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Foreword

The ACS Symposium Series was first published in 1974 to provide a
mechanism for publishing symposia quickly in book form. The purpose
of the series is to publish timely, comprehensive books developed from
ACS sponsored symposia based on current scientific research.
Occasionally, books are developed from symposia sponsored by other
organizations when the topic is of keen interest to the chemistry
audience.

Before agreeing to publish a book, the proposed table of contents is
reviewed for appropriate and comprehensive coverage and for interest to
the audience. Some papers may be excluded to better focus the book;
others may be added to provide comprehensiveness. When appropriate,
overview or introductory chapters are added. Drafts of chapters are peer-
reviewed prior to final acceptance or rejection, and manuscripts are
prepared in camera-ready format.

As a rule, only original research papers and original review papers
are included in the volumes. Verbatim reproductions of previously
published papers are not accepted.

ACS Books Department
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Preface

Nanotechnology applications in coatings have shown remarkable
growth in recent years. This book highlights scientific advancements and
recent applications of nanotechnology in polymeric coatings. Key focus
areas are nanocomposite coatings, nanostructured specialty coatings, and
advanced characterization techniques. The book begins with an overview
chapter on recent scientific and technological advancements in
nanotechnology applications in this field. Subsequent chapters cover, in
detail, a number of key applications of nanotechnology in coatings, along
with the related fundamental science. Some contributions focus on issues
related to inorganic/organic nanocomposite coating films, including
dispersion of inorganic nanoparticles and nanoclays. Surface Functionalized
nanoparticles, predispersed inorganic nanoparticles that can be mixed with
existing organic coating formulations and organic/inorganic hybrid latexes
are approaches discussed for preparation of nanocomposite coatings having
improved scratch, corrosion, and UV resistance.

Several chapters address nanostructure development approaches to
impart specialized functionality and performance to coatings. Nanoporous
adhesive microbial ink-jet ink for miniature biosensors and biocatalysts and
nanostructured conjugated polymer networks are discussed. Characterization
of nanostructure and nanoparticle dispersion in coatings is a difficult
challenge, and this challenge is addressed in several chapters. Assessment
of phopocatalytic activity of nanoparticles, use of atomic force microscopy,
applications of Nano-Indentation for mechanical property measurements,
and nano-thermal analysis are discussed. Size determination techniques
suitable for nanoparticles are also reviewed. The highly multidisciplinary
nature of the field is evident throughout the book.

Raymond Fernando
California Polytechnic State University
San Luis Obispo, CA, USA

LiPiin Sung

National Institute of Standards and Technology
Gaithersburg, MD, USA
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Chapter 1

Nanocomposite and Nanostructured Coatings:
Recent Advancements

Raymond H. Fernando

Department of Chemistry and Biochemistry, California Polytechnic
State University, San Luis Obispo, CA 93407

Scientific concepts regarding the benefits of controlling
materials at nano-scale have been around for at least half a
century. However, technological breakthroughs leading to
commercially viable products began only about twenty-five
years ago. Intense research and development efforts in this
period have resulted in a tremendous growth of products based
on nanomaterials. As coatings are integral to virtually any
imaginable product or structure, nanomaterials are having a
great impact in this field. Today, there are many approaches to
make nanocomposite and nanostructured coatings for a wide
range of applications. This chapter focuses on the ad-
vancements in nanotechnology applications in liquid based
coatings. Following a brief historic review of the development
of nanomaterial concepts and key technological break-
throughs, a wide range of today’s nanotechnology coatings are
discussed. They include polymer-nanoparticle and sol-gel
composite coatings for improving scratch and UV resistance,
IR reflection, anti-microbial and self-cleaning activity,
corrosion resistance, and gas barrier properties. Nano-
structured coatings for applications such as superhydrophobic
surfaces are also reviewed. Current challenges facing further
growth of the use of nanomaterials in coatings -- nano-scale
dispersion, nano-scale characterization, and concerns over the
health and safety of new naomaterials -- are also discussed.

© 2009 American Chemical Society
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Introduction

Nanotechnology applications in coatings have shown remarkable growth
in recent years. This is a result of two main factors: 1) increased availability
of nano-scale materials such as various types of nanoparticles, and
2) advancements in processes that can control coating structure at the nano-
scale. Another important reason for this growth is the potential of
nanotechnology to address many performance challenges presented by the vast
range of products and structures that coatings are an integral part of.
Applications of coatings include interior and exterior house paints, interior
furnishings, glass and fagade coatings for high-rise buildings, all types of
transportation vehicles and structures (automobiles, airplanes, bridges, road
markings, marine vessels, spacecrafts, etc.), and a wide variety of industrial and
non-industrial maintenance coatings. At a much smaller scale, coatings are used
in numerous electronic products (both consumer and industrial electronics) and
biomedical products. Coating layer thicknesses can vary from hundreds of
micrometers (e.g., anti-skid coating on the deck of an aircraft carrier) to less
than 100 nm (e.g., insulating coatings in microchips). Coatings play one or
more of three key roles in these applications: 1) improve product’s esthetic
appeal, 2) protect the substrate from a wide range of abuses (e.g., damage due to
scratches or impact, corrosion, long term weathering, and bio-fouling), and 3)
provide specialized functionality to the product (e.g., conductivity, insulation,
water repellency, and heat reflection). It is in the latter two roles where
nanotechnology has opened up exciting possibilities to improve performance
attributes of coatings and the associated products.

It is generally accepted that a material or device having at least one of its
dimensions within less than 100 nm length belongs in the nanotechnology
domain (I). This definition is not based on an arbitrary choice; rather, it is
grounded on well established principles that govern material behavior, as
documented by Feynman over a half a century ago (2). Feynman in his 1959
landmark lecture stated that “Atoms on a small scale behave like nothing on a
large scale, for they satisfy the laws of quantum mechanics. So, as we go down
and fiddle around with the atoms down there, we are working with different
laws, and we can expect to do different things.” In other words, as the size scale
of matter becomes smaller, down to the nano-scale, the principles which govern
macroscopic materials become non-scalable. A more recent review (3)
discussed nanotechnology’s promise towards enhancing coating functionality in
ways that are not attainable with bulk materials or extension of bulk material
properties.

The non-scalable nature of bulk properties down to the nano-scale can be
understood on the basis of intermolecular forces (Van der Waals and hydrogen
bonding attractions, electrostatic attractions and repulsions, and steric
repulsions) that govern material behavior. All of these intermolecular forces
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have a limited distance of influence, ranging from a few Angstroms to a few
nanometers.

Figure 1 schematically illustrates a two-dimensional, ideal arrangement of
molecules in a material, represented by the small circles. The radius of the
larger circles represents the effective distance of intermolecular forces, with
respect to molecules A, B, C, and D in Figure 1(a) and molecule E in Figure
1(b). Molecules A and B [Figure 1(a)] are in the interior of the material, and as
a result have sufficient molecules surrounding them to balance the
intermolecular forces acting on them in various directions. However, the circles
around molecules C and D are not filled with molecules, and as a result, their
intermolecular forces are unbalanced. These molecules represent a different
state of matter and would be considered surface molecules. In a material with
large dimensions, the number of surface molecules would be insignificant
compared to the bulk molecules. Consequently, their influence on the behavior
of the overall material is insignificant. However, as the size decreases to the
same order of magnitude of intermolecular force distances (i.e. nano-scale), the
surface molecule content increases dramatically. As shown in Figure 1(b), if the
size is small enough, all molecules would be under unbalanced intermolecular
forces. Consequently, their properties are un-scalable from bulk properties, and
they could exhibit very unique and different behaviors. Same analysis can be
applied with respect to atoms of metals or inorganic oxides that will be
discussed later on in this chapter. In addition, the same analysis can be extended
to an interface between two materials. Molecules of one material near the
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Figure 1. Schematic representation of inter-molecular interactions among
molecules in, (a) macroscopic, and (b) nano-scale materials
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interface with another material would have molecules of the other material
within its sphere of intermolecular forces. This will cause the interfacial
molecules to be in a different state than the bulk molecules of either material.
The interfacial material content would be dramatically enhanced in a
nanocomposite, as compared to a macroscopic composite.

An extensive discussion of nanotechnology principles as they apply to
nano-scale devices and such quantum properties as electron-hole formation,
photovoltaics, and non-linear optics is not the focus of this chapter. Detailed
treatments of the underlying nanotechnology principles related to these
phenomena can be found in textbooks and other sources (4-6). Utilization of
nanotechnology in diverse areas such as defense applications (7) and cosmetics
(8) are also discussed in other treatments of the topic. The two fold objective of
this chapter is to review nanocomposite approaches to improving coating
properties through the use of nanoparticulate materials and nanostructure
development approaches to impart highly specialized functionality to surface
coatings.

Nanocomposite Coatings

Incorporation of nano-scale inorganic materials to organic coatings has
become one of the most prevalent approaches leading to nanocomposite coating
products. As indicated above, a nanocomposite made out of two different
materials would have a very high interfacial contact.. Consider an example
where an inorganic material made up of uniform, spherical particles is
incorporated into an organic coating [Figure 2]. In one case, the particles are
large, and in the other, they are small. In each case, there is an interfacial region
where several molecular or atomic layers of the two phases behave differently
from bulk. Dispersing nano-particles, instead of larger particles allows a coating
formulator to increase the “interfacial material” content significantly (9). For
example, at 30% (by volume) loading, at a particle size of 300 nm and
interfacial layer thickness of 10 nm, the interfacial material content is 3%,
whereas it increases to 22% when the particle size is decreased to 50 nm. Thus,
the interfacial material becomes a major portion of the composite coating. As
discussed above, the properties of interfacial material at the interface between
two materials are different from the bulk properties of each material. If the
interfacial material has better properties that are not offered by individual
materials of the composite, this approach would maximize such benefits.

Whether the interfacial material has dramatically different properties
compared to the properties of the materials that make up individual phases
depend on the difference between intermolecular forces between the two phases.
This will be discussed in more detail with respect to the glass transition
temperature of polymers in the next section. The actual interfacial material
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Figure 2. Schematic representation of polymeric composite containing
(a) micron size particles and (b) nanoparticles

content having altered properties depends on the thickness of the interfacial
layer. The true interfacial layer thickness will depend on the chemistry of the
two phases that make up the interface and the specific property of interest.
Optical clarity is an essential property of a number of classes of coatings
such as automobile clear coats, floor wear layers, and optical lens coatings.
Unless the refractive index can be matched to that of the coating resin, adding
inorganic particles cause light scattering that leads to reduction or elimination of
film clarity. Since nanoparticles are much smaller in size compared to the
wavelength range of visible light (400 — 800 nm), they scatter very little light.
Therefore, they can be added to a clear coating formulation with little or no
adverse impact on visual characteristics. This feature of nanoparticles has been
extremely important in expanding nanoparticle applications in coatings.

Interfacial Effects on Polymer Glass Transition in Nanocomposites

Glass transition temperature (T,) is one of the most critical parameters that
governs the behavior of polymers. A polymer’s ability to achieve sufficient
molecular mobility to transition from glassy to rubbery behavior can be
significantly impacted by an adjacent second phase. Several theoretical and
experimental studies have shown that the T, of a given polymer in the form of
ultra-thin films can be very different from its T, in the bulk form (10-15). One
study predicted that near the polymer/air interface, a glassy polymer would
exhibit a significant depression in T, due to chain end enrichment (70). Another
theoretical study (73) predicted that T, of low-dimensional polystyrene would
depend on the size scale and the interface conditions and found good agreement
with available experimental results. Fryer et al. measured (11) T, of polystyrene
and poly(methyl methacrylate) (PMMA) films, on polar and nonpolar substrates,
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as a function of thickness and found that T, of polystyrene on silicon oxide
decreased by as much as 25°C below the bulk value for films 13 nm thick. For
PMMA T; increased by 7°C above the bulk value for films 18 nm thick. Similar
results have been reported by Tsui et al. (12). The implications of film thickness
dependence of Ty is very significant in coatings for microelectronic applications
where film thicknesses of the order of 100 nm is common. Influence of
substrate chemistry on T, and other properties of ultrathin polymer films in
microelectronics has been reported (15).

In an organic/inorganic composite, T, of the polymer would change due to
the steric and enthalpic effects that alter the segmental mobility of the polymer
molecule at a polymer/filler interface (16-21). Studies on alumina/PMMA (16),
polyurethane/silica  (17), polyurethane/organoclay (18), polyurethane/
montmorillonite (19), and polyethylene/silica (20) have all shown that the
polymer T, can increase, decrease, or show no change depending on the nature
of interfacial interactions between the polymer and inorganic phase. In the work
reported by Clarke et al. in Chapter 11 of this book, alumina and silica
nanoparticles did not alter the T, of a polyurethane film. One of the previous
studies (21), based on calorimetric data, determined that the immobilized
polymer layer thickness in a PMMA/SiO, nanocomposite due to interfacial
interactions is approximately 2 nm thick. These interactions can dramatically
affect the performance of the composite as compared to the pristine polymer. It
should be noted that the effect of interfacial interactions on T, of nanostructured
materials (e.g., styrene-butadien-styrene (SBS) block copolymers) has been
demonstrated over four decades ago (22). Later on Bares (23) reported that T,
of finely dispersed (~12 nm in diameter) phases of a SBS block copolymer was
20°C lower than the analogous bulk phase and proposed the first equation (an
extension of the Fox-Flory equation (24)) relating the T, to the enhanced
surface-to-volume ratio of the two phases. As Jackson and McKenna
demonstrated through their studies of controlled pore size glasses, even smaller
molecules such as benzyl alcohol can show significant T, reduction when there
is high surface area contact (25).

Advancements in Nanocomposite Coatings

Nanoclay-Based Composite Coatings

Since Feynman’s time (2) to the 1980’s most of the developments that
belong within today’s definition of nanotechnology field occurred in computers
and other electronic applications. The major developments that led to the
excitement about nanomaterials stem from Unichika Company’s work on nylon
montmorillonite composites and Toyota Motor Company’s work on nylon/nano-
clay composites. In 1976 Unichika filed a patent application for such com-
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posites having unusually high resistance to fire. In the mid 1980’s Toyota
reported that Nylon/nano-clay composites are not only flame resistant, but, in
addition, had vastly improved mechanical properties compared to nylon-6 itself
(26). These developments led to extensive research efforts around the world in
the field of polymer-clay nanocomposites, including commercialization of a
number of automotive parts (27-29). Preparation of nanocomposites with clays
involves delamination and random distribution of clay platelets (exfoliation)
within a polymer or placement of polymer molecules between clay platelets
(intercalation). Chemical and mechanical aspects of the processing conditions
required to achieve nano-scale dispersion of these material are not friendly to the
typical coating mixing operations. Organically-modified clays that are easier to
disperse in appropriate host polymers are commercially available today.
However, even these modified clays still have dispersion problems sufficient to
limit their applications in clear coatings. A synthetic, lithium aluminum silicate
clay that can be dispersed into nano-size primary particles (e.g., Laponite) in
waterborne coatings has been in the market for a long time. Although its
primary use is as a rheology modifier, its use as an additive to improve
performance of clear floor wear layer coatings has been reported (30). Recent
attempts to disperse organo-clays in UV curable resins (urethane acrylate,
polyester acrlate, and cycloalephatic epoxy) have been successful in preparing
nanocomposite materials. However, the gloss and film clarity of the resultant
films were considerably lower than those of the pristine polymeric films (31).
The most successful applications nano-clays in coatings are in corrosion
resistance improvements (32) and other barrier property improvements. This is
partly due to the increased path length for molecular diffusion caused by the
platy nature of the clay materials. The same attribute of nano-clay materials
make them good candidates for improving gas barrier properties of coatings.

Nanoparticle-Based Composite Coatings

Incorporation of preformed nanoparticles into organic coating formulations
is one of the most straightforward approaches to preparing nanocomposite
coatings. Increased availability of inorganic oxide nanoparticles targeted for
various property improvements of organic coatings has tremendously helped
coating formulating companies to introduce nanotechnology products. A list of
properties that can be improved and the types of nanoparticles suitable for the
specific property improvements are shown in Table 1. A list of commercial
suppliers of these nanomaterials is shown in Table 2. Effective dispersion of
nanoparticle powders in an organic resin system is a major challenge. As a
result, the majority of successful products in the market are based on
nanoparticles predispersed in various solvents, and in some cases, coating resins
themselves. Specific examples of nanoparticle based nanocomposite coatings
are discussed in more detail later on in this chapter.
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Table 1. Nanoparticulate materials candidates for coating property

improvements

Coating Property Nanomaterial
Anti-microbial CuO ; TiO, ; ZnO
Gas Barrier Nanoclays
Corrosion Nanoclays, boehmite
Electrical Conductivity, ITO, ATO, SnO,
Static Charge Dissipation
Fire Retardant Nanoclays
IR-Absorption/Reflection ITO, ATO, TiO,, In,0,
Magnetic Fe 04
Mechanical, Scratch Al Os; Si0,; ZrO,
Resistance
Photocatalysis, self-cleaning | TiO, ; ZnO
UV stability TiO, ; ZnO; BaSQ,; CeO,

Nanocomposite Latex Emulsions

As mentioned above, pre-dispersion of inorganic nanoparticles in coating
resins by nanoparticle suppliers or resin suppliers have made the critical
challenge of nano-scale dispersion more manageable for formulated coating
manufacturers. This approach works well for solvent based coatings in which
the binder resin is dissolved in the continuous liquid phase. In these coatings,
when the solvents are removed during the drying step, the resin can form a film
with well dispersed nanoparticles. Making predispersed resins for waterborne
latex paints (including waterborne UV) is a more difficult challenge. In latex
paints, the resin particles need to coalesce properly during the drying step.
Incorporation of another dispersed phase (i.e. nanoparticle) can interfere with
the coalescence of polymer latex particles. To address this challenge, a number
of raw material suppliers and other academic groups have been developing ways
to pre-disperse inorganic nanoparticles inside the polymer latex particles. Use
of colloidal silica to prepare inorganic-organic hybrid polymer latexes with a
variety of monomers, including styrene, butyl acrylate, and methyl methacrylate
has been reported (33,34). The hybrid morphology was varied by changing the
reaction conditions and the choice of surfactants. BASF’s Col.9 latex product is
a good example for this type of a product currently in the market. Companies
such as Akzo Nobel have introduced low dirt-pick up, improved block-
resistance coatings based on this product (35). Another class of hybrid latex
products is based on the nano-clay material Laponite (36) and sodium
exchanged montmorillonite (37). The next chapter of this book by Ming et al.
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Table 2. Nanoparticle Suppliers

Supplier Nanomaterial
Altair Nano TiO,; anti-corrosive pigment
BYK Additives Al)Os; Si0,; Zr0,,
Clariant Si0,
Elementis Specialties ZnO
Evonik (DeGussa) Zn0, Ce0,, ITO
Fuso Chemical Si0,
Hybrid Plastics POSS
Ishihara (ISK) TiO,, SnO,
Nanocor Nanoclay
Nanophase Al 0, ATO, ITO, ZnO, Bi,0;, CeO,,
CuO, Fe203
Nano Resins AG SiO,
Nanoscale ALQO;, ZnO, Ce0,, CaO, MgO, TiO,
Ningxia Orient Tantalum ITO
Industry
Nissan Chemical Si0,, antimony pentoxide, AL O3, ZrO,
Sasol Boehmite
Sachtleben BaSQ,, TiO,
Silco International SiO,
Solvey CaCO,
Southern Clay Nanoclay
Sukgyung A.-T. TiO,, ATO, ITO, ZnO
Sumitomo Osaka Cement Zn0, ZrO,
TiPE TiO,

contains a more detailed discussion of the preparation of clay encapsulated
inorganic/organic hybrid latex polymers. Post-blending of nanoparticles with
latex resins is also practiced with some success (38).

Sol-Gel Chemistry Based Nanocomposites

A well known approach to generating inorganic nanophases within an
organic matrix is to utilize sol-gel chemistry (39). Typically, Silicon, titanium,
aluminum, and zirconium metal alkoxides are used as inorganic sol-gel
precursors. A wide range of oligomers as well as low molecular weight organic
compounds are used as organic phase precursors. Among many variables that
control the hydrolysis and condensation reactions are the pH, solvent, water to
alkoxide ratio, concentration of the reactants, type of catalyst, temperature, and
reaction time.
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Under controlled conditions, silanes and organic molecules can form
coatings containing silica nanoparticles or nanophases. In the presence of a
coupling agent, the organic and inorganic phases can be covalently linked. This
approach has been in practice, including in commercial products, for nearly two
decades (40,41). Feasibility of sol-gel derived organic/inorganic hybrid coatings
as a replacement for aircraft aluminum alloy primers containing chromate
corrosion inhibitors has been an active area of research (42-45). A very recent,
comprehensive review of sol-gel technology applications in anti-corrosion
coatings is available (46). Other studies have shown improved photostability in
aircraft and exterior architectural coatings, and improved scratch resistance of
steel and soft substrates such as polycarbonate and plastics (39,44-46).
Properties and the nanostructure of the final coating in these applications depend
on the selection of the silane, coupling agent (if present) and the chemistry of
the organic phase. To a large degree, the same attributes depend on the pH and
aging conditions of the sol-gel mix and precursors. The hydrolysis/condensation
reaction of the alkoxide is generally reversible. This reversibility is a significant
issue in developing hybrid coatings for applications where long term durability
under very high or very low pH is essential. Results of sol-gel derived silica-
organic hybrid coatings indicate that the morphology is typically an
interpenetrating network with the organic phase containing silica clusters of few
nano-meters in size. Silica nanofiber formation in a system containing TEOS,
methacryloxypropyl-trimethoxysilane (MAPTMS), a urethane acrylate resin,
and an acrylated phenylphosphine oxide oligomer (APPO) has been reported
(47). The nanofibers were shown to improve the mechanical properties of the
organic matrix.

