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ABSTRACT

Processing and Gas Barrier Behavior of Multilayer Thin Nanocomposite Films.
(August 2012)
You-Hao Yang, B.S., National Taiwan University

Chair of Advisory Committee: Dr. Jaime C. Grunlan

Thin films with the ability to impart oxygen and other types of gas barrier are
crucial to commercial packaging applications. Commodity polymers, such as
polyethylene (PE), polycarbonate (PC) and polyethylene terephthalate (PET), have
insufficient barrier for goods requiring long shelf life. Current gas barrier technologies
like plasma-enhanced vapor deposition (PECVD) often create high barrier metal oxide
films, which are prone to cracking when flexed. Bulk composites composed of polymer
and impermeable nanoparticles show improved barrier, but particle aggregation limits
their practical utility for applications requiring high barrier and transparency. Layer-by-
layer (LbL) assemblies allow polymers and nanoparticles to be mixed with high particle
loadings, creating super gas barrier thin films on substrates normally exhibiting high gas
permeability.

Branched polyethylenimine (PEI) and poly (acrylic acid) (PAA) were deposited
using LbL to create gas barrier films with varying pH combinations. Film thickness and
mass fraction of each component was controlled by their combined charge. With lower

charge density (PEI at pH 10 and PAA at pH 4), PEI/PAA assemblies exhibit the best



oxygen barrier relative to other pH combinations. An 8 BL PEI/PAA film, with a
thickness of 451 nm, has an oxygen permeability lower than 4.8 x10** cm®- cm/cm?- s -
Pa, which is comparable to a 100 nm SiOx nanocoating. Crosslinking these films with
glutaraldehyde (GA), 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide methiodide
(EDC) or heating forms covalent bonds between PEI and/or PAA. Oxygen transmission
rates (OTR) of 8 BL films crosslinked with 0.1M GA or 0.01M EDC show the best
oxygen barrier at 100% RH.

Graphene oxide (GO) sheets and PEI were deposited via LbL with varying GO
concentration. The resulting thin films have an average bilayer thickness from 4.3 to 5.0
nm and a GO mass fraction from 88 to 91wt%. Transmission electron microscopy and
atomic force microscopy images reveal a highly-oriented nanobrick wall structure. A 10
BL PEI/GO film that is 91 nm thick, made with a 0.2 wt% GO suspension, exhibits an
oxygen permeability of 2.5 x10% cm®- cm/cm? - s - Pa.

Finally, the influence of deposition time on thin film assembly was examined by
depositing montmorillonite (MMT) or laponite (LAP) clays paired with PEI. Film
growth and microstructure suggests that smaller aspect ratio LAP clay is more dip-time
dependent than MMT and larger aspect ratio MMT has better oxygen barrier. A 30 BL
PEI/MMT film made with 10 second dips in PEI has the same undetectable OTR as a
film with 5 minute dips (with dips in MMT held at 5 minutes in both cases), indicating
LbL gas barrier can be made more quickly than initially thought. These high barrier
recipes, with simple and efficient processing conditions, are good candidates for a

variety of packaging applications.
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CHAPTER |

INTRODUCTION

1.1 Background

Packaging materials play a significant role in modern society. Food, beverages,
cosmetics, pharmaceuticals and electronics all require good gas and moisture protection.
According to a report from the World Packaging Organization (WPQO), from 1999 to
2009, global packaging sales increased from 372.4 to 563.9 billion dollars.! Plastic
packaging materials such as polyethylene (PE), polypropylene (PP), polyvinylchloride
(PVC) and polyethylene terephthalate (PET) are extensively used for making containers,
lids, pouches, and films due to their barrier properties, mechanical flexibility and price.>
® The global capacity of PET grew from 0.5 M tons in 1985 to 7.0 M tons in 2000.*
Although it has already been a major material for food and soft drinks, which competes
successfully with traditional glass and metal for containers and bottles, the insufficient
barrier properties for oxygen, carbon dioxide and moisture disqualifies PET for goods
requiring long-shelf life needed.

Various coating technologies have been evaluated to improve the gas barrier of
commodity polymers like PET. Laminating high-barrier polymers (e.g., ethylene vinyl
alcohol (EVOH) or polyvinylidene chloride (PVDC)),* depositing inorganic layers (e.g.,

SiO, or alumina) by plasma enhanced chemical vapor deposition (PECVD),” and

This dissertation follows the style of Macromolecules.



" or layer-by-layer

incorporating nanoparticles, in the form of solvent casting®
nanocoatings,® have been used to improve polymer film barrier.

As a thin film fabrication technique, layer-by-layer assembly (LbL) is one of the
most versatile, efficient and robust technologies studied over the past two decades.’*!
By alternately exposing the substrate to oppositely-charged polyelectrolyte solutions,
electrostatic attractions between the positively and negatively charged ingredients result
in the buildup of a multilayer structure, as shown in Figure 1.1. In addition to

electrostatic attraction,'? hydrogen bonding®® and covalent bonding™ can also be used in

a layer-by-layer fashion.

substrate ~ NS

HHy

.
.*\/"\/’\3/‘\/"\/\,\-/\/“\/’“)1 ]

N
H;N/_‘\"/ \/\Nblg

Branched polyethylenimine (PEI)

EE0

_
@ @

Cationic mixture

O%C/OH
n

A

Poly (acrylic acid) (PAA)

20

¢evisn) | 1 Bilayer

Anionic mixture Substrate

Figure 1.1. Schematic of the layer-by-layer deposition process. Steps 1-4 are repeated
until the desired number of PEI/PAA bilayers are deposited.™



A variety of ingredients can be incorporated into LbL coatings such as

16-18 19-21

polymers, quantum dots, nanoparticles (including spheres, rods, tubes and

22-32 36-38

plates), organic dyes,*** dendrimers, and biological molecules (including

peptides, DNA, proteins and viruses).'® ***® Properties of LbL films can be easily

tailored by changing molecular weight,*”*® concentration,*® *° chemistry,”* pH,* *? ionic

54, 55 49, 56

strength,* > temperature® > and deposition time*® *® of the deposited species and the

aqueous solutions or mixtures. Moreover, nearly any substrate can be coated by LbL
assembly, regardless of shape, size and surface complexity. These advantages make

LbL assembly a good candidate for applications that include gas barrier coatings,®

57-59 63-65

superhydrophobicity,>* antimicrobials,®*® drug delivery,®*® electrical conductivity,?*

66, 67 22, 68, 69 70,71

selective area patterning, and battery electrolytes.

1.2 Objectives and Dissertation Outline

In the present work, two LbL systems (i.e., polymer-polymer and polymer-
nanoplatelet) are studied with a focus on reducing the oxygen permeability. By
increasing the distance of the diffusion path and creating more interactions throughout
the thin film structure, fewer oxygen molecules are able to transmit through the coated
film in a given time. The goal of this dissertation is to demonstrate the capability of
improving gas barrier via LbL coatings with varying recipes and processing parameters.
Crosslinking is an important parameter that influences oxygen and moisture barrier of

non-linear growing assemblies. Deposition time, an important processing parameter in



terms of commercial applications, is also discussed in conjunction with a polymer-
nanoplatelet system.

Chapter 11 is a literature review of gas transport mechanisms and barrier coating
technologies that includes polymer blends, metalized plastics, metal oxides, and
nanocomposites. A detailed introduction of linear and non-linear growth in LbL systems
is also provided to highlight the versatility of this technique.

Chapter 111 describes an all-polymer LbL assembly that achieves the lowest
oxygen permeability ever reported. Films assembled with different pH combinations of
polyethylenimine (PEI) and poly(acrylic acid) (PAA) exhibited different rates of growth,
microstructure and oxygen barrier performance. The unprecedented barrier behavior
comes from the unique interactions between PEI and PAA polymer chains created by
LbL deposition, which is explained by a “scrambled-egg” structure and verified by
differential scanning calorimetry.

Chapter IV is an extension of Chapter Il in which crosslinking is used to
improve the barrier of PEI/PAA assemblies. This covalent bonding improves the humid
oxygen barrier and moisture barrier of PEI/PAA thin films. Glutaraldehyde (GA), 1-[3-
(dimethylamino)propyl]-3-ethylcarbodiimide  methiodide (EDC) and thermal
crosslinking were used at different concentrations, temperatures and times. The resulting
thickness and topography variation were evaluated by ellipsometry and atomic force
microscopy (AFM). Fourier transform infrared spectra (FTIR) confirmed the bonding

after exposure to a given crosslinking treatment.



Chapter V is a polymer-nanoplatelet gas barrier study with PEI and graphene
oxide (GO). Nanobrick walls deposited via LbL resulted in linear film growth, measured
by ellipsometry and quartz crystal microbalance (QCM). Oxygen barrier of PEI/GO
assemblies was evaluated as a function of GO suspension concentrations. Hydrogen,
carbon dioxide and moisture transmission rates were also tested to confirm the
universality of this behavior.

Chapter VI compares PEI with montmorillonite (MMT) or laponite (LAP) clay
by varying exposure times in the LbL dipping process. The aspect ratio difference
between MMT and LAP platelets makes the assembled films grow differently in terms
of short and long deposition times. X-ray diffraction (XRD) confirms that MMT
platelets have similar gallery spacing independent of dip time, suggesting that LbL can
be executed in a fast manner. This study indicates that LbL assemblies could be
produced more quickly, which is a key challenge for their commercial use.

Chapter VII describes the conclusions and future directions of this work. Oxygen
transmission rates of PET were successfully decreased by coating polymer-polymer or
polymer-nanoplatelet LbL assemblies. To further improve the performance of gas or
moisture barrier, different solvent can be used to replace water. Moreover, the surface of
graphene oxide platelets can be modified to be positively charged, which can be used to

create an all-GO based gas or moisture barrier.



CHAPTER I

LITERATURE REVIEW

2.1 Gas Diffusion Theory

Barrier coatings are vital for food, pharmaceuticals and electronics packaging
because of their ability to slow down or prevent gas diffusion. In order to design a
coating for low gas permeability, one needs to understand the transport phenomena
behind it. Gas diffusion is a type of mass transfer that can be characterized by four steps:
adsorption of gas molecules onto the film surface, dissolution from the surface into the
inner structure, migration through the film thickness and finally desorption from the
other side of the film.”® In most cases, the second and third steps are determined by the
permeation properties of the materials, which can be classified by their pore sizes.
Porous packaging refers to materials with an average pore size larger than 2 nm, whereas
dense packaging suggests a pore size smaller than 2 nm.”* A comparison among
different packaging types and their corresponding diffusion mechanisms are listed in
Table 2.1. Layer-by-layer coating belongs to the category of dense packaging, and is the

focus of this dissertation, so the porous materials will not be further reviewed here.



Table 2.1. Packaging types and their corresponding diffusion mechanisms.

Packaging Types Diffusion Mechanisms

Porous material Knudsen flow”
Surface diffusion”
Activated diffusion’®
Capillary condensation’’
Dense material Molecular model”®®!
Free volume theory®
Dual-mode sorption® 3
Nanocomposite Tortuous path® %

2.1.1 Molecular Transport in a Polymer

Polymers are a dense packaging material due to their packed polymer chains that
allow very few permeable pathways for molecules.!” Molecular penetrants need to be
dissolved into the polymer matrix and diffuse through it. This solution-diffusion process
is defined by:

P=DxS (2.1)

where P is the permeability (cm®- cm/(cm?- s - Pa)), D is diffusivity (cm?/s) and S is the
solubility (cm*(273.15K; 1.013 x 10° Pa)/cm®- Pa) of the polymer. Diffusivity is a
kinetic factor that characterizes the ability of molecules to move through the polymer
phase, whereas solubility is a thermodynamic factor related to the penetrant-polymer
interactions as well as the gas condensability. Gas transport is influenced by the polymer
morphology. When the transport happens above the polymer’s glass transition
temperature (Tg), it is in a rubbery state. When the transport happens below the Ty, it is
in a glassy state. The difference between rubbery and glassy state is the former one is in

thermodynamic equilibrium, whereas the latter one is not.?’



2.1.1.1 Transport in a Rubbery Polymer

When gas molecules dissolve into a polymer, the interactions between the
penetrants and the polymers will cause a change of physical state in the polymer. In the
case of a rubbery polymer, the adjusting time for the influenced polymer chains is much
shorter than the total diffusion time, so the overall transport phenomena can be
considered Fickian flow.? Molecular models and free volume theory are the two methods
for describing gas diffusion in rubbery polymer. In molecular models, gas diffusion can
only start with activation energy higher than the energy gap between the gas molecule in
its normal state activated states. Without sufficient activation energy, gas molecules
cannot jump from one location to another in a rubbery polymer matrix.®® This energy-
based argument, was first proposed by Barrer, suggests that gas diffusion in rubber is a
thermally activated process.®® Activated zone theory defined the activated energy which
represents the energy needed for penetrants to jump from a normal to activated state.”®
Brandt further considered the molecular structure of polymer and proposed that another
activated energy term represents the intramolecular energy needed for bending the
polymer chains apart for the penetrant (Fig. 2.1(a)).”” DiBenedetto and Paul described
the activated state as a penetrant molecule covered in four corners of a unit cell by four
cylindrical polymers (Fig. 2.1(b)). The activation energy is equal to the energy for
creating a cylindrical void into which a gas penetrant can move into.** Pace and Datyner
combined Brandt, DiBenedetto and Paul’s models and proposed that the gas diffusion in

rubbery polymer has two separate mechanisms: transport longitudinally through the void



among polymer chains and perpendicular jumping from one cylindrical void to another

(Fig. 2.1(c)).*°

=

Polymer Penetrant
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Figure 2.1. Molecular models of diffusion in rubbery polymers proposed by Brandt (a)"
DiBenedetto and Paul (b)®* and Pace and Datyner (c).*

Free volume theory, in the contrast to the molecular model, defines gas diffusion
in polymer as a redistribution of free volumes by fluctuation. The definition of free

volume is the actual occupied polymer volume minus the theoretical polymer volume.
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One of the earliest free volume theories,®® proposed by Fujita, suggested that gas
transport in polymer has nothing to do with thermal activation, but related to free volume
redistribution. Gas molecules can only move from one position to another when their
local free volume exceeds a critical value in its vicinity.® Diffusivity can be defined by

free volume theory:

D = Aexp (_—fBj (2.2)

where A and B are constants of the considered system and f represents the fractional free
volume:

f= VTotaI -V,

Occupied
_ 2.3
v (2.3)

Total

where Vroa IS the sum of the theoretical volume of polymer, Voceupied, and the free

volume in the system.

2.1.1.2 Transport in a Glassy Polymer

Gas diffusion in glassy polymer is more complicated than in the rubbery state
because thermodynamic equilibrium is never reached. Since the polymer chains are less
mobile when the temperature is below the Ty, it takes more relaxation time for the
polymer to respond to gas molecules diffusing through. The diffusion time is often
shorter than the structure-rearranging time of the polymer matrix, which causes the
penetrant to sit in irregular cavities with different intrinsic diffusional mobilities.*® As a

result of these complexities, most of the existing models for diffusion in glassy polymer
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are phenomenological, which can only be applied to very specific polymer-penetrant
systems.**

The most accepted model for gas diffusion in glassy polymer is dual mode
sorption, which was first proposed by Barrer®® and later extended by Koros and Paul.®*
According to the dual mode sorption model, there are two concurrent mechanisms:
dissolution of gas in the polymer matrix by Henry’s law and adsorption of gas molecules
in holes or cavities on the surface or inside the polymer matrix by Langmuir’s law. The

total concentration of diffusing molecules in a glassy polymer can be described as:

al
C=CD+CH:kDp+1+a) (2.4)

where Cpand Cy represent the concentration of normal dissolution and the concentration
of trapped molecules by adsorption, respectively. kp is a proportionality constant of
Henry’s law. p is pressure and a and b are constants related to the hole affinity of the
penetrants. Solubility, on the other hand, can be written as:

5=C K, 42

+— 25
p 1+bp (25)

From Equation 2.5, higher gaseous pressure in the polymer matrix can lead to lower

solubility, which in turn can influence the solubility and permeability.
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2.1.2 Transport in Nanocomposites
Polymer nanocomposites contain two distinct phases: a nanofiller phase and a
polymer phase. The nanofiller is a discontinuous phase, while the polymer matrix is

continuous.”? Adding inorganic nanofillers into a polymer matrix has been shown to

I 93-95 I 96-98 99-101
) )

successfully enhance mechanica therma anti-flammable and barrier

102-104

properties relative to polymer-only materials because dispersed nanoobjects inside

of a polymer matrix can reinforce the structure and create diffusion obstacles for gas

molecules. Platelet-like materials, with nanoscale dimensions (1 — 100 nm) and large

5

aspect ratio (oo > 100), such as graphene,'® zirconium phosphate,’® layered double

104, 107

hydroxide®® and clay contribute to improved gas barrier when they are fully-
exfoliated in a polymer matrix. Sodium montmorillonite (MMT) is one of the most
studied clays.'®® %% MMT is an inorganic phyllosilicate composed of one inner
alumina or magnesia octahedral layer sandwiched by two silica tetrahedral layers, as
shown in Figure 2.2.'' Exchangeable sodium, lithium or other metal ions are
intercalated between these silicate sheets, allowing MMT to be dispersed in solvent by a
cation exchange process.'® After superior mechanical properties from a fully exfoliated

112

nylon-clay composite were observed by Toyota,”* MMT has become one of the most

investigated platelets in polymer nanocomposites.*****°
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Figure 2.2. Montmorillonite clay chemistry and structure.***

