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ABSTRACT

Layer-by-Layer Assembly of Clay-filled Polymer Nanocomposite Thin Films.
(December 2008)
Woo-Sik Jang, B.S., Korea University; M.S., University of Colorado at Boulder

Chair of Advisory Committee: Dr. Jaime C. Grunlan

A variety of functional thin films can be produced using the layer-by-layer
assembly technique. In this work, assemblies of anionic clay and cationic polymer were
studied with regard to film growth and gas barrier properties. A simple, yet flexible
robotic dipping system, for the preparation of these thin films, was built. The robot
alternately dips a substrate into aqueous mixtures with rinsing and drying in between.
Thin films of sodium montmorillonite clay and cationic polymer were grown and studied
on poly(ethylene terephthalate) film or a silicon wafer. After 30 clay polymer bilayers
were deposited, the resulting transparent film had an oxygen transmission rate (OTR)
below 0.005 cm*/m?/day/atm. This low OTR, which is unprecedented for a clay-filled
polymer composite, is believed to be due to a “brick wall” nanostructure comprised of
completely exfoliated clay bricks in polymeric “mortar”. The growth of polymer and clay
assemblies is then shown to be controlled by altering the pH of polyethylenimine (PEI).
Growth, oxygen permeability, and mechanical behavior of clay-PEI assemblies were
studied as a function of pH in an effort to tailor the behavior of these thin films. Thicker
deposition at high pH resulted in reduced oxygen permeability and lower modulus, which

highlights the tailorability of this system.
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CHAPTER1

INTRODUCTION

1.1 Background
A variety of functional thin films can be produced using the layer-by-layer (LbL)

assembly technique [1-2]. LbL-based thin films are currently being evaluated for a
variety of applications that include drug delivery [3], molecular sensing [4], solid battery
electrolytes [5], photovoltaics [6], and membranes [7]. Thin films, typically < 1um thick,
are created by alternately exposing a substrate to positively and negatively-charged
molecules or particles, as shown in Figure 1. In this case, steps 1 — 4 are continuously
repeated until the desired number of “bilayers” (or cationic-anionic pairs) is deposited.
Each individual layer may be 1 — 100+ nm thick depending on chemistry [8], molecular
weight [9], temperature [10], counter ion [11], ionic strength [12], and pH [13] of the
species being deposited. This deposition technique has the ability to control the coating
thickness down to the nm-level, easily insert variable thin layers without altering the
process, economically use raw materials (due to their thin nature), self-heal, and be
processed under ambient conditions. These films often have properties that are superior
to comparable thick films (>>1pum). Furthermore, these films are often transparent, which
opens up applications not available to comparable bulk films (e.g., food wrap). Altering

the order and composition of layers provides limitless opportunity for new functionality.

Dissertation style and format follow those of Thin Solid Films.
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Figure 1. Schematic of layer-by-layer deposition process used to prepare functional thin films (a). Steps 1
— 4 are repeated until the desired number of bilayers are generated on a substrate (b).

1.2 Objectives and Dissertation Outline

The ultimate goal of the present work is to understand and improve the oxygen
barrier of clay-based assemblies through the study of film growth and nanostructure.
Byproducts of this research include building an automated dipping system, measuring
mechanical properties, and characterizing the dielectric properties of clay-based
assemblies. It is hoped that this work will result in a low cost, transparent and more
flexible barrier film than is currently available for a variety of packaging applications
(e.g., food and flexible electronics).

It is well established that impermeable clay platelets make the diffusion length
longer through a polymer matrix by creating a tortuous path that reduces the oxygen
transmission rate (OTR) [14-17]. The tortuous path concept was initially proposed by
Nielsen [15] and further developed by Cussler [17] and others [18-21]. With regard to the
study of LbL assemblies with clay, the key tasks include:

1. Measuring the OTR of clay-based LbL assemblies as a function of bilayers

deposited and polymer charge density.



2. Characterizing film growth with ellipsometry and a quartz crystal

microbalance (QCM).

3. Evaluating nanostructure with electron microscopy (SEM, TEM) and atomic

force microscopy (AFM).

4. Correlating barrier behavior to established models that explain the observed

behavior.

Chapter II is a literature review of LbL assembly and current oxygen barrier
systems. An in depth review of the physical and chemical concepts of LbL assembly, and
the types of functional films that can be produced, is provided. A review of current
barrier technologies and several theories dealing with the tortuous pathway concept is
also described in detail.

Chapter III describes the automated dipping system developed for this project.
Many of these functional thin films require more than ten bilayers, or twenty total
dipping cycles, to achieve a desired property. With many systems requiring dip times of
five minutes or more, this process is too time consuming and prone to human error. The
automated system is capable of producing tens of bilayers in a reproducible manner
without constant supervision. This system is compared with other automated systems for
layer-by-layer assembly. The control system and programming software are also
described.

Chapter IV examines the barrier behavior of a model clay-based film. Layer-by-
layer assemblies, built using a cationic polyacrylamide and natural montmorillonite clay,
were studied as a means to produce a thin film with barrier properties that are unrivaled

by conventional technologies. Oxygen transmission rate was measured along with film



thickness, microstructure, and surface morphology. This study lays the groundwork that
is built upon in Chapter V, where OTR was tailored using pH.

Chapter V examines the influence of polymer charge density and clay type on
oxygen barrier. Polyethylenimine (PEI), a weak polycation, has a pH adjustable charge
density [22-24]. Low charge density makes the polymer highly coiled and this causes
thicker deposition, while high charge density straightens the polymer chain due to strong
self-repulsion, which leads to thinner deposition. Figure 2 highlights this pH-dependence

for PEI, which has low charge density at high pH and high charge density at low pH [2].

+QCHECH2N CHECHZNH)—]—
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Figure 2. Weakly charged PEI at a high pH deposits thickly (a) and strongly charged PEI at a low pH
deposits thinly (b).



Chapter VI provides conclusions and future directions for clay-based assemblies,
including their possible use as a flame retardant coating for foam and dielectric layer for

thin film capacitors.



CHAPTER II

LITERATURE REVIEW

2.1 Layer-by-Layer Assembly

The Langmuir-Blodgett technique, which applies amphiphilic monolayers from a
solution surface onto a substrate with simple dipping, was the precursor to layer-by-layer
(LbL) assembly [25]. Iler was the first to perform true layer-by-layer assembly using
charged particles [26]. Decher and coworkers later refined and further developed the LbL.
method [25, 27-29], which is more practical than Langmuir-Blodgett deposition. Ease of
layer deposition and tailorability of film composition has led to numerous applications for
LbL assemblies. For many practical applications, accurate thickness characterization and
tailoring is necessary. In order for this to occur, the attraction between ingredients, the
driving force for the LbL assembly, needs to be studied [28]. Film growth and
functionalities of LbL-deposited thin films are reviewed here, followed by a discussion of

barrier theories and current barrier technologies.

2.1.1 Film Growth

Layer-by-layer assemblies typically grow linearly [27, 29-31] or exponentially
[12, 32-34]. Decher and his collaborators conducted thorough studies on linear growth
[27, 29-31]. Strong cationic polyelectrolytes, such as poly(diallyldimethylammonium
chloride) (PDDA) and poly(allylamine hydrochloride) (PAH), were combined with
strongly anionic poly(styrene sulfonate) (PSS) for these studies. These polyelectrolytes

are fully charged and this “strong” charge density results in relatively extended polymer



chains due to self-repulsion. Figure 3 shows how highly charged polymer chains will
result in thinner laters that better cover the substrate surface relative to the more coiled,

low charge density polymers.

Substrate Substrate

Figure 3. Fully charged polyelectrolytes result in a straightened polymer chain (a) while weakly charged
polyelectrolytes results in a more coiled polymer chain (b).

In the case of the PAH/PSS system, small angle X-ray diffraction (SAXS) was
used to accurately characterize the buildup of consecutive multilayers [27]. As seen in
Figure 4, the thickness of individual layers was back-calculated by correlating the
observed Kiessig fringes to the number of layers deposited. These early studies clearly
demonstrated the linear growth of LbL assembly done with strong polyelectrolytes

(Figure 4(b) was an early example).
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Figure 4. SAXS measurements of polystyrenesulfonate and polyallylamine (a) and the total film thickness
back calculated from SAXS measurements (b) [27].

A variety of researchers later found that by altering the salt (e.g., NaCl)

concentration in the polyelectrolyte deposition solutions, the thickness of each individual



layer could be tuned [12, 31, 35-43]. In the case of PAH/PSS, the addition of sodium
chloride to the anionic PSS solution increases the thickness of PSS layers due to charge
screening that makes the polymer more coiled [31]. The effect of increasing salt
concentration on thickness is shown in Table 1. Figure 5 highlights the change in linear
growth rate with ionic strength. These experiments show that it is possible to tune the
thickness of individual bilayers. Elevated linear, and sometimes exponential, trends were
also observed in PDDA/PSS, glycosaminoglycans and poly(L-lysine) systems [32, 39,

41-43].

Table 1. Average thickness of each bilayer in dependence of sodium chloride concentration [31].

Cnacy [mol/1] Average thickness of each bilayer [A]
0 10.0
1.0 17.7+£0.2
1.5 194+03
2.0 22.6+0.3
g 500 r —
n i
0 I
2 400 [ ‘
P [ T
o [ ]
£ r i
= o 4
E 300 ~ ~
—a— 1.0 m NaCl
200 r —O— 1.5mNaCl ]
i —O— 2.0 mNaCl ]
100 [ L L i i i 1 L 1 i el i L L A 1 " P ]
5 10 15 20 25 30

number of consecutive layer pairs

Figure 5. Relationship between film thickness and number of bilayers with different concentrations of
sodium chloride in the aqueous deposition solution [31].
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Increasing salt concentration can change linear growth to exponential growth for
the PAH/PSS [37] and PDDA/PSS [12] systems. One explanation for exponential growth
deals with the roughness of the film surface [12, 38, 40]. It is clear that film thickness
increases with the increase in concentration of added salt. Low salt concentrations exhibit
linear growth, and higher concentrations show exponential growth. Some data suggests
that thickness has a linear relationship with the square of the ionic strength for different
polyelectrolyte pairs [44]. Furthermore, it was found that the deposition thickness of
some initial layers at high salt concentrations was not uniform and varies over the first
few bilayers before reaching a uniform thickness per bilayer [45]. In a salt free solution,
the like charges repel each other, extending the polymer chains. When salt is added,
counter ions screen some of the charges allowing the chain to coil more, as shown in
Figure 6. Highly coiled polymer chains increase surface roughness as shown in Figure 7.
This increased surface roughness contributes to the exponential growth [12], but
accumulated roughness can not explain the growth rate at higher bilayers with thickness
reaching several micrometers. Elbert and coworkers claim that a complexation process
between polyanions and polycations could be the reason for this especially exponential

growth [32].