Nanocomposite Coating Performance

Scratch Resistant, Nanocomposite Clear Coatings

Until the recent advancements that led to the availability of a wide range of
inorganic nanoparticles, silica has been the choice material for reinforcing clear
coatings for applications such as automotive top-coats, floor wear layers, acrylic
eye-glass lenses, and scratch resistant polycarbonate sheets for various
applications. Colloidal silica has been available for decades from at least a
dozen companies around the world in the particle sizes range from about 2 to
100 nm, in aqueous and non-aqueous media. The refractive index (RI) of silica
which is 1.46 closely matches the refractive index of common organic binders in
coatings, and therefore, high silica loading levels can be achieved without
causing haziness problems in coatings. In 1976, Dow Chemical has claimed use
of colloidal silica in abrasion resistant coatings for acrylic lenses (48). A few
years later, General Electric claimed their use in polycarbonate materials (49).
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Highly concentrated, nano-size, colloidal silica dispersed in UV curable
monomers has been available for some time. Their use for preparing UV cured
coatings with improved abrasion, scratch, and chemical resistance while
maintaining a high gloss and film clarity has been reported (50-53). PPG
Industries patented and claimed the use of aluminum silicate nanoparticles in
automotive coatings (54,55). PPG’s CeramiClear coating system for Mercedes
automobiles, introduced in 2002 is claimed to be world’s first automotive clear
coat that incorporates silica nanoparticles to achieve scratch resistance
enhancements. Another example of nanotechnology in automotive applications
is Ecology Coatings’ UV curable clear coating system (licensed to DuPont)
containing nano-size silica particles (56).

Sol-gel derived inorganic-organic hybrid coatings for scratch resistance
improvements often employ a combination of UV and thermal cure (i.e. dual-
cure) (40,57). Recent work by Amerio et al. (57) has shown that linking the
inorganic nano-phase with the organic matrix through covalent bonds is
important in achieving improved scratch resistance.

The use of higher refractive index inorganic oxides such as alumina, zinc
oxide, and titanium dioxide (RI = 1.76, 2.00, 2.50-2.70, respectively) in clear
coatings has grown in recent years with the advancements of nanoparticle
manufacturing processes. As the refractive index difference between the
inorganic material and the resin matrix increases, particle size must be reduced
to prevent scattering of light that leads to haze in the composite clear coating.
Controlling the average size alone is not sufficient; small amounts of larger
particles can cause significant haze problems (58).

Many products with tight particle control suitable for clear coatings are
available from suppliers listed in Table 2. SiO,, ZrO,, and Al,O; (Mohs
hardness 7, 8, and 9, respectively) are mostly used in scratch resistance
improvements. Although the hardness of nanoparticle material is an important
factor, attempts to relate scratch resistance improvements by nanoparticles to
bulk composite mechanical properties and thermal properties have not been
completely successful (see reference (59) and Chapter 11 of this book). Further
research is needed in this area.

Anticorrosion and Barrier Coatings

The role of nanocomposites in barrier films for packaging applications has
been reviewed along with a comprehensive list of other approaches (60).
Products in the market today include polyamide, PET, and PP composite films
containing nanoclays. An elastomeric barrier coating introduced in 2001 for
Wilson’s Double Core tennis balls was claimed to be the first nanocomposite
coating for such a product. One to two micron thick coating of this
nanocomposite is claimed to be as effective as a 12 micron thick layer of
ethylene vinyl alcohol (EVOH) copolymer as an oxygen barrier for PET.
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Because of the very low thickness, the PET material’s clarity can be retained
(61). Other examples of thin nanocomposite layers on PET to achieve similar
performance are also reported (62). Improvements of gas barrier properties of
PET by the treatment of very thin (50 nm), sol-gel derived silica has been the
topic of a recent PhD thesis (63).

Use of surface modified boehmite nanoparticles to achieve pH triggered
anti-corrosion functionality is discussed in Chapter 5 of this book by Cook and
Myers. As indicated earlier, sol-gel approaches to anticorrosion coatings have
been reviewed very recently (46).

Nanocomposite Coatings for Controlling UV, IR, and Other Radiation

Coatings play a critical role in controlling the effects of electromagnetic
radiation (UV, Visible, IR, other) on many surfaces. = The specific
electromagnetic frequency range of interest is a factor that determines the
coating formulation ingredient selection. Controlling the interactions with the
visible light to affect the color and appearance through the right choice of
ingredients is the best example of this. Various organic and inorganic pigments
are selected for this purpose. TiO, (RI=2.5-2.7) is the most effective white
pigment; its hiding power is highest at about 250 nm particle size (64).

Prolonged exposure to UV radiation causes degradation of coating films,
and special additives are needed to minimize coating damage. In the case of
clear coatings, UV stabilizers that do not compromise the film clarity are
needed. UV degradation is a critical issue for automobile and aircraft coatings.
Protection of wood substrates from UV degradation is also very important.
Prior to the development of nanoparticle options discussed below, the most
common approach to minimizing damage caused by UV has been the use of
additives such as hindered-amine light stabilizers (HALS). In recent years,
nano-size oxides such as TiO,, ZnO, and CeO, have been shown to be good UV
absorbers that can provide long term protection for various substrates. In
coatings, nano titania is being studied as a replacement for organic UV
stabilizers such as hindered amines. In one such study (65), the behavior of
nano-size TiO, (6-92 nm rutile and anatase titania) as a UV absorber in water
based acrylic and isocyanate based acrylic coatings was investigated. Results
indicate comparable or better performance compared to HALS in the system
studied. ZnO is a good broad-band UV absorber whereas CeO, is more efficient
in UV-B region. These materials are used in both waterborne and solvent based
systems (66,67). Inorganic oxides are not consumed in the UV protection
mechanism, whereas organic molecules like HALS do, and become depleted
over a period of time. However, inorganic oxides are not as efficient as organic
compounds. Therefore, the use of a combination of both organics and
inorganics is the best approach. A number of suppliers listed in Table 2 provide
nanoparticles effective in improving the UV stability of clear coatings. A study
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based on sol-gel approach reported both scratch resistance improvement and
UV-protection of polycarbonate with the use of polysiloxane coating containing
sol-gel derived nano-titanium dioxide (68). The TiO, nano-particle surface was
modified with methyltrimethoxysilane.

Controlling the effects of IR waves is another highly desired characteristic
of coatings in a number of applications (e.g. thermal insulation of window
glasses and camouflaging military equipment or vehicles from IR detection). IR
blocking coatings for window glasses are called low emissivity coatings, and the
standard practice is to deposit a very thin (10 — 25 nm) IR-reflective layer of
silver or gold metal through physical vapor deposition (PVD). To prevent the
oxidation of the metal, the film is sandwiched between two dielectric layers
(SiO,, TiO,, or Ce0,). The dielectric layers are also of nano-scale thickness
(less than 50 nm) to minimize the loss of transmission of visible light (69,70).
Recently, there have been attempts to develop liquid coatings for these
applications through the use of nanoparticles (71,72). Indium-tin oxide, In,Os,
and antimony-tin oxide nanoparticles are used for this purpose.

Halloysite nanotubes (100 nmx500 nm) containing copper nanoparticles are
claimed to be used in cell phone blocking (i.e. radio wave) coatings (35).

Photocatalytic, Self-Cleaning and Superhydrofilic Coatings

Photochemical activity of TiO, and other white pigments such as ZnO plays
an important role in the applications of these pigments in coatings. The well
known photocatalysis mechanism of TiO, is described in Chapter 10 of this
book by Immoos et al. and in studies reported by Allen et al. (73). Pure TiO,
surface can catalyze degradation of organic compounds in the presence of UV
radiation and oxygen or moisture. This phenomenon was exploited in old
“chalking paints” sold for exterior decorative applications. Upon exposure to
UV and moisture, the top layer of such paints would degrade and become
“chalky”. During a rain storm this layer would wash off with any dirt collected,
thus maintaining a clean appearance. Since photocatalytic degradation is
undesirable in other, more typical coatings, hiding grades of TiO, are supplied
with a thin layer of silica, alumina or other surface treatment (64,74). There is a
great deal of interest in utilizing the photocatalytic activity of TiO, to create
germicidal, and self-cleaning surfaces (75,76). An early application of this
phenomenon includes clear coatings for light fixtures installed in difficult to
clean locations such as traffic tunnels. In order to maintain film clarity, nano-
size TiO, must be used in this type of applications. Recent introduction of “self-
cleaning” technology include exterior windows coated with nano titania. ZnO
use as an antibacterial agent (77) and as a light stabilizer has been reported. A
number of commercial applications of this technology for self-cleaning and anti-
microbial surfaces are discussed by Immoos et al. in Chapter 10 of this book.
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Quantifying the photocatlytic effect of TiO,, ZnO and other oxides is the focus
of Chapter 17 of this book by Watson et al. and the work by others (73,78).

Another utility of titanium dioxide’s photocatalytic activity is in preparation
of anti-fogging surfaces. Application of a thin layer of nano tiatnia on a surface
such as glass can make that surface highly polar in the presence of UV and a
small amount of moisture. On such a glass surface trace amounts of water
would spontaneously spread to form a thin layer rather than forming tiny water
droplets that make the glass foggy. This phenomenon is utilized to fabricate
anti-fog glass for such applications as automobile windows (79).

Conductive Coatings

Controlling the electrical and magnetic conductivity of coatings is important
in a number of applications including displays, solar cells, optoelectronic
devices, and gas sensors. Electrostatic charge dissipation is another desirable
coating property. A common approach utilized to create such coatings is to
deposit a material such as indium-tin oxide (ITO) using PVD, CVD, or sol-gel
techniques. In a recent study of polyester polyol, urethane diacrylate UV cure
coatings, 20 nm size ITO was dispersed in butyl acetate using a series of
dispersants (80). Also, ball milling was employed to reduce the ITO size down
to about 35 nm and achieve rather high nanoparticles loadings (10-50%).
Improvements in electrical conductivity and UV absorption were demonstrated.
A similar study with ITO nanoparticles dispersed with high-shear mixing in
ethanol and stabilizing with poly(vinylpyrrolidone) has also been reported (81).

Other Nanoparticle Materials

The utility of a wide range of commercially available nanoparticle materials
in coatings were reviewed so far in this chapter. It should be noted that there are
other nanoparticle materials such as BaSo4, CaCos, talc, polyhedral oligomeric
silsesquioxanes (POSS) that are also utilized in coatings. Chapters 3 and 6 of
this book by Madbouly et al. discuss the mixing and rheological aspects of
commercially available POSS in coatings.

Nano-scale carbon materials such as carbon nano-tubes (CNTs) represent
another important class of nanomaterials. Since the initial synthesis of multi-
wall CNTs by Iijima (82) in 1991, these materials have received a tremendous
amount of attention (83, 84). There are more than fifty companies around the
world today who supply CNTs for commercial products. Although some of the
applications are in coatings, much work remains to be done, especially in the
area of single-walled nanotubes before more widespread applications in coatings
can be realized. Graphenes, two-dimensional carbon nano-sheets, are the
newest materials in this class (85).
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Nanostructured Coatings

Defined in the broadest sense, all of the coatings discussed in this chapter
contain nano-scale structural features, and as such, they are nanostructured.
However in this section, coatings prepared under controlled mechanisms to
incorporate nano-scale structure will be discussed. Use of nanoparticles under
controlled processing methods is an approach for fabricating electronic data
storage devices and other uses. Nanoparticle size uniformity and careful control
of the application shear forces are critical factors in these processes. A treatment
on CVD- and PVD-based nanostructured coating preparations is available
elsewhere (86). Controlled nanostructure formation is the topic of several
chapters of this book. See Chapter 4 (Advincula), Chapter 8 (Taylor, et al.), and
Chapter 9 (Flickinger et al.). Use of polymeric templates to build ordered
nanoparticle structures have been reviewed (87). An interesting example of
formation of ordered, one-dimensional alumina nanoparticles in a polyurethane
coating is the subject of Chapter 7 by Sapper et al.

Leaves of the lotus plant (nelumbo nucifera) represent a fascinating
example of nanostructure in nature. Barthlott and Neinhuis, two botanists, in
1975 discovered (88) that a dual texture in nano- and micro-scale is responsible
in making the waxy, hydrophobic surface of the lotus leave superhydrophobic
(i.e. the contact angle with water is greater than 150°). This
superhydrophobicity makes water droplets roll on the surface, thereby cleaning
dirt particles that might be collected. This phenomenon helps keep clean the
lotus flowers, sacred in several Asian religions and considered a symbol of
purity. Barthlott and Neinhuis called the phenomenon lotus effect, and there are
many studies related to advancing its understanding and commercializing
products based on it (89-91). An example of preparing a synthetic
nanostructured surface involves developing nano-scale roughness on
polypropylene (92,93). In this approach, carefully selected solvents are applied
on the polypropylene substrate and dried under controlled conditions to create
the nano-scale roughness. The result is a super-hydrophobic surface having a
water contact angle as high as 160°. Such surfaces are attractive for a wide
range of applications including antennas, self-cleaning traffic signals, etc.
because of the reduced affinity to water and snow.

Challenges

The major challenges facing continued growth of nanotechnology based
coatings can be divided into four main categories: 1) Dispersion, 2)
Characterization, 3) Health and Safety, and 4) Material Cost. The material cost
has come down in recent years with increasing number of nanoparticle suppliers,
improved manufacturing methods, and increased sales volumes. Dispersion,
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Characterization, and Health and Safety challenges are discussed in more detail
below.

Dispersion

Nano-scale dispersion is critical for realizing the potential benefits of
incorporating nanoparticles in coatings. Early attempts to commercialize nano
TiO, (94) were unsuccessful because of the high degree of agglomeration of the
powder and subsequent difficulties in re-dispersing the particles in coatings. A
recent review of the challenge of dispersion of nanoparticles in polymeric
systems (95) concluded that virtually all systems reviewed, regardless of the
nanoparticle chemistry or the shape (spherical, rod-like, platy etc.), larger scale
poorly dispersed material were present.

One approach to achieving nano-scale dispersion is to use effective grinding
methods such as ball milling (96,97). Effective dispersing requires grinding
media that is much smaller than those used for dispersing conventional particles.
The high surface area of dispersed nanoparticles can significantly increase the
dispersant demand. High viscosity caused by finely dispersed nanoparticles is
another problem that needs to be addressed. The large surface area can increase
viscosities due to the increase in interfacial forces (e.g., electroviscous forces)
and limit the amount of nanoparticles that can be incorporated. Adding the right
surface functionality to address dispersibility and viscosity rise is another
approach to address dispersion issue. In addition to promoting dispersion,
functionlizing the particle surface enables the nanoparticle to be covalently
linked to the organic resin matrix. Thermodynamic aspects of nanoparticle
dispersion stabilization have been addressed in a recent study (98). In the work
discussed by Cook and Myers in Chapter 5 of this book, the challenge of
dispersion of boehmite nanoparticles is addressed by functionalizing the particle
surface with attached carboxyl groups.

Characterization

Characterization of nano-scale particle dispersion and nanostructure
requires techniques that are not common in a small to mid-size coating
manufacturer’s research and development laboratory. Surface characterization
requires techniques such as Scanning Probe Microscopy (SPM) (e.g. Atomic
Force Microscopy) and Scanning Electron Microscopy (SEM). Film cross-
sectional analysis requires techniques such as Transmission Electron
Microscopy (TEM), SEM, X-ray and neutron scattering. These techniques have
been employed in the work described throughout this book. Nano-scale
characterization is the specific focus of Chapters 14-18 of this book by
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Germinario et al., Gu et al., Watson, et al., and Williams, et al., respectively.
Application of SPM to characterization has been reviewed by Greene at al. (99).

Health & Safety

Although certain nanomaterials have been commercially used for many
decades (e.g. colloidal silica and carbon black), commercialization of new
nanomaterials has outpaced development of their safe handling methods. The
awareness of the need to understand both short- and long-term effects of
nanomaterials heightened in recent years. In 2006, the European Center for
Ecotoxicology of Chemicals (ECETOC) published the results of a review of the
potential risks of nanomaterials (100). The US Environmental Protection
Agency (EPA) in early 2008 launched the registry of TSCA inventory status of
nanoscale substances (101). An on-demand video on the topic is available at the
Woodrow Wilson Center’s Project on Emerging Nanotechnology website (102).
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Chapter 2
Encapsulation of Clay Platelets inside Latex Particles
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We present our recent attempts in encapsulating clay platelets
inside latex particles by emulsion polymerization. Face
modification of clay platelets by cationic exchange has been
shown to be insufficient for clay encapsulation, leading to
armored latex particles. Successful encapsulation of covalently
edge-modified clay platelets was achieved via surfactant-free,
starved-feed emulsion polymerization. With cryo-TEM and
SEM we showed that small Laponite platelets were
encapsulated inside spherical latex particles, whereas larger
montmorillonite platelets were encapsulated inside dumbbell-
like or snowman-like non-spherical latex particles. Covalent
bonding of polymerizable groups to the clay platelets proves
to be essential for the successful clay encapsulation.

24 © 2009 American Chemical Society
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Introduction

There has been increasing interest for encapsulation of fine inorganic
powders with organic molecules or polymers to afford various desired physical
properties including mechanical and barrier properties. Inorganic platelets such
as layered silicates have been extensively investigated as polymer-clay
nanocomposites over the past decade (/). To make clay organophilic and
compatible with polymers, one often employed strategy is to modify inorganic
clay by replacing stabilizing alkali with organic cations (2). Emulsion
polymerization in the presence of clays was employed to prepare polymer/clay
hybrid particles, (3-5) but only armored particles (clay being located at the
particle surface) were obtained. Encapsulation of clays by polymer may render
better dispersability and orientation of clay platelets in a polymer matrix, and
has appeared to be very challenging and not straightforward. We previously
reported a physical approach, heterocoagulation (6a,b), to encapsulate synthetic
gibbsite (much thicker than individual clay) platelets by polymer (6c).

Here we report our recent attempts on the encapsulation of clay platelets,
which have been physically and/or chemically modified, inside polymer latex
particles via emulsion polymerization. Two approaches are employed to modify
clay platelets: (1) physical face modification using cationic exchange of
functional groups at the clay surface; and (2) chemical edge modification using
coupling agents such as titanates or silanes. A schematic representation of the
clay platelet modification is depicted in Figure 1. The face modification uses the

R Y
*Mjﬂ"’k A S 56

Figure 1. Modification scheme of clay platelets by: (a) cationic exchange of Na*
by quaternary ammonium cations at the face of the clay platelets; (b) covalent
edge modification of OH-groups using silanes or titanates, and subsequently the
covalently modified platelets can also undergo cationic exchanges with
quaternary ammonium cations (c), leading to dual-functionalized clay platelets.
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exchange of clay cations in an exfoliated clay dispersion with different reactive
cations (initiator and monomers). The edge modification of clay platelets with
different silanes and titanates was performed in water or aprotic solvents,
resulting in covalently modified clay platelets. A combination of face and edge
modification of clay was also performed, leading to dual-functionalized clay
particles. Emulsion polymerizations in the presence of these face-, edge- and
dual-functionalized clay platelets have been investigated.

Experimental Materials

Materials

Laponite RD (LRD) and Cloisite Na' (MMT) were received from
Districhem B.V. and Southern Clay Products Inc., respectively. Methyl
methacrylate (MMA, 99%, Aldrich) was purified by distillation under reduced
pressure and stored in a freezer prior to use. A cationic monomer,
methacrylatoethyl trimethyl ammonium chloride (MATMAC) was received
from Degussa. Water-soluble initiators, 2,2’-azobis (2-methylpropionamide)
dihydrochloride (V-50) [recrystallized from water-acetone (50/50 w/w)] and
2,2’-azobis[2-methyl-N-(2-hydroxyethyl) propionamide] (VA-086, 99%) were
kindly provided by Wako Chemicals GmbH. Titanium IV, tris(2-propenoato), 2-
(2-methoxy-ethoxy)ethanolato (Ken-React® KR39DS) and 3-methacryloxy-
propy! trimethoxysilane (MPS, >98%, ABCR) were used as received.

Face Modification of Clay Platelets

Face modification of clay was performed by exchanging the stabilizing
cations with either a cationic initiator (V-50) or a cationic monomer
(MATMAC). For V-50-modified LRD platelets, at V-50 concentrations up to
1.7 times the CEC, the total weight loss from thermogravimetric analysis (TGA)
was 19.7 wt% (data obtained after three centrifugation cycles to remove any
excess of organic modifier), indicating a significant amount of cationic initiator
has been incorporated into the clay galleries.