Simple physical mixing of polymer and particles will not result in a polymer
nanocomposite because the fillers in a polymer matrix often remain agglomerated and
none of the dimensions is in nanometer range. Aggregation typically results in poor
properties relative to a fully exfoliated nanocomposite.*** Figure 2.3 illustrates the
different morphological states of clay-polymer nanocomposites.®? The extent of clay
separation can be one of three types: (1) conventional composite - clay platelets have the
same basal plane spacing dgo1 as the theoretical value, suggested the polymer did not
enter the gallery of the platelets (Fig. 2.3(a)), (2) intercalated composite - dgo1 iS
increased by the entering polymer or other organic species, but the clay platelets remain
stacked in parallel with each other (Fig. 2.3(b)), and (3) exfoliated composite - observed
dooa is greater than 10 nm (or even undeterminable by X-ray diffraction), clay sheets are

pushed apart irregularly by polymer or organic species.”? There are different factors
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controlling the extent of separation of clay, such as volume percent of added clay,**

117

interfacial interactions,™*® surfactant (if present in the matrix)**’ and temperature.*®

-

clay polymer

i BN
= =%

Figure 2.3. Schematics of the three different clay-filled composite morphology states:
(a) conventional (b) intercalated and (c) exfoliated.*

The diffusion of gas molecules through a filled polymer can be viewed as a
solution-diffusion process, described by Equation 2.1, with the assumption that there is
no property change from the interaction between penetrant and filler.* In this case, the
solubility of the composite is:

S=5,(1-¢) (26)
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where Sy is the solubility of the neat polymer and ¢ is the volume fraction of filler in the
polymer matrix. Assuming the nanofillers is impermeable, and changes the diffusion

path, the diffusivity can be showed as:
D=D,F (2.7)

where Dy is the diffusivity of neat polymer and F is the tortuosity factor, which depends
on the aspect ratio of the filler (o), and its orientation in the polymer matrix. Combining

Equations 2.6 and 2.7 gives the permeability of a filled polymer composite:

P =DS =DS,F(1-¢) =R (1-$)F (2:8)

c__P
RA-9)

(2.9)

The reciprocal of F is the tortuosity (t) of the composite material, which was described

by Nielson as:®

1

T:1+ﬁ¢= (2.10)

where L and W represent the width and thickness of the platelet filler, as shown in
Figure 2.4. The model assumes the length of each platelet is infinite. With the

understanding that aspect ratio is L/2W, Equation 2.10 can be written as:

r=1+a¢ (2.11)
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Platelet-like fillers are recognized as impermeable objects and the polymer phase is
permeable. When gas molecules move in the direction perpendicular to the orientation of
the platelets, they need to wiggle around the platelets until finding a permeable slit to
pass through (Fig. 2.4). Combining Equation 2.9, 2.10 and 2.11, the permeability of
filled polymer is:

o P P
1+a¢ ]_+a¢
1-¢

(2.12)

Nielsen’s model describes a composite with low filler volume fraction, so the

denominator of Equation 2.12 can be simplified as shown above.

Tortuous Path
L
| O e ko
[ ] o |

[ | —
[ [ | (S [

Figure 2.4. Schematic of gas transport through a polymer-platelet composite via a
tortuous path.

A more advanced tortuous path theory was later proposed by Cussler,? stating

the relationship between the permeability of a filled polymer matrix and neat polymer as:
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P= i
1t pa’$ i (1-¢)

(2.13)

where u is a geometric factor that is controlled by the shape of the filler. The difference
between the Nielsen and Cussler models is the former failed to describe higher
concentration regimes in the composite. Fredrickson defined two different regimes in a

filled polymer composite.'®

When a¢ < 1 and a > 1, the composite is in a dilute
regime, where the distance between each platelet is larger than its width. When
ag> 1 and a > 1, the composite is in a semi-dilute regime, where the aspect ratio of
the platelet is so large that platelets overlap with each other. Cussler’s model can fit both
of the regimes, while Nielsen’s model only applied to the dilute regime.*”® The
distribution of platelets in a polymer composite can also affect the permeability. When
the platelets are in a regular array, meaning all platelets are regularly spaced, #=1. When

the platelets are in a random array, meaning the platelets are randomly distributed,

n=4/9. Schematics of regular and random arrays are shown in Figure 2.5.

Regular Array Random Array

Figure 2.5. Geometries of regular and random arrays for platelet-filled polymer
composites.
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2. 2 Gas Barrier Films and Composites

The demand for high barrier materials that are thin, transparent, and low cost is
driving the search for new technologies.’? Food, cosmetics, pharmaceuticals,
automobile parts, flexible displays, solar cells and electronics would benefit from these
new packaging materials.”® %' Various gas barrier technologies, reviewed in this
section, have already been developed to satisfy these applications. Polymer blending is
an effective way to incorporate high barrier into bulk materials, as described in Section
2.2.1.'® Coatings are another approach to reduce the gas permeation through various
substrates, which offers multiple advantages over comparable bulk materials (e.g., light

weight, transparency, low cost and freedom of design).’** '?° These coatings include

127 128

metalized plastics (Section 2.2.2),”" metal oxide films (Section 2.2.3)™" and polymer-
clay composites (Section 2.2.4),"* but each system has some drawbacks. In contrast,
layer-by-layer assembly, provide excellent gas barrier performance, and most of the
advantages from the coating techniques just described, without disadvantages like
cracking and haziness.'® LbL coating is the focus of this dissertation and will be

discussed in more detail in Section 2.3.

2.2.1 Polymer Blends

Blending is a straightforward method to reduce the gas permeation by combining
two different polymers, mostly by adding a limited amount of high barrier polymer into
higher permeability matrix.® This is a less complicated process, so the production cost is

lower than co-extrusion or co-injection. Normally the blends properties fall between
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the individual polymers, but better barrier sometimes occurs from a synergistic effect.*®
A common objective of blending is to improve the insufficient properties, while keeping
the desirable properties of the major polymer. Most polymers are immiscible, so the
barrier of a blend will be strongly influenced by the morphology of the discontinuous
phase, which is related to the interaction between two polymers and experimental
conditions.*® Figure 2.6 illustrates the relationship between the permeability and
morphology of a polymer blend. Similar to clay-polymer composites, the orientation of
the lamellar structure is vital for creating the extended diffusion path for gas molecules,
which results in a better barrier. Under the same morphological state, gas permeability in
a polymer blend increases as the volume fraction of the high-barrier polymer (filler)

decreases.®

Blend permeability

A Laminar structure

Permeability

B Lamellar blend

.
A l..... . . .

100 C Particulate system
Volume percent

Figure 2.6. Schematic of gas permeability of a polymer blend as a function of the
morphology and concentration of the high barrier phase.'*
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High barrier polymers, such as ethylene vinyl alcohol (EVOH), liquid crystal

polymer (LCP) and polyethylene naphthenate (PEN), act as fillers when blended with

133 134 132

matrix polymers like polyethylene (PE),” polyamide (PA),” polypropylene (PP)
and poly(ethylene terephthalate) (PET).*® The gas barrier can be improved 2 to 10 times
relative to the matrix when the appropriate morphologies are obtained, typically with a
volume fraction between 5 ~ 30%."?" This improvement is not significant relative to
other techniques, but inexpensive processing has made it one of the most prevalent

forms of commercial packaging material.?

2. 2. 2 Metalized Plastics

Depositing thin metal layers on polymeric substrates is a widely used method to
create high barrier film for food packaging since the 1970s.'?* 13 137 Metalization is
performed with a vacuum web metalizer, which can evaporate pure metal molecules
(e.g. Al) onto a polymeric web under high vacuum conditions.**® The deposited
thickness is in the 10-100 nm range and the oxygen permeability is reduced by three
orders of magnitude relative to the uncoated substrate.*® Some drawbacks of metalized
plastic include opacity, poor flexibility, pinholes and poor adhesion to polymer film. The
presence of metal also limits microwavability and recyclability. Metal oxide films are a

related technology that avoids some of these limitations.
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2.2.3 Metal Oxide Films

Originally commercialized in 1969,**° metal oxide films provide an alternative to
metalized plastics by providing transparent gas barrier for protecting a variety of
pharmaceutical and food products.*** Oxide thin films are also good moisture and aroma
barriers that can improve food shelf life. Organic light-emitting devices (OLED) and
other organic electronics also use metal oxide films for encapsulation because they are
often sensitive to oxygen gas and water vapor.****? Silicon oxide (SiO,) and aluminum
oxide (AlyO,) are the two most common materials for gas barrier coatings. A number of

processing techniques are used to coat these metal oxides onto a polymeric substrate,

143 144-146

such as physical vapor deposition (PVD)™, which includes evaporation and

147, 148 137, 149-152

sputtering, and plasma-enhanced chemical vapor deposition (PECVD).
PECVD is the best method because it can precisely control the thickness, operate at low
temperature environment, and produces the greatest barrier improvements compared to

the other methods.®**° A comparison of PECVD barrier relative to other techniques is

shown in Figure 2.7.
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Figure 2.7. Oxygen transmission rate as a function of thickness comparisons of different
SiOy coating techniques.

Bare PET has an oxygen permeability on the order of 10 cm®- cm/cm? - s - Pa
that depends on crystallinity and orientation.**® With 100 nm of SiOy, the oxygen
permeability of PET is reduced to the order of 10%* cm®- cm / cm? - s - Pa.** This 6
orders of magnitude reduction is due to the lower diffusivity of dense SiOy. A very tight
Si-O lattice leads to oxygen diffusivity in bulk SiO, of 10" cm?s at 1500 °C, while
PET has oxygen diffusivity of 10° cm?/s at 20 °C.™ Low diffusivity means low oxygen
permeability according to Equation 2.1, but the reported oxygen permeabilities of SiOy
films are often lower than the theoretical values. Pinholes are a major issue that allows
oxygen to diffuse more easily through SiO..*?® It’s been proposed that a 70 nm SiOx
layer on PET exhibits a mean pinhole diameter of about 1 um and a mean number of

pinholes about 80/mm?.**3 This defective barrier coating can be improved by optimizing
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the PECVD processing parameters®® or laminating a defect-free polymer layer with

enough thickness.***

2.2.4 Polymer-Clay Composites

As mentioned in Section 2.1.2, polymers filled with impermeable clay platelets
exhibit improved gas barrier. Clay platelets act as gas-impermeable sheets and can be
dispersed in polymer matrices in an intercalated or exfoliated state, as shown in Figure
2.8. With 1 nm thickness and an average diameter of 200 nm,*° clay platelets help
reduce the gas permeability by increasing the length of diffusion a permeating molecule
must travel."® This extended tortuous path, created by exfoliated clay platelets in a
polymer matrix, results in a low permeability.®® Permeabilities of various gases were cut

in half when 2 wt% MMT was added to a polyamide.*® Clay-filled polyurethane,*’

9

102

epoxy,™®® polyolefin,®*® polyamide'® and biodegradable polymers'®® all exhibit

improved barrier properties.

Figure 2.8. TEM of MMT platelets in polyamide composite. Phase separated (PS),
intercalated (1) and exfoliated (E) platelet domains are indicated.'®*
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In general, a higher volume fraction of clay results in better gas barrier,® 1%4 1%
but nanoplatelets tend to aggregate when a threshold concentration is achieved (< 10wt
%).2%* The coexistence dilemma of high volume fraction and high gas barrier property of
simple polymer-clay composites can be overcome with layer-by-layer assembly. The
strong electrostatic interactions that accompany this deposition technique can dfficiently
decouple single clay platelets allowing for the creation of dense composites with high

concentration and exfoliation of clay platelets.*?®

2.3 Layer-by-Layer Assembly

The concept of multilayer assembly was first proposed by ller in 1966, using
cationic and anionic colloidal particles to grow multilayer films onto a glass substrate.*®?
This ionic assembly methodology was later popularized by Decher and coworkers who
build up multilayer films by alternatively dipping substrates into oppositely charged
polyelectrolyte solutions.*®*'® Over the past 20 years the field of layer-by-layer (LbL)
assembly has grown tremendously because of the robustness, simplicity and versatility
of this technique.® " *® The LbL process is shown schematically in Figure 1.1. By
exposing a charged substrate to cationic and anionic solutions, charged ingredients will
be deposited onto a substrate in a layer-by-layer fashion. Although electrostatic

13, 166

attraction is the most common bonding type for LbL, hydrogen bonding, covalent

167, 168 36, 40

bonding and van der Waals forces can also be used to grow multilayer thin
films. Thermodynamically speaking, high energy is required for forcing two different

polymer or particles to stay in a nano-sized, homogeneous region, but the strong inherent
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interactions provided by LbL from multivalent ionic complexes that stabilized such
structures. The advantage of this “nano-blend” structure is the ability to generate dense
nanocomposites with a much higher volume fraction of nanoparticles, which exceeds the
capacity of traditional bulk composites.'®°

As mentioned in Chapter I, the properties of LbL films can be tailored by

adjusting a multitude of experimental conditions such as molecular weight,*"

49, 50 54, 55

concentration, chemistry,”* pH,*" > jonic strength,*® >* '"° temperature and

deposition time*® *°

of the exposed aqueous mixtures. One of the key advantages of LbL
is the ability to control thickness and composition on the nanoscale. By adjusting the
parameters mentioned above, film thickness and composition can be precisely tuned on a
given substrate. Two primary growth modes have been uncovered for LbL assemblies:
linear and non-linear. Very different growth can be obtained with the same number of

layers, which takes this fabrication technology from nano to micro scale and further

expands its versatility.

2.3.1 Linearly Growing Layer-by-Layer Assemblies

Assemblies of strong polyelectrolytes most often grow linearly. Cationic
polymers, such as polyallylamine (hydrochloride) (PAH) and
poly(dimethyldiallylammonium chloride) (PDDA), paired with a strong anionic polymer
like poly(styrene sulfate) (PSS), results in strong electrostatic ion pairs with 1:1
stoichiometry charge overcompensation,'”* as shown in Figure 2.9(a). Polymers with

high charge densities are stiff due to charge self-repulsion along their backbones. These
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relatively rigid chains deposit relatively discretely and result in linear growth as a
function of bilayers deposited, as shown in Figure 2.9(b) for PDDA/PSS. Weak
polyelectrolytes, such as polyallylamine (PAAm) and poly (acrylic acid) (PAA), will

also exhibit linear growth when they are deposited at a pH that creates high charge

density.'"
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Figure 2.9. Schematic of 1:1 ratio charge overcompensation from a linearly growing
layer-by-layer film (a).” Linear growth as a function of PDDA/PSS bilayers deposited

(b).173

In addition to polymer-polymer LbL, charged polymers paired with non-polymer

ingredients also tend to exhibit linear growth. Biomaterials such as viruses,*" *™* DNA,*

177
d,

7% proteins'® ** and nanoparticles such as colloidal silica,*” gol silver,*”® metal

oxides," 1" clay,'® '8! nanosheets?® *! and nanotubes,? ®” have all been assembled with

linear growth (i.e., same amount of each ingredient in each bilayer). Figure 2.10 shows

the cross-section images of poly(vinyl alcohol) (PVA)YMMT free standing film. The
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spacing between each two MMT layer is identical, demonstrating linear growth (Fig.
2.10(b)). This high loading polymer-MMT composite exhibits a tremendously high
modulus (~125 GPa), which is comparable to a Kevlar (Fig. 2.10(a)).*** Assemblies with
only nanoparticles are also possible and only grow linearly due to their inability to
interdiffuse. Charged nanoparticles have been extensively applied in layer-by-layer
assembly.® 183185 | aufer used a 12 nm diameter, positively charged Ludox-CL SiO,
nanoparticle paired with two different sized negatively charged SiO, nanoparticles (e.g.
8 and 27 nm) to create LbL anti-flammable nanocoatings on cotton fabric.'”® Figure

2.10(c) exhibit the linear growth profile form an all nanoparticle system.
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Figure 2.10. Schematic of the internal structure of PVA/MMT film (a). Cross-section
SEM images of 300BL PVA/MMT films (b).*? Thickness as a function of bilayers of
silica based LbL assemblies (c).}"®
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The initial clay-polymer gas barrier assemblies studied in the Polymer Nano
Composites Lab exhibited linear growth as well.® 1218 jang deposited polyacrylamide
(PAM)/MMT on PET and reduced the oxygen transmission rate over three orders of
magnitude (< 0.005 cc/m? day) with a 571 nm coating.** Priolo later used PEI/MMT
assemblies to further reduce the film thickness necessary to achieve the same
undetectable OTR.% * By increasing the MMT suspension concentration to 2 wt%, an
OTR < 0.005 cc/m? day was achieved with a 24BL assembly (~ 120 nm thick). In this

dissertation, another impermeable platelet, graphene oxide,*®’

is used to impart oxygen
barrier via LbL (see Chapter V). The influence of clay and polymer deposition time, on
barrier behavior and growth, is also evaluated using MMT, PEI and Laponite (LAP) (see

Chapter V1).1%

2.3.2 Non-linearly Growing Layer-by-Layer Assemblies

LbL systems exhibiting non-linear growth are quite common.** 8 1#° Richert and
coworkers came up with an “in and out” interdiffusion mechanism to qualitatively
explain the non-linear growth of poly(L-lysine)/hyaluronan (PLL/HA) films.** After the
film is dipped into the HA solution, the overall charge become negative due to the
charge overcompensation. When the film contacts the positively-charged PLL solution,
PLL chains overcompensate the negatively charged surface and some free PLL chains
then cross the chemical potential barrier and diffuse into inner layer. The diffuse-in
action continues until the equilibrium of chemical potential is reached. Rinsing with a

buffer solution allows free PLL chains to diffuse out of the film, which decreases the
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chemical potential inside of the film. When the HA solution contacts film, the positively-
charged surface again is charge overcompensated and the inner free PLL chains diffuse
out to form new PLL/HA complex at the outer layer until no free PLL chains are
available. Laugel and coworkers used isothermal titration microcalorimetry to test
several polycation/polyanion systems and suggested an exponential growth is mainly

driven by entropy.'*® Two exponentially grown LbL examples are shown in Figure 2.11.
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Figure 2.11. Film thickness versus number of layers for exponentially grown
assemblies: PLL/HA with two different HA molecular weights of 130000 (m) and
400000 (o) (a).®* poly(p-vinyl benzyl trimethyl ammonium)/PAA (), poly(p-vinyl
benzyl trimethyl phosphonium) /PAA (o) and poly(p-vinyl benzyl dimethyl
sulfonium)/PAA (o) (b).™*

