-7600 FE SEM (JEOL USA, Peabody, MA) 

outfitted with Alto-2500 (Gatan, Warrendale, PA) cryo-transfer system. One drop of polyester 

dispersion (1 g/L) was placed on a sample holder. The samples were plunge-frozen in liquid 

nitrogen slush, transferred under vacuum to the Alto-2500 preparation chamber and cryo-fractured. 

The fractured samples were etched for 5 min at -95°C under 4×10-6 mbar vacuum followed by 

cooling the sample to -120°C followed by coating the samples with an in-situ cold magnetron 

coater to make a 5 nm thickness Au/Pd coating layer. SEM image acquisition was performed at 

cryotemperature using 15 keV energy at 5 mm working distance. 

 

2.2.5. Static light scattering (SLS) measurements 

The weight-average molecular weight (Mw) was determined in batch mode with a Zetasizer Nano 

ZSP (Malvern Instruments) with a 10 mW He–Ne laser at 633 nm and a photodiode located 173o 

from the incident laser beam. All SLS experiments were performed at 25 oC. The stock polymer 

samples, diluents (i.e., DI water or DMF), and standard toluene (ACS Chemical Inc., Point 
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Pleasant, NJ) were filtered through 0.02 μm Anotop filter (Whatman, Maidstone, UK). The 

differential refractive index (dñ/dc) for both water and DMF was determined using an Abbe DR-

M2 refractometer (Atago U.S.A., Inc) at 633 nm at 25 oC. A glass cuvette was used for all SLS 

measurements. The average scattering intensities were related to polymer concentration according 

to the Rayleigh expression describing the relationship of light scattered from a dilute system of 

particles (Eq. 1).  
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In Eq. 1, P(θ) is an angular dependence of scattering (defined in Eq. 2), K is an optical constant 

(defined in Eq. 3), C is the polymer concentration in w/v, Rθ is the Rayleigh ratio of scattered to 

incident light intensity, λo is the vacuum wavelength of the incident light, θ is the scattering angle, 

NA is Avogadro’s number, ño is the solvent refractive index, and dñ/dC is the solvent-particle 

dependent differential refractive index term. In case of small particles up to 80 nm hydrodynamic 

diameter, P(θ) approaches unity, transforming Eq. 1 into Eq. 4.148 Since measuring Mw was of 

primary interest, we performed single-angle static light scattering experiments to obtain the Debye 

plot according to Eq. 4 for determining the Mw and B2.
149  
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2.2.6. Zeta potential measurements 

The zeta potential of the nanoparticles was measured using a Zetasizer Nano ZSP (Malvern 

Instruments) with a 10 mW He–Ne laser at 633 nm and a photodiode located 173o from the incident 

laser beam using Smoluchowski model. For all zeta potential measurements, a dip-cell (Malvern, 

ZEN1002) was used with an applied voltage of ≤ 5 V. 
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2.3.    Results and discussion 

The AQTM (aqueous) polyesters used in this study were products of melt-phase polymerization 

reaction between two diacids and two diols at varying ratios, namely, isophthalic acid (IPA), 5-

sodiosulfoisophthalic acid (SSIPA), diethylene glycol (DEG), and 1,4-cyclohexanedimethanol 

(CHDM) or ethylene glycol (EG) or polyethylene glycol (PEG). A general structure of the 

polyesters is shown in Figure 2.1. The %SSIPA composition is represented by the charge density 

and the %CHDM composition is represented by the glass transition temperature (Tg) of the 

polyesters in Table 2.1.  

 

 
Figure 2.1. The general structure of the AQ sulfopolyesters. Here, x and z represent % glycols 

(i.e., DEG and CHDM respectively) and w and y represent % diacids (i.e., IPA and SSIPA 

respectively). 

 

 

Table 2.1. Properties of the commercially available sulfopolyesters used in this study. 

Commercial 

name 

Polymer Tg, 
oC 

Charge density, 

meq per g 

polymer 

Composition 
Acidsa Glycolsb 

AQ 38 Polyester A 38 0.43 IPA/SSIPA CHDM/DEG 

AQ 48 Polyester B 48 0.89 IPA/SSIPA CHDM/DEG 

AQ 55 Polyester C 55 0.66 IPA/SSIPA CHDM/DEG 

AQ 65 Polyester D 63 0.33 IPA/SSIPA CHDM/DEG 

Eastek 1300 Polyester E 35 0.43 IPA/SSIPA        EG/DEG 

AQ 2350 Polyester F 10 0.43 IPA/SSIPA CHDM/DEG/PEG 

(a) The higher the charge density of the polyesters, the higher the SSIPA (or higher y), the lower IPA (or lower w) 

(b) The higher the Tg of the polyesters, the higher the CHDM (or higher z), the lower DEG (or lower x) 

(c) In Figure 2.1, w + y = 100% and x + z = 100% 
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2.3.1. Nanoparticle formation in water 

To assess the colloidal properties of the polyesters, first, we compared solutions where polyester 

resins were dispersed in hot water and an organic solvent, DMF. For all the polyesters tested, 

optically transparent solutions were obtained in DMF, while their respective aqueous dispersions 

had various degrees of translucency depending on the particle size distribution in water. A very 

pronounced Tyndall light scattering effect was observed for the polyester dispersions in water, 

which indicated that the polymers formed colloidal particles (Figure 2.2a). On the other hand, the 

weak intensity of the scattered light for the same polymer concentration in DMF suggested that 

the polyesters were solvated in their molecular forms in this organic solvent. 

We used DLS to measure the size distribution of all polymers in DFM and in water. The 

polyesters in DMF medium were as small as 3 nm in diameter (Figure A1) indicating that they are 

dissolved in molecular state. In contrast, the DLS data in water medium showed the formation of 

nanoparticles in the range of 15 ~ 70 nm in diameter (Figure 2.2c). Polyesters F and B had almost 

identical size distribution and smallest average particle size with an average diameter of 15 nm 

despite having very different chemical compositions. We hypothesize that having the highest 

hydrophilic glycol content (i.e., DEG) in polyester F and highest hydrophilic acid molecular 

fraction (i.e., SSIPA) in polyester B led in both cases of “water loving” polymers to formation of 

nanoparticles with such small diameter. On the other hand, the more hydrophobic polyesters A 

and E with low SSIPA content formed larger sized particles of 55 and 70 nm in average diameter 

respectively. Though higher hydrophilic content led to a smaller particle size in general, there 

appeared to be no direct trend between the size distributions and just a single monomer 

composition (Figure A2). Therefore, the size of the nanoparticles was dependent on the combined 

effect of each of the hydrophilic and hydrophobic acid and glycol groups as well as the molecular 
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weight (MW) of the polyesters. An inherent assumption of the DLS measurement is that the 

particles are spherical or near-spherical in shape. To check the validity of this assumption, we 

observed the nanoparticles in their native aqueous environment via cryo-SEM and established that 

the native polymer particles were indeed well-dispersed colloids of near-spherical shape (Figure 

2.2b).  

 
Figure 2.2. Formation of polyester nanoparticles in water. (a) Tyndall effect of laser beam 

scattering with 100 g/L polyester C in water vs. its DMF solution, showing colloidal particle 

formation in water. (b) Cryo-SEM image of polyester nanoparticles in water revealing their shape 

and size distribution. Scale bar = 100 nm. (c) Intensity distributions from DLS experiment of 1 g/L 

polyesters in water. The different characteristic size distributions for different polyesters are a 

result of multi-molecular aggregation in water which is controlled by many factors (i.e., 

composition, nature of monomers, and MW) that were analyzed further.  
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The polyester nanoparticles had broad size distributions with polydispersity indices (PDI) 

ranging from 0.1 ~ 0.3. Comparison of the intensity, volume, and number-based size distribution 

shed further light on the highly polydisperse nature of the samples, which suggested that the 

dispersions consisted of a major portion of small particles of 15 ~ 30 nm and a much smaller 

portion of large particles of 40 ~ 100 nm (Figure A3). Additionally, the bimodal nature of the 

samples was confirmed from direct visualization of the polyester E nanoparticles in water via cryo-

SEM (Figure A4). The majority of the sample was found to be about 30 nm in diameter which was 

representative of the DLS-measured volume-based size distribution and a subpopulation was 70 ~ 

100 nm in diameter as represented by the intensity-based size distribution. Similar polydispersity 

was observed by Satguru et al. in dispersion of polyurethanes synthesized with carboxylate 

functional groups in water. The polydispersity can be attributed to the statistical nature of the 

distribution of the stabilizing moiety along the polymer backbone for these kinds of systems.  

 

2.3.2. Medium-dependent molecular configurations 

To understand how the polymer molecules are interacting in different molecular states in water 

and DMF, we performed SLS with polyester dispersions in both media. SLS enabled us to measure 

weight-average molecular weight (Mw) and the 2nd virial coefficient (B2). The 2nd virial coefficient 

is a parameter that provides an integral measure of the pair-wise interparticle interactions. A 

positive B2 value implies a net repulsive interaction and a negative B2 value indicates a net 

attractive interaction between the pairs of molecules or particles in a liquid medium.149  

First, we performed SLS with polyester solutions in DMF to obtain individual Mw of the 

polymers. The differential refractive index of the polyesters (dñ/dC) was measured to be 0.11 
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mL/g. By using Eq. 4, the Mw of the AQ polyesters were found to be 3 ~ 10 kDa from the Debye 

plots (Figure 2.3). Notably, on the basis of the slopes of the line fits, positive B2 values were 

obtained for polyester A and B whereas this thermodynamic parameter was negative for polyester 

C. Thus, it can be expected that solution C is likely to aggregate during storage, as the integral 

pairwise interaction energy between the dissolved molecules was attractive. All polymer solutions 

were optically clear when first prepared and at the time the experiments were performed. However, 

polyester C solution in DMF indeed became turbid within two weeks of aging at room temperature, 

whereas polyester A and B solutions remained clear for over a year. Therefore, the experimental 

data were correlated with the expected outcome from the interaction of the polymer molecules. 

These results confirm the physical significance of the 2nd virial coefficient as a useful parameter 

in predicting the stability of macromolecular solutions over time,150 and provide us with a tool to 

measure and predict how the interactions in the polyester nanoparticle suspensions will affect their 

colloidal stability over larger storage times.  
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Figure 2.3. Debye plot of SLS experiments with (a) polyester A, (b) polyester B, and (c) polyester 

C in DMF showing individual Mwof the polymers and the nature of their molecule-molecule 

interactions. The positive B2 for polyesters A and B predicts long term stability for these solutions 

whereas the negative B2 for polyester C indicates possibility of aggregation. The photos on right 

are the corresponding polymer solutions two months after preparation, which show how the 

prediction on the stability of the solutions from SLS correlated with the experimental observations. 
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Next, we performed SLS studies with the polyester dispersions in water to understand the 

mechanism of the nanoparticle formation in the aqueous environment. The differential refractive 

index (dñ/dC) for the polyester dispersions in water was found to be 0.2 mL/g. This higher 

differential refractive index value for water indicated that the polymer molecules in water were in 

a more compact state compared to those in DMF. We measured B2 values that were positive for 

all polymer nanoparticles in water indicating the nanoparticles formed in water had net repulsion 

towards each other (Figure 2.4a). However, the extrapolated Mw of the nanoparticles were 

extremely high within the range of 135 ~ 3000 kDa (Table 2.2). Such high molecular weight values 

in water can only be explained based on the hypothesis that each polyester nanoparticle is 

effectively a nanoaggregate composed of multiple polymer molecules. These high Mw values are 

in good correspondence to previous SLS studies on aqueous polyurethane dispersions.151 As the 

Mw should depend on the volume of the nanoparticles, and in turn on their diameter d, one can 

expect a general scaling relationship of Mw ∝ d3. We plotted the cubic root of Mw from the SLS 

study against the average diameter of the particles from the DLS study and indeed found that there 

is a general linear relationship between these parameters (Figure 2.4b). Notably, polyester D 

showed higher Mw to particle diameter ratio compared to the rest of the polymers. This indicates 

the nanoparticles of polyester D had highest packing density as a result of having molecular 

composition with highest amount of hydrophobic groups (Table 2.1). Such deviations from the 

line are expected, given that we are comparing in this Figure cumulative data for a set of polyesters 

of different chemical composition, which would show variation of their molecular packing density 

in water, as some polyesters contain a higher fraction of hydrophobic groups. However, the 

reasonable overall linear dependence between size and Mw of the particles from different scattering 

experiments is an important result indicating that these polyesters form stable nanoparticles in 
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water via similar molecular mechanisms despite the deviations resulting from the differences in 

their molecular composition.  

 

 

Figure 2.4. Static light scattering data with AQ polyester in water. (a) Single-angle Debye plot of 

SLS experiment with AQ polyesters in water showing the high Mw of the polymer nanoparticles. 

The Mw values are determined from the values of the intercepts and the B2 values are found from 

the slopes of the lines. The positive slopes indicate repulsive interparticle interaction in water. (b) 

The general scaling relation of the data from all different AQ polyester nanoparticles in water with 

a linear dependence between Mw
1/3 and their corresponding hydrodynamic diameters indicates that 

the formation of the polyester nanoparticles is governed by similar mechanism regardless of the 

composition of the polyester.  
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2.3.3. Stabilization mechanism of AQ nanoparticles 

The SLS results confirmed that the net interaction between the polyester nanoparticles in water is 

repulsive. This repulsive interaction is probably a result of the electrostatic stabilization due to the 

charged groups of the polyesters. For further understanding of the stabilization mechanism, we 

measured the zeta potential (ζ) of the polymer nanoparticles in water. All of the polymer 

nanoparticles were found to have highly negative ζ potential of ~ -50 mV in DI water at near 

neutral pH (Table 2.2). These highly negative ζ potential values confirmed the role of sulfonate 

groups on stabilizing the colloidal particles in water. However, it was not clear as to why all 

polyesters would have similar ζ potentials despite having a very different number of charged 

groups on their polymer backbones (Table 2.1). To investigate that, we further calculated the 

theoretical number of polymer molecules per nanoparticle (NP) by dividing the Mw of the polymer 

NP in water by the Mw of the polymer molecules in DMF assuming the nanoaggregates in water 

are composed of multiple polymer molecules. Next, using the composition of the polymers and 

the Mw of the individual polymer molecule, we obtained the theoretical number of SSIPA groups 

per polymer molecule assuming the polymers were monodisperse. By multiplying the number of 

SSIPA groups per polymer molecule with the number of polymer molecule per NP, we obtained 

the total number of SSIPA groups per NP. Since most of the polymer blocks are hydrophobic, we 

hypothesized that the nanoaggregates must have hydrophobic core and almost all of the charged 

groups should be on the surface of the NPs. Therefore, a theoretical surface charge density was 

calculated for the nanoparticles from the total SSIPA groups per NP and the particle diameter, d, 

obtained from DLS for the polymers for which we could collect and compile all data necessary for 

such molecular characterization. We found that, despite having different molecular compositions, 

the polymers formed NPs with a similar surface charge density, which explained the same ζ 
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potentials for these different polyester nanoparticles (Table 2.2). Therefore, it appears that the 

process of formation of stable nanoaggregates in water for these sulfopolyesters continues until an 

optimum surface charge density is reached. These data are consistent with results of colloidal 

studies performed with aqueous polyurethane dispersions.2   

 

Table 2.2. Correlation between the polyester composition, estimated molecular and 

nanoaggregate charge and measured zeta potential values. 

Polymer  Charge 

density 

(meq/g) 

Mw in 

water 

(kDa) 

Mw in 

DMF 

(kDa) 

No. of 

polymer 

molecules 

per NP 

Degree 

of 

polymer

-ization 

No. of 

SSIPA 

per 

polymer 

molecule 

Total 

SSIPA 

per NP 

Avg. 

part. 

size in 

water 

(nm) 

Surface 

charge 

density  

 

(e.nm-2) 

Zeta 

potent

-ial 

 

(mV) 

 Mwater MDMF Npolymer DP NSSIPA Q dDh σq ζ 

A 0.43 2925 10.4 281 81 4 1252 50 0.16 -55 

B 0.89 135 3.89 35 28 3 112 13 0.23 -52 

C 0.66 1397 4.98 280 36 3 920 35 0.24 -52 

 

 

2.3.4. Effect of medium composition 

To characterize the response of these colloidal systems to the medium composition, we varied the 

pH using NaOH or HCl and the electrolyte concentration using NaCl. We measured the size of the 

nanoparticles at a wide range of pH (i.e., 2 ~ 12) using DLS. For most of the polymers, the average 

size of the nanoparticles was unaffected within a wide range of medium pH values. This indicates 

that the nanoparticles are quite stable to a broad pH variation. However, for the larger sized 

particles, there was a general trend of decrease of particle size at pH > 10 (Figure 2.5a). This 

change in size took place within five minutes after changing the pH of the medium. As polyesters 

are known to undergo hydrolysis at high pH, we continued to characterize the size of the 

nanoparticles over two weeks assuming that it will go on decreasing as a possible outcome of 
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chemical degradation due to alkaline hydrolysis at pH 12. However, the size of the particles 

remained practically unchanged over this longer exposure to alkaline pH (Figure A6), which 

indicates that the reduced size at high pH was not due to hydrolysis. We further dialyzed the 

polyester samples at pH 12 to decrease the excess electrolytes which were introduced during pH 

adjustment. The particle size remained unchanged after dialysis as well, which indicated that the 

decreases in the size of the nanoparticles at high pH were not due to excess electrolytes but due to 

the initial high concentration of OH- ions. Additionally, it was found that this pH-induced 

reduction in particle size was not reversible when the pH of the samples was brought back to 7.  

Further analysis of the size distribution result from DLS study revealed that not only the 

average size of the particles but also the polydispersity of the samples decreased at high pH 

compared to that of neutral pH. Therefore, we used a multimodal distribution algorithm built 

within the DLS software to re-analyze the broad size distribution of the samples at pH 7. The 

multimodal re-analysis of the nanoaggregate size transformed the broad single-peak size 

distribution into narrow bimodal populations. An example of such bimodal data analysis is shown 

in Figure 2.5b for polyester C with mean peak sizes of 20 and 90 nm at pH 7. This bimodality in 

the size distribution indicated that as the polyesters were being dispersed in water, hundreds of 

polymer molecules combined to form stable nanoparticles of 20 nm diameter and some of these 

nanoparticles may have further aggregated to form secondary higher order structures of 90 nm in 

diameter. On the contrary, the size distribution data at pH 12 remained monomodal with a mean 

peak of only 20 nm which suggests that the higher order 90 nm structures have fallen apart 

irreversibly when the pH of the medium was changed to 12. Similar transformation of bimodal to 

monomodal size distribution was also observed with other polyesters (Figure A5). Such 
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disassembly of higher order aggregates in strongly alkaline high pH media indicates that they are 

bound by weaker interactions between the smaller globules comprising the larger sized particles.  

 

 

Figure 2.5. Effect of pH on the size distribution of polyester nanoparticles. (a) The hydrodynamic 

diameter of the nanoparticles at different pH in water, illustrating the size decrease at higher pH. 

(b) Multimodal analysis of intensity distributions from DLS experiment of 0.1% polyester C in 

water at pH 7 and 12 shows that hierarchical structures disappear at pH 12.  
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Next, we examined how the interactions of the polyester nanoparticles are changed in the 

presence of electrolytes by performing SLS study with pure water medium and aqueous solutions 

containing 0.1 ~ 1.0 M NaCl. It should be noted that high NaCl concentrations caused the particles 

to aggregate and these high electrolyte samples were not suitable for SLS measurements. During 

the SLS study in the presence of low NaCl, we observed that B2 decreased with NaCl 

concentration, while Mw remained unchanged (Figure 2.6a). This was expected as increasing the 

electrolyte concentration screens the electrostatic repulsion between the particles, which accounts 

for the overall decrease in interparticle repulsion. We hypothesized that the dependence of the B2 

on the electrolyte concentration may be approximately linear and its extrapolation will allow us to 

evaluate the onset of aggregation as a convenient way of estimating the range of colloidal stability. 

