
 

 

 

 

PROCESS IMPROVEMENTS FOR GAS BARRIER THIN FILMS  

DEPOSITED VIA LAYER-BY-LAYER ASSEMBLY 

 

 

A Dissertation 

by 

DAVID AUSTIN HAGEN 

 

Submitted to the Office of Graduate and Professional Studies of 

Texas A&M University 

in partial fulfillment of the requirements for the degree of 

 

DOCTOR OF PHILOSOPHY 

 

Chair of Committee,  Jaime Grunlan 

Committee Members, Jodie Lutkenhaus 

 Debjyoti Banerjee 

 Karl Hartwig 

Head of Department, Andreas Polycarpou 

 

 

May 2015 

 

Major Subject: Mechanical Engineering 

 

Copyright 2015 David Hagen



 

ii 

ABSTRACT 

 

Thin layers of aluminum have provided good oxygen barrier for food packaging 

for many years, but aluminum coatings can easily crack, are completely opaque, and are 

not environmentally friendly.  One gas barrier solution for food, to flexible electronics, 

and pressurized bladders is to create polymer nanocomposite thin-films using layer-by-

layer (LbL) assembly.  These non-metal, water-based thin films contain a tortuous path 

through which a gas molecule must navigate.  The work in this dissertation focuses on 

improving the process of creating these thin films to optimize their performance and 

achieve lower transmission rates with fewer layers.   

Excellent gas barrier was achieved in a layer-by-layer thin film with fewer layers 

by optimizing deposition time of cationic polyethylenimine (PEI) and anionic poly(acrylic 

acid) [PAA].  Substantial deposition occurs with short deposition times for the first four 

PEI/PAA bilayers, while thicker deposition occurs with longer deposition times beyond 4 

bilayers. Eight bilayers (650 nm) were required to achieve an undetectable oxygen 

transmission rate (<0.005 cm3/(m2·day)) using 1 min deposition steps, but this barrier was 

obtained with only 6 BL (552 nm) using 1s deposition of the first four bilayers, reducing 

total deposition time by 73%. 

Polymer–clay bilayer films show good oxygen barrier properties due to a 

nanobrick wall structure consisting of clay nanoplatelets within polymeric mortar. Super 

oxygen barrier trilayer thin films have been deposited using two successive anionic layers 

of montmorillonite (MMT) clay and polymer (PAA) following every cationic polymer 
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(PEI) layer during layer-by-layer assembly. It is shown here that adding an anionic 

polymer layer reduces free volume of the film by filling in gaps of the similarly charged 

clay layer, which increases the barrier performance by at least one order of magnitude. 

Barrier improvement can also be achieved by reducing the pH of the clay 

suspension in the PEI/MMT system. The charge of the deposited PEI layer increases in 

the clay suspension environment as the pH decreases, attracting more clay.  This enables 

a 5× improvement in the gas barrier for a 10 PEI/MMT bilayer thin film (85 nm) made 

with pH 4 MMT, relative to the same film made with pH 10 MMT (57 nm).  
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NOMENCLATURE 

 

AFM Atomic Force Microscopy 

ASTM American Society for Testing and Materials 

BL Bilayer 

CVD Chemical Vapor Deposition 

LbL Layer-by-Layer 
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CHAPTER I  

INTRODUCTION 

 

1.1 Background 

There is significant interest in transparent, flexible thin films that exhibit good 

oxygen barrier for applications such as food packaging, flexible electronics, and 

pressurized bladders.1-3  There are potential benefits of using lighter weight gas barrier 

films in various pressurized systems, such as a decreasing a tire’s rolling resistance or 

reducing aerostat’s helium consumption.  Flexible electronic displays require high gas 

barrier to protect the underlying components from photo-oxidative degradation. When, 

applied as a barrier layer, metalized films have been used to impart high oxygen and 

moisture barrier to polymeric substrates, but have a tendency to crack, are not recyclable, 

and are opaque.1 These shortcomings are avoided with layer-by-layer (LbL) thin films.  

Despite its drawbacks, 1.7 million tons of aluminum were used for packaging in the US 

in 2005, much of this in metalized films.4   Other barrier films have been developed, but 

each have significant limitations. SiOx and AlxOy films exhibit good gas barrier, but they 

have a tendency to crack upon flexing and are deposited with a complex vapor deposition 

process that requires a vacuum environment.5-6  Using clay as a filler in bulk polymer 

composites to improve the oxygen barrier has long been studied, but poor exfoliation, 

limited orientation, and restricted loading hinders barrier improvement.7-9 

Thin film nanocomposites constructed using layer-by-layer (LbL) assembly are a 

good alternative to inorganic layers due to their tailorability, robustness, and simple 
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processing.10  In addition to being excellent gas barriers,11-16 these films have also been 

prepared for pharmaceutical,17-19 superhydrophobic,20-21 antimicrobial,22 anti-

flammable,23-24 and electrically conductive25-26 applications.  This wide range of properties 

is made possible by the large variety of components that can be employed in LbL 

assembly: polymers,27 nanoparticles,28 quantum dots,29 and biological molecules.30  

Beyond the constituents used, the properties of the composite films can be further tuned 

by varying molecular weight,31-33 deposition time,33-35 pH,36-38 concentration,39-40 ionic 

strength,40-42 and temperature.42-43  Although there are endless options for constituents and 

parameters, constructing a thin film using the layer-by-layer process is as simple as 

dipping a charged substrate into an oppositely charged solution, rinsing any excess 

material off the substrate, and repeating in an oppositely charged solution (followed by a 

second rinse), shown schematically in Figure 1, to produce a single bilayer.  The beauty 

of the layer-by-layer process is its simplicity, which allows for the construction of an 

endless number of composite systems without the need for complex processing.   
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Figure 1. (a) Schematic the LbL deposition using the dipping method. (b) Simplified 

molecular conception of the first bilayer of a polymer/nanoparticle system being deposited 

onto a positively charged substrate. 

 

 

  

The LbL process has been used to create very good gas barriers using bilayer (BL) 

and quadlayer (QL) systems that utilize impermeable nanoplatelets (e.g., clay and 

graphene oxide), each on the order of 1 nm thickness with aspect ratios up to several 

thousand, to create an extremely tortuous pathway for diffusion of gas molecules.11-16 The 

water-based nature of the layer-by-layer process allows for highly exfoliated and oriented 

clay platelets to be deposited every cycle, generating a nanobrick wall structure. This 

structure provides superior properties over bulk composites, where aggregation and 

random orientation lead to increased opacity and greater gas permeability.13 
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The primary focus of this dissertation work was to develop techniques to make 

LbL thin films that are more effective at blocking oxygen with fewer deposition steps and 

less processing time.  These process improvements will assist the adoption of LbL into 

commercial use.  Reducing deposition steps and processing time require understanding 

the structure-property relationships of these thin films.  Changing parameters that alter the 

fundamental interactions of the constituent materials provides optimum deposition and 

ordering of the multilayer thin film for better gas barrier properties.  

1.2 Outline of Dissertation 

Chapter II gives an overview of common barrier films that include polymer films 

and inorganic thin films (and the processes used to create them).  Compatibility concerns 

and common methods for creating bulk composites with nanofillers are reviewed, 

including improvements made to gas barrier properties of these bulk composites.  Finally, 

an introduction to layer-by-layer assembly is provided, with a review of the state of the art 

in gas barrier that led to the present work.  

Chapter III investigates the influence of deposition time on thickness and 

properties of a layer-by-layer thin film constructed with polyethylenimine (PEI) and 

poly(acrylic acid) [PAA].  Excellent gas barrier was achieved with fewer layers by 

optimizing deposition time. Substantial initial deposition occurs with short deposition 

times for the first four bilayers, while thicker deposition occurs with longer deposition 

times beyond 4 bilayers. 

Chapter IV examines the influence of employing successive negatively-charged 

layers of montmorillonite (MMT) clay and PAA after every positive PEI layer.  Polymer-
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clay bilayer films show good oxygen barrier due to a nanobrick wall structure consisting 

of clay nanoplatelets within polymeric mortar. It is shown here that adding an anionic 

polymer layer reduces free volume of the film by filling in gaps of the similarly charged 

clay layer and increases the barrier performance over the bilayer configuration by at least 

one order of magnitude.   

Chapter V explores the influence of pH on the deposition of MMT in a PEI/MMT 

system.  Reducing clay pH was found to increase the charge of the deposited PEI when 

introduced to the clay suspension environment, which causes more clay to be deposited.  

At pH 4, MMT platelets deposit with near perfect ordering, observed with TEM, enabling 

a 5× improvement in gas barrier for a 10 PEI/MMT bilayer thin film (85 nm) relative to 

the same film made with pH 10 MMT.  This improved gas barrier approaches that 

achieved with much higher aspect ratio vermiculite clay.  In essence, lower pH is 

generating higher effective aspect ratio for MMT due to greater induced surface charge in 

PEI layers that causes heavier clay deposition.   
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Chapter VI provides conclusions for the work in Chapters II-V and outlines 

suggested topics for future research based on this dissertation.   This dissertation 

investigates the effects of deposition time, successive anionic depositions, and altering the 

pH of clay suspensions.  These different aspects of improving gas barrier thin films can 

be paired and also be used to improve the gas barrier of quadlayer systems.  Specific 

directions for incorporating these ideas with preliminary results are included.  

Demonstrating the ability of LbL to be scaled up to a continuous process is crucial for 

introducing this technology to commercial applications.  Preliminary results from films 

constructed using a continuous dipping process have been obtained using a lab scale coater 

created in-house.   

  



 

7 

CHAPTER II  

LITERATURE REVIEW 

 

2.1 Gas Barrier Films  

Polymers are widely used for food packaging due to their low cost, flexibility, 

desirable thermal and mechanical properties.44   Some polymers have satisfactory barrier 

properties for lower sensitivity food products, but most are used as a substrate for a higher 

barrier layer that meets the requirements of more sensitive food, organic electronics, and 

vacuum insulating panels (VIP).  The oxygen and moisture barrier requirements for these 

applications are shown in Figure 2.45  Aluminized plastic film is the most widely used 

barrier for food packaging due to its low cost and the maturity of the technology. There 

has been a general push to move away from aluminum coated films because of the desire 

for package transparency, and environmental (and health) concerns.46-47  Packaging has 

been constructed from polymer blends and as multilaminate systems in an effort to reduce 

cost, improve transparency, reduce moisture sensitivity, and increase shelf life.  
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Figure 2. Barrier requirements for various applications.45 

 

 

2.1.1 Polymer Barriers  

Most polymers with very low permeability to oxygen are expensive and/or 

moisture sensitive. In order to reduce the amount of expensive barrier polymers, laminated 

films (via co-extrusion or co-injection) can be used to provide a continuous laminar 

structure to block out oxygen. Polymer blends can also be used, which often allows for a 

less expensive manufacturing process, but do not provide as significant an improvement 

in barrier properties as lamination does for the same loading, shown in Figure 3.  