The exponential growth of weak polyelectrolyte pairs disrupts the heterogeneous
structure, or stratified layered structure, of typical linear growth LbL films because the
interdiffusion tends to homogenize the whole matrix.'® Interaction among highly
interdiffused polymers provides a more complex route for gas transport relative to

traditional polymer blends. The present dissertation explores the use of exponentially

growing all-polymer assemblies as gas barrier thin films (see Chapter 111)."> This work
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uses PEI/PAA assemblies and was inspired by the exceptional barrier of exponentially
grown PEI/PAA/PEI/MMT quadlayers.®® The influence of crosslinking is also
systematically studied as a function of various experimental conditions (see Chapter 1V).
These polymer-only think films exhibit unprecedented gas barrier, especially

considering the lack of impermeable nanoparticles.
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CHAPTER Il

SUPER GAS BARRIER OF ALL-POLYMER MULTILAYER THIN FILMS*

3.1 Introduction

Many LbL systems show linear growth as a function of layers deposited, but
those containing weak polyelectrolytes (e.g., polyethylenimine (PEI) and polyacrylic
acid (PAA)) often exhibit exponential growth.”® ** It is suggested that this exponential

41,191, 195

thickening effect comes from an “in and out” diffusion mechanism, involving an

endothermic polycation/polyanion complexation process.'*

Polymer chains not only
adsorb onto the film’s surface but also interpenetrate into inner layers for charge
overcompensation, which exponentially increases the total film thickness. Weak
polyelectrolyte multilayer assemblies have been widely studied because the charge
density along the polymer chain can be altered with pH.% % 1% Previous research using
poly(allylamine hydrochloride) (PAH) and PAA shows the ability to systematically
control the thickness, density, composition and wettability by simply changing the
charge density of these polyelectrolytes.'® >* 1’2 The ability to tailor charge density with
pH provides a more tailorable LbL process. More recently, this concept was applied to
clay-polymer assemblies that exhibit tunable gas permeability by changing the charge
density of PEI.% The resulting nano-brick wall structure exhibits high oxygen barrier that
is unrivaled by any other type of polymer or composite (or even SiO).

*Reprinith permission from “Super Gas Barrier of All-Polymer Multilayer Thin

Films” by You-Hao Yang etc., Macromolecules 2011, 44(6), 1450-1459. © 2011
American Chemistry Society.
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In an effort to find an all-polymer multilayer gas barrier, PEI/PAA assemblies
with different pH combinations (10/4, 8/6, 7/7 and 4/4) were studied. Thickness, density,
and oxygen permeability can all be tailored by changing the pH values of aqueous PEI
and PAA solutions. The thickest films are produced when both polymers have the lowest
charge (10/4 for PEI/PAA), whereas a highly charged combination (7/7) is much thinner.
Cross-sectional TEM shows a homogeneous structure without any discernible
boundaries between layers in any of the films. The thickest PEI/PAA film (~ 1 um thick
at 10BL) exhibits an undetectable oxygen transmission rate (< 0.005 cc/m? - day), while
maintaining complete transparency. The 8BL PEI/PAA (10/4) coating exhibits a
permeability below 4.8x10%* cm® - cm/cm? - s - Pa, which is believed to be the lowest
permeability of an all-polymer film ever reported. Although oxygen permeability of this
system is higher than polymer-clay assemblies (due to layer thickness),® it requires a
similar number of layers to achieve a high oxygen barrier. This relatively simple recipe
may be of use for a variety of packaging applications, including flexible electronics that

require high flexibility and transparency (in addition to high barrier).

3.2 Experimental
3.2.1 Preparation of Deposition Mixtures

Branched polyethylenimine (PEI) (Aldrich, St. Louis, MO) (Mw ~ 25,000 g/mol)
is a cationic polymer that was dissolved into 18.2 MQ deionized water to create a 0.1
wit% solution. The pH was adjusted from its unaltered value (~10.5) to 10, 8, 7, and 4 by

adding 1.0 M hydrochloric acid (HCI). Poly(acrylic acid) (PAA) (Aldrich) (Mw ~
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100,000 g/mol) is an anionic polymer that was used as a 0.2 wt% solution with 18.2 MQ
deionized water. The pH of PAA was adjusted from its unaltered value (~3.1) by adding

1.0 M sodium hydroxide (NaOH).

3.2.2 Substrates

Single-side-polished (100) silicon wafers (University Wafer, South Boston, MA)
were used as deposition substrates for ellipsometry, atomic force microscopy (AFM),
and scanning electron microscopy (SEM). Silicon wafers were piranha treated with 3:7
30% hydrogen peroxide to 99% sulfuric acid ratio and stored in deionized water before
being used. Caution: Piranha solution reacts violently with organic material and needs
to be handled properly. Prior to use, the silicon wafers were rinsed with acetone and
deionized water. Poly(ethylene terephthalate) (PET) film with a thickness of 179 um
(trade name ST505, Dupont-Teijin) was purchased from Tekra (New Berlin, WI). A 175
um polystyrene (PS) film (Goodfellow, Oakdale, PA) was used as a substrate for
transmission electron microscopy (TEM). Both PET and PS films were rinsed with
deionized water and methanol before use. Cleaned PET and PS substrates were then
corona-treated with a BD-20C Corona Treater (Electro-Technic Products Inc., Chicago,
IL). Corona treatment improves adhesion of the first polyelectrolyte layer by oxidizing
the film surface.®” Polished Ti/Au crystals with a resonance frequency of 5 MHz were
purchased from Maxtek, Inc (Cypress, CA) and used as deposition substrates for quartz

crystal microbalance (QCM) characterization.
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3.2.3 Layer-by-Layer Film Deposition

The overall layer-by-layer process is shown schematically in Figure 1.1. A given
substrate was first dipped into the PEI solution for 5 minutes, followed by rinsing with
deionized water for 30 seconds and drying with a stream of filtered air. After the first
positively-charged layer was adsorbed, the substrate was dipped into PAA solution for
another 5 minutes, followed by another rinsing and drying cycle. Starting from the
second deposition cycle, the remaining numbers of bilayers were created using one
minute dip times. This process was carried out using home-built robot systems.'s": 1%
The pH of PEI or PAA is shown as a subscript next to their initials in the figures and

text. For example, one bilayer of PEI(pH=10)/PAA(pH=4) is abbreviated as

(PEl1o/PAAL):.

3.2.4 Thin Film Characterization

Assembly thickness on silicon wafers was measured every five bilayers with a
PHE-101 Discrete Wavelength Ellipsometer (Microphotonics, Allentown, PA). A 632.8
nm laser was used at an incidence angle of 65°. For the PEIl;o/PAA, system, thickness
was measured with a P-6 profilometer (KLA-Tencor, Milpitas, CA). The average
thickness was calculated from three 0.01 m 2-D measurements. Mass increments were
measured each layer with a Research Quartz Crystal Microbalance (QCM) (Inficon, East
Sycrase, NY) with a frequency range of 3.8 - 6 MHz. The 5 MHz quartz crystal was
inserted in a holder and dipped into the PEI and PAA solutions. After each deposition,

the crystal was rinsed and dried and then left on the microbalance to stabilize for 5
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minutes. Cross-sections of the PEI/PAA assemblies were imaged with a JEOL 1200 EX
TEM (Mitaka, Tokyo, Japan), operated at 110 kV. Samples were prepared for imaging
by embedding a piece of PS, supporting the LbL film, in epoxy prior to sectioning it
with a diamond knife. Surface structure of the coated silicon wafers were imaged with a
Multimode Scanning Probe Microscope (SPM or AFM) (Veeco Digital Instruments,
Santa Barbara, CA) in tapping mode. OTR testing was performed by MOCON
(Minneapolis, MN) in accordance with ASTM D-3985,%° using an Oxtran 2/21 ML
instrument at 23°C and 0% or 100% RH. Glass transition temperature (Ty) was measured
by a Q20 differential scanning calorimeter (DSC) (TA Instruments, New Castle, DE). 5 -
10 mg samples were placed in aluminum pans and scanned from -50 to 150 °C at a

heating and cooling rate of 10 °C/min.

3.3 Results and Discussion
3.3.1 Film Growth

Film growth of four different PEI/PAA pH combinations (PEI/PAA,,
PEI;/PAA;, PEIg/PAAs and PEIl/PAA;) was measured by ellipsometry and
profilometry, as shown in Figure 3.1. The growth rate of PEl;o/PAA, is the greatest
(thickest) among all the pH combinations studied, achieving a thickness of 4.74 um at 30
bilayers. The thickness order of the other pH combinations is 8/6 (890 nm) > 4/4 (349
nm) > 7/7 (90 nm) (Fig. 3.1(b)). These thickness differences are attributed to the inherent
pH-responsive morphology of the weak polyelectrolytes and the interactive charge

overcompensation from the basic PEI and acidic PAA solutions. As these polymers
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become highly charged (at low pH for PEI and high for PAA), they undergo intra-
segmental repulsion and deposit thinner layers. With lower charge, PEI and PAA remain
more loopy or coiled due to intra-molecular van der Waal attractions.>® In terms of
interactive charge overcompensation, the pK, of PAA is very sensitive to local pH,>* 1"
so the basic PEI solution will make PAA segments more charged. The same scenario
occurs with PEI, which exhibits an increased charge density when exposed to the acidic
PAA solution. Once the charge density is increased, more charged groups are needed for
overcompensation. As this process continues, with each deposition step, more PEI and

PAA are adsorbed, resulting in the dramatic increase in film thickness as a function of

layers deposited.
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Figure 3.1. Film thickness as a function of bilayers deposited for LbL assemblies made
with varying pH combinations of PEI and PAA (a). Thickness of 30BL PEI/PAA films
with varying pH combinations (b). The numbers in parenthesis are the deposition pH of
PEI and PAA solutions, respectively.®



37

It is interesting to observe that (PEls/PAAg)30 IS 155% thicker than (PEI/PAA,)30
(Fig. 3.1(b)). Considering the inherent pH-responsive morphology of these polymers,
PElg has a more loopy/coiled conformation than PEI, and PAA4 has a more loopy/coiled
conformation than PAAs. In (8/6), the nonioinized segments of PEI or PAA are
continuously titrated by the oppositely charged polymer solution during the deposition
process. This titration process results in more charged groups from PEI and PAA being
required for charge overcompensation, which adds more PEI and PAA chains and results
in a thicker film. For (4/4), the local titration is expected to have less impact than (8/6).
In other words, the overall (4/4) film thickness is primarily controlled by the intrinsic
conformations of PEI and PAA. For (7/7), both PEI and PAA are in their highly charged
state, without the influence of local titration, which results in the smallest thickness (90
nm) for 30 bilayers. The fact that the thickness of (PEI/PAA)3, can be altered by nearly
two orders of magnitude, from 4.74 um to 90 nm by simply changing the pH, highlights
the significant tailorability of these LbL assembled thin films.

The mass of each deposited polymer layer was measured with a QCM, as shown
in Figure 3.2. Similar to the observed thickness growth (Fig. 3.1(a)), the mass increase as
a function of layers deposited is greatest for the PEl;o/PAA, system. In the case of mass,
the growth is initially not linear, but gradually becomes more linear (as observed by
others).”” The PEIs/PAAs and PEIJ/PAA, systems exhibit similar growth, while
PEI;//PAA; again shows the least growth relative to all other pH combinations. The

average mass deposited for each PEl;o/PAA, bilayer is 15.9 pg/cm?, which is about three

times higher than PEIg/PAAs (~5.1 pglcm?) and PEIJ/PAA, (~4.4 ng/cm?). As for
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PEI//PAA;, there is only 1.2 pg/cm? deposited every bilayer. The dramatic difference
between 10/4 and 8/6 come from the interactive charge overcompensation described
above. A smaller pH difference for 8/6, relative to 10/4, causes the amount of charged
groups ionized by the oppositely charged polymer solution to also be smaller. This
reduced level of ionization requires fewer polymer chains to be needed for charge
overcompensation, in the 8/6 system, resulting in reduced mass growth relative to 10/4.
In addition to verifying growth, QCM provides the composition of each pH combination.
PEI;o/PAA, is 58 wt% PEI (average value for measurements between 10 and 20BL),
while PEIg/PAAg contains only 31 wt% PEI. PEIJ/PAA, and PEI;//PAA; have 46 wt%
and 71 wt% PEI, respectively. The dramatic composition change from 8/6 to 7/7 shows
that although the charge density of PEI and PAA both increase from 8/6 to 7/7, the

adsorption of charged PAA is weaker than charged PEI.
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Figure 3.2. Mass as a function of layers deposited for assemblies made with varying pH
combinations of PEI and PAA.*
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3.3.2 Film Morphology

TEM cross-sectional images of (PEI/PAA)y, made with various pH
combinations, are shown in Figure 3.3. All four films were deposited on PS to facilitate
sectioning. These images show the difference in thickness, with regard to pH
combinations, that was discussed in the previous section. The thickness order is
PElo/PAA, > PEIs/PAAs > PEI/PAA, > PEIZ/PAA7, which agrees with ellipsometer
and profilometer measurements (Fig. 3.1). The homogeneity of these images suggests a
high level of interdiffusion between PEI and PAA that eliminates the boundaries
between each layer.

AFM surface images of (PEI/PAA)o and (PEI/PAA)05 are shown in Figure 3.4.
(PEIg/PAAg)10 (Fig. 3.4(b)) and (PEIZ/PAA7)1 (Fig. 3.4(c)) both exhibit smooth
surfaces, while (PElo/PAAY)10 (Fig. 3.4(a)) and (PEIJ/PAAL)10 (Fig. 3.4(d)) have an
ordered surface texture. Both polymers in PElo/PAA, have low charge, which results in
a more interdiffused morphology. During layer-by-layer assembly, these two globular
polymers enhance the uneven topography that occurs in all films. PEIg/PAAs and
PEI;/PAA;, with more highly charged polymers, exhibit a smoother surface due to more
extended (thinner) polymer chains. As for PEIJ/PAA,, with a combination of highly
charged PEI and weakly charged PAA, there is a reduced texture relative to PEl;o/PAA,.
With PAA in the outmost layer, this texture is enhanced. On the other hand, PEI in its
highly charged state effectively suppresses the texture, as evidenced by the relatively

smooth surface of (PEl4/PAAs)105 (Fig. 3.4(f)), in which the outmost layer is PEI instead
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of PAA. Even for relatively rough (PEl1o/PAAL)105 (Fig. 3.4(e)), the outer PEI layer
seems to cover up most of the surface texture.

In general, higher charged polymer combinations have smoother surfaces and
less charged combinations have rougher surfaces. The order of surface roughness is
PEl1o/PAA, (49.1 nm) > PEI/PAA, (5.9 nm) > PEIg/PAAs (4.3 nm) > PEIZ/PAA; (2.1
nm), which were all measured with a 20 um x 20 um area. For 10.5 bilayers, the change
of surface organization due to the outmost layer can be clearly seen. In PEl;o/PAA,, the
less charged PEI covers up the rough surface created by weakly charged PAA that
decreases the surface roughness 42% (from 49.1 nm to 28.3 nm). On the other hand,
when the outmost layer of PEI,/PAA, is changed from a less charged PAA to highly
charged PEI, there is a 25% decrease in surface roughness (from 5.9 nm to 4.4 nm).
From the above results, two things can be inferred: (1) in a weakly charged state, PEI
creates a smoother surface than PAA and (2) interdiffusion of PEI and PAA will not
change the surface morphology dictated by the outmost layer. One can control the
surface roughness of PEI/PAA assemblies simply by changing the charge density of
each polymer and the outmost layer, which could be useful for self-healing and
superhydrophobic films. In the present study, it is low oxygen permeability that is

sought.
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Figure 3.3. TEM cross-sectional images of (PEI/PAA), on PS made with various pH
combinations: PEl;o/PAA, (a) , PEIg/PAAs (b), PEIZ//PAA; (c) and PEI/PAA, (d). The
double arrow bars highlight the thickness of the films.*
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Figure 3.4. AFM height images of (PEI/PAA)1x on Si wafers: PEl;o/PAA;s (a) ,
PEIg/PAAs (b), PEI//PAA; (c) and PEIJ/PAA, (d). Two PEI-terminated surfaces,
(PEl1o/PAAL) 105 () and (PEI/PAAL)105 (), are also shown.™
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3.3.3 Oxygen Barrier

Oxygen transmission rates for PElg/PAAs, PEIZ//PAA; and PEIJ/PAA, films
show little improvement relative to uncoated PET (OTR > 8.45 cc/m? - day for
assemblies on 175um thick PET film). Only the PEIl1o/PAA, system exhibits low OTR
with fewer than 10 bilayers, as summarized in Table 3.1 and Figure 3.5(a). Various
numbers of PEl;o/PAA, bilayers were tested at 23 °C and 0 or 100% RH. In the case of
0% RH, 8BL films achieve an undetectable oxygen transmission rate (< 0.005 cc/m? -
day), which is more than three orders of magnitude lower than uncoated PET film (OTR
= 8.48 cc/m? - day). In the case of 100% RH, the OTR of an 8BL film increases from
undetectable (< 0.005) to 0.09 cc/m? - day, while the other systems exhibit significantly
higher values than at 0% RH (Fig. 3.5(b)). At 10 bilayers, the OTR remains
undetectable at 100% RH (Table 3.1). In general, thicker films exhibit lower oxygen
transmission rates. A thicker film has a longer diffusion pathway, which takes longer for
oxygen molecules to travel through and causes them to have more interactions (e.g., H-
bonding with the polymers). By increasing the number of bilayers from 6 to 8, the OTR
is improved by more than three orders of magnitude. The significant OTR difference
between 6 and 8 bilayers is largely due to the exponential growth of PEI/PAA (i.e.,

H,ZOO, 201

greater thickness). It is assumed that the films swell at 100% R which increases

free volume and subsequently increases OTR.
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Table 3.1. Oxygen permeability of PEIl;o/PAA, assemblies on PET film at 23°C.