QGQQQQQOQQ&GQQQQ
SUBSTRATE

Figure 6. Schematic showing how a charge screening increases the film thickness by causing more
polymer chain coiling.
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Figure 7. The root-mean-square roughness of 10 bilayer films of PDDA/PSS as a function of salt
concentration[41].

Exponential growth is most commonly observed when weak polyelectrolytes are
used to build assemblies. Weak polyelectrolytes change their charge density in response
to a change in pH, which in turn alters the polymer chain confirmation [13, 27]. Rubner
and coworkers changed the pH of weak polyanions, such as poly(acrylic acid) (PAA),
and weak polycations, such as PAH [13, 27]. In the case of PAA, it is uncharged at low
pH and becomes progressively more negatively charged as pH is increased from 3 to 9.
PAH exhibits the opposite behavior, becoming more positively charged at low pH. Figure
8 shows the thickness variation of PAH/PAA multilayers controlled by pH of the cationic

and anionic dipping solutions.
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Bilayer Thickness {i}

Figure 8. Complete matrix of thickness as a function of pH variation of polyelectrolytes [13].

Molecular weight [9, 46], temperature [10, 47], and counter ion [8, 48] are other
variables that can alter the thickness of LbL assemblies. For high molecular weight
polymers, there is little change in thickness [9], but low molecular weight leads to tight
binding and thinner layers [46]. Biischer and coworkers showed that increased deposition
solution temperature led to an increase in the thickness of the PAH/PSS system [47]. Van
Patten et al. observed a similar temperature effect for poly(diallyldimethylammonium
chloride) and poly(styrene sulfonate) [10]. Temperature effects are understood in terms of
swelling and melting that alters the electrostatic force between oppositely charged
polyelectrolytes. Finally, larger counterions generally produce faster growth due to easier
displacement. Barrett and Mermut found that films made with fluoride (F") as the

counterion were 21% thicker after 60s than films made with iodide (I) as the counter ion
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[8]. Better understanding of factors affecting film growth aid the engineering of the

functional thin films described below.

2.1.2 Mechanical Properties

Ultra-thin organic films with inorganic nanoparticles have broad applications [49-
52]. However, the mechanical properties exhibited by these nanoparticle-filled organic
composites are generally worse than predicted [53-61]. The major limiting factors in a
composite’s mechanical properties are the inability to adequately disperse nanoparticles,
the lack of structural control, and the ineffective load transfer from polymer matrix to
inorganic nanoparticles [62]. Compared to traditional deposition techniques for inorganic
nanoparticle-based ultra thin films, such as sputtering and vacuum evaporation, LbL
assembly has several key advantages, including ambient processing conditions, flexibility
in substrate size and shape [63], and efficient stress distribution throughout the entire
composite [62, 64-65]. In addition to polyelectrolytes, any type of charged particle,
including inorganic molecular clusters [66], nanoparticles [67], nanotubes and nanowires
[68-69], can be used in a stabilized form for LbL assembly. The addition of inorganic
nanoparticles has been shown to increase the mechanical properties of LbL films due to
the immobilization of the high strength material inside the polymer matrix [65].

The characterization of mechanical properties for inorganic nanoparticle-based
LbL assemblies is complicated by their small physical dimensions. Secondary
characterization methods, such as scratch [70], have been used to circumvent this
challenge. Advincula and coworkers used nanoindentation to characterize the hardness

and elastic modulus of a PDDA/MMT assembly [71]. Measured hardness was 0.46 GPa,
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which is higher than typical polymer thin films [71]. Kotov and collaborators made
macroscopic freestanding films using LbL assembly and measured the mechanical
properties using standard tensile loading [62, 64-65]. Table 2 shows the behavior of films
made with PDDA and anionic montmorillonite (MMT) clay [64]. Stress strain curves
exhibit similar behavior to that observed in natural nacre [72] and in some bones [73].
Very recently, the Kotov group made a transparent thin film with clay and poly(vinyl
alcohol) (PVA) that had a modulus of 100 GPa and tensile strength of 400 MPa [62].
This “plastic steel” [74] is the result of the unique nano brick wall architecture that is
only possible with layer-by-layer assembly. Figure 9 highlights the transparency,
structure, and stress-strain behavior of these unique films. These types of inorganic-

organic assemblies can also have interesting transport properties.

Table 2. Mechanical properties of PDDA/MMT films [61].

Sample type (N) Tensile strength Modulus Ultimate strain
oyts (MPa) E’ (GPa) E (%)

PVA (5) 40+ 4 1.7£0.2 35+4

PVA with GA (5) 40+ 10 2.0+0.5 33+13

PDDA (5) 12+4 0.2+0.03 48+9

PDDA-MMT (*) 100+ 10 11+£2 10£2

PVA/MMT 150 +40 13+£2 0.7+0.2

PVA/MMT with GA (5) 400+ 40 106 £ 11 0.33 +£0.04

* Data are the previously published results by Tang et. al [49] for 1.2-t0-4.9-pm-thick (50 to 200 bilayers)
samples tested at relative humidity of 32%.

A

o 300 2
2
© 200
w
o 1
= 100 M
m I
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00 02 04 08 08

(b) Strain, e (%) (C)
Figure 9. 300-bilayer PVA/MMT free-standing film (a), SEM cross sectional image (b), and stress strain
curves (c) [62]. Curve 1 has no cross-linking and curve 2 is cross-linked.
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2.1.3 Transport Properties

For the past two decades, the demand for flexible displays and smart windows has
been steadily increasing [75-77]. One technology used in flexible dislays is
electrochromism (i.e., color change with applied electric field). Electrochromics are of
interest due to their low cost and reasonable contrast in a variety of colors [78-80].
Current electrochromic research is focused primarily on thin polymer films [79].
Competing technologies are liquid crystal displays (LCDs) and organic light emmiting
diodes (OLED) [81-82]. Conventional techniques for producing electrochromic polymer
films are electropolymerization and spin-casting with soluble derivatives [82]. Layer-by-
layer assembly has several advantages over these techniques, such as simplicity, low cost,
and the ability to mix various functional materials in a single film without phase
separation [82]. Hammond and coworkers created a dual electrochrome composite via
LbL [81]. Here both the polycation and polyanion were cathodically coloring
electrochromic species. Poly(hexylviologen) (PXV) was the polycation and PEDOT-PSS
was the polyanion. In other variations, Hammond and coworkers used polyaniline
(PANI) and poly(2-acrylamido-methane-2-propanesulfonic acid) (PAMPS) as
polycations with anionic PEDOT-PSS [82]. Figure 10 shows the UV/Vis spectral
behavior for 20 bilayers of LPEI/PEDOT-PSS and PANI/PAMPS films with varying
levels of oxidation/reduction. Strong absorption of the reduced LPEI/PEDOT-PSS system
occurs at 654nm, while oxidation shifts the absorption band from a neutral peak to a new
peak at 860nm. A variety of other researchers have also studied electrochromic
assemblies [83-85], with Grunlan et al. achieving a contrast ratio greater than 10 with

tungstate (WO,%) as the anion [86].
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Figure 10. UV/Vis adsorption of 20 bilayers of LPEI/ PEDOT:PSS (a) and PANI/PAMPS (b) [82].
Purely electrically conductive thin films were also produced using LbL assembly
in conjunction with carbon black (CB) [87], PEDOT-PSS [88], carbon nanotubes [89]
and colloidal gold [70]. Carbon black (CB) has been used extensively to create
electrically conductive polymer composites. Conventional techniques to make carbon
black-based composites are melt mixing [71-93] and solution processing [94-95]. In these
techniques, a significant concentration of carbon black (25 wt%) is required to generate
sufficient levels of electrical conductivity. This high concentration of carbon black causes
problems, such as high mixing viscosity, brittle mechanical behavior, and high porosity
due to aggregation [96-97]. The LbL process overcomes these problems by using dilute
mixtures (< 1wt% solids). Grunlan and coworkers created films with tunable electrical
conductivity and transparency using LbL deposition of CB stabilized with
polyethyleneimine (PEI) and poly(acrylic acid) (PAA) [87]. Figure 11 shows how sheet
resistance (Rs) decreases and thickness increases as a function of the bilayers deposited.
Films with bulk resistivity below 0.3 Q-cm were produced, which is much lower than
traditional CB- filled composites [98]. Resistivities below 0.01 QQ-cm were achieved by

others using carbon nanotubes [89] or colloidal gold [90].
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Figure 11. Sheet resistance (a) and film thickness (b) as a function of the number of carbon black-filled
bilayers deposited. The behavior of films made with and without sonication of deposition mixtures are
compared [87].

Much like for electrical conductivity, layer-by-layer deposition offers several
advantages for making ionically conductive thin films. These films have flexibility with
mechanical properties superior to gels and crystalline solids, thin and defect free surfaces,
and uniform deposition on nonplanar surfaces [99]. An early ion conduction study of the
effects of temperature, pH, and moisture on LbL assemblies was performed by Durstock
and Rubner [100]. Maximum ion conductivity at room temperature and high humidity is
2 x 107 S/ecm [100], which is too low to be practical for most electrochemical
applications. Hammond and coworkers maximized the small ion concentration and
minimized the cross-link density to achieve higher ion conductivity [99]. They used
linear polyethylenimine (LPEI) as a cationic polyelectrolyte and Nafion, PAMPS, and
PAA were used as anionic polyelectrolytes. The impedance spectroscopy of real and
imaginary values was fitted by a simple equivalent circuit shown in Table 3. The most
recent assemblies designed for ion conduction can achieve 9 x 107° S/cm for neat

PEO/PAA assemblies [101].
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Table 3. Tonic conductivity data for LbL assemblies at room temperature (25°C) [99].

ionic conductivity (S/cm)

system 17% RH 52% RH 100% RH wet
(LPEI'NAFION)3p no salt 50£1.5-10"1 344+04-1071 29+01-10° 48+0.1-107°
(LPEI/NAFION)30 0.1 M NaCl 1.24+0.2- 1071 83+04-101 6.9+ 04-10° 38+03-107°
(LPEL/PAMPS)3; no salt 1.5+05- 107" 9.4+07-10°° 1.0+ 0.1-1075 delaminated
(LPELPAMPS)3p 0.2 M NaCl 2.7+0.4-10712 1.3+0.0-1078 1.5£02-107° delaminated
(LPEL/PAA)3 pH 2 6.7+0.3-1071 56+0.6-1071 1.2+£0.1-10°" 9.7+0.8-1077
(LPEL/PAA)3q pH 5 28+02-1071 6.4+0.2-107° 1.0£0.0-107% 58+0.2-10°°

A variety of other transport behaviors of LbL assemblies have been studied. By
coating drug-containing micro particles with the LbL process, drug release can be
prolonged and controlled [102-103]. Delivering drugs through the skin has several
advantages over pills and injections, such as decreased liver damage [104], steady blood
level profile [105], patient compliance [106], and avoiding first pass metabolism [107].
Even with these advantages, a suitable drug reservoir capable of stabilizing and
accurately delivering high molecular weight (>500g/mol) and/or hydrophilic molecules is
a critical hurdle to overcome. LbL assembly is also capable of acting as a transdermal
drug reservoir [108]. Finally, assemblies of poly(allylamine hydrochloride), poly(acrylic
acid) (PAA), and saponite clay produced a 60% reduction in PET permeability with ten
PAH/PAA/PAH/seponite quad-layers [109]. Clay-polyacrylamide assemblies (described
in Chapter IV) have achieved more than 1000 times reduction of 7-mil PET with 30-

bilayers [110].