We plotted the B2 values at different NaCl concentrations and extrapolated the dataset to obtain 

the critical concentration of NaCl at which the particles will have no net interaction (i.e., B2 

approaches zero). This simple extrapolation hypothesis predicted that the polymeric particles 

would aggregate at salt concentrations above 0.4 M NaCl (Figure 2.6b). We tested this hypothesis 

for onset of aggregation experimentally by measuring the size of the particles in presence of 

different amounts of NaCl and indeed found that the threshold of aggregation of the polyester 

nanoparticles was at electrolyte concentrations ≥ 0.4 M NaCl as predicted by the extrapolation 

(Figure 2.6c). In this way, the second virial coefficient as a measure of the microscopic interaction 

between the particles was correlated to the macroscopic phase behavior in presence of electrolytes.  
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Figure 2.6. Effect of electrolytes on the interaction of polyester nanoparticles. (a) SLS experiment 

with polyester C in water with different concentrations of NaCl indicating that B2 decreases in 

presence of NaCl. (b) Ccrit of NaCl prediction from the model of B2 vs. NaCl concentration. (c) 

Ccrit of NaCl obtained from the Z-avg size of the nanoparticles from DLS experiment with 

polyester C with different concentrations of NaCl showing that experimental observation matches 

with model prediction. 

 

The classical DLVO theory assumes that any electrostatically stabilized colloidal system 

interacts mainly through the electrostatic double layer repulsion and van der Waals attraction.70–72 

We examined whether the polyester nanoaggregate colloidal systems follow the model behavior 
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of classic DLVO theory. One way of checking this quantitatively is to find out whether the critical 

coagulation concentration (Ccrit) of the electrolyte destabilizing these nanoparticles is dependent 

on the valency of the counterions (z) by the relationship Ccrit ∝ z-6, an approximation for high 

surface potential systems, which can be derived from the DLVO theory.72,152 Historically, this 

relationship is known as the Schulze-Hardy rule.153 Details on the derivation of this relationship 

between Ccrit and counterion valency from DLVO theory are included in Appendix A. For this 

experimental study, we added different concentrations of mono-, di-, and trivalent electrolytes, 

including NaCl, CaCl2, and AlCl3 respectively, to the dilute polymer dispersions and measured the 

particle size by DLS. Based on the particle size values measured, the highest electrolyte 

concentration at which particle size did not change significantly was considered as the Ccrit value, 

since any concentration higher than that caused spontaneous coagulation observed by rapid 

increase in particle size. We found that the nanoparticles were extremely susceptible to aggregation 

in presence of multivalent ions (Figure 2.7a,c, Figure A7) and the aggregation concentrations 

varied over a range of 5 orders of magnitude. Nevertheless, all three datasets could be 

superimposed remarkably well onto one master curve by introducing a small correction factor in 

the Schulze-Hardy rule (i.e., Ccrit ∝ z-(6+0.5z)) as shown in Figure 2.7b,d. In the modified 

relationship, Ccrit ∝ z-(6+0.5z), the both “z”s has the same meaning of the valency of the counterion 

such that if Ccrit = 1 M for a monovalent counterion, the Ccrit value will be 0.0078 M for a divalent 

counterion and the Ccrit = 0.00026 M for a trivalent counterion. Therefore, in order to superimpose 

the Z-avg size values for different valency of electrolytes in the same graph, the X-axis for mono, 

di, and trivalent electrolytes were normalized according to the modified factor of z-(6+0.5z). In order 

to plot Figure 2.7b,d, the X-axis for NaCl, CaCl2, and AlCl3 were recalculated by dividing the X-

axis values in Figure 2.7a,c by 1, 0.0078, and 0.00026 respectively which led to the impressively 
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good superimposition of the three curves into a single master curve. The additive correction factor 

of 0.5z points out that the effect of multivalent ions on destabilization of these nanoparticles is 

slightly larger than the one predicted by the Schulze-Hardy rule. Overall, these data indicate that 

the interactions between the polyester nanoparticles are governed by DLVO theory with some 

specifics relating to even stronger than expected effect of ion valency on the suppression of 

interactions (possibly arising from short-range bridging interactions).  

 

Figure 2.7. Validation of DLVO theory by using multivalent electrolytes. The Z-avg particle size 

from DLS experiment of (a) polyester C and (c) polyester D in water with different amounts of 

NaCl, CaCl2, and AlCl3. Fitting experimental data of DLS experiment of (b) polyester C and (d) 

polyester D with NaCl, CaCl2, and AlCl3 by recalculating x-axis values for electrolytes according 

to the slightly modified Schulze-Hardy rule Ccrit ∝ z-(6+0.5z). The data show good agreement with 

the critical aggregation concentration model based on DLVO theory. The arrows indicate the Ccrit 

values for different electrolytes.   
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2.3.5. Effect of polymer composition 

We investigated the effect of polyester composition on the colloidal stability of the nanoparticles. 

The impact of the ionic strength on the stability of AQ nanoparticles was characterized by adding 

different amounts of NaCl and measuring the particle size by DLS. As shown in Figure 2.8a, most 

of the polyester dispersions were stable up to 0.3 M NaCl. However, polyester D with the least 

amount of SSIPA was the most sensitive to the increasing electrolyte concentration and became 

unstable with as low as 0.2 M NaCl, whereas polyester B with the highest amount of SSIPA was 

the most stable in higher ionic strength medium. Therefore, a higher molecular content of SSIPA 

imparts higher colloidal stability to these AQ polyesters against aggregation at increased ionic 

strength.  

In such electrostatically stabilized systems, the charged groups on the polymer backbone 

undelie and control the repulsive interactions in water. Hence, the repulsive interactions between 

the polyester nanoparticles should be related to the molecular fraction of SSIPA groups per 

polymer molecule. We plotted the second virial coefficient values obtained from SLS experiments 

with AQ dispersions in the water against the charge content of the polyesters and found that the 

interparticle repulsion evaluated by the second virial coefficient was higher for polymers with an 

increased molecular fraction of SSIPA (Figure 2.8b). However, there was no direct relationship of 

glycol contents to the colloidal properties of these polymers (data not shown). Note that polyester 

F has different molecular composition compared to the rest of the polymers studied here, having 

PEG groups of unknown molecular fraction (Table 2.1). Our subsequent analysis of light scattering 

data shows that it behaved very differently likely due to contribution from such hydrophilic polar 

groups. As a result, we limit the analysis of the effect of polymer composition on the colloidal 

stability to polymers composed only of SSIPA, IPA, CHDM, and DEG.  
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Figure 2.8. Effect of electrolyte concentration on the onset of aggregation of nanoparticles from 

different polyesters. (a) Change in Z-avg size of different nanoparticles in water with the varying 

amount of NaCl showing higher SSIPA content imparts higher electrostatic stability. (b) Values 

of the 2nd virial coefficient from SLS experiment in water vs. SSIPA content expressed in charge 

density of the polyesters showing how the higher SSIPA content leads to higher microscopic 

repulsive interaction. 

 

Such effect of SSIPA groups was also visible in the phase study with different amounts of 

electrolytes in concentrated polymer systems (i.e., 10 g/L), which model better the practical 

polyester dispersions. We found that the dispersions with low SSIPA content were highly 
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susceptible to electrolytes and aggregated immediately at low ionic strengths whereas the 

dispersions with high SSIPA content had higher stability at high electrolyte concentration (Figure 

2.9). These data are in good correlation to the DLS measurements of the interactions in dilute 

suspensions reported above (c.f. Figure 2.8). Therefore, the higher fraction of ionic groups in the 

molecular composition of the polyesters plays a major role in determining the microscopic 

colloidal interactions and the macroscopic phase properties in the aqueous environment in 

presence of various electrolytes.  

 

Figure 2.9. Effect of electrolyte composition on the concentrated polymer (10 g/L) system. The 

comparison of the phase behavior of dispersions of polyester B, C, and D in presence of different 

electrolyte concentrations (i.e., 0, 0.1, 0.2, 0.3, 0.4 M NaCl) show that an increased SSIPA 

molecular content stabilizes the dispersions against aggregation at higher ionic strength, in a good 

correlation with the DLS data for dilute suspensions.  
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2.3.6. Discussion 

This study reports the fundamental findings on the colloidal properties of waterborne dispersions 

of commercially available sulfopolyester systems. We found that upon dissolution these polyesters 

adopt different molecular configurations depending on the solvent quality. For example, they form 

a molecular solution in a good organic solvent (DMF) whereas they collapse and aggregate into 

colloidal nanoparticles in water, a complex medium with a multitude of interactions, as depicted 

in Figure 2.10. These in situ formed nanoaggregate particles provide an intriguing system for 

characterization of complex colloidal behaviors and testing to what extent the fundamental 

colloidal theories could be applied to such systems. We note that the self-assembled polymer 

nanoaggregates are different from the solid particles that have been studied during the derivation 

of the DLVO theory and following treatises of colloidal stability.   

 

 

Figure 2.10. Schematic of the medium-dependent molecular and colloidal configurations of the 

sulfopolyesters in different solvents. 
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Measurement of the 2nd virial coefficient (B2) is one of the key means to quantify the molecular 

and colloidal interactions of colloidal systems, as it allows to correlate the microscopic properties 

of a system to its macroscopic properties.154 In this study, we set forward to analyze the colloidal 

system of polymeric nanoaggregates on the basis of this thermodynamic parameter. Different B2 

values were obtained for different polyesters of this series when they were dissolved in DMF. This 

difference in B2 values most likely stems from the difference in composition of the four building 

monomers. As predicted from the interactions of polymer solutions, as captured by the sign of B2, 

polyester C precipitated out of the solution, whereas polyesters A and B were stable (Figure 2.3). 

This agreement between the predictions based on DLS data and the results of the long-term 

macroscopic stability shows the ability of the interaction data to predict the long-term phase 

behavior of a macromolecular solution by utilizing information on microscopic interactions. The 

corresponding data for the effect of the polymer composition in water systems in Figure 2.8b, show 

that the B2 values measured for the nanoaggregates in water had a linear dependence on the SSIPA 

content of the polyesters. The SSIPA units are the origins of charged groups on the polymer 

backbone. This suggests that long-range electrostatic repulsion dominated the interparticle 

interaction when the polyester molecules form nanoaggregates in water. Thus, B2 values 

determined for different polyester nanoparticles in water also shed light on the role of the 

composition of the polyester in stabilizing the dispersions.  

To obtain a comprehensive understanding of this colloidal system, we characterized the 

polyester nanoparticles on the basis of variation of pH and addition of electrolytes. The measured 

B2 values decreased with increased electrolyte concentrations, demonstrating the suppression of 

the electrostatic repulsion in the presence of the electrolyte (Figure 2.6). These results were further 

analyzed to predict the onset of destabilization of this colloidal system. We found that a simple 
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extrapolation of the B2 data allows to precisely predict the onset of colloidal aggregation, a very 

important factor that is hard to estimate by other means. Such correlation between model and 

experiment has many practical implications, for example, the phase behavior of a colloidal system 

can be predicted by performing simple light scattering experiments with varying electrolytes. The 

pH study indicated that the polyester nanoparticles were quite stable over the broad pH range, 

possibly due to the largely pH-independent ionization of the sulfonate groups for the SSIPA 

(Figure 2.5a). This feature allows such waterborne dispersions to be used in a variety of different 

pH environments. The ability to make pH-independent electrically stabilized water-based polymer 

nanoparticles makes them a suitable component of a wide range of coating and painting 

formulations. The understanding of the role of the basic colloidal interactions of these soft 

polymeric nanoparticle systems in polar solvent will help in designing novel high-performance 

coatings based on fundamental insights of the molecular interactions. 

One of the most noteworthy achievement of the DLVO theory of colloidal stabilization has 

been the evaluation of the critical electrolyte concentration of coagulation (Ccrit), which is defined 

as the minimum concentration of counterion electrolytes leading to dispersion aggregation. For the 

case of typical solid colloidal particle dispersions, the relationship of Ccrit to the counterion valency 

(i.e., Ccrit ∝ z-6) is described by the Schulze-Hardy rule derived from DLVO theory.70–72,122,152,155 

Therefore, testing this rule on the soft colloidal nanoaggregates provided a simple way to verify if 

the interactions between these nanoparticles were governed by the classic DLVO theory. As shown 

in Figure 2.7, the aggregation state of the nanoparticles over many orders of magnitude of 

electrolyte concentrations was highly sensitive to multivalent counterions as predicted by the 

classic colloidal theory. This Ccrit dependency on the counterion had to be modified by a small 

correction factor of 0.5z (i.e., Ccrit ∝ z-(6+0.5z)) to best fit the experimental data, but overall the result 



69 
 

was surprisingly good. Such minor discrepancy from the classic Schulze-Hardy rule is not 

uncommon in literature.156,157 This rule was originally derived on the basis of the assumptions of 

symmetric electrolytes (1:1, 2:2, 3:3), planar surface, high and constant surface potential, and two-

body interaction.154  The electrolytes used to test this theory in this study were not symmetric in 

nature as they had a common coion (i.e., 1:1, 2:1, 3:1). For this set of asymmetric electrolytes, it 

was previously found that the Ccrit depends on the -6.35 power of the valence of the counterion, 

which is similar to what we report here.158 Additionally, many-body interactions and decreased 

surface potential in presence of multivalent electrolyte could also be responsible for the deviation 

from the theory. Overall, the data analysis proves the high ability of multivalent ions to suppress 

the nanoaggregates’ interactions to the extent of their rapid aggregation at concentrations in the 

millimolar range for ions such as Al3+. Such  destabilization of waterborne dispersions could be 

important for practical application and our results point out that the possible presence of even very 

low concentrations of Ca2+ and Al3+ should be taken into account in the use of such water-soluble 

polyesters in coatings on various natrual and construction materials. The strong suppression of the 

repulsive interactions between the ionomer nanoparticles induced by miniscule concentrations of 

multivalent ions can potentially be utilized to crosslink or densify coatings made of ionomer 

polymers by physical, rather than chemical, means.   
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2.4.    Conclusions 

Water-dispersible copolyesters have substantial potential as key colloidal components in present 

and future coating and other large-scale formulations. By using a range of commercial 

sulfopolyesters as a model system in this study, we have shown that above their Tg these polymers 

formed stable dispersions in water by a process of nanophase separation into nanoglobules. 

Hundreds of polymer molecules spontaneously self-assembled into nanoaggregates in water. The 

aggregation state of the polymers was tightly controlled by the polymer size, composition, and the 

surface charge density. From the perspective of colloidal science, these self-assembled 

nanoparticles fall somewhere in between the latex-type colloids and polymer solutions. However, 

the data showed that once aggregated in water, the soft polymer aggregates behave similarly to 

traditional colloidal particles. Therefore, measuring these properties by light scattering and 

analyzing of their colloidal stability was important in fully understanding these polymer systems. 

First, we found that the theory of second virial coefficient is predictive for the molecular solution 

stability. On the other hand, at their aggregated state, the interaction and phase behavior of the 

polymers can be interpreted based on the classical colloidal theory of critical coagulation derived 

from DLVO interaction, which can also be used for prediction of their critical coagulation 

concentration of various electrolytes. Furthermore, the correlation of the data to the macroscopic 

phase behavior of these dispersions proves that this combination of light scattering techniques and 

data analysis can be used efficiently to predict the macroscopic phase behavior of polyester 

nanoaggregates based on their nanoscale electrostatic interactions.  
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CHAPTER 3 

Mechanism and control of “coffee-ring erosion” phenomena in thin films of polyester 

ionomers 

S. Islam and O. D. Velev  

(in preparation for submitting to Journal of Materials Chemistry C as paper article) 
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3.1.    Introduction 

Applications of traditional solvent-based polymer coatings lead to high emissions of volatile 

organic compounds, one of the major reactants causing the formation of toxic, ground-level ozone. 

Water-based polymers including, e.g., waterborne polyurethanes, polyester dispersions, and 

polyacrylate emulsions have high potential as substitutes for organic solvent-borne systems for 

painting, adhesive, and coating applications not only because of their low environmental impact, 

but also for their low cost.91–96 Polyesters are one of the most common classes of polymers in the 

textile and packaging industries because of their superior mechanical, optical, and processing 

characteristics. In order to benefit from the use of such polyester systems into waterborne 

formulations, a small fraction of functional monomers with ionic moieties can be incorporated into 

the polyester backbone, allowing the polyester resins to be directly dispersed in water.  

One class of common industrial polymers in this new generation of waterborne systems 

are sulfopolyesters, where an aromatic sulfonated monomer is incorporated as the ionic group. In 

our previous study, we characterized the colloidal interactions of sulfopolyester dispersions using 

various light scattering techniques and a range of commercial sulfopolyesters as a model system.60 

We found that, based on the molecular weight and ionic monomer composition, hundreds of 

polyester molecules undergo self-assembly in water to form nanoparticles where the aggregation 

is determined by a critical surface-charge density of the nanoparticles. Once aggregated in water, 

these soft, colloidal nanoaggregates behave like traditional hard colloids as the interparticle 

interactions and phase properties in water are governed by classic DLVO interactions.60 In the 

study reported here, we investigate the correlation between the colloidal properties of 

sulfopolyesters and the stability of the dried nanofilms in presence of water as a corrosive agent.   
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 Polymer composition, molecular weight, and particle size govern the essential film 

parameters such as glass-transition temperature (Tg) and minimum film formation temperature 

(MFFT) for optimum film performance. While a high Tg ensures increased hardness and resistance 

of the film, it is also associated with increased MFFT, which means that longer process times or 

higher process temperatures are required during application. As a result, conventional latex-based 

waterborne systems with high Tg inevitably require the addition of volatile coalescent agents or 

plasticizers in order to promote film formation at ambient temperature.90,102,103 Substantial volume 

of research on the drying processes of emulsion-based latex systems has been reported to explain 

the mechanism of transformation from colloidal dispersions to a continuous polymer films.159,160 

The widely accepted model for this process is divided into three essential stages, namely, (1) 

drying: water evaporation leading to close-packed structure, (2) deformation: filling up of void 

space by hexagonal deformation of particles, and (3) coalescence: fusion of particle boundaries by 

polymer interdiffusion to form a continuous film.101,102 Unlike traditional latex polymers, 

waterborne polyurethane and polyester dispersions do not require addition of coalescent agent. 

Moreover, these colloidal systems form smooth and glossy films when applied to a surface with a 

short drying time at room temperature. This beneficial combination of  low MFFT with high film 

hardness is attributed to extremely small particle size distribution and the effective plasticization 

of the nanoparticles by water.2,103 Since water is essentially the plasticizer for coatings of 

waterborne polyester nanoparticles, it is crucial to understand the structural integrity of the 

deposited coatings upon exposure to an aqueous environment.  

 Structural color is a natural optical effect originating from the physical interaction of light 

with nanostructures such as butterfly wings and natural opals.161 Structural color offers numerous 

benefits over pigment-based colors, such as more vibrant color formation, resistance to 
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photobleaching, and avoidance of environmental toxicities associated with pigmentation.162,163 

Colloidal particles on the micro- and nanoscale offer one of the most versatile and inexpensive 

bottom-up methods to achieve required architecture for the emergence of the structural color of 

purely physical origin.163,164 As a result, the research on this type of chromophore-independent 

colors using small particles is of significant interest to industry and academia.162–171 This optical 

properties of colloidal nanoparticles have been tailored by many material experts to develop 

various colorimetric sensing materials,167,169 photonic papers,172,173 next generation color printing 

technologies,166,170 and superhydrophobic and superhydrophilic surfaces.174,175  

 In this chapter, we took advantage of the optical property of nanofilms composed of 

polyester nanoparticles to correlate their colloidal interactions to the structure of the deposited 

coatings. We first investigated the origin of structural color of nanofilms made of polyester 

dispersions. We then found that upon depositing sessile water drops on the dried polyester films, 

the uniformity of the nanofilm changed as a result of water evaporation. We present a model for 

such evaporation-induced water damage of the polyester films. We then examined how varying 

the chemical structure and molecular weight of the sulfopolyesters affects the interaction of water 

with the deposited film and investigated strategies for mitigating such water damage. The findings 

of this study may help in designing next-generation waterborne polymers for maximum film 

performance.  
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3.2.    Materials and Methods 

3.2.1. Polyester dispersion 

The polyester samples were provided by Eastman Chemical Company (Kingsport, TN). All 

experiments were carried out in deionized (DI) water obtained from a Millipore Corporation Milli-

Q system. Polyester dispersions in water were prepared by adding the measured amount of 

polyesters to hot DI water at 60 - 80 oC and allowing the dispersion to mix with active stirring for 

one hour. All sulfopolyesters readily dispersed in hot water except polyester 2, which required the 

addition of co-solvent n-propanol (0.38 g per g polyester) with extended heating and active stirring. 