Permeability(x10™° - cm®- cm/cm? - s - Pa)

Recipe OTR Film Thickness Film* Total
(cc/m? - day - atm) (nm)
0% RH 100% RH
Bare PET 8.48 8.48 N/A N/A 17.3
(PEI/PAA);, <0.005° <0.005 1080 <0.00006" <0.0096
(PEI/PAA)g <0.005 0.61 451 <0.000048 <0.0096
(PEI/PAA); 3.75 3.83 369 0.057 7.70

2 Film permeability was decoupled from the total permeability using a previously described method.**®

® The low end detection limit for an Ox Tran 2/21 L module is 0.005 cc/m? - day.
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Figure 3.5. Oxygen transmission rate of PEl;o/PAA, films on PET at 0% (a) and 100%

RH (b).
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3.3.4 Glass Transition Temperature

Polyelectrolyte complexes can exhibit two extreme morphologies: a “ladder-like”
structure or a “scrambled egg” structure.’> The former is composed of two
polyelectrolytes orderly packed by mutual charge compensation with cooperative
effects, which is most favorable in a 1:1 stoichiometry of linear components. The
scrambled egg structure is composed of randomly aggregated and oppositely charged
polyions with partial charge compensation. The remaining ionic sites are charge-
compensated by other counterions. Based upon the composition, thickness and
microstructure data presented here, the PEIl;o/PAA4 film is believed to be closer to the
scrambled egg structure, something akin to a highly interpenetrating network.”*® PEI
with positively charged (or basic) amine groups always needs to stay with negatively-
charged (or acidic) groups from PAA for charge compensation. This necessary
association creates numerous cation/anion (or acid/base) interfaces that contribute to a
densely packed thin film.

Figure 3.6(a) shows the T, (measured by DSC) of neat PEI, PAA and a
(PEl1o/PAAL)200 free-standing film. The weight fraction of (PElio/PAAs)200 Was
estimated from extrapolated QCM results. PEI has a Ty of -25.6 °C and PAA has a T, of
89.4 °C. T4 of the LbL film is higher than the linear additive combination of neat
polymer Tg’s, indicating that the polymer chains are more restrained inside of this
network. The parallel additive model, known as the Fox equation (1/Tgfim = Wee/ Tg,pel +

204

Wpaa/Tgpaa, Where w’s are weight fractions of a given polymer),”™ is a reasaonable

approximation for random copolymers and homogeneous polymer blends. The series
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model, known as the Wood equation (Tyfim = Weer- Tgper + Weaa-Tgpaa),”” is typically
an overapproximation for copolymers and polymer blends. A positive deviation in Ty
relative to these linear combination predictions, can be attributed to intermolecular
hydrogen bonding between these blended polymers.?® In the case of an assembled film,
the dense scrambled egg structure has numerous interfaces between PEI and PAA.
Moreover, hydrogen bonding between uncharged amine groups of PEI and hydroxyl
groups of PAA further decreases the mobility of each polymer, forming a more compact

structure with a smaller free volume than normal polymeric membranes.?”

(a) (b)
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Figure 3.6 Glass transition temperature of PEl;o/PAA,; compared to series (dotted line)
and parallel (solid line) combinations of the two neat polymers (a). The light triangle on
the parallel line is the film T4 calculated using the Fox equation. Schematic of reduced
free volume in highly interdiffused PEI/PAA assemblies (b)."

A schematic illustration of the scrambled polymer blend is shown in Figure
3.6(b). In the PEI/PAA thin film, polymer chains are confined to a smaller volume than

ordinary polymer blends due to the strong electrostatic attractions, intermolecular H-

bonding and/or crosslinking. The resulting densely packed structure is the believed
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source of low permeability in these films. Ellipsometry reveals that the highest barrier
(PEIl1o/PAA,) films have a higher refractive index (Rl = 1.65 for an 8 BL assembly) than
any of the other pH combinations (RI ~ 1.45 at 8 BL), which is suggestive of this more
dense structure. The relationship between permeability and free volume can be described
by Equation 2.2. Greater film density suggests the fractional free volume (Equation 2.3)
of this film would be relatively small, which in turn reduces permeability (density of
(PElo/PAAL) ~ 1.13 glcm?®, where densities of PEI and PAA are 1.03 and 1.14 g/cm®,
respectively).

Other than free volume effects, hydrogen bonding between uncharged amine
groups of PEl and hydroxyl groups of PAA surely contributes some barrier to
oxygen.’® % The permeability values in Table 3.1 were obtained by multiplying film
thickness by OTR. The (PEIl;o/PAA,)s assemblies have an unprecedented oxygen
permeability (< 4.8x10% cm® - cm/cm? - s - Pa at 23°C and 0% RH). Compared to a
commercial SiOy-coated PET, whose permeability is around 3x10™*® cm® - cm/cm?- s -
Pa),"®? the permeability of the crosslinked (PElo/PAAs)s film is three orders of
magnitudes lower. This is believed to be the lowest gas permeability ever reported for an

all-polymer film of any type.

3.4 Conclusions
Layer-by-layer assembly of PEI and PAA was performed with various pH
combinations that demonstrated the thickness and compositional tailoribility of this

system. Superlinear growth is observed regardless of pH. AFM images show that the
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surface of these films can be controlled by the outmost layer and its degree of ionization,
with low pH (i.e., highly charged) PEI creating the smoothest surfaces. TEM images
show homogeneous cross-sections, which suggest an interpenetrating network of PEI
and PAA. Oxygen permeability of (PEl1o/PAA,)g is less than 4.8x10%* cm® - cm/cm?- s -
Pa at a thickness of just 451 nm. The superior oxygen permeability of this all-polymer
assembly can be attributed to a small free volume and the numerous interfaces created
by the interpenetrating network and hydrogen bonding. Positive deviation of Ty (from
the predictions of the Fox and Wood equations) for the LbL film confirms a strong
association between PEI and PAA. This study marks the first all-polymer LbL assembly
ever reported for oxygen barrier, which could be useful for food packaging, selective gas

membranes and protection of flexible electronics.
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CHAPTER IV
INFLUENCE OF CROSSLINKING ON OXYGEN AND MOISTURE BARRIER

OF WEAK POLYELECTROLYTE MULTILAYER THIN FILMS*

4.1 Introduction
Electrostatic assemblies, with ionic bonding and physical crosslinks, are prone to

lose some of their integrity by absorbing water or changing charge density with pH,*™®

209. 210 \which leads to diminished gas barrier behavior.® Covalent crosslinking is an

effective way to prevent this degradation of LbL thin films.?** %2 It is known that more

densely-packed molecular organization often exhibits improved mechanical behavior,*®®

213 214 215, 216

chemical stability,” conductivity,”" and reduced oxygen or ion permeability.

Polyelectrolyte mutilayers have already been successfully crosslinked with bifunctional
aldehydes, " #® carbodiimides,?*?** anhydrides,”? UV irradiation®" %> ?** and/or
heat.? 213218.225 |t has been shown that heat-crosslinked poly(allylamine hydrochloride)

(PAH)/poly(acrylic acid) (PAA) assemblies result in a passivating layer.?® This same

7 4

crosslinked system exhibits improved corrosion resistance,*®” modulus,?** and ion

transport selectivity.?'

As already mentioned, creating covalent bonds between amine
and carboxylic acid groups also showed improved oxygen barrier in polyethylenimine

(PEI) assembled with poly (acrylic acid) (PAA),*" but there has never been a thorough

*Parts of this chapter are reprinted with permission from “Super Gas Barrier of All-
Polymer Multilayer Thin Films” by You-Hao Yang etc., Macromolecules 2011, 44(6),
1450-1459. © 2011 American Chemistry Society.
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study of the influence of crosslinking on gas permeability of these types of thin film
assemblies.

In an effort to further improve the gas barrier of PEI/PAA assemblies and better
understand the influence of crosslinking, glutaraldehyde (GA) was used first to study the
blocking layer effect in terms of thickness and mass growth to different pH combinations
(10/4, 8/6, 7/7 and 4/4). In addition to GA, 1-[3-(dimethylamino)propyl]-3-
ethylcarbodiimide methiodide (EDC) and heat were examined with respect to
concentration, temperature and/or time. Thickness of 10-bilayer PEI/PAA films can be
tailored from 600 nm to 1300 nm using different crosslinking methods and parameters.
GA and EDC showed larger film thickness with higher concentration, from 0.01 to
0.1M, while heating made films thinner as the crosslinking temperature and time were
increased (up to 180 °C). FTIR spectra suggest that GA produces a higher extent of
crosslinking with increasing concentration, while EDC requires lower concentration for
the same crosslinking efficacy. Oxygen transmission rates at 0% and 100% RH show a
strong connection between gas barrier and crosslinker concentration. 0.1M GA and
0.01M EDC exhibit the lowest OTR at 100% RH. The lowest oxygen permeability was
achieved by an 8BL film crosslinked with 0.1M GA for 30 minutes. This PEI/PAA film
has a 551 nm thickness and Po, < 5.9x10%'cm®- cm/cm?®- s - Pa, which is one order of
magnitude lower than typical SiOx nanocoatings.™® Chemically-crosslinked films did
little to reduce water vapor transmission rate, but a 50 BL film, thermally-crosslinked at
180 °C for 5 hours, reduces WVTR by 46% relative to the uncoated substrate. By

optimizing the crosslinking conditions, one can create the best OTR and WVTR all-



51

polymer coating. These simple post-treatments of PEI/PAA multilayers could potentially
be used to improve food and flexible electronics packaging, gas separation membranes,

and self-healing coatings.

4.2 Experimental
4.2.1 Materials and Substrates

Polymers and preparation of deposition mixtures were described in Section 3.2.1.
Glutaraldyhyde (GA) (Aldrich) and 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide
methiodide (EDC) (Aldrich) were used as crosslinking agents, in the form of 0.01, 0.05

and 0.10M aqueous solutions. Section 3.2.2 describes the substrates used in this study.

4.2.2 Film Deposition and Crosslinking

The deposition procedure used in this study was described in Section 3.2.3. Films
were crosslinked by dipping into 0.01M, 0.05M and 0.1M GA or EDC solution for 3, 30
and 300 minutes. Thermal crosslinking was performed by heating the film in an oven at

120, 150 or 180°C for 1, 2, or 5 hours.

4.2.3 Film Characterization

Film growth and composition was measured using ellipsometry and QCM,
respectively, as described in Section 3.2.4. In this case, crosslinked film thicknesses
were measured with an alpha-SE Ellipsometer (J. A. Woollam Co., Inc., Lincoln, NE).

Fourier transform infrared spectra (FTIR) were collected in the dry state with an
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ALPHA-P10098-4 spectrometer (Bruker Optics Inc., Billerica, MA) in ATR mode. The
FTIR analyses were done by normalizing the intensity of the band at 1548 cm™ (~COO
). Water vapor transmission rate (WVTR) tests were performed by MOCON with ASTM
F-1249,%° using a Permatran 3/33 G instrument (MOCON) at 23°C and 100%RH. All

other characterizations are identical to those described in Section 3.2.4.

4.3 Results and Discussion
4.3.1 Film Growth of GA crosslinked PEI/PAA

PEI/PAA assemblies with four different PH combinations (10/4, 8/6, 7/7, 4/4)
were crosslinked by glutaraldehyde (GA) after every ten bilayers of deposition. Figure
4.1 compares thickness growth with and without GA crosslinking. In all four systems,
the films grow exponentially (or superlinearly) with and without crosslinking and all
crosslinked systems are thinner than their uncrosslinked counterparts. These thickness
trends suggest that different pH combinations exhibit different extents of crosslinking.
The 30BL PEIJ/PAA, film exhibits an 11% thickness reduction, following crosslinking
every ten bilayers, relative to an uncrosslinked film. For the same number of bilayers,
PEI;//PAA7, PEIg/PAAs and PEIlo/PAA, shrink by 22.2, 42.4 and 58.2%, respectively.
The higher the pH of PEI, the greater the reduction in thickness due to glutaraldehyde’s
reaction with the free primary amine groups. As the pH of PEI increases, so does the
number of reactive, uncharged primary amine groups of PEI, leading to a tighter network

and thinner resulting films.
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Figure 4.1. Film thickness as a function of bilayers deposited for LbL assemblies made
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were measured with ellipsometry, while (d) was measured with profilometry. Mass as
function of deposited bilayers, for a 30 BL PEIl;o/PAA, film (e), is shown to highlight
the reset of film growth at 10 and 20 BL."
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Figure 4.1(e) shows the mass increase for every bilayer of (PEl1o/PAAL)30, With
crosslinking at 10 and 20 BL. The two plateaus at 10 and 20 BL clearly demonstrate the
inhibition effect of crosslinking that effectively “resets” the film growth. A similar
inhibition effect, caused by creating a “blocking layer”, has been observed by others.***
221 Crosslinking prevents interdiffusion of polymers into the underlying layers, which
causes the growth to start over again (as though deposition were occurring on a bare
substrate). This ability to reset the exponential growth process at a desired number of

bilayers is another tool for tailoring LbL film thickness and properties.

4.3.2 Influence of Crosslinking on Film Thickness

Growth of PEIlo/PAA, assemblies, from 3 to 10BL, is shown in Figure 4.2(a).
This system exhibits exponential growth typical of weak polyelectrolytes, similar to the
well-studied PAH/PAA system.>® 22221 Exponential growth is attributed to an “in and

out” diffusion mechanism that involves an endothermic polycation/polyanion
complexation process.’® 1% 21 Three different growth zones can be observed here: (1)
island, (2) exponential and (3) linear. In the first few bilayers of deposition, polymers
only cover part of the substrate surface, which results in relatively uneven surface
coverage (known as islands) and slow growth (1~4BL). After several layers are
deposited, the surface of the substrate becomes fully-covered, as islands coalesce with

one another. In this stage, the “in and out” diffusion mechanism dominates the growth,

resulting in the fastest growth (4~8BL). Eventually film growth slows and ultimately
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grows linearly due to the amount of charged groups for overcompensation reaching a
saturation point (i.e., maximum value) (> 8BL).?®

Chemical crosslinking of PEIl;o/PAA, significantly alters the film thickness, as
shown in Figure 4.2(a). 10BL PEI/PAA films were crosslinked with aqueous solutions
of glutaraldehyde and 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide methiodide,
using three concentrations (0.01M, 0.05M and 0.1M) and three residence times (3, 30
and 300 minutes). For GA, films became thicker with increasing concentration at a given
crosslinking time (Fig. 4.2(b)). At a given concentration, the trend was not as clear. At
0.01M GA, thickness increased with increasing time, but at higher concentrations film
thickness increased from 3 to 30 minutes and decreased from 30 to 300 minutes. This
“peak” at 30 minutes is apparently related to the diffusion of GA molecules. When films
were dipped into the GA solution, these molecules diffused into the PEI/PAA matrix and
deposited onto energetically favorable reactive sites. Excess GA molecules presumably
diffused out from the film and were rinsed away by DI water. With longer crosslinking
time, the GA molecules were able to diffuse more deeply into the film, which also
required a longer time for molecules to diffuse out. The larger film thickness for 30-
minute crosslinking could be attributed to trapped molecules that did not have enough
time to leave the polymer matrix. In the case of films crosslinked for 300 minutes, there
is enough time for molecules to leave the matrix, which resulted in a smaller thickness.

The lowest concentration of GA (0.01M), did not show this peak effect due to the low

concentration allowing GA molecules diffuse in and out more quickly.
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EDC crosslinking shows similar trends to GA, as shown in Figure 4.2(c). At the
same crosslinking time, all films were thicker as EDC concentration increased. With
0.05 and 0.10M EDC, the largest thicknesses were observed with 30 minutes of
crosslinking. In the case of 0.01M EDC, thickness increased with time up to 300
minutes. In higher concentration EDC solutions, there are more EDC molecules that can
diffuse into the matrix and more time is needed for them to diffuse out. Lower
concentration EDC, on the other hand, has fewer molecules in solution, which reduces
diffusion time, much like with GA. The generally larger EDC-crosslinked film
thickness, relative to GA, is likely due to larger molecular size (see Figure 4.3 for
chemical structures). FTIR analysis of crosslinked films, decribed in the next section,
provides more insight about the various reactions that occur in these systems.

Thermal crosslinking results in completely different trends than GA and EDC, as
shown in Figure 4.2(d). PEI/PAA assemblies were thermally-crosslinked at 120, 150 and
180 °C for 1, 2 and 5 hours. 120°C crosslinked films, regardless of heating time, show
very little change in thickness (ranging from 1.04 to 1.11 um). At 150°C and 180°C,
film thickness decreased as heating time increased (when compared to an unheated
control). The fact that film thickness decreased 11% with 150°C and 20% with 180°C
(after 5 hours of heating), while 120°C resulted in an 8% increase, suggests that this
temperature is too low to induce significant crosslinking. Decreasing thickness at the
higher temperatures is due to covalent bonds forming between acid and amine groups
that pull the polymer chains closer to each other, as shown schematically in Figure

4.3(c).
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Figure 4.2. Ellipsometric thickness of PEl1o/PAA, assemblies as a function of bilayers
deposited (a). The influence of GA (b), EDC (c) and heat (d) crosslinking on
(PEl1o/PAAL)1o thickness is shown as a function of time, temperature and/or
concentration.