Lamination and polymer blends are also used to reduce moisture sensitivity of high 

oxygen barrier polymers (e.g., EVOH within PE).46 The permeabilities of many 

commonly used polymers are summarized in Table 1.  Most of the moisture-sensitive 

polymers have been tested at 0% RH and are typically laminated with a commodity 

polymer that acts as a good moisture barrier (e.g. PE or PP) to protect them from water.   
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Figure 3. Schematic showing how permeability of a blend depends on morphology.46  

 

 

 

Table 1. Permeability of common polymers used as packaging materials at 23°C.46 

 

 

Polymer  (abbreviation) 
 

 

Oxygen permeability  

(cm3·mm/m2·day·atm) 
  

Ethylene vinyl alcohol (EVOH) 0.01–0.1  0% RH 

Polyethylene (PE) 50-200  50% RH 

Poly(ethylene-terephthalate) (PET) 10–50  50% RH 

Poly(lactic acid)48 (PLA) 184  0% RH 

Poly(vinyl chloride) (PVC) 20–80  50% RH 

Polyamide (PA) 1–10  0% RH 

Polypropylene (PP) 494–987  50% RH 

Polystyrene (PS) 987–1481  50% RH 

Polyvinylalcohol (PVOH) 0.2  0% RH 

Polyvinylidene chloride (PVDC) 0.1–3  50% RH 

 



 

10 

2.1.2 Inorganic Barrier Thin Films 

2.1.2.1 Physical Vapor Deposition of Aluminum  

Films deposited with physical vapor deposition (PVD) have a wide range of 

applications including integrated circuits, medical instruments, pharmaceuticals, 

balloons, and mirrors. The primary methods of PVD are vacuum deposition, sputter 

deposition, arc vapor deposition, and ion plating, as shown Figure 4.49 Vacuum 

deposition, also referred to as vacuum evaporation or metallization, is the primary 

method used for food packaging applications (first performed in the 1920’s) and has 

been widely used since the 1970’s.50-51 

 

 

 

Figure 4. PVD processing techniques (a) vacuum evaporation, (b) and (c) sputter 

deposition in a plasma environment, (d) sputter deposition in a vacuum, (e), (f), and (g) 

ion plating in an plasma environment, and (h) ion beam-assisted deposition (IBAD).49 
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  The material to be deposited (e.g. aluminum) is heated, causing it to vaporize and 

deposit onto the surface of the substrate, such as a moving plastic film in a roll-to-roll 

process.  The metal is ejected from the molten surface and will collide with every surface 

within the chamber that has a direct line of sight with the reservoir of material.  This 

process can cause pinholes if there are any particles present due to no material being 

deposited in the “shadow” of the particle, Figure 5.  Also, a large pinhole can occur if that 

particle desorbs from the surface.  For rough surfaces, the same shadowing effect can 

cause pinholes to form, also shown in Figure 5. The coating material can be heated in a 

number of ways, but focused e-beams and resistive heating are the most common for 

temperatures above and below 1500°C, respectively.  The film is usually positioned 

relatively far away from the film as to not thermally degrade the film. A high vacuum (10-

7-10-10 Torr) is necessary to provide a sufficient mean free path to avoid collisions between 

the atoms from the thermal vaporization source and residual gas molecules near the 

substrate and to avoid film contamination.52  
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Figure 5. Geometrical Shadowing of the deposition flux by a particle on the surface and 

by surface features.50  

   

 

Copper, silver, and stainless steel can also be deposited with PVD with a 

deposition rate of 1-10 nm/s and total thicknesses in the nm to µm range. All of these 

metals have a tendency to crack, which leads to a degradation of barrier properties as the 

package is handled.  The composites are not recyclable, which adds waste to landfills.  

Opacity is a another drawback of these films, which limits their use in photovoltaics or 

screen encapsulation and leaves no way to view contents when used for food packaging.1  

The inability to microwave further limits the use of metallized film in food packaging.  

2.1.2.2 Thin Oxide Films  

Oxide films exhibit good gas barrier, but they have a tendency to crack upon 

flexing and are deposited with a vapor deposition process requiring a vacuum 

environment, much like metallization.49, 53  Because these materials have high melting 
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temperatures, it can be difficult to produce coatings on polymer substrates with low 

thermal stability, especially at a high enough rate to become economical.  While they are 

normally deposited using chemical vapor deposition (CVD), some (e.g. silicon oxide) can 

also be deposited with the PVD method discussed previously. CVD uses chemical 

precursor vapors that are reduced or decomposed at high temperatures, with the products 

either depositing onto or chemically reacting with the substrate. The deposited material 

can also form other compounds, such as nitrides and oxides, by reacting with gasses 

present in the deposition chamber.  The reaction does not come to completion due to a 

constant influx and mixing of gas, so CVD normally involves an exhaust of unused 

precursor vapors and volatile byproducts, as shown schematically in Figure 6.  Silicon 

nitride (SiNx) can be deposited using catalytic chemical vapor deposition (Cat-CVD), or 

hotwire CVD (in environments below 100°C) by using a heated catalyzer.54-55  A gas  

mixture of N2H4, N2, and SiH4 is introduced into the chamber that contains a 2% thoriated-

tungsten (TH-H) wire used to decompose hydrogen, shown schematically in Figure 7.  
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Figure 6. Schematic diagram of a Parallel Plate Plasma-Enhanced Chemical Vapor 

Deposition (PECVD) Reactor.50 

 

 

 

 

Figure 7. Schematic diagram of Cat-CVD deposition apparatus.55  
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Atomic layer deposition (ALD) is another thin film deposition method use for 

creating barrier thin films that is similar to CVD in that precursor vapors are used to 

deposit material on a surface.  In ALD, the materials are deposited one at a time.  The self-

limiting reactions create a conformal coating with a highly ordered structure.56 Recently, 

AlxOy has been deposited onto oriented polypropylene (OPP) using reactive PVD and 

exhibits an excellent oxygen permeability of 1.83 x 10-19 cm3·cm/(cm2·s·Pa), but requires 

lamination with a protective layer for packaging applications.57  SiOx films (13-70 nm 

thick) on PET have been examined for gas barrier properties and it was found that the 

permeability is much higher than bulk silica glass due to permeation through the lattice 

structure, nano-defects, and macro-defects (pinholes) in the oxide layer.58  Even so, the 

permeability of SiOx  films is slightly lower than AlxOy at 1.14 x 10-20 cm3·cm/cm2·s·Pa.59 
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2.2 Traditional Polymer Nanocomposites 

Polymer nanocomposites (PNC), for the purpose of this review, will be defined as 

a system containing polymer and a second material with at least one dimension in the 

nanometer range, which could also be a polymer.  PNCs in bulk have been studied 

extensively to stiffness, strength, toughness, thermal stability, electrical conductivity, 

electrical insulation, and gas barrier properties.60-66  In order to impart good barrier 

behavior, along with many other properties, particles must be well dispersed and have 

good interfacial adhesion with the matrix.  

2.2.1 Preparation Techniques of Traditional Nanocomposites 

Good interfacial adhesion is obtained through proper compatibility between the 

particles and the matrix; this can come from surface treatment or proper selection of 

material for the surface of nanoparticles.  Surface treatment has been used to ensure 

compatibility with matrix and provide good dispersion for many different inorganic 

particles.  Chemical treatments that react with O-H species present on the surface of the 

nanoparticles have been performed on nanoparticles with the following various coupling 

agents including organosilanes, metal alkoxides, epoxides, and isocyanates.67  Silane 

coupling agents occupy the majority of academic focus for chemical treatments of 

nanoparticles.68-75  Silane coupling agents are normally in the form RSiX3, where R is an 

organofunctional group (such as vinyl, amino, methacryloxy, and epoxy groups) and X 

represents a halide, alkoxide, acrylate, amino or alkyl group.67 The X groups form covalent 

bonds with the surface O-H groups of the nanoparticle and the attachment of the functional 

group effectively links the particles to the matrix.   Nanoparticles, such as TiO2, Al2O3, 
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Fe3O4, SiO2, and ZnO, treated with silane coupling agents have been shown to have better 

dispersion in organic solvents and polymer matrices due to a lower affinity between 

particles and increased affinity between polymer and matrix.76-77   

Grafting of synthetic polymers is another surface treatment used to improve 

adhesion and dispersion of nanocomposites. Grafting can be done in two methods, 

“Grafting from” and “Grafting to” shown schematically in Figure 8.  Grafting from the 

nanoparticle involves attaching an anchor layer onto the surface of the nanoparticle 

followed by polymerization of monomer that is introduced, which shows a higher 

percentage of successful grafts.  Grafting to is done simply by introducing an end-

functionalized polymer that will react to the nanoparticle surface.78 Adsorption of 

polymeric dispersants is one of the simplest methods to improve dispersion if adhesion is 

not an issue.  Anionic or cationic polymer dispersants are used to disperse hydrophilic 

nanoparticles (which would normally aggregate in a polymer matrix).79    

 

 

 

 

Figure 8. Presentation of grafting from and grafting to methods.80 
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The proper preparation technique is very important when trying to ensure a 

consistently well dispersed composite.  Melt-processing (melt blending) is the simplest 

method, but it does not always provide a well dispersed composite due to the formation of 

agglomerates. Solution blending uses a solvent to dissolve or suspend the polymer and 

nanoparticles to allow high mobility between the two phases for good dispersion.81  The 

solution is then cast and allowed to dry, leaving the polymer composite behind as the 

solvent evaporates.  The use of the solvent and its recovery can add significant cost to this 

fabrication method.  In-situ polymerization involves the formation of nanoparticles within 

the polymer matrix through incorporation of nanoparticle precursors, usually gas or liquid, 

into the matrix. Chemical reductions, photoreductions, and thermal decompositions have 

all been used for the insitue fabrication of nanoparticles.82 Taking this method one step 

further, it is possible to form both the polymeric matrix and the nanoparticles by injecting 

the precursor of the nanoparticles into polymerisable monomer supply, and the polymer 

matrix can be created simultaneously during the generation of nanoparticles.83 To ensure 

that naturally occurring MMT is well dispersed in a polymer matrix, clever methods have 

been used to create bulk nylon composites and multilayer thin films. 

One of the most successful polymer-clay composites is the nylon 6-clay hybrid 

(NCH) developed by Kojima and team at Toyota. By using a 4.7 wt. % loading of 

montmorillonite (MMT) clay, they were able to significantly increase its mechanical 

properties.84-85  MMT powder was mixed with hydrochloric acid (HCl) and ω-amino acid 

[H3N+(CH2)n-1 COOH, n = 2-12 and 18] in water where the ammonium ion of the ω-

amino acid was exchanged with a sodium ion of MMT.86  This swells the silicate layers 
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with ω-amino acid by “grafting to” the surface.  The clay platelets were further swollen in 

the presence of caprolactam.  Ion-exchanged MMT powder, termed “n-montmorillonite,” 

was obtained by freeze drying the solution. X-ray diffraction (XRD) was done on the 

different powders to calculate the basal spacing, explained in XRD section below.  12-

aminolauric acid was chosen because it provides a significant increase in d-spacing of the 

MMT and is widely available, shown in Figure 9.  The authors propose that the carboxylic 

acid tail of the 12-aminolauric acid hydrogen bonds with the -O- group on the clay surface. 