The carboxylated polyester 9 required addition of volatile amine (dimethylethanolamine, DMEA) 

based on the acid number during the dispersing process. The volume of the dispersions was 

adjusted with DI water to obtain 30 wt% stock dispersions. 

3.2.2. DLS measurements 

The nanoaggregate polymer particle size was determined via DLS. The stock polymer dispersions 

(100 g/L) were diluted 3000× with DI water to eliminate the possibility of multiple scattering for 

DLS measurements. 1 mL of each diluted dispersion was transferred to a cuvette and measured in 

triplicate at 25 oC using a Zetasizer Nano ZSP (Malvern Instruments) with a 10 mW He–Ne laser 

at 633 nm and a photodiode located 173o from the incident laser beam. Plastic cuvettes were used 

for the measurements in water-based medium and glass cuvettes for organic solvents. The Z-

average diameter and size distribution were measured on the basis on the intensity of the scattered 

light from DLS experiment using cumulant and distribution analysis algorithm respectively as 

described previously.176  
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3.2.3. Film formation and droplet test 

Films were prepared by using convective assembly method as described previously.177 In brief, 60 

µL polyester dispersion (30 wt%) was injected between the two inclined surface. The inclination 

angle was close to 30o. The deposition speed was kept at 3.25 mL/hr for all films. Ambient 

temperature (22 ~ 25 oC) and humidity (50 ~ 60% relative humidity) was maintained for all 

deposition condition. Silicon wafer (University Wafer, Inc, Boston, MA) was used as substrate. 

The wafers were subjected to standard cleaning with RCA method before depositing the polyester 

films. After the film deposition, the coatings were allowed to dry at ambient condition for one hour 

before the carrying the droplet test with water. For the droplet test, 1 µL water or other damaging 

liquid (salt or surfactant solutions) was dropped extremely carefully on the film and allowed to dry 

at ambient condition. For the heat curing experiments, the films were allowed to dry at 50 oC for 

16 hr before conducting droplet test with water.  

 

3.2.4 Film characterization 

The thickness of films was obtained using a Spectroscopic ellipsometer (J.A. Woollam alpha-SE 

ellipsometer) at a fixed angle of 70°. For obtaining the height profile of the erosion area, 

profilometry was performed with a Veeco Dektak 3 profilometer. Atomic force microscopy (AFM) 

was utilized to check the surface topography of the polyester films with a Q-Scope 250 scanning 

probe microscope.  
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3.3.    Results and discussion 

In this study, we used sulfopolyesters of varying composition of two diacids and two diols, namely, 

isophthalic acid (IPA), 5-sodiosulfoisophthalic acid (SSIPA), diethylene glycol (DEG), and 1,4-

cyclohexanedimethanol (CHDM). The general structure of the sulfopolyesters is shown in Figure 

3.1a and their chemical composition is given in Table B1. In the previous study on the colloidal 

dispersion properties of these sulfopolyesters, we measured the nanoparticle size in water using 

dynamic light scattering (DLS). The DLS data showed the sulfopolyesters form self-assembled 

nanoparticles in the range of 25 ~ 96 nm of average diameter (Figure B1).60  

 

3.3.1. Colorful nanofilm from polyester dispersion and origin of the optical color 

For most of the film formation study, we have used convective film deposition, which is a very 

simple, rapid, and scalable technique for controlling film structure and thickness. The process is 

governed by solvent evaporation from a thin liquid film wetting a substrate where the solvent 

evaporation drags dispersed particles into the drying region and deposits them in uniform film 

(Figure 3.1b).177  We used 30 wt% dispersions for depositing the sulfopolyesters films. As the 

polyester nanoparticles were captured in the growing film, compact and uniform coatings  were 

formed (Figure 3.1b). The polymer films were brilliantly colored when deposited on a Si substrate 

and the visualized color was dependent on the viewing angle. This structural color arises from the 

interaction of light with ordered micro/nanostructures. Natural structural color can be of two kinds 

depending on the surface feature: periodic anisotropic or isotropic nanostructure.178 To understand 

the origin of the color of the sulfopolyester films, we first utilized atomic force microscopy (AFM) 

to visualize the nanostructure of the film. We found that the polymer film was extremely uniform 
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and smooth with a root mean square (RMS) roughness of 0.41 nm (Figure B2), indicating absence 

of periodic anisotropic features. Next, we measured the thickness of the film using AFM along the 

edge of the film and determined it to be around 400 nm, which confirmed the deposited film was 

indeed of nanoscale thickness (Figure 3.1c).  

The structural color originating from isotropic nanostructure strongly depends on the 

thickness of the film.179 To check the validity of this correlation, we varied the film thickness by 

diluting the polymer dispersions. The color completely disappeared when a 10 wt% polymer 

dispersion was used instead of 30 wt% while keeping all other deposition parameters (i.e., 

deposition speed, temperature, humidity) unchanged (Figure 3.1d). The thickness of the film 

resulting from a 10 wt% polymer dispersion was measured to be 30 nm. Next, to increase the film 

thickness, we deposited a second layer of polymer film on top of the first one. Again, the structural 

color disappeared when the second layer of the polymer film was deposited on the first polymer 

layer that was colorful (Figure 3.1d). Thus, the structural color of the sulfopolyester films was 

shown to be strongly dependent on the thickness of the nanofilms, the as color disappeared if the 

film was too thin or too thick. This evidence suggests that the structural color is a result of thin 

film interference as commonly displayed in soap bubbles.  
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Figure 3.1. Colorful nanofilm from polyester dispersion. (a) The general structure of the 

sulfopolyesters where x and z represent % glycols (i.e., DEG and CHDM respectively) and w and 

y represent % diacids (i.e., IPA and SSIPA respectively). (b) Structural color emerges as film is 

being formed due to solvent evaporation from the polyester dispersion via the convective assembly 

method. (c) AFM study on the polyester film allowing to measure its thickness. (d) Thickness-

dependent structural color formation where the structural color disappears if the thickness is too 

low (10% polyester) or too high (a 2nd layer of polymer film was cast on the half of the substrate 

having the 1st layer of the polymer film using the same deposition condition).  
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Constructive thin film interference is described by Bragg’s law.180, which takes into 

account that when an electromagnetic wave interacts with a film’s surface, part of the radiation is 

immediately reflected from the surface. However, another fraction of the light is reflected back 

from the bottom film-substrate interface in a parallel angle with a phase lag resulting from the 

difference in distance travelled. This extra path travelled makes the two wavelengths to interfere 

constructively or destructively depending on the phase difference when the film thickness is 

comparable to the wavelength. To an observer, the film will appear of color corresponding to the 

constructive interfering wavelength. For the sulfopolyester nanofilms, Bragg’s law is represented 

by Eq. 3.1.  

2ℎ 𝑠𝑖𝑛 𝜃 =
𝑚𝜆

𝑛polyester
                                                              (3.1) 

Where h  is the thickness of the film (i.e., spacing between the reflecting planes), θ is the angle 

between the incident ray and plane of scattering (i.e., 90o if film is viewed from top), npolyester is the 

refractive index of the polymer, λ is the wavelength for which constructive interference takes place, 

and m is the diffraction order, which can be any integer value. The electromagnetic wave 

undergoes phase shift based on the difference of refractive indices of the two interfaces. Since 

npolyester is higher than nair and nSi is higher than npolyester, both reflected waves will experience same 

phase shift of  (Figure 3.2a).  

Next, in order to correlate the structural color to small variations of the thickness of the 

film, we fabricated polyester films with different thicknesses using spin-coating, which offers 

stringent control of the film thickness. This way, the coloration of the deposited films could be 

altered by manipulating the spin-coating speed. Three films were fabricated of violet, yellow, and 

green color when viewed from the top. Next, the thicknesses of the films were measured using 
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ellipsometry. Afterwards, using the refractive index and measured thickness information, we 

calculated the theoretical wavelength (λ) at which constructive interference should occur using Eq. 

1 for θ=90o and m =1, 2, 3, or 4 and found that m should be 2 in this case, as other m values result 

in a wavelength number that is out of the range of visible wavelengths (Table B3). Finally, we 

reproduced the theoretical colors corresponding to the calculated interference wavelength of 

visible light. We found that the actual colors on the films match quite accurately the predicted 

theoretical colors, which confirms our hypothesis that the bright structural colors on the polymer 

nanofilm are indeed a result of constructive thin film interference (Figure 3.2b). That correlation 

of structural color of the film to the thickness suggests that we can use these brilliant colors as an 

indirect measure of film thickness. 
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Figure 3.2. Structural color emergence from thin film interference. (a) Model for constructive 

interference on thin polymer film. (b) Predicted theoretical color for constructive thin film 

interference from the thickness values obtained from ellipsometry study matches with actual 

structural colors of the three films. Scale bar indicates 1 mm. 

 

3.3.2. Coffee-ring erosion by water evaporation  

Since these polyester nanofilms are made of waterborne nanoparticles, we aimed to observe the 

effect of letting a drop of pure water wet the surface of the polyester nanofilm to observe how the 

pendant droplet will affect film stability and uniformity. If the film was completely water-resistant, 

there would be no change in structural color after the water droplet evaporates. However, as can 

be seen in Figure 3.3, a new set of colored patterns emerged as a result of sessile water droplet 

evaporation. This means the contact and evaporation of water is causing the film to rearrange so 
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these different colors correspond to areas of the film with differing thicknesses. The water damage 

created a distinct pattern with a sharply defined edge, concentric colorful rings, and a black or deep 

blue region near the center (Figure 3.3b). The multiple colorful rings indicated the appearance of 

different thicknesses of the polyester film. For such nonuniform film rearrangement to take place, 

the nanoparticles in the film the must have had to redisperse in the water droplet and be carried to 

the edge from the center of the droplet. This drying pattern appears broadly similar to the “coffee-

ring effect” where evaporation of solvent from a liquid drop with suspended particles on a solid 

surface leads to deposition of rings of piled-up particles along the edge of the original liquid 

drop.181 It appears that the polyester nanoparticles re-disperse to some extent, and as the solvent 

evaporates, the outward radial convective flow carries suspended particles to the periphery of the 

pinned drop. As a result, a thicker ring of suspended particles is deposited at the perimeter of the 

dried droplet. Since the water evaporation induces a permanent erosion in the film in a coffee-ring 

pattern, we named the water damage as “coffee-ring erosion” in this work.  
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Figure 3.3. Coffee-ring erosion of a thin polyester film. (a) Time lapse snap shots of film 

rearrangement as a result of water evaporation leading to new structural color pattern indicating 

different thickness of films following erosion. (b) The thin black region in the middle of the erosion 

area indicates the presence of effects similar to “coffee-ring” formation in drying droplets.   

 

A simple calculation using Eq. 3.1 shows that the thickness of the polyester nanofilm needs 

to be at least 130 nm in order to allow constructive interference of visible wavelength range (i.e., 

400 ~ 700 nm) to take place. The black region at the center of the droplet formed due to destructive 

interference taking place as the film thickness must have been much less than 130 nm. To check 

the thickness of the generated erosion profile, we performed a profilometry study on the erosion 

pattern after water droplet evaporation (Figure 3.4). The edge of the rings was at least 700 nm 

higher than the center, whereas center was 550~600 nm thinner than the bulk film. Based on the 

orange structural color, the thickness of the bulk film was calculated to be 598 nm, which 

corresponds with the film thickness measured by ellipsometry. This suggests that the polyester 



85 
 

nanoaggregates at the center of the erosion pattern migrated to the edge due to the outward radial 

capillary flow of water. This confirms that the multiple-ring formation at the periphery of the 

evaporating water droplet evaporation is indeed caused by a coffee-ring type of convective 

phenomenon. 

 

 
Figure 3.4. Damage profile resulting from “coffee-ring erosion”. The thickness profile obtained 

via profilometry is overlaid on the color image of the damaged polyester film. Both show that the 

edge is at least 700 nm thicker compared to the center of the erosion profile indicating coffee-ring-

like redistribution phenomenon.  
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3.3.3. Effect of composition of the damaging liquid  

The classic coffee-ring phenomenon is known to be affected by the presence of electrolytes182 or 

surfactants.183,184 To check how the colloidal interactions between the polyester nanoparticles 

affected by such additives, influences the coffee-ring erosion profile, we investigated the role of 

sodium chloride (NaCl), cetyltrimethylammonium bromide (CTAB) and sodium dodecyl sulfate 

(SDS) solutions as damaging liquids (Figure 3.5). In the presence of NaCl, the coffee-ring effect 

was suppressed as the concentric ring structure was absent (Figure 3.5a). This ring suppression 

effect in presence of electrolyte was further verified using profilometry, showing that the height 

profile was rather uniform along the edge of the droplet (Figure B3). Similarly, the addition of 

surfactants also affected this capillary interaction-driven erosion. The pattern formation in the case 

of the cationic surfactant, CTAB, vs. the anionic surfactant, SDS, was completely different (Figure 

3.5b, c). In the case of CTAB, the dried pattern was opaque, uniform and devoid of any centered 

ring, whereas in presence of SDS, the dried pattern consisted of numerous black rings. In our 

previous work, we demonstrated that the sulfopolyester nanoparticles are electrostatically 

stabilized and negatively charged due to being ornamented with negative surface charge group 

SSIPA.60 The variety of erosion profiles generated in response to different additives in the 

damaging liquid indicates that the redispersion and redistribution of the polyester nanoparticles 

will depend on the colloidal interactions between the nanoparticles. 
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Figure 3.5. Effect of electrolyte or surfactants on the erosion profiles of polyester nanofilms. The 

erosion profile depends on the composition of the damaging liquid. Coffee-ring erosion is 

suppressed in case of (a) 1 M NaCl solution, whereas solutions of  (b) 10 mM CTAB and (c) 10 

mM SDS in the droplet creates a dramatically different damage structure on the polyester film. 

Scale bar indicates 1 mm.    
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3.3.4. Effect of nature of ionic groups  

The sulfopolyesters were designed to incorporate a permanently charged group, SSIPA, attached 

to the backbone of the polymers in order to render dispersibility in water. While these 

sulfopolyesters form stable dispersions readily without any additional cosolvent, an inherent 

difficulty arises as certain applications require coatings and materials with high water resistance. 

An alternate way to disperse waterborne polyesters is to incorporate pH-sensitive charged groups 

such as –COOH in the polymers. These carboxylated polyesters can be dispersed in water using 

volatile amine-base compounds so that once the film is formed and dried, the amines escape, 

leaving more resistant dried films. To check this hypothesis, we made a film from a polyester 

stabilized by pH dependent -COOH groups (i.e., polyester 9 in Table B2) and performed the same 

water-droplet erosion test. As in Figure 3.6, the water damage was completely suppressed when 

the charged group was changed from the permanent -SO3Na to the pH dependent -COOH. This 

result confirms that the re-dispersibility of the polyester nanoparticle in water droplet is the key 

component for such coffee-ring erosion of waterborne polyester films.   
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Figure 3.6. Effect of nature of ionic group on the erosion profiles on thin polyester film. The 

erosion profile depends on the nature of the ionic groups of the polyester. (a) Coffee-ring erosion 

of thin film of polyester 7 with permanent charge group -SO3Na whereas (b) such damage is absent 

for polyester 9 with pH-dependent charge group -COOH. 
 

3.3.5. Mechanism of coffee-ring erosion by water   

Based on the previous results, we hypothesized that the polyester nanoparticles must redisperse 

within the water droplet medium for the coffee-ring erosion phenomenon to occur. We illustrate 

the step-by-step mechanism of this film damage in the schematic in Figure 3.7. First, the polyester 

dispersion applied on the substrate forms uniform nanofilm upon drying. Next, as soon as a water 

is deposited on top of this dry film, the polyester molecules in contact with water redisperse as 

nanoparticles again. As the water from the droplet evaporates, the radial outward capillary flow 
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drags the nanoparticles toward the edge and the polyester film is redistributed as a result of water 

droplet evaporation. If this hypothesis was true, the redispersed nanoparticle will have the same 

size as the original polyester dispersion. To check that, we performed DLS to compare the particle 

size in step (a) and (d). Indeed, the particle size distribution was almost the same for the original 

dispersion and after redispersion in the damaging water droplet (Figure B4).  

 

 

Figure 3.7. Schematic of coffee ring damage on polyester film. (a) Polyester dispersion is applied 

on the substrate; (b) uniform film is formed as dispersant water evaporates; (c) deposition of water 

droplet on the dried film; (d) polyester nanoparticles redisperse in the sessile water droplet; (e) 

migration of nanoparticles to the edge of the droplet due to liquid convection as water evaporates; 

(f) coffee-ring erosion of polyester film as a result of water damage.    
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3.3.6. Stability of dried polyester dispersions   

The water evaporation-induced coffee-ring erosion profiles of the polyester nanofilms are resulting 

from both nanoparticle redispersion and water evaporation from the polyester dispersion. To 

understand the interaction of water droplets with these polyester films in further detail, we first 

aimed to understand the simple droplet drying behavior of aqueous polyester dispersions (Figure 

B5). This way, the redispersion of the polyester in water can be decoupled from the subsequent 

drying of the resulting dispersion droplet. In order to systematically study the drying process of 

the polyester nanoparticles, we first checked the effect of polymer concentration on the coffee-

ring profile with polyester 7. We found that over the wide range of polyester concentration (i.e., 

0.01% - 8%), the coffee ring pattern was similar and that the majority of the polymer mass was 

deposited at the periphery as a single, colorless ring, whereas there was thin film deposition inside 

the pattern (Figure B6a). We found that the thickness of the thin film inside the patterns increased 

proportionally with the polymer concentration (Figure B6b). As a result, the resulting structural 

color of thin films inside the pattern was also a function of polymer concentration, where the 

structural color disappeared if the film thickness was too low or too high.  A simple process 

diagram in Figure 3.8a depicts the correlation of the structural color to the concentration of the 

polymer dispersion. 
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Figure 3.8. Classical coffee-ring patterns formed during drying of sessile droplet polyester 

dispersions. (a) A simple phase diagram illustrating the effect of polymer concentration on the 

drying behavior shows that the coffee-ring behavior was common for a wide range of polymer 

concentrations, whereas structural color appears within a particular concentration range. (b) The 

resulting coffee-ring profile is independent of droplet volume and dependent on the concentration 

of the polymer, which governs the contact angle of the deposited droplet. Scale bar indicates 1 

mm.     
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We then checked the effect of droplet volume on the drying profiles. As demonstrated in Figure 

3.8b, the deposited coffee-ring patterns had an area that was increasing with the polymer 

concentration. To understand these effects in detail, we performed contact angle measurements. 

As shown in Figure B7b, we found the drying of these polyester dispersions occurred under 

conditions of constant contact area as expected for coffee-ring patterns.185 We then found the 

contact angle of the dispersion droplet decreased with increasing polymer concentration (Figure 

B7c). This can be explained with the surface activity of these polyester dispersions. As the 

polyester concentration increases, the surface tension at the air-liquid interface decreases. As a 

result, the contact angle decreases, which leads to a larger contact area of the dried profile with 

increasing polymer concentration. On the other hand, when the droplet volume was varied, the 

contact angle did not change and the droplet height increased as expected (Figure B7d). Therefore, 

the coffee-ring profile did not change for different droplet volumes (Fig 2.8b). These findings 

indicate that the final coffee-ring pattern is a tightly controlled by the contact angle and the 

polyester concentration in the droplet. 