4.3.3 FTIR Analysis of Crosslinked Films

Figure 4.3 shows the chemical reaction that occurs with each type of
crosslinking. Glutaraldehyde reacts with the primary amine groups of PEI, forming a
“Schiff base” (Fig. 4.3(a)), while EDC and heat create amide bonds between PEI and
PAA. EDC acts as an activator in the process, generating a urea derivative as a side

product (Fig. 4.3(b)).?° Thermal crosslinking is a simple condensation reaction between
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PEl and PAA that generates water as a byproduct (Fig. 4.3(c)). Each of these

crosslinking mechanisms were verified by FTIR.
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Figure 4.3. Chemistry of crosslinking for PEI/PAA assemblies exposed to GA (a), EDC
(b) or heat (c).
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Figure 4.4 shows the ATR-FTIR spectra of 10BL PEIl;o/PAA, films crosslinked
with varying GA concentrations and times. Assemblies crosslinked with 0.01M GA
exhibited similar spectra, without generating new peaks (or shifted peaks), regardless of
time (Fig. 4.4(a)). Increasing the GA concentration to 0.05M caused the peak at 1630
cm™ (-NH,, stretching) to diminish (Fig. 4.4(b)). The C=N stretching band is located
from 1645-1665 cm™ % so it is assumed that generating the Schiff base influenced the
appearance of the adjacent peak. It should be noted that the intensity for Schiff bases is
relatively low, so the peak is not clear in these spectra. This “smoothing out” effect is
much clearer in films crosslinked with 0.10M GA, which indicates that higher
concentration results in more crosslinking (Fig. 4.4(c)). These results confirm the
proposed crosslinking mechanism (Fig. 4.4(a)) and suggest that the higher concentration
solutions provide greater film crosslinking at a given time, which has also been observed

by others.?%% 234
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Figure 4.4. FTIR spectra of (PEl;o/PAA)10 films crosslinked for varying times and with
varying concentration of glutaraldehyde: 1300 to 1800 cm™ (a-c). These spectra are
intentionally overlaid with arbitrary offset for clarity.
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The FTIR spectra of EDC crosslinked films are shown in Figure 4.5. All films
crosslinked with EDC showed weaker intensity for the —-COOH vibration band (located
at 1710 cm™) because the carboxylic acid groups were activated by EDC to form amide
bonds with PEI (Fig. 4.5(a)). The peak near 1630 cm™ represents the C=0 stretching
band for the amide bond (amide I). From 0.01 to 0.1 M, this peak becomes more
intensed with increasing crosslinking time, which can be explained by the generation of
amide bonds with EDC. The —COOH vibration band gradually smooths out with
increasing crosslinking time from 30 min to 300 min at all EDC concentrations.
Additionally, the amide | peak intensity increased significantly, regardless of
crosslinking time. A new peak generated at 1490 cm™ can be observed at 300 min
crosslinks for all EDC concentrations, which represents the -O-CH; band from the ester
intermediate composed of PAA and EDC (Fig. 4.3(b)).

Thermally crosslinking PEIl;o/PAA, assemblies requires a minimum temperature
of 150°C for 5 hours. At 120°C there are no spectral changes relative to the control,
regardless of heating time (Fig. 4.5(b)). Raising the temperature to 150°C produces
similar results at 1 and 2 hours, but the amide | peak intensifies, and -COOH peak
becomes weaker than the control, at 5 hours (Fig. 4.5(d)). These spectral changes
indicate that some crosslinking has occurred. At 180°C, the intensity of the amide | peak
becomes even more pronounced. All crosslinking times show intensified amide | peaks,
while the intensity of peaks around 1543 cm™ (the asymmetric stretching band for —
COOQ) decreased. There is likely some overlap of this peak with the amide Il band

(40~60% N-H bending and 18~40% C-N stretching).?> Among all the 180°C films, a
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decreasing trend is revealed between the apparent crosslink density, as evidenced by the

intensity of the amide | band (~1543 cm™), and the heating time in these PEI/PAA films

(Fig. 4.5(f)).
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Figure 4.5. FTIR spectra of (PEl;o/PAAy)10 films crosslinked for varying times and with
varying concentration of EDC (a), (c), (e) and heating at varying temperatures and times
(b), (d) (f). These spectra are intentionally overlaid with arbitrary offset for clarity.
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4.3.4 Topography of Crosslinked Films

AFM surface images of (PEl1o/PAAL)1o films, with and without 0.1M GA, 0.1M
EDC or 150°C exposure, are shown in Figure 4.6. All films were crosslinked for 30
minutes for direct comparison. The GA-crosslinked film has a rougher surface than the
control (Fig. 4.6(b) and (f)), while both EDC and thermally crosslinked films have
smoother surfaces than the control (Fig. 4.6(c), (d), (g) and (h)). GA crosslinking creates
covalent bonds between PEI layers by generating a Schiff base (Fig. 4.3(a)), which
tightens the initial molecular arrangement. EDC and thermal crosslinking, on the other
hand, create covalent linkages by connecting amine groups from PEI and carboxylic acid
groups from PAA, which fill the uneven “free sites” and make the overall surface
smoother. Root-mean-square (RMS) surface roughnesses were measured with 20 x 20
um scans. The order of RMS roughness is: GA (118.1 nm) > control (90.5 nm) >
thermal (58.1 nm) > EDC (55.4 nm). After crosslinking, GA increased roughness by
30%, while thermal and EDC reduced roughness by 35% and 38%, respectively. A
similar smoothing effect by EDC, on PAH/PAA assemblies, was previously
demonstrated by Caruso.?”® Crosslinking provides a direct way to manipulate surface
morphology of LbL films, which could be useful for surface patterning or tailoring

hydrophilicity.
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Figure 4.6. AFM surface images of (PElio/PAAs)1o films prepared with varying
crosslinking conditions: control (a)(e), 0.1M GA (b)(f), 0.1M EDC (c)(g), 150°C (d)(h).
(a)-(d) are height images and (e)-(h) are phase images. All crosslinking was performed
for 30 minutes.
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4.3.5 Oxygen and Moisture Barrier of Crosslinked Films

Oxygen transmission rates (OTR) of PElo/PAA; assemblies on PET were
measured at 23 °C and 0% or 100% RH, as shown in Figure 4.7. (PEl;o/PAA,)s films,
crosslinked with varying concentrations (0.01, 0.05 and 0.10M) of GA for 30 minutes,
show a three orders of magnitude reduction in OTR relative to the uncoated substrate
(OTR = 8.48 cc/m?- day for 179 um thick PET film) under dry conditions (Fig. 4.7(a)).
An 8BL PEIo/PAA, thin film with no crosslinking, and crosslinked with 0.10M GA,
reaches the instrumental undetectable limit (OTR < 0.005 cc/m? - day). It is interesting to
see that intermediate GA concentrations resulted in increased OTR. Higher GA
concentration correlates to higher extent of crosslinking in PEl;o/PAA, thin films (Fig.
4.4), so it is assumed that the observed reduction in barrier came from reduced film
thickness and incomplete crosslinking (OTR is a thickness dependent property). Table
4.1 summarizes oxygen barrier and film thickness data for these chemically-crosslinked
assemblies. With 0.01M GA, an 8BL assembly’s thickness is reduced 30%, while it is
only reduced 14% with 0.10M GA. At 100% RH, 0.01M and 0.05M GA both fail to
reduce OTR relative to the uncrosslinked (PEIl1o/PAA4)g thin film, which correlates with
the 0% RH results. The highest crosslink density, from 0.10M GA, reduces the OTR
from 0.61 to 0.09 cc/m? - atm - day (Fig. 4.7(b)), which is two orders of magnitude
below uncoated PET. Although similar to GA, crosslinking with EDC results in some
interesting differences in thin film OTR.

At 0% RH, the OTR of (PEl1o/PAA,)s increased slightly from undetectable to

0.0062 cc/m? - day with 0.01M EDC, and became much higher with 0.05M (0.305 cc/m?
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. atm - day), while 0.10M EDC decreased the OTR back to 0.0062 cc/m? - atm - day
(Fig. 4.7(c)). With a constant crosslinking time, the extent of reaction increased as the
EDC concentration increased. It is clear from Table 4.1 that film thickness is less
influence by EDC and the resulting lower density films exhibit poorer barrier than GA-
crosslinked films. At 100% RH, the 0.01M EDC crosslinked film shows the most OTR
improvement compared to the two higher concentrations (Fig. 4.7(d)). It is likely that the
optimum crosslinking concentration for EDC is < 0.01M. With greater EDC
concentration, more crosslinking generates more urea derivatives that may plasticize the
film and reduce the oxygen barrier. Permeability values in Table 4.1 were obtained by
multiplying film thickness by OTR. GA crosslinking yields reduced permeability with
increasing concentration, while the most dilute EDC crosslinking exhibits the lowest
oxygen permeability. Crosslinking with 0.10M GA also produces the best barrier at
100% RH. With an oxygen permeability of < 5.9 x 10% - cm®- cm/cm?- s - Pa under
dry conditions, this nanocoating is better than 100 nm SiOy (Poz = 1.05 x 102 - ¢cm®-

cm/cm? -+ s - Pa)™ and may be more economical for commercial-scale coating of

packaging film.
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Figure 4.7. Oxygen transmission rate of PEIl(/PAA, assemblies on PET at 0% (a)(c)
and 100% RH (b)(d). Water vapor transmission rate of PEl;(/PAA, films on PET (e).
These films were crosslinked with GA (a)(b) or EDC (c)(d) for 30 minutes or heated (e)
for 5 hours.
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Table 4.1. Oxygen permeability of (PElo/PAA,)s assemblies on PET film at 23°C.

Permeability(x10™° - cm®- cm/cm? - s - Pa)

Recipe OTR Film Thickness Film? Total
(cc/m? - day - atm) (nm)

0% RH 100% RH

Bare PET 8.48 8.48 N/A N/A 17.3

8BL <0.005° 0.61 640 <0.000068" <0.0096
8BL+0.01M GA 0.23 0.76 445 0.0023 0.46
8BL+0.05M GA 0.11 0.78 501 0.0013 0.22

8BL+0.10M GA | <0.005 0.09 551 <0.000059 <0.0096
8BL+0.01IM EDC | 0.0062 0.21 483 0.000068 0.013
8BL+0.05M EDC 0.31 0.88 526 0.0038 0.63
8BL+0.10M EDC | 0.0062 0.32 603 0.000085 0.012

2 Film permeability was decoupled from the total permeability using a previously described method.**

> The low end detection limit for an Ox Tran 2/21 L module is 0.005 cc/m? - day.

Thermally-crosslinked (PEl1o/PAAs)s films (at 120 or 150°C for 5 hours)
exhibited higher dry OTR (0.26 and 0.36 cc/m” - atm - day for 120 and 150°C,
respectively) than an uncrosslinked film. Elevated OTR was also observed at 100% RH
(0.90 and 1.22 cc/m? - atm - day for 120 and 150°C, respectively) relative to an unheated
film (0.61 cc/m?- atm - day). Reduced thickness and a low level of crosslinking are the
two factors causing higher OTR. Simple dehydration at 120 °C can account for reduced

thickness (from 640 to 382 nm) without any crosslinking. Although heating at 150°C for
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5 hours results in amide crosslinks (Fig. 4.5(d)), the significant decrease in thickness
(from 640 to 507 nm) appears to counteract the benefit of crosslinking.

Gas transport through materials can be attributed to two mechanisms: (1) Fickian
flow by a diffusion-solubility model, which is mostly observed in homogeneous
polymeric materials or (2) flow through defects, such as pinholes or micro-channels.'?®
PEI/PAA assemblies are believed to have defect-free surfaces, as shown in Figure 4.6.
Oxygen transport through a PEI/PAA multilayer film is expected to be better described
by the diffusion-solubility model based on this observation. This model describes
molecular transport through a homogeneous material in several steps. Penetrants are first
adsorbed onto the barrier surface, which then dissolve into the material. Gas molecules
next diffuse through the thickness, moving out of one phase and re-dissolveing into
another phase to continue the process. In a single-phase material, the permeability of
Fickian flow depends on both diffusivity and solubility (Equation 2.5). With two
components and numerous acid/base interfaces, the PEI/PAA thin film assembly is

believed to have a scrambled-egg structure,®®?

similar to a highly interpenetrated
network.”®® The chaotic aggregation among carboxylic acid groups and amine groups
makes it difficult for gas molecules to dissolve, diffuse and re-dissolve. Interactions with
PEI, PAA, and the PEI/PAA interfaces all contribute to slowing molecular motion
through the film. Unlike traditional macroscopic polymer blends, LbL assembly results

in “nano-blends” of the two ingredients, with many more interfaces that trap gas

molecules and create a high oxygen barrier.
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Another contributing factor to the high oxygen barrier in these films is reduced
free volume.”® The high glass transition temperature for this PEl1o/PAA, assembly was
previously used to show that PEIl and PAA are more attracted to each other than they are
to themselves.™ This strong attraction reduces free volume that can be further reduced
by crosslinking. Covalent crosslinking not only reduces the free volume of PEI/PAA, it
also provides a better humid oxygen barrier by reducing swellability. In a high humidity

200, 201 \which increases

environment, LbL films often swell and lose integrity,
permeability to oxygen molecules passing through. Crosslinking the “free” functional
groups (-NH, of PEI and -COOH of PAA) in the present assemblies decreases the
number of hydrophilic groups within the film, thereby making it more hydrophobic.
Crosslinking also reduces the ability of the film to swell, which was expected to improve
water barrier in these systems.

Water vapor transmission rates (WVTR) were tested on 8BL films crosslinked
with GA, EDC or heat at varying concentrations and temperatures. Unlike with oxygen,
WVTR values show only 16 ~ 20 % improvement (1.23~1.30 g/m?- day) relative to the
uncoated substrate (1.53 g/m?- day). Heated assemblies were chosen for further WVTR
testing because water is driven out during crosslinking. Figure 4.7(e) shows WVTR as a
function of the number of PEIl/PAA, bilayers deposited on PET, with and without
exposure to 150 °C for 5 hours. Water vapor transmission rate decreased with increasing
bilayers. For 20BL (3.3 um) and 50BL (7.3 um) films, the WVTR decreased 15% and

9% compared to their uncrosslinked counterparts, respectively. A crosslinked 8BL film

is very similar to the 20BL film without heat treatment, which demonstrates that thermal
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crosslinking creates a more moisture-resistant structure. The lowest WVTR came from
the 50BL heated film, which decreased the WV TR of PET from 1.53 to 0.82 g/m?- day
(~46% reduction). In general, thickness and structure are both important for reducing
WVTR. Although heating decreases the number of permeable pathways in the structure
by creating amide bonds, the simultaneous reduction of thickness counteracts this to
some extent. The electrostatic attraction among PEI/PAA charged groups can also be

dissociated by water, creating more diffusion pathways.

4.4 Conclusions

Super gas barrier thin films, composed of PEI and PAA, were successfully
deposited via LbL assembly and crosslinked using glutaraldyhyde, 1-[3-
(dimethylamino)propyl]-3-ethylcarbodiimide methiodide and/or heating with varying
concentration, temperature and time. Thicknesses of chemically-crosslinked films
exhibit a “peak effect” that is attributed to lack of diffusion time that causes some
swelling. Films crosslinked with lower concentration (< 0.05M) and longer time (>
3min) are thicker. Thermally-crosslinked films exhibit reduced thickness with longer
crosslinking time at or above 150 °C. Covalent bond formation, due to the various
crosslinking mechanisms, was confirmed by FTIR. All IR spectra indicate higher
crosslinking density with longer crosslinking time. AFM images highlight the ability to
tailor the surface roughness of these PEI/PAA films with crosslinking method. GA
makes the surface rougher, while EDC and thermal crosslinking both make film

smoother.
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Oxygen transmission rates of chemically-crosslinked PEI1o/PAA, assemblies are
improved at 100% RH relative to uncrosslinked films. Maximum barrier improvements
occur at different GA and EDC concentrations, suggesting that crosslinker chemistry
influences barrier. A 551 nm thick, 8BL PEI/PAA assembly exhibits an oxygen
permeability (< 5.9 x 10 cm®- cm/cm? - s - Pa) that rivals SiO,. Thermally-crosslinked
films showed some improvement in moisture barrier, but this required a high number of
layers. This marks the first systematic study of crosslinking and its influence on the
barrier properties of LbL assemblies. These films are inherently hydrophilic and more
work needs to be done with hydrophobic crosslinkers and/or addition of impermeable
particles to make significant reductions in WVTR. The improved oxygen barrier under
high humidity, and modest improvement in water vapor barrier, is promising for food

packaging, selective gas membranes and protection of flexible electronics.
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CHAPTER V
SUPER GAS BARRIER OF GRAPHENE-POLYMER

MULTILAYER THIN FILMS

5.1 Introduction

Graphene, a single atomic sheet of graphite, has quickly become one of the most
studied nanomaterials since its isolation in 2004.%" The tremendous interest in graphene
lies in its one-atom-thick structure, with a densely packed honeycomb crystal lattice,

105, 238

which is capable of exhibiting unprecedented electrical conductivity, thermal

2% and mechanical properties.”*> "' High surface to volume ratio makes

conductivity,
this material difficult to work with due to the strong van der Waals attraction between
single layer graphene sheets, so most of the graphene-related work uses chemically or
thermally modified graphene.?***** Graphene oxide (GO), obtained from exfoliation of
graphite oxide, is widely used to create graphene sheets by chemical reduction.?*>%*’
Unlike graphene, GO can be stabilized in aqueous solution without the need for
chemical stabilizers.*® There is some debate surrounding the structure of GO, but the
Lerf-Klinowski model, shown in Figure 5.1, is currently the most accepted one (i.e.,
unoxidized aromatic regions containing benzene rings, epoxide and hydroxyl groups,
alongside oxidized regions with aliphatic six-membered rings).>*® 2*° Parts of the edges

of GO sheets have carboxylic acid groups that impart negative charges when exfoliated

in water. These negatively-charged, high aspect ratio (I/d ~ 1000) nanoplatelets are
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187

known to be impermeable to most gases,”' much like clay, making them of great

interest for the preparation of gas barrier nanocomposites.