Covalent Modification of Clay Platelets

Covalent modifications of LRD and MMT were performed in
dichloromethane with silane or titanate. A typical modification procedure is
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described as follows. An amount of 2 g of clay was dispersed in 100 mL of
dichloromethane and ultrasonically mixed for 10 min. To the clay dispersion 3 g
of KR39DS was introduced at a constant feed of 0.1 mL/min. The reaction
temperature was kept constant at 45 °C under continuous mixing for 3 days. The
modified clay platelets were collected via vacuum filtration on a Buchner funnel
and washed with 300 mL of dichloromethane. The solid clay was redispersed
and the procedure was repeated twice to remove the excess modifier followed by
vacuum drying for 20 h at 80 °C. The modified clay platelets were then
dispersed in water by ultrasonification.

Encapsulation via Emulsion Polymerization

Hybrid latexes were synthesized by starved-feed, surfactant-free emulsion
polymerization (for recipes containing covalently modified clay platelets, see
Table 1). A typical polymerization procedure is described as follows. A 100 mL
3-neck flask was charged with 55 mL of doubly deionized water. About 0.25 g
of modified clay platelets was added and ultrasonically dispersed (10 min).
Then, the system was flushed with argon for 30 min under continuous stirring
using a magnetic stirrer bar at 800 rpm. The reactor was heated to 50 + 1 °C
with an oil bath, followed by the addition of 0.1 g of initiator (VA-086). After 5
min, 4.5 mL of MMA was added at a rate of 0.01 mL/min using a Metrohm
Dosimat 776 autotitrator. Upon completion of the addition, the reactor was kept
at 50 °C for another 2 h to ensure complete conversion of MMA.

Characterization

Particle size and particle size distribution were determined by dynamic light
scattering (DLS) on a Malvern 4700 light scattering instrument at 23 °C. Cryo-
TEM samples were prepared using a vitrification robot (Vitrobot). A 3-puL drop
of the dispersion was placed on a carbon coated lacy substrate supported by a
TEM 300 mesh copper grid (Quantifoil R2/2). Excess of sample was removed
by automatic blotting with filter paper. Afterwards, the grid was rapidly plunged
into liquid ethane at its melting temperature, resulting in a vitrified film. The
vitrified specimen was then transferred into the electron microscope, Tecnai G
Sphera (FEI), operating at 200 kV. The working temperature was kept below -
170 °C. Morphological investigations of latex particles were also performed
using an environmental scanning electron microscope (ESEM) XL30 ESEM-
FEG (FEI), operated in low-voltage mode. Thermogravimetric analysis (TGA)
was performed with a PerkinElmer Pyris 6 apparatus under nitrogen at a flow

rate of 25 cm®/min. A scanning rate of 10 °C/min was used.
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Results and Discussion

Attempts to encapsulate face-modified clay platelets

Emulsion polymerizations of MMA in the presence of unmodified clay
platelets did not result in encapsulation of the clay platelets by latex particles
(4). Starved-feed emulsion polymerizations of MMA in the presence of
cationically exchanged, face-modified clay platelets and a nonionic surfactant
(Emulan® NP3070 from BASF) were performed. In the presence of V-50-
modified platelets (no extra initiator was added), latex particles were obtained
with an average size of 67 nm and a PDI of 0.22, but from the cryo-TEM
observation it is obvious that the latex particles were covered by LRD platelets
(Figure 2a). A surfactant-free MMA polymerization in the presence of V-50-
modified LRD platelets led to latex particles with an average diameter of 236
nm; however, armored particles appeared to be formed again.

Figure 2. Cryo-TEM micrographs of PMMA latexes in the presence of
cationically modified clay platelets: (a) LRD modified by V-50; (b)) MMT
modified by MATMAC.

MMA emulsion polymerization was also performed in the presence of clay
(LRD and MMT) platelets modified by cationic monomers. MMA was starve-
fed to the reaction medium to allow the chain growth from the clay surface
(polymerizable moiety from MATMAC). However, to our disappointment, no
evidence of clay encapsulation was observed. Figure 2b shows a typical cryo-
TEM image of PMMA latex particles with surface covered by MATMAC-
modified MMT. Even the bending of the MMT platelet was observed.
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It has been shown that the encapsulation of clay platelets that are face-
modified with either cationic initiator or cationic monomer was unsuccessful.
This is likely due to the relocation of the polymer chain during the
polymerization, even though the polymer chain might have grown from the clay
surface. The polymer relocation would allow the clay platelet (which is
intrinsically hydrophilic) to migrate to the surface of the latex particles, resulting
in the observed armored particles. The polymer relocation may be attributed to
the fact that the electrostatic interaction between the cationic groups of a
polymer chain (from either the initiator or the monomer) and the clay surface is
not strong enough to prevent the clay migration.

Encapsulation of Covalently Edge-Modified Clay Platelets
Covalent clay modification

Clay platelets, including LRD (D = ~25 nm) and MMT (D = ~150 nm, large
particles were removed by centrifugation), were covalently modified in
dichloromethane by using silane or titanate containing polymerizable
(meth)acrylic moiety, which led primarily to edge modification of the platelets
(7). Both silane and titanate modification led to slightly turbid dispersions for
both MMT and LRD with particle size slightly larger than the unmodified clay
platelets. For the silane modification, it was shown from thermogravimetric
analysis (Figure 3) that about 4.9 and 8.1 wt% of silane was grafted to MMT
(MMT-Si) and LDR (LDR-Si), respectively, in agreement with values reported
in literature (3,7a). The titanate modification yielded about 6.9 and 11.3 wt%
increase for MMT (MMT-Ti) and LRD (LRD-Ti), respectively. After drying,
the modified platelets could be well dispersed in water (Figure 4 shows a TEM
image of LRD-Si aqueous dispersion), but the dispersions were more turbid than
the unmodified clay dispersions, likely due to the edge hydrophobization of clay
platelets.

Encapsulation of Covalently Modified Clay Platelets Inside Latex Particles

Batch emulsion polymerizations in the presence of covalently modified
platelets and surfactants were attempted by Herrera et al. (5) but the platelets
were observed to cover the latex particles. In this study, covalently modified
clay platelets were successfully encapsulated inside latex particles via
surfactant-free, starved-feed emulsion polymerization (10). Table 1 lists the
polymerization recipes and some characteristics of clay-encapsulated PMMA
latex particles.

Figure 5b shows the unique, dumbbell-like shape of a PMMA/MMT-Ti
hybrid latex particle (Entry DV05). The black line in Figure 5b corresponds to a
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Figure 3. Thermogravimetric analysis of unmodified MMT and LRD,
and silane-modified MMT-Si and LRD-Si.

Figure 4. Cryo-TEM micrograph of LRD-Si platelets dispersed in water.
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Table 1. Recipes for Emulsion Polymerizations in the Presence of
Covalently Modified Clay and Characteristics of Clay-Encapsulated
Latex Particles®

Entry Modified clay MMA D, D@ PDI®
type W% [wit%] [nm] [nm]

DV0l LRD-Ti 23 7.08 6715  96.2 0.18

DV02 LRD-Si 23 6.89 59+14 937 0.21

DV05 MMT-Ti 1.9 7.04 285+87 351 0.32

DV06 MMT-Si 2.0 6.98 327+69 298 0.27

® The VA-086 concentration was 0.15 wt% for all polymerizations. ®Clay volume
content based on monomer; ©'Particle sizes determined by TEM; the longest length
was measured in the case of non-spherical particles; VZ-average particle diameter and
polydispersity index (PDI) obtained by DLS measurements.

MMT-Ti platelet with its basal plane orientated parallel to the electron beam.
The dumbbell-like shape is due to the presence of a clay platelet (about 130 nm
in length) inside. The unique dumbbell-like shape of the latex particles cannot
be obtained via emulsion homopolymerizations in one step (8); batch emulsion
polymerization in the presence of unmodified (4) or covalently modified (5)
clays led to latex particles with surface covered by clays. The starved-feed,
surfactant-free emulsion polymerization conditions, combined with covalent
clay modification, appear to be the key to obtaining clay encapsulation. During
the starved-feed, surfactant-free emulsion polymerization, the PMMA chain
would likely start growing from the methacrylic moiety at the edge of modified
MMT, and then grow along both sides of the platelet. When the clay platelet is
large enough, like in the case of MMT-Ti, the presence of the platelet would
prevent the uniform growth of the latex particle, resulting in non-spherical
particles. For the much smaller LRD-Ti, the effect of the platelet on the particle
growth appeared to be less significant, leading to spherical particles (Figure 5a).
In both cases, complete encapsulation of clay platelets in latex particles was
successfully obtained.

It was found from cryo-TEM analysis that not all non-spherical particles
“appeared” to contain clay platelets inside. To clarify the presence of the clay
platelets inside latex particles, micrographs at several tilt angles of the cryo-stage
between -45° and +45° were obtained. The MMT-Ti platelet, clearly visible in
Figure 5b, appeared to “disappear” completely at a tilt angle of -25°. The tilting
of the stage made the basal plane orientation of MMT-Ti more perpendicular to
the electron beam and reduced the diffraction contrast of the platelet, effectively
making it invisible. We checked a number of dumbbell-like particles in the tilt
angle range from -45° and +45° the “sticking-out” of the platelet from the
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Figure 5. Cryo-TEM micrographs of PMMA latex particles by emulsion
polymerization containing (a) LRD-Ti and (b) MMT-Ti. (Reproduced from
reference 10. Copyright 2006 American Chemical Society.)

particle surface was never observed. The dumbbell-like or snowman-like shape
of the latex particles, irrespective of the “visibility” of clay inside the particle by
TEM, further corroborates the encapsulation of clay platelets insides latex
particles.

ESEM analysis of latex particles provides additional information on the
location of the clay platelets. At first glance, Figure 6 shows “normal” spherical
particles with a minor portion of non-spherical latex particles. However, a close
examination of the micrograph reveals that more than 50% of the particles
depicted in Figure 6 are dumbbell-like/snowman-like in shape, or at least non-
spherical. The surface of the latex particles is perfectly smooth, which differs
with the rugged surface observed for clay-covered particles (4,9). This confirms
that the clay platelets are completely encapsulated inside the latex particles.

MMT-Si platelets were also successfully encapsulated inside snowman-like
PMMA latex particles, and it was possible to obtain latex particles with more
than one clay platelet inside.

Encapsulation of Dual-Functionalized Clay Platelets

We also adopted a dual functionalization strategy (/1) to modify clay
platelets, in hope for better control of clay encapsulation. Our dual
functionalization procedure started with covalently modified clays (LRD-Si and
MMT-Si), followed by the cationic exchange with a hydrophilic quaternary
ammonium containing a polymerizable group (PEO-V", Figure 7). Excess PEO-
V* was removed by centrifugation of the modified platelets.
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Figure 6. ESEM image of MMT-Ti-encapsulated PMMA latex particles (DV05).

Starved-feed emulsion polymerizations of MMA were performed in the
presence of the dual-functionalized clay. For dual-functionalized LRD platelets,
it appears from cryo-TEM analyses that the PEO-V' modification had no
significant influence on the encapsulation for LRD platelets, as compared to the
case of edge covalent modification only (3.2.2). In some cases, partial
encapsulation (part of the clay sticking out of the latex particle; image not
shown) was observed. But a more drastic change in the encapsulation behavior
was observed for the dual-functionalized MMT platelets: although non-spherical
particles (which contain encapsulated clay, as discussed in 3.2.2) were observed,
a large amount of MMT platelets appeared to be located at the particle surface,
even bending around the latex spheres. The PEO-V" modification of the MMT
platelets did not show additional advantageous effect on the clay encapsulation
via emulsion polymerization. Although the MMA polymerization with the edge-
modified platelets will produce chemically bonded polymer, the presence of
PEO-V" molecules would enhance the possibility of the clays to be present at
the water/particle interface, instead of being encapsulated by less polar
polymers. Copolymerization with PEO-V" increased the hydrophilicity of the
polymer, and the PEO-V" may even behave as a polymerizable surfactant,
giving the latex increased stability.

A hydrophobic cation, hexadecyltrimethylammonium bromide (CTAB) was
also used for dual functionalization. However, starved-feed emulsion
polymerizations in the presence of these hydrophobic platelets did not produce
(single) platelet-encapsulated latex particles, and only large aggregates with a
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Figure 7. Chemical structure of PEO-V", a hydrophilic quaternary ammonium
containing a polymerizable group.

diameter > 1 pm were formed. A different route was also explored by first
dispersing the hydrophobic clay platelets in MMA, followed by emulsion
polymerization. The dispersion showed significant sedimentation, indicating the
incomplete exfoliation of both platelets. The subsequent batch and starved-feed
emulsion polymerizations were not successful.

In summary, the dual functionalization did not prove to be a successful
extension to the covalent edge modification of clay platelets for the
encapsulation purpose. Emulsion polymerizations in the presence of dual-
functionalized LRD platelets resulted in clay encapsulation, but did not show
any improvement. For larger MMT platelets, the dual functionalization even
seemed to be counter productive.

Conclusions

In conclusion, we have demonstrated the encapsulation of covalently
modified clay platelets inside latex particles via surfactant-free, starved-feed
emulsion polymerization. With cryo-TEM and SEM we showed that small
LRD-platelets were encapsulated inside spherical latex particles, whereas larger
MMT-platelets were encapsulated inside dumbbell-like or snowman-like non-
spherical latex particles. Covalent bonding of polymerizable groups to the clay
platelets proves to be essential for the successful clay encapsulation.
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Chapter 3

Polyurethane-Polyhedral Oligomeric Silsesquioxanes
Nanostructured Hybrid Dispersions by the
Prepolymer Mixing Process

Samy A. Madbouly, Joshua U. Otaigbe, Ajaya K. Nanda,
and Douglas A. Wicks"

School of Polymers and High Performance Materials, The University
of Southern Mississippi, Hattiesburg, MS 39406

Waterborne nanostructured polyurethane with reactive
polyhedral oligomeric silsesquioxanes (POSS) hybrid
dispersions were synthesized via environmentally-friendly
aqueous dispersion through the prepolymer mixing process.
To improve the distribution of the POSS monomer in the
polyurethane  aminoethylaminopropylisobutyl  polyhedral
oligomeric silsesquioxane was first prereacted with excess
isophorone diisocyanate in N-methylpyrrolidone. After this
reaction the process was continued by reaction with
poly(hexylene adipate - isophthalate) diol, dimethylol
propionic acid, and hexamethylene diamine. Dispersion of the
polymer was accomplished with triethyl amine as the
neutralizing base. The particle size and viscosity of the
dispersions were not affected by POSS loading. The resulting
polyurethane dispersions did show evidence of some phase
inhomogeneity as evidenced by wide angle X-ray diffraction
patterns of cast films. Although the incorporation of the POSS
monomers did not have a significant effect on the dispersion’s
properties; the physical properties of the isolated polymers
films did display significant changes, with notable increases in
storage modulus, T, and complex viscosity. POSS was found
to react strongly with only the hard segments of PU (urethane
segments), while the soft segment was not affected by the
presence of POSS. This experimental fact was confirmed by
the increase in the T, of the hard segments with increasing
concentration of POSS as measured by DMA.

36 © 2009 American Chemical Society

In Nanotechnology Applications in Coatings; Fernando, R., € a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2009.



Downloaded by 89.163.34.136 on October 22, 2009 | http://pubs.acs.org
Publication Date: June 12, 2009 | doi: 10.1021/bk-2009-1008.ch003

37

Polyhedral oligomeric silsesquioxane or POSS are materials with general
chemical formula (RSiO, s)n where R is hydrogen or an organic group (alkyl,
aryl or any of their derivatives), and are characterized by a size in the range 1-3
nm and by high chemical versatility and capability to form nanostructures with
tailored dimensionality (/). These nanoscale compounds (POSS) are attracting
increased attention in nanostructured organic—inorganic hybrid materials (/-5).
The dispersion of POSS nanoparticles in polymeric matrices, such as,
polyacrylates, polyesters, polyimides, polystyrene and its copolymers allows to
obtain advanced composite materials. The incorporation of POSS into polymeric
materials often results in dramatic improvements in polymeric properties which
include, but are not limited to in use temperature, oxidation resistance, surface
hardening, and improved mechanical properties as well as reduction in
flammability and heat evolution (6-16) .

The compatibility of POSS with polymeric materials is expected to be
markedly enhanced due to the possibility of modifying the chemical/physical
interactions at polymer-filler interface through introduction of functional groups
on the POSS molecules. The organic substituents attached to each cage Si atom
can improve compatibility with the polymer matrix. Polymerizable substituents
on the cages allow the formation of copolymers where POSS becomes part of
the polymer chemical structure (17,18). Generally POSS can be incorporated
into polymer matrix by two different methods: mechanically melt blending as
nano-filler particles or chemically by introducing one or more functional groups
to the corner of the POSS chemical structure. This functional group can react
chemically (via covalent bonds) with the polymer matrix to produce polymer-
graft-POSS composite with improved mechanical properties and higher thermal
stability which is determined by POSS/POSS and POSS/polymer interactions
€9).

In recent years, significant emphasis has been placed on the use of
waterborne coating systems such as polyurethane dispersions (PUD) due to their
health and environmental safety (20-26). Design and control of these systems
has been traditionally undertaken by trial and error methods due to their inherent
complexity. These environmentally friendly products are used to reduce the
VOC (volatile organic compounds) released into the atmosphere by
solventborne systems and are expected to exhibit the same performance as that
of conventional solventborne systems. Typically a waterborne PUD is formed
by preparing an isocyanate-terminated prepolymer and a modifying polyol is
used to incorporate carboxylic functionality in the prepolymer backbone. The
prepolymer is then dispersed in water using a tertiary amine to produce ionic
centers thus stabilizing the polymer particle. The resulting chemical species is
then chain-extended using a polyamine as described later (26). Polyurethane
dispersions can be tailored to various applications by varying the preparation
method and chemical structures of the polyurethane. Waterborne PUD
dispersions are widely used in the coatings and adhesives applications because
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of their excellent performance, demands of environmental regulations, abetment
costs and safety (27-29). In recent years, there has been a growing interest on
the preparation of PU-POSS hybrids to enhance the thermal, mechanical and
surface properties of the final polymers. Turi and Levi recently reported on the
preparation of PU dispersions incorporating a diol functionalized POSS into the
prepolymer reaction before the dispersion step (30). In their work, it was found
that the thermal and mechanical properties of PU-POSS hybrid films did not
improve compared to the unmodified control. X Ray analysis of the films
revealed that much of the crystalline structure of the starting POSS diol was
maintained.

Recently, we have prepared PU-POSS hybrid dispersion using the acetone
process. A homogenous dispersion with functionalized diamino-POSS has been
obtained by modifying the method of addition (37). Films prepared from these
acetone process dispersions showed a large change in thermal, mechanical,
rtheological and surface properties resulting from the POSS incorporation
compared to unmodified control. In our preparation method, POSS was reacted
initially with isophorone diisocyanate (IPDI) and the homogeneity of POSS in
PU matrix was observed by WAXD and gel permeation chromatography (GPC).

Beyond the base chemical compositions, there are several differences in the
2 methods used to get the hybrids discussed above that could lead to the contrary
results obtained. First it could be the differences between the prepolymer and
acetone process or secondly it could arise from the order of addition. In the work
by Turi and Levi (30) the functional POSS was added towards the end of the
prepolymer formation, while in our previous work the POSS monomer was
prereacted with the diisocyanate. This current work tries to address the impact of
process on POSS hybrids prepared by the prepolymer mixing process.

Experimentals
Materials

Poly(hexylene adipate-isophthalate) diol having OH# 55 and max acid #2
(Desmophen 1019-55), and isophorone diisocyanate (Desmodur-I) (IPDI) were
supplied by Bayer MaterialScience. Dimethylolpropionic acid (DMPA),
dibutyltin dilaurate (DBTDL), triethylamine (TEA), hexamethylene diamine
(HDA) and N-methylpyrrolidone (NMP) were purchased from Aldrich
Chemical Co. Aminoethylaminopropylisobutyl polyhedral oligomeric silsesqui-
oxane (amino-POSS) was donated by Hybrid Plastics.

Films used for dynamic mechanical analysis (DMA), wide angle x-ray
diffraction (WAXD), and small amplitude oscillatory shear measurements were
prepared by casting the dispersions with different POSS concentrations onto a
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polypropylene plate and drying in a vacuum oven at 90 °C for three days or until
constant weight.

Samples for contact angle measurements were prepared using a 5 ml
drawdown bar on well-cleaned glass substrates, followed by air-drying for 20 h
at ambient temperature and oven drying at 50 °C for 4 h. The wt% solids was
determined by heating 1 g of dispersion in a glass vial in a vacuum oven at 120
°C for 6 h and measuring the retained mass.

Measurements

Particle sizes (PS) of the PU dispersions were determined by a Microtrac
UPA 250 light scattering ultrafine particle analyzer. WAXD experiments were
carried out on POSS powder and on 500 pm thick PU films with a Rigaku
rotating anode X-ray generator operating at 40 kV and 250 mA with a Cu target
and graphite monochromator. The scanning was performed at 20 = 2° to 40°
with step size of 0.02° and four seconds per step.