 

 

 

Figure 9. Illustrations of (a)12-aminolauric acid, (b) caprolactam, (c) sodium 

montmorillonite, (d) swollen montmorillonite, and (e) polycaprolactam (nylon 6)86-87 
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From this point, 12-montmorillonite and caprolactam were combined and heated 

above 250° to polymerize  caprolactam within and around the expanded montmorillonite, 

keeping the MMT platelets well separated.85 6-aminocaproic acid was used in small 

amounts as a catalyst to increase the ring opening polymerization rate of caprolactam.  

This mixture of 12-montmorillonite and polycaprolactam was found to be suitable for 

injection molding at loadings up to 7 wt% clay.  Figure 10(b) shows a TEM micrograph 

of the clay platelets which are oriented in the flow direction, dispersed, and exfoliated 

throughout.  

 

 

 

 

Figure 10. TEM micrographs of (a) 3.5 vol% MMT in epoxy with poor exfoliation and 

orientation and (b)Nylon 6 with 4.7 wt% MMT. 84, 88 

 

 

  

a b 
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2.2.2 Gas Barrier of Traditional Composites 

It has been theorized for many years that the inclusion of impermeable flakes in a 

polymer matrix would significantly reduce the overall permeability.  This was originally 

proposed by Nielsen in 1967 and later expanded upon by Cussler.89-91  Nielsen’s rational 

was that by including particles within the matrix, the diffusion path of the molecule would 

be greatly increased.  He defined a tortuosity (τ) factor of the system to be 

 𝜏 = 1 + (
𝐿

2𝑊
)ϕ (2.1) 

where L is the length of the filler particle, W is its thickness, and ϕ is the filler volume 

fraction.  As the aspect ratio (L/W) of the particles and the filler volume fraction increases, 

the tortuosity greatly increases.  This model assumes platelets of the same size uniformly 

aligned perpendicular to the direction of gas permeation.  The molecules are assumed to 

diffuse straight through the film until coming upon a platelet and then travel laterally until 

coming upon a slit (gap in platelet coverage) and immediately permeate through the slit, 

moving through the film in a staircase pattern, shown in Figure 11(a).  The permeability 

of the composite (Pc) is  

 𝑃𝑐 = 𝑃𝑝𝜏 (2.2)  

where Pp is the permeability of the polymer.  Equation 2.2 was derived for a very low 

loading of platelets (ϕ<<1).  Cussler improved upon this model with the idea that the 

oxygen molecule “wiggles” through the galleries between clay platelets as it diffuses 

through the composite.  This model also attempts to account for the resistance of the 

molecule to permeate through the slits.  Cussler’s equation for relative permeability of the 

composite is:  
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𝑃𝑝

𝑃𝑐
= 1 + 𝜇𝛼2 (

𝜙2

1−𝜙
) (2.3)  

where μ is geometric factor based on the filler, α is the aspect ratio, d/t (d is the diameter 

of the flake and t is the thickness).90   

 

 

 

Figure 11. Schematic of (a) Nielsen’s tortuosity model where Oxygen will diffuse through 

the first possible slit in the clay coverage and (b) Cussler’s model that includes diffusion 

“wiggles” between clay layers. Adapted from92   

 

 

Adding clay platelets to polymer matrices leads to a significant decrease in oxygen 

permeability, but there has been difficulty in attaining the level of oxygen barrier as 

predicted by Cussler’s model due to the challenge of adequately exfoliating clay stacks 

and appropriately aligning platelets.  Oxygen barrier improvement ranges from 2-20X 

improvement over unfilled polymer.9, 88, 93-97 One specific epoxy/clay system exhibited an 

improvement of 3 orders of magnitude over the base epoxy.  This composite was created 

by first carefully crafting a clay fabric via evaporating the water from a 5% clay solution 



 

23 

and impregnating it with epoxy.98  In the absence of heroic processing measures, it is 

atypical to exceed a 10× improvement in oxygen barrier with bulk nanocomposites. 

2.3 Layer-by-Layer Assembly 

2.3.1 Introduction to Layer-by-Layer 

The layer-by-layer deposition process began in 1966 at DuPont, when R. K. Iler 

discovered that positively and negatively-charged colloidal particles could be deposited 

onto one another alternately from suspensions, constructing a thin film on a charged 

surface.99  It was correctly assumed that multilayers could be created in this manner using 

small particles, polyvalent ions, surfactants, and water-soluble polyelectrolytes.  Using 

this method to deposit oppositely charged polyelectrolytes did not appear in literature until 

1992, when Decher and colleagues used polystyrenesulfonate and polyvinylsulfate, (i.e.,  

anionic polymers), and poly-4-vinylbenzyl-ammonium and polyallylamine, (i.e.,  cationic 

polymers).100  They demonstrated that this process could be used to construct films to at 

least 100 BL, with an average bilayer thickness of 2.3 nm.  Many other materials have 

since been used including many different synthetic and natural polymers, dendrimers, 

carbon nanotubes, graphene oxide, metals, metal oxides, various clays, quantum dots, 

ligands, nucleic acids, proteins, enzymes, viruses, and therapeutics.22, 27-30, 101-103  

Applications for LbL assembled thin films and include biomedical (tissue engineering, 

drug delivery, biosensors, anti-microbial),104 electrochemical (energy storage and 

conversion),105 superhydrophobic,20-21 anti-flammable,23-24 and films that react to light,106 

heat,107 and pH108 (in various ways).   
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Since Iler’s and Decher’s initial work, there has been significant development of 

LbL systems, but the basic premise of dip coating has remained the same: a charged 

substrate, flat or three dimensional, is submerged into a liquid containing a solution of 

oppositely charged polyelectrolyte.  The substrate remains submerged between one second 

to tens of minutes.35, 40, 109-113  There is typically rinsing after each deposited layer either 

by dipping into a container of purified water or via an active stream of rinse water.  After 

rinsing, the film is often dried with filtered air.  The rinse and dry steps are done for 

consistency in an academic setting, but are not necessary for every system.  Removing 

these steps would further simplify the process, making it a very attractive method for 

industrial applications.  Proof of concept for a large-scale continuous immersion process 

has been demonstrated on a simple homebuilt system,114 and further improvements are 

described in Chapter VI.  Two other methods that have been investigated for deposition 

of LbL systems are spray-assisted115-118 and spin-assisted29, 118-119 LbL deposition.  

Spraying provides a much different route for deposition, bringing the solution to the 

substrate instead of the substrate to the solution, as in a dip process (both shown in Figure 

12).  While spraying can easily coat a flat substrate, three dimensional substrates can 

become problematic if trying to coat conformally.  Coating of nonwoven electrospun fiber 

scaffolds was controlled by altering the flowrate of the materials.120  Increasing the flow 

rate created much fiber bridging, while lower flowrate allowed for a somewhat conformal 

coating of the outermost fibers.  Spraying allows for a plateau of adsorption for each layer 

more quickly, but reaching this plateau is not necessary to construct a function film, also, 

throughout many variables tested by Izquierdo et. al., dipping always provided a thicker 
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film.115  Spin coating can provide a more stratified film due to shear forces and solvent 

evaporation, which can both limit diffusion.  This can lead to a smoother and thinner film 

than would be obtained with dip coating.121  There are other variations to LbL deposition 

for specific purposes. Perfusion uses a dropwise addition of constituents onto a scaffold 

of dissolvable spheres that leaves behind a porous scaffold of thin film for tissue 

engineering.122-123 Hydrodynamic-dip-coating is a method used to increase deposition rate 

by agitating the solution.124 Inkjet printing assisted LbL allows selective deposition to a 

given area and allows for control by adjusting volume applied at the picoliter scale.125   

 

 

 

 

Figure 12.  Schematic of the LbL deposition process using the (a) dipping and (b) spraying 

methods.118  
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LbL deposition has several advantages over other atomic assembly methods, such 

as Langmuir-Blodgett (LB), which require expensive, specialized instrumentation, long 

construction times, and the need for amphiphilic molecules.101  LbL films can be produced 

on a lab scale under ambient conditions by simply hand-dipping a substrate into solution 

(scale up requires only simple machinery), can be deposited in a matter of seconds, and 

allows a wide range of materials choices.  In addition to electrostatic interactions, LbL 

thin films can be constructed using hydrogen bonding and hydrophilic interactions.27, 101  

LbL thin films also tend to be much more stable than LB and self-assembled monolayers 

(SAM).  These techniques often require special surface chemistries to allow formation of 

monolayers  and specific compounds are needed to allow formation of monolayers (e.g. 

thiols and silanes).126  Layer-by-layer assembly is also much safer and simpler than the 

PVD and CVD processes described in Section 2.1.2.  High temperatures, high vacuum, 

and a high sensitivity to contamination add cost and complexity to commercial vapor 

deposition processes, none of which apply to LbL deposition.  

Persuading clay, or other hydrophilic particles, to readily go into a polymer matrix 

with good dispersion and interfacial adhesion requires extensive modification and 

processing that add considerable cost and time to the process.  Even a well dispersed clay-

based PNC system produced via melt mixing has not provided more than an order of 

magnitude improvement in oxygen barrier.46, 127-131  Layer-by-layer constructed thin films 

have no compatibility issues between clay and polymer because of the electrostatic 

attractions between them.132  
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2.3.2 Gas Barrier of Layer-by-Layer Thin Films 

The first LbL thin film reported to have good oxygen barrier was constructed by 

Kotov and colleagues in 1998.132 With 50 bilayers of poly(dialyldimethylammonium 

chloride) (PDDA)/MMT (200 nm thick) on 25 µm PET, the oxygen transmission rate was 

reduced from 80 to 10 cm3/(m2·day·atm), but the moisture transmission rate was virtually 

unchanged.  The PEI/MMT nanobrick wall system, developed by Grunlan and colleagues, 

serves as a foundation for this dissertation.11, 92, 109, 133  As pH of PEI is increased, its charge 

density decreases, causing the polymer to obtain a globular conformation leading to a 

thicker deposition of PEI (MMT pH was left unaltered at ~pH 9.7).  The best oxygen 

barrier (corresponding with the thickest film) for 40 bilayers was found at pH 10 (0.34 

cm3/(m2·day·atm) at 135 nm) OTR results as shown in Figure 13(a). In a later study, the 

concentration of MMT in solution was altered and it was found that transmission rate 

decreased as MMT concentration in suspension increased from 0.2% to 2%.92  These 2% 

films showed the greatest performance with an OTR of 0.078 with only 20 bilayers, as 

shown in Figure 13(b).  The films constructed with 2% MMT suspension, however, had 

slightly reduced transparency. 
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Figure 13. OTR results for (a) 40 BL of PEIx/MMT10 with clay deposited from a 0.2 wt% 

suspension and (b) 20 BL PEI10/MMT10 with various clay suspension loadings.11, 92  

 

 

It was also discovered that a polymer-only system, PEI and poly(acrylic acid) 