Substrate Branched polyethylenimine (PEI)

(\M !/‘\p/\\/‘*-'
: .k\/“\/\x/\\/"\/\._/‘\/d\/\]:

. """/\v"\/\""‘
ﬁ ﬂ Graphene Oxide(GO)
2 I s q
Rmse) Cationic mixture .- Rinse SR o e s T o
g
Anionic mixture

Figure 5.1. Schematic of layer-by-layer deposition of grapheme oxide and
polyethylenimine. Steps 1-4 are repeated until the desired number of bilayers are
achieved. The structure of GO was adapted from ref 245.

Thin films capable of preventing gas or water molecules from permeating
through a polymer film remain a major challenge for food and flexible electronics
packaging.”%? Reactive gases (e.g. O.) and moisture cause food to perish, create

electrical “”shorts” in microelectronics, and reduce the life span of electrodes. Metalized

146, 149 114, 254, 255

films,*?" 2°% SiO, coatings and nanoplatelet-filled polymer composites
have all been studied to circumvent these problems. Inorganic thin films have excellent

intrinsic barrier behavior, but they tend to suffer from pinholes or defects generated by
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bending or stretching.”® 2" Polymer composites have better mechanical properties, but
nanoparticle aggregation reduces barrier and transparency.?2%°

Layer-by-layer (LbL) assembly offers the opportunity to alternately deposit
polymer and nanoparticles onto a substrate as nanometer thick layers via electrostatic
attraction or hydrogen bonding.*> ** This precisely controlled deposition of ingredients
has already been used to generate super gas barrier thin films.® * 2 27 Tajloring
aqueous deposition mixture concentration,*® temperature,?®* pH>? and exposure time,*®
allows LbL film properties like thickness, transparency, and gas permeability to be
precisely controlled. Although never before studied for gas barrier, graphene has been

262 energy storage?* and selective gas

deposited in LbL assemblies for solar cells,
sensing.*?

In the present work, single layers of graphene oxide are alternately deposited
with brached polyethylenimine (PEI) to investigate the oxygen barrier of these thin film
assemblies. Thickness and mass exhibit linear growth at a rate of 4.3 ~ 5.0 nm per
PEI/GO bilayer (with 88 ~ 91 wt% GO loading in the deposited films). Atomic force
microscopy (AFM) shows discrete single layer graphene sheets on the surface and cross-
sectional transmission electron microscopy (TEM) images show the well-separated
graphene sheets inside of the polymer matrix, suggesting a perfectly oriented nanobrick
wall structure. A 10 bilayer film deposited on PET, made with 0.1 wt% PEI and 0.2 wt%
GO mixtures, is only 91 nm thick and has an oxygen transmission rate (OTR) of 0.12 cc
m? day® (or an oxygen permeability 2.5 x 10 cm® cm cm? s Pa?), which is

comparable to a 100 nm SiOy nanocoating™ and two orders of magnitude better than a
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25 um EVOH copolymer film.?? This study marks the first graphene-based gas barrier
coating prepared using layer-by-layer assembly and the lowest oxygen permeability
obtained by any graphene-based composite. With the ability to combine gas barrier with

264

electrical conductivity of graphene though reduction of graphene oxide,”" these films

could be promising for flexible electronics.

5.2 Experimental
5.2.1 Preparation of Deposition Mixtures

Single layer graphene oxide (GO) (CheapTubes, Brattleboro, VT) was exfoliated
in DI water by 10W ultrasonication for 10 minutes with a MISONIX XL-2000 tip
sonicator (Qsonica, Melville, New York). Anionic GO suspensions of 0.01, 0.05 and 0.2
wt% were prepared by sonicating 100 ml volumes. In order to prevent depletion, GO
suspensions were replaced after every ten bilayers of deposition. All other materials are

identical to those described in Chapter 111 (Section 3.2.1).

5.2.2 Substrates

All substrates are identical to those described in Chapter I11 (Section 3.2.2).

5.2.3 Layer-by-layer Film Deposition
The deposition process is identical to that described in Chapter 111 (Section

3.2.3).
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5.2.4 Thin Film Characterization
Film thickness on silicon wafers was measured with an alpha-SE Ellipsometer (J.
A. Woollam Co., Inc., Lincoln, NE). All other characterization techniques are the same

as Chapter I11 (Section 3.2.4).

5.3 Results and Discussion
5.3.1 Film Growth of PEI/GO

The layer-by-layer deposition process for PEI/GO is shown schematically in
Figure 5.1. LbL films are abbreviated as (PEI/GOy)y, where X is the concentration of GO
deposition suspension and y is the number of bilayers deposited. In all cases, the
aqueous PEI solution was 0.1 wt%. The growth of PEI/GOq; and PEI/GQOg o5 assemblies
are shown in Figure 5.2. Each film grows linearly with increasing number of bilayers
deposited (Fig. 5.2(a)). The average thickness of PEI/GOggs is 17% greater than
PEI/GOq; (4.3 nm and 5.0 nm per bilayer for PEI/GOg; and PEI/GOy s, respectively).
Higher concentration GO suspension results in more platelets deposited, which in turn
attracts more PEI to achieve charge overcompensation. Greater platelet deposition is also
believed to cause more stacking of GO platelets (mostly two or three platelets per stack).
Mass growth measured by QCM is similar to thickness growth, exhibiting linear trends
for both GO concentrations (Fig. 5.2(b)). The total mass of (PEI/GOgs5)20 is 31%
heavier than (PEI/GOg 01)20. (PEI/GOy01)20 has 88 wt% GO, while (PEI/GOg 5)20 has 91
wt% GO, suggesting some modest stacking of platelets at higher concentration. With

knowledge of both film mass and thickness, density of (PEI/GOg01)20 is calculated to be
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~ 1.94 g/em® [ (PEI/GOq5)20 density is ~ 2.00 g cm™]. These values are close to
theoretical densities calculated using the known density of PEI (~1) and graphite (~2.2).

Only LbL deposition can produce truly dense nanocomposites with such a high platelet

loading.
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Figure 5.2. Film thickness (a) and mass (b) as a function of bilayers deposited for
PEI/GO assemblies. The subscript on GO indicates the suspension concentration used
(0.01 or 0.05 wt%).
5.3.2 Film Morphology of PEI/GO

This high graphene oxide loading, and near perfect orientation of platelets, is
shown in TEM cross-sectional images of (PEI/GOy1)30 (Fig. 5.3(a)) and (PEI/GOg 0s)30
(Fig. 5.3(b)). The dark lines in these images are the GO sheets. These oriented graphene
oxide sheets are separated by lighter-colored PEI nanolayers to form a nanobrick wall

structure similar to previously reported PEI and montmorillonite clay assemblies.? The

waviness in these images is due to stress relief during microtome sectioning of the film.
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Surface topographies of PEI/GOg: (Fig. 5.3(c)) and PEI/GOggs (Fig. 5.3(d)) single
bilayer films were imaged by AFM. Platelet structures can be seen at both
concentrations. These images suggest single GO platelets are very poly-dispersed, with
diameters between 0.2 and 3.0 um. It also appears that both concentrations deposit
mostly exfoliated single platelets, which is the result of the electrostatic repulsion among
negatively-charged GO platelets. This combination of high loading of impermeable
nanoplatelets, and orientation of these platelets with their largest dimension parallel to

the substrate, is a recipe for excellent oxygen barrier.

15.7 nm

12.0

10.0

Figure 5.3.TEM cross-sectional images of (PEI/GO)3, on PS using 0.01wt% (a) and
0.05wt% (b) GO deposition suspensions. The double arrow bars highlight the thickness
of the films. AFM surface images of (PEI/GO);, on Si wafers, made with 0.01 (c) or
0.05wt% (d) GO deposition suspensions.



80

5.3.3 Oxygen Barrier of PEI/GO

Oxygen transmission rates (OTR) of PEI/GO films deposited on a 179 um PET
substrate were measured at 23 °C and 0% (or 100%) RH, as shown in Figure 5.4. At 0%
RH, OTR decreases with increasing the number of bilayers deposited. For
(PEI/GOg01)10, OTR of the uncoated PET drops from 8.48 to 1.23 cc/m? - day.
Increasing the number of bilayers to 20 and 30 further decreases the OTR to 0.46 and
0.27 cc/m? - day, respectively (Fig. 5.4(a)). PEI/GOq g5 exhibits the same decreasing OTR
trend as PEI/GOq s, but with lower values at the same number of bilayers that indicates
better lateral platelet packing. The (PEI/GQOqs)30 film reduces the OTR by a factor of 45
relative to the uncoated PET substrate (Fig. 5.4(b)). Concentration of GO in the aqueous
deposition suspension is more pronounced at 10BL, while the OTR reduction from 10 to
20BL (and 20 to 30BL) for each concentration is relatively similar. At 100% RH, the
OTR of PEI/GOq s assemblies increased relative to the same number of bilayers at 0%
RH (Fig. 5.4(c)). This reduced barrier was less than a factor of two and much less
significant than what has been observed in clay-polymer assemblies.*® %° OTR of 10BL
films with 0.01, 0.05 and 0.2 wt% GO are shown in Figure 5.4(d). A (PEI/GOq2)10 has
an OTR of 0.12 cc/m? - day, which is lower than (PEI/GOqs)30 and a factor of 71 lower
than uncoated PET. Similar to clay,” increasing the GO concentration in suspension also
increases the GO concentration inside of the LbL films, which results in more
overlapping platelets and limits the diffusion pathway for oxygen molecules. The OTR
of (PEI/GOqgs5)20 Is better than (PEI/MMTg05)20 by a factor of 20 due to a much larger

aspect ratio (oumt ~ 200 and ago ~ 1000).%°
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Figure 5.4. Oxygen transmission rate of PEI/GO assemblies on PET at 23°C and 0% RH
made with 0.01 (a) or 0.05 wt% GO (b) suspensions. OTR of films made with 0.05 wt%
GO suspensions at 23°C and 100% RH (c). OTR of 10BL PEI/GO made with varying
GO concentrations (d).

Table 5.1 summarizes thickness and barrier properties of these PEI/GO
assemblies. All PEI/GO thin films have oxygen permeability around 10™° ~ 10% c¢m?.
cm/cm? - s - Pa. (PEI/GOq.)10, With a thickness of 91 nm, has an oxygen permeability of
2.5 x 10% cm®- cm/cm? - s - Pa, which is within the same order of magnitude as a
typical SiOy nanocoating® and two orders of magnitude better than a 25 pm EVOH
copolymer film.?®® This is also the lowest oxygen permeability ever reported for any

graphene-based material.”**®® This tremendous barrier comes from an extremely

“tortuous pathway” best decribed by Cussler.®® Polymer composites with impermeable
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platelets generate a brick wall structure with multiple parallel channels inside of the
matrix. When gas molecules travel perpendicularly through the film, they tend to wiggle
through the permeable polymer channels until they find a slit in the platelet layer to
penetrate into the next channel. A description of Cussler’s model, as it pertains to these
polymer-platelet assemblies, and schematic of this structure has been reported
previously.® *> 1% One can argue that a perfectly aligned nanobrick wall structure is
achieved by using layer-by-layer assembly, with PEI as mortar and GO platelets as
nanobricks. This unique structure, creates a longer diffusion length than composites
made by simple mixing. Moreover, the hydroxyl groups along the edge of graphene
oxide (Fig. 5.1) also contribute to some hydrogen bonding with permeating oxygen
molecules, further contributing to reduced oxygen permeability. The oxygen
permeability of (PEI/GOy2)10 is five orders of magnitude lower than a PVA/GO
composite and eight orders of magnitude lower than a PS/GO composite prepared by

simple mixing.2%® 26
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Table 5.1. Oxygen permeability of PEI/GO assemblies on PET.

Permeability (x10™® - cm®- cm/cm? - s - Pa)

Recipe OTR? Film Assembly” Total

(cc/m?-day -atm)  Thickness

(nm)
0%RH  100% RH

179 um PET 8.48 8.48 N/A N/A 173

(PEI/GOq.01)10 1.28 N/A 42 0.0014 2.62

(PEI/GOq.01)20 0.43 N/A 84 0.00087 0.88

(PEI/GOg01)30 0.27 N/A 128 0.00082 0.55

(PE1/GOq05)10 0.77 1.20 50 0.00097 158

(PEI/GOg.05)20 0.31 057 98 0.00072 0.63
(PE/MMT,g5)20° 6.12 N/A 52 0.0256 12.52

(PEI/GOg.05)30 0.19 0.36 149 0.00066 0.39

(PEI/GOg.)10 0.12 N/A 91 0.00025 0.25
(PEI/MMT,2)1o" 5.60 N/A 28 0.914 1001.91

#OTR measured at 23°C by MOCON using an Oxtran 2/21ML instrument in accordance with ASTM D-
3985.1

® Film permeability was decoupled from the total permeability using a previously described method. *4°
® This result is from ref*°.

4 This result is from ref®.



84

5.4 Conclusions

Layer-by-layer thin films, assembled with polyethylenimine and graphene oxide,
were shown to have a high GO loading (88 ~ 91 wt%), high transparency and extremely
low oxygen permeability. A 91 nm film, consisting of 10 bilayers of PEI and GO,
exhibits an oxygen permeability of 2.5 x 10?° cm®- cm/cm? - s - Pa, which is the same
order of magnitude as SiOy nanocoatings and five or more orders of magnitude better
than traditional polymer-GO bulk composites (i.e., thick film). This impressive gas
barrier comes from a tightly packed nanobrick wall structure that creates super tortuosity
and diffusion length for oxygen molecules. These films exhibit the lowest oxygen
permeability of any published graphene-based polymer composite. With the ability to
also impart electrical conductivity through an aqueous reduction process,?* a single film

could potentially be both transparent electrode and barrier for flexible electronics.
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CHAPTER VI
INFLUENCE OF DEPOSITION TIME ON LAYER-BY-LAYER GROWTH OF

CLAY-BASED THIN FILMS*

6.1 Introduction

Montmorillonite (MMT) and laponite (LAP) are two of the most commonly used
smectite clays, comprised of silicon-oxygen tetrahedral sheets and aluminum or
magnesium oxygen-hydroxyl octahedral sheets.'® For both of these clay types, one
octahedral sheet is sandwiched by two tetrahedral sheets, which forms a 2:1 layer
structure (Fig. 2.2). When added to water, these negatively charged sheets exfoliate
completely through a cation exchange process.®® The thickness of each exfoliated
montmorillonite platelet is around 1 nanometer, and the lateral dimension is 200
nanometers on average.''® Laponite is a synthetic clay, whose single crystal is disc
shaped with a thickness around 0.92 nanometers and uniform diameter around 25
nanometers.?” In other words, montmorillonite is a polydisperse natural clay with aspect
ratio ranging from 200~1000 and laponite is a synthetic clay with a nearly monodisperse
aspect ratio around 27.

Despite intense study of various parameters that control LbL film growth®" 4% °%
% the influence of deposition time has received little attention.’® *®In the present work,
layer-by-layer assembly of polyethylenimine with MMT and LAP is studied, with a
*Repriwwth permission from “Influence of Deposition Time on Layer-by-Layer

Growth of Clay-Based Thin Films” by You-Hao Yang etc., Industrial & Engineering
Chemistry Research 2010, 49(18), 8501-8509. © 2010 American Chemistry Society.
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focus on the influence of the deposition time on film growth. Ellipsometry and
reflectometry data show linear thickness growth with all exposure times (ranging from 5
s to 5 min). Quartz crystal microbalance (QCM) data indicate that the mass of laponite-
based films are more sensitive to deposition time than montmorillonite, which was found
to be nearly unaltered. Thin film densities of the two clay systems were also calculated
to better explain the dependency of deposition time. TEM images and XRD data confirm
the layered structure and consistent gallery spacing with varying deposition times. SEM
and AFM images provide topography and roughness comparisons between the different
clays and deposition times. Finally, oxygen permeability of PEI/MMT assemblies reveal
exceptional barrier behavior for both short and long deposition time, suggesting the

ability to build LbL films at a much faster rate.

6.2 Experimental
6.2.1 Preparation of Deposition Mixtures

Laponite (Laponite RD, Southern Clay, Gonzales, TX) and sodium
montmorillonite (Cloisite Na* Southern Clay, Gonzalez, TX) clays were exfoliated in
deionized water, creating 1.0 wt% anionic mixtures, whose unaltered pH levels are
10.1~10.2 and 9.7~9.8, respectively. Other materials are identical to those described in

Chapter I11 (Section 3.2.1).



87

6.2.2 Substrates
X-ray diffraction (XRD) measurements are made on piranha treated silicon
wafers coated with a given assembly. Other substrates are identical to those described in

Chapter I11 (Section 3.2.2).