Tan § (for T,) and storage modulus of the PU/POSS nanocomposite films as
a function of POSS concentration were measured using a TA Instruments 2980
dynamic mechanical analyzer (DMA) in the tensile mode. The temperature
response was calibrated with indium while the force and compliance calibrations
were performed using standard weight and a clamped steel bar, respectively.
Films of 0.80 x 4.80 x 12.8 mm were used for the DMA measurements under
nitrogen atmosphere at a heating rate of 2 °C/min from -100 to 150 °C. A
minimum of three measurements were performed on each sample.

Viscosities of PU/POSS dispersions of different POSS concentrations were
measulred at 25 °C using a Brookfield DV-I viscometer (#2 spindle, shear rate of
100s™).

Contact angles were determined using a Dataphysics OCA 20 instrument
with distilled deionized water. At least 3 independent measurements were
carried out and the average reported.

Viscoelastic measurements on the films were performed using an Advanced
Rheometrics Expansion System (ARES, Rheometrics Inc.) equipped with 25
mm parallel plates diameter. Strain sweep was carried out at a constant
temperature (145 °C) and frequency to evaluate the linear viscoelastic range of
the samples. Frequency sweeps (0.1-100 rad/s) are performed at a constant
temperature (145 °C) in the linear viscoelastic region (i.e., strain amplitude <
10% strain) to obtain the dynamic shear viscosity, 7, and the storage elastic
modulus G as a function of shear frequency for PU/POSS nanocomposites of
different POSS compositions.

The thermal stability of PU/POSS nanocomposites was investigated using
thermal gravimetric analysis (Pyris Diamond TGA, PerkinElmer). The heating
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rate was 10 °C/min for all measured samples. The measurements were carried
out under nitrogen atmosphere.

Base PU Dispersion Synthesis

A 250 mL round-bottom, four-necked flask with a mechanical stirrer,
thermometer, condenser with nitrogen in/outlet, and a pipette outlet was used as
a reactor. The polymerization was carried out in a constant temperature oil bath.
Desmophen 1019-55 and DMPA were charged into the dried flask at 70 °C.
While stirring, NMP (10 wt % based on total feed) was added and stirring was
continued until a homogenized mixture was obtained. Desmodur-I and DBTL
were added and stirring was continued for 30 min. at this temperature. The
mixture was heated to 80 °C for about 3 h to afford an NCO terminated
prepolymer. The NCO content during the reaction was determined using a
standard dibutylamine back titration method (32). Upon obtaining a theoretical
NCO value, the prepolymers were cooled to 60 °C, and the neutralizing solution,
i.e., TEA (DMPA equiv.) dissolved in NMP (2 wt %) was added and stirred for
30 min while maintaining the temperature at 60 °C.

Dispersion was accomplished by adding the prepolymer to the mixture of
water and surfactant (4 wt% based on total solid). Agitation was maintained at
750 rpm. After 20 min, 20 wt % solution of HMDA in water was added over a
period of 30 min, and chain extension was carried out for the next 1 h.
Subsequently, a defoamer (Foamstar-I) was added, and stirring was continued
for 5 min at a speed of 250 rpm. The solids content of the PU dispersion was
kept constant at 32 wt% PU. For experiments requiring control of the polymer
molecular weight, diethyl amine was included in the chain extension step.

In the preparation of all polymers the ratio of isocyanate groups/amine
groups (from chain extension/termination) was 1.1/1. The synthesis of PUD is
presented in Scheme 1. The role of the ionic groups is to provide a stable PU
dispersion in water. Additional details of the synthesis and chemistry of the
process are given elsewhere (33).

Representative Hybrid Dispersion Preparation (PU10)

35 g of NMP was charged into a 250 ml round bottom flask. Amino-POSS
(7.5 g, 0.016 amine equiv.) was added, and the content was stirred for 5 min.
IPDI (19.3 g, 0.174 isocyanate equiv.) was added drop wise with constant
stirring at 20 °C. After 20 min DBTDL added and stirring was continued at the
same temperature for another 40 min. The flask was attached to a mechanical
stirrer, thermometer, condenser with nitrogen inlet and outlet, and a pipette
outlet. The polyester diol (37 g, 0.036 hydroxyl equiv) and DMPA (3.7 g, 0.056
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Scheme 1. Elementary steps for the synthesis of pure PUD Dispersion
and Chain Extension

hydroxyl equiv, 0.028 acid equiv) were charged and stirring was continued until
a homogeneous mixture was obtained. The temperature was raised to 80 °C
using a temperature controller. The isocyanate content during the reaction was
monitored using a standard dibutylamine back titration method (32).

Upon reaching the theoretical isocyanate value, the prepolymer was
neutralized by triethyl amine (2.9 g, 0.028 equiv.) by stirring for 30 min. The
prepolymer was dispersed into water at an agitation speed of 750 rpm. After 20
min, a 20 wt% solution of HMDA in water was added for a period of 30 min,
and chain extension was carried out for the next 30 min. The solids content of
the dispersion was 32 wt%. The elementary steps for the preparation of
nanostructured PU/POSS hybrid dispersions through prepolymer mixing process
is presented in Scheme 2. A series of PU/POSS hybrid dispersions, were
synthesized with 0, 4, 6 and 10 wt % of the amino functional-POSS (PUO, PU4,
PU6 and PU10 Table 1). The particle sizes of the 3 modified dispersions and the
control at ~40 nm were in line with expectations indicating no impact by the
addition of POSS.

Results and Discussion

The prepolymer process for the preparation of PU dispersions was evaluated
for the formation of PU/POSS hybrids. To this end a series of PU dispersions
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Scheme 2. Elementary steps for hybrid dispersion by prepolymer mixing process

were made using various amounts of POSS (Table 1). For each of these systems
the DMPA concentration was held at 5.5 wt % based on total concentration of
polymer, polymer concentration at 32 wt % and chain extension at 90%. As a
result of compensating for the inclusion of the POSS comonomers, the polyester
diol content reduced from 73 to 62 wt% of the total polymer solids. The
inclusion of the POSS monomers did not have a major impact on the solution
properties of the dispersions relative to the control (PU0). The minor differences
in particle size and viscosity with increasing POSS content are within the limits
of reproducibility and indicate that the POSS monomers do not affect the
dispersion step. As clearly seen in Table 1 the viscosities of PU/POSS
dispersions are almost constant (7 = 55+2 mPa-s) regardless of the increase in
the POSS concentration at 20 °C and 100 s shear rate. This constant value of
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viscosity is attributed to the fact that the inclusion of POSS to PUD does not
change the particle sizes of the dispersions for different POSS concentrations as
presented in Table 1. Therefore the addition of POSS does not play any role for
controlling the particle-particle interactions or the hydrodynamic interactions
and consequently all the PU/POSS dispersions have same viscosity. In addition
the PU/POSS dispersions are very stable and the dispersion particle sizes for all
samples were unimodal and remained constant over six months of storage at
room temperature.

Table 1. Particle size and viscosity of PU/POSS dispersions
as a function of POSS concentration

Sample POSS wt% | Particle size (nm) | n (mPa-s)
PUO 0 37 54
PU4 4 39 54
PU6 6 40 57

PUIO 10 42 56

Films prepared from the dispersions were clear and defect free. The
physical properties changed systematically with the incorporation of POSS
monomers and are indicative of homogeneous incorporation (Table 2).The
results of our WAXD evaluation of the polyurethane films are shown in Figure
1, along with a powder pattern for the POSS monomer. The main reflections of
the amino-POSS monomer found at 26=8.1, 10.8, 12.1 and 18.8° are similar to
those reported by Turi et al. for a diol-POSS (30). PUO (control) shows only an
amorphous halo indicating that the base polymer does not have a crystalline
component. With the addition of POSS even at the lowest result, a WAXD
reflection at 26 = 8.6° indicating that at least some of the POSS is forming a
crystalline domain. Although the amino-POSS was reacted in the beginning with
IPDI to avoid the inhomogeneity of POSS and PU, the WAXD data is probably
due to the presence of some unreacted POSS in the PU matrix. Perhaps the
reaction mixture was not as homogeneous in presence of NMP as it was in the
acetone process we described earlier or crystalline oligomers may have been
formed (31).

The surface behavior was investigated through measurements of contact
angles against water (Table 2). The incorporation of POSS macromer increases
the contact angles of the coated surface against water. This implies that the
POSS residues are preferentially oriented toward the air-film interface.
Incorporating 4 wt % POSS (PU4) results in an increase the contact angle from
64 to 76.1°, and higher loadings slowly increase the contact angle to 78.6°. This
phenomenon is quite commonly observed for POSS modified polymers with as
surface tension preferentially drives the lower energy POSS residues to the air
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interface (34,35). The 15° increase in contact angle found in this study is slightly

lower than the 23° increase found for the acetone process hybrids (31).

wen Sity (arb. urits )

aminoPOSS
2]

P .
1m-m

{ T N

PU0

5

5 0 %X B B A
»

Figure 1. WAXD patterns of amino-POSS PUO, 4, 6 and 10 films

Table 2. Physical Properties of PU/POSS hybrid films

Sample Contact Tg/°C (hard E/MPa E/MPa
angle/’ segment) (T=20°C) | (T=100°C)
PUO 64.0 80 514 4.7
PU4 76.1 81 123.5 11.9
PU6 77.2 84 151.4 12.0
PUIO 78.6 123 263.5 38.4

The storage moduli (E) versus temperature response of the PU/POSS
nanocomposite films are presented in Figure 2 and Table 2. The storage
modulus increases with POSS content in the polyurethane. However, the storage
moduli for 4 and 6 wt% of POSS loading were nearly similar. There is a
dramatic increase in modulus at 10 wt % of POSS. The increase in modulus was
not systematic as seen for the acetone process hybrid materials (31). The E at 20
and 100 °C is presented in Table 2. There is an increase in modulus at these two
temperatures with the addition of POSS. As with the control (PU0) the hybrid
films also showed two maxima for tand (Figure 3) due to the soft and hard
segments Tgs at high and low temperature ranges, respectively. When POSS is
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- Figure 2. Storage modulus of PU/POSS nanocomposite films for different POSS

concentrations

incorporated there is little or no change in the soft segments, while, the hard
segments are considerably affected by adding POSS , i.e.; the peak maxima of
the hard segment shifted to higher temperatures with increasing POSS
concentration in the composites.

Viscoelastic and TGA Measurements

Incorporating of POSS to the PU polymeric chains would be expected to
have a dramatic effect on the rheological behavior of PU film. Figure 4 shows
the storage modulus of PU/POSS nanocomposite films as a function of shear
frequency at 145 °C for different POSS concentrations. Obviously, POSS can
significantly increase the storage modulus of PU, i.e.; the value of G increases
by more than two orders of magnitude at the low frequency region (terminal
zone) by adding 10 wt% POSS. In addition the slope of G at the terminal zone
decreases significantly with increasing the concentration of POSS. This behavior
shows very clearly how the inclusion of small amounts of POSS can produce a
dramatic change in the viscoelastic properties of PU film.

The dependence of dynamic shear viscosity on the variation of POSS
content for different shear frequencies is shown in Figure 5. The incorporation
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Figure 4. Shear frequency dependence of storage modulus of PU/POSS
nanocomposite films as a function of POSS concentrations at 145 °C.
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Figure 5. Weight fraction dependence of complex viscosity for PU/POSS
nanocomposite films at 145 °C and different shear frequencies

of small amount of POSS into the PU polymer backbone produced a significant
change in the dynamic viscosity at 145 °C. The complex viscosity increases
linearly with increasing the POSS composition for all shear frequency values.
This increase in viscosity corroborates the reinforcement of POSS in the PU
backbone. In addition, the dynamic viscosity strongly depends on frequency
(Figure 6) revealing the non-Newtonian behavior of PU-POSS composites with
the dynamic viscosity at the whole rage of shear frequency (1, 10, and 100
rad’s).

Our results stand in contrast to those reported by Turi and Levi (30) and
suggested that any small variations in process and composition of this system
must be carefully considered. Within this work our own results showed that the
sequencing of the reaction steps at the outset of polymer preparation dictate
whether or not the POSS was homogenously incorporates, and that morphology
can be dramatically altered by sample fabrication.

The TGA measurements for base PU and PU/POSS = 90/10 composites are
shown in Figure 6. This Figure demonstrates the percent mass as a function of
temperature at 10 °C/min heating rate under nitrogen atmosphere. Obviously the
PU and composite undergo thermal degradation beginning at 270 °C regardless
of the presence of POSS. It is also clear that the soft segments of PU start to
degrade first at 270 °C and the hard segments degrades later on at 350 °C. This
data suggests that the incorporation of POSS to the hard segments of PU does
not enhance the thermal stability of PU significantly under nitrogen atmosphere.
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Figure 6. TGA measurements for PUO and PU10 nanocomposite films
at 10 °C/min heating rate under nitrogen atmosphere.

Conclusions

The waterborne polyurethane hybrid dispersions have been successfully
synthesized through the incorporation of diamino functionalized POSS (NH,-
POSS) monomers in the polyurethane ionomeric backbone through the
prepolymer process. The inclusion of the POSS monomers did not have a major
impact on the solution properties of the dispersions relative to the control
polyurethane dispersion. The minor differences in particle size and viscosity
with increasing POSS content are within the limits of reproducibility and
indicate that the POSS monomers do not affect the dispersion step. It has also
been found that the addition of POSS does not play any role for controlling the
particle-particle interactions or the hydrodynamic interactions in the PU/POSS
dispersions. The POSS macromers appear to be included in the PU hard
segments as evidenced by the increase in hard segment T, with increased POSS
content. Storage modulus, complex viscosity and T, of the hard segments of PU
film increased with increased POSS content. The films remained transparent
with up to 10 wt % incorporation of the POSS monomers. Interestingly, films
prepared from the POSS containing dispersions showed lower surface
wettability. This effect may be due to either a stratification of the non-polar
components of the coating close to polymer-air interface or a topographical
change of the surface due to formation of nanostructures.

In Nanotechnology Applications in Coatings; Fernando, R., € a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2009.



Downloaded by 89.163.34.136 on October 22, 2009 | http://pubs.acs.org
Publication Date: June 12, 2009 | doi: 10.1021/bk-2009-1008.ch003

49

Acknowledgements

We thank the Robert M. Hearin Support Foundation and Bayer

MaterialScience, Pittsburgh, PA for their support of this research. This work was
supported partially by the Materials Research Science and Engineering Center
program of the National Science Foundation under Award No. DMR 0213883.
Thames/Rawlins research group at USM is acknowledged for the use of their
instruments. Hybrid Plastics is acknowledged for their donation of the POSS
samples.

10.
11.

12.

13.
14.

15.
16.

References

POSS is a registered trademark of Hybrid Plastics, www.hybridplastics.
com.

Li, G.; Wang, L.; Ni, H,; Pittmann, C. U. J. Inorg. Organomet. Polym.
2001, 11, 123.

Baney, R. H.; Itoh, M.; Sakakibara, A.; Suzuki, T. Chem. Rev. 1995, 95,
1409.

Pittmann, C. U., Li, G.; Ni, H. Macromol. Symp. 2003, 196, 301.

Phillips, S. H.; Haddad, T. S.; Tomczak S. J. Current Opinion in Solid State
and Material Science. 2004, 8, 21.

Gao, F.; Tong, Y.; Schricker, S. R.; Culbertson, B. M. Polym. Adv. Technol.
2001, 12, 355.

Tegou, E.; Bellas, V.; Gogolides, E.; Argitis, P. Microelectr. Eng. 2004, 73-
74, 238.

Kickelbick, G. Prog. Polym. Sci. 2003, 28, 83.

Lichtenhan, J. D.; Otonari, Y. A.; Carr, M. J. Macromolecules 1995, 28,
8435.

Haddad, T. S.; Lichtenhan, J. D. Macromolecules 1996, 29, 7302.
Romo-Uribe, A.; Mather, P. T.; Haddad, T. S.; Lichtenhan, J. D. J. Polym.
Sci., Part B: Polym. Phys. 1998, 36, 1857.

Mather, P. T.; Jeon, H. G.; Romo-Uribe, A. Macromolecules 1999, 32,
1194,

Bharadwaj, B. K.; Berry, R. J.; Farmer, B. L. Polymer 2000, 41, 7209.
Tsuchida, A.; Bolln, C.; Semetz, F. G.; Frey, H.; Mulhaupt, R.
Macromolecules 1997, 30, 2818.

Lee, A.; Lichtenhan, J. D. Macromolecules 1998, 31, 4970.

Lin, E. K.; Snyder, C. R.; Mopsik, F. L.; Wallace, W. E.; Zhang, Laine, R.
M. In Organic/Inorganic Hybrid Materials; Laine, R. M., Sanchez, C.,
Brinker, C. J., Giannelis, E., Eds.; Mater. Res. Soc. Symp. Ser. Vol. 519;
Materials Research Society: Warrendale, PA, 1998; pp 15-20.

In Nanotechnology Applications in Coatings; Fernando, R., € a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2009.


http://www.hybridplastics

Downloaded by 89.163.34.136 on October 22, 2009 | http://pubs.acs.org
Publication Date: June 12, 2009 | doi: 10.1021/bk-2009-1008.ch003

50

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.

30.
31.

32.
33.

34,

35.

Lichtenhan, J. D.; Schwab, J. J.; Reinerth, W. A., Sr. Chem. Innovation
2001, 1, 3.

Haddad, T. S.; Stapleton, R.; Jeon, H. G.; Mather, P. T.; Lichtenhan, J. D.;
Plillips, S. Polym. Prepr. 1999, 40, 496.

Lichtenhan, J. D.;Vu, N. Q.; Carter, J. A.; Gilman, J. W.; Feher, F. J.
Macromolecules 1993, 36, 2141.

Markusch, P. H.; Tirpak R. E. Symposium New Orleans, LA, 1990.

Kim, B. Y.; Kim, T. K. J. 4ppl. Polym. Sci. 1991, 43, 393.

Kim, C.K.; Kim, B. K. J. Appl. Polym. Sci. 1991, 43, 2295.

Chan, W. C.; Chen, S. A. Polymer 1993, 43, 1265.

Dreja, M.; Heine, B.; Tieke, B.; Junkers, G. J. Colloid. Interf. Sci. 1997,
181,131.

Wicks, Z. W.; Wicks D. A.; Rosthauser, J. W. Progr. Org. Coat. 2002, 44,
161.

Howarth, G.A. “Polyurethanes, polyurethane dispersions and polyureas:
Past, present and future,” Surface Coatings International Part B: Coatings
Transactions, 2003, 86 (B2), 111.

Kim, B.K,; Lee, J. C.; J. Polym. Sci. Polym. Chem. 1996, 34, 1095.

Wicks, D. A.; Wicks, Z. W. Pro. Org. Coatings 1999, 36, 148.

Hourston, D. J.; Williams, G. D.; Satguru, R.; Padget, J. C.; Pears, D. J.
Appl. Polym. Sci. 1999, 74, 556.

Turri, S. ; Levi, M. Macromolecules 2005, 38, 5569.

Nanda, A. K.; Wicks, D. A.; Madbouly, S. A.; Otaigbe, J. U.
Macromolecules 2006, 39, 7037.

Nanda, A. K.; Wicks, D. A. Polymer 2006, 47, 1805.

Nanda. A. K.; Wicks, D. A.; Madbouly, S. A.; Otaigbe, J. U. J. Appl.
Polym. Sci. 2005, 98, 2514.

Marby, J. M.; Marchant, D.; Viers, B.; Ruth, N. P. ; Barker, S. ; Schaefler,
C. E.; SAMPE 2004, 49, 1316.

Suresh, S.; Zhou, W.; Spraul, B.; Laine, R. M. ; Ballato, J. ; Smith, D. W. J.
Nanosci. Nanotechnol. 2004, 4, 250.

In Nanotechnology Applications in Coatings; Fernando, R., € a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2009.



Downloaded by 89.163.34.136 on October 22, 2009 | http://pubs.acs.org
Publication Date: June 12, 2009 | doi: 10.1021/bk-2009-1008.ch004

Chapter 4

Nanostructured Conjugated Polymer Network
Ultrathin Films and Coatings Using the Precursor
Polymer Approach

Rigoberto Advincula

Department of Chemistry and Department of Chemical Engineering,
University of Houston, Houston, TX 77204

This work focuses on describing the precursor approach to
conjugated polymer network thin films: synthesis,
electrodeposition, patterning, and applications. The preparation
of “smart coatings” involves the use of new materials and
mechanism towards common applications. By targeting the
preparation and deposition of nanostructured ultrathin and
optically homogeneous conjugated and electrically conducting
polymer materials, it should be possible to develop new and
smart coating applications. This includes anti-static, anti-
corrosion, electrochromic, and display applications. The use of
precursor-polymers is described based on the synthesis of a
passive or active polymer backbone bearing electro-active
monomer groups. These in turn can be electrodeposited or
cross-linked by oxidative chemical methods to form ultrathin
film coatings. A number of approaches will be described in this
chapter including the use of surface sensitive spectroscopic and
microscopic methods for analysis and patterning of these films.