[PAA], has significant gas barrier properties due to the high affinity of each polymer for 

the other creating a “scrambled salt” structure of the multilayer film.15, 134  The Tg of this 

composite was well above the Wood and Fox estimates, suggesting very strong bonds 

between the polymers chains.  In only 8 BL (451 nm thick) the film reached the 

undetectable level of commercial testing equipment, <0.005 cm3/(m2·day·atm). Various 

methods have been employed to reduce these films’ sensitivity to moisture and even 

reduce out the transmission of water vapor, including crosslinking and using an 

alternative, less hydrophilic clay, vermiculite.12, 15, 134-135 Carosio et. al. employed Nafion, 

a hydrophobic fluorinated polyanion, in conjunction with the PEI/MMT system to reduce 

the water vapor permeability of a poly(lactic acid) film by 75%.136   
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CHAPTER III  

SHIFT-TIME ASSEMBLY: FAST FILM GROWTH AND HIGH GAS BARRIER 

BY ADJUSTING DEPOSITION TIME*1 

 

3.1 Introduction 

Flexible gas barrier thin films are of particular interest for food packaging, 

pressurized systems, and flexible electronics encapsulation.1-3 The metalized plastic film 

used for food packaging suffers from cracking and the inability to be microwaved, which 

could be solved by using LbL thin films.  There are potential benefits of using light weight 

gas barrier films in various pressurized systems like sporting goods and aircraft.  Flexible 

electronic displays require a good gas barrier to protect the underlying components from 

oxidative degradation. When considering implementation of layer-by-layer technology for 

these applications, the adage “time is money” holds true.  In this case, it could be said that 

processing time is money.  Layer-by-layer has traditionally been a slow process, with 

deposition times per layer ranging from 30 seconds to 25 min.35, 40, 112-113, 115  Faster 

methods for deposition include spraying115, 117, 137 and spin coating119, but traditional 

immersion (or dipping) remains a viable option if shorter deposition times and fewer 

layers can be used.  In an effort to reduce processing time, the “shift-time” method was  

                                                 

*Reprinted with permission from Hagen, D. A.; Foster, B.; Stevens, B.; Grunlan, J. C. 

Shift-Time Polyelectrolyte Multilayer Assembly: Fast Film Growth and High Gas Barrier 

with Fewer Layers by Adjusting Deposition Time. ACS Macro Lett. 2014, 663-666.  

Copyright 2014 American Chemical Society. 
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developed to reduce the number of layers needed to achieve a desired property and reduce 

the exposure time for each layer.  By reducing the processing time of initial layers, a 

sufficient film thickness to attain an undetectable oxygen barrier was constructed with 

fewer layers. This novel approach is illustrated in Figure 14.   

 

 

Figure 14.  Schematic of the shift-time layer-by-layer dipping process used to achieve 

thicker films, with fewer layers, without altering the ingredients used.   

 

 

3.2 Experimental  

Poly(acrylic acid) (PAA) (Mw = 100,000 g/mol, ρ=1.20 g/cm3), purchased from 

Sigma Aldrich (Milwaukee, WI), was used as a 0.2 wt% solution in DI water and adjusted 

to pH 4.0 using 1M NaOH.  Branched polyethylenimine (PEI) (Mw = 25,000 g/mol, 

ρ=1.10 g/cm3) was also purchased from Sigma-Aldrich and used as a 0.1 wt% DI water 

solution, adjusted to pH 10.0 using 1M HCl.  
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Poly(ethylene terephthalate) (PET) film, with a thickness of 179 μm (trade name 

ST505, produced by Dupont-Teijin), was purchased from Tekra (New Berlin, WI) and 

used as the substrate for oxygen transmission rate testing.  This PET film has an OTR of 

approximately 9 cm3/(m2·day·atm) under dry conditions.  Prior to deposition, PET 

substrates were rinsed with methanol and DI water, followed by treatment of each side of 

the substrate using a BD-20C Corona Treater (Electro-Technic Products, Inc., Chicago) 

to ensure an adequate negative surface charge.  Polished silicon wafers were purchased 

from University Wafer (South Boston, MA) and were used as substrates for ellipsometry 

and profilometry.  They were treated with piranha solution in a 3:1 mass ratio of 30% 

hydrogen peroxide to 99% sulfuric acid and stored in deionized (DI) water [Caution! 

Piranha solution should be handled with extreme caution!].  Silicon wafers were rinsed 

with acetone and DI water prior to deposition.   

Each substrate was dipped into the cationic PEI solution for the designated dip 

time (i.e. one second or one minute).  After this, and every subsequent dip, the substrate 

was pulled through a curtain of DI water at a speed of 25 mm/s to rinse off excess solution 

and then similarly dried with filtered air at a speed of 2.5 mm/s.  The total time between 

each solution immersion was approximately 1 min.  The substrate was then dipped into 

the anionic PAA solution for the same duration, which completed a single bilayer dipping 

cycle, as illustrated in Figure 14.  For gradient deposition, 51 mm wafer sections were 

submerged into and immediately removed from solutions at a speed of 102 mm/min, so 

the resulting films were deposited with a linear gradient of dip times (0 to 1 min) along 

the wafer (Figure 15(b)).  This method demonstrates the thickness trends, but actual 
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thickness values referenced in the text are taken from discrete wafers shown in Figure 

15(a), which were constructed in the same manner as the films tested for OTR.  

Thickness measurements were taken as a function of layers deposited using an α-

SE spectroscopic ellipsometer (J.A. Woodlam Co, Inc., Lincoln, NE). For the gradient 

films, thickness was measured with a P-6 profilometer (KLA-Tencor, Milpitas, CA).  

Multiple scratches were made at each position so that height from the leveled substrate 

could be taken. All thickness values reported are an average of three measurements, and 

growth rates were calculated using linear regression.  OTR testing was performed 

according to ASTM D-3985 specifications by MOCON (Minneapolis, MN) using an 

Oxtran 2/21 ML instrument at testing conditions of 23 °C and 0% RH.   

3.3 Results and Discussion 

The polyethylenimine (PEI)/poly(acrylic acid) (PAA) system has been shown to 

grow exponentially with one-minute dips when PEI is at pH 10 and PAA is at pH 4.15 

Each polymer is weakly charged at these pH levels, causing the polymer chains to assume 

a globular conformation due to minimal self-repulsion. For the deposition of PAA onto a 

PEI covered surface, the deposited PEI becomes highly charged in the pH 4 PAA solution, 

which requires more PAA to deposit to satisfy this charge.  Likewise, the PAA surface 

also becomes highly charged in the alternate solution, causing more PEI to deposit.  The 

complementary nature of these pH conditions allows for exponential growth.  Eight 

PEI/PAA bilayers, deposited on a 175 µm PET substrate, is 651 nm thick and exhibits an 

undetectable oxygen transmission rate (OTR <0.005 cm3/(m2·day)), which is three orders 

of magnitude lower than uncoated PET.15  
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The influence of dip time on the growth of PEI/PAA assemblies was evaluated 

using a robotic system that dipped the entire substrate for the first n bilayers and then 

lessened the submersion depth incrementally for each successive bilayer.138  This 

procedure created 6 mm stripes that allowed measurement of thickness as a function of 

bilayers deposited, as shown in Figure 15(a). The colors observed on the silicon wafers 

are the result of constructive interference of the light reflecting off the film surface and 

underlying silicon surface, where different colors indicate different thickness.  In order to 

examine the influence of a continuous range of dip times (0-60 seconds), a deposition time 

gradient was generated along a single wafer by submerging and removing the entire wafer 

at a given speed, as shown in Figure 15(b).  The thickness data from these wafers show 

that longer dip times create thicker films, which agrees with previous work where it was 

shown that the growth rate (i.e., thickness change per bilayer) is a result of the time-

dependent polymer diffusion process.35-36, 137  It should be noted that before these films 

reach a critical thickness, shorter dip times lead to thicker growth.  These polymers deposit 

as coils, but as the films are held in solution some polymer chains are rejected from the 

surface.  The remaining chains flatten onto the surface, obtaining a more 

thermodynamically stable conformation with more of the charged groups paired with 

surface charges.139 As layers are deposited, diffusion into the film allows for much thicker 

deposition, but the relaxation phenomenon causes the longer dip times to have a very slow 

initial growth period.  For exponentially growing LbL films, the growth rate increases as 

bilayers are deposited due to the additional amount of underlying film into which the 

polymer can diffuse.  When the film no longer becomes saturated at a given deposition 
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time, the growth transitions from exponential to linear.  The final linear growth rate is 

diffusion limited, with longer depositions providing larger growth rates.35  For the films 

deposited in shorter intervals, there is almost no transition, and the final linear growth is 

obtained after only 3 bilayers. These films have the highest growth rate for the first few 

bilayers due to a limited time for chain relaxation, leaving a thick tightly-coiled layer.  

Although they reach this final linear growth regime with the fewest number of BL, the 

shorter dip time films have the smallest final growth rate due to limited diffusion of 

polymer into the underlying film.  

 

 

 

Figure 15. Images of PEI/PAA thin film assemblies on silicon wafers with (a) different 

dip times for each wafer and stripes of different bilayers and (b) wafers of different 

numbers of bilayers with a gradient of dip time. (c) Profilometer thickness of gradient 

wafers at different numbers of bilayers. Colored diamonds in (b) correspond to the same 

colors in (c).  This thickness data was acquired with profilometry. 
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The shift-time method takes advantage of the high initial growth rate of the short 

deposition time and the high linear growth of the longer deposition time by initiating the 

film growth with a short dip time and then transitioning to a longer dip time.  One-second 

and one-minute exposures are used because these correspond to the extrema of the trends 

observed within this time domain.  The first four bilayers were deposited with one-second 

dips to quickly build enough material to support the full diffusion of one-minute dips.  

Figure 16 shows that the growth rate of the shift-time film (260 nm/BL), during one-

minute dips, nearly matches that of the film that was constructed entirely with one-minute 

dips (280 nm/BL), but shift-time achieved a similar thickness with two fewer bilayers, 650 

nm at 8 BL and 552 nm at 6 BL, respectively. Furthermore, the total deposition time for 8 

bilayers with one-minute dips is 16 minutes, while a 6 BL shift-time assembly, having 

comparable thickness, reduced deposition time to approximately 4 minutes.   
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Figure 16.  Thickness as a function of PEI/PAA bilayers deposited with one-minute, one-

second, and shift-time depositions, where the first 4 BL of the shift-time film are one 

second and the succeeding layers are one minute.  This thickness data was acquired with 

ellipsometry.  