6.2.3 Layer-by-layer Film Deposition

The overall deposition process is shown in Figure 6.1. First, a given substrate
was dipped into the polycation (PEI) solution for 5 minutes. Then the substrate was
rinsed with deionized water for 30 seconds and dried with a stream of filtered air. After
the first positively charged layer was adsorbed, the substrate was dipped into the anionic
(MMT or LAP) suspension for another 5 minutes followed by another rinsing and drying
cycle. Starting from the second deposition cycle, the remaining number of bilayers were
created using deposition times ranging from 5 seconds to 5 minutes, as specified in the
text or figures. One polymer-clay bilayer is abbreviated as (PEI/MMT); or (PEI/ LAP);.

Except for MOCON samples, all other LbL films were made by hand dipping.
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Figure 6.1. Schematic of the layer-by-layer deposition process for clay-based
assemblies. Steps 1-4 are repeated until the desired number of bilayers are deposited.*®
6.2.4 Thin Film Characterization

An F20 Thin Film Reflectometer (Filmetrics, San Diego, CA) was used to
measure the thickness as a confirmation of ellipsometry. Atomic force microscope
(AFM) (Nanoscience Instruments, Inc., Phoenix, AZ) images were gathered in tapping
mode with XYNCHR and ACL-A cantilever tips. A Bruker AXS D8 Advanced Bragg-
Brentano X-ray diffractometer (CuKa, A = 1.541A; Bruker AXS Inc., Madison, WI) was
used for powder and glancing-angle XRD. Surface morphologies of coated PET films

were imaged by a Quanta 600 FE-SEM (FEI Company, Hillsboro, OR). Samples were
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coated with 4 nm Pt/Pd before imaging. Other characterization methods are identical to

those described in Chapter 111 (Section 3.2.4)

6.3 Results and Discussion
6.3.1 Influence of Deposition Time on Film Growth

Ellipsometery and reflectometry data in Figure 6.2 show linear thickness growth
for both LAP and MMT systems at varying deposition times. For the LAP system,
thickness growth rate increases significantly with increasing deposition time. The
thickness of (PEI/LAP)3, with 300 second dips is about 92% thicker than with 5 second.
On the other hand, the thickness growth rate of the MMT system remained relatively
constant with increasing deposition time. Thickness of (PEI/MMT)s, with 300 second
dips is only about 22% thicker than 5 second. QCM data, shown in Figure 6.3, also show
linear growth in both the LAP and MMT systems for different deposition times. For the
LAP system, mass growth increased from 11.3 to 15.5 pg/cm? as deposition time
increased from 10 seconds to 300 seconds. For the MMT system, 10 seconds and 60
seconds show nearly the same growth rate, while 300 seconds shows faster mass growth
than the others. The average mass and thickness per bilayer, and the calculated densities,

are summarized in Table 6.1.
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Figure 6.2. Film thickness as a function of bilayers deposited for LbL assemblies made
with varying deposition times. Ellipsometry (a,b) and reflectometry (c,d) show very
similar growth trends, which confirms the accuracy of these measurements.
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Figure 6.3. Mass per deposited bilayers for assemblies made with varying deposition
times, as measured with QCM. PEI/MMT (a) and PEI/LAP(b).*®

Table 6.1. Thickness, weight and density per bilayer for PEl/clay thin films.'®®

MMT LAP
Dip Time | thickness weight density thickness weight density
(sec) (M) (uglem®)  (gem)  (m)  (uglem?)  (glem’)
10 4.14 0.78 1.88 1.63 0.38 2.35
60 4.35 0.78 1.80 2.14 0.48 2.22
300 4.62 0.92 1.99 3.09 0.56 1.81

The hypothesized mechanism for the difference in growth between MMT and
LAP, for long and short deposition times, is illustrated in Figure 6.4. For the MMT
system, more platelets are deposited in long deposition times than in short deposition
times, which can be confirmed by the QCM data in Figure 6.3 that shows greater mass at
longer time. Even with greater mass, the thickness remains almost the same based upon

ellipsometry and reflectometry data (Fig. 6.2(a) and (b)). It is assumed that the large
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aspect ratio of MMT platelets allows them to bridge defects in the underlying PEI layer,
making the total thickness the same with fewer deposited platelets relative to longer
deposition time. For the LAP system, more platelets are also deposited for longer
deposition times (Fig. 6.3), but unlike the MMT system, the films grow thicker with
longer deposition times. This trend can be explained by the geometry of the LAP

platelet?”

, with nearly ten times smaller diameter than MMT, which can be deposited
into the defects of every PEI layer. In short deposition times, fewer LAP platelets are
deposited and stay inside of polymer interchain gaps or voids. Instead of lying on top of
polymer layers, LAP platelets prefer to stay inside of interchain or intrachain voids
because of the stronger electrostatic attractions. Moreover, free surfaces of the polymer
layer can be decreased by inserting LAP platelets, which can also decrease the total
surface energy of the structure.

With long deposition times, the structure is more like the MMT system, which
has a full coverage clay layer stacking on top of every polymer layers. Long dip time
allows more polymer and clay to be deposited, creating fewer free surfaces and voids in
polymer layers. LAP platelets can only stack on top of polymer layers, creating a
stratified clay layers and an overall thicker film than short dip time. Since the density of
clay is higher than polymer (PEI: 1.03 g/cm®, LAP: 2.53 g/cm®, MMT: 2.86 g/cm®), the
overall density of an LbL film is controlled by the deposited components and layering
structure. Table 6.1 shows the thickness, mass and calculated density measured from

ellipsometry and QCM. In the MMT system, densities of the three films seem to stay in

the same range from 1.8 g/lcm®to 2.0 g/cm? regardless of dip time. In the LAP system,
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both weight and thickness increase with increasing dip time. It should be noted that the
increase of weight is slower than the increase of thickness, which results in the decrease
of calculated density as the dip time increases. The slower thickness increase from short
dip time comes from the geometric effect of LAP platelets mentioned above, which

contribute the most to the increasing density trend with decreasing the deposition time.
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Figure 6.4. Proposed film growth mechanism for PEI/MMT and PEI/LAP with different
deposition times. The larger MMT platelets are able to bridge defects in the underlying
PEI layer, which allows overall film thickness to be relatively unaltered by deposition
time. Laponite platelets are nearly an order of magnitude smaller in diameter, so
thickness varies greatly with deposition time due to an inability to bridge.*®®
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In an effort to clarify the individual dependences of deposition times, long and
short times were mixed and matched for LAP and MMT. Ten seconds was chosen as the
shortest deposition time and 300 seconds as the longest. Figure 6.5 shows the thickness
growth profile using the shortest and longest deposition times for PEI/MMT and
PEI/LAP systems, respectively. An average thickness comparison per bilayer for these
systems is summarized in Table 6.2. QCM data, shown in Figure 6.6, also shows the
same linear growth profile as the ellipsometry results (Fig. 6.5). For PEI, the mass with
either clay system remains unaltered as the deposition time changes from 10 seconds to
300 seconds, with clay held constant at either 10 seconds or 300 seconds, which reveals
a rapid adsorption rate. When the substrate is dipped into the polymer solution, the
mobile polymer chains can easily deposit onto the negatively charged sites in a short
time.

Interlayer diffusion is another contributor to polymer deposition consistency,®
because excess polymer can diffuse more deeply into the film and bind to vacant
negatively charged sites, which causes each polymer layer to be more fully packed. For
MMT, thickness and mass per bilayer for differential deposition time combinations
shows the same result as identical deposition time experiments (compare Tables 6.1 and
6.2). Individually tuning deposition time for either PEI or MMT does not result in
significant changes in either thickness or mass growth. For LAP, unlike MMT, the film
gets 70 to 99% thicker and 45 to 60% heavier per bilayer when tuning only LAP
deposition time from 10 seconds to 300 seconds. When tuning only PEI dip time, the

thickness and mass remains the same (Table 6.2). The significant difference between
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MMT and LAP can be attributed to their order of magnitude difference in diameters and

restricted mobility relative to PEI.
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Table 6.2. Thickness, weight, and density per bilayer for PEI/MMT and PEI/LAP thin
films made with combination deposition times.**®

MMT LAP
Dip Time | thickness weight density thickness weight density
(sec) (nm) (ng/cm?)  (glem’) (nm) (ng/cm?)  (glem’)
10/10 4.14 0.78 1.88 1.63 0.38 231
10/300 3.95 0.95 2.40 3.25 0.61 1.88
300/10 3.84 0.88 2.30 1.72 0.36 2.09
300/300 4.62 0.92 1.99 3.09 0.56 1.81

6.3.2 Influence of Deposition Time on Film Microstructure

Figure 6.7 shows TEM cross sections of four films with 10 and 300 second
deposition times for the (PEI/LAP)3 and (PEI/MMT)3, systems. Each film was
fabricated on PS substrates and embedded in epoxy to facilitate sectioning. The 300
seconds film is clearly thicker than 10 seconds for PEI/LAP (Fig. 6.7(a) and 6.7(b)),
while in the PEI/MMT system, the film thickness remains almost the same between 10
and 300 seconds (Fig. 6.7(c) and (d)). A layered structure can be observed from the
images of the PEI/MMT system, which also illustrates the exfoliation of these polymer-
clay nanocomposites.*** Stress relaxation in the films during diamond knife sectioning
causes the films to appear wavy. These TEM images help to confirm the hypothesized

mechanism for the difference in growth (Fig. 6.4).
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Figure 6.7. TEM cross-sectional images of (PEI/LAP)3, on PS with 10 sec (a) and 300
sec (b) deposition times for both ingredients. (PEI/MMT)300n PS is also shown for 10
sec (c) and 300 sec (d) deposition times.*®®

Figure 6.8 shows SEM surface images of assemblies deposited on PET using
long and short deposition times. The PEI/LAP system shows a similar uniform
cobblestone pattern for both 10 and 300 second deposition times (Fig. 6.8(a) and (b)).
For the PEI/MMT system, more MMT platelets are observed with 300 second dips than

for 10 seconds (Fig. 6.8(c) and (d)), which agrees with the QCM results previously

discussed. Silicon wafers coated with 2 bilayers of PEI and clay were imaged by AFM.
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As shown in Figure 6.9, the height and phase images of the (PEI/LAP); films for 10 and
300 second depositions have a cobblestone pattern. The film prepared with 300 second
dips seems to have greater packing of LAP platelets on the top layer. The overall
topography for LAP is similar for different deposition times, which is the same as the

30-bilayer SEM images.

Figure 6.8. SEM surface images of (PEI/LAP)3, on PET with 10 sec (a) and 300 sec (b)
deposition times for both ingredients. (PEI/MMT)so0n PET is also shown for 10 sec (c)
and 300 sec (d) deposition times.'®®
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Figure 6.9. AFM height (a, ¢) and phase (b, d) surface images of (PEI/LAP), films.
Films were made with 10 sec (a, b) and 300 sec (c, d) deposition times.'®®

Figure 6.10 shows the height and phase images for (PEI/MMT),. MMT is a
natural clay, which contributes to its less uniform topography at both 10 and 300
seconds. Moreover, the 300 second film shows a more close packed arrangement of
MMT platelets that highlights the polydispersity and larger size of this clay relative to
LAP (Fig. 6.9). Shorter deposition time allows fewer MMT platelets to deposit onto the

substrate, which makes the surface rougher than longer deposition time. The rms surface
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roughness of (PEI/MMT); is 31.5 nm for 10 seconds and 21.6 nm for 300 seconds, while
(PEI/LAP); is 3.6 nm for 10 seconds and 2.6 for 300 seconds. All the roughness values
were calculated using 20 x 20 um areas. In both PEI/MMT and PEI/LAP systems,
smoother films are achieved with longer deposition time, which is supported by all of the

images shown in Figures 6.8-10.

Opm W 3um . Opm W Jgm

Figure 6.10. AFM height (a, c) and phase (b, d) surface images of (PEI/MMT); films.
Films were made with 10 sec (a, b) and 300 sec (c, d) deposition times.'®®



101

Figure 6.11(a) shows the XRD patterns of neat LAP powder and two LbL films
made with varying deposition times. Neat LAP powder exhibits a peak at 6.8° that
corresponds to a basal distance (doo;) of 12.98 A. This spacing agrees with the reported
value in the literature.?”* As the thickness of each LAP platelet is about 1 nm, the gallery
spacing is then ~ 3 A. The pattern for the 10 seconds PEI/LAP system shows a peak at
6.1° (doo1=14.47 A), while 300 seconds has a slightly higher angle at 6.24° (dgo1=14.15
A). In both cases, intercalation of polymer during deposition results in increased platelet
spacing. A similar trend is observed with the MMT-based films, as shown in Figure
6.11(b). Neat MMT powder shows a peak at 7.73° (dgo1=11.43 A) that reduces to 6.41°
(doo1=13.77 A) for 10 seconds and 6.38° (dop;=13.85 A) for 300 seconds. Similar to
LAP, the increased gallery spacing can also be attributed to intercalated polymer chains,
which are 2.34 A for 10 seconds and 2.42 A for 300 seconds. The level of intercalation
appears to be more influenced by clay type than deposition time. These results suggest
that short deposition time can generate a comparable through thickness structure to films
made with long deposition time. This is an important result for those seeking to use this

methodology in a commercial setting.



102

(a)
PEI/LAP 300 sec
Bl
L
>
o
‘%
5 PEI/LAP 10sec
-
£ }
neat LAP
0 5 10 15 20 25 30
20 (degree)
(b)
= PEI/MMT 300 sec
s
>
)
‘@
c
(7]
€
- PEI/MMT 10 sec
S S P
neat MMT
1 1 1 1 1 I
0 5 10 15 20 25 30

20 (degree)

Figure 6.11. XRD patterns for neat LAP and 30-BL films made by varying the
deposition time of PEI and LAP solutions (a). The same patterns are shown for MMT

(b). 228



103

6.3.3 Influence of Deposition Time on Oxygen Barrier Behavior

Similar clay-polymer assemblies have already been shown to achieve low
oxygen transmission rates (OTR < 0.005 cc/m? - day at 23°C and 0% RH) on PET film
using one minute dip times.® ** Table 6.3 summarizes the OTR results for 30-bilayer
thin films deposited on 7-mil PET with varying dip times. Compared with uncoated
PET, all four (PEI/MMT)3 films with different deposition times exhibit significant
improvement in oxygen barrier performance (i.e., reduced OTR by orders of magnitude).
The 10sec/10sec film reduce the OTR from 8.48 cc/m? - day to 0.168 cc/m? - day, while
all the other dip times (1min/1min, 5min/5min and 10sec/5min) achieve an undetectable
value (<0.005 cc/m? - day). Barrier is an important property for a variety of packaging
applications and it is also very sensitive to small defects.

This impressive barrier for composites less than 150 nm thick is attributed to the
high clay concentration (> 89 wt %) and near perfect alignment perpendicular to the
permeating gas.®> % Polymer chains intercalate with the MMT platelets during
deposition, increasing the interlayer spacing and creating a brick wall nanostructure,
which decreases the permeability of oxygen molecules. Although these four films have
similar thickness, the 10sec/10sec film exhibits a weaker barrier than the others. With
very short dip time in clay, fewer MMT platelets are deposited (as suggested by lower
weight in Table 6.2), creating a more loosely-packed structure (see Fig. 6.4) that would
be expected to have reduced barrier. The permeability values in Table 6.3 are obtained
by multiplying film thickness by OTR. Except for the shortest dip time for clay, these

OTR results suggest a very similar, relatively defect-free, structure that is independent of
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dip time. Even the 10sec/10sec film achieves a permeability close to that of SiO,,> ***

212,213 making it an interesting alternative for transparent food, or flexible electronics,

packaging.

Table 6.3. Oxygen permeability of (PEI/MMT)s, assemblies on PET film.*®®

Permeability(x10° cc/m - day - atm)

Dip Time OTR Film Thickness Film* Total

(PEI/MMT)
(sec) (cc/m? - day - atm) (nm)

Bare PET 8.48 N/A N/A 1517.92
10/10 0.168 124.08 0.0425 300.93
60/60 <0.005" 130.44 <0.0013° <0.9°

300/300 <0.005 138.49 <0.0014 <0.9
10/300 <0.005 118.35 <0.0012 <0.9

2 Film permeability was decoupled from the total permeability using a previously described method .**°
> The low end detection limit for an Ox Tran 2/21 L module is 0.005 cc/m?- day.

6.4 Conclusions

The influence of deposition time on film growth and microstructure of clay-based
layer-by-layer assemblies was studied. Large diameter MMT platelets (d ~ 200nm)
showed little sensitivity to deposition time in terms of film growth, but density increased
(and roughness decreased) with longer deposition times. It is believed that these large
platelets can bridge film defects in the underlying polymer layer. The PEI/LAP system,
in contrast, shows strong dip time dependence in film growth because of the smaller

diameter of LAP (d ~ 25nm), which makes them less able to bridge recesses in the
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polymer layer. TEM cross-sectional images show thicker PEI/LAP films with longer
deposition time. SEM and AFM surface images show a highly-ordered cobblestone
pattern for the PEI/LAP system for all deposition times, while PEI/MMT shows less
uniformity and organization at short times. Low OTR results demonstrate that high
quality films can be assembled when decreasing the deposition time of PEI. Generally
speaking, short dip times (< 1 min.) appear to generate similar films to longer times in
terms of thickness and structure, especially in the case of larger clay platelets. This work
should be served as a step toward achieving faster deposition of multifunctional LbL

films, which is a key issue facing their commercial use.
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CHAPTER VII

CONCLUSIONS AND FUTURE WORK

The ultimate goal of this dissertation research was to improve the processing and
oxygen barrier behavior of nanocoatings deposited on permeable polymeric substrates.
Polymer-polymer and polymer-nanoplatelet layer-by-layer assemblies both reduce the
oxygen transmission rate more than three orders of magnitudes relative to an uncoated
PET, with coating thickness ranging from 100 ~ 500 nm. Crosslinking these films
improves oxygen barrier at high humidity. Furthermore, Polymer-clay assemblies can be
processed with relatively fast deposition cycles. This works lays the foundation for the
use of layer-by-layer assembly as an effective fabrication technology for making
ultrathin, transparent super gas barrier layers that are important for a variety of

packaging applications.