 Next, we examined the effect of interparticle interactions on the coffee-ring profile of the 

dispersion droplets. Since the polyester nanoparticles are electrostatically stabilized, we 

suppressed their interaction by increasing the ionic strength with varying concentrations of 

electrolyte for a fixed polymer concentration. As depicted in Figure 3.9, the structural color of the 

inner film disappeared with increasing electrolyte concentration, which indicates a higher inner 

thin film thickness. Quantitatively, this phenomenon can be also expressed by measuring the 

surface fraction of the thick outer annulus region in comparison to the thin inner film region. We 

found that fraction of the outer annulus area compared to the inner film area decreased with 

increasing electrolyte concentration (Figure 3.9). As the concentration of the electrolyte increases, 
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electrostatic repulsion between the particles decreases, leading to larger aggregate formation 

within the droplet. These large aggregates constrict and “jam” the deposited structure, hindering 

the transport of the particles at the edge and suppressing in coffee-ring formation. 

 

Figure 3.9. Suppression of coffee-ring phenomenon in presence of electrolyte. (a) Sessile droplet 

drying profile of 0.7 wt% polyester with differing NaCl concentration shows that the structural 

color disappears with increasing electrolyte concentration, which indicates higher thickness of the 

inner film. Scale bar is 1 mm. (b) The area of the inner film increases with increasing electrolyte 

while the outer annulus area decreases showing coffee-ring suppression. 

 

3.3.7. Effect of polyester composition on the coffee-ring erosion 

After analyzing the drying pattern of the polyester dispersions, we then investigated the effect of 

polyester composition on the redispersion in a damaging water droplet and the subsequent coffee-
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ring erosion. As shown in Figure 3.1a, the sulfopolyesters are composed of two different glycols 

and two different acid groups where DEG and SSIPA are hydrophilic and IPA and CHDM are 

hydrophobic. To test which monomers are playing a key role in promoting this water damage, we 

synthesized three controlled sets of polyesters: set-1 with varying glycol composition and constant 

acid composition; set-2 with varying acid composition and constant glycol composition; set-3 with 

varying molecular weight (MW) and constant acid and glycol composition. This allowed us to 

obtain polyesters with various solubility and colloidal properties.  

 
Figure 3.10. Effect of polyester composition on coffee-ring erosion. Effect of acid composition 

denoted by %SSIPA in the Y-axis and the effect of glycol composition denoted by % DEG in the 

X-axis shows that coffee-ring erosion is more prominent for polyesters with higher %SSIPA 

composition. Scale bars = 1 mm.  
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We made films using these polyester dispersions at the same deposition conditions. We 

deposited same sized water droplet on the films and observed the erosion profile (Figure 3.10). 

The deep blue or black region at the center of the damage profile indicates the deepest erosion. 

Though area of damage was smaller, the damage was more severe on coatings with increased DEG 

(i.e., the polar glycol group) or decreased CHDM (i.e., the non-polar glycol group) content. On the 

other hand, the damaged area was almost the same for the various SSIPA compositions, however, 

the erosion increased with increased SSIPA. The biggest damage was caused to the polyester with 

the highest SSIPA composition. To our surprise, the molecular weight MW had little effect on the 

coffee-ring erosion, as all of the polyesters experienced similar water damage (Figure B8). This 

result indicates that the composition of the polyester determines the extent of such water 

evaporation induced erosion. Therefore, one way to improve the water-resistance would be to tailor 

the polyester composition to contain less hydrophilic groups.  

Finally, we investigated additional mitigation strategies for limiting water damage to these 

polyester films. We subjected the films to heat curing and performed the same water damage tests. 

We found that the water damage was greatly reduced for all conditions except the highest SSIPA 

composition (Figure 3.11). Additionally, the water resistance was improved to the same extent for 

the varying MW of the polyesters (Figure B9). Since the polyester with the lowest SSIPA 

composition is hard to disperse and the highest SSIPA composition leads to severe coffee-ring 

erosion, the polyesters should be designed to have a moderate SSIPA content to impart both rapid 

dispersibility to the polymer and greater water resistance to the resulting coating.  
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Figure 3.11. Mitigation of coffee-ring erosion by heat-curing the films. Heat treatment of the 

polyester films of different composition mitigates the coffee-ring erosion for all compositions 

except for the highest %SSIPA composition. Scale bar indicates 1 mm.  
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3.3.8. Discussion 

Water-dispersible polymers have big potential for present and future sustainable coating 

applications. For successful design and optimal functioning of waterborne coatings, on one hand, 

the polyester molecules need to be compatible with water to obtain a stable dispersion, however, 

on the other hand, the resulting coatings made of the waterborne dispersion should exhibit water 

resistance. Therefore, it is crucial to understand the film formation properties of these waterborne 

systems and their interaction with water for maximizing their utility in commercial applications.  

 This study was focused on investigating the coating quality of waterborne aromatic 

polyesters by taking advantage of their optical properties. The dispersions made of sulfopolyester 

nanoparticles yielded uniform films of brilliant structural color. We used the structural color as an 

indirect measure of film thickness, as it is directly related to this film dimension via the interference 

theory. We monitored the change in the color of the polyester films upon depositing a water droplet 

on the surface and allowed time for evaporation. If the films were completely water-resistant, then 

there would be no change in visual color following evaporation, however, the films were damaged 

as the water evaporation left various ring patterns of different colors indicating redistribution of 

polyester molecules that came in contact with the water droplet. The resulting ring structures 

resembled the well-studied convective coffee-ring phenomenon during droplet evaporation. Such 

non-uniform distribution of particles is routinely encountered in various thin film, coating, and 

printing processes.186 However, for the first time, the coffee-ring phenomenon combined with 

structural color was used to investigate and analyze polymer film integrity. As water encounters 

the polymer film, the polyester gets redispersed as nanoparticles and guided by water evaporation, 

gets re-depoosited in a coffee-ring fashion to the edges of the droplet. Since the classical coffee-

ring from droplet evaporation results in positive elevation (increased thickness) whereas the post-
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deposition water damage of the polyester film led to a negative elevation or erosion in the film 

(Figure B10), we named this new class of coffee-ring phenomena as “coffee-ring erosion”. 

 The polyester films were not damaged when electrolytes were added in the water droplet 

(Figure 3.5a). The presence of electrolytes prevents the nanoparticles from redispersion. The 

damage profiles were vastly different when ionic surfactants were introduced. In presence of a 

positively charged surfactant, CTAB, the damage profile was devoid of any peripheral ring and 

was rather opaque (Figure 3.5b). The positively charged CTAB molecules may have penetrated 

the film to bind to the negatively charged polyester nanoparticles and locally aggregated them, 

thus preventing the coffee-ring erosion. On the other hand, the presence of negatively charged SDS 

molecules created dramatically different damage profiles full of many small ultra-thin black ring 

structures but devoid of a thick peripheral ring. This structure resembles the previously studied 

deposition profile of sulfonated polystyrene latex particles in presence of SDS.184 The Marangoni 

flow generated due to the presence of SDS molecules prevented deposition of the thick peripheral 

ring, whereas the multiple ultra-thin black rings resulted from repeated pinning and depinning of 

the contact line. Water erosion was also absent when the ionic nature of the polyester was changed 

from a permanent charge group of -SO3Na to a pH-dependent one -COOH (Figure 3.6). These 

results indicate that the solubility and the interaction of the polymer with the damaging liquid agent 

is crucial for causing different erosion profiles.   

 The coffee-ring erosion of the polyester nanofilm is a complex outcome of nanoparticle 

redispersion in the liquid droplet and redistribution of the nanoparticles in a coffee-ring manner. 

The well-known coffee-ring phenomenon has been extensively studied by modulating the shape 

of the particles187, controlling the Marangoni flow of the solvent188, inducing rapid solvent 

evaporation at elevated temperature189, or by changing the interfacial properties in presence of 
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surfactants.184,190 The previous studies have been conducted with polystyrene latex of 0.5~1.3 µm 

in diameter, while we investigate the drying behavior of self-assembled waterborne nanoparticles 

20~50 nm in size. Therefore, we initially characterized the sessile droplet drying behavior as a 

function of polyester concentration, droplet volume and varying electrolyte concentration. The 

resulting coffee-ring profiles were independent of droplet volume, but were strongly dependent on 

the polymer concentration (Figure 3.8). The thick peripheral coffee-ring patterns were similar for 

the wide range of polymer concentration, whereas the structural color of the inner thin film varied 

with polymer concentration (Figure B6). The structural color of the inner film was black or blue 

for the lowest polymer concentration indicating extremely thin, nanoscale inner film. Since the 

contact angle was determined by the polymer concentration, but was independent of the droplet 

volume, the final coffee-ring pattern was governed by the contact angle of the deposited droplet. 

Additionally, the presence of electrolytes suppressed the coffee-ring formation as expected by the 

colloidal interactions leading to aggregation.  

 The composition of the polyesters played a key role in determining the extent of water 

damage. The erosion was more severe with increasing composition of both hydrophilic monomers, 

DEG and SSIPA (Figure 3.10). The highest damage was incurred to the film from polyester with 

the highest SSIPA content. This way, the degree of the damage was related to the solubility of the 

polyester where the highly soluble one caused single coffee ring profiles, the moderately soluble 

polyester showed multiple rings, and the polyester with lowest fraction of soluble groups resulted 

in a gel pile-like incomplete damage profile. We illustrate these phenomena in Figure 3.12. The 

single coffee-ring structure with biggest erosion depth for the highly soluble polyester resembles 

the deposition pattern observed for sessile droplet test in Figure 3.8. This suggests that all of the 

polymer material that came in contact with the water droplet redispersed as nanoparticles in the 
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damaging water droplet, which resulted in drying behavior like the original polyester dispersion. 

The polyester with moderate solubility shows multiple ring patterns along with lesser erosion 

depth, which may result from the imbalance between pinning and depinning dynamics due to fewer 

solid particles. On the other hand, the “gel pile” structure in case of least soluble polyester may 

result from the poor penetration of water droplet through the polyester film. 

 

Figure 3.12. Varying erosion profiles based on polyester solubility. The solubility of the polyesters 

determines the degree of erosion damage. Profilometry reveals the damage profile to be in the form 

of single coffee ring for highly soluble polyester, multiple rings for moderate solubility and “gel 

pile” deposition pattern for lowest solubility (compare with Figure 3.10).  
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AFM visualization revealed that as the film was deposited from the polyester dispersion, 

the nanoparticles fuse to form a continuous polyester film (Figure B2). Thermal treatment was 

required to prepare the original polyester dispersions in water from the bulk polyester resins. 

Therefore, it was expected that once the nanoparticles fuse together to form a continuous coating, 

they will not redisperse in water without external energy input. However, when a water droplet 

was placed on the polyester film, the nanoparticles redispersed based on the solubility propensity 

of the polyester determined by its composition. The spontaneous redispersion of polyester 

molecules in water droplet as nanoparticles of original size indicates that the polyester molecules 

never lost their nanoparticle form and there were residual trapped water in molecular form 

surrounding the nanoparticles. Trapped water molecules may have decreased the stability of the 

mass of the polyester molecules in the film. Due to having residual trapped water, polyesters with 

higher concentrations of ionic groups might be more susceptible to deeper penetration of water 

molecules (Figure 3.13a). In contrast, polyesters with fewer ionic groups might undergo rapid 

interdiffusion of the hydrophobic groups which prevented such penetration of the water molecules 

(Figure 3.13b). Upon rapid heat treatment, the coatings’ water resistivity dramatically improved 

for all studied polyester films except for the one with highest SSIPA content (Figure 3.11). The 

heat treatment could have removed some or all of the residual water bound within the hydrophilic 

monomers of the polyester molecules. As the hydrophilic interactions between water and ionic 

groups are very strong, polyesters with higher SSIPA groups may retain higher amounts of water 

requiring extended heat treatment to desiccate the film. Thus films made from dispersions of 

polyesters with moderate fraction of hydrophilic groups can be efficiently rendered water-resistant 

by simple heat curing without further chemical crosslinking.191  
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Figure 3.13. Proposed mechanism for water-erosion based on ion content of the polyesters. (a) 

Polyesters with high ionic groups may have higher trapped residual water in the hydration shell of 

the ionic groups leading to higher penetration of water molecules through the thin films; (b) in 

case of polyesters with fewer ionic groups, interdiffusion of hydrophobic groups of the polymer 

may prevent water molecules to penetrate deeper within the thin-films.  
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3.4.    Conclusions 

We report data revealing some of the fundamental mechanisms of film formation and the water-

resistance properties of waterborne sulfopolyester nanoparticle films. We fabricated nanofilms of 

brilliant structural colors in order to study and interpret the interaction of the nanofilms with water 

as a disruptive agent. The methodology of visualization of nanofilm thickness using structural 

color could be utilized as an effective experimental tool to test water resistivity and overall film 

integrity. Deposition of water droplets on such thin films resulted in spontaneous redispersion of 

the nanoparticles. Driven by convective flow, water evaporation redistributed the polymer particles 

creating multiple colorful ring patterns, which correspond to the different thicknesses of the films. 

Using structural color as a means to follow this polymer redistribution, we further explored the 

coffee-ring patterns as a function of the polymer composition, molecular weight, and electrolyte 

concentration. The degree of erosion was directly related to the fraction of hydrophilic monomer 

composition of the polyester, where more damage was induced for higher hydrophilic group 

content. Such coffee-ring erosion indicates possibility of damage to an uncrosslinked waterborne 

film by any aqueous environment. Therefore, this kind of water damage can be suppressed by 

designing the polyesters to have fewer hydrophilic groups. Our findings of the mechanisms of film 

formation by such waterborne polymer nanoparticles suggest how such environmentally-friendly 

waterborne dispersions can be used in in paints, coatings, photonic paper, and optical displays.   
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CHAPTER 4 

Towards understanding the physical mechanism of barrier property and stretchability of 

layer-by-layer polyelectrolyte multilayer films 

S. Islam, A. Williams, and O. D. Velev  
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4.1.    Introduction 

Since its discovery nearly twenty years ago, layer-by-layer (LBL) film deposition has undergone 

extensive research in an effort to develop new nanostructured materials and coatings with designed 

functionalities.112 LBL film deposition involves the sequential, alternating exposure of a substrate 

to two different solutions of macromolecules. The building macromolecules interact via various 

molecular interactions which allow the sequential deposition of each component and the 

construction of multilayers. The ability to include into LBL architectures biological, synthetic, 

polymeric, and even inorganic materials such as nanoparticles and nanofibers allows the facile 

formation of scalable surface coatings with tunable characteristics.192 It has been shown that 

electrostatic, hydrophobic, H-bonding, charge-transfer, and biologically specific interactions can 

be utilized to build multilayer films using this versatile and facile technique.193  

Conventional silicon and other metal oxide films can be constructed on the nano-scale and 

offer strong gas barrier properties, however, these films are incapable of stretching or deformation 

and may have durability issues.194 Polymer multilayer films constructed using LBL can incorporate 

inorganic components such as metal oxide or montmorillonite particles into the polymer matrix in 

order to form coatings with exceptional oxygen barrier properties. However, the inorganic 

components of these films make them unsuitable for high strain applications.195,196 More recently, 

it was shown that all-polymer LBL films can be created with very low oxygen permeability by 

constructing films with polyelectrolytes of opposite charges such as cationic branched 

polyethylenimine (BPEI) and anionic polyacrylic acid (PAA).120 However, these BPEI/PAA 

barrier films are also not stretchable, which is a critical film characteristic required for using these 

films in commercial packaging applications.  
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Electrostatic interaction between oppositely charged polymers is the key driving 

phenomenon for constructing polyelectrolyte multilayers (PEMs). Many parameters can affect 

multilayer film growth including, but not limited to, dipping time, temperature, ionic strength, 

electrical field, light, and polymer characteristics.193 Among these factors, perhaps, the most 

important parameter for weak polyelectrolytes is the pH of the polycationic and polyanionic 

solutions, which controls the degree of ionization of the polyelectrolytes. It has been shown that 

the pH of the solution affects the conformation of the resulting polymer molecules in solution. For 

example, higher solution pH values lead to more linear conformations of PAA molecules due to 

the intramolecular electrostatic repulsion between the charged ionic groups pendant from the 

polymer backbone. In contrast, at lower pH values, these carboxyl groups undergo hydrogen (H) 

bonding in their protonated states, resulting in a coiled globular conformation.197,198 In this way, 

the charged state of the polymer in the solution is critical towards the ultimate thickness, 

topography, and other mechanical characteristics of the film.109  

Recent study has shown that LBL films of poly(ethylene oxide) (PEO) and PAA assembled 

only by H-bonding can lower the oxygen transmission rate (OTR) of a natural rubber substrate by 

over five times and are capable of 100% strain without yield. However, this barrier does not rival 

the <0.0015 cc/m2/day OTR of electrostatically bound BPEI/PAA.199 Further research efforts 

showed that both ionic and H-bonding interactions can be used to construct quadlayers and other 

higher order multilayered barriers that are capable of 25% strain.200–202 All of these molecular 

assemblies are dependent on incorporating a third polymeric component (i.e., PEO or 

polyglycidol) into the two-component barrier films, which allows the quad-layered films to be 

stretchable due to H-bonding interactions. The H-bonding third component often increases the 

permeability of the composite films. Therefore, it is important to design a barrier with only two 
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components which can interact through both electrostatic and H-bonding interactions required for 

obtaining a stretchable barrier without compromising the permeability of the LBL films.   

Chitosan (CS) is a biologically-derived polysaccharide that is created from re-processed 

chitin, a structural component in the shells of crustaceans that has been extensively utilized for 

biomedical applications.203 Chitosan is a product of the deactelylation of chitin from the N-acetyl-

D-glucosamine groups of chitin, resulting in the formation of ionizable tertiary amine groups on 

the backbone of the CS polymer.204 Since chitosan is typically an incompletely deacetylated 

derivative of chitin (~88% deacetylation), these polymer chains are capable of engaging in both 

H-bonding and electrostatic interactions with other acetylated and deacetylated groups, 

respectively.205 Previous research has shown that CS and PAA can be used to construct LBL films 

for filtration and drug delivery purposes, but utilizing these films towards application in stretchable 

barrier coatings has not been explored yet.206–208 

In this chapter, we seek to analyze the fundamental physical characteristics that govern the 

resulting oxygen barrier and stretchability of PEM systems. We first characterize the known 

BPEI/PAA system to determine the effect that system parameters such as pH, charge state, and 

polymer conformation have on the barrier film growth, morphology, and barrier properties. We 

then fabricated PEMs made of BPEI and waterborne polyesters from Eastman Chemical Company 

to see whether incorporation of polyesters can improve the physical properties of the LBL films. 

Finally, we introduce the CS/PAA, a new polyelectrolyte system for stretchable barrier 

applications. By understanding the conformation of the polyelectrolytes in solution, we correlate 

the nanostructures of the deposited films to their subsequent bulk film properties. We investigated 

the effect of system parameters for designing a CS/PAA film which will be a good barrier and at 
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the same time, elastic enough that allows them to undergo desired strain without sacrificing the 

barrier of the PEMs.  