 

 

Figure 17 shows oxygen transmission rate as a function of bilayers deposited.  The 

films deposited with one-second dips show an order of magnitude improvement over the 

bare PET substrate at four bilayers, while the films produced with one-minute deposition 

showed relatively little improvement due to the thin growth through five bilayers.  The 

shift-time film shows a significant improvement in barrier performance from the 4th to the 

5th bilayer, which is its first one-minute deposition BL.  Only shift-time assemblies achieve 

the undetectable OTR limit of 0.005 cm3/(m2·day) at 6 BL, which is more than 3 orders 

of magnitude lower than  over the 179 µm PET substrate. This 552 nm thick film exhibits 

the greatest oxygen barrier reported in the literature for an LbL film comprised of 12 (or 

fewer) total layers (i.e., 6 BL). In many cases, the OTR achieved with five bilayers (0.016 
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cm3/(m2·day)) would be enough for many packaging applications and could be deposited 

roll-to-roll with a flexographic or multilayer slot printer.140  

 

  

Figure 17. Oxygen transmission rate as a function of PEI/PAA bilayers deposited with 

one-minute, one-second, and shift-time dips, where the first 4 BL of the shift-time film 

are one second and the succeeding layers are one minute.  The shaded background 

represents the undetectable range of OTR testing equipment (<0.005 cm3/(m2·day)).  

 

 

3.4 Conclusions 

The shift-time method presented here is a novel way of taking advantage of the 

various methods in which polyelectrolytes are deposited in an exponentially growing 

system. By understanding the initial adsorption and relaxation driving forces in the initial 

layers and the effect of diffusion of a polymer into a film after substantial material is 

deposited, the 6 BL shift time-film was able to perform as well as the normal 8 BL film, 

while reducing the deposition time by 73%.  These results, in addition to the myriad of 

useful properties that can be obtained with LbL thin films, should aid in the adoption of 

layer-by-layer into commercial processes.   
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CHAPTER IV  

SIMILARLY CHARGED MULTILAYERS*2 

 

4.1 Introduction 

The LbL process has been used to create very good barriers using bilayer (BL) and 

quadlayer (QL) systems that utilize impermeable nanoplatelets (e.g., clay and graphene 

oxide), each approximately 1 nm thick with aspect ratios up to several thousand, to create 

an extremely tortuous pathway for diffusion of gas molecules.11-16 The water based nature 

of the layer-by-layer process allows for partially exfoliated and oriented clay platelets to 

be deposited every cycle, generating a nanobrick wall structure. This structure provides 

superior properties over bulk composites where aggregation and random orientation lead 

to increased opacity and greater gas permeability.13  The traditional method of 

constructing LbL thin films involves alternately depositing layers from oppositely charged 

solutions.10  One disadvantage of this approach is the incomplete coverage of a surface 

due to the rigidity of clay platelets.  In the present study, we show that succeeding the 

anionic clay layer with a similarly charged polymer layer significantly improves the gas 

barrier by filling in the gaps between clay platelets of the same layer. A trilayer (TL) 

system consisting of the cationic polyethylenimine (PEI), anionic montmorillonite clay 

(MMT), and anionic poly(acrylic acid) (PAA) is used to create super gas barrier nanobrick 

walls.  A trilayer system, similar to that examined here has recently been studied to  

                                                 

*Reproduced from Ref. 141 with permission from the Royal Society of Chemistry. 

Copyright 2014 Royal Society of Chemistry. 
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combine the exponential growth of all polymer systems with the flame retardant behavior 

of montmorillonite clay.142  Our focus here, however, is on gas barrier properties.  At 

comparable thickness to PEI/MMT bilayers, these PEI/MMT/PAA trilayers achieve an 

oxygen transmission rate that is more than an order of magnitude lower.  

4.2 Experimental 

4.2.1 Materials 

Natural sodium montmorillonite clay (MMT, trade name Cloisite NA+) provided 

by Southern Clay Products, Inc. (Gonzales, TX), was dispersed as a 1 wt% suspension in 

deionized (DI) water by rolling solutions in bottles overnight.  MMT platelets have a 

reported density of 2.86 g/cm3, diameter ranging from 10-1000 nm, and thickness of 1 

nm.143  Poly(acrylic acid) (PAA) (Mw = 100,000 g/mol, ρ=1.20 g/cm3), purchased from 

Sigma Aldrich (Milwaukee, WI), was used as a 0.2 wt% solution in DI water.  Branched 

polyethylenimine (PEI) (Mw = 25,000 g/mol, ρ=1.10 g/cm3) was also purchased from 

Sigma-Aldrich and used as a 0.1 wt% DI water solution.  

4.2.2 Substrates 

Poly(ethylene terephthalate) (PET) film, with a thickness of 179 μm (trade name 

ST505, produced by Dupont-Teijin), was purchased from Tekra (New Berlin, WI) and 

used as the substrate for oxygen transmission rate (OTR) testing and transmission electron 

microscopy (TEM). This PET film has an OTR of approximately 8.6 cm3/(m2·day·atm) 

under dry conditions.  Polished silicon wafers were purchased from University Wafer 

(South Boston, MA) and were used as substrates for ellipsometry and atomic force 

microscopy.  They were treated with piranha solution in a 3:1 mass ratio of 30% hydrogen 
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peroxide to 99% sulfuric acid and stored in deionized (DI) water [Caution! Piranha 

solution should be handled with extreme caution!].  Silicon wafers were rinsed with DI 

water, acetone, and then DI water immediately before use.  Prior to deposition, PET 

substrates were rinsed with DI water, methanol, and then DI water, followed by treatment 

of each side of the substrate using a BD-20C Corona Treater (Electro-Technic Products, 

Inc., Chicago) to ensure an adequate negative surface charge before coating.   

4.2.3 Layer-by-Layer Assembly  

Each substrate was dipped into the cationic 0.1 wt% PEI solution (adjusted to pH 

10.0 using 1 M HCl) for 5 minutes.  After this, and every subsequent dip, the substrate 

was rinsed with DI water and dried with filtered air.  The substrate was then dipped into 

the anionic MMT suspension (unaltered pH of ~9.7) for five minutes, which completed a 

single bilayer (BL) dipping cycle, as illustrated in Figure 18.  When depositing trilayer 

films, the substrate was dipped into the anionic PAA solution (adjusted to pH 4.0 using 

1M NaOH) for 1 minute to complete a TL cycle.  All subsequent dips were 1 minute, 

following the sequence described above.   After the final rinsing and air drying, the films 

deposited on PET were dried in an oven at 70°C for 15 min.  
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Figure 18. Illustrations of (a) the LbL dipping process and (b) nanobrick wall structures 

built from alternate adsorption of PEI (green) and MMT (orange) for the BL system (top) 

and PEI, MMT, and PAA (blue) for the TL system (bottom).  
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4.2.4 Characterization 

Thickness measurements were taken as a function of layers deposited using an α-

SE spectroscopic ellipsometer (J.A. Woodlam Co, Inc., Lincoln, NE). Mass deposition 

onto Ti/Au plated quartz crystals was measured using a Research Quartz Crystal 

Microbalance (QCM) (Maxtek Inc., Cypress, CA).  Density was calculated by dividing 

the mass/area obtained with QCM by the film thickness.  Data for clay mass deposition 

were taken between 10 and 20 cycles to avoid substrate effects.  Visible light was 

measured using a USB2000-UV−Vis Spectrometer (Ocean Optics, Dunedin, FL).  Atomic 

force microscopy data (AFM) was acquired using a Dimension Icon AFM (Bruker, 

Billerica, MA) in tapping mode with an HQ:NSC35/Al BS probe (Mikromasch, Lady's 

Island, SC).  Root mean square roughness (rms) measurements were taken from a 20µm 

x 20µm area.  OTR testing was performed according to ASTM D-3985 specifications by 

MOCON (Minneapolis, MN) using an Oxtran 2/21 ML instrument at testing conditions of 

23 °C and 0% RH.  Samples for TEM were prepared by embedding the film in Epofix 

(EMS, Hatfield, PA) resin overnight and cutting sections, using an Ultra 45° diamond 

knife (Diatome, Hatfield, PA), onto 300 mesh copper grids.  TEM micrographs of the thin 

film cross sections (~90 nm thick) were imaged using a Tecnai G2 F20 (FEI, Hillsboro, 

OR) at an accelerating voltage of 200kV. 

4.3 Results and Discussion 

4.3.1 Film Growth  

Figure 19 compares the thickness of PEI/MMT bilayers and PEI/MMT/PAA 

trilayers.  The polymer/clay bilayers increase in thickness linearly at 4.0 nm/BL (Figure 
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19(a)).  When PAA is employed as a third layer in each deposition cycle, the growth rate 

increases slightly to 5.2 nm/TL for two reasons. PAA deposits onto the exposed areas of 

PEI between MMT platelets via electrostatic attraction.  Any exposed PEI is at a more 

highly charged state in the PAA solution (pH 4) than it was in the MMT solution (pH 9.7), 

aiding in the attraction of PAA.  Secondly, PAA carbonyls can hydrogen bond with MMT 

hydroxyl groups at low pH due to the minimal electrostatic repulsion between weakly-

charged PAA chains and MMT platelets.142, 144-145 PAA fills in the gaps of the MMT layer 

which provides a more uniform, negatively charged surface on which the following layer 

of PEI can deposit, which contributes to the increased thickness of the trilayer system.  
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Figure 19. (a) Thickness and (b) mass of PEI/MMT bilayer and PEI/MMT/PAA trilayer 

systems as a function of deposition cycles.  

 

 

The mass of the trilayer film per cycle is significantly greater than that of the 

bilayer film (Figure 18(b)) due to PAA occupying free volume that cannot be filled by the 

relatively large, rigid clay platelets.  This higher packing efficiency for the trilayer system 

is verified by examining the density of both thin films. After 20 cycles the bilayer system 

has a density of 1.39 g/cm3, compared to a density of 2.30 g/cm3 for the trilayer system. 

In addition to filling in voids between MMT platelets, PAA can diffuse into underlying 

PEI layers via an in and out diffusion mechanism that is commonly observed in 

exponentially growing thin films.33, 146-147  A previous study showed that a 10 BL film of 
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PEI/PAA has a thickness greater than 1 μm and a mass of approximately 140 µg/cm2 due 

to the large amount of diffusion of each of the polymers into the film.15 The thickness and 

mass of this all-polymer system are more than an order magnitude greater than that of the 

clay filled TL system.  This is because PAA cannot diffuse directly through the MMT 

platelets, which inhibit the exponential growth observed in the all polymer system.12 

However, the exposed areas of PEI between clay platelets allow some diffusion of PAA 

into the film which could increase the mass of the system.  The subsequent layer of PEI 

not only has a smooth anionic surface of MMT and PAA on which to deposit, but also has 

soft areas of PAA into which it can diffuse, whereas in the PEI/MMT bilayer, it is only 

attracted to the MMT covered surface.  In the previous study of this trilayer system (for 

flame retardant properties), in which a 0.2 wt % solution of clay was used, the mass of 10 

TL was approximately five times the mass of the 10 TL system measured here.  This is 

presumably due to a lower number of clay platelets being deposited and increased 

diffusion of PAA into the underlying PEI. In the present study, there is an average of 65% 

more clay deposited in the TL system per cycle than in the BL system (0.84 μg/cm2 and 

0.51 μg/cm2 respectively, Figure 20) which means there is better lateral packing of clay 

platelets and/or more platelets (or stacks) deposited on top of each other every layer.  This 

is most likely a result of a more uniform PEI layer that deposits onto the MMT/PAA 

surface, where the bilayer system may have gaps in the coverage resulting in a lower net 

attraction of MMT platelets (illustrated schematically in Figure 18(b)). 
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Figure 20. (a) Thin film mass after polymer and MMT depositions for the bilayer 

(PEI/MMT) and trilayer (PEI/MMT/PAA) systems and (b) the same systems using high 

molecular weight PEI. 