7.1 Super Gas Barrier of Weak Polyelectrolytes Thin Films

Layer-by-layer multilayer films fabricated with two weak polyelectrolytes, PEI
and PAA, exhibited a pH-dependent behavior in terms of growth, microstructure and
oxygen barrier. A (PEIlo/PAA,)3 film, with the lowest combined polymer charge
density, is 50 times thicker than a (PEI;//PAA7)3, film, which has the highest combined
charge. Surface roughness of a low charge density film is higher than the film with high
charge density. Compared to other pH combinations, only PEl;o/PAA, obtained a high

oxygen barrier. An 8BL PElo/PAA,; film, with a thickness 451 nm, exhibits an



107

undetectable OTR < 0.005 cc/m? - day and an oxygen permeability < 4.8 x 10% cm®-
cm/cm? - s - Pa. Due to the scrambled egg structure, with numerous cation/anion
interfaces created by LbL, this film is believed to be the first all-polymer material, with
low oxygen permeability, which can compete with SiOx nanocoatings. This relatively
simple recipe may be of use for a variety of packaging applications, such as food and

flexible electronics packaging.

7.2 Influence of Crosslinking on Gas Barriers of Weak Polyelectrolyte Thin Films
The influence of crosslinking on PEI/PAA films was examined with regard to
three methods: GA, EDC and heat. Different crosslinking concentrations, temperatures
and times resulted in thickness variations, ranging from 600 to 1300 nm, for crosslinked
10BL films. FTIR spectra confirm that covalent bonds were created by this crosslinking,
with increasing extent of reaction accompanied by increasing the crosslinker
concentration or temperature. 8BL films crosslinked with 0.1M GA or 0.01M EDC
exhibit the lowest OTR at 100% RH, indicating that PEI/PAA films gain some water
resistance after crosslinking. A 50BL film crosslinked at 150°C exhibits a 46% WVTR
improvement, indicating that PEI/PAA films are still quite water permeable and more
works need to be done. This study marks the first systematic study of crosslinking and

its influence on the barrier properties of LbL assemblies.
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7.3 Super Gas Barrier of Polymer-Graphene Oxide Films

PEI/GO multilayer thin films were made via LbL with varying GO
concentrations. Films grow linearly with average bilayer thickness from 4.3 to 5.0 nm as
deposition solution concentration is varied from 0.01 to 0.05 wt%. QCM results show
these films are highly GO loaded, with mass fraction of 88~91% in 20BL PEI/GO films.
AFM images show individual GO sheets on the film surface, with an aspect ratio from
0.2 to 3 um. Cross-sectional TEM images show well-separated GO sheets inside of the
polymer matrix, suggesting a perfectly oriented nanobrick wall structure. A 10BL
PEI/GOy, film, with a thickness of 91 nm, achieves an oxygen permeability of 2.5 x 10
2 cm?. cm/cm? - s - Pa, which is comparable to a 100 nm SiOy nanocoating. At the same
number of bilayers, the barrier performance of PEI/GO is orders of magnitude better
than PEI/MMT due to greater aspect ratio. This study demonstrates super gas barrier thin
films made with GO as the impermeable platelet. This system could be furthered
optimized for applications like transparent electrodes and barrier for flexible electronics,

perhaps in a single thin film.

7.4 Influence of Deposition Time on Polymer-Clay Thin Films

LbL assemblies fabricated using PEI with two different aspect ratio clays, MMT
and LAP, were examined in terms of various deposition times, from 5 seconds to 5
minutes. Ellipsometry and QCM growth both show that PEI/LAP films are more dip
time dependent than PEI/MMT because smaller aspect ratio clay can reside in

morphological polymer defects, while larger aspect ratio clay bridges onto those defects.
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XRD suggests the gallery spacing between clay layers is insensitive to dip time, which is
a key structural parameter linked to both mechanical and transport properties of these
types of films. By changing the deposition time of PEI from 5 minutes to 10 seconds,
and keeping the same deposition time of MMT, the OTR remains undetectable (< 0.005
cc/m? - day), which indicates that high gas barrier films can be processed very quickly.
This is an important revelation that increases the likelihood of commercial success for

these nanocoatings.

7.5 Future Research Plans

From the results in Chapters Il and IV, it is clear that PEI/PAA assemblies
exhibit good oxygen barrier under dry conditions, but relatively poor barrier under
humid conditions due to the hydrophilic nature of the polymers. Especially for moisture
barrier, little WVTR decrease was observed in these films. New approaches for making
more water resistant LbL films are needed for commercial applications. Chapter V
showed promising barrier results from PEI/GO bilayer films. Increased platelet spacing
in these films further improves the gas barrier performance. Additionally, chemical
reduction of GO could potentially make a gas barrier film electrically conductive, which
will improve this film’s usefulness. Three areas of future research are described here as

ways to address these challenges.
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7.5.1 Non-Aqueous LbL Multilayer Films

Thin films fabricated with PEI and PAA are hydrophilic due to the aqueous
deposition environment, allowing water molecules to easily transport through the
structure. Although crosslinking these films create covalent bonds and enhanced
moisture resistance, the improvement is very limited. In addition to water, other solvents
can be used to successfully grow LbL films.?* %" The idea is to use solvents to generate
films with reduced moisture sensitivity and study their oxygen and moisture barrier.
Figure 7.1(a) shows that a PEI and PAA dissolved in ethanol can be used to grow LbL
assemblies. Ethanol-based PEI/PAA films are thinner than water-based PEI/PAA films,
with only 235 nm at 30BL (4.74 um for water-based). The linear growth trend of
ethanol-based PEI/PAA is also different from exponentially growing water-based

PEI/PAA. The OTR performance of this system at 23°C and 0% RH is shown in Figure

7.1(b). This OTR is not as good as water-based PEI/PAA, on a bilayer number basis,
because of the lack of thickness and a lack of cation/anion interfaces that comes with
interdiffusion. It is anticipated that this sacrifice in oxygen barrier might be offset by a
lower WVTR since there is no water in ethanol-based PEI/PAA. In addition to ethanol,
other solvents such as butanol, toluene, and tetrahydrofuran can also be investigated.
This study could provide the gas barrier community with a generalized understanding of

solvent influence on gas and moisture barrier.
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Figure 7.1. Thickness as a function of bilayers deposited from ethanol-based solutions
of PEI and PAA (a). Oxygen transmission rates of ethanol-based PEI/PAA assemblies
on PET film (b).
7.5.2 Quadlayer Graphene Oxide Films

PEI/GO films exhibit superior oxygen barrier with increasing number of GO
layers. Similar to clay, an exfoliated single GO sheet is gas-impermeable.*®’ Increasing
the distance between clay platelets by adding more polymer layers has been shown to
improve barrier relative to PEI/MMT bilayers, with only 4 MMT layers needed to
achieve an undetectable OTR.*" GO exhibited a better oxygen barrier than MMT with
the same number of bilayers (Chapter V), which should mean that GO sheets in a
PEI/PAA/PEI/GO quadlayer (QL) will also be better. Figure 7.2 shows the growth of
PEI/PAA/PEI/GO from 2 to 9 QL. Unlike with clay, this system exhibits linear growth
and is 87 nm thick at 9QL. In addition to the direct comparison of OTR between GO and
MMT quadlayer systems, transmission rates of other gases (e.g., carbon dioxide,
nitrogen and hydrogen) needs to be tested. The epoxide and hydroxyl groups on GO

surfaces may result in more hydrogen bonding than MMT. Adding more PEI/PAA or
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other polymers between GO layers is another option to achieve greater platelet spacing
and improved gas barrier. Since the interdiffusion of polymers play some role in oxygen
barrier, decreasing the GO concentration (to provide PEI/PAA interdiffusion) may also
help to increase the barrier. This GO quadlayer barrier could be useful for both

packaging and gas separation membranes.
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Figure 7.2. Thickness as a function of PEI/PAA/PEI/GO quadlayers deposited.

7.5.3 Conductive LbL Films with Reduced Graphene Oxide

Graphene oxide sheets are insulating due to the epoxide and hydroxyl groups that
disrupt the conjugated structure. Chemical reduction of GO with hydrazine can restore
electrical conductivity by rebuilding the double bonds, as shown in Figure 7.3(a).%* LbL
films with GO nanoplatelets, with outstanding gas barrier, can be reduced to become
electrically conductive. The hazardous nature and cost of hydrazine makes this route
somewhat impractical, so an environmental friendly reduction method using ascorbic

acid (Vitamin C) is a better option.?® Figure 7.3(b) shows sheet resistance as a function
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of reduction time of 20BL PEI/GO with 1.0 wt% ascorbic acid at 80°C. This initially
insulating thin film becomes conductive after 2 hours of reduction. Optimizing the
experimental parameters (concentration of ascorbic acid, reduction time, reduction
temperature, and number of bilayers) could potentially make this film both electrical

conductive and gas impermeable. Other reduction methods, such as heating can also be

investigated.?®
HO :
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Figure 7.3. Reduction mechanism of graphene oxide by hydrazine (a).*® Sheet
resistance of (PEI/GO)y films on PET as a function of reduction time by ascorbic acid

(b).
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APPENDIX A
OVERVIEW OF KEY CHARACTERIZATION TECHNIQUES FOR THIN FILM

ASSEMBLIES

A.1 Ellipsometry*

Ellipsometry is a non-destructive technique for measuring film thickness and
optical properties. When a polarized light hits the sample surface, its polarization state of
reflection and transmission also changes, which results in changes in the psi (V) and

delta (A) parameters:
tan(¥)-e“=p=-" (A1)

where WV is the amplitude ratio, A is the phase change, p is the complex reflectance ratio,
and rp and rs are the reflectivity of p-polarized and s-polarized light. A schematic setup

for an ellipsometry experiment is shown in Figure A.1.

Light source Detector

Rotating
Polarizer

Polarizer

Figure A.1. Schematic of an ellipsometry experiment (adapted from ref. 2).
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The light source in Fig. A.1 emits unpolarized light through a polarizer, which
only transmits light with a specific electric field orientation. This linearly polarized light
then hits the sample surface and reflects elliptically polarized light onto a rotating
polarizer and a detector. The detector converts the polarized light into an electronic
signal which is then compared with the input polarization to determine the change from
sample reflection. The acquired psi/delta (‘,A) can be transformed into optical constants
(n,k), where n represents the refractive index and k represents the extinction coefficient.
Figure A.2 shows the reflection and refraction of light from the interface of two media.
From the Fresnel equation, r, and rscan be described as:

¢ _icos®, —n, cosd,
* n.cos®, +n, cosd,

(A2)

n, cos®; —n; cos D,
r —_

= (A.3)
n, cos®, +n, cos @,

where n; and n; represent the refractive indices of incidental and transmitted media,

respectively.

Figure A.2. Reflection and refraction of light at the interface between two media.
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Analyzing ellipsometric data involves: (1) constructing an optical model with
corresponding samples, (2) selecting or modeling the dielectric functions, and (3) fitting
the calculated ellipsometric psi (W) and delta (A) parameters data with experimentally
acquired (W¥,A) using the mean square error (MSE) method. In the case of thin,
transparent layer-by-layer (LbL) coatings on silicon wafers, the refractive index and film

thickness can both be calculated with the Cauchy model:
n=yz = Aro i+ & (A4)

where /1 is the wavelength of the light and A, B, C are the analytical parameters.
Refractive indices from the Cauchy model are calculated by iterations of A, B, C and 4
that are inserted into Equations A.2 and A.3 (to be compared with the experimentally
measured p descried in Equation A.1).

Spectroscopic ellipsometry (SE), in contrast to single wavelength ellipsometry,
has a light source with a broad set of wavelengths (380 — 900 nm). SE provides a ¥ and
A data set at each measurable wavelength, which generates a precisely calculated
thickness value. The thicknesses of the LbL films reported within this dissertation were
measured with an alpha-SE Ellipsometer (J. A. Woollam Co., Inc., Lincoln, NE). These
measurements are calculated based on the assumption that the surface roughness of
deposited film is less than 40 nm.® Two different models, Si with transparent film and Si
with absorbing film, were used to fit ¥ and A. The resulting thickness, with the smallest
MSE, was selected as the reported thickness (See Fig. 4.2, 5.2(a), 7.1(a), 7.2 and Tables

4.1and 5.1).
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A.2 Quartz Crystal Microbalance (QCM)*?>

Traditional scales are not sensitive enough to accurately and precisely measure
mass changes within the micro- and nanogram range. QCM is a mass loading sensor that
can provide a mass measurement precision of 10 g.® The experimental set-up for this
device is shown in Figure A.3. Gold, keyhole shaped films are deposited onto a quartz
crystal and act as electrodes that capture alterations to the calibrated oscillatory

frequency. Using the Sauerbrey equation:’

2f 2
A\ Pyt

where Af'is frequency change, fo is resonant frequency, A is active crystal area, pq is the

Af =— Am (A7)

density of quartz, uq is shear modulus of quartz crystal and 4m is the mass change,
changes in this frequency can be converted into a real-time mass deposition (e.g. the

frequency is proportional to the mass deposited on the quartz crystal).

Au film Quartz crystal

N

Figure A.3. Schematic of a quartz crystal for mass measurement (adapted from ref. 8).
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In this dissertation, the mass increments of LbL deposition were measured with a
Research Quartz Crystal Microbalance (Inficon, East Sycrase, NY) with a frequency
range of 3.8 - 6 MHz. The 5 MHz quartz crystal was inserted in a polypropylene holder
and dipped into the cationic and anionic polyelectrolyte solutions. After each deposition,
with deionized water rinsing and filtered air drying, a thin layer was adsorbed onto the
quartz crystal. The holder was then left on the microbalance to stabilize for 5 minutes to
equilibrate before taking a measurement. Figures 3.2, 4.1(e), 5.2(b), 6.3, 6.6, and Tables
6.1 and 6.2 show these results.

A.3 Fourier Transform Infrared Spectroscopy (FTIR)*°

FITR provides information about the chemical bonds by comparing the sample
absorption bands at each wavelength with absorption bands of known chemical bonds or
functional groups. By analyzing the IR spectrum of a radiated sample, one can identify
the existed bonding in the structure. The two most common modes used in FTIR
measurements are transmission and attenuated total reflection (ATR) mode. An IR
transparent substrate (e.g., zinc selenide (ZnSe)) is used in transmission mode, while in
ATR mode the thin films can be deposited on opaque substrates (e.g., silicon wafers).'"”
3 In transmission mode, a film deposited onto ZnSe absorbs the infrared radiation from
the light source. Detectors then receive the transmitted light and transform it into
absorption bands at different wavenumbers. Figure A.4 shows a schematic of

transmission and ATR modes, respectively.
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(a) (b)
. Si wafer
Light Source Detector .
Coating p—
|
1 IRE
Coating . Ense Reflected Light Incident Light

Figure A.4. Schematics of FTIR in transmission (a) and ATR (b) modes (adapted from

ref. 9).

ATR mode is more effective for getting IR spectra of thin films. The tested
sample is in close contact with an internal reflection element (IRE) (Fig. A.4(b)). When
the angle of incidence exceeds the critical angle for internal reflection, an evanescent
wave will be generated at the reflecting surface and absorbed by the sample. The
penetration depth, d,, can be described as:®

d = % (A8)

" 27N e \/sinz 0-(n,Inge)

where A is the wavelength of IR radiation, nige is the refractive index of IRE, & is the
angle of incidence and n. is the refractive index of the coating. From Equation A.8, the
depth of penetration varies with wavelength, suggesting ATR intensities decrease at high
wavenumbers (A™). Refractive index of the IRE also influences the depth of penetration.
An ALPHA-P10098-4 spectrometer (Bruker Optics Inc., Billerica, MA) was used in this
dissertation for FTIR measurement using ATR mode with a diamond IRE (nige = 2.4),

which has a depth of penetration around 2 um at a 45° incident angle (at wavenumber
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1000 cm™), assuming n. = 1.5 (calculated from Equation A.8). All thin films analyzed
using ATR FTIR in this dissertation were less than 1.5 um thick, which suggests this

technique probed the entire film thickness. Figures 4.4 and 4.5 show these results.

A.4 Oxygen Transmission Rate Measurement

Oxygen transmission rate (OTR) of LbL films coated on 7-mil PET were tested
by MOCON using an OX-TRAN 2/21 testing module, which is shown schematically in
Figure A.5. A testing sample is inserted as the interface of two different testing
chambers, which are fed with carrier (N,) and test (O,) gas flows, respectively. A
patented coulometric sensor (COULOX®) is connected to each chamber to detect oxygen
transmission through the test film. For oxygen permeation tests at various relative
humidities (RH), moist N, and O, can be used. The final OTR is collected after the
equilibrium is achieved, which takes at least 100 hours for a good barrier material (OTR
<1 cc/m?- day). An example of OTR as a function of time of 60BL PEI/GO film coated
on PET is shown in Figure A.6. After more than 500 hours of testing, this film still had
not reached equilibrium. The testing range of OX-TRAN 2/21 is 0.005 to 200 cc/m? -

14

day.
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Tested Film
RH probe

Figure A.5. Schematic of a testing cell of OX-TRAN 2/21oxygen permeation testing.

Transmission Rate Data Graph
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Figure A.6. Oxygen transmission rate as a function of time of a LbL film on PET tested

by MOCON.
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