2.2 Barrier Films
2.2.1 Tortuous Path Theories
Inorganic nanoparticles can block the diffusion of gases or liquids in a permeable

(e.g., polymeric) matrix. If the inorganic nanoparticles are impermeable, then the
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diffusing molecules have to go around them. This assumption leads us to the tortuous
pathway theory. Equation 1 is an initial approximation:

Pr/Py=dp/1 (D
where Pr and Py are permeability of the filled and unfilled polymer, respectively, ¢p is
the volume fraction of the polymer [111-115], and t is the tortuous factor which is the
distance a molecule must travel to get through the film divided by film thickness. A
required assumption is that the fractional area occupied by the polymer in any cross
section is equal to the volume fraction of the polymer. Permeability is independent of
thickness, which means Pg/Py is not proportional to thickness.

Nielsen created the formal tortuosity theory [15]:

=1+ (L2W)br (2)
where L is the length of a face of a filler particle, W is the thickness of filler plates, and
or 1s the volume fraction of filler. A large aspect ratio (L/W) produces decreased
permeability if the particle lies with its largest dimension parallel to the substrate surface.

Figure 12 shows an illustration depicting a tortuous path.

Tortuous Pathway

fw

L

Figure 12. Path of diffusing molecule through a tortuous pathway of impermeable particles.
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Maxwell originally proposed a model for the diffusion coefficient of a
periodically arrayed impermeable sphere-filled matrix [116], and Raleigh proposed a
diffusion coefficient model for periodically arrayed infinite cylinders oriented parallel to
the membrane surface [117]. Cussler and coworkers later proposed an advanced tortuous
path theory as an extension of Nielson’s concept [118]. They considered the two
idealized cases consisting of regularly distributed slits and pores. Based on these ideal
cases, they built Equation 3, which can explain the diffusion flux through randomly
distributed impermeable flakes in a polymer matrix:

J, = I
"1t ety (- 9)]

3)

where Jy is total flux, Jy is the flux across a membrane with N flakes, p is the combined
geometric factor, a is the flake aspect ratio, and ¢ is the volume fraction of flakes. The
geometric factor is related to flake shape and will be explained in more detail later in this
section. Figure 13 shows schematics of a realistic case (a), regularly placed slits (b),
regularly placed pores (c), and randomly placed slits (d). The assumption of Equation 3 is

randomly sized rectangles that are randomly located in the discrete planes.
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Figure 13. Schematics of an actual membrane (A), diffusion through slits (B), diffusion through pores (C),
and diffusion through randomly spaced slits or pores (D) [118].

Equation 4 is Cussler’s model for diffusion coefficient [118]:

DO

P (og) @

where Dy is the diffusion coefficient without impermeable flakes, D is the composite
diffusion coefficient, o is the flake aspect ratio, and ¢ is the volume fraction of
impermeable flakes. Equation 4 has been verified experimentally [116, 18-19, 119-120]
and through Monte Carlo simulations [120]. The second term in the denominator of
Equation 4 is the resistance to diffusion of the tortuous path around the flakes, known as
a “wiggle.” The square of a and ¢ reflects the increased diffusion distance and the
reduced cross-sectional area between the flakes. This wiggling is the most important

factor of the increased resistance in flake-filled barrier membranes [116, 18-19, 119-120].
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Cussler and coworkers later improved their own model, shown schematically in
Figure 14, which takes into account the resistance to diffusion of the slits between
adjacent flakes in the same horizontal plane and the constriction of the solute to pass into

and out of the narrow slits [121]. Equation 5 represents this model:

&=1+0(2¢2 +a—¢+i~ o/ -ln[ ma’f }

D l1-¢ o zl1-¢ |o(l-9) ®)

where o(=s/a) is the slit size. The third term on the right hand side, a.¢/c, is the resistance
to diffusion of the slits between adjacent flakes in the same horizontal plane and the
fourth term on the right hand side is the constriction of the solute when passing into and
out of the narrow slits. In the current work, o and ¢ were empirically determined to fit the

experimental data, as seen in Chapter IV.
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Figure 14. Schematic of Cussler’s improved diffusion coefficient model [19].

By combining the diffusion flux and diffusion coefficient models, Cussler and
coworkers were able to determine the permeability of flake aligned composite coatings
[122] and polydispersed flake-based barrier films [123]. When ¢<<1 and a¢<I, the
permeability of the composite is [15]:

__ R
1+ag¢

(6)

However, when ¢<<1 and a$>1, the permeability of the composite becomes [116, 20]:
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P= Fo
1+ e /(1-9)

(7)

There are several conditions to consider for the geometric parameter. If the flakes
are periodic, well aligned, ribbon-like, and their length is greater than their width, the
geometric factor is 1. If the ribbon-like flakes are misaligned, a wiggle or tortuous path is
unachievable. Since the alignment and misalignment occur with equal probability, the
geometric factor is 0.5. Figure 15 depicts these two extreme cases. If the flakes are
hexagonal and periodic, then the geometric factor is 4/9. If the flakes are randomly
distributed and hexagonal, then the geometric factor is 2/27. Since the flakes’ shape
cannot be perfectly uniform ribbon-like or hexagonal, the experimental geometric factor

should lie between 2/27 and 1/2.

s Y O —— [ c— I T e
I T e [ I T e
s s Y O — Y c— I T e
I T e [ I T T
SUBSTRATE SUBSTRATE
(a) (b)

Figure 15. Well-aligned flakes (a) and misaligned flakes (b).

Fredrickson et al. developed a barrier model that includes several additional
assumptions [21]: the matrix is homogeneously filled with impermeable flakes, the flakes
are disks and the directional vector of the flake surface is parallel to the diffusion
direction. Equation 8 represents this model:

D=D | fid+D(3-i) (8)
where D is the diffusion tensor and 1 is a directional vector of the flake surface. D|| and

D. denote diffusion coefficients parallel and perpendicular to @ and 0 is the unit tensor.
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When the flakes have a very small aspect ratio and perfect alignment, D1 is the same as
Dy (the diffusion coefficient of the neat matrix). The final assumption is that diffusivity in
the matrix is independent of the presence of particles. Fredrickson et al. also defined the
dilute regime and semidilute regime, where ¢<<1 and ¢R/(2na)<<1, is a dilute regime,
and ¢<<1 and ¢R/(2ma)>1, is the semi-dilute regime. Figure 16 depicts these regimes,

where R is the radius and 2a is the thickness of the impermeable disk.
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Figure 16. Dilute regime (a) and semi-dilute regime (b) for Fredrickson’s model.

The governing equation of the dilute regime is:

2 =1- " (ag)+Oflap)] ©)

P, Ina

where a(=R/2a) is the aspect ratio of the disk. This equation can be repsented by a series

expression:

P sfa)s o*(as Ol (10

0
which can be rewritten as:

PO

P:1+K(a¢) (D

where k is geometric factor (=n/lna). Unlike Fredrickson’s model, Cussler’s model for

the dilute regime does not have a geometric factor.
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Fredrickson modified the geometric factor for the semi-dilute regime from

Cussler’s model [116, 20]. Fredrickson’s geometric factor for semi-dilute regime is:

2
T

T 16l a

H (12)

The critical difference between Cussler’s model and Fredrickson’s model is the shape of
impermeable flakes creating a difference in geometric factors. If the flakes are
polydispersed in size, then the geometric factor has little influence [123]. These tortuous
path theories have laid the groundwork for the current understanding of platelet filled

polymer composites used in barrier applications.

2.2.2 Filled Polymers

Inorganic nanoparticle—filled polymer composites have relatively low density,
improved barrier properties, and enhanced mechanical properties [124]. In addition to
these benefits, inorganic nanoparticle—filled polymer composites have recently been
shown to exhibit excellent flame retardant behavior [125, 126]. Adding impermeable
inorganic nanoparticles to bulk polymer films is a common route to reduce oxygen
transmission rate (OTR) [127-140]. Clay platelets are especially effective for gas barrier
due to their nano thickness (~1nm) and large aspect ratio (10 < 1/d < 2000, depending on
type). Giannelis and coworkers have extensively studied the synthesis and
characterization of impermeable nanoparticle-filled oxygen and moisture barrier films
[124-125, 126]. They used melt intercalation of polymer [141], which can be applied to a
non-polar polymer matrix, such as polystyrene, or to a strongly polar polymer matrix,

such as nylon [126]. An intercalated structure has a single polymer chain in between the
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silicate layers, in the case of clay platelets. Disordered systems have exfoliated and

dispersed silicate layers in the polymer matrix, as shown schematically in Figure 17.

Figure 17. Layered silicates-filled polymer composites can have an intercalated (a) or disordered structure
(b) [135].

Montmorillonite layered silicates (MLS) are ceramic platelets with a high aspect
ratio [137], typically >100nm in diameter and Inm thick. This high aspect ratio creates a
tortuous path for gas molecules moving through the polymer matrix, which creates a
large diffusion length that lowers the permeability [14-15]. Unlike SiOx films and
polymer multilayer films (see section 2.2.3), clay-filled polymer composites typically
suffer from poor transparency and relatively high OTR [107]. Figure 18 shows how a
typical composite’s barrier is reduced by the addition of clay. Most systems show an
OTR or permeability reduction of 1 to 100% [126, 128-129, 138-139], but a few show an

order of magnitude improvement [142].
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Figure 18. Experimental data of relative permeability P./P, versus volume fraction of mineral layers ¢y,
with various fits using Equation 7 [142].