 

 

Interestingly, if the order of MMT and PAA is switched (e.g. PEI/PAA/MMT) the 

film’s morphology changes completely.    The thickness of this reversed trilayer system is 

the same as that of PEI/PAA, and no additional mass is detected during the MMT 

deposition.  Therefore, we conclude that MMT does not deposit onto a PAA covered 

surface at the given pH conditions.  At the supramolecular level, the PAA-MMT attraction 

could stem from either electrostatic interaction or hydrogen bonding; given that they are 

both negatively charged, the electrostatic force is repulsive.  PAA, unlike the relatively 

large MMT platelets, completely covers and uniformly reverses the charge of the PEI 

covered surface, leaving no exposed PEI to attract MMT.15  Furthermore, hydrogen 

bonding between PAA and MMT does not occur at the high pH condition (9.7) of the 
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MMT solution due to PAA becoming highly charged.142, 144-145 Therefore, MMT platelets 

are repelled from the surface in the PEI/PAA/MMT coating sequence. 

4.3.2 Film Morphology 

TEM images of a microtomed 20 TL film (Figure 21 (a-c)) highlight the high level 

of ordering of these nanobrick walls.   Montmorillonite clay platelets, about 1 nm thick 

and 100 nm in diameter,143 possess high electron density due to the aluminum, magnesium 

and silicon atoms that cause them to appear as dark lines in these images.  The polymers 

present (PEI, PAA, supporting PET film, and epoxy support) have much lower electron 

density and therefore appear brighter in the micrographs. There are many more clay 

platelets seen (~45-Figure 21(a)) through the thickness of the film than there were 

deposition cycles (20), which demonstrates that each deposition cycle does not deposit 

only one discrete layer of clay platelets along the surface. It is likely that doublet and 

triplet stacks of clay platelets are deposited every cycle, due to only partial exfoliation in 

solution, and the mobility of the successive polymer is high enough to intercalate these 

stacks on the surface.  A stack of 5 MMT platelets is shown (Figure 21(c), bottom, dashed). 

The stack is deposited at the bottom of the film with no platelets directly to its left.  A 

second stack of three platelets appears higher in the image and does not align with the 

surrounding platelets. The average thickness of the 20 TL film as measured from TEM 

images (94 ± 13 nm (n=50)) is in good agreement with ellipsometry measurements (Figure 

19(a)).  The clay platelet spacing within the film is rather uniform, as demonstrated by the 

Fourier Transform analysis taken from the entire thickness of the image (Figure 21(a) 

inset). The TEM images of the bilayer film reveals highly aligned platelets, but also lighter 
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areas between some of the clay platelets indicating gaps in the nanobrick wall structure 

(Figure 21(d)). 

 

 

 

Figure 21. (a) TEM cross section of a 20 PEI/MMT/PAA trilayer film prepared using a 

microtome and Fourier Transform inset. The white rectangle in (a) is shown at higher 

magnification in (b), and stacks of MMT platelets within the film are shown in (c).  (d) 

Cross section of part of a 20 BL film.  

 

 

The bilayer film surface is rougher than the trilayer surface (rms roughness values 

of 19.5 nm and 15.7 nm, respectively) due to PAA filling in the gaps between MMT 

platelets, as illustrated in Figure 18(b).  The surface of a 10 trilayer film was imaged before 
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and after the final PAA depostion to demonstrate the partial deposition of PAA onto a the 

MMT surface.  AFM phase images represent the phase shift (delay) of the cantelever 

compared to its free oscillation.  This delay can be caused by soft or viscoelestic 

materials,148  such as PAA, that appears as lighter areas in Figure 22.  There is a stark 

contrast between the phase images between the MMT covered surface and the MMT/PAA 

covered surface (Figure 22), which should not be confused with topogrophy (the surface 

is in fact slightly rougher before the PAA deposition). There are regions where the PAA 

deposition is less concentrated, which could be areas of greater clay platelet coverage and 

PAA is only attracted to the surface via hydrogen bonding.  

It should be noted that a 20 TL film, with a thickness of 106 nm, has an average 

light transmission of 95% across the visible light spectrum (390-750 nm).  This high level 

of transparency is a key requirement for electronic display encapsulation and is desirable 

for many food packaging applications.3  It is the high level of orientation of the clay within 

the composite film that makes this exceptional transparency possible.   

 

 



 

50 

 

Figure 22. AFM phase images of 10 TL of PEI/MMT/PAA (a) before the final layer of 

PAA is deposited and (b) with the final layer of PAA deposited. 

 

 

4.3.3 Gas Barrier Properties 

The difference in gas barrier properties between the bilayer and trilayer nanobrick 

walls is more pronounced than the differences in thickness and mass (Figure 19).  Oxygen 

transmission rates for both systems are summarized in Figure 23.  While 5 BL shows only 

a small reduction in oxygen transmission rate over the bare PET support (OTR is 7.3 and 

8.5 cm3/m2·day, respectively), the 5 TL thin film shows nearly a factor of three 

improvement. Furthermore, a 10 TL film has lower OTR than 20 BL despite having half 

as many clay depositions.  20 TL is at the detection limit of commercial equipment (0.005 

cm3/m2·day), a 1600× improvement over 179 μm PET (8.6 cm3/(m2·day·atm)).  The OTR 

of 20 TL is nearly one order of magnitude lower than that of 20 BL.   
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Figure 23. Oxygen transmission rates for PEI/MMT bilayers and PEI/MMT/PAA 

trilayers as a function of bilayer or trilayer sequences deposited. 

 

 

This improvement comes from the inclusion of more clay platelets per deposition 

cycle and also from the free volume reduction discussed previously, which slows the 

diffusion of oxygen molecules through the film.  Having more platelets deposited every 

cycle provides smaller gaps between platelets on the same plane and/or more platelets to 

diffuse around vertically.  Both of these scenarios create a more tortuous path for oxygen 

molecules, leading to better barrier performance.  The permeability of the 20 TL film is 

extremely low (1.21 x 10-21 (cm3·cm/cm2·s·Pa) in Table 2) at a thickness of only 105.8 

nm.  Thin film permeability is decoupled from the substrate permeability using a 

previously described method.89 
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Table 2. Thickness, oxygen transmission rate, and film permeability for PEI/MMT BL 

and PEI/MMT/PAA TL systems. 

 

  Film Thickness 

(nm) 

OTR 

(cm3/m2·day) 

Film Permeability 

(cm3·cm/cm2·s·Pa) 

Cycles TL BL TL BL TL BL 

5 25.3 13.8 3.271 7.316 3.08 x 10-19 1.68 x 10-18 

10 56.3 44.5 0.034 0.843 4.39 x 10-21 9.52 x 10-20 

15 73.2 61.9 0.008 0.175 1.34 x 10-21 2.53 x 10-20 

20 105.8 77.4 0.005 0.037 1.21 x 10-21 6.57 x 10-21 

 

 

4.4 Conclusions 

Here it was shown that that the addition of a polymer layer with similar charge as 

clay fills uncovered spaces in the nanobrick wall and dramatically increases oxygen barrier 

properties by reducing the free volume.  The exceptionally high oxygen barrier exhibited, 

coupled with high transparency, ease of fabrication, and mechanical flexibility, makes 

these films well suited for pressurized systems, food packaging, and flexible electronics. 
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CHAPTER V  

CONTROLLING PACKING OF CLAY BY ALTERING PH*3  

 

5.1 Introduction 

There are many parameters that can be altered during deposition of layer-by-layer 

thin films to further tailor the final thin film morphology (concentration, pH, solution 

temperature, ionic strength, charge density, molecular weight, and polymer chain 

architecture).10, 101  In the LbL literature, many studies have examined the influence of 

polyelectrolyte solution pH on the resultant thin film growth rate and morphology.11, 36, 

149-150 In addition to changing the charge density and resultant configuration of the polymer 

in an aqueous solution, altering one solution pH will also affect the charge density of the 

exposed polymer chains of the previously deposited layer.15, 151-152   

The present study shows that altering pH of the aqueous clay suspension changes 

the amount of clay deposited in the nanobrick wall structure (i.e., clay nanoplatelet bricks 

and polymer mortar).  In the case of montmorillonite (MMT) clay platelets, charge density 

does not dramatically change with regard to suspension pH, but altering the pH of the clay 

alters the previously deposited polyethylenimine (PEI) layer.  PEI is very highly charged 

at low pH and has only a low charge density at high pH.153  Thicker polymer layers are 

deposited at pH 10 because PEI assumes a coiled conformation due to minimal self- 

                                                 

*Reprinted with permission from Hagen, D. A.; Saucier, L.; Grunlan, J. C. Controlling 

Effective Aspect Ratio and Packing of Clay with pH for Improved Gas Barrier in 

Nanobrick Wall Thin Films. ACS Appl. Mater. Interfaces 2014, 6 (24), 22914-22919.  

Copyright 2014 American Chemical Society.  
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repulsion in its low charge state.11  MMT generates a basic pH (~10) in water, but adjusting 

it to a lower pH causes the previously deposited PEI to become highly charged, driving 

more clay to be deposited. An increase in the thickness of PEI/MMT bilayers (BL), as the 

MMT suspension pH is reduced, is shown schematically in Figure 24(a).  More clay in 

each deposited layer leads to exceptional oxygen barrier, and these nanobrick wall 

structures (MMT bricks with PEI mortar) also exhibit flexibility and high transparency 

that are desirable in barrier applications for food packaging, flexible electronics, and 

pressurized bladders.1-3  Traditional barrier layers, such as metallized plastic or inorganic 

oxides (e.g., SiOx), require complex processing and are prone to cracking and pinholes.5-6
  

The polymer-clay nanocomposite thin films explored here are capable of reducing the 

amount of material used, while providing a more aesthetic (transparent) film, using a lower 

energy and environmentally-friendly process.  
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Figure 24. (a) Illustration of clay deposition onto PEI surface as a function of clay 

suspension pH, (b) schematic of layer-by-layer deposition process, and (c) zeta potential 

of MMT clay as a function of pH. 

 

 

5.2 Experimental 

5.2.1 Materials 

Branched polyethylenimine (Mw = 25,000 g/mol, ρ=1.10 g/cm3) was purchased 

from Sigma-Aldrich (St. Louis, MO) and used as a 0.1 wt% DI water solution. Natural 

sodium montmorillonite clay (trade name Cloisite NA+), provided by Southern Clay 

Products, Inc. (Gonzales, TX), was dispersed as a 1 wt% suspension in deionized (DI) 

water by rolling in bottles overnight.  MMT platelets have a reported density of 2.86 g/cm3, 

diameter ranging from 10-1000 nm, and thickness of 1 nm.143  Zeta potential of MMT 
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suspensions was measured with a Zeta Phase Angle Light Scattering (ZETA PALS) 

instrument (Brookhaven Instruments Corporation, Holtsville, NY).  