The coatings industry has had a fascination for “smart coatings” for some
time. Smart coatings are not new in the sense that they take into account
everyday applications using new materials and mechanisms to improve the
performance of existing coatings. On the other hand, because of fundamental
discoveries made in the field of polymeric and inorganic materials there is a
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potential to generate new and “smart applications”. The use of so-called
macromolecular assemblies in ultrathin films provides new ways of assembly of
ultrathin film coatings even through a layer-by-layer approach. This includes
self-assembly, langmuir-blodgett films, layer-by-layer deposition of
polyelectrolytes, and polymer brushes by surface initiated polymerization. On
the other hand, while electropolymerization has been utilized for some time,
current approaches using the direct deposition of monomers to form conjugated
polymers is not ideal for depositing homogeneous and optically uniform
coatings.

In the area of polymer materials, organic m-conjugated polymers and
intrinsically conducting polymers (ICPs) have shown very promising behavior
as alternative electrical conducting, nonlinear optical, and electroluminescent
materials.(/) Other applications includes: energy storage, electrochromic
displays, sensors, charge-dissipation, and anti-corrosion coatings. Both the
doped and undoped forms are being investigated for these applications with the
idea of replacing their inorganic material counterparts. A wealth of synthetic
techniques leading to novel molecular, macromolecular, and microstructural
design has been reported. This primarily involves the use of metal-mediated
coupling reactions or condensation polymerizations. The addition
polymerization of acetylene monomers to form substituted polyacetylenes have
been reported widely but they have been generally unstable towards
oxidation.(/) Electrochemical methods have been utilized to control the
oxidation potential for polymerization and investigate the resulting electronic
properties of these polymers. In this case, the conjugated polymers are formed in
situ as the monomers are polymerized (radical cation mechanism) and deposited
on a conductive electrode. Recently, the importance of optical film qualities of
these materials has been emphasized for electrochromic applications.(2) For
non-doped film applications such as polymer light emitting diode (PLED) and
field effect transistor (FET) devices, the optical dielectric constants, charge
carrier properties, thickness, morphology (crystallinity or aggregation), and
layer order of the films are deemed to be important.

We have demonstrated previously in many occasions the deposition of high
optical quality ultrathin film coatings of conjugated polymers through the
precursor polymer approach (Figure 1).(3) This has been a perennial problem
with respect to the application of conjugated polymers as coatings because of the
poor morphology and processing conditions for the direct deposition of
heteroaromatic or electroactive monomers for thin film coatings. We have
reported the synthesis and electrochemical deposition of “passive” polysiloxane—
precursor derivatives (by cyclic voltammetry or potentiostatic methods) of
thiophene and pyrrole to form crosslinked polythiophene and polypyrrole
respectively.(4) On the other hand, it is also possible to synthesize “active”
precursor polymers in which the polymer backbone itself is conjugated and has
electro-optical activity.(5) These polymers can be directly deposited from an
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electrolyte solution or spin-coated to the electrode substrate first and
electrochemically oxidized. We have also reported the electrodeposition and
electrochemical grafting to indium tin oxide (ITO) substrates of a precursor
polymer (copolymer) with an “active” conjugated polyfluorene backbone.(5)
The electro-active carbazole side group facilitated electrodeposition forming
oligocarbazole links. Recently, we have also investigated the use of poly(vinyl
carbazole) or PVK as precursor polymer materials for polycarbazole thin films
that can be used for modifying PLED device properties.(6)

Flexible Polymer Active Conjugated
Backbone (Passive) Polymer Backbone

(0] * (0]

(628428, 8¢

Formation of Cross-links
via inter- and intra-molecular
reaction

« R

o = Electropolymerizable Monomer

Figure 1. The Precursor Polymer approach to conjugated polymers with
different polymeric backbones.

In all these cases, the coating film formation was accomplished by
electrochemically cross-linking and polymerizing the precursor polymers
through the electro-active monomer side group as they deposited to the surface
of the electrode. We believe that the reason the films were of such good quality
is because the mechanical strength is “built in” at the precursor stage. The films
are held together by the entanglements between chains due to the inter- and
intra-molecular polymerization pathways resulting in crosslinks. It is also
possible to increase the amount of linear conjugated polymer chains simply by
introducing non-polymer bound electro-active monomers as we have
demonstrated in the case of precursor polypyrroles with polysiloxane and
polymethacrylate backbones.(3)
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In this paper we report various methods of coating and patterning of
precursor polymers electrochemically. We will also present several strategies for
the synthesis, fabrication, and characterization of these unique conjugated
polymer ultrathin films. The application of these cross-linked materials is
towards electro-optical devices, for example, polymer light emitting diode
(PLED) devices will also be described. Micro-contact printing (uCP) is a soft-
lithographic approach that has been used for creating micron sized patterns on
flat surfaces. By controlling the deposition site using micro-contact printing,
patterns on the electrode surface can be formed prior to electropolymerization.
This resulted in light emitting regions from the selectively deposited sites
containing carbazole modified polyfluorenes. Furthermore, we will also
demonstrate the possibility of sequential electrochemical deposition of two
different precursor polymers based on precursor polycarbazole and
polythiophene derivatives. Electrochemical Nanolithography (ECN) is a
technique in which a pattern is created by applying a potential between the AFM
tip and the substrate (conducting AFM set-up) during “writing”.(7)

Results and Discussion
Precursor Polymers

The synthesis of the polymers containing conducting segments can be done
either by polymer analogous reactions or through direct polymerization of vinyl
monomers containing electropolymerizable side-groups. Several synthesis
strategies have been reported.(3,4) One such copolymer is shown in Figure 2,
where the presence of carbazole and thiophene side groups provided a cross-
linking unit for electrochemical deposition.(3)) We have also utilized
extensively polyvinylcarbazole (PVK) which function as very good hole-
transport layers and can be cross-linked to form polycarbazole thin films. All of
these polymers have the common design feature that they have tethered
electropolymerizable monomers which can be varied in composition. The
synthesis of polyfluorenes bearing carbazole monomer side groups has been
previously accomplished by Suzuki and Yamamoto coupling reaction. The
copolymer can be prepared by either incorporating carbazole containing
fluorenes or by the incorporation of carbazole monomer units in the backbone
(Figure 3).

The precursor polymer were then cross-linked by electropolymerization and
monitored by cyclic voltammetry at various solvents, substrates, solution
concentrations, and counter electrolytes. The cross-linking can also be done by
potentiostatic methods. Crosslinking occurs to form very uniform and optically
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clear films and are essentially insoluble once formed. Most of the films
investigated showed reversible color changes (electrochromism) during the
redox process and CV cycling. This property should be very useful for the
development of smart electrochromic windows and mirrors.(2) The use of
surface plasmon spectroscopy (SPS) electrochemical quartz crystal
microbalance (E-QCM), X-ray photoelectron spectroscopy (XPS), and FT-IR
spectroscopy and AFM revealed interesting deposition, doping, morphology,
and cross-linking chemistry for these conjugated polymer films.

Figure 3. Chemical structure of an electrochemically cross-linkable
Polyfluorene precursor polymer, P4F4C2E. This polymer was synthesized
by a nickel mediated Yamamoto coupling reaction

Patterning by microcontact printing

To investigate in-situ the growth of conjugated polymers on patterned
conducting surfaces, we have employed an electrochemical surface plasmon
microscopy (EC-SPM) technique (Figure 4). The patterns on the electrode
surface were first defined by micro-contact printing (Figure 5). Upon electro-
deposition of the electroactive monomer or precursor polymer (as in Figure 3)
on the surface by cyclic-voltammetry (or potentiostatically), the polymer was
observed to grow only on the bare Au surfaces which have not been insulated by
the ODT layers used under a particular potential. We observed that the contrast
of the images where the conjugated polymer has grown varied with the “height”
of the deposited polymer, the refractive index contrast, and the angle of
observation for microscopy. These changes were also correlated with the
specific redox stages of the potential on the CV. The in-situ EC-SPM technique
emphasizes the sensitivity of these patterns to optical reflectivity changes, which
can have possible applications in micro-displays and sensors.
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Grafting of Carbazole-modified Polyfluorenes on Electrode Surfaces

We have previously reported the grafting of carbazole-modified
polyfluorenes. Using the precursor polymer shown in Figure 3, we grafted the
polymers directly to an ODT microcontact printed surface. The grafting was
done electrochemically by CV or by potentiostatic methods from solution.
Different morphologies and deposition behavior were observed. Interestingly,
the polymer preferentially deposited on the hydrophobic SAM modified
surfaces. This underscores the importance of matching the particular surface

Microcontact Printed SAM (00T)

Figure 4. Electrochemical surface plasmon microscopy (EC-SPM) set-up to
monitor the electrodeposition of the precursor polymer on the bare Au surface.

energies of the electrodeposited organic polymer materials to the substrate
surface. Since, the electrochemical activity was limited to the carbazole side
groups, the absorption and fluorescence properties of the polyfluorene backbone
remained intact. That is why patterned fluorescence was observed on these dots
using fluorescence microscopy (Figure 5). This selective electropolymerization
and electrodeposition is an interesting method for preparing thermally stable and
mechanically robust conjugated polymer patterns and should be useful for a
number of electro-optical applications including PLEDs.
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Figure 5. Micro-contact printed patterns of electrochemically grafted
polyfluorene on Au substrates by AFM.

Electrochemical Nanolithography (ECN)

A negative voltage bias can be applied to the AFM tip (anode) and
electrochemical oxidation occurs on a dielectric material coated on a conducting
electrode (cathode). This voltage bias (constant potential) in the presence of the
right condition for an electrochemical reaction will result in cross-linking of the
precursor.(7,8) The patterns are formed and the conductivity will differ, i.e.
direct electropolymerization of patterns by the AFM tip. Control of patterning
involves varying the potential, writing speed, film thickness, and specific sites.
While previous work has described ECN based on direct introduction of
electroactive monomers from the AFM tip to the substrate, here we emphasize
the preparation of nanopatterns on polymer films through electrochemical
polymerization/ cross linking of a precursor polymer film.(8) The method has
been demonstrated recently on polyvinylcarbazole (PVK), spin-coated on a
conducting substrate.(7) In our experiment, the application of a biased potential
from the AFM tip resulted in the oxidation of carbazole followed by
polymerization or cross- linking under ambient conditions (23 °C, in air with 75
% humidity). A pattern “NUS-UH” was written on the spin-coated PVK film
(Figure 6). This electropolymerization-crosslinking was facilitated by the bias
voltage inducing an electrochemical redox reaction, in which humidity is a key
component. Test lines showed that the pattern varied in thickness and resolution
as a function of voltage and writing speed. The control of thickness was not
explored at that time. Recently, we have demonstrated electrochemical
nanolithography on polyelectrolyte layer-by-layer films of polycarbazole
precursors with controlled nm thicknesses and will be reported in a future
publication. The layer-by-layer films were deposited based on electrostatic
interaction between oppositely charged polyelectrolytes deposited on a
conducting substrate. The ordering and controlled layer thickness makes these
interesting substrates for models in controlled electropolymerization conditions.
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Figure 6. Nanopatterning process demonstrated by the ECN method with
“NUS-UH” written on a spin-coated PVK precursor film.
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with the work-function of ITO and the electroluminescent polymer PFO.
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PLED Devices

Our recent investigations on the application of these cross-linked films to
the fabrication polymer light emitting diode (PLED) devices showed dramatic
improvements towards lower turn-on-voltages and greater efficiencies (Figure
7).(9) For example, the application of cross-linked polyvinylcarbazole (PVK) as
a hole transport material for a heterojunction bilayer PLED device with
polyfluorene (PFO) or aluminum-tri-quinoline (Alqs) showed significant
improvements and tenability with doping. The fact that the voltage varies with
doping indicated that the presence of a hole-transport layer like PVK is tunable
towards low or high turn-on voltages. Low turn-on voltage means that the
devices can operate in relative lower power requirements and perhaps better
efficiency. These interesting results show that cross-linked conjugated polymer
films play an important role in the development of these display devices and
their application to other types of semiconductor devices. In principle, electrical
or band gap tuning is possible with the right choice of a conjugated or non-
conjugated polymer backbone. The difference is that these films are very robust
both thermally and mechanically because of thermoset nature of a crosslinked
polymer film. Other applications of these films to sensors, dielectric materials,
non-lithographic patterning, etc. are currently being investigated by our group.

Future Applications

The previous methods and applications have shown the potential for
ultrathin film applications based on the precursor approach for conjugated
polymer networks. Most of this has been applications involving the
electrodeposition of thin films ranging from a few to a hundred nm in thickness.
It is obvious that bulk or thick film coatings applications have yet to be
demonstrated. The cross-linking and electropolymerization leads to the
formation of conjugated/conducting and electrochromic or even fluorescent
coatings. It is possible that applications involving anti-corrosion, electrochromic
windows, anti-static, and even “sensing” coatings will be fully exploited in the
near future.
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Chapter 5

Nanoparticle Surface Modification for Advanced
Corrosion Inhibiting Coatings

Ronald L. Cook and Andrew W. Myers

TDA Research, Inc., 12345 West 52" Avenue, Wheat Ridge, CO 80033

In the last decade, surface engineering of inorganic
nanoparticles has advanced to the point that it has become
possible to fabricate and tune the functional properties of
nanoparticles. The final properties of a nanocomposite are
related to the nanoparticle itself (aspect ratio), the degree of
dispersion, and the identity of the surface groups (surface
density, oligomer length, etc.).  Additionally, surface
engineering can produce functional nanoparticles and by
extension functional nanocomposites. At the most basic level,
functional nanoparticles are surface engineered to both
disperse into a host phase (e.g. a coating) and to carry a
functional agent. Protective coatings are the most effective
weapon in the battle to prevent corrosion, and soluble
chromate additives have historically been used for corrosion
protection for both steel and aluminum. Chromates released
from pigments “heal” the corrosion sites thereby stopping
corrosion. Unfortunately, chromates are toxic and OSHA
regulations have reduced workplace Cr(VI) levels to 5 ppm.
Nanoparticle additives with triggered release mechanisms
have been developed as chromate replacements in protective
coatings. Nanoparticle additives are attractive materials for
corrosion protection because their high surface areas allow
them to function as carriers for molecular corrosion inhibitors
and their small particle sizes often generate novel chemistries
not observed in bulk materials that permit the design of
triggered release mechanisms.

© 2009 American Chemical Society
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Introduction

Polymer nanocomposite coatings offer tremendous improvements in
physical, mechanical and chemical properties over the neat coatings at low filler
loadings. Nanocomposite coatings are a combination of a polymeric host matrix
(e.g. an epoxy, acrylic or polyurethane) and filler particles that are in the order
of 100 nm or smaller. The nanosized particles have a very high surface area that
leads to high levels of interaction between the polymer and the nanoparticles.
The properties of nanocomposites reflect the properties of all three phases (i.e.
inorganic core, bulk polymer and interphase). By creating well-dispersed
nanoparticle coatings, the bulk properties of the coating can be altered leading to
the development of coatings that have very different properties than can be
achieved by the addition of traditional macroscopic-sized fillers. Coatings can
be made to be tougher, harder (or more flexible), lubricious (or skid-resistant),
or heat and fire resistant by the careful addition of nanoparticles. “Smart
Coatings” — coatings that have either multiple functionality or that respond in an
orchestrated manner to changes in the coating environment — have been created
from nanocomposites that are self-cleaning, ultra-hydrophobic, or resistant to
corrosion and microbial attack.

The preparation of nanocomposites is actually centuries old; for example,
nanoparticle impurities give stained glass its vivid and varied colors (J).
However, the specific manipulation and preparation of nanoparticles with the
express purpose of creating a nanocomposite — and measuring its properties — is
a much more recent practice. Toyota first prepared a commercial nylon
nanocomposite with nanosized clay with improved thermal resistance in the
1980’s (2-7). Unfortunately, despite the widespread research on nanoparticles
and nanocomposite formulation, few additional commercial products have
resulted. One area that is showing significant potential for nanocomposite
commercialization is coating applications. This is a result of several key
technological advancements, the devotion of significant resources by large (and
small!) coatings companies, and the innovation required for the introduction of
new technology.

Perhaps the most significant scientific advancement in the development of
nanocomposite coatings has been the understanding of the surface properties of
nanoparticles and how those surfaces can be made to be compatible with various
coating environments. In the last decade, surface engineering of inorganic
nanoparticles has advanced to the point that it has become possible to tune the
functional properties of nanoparticles — and in turn, modify the final bulk
coating properties. Intermediate in size between molecules and bulk solids,
inorganic nanoparticles offer the convenience of carrying out chemical
modifications in solution while retaining the properties of the inorganic core.
As such, surface modified inorganic nanoparticles are ideal materials for the
production of nanostructured materials and nanocomposites. When the surfaces
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of the inorganic nanoparticles are correctly designed, they can be fully dispersed
into polymers and coatings, resulting in the formation of polymer nano-
composites having exceptional thermal, mechanical and barrier properties.
Finite Element Analysis shows that these properties are intimately tied to the
degree of dispersion and the aspect ratios of the inorganic nanoparticles (8).
Self-Consistent Field Theory modeling of surface engineered inorganic
nanoparticles suggests that the surface density, oligomer length and the cohesive
energy density of the organics attached to the surface of the inorganic
nanoparticle are important factors to consider when seeking to improve the
dispersibility of nanoparticles (9).

Surface modified nanoparticles can improve the mechanical and barrier
properties of polymers and coatings. In addition, the nanoparticle surface can be
tailored to impart specific property enhancements. At the most basic level,
functional nanoparticles can be surface engineered both to facilitate dispersion
into a host phase (e.g. a coating) and to carry the functional agent. Additional
functions such as controlled or triggered release can also be designed into the
surface modification. In this paper, we discuss the importance of engineering
the surface of nanoparticles for the successful development of a nanocomposite
coating. We will describe several tools to design surface engineered inorganic
nanoparticles and the development of several types of functional nanoparticles.
A specific example will be the use of surface engineered inorganic nanoparticles
for corrosion inhibition.

Nanoparticle Surface Effects

One of the key features of nanoparticles is their large surface effects. Not
only do nanoparticles have large surface areas, but their surface to volume ratios
are large compared to conventional, macroscopic materials. For example, a 10
nm particle has approximately 20% of the atoms at the surface. In a 2nm
particle, however, 80% of its atoms are surface atoms (10). The high percentage
of surface atoms gives large surface energies to nanoparticles. Van der Waals
forces dominate the small particle interactions, and lead to the aggregation of
nanoparticles. These surface effects greatly influence the behavior of
nanoparticles with a polymer host and with each other.

The attraction between nanoparticles is a major hurdle toward complete
dispersion of nanoparticles and is one of the more significant barriers towards
nanocomposite formation, reproducible properties and commercialization. Most
nanoparticles require severe forces to disperse the particles down to the
nanometer scale — and to keep them from re-aggregating. In the case of
nanoclays, the layers of clay must be separated (exfoliated) by solvent swelling,
in situ polymerization, and/or extensive mixing with high shear in a coating
formulation or polymer melt (/7). While current methods such as horizontal
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bead mills and mixing media for coatings and batch mixers or twin-screw
extruders for polymers can introduce enough shear to break down aggregates of
nanoparticles (12), these methods have several drawbacks. This physical mixing
is usually not sufficient to achieve full dispersion of nanoparticles. If the system
is relatively mobile (i.e., an uncured coating or a polymer melt), there is nothing
to prevent the nanoparticles from re-aggregating.

In order to prepare and benefit from a nanocomposite, the individual
nanoparticles need to be fully dispersed and kept segregated down to the
nanoparticle scale. This can be accomplished either physically (by “locking in”
nanoparticles in a coating by fast application and rapid cure after high shear
mixing) or chemically (by modifying the surface of the nanoparticles to prevent
them from being attracted to each other). The chemical method offers a wide
variety of chemistries and techniques, and can be incorporated into the
nanoparticle preparation. Chemical modification of nanoparticles typically
refers to the attachment, either by a covalent chemical bond or by the
electrostatic or hydrogen bonding forces of surfactants, of organic groups to an
inorganic nanoparticle core.

These surface groups prevent the nanoparticles from grouping together by
reducing the effect of the nanoparticle surface energies, by providing a steric
“bumper” to keep distances between nanoparticles, and by making the
nanoparticles more compatible with the host polymer. All of these effects help
to increase the attraction between the polymer and the nanoparticles and to
stabilize the nanoparticles as discrete particles. The dispersion of nanoparticles
in the coating is necessary to achieve a nanocomposite.

The Interphase

Without the separation and dispersion of nanoparticles, the result is larger
aggregates of nanoparticles to create larger particles. Larger particles have
much lower surface energies, and are similar to the dispersion of standard filler
additives. It has been proposed that nanoparticles give their novel property
improvements by modifying a host resin in the area directly in contact with the
nanoparticle (/3). Called the “interphase”, this area of influence is greater for
large surface energy nanoparticles — as long as the nanoparticles are well
dispersed. Most nanocomposite properties depend on the full dispersion of
nanoparticles and the maximization of the interphase region. When the
interphase region comprises a significant portion of the final coating, the bulk
properties of that coating can be altered.