2.2.3 Ceramic Barriers

Silicon oxide (SiOx) films are widely used as barriers due to their low OTR, high
transparency, and microwaveability [143-146]. Barrier coatings for food and medical
applications must exhibit low oxygen and moisture diffusion [147]. These SiOx barriers
are relatively thin and this enhances their transparency. SiOx coatings are produced using
plasma-enhanced chemical vapor deposition (PECVD) [148-149]. Despite being a
relatively mature technology, SiOx coatings suffer from a variety of problems that
include cracking and poor adhesion to plastic substrates [150-151]. Additionally, PECVD
is an involved process that increases the manufacturing cost of a barrier film.

Polymer multi-layer (PML) is a more recent technology that uses conventional
sputtering to build an alternating polymer/ceramic multilayer [152]. The thickness of

each layer is an order of magnitude thicker than that deposited using LbL deposition.
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PML films were developed as a packaging solution for a variety of electronics
applications (e.g., organic light emitting diodes and photovoltaic cells) [153-155]. These
films are more flexible than traditional SiOx, but the processing is very involved and the
ceramic layers are still prone to cracking. Table 4 and Figure 19 compare the
characteristics of clay-filled polymer composites, SiOx-coated substrates, and the PML
system. In general, the ceramic barriers (SiOx and PML) have much better barrier, but
less flexibility, than clay-filled polymers. Layer-by-layer assembly of polymer and clay

offers the ability to combine the best attributes of all these systems [107].
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Figure 19. Schematics of a bulk inorganic-filled composite (a), SiOx barrier film (b) and polymer multi-
layer (c).

Table 4. Oxygen transmission data for the most common barrier technologies.

Sio,* PML" Nanocomposite*
Bare Coated Coating Bare Coated neat Clay-Filled
Thickness 12 12.067  0.067 50 51 175 175
(um)
OTR
(cc/m?/day/atm) 127.6  3.081 3.143 30.55 <<0.0155 28.50 7.993
Permeability o 3717 02105 1528 <<0.791 8552 2398
(107 cc/m/day/atm) ’ ’ '
* Measurements were made with an OXTRAN instrument (Mocon, Minneapolis, MN), at 30 C and 70%
RH. [156]

® Measurements were made with an OXTRAN instrument (Mocon, Minneapolis, MN) [152]
¢ Measurements were made with a GDP-C Permeability Tester (Muenchen, Germany), according to ASTM
1434-82. PET was melt-processed with 5% MMT [157].
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CHAPTER I1I

ROBOTIC DIPPING SYSTEM

3.1 Introduction

Many of the functional thin films made using layer-by-layer assembly (see
examples in Chapter II) require more than ten bilayers, or twenty total dipping cycles, to
achieve a desired property. With many systems requiring dip times of five minutes or
more, this process is too time consuming and prone to human error to be done by hand.
Several research groups have used a modified slide stainer [158-160], while others use
some form of home-built [45, 161] or commercially-built robot [162-164] to automate
this process of repetitive dipping. These automated systems are capable of producing tens
of bilayers in a reproducible manner without constant supervision. Despite the
widespread use of customized robotic equipment for layer-by-layer assembly of thin
films, little detail on the robot itself has been published in these reports. A simple, but
very flexible robotic system was developed for this project [165] and is described in

detail below.

3.2 Experimental
3.2.1 Robot Design

The robotic system is composed of an aluminum frame, three linear, screw-driven
actuators, solution cells, rinsing and drying stations, controller and relay, drain reservoir,
and computer controller. Figure 20 is a schematic diagram of the frame and three BiSlide

assemblies from Velmex, Inc. (Bloomfield, NY), which were connected to produce three-
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dimensional positioning. Each axis is driven by its own stepper motor. The X axis holder
is stationary (i.e., attached to the frame) and its moving part holds the Y axis, while the
moving part of Y-axis holds the Z axis that holds the sample. The X, Y, and Z axes have
a movement range of 38, 33, and 33 inches, respectively. Each stepper motor has a
resolution of 0.00025” per step and operates at a maximum speed of 6000 steps per

second (1.57/s).

Cleat to Frame Rail Using T-Nuts
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Figure 20. Schematic of frame and linear actuators used to produce three-dimensional motion (picture
courtesy of Velmex, Inc.).

Figure 21 shows the actual robot with the key parts labeled. The two groups of 12
6x6” cells mark the locations where aqueous solutions or mixtures can be placed. In a

typical deposition, the left side cells contain positively-charged materials and the right
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side cells contain negatively-charged materials. The rinsing and drying stations are in the
center to avoid cross-contamination between oppositely charged mixtures. Neighboring
cells are not occupied to further avoid cross-contamination amongst liquids, allowing a
maximum of 12 different ingredients for deposition in a single preparation with the

current configuration.

DI Water
Reservoir

Figure 21. Image of robotic dipper built for LbL assembly.

The central section of the platform sprays the sample with water that is
immediately drained away, decreasing the likelihood of contamination and swelling of
the film between depositions. Rinsing is accomplished with a 12 volt DC gear pump,
Model PQ-DC from Greylor (Coral Gables, FL), that supplies deionized water from a 50-

L reservoir. The Greylor pump has plastic gears that eliminate the possibility of metal ion
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contamination that would be associated with metal gears. House air is then used to dry
the sample, but this line can be easily attached to any gas source to accommodate
alternate requirements. A heavy duty two-stage filter from McMaster-Carr (Chicago, IL)
is attached between the air nozzle in the wall and the drying station to eliminate water
and oil-based impurities. Rinsing and drying times are controlled by the speed with
which the sample is raised between the spray nozzles. Water is conserved by running the
pump only when the sample is between the rinsing nozzles. Most of the robotic systems
currently used to produce LbL assemblies immerse the sample in water as a means of

rinsing [158-164].

3.2.2 Robot Operation

The robot is controlled with LabVIEW 7.1 software from National Instruments
(Austin, TX). LabVIEW code controls the three stepper motors and one relay using VISA
communication. Figure 22 shows the input screen that is used to generate a dipping
program. The manual command mode initializes the stepper motors and relay. In other
words, motor speed and initial position are put into the ‘Manual Input’ box prior to
setting up the actual dipping program. Automatic mode is then selected to choose the
number of dipping cycles and the time for each dip. Automatic mode is composed of a
case structure with two sequential structures, where the first sequential structure is the
initial dipping and next sequential structure is the continual dipping cycle. Only the white
boxes are used for programming, while the grey boxes are pre-determined or filled in as

the dipping program is executed. The screen shown in Figure 22 allows four mixtures to
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be used to allow bilayers of one composition to be followed by bilayers of a completely

different composition. In this way nano-scale ‘stripes’ could be produced.

Figure 22. Programming screen for the robotic dipper. The user can choose how many bilayers of each
system should be deposited for each of two sets of ingredients. Immersion time in each mixture can also be
specified in minutes. The software will keep track of how many bilayers have already been deposited [165].

3.2.3 Materials

Cationic polyacrylamide (PAm) (tradename Superfloc C-491) was provided by
CYTEC (West Paterson NJ). This is a copolymer containing 5 mol % of positively-
charged repeat units. Southern Clay Products, Inc. (Gonzales, TX) supplied natural,
untreated montmorillonite (MMT) (tradename Cloisite NA"). This clay has a cationic
exchange capacity of 0.926meq/g and is negatively-charged in deionized water. MMT
platelets have a density 2.86 g/cm’, diameter of 10~1000nm, and thickness of 1nm [166].

Poly(acrylic acid) (PAA) and polyethylenimine (PEI) were purchased from Aldrich
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(Milwaukee, WI). PEI is a weak polycation with a molecular weight of 25,000 g/mol,
while PAA is a weak polyanion with a molecular weight of 100,000 g/mol. Both
polymers were used as supplied without further purification or alteration. Poly(ethylene

terephthalate) (PET) film (tradename Melinex ST505), with a thickness of 175 um, was

purchased from Tekra Corporation (New Berlin, WI) and used as the substrate in this
study. Conductex 975 Ultra carbon black (CB) was supplied by Columbian Chemical
(Marietta, GA). This grade of CB has a nitrogen surface area (NSA) of 242 m?/g and a
primary particle size of 21 nm. Single side polished (100) silicon wafer (University
Wafer, South Boston, MA) acted as the substrate for thickness measurements made with

an ellipsometer.

3.3 Results and Discussion

Figure 23 compares the thickness of hand-dipped films and robot-made films.
Films were deposited onto silicon wafers using aqueous mixtures containing 0.2 wt.%
MMT (anionic clay) and 0.25 wt.% cationic polyacrylamide. These clay-filled assemblies
are completely transparent, so thickness was measured using a PHE-101 Discrete
Wavelength Ellipsometer made by Microphotonics (Allentown, PA). There were five
hand dipped and three robot dipped samples tested at each number of bilayers. The error
bars represent one standard deviation. An analysis of variance (ANOVA) (see Appendix
A) [167] was conducted, with the results indicating that the thickness differences up to 25
bilayers are insignificant between the two deposition methods. ANOVA results for the

30-bilayer sample suggest that the thickness from hand dipping and robotic dipping do
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have a significant difference. What appears to be exponential growth for this system will

be examined more closely in Chapter IV.
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Figure 23. Thickness comparison between clay-polyacrylamide assemblies made by hand and with the
robot dipper.

Figure 24 shows a TEM image of a 20-bilayer composite film that was prepared
using the robotic dipping system. The composite substrate is a 175 pm thick
poly(ethylene terephthalate) (PET). This PET film was alternately dipped into aqueous
mixtures containing 1 wt% carbon black (CB) and 0.1 wt% of either polyethylenimine
(PEI) or poly(acrylic acid) (PAA). Prior to dipping, the CB — polymer mixtures were
homogenized with a high speed impeller (operated at 3100 rpm) for 15 minutes and
sonicated for an additional 15 minutes. Sheet resistance of these structures can be tailored

by simply changing the number of bilayers [84], which effectively changes the thickness.