 

4.2.    Materials and Methods 

4.2.1. Materials 

Branched polyethylenimine (BPEI) with MW of 25000 g/mol and 75-85% deacetylated CS with 

MW of 50,000-190,000 g/mol were used as cationic polyelectrolytes. Polyacrylic acid (PAA) with 

MW of 100000 g/mol was used as the anionic polyelectrolyte. All polyelectrolytes were purchased 

from Sigma-Aldrich (St. Louis, MO). The waterborne polyesters were synthesized by Dr. David 

L. Inglefield (Eastman Chemical Company, Kingsport, TN). The cationic polyelectrolyte BPEI 

and the  anionic polyelectrolyte PAA were dissolved into Millipore deionized (DI) water to create 

a 0.1 wt % and a 0.2 wt % solution, respectively. CS was dissolved into 0.5% acetic acid as a 0.2 

wt% solution and stirred overnight for complete dissolution. The polyester resins were dispersed 

to 30 wt% in water by adding dimethylethanolamine (DMEA). The dispersion was then further 

diluted in DI water to make a 0.2 wt% dispersion. The pH of the polymer solutions was adjusted 

from their unaltered values by adding 1.0 M hydrochloric acid (HCl) or 1.0 M sodium hydroxide 

(NaOH) to the desired pH values.  

4.2.2. Substrate preparation 

Silicon wafers were purchased from University Wafer (South Boston, MA) and used as deposition 

substrates for thin-film characterization. The wafers were treated in NoChromix reagent in sulfuric 

acid overnight to create surface hydroxyl groups. The wafers were then washed in DI water 

thoroughly and stored in DI water bath prior to use. Polyethylene terephthalate (PET) substrate 
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was used for characterizing barrier property of LBL films. PET substrate (7 mil) was provided by 

Eastman. Polyurethane (PU) rubber substrate (1 mm thick, 6350 psi tensile strength, McMaster-

Carr, Atlanta, GA) was used for testing the stretchability of the deposited LBL films. PET and PU 

substrates were rinsed with DI water and methanol and plasma-treated before film deposition.  

4.2.3. Layer-by-layer deposition 

The treated substrates with negative surface charge were immediately dipped into positively 

charged polyelectrolyte solution for 5 min, rinsed with DI water and dried with a stream of air. 

After depositing the first layer, the substrates were dipped into a negatively charged polyelectrolyte 

solution or dispersion for 5 min, rinsed with DI water and dried with a stream of air. After the first 

bilayer formation, subsequent bilayers were deposited with 1 min dipping time. This process was 

carried out manually. We used a notation, where (BPEI10/PAA4)10BL denotes 10 bilayers (BLs) 

film made of BPEI at solution pH 10 and PAA at solution pH 4. 

4.2.4. Film characterization 

The thickness of the films on Si-wafer was measured using an α-SE spectroscopic ellipsometer 

(J.A. Woollam, Lincoln, NE). The average thickness of any film was obtained from at least three 

to five measurements. The atomic force microscopy images were obtained using a Q-scope 250 

AFM (Ambios Technology Inc, Santa Cruz, California) or Asylum MFP-3D classic atomic force 

Microscope (Asylum Research, Morrisville, NC). The oxygen barrier permeability was measured 

with Ox-Tran 1/50 (MOCON, Minneapolis, MN) in accordance with ASTM D-3985 at 23 oC and 

0% relative humidity (RH). The stretchability was examined by straining the LBL films deposited 

on PU rubber by Instron 5943 universal tester (Instron, Norwood, MA). The nanoscale film 

morphology was visualized by a Field Emission Scanning Electron Microscope (FE-SEM, FEI 

Varios 460L) after Pt coating. The thickness of the Pt layer was estimated to ~ 4 nm.  
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4.3.   Results and discussion 

4.3.1. Mechanistic understanding of the barrier properties of BPEI/PAA films 

One of the most-studied all-polymer barriers made by LBL techniques is the polyelectrolyte pair 

BPEI and PAA. BPEI/PAA demonstrated a superior gas barrier property (<0.005 cm3/m2/day/atm) 

with just an 8 bilayer (BL) film.120 The combined free-volume of the BPEI/PAA system is smaller 

than the ordinary polymer blend. It is believed that the source of the superior barrier property is 

the reduced free-volume of the densely packed BPEI and PAA polymer molecules in the LBL 

film. However, a fundamental mechanistic understanding of what makes the polymers to be packed 

in such a dense structure and how the solution pH and the charge of the polyelectrolytes influence 

such structures are still lacking. The objective of the research described in this section is to 

investigate the principal molecular interactions behind the high barrier property of BPEI/PAA as 

well as establish the correlation between the molecular structures, pH and layer number of the LBL 

films and their barrier properties.  

4.3.1.1. Confirming reported results with BPEI/PAA system 

We first confirmed the reported literature results with the BPEI/PAA system120 by constructing 

the LBL films on PET substrate for OTR measurements and on Si-wafer substrate for film 

thickness and morphology characterization. The solution pH was 10 for BPEI and 4 for PAA as 

previously reported.120 We found very robust film growth with 10 BL on both substrates (Figure 

4.1a). As seen in Figure 4.1a, there was optical haziness on PET substrate and structural color 

formation on Si-wafer. Next, we confirmed that the film growth rate is comparable to reported 

values by measuring the thickness of the BPEI/PAA film at different layer numbers. As seen in 

Figure 4.1b, the thickness profile matched well with the reported numbers (1 µm thickness for 10 
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BL). This correlation demonstrates that our manual film formation technique is comparable to the 

automated home-built robot technique that was used in previous studies. We then measured the 

OTR of the BPEI/PAA films of 10 BL on PET substrates. The OTR for 10 bilayers was found to 

be nearly 0 cc/m2/day, which is below the detection limit of the instrument (i.e., 0.1 cc/m2/day) 

and almost the same as the reported <0.005 cc/m2/day OTR (Figure 4.1c). The OTR of bare PET 

substrate was found to be 24 cc/m2/day. It is worthwhile to mention that the OTR for bare PET 

substrate in this study was 3× higher than the one used in literature. 

 
Figure 4.1. Data confirming reported results with BPEI10/PAA4 system. (a) 10 BL BPEI10/PAA4 

film on PET and Si-wafer substrates; (b) comparison of film thickness at different bilayers for 

BPEI10/PAA4 LBL films; (c) comparison of OTR measurement for bare PET and BPEI/PAA LBL 

films on PET substrate.  
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4.3.1.2. Effect of top surface layer on the optical property of the BPEI/PAA system 

During the LBL film formation with the BPEI/PAA system, we observed a dramatic difference in 

optical properties of the dry film as the top layer alternated between BPEI to PAA. As seen in 

Figure 4.2a, the film was very hazy when the top layer was PAA, whereas the haziness 

disappeared, and the film became optically transparent upon addition of the BPEI layer. This trend 

seemed to continue for subsequent bilayers. We measured the transmission spectrum to 

quantitatively report the effect of the top layer on the haziness. As seen in Figure 4.2b, the 

transmission spectrum for the BPEI top layer was similar to the bare PET substrate, whereas the 

transmittance was much lower for the PAA top layer. 

To understand this difference in surface topography in detail, we performed an AFM study 

of the films with top PAA 20th layer and BPEI 21st layer (Figure 4.2c, d). The AFM study revealed 

that the PAA top layer had inhomogeneous wavy structure, whereas the BPEI top layer was much 

smoother. As a result, the PAA layer had higher root-mean-squared surface roughness of 47~58 

nm whereas the BPEI layer had much lower roughness of 17~20 nm. Such high roughness of the 

PAA top layer explains the visible haziness of the BPEI/PAA film. These topographies and their 

respective roughness values also had good correlation to the literature, confirming the consistency 

of the film technique and polymer property. 
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Figure 4.2. Effect of surface layer on the optical property of BPEI10/PAA4 system. (a) image of 

the difference in optical property for the difference in top layer; the film was hazy when PAA was 

the top layer whereas the haziness disappeared with subsequent addition of BPEI top layer (b) 

transmission spectrum for bare PET, BPEI top layer and PAA top layer; AFM study with (c) PAA 

20th layer and (d) BPEI 21st layer, revealing the difference in their surface topography and 

roughness values. 
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4.3.1.3. Effect of solution pH of the polyelectrolytes on film growth and OTR 

Previous reports of the BPEI/PAA system demonstrated that the solution pH affects the film 

growth, where the highest film growth was observed for pH of 10/4 for BPEI and PAA, 

respectively, and lower growth at pH  of 8/6, 7/7, and 4/4.120 However, a systematic understanding 

of how the pH influences the film growth rate is still lacking. Moreover, the mechanism by which 

the charge of the polyelectrolytes influences the barrier performance was also not explored. In this 

section research, we investigated the effect of solution pH on film growth and subsequent barrier 

property. We first calculated the charge of the polyelectrolytes as a function of a wide range of 

solution pHs. We used a modified Henderson–Hasselbach equation (Eq. 4.1) for calculating the 

total charge (Cp) of the polyelectrolytes as a function of varying solution pH. Here, niA and niB 

represents the number of acidic (niA) and basic (niB) residues, respectively. 

                     𝐶𝑝 =  − ∑ 𝑛𝑖𝐴(1 + 10−(𝑝𝐻−𝑝𝐾𝑎𝑎𝑖))
−1

+ ∑ 𝑛𝑖𝐵(1 + 10(𝑝𝐻−𝑝𝐾𝑎𝑖𝐵))
−1

𝑖𝐵𝑖𝐴   (4.1) 

As seen in Figure 4.3a, the BPEI molecules are weakly charged at pH 10 and are strongly 

charged at pH 4. In contrast, the PAA molecules are weakly charged at pH 4 and are strongly 

charged above pH 6. To investigate how the charged state of the polyelectrolytes affects film 

growth, we systematically varied the pH of the polyelectrolytes from pH 4 through 10 and made 

10 bilayers for each condition. As seen in Figure 4.3b, the highest film growth was observed when 

both polyelectrolytes were weakly charged at pH 10/4 and the film thickness decreased with 

increased charge of the polymers. Additionally, the film growth changed more drastically as a 

result of change in pH of PAA compared to that of BPEI. This effect could be explained by 

considering the total number of charged groups on each polymer. As PAA molecules have overall 
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much higher charge number per molecule than that of BPEI molecules, the effect of PAA pH on 

film growth is more pronounced. 

 

Figure 4.3. Effect of polyelectrolyte solution pH on the film growth of BPEI/PAA system. (a) 

charge of the BPEI and PAA molecules as a function of solution pHs; (b) film thickness as a 

function of solution pHs of BPEI and PAA for films made with 10 bilayers. Film growth was 

highest when the polyelectrolytes had lowest charge. 
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The morphology of the films was also dependent on the solution pH values. To confirm 

the effect of pH on the morphology, we repeated film formation for 10/4, 8/4, 6/4 and 10/6 

conditions and observed the same morphological differences. As seen in Figure 4.4, the 10/4 

condition created reversibly hazy films at 10/4 (hazy for PAA top layer; smooth for BPEI top 

layer), 6/4 led to irreversibly hazy films (hazy for both PAA and BPEI top layers), 8/4 caused 

relatively smooth films and 10/6 resulted in extremely smooth films. To understand the 

morphology in detail, we performed AFM study, which revealed various surface topography where 

higher surface roughness led to hazy film formation.  

  

 
Figure 4.4. AFM visualization of the morphology of BPEI/PAA films as a function of deposition 

pH conditions. The difference in solution pH resulted in formation of LBL films with very different 

surface topographies.  
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We then investigated the effect of these differences in nanostructure of the films on the 

barrier performance. We compared the OTR between the 10/4 condition with wavy surface and 

the 10/6 condition with smooth surface to find out whether the wavy nanostructure influences the 

permeability. We made films of the same thickness for both conditions and measured OTR (Figure 

4.5a). We found that the 10/4 condition had higher OTR with higher variance, whereas the 10/6 

condition had consistent near-zero OTR performance (Figure 4.5b).  

This indicates that the film nanostructure influences barrier performance of this kind of 

LBL films. To understand the effect of this nanostructure on OTR performance in detail, we 

hypothesized that the wavy structure of the films may result from the different molecular 

configuration of PAA units. At low pH, the PAA molecules are partially charged, which leads to 

coiled confirmation due to intramolecular H-bonding.198 In contrast, at high pH all of the 

carboxylate groups are deprotonated leading to a stretched confirmation as a result of 

intramolecular electrostatic repulsion (Figure 4.5c).  
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Figure 4.5. Effect of solution pH on the OTR of BPEI/PAA LBL films. (a) film thickness and (b) 

OTR for 10/4 and 10/6 pH conditions; (c) schematic of coiled and stretched conformation of PAA 

molecules at varying solution pHs; (d) zeta potential and (e) total photon scattering expressed as 

derived count rate for PAA molecules at varying solution pHs; (f) AFM visualization of 10/4 and 

10/6 conditions showing partial or complete coverage, which influences the final OTR of the 

resultant BPEI/PAA films. 



120 
 

To observe the conformational change of the polyelectrolyte molecules, we performed light 

scattering measurement at varying pH values. We found that the PAA molecules indeed had lower 

zeta potential (i.e., lower approximate surface charge) and higher scattering (expressed as derived 

photon count rate) at low pH compared to that of high pH (Figure 4.5d, e). Higher scattering of 

PAA molecules at lower pH resulted from the dense conformation of their coiled state. The total 

scattering was very low at pH 6, which confirms the stretched conformation of the PAA molecules. 

Due to this difference in molecular structure of PAA, the 10/4 condition required fewer bilayers 

to obtain the same film thickness compared to the 10/6 condition. Moreover, such difference in 

molecular structure in solution leads to island-like film formation at pH 10/4 vs. stretched and 

uniform film growth at pH 10/6.  

To visualize these differences, we performed AFM visualization for the films made at 10/4 

and 10/6 pH conditions. The AFM analysis showed that the films at 10/4 condition had partial 

coverage, as the characteristic waviness average (Wa) was approximately the same as the film 

thickness (h). On the other hand, the 10/6 condition had complete coverage as the Wa was much 

smaller than the h value (Figure 4.5f). As a result of partial coverage of the films at 10/4 condition, 

the OTR performance was low compared to that of 10/6 condition. This fundamental 

understanding the molecular nature of the polyelectrolytes in solution and films can be used to 

control the barrier performance of the LBL films. 
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4.3.1.4. Effect of layer numbers on OTR of BPEI10/PAA4 vs BPEI10/PAA6 system 

Next, we investigated the effect of layer number on the OTR performance and whether the pH 

influences such OTR profiles. We hypothesized that the OTR will decrease gradually with 

increased layer numbers for 10/4 pH condition (Figure 4.6a). We found that the OTR decreased 

gradually at first; however, unlike our hypothesis, there was a drastic reduction in OTR from layer 

8 to 9 (Figure 4.6b). To understand the basis of the 96-fold reduction in OTR with just one 

additional layer, we performed AFM analysis for every bilayer (Figure 4.6c). We found that the 

film growth starts in an island-like manner from bilayer 1. The islands continue to grow both 

horizontally and vertically with subsequent bilayer additions. 

 

  
Figure 4.6. Effect of layer number on the OTR of BPEI10/PAA4 system. (a) hypothesized and (b) 

experimentally found OTR profile with layer numbers at 10/4 pH condition; (c) AFM with bilayer 

1-4 of BPEI/PAA LBL films at 10/4 pH condition showing island growth profile. 
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We hypothesized that the drastic reduction in OTR from layer 8 (bilayer 4) to layer 9 

(bilayer 4.5) must be due to a transition from partial to full coverage of the substrate. As seen in 

Figure 4.7, indeed, there was partial coverage at 4th bilayer (Wa ≈ h) whereas the next deposition 

step led to complete coverage at the 5th bilayer (Wa <<< h). As soon as the film reached complete 

coverage at bilayer 5, the OTR became very low and stayed low with subsequent film depositions. 

 

 
Figure 4.7. Transition from partial to full coverage at bilayer 4 to 5 of BPEI10/PAA4 films 

observed by AFM and compared to the model described in the text.  
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 Next, we investigated the effect of pH on the OTR profile as a function of layer number 

for 10/6 condition. Owing to the stretched conformation of PAA molecules at pH 6, the resulting 

10/6 coating grew as a smooth, uniform film unlike the 10/4 film, which had island growth 

morphology. Therefore, we hypothesized that, unlike the 10/4 condition, the OTR of LBL films 

made at 10/6 pH condition will decrease gradually with increased layer numbers (Figure 4.8a). We 

found that indeed the OTR decreased in much more gradual manner with increased layer numbers 

(Figure 4.8b). Additionally, we also performed AFM analysis of every bilayer for the 10/6 

condition to confirm the film grows uniformly as we expected. As seen in Figure 4.8c, we found 

that indeed, unlike the 10/4 condition, the films at 10/6 condition grew smoothly with increased 

layer of deposition. This surface morphology correlates to the OTR behavior seen in Figure 4.8b. 

This way, understanding the polyelectrolyte conformation in solution allows us to understand the 

nanostructures of deposited films and control the barrier properties of the LBL films by altering 

the deposition pH conditions.  
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Figure 4.8. Effect of layer number on the OTR of BPEI10/PAA6 system. (a) hypothesized and (b) 

experimentally found OTR profile with layer numbers at 10/6 pH condition; (c) AFM with bilayer 

1-10 of BPEI/PAA LBL films at 10/6 pH condition showing uniform film growth in stretched 

conformation. 
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4.3.1.5. Effect of Cu-treatment on the OTR of BPEI/PAA system 

Next, to understand the interactions between PAA and BPEI molecules and how they affect the 

barrier property in detail, we checked the effect of crosslinking of the carboxylate groups with 

Cu(II) ions. It has been previously reported that treating the BPEI/PAA films with Cu(II) ions 

creates a buckling pattern where Cu(II) is hypothesized to be included within the films to interact 

with both PAA and BPEI molecules.209 We investigated the effect of such interaction of metal ions 

on the barrier property. We hypothesized that the interaction of Cu(II) with PAA molecules will 

further densify the film by crosslinking and may improve the subsequent OTR performance. 

In order to treat the films with Cu(II) ions, we dipped 8 layers of BPEI10/PAA4 film (4 

bilayers) in 5 mM CuCl2 solution for 5 minutes (end treatment). Additionally, we also performed 

intermediate Cu(II) treatment by dipping the film in CuCl2 solution after every PAA layer or every 

BPEI layer. No film deposition was observed for BPEI/Cu/PAA or BPEI/Cu/PAA/Cu whereas 

thicker film growth was found for BPEI/PAA/Cu treatment (Figure 4.9a). This indicates that CuCl2 

most likely neutralizes the charges of BPEI molecules, which doesn’t allow the BPEI layer to 

absorb any further PAA molecules, resulting in no film deposition. As in Figure 4.9b, we observed 

higher OTR for films with either end or intermediate Cu treatment when compared to the control 

film with no Cu treatment.  

Next, in order to construct an OTR profile as a function of layer numbers we made films 

with intermediate Cu treatment using 2, 4, or 6 bilayers (Figure 4.9c). Note that Cu-ion treatment 

is not counted as layer here (e.g., 1 bilayer denotes BPEI/PAA/Cu). We found that OTR decreased 

with increased number of bilayers as expected (Figure 4.9d). We then compared the permeability 

of the BPEI/PAA films with and without Cu treatment by plotting the OTR as a function of film 
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thickness in Figure 4.9e. We found that incorporation of Cu ions reduced the barrier property, 

contrary to our hypothesis. This result indicates that although Cu treatment allows for higher film 

growth, the barrier property of the BPEI/PAA film is compromised, most likely due to interrupting 

the binding interaction between PAA and BPEI molecules. Therefore, the high impermeability of 

BPEI/PAA film is contingent on PAA binding to BPEI.   
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Figure 4.9. Effect of Cu-treatment on the OTR of BPEI10/PAA4 system. Effect of end and 

intermediate Cu treatment of (BPEI/PAA)8 layers film on (a) film thickness and (b) barrier property; 

effect of layer number on (c) film thickness and (d) OTR with intermediate Cu treatment 

(BPEI/PAA/Cu). (e) effect of Cu incorporation on the permeability of BPEI/PAA film.  
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4.3.1.6. Summary on the barrier property of BPEI/PAA system 

We demonstrated that the nature of the nanostructures of the LBL films for the BPEI/PAA system 

are governed by the conformation of the polymer molecules in solution, which, in turn, is 

determined by the charged state of the polyelectrolytes. The coiled conformation of PAA 

molecules at pH 4 leads to bushy island structure formation in the film, whereas the stretched 

conformation at pH 6 leads to uniform smooth film deposition. The polyelectrolyte pair develops 

a complete barrier as soon as the island nanostructures get in contact with each other at pH 10/4 

condition to form a continuous film, which is already fairly thick at this point. On the other hand, 

due to the stretched nanostructure, the barrier property improves gradually with increased layer 

numbers at 10/6 pH condition, as the film thickness gradually increases. Moreover, disruption of 

the interactions between the BPEI and PAA molecules by introducing Cu(II) ions leads to poorer 

barrier performance.  