Large, macroscopic fillers and coating additives actually produce smaller
interphase regions. The overall effect is an additive one, with the final coating
properties a combination of the host resin, the interphase and the additives
themselves. Examples of standard coating fillers in this area are pigments,
reinforcing agents, and flatting agents. Even nanoscale materials like TiO, and

In Nanotechnology Applications in Coatings; Fernando, R., € a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2009.



Downloaded by 89.163.34.136 on October 22, 2009 | http://pubs.acs.org
Publication Date: June 12, 2009 | doi: 10.1021/bk-2009-1008.ch005

68

Figure 1. The interphase region of a nanocomposite is formed when
nanoparticles are well dispersed. The first image represents large particles
and small interphase regions. The middle image represents poorly dispersed
nanoparticles, also with small interphase regions. The last image displays
well dispersed nanoparticles and large interphase regions.

CaCOs behave like larger particles if they are used at high loadings. As the
concentration of particles increases — even in the case of nanoparticles — the
aggregation and collection of particles increases as well. These aggregates then
act as larger fillers, and any nanoscale effects become negligible.

Technical Design Factors

As the number and type of commercially manufactured and available
nanoparticles increases, so do the various design factors for nanoparticle surface
modification. Nanoparticles are available in several morphologies, most
commonly spheres and platelets. Elliptical and rod-shaped nanoparticles are
also available. Nanoparticles can be made with metals or metal oxides,
inorganic compounds of group V and VI (oxides, nitrides, sulfides, selenides,
etc.), and carbon-based materials like nanotubes and fullerenes. Organic
nanoparticles are also well known, including polymers and biomaterials. These
nanoparticles have inherent chemistries related to their composition and surface
and/or edge effects. Suitable surface modifications are those that match the
nanoparticle surface chemistries with appropriate organic surface modifying
groups.

The influence of the aspect ratio of nanoparticles has received much
attention as well (/4). Spherical nanoparticles, while plentiful, don’t often add
significant barrier or structural properties to a nanocomposite from their small
aspect ratio alone. However, these nanoparticles are easier to disperse, and are
often used to improve hardness or scratch resistance. More interesting results
have been found from platelet or rod-shaped nanoparticles. Barrier properties
are commonly investigated in nanocomposites, and improved barrier materials
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can be prepared by well-dispersed, high aspect ratio (analogous to individual
playing cards instead of a deck of cards) nanoparticles which slow down the
permeation of small molecule permeants such as O,, CO;, N, and water vapor.
The best properties have been achieved with platelet-shaped nanoparticles (2,
14, 15). While many have predicted that larger aspect ratios are necessary for
significant barrier improvements, some evidence exists for a trade-off between
aspect ratio and a maximization of the interphase area due to careful control of
the nanoparticle surface (16, 17). This doesn’t have to be a trade-off if careful
control of the surface chemistries of nanoparticles is achieved.

Predictive modeling research from the Balazs group has studied the
interaction of nanoparticles and polymer domains at surfaces (18, 19). Recently,
the group found that nanoparticles in polymer melts should aggregate selectively
in nanoscale scratches or other surface defects when a polymer nanocomposite
is placed over a more brittle, crack-prone surface. This migration of
nanoparticles was suggested to occur by entropic depletion of the nanoparticles
from the polymer phase. This concept could lead to the development of “self
healing” coatings or nanocomposites that repair scratches and cracks by pushing
nanoparticles into them. Nanoparticle morphology and aspect ratio were also
examined, and rod-shaped nanoparticles were predicted to show better packing
in defect sites because of their greater attraction to the scratch surfaces.

The range of surface modification strategies is often limited only by the
researcher’s imagination. A wealth of surface chemistry is available from the
surfactant literature, which can be supplemented by ion exchange methods, self-
assembled materials (polyelectrolyte layering, for example), and the addition of
small molecules to the particles by covalent or ionic bonding. Many of these
groups can be added during nanoparticle manufacturing, but numerous
techniques are available for surface modification after nanoparticle production.

Nanoparticle modification should also consider the desired final outcomes
for the nanocomposites in preparation. The size, shape, and chemical properties
(i.e., solubility parameters, additional reactive groups) of the surface groups all
produce different results (Figure 2). The addition of short and long organic
chains has the capacity to alter the physical nature of a coating or polymer by
altering glass transition temperatures (T,), storage and loss moduli, flexibility,
and load transfer. High and low surface densities can be critical for dispersion
in organic materials. The dispersibility and solubility of nanoparticles can be
intelligently adjusted by choice of surface groups. Additionally, the presence of
additional reactive groups can allow the nanoparticles to be crosslinked into an
appropriately curing coating for increased stability or durability.

Surface Modified Nanoparticle Components

Numerous types of nanoparticles are available, and many of them are
inorganic and hydrophilic. Unfortunately, many thermoset coatings resins and
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Figure 2. Various ways to modify a nanoparticle.

thermoplastic polymers are hydrophobic, leading to an inherent incompatibility
between nanoparticle and host polymer. “Like dissolves like” says the old
chemistry adage, and careful design of the surface groups can make an
incompatible, hydrophilic nanoparticle compatible with a hydrophobic polymer.

As mentioned previously, the chemical nature of these nanoparticles needs
to be paired with the surface groups that are to be added to the nanoparticle
surface. To borrow from surfactant terminology, the “head” or primary reactive
group responsible for attaching to the nanoparticle needs to have the right
chemical properties in order to attach selectively to the nanoparticle surface
(Figure 3) The head is the linkage between the inorganic nanoparticle core and
the organic surface groups. Many different types of reactive groups are
available for bonding to nanoparticles, including alcohols, acids (including
carboxylic, phosphonic, and sulfonic acids), amines, thiols, anhydrides, and
quaternary ammonium cations to name only a few.

The “body” is the primary feature of a surface modifying group that gives
the new surface modified nanoparticle its new solubility and dispersibility
features. The body has to be connected to the head for attachment to the
nanoparticle. This can be accomplished by selecting a single compound that can
contain both the head and the body (like stearic acid, a compound used as a
surface modifying agent for many particles, nanoscale and larger). Additional
modification can be carried out if the head portion contains a second reactive
group (20, 21). This second reactive group can be the basis for the addition of a
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“second generation” of surface modifying groups. Additional layers of surface
groups can be added that were (a) incompatible with the nanoparticle core (b)
did not contain a suitable reactive group to attach to the nanoparticle or (c)
contain additional functional groups for further reactions (like crosslinking).
The body protects the nanoparticles from agglomerations, and can shield the
nanoparticles from reacting or separating from a host resin or extreme
environment (i.e., in a polymer melt).

Nanoparticle

Figure 3. Representation of the various parts of a surface-modified
nanoparticle (not to scale).

The “body” is the primary feature of a surface modifying group that gives
the new surface modified nanoparticle its new solubility and dispersibility
features. The body has to be connected to the head for attachment to the
nanoparticle. This can be accomplished by selecting a single compound that can
contain both the head and the body (like stearic acid, a compound used as a
surface modifying agent for many particles, nanoscale and larger). Additional
modification can be carried out if the head portion contains a second reactive
group (20, 21). This second reactive group can be the basis for the addition of a
“second generation” of surface modifying groups. Additional layers of surface
groups can be added that are (a) incompatible with the nanoparticle core (b) did
not contain a suitable reactive group to attach to the nanoparticle or (c) contain
additional functional groups for further reactions (like crosslinking). The body
protects the nanoparticles from agglomerations, and can shield the nanoparticles
from reacting or separating from a host resin or extreme environment (i.e., in a
polymer melt).

Finally, a “tail” can add a final functionality to the surface groups. Many
times, this tail can be a reactive group or a traditional polymer additive. By
attaching these compounds to a nanoparticle (through the head-body-tail
connection), one can achieve interesting properties like permanence and
stability. Corrosion inhibitors, biocides, and colorants have all been added to
nanoparticles as the “tail” portion, with greater retention of those additives in a
coating (22).
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Applications of Surface Modified Nanoparticles in Corrosion
Protective Coatings

The future direction of protective coatings includes the development of
responsive coatings (also called smart or intelligent coatings). Responsive
corrosion inhibiting coatings with smart corrosion inhibitors that incorporate the
corrosion inhibitor into a delivery system whose release is triggered by some
aspect of the corrosion phenomena or by the formation of coating defects.
Triggers can be mechanical (e.g. impact damage or microcracks formed by
mechanical or thermal stress), electrochemical (e.g. the potentials developed by
the corrosion cells at the metal surface) or chemical (the presence of corrosion
products such as hydrogen, hydroxide or metal salts).

Chromate conversion coatings are excellent models for a chemically
triggered smart corrosion inhibiting system. Detailed experimental studies of
chromate conversion coatings show that they are comprised of a porous
chromium (III) hydroxide sol-gel onto which chromium (VI) anions (CrO%) are
chemically bound. At low pH (the conditions under which the chromate
conversion coating is formed) the chromate anion is bound to the porous Cr(III)
hydroxide matrix.(Figure 4) At higher pH the chromium (VI) anion is released.
Thus the chromate conversion coating is an example of a chemically triggered
release of a corrosion inhibitor.

Over the last decade a number of new responsive corrosion inhibiting
coatings have been developed that fit either in the chemically triggered or the
electrochemically triggered categories. In addition, a number of new responsive
corrosion inhibiting coatings have also been designed around microcapsules
filled with corrosion inhibitors that release their contents when the capsules are
damaged by mechanical damage to the coating. These coatings are part of a
trend towards stimulus-response coatings. By stimulus-response coatings we
mean coatings that release corrosion inhibitors in response to a specific stimulus.

_ . N
Cr—OH + o—-gr—o + H cr—a_ [/ + H,0
e 8
O.
o o/

Figure 4. Model of storage and release of CrO’ from chromate conversion
coatings (23)

Thus, these coatings do not include materials that have been designed to
change the rate of release of the corrosion inhibitor (e.g. plasma treated triazole
(24), anion embedded sol gel films (25), cation embedded sol-gel films (26) or
hybrid sol-gel films (27). Most of the developments in new stimulus-response
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corrosion inhibiting coatings use one of the following three triggering
mechanisms; galvanic de-doping of intrinsically conducting polymers (28-30),
mechanical damage of microcapsules (3, 32) and pH change. The latter
materials are discussed below.

Coatings Operating by pH Triggered Release

Corrosion of metals is electrochemically driven by two half-cells. The
anodic half-cell is oxidation of the metal. The cathodic half cell is either
reduction of oxygen

0, +2H,0 + 4¢” — 40H" 0))
or the reduction of water
2H,0 + 2¢ — H, +40H 2

Either cathodic half cell reaction involves the formation of hydroxide that raises
the pH around the cathode. This increase in pH has been widely used as a
triggering mechanism for the release of corrosion inhibitors. Kelly and
coworkers (33) studied inhibitor storage, release, transport, and corrosion
inhibition using a computational Finite Element Analysis framework whose goal
was to identify parameters that would provide assistance in the design and
development of triggered release corrosion inhibiting coating systems. The pH-
dependence of the inhibitor release rate was found to be the most important
parameter controlling system performance. Thus, it is not surprising that a
common thread (i.e. pH triggered release of corrosion inhibitors) underlies the
development of many new corrosion-inhibiting systems. Systems for triggered
release of corrosion inhibitors range from anion- and cation-exchanged clays,
polyelectrolyte coated silica nanoparticles, organically modified sol-gels, and
nanoparticles surface-modified using covalently bonded organic corrosion
inhibitors (33). Most of the pH-triggered corrosion inhibitor delivery systems
are based on nano-sized materials or materials having nanosized features.
Examples of these materials are described below.

Hydrotalcite and Related Materials

Hydrotalcite and montmorillonite are both sheet-like clays having layered
crystal structures. It has long been known that these materials could undergo ion
exchange, forming nanosized galleries. More recently these materials have been
exchanged with corrosion inhibiting anions and cations (hydrotalcite is anion-
exchangeable and montmorillonite is cation-exchangeable). Hydrotalcites have
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a general composition of MII, ,MIIL,(OH),An",,eyH,0 where MII and MIII are
divalent and trivalent metal cations and An” is an n-valent anion, respectively. At
temperatures of approximately 300°C to 500°C, hydrotalcite-like compounds are
decomposed to form mixed oxides of MII and MIII metals. In aqueous solutions,
a rehydration of these mixed oxides takes place, which is accompanied by
recovery of the layered hydrotalcite structure and incorporation of the anions
from solution into the interlayers. Worsley and McMurray (34) showed that
hydrotalcites anion-exchanged with chromate anions (CrO,”) and incorporated
into a poly(vinylbutyral) coating applied to Al2024-T3 panels provided
excellent resistance to filliform corrosion.

The presence of chloride or hydroxide anions triggers the release the
corrosion inhibiting anions that are intentionally exchanged into the interlayer
galleries of hydrotalcite. Removal of chloride ions from the salts percolating
through the coating is expected to improve the corrosion resistance of the
coatings since chloride ions promote anodic dissolution by allowing the
formation of highly soluble metal salts. In addition to CrO,> anions other
corrosion inhibiting anions such as molybdate (MoO,”), vanadate (VO5) and
permanganate (MnO,’) have been exchanged into hydrotalcites and have shown
good corrosion inhibiting performance. Finally, organic anions (e.g. the anion
of 2,5-dimercapto-1,3,4-thiadiazole, DMcT) have also been exchanged into the
hydrotalcite galleries (35). 2,5-Dimercapto-1,3,4-thiadiazole is a strong
inhibitor of the oxygen reduction reaction on the copper cathode sites in Al/Cu
alloys such as Al-2024-T3. Thus when DMcT-hydrotalcite is incorporated into
a primer and anion release is triggered by high pH, the DMcT shuts down the
cathodic half cell thereby stopping corrosion. Hydrotalcites ion-exchanged with
corrosion inhibiting anions have been evaluated as both pigments and as
conversion coatings grown on the metal substrates.

Hybrid Sol-Gels

Organically doped/organically modified sol-gel materials have seen wide
application as carriers, encapsulants and delivery systems for a wide range of
inorganic and organic molecules over the last 30 years (36). Organic
modification of sol-gel materials is a convenient way of controlling/modifying
the material properties of the sol-gel materials. Thus it is not surprising that
numerous applications of organically doped/organically modified sol-gel
materials have been developed for corrosion control. Vreugdenhil and Woods
(37) have recently demonstrated pH release in hybrid silica sol-gel that could
have potential as a triggered release corrosion inhibiting pigment.
Tetramethoxysilane, 3-glycidoxypropyltrimethoxysilane and methyltrimethoxy-
silane were hydrolyzed in the presence of diethylenetriamine (a cross-linker) and
methyl orange. The latter material was a molecular probe to demonstrate pH
triggered release. Studies over a pH range of 2-12 showed pH triggered release
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at high and low pH, and minimal release at intermediate pH. It determined that
electrostatic interactions between the dye and the matrix, and not decompostion
of the sol-gel, were the mechanism for the pH triggered release. Thus, this
organically modified sol-gel approach could easily be extended to the release of
corrosion inhibitors.

Supported Polyelectrolyte Layers

Layer-by-layer (LbL) deposition of oppositely charged species (e.g.
polyelectrolytes, nanoparticles, enzymes, dendrimers, etc.) from solutions onto
solid substrates represents an interesting approach to prepare reservoirs with
regulated storage/release properties. LbL-assembled polyelectrolyte multi-
layers have been shown to have controllable permeabilities that can be modified
by changing pH, ionic strength or temperature. Shchukin and coworkers (38)
have modified silica nanoparticles using a LbL deposition of
poly(ethyleneimine) and poly(styrenesulfonate). Silica nanoparticles have a
negative surface charge so the surface is first decorated by deposition of the
positively charged poly(ethyleneimine). Deposition of poly(styrenesulfonate)
follows and the procedure is repeated to build up the surface coating.
Benzotriazole (a well known corrosion inhibitor) is incorporated with the
poly(styrenesulfonate) layers. The resulting nanoparticles are mixed with
zirconia/silica sol-gels and applied to the surface of Al-2024-T3 panels. Defects
were introduced into the coated panels using a sharp needle and both
electrochemical impedance spectroscopy and scanning vibrating electrode
techniques showed evidence of self-healing. The coatings exhibited self-healing
(e.g. reduction in corrosion currents) that was triggered by pH increase in the
vicinity of the defects. The increase in pH leads to distortion in the
polyelectrolyte layers, destabilizing the poly(styrenesulfonate)/benzotriazole
complex and thereby releasing the benzotriazole corrosion inhibitor.

Surface-Modified Boehmite Nanoparticles

As mentioned previously, the standard method of providing active corrosion
protection to a protective coating is the use of sparingly soluble corrosion
inhibiting pigments. Upon migration of water through the coating, the corrosion
inhibiting pigment dissolves reaching a limiting concentration defined by its
solubility product. The preceding overview of stimulus-response coatings
indicates that development of stimulus-response corrosion inhibitors combines a
reactive structure (e.g. conducting polymers, microcapsules, sol-gels, clays, etc.)
with an inorganic/organic corrosion inhibitor that can be released by external
triggering agents/forces acting on the reactive structure. We have been following
a similar path to development of smart corrosion inhibiting additives. In our
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approach, nanoparticle surfaces are modified with covalently bound organic
corrosion inhibitors. The bonding between the organic corrosion inhibitor and
the nanoparticle surface is accomplished through a carboxylate bond. At high
pH (above pH 9) the bond between the nanoparticle surface and the organic
corrosion inhibitor is broken releasing the corrosion inhibitor

Nanoparticles (materials having at least one dimension between 1 nm and
100 nm), because of their high surface areas and high surface to volume (S/V)
ratios, are attractive materials for the storage and release of corrosion inhibitors.
One distinguishing characteristic of nanometer-scale structures is that, unlike
macroscopic materials, they typically have a high percentage of their constituent
atoms at the surface. The volume of an object (Vo I’, where 1 is the
characteristic length) decreases more quickly than its surface area (S 1%). Thus
as particle size diminishes the surface to volume ratio scales as S/V o 1. This
scaling behavior means that for nanomaterials at the smaller length scales most
of the atoms are surface atoms. While the structure and chemical composition
within macroscopic materials determine most of their physical properties (e.g.,
thermal and electrical conductivity, hardness, and plasticity) the physical
properties of nanostructures depend to a much greater extent on their surface and
interfacial environment.

Thus the surface plays an important role in the properties of nanoparticles,
including the solubility, reactivity, stability, melting point, and electronic
structure. The surface of the nanoparticle is also its interface with the external
world.  Surface modification of nanomaterials can influence not only the
physical/chemical properties of the nanoparticle but, in addition, the surface
modifications can mediate the interaction of the nanoparticle with the
environment.

Economic and Chemical Aspects of Boehmite Nanoparticles

The design of smart corrosion inhibiting additives involves satisfaction of
multiple criteria often with conflicting constraints. Among these criteria are the
composition, size shape and surface chemistry of the nanoparticles. These
properties influence interaction of the additives with the coating from the
manufacturing/formulation of the coating to its final properties. Affected
properties include thixotropic rheology, pot life, barrier properties, adhesion to
the metal surface and long term coating stability. In addition, raw materials
costs, synthesis costs, and the labor/equipment costs for applying the coating to
the metal surface will have a strong impact on the successful development of
smart corrosion inhibiting additives. For example, coatings for Navel ships cost
$15 to $25 per gallon and are applied with coating thicknesses up to 5 mils
thick. Aerospace coatings are much thinner (~1-2 mils) and cost up to $80 per
gallon. Thus, smart corrosion inhibiting coatings for large steel surfaces are
more constrained by price than aerospace coatings for Al/Cu alloys.
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Figure 5. Crystal structure of boehmite

Thus, in the process of designing a smart corrosion inhibiting nanoparticle
additive we looked at a number of criteria. First, we looked at materials that
were available in large quantities at relatively low costs. Then we looked at
availability in various shapes. Nanomaterials with high aspect ratios (e.g.
platelets) offer the possibility of improving the barrier properties of coatings by
increasing the path tortuosity of water and salt migration through the coating.
Finally, we also looked at the potential for a wide range of surface chemistries to
modify the nanoparticle surface. To keep costs low, it must be possible to
modify the nanoparticle surface with commodity chemicals and in addition use
existing organic/inorganic corrosion inhibitors in their available forms to avoid
additional costs associated with chemical modification of the corrosion
inhibitors. One material that met the above criteria was an oxyhydroxide of
aluminum known as boehmite.

Boehmite (Al(O)OH) crystallizes in a hexagonal close packed arrangement
of hydrogen bonded oxides built up of edge sharing AlO4(OH), or AlO;(OH);
units. In boehmite the AI** ions exist in a distorted edge-sharing octahedral
array of oxide ions that forms a double layer with the layers being connected by
zig-zag chains of hydrogen bonds (Figure 5)(39).