36

Bulk resistivity (p) of this 20-bilayer film is obtained by multiplying Rg by thickness (~
1.8 um), which is approximately 0.18 Q-cm. This value is much lower than most bulk
carbon black-filled composites (> 100 pm thick) made with traditional solution [168-169]
or melt processing [170-172]. The few bulk composites with comparable resistivity are
filled with 40 wt% CB or more [93, 173], making them very brittle and porous. These
conductive layers could be alternated with bilayers containing clay [68, 174]to produce

thin film, multilayer capacitors using a program like that shown in Figure 22.

20-Bilayer Film
(CB-PEI:CB-PAA)

Figure 24. TEM image of 20-bilayer film produced by robot using aqueous mixtures of carbon black and
charged polymers. The image was obtained with a JEOL JEM 2010 transmission electron microscope
operated with an accelerating voltage of 200 kV.

Figure 25 compares the electrical conductivity between hand-dipped films and

robot-made carbon black films. The population of hand dipping is three and that of robot
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dipping is five for each number of bilayers. The error bars are one standard deviation.
ANOVA (see Appendix A) [167] was conducted and no critical difference between hand
dipping and robot dipping was found. It should be noted that the number of bilayers was
limited to ten, where no siginificant differences would be expected based upon the clay

results (see Fig. 23 and discussion on page 46).
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Figure 25. Sheet resistance comparison between carbon black assemblies made by hand and with robot
dipper.

3.4 Summary

Layer-by-layer assembly is a simple, but time consuming process that can be
prone to human error. The use of a robotic system demonstrated the ability to build layer-
by-layer assemblies without any critical differences from hand dipping up to 25 bilayers.

At 30 bilayers a significant discrepancy was found that may be the result of human error.
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This thickness difference at 30 bilayers may be the accumulated errors of hand dipping,
which can create uneven rinsing and drying (intensity and times). Even if this
discrepancy is not of human origin, the robot frees up researcher time for more
productive purposes. Additionally, this robot has three-dimensional movements that
eliminate the contamination of deposition solutions and films from unexpected mixing of
complementary solutions, which is a key advantage relative to other robot dippers.
Finally, the programmable procedure allows for a complex dipping order, which provides
the ability to make striped structures (e.g., multilayer capacitors) or “quad layers” (i.e.,
sequential deposition of four ingredients). These more involved recipes would be
expected to be more susceptible to human error than the common two ingredient (one
cation and one anion) recipes. This robot was used to make all samples for oxygen

transmission rate testing described in Chapters IV and V.
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CHAPTER 1V

OXYGEN BARRIER

4.1 Introduction

Layer-by-layer assembly using polymer and clay is shown to produce thin films
with barrier properties that are unrivaled by the technologies described in Chapter II
[107]. This unique combination of materials and processing, initially studied at the
Avery Research Center [175], can reduce the oxygen transmission rate (OTR) of 179 um
(7 mil) PET by more than three orders of magnitude without diminishing its transparency
or flexibility. Here it is shown that film thickness increases under two distinct linear
regimes as a function of bilayers deposited. The clay concentration in the initial layers is
approximately 9 wt.% (4.5 vol.%) during this growth. A 30-bilayer coating, that is
570nm thick, has an OTR < 0.005cc/m?/day/atm. This technology suffers from moisture
sensitivity, but lamination with a water barrier film allows this low OTR to be maintained
at 95%RH. Unlike other barrier technologies, films made using the LbL process provide
both transparency and flexibility, making them a good candidate for foil replacement in a

variety of packaging applications.

4.2 Experimental
4.2.1 Materials

Cationic polyacrylamide (tradename Superfloc C-491) was provided by CYTEC
(West Paterson NJ). This is a copolymer containing 5 mol % of positively-charged repeat

units. Southern Clay Products, Inc. (Gonzales, TX) supplied natural, untreated
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montmorillonite (MMT) (tradename Cloisite NA"). This clay has a cationic exchange
capacity of 0.926 meq/g and is negatively-charged in deionized water. MMT platelets
have a density of 2.86 g/cm’, diameter of 10~1000nm, and thickness of 1nm [166].
Polyethylene terephthalate (PET) film, with a thickness of 179um, was purchased from
Tekra (New Berlin, WI) and used as the substrate for LbL deposition. Where inidicated,
a polychlorotrifluoroethylene (PCTFE) moisture barrier film (CLARUS™ P4000TR
provided by Honeywell) was laminated to the surface of the layer-by-layer coating using

Adhesive Transfer Tape 7952MP provided by 3M (St. Paul, MN).

4.2.2 Thin Film Preparation

Aqueous solutions of cationic polyacrylamide (0.25wt.% in deionized water) were
prepared by rolling for 48 hours. Several concentrations of polyacrylamide solution were
examined, but higher concentration had viscosity greater than 1000 cP (i.e., thick syrup)
at low shear rates and lower concentration grows much too slowly and unevenly to
achieve high barrier. Reproducibility was also an issue at other concentrations because of
the issues just described. The viscosity of 0.25wt.% PAm is 500 cP. Suspensions of
0.2wt.% clay in deionized water were similarly prepared. Each 10 x 10cm” piece of PET
film, rinsed with methanol and deionized water, was corona treated with a BD-20C
Corona Treater (Electro-Technic Products Inc., Chicago, IL) prior to LbL deposition. The
substrate was initially dipped in the PAm solution for five minutes, followed by rinsing
with deionized water and blow drying with air. This same procedure was followed with
the clay suspension, followed by one minute of deposition for all subsequent dips.

Dipping time experiments (10 sec, 30 sec, 1 min, and 5 min) were conducted and film
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thickness was found to be independent over this range. One minute was chosen as a
compromise because most researchers dip for much greater times. The entire dipping

procedure was accomplished with the home-built robotic system described in Chapter III

[165].

50

Thickness (nm)

5sec 10 sec 30 sec 1 min 5 min

Dipping Time

Figure 26. Thickness measured via ellipsometry comparing various dip times of 10 bilayer films. Each
data point represents three samples and the error bars are one standard deviation.

4.2.3 Film Characterization

Oxygen transmission rate testing was performed by MOCON (Minneapolis, MN)
in accordance with ASTM 3985, using an Oxtran 2/21 ML instrument. The test

temperature was 23°C and relative humidity was 0% unless otherwise specified. Film
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thickness was measured with a PHE-101 Discrete Wavelength Ellipsometer
(Microphotonics, Allentown, PA). The laser wavelength is 632.8 nm and a 65° angle of
incidence was used. A 1 mm thick, single side polished (100), silicon wafer (University
Wafer, South Boston, MA) was used for deposition rather than PET for ellipsometry, so
measurements were done only beyond five bilayers to eliminate substrate influence. A
quartz crystal microbalance (QCM) (Maxtek Inc., Cypress, CA) was used to measure the
mass increase of each deposited layer. A JEOL 1200 EX TEM (Mitaka, Tokyo, Japan)
was used to image a cross-section of the LbL film. A Nanoscope IIIA (Veeco Instruments,
Woodbury, NY) atomic force microscope (AFM) was used to image the surface of the
LbL films. AFM images were obtained in tapping mode using a silicon cantilever tip
(MikroMasch, Wilsonville, OR) with a radius of curvature of less than 10 nm. A Zeiss
1530 VP FE-SEM (Thornwood, NY) was used to image a cross-section of the LbL film,
while a Bruker-AXS D8 Advanced Bragg-Brentano X-ray Powder Diffractometer

(Madison, WI) was used to study the micostructure.

4.3 Results and Discussion
4.3.1 Film Growth and Characterization

LbL films typically grow in a linear or exponential manner, depending on the
chemistry of the deposited material or ionic strength of the deposition mixture [2, 14, 16,
17, 152, 156]. Figure 26(a) shows the growth of MMT clay and cationic polyacrylamide
as a function of bilayers deposited. Each data point represents five samples and the error
bars are one standard deviation. A regression tests were used to analyze this data, with

Table 5 summarizing the test results. These results implicate simultaneous linear and
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quadratic growth trends of PAm/MMT. The linear regression of 15 — 40 bilayer is 0.99

which is significant enough to claim that the growth trend is linear.

Table 5. Regression test results of PAm/MMT growth trends.

. _ Regression

Region (Bilayers) Linear Quadratic
5-15 !
5-30 0.8691 0.9925
5-40 0.9604 0.9835
15-40 0.9905 0.9911

Thinner deposition up to 15 bilayers is believed to be due to a combination of
nonuniform surface coverage and possibly influenced by substrate polarity. This
combination of weak negatively-charged clay and weakly-charged polycation is
relatively unique and the mechanism of this growth is not completely clear. It is believed
that the refractive index of the PAm/MMT assemblies is approximately 1.55 due to the
repeatability of the measured data. Compositional information is provided by a quartz
crystal microbalance (QCM) that measures the weight of each deposited layer. The data
in Figure 27(b) suggest the composite coating contains approximately 9 wt% clay. With
a clay density of 2.86g/cm’ and a quartz crystal cross-sectional area of 34.19mm?, the
weight of each clay layer deposited amounts to a thickness of 1.3 nm (i.e., about the
thickness of an individual platelet). This observation lends support to the assertion that
the clay is deposited as individual exfoliated sheets. Higher numbers of bilayers were too
heavy for the QCM to accurately determine composition in the growth regime beyond 15

bilayers.
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Figure 27. Film thickness as a function of bilayers (a) and weight as a function of the number of individual
layers deposited (b) [107].
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Evidence of island-like growth was found by depositing one bilayer of MMT clay
and cationic polyacrylamide on a formvar TEM grid. The orientation of clay platelets is
clearly parallel to the substrate in the TEM image shown in Figure 28. The platelet shape
resembles a randomly distributed hexagon, making 2/27 a reasonable estimation of
geometric factor for Cussler’s permeability model (Eq. 7) [17] discussed in the next
section. Figure 28 also illustrates the range of aspect ratios found in natural clay (100 <
o < 1000). The average aspect ratio of these clay platelets is ~200, which is similar to
that reported in the literature [15]. There are distinct covered and uncovered areas on the
TEM grid, which supports the suggestion that uneven coverage of substrate is at least

partly responsible for the slope difference seen in the Figure 27(a).

(a) 1 e ~ % 1:_. " (b)
Figure 28. TEM surface image of 1.5 bilayer PAm/MMT film (a) and AFM surface image of 1 bilayer of
PAmM/MMT.