 In summary, we gained fundamental insights into the barrier property of the BPEI/PAA 

system. These insights can be transferred to other polyelectrolyte systems for LBL applications. 

Additionally, such ability to control the nano and microstructure of the film by controlling the 

molecular structure of polyelectrolytes in solution enables our ability to tailor the mechanical 

properties of the film.  
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4.3.2. Evaluation of the barrier properties of Eastman’s waterborne polyesters  

Polyesters are one of Eastman core products and can be designed to produce films of superior 

mechanical, tribological, optical, and wear resistance qualities. Surprisingly, polyesters are rarely 

used to construct LBL coatings. This gap likely exists because they are typically not in a soluble 

ionic form, making them challenging as candidates for constructing polyelectrolyte multilayers. 

Eastman, however, is also a pioneer in the making of water-dispersible ionic polyesters and has 

recently launched an effort in synthesizing the next generation of high-performance ionic 

polyesters. Thus, we sought to develop LBL barrier coatings from Eastman polyester ionomers 

that are molecularly designed for the desired properties.  

To test whether ionic polyesters can be incorporated to produce high-barrier LBL films, 

we tested three different polyester series made of (1) 2,2,4,4-tetramethyl-1,3-cyclobutanediol 

(TMCD) and adipic acid (AD) and referred to as the TA series, (2) TMCD and 1,4-

cyclohexanedicarboxylic acid (CHDA) and referred to as the TC series, and (3) neopentyl glycol 

(NPG) and AD and referred to as the NA series (Figure C1). Pendent carboxylate groups were 

introduced in the polymer backbone during synthesis through the addition of dimethylolpropionic 

acid (DMPA). The hydrophilicity of the polyesters was tailored by changing the amount of DMPA. 

Three different polyesters were synthesized for each series with different degree of solubility. They 

are denoted here as TA1, TA2, TA3, etc. where “3” has the highest amount of DMPA or the ionic 

carboxylate groups. In the presence of the volatile amine DMEA, the polyesters disperse in water 

as electrostatically stabilized nanoparticles of 20 ~ 80 nm in diameter. The compositions of the 

polyesters are provided in Table C1. Since these polyesters are negatively charged, we used BPEI 

as the positive polyelectrolyte for growing following LBL films.  
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4.3.2.1. LBL film formation with TA, NA, and TC polyesters series 

First, we investigated whether the amount of ionic groups in the polyesters has any effect on the 

film growth by using TA2, TA3 and NA2, NA3 dispersions. As seen in Figure 4.10, there was no 

significant difference in film growth in response to the variation of ionic groups or monomer 

composition of the polyesters. 

 
Figure 4.10. LBL film formation with cationic BPEI polyelectrolyte and anionic TA2, TA3, NA2, 

and NA3 polyesters. There is no discernible effect of the ionic composition of these polyesters.  

 

 

4.3.2.1. Effect of pH on film growth with polyesters 

We then studied the effect of pH on the film growth with the BPEI/TA2 polymer pair. We changed 

the pH of the TA2 deposition solution to 4, 6, 8, and 9 and used constant pH of 10 for the BPEI 

solution. As seen in Figure 4.11, unlike the BPEI/PAA system, the LBL films of the 

BPEI/polyester system were not responsive to solution pH changes. The reason for such difference 

in behavior could be the different molecular structure of the polymers. The polyesters were in the 

form of nanoaggregates consisting of hundreds of individual polyester molecules,60 whereas the 

PAA molecules were fully dissolved in water. At pH 4, almost no film growth occurs as the 
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carboxylate groups were mostly protonated, which destabilizes the polyester nanoparticles leading 

to large aggregate formation. However, at a pH 6 or higher, there was sufficient charge on the 

nanoparticles allowing film growth. In contrast, the PAA molecules showed changed conformation 

with changing charge, leading to the variation in growth rates. This result shows the pH response 

of the LBL film is dependent on the nature of the molecular structure of the polymers.  

 
Figure 4.11. Effect of deposition pH on the film thickness of BPEI/TA2 vs BPEI/PAA systems. 

 

 

4.3.2.2. Barrier property of BPEI/polyesters 

Next, we made LBL films of 20 layers (10 bilayers) with BPEI/TA2, BPEI/TC3 and BPEI/NA3 

polymer pairs on PET and measured their OTR. We found that all these systems had high OTR in 

the range of 11 ~ 14.6 cc/m2/day (Figure C2) whereas the OTR for uncoated PET was 24 cc/m2/day 

(Figure 4.1c). Since the lowest OTR was obtained for the BPEI/TC3 pair, we used TC3 for further 

investigation. To see if increasing the number of layers would improve the barrier performance, 

we made a 30-layer LBL films with BPEI/TC3. However, as seen in Figure 4.12a, increasing the 

number of layers did not change the OTR performance significantly. Since the polyesters are in 

the form of nanoparticles, they may be capturing extremely small air-pockets that leads to high 
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oxygen transmission (Figure 4.12b). Therefore, water-dispersible polyesters that form nanoparticle 

dispersions are not the ideal candidates for constructing barrier coatings. 

 
Figure 4.12. Barrier property of BPEI/polyester PEMs. (a) effect of number of layers on OTR of 

BPEI/TC3 system; (b) schematic of LBL composed of BPEI and polyester nanoparticles, which 

explains the relatively high film OTR. 

 

 

4.3.2.2. Methods to improve OTR of polyesters by incorporating BPEI/PAA layers 

As the barrier performance of BPEI and polyester did not reach desired level, we explored 

alternative methods of making composite film by incorporating PAA into the BPEI/ polyester 

system. We investigated three different schemes for making BPEI/PAA/polyester LBL films 

(Figure 4.13). In scheme 1, we combined the negatively charged PAA solution (0.1 wt%) and 

polyester dispersion (0.1 wt%) and used the mixture for forming the negative polymer layer. We 

tested two different solution pHs (4 and 6) for the negatively charged layer. We observed the 

desired low OTR performance with pH 4, whereas the OTR performance was poor for pH 6 

condition (Figure 4.14a). The reason for better OTR performance at pH 4 is that the majority of 

the negatively charged layer was composed of PAA molecules (Figure 4.14b), as the polyester 

nanoparticles did not get absorbed when the pH of the solution is 4 (Figure 4.11). In contrast, when 

the solution pH was 6, the majority of the negatively charged layer was composed of polyester 
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nanoparticles since at this pH, PAA is not strongly absorbed in the LBL films (Figure 4.11). This 

explains the variation in OTR behavior of scheme 1 in response to different solution pHs.   

 

 
Figure 4.13. Schematic of the alternative strategies for incorporating polyesters in BPEI/PAA 

films. 

 

 

 We explored quadlayer formation with BPEI/PAA/BPEI/polyester displayed in scheme 2 

and sequential bilayer of BPEI/polyester and then BPEI/PAA in scheme 3 (Figure 4.13), as it was 

not possible to incorporate equal amounts of PAA and polyester in the negatively charger layer in 

scheme 1. We made 19-layer films for both scheme 2 and 3 and measured OTR. As seen in Figure 

4.14c, the OTR was low for both scheme 2 and 3, and the target OTR of 0.15 cc/m2/day was 
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obtained for scheme 3. This result indicates that higher barrier property is achieved when the 

BPEI/PAA layers are stacked next to each other in a way similar to scheme 3.  

 

 
Figure 4.14. Methods to improve the OTR of BPEI/polyesters by incorporating BPEI/PAA layers. 

(a) barrier performance of scheme 1 for different solution pH of negatively charged layer, the pH 

for BPEI solution was 10 for all systems; (b) schematic diagram of scheme 1 LBL film formation 

at varying pHs; (c) barrier performance of scheme 2 (quad layers) vs 3 (sequential bilayers).  
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4.3.2.3. Summary on barrier property of BPEI/polyester system 

The water-dispersible polyesters used in this study did not improve barrier performance. The poor 

barrier performance most likely is due to the inherent nanoaggregate-nature of water-dispersible 

polyesters, which may create small openings for oxygen molecules to diffuse through the LBL 

films. Moreover, these water-dispersible polyesters had much less ionic groups compared to the 

water-soluble PAA. Therefore, lack of electrostatic interactions within these BPEI/polyester films 

may have led to loose packing and high oxygen diffusion. By comparing different composite 

architectures of the BPEI/PAA/polyester system, we observed that the OTR of the film is heavily 

dependent on relative positions of the BPEI and PAA layers. We hypothesize that incorporating 

polyesters into the LBL composite films in either bottom or top layers (Figure 4.15) may 

potentially improve the adhesive, mechanical, and water-barrier properties of the overall coating, 

since these polyesters are more water-impermeable compared to water-soluble polyelectrolytes. 

 

 
Figure 4.15. Schematic of proposed composite LBL films made of BPEI, PAA, and polyesters for 

improved adhesive, mechanical, and water-barrier properties. 
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4.3.3. Construction of highly flexible barrier films from chitosan/PAA system 

The biopolymer chitosan (CS), with its unique functional groups (reactive -OH and -NH2 groups) 

along with biocompatibility and biodegradability, has been utilized in many LBL applications.210–

215  LBL films composed of CS and PAA has been explored for biomedical applications215 and 

self-healing technologies215 but not in gas barrier applications yet. For packaging applications, the 

LBL films need to be stretchable in order to thermoform them during the construction of barriers 

films for commercial packaging applications.   

In this section, we hypothesize that LBL films made of CS and PAA can offer good barrier 

performance with superior mechanical properties in terms of stretchability and thermoformability 

compared to the reference BPEI/PAA based films, which are not stretchable. Chitosan molecules 

have flexible C-O-C bonds, which may help in keeping the films intact during the thermoforming 

process. Furthermore, it was reported recently that, in addition to electrostatic interactions, 

chitosan and PAA molecules interact through H-bonding in the LBL assembly.215 The presence of 

H-bonding can also potentially assist with stretchability and thermoformability of the LBL films. 

In this study, we aim to fabricate a highly stretchable CS/PAA barrier by controlling the 

nanostructure of the LBL films through understanding the polyelectrolyte conformation, charge, 

and interactions in solution. In the previous section with the reference BPEI/PAA system, we 

observed how the change in solution pH affects the nanostructures of the deposited films and how, 

in turn, the different nanostructures of the film control their barrier performance. Based on such 

understanding of the barrier property of BPEI/PAA system, here, we first optimize the barrier 

property of CS/PAA films by evaluating different pH conditions for film growth. We then 

systematically investigate the correlation between the stretchability of the CS/PAA films and their 
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various polyelectrolyte conformations during film growth. Finally, we propose the best conditions 

for constructing stretchable barrier films made of CS/PAA polyelectrolyte pair. 

 

4.3.3.1. LBL film growth with CS/PAA and initial OTR evaluation 

To check the initial OTR performance, we first made 15 bilayers of CS/PAA films on both Si 

wafer and PET substrate (Figure 4.16a, b). The pH of the 0.1 wt% chitosan solution was 3.6, 

whereas pH of the 0.2 wt% PAA solution was 4.  As seen in Figure 4.16b, we observed extremely 

smooth film of CS/PAA on the PET substrate unlike the previously studied hazy films of 

BPEI/PAA system (Figure 4.1a). Next, to check the barrier property of this new system, we 

measured the OTR of the 15 BL CS/PAA film and we found a low OTR of 0.521 cc/m2/day, which 

is close to our target OTR of 0.15 cc/m2/day. Such high optical clarity and good barrier 

performance makes CS/PAA a promising polyelectrolyte pair for constructing thermoformable 

barrier coatings for food and pharmaceutical packaging.  
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Figure 4.16. LBL film formation with CS/PAA and initial OTR evaluation. Extremely smooth 

and uniform film of 15 bilayers CS3.6/PAA4 on (a) Si wafer and (b) PET substrate; (c) barrier 

performance of the bare PET substrate and 15 BL CS3.6/PAA4 film on PET substrate. 

 

4.3.3.2. Effect of pH of CS solution on the CS/PAA LBL film growth  

Next, in order to optimize the film growth conditions, we first checked the effect of pH on this 

system by changing the pH of the CS solution, keeping the pH of the PAA to be constant at 4. 

Since CS is not completely soluble above pH 6, we varied the pH of CS solution from 3.3 to 5.74. 

Upon mixing equal amount of CS and PAA solutions, we observed various kinds of polyelectrolyte 

complex (PEC) formation in solutions (Figure 4.17a). The aggregates were very small for pH 3.3, 

large for pH 4.17, and contained both small and large fractions for pH 3.63. The charge of the CS 

molecules decreases with increasing pH (Figure 4.17a). As a result, the turbidity was decreased at 
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pH 4.73 and 5.74 which indicates less PEC formation at these pH conditions. Therefore, we 

checked the OTR performance of CS/PAA4 films for the CS pHs of 3.3, 3.6 and 4.2 which showed 

sufficient PEC formation in solution. Next, we deposited CS/PAA films on Si-wafers at these 

different pHs of CS for optimizing the LBL film growth. Though there wasn’t significant variation 

in film thickness, unlike the BPEI/PAA system, the highest film growth was observed for the 

mixed aggregate condition of CS pH of 3.6 (Figure C3).  

 

4.3.3.3. Effect of long term dipping on the CS/PAA film growth  

The CS/PAA system had lower film growth rates than the BEPI/PAA system in general. A 7-

bilayer LBL film of CS.6/PAA4 was 137 nm in thickness, whereas the thickness was 624 nm for 7-

BL LBL film of BPEI10/PAA4. Therefore, to increase the film growth rate, we explored the effect 

of long-term dipping with chitosan/PAA system. As seen in Figure C4, there was no change in 

film growth as a result of increasing dipping time 10-fold. This indicates that the adsorption of the 

polymer molecules had reached equilibrium within 1 min dipping time and that further increase in 

dipping time will not increase polymer adsorption or film growth for this system. 
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Figure 4.17. Effect of pH of CS solution on the barrier property of CS/PAA LBL films. (a) solution 

interaction of CS and PAA: 0.5 mL CS (0.1 wt%) at different pHs was mixed with 0.5 mL PAA 

(0.2 wt%) at pH 4 leading to various sized (i.e., small, mixed, large aggregates) PEC formation in 

solutions; (b) charge of the CS and PAA molecules as a function of solution pHs; (c) film thickness 

and (d) OTR of CS/PAA4 films made at varying CS pHs showing how a small change in CS pH 

causes dramatic change in OTR performance.  

 

 

4.3.3.4. Effect of CS pH on the barrier performance of CS/PAA films 

Next, we investigated the effect of different sized aggregates at varying pH values of CS solution 

(Figure 4.17a) on the barrier property of the LBL films. To compare the barrier performance, we 

made LBL films of the same thickness for CS pH conditions of 3.3, 3.6, and 4 (Figure 4.17c) on 

the PET substrate. We then measured the OTR and found that a small change in pH of CS solution 

results in significant change in the OTR performance of the CS/PAA films.  As seen in Figure 

4.17d, the lowest OTR of 0.17 cc/m2/day was obtained for the mixed-aggregate condition at CS 

pH 3.6, whereas the OTR was 20-fold higher for other pH conditions. This indicates that different 
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nanostructures of the LBL films, resulting from small pH change in solution, have a dramatic effect 

on the resulting barrier performance. Such high sensitivity of solution pH needs to be further 

investigated to check whether the finished films will be affected by exposure to differing pH 

conditions. In order to confirm that pH 3.6 of chitosan results in the lowest OTR, we explored a 

larger range of CS pH of 2.8 - 4.3. We made LBL films of the same thickness for the varying CS 

pH conditions (Figure 4.18a) and checked their barrier performance by measuring the OTR. As 

seen in Figure 4.18b, again, the lowest OTR was obtained for CS pH condition of 3.6. Therefore, 

we selected CS3.6/PAA4 system for further film characterization and optimization. 

 
Figure 4.18. Effect of larger pH range of chitosan solution on the barrier property of CS/PAA 

LBL films. (a) film thickness and (b) OTR of CS/PAA4 films made at varying CS pHs showing 

that the best barrier property was obtained for CS pH of 3.6.   



142 
 

After finding the optimal pH conditions for barrier property, we then investigated the effect of 

layer number on the OTR profile of the CS3.6/PAA4 system. We found that the OTR decreased 

gradually with increasing layer number (Figure 4.19).  

 

 
Figure 4.19. Effect of layer number on the OTR of CS3.6/PAA4 on PET system. The OTR 

decreased gradually with increasing layer numbers. 

4.3.3.5. Understanding the effect of CS pH on the barrier performance  

To further understand the reason for the high barrier property at pH 3.6, we investigated the 

different microstructures of CS/PAA PECs formed at varying solution pHs using optical 

microscopy. As seen in Figure C5, the microstructures looked very similar and had no visible 

difference. Next, we performed an AFM study with bilayers 1-7 of the LBL films made at different 

CS pH conditions to see whether the films grew differently, causing the OTR to change. We found 

that there was no significant difference in the way the films grew at these varying pH conditions 

(Figure C6) with all the films having similar island-like nanostructures. Finally, we also obtained 

FTIR spectra of these CS/PAA LBL films at different pH values of CS solution, to see whether 

there were clear differences in the interactions (i.e., electrostatic, H-bond, hydrophobic). We did 
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not see any difference in the FTIR spectrum for these films made at different pH values (Figure 

C7). Therefore, it was inconclusive as to why the LBL films had best barrier performance when 

the solution pH of CS was 3.6 from these studies. Further investigation of the nanostructure of the 

CS/PAA LBL films are required to correlate it with the barrier performance.  

 

4.3.3.6. Initial evaluation of stretchability of CS3.6/PAA4 system 

We then investigated the initial stretchability of the CS3.6/PAA4 film, which had best barrier 

performance among all the CS pHs tested. In order to check the stretchability of the CS/PAA films, 

we deposited CS3.6/PAA4 films on PU substrates. We also deposited BPEI10/PAA4 films on the PU 

substrate to compare the stretchability of these two systems. The stretchability of the CS/PAA and 

BPEI/PAA films was examined by clamping the films within metal frames and straining them 

systematically by an Instron universal testing machine (Figure C8). After inducing the desired 

strains, the films were visualized using SEM imaging.  

We observed that the CS3.6/PAA4 films were very uniform and smooth and remained 

completely intact even after applying 10% strain (Figure 4.20a). On the contrary, the BPEI/PAA 

films cracked before straining and remained cracked when further strain was applied (Figure 

4.20b). Such cracking behavior was not seen when the BPEI/PAA films were deposited on PET 

substrate. Thus, the PU rubber substrate, being much more flexible compared to the PET substrate, 

allowed us to examine such difference in stretchability of the CS/PAA and BPEI/PAA LBL films. 

When higher strain was applied on the CS/PAA films, noticeable wrinkles appeared, which was 

probably due to the local delamination of the films from the PU substrate in response to high 

strains. These wrinkles disappeared and self-healed when the films were incubated at a high 

humidity condition (Figure C9). We observed few cracks on the CS3.6/PAA4 films in response to 
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applying 25% strain (Figure 4.20a). This preliminary result of much improved stretchability of 

CS/PAA films compared to the reference BPEI/PAA films indicates that the CS/PAA LBL systems 

are very promising for further optimization and investigation of stretchability.  

 
Figure 4.20. Initial evaluation of stretchability of CS3.6/PAA4 and BPEI10/PAA4 systems. (a) SEM 

images of (a) CS3.6/PAA4 films and (b) BPEI10/PAA4 films made on PU substrates after inducing 

varying strains to evaluate the stretchability of the LBL films. The yellow arrow indicates wrinkles 

and the blue arrow indicates film cracks.  