Boehmite is produced in commercial quantities by one of two processes.
So-called on-demand syntheses react aluminum metal (scrap or otherwise) with
an alcohol (e.g. hexanol) to form the aluminum alkoxide and hydrogen.
Subsequent reaction of the aluminum alkoxide with water forms boehmite and
the alcohol is recovered. The largest quantity of commercial boehmite is,
however, produced as a co-product of surfactant synthesis. An alloy of
aluminum with titanium is reacted with ethylene and hydrogen forming an
aluminum alkyl (AI(CH;),CHs;, x = 12-18). Subsequent reaction of the
aluminum alkyl with water and oxygen forms the linear alkyl alcohols (e.g.
CH;(CH,),OH, x = 12-18) plus boehmite. Boehmite production volume by this
process is approximately forty million pounds per year. Boehmite sols are
widely used to prepare high surface area supports for catalyst applications. The
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availability of boehmite and its numerous market applications means that its cost
is relatively low ($1-$2/1b). Thus from a cost viewpoint boehmite is cheap
enough to be used in a wide range of coating applications.

Boehmite Nanoparticles as a Smart Delivery System for Corrosion
Inhibitors

The next question we addressed was whether surface-modification of
boehmite could be carried out, and if so, could it be done in a cost effective
manner. Literature surveys identified that boehmite could be surface-modified
by heating with carboxylic acids. Barron and co-workers (40) reported that
heating the boehmite agglomerates with an organic acid in xylenes over a period
of several days to a week followed by multiple ether washes of the resulting
materials resulted in the formation of surface modified boehmite nanoparticles.
Similarly, heating the boehmite in a pure (liquid) acid could also be used to
prepare the surface modified boehmite. Unfortunately, both of these methods
involved considerable time and generated significant waste streams.

One of the primary uses of boehmite is as a catalyst support in automotive
catalytic converters. A boehmite sol is prepared and the sol is used to coat the
honeycombed surface of the catalytic converter. Calcination above 500°C
results in conversion of the boehmite to a high surface area y-alumina support.
The commercial boehmite used in this process is available as 50-100 pum
agglomerates. The preparation of catalyst support coatings involves formation
of boehmite sols by dispersing boehmite in water with a strong acid (e.g. nitric
acid) (41). This suggested that it may be possible to disperse boehmite in water
using sub-stoichiometric amounts of organic acids. Acrylic acid was a natural
choice as a dispersing/functionalizing acid. Many corrosion inhibitors possess
amines or carboxylic acids as functional groups. Both primary and secondary
amines undergo Michael Addition with conjugated double bonds. In addition,
the pKa of acrylic acid (pKa = 4.26) is between those of acetic acid (pKa = 4.76)
and formic acid (pKa 3.75); both could be used to disperse boehmite
agglomerates to a stable aqueous sol. Thus we anticipated that we could surface
modify boehmite in water using acrylic acid.

A commercial form of boehmite (Catapal, supplied by Sasol, NA) was
therefore added to water with stirring to make a thick slurry and then acrylic
acid was added to the aqueous slurry. More water was then added to the thick
slurry to reduce the solids content to ~15-20% and the mixture heated to 80°C.
The mixture was maintained at this temperature overnight and then cooled to
room temperature. Using many physical and instrumental characterization
methods we showed that the resulting material was a boehmite nanoparticle
(approximately 40nmx40nmx2.5nm) whose surface was covered with covalently
bonded acrylic acid (Figure 6). Both solid state multi-nuclear NMR studies and
Density Functional Theory calculations support the bonding mode shown in
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Figure 6 (42). The surface areas of the organically modified boehmite
nanoparticles are in the range of 250 to 300 m%g and are thus excellent carriers
for surface anchored organics to be incorporated into paints.
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Figure 6. Covalent bond between boehmite and acrylic acid.

Many other carboxylate surface modified boehmite nanoparticles have been
prepared after we demonstrated that mild conditions (e.g. atmospheric pressure,
low temperatures (80°C) and water or water/alcohol solutions) could be used to
prepare the surface modified boehmite particles (20,21). Since many organic
corrosion inhibitors are carboxylates, this allowed us to prepare a nanoparticle
carrier for corrosion inhibitors. However, there are a number of effective organic
corrosion inhibitors that are based on amines and thiols. Therefore, to expand
the number of corrosion inhibitors that could be carried by the boehmite
nanoparticles it was necessary to identify additional surface modification
techniques for the carboxylate-surface modified boehmite nanoparticles.

An important reaction in organic chemistry is the Michael-type addition,
e.g.

base ]
Z-CH,-Z’ + —(l:=(|:-Z” _— Z—FH-(l:-(l: -2
z H

(€)

(where Z = CHO, COR (including quinones) COOR, CONH; CN, NO, SOR,
SO;R). Under basic conditions a proton is removed (e.g. Z-CH,-Z’ — (Z-CH-
Z’)-) and the resulting nucleophile adds to the activated double bond. Michael-
type reactions are not limited to carbon-type nucleophiles but can also be carried
out with amine (-NH-) and thiol (-S-) nucleophiles.

Initial experiments thus involved dispersing the acrylate-surface modified
boehmite into water and then increasing the pH using base. Unexpectedly, the
boehmite precipitated out of solution. Centrifugation and subsequent thermal
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gravimetric analysis showed that the acrylic acid had been stripped from the
boehmite under basic conditions. The experiment was then retried using neutral
to acidic conditions with an organic amine. To our initial surprise, the amine
underwent Michael Addition to the surface-anchored acrylic acid. Calculations
carried out at TDA Research, Inc. using Density Functional Theory show that
attaching the acrylic acid to the boehmite surface removes electron density from
the double bond thereby activating the anchored double bond to nucleophilic
attack. Later experiments showed that thiols could also be added to the surface
anchored acrylate. Since most organic corrosion inhibitors are weak acids
(carboxylates, amines or thiols), weak bases (aromatic amines) or their
derivatives, surface chemistry allowing to be anchored to the boehmite surface
opened up the use of boehmite nanoparticles as carriers for a wide range of
corrosion inhibitors.

The effectiveness of organic corrosion inhibitors can be correlated to the
extent of their hydrophobic surface area and the placement of their electron rich
centers. Organic corrosion inhibitors are generally most effective if they can
form tenacious films on sites that drive either the anodic or cathodic corrosion
half cells, thereby suppressing the cathodic reaction (e.g. oxygen reduction or
hydrogen evolution) or the anodic reaction (metal dissolution). Because film
formation is an adsorption process, the effectiveness inhibitors depends on their
chemical composition, their molecular structure, their affinity for the metal
surface along with inhibitor concentration and temperature. However, the
strength of the adsorption bond formed between the organic corrosion inhibitor
and the metal is the dominant factor determining the performance of soluble
organic inhibitors. This generally means those chemical structures that form
strong and/or multiple bonds with the metal will be the most effective organic
corrosion inhibitors.

Unfortunately, the types of functional groups that form strong bonds to the
metal surfaces (e.g. carboxylates, amines thiols, etc.) are also the types of
functional groups that react with the functional groups (e.g. epoxies and
isocyanates) that are commonly used to form corrosion protective coatings. This
means that the most effective organic corrosion inhibitors can be trapped in the
thermoset polymer by reaction with the coating resins and therefore would not
be available for corrosion protection.

By “hiding” the functional groups temporarily through attachment to a
nanoparticle surface, carboxylates, amines and thiols can be incorporated into a
thermoset coating. In this form the reactive groups are protected from reaction
with the curing paint. However, such materials would not be of much use if the
organic corrosion inhibitors were not free to migrate through the coating, adsorb
on the active corrosion site and thus stop corrosion. For surface modified
boehmite nanoparticles the bond between the boehmite nanoparticle and the
carboxylate anchoring group is broken under basic conditions (pH >9). If the
carboxylate anchored group is a corrosion inhibitor then basic conditions trigger
the release of the corrosion inhibitor from the boehmite surface (Figure 7). This
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pH triggered release is the basis of the stimuli-response corrosion inhibitor
technology.

I o
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Figure 7. Release of a corrosion inhibitor from a boehmite nanoparticle surface.

For most organic polymer coated (e.g. epoxy) metals in an air/water vapor
environment, the corrosion cell consists of the oxidation of the metal (anode)
and reduction of oxygen (in the presence of water) to form hydroxide anions
(cathode). Hydrogen evolution at the cathodic half cell also generates
hydroxide. In either case the cathodic corrosion cell generates highly basic
conditions thereby promoting the base-triggered release of the attached
corrosion inhibitor from the boehmite surface.

Corrosion Inhibiting Boehmite Nanoparticles for Al/Cu Alloys.

The core material of the releasable corrosion inhibitor technology discussed
in this paper is commercially available boehmite (Catapal) produced by Sasol
North America (formerly Condea Vista). The initial chemical modification of
the boehmite surface is carried out by heating acrylic acid (8:1, Al:Acid) with
boehmite in water at 80°C. The resulting material was then spray-dried to form
a free flowing white powder. The acrylate-modified boehmite nanoparticles
were then dispersed into a 50:50 mixture of water and ethanol and heated to
80°C. In one example of attaching a corrosion inhibitor to the surface modified
boehmite nanoparticles, a heated ethanol solution of 6-amino-benzothiazole is
added drop wise to the dispersion of the acrylate-modified boehmite
nanoparticles. Benzothiazoles are well known corrosion inhibitors for copper
and bond strongly to copper surfaces forming insoluble films. The resulting
surface-modified-boehmite corrosion inhibitors are then spray-dried to form a
powder that could be added to the epoxy side of a two-component epoxy primer.

To test the surface modified boehmite nanoparticles for corrosion
protection, Al-2024-T3 panels with an Alodine 1200S conversion coating were
used as substrates. For one set of coatings the amino-benzothiazole/acrylate
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surface modified boehmite nanoparticles were incorporated at 10 wt% into the
epoxy side of a two-part epoxy primer using zirconium oxide mini-media and a
Cowles blade and then mixed with a polyamide curative. The resulting paint
was applied to the cleaned and degreased panels using a HVLP spray gun. A
second set of panels was coated with an SrCrO, loaded (10 wt%) epoxy primer
that was also applied using a HVLP spray gun. The coatings were evaluated
using the ASTM- B117 salt fog test.

The ASTM- B117 salt fog test is an aggressive, accelerated corrosion test
that involves attacking the coatings with a high-humidity, high-temperature
(95°F) fog containing sodium chloride. Chloride ions are especially aggressive
corrosion agents since they form soluble complexes with most metals, allowing
the corrosion products to be removed from the corrosion site thus promoting
new metal sites for corrosion. This provides a ‘fresh site’ for corrosion to
continue. The salt fog tests were carried in an Atotech salt fog chamber. Figure 8
shows the comparison of the 10 wt% nanoparticle-inhibited epoxy coating
against the 10-wt% chromated inhibited epoxy (both on Al-2024 panels) for a
2000-hour salt fog test. The benzothiazole modified nanoparticle additives
performed exceptionally well in epoxy coating during the 2000-hour salt fog
tests. The corrosion inhibiting nanoparticle additives did not have any underfilm
corrosion or blistering, although we did see some darkening in the scribe. The
control coating (Alodine 1200 conversion coating but no chromate pigment in
the epoxy) showed significant corrosion in the scribe as did a commercial non-
chromate corrosion inhibiting pigment.

Corrosion Inhibiting Boehmite Nanoparticles for Cold-rolled Steel

The corrosion of steel has widespread economic and environmental effects.
About 40% of U.S. steel production goes to replace corroded metal parts and
consumer goods. Corrosion of steel also has a significant impact on the
environment. Structures such as storage tanks, pipelines, ships, railcars, and
tanker trucks, which store and/or transport hazardous materials are frequently
damaged by corrosion and leak their contents into the environment. The
temporary shutdown of oil transport from BP’s Prudhoe Bay terminal is a recent
example of the effect corrosion on the economy (42).

Chromates have been effective corrosion inhibitors for steel and are often
used to seal zinc-phosphate coated cold rolled steel. For environmental reasons
(as previously discussed) zinc phosphate inhibitors are used instead of
chromates in epoxy primers for steel. However, zinc phosphates perform
nowhere near as well as chromates. With zinc phosphate inhibitors, primers are
replaced more frequently and thicker coatings are often applied. Both options
have their own environmental impacts, including increased emissions of volatile
organic compounds (VOCs) and generation of more solid waste. Further,
frequent repainting uses more paint and additional labor is involved in surface
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preparation and repainting. Thus improved corrosion inhibiting additives for
steel structures are also desired.

A survey of the corrosion inhibitor literature for steel showed that
anthranilic acid is a very good corrosion inhibitor. Therefore we use the
Michael Addition reaction to adduct the anthranilic acid to the acrylate-surface
modified boehmite. The nanoparticles were incorporated into a Sherwin
Williams commercial two-component epoxy coating (V93V227/E90H226).
Currently, zinc phosphates are used as the corrosion inhibitor in this coating. At
thin coating thicknesses (1.5 mil of less), with only the zinc phosphate corrosion
inhibitor, this coatings has poor long-term corrosion protection efficiency.

Thus we evaluated enhancing the corrosion performance of a zinc-
phosphate based epoxy primer with a releasable corrosion inhibitor. The
nanoparticle corrosion inhibitor was incorporated at 2.4 wt% loading (based on
total formula weight of Part A (epoxy component)). The zinc phosphate was
used at its current loading in the commercial paint, 4.4 wt%. All samples were
compared to the commercial formulation that contained only the zinc phosphate
corrosion inhibitor (as a positive control) and a formula with no corrosion
inhibitors (as a negative control). Additional talc pigment was added to the
negative control to maintain the same total pigment volume concentration
(PVC). Coatings were applied to Bonderite 952-P60 steel panels with chrome
seal and DI rinse. The nanoparticles were dispersed in the epoxy component of
the two-part epoxy primer. Using a Cowles blade and mini-media (1-2 micron
zirconia pellets) during the grind allowed us to disperse the nanoparticles into
the epoxy component to a Hegman Fineness of grind of 5-7.

The coatings were sprayed out according to the manufacturer’s instructions
using a high-volume low-pressure (HVLP) paint sprayer and allowed to cure for
24 hr at room temperature and 50% relative humidity. The samples were then
cured in a 140°F convection oven overnight. Before being loaded into the salt
fog chamber the samples were scribed per ASTM method B-117. Scribe
thickness was a generous 0.075 mm (3 mil) and coating thicknesses were around
1.5 mil.

As with the Al1-2024 panes, the coatings were screened for corrosion
resistance using ASTM method B-117. Improvement in the corrosion protection
was provided by using anthranilic acid with zinc phosphate. This combination
was significantly better than the zinc phosphate alone, or with the nanoparticle
anchored anthranilic acid inhibitor alone. At 500 hours the combination showed
significantly less rusting and blistering in the scribe. There are also no blisters
under the coating. The control panels show a large amount of corrosion in the
scribe and undercoating of the scribe.

Future directions in this area will involve evaluations of release of multiple
organic corrosion inhibitors to take advantage of potential synergies when
combinations of corrosion inhibitors are used together (44).

In summary, surface-modified boehmite nanoparticle whose surfaces are
decorated with releasable organics are attractive delivery systems for organic
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Figure 9. Left to right: commercial formula (zinc phosphate); anthranilic acid
nanoparticle + Zn phosphate; and no corrosion inhibitor after 500 hr of salt

Jfog testing.

corrosion inhibitors. The organic corrosion inhibitors are tethered to the surface
of the boehmite nanoparticles through a carboxylate bond that is broken at high
pH, thereby providing a pH dependent release mechanism. The platy nature of
the boehmite nanoparticles also provide for enhanced barrier properties and
chemical resistance for the coatings into which they are incorporated.
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Chapter 6

Effect of Method of Preparation on the Rheological
Behavior of Polyurethane—Polyhedral Oligomeric
Silsesquioxanes Nanostructured Hybrid Films

Samy A. Madbouly, Joshua U. Otaigbe’, Ajaya K. Nanda,
and Douglas A. Wicks

School of Polymers and High Performance Materials, The University
of Southern Mississippi, Hattiesburg, MS 39406

Two series of nanostructured polyurethane with reactive
diamino-polyhedral oligomeric silsesquioxanes (POSS) hybrid
were synthesized via environmentally-friendly aqueous
dispersions through two different methods, namely, acetone
and prepolymer processes. The resulting PU/POSS nano-
composites prepared via acetone process did show more phase
homogeneity compared with that of prepolymer process as
confirmed by wide angle X-ray diffraction patterns of the cast
films. Rheological behavior of these important classes of
materials has been investigated as a function of POSS
concentration and preparation method over a wide range of
shear frequency and temperature. The complex viscosity and
the elastic storage modulus of PU and PU/POSS
nanocomposites prepared via prepolymer process were much
higher than that of acetone process at a constant temperature
due to the difference in the molecular weight and percentage of
internal surfactant. For the PU/POSS nanocomposites prepared
by the two different methods, the rheological behavior in the
melt confirmed the existence of microphase separation of the
hard and soft segments. The value of the microphase
separation temperature (Typs) was found to be concentration
independent when the POSS concentration is <6wt%. For 10
wt% POSS the T)ps shifted by 20 °C to a higher temperature.
The effect of POSS on the value of Typs for prepolymer
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samples is considerably different. The value of Typs of pure
PU shifted from 165 °C to 178 °C for all PU/POSS samples
regardless of the concentration of POSS as measured from the
dynamic heating ramps (2 °C/min heating rate at @ = 1 rad/s)
of G The shift of Typs to high temperature in both cases
(acetone and prepolymer processes) is attributed to the large
surface areas of POSS that produces relatively large
interaction zones with the PU hard and soft segments.

Introduction

Polyhedral oligomeric silsesquioxanes (POSS) molecules can be thought of
as the smallest particles of silica possible (/). However unlike silica or modified
clays, each POSS molecule contains covalently bonded reactive functionalities
suitable for polymerization or grafting to polymer chains. Each POSS molecule
contains nonreactive organic functionalities for solubility and compatibility of
the POSS segments with the various polymer systems. Enhancements in the
physical properties of polymers incorporating POSS segments result from
POSS’s ability to control the motions of the chains while still maintaining the
processability and mechanical properties of the base polymer. This is a direct
result of POSS’s nanoscopic size and its relationship to polymer dimensions.
The size of the pendant POSS cage is comparable to the dimensions of the linear
polymer, enabling POSS to control the motions of the chains at the molecular
level (I-3). Therefore an enhancement in the physical properties would be
expected, while the processability and mechanical properties of the base
polymer are retained. Despite the growing number of scientific and patent
literature, there are few reported examples of practical and optimal exploitation
of POSS (4-6). Such nano-reinforced polymers lead to significant
thermomechanical property enhancements, while simultaneously improving or
retaining the material’s other physical properties (e.g., optical clarity,
mechanicals) as well as its processability. Other property enhancements such as
gas permeability may also be realized. Generally, a higher thermal stability, a
better environmental durability in special conditions (i.e., exposure to atomic
oxygen and fire resistance), and, in some cases, an improvement in mechanical
properties (reinforcement) are expected for POSS-modified polymers (7-9).

Recently, POSS has been shown to stratify at the surfaces of polymers and
is expected to provide unique properties with novel applications. A special field
represented by POSS-modified polyurethanes (10,11), (PU/POSS) because these
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polymers encompass a huge number of specialized applications such as tissue
engineering, textile and plastic coatings, leather finishing, adhesives, sealants,
wood finishes, glass fiber sizing, biological fluids, drilling muds, cosmetics, and
pharmaceuticals. Widespread use of PU/POSS hybrids is limited by the needs
and conditions under which these products are used. Solid thermoplastic
polyurethanes are limited to use as hot melt adhesives, and the organic solvent
based polyurethanes are increasingly restricted in their traditional applications
by environmental legislation (12,13). These regulations along with abatement
costs and safety are shifting the base technologies towards aqueous polyurethane
dispersions prepared with low levels of organic solvent to gain in commercial
use. Recently, significant emphasis has been placed on the use of waterborne
coating and adhesive systems such as polyurethane dispersions (PUDs) due to
their health and environmental safety (14,15). These environmentally friendly
products are used to reduce the VOC (volatile organic compounds) released into
the atmosphere by solventborne systems and exhibited the same performance as
that of conventional solventborne systems. PUDs can be tailored to various
applications by varying the preparation method and chemical structures of the
polyurethane. PUDs can be prepared in industry by several methods such as
acetone process, prepolymer emulsification process, melt dispersion and
cetimine-cetazine process. The first two methods are the most widely used in
industry. Acetone process is used to prepare PUDs for adhesives applications,
while prepolymer emulsification process is used to prepare PUDs for coatings
industry.