To investigate substrate influence, UV/Vis absorbance was measured as a
function of bilayers deposited for assemblies of PAm/MMT on polystyrene. The data
shows that the PAm/MMT system is less absorbent on corona treated PS substrate than a

non-treated PS substrate. The strong charge density of corona the treated substrate likely
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causes the thinner deposition (i.e., lower absorbance). This experiment demonstrates that
substrate charge density can significantly alter layer-by-layer growth. Similar
experiments done on PET showed strange, but reproducible, absorbance trends that may
have something to do with PET’s semicrystalline nature and/or self-fluorescence. Figure

29 shows the UV/Vis absorbance data of PAm/MMT as a function of number of bilayers.
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Figure 29. UV/Vis absorbance data of PAm/MMT systems on corona treated and non-treated PS.

Figure 30 shows TEM and SEM cross-section images of a 30-bilayer film along
with a schematic of the brick wall nanostructure believed to be present. This image shows
no evidence of clay aggregates (or intercalated stacks). Figure 31 shows surface images
of this film obtained using an atomic force microscope. The height image (Fig. 31(a))
highlights the small surface roughness (approximately 23 nm) that suggests most of the

high aspect ratio clay platelets are lying with their largest dimension parallel to the
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substrate surface. The surface roughness that does exist may be due to a few platelets
overlapping one another and/or loopier deposition of the polyelectrolyte in layers that are
further from the substrate [16]. In the phase image (Fig. 31(b)), the clay platelets are

more apparent, resembling something like a cobblestone path.

(a) (b)

Figure 30. TEM [107] (a) and SEM (b) cross-section of a 30-bilayer coating on a PET substrate. This film

is believed to have a nanoscale brick wall nanostructure with individual clay platelet bricks and
200nm

polyacrylamide mortar.
. |
I 100nm (a) IO (b)

Figure 31. AFM height (a) and phase (b) images of the surface of 30-bilayers of cationic polyacrylamide
and clay. This film has an RMS surface roughness of 23 nm [107].

X-ray diffraction also suggests that the clay is completely exfoliated in these thin
films. Figure 32 shows XRD spectra of 10, 20, and 30-bilayer films. Natural sodium
montmorillonite clay typically exhibits a 20 peak near 7.7 due to the gallery spacing
between the stacked plates [176]. In the layer-by-layer assemblies this peak is completely

eliminated as the platelets are separated during deposition. The increasing diffuse peak
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below a 20 of 3 is due to the greater spacing created by polymer between the platelets,
which is clearly missing perfect order. Others have shown that the clay-filled assemblies
are not perfectly spaced multilayers, but rather a more “random tiling of platelets” [177].
The fact that the 20 peak remains in the same location for all bilayers lends support to the
assertion that the films are compositionally similar during growth. Perhaps the strongest
evidence for the highly exfoliated brick wall structure, proposed in Fig. 30(a), is the low

oxygen transmission rate exhibited by these coatings.
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Figure 32. Wide angle X-ray diffraction data of 30 bilayer of Pam/MMT films on PET substrate.
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4.3.2 Oxygen Permeability

Polyethylene terephthalate has an oxygen permeability of approximately
0.0015cc/m/day/atm [152, 156], making the oxygen transmission rate (OTR) of a 179 um
film 8.6cc/m”/day/atm. Montmorillonite clay can be thought of as impermeable platelets
[17] that reduce the permeability of the polymer matrices it resides in. Highly exfoliated
MMT platelets make the diffusion length longer by creating a tortuous path that reduces
the OTR [14-15, 115, 178]. Figure 33(a) highlights the tortuous path concept that was
initially proposed by Nielsen [15]. This model assumes a very low concentration of
impermeable platelets in a permeable matrix. The platelet aspect ratio is ~200 for MMT
[15]. Equation 6 is a good approximation in the dilute regime (¢<<I and ap<1) and is

typically in reasonable agreement with traditional clay filled polymers [14, 127, 138-139].

Classical Tortuosity (Nielsen) Reflective Tortuosity (Cussler)

Dilute (¢ =<1 and o < 1) Semi-Dilute (¢ << 1 and ad = 1)
P ﬂ.'lill_l (a) Px [I,':q]_z (b)

Figure 33. Schematic of the classical tortuosity model proposed by Nielsen (a) and the reflective tortuosity
proposed by Cussler (b) [107].

More recently, Cussler proposed a model for a composite system in the semi-
dilute regime (¢p<<1 and a¢>1) that would exhibit a much greater reduction in
permeability as a function of platelet concentration [17], as described in Section 2.2.1. In

this case, the source of enhanced barrier behavior is an increased length of diffusion
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through the composite and decreased cross-sectional area through which the diffusing
species can move [119]. This semi-dilute condition is only possible with large platelet
aspect ratio (>100) and/or large platelet concentration (> 3 vol%). In traditional clay-
filled composites, concentrations greater than 1-2 vol% result in significant clay
aggregation that dramatically reduces the effective aspect ratio. Additionally, Equation 7
assumes that all platelets are oriented with their largest dimension perpendicular to the
direction of diffusion that requires a “brick wall” nanostructure. Fulfilling all of these
criteria is very challenging using traditional solution or melt-processing, but layer-by-
layer assembly is able to achieve this specific nanostructure relatively easily.

Figure 34 shows how oxygen transmission rate and permeability decrease with
the number of clay-polymer bilayers deposited on PET. Table 6 shows this data, along
with film thickness, as a function of bilayers deposited. The permeability of a 20-bilayer
coating is similar to SiOx-coated PET [166]. If the permeability of the cationic
polyacrylamide is assumed to be 2.83 x 10 cc/m/day/atm (i.e., the value for a 5-bilayer
coating), there is a 500X reduction compared to the 30-bilayer permeability. Table 7
shows back-calculated volume fractions of PAmM/MMT assemblies using Cussler’s model
for the semi-dilute regime (Eq. 7) and Fredrickson’s model for the semi-dilute regime (Eq.
12). The aspect ratio of MMT lies between 200 and 800 based on Figure 28. Measured
OTR values and an approximated aspect ratio, based on a 1nm platelet thickness, were
used to calculate the volume fraction of MMT. Both models suggest a high volume
fraction for 30-bilayer films (9.7 vol. % is the lowest using Cussler’s semi-dilute model
with an aspect ratio of 800). It is clear that a higher aspect ratio generates volume

fractions more in line with our experimental observations (~4.5 vol. % below 10 bilayers).
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It is difficult to get an accurate clay concentration experimentally for thicker films (> 10
bilayers) due to problems of exceeding QCM sensitivity and inability to produce enough
free standing material for TGA. It is possible that the concentration increases at higher
bilayers, but it is more likely that these unique films have barrier mechanisms not
accounted for by these geometrical models. For example, water-soluble polymers are
known to exhibit strong hydrogen bonding that would further slow the rate of oxygen

diffusion [179-181].
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Figure 34. Oxygen transmission rate and permeability as a function of the number of bilayers deposited
[107]. The OTR values are those of layer-by-layer thin film on a 179 ym PET substrate, while the
permeability values are those of the thin film alone decoupled from the substrate (see Table 6).



52

Table 6. Oxygen transmission data for layer-by-layer assemblies [107].

Coating Thickness Permeability
Nu.rilber of y SER/ (nm) (10 cc/m/day/atm)
Bilayers (cc/m*/day/atm) Coating Coating® Total
0 8.559 0 N/A 1532.061
5 7.874 14.42 2.8379 1409.673
10 6.417 39.13 2.0076 1149.145
15 0.6045 69.18 0.0900 108.2891
20 0.217 148.17 0.0660 38.9073
25 0.0465 366.15 0.0342 8.3576
30 <<0.005 571.12 <<0.0057 <<0.9007

* Coating permeability was decoupled from the total permeability using a previously described method
[156].

Table 7. Volume fraction values PAm/MMT assemblies.

Volume Fraction (%)

Nuronfber . Cussler’s Model o . Fbredrickson’s Model‘ .
Bilayers Dilute Semi-Dilute® Dilute Semi-Dilute®
a=200 a=800 a=200 a=800 a=200 =800 =200 a=800
10 0.2 0.05 1.2 0.3 0.3 0.1 2.1 0.7
15 15.3 3.8 9.6 2.5 25.7 8.1 17.0 5.7
20 21.0 52 11.2 2.9 354 11.2 19.6 6.7
25 41.0 10.2 15.3 4.1 69.1 21.8 26.2 9.2
30 N/A 62.1 334 9.7 N/A N/A 52.1 21.1
* Geometric factor is 2/27 for semi-dilute regime of randomly distributed hexagonal impermeable flakes
[17].

® Geometric factor is 7t/Ino. for dilute regime of randomly distributed disk-type impermeable flakes [21].
¢ Geometric Factor is n*/(16In’ct) for semi-dilute regime of randomly distributed disk-type impermeable
flakes [21].

4.3.3 Moisture Sensitivity

The best oxygen barrier materials are typically moisture sensitive due to their
polar, hydrophilic nature [182]. Montmorrilonite clay completely exfoliates in deionized
water and cationic polyacrylamide readily dissolves for this reason. Figure 35 shows the
oxygen transmission rate of a 30-bilayer film on PET increase by two orders of
magnitude when the humidity is increased from 0% to 65%. Layer-by-layer assemblies
are known to swell when exposed to high humidity [183], which effectively decreases the
volume concentration of clay platelets and increases the separation distance between

them. Despite this increasing permeability, the OTR at 95%RH remains more than an
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order of magnitude lower than bare PET. Even with significant swelling the layers
within these thin films are held together with strong electrostatic bonds that prevent
complete loss of barrier behavior. When this system is combined with a high moisture
barrier, an OTR below 0.005 cc/m?/day/atm can be maintained up to 95%RH. Figure 34
demonstrates this effect using a polychlorotrifluoroethylene film laminated to the surface
of the LbL-coated PET. This 101 um PCTFE film has a moisture vapor transmission rate
of 0.062 g/m’/day/atm and oxygen permeability greater than 0.16 cc/m?*/day/atm [1],

making its contribution to the overall laminate oxygen permeability negligible.
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Figure 35. Influence of humidity on oxygen transmission rate of 30-bilayer film with and without a PCTFE
water barrier laminated to its surface [107].
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4.4 Summary

Chapter IV focused on LbL coating of PET for reduction of oxygen transmission
rate. Thin films, made of negatively-charged montmorillonite clay and a cationic
polyacrylamide, were grown on a PET substrate using layer-by-layer deposition. Film
thickness increases and oxygen permeability decreases as a function of bilayers deposited.
Film growth was measured via ellipsometry and the data were analyzed using the
ANOVA test and regression. The results of statistical analysis suggest linear film growth
after the initial 10 bilayers. AFM imaging along with a TEM surface image, suggest
uneven (island-like) growth of the initial bilayers, resulting in a reduced growth rate.
Oxygen permeability below 5.7x10~ cc/m/day/atm is achieved after 30-bilayers of clay
and polymer deposition, which is an unprecedented value for a polymer composite that is
less than 600 nm thick. This high barrier behavior is believed to be due to a brick wall
nanostructure present within the thin film that produces an extensive tortuous path for a
diffusing oxygen molecule. Experimental data were compared to geometrical models for
barrier membranes. Impermeable flakes with a distribution of sizes increases the barrier
properties. If flakes are of uniform size only diffusion length is increased, while
polydispersed flakes increase the diffusion length and decrease the diffusion volume.
Empirical modeling of polydispersed, impermeable flakes would be of value in future
work.