 

4.3.3.7. Effect of CS and PAA pH on the stretchability of CS/PAA LBL films 

Next, in order to further understand the stretching behavior of CS/PAA films, we made films by 

varying the pH of the CS solution. Three films were made on PU substrate with CS solution pH of 

3.0, 3.6, and 4 while keeping the PAA solution pH constant at 4. As seen in Figure 4.21a,c, the 



145 
 

CS3.0/PAA4 film and the CS4.0/PAA4 film were highly stretchable as they did not crack even after 

applying 40% strain. In contrast, the CS3.6/PAA4 film was intact up to 20% strain and showed few 

cracks in response to 40% strain as previously observed (Figure 4.20a). This is the first report to 

show different stretchability of LBL films solely based on change of solution pH, which is one of 

the most crucial parameters for controlling the charge and conformation of weak polyelectrolytes 

(i.e., CS and PAA). Such variation of stretchability resulting from slight change in deposition pH 

indicates the importance of understanding polyelectrolyte charge and interactions in order to 

efficiently control and engineer desired film properties. 

 
Figure 4.21. Effect of CS solution pH on the stretchability of PAA4 series. SEM images of (a) 

CS3.0/PAA4 films, (b) CS3.6/PAA4 films, and (c) CS4.0/PAA4 films made on PU substrates after 

inducing varying strains to evaluate the stretchability of the LBL films. The yellow arrow indicates 

wrinkles and the blue arrow indicates film cracks.  
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Next, to see how the PAA molecules are influencing the stretchability of the CS/PAA films, 

we varied the solution pH of PAA from 4 to 2.8. This time, we made three films on PU substrate 

for the CS solution pH of 3.0, 3.6, and 4, while keeping the PAA solution pH to be constant at 2.8. 

As seen in Figure 4.22a, the CS3.0/PAA2.8 film behaved similar to CS3.6/PAA4 film which showed 

cracking behavior at 40% strain. The CS3.6/PAA2.8 film showed significant cracks in response to 

20% and 40% strain (Figure 4.22b). Surprisingly, the CS4.0/PAA2.8 film behaved exactly like the 

reference BPEI10/PAA4 system, which was very brittle and failed even before applying any strain 

and the cracks persisted for all straining conditions (Figure 4.22c). For the PAA 2.8 series, the 

range of stretching behavior varied significantly due to the change in CS solution pH from 

moderately stretchable (CS3.0) to barely stretchable (CS3.6) to completely brittle (CS4.0). It seems 

that higher the difference in pH between the CS and PAA solution, more brittle and less stretchable 

the films were. 
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Figure 4.22. Effect of CS solution pH on the stretchability of PAA2.8 series. SEM images of (a) 

CS3.0/PAA2.8 films, (b) CS3.6/PAA2.8 films, and (c) CS4.0/PAA2.8 films made on PU substrates after 

inducing varying strains to evaluate the stretchability of the LBL films. The yellow arrow indicates 

wrinkles and the blue arrow indicates film cracks.  
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Next, to evaluate the stretchability of PAA 3.6 series, we made three films on PU substrate 

for CS solution pH of 3.0, 3.6, and 4 while keeping the PAA solution pH to be constant at 3.6. 

This time the CS3.0/PAA3.6 film and the CS3.6/PAA3.6 film were moderately stretchable up to 20% 

strain and cracks appeared in response to 40% strain (Figure 4.23a, b). In contrast, the CS4.0/PAA3.6 

film was very brittle and behaved similar to the CS4.0/PAA2.8 film where cracks appeared before 

applying any strain (Figure 4.23c). It appears that the CS/PAA films are stretchable only if the 

solution pH of PAA is higher or equal to that of CS and the films are brittle whenever the solution 

pH of PAA is less than the solution pH of CS.  

 
Figure 4.23. Effect of CS solution pH on the stretchability of PAA3.6 series. SEM images of (a) 

CS3.0/PAA3.6 films, (b) CS3.6/PAA3.6 films, and (c) CS4.0/PAA3.6 films made on PU substrates after 

inducing varying strains to evaluate the stretchability of the LBL films. The yellow arrow indicates 

wrinkles and the blue arrow indicates film cracks.   
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4.3.3.8. Correlation of the film stretchability to the barrier property  

In order to correlate the array of stretching behaviors to their respective barrier properties of the 

CS/PAA system, we made three similar PAA series (i.e., PAA 2.8, PAA 3.6, and PAA 4.0) on the 

PET substrate by varying the solution pHs of both CS and PAA polyelectrolytes. Each series 

consisted of three films made with varying CS solution pHs of 3.0, 3.6, and 4.0 while keeping the 

PAA pH to be constant at either 2.8 or 3.6 or 4.0. Then we checked the barrier properties of the 9 

CSx/PAAy films by measuring their OTR performance.  

As seen in Figure 4.24a, the OTR of the PAA 2.8 series had a direct correlation with the 

deposition pHs where the higher pH difference between PAA and CS solution (i.e., ΔpHPC = pHPAA 

- pHCS), the higher was the OTR measured. The same trend was observed in measurements of 

stretchability of these CSx/PAA2.8 films where higher ΔpHPC caused the films to be less stretchable 

(Figure 4.22). The brittle films most likely had a lot of void areas within the polymer composite 

matrix resulting in high OTR value. On the other hand, the CS3.0/PAA2.8 films with moderate 

stretching ability had very uniform polymer deposition which allowed the OTR to be as low as 0.1 

cc/m2/day. The PAA 3.6 series showed similar correlation where the brittle CS4.0/PAA3.6 film had 

higher OTR than that of stretchable CS3.0/PAA3.6 and CS3.6/PAA3.6 films (Figure 4.24b). The PAA 

4 series with good stretchable films (lacking any brittle film) showed the opposite trend where the 

OTR was lowest for the moderate stretchable condition (i.e., CS3.6/PAA4.0) and was relatively high 

for the highly stretchable conditions (i.e., CS3.0/PAA4.0 and CS4.0/PAA4.0). In all three cases, the 

OTR was highest when the pH of the PAA solution was 4.0. To understand the relationship 

between the deposition pH and the resulted film properties, it is critically important to consider 

what happens to each of the polyelectrolyte molecules during the CS/PAA LBL film formation. 
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Figure 4.24. Correlation of the barrier property to the stretchability of CS/PAA films as a function 

of varying solution pH of CS and PAA. OTR and stretchability of (a) PAA 2.8 series, (b) PAA 3.6 

series, and (c) PAA 4 series with each series consisting of varying CS solution pHs of 3.0, 3.6, and 

4.0. OTR and stretchability were analyzed by making the LBL films of same thickness on PET 

and PU substrates respectively. The yellow arrow indicates wrinkles and the blue arrow indicates 

film cracks.  
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4.3.3.9. Charge cycle during the CS/PAA LBL film deposition 

During the LBL film formation, each polyelectrolyte layer gets adsorbed at a certain pH condition. 

The pH of the solution plays key role in determining the charge and the conformation of the 

polyelectrolyte molecules. The effect of pH on the net charge of these polyelectrolyte chains can 

be measured by measuring the zeta potential. Additionally, the effect of pH on the conformation 

of these polyelectrolyte molecules can be observed by measuring the total scattering from the 

polymer solutions using dynamic light scattering (DLS).  

As seen in Figure 4.17b, within the pH range of 3~ 4, the theoretical charge of the CS 

molecules does not vary significantly (i.e., 99.96% ~ 99.98%, respectively). Moreover, the DLS 

study showed that the conformation of CS molecules did not change significantly within this pH 

range (Figure 4.25). However, there was slight change in zeta potential for CS molecules where 

higher pH led to lower zeta potential values (Figure C10a). In contrast, within the pH range of 2.8 

~ 4, the PAA molecules experienced a significant change in charge (i.e., 1.95% ~ 24%, 

respectively) (Figure 4.17b). As a result, the conformation of PAA molecules changed from coiled 

structure at low pH to linear structures at high pH (Figure 4.25) and the zeta potential became more 

negative with increase in pH (Figure C10b). 
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Figure 4.25. Effect of solution pH on the conformations of CS and PAA polyelectrolytes. 

Conformation change is observed by measuring the total photon scattering (indicated by derived 

count rate) at varying solution pHs. Higher count rate indicates coiled polymer structures whereas 

lower count rate indicates more opened up structures.     

 

As the films are being deposited, each polymer layer undergoes a cycle of charge 

throughout the formation of one bilayer. Therefore, it is not only each solution pH, but also the pH 

between the oppositely charged polymer solutions that determines the overall nanostructure and 

properties of the deposited LBL films. The extent of the charge cycle will depend on the difference 

in deposition pHs between the polyelectrolyte solutions. As an example, Figure 4.26a illustrates 

the charge cycle of one bilayer formation for CS/PAA film deposited at CS pH of 4 and PAA pH 

of 2.8. The CS molecule does not significantly change in charge or conformation within this pH 

range as discussed earlier. However, the PAA molecules undergo drastic change in charge and 

conformation throughout the bilayer formation. One cycle consists of four sequential steps, where 

in Step 1: the positively charged CS molecules first get deposited to a negatively charged substrate 

(or on a previously adsorbed negatively charged PAA layer for subsequent bilayer formation) at 
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pH 4, Step 2: CS molecules gets slightly more charged as the deposited CS layer gets dipped into 

the PAA solution of pH 2.8, Step 3: adsorption of PAA molecules take place at their coiled 

conformation and low-charge state at pH 2.8, Step 4: PAA molecules get more charged and adopt 

a linear conformation due to intramolecular electrostatic repulsion as the CS/PAA bilayer gets 

dipped into the CS solution at pH 4 (Figure 4.26b). This way, subsequent bilayer formation 

continues in similar fashion where the CS and PAA layers go through various extents of charge 

cycling dictated by the solution pHs of both polyelectrolytes.  

This is an example of a forward cycle where solution pH of CS (pHCS) is higher than that 

of PAA (pHPAA) and both polyelectrolytes acquire more charge when dipped into the solution of 

oppositely charged polymer solution. In contrast, during a reverse cycle, when the pHCS is lower 

than pHPAA, both polymers become less charged when dipped into the solution of oppositely 

charged polymer solution. Additionally, there is a third case of no cycle, when pHCS is equal to 

pHPAA resulting in no change in charge when the deposited layer is dipped into the oppositely 

charged polymer solution.  
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Figure 4.26. Schematic of the charge cycle during the deposition of one bilayer of CS/PAA at CS 

pH of 4 and PAA pH of 2.8. (a) conformation change of polyelectrolytes as a result of change in 

solution pHs; (b) step-by-step depiction of the one biliary deposition, Step 1: CS molecule 

adsorption at pH 4 to a negatively charged substrate, Step 2: dipping one CS adsorbed layer to the 

PAA solution of pH 2.8, Step 3: adsorption of PAA molecules at coiled state at pH 2.8, Step 4: 

dipping one CS/PAA adsorbed bilayer to the CS solution of pH 4 where the PAA molecules get 

more charged and adopt linear conformation due to intramolecular electrostatic repulsion.   
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4.3.3.10. Correlation of the film stretchability and barrier property to the deposition pHs 

During LBL film deposition, the interaction between the CS and PAA layers will depend on the 

type of charge cycle.  If the pHCS is higher than pHPAA (i.e., forward cycle), both the PAA and CS 

molecules becomes more charged when dipped into the solution of oppositely charged polymer. 

Therefore, during a forward cycle, the polymer chains will interact and bind through mostly 

electrostatic interactions (Figure 4.27a). In contrast, when the pHCS is lower than pHPAA (i.e., 

reverse cycle), both the PAA and CS molecules becomes less charged when dipped into the 

solution of oppositely charged polymer. As a result, during a reverse cycle, the polymer chains 

will interact and bind through less electrostatic interactions and relatively more H-bonding (Figure 

4.27a). 

 
Figure 4.27. Example of charge cycles during the CS/PAA LBL film deposition. (a) forward cycle 

where pHCS is higher than pHPAA and both polymer gets more charged when dipped into the 

oppositely charged polymer solution, PAA changes conformation from coiled to linear state 

resulting in nonuniform film formation; (b) reverse cycle where pHCS is lower than pHPAA and both 

polymer gets less charged when dipped into the oppositely charged polymer solution, PAA does 

not changes in conformation resulting in uniform film deposition. 
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To correlate the stretchability with the deposition pH, we calculated the change in charge 

that each polyelectrolyte layer (i.e., CS = %ChargeCS2 - %ChargeCS1 and PAA = %ChargePAA2 – 

%ChargePAA1) experienced during the charge cycle of LBL film deposition for each pH 

combination of CS and PAA pHs (Figure C11). Since charge of CS doesn’t vary significantly 

within the pH range of 2.8 ~ 4, we found that the stretchability was directly related to the change 

in charge of PAA molecules, PAA.  

During the forward cycles, the PAA molecules undergo drastic change in conformation 

and gain more charge when dipped into the CS solution (i.e., positive PAA values). Therefore, 

the CS molecules interact with PAA layer mostly through electrostatic interactions (Figure 4.27a). 

Such drastic conformation change of PAA molecules leads to porous and rough film formation 

(Figure C12). Consequently, the films deposited with higher PAA values were more brittle 

(Figure C11) and highly oxygen permeable (Figure 4.24).  

In contrast, during the reverse cycles, the PAA molecules get less charged when dipped 

into the CS solution (i.e., negative PAA values). The absence of conformational change for PAA 

molecules results in uniform deposition of CS layer where the deposited CS layer interacts with 

PAA layer via relatively higher H-bonding and less electrostatic interactions. As a result of having 

relatively more H-bonds and fewer electrostatic bonds, the films made at reverse cycles are more 

smooth and uniform (Figure C12), more stretchable (Figure C11), and better barrier (Figure 4.24) 

compared to the ones made at forward cycles. To correlate the stretchability with deposition pH, 

we plotted the percent cracking strain (i.e., minimum % strain required to cause formation of cracks 

on LBL films) for these films along with the solution pHs in Figure 4.28. As seen in the phase 

diagram (Figure 4.28), the films are highly stretchable when they are made at reverse cycle 
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conditions (i.e., pHPAA > pHCS) while they are brittle when made at forward cycle conditions (i.e., 

pHPAA < pHCS). 

 
Figure 4.28. Phase diagram showing relationship between the deposition pHs with the resulted 

stretchability (represented by cracking strain) of the CS/PAA LBL barrier films. Cracking strain 

is the minimum strain (%) required for causing the film to fail as a result of generation of cracks 

in the CS/PAA films. Films with higher cracking strain (red) are more stretchable whereas films 

with low cracking strain are not stretchable.   
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 4.3.4. Summary on stretchability and barrier property of CS/PAA films 

In summary, we demonstrated that the CS/PAA polyelectrolyte pair is a promising system for 

constructing stretchable barriers for packaging applications. First, the LBL films made with 

CS/PAA have superior optical properties compared to those of BPEI/PAA. Second, the CS/PAA 

LBL films can be tailored to have very low oxygen permeability by optimizing the deposition pHs. 

Third, these films can also be made stretchable by controlling the interactions between the CS and 

PAA molecules.  

 By understanding the conformation and change of charge that each polyelectrolyte 

molecules undergo during the LBL depositions, we optimized the deposition pH conditions for the 

best barrier performance as well as for making highly stretchable films (Figure 4.29). These 

stretchable films that do not crack even after 25~50% strain at room temperature will be easier to 

stretch and thermoform at elevated temperature (e.g., 80 oC for PET substrate). Additionally, we 

demonstrated that it is not only the polyelectrolyte pair, but also their deposition pHs at which the 

LBL composite films are formed that determines the final nanostructures of the films. The 

nanostructures, in turn, influence the resulting barrier and mechanical properties. Such high 

sensitivity of film properties to solution pHs could present processing robustness issues if not 

properly understood.   
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Figure 4.29. Schematic showing the relationship between deposition pHs and the resulting 

stretchability of the LBL films. 

 

 

4.4.   Conclusions 

The focus of this chapter is mechanistic investigation of the barrier property and stretchability of 

LBL films using three different polyelectrolyte systems: BPEI/PAA, BPEI/polyester, and CS/PAA 

(Figure 4.30) with the goal of constructing flexible barriers for food and pharmaceutical packaging 

application. We found that the final properties of the LBL films depend on many crucial parameters 

such as the nature of the polymers, their total ionic contents, their charged state in solutions, 

nanostructure of the deposited films, and the interactions between the polymers comprising the 

LBL films. 
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Figure 4.30. Schematic of the structural basis of the barrier property and stretchability of (a) 

BPEI/PAA, (b) BPEI/polyester, and (c) CS/PAA film systems.  

 

LBL films made with the BPEI and PAA polymer pair are excellent gas barriers due to the 

strong electrostatic interactions between these polyelectrolytes. However, such strong electrostatic 

interaction is highly restrictive for stretchability, which makes the BPEI/PAA films unsuitable for 

thermoforming. When the polyelectrolyte PAA was replaced with waterborne polyesters, the 

resulting barrier performance was poor. The propensity of polyesters to form nanoparticle 

aggregates probably creates a lot of air pockets within the LBL film that could cause high 

permeability. Moreover, the polyesters had fewer ionic groups. Therefore, the interactions between 

the BPEI and polyester molecules were probably not strong enough for creating an impermeable 
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oxygen barrier film. When the BPEI polymer was replaced with CS, the resultant CS/PAA films 

showed a range of barrier and stretchable properties depending on the deposition conditions. 

Understanding of the change in charge and conformation of the polyelectrolytes during the LBL 

film deposition allowed us to correlate the final nanostructure of the CS/PAA films to their resulted 

barrier and stretchability performance. Therefore, this study serves as an example showing the 

possibility of engineering LBL films with tailored nanostructures and properties based on 

fundamental understanding of the critical polymer parameters during film deposition (Figure 4.31).    

 

Figure 4.31. Schematic showing necessary polymer parameter inputs for engineering LBL films 

with tailored nanostructures and properties.  
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CHAPTER 5 

Summary and future directions 
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The overarching goal of this Ph.D. Dissertation was to investigate the colloidal fundamentals and 

structure-property relationship of ionic polymers in water and their respective nanocoating 

properties. One of the unique features of ionic polymers is their ability to self-assemble in aqueous 

medium into nanostructures defined by their molecular architectures and surrounding medium 

properties such as polarity, pH, salt concentration etc. Based on the ionic content and the solubility 

of the polymers in water, the ionic polymers can be classified into two major groups, namely, 

ionomers and polyelectrolytes. The ionic polymers, which contain relatively a small fraction of 

ionic groups (up to 10-15 mol%), are called ionomers whereas when the ones whose ionic contain 

is relatively high (up to 100 mol%)  are called polyelectrolytes.  

 Due to having few charged groups, ionomers are not soluble in water. Based on the location 

and distribution of the ionic groups along the polymer backbone, ionomers collapse and self-

assemble into nanoparticles in water. This self-assembly is largely controlled by the intricate 

balance between the attractive and repulsive electrostatic forces and the hydrophobic forces 

driving the polymer collapse, similar to protein folding in water. On the other hand, 

polyelectrolytes having sufficiently large fraction of ionic groups are soluble in water as the 

electrostatic hydration dominates over the hydrophobic energy. Depending on the pH and 

electrolyte concentration of the medium, the extent of ionization state can be controlled, which 

leads to various conformations of polyelectrolytes in water. In the presence of high MW 

counterions, such as an oppositely charged ionic polymer, the polyelectrolyte molecules self-

assemble into nanostructures similar to ionomer aggregation into nanoparticles. Understanding the 

fundamental colloidal properties such as the effect of the critical solution parameters on the self-

assembly of ionomers and polyelectrolytes, allowed us to engineer films with tailored nanocoating 

properties (Figure 5.1).  
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Figure 5.1. Overview of the dissertation sections: understanding of these aspects of colloidal 

properties in solution allowed to engineer films with tailored nanocoating properties. (a) Chapter 

2: self-assembly of sulfopolyester into nanoparticles in water; (b) Chapter 3: composition 

dependent “coffee-ring erosion” of polyester nanocoatings; (c) Chapter 4: controlling charge and 

conformations of CS and PAA polyelectrolytes in solution results in constructing LBL films with 

desired barrier and stretchability properties. 