5.2.2 Substrates 

Poly(ethylene terephthalate) (PET) film, with a thickness of 179 μm (trade name 

ST505, produced by Dupont-Teijin), was purchased from Tekra (New Berlin, WI) and 

used as the substrate for oxygen transmission rate (OTR) testing and transmission electron 

microscopy (TEM).  This PET film has an OTR of approximately 8.6 cm3/(m2·day·atm) 

under dry conditions.11  Prior to deposition, PET substrates were rinsed with methanol and 

DI water, followed by treatment of each side of the substrate using a BD-20C Corona 

Treater (Electro-Technic Products, Inc., Chicago, IL) to ensure an adequate negative 

surface charge before coating.  Polished silicon wafers, purchased from University Wafer 

(South Boston, MA), were used as substrates for profilometry and atomic force 

microscopy (AFM).  Silicon wafers were rinsed with acetone and DI water and then 

plasma treated for five minutes immediately before use.  Thin films to be used for 

thermogravimetric analysis (TGA) were deposited onto polytetrafluoroethylene (PTFE) 

sheets purchased from McMaster-Carr (Elmhurst, IL).  The PTFE sheets were rinsed with 

ethanol and water, but corona treatment was omitted to cause weaker adhesion and 

ultimately produce freestanding films. 

5.2.3 Layer-by-Layer Assembly Procedure 

All deposition was carried out at room temperature by an automated dipping 

system.138  Each substrate was dipped into the cationic 0.1 wt% PEI solution (adjusted to 

pH 10.0 using 1 M HCl) for one minute.  After this, and every subsequent dip, the substrate 
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was rinsed with DI water and dried with filtered air.  The substrate was then dipped into a 

1 wt% anionic MMT clay suspension for one minute (adjusted using 1M HCl), which 

completed a single bilayer (BL) dipping cycle, as illustrated in Figure 24(b).  This process 

was repeated until x bilayers were obtained, denoted as [PEI10/MMTy]x, where y is the 

MMT suspension pH. After the final rinsing and air drying, the films deposited onto PET 

were dried in an oven at 70°C for 15 min.   

5.2.4 Thin Film Characterization 

Film thickness was measured as a function of bilayers deposited with a P6 

profilometer (KLA-Tencor, Milpitas, CA). Multiple scratches were made through each 

film so that height from the leveled substrate could be measured, and each data point 

reported is an average of values from three wafers.  Mass deposition onto Ti/Au plated 

quartz crystals was measured using a Research Quartz Crystal Microbalance (QCM) 

(Maxtek Inc., Cypress, CA) by measuring the resonant frequency value of the crystal after 

every drying step.  Atomic force microscopy (AFM) was performed with a Dimension 

Icon AFM (Bruker, Billerica, MA) in tapping mode with an HQ:NSC35/Al BS probe 

(Mikromasch, Lady's Island, SC).  Root mean square roughness (Rq) measurements were 

taken from a 20µm x 20µm area. TGA was performed with a Q50 Thermogravimetric 

Analyzer (TA Instruments, New Castle, DE).  200 BL films on PTFE substrates were 

soaked in DI water overnight and scraped off using a razor blade in a sweeping motion to 

ensure the substrate was not scraped off with the film.  The film was heated at 10°C/min 

to 120°C and held for an hour to remove all excess moisture.  The film was then heated at 

the same rate to 650°C and held for an hour. Clay concentration was calculated as the mass 
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remaining at the end of the test divided by the mass at the end of the 120°C holding period.  

OTR testing was performed according to ASTM D-3985 specifications by MOCON 

(Minneapolis, MN) using an Oxtran 2/21 ML instrument at 23 °C and 0% RH.  Samples 

for TEM were prepared by embedding the film in Epofix resin (EMS, Hatfield, PA) 

overnight and cutting sections, using an Ultra 45° diamond knife (Diatome, Hatfield, PA) 

at a 6° angle, onto 300 mesh copper grids.  TEM micrographs of the thin film cross sections 

(~90 nm thick) were imaged using a Tecnai G2 F20 (FEI, Hillsboro, OR) at an accelerating 

voltage of 200kV. 

5.3 Results and Discussion 

5.3.1 Influence of pH on Film Growth 

Using two polymers that have inherently low charge densities in their own 

solution, but become highly charged when exposed to the pH condition of the other 

solution, allows for very thick multilayer growth.15  The high surface charge of the 

previously deposited polymer layer causes a thick deposition of the following layer in 

order to satisfy this imparted charge.  This technique has primarily been used for weak 

polyelectrolytes,101 but the same concept can be used to increase the growth rate of a 

polymer/nanoparticle system.151  In the present study, PEI at pH 10 is combined with 

MMT at varying pH.  Figure 24(c) shows that the zeta potential of MMT platelets in 

aqueous suspension is not highly dependent upon pH, fluctuating between -30 and -50 mV 

in the pH range of 3-11, which is due to the dominating permanent negative charge of the 

MMT platelet basal planes (as a result of isomorphic substitutions).154 The amphoteric 

edge sites are positively charged below and negatively charged above pH 6.5, but have 
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only a small influence on zeta potential.154  In contrast, polyethylenimine charge density 

is highly dependent upon pH.153 At pH 10 there is less than 5% protonation, but many of 

the amine groups become protonated as the pH decreases (approximately 60% protonation 

at pH 4).153   

In an effort to deposit more MMT platelets in a given deposition cycle, the pH of 

the clay suspension was reduced, which dramatically increased the charge density of the 

previously deposited PEI layer.  This increase in charge density attracts more clay platelets 

to the surface, creating a thicker, more densely-packed layer, shown schematically in 

Figure 24(a). The PEIx/MMT9.7 (the unaltered MMT suspension is pH 9.7) system was 

previously studied to examine the influence of  PEI pH on film growth.11  The thickest 

growth was achieved at pH 10, with a linear growth rate of approximately 3 nm/BL 

through 20 BL.  The growth of PEI10/MMTx is shown in Figure 25(a) to be significantly 

greater as the pH of the MMT suspension decreases, due to an increased amount of MMT 

deposited.   
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Figure 25. (a) Thickness of pH 10 PEI deposited with MMT of varying pH.  The lines 

shown are simply a guide for the eye. (b) Mass deposition of PEI10/MMTx at clay pH of 4 

and 10. 

 

 

QCM reveals a significant increase in mass deposited for the lower pH clay system, 

shown in Figure 25(b). Clay concentration of the film could not be calculated using QCM 

due to instances where the total mass was reduced after the PEI deposition, from 

desorption of some of the outermost clay platelets (and replacement by PEI of less mass).  
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Clay concentration was instead calculated using TGA to be 77 wt% for PEI10/MMT10 and 

80 wt% for PEI10/MMT4.  These values are extremely high relative to conventional clay-

filled composites.155  There is an increase in concentration due to additional clay being 

added every deposition step as the pH of the clay solution is reduced due to the PEI-

covered surface being highly charged.  This difference is somewhat diminished by 

additional PEI being deposited for the lower pH system.  In an effort to demonstrate the 

full extent of this pH change on clay deposition, the amount of clay added per bilayer was 

calculated to increase from 0.42 to 0.79 µg/cm2, almost doubling the amount of clay added 

per bilayer simply by lowering the pH of the clay solution.  This was calculated by 

multiplying the average mass per bilayer obtained with the QCM by the clay mass fraction 

from TGA.   

This high level of clay loading for the various films can be seen in TEM cross-

sectional images, shown in Figure 26. For MMT at pH 10 (Figure 26(a)), there are areas 

of highly ordered clay platelets and also areas with gaps in the clay. In contrast, the 

PEI10/MMT4 film (Figure 26(b)) shows a very well-ordered structure in the majority of 

the thin film.  The PEI10/MMT3 film is also well-ordered (Figure 26(c)), but there are areas 

of misalignment within the tightly packed structure, potentially from a small amount of 

edge-to-face bonding among the MMT platelets.  This interaction occurs readily with 

indifferent electrolytes (such as NaCl) in solution below pH 6.5 (below this pH the edges 

are positively charged).154  The indifferent electrolytes promote edge-to-face bonding by 

shielding opposing basal charges, but it is conceivable that some edge-to-face bonding 

may occur in the highly confined packing of this film.  At pH 3, the clay platelet edges 
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have a higher positive charge and can be attracted to the negatively charged face of the 

deposited MMT. The AFM surface roughness values (Rq) are similar for clay pH values 

of 4, 8, and 10 (~30 nm), but roughness triples (to 85 nm) for PEI10/MMT3, agreeing with 

the waviness observed in TEM micrographs (Figure 26(c)).  AFM topography of the pH 

10 (Figure 27(a,b)) and pH 3 (Figure 27(d,e)) films shows the lower pH film to be much 

rougher at a scan size of 20 µm, but at a smaller scan size of 500 nm the features are 

similar, and the surfaces appears smooth without visible platelet edges.  The phase images 

highlight the cobblestone path structure of the top layer, with many platelets visible in the 

100-200 nm range (Figure 27(c,f)). Uninterrupted platelets as large as 800 nm were 

observed in the pH 3 system using a larger scan size (see Supporting Information).  These 

larger platelets may have been a factor in creating a rougher film. 
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Figure 26. TEM micrographs of 10 BL (a) PEI10/MMT10, (b) PEI10/MMT4, and (c) 

PEI10/MMT3 deposited on PET film. 
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Figure 27. AFM topography (a,b,d,e) and phase images (c,f) of  [PEI10/MMT10]15 (top-

a,b,c) and [PEI10/MMT3]15 (bottom-d,e,f).  The phase images highlight the cobblestone 

path structure of the MMT-covered surface and correspond to the adjacent topography 

(i.e., height) images (b,e).  

 

 

5.3.2 Oxygen Permeability of Thin Films 

Figure 28 shows oxygen transmission rate as a function of PEI10/MMTx bilayers 

deposited.  For PEI10/MMT8, there is no improvement over PEI10/MMT10 beyond 5 BL.  

At pH 4, there is more than a 5× improvement in OTR relative to the film prepared with 

pH 10 at 5 and 10 BL.  The effective permeability (calculated using a previously described 

method)89 of the [PEI10/MMT4]10 film is 2.9×10-20·cm3·cm/(cm2·s·Pa), which is less than 

half the permeability reported for vapor deposited SiOx coatings.58    [PEI10/MMT4]15 has 

an OTR of 0.09 cm3/(m2·day·atm) that is two orders of magnitude lower than the bare 
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PET substrate that is three orders of magnitude thicker.  This level of oxygen barrier 

approaches that of PEI/vermiculite (VMT) bilayers reported previously.135  VMT is a clay 

platelet that has an aspect ratio approximately one order of magnitude larger than MMT.  