The combination of oxygen barrier and transparent properties exhibited by this
composite material makes it an ideal candidate for food and electronics packaging.
Moisture sensitivity of these films was diminished by laminating a film with high

moisture barrier to the surface. Crosslinking of the polyacrylamide is another potential
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method for reducing moisture sensitivity that could be studied in the future. Studies of
other beneficial properties of these clay-filled thin films are also planned. For example,
these films may reduce substrate flammability or impart scratch resistance due to the
relatively high concentration (~9 wt.%) of oriented clay. Finally, studies are underway to
examine the tailorability of barrier behavior by modifying deposition conditions (e.g.,
ionic strength of polymer solution), platelet aspect ratio, and polyelectrolyte chemistry.
These studies will help refine the understanding of the clay based LbL system via
ellipsometry and QCM. In Chapter V, film properties were successfully tailored through

modification of polyethylenimine pH.



56

CHAPTER V

pH CONTROLLED GROWTH AND PERMEABILITY

5.1 Introduction

The growth of polymer and clay assemblies can be controlled by altering the pH
of the deposition mixture [13, 23]. In this chapter, the role of pH in controlling the
deposition layer thickness and properties of multilayer thin films fabricated from bilayers
of polyethylenimine (PEI) and sodium montmorillonite (MMT) clay, is evaluated. PEI is
a weak polyelectrolyte whose charge density changes with pH [184] and this causes its
deposition thickness to change [1]. Growth, structure and oxygen permeability of clay-
PEI assemblies were studied as a function of pH in an effort to tailor the properties of
these thin films. Higher pH results in lower PEI charge density and thicker deposition due
to reduced self-repulsion and strong hydrogen bonding. Thicker deposition resulted in
reduced oxygen permeability and modulus, which highlights the tailorability of this

system.

5.2 Experimental
5.2.1 Materials

Branched polyethylenimine was purchased from Aldrich (Milwaukee, WI). This
PEI has a molecular weight of 25,000 g/mol. Southern Clay Products, Inc. (Gonzales,
TX) supplied natural sodium MMT clay (tradename Cloisite Na") that was described in
Section 4.2.1. The same substrates discussed in Chapter IV (see Section 4.2.1) were also

used here.
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5.2.2 Thin Film Preparation

Aqueous solutions of PEI (0.1 wt. % in deionized water) were prepared by rolling
for 48 hours. Suspensions of 0.2 wt. % clay in deionized water were similarly prepared.
Each 5 x 1 cm piece of silicon wafer was rinsed with deionized water and cleaned in a
freshly prepared piranha solution (mixture of H,SO4 and H,O, with 7:3 volume ratio) for
1 h. Next, the substrates were rinsed thoroughly with water and dried. Each 10 x 10 cm
piece of PET film, rinsed with methanol and deionized water, was corona treated with a
BD-20C Corona Treater (Electro-Technic Products Inc., Chicago, IL) prior to LbL
deposition. The substrate was initially dipped in the PEI solution for 5 minutes, followed
by rinsing with de-ionized water and blow drying with air. This same procedure was
followed with the clay solution, followed by one minute of deposition for all subsequent
dips. The entire dipping procedure was accomplished with a home-built robotic system

(see Chapter III) [165] or hand dipping.

5.2.3 Film Characterization

These clay-PEI assemblies were characterized using all of the same techniques
described in Section 4.2.3, with the exception of mechanical property determination. A
Nanoindenter XP (CSM, Needham, MA) was used to measure the modulus of these films.
Indentation was performed with a diamond Berkovich tip with a 150 nm radius of
curvature. The procedure to obtain elastic modulus from the unloading curve of an

indentation was previously explained by Oliver and Pharr [185].
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5.3 Results and Discussion
5.3.1 Film Growth and Characterization

Lowering the pH of the PEI solution increases its positive charge density and
extends its chain due to self repulsion, as shown in Figure 36. Figure 37(a) shows how
the combination of MMT clay and cationic polyethylenimine (PEI) transition from
thinner deposition to thicker deposition as the pH of the PEI deposition solution is
increased. The pH of unaltered PEI solution is ~9.5. Film thickness increases with pH of
the PEI solution due to reduced polymer charge that results in stronger intermolecular
bonding. At low pH, growth is thinner due to like charges repelling each other and
extending the PEI chains. When the pH is increased, decreased charge density allows the
chain to coil more. Figure 37(b) shows film growth as a function of pH instead of number
of bilayers deposited. These PEI-based films exhibit a single linear growth due to the
much lower viscosity of the PEI deposition solution (<10 cP) relative to that of PAm (>
500 cP) used in Chapter IV. Lower viscosity promotes uniform coverage of the substrate
earlier in the deposition process. Decreasing pH of the PEI solution simply reduces this

linear growth and increases clay concentration (see Table 8).
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Figure 36. Comparison of low charge density and high charge density of PEI.
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Figure 37. Thickness as a function of the number of bilayers deposited (a) and thickness as a function of
pH for various numbers of bilayers (b).
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Figure 38 shows an SEM image of the cross-section of a 30-bilayer PEI/MMT
film, deposited with PEI having pH=9.5, which is conceptually similar to the PAm/MMT
system discussed in Chapter IV. This film is believed to have the same brick wall nano
structure, which is depicted in Figure 30(a). The film, deposited on a silicon wafer, was
scored and cracked to reveal the cross-section shown here. This image shows no evidence
of clay aggregates (or intercalated stacks) and further provides direct confirmation of
ellipsometry measurements. Ignoring damage caused during specimen preparation, this
film appears to be approximately 160 nm thick, which agrees quite well with the
ellipsometry data in Figure 37(a). This cross-section also qualitatively supports the low

roughness measured with atomic force microscopy, which will be discussed later.
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Figure 38. SEM image of cross-section of 30 bilayer of PEI/MMT deposited on a silicon wafer.
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Atomic force microscope (AFM) height and phase images of PEI/MMT films,
shown in Figure 39, reveal the presence of well-aligned clay platelets. The height images
show randomly distributed clay platelets uniformly covering the entire surface of the
substrate with their faces (i.e., largest dimension) lying parallel to the substrate. Although
the phase images have no height information, they do a better job of qualitatively
showing the increasing surface roughness with pH. This roughness in the result of thicker,

fluffier PEI deposition with increasing pH.
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Figure 39. AFM height (above) and phase (below) images of the PEI/MMT system at varying pH levels.

Quartz crystal microbalance (QCM) measurements provide compositional
information about these films. Figure 40(a) shows that more mass is deposited per bilayer
on the gold-coated crystal at higher pH. This result indirectly supports the thickness
measurements via ellipsometry (see Fig. 37(a)). If we assume a constant density for all
PEl-based films at different pH levels, a greater mass indicates a thicker layer. The
density of pure PEI is 1.03 g/cc and that of MMT is 2.86 g/cc. The clay volume fraction,

weight fraction, and density of individual bilayers can be calculated assuming this
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information is valid. The increasing thickness of PEI layers with pH causes the volume
and weight fraction of MMT to decrease. The density of the PEI/MMT films was
calculated from the data in Figure 40(a). The density at a pH of 8 is 2.6 g/cc and that at a
pH of 10 is 2.1 g/cc. Table 8 summarizes the density and composition of these PEI/MMT
films with varying pH. The much thinner deposition of PEI, relative to PAm used in

Chapter IV, results in a large increase in MMT concentration.
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Figure 40. Mass as a function of individual clay and PEI layers deposited (a) and back-calculated density
and volume fraction as a function of PEI pH (b). These measurements were made using a quartz crystal
microbalance.
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Table 8. The density and weight percent of PEI/MMT system at varying PEI pH levels.

pH MMT (vol. %) MMT (wt. %) Density (g/cc)
8 65.8 81.6 2.63

9 60.8 80.0 2.14

10 58.7 79.2 2.10

Figure 41 shows the results of wide angle X-ray diffraction (WAXD) performed
on neat montmorillonite powder and 30-bilayer assemblies of PEI/MMT at different pH

levels. Neat MMT powder exhibits a weak peak at a 20 = 7.7. WAXD on PEI/MMT

films show decreasing 26 peak with increasing pH. The d-spacing for these peaks is
shown in angstroms in Figure 41. Increasing the spacing between clay platelets from
1.167nm to 1.606nm does not suggest complete exfoliation, but the peaks are relatively
diffuse despite the excellent alignment shown in the AFM images (see Fig. 39). There is
clearly imperfect vertical spacing between clay layers, as would be expected for the
“fuzzy” LbL process [25]. At a pH of 9.54 the peak is especially broad, which suggests
that platelet spacing may cover a range that extends more than an order of magnitude. It
is also likely that multiple polymer-intercalated platelets occasionally deposit
simultaneously, which was discussed in Chapter IV. There is certainly no question that
the clay spacing gets broader and larger with increasing pH. This tailorable nanostructure

ultimately influences the oxygen permeability and mechanical properties of these films.
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Figure 41. Wide angle X-ray diffraction (WAXD) measurements of neat montmorillonite (MMT) powder
and PEI/MMT assemblies.

5.3.2 Oxygen Permeability

Well exfoliated montmorillonite clay layers can build a tortuous path to block
oxygen penetration through a barrier film [17]. However, intercalated clay layers cannot
effectively build such a path. Controlling the thickness of PEI between clay layers with
pH alteration allows the intercalated layers of clay to become more exfoliated. QCM and
X-ray diffraction experiments support this assertion. Table 9 shows the results of
permeability measurements performed on 30-bilayer PEI/MMT assemblies at different
pH levels of the PEI deposition solution. The permeability of these films is improved by
increasing the pH of the PEI solution. The greatest permeability is exhibited at a pH of
7.2. Permeability decreases with increasing PEI pH, which corresponds to greater clay

platelet spacing (exfoliation).
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Table 9. Barrier properties of 30-bilayer assemblies of PEI and clay.