 

In the research described in Chapter 2, we investigated the self-assembly nature of  a 

commercial AQ sulfopolyester system synthesized by Eastman Chemical Company (Figure 5.1a). 

These sulfopolyesters are random ionomers where the ionic SSIPA groups are distributed 

randomly throughout the polymer backbone. The polyester showed polyelectrolyte characteristics 

in a polar organic solvent (DMF) whereas they spontaneously self-assembled into 20~50 nm sized 

stable nanoparticles in aqueous medium. Using various light scattering techniques, we established 

how the process of self-assembly into defined sized nanoparticles is controlled by the ionic 
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composition of the polyesters and the critical surface charge density of the nanoaggregates. We 

also demonstrated that once these polyesters are aggregated, the interactions between the 

sulfopolyester nanoparticles were governed by the classical DLVO theory.  

These water-dispersible polymers have substantial potential as key colloidal components 

in present and future coating and other large-scale formulations. Therefore, such fundamental 

understanding of colloidal interactions is key to control and improve colloidal stability of similar 

waterborne polymers. For example, the stability of the electrostatically stabilized polymer 

nanoparticles is highly dependent on the electrolyte composition. When these random ionomers 

are added in formulations containing high amount of electrolytes or multivalent ions, the 

dispersions will be unstable. Additionally, these fundamental insights can also be applied to 

improve the dispersion stability of carboxylated polyester systems, which are one of the major 

class of waterborne polymers. Based on the monomer compositions, these carboxylated polyesters 

undergo various degrees of hydrolysis in water. Understanding the effect of ionization of the 

carboxylated groups can help in designing proper colloidal conditions that minimize the polyester 

hydrolysis to improve the shelf-life of dispersions. 

The AQ sulfopolyesters were designed to incorporate permanent charge groups appended 

from the backbone of the polymers in order to render dispersibility in water. While these polyesters 

form stable water dispersions readily without any additional cosolvent, and the film properties are 

useful for certain applications (e.g., which requires rapid drying time or surfactant-free coatings), 

an inherent difficulty arises when the applications require high water resistance. In such cases, 

these sulfopolyesters are not suitable as the dried film re-disperses after it comes in contact with 

water.  
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In Chapter 3, we describe the studies of the fundamental mechanisms of film formation 

and the effect of monomer composition on the water-resistance properties of sulfopolyesters 

(Figure 5.1b). To study the water sensitivity of the coatings, we made structurally colored 

nanofilms with sulfopolyester dispersions by depositing them on Si-wafer. We used these brilliant 

structural colors as visual guide for the film integrity. To test the water resistance of the films, we 

deposited sessile water droplets on the dried polyester films. Evaporation of the water droplet 

caused the structural colors to change, indicating redistribution of the polymer materials resulting 

in “coffee-ring” type erosion profiles. We found that the water-erosion was dependent on the 

polyester composition but not on the molecular weight. In general, polyesters with higher 

hydrophilic groups (i.e., DEG and SSIPA) experienced higher water damage. However, out of the 

four monomers, the ionic group SSIPA had the biggest influence in causing such film-erosion. 

Moreover, we demonstrated that simple heat treatment can dramatically improve the water 

sensitivity of the films containing low or moderate SSIPA groups. In future, the water sensitivity 

of the sulfopolyester films can be further quantified by performing thermogravimetric analysis 

(TGA) to correlate the amount of residual trapped water with the composition of the films.  

This structural color mediated coffee-ring erosion can serve  as a facile industrial tool for 

understanding water resistivity and film integrity of similar waterborne polymers. The findings of 

this study will guide in designing highly water-resistant coatings. For example, the films with high 

molecular fraction of SSIPA groups were so hydrophilic that they were not rendered water-

resistant even after prolonged heat-treatment. Since the low-SSIPA polyesters are hard to disperse 

in water and the coatings made of high-SSIPA polyesters are highly water-susceptible, the 

sulfopolyesters should be designed to contain moderate SSIPA groups for balancing the 
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dispersibility and the water-resistivity. Moreover, this visual coating-integrity test based on change 

in structural colors, can be also applied to test solvent-resistance of solvent-borne films.  

We also investigated the effect of substrates on the stability of the sulfopolyester films by 

making films on glass slides and Si-wafer and dipping the dried films in salt solutions. As the glass 

surface is not very reflective the structural color was very faint when the polyester film was 

deposited on the glass surface. However, we found that if the polymer film was exposed to an 

electrolyte solution such as 1 M NaCl or CaCl2, the structural color becomes much more 

pronounced, whereas if the polymer film was in contact with electrolytes for longer than five 

minutes, the film delaminated from the glass surface (not shown). In contrast, the films did not 

delaminate when they were made on Si-wafers. To understand this substrate effect, we performed 

AFM study on the films made on both substrates to capture the change in film morphology upon 

5-minute exposure to CaCl2 solution. We found that film on the glass surface had “bumpy” 

morphology which indicates the initiation of delamination process (Figure 5.2, hydrophilic glass 

surface). In contrast, the surface of the CaCl2 treated films were smooth when they were made on 

Si substrate (not shown). Additionally, the film delamination was suppressed when we 

hydrophobized the glass surface as the structural color remained same upon exposure to CaCl2 

(Figure 5.2). Moreover, the film was virtually unaffected to CaCl2 exposure for as much as 30 

minutes that indicates the adhesion properties between the polymer and the substrate was changed 

when the substrate was hydrophobic. Further study needs to be performed to understand the role 

of the substrate on such interactions of polymer film with electrolytes. 
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Figure 5.2.  Interaction of the sulfopolyester film with electrolytes on hydrophilic vs. hydrophobic 

glass surface. 30% polyester dispersion was deposited using convective assembly method on both 

hydrophobic and hydrophilic glass surface using the same deposition conditions. Red dotted box 

region was exposed to 1 M CaCl2 solution for 5 minutes. Contact angle measurement on plain 

substrate depicts the hydrophobicity/hydrophilicity of the glass surfaces. AFM image with the 

CaCl2 treated film on the hydrophilic surface shows bumpy morphology indicating delamination. 

In Chapter 4, we studied the fundamental physical mechanism of barrier properties and 

stretchability of polyelectrolyte multilayer films made of branched PEI, PAA, chitosan and ionic 

polyesters for food and drug packaging application. By understanding the effect of deposition pH 

on the charge and conformations of weak polyelectrolytes in solution, we correlated the 

nanostructure of the LBL films to their physical properties such as oxygen permeability and 

stretchability (Figure 5.1c). The films were brittle and oxygen permeable when they were 

constructed using the forward cycle of LBL deposition (i.e., pHPAA < pHCS). On the other hand, 

the films were stretchable and oxygen impermeable when they are made at reverse cycle conditions 

(i.e., pHPAA > pHCS). In these CS/PAA film, the CS and PAA molecules interact with each other 

via various degree of electrostatic and H-bond interactions, which are influenced by the deposition 
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pH conditions. We found that the films are porous and brittle when the polyelectrolytes interact 

mainly via electrostatic interactions during the forward cycle whereas they are smooth and 

stretchable when they interact with relatively higher amount H-bond interaction.  

A few gaps still remain in understanding the barrier performance of CS/PAA systems. For 

example, further investigation is required to understand the reason behind the best barrier 

performance of CS/PAA film when the deposition pH of CS solution was 3.6. The free volume of 

the PEMs can be measured by performing positron annihilation lifetime spectroscopy (PALS). By 

performing PALS characterization on the free-standing LBL films made at various pH conditions, 

we may be able to further correlate the nanostructure of the films to their respective barrier 

performance. In future, the PEM growth can also be visualized by performing AFM using a fluid 

cell which will allow the observation of the conformational change of the polymers during the film 

deposition to fill in the gaps. Additionally, the surface charge of the each layer can also be 

measured for correlating the electrostatic interactions with the deposition pHs. These LBL films 

are often hygroscopic and their barrier properties deteriorate in humid conditions. Incorporation 

of a top Nafion fluoropolymer layer might help in preserving the barrier performance at high humid 

conditions. We hope that our work on investigating the correlation between the solution properties 

of ionic polymers to the respective film behaviors can be translated to other PEM systems for 

making LBL coatings with tailored nanostructures and film properties. 
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APPENDIX A 

Revisiting the colloidal fundamentals of water-dispersible polyesters: Interactions and self-

assembly of polymer nanoaggregates in water 

 

 

  

Figure A1. Intensity distributions based on volume from DLS experiment with 100 g/L 

polyesters in DMF. 
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Figure A2. Effect of acid and glycol composition of the polyesters on the size of the polyester 

nanoparticles in water.  
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Figure A3. Size distribution analysis based on intensity, volume and number from DLS 

experiment with 0.1% suspension of (a) polyester A, (b) polyester B, (c) polyester C, (d) polyester 

D, (e) polyester F, and (f) polyester E in water showing the polydisperse nature of the samples. 
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Figure A4. Examples of the polydispersity of the polyester nanoparticles. (a) Cryo-SEM 

experiment and (b) DLS experiment with 1g/L polyester E. Scale bar = 100 nm. 
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Figure A5. Effect of pH on the size distribution of polyester A nanoparticles. Multimodal 

analysis of intensity distributions from DLS experiment of 0.1% polyester A in water at pH 7 

and 12 shows the bimodal distribution converts into monomodal at pH 12. 
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Figure A6. Long-term size measurement of polyester C in water at pH 7 and pH 12 showing that 

the change in particle size at high pH is not a result of alkaline hydrolysis.  
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Figure A7. Validation of DLVO theory for polyester B by using multivalent electrolytes. (a) The 

Z-avg particle size of polyester B in water with different amounts of NaCl, CaCl2, and AlCl3. (b) 

Fitting experimental data by recalculating x-axis values for electrolytes according to the slightly 

modified Schulze-Hardy rule Ccrit ∝ z-(6+0.5z). The arrows indicate the Ccrit values for different 

electrolytes.  
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Derivation of Schulze-Hardy rule from DLVO theory 

The relationship of critical coagulation concentration (Ccrit) on the counterion valency (z) for 

electrostatically stabilized colloidal system (i.e., Ccrit ∝ z-6) is historically known as Schulze-Hardy rule. 

This empirical rule has been derived directly on the basis of the classic DLVO theory in many literature 

sources.A1-A4 The derivation is attached herein.A1  

According to DLVO theory, two spherical particles interact in a liquid medium through the van der Waals 

(attractive) and electrostatic (repulsive) interactions. Thus the total interaction potential for the spherical 

particles interacting at constant potential can be described by following relationship. 

                 W (D) = Welectrostatic + WvdW   (A1) 

                            = (64πkTRρ∞γ2/κ2) e-κD – AR/12D (A2) 

Where D = distance between particle surfaces; k = Boltzmann constant; T = temperature (K); R = radius of 

particles; ρ∞ = bulk concentration of ions; e = elementary charge; κ-1 = Debye length; A = Hamaker constant; 

γ = tanh(zeψs/4kT) where z = valency of counterion, ψs = surface potential 

By definition, at the approximate moment of coagulation, the following relationships hold true. 

                                                           W (Dcrit) = 0                                        (A3) 

                                                           (dW/Dd)crit = 0                                    (A4)    

Solving Eq. A2 with respect to Eq. A3 leads to 

                                                    k2/ ρ∞ = 768πkTD γ2e-κD/A                          (A5) 

Solving Eq. A2 with respect to Eq. A4 leads to 

                                                            κD = 1                                               (A6) 
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Combination of Eq. A5 and A6 leads to 

                                                  k3/ ρ∞ = 768πkT γ2e-1/A                               (A7) 

Or,                                             k6/ ρ2
∞ ∝ (T γ2/A)2                                       (A8) 

Now since Debye length is defined by following equation 

                  κ =(∑ρ∞e2z2/εε0kT)0.5                                  (A9) 

where ε = permittivity of the medium; ε = permittivity of vacuum; 

Or,                                             k6/ ρ2
∞ ∝ (T γ2/A)2                                      (A10)                                     

Combination of Eq. A10 and A8 leads to 

                                                z6/ ρ∞ ∝ ε3T5 γ4/A2                                       (A11) 

At high surface potential, γ = tanh(zeψs/4kT) = 1 

Therefore, Eq. A11 can be written as, 

                                                   z6/ ρ∞ ∝ constant 

Or,                                              ρ∞ ∝ z-6 

This way, the critical concentration of ions at the moment of coagulation (Ccrit) is inversely related to the 

sixth power of the counterion valency (z), which is empirically known as Schulze-Hardy rule and can be 

directly derived from DLVO theory as described here.                
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APPENDIX B 

Mechanism and control of “coffee-ring erosion” phenomena in thin films of polyester 

ionomers 

 

 

Table B1: Composition of the sulfopolyesters 

 

Polyester %Acid moiety %Glycol moiety Molecular weight 

IPA SSIPA CHDM DEG Mn Mw 

1 82 18 25 75 4925 16921 

2 91 9 46 54 10515 29382 

3 82 18 75 25 9855 19742 

4 73 27 46 54 10180 20552 

5 82 18 46 54 10301 21358 

6 82 18 46 54 12486 27510 

7 82 18 46 54 7240 18200 

 

 

 

 

 

 

Table B2: Composition of carboxylated polyester 

 

Polyester Acid moiety %Glycol moiety Molecular 

weight 

Monomer 

name 

%  Monomer 

name 

%  Monomer 

name 

%  Mn Mw 

9 CHDA1 100 TMCD2 80 DMPA3 20 2952 8248 

 
1CHDA: 1,4-Cyclohexanedicarboxylic Acid 
2TMCD: 2,2,4,4-Tetramethyl-1,3-cyclobutanediol 
3DMPA: Dimethylolpropionic acid 
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Figure B1. The hydrodynamic diameter of the polyester nanoparticles from DLS experiment. The 

size of the nanoparticle varied with polyester composition whereas molecular weight had no effect 

on the nanoparticle size.   
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Figure B2. AFM with sulfopolyesters nanofilm. 
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Table B3: Correlation of film thickness with structural color. 

 

Film 

No. 

Thickness 

of film 

 

t (nm) 

Constructive interference 

wavelength calculated from 

Eqn 5 

λ (nm) 

Predicted color 

for visible 

wavelengths 

when m =2 

Actual structural 

colors on the 

films 

m = 1 m = 2 m = 3 m = 4 

#1 275 860 430 286 215 
 

 

 
 

#2 325 1007 503 335 251 
 

 

 
 

#3 365 1132 566 377 283 
 

 

 
 

 

 

  

430 nm 

503 nm 

565 nm 
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Figure B3. Profilometry thickness profile of pattern generated as a result of NaCl solution 

evaporation overlaid on polyester film shows the erosion phenomenon was suppressed in presence 

of electrolyte.  

 

 

 

 

 

 

 

 

 

 

 
Figure B4. DLS with polyester nanoparticle before film formation (original dispersion) and after 

film redispersion in the damaging water droplet.  
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Figure B5. (a) Dried profile is a complex function of nanoparticle redispersion and water 

evaporation. (b) Sessile droplet drying of polyester dispersion can be used to understand the effect 

of evaporation first. 
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Figure B6. (a) Coffee-ring formation for all concentrations, (b) thickness of the thin film inside 

of the deposited pattern as a function of polymer concentration. Structural color inside the film 

depends on a strict concentration range of the polymer dispersion.  
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Figure B7. (a) Schematic of sessile polyester dispersion droplet from side-angle where θ denotes 

the contact angle, b denotes the diameter of the contact area (baseline), h denotes the droplet height, 

(b) change in contact angle as a function of time during droplet evaporation showing constant 

contact area based evaporation, (c) contact angle of the dispersion droplet as a function of polymer 

concentration, (d) contact angle and the height of the dispersion droplet as a function of droplet 

volume. 
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Figure B8. Effect of MW on the coffee-ring erosion. MW had no effect on the coffee-ring erosion 

as all three polyester experienced similar water damage. Scale bar indicates 1 mm.  

 

 

 

 

 

 

 

Figure B9. Effect of MW on the coffee-ring erosion of the heat-treated films. The water resistance 

was improved to the same extent for the varying MW of the polyesters. Scale bar indicates 1 mm.  
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Figure B10. Coffee-ring erosion vs. classical coffee-ring phenomenon. Coffee-ring erosion: 

Post-deposition water damage on polyester film is a complex function of nanoparticle redispersion 

and water evaporation. Classical coffee-ring: Sessile droplet drying of polyester dispersion 

creates similar deposition profile as coffee-ring erosion and therefore sessile droplet drying can be 

used to understand the drying nature of the polyester nanoparticles.  
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APPENDIX C 

Towards understanding the physical mechanism of stretchable layer-by-layer polyelectrolyte 

barrier films. 

 

Table C1: Composition of carboxylated polyester used in this study 

 

Polyester Acid moiety %Glycol moiety Molecular 

weight 

Monomer 

name 

%  Monomer 

name 

%  Monomer 

name 

%  Mn Mw 

TA2 AA 100 TMCD 87.5 DMPA 12.5 2913 7634 

TA3 AA 100 TMCD 80 DMPA 20 2906 8803 

NA2 AA 100 NPG 87.5 DMPA 12.5 3066 8078 

NA3 AA 100 NPG 80 DMPA 20 2599 10311 

TC3 CHDA 100 TMCD 80 DMPA 20 2952 8248 

AA: Adipic acid (hexanedioic acid) 

NPG: 2,2-dimethylpropane-1,3-diol 

CHDA: 1,4-Cyclohexanedicarboxylic Acid 

TMCD: 2,2,4,4-Tetramethyl-1,3-cyclobutanediol 

DMPA: Dimethylolpropionic acid 

 

 

Figure C1. Ionic polyester series used in this study. 
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Figure C2. OTR with BPEI/TA2, BPEI/TC3 and BPEI/NA3 LBL films. 

 

 

 

 

 
Figure C3. Thickness of CS/PAA 15 bilayer-LBL films for different pH values of chitosan 

solution. The pH of PAA was 4 for all conditions.  
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Figure C4. Effect of different dipping time on film thickness of CS/PAA system.  

 

 

 

 

 

 

 
Figure C5. Optical microscopy with chitosan/PAA complex formed at different pH values of 

chitosan solution. The pH of PAA was 4 for all conditions.  
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Figure C6. AFM of chitosan/PAA bilayers with different pH values of chitosan solution. The pH 

of PAA was 4 for all conditions.  

 

 

 
Figure C7. FTIR of chitosan/PAA LBL films made at different pH values of chitosan solution. 

The pH of the PAA was 4 for all conditions.  
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Figure C8. Metal frame and PU rubber substrate for 1D stretchability test using Instron universal 

testing machine.   

 

 

Figure C9. Self-healing of the wrinkles of strained CS3.6/PAA4 films. After straining the films, 

the films were cut in two portions. One portion was kept at ambient condition (denoting low RH) 

and the other portion was kept at 100% RH condition (denoting high RH).  
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Figure C10. Zeta potential of (a) CS and (b) PAA as a function of solution pH. 
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Figure C11. Phase diagram showing the stretchability (indicated by the percent value in each box) 

and change in charge of each polyelectrolyte layer (indicated by CS and PAA) for each pH 

combination during the LBL film deposition. CS (i.e., CS = %ChargeCS2 - %ChargeCS1) 

indicates change in %charge of CS molecules when dipped into the PAA solution. PAA (i.e., 

PAA = %ChargePAA2 – %ChargePAA1) indicates change in %charge of PAA molecules when 

dipped into the CS solution. Higher the PAA, higher the brittleness and lower the flexibility.  
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Figure C12. Optical images of CS/PAA films made on Si wafer at varying deposition pHs of CS 

and PAA solutions. Scale bar indicates 90 µm. 

 

 

 