Larger aspect ratio clay creates a more tortuous pathway for gas molecules through the 

film, creating a lower transmission rate.  By reducing the pH of the MMT solution, 

deposited layers behave as though there is a much greater effective aspect ratio (similar to 

skewed stacks observed in composites exposed to shear stress).156  The pH 3 system shows 

improved performance at 5 BL, but is a poorer barrier than PEI10/MMT10 at 10 and 15 BL.  

This is probably due to the large amount of material deposited quickly at low clay pH, but 

the reduced order diminishes the effectiveness of the tortuous path at 10 and 15 BL.  

Alignment of the clay platelets is crucial for high barrier films because they cause oxygen 

molecules to spend more time traveling laterally through the film rather than through the 

thickness.   
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Figure 28. Oxygen transmission rate as a function of PEI10/clayy bilayers deposited at 

varying pH (y denotes MMT suspension pH).  Lines are only meant as a guide. *The data 

set with open circles represents PEI  deposited with vermiculite clay from Reference.135 

 

 

5.4 Conclusions 

Polymer nanocomposite thin film oxygen barriers were deposited with the LbL 

process as a foil or SiOx replacement.  Depositing polyethylenimine from pH 10 solution 

and montmorillonite clay from varying pH suspensions, it was shown that the density of 

clay layers, and ultimately gas barrier, was altered.  By reducing the pH of the clay 

suspension, the PEI surface became highly charged, producing a greater, more ordered 

deposition of MMT clay platelets.  A 10 BL film deposited with pH 4 MMT provided a 

5× improvement in oxygen transmission rate over the same film prepared with pH 10 clay 

and two orders of magnitude improvement over the 179 µm PET substrate.  This pH 4 
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performance is comparable to that of a similar number of bilayers prepared with 

vermiculite clay,35 which has an aspect ratio approximately 10× greater.  At pH < 4, higher 

positive charge on the clay platelet edges leads to some disorder in clay orientation, and 

barrier is degraded.  This ability to increase the effective clay aspect ratio with pH provides 

a means to achieve high gas barrier with lower-cost, easier-to-process clays.  These water-

based nanocoatings could be used to improve the performance of plastic film used for 

food, pharmaceutical and electronics packaging.  
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CHAPTER VI  

CONCLUSIONS AND FUTURE WORK 

 

6.1 Improvements on Gas Barrier Thin Films 

There have been a number of improvements made to gas barrier layer-by-layer 

systems in this dissertation.  These improvements can be applied to any LbL assembly 

(where nanoparticles or exponential growth are involved) to speed up the deposition 

process, improve the order and packing of a film, or to increase the deposition of a pH 

indifferent species by altering the pH.  These improvements can be generalized to other 

systems, combined, and expanded upon.  An overview of the findings and suggestions for 

future work are provided here.   

6.1.1 Shift-Time Assembly 

It was shown in Chapter III that in the PEI/PAA bilayer system, short deposition 

time (1 s) leads to globular deposition of polymer chains with little diffusion into the 

underlying polymers and a constant linear growth rate is achieved after only a few 

bilayers.34  Longer dip time (i.e. 1 min) allows for relaxation of the chains in the first few 

depositions and diffusion in the later depositions.  The film has a low initial growth rate, 

goes through an exponential transition, and then has a very high growth rate due to the 

diffusion of polymers into the underlying film.  By combining the highest growth rates of 

the short and long deposition times, one-second exposures for the first 4 BL and one-

minute for subsequent dips, a thicker and less permeable film is created.  Eight bilayers 

(650 nm) were required to achieve an undetectable oxygen transmission rate (<0.005 
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cm3/(m2·day)) using one-minute deposition steps, but this barrier was obtained with only 

6 BL (552 nm) using one-second deposition of the initial layers, reducing total deposition 

time by 73%.   This “shift-time” concept makes layer-by-layer assembly much faster and 

more commercially feasible. 

6.1.2 Similarly Charged Multilayers 

The PEI/MMT system has been shown to impart significant barrier to polymer 

substrates in the past.11, 92  In Chapter IV this system was improved upon by introducing a 

PAA deposition after each MMT deposition, which effectively filled in the gaps between 

the deposited clay platelets.141  This PEI/MMT/PAA trilayer system has a smoother 

surface and greatly decreased permeability to oxygen when compared to a similar number 

of PEI/MMT bilayers.  The oxygen transmission rate was reduced by an order of 

magnitude with 10 clay layers.  

6.1.3 Altering Clay-pH 

An alternative method of improving the performance of the PEI/MMT system was 

explored in Chapter V.   The amount of clay deposited every cycle was approximately 

doubled by simply altering the pH of the clay suspension,38 despite the charge of 

montmorillonite not being highly dependent upon pH.  It was observed that the bilayer 

system grows extremely thickly at pH 3, but the resulting film is not highly ordered and 

the oxygen barrier suffers accordingly.  The PEI/MMT4 bilayer system performs almost 

an order of magnitude better than the PEI/MMT10 system at the same number of bilayers, 

almost as good of a barrier as a film with clay platelets with an aspect ratio an order of 

magnitude larger.   
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6.2 Future Research Direction 

6.2.1 Clay pH Quadlayer 

It has been shown previously that including additional polymer layers between 

clay layers can decrease the permeability of the thin film by providing more volume for 

the gas particles to reside in before accessing a gap in the clay layer.12, 157 As demonstrated 

in Chapter V, reducing the pH of the clay suspension in the PEI/MMT system increases 

the clay deposition, improving the oxygen barrier performance.  Optimizing the pH of the 

MMT suspension for the PEI/PAA/PEI/MMT quadlayer system is not as straightforward 

as using the optimized clay pH for the BL system.  The QL system’s growth behavior is 

due to a diffusion of the polymers through the clay layer, which leads to exponential 

growth at pH 10.35  As pH of MMT is decreased, additional clay is deposited that 

suppresses exponential growth, as shown in Figure 29(a).  This leads to a tradeoff between 

thick clay deposition and polymer diffusion (leading to thicker growth), shown 

schematically in Figure 29(b), which are two methods of reducing permeability.   
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Figure 29. (a) Thickness of PEI/PAA/PEI/MMT QL with the MMT deposited at varying 

pH.  PEI and PAA depositions were held at constant pH 10 and 4, respectively.  (b) 

Schematic of deposition with low and high clay pH.  

 

 

TEM cross-sectional images confirm that 5 QL of MMT at pH 10 is thicker, but 

has a more open structure than the QL constructed with MMT at pH 4 (Figure 30 (b) and 

(a), respectively). The minimum OTR of the pH’s tested in the range between 4 and 10 

occurs at pH 5 and 6, as shown in Figure 31.  The pH 5 system reaches an undetectable 

OTR level (0.005 cm3/(m2·day))  at 3 QL, while pH 6 is below this level.  MMT at pH 3 

shows the least improvement in barrier due to the high level of disorder of the MMT, as 

described in Chapter V.   
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 Figure 30. Transmission electron micrographs of 5 QL’s PEI/PAA/PEI/MMT with MMT 

at (a) pH 4 and (b) pH 10.  
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Figure 31. Oxygen transmission rate of PEI/PAA/PEI/MMT QL systems, with MMT 

deposited at varying pH.   

 

 

6.2.2 Combined Deposition Time and Clay pH Studies  

The methods of improving barrier discussed in Chapters III, IV, and Section 6.2.1 

can be combined to further improve gas barrier for a given number of layers. It has been 

shown previously that reducing the deposition time of PEI does not impair the gas barrier 

properties of the resulting film, while reducing the clay deposition time does.109  

Beginning with the time-dependent deposition behavior of PEI and PAA presented in 

Chapter III, the influence of polymer deposition time can be examined in conjunction with 

the extent of diffusion of depositing polymer through the previously deposited clay layer.  

As a proof of concept, 3 QL of PEI/PAA/PEI/ MMT4 (where little polymer diffusion is 

expected due to the high level of clay deposited) were deposited with 1 second polymer 
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depositions and 1 min clay depositions, which resulted in an oxygen transmission rate of 

0.22165 cm3/(m2·day·atm). This is an 85% reduction relative to the same film with 1 

minute polymer depositions.  Whether or not the barrier will be improved at pH 5 and 6 

remains to be seen, as the exponential growth will most likely be hindered due to reduced 

time for diffusion of polymer through the clay layer.  This result can be greatly expanded 

upon by varying pH of the clay and the length of various polymer depositions individually. 

6.2.3 Edge Charge Neutralization 

Chapters IV and V both examined ways to bolster the clay layer in the PEI/MMT 

system, either by adding a polymer to fill in gaps in the clay coverage or depositing more 

clay, in an effort to improve oxygen barrier properties.  A third approach would be to cause 

the clay platelets to join at the edges rather than to allow random deposition.  It has been 

shown that in solution, MMT platelets exhibit edge-to-edge bonding in the presence of 

salt at pH 6.5.  At pH 6.5 the amphoteric edge sites have a neutral net charge and sufficient 

salt will effectively shield the charge from neighboring platelets, allowing van der Waals 

forces to attract the edges to one another.154  The edges become positively charged below 

this pH and can actually exhibit edge-to-face bonding, forming a “house of cards” 

structure, as shown in Figure 32.  This type of formation would not be favorable for barrier 

films, but could potentially reduce film density (and lower refractive index).  If MMT is 

deposited from a pH 6.5 suspension with salt, it is possible to deposit with better clay 

coverage, creating a more tortuous path for diffusing gas particles.  The charge screening 

effect of the salt could also work against the formation of the thin film, possibly screening 
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the attraction between the deposited PEI and clay platelets in suspension, this needs to be 

explored.  

 

 

 

Figure 32. Illustration of MMT formations in suspensions at and below pH 6.5 in the 

presence of salt.  

 

 

As a proof of concept 8 BL of PEI/MMT was deposited onto PET with the MMT 

suspension at pH 6.5.  Two different films were made, one with 10 mmol NaCl and one 

with 100 mmmol NaCl.  The resulting oxygen transmission rates were 0.35 and 1.75, 

respectively.  The 8 BL film prepared with 10 mmol NaCl cut the OTR in half relative to 

a 10 BL film made without salt.  A 3 QL film prepared with 100mmol NaCl did not show 

improvement over the 3 QL film at pH 5, described in Section 6.2.1, but a lower number 

of quadlayers should be investigated with a lower salt concentration.  
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6.2.4 Demonstrate the Scalability of the LbL Dipping Process 

Figure 33 shows a pilot scale LbL dipping apparatus has been constructed with the 

ability to coat quadlayer films with dip rinsing and air knife drying.  The performance of 

films cut from a 50-foot web coated with this machine should be evaluated and compared 

to those made with the traditional dipping process.  The work performed in this 

dissertation should lay the groundwork for optimizing the continuous process as 

deposition time will be a variable that will be influenced by the line speed.  Preliminary 

results from the robot dipping process has shown that rinsing and/or drying may be 

eliminated without compromising the oxygen barrier performance of the film.  Initial runs 

of the continuous dipping apparatus has shown barrier performance comparable to (or 

exceeding) those obtained in the batch dipping process.  

 

 

 

Figure 33. Schematic (left) and picture (right) of pilot scale continuous LbL coating 

apparatus.  
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