OTR Film Thickness _lZermeablhty
(cc/m*-day-atm) (nm) . ( 19 cc/m-day-atm)
Coating Total
PEIpH 7.2 5.71 45.74 0.5223 999.77
PEI pH 8.1 2.64 66.33 0.3510 462.35
PEI pH 8.7 1.63 84.50 0.2755 285.53
PEI pH 9.5 0.15 108.46 0.0325 26.28

* Coating permeability was decoupled from the total permeability using a previously described method
[156].

5.3.3 Mechanical Properties

Nanocomposites are expected to show improved mechanical properties, but actual
values are typically far below the expected theoretical values [186-187]. This discrepancy
in mechanical behavior is largely related to the difficulty of achieving good dispersion
and exfoliation of nano fillers [58]. As described above, layer-by-layer assembly of clay
and PEI can achieve a well dispersed microstructure. Figure 42 shows the results of
nanoindentation performed on 30-bilayer assemblies of PEI/MMT at different pH levels.
Indentation depth was less than 10 % of total film thickness to avoid any substrate
influence. The elastic modulus of pure PEI is essentially zero because it is a viscous
liquid at room temperature. A 30-bilayer PEI/MMT film (thickness of 63 nm), made with
PEI at pH=8, has an elastic modulus near 20 GPa. This high modulus is due to high
concentration and good dispersion of clay in the PEI matrix. It is nearly impossible to
achieve this concentration (> 50 vol.%) of well-dispersed clay in a polymer
nanocomposite using any other processing techniques. The same 30-bilayer film, made
with PEI at pH=9 (thickness is 96 nm), has a modulus of 11.4 GPa. This modulus in
lower than pH=8 film due to thicker PEI layers, which reduces clay concentration (see
Table 8). Greater modulus (and other property enhancements) could be achieve with

crosslinking [62], which is the subject of future work described in Chapter VI. The error
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bars in Figure 42 represents one standard deviation, based on more than ten tests at each
pH level. The hypothetical mean of the modulus of pure polymer was chosen to be 2 MPa
(PEI is actually a thick liquid at room temperature) and a t-test clearly supports the

improvement of the modulus of this LbL system.
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Figure 42. Modulus of 30-bilayer PEI/MMT assemblies measured via nanoindentation apparatus.

5.4 Summary

Thin films, made of negatively-charged montmorillonite clay and -cationic
polyethylenimine (PEI), were deposited on PET and silicon wafers using layer-by-layer
deposition. Film growth was controlled by altering the pH of polyethylenimine (PEI).
This control of film growth was actually polymer layer thickness control that enabled the

tailoring of clay exfoliation. Quartz crystal microbalance (QCM), wide angle X-ray
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diffraction (WAXD), oxygen transmission rate (OTR), and elastic modulus
measurements support this assumption. The QCM measurements allow for a back-
calculated thickness of the PEI layer. The thickness of the PEI layer increases with
increasing pH of the deposition solution. This increasing thickness of polymer enables
the building of a more tortuous path. The WAXD measurements also show an increasing
gap between the clay platelets. Oxygen permeability below 91.65x10° cc/m/day/atm is
achieved after 30-bilayers of clay and PEI at a pH of 9.5. This high barrier behavior is
believed to be due to a brick wall nanostructure present within the thin film that produces
an extensive tortuous path for a diffusing oxygen molecule. Ellipsometry was used to
characterize the thickness of the PEI/MMT system. The thickness of a 30-bilayer film
built with PEI at a pH of 10 is 121 nm. Scanning electron microscopy was used to
confirm the ellipsometery data. The success of this thickness control leads to tailorable
barrier and mechanical behavior. In addition to packaging applications, these films have
potential for antiflammable coatings and flexible thin film capacitors that will be

discussed in Chapter VI.
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CHAPTER VI

CONCLUSION AND FUTURE WORK

The ultimate goal of this thesis work was to prepare and understand the behavior
of a transparent, flexible oxygen barrier that is superior to conventional technologies. A
series of experiments were performed and analyzed to understand the microstructure and
barrier properties of clay and polymer assemblies. Initially, a robotic dipping apparatus
was built to provide a means of reproducibly depositing nano-layers of clay and
polyelectrolyte from aqueous deposition mixtures (Chapter III). This robot was then used
to build high bilayer films with natural montmorillonite clay and a cationic
polyacrylamide (Chapter IV) and polyethylenimine (Chapter V), which allowed for
tailoring of thickness with pH. Along the way, several directions for future work were

discovered and are briefly outlined in Section 6.4.

6.1 Robotic Dipping System

Robot-made LbL assemblies have no significant differences from those made by
hand dipping. A thickness comparison between robot-dipped and hand-dipped assemblies
clearly showed similar film growth and thickness. Time saving is the key advantage of a
robotic system, especially when large numbers of bilayers (> 20) are needed. This system,
capable of three-dimensional movement, eliminates contamination of deposition
solutions and films due to unexpected mixing of complementary solutions. The
programmable procedure also allows for a complex dipping order, which provides the

ability to make striped structures (e.g., multilayer capacitors). Although not shown here,
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it is assumed that reproducibility would be much better with this robotic system.
Improvement of rinsing and drying could be achieved using blades instead of nozzles

comprised of individual holes.

6.2 Oxygen Barrier

Thin films, made of negatively-charged clay and a cationic polyacrylamide, were
grown on a PET substrate using layer-by-layer deposition. Film thickness increases and
oxygen permeability decreases as a function of bilayers deposited. An undetectable
oxygen transmission rate is achieved after 30-bilayers of clay and polymer are deposited.
This LbL system can improve food packaging technology and could also be used by the
flexible display industry. The flexibility of this PAm/MMT oxygen barrier is unrivaled
by current technologies like polymer multilayer [152-155], SiOx [143-151], and bulk
composites [157]. The observed high barrier behavior is believed to be due to the brick
wall nanostructure present within the thin film that produces an extensive tortuous path
for a diffusing oxygen molecule. The alignment and ideal spacing between clay platelets
are the critical factors of this work and also the motivation of Chapter V. The current
OTR data suggest fully aligned and individual clay platelets, but the influence of clay
aspect ratio and crosslinking of the film are yet to be explored. It is possible that an
appropriate combination of large and small platelets could reduce the number of bilayers
necessary to achieve high barrier behavior. In other words, 20 nm platelets (typical size
of synthetic Laponite clay) could potentially fill in gaps between 200-800 nm platelets

(typical size range for MMT clay). Crosslinking would densify these films and
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potentially reduce moisture sensitivity. This would be especially easy to accomplish with

a polymer like polyethylenimine used in Chapter V.

6.3 pH Controlled Growth and Permeability

Thin films, made with negatively-charged clay and polyethylenimine, were
deposited on PET and silicon wafer (100) using LbL deposition. The spacing between
clay platelets was controlled by altering the pH of the PEI deposition solution. This
controlling of space between clay platelets means that the nanostructure of these
assemblies is highly tailorable. The results of this work indicate that spacing between
clay platelets is a major factor controlling the formation of an effective tortuous path,
which hinders the diffusion of gas molecules. This research lays the groundwork for thin
films with precisely engineered permeability, gas separation, and/or drug delivery. Unlike
the PAm used in Chapter IV, PEI has free -NH, groups that are very reactive with
isocyanate species. Figure 43 shows a few examples of multifunctional isocyanates that
could effectively crosslink these PEI-based films. Varying the chemistry between the
isocyanate groups would allow hydrophobicity to be tailored, perhaps making these films

good moisture barriers.
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Figure 43. Chemical structures of poly(tetrafluoroethylene oxide-co-difluoromethylene oxide) a,o-
diisocyanate (a) and an isocyanurate trimer of hexamethylene diisocyanate (b).

6.4 Future Work

There are numerous avenues for additional research in the area of clay-based
assemblies with polyelectrolytes. Three of these areas are described in more detail below,
including varying the aspect ratio of clay (Section 6.4.1), imparting anti-flammability to
foams and fabrics (Section 6.4.2), and studying the dielectric behavior of these films for

potential use in thin multilayer capacitors (Section 6.4.3).

6.4.1 Clay Aspect Ratio
Oxygen diffusion through a polymer membrane is a relatively mature field of
study (more than 30 years of research) [15, 115, 118-122]. Nielson [15] and Cussler [115,

120-122] described the importance of the aspect ratio of impermeable flakes. In the
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present work, natural sodium montmorillonite (MMT) was used to improve the barrier
properties of PAM/MMT and PE/MMT assemblies. Clay type is another variable that
could be used to alter the barrier properties. Each type of clay has a unique chemistry,
crystal structure, and average platelet diameter. There are three forms of layered silicates
that each have similar chemistry, crystal structure, and platelet thickness (~ 1 nm), but
differ by orders of magnitude in platelet diameter. Figure 44 shows microscopic images
of Laponite, montmorrilonite, and vermiculite clay. Laponite is a synthetic layered
silicate (made by Southern Clay Products, Gonzalez, TX) with a platelet diameter of
approximately 25 nm [188]. Natural sodium montmorrilonite (Cloisite-Na" by Southern
Clay Products) has an average diameter closer to 150 nm [166]. Vermiculite platelets
can be several microns in diameter [189]. Figure 45 highlights the differences in the
number of gaps between impermeable platelets with each type of clay deposited within
an LbL assembly. With increasing platelet diameter and similar thickness, the gas barrier
of composite films made with these clay nanoparticles is expected to increase with
increasing aspect ratio [14]. Combinations of these platelets may lead to improved

packing that will also enhance barrier.

| 2 (a) BN (o) B UMANL (o)
Figure 44. TEM images of Laponite in aqueous solution (a) (from Ref. 33), single montmorrilonite platelet
(b) (from Ref. 34), and layered stack of vermiculite platelets (c) [188].
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Figure 45. Schematic images of the nanostructure of clay-based assemblies made with platelets of varying
diameters. Each clay-polymer bilayer could be 1 — 30 nm thick depending on deposition conditions.

6.4.2 Anti-Flammable Coating

As of 1998, flame retardants were second only to plasticizers in terms of quantity
added to plastics [190]. Brominated compounds are among the most popular retardants,
but environmental concerns have led to significant research into the use of more benign
nanoparticles such as clays [191-197] and carbon nanotubes [198-200]. These
nanocomposites typically exhibit reduced mass loss and heat release rates, which is
believed to be due to the formation of a barrier surface layer in the case of clay [192] and
a gel-like network in the case of nanotubes [201]. Despite this improved the