The current chapter focuses on preparing polyurethane/polyhedral
oligomeric silsesquioxane (PU/POSS) hybrid dispersions from homogeneous
solution polymerization (or the so-called ‘acetone process’) and prepolymer
emulsification process (or the so-called ‘NMP-process’). The PU/POSS
nanocomposite films are obtained from solvent casting of their dispersions
without the use of processing aids or modifiers (lubricants) that can negatively
impact surface properties such as bond strength, biological activity and
antibacterial surface action of the films. Functionalized diamino-POSS is used to
obtain nanostructured PU/POSS hybrids. Another objective is to understand the
relationships amongst the polymer structure, rheological properties, and
performance of the nanocomposite dispersion films under conditions that they
are likely to encounter during use. It is expected that incorporation of small
amounts of POSS to PU films can significantly enhance the rheological
properties, and present a new class of materials for special industrial
applications. It is also essential to understand the rheological behavior of these
important classes of materials so that they can be rationally engineered during
processing to yield new materials with enhanced properties for a number of
applications.
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Experimentals

Materials

Isophorone diisocyanate (Desmodur-I) and poly (butylene adipate-
isophthalate) diol (Desmophen 1019-55) were donated by Bayer
MaterialScience, Pittsburgh, PA. Dimethylol propionic acid (DMPA), dibutytin
dilaurate (DBTDL), triethyl amine (TEA), and 1,4-butane diol (BD) were
purchased from Aldrich Chemical Co. Acetone (99.5 %) was received from
Fluka. Hexamethylene diamine (HDA) and N-methylpyrolidone (NMP) were
purchased from Aldrich Chemical Co. Aminoethylaminopropylisobutyl
polyhedral oligomeric silsesquioxane (amino-POSS) was donated by Hybrid
Plastics.

Synthesis and Dispersion of PU/POSS (10 wt% POSS)

Preparation steps of PUDs and PU/POSS naocomposite via prepolymer
emulsification process were described in detail in our accompanying chapter in
this book. Here, the synthesis of PU/POSS nanocomposites with 10 wt% POSS
via acetone process will be described in detail.

In a 500 mL round bottom flask equipped with a nitrogen bubbler, 10.0 g
diamino-POSS (0.021 amine equiv.) was dissolved into 125 g of acetone. To this
solution 23.0 g of IPDI (0.207 isocyanate equiv.) was added dropwise while
stirring using a magnetic stirrer at 20 °C. After 20 min. 3 drops of DBTDL were
added. After 10 min the flask was fitted with a mechanical stirrer, a
thermocouple controlled heating mantle, a condenser with nitrogen bubbler and a
pipette outlet. The polyester polyol (61.1 g, 0.06 hydroxyl equiv.) and DMPA
(3.1 g, 0.046 hydroxyl equiv., and 0.023 acid equiv.) were charged into the flask
and stirring was continued while the temperature was raised to 60 °C. The
isocyanate (NCO) content was monitored during the reaction using the standard
dibutylamine back titration method (/6). Upon reaching the theoretical NCO
value, the prepolymer was chain extended with BD (2.6 g, 0.057 hydroxyl
equiv.) and the reaction continued for 2 h to complete polymerization, yielding
the desired polyurethane/POSS copolymer. Lastly, the polymer was neutralized
by the addition of 2.3 grams of triethyl amine (0.023 equiv.) and stirred for 30
min while maintaining the temperature at 55 °C. Formation of the dispersion was
accomplished by slowly adding water to the neutralized acetone solution of the
polyurethane polymers at 45-50 °C over 30 min with agitation speed of 600 rpm.
After stirring for 30 min the reaction mixture was transferred to a rotary
evaporator and the acetone was removed at 35 °C and a partial vacuum of 70 mm
Hg to afford organic solvent free dispersions with 32 wt% solids. The reaction
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Scheme 1. Elementary steps for hybrid dispersion by acetone process

Scheme 1 shows the elementary steps for the synthesis of PU/POSS
nanocomposite with 10 wt% POSS.

Measurements

The films of pure PU and PU/POSS nanocomposites obtained from acetone
and prepolymer processes with different concentrations (0, 4, 6, and 10 wt%
POSS) were obtained by casting the dispersions onto a polypropylene plate and
drying to constant weight in a vacuum oven at 90 °C for three days. The
viscoelastic measurements were done on the dried films using an advanced
Rheometerics Expansion System (ARES, TA Instruments) equipped with 25
mm diameter parallel plates. In this study, the following rheological experiments
were performed:
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* Strain sweep at a constant temperature and frequency range of 0.1-100 rad/s
to obtain the linear viscoelastic range of the films.

* A time sweep at a constant temperature and frequency to obtain steady state
and thus ensure that the measurements were carried out under equilibrium
condition.

* Frequency sweep at a given temperature (100°-230°C) in the linear
viscoelastic region (strain amplitude <10% strain) to obtain the complex

viscosity,

”.l , and the dynamic shear moduli, i.e. storage shear

modulus, G, and loss modulus, G". Master curves were obtained by

horizontal shifts of the experimental data. The zero shear viscosities (7)) of
the blends were calculated by fitting the complex viscosity versus @ data to
the Carreau-Yasuda model (/7).

*  The rheological microphase separation (Typs) of the hard and soft segments
of PU/POSS nanocomposites will be evaluated from the temperature ramp
of G’at 1 rad/s shear frequency and 2 °C/min heating rate.

Results and Discussion

The complex viscosity of pure PU and PU/POSS nanocomposites (acetone
process) as a function of angular frequency for different concentrations of POSS
at 110 °C is shown in Figure l1a. We selected 7 = 110 °C for this comparison
because it is lower than the microphase separation temperature (Typs) of all
samples as will be discussed later. The viscosity of PU changed greatly with
increasing concentration of POSS (i.e., the higher the concentration of POSS the
larger the increase in the complex viscosity). The viscosity increased by more
than one and half order of magnitudes for PU/POSS with 10 wt% POSS and
exhibits more non-Newtonian behavior over the entire range of shear frequency
compared to that of pure PU at the same temperature (see Fig. 1a).

The dependence of the viscosity of the PU/POSS on angular frequency can
be expressed through the Carreau-Yasuda model according to the following

Equation (17):
. n ® a](n—l)/a (1)

n*=n,

14| G-
T

where 7, is the zero-shear viscosity and n, a and 7 are material constants. Using
the above model one can calculate 7, as a fitting parameter to the experimental
results using non-linear regression technique. An excellent description of the
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data was obtained as shown in Figure la for all compositions, where the lines
passing through the experimental data were calculated using Equation 1.

The systematic increase in the elastic modulus with increasing POSS
concentration at high temperature (Figure 1a) is attributed to the reinforcement
of PU film by the POSS nanostructures.

a) b)

T=n0C T=145°C

POSS wt%

102 100 100 10 10% 10° 10! . v u »
102 100 10 100 12 10

w/rads’ | wrads’

Figure 1. Shear frequency dependence of the complex viscosity, 1’ and elastic
modulus, G’, for different PU/POSS nanocomposite concentrations, a) acetone
process, b) prepolymer process. The solid lines passing through the
experimental data are calculated from Eq. 1.

Similar behavior has been detected for the PU/POSS naocomposites
obtained from the prepolymer process as shown in Figure 1b at 145 °C. The
viscosity and elastic modulus of PU and PU/POSS nanocposites are much higher
for the samples prepared by prepolymer process than that of acetone process at a
constant temperature. Here we can not measure the samples prepared via
prepolymer process at temperatures lower than 140 °C due to the high molecular
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weight of these materials (for example pure PU has M, = 32,000 g/mol)
compared with that of acetone process (M, = 23,000 g/mol for pure PU).
Another very important reason for this difference is the percentage of the
internal surfactant, DMPA, was 5 wt% for the prepolymer process, while it was
only 3 wt% in the acetone process to get stable dispersions (18). The high
percentage of DMPA leads to a very strong interaction or hydrogen bonding
between the polymeric chains which in turn lead to a physical crosslinkage
structure preventing the samples to flow at low temperature. Furthermore, we
can not make comparison for viscosity and elastic modulus at 145 °C because
the samples obtained from acetone process undergo microphase separation at
temperature higher than 130 °C as will be discussed later. The incorporation of
dimaino POSS significantly increases the complex viscosity and elastic modulus
for the samples obtained from both acetone and prepolymer processes.

Figure 2a illustrates the volume fraction (#) dependence of the
dimensionless complex viscosity of the PU/POSS composites, 7, (reduced by
the viscosity of pure PU) for the samples prepared via acetone process. The
critical volume fraction of POSS (g.) at which the viscosity of the composite
increased strongly was determined using Krieger-Dougherty Equation (19).

‘k¢c
=[1-9 ¥)]
n, (1 %J
With n _N@® A3)
" 1,(0)

where k is a shape parameter, 7, (g) s the zero shear viscosity of the composites,

and 7(0) is the zero shear viscosity of pure PU. The experimental data can be
described using the above equation, where the symbols are experimental data
while the line is the calculated line using k and ¢ as fitting parameters. The
value of ¢, obtained from this regression analysis was found to be 0.14. The
Krieger-Dougherty Equation works well for hard spheres dispersions with
volume fraction less than 0.55. It is well known that the value of ¢ strongly
depends on the specific system under consideration. For example small, mono-
dispersed particles show lower value of ¢ than large ones, and ¢ increases with
polydispersity (20). Clearly, Figure 2a shows an excellent description of the
experimental data using the above two Equations. The Einstein or the modified
Einstein-Batchelor Equation (Equation 4) (27) for hard-sphere suspensions
shown by the dotted line in Figure 2a is clearly deviated from the experimental
data. Normally the Einstein-Batchelor Equation predicts a slight increase in the
zero shear viscosity for suspensions of hard-sphere particles in a polymer matrix
@n.
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7o) = 11, (Ol + 2.5¢ + 6.26* +.....} @)

Clearly, the magnitude of the elevation in the reduced zero shear viscosity
caused by the hard-sphere particles given by Equation 4 (dashed line in Figure
2a) is very small compared to the actual increase in viscosity in the present
system (PU/POSS, acetone process).

a)
104

10 t
1% }
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Figure 2. a) POSS volume fraction dependence of reduced viscosity at 110 °C
Jor PU/POSS nanocomposites prepared via acetone process. The solid line
calculated from Equations 2 and 3, while the dashed line calculated from
equation 4. b) POSS weight fraction dependence of zero shear viscosity at 110
°C for PU/POSS nanocomposites prepared via acetone process. The solid line
calculated from Equation 5.

In the current system of this study the POSS is completely reacted with the
hard segments of PU and there is no unreacted dispersed phase in this
composite. Therefore, the current system is a homogeneous composite
containing POSS that is completely reacted with the hard segments (urethane
segments) to form part of the PU main chain. Therefore, it is reasonable to
examine the composition dependence of zero shear viscosity of this composite
using another model for miscible polymer mixtures, such as, the Lecyar model
described by the following Equation (22).

Inp, = Aw} + Bw} + Cwlw, + Dw,w; (%)
Where w; and w, are the weight fractions of PU and POSS, respectively.

The constants 4, B, C and D are material parameters that are both functions of
shear frequency and temperature. A slightly negative deviation from the linear
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mixing rule (Inz; =w,Ing, +w,Inp; where 7, and 7, are the zero shear
viscosity of PU and POSS, respectively) was detected for this composite, as
clearly seen in Figure 2b. The line is computed from Eq. (5) using a non-linear
regression method, while the symbols are experimental data; a good description
of the data was obtained using this model. This Equation is normally used to

describe the composition dependence of 7, of miscible polymer blends.

Recently, we reported a negative deviation from the additivity rule in miscible
polymer blend of poly(methyl methacrylate)/poly(methyl styrene-co-
acrylonitrile), and the data was well described by Lecyar model (23). It is
noteworthy that this is not a general behavior for all miscible polymer mixtures.
To our knowledge, there is no generally acceptable and universally valid mixing
rule for the viscosity of polymer mixtures (24).

The behavior of PU/POSS nanocomposites obtained via prepolymer process
is different as shown in Figures 3. There is a clear deviation from the Krieger-
Dougherty Equation (solid like) and Einstein-Batchelor Equation (dashed line)
as clearly seen in Figure 3a. In addition, the zero shear viscosity shows a
negative deviation followed by a positive deviation with increasing POSS
concentration from the linear mixing rule (see Figure 3b).

This behavior is attributed to the fact that some of PU/POSS
nanocomposites prepared via prepolymer process can make a crystalline
structure particularly when the POSS concentration is higher than 4 wt% as
illustrated in the WAXD pattern of Figure 4b. The materials prepared by acetone
process are totally amorphous without any crystalline structure (Figure 4a). On
the other hand there is a distinct sharp reflection peaks at about 26 = 8.6° for the
samples prepared by prepolymer when POSS concentration higher than 4 wt%.
Although the amino-POSS was reacted in the beginning with IPDI to avoid the
inhomogenity of POSS and PU, the WAXD data is probably due to the presence
of some unreacted POSS in the PU matrix. Perhaps the reaction mixture was not
as homogeneous in presence of NMP as it was in acetone.

The master curves of the dynamic shear moduli, G’ and G” can be
constructed based on the concept of thermorheological simplicity. For example,
the storage modulus can be superimposed by horizontal shifts along the x-axis
(frequency axis), according to the following equation;

G'(wa;,T,)=G'(@,T) (6)

where o is the magnitude of the shear frequency, ar is the horizontal shift factor
and T, is the reference temperature. The time-temperature superposition
increases the accessible frequency window of the linear viscoelastic experiments.
This principle applies to stable materials without any thermal-induced physical
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Figure 3. a) POSS volume fraction dependence of reduced viscosity at 145 °C
Jfor PU/POSS nanocomposites prepared via prepolymer process. The solid line
calculated from Equations 2 and 3, while the dashed line calculated from
equation 4. b) POSS weight fraction dependence of zero shear viscosity at 143
°C for PU/POSS nanocomposites prepared via prepolymer process. The solid
line calculated from Equation 5.

b)

=

or chemical reactions or transitions during the dynamic measurements, and
only the effect of temperature on the relaxation process is considered. Therefore,
the principle works well when the stress-sustaining structure in the system does
not change with temperature, and when the relaxation times of all modes of this
structure change with temperature by the same factor. Figure 5a shows the
master curves of the dynamic shear moduli, G’and G” for PU/POSS = 90/10
nanocomposite (acetone process) at Tp = 120 °C. Clearly there is strong
deviation in the terminal zone of the master curve of G” starting at about 160 °C.
This deviation means that the WLF (Williams-Landel-Ferry) Equation is no
longer valid at high temperature range. This behavior is attributed to the fact
that the PU chemical structure is a multiblock copolymer comprised of
alternating soft polyester and hard polyurethane-urea segments. These two
segments undergo microphase separation into hard and soft phases, respectively,
below and above their glass transition temperatures. This microphase separation
is responsible for the excellent elastomeric properties of PU. The G” does not
show any deviation in the terminal zone of the master curve indicating that the
stress induced in the system by the concentration fluctuations accompanying the
microphase separation transition is mostly elastic in origin. It is apparent from
this figure that the WLF principle is only valid for temperatures lower than 160
°C; the WLF principle failed for 7>160°C. The existence of microphase
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Figure 5. a) Master curves of the dynamic shear moduli,G’and G” for PU/POSS
= 90/10 (acetone process) at T, = 120. b) Master curves of the dynamic shear
moduli, G’and G” for PU/POSS = 90/10 (prepolymer process) at To = 160.

separation transition in PU elastomers has been clearly demonstrated (beyond any
doubt) in the literature using different techniques (25-28). Similar breakdown in
the WLF principle has been observed in several diblock and triblock copolymers,
and polymer blends with lower and upper critical solution temperatures phase
diagrams (LCST and UCST, respectively). For a number of diblock and triblock
copolymers reported in the literature, this breakdown of WLF principle has been
shown to be related to a microphase separation transition. The microphase
separation of PU based on soft segments of polycaprolactone as a function of
block length has been investigated rheologically and by using small angel X-ray
scattering (SAXS) measurements by Velankar et al. (28). They showed, for the
systems studied, that the WLF principle failed at high temperatures to an extent
that depends on the multiblock lengths.

For the samples prepared via prepolymer process, the failing of WLF-
superposition principle is very clear for both G’and G” as shown in Figure 5b.
This experimental fact suggests that the contribution of concentration
fluctuations to the viscoelastic material functions due to the microphase
separation is higher for the samples prepared via prepolymer process than that of
acetone process.
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The temperature dependence of the shift factor (ar) can be studied using the
Arrhenius (Equation 7) and the WLF (Williams-Landel-Ferry) (Equation 8)

expressions (29):
loga, = E, [L_1 M
2303R\T T,
loga, = —cl(T_To) (8)
¢, +(T-T,)

where R is the universal gas constant, E, is the activation energy of flow, and ¢,
and c; are the WLF parameters. Figure 6a shows the temperature dependence of
the shift factor ar for the data of Figure 5a (acetone process). The experimental
points are fitted by the WLF Equation using c; and c; as fitting parameters. The
inset-figure shows the Arrhenius type plot for the same data. Although, there is
a considerable deviation from the master curve of G’ at high temperatures in the
terminal zone, the temperature dependence of the shift factor is well described
by the above two Equations over the entire temperature range (for only samples
obtained by acetone process).

However, a large deviation of the temperature dependence of shift factor
from the WLF-superposition principle for the samples prepared via prepolymer
process is very obvious at high temperatures as shown in Figure 6b. The inset plot
of this figure shows the Arrhenius type plot for the same experimental data. As
clearly seen in this Figure there are two straight lines that intersect at the Typs.

The rheological value of the microphase separation temperature (Typs) can
be obtained from the dynamic heating ramps (2 °C/min heating rate at @ = 1
rad/s) of the viscoelastic material functions such as G’ as shown in Figure 7 for
pure PU and PU/POSS nanocomposites of different POSS concentrations. The
value of G’ is observed to be very sensitive to the microphase separation
temperatures. It is very clear from these figures that the value of Tywps is
relatively unaffected by POSS concentration up to 6 wt% POSS. At 10 wt%
POSS the Typs increased by about 20 °C as shown in Figures 7a for the samples
prepared via acetone process. Clearly, this figure shows that G’ decreases with
temperature in the low temperature range due to the increase in mobility of the
polymer chains caused by Brownian motion. At the microphase separation
temperature, a considerable change in the slope of G’ was observed. It is
apparent that the change of G’ at the phase separation temperature might be
attributed to a competition between two opposing factors. One factor that tends
to decrease G’ with increasing temperature is the Brownian motion and the other
factor is the concentration fluctuations at the microphase separation temperature
that gives rise to an additional contribution to G’ (30-33). The value of the
microphase separation temperature (Typs) can be obtained from the onset
temperature at which the slope of G’ versus T starts to deviate. Based on this
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method the Typs of pure PU and PU/POSS composite (10 wt% POSS) are
approximately 140° and 160°C, respectively for the samples prepared via
acetone process. This observation supports our suggestion that POSS can
enhance the miscibility of the hard and soft segments of PU to produce
relatively more homogenous nanostructures (34).

The effect of POSS on the value of Typs for prepolymer samples is
considerably different. For example the Typs of pure PU shifted from 165 °C to
178 °C for all PU/POSS samples regardless of the concentration of POSS as
clearly seen in Figure 7b. The high value of Typs of pure PU prepared via
prepolymer process compared to that of acetone process is attributed to the
different molecular weight and internal surfactant percentage and consequently
different phase behavior and interaction between hard and soft segments as
discussed earlier. In addition all samples of PU/POSS nanocomposites with
POSS concentration higher than or equal to 4 wt% have the same value of Typs
might be attributed to the inhomogeneity of the samples with high load of POSS
as we confirmed by the WAXD measurements (Figure 4b). The shift of Typs to
high temperature in both cases (acetone and prepolymer processes) is attributed
to the large surface areas of POSS that produces relatively large interaction
zones with the PU hard and soft segments and consequently enhances the phase
homogeneity of the two segments.

Conclusions

Chemical incorporation of a well-defined nanostructured inorganic cluster
of polyhedral oligomeric silsesquioxanes (POSS) into the polyurethane matrix to
form special organic/inorganic hybrids has been successfully achieved in
aqueous dispersions using the acetone and prepolymer processes. The
viscoelastic behavior of polyurethane film changed greatly due to addition of
small amounts (up to 10 wt%) of functionalized diamino-POSS to the
isophorone diisocyanate before the polymerization steps. A significant increase
in the melt viscosity and zero shear viscosity was observed. This increase in the
viscosity is attributed to the reaction between the hard segments of PU (urethane
segments) and diamino POSS. It has been found that PU/POSS nanocomposites
prepared via the acetone process were more homogenous than that obtained
from the prepolymer process as confirmed by WAXS patterns of the cast films.
The values of the microphase separation temperature (Typs) of the hard and soft
segments were evaluated rheologically from the onset temperature at which the
slope of G versus T starts to deviate. For acetone process, the Typs of pure PU
and PU/POSS composite (10 wt% POSS) were 140° and 160°C, respectively.
The Typs of pure PU shifted from 165 °C to 178 °C for all PU/POSS samples
regardless of the concentration of POSS for prepolymer process. This shift in
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Twps to higher temperaturedue to the addition of POSS supports our suggestion
that POSS can enhance the miscibility of the hard and soft segments due to the
large surface areas of POSS that produces relatively large interaction zones with
the PU hard and soft segments and consequently enhances the phase
homogeneity. It is hoped that this work may stimulate a better understanding of
the processing/structure/property relations for the innovative POSS/PU system
and other related nano structured hybrid materials.
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Chapter 7

Shear-Induced One-Dimensional Alignment of
Alumina and Silica Nanoparticles in Coatings

Erik D. Sapper, Lucas J. Brickweg, Bryce R. Floryancic,
and Raymond H. Fernando*

Department of Chemistry and Biochemistry, California Polytechnic State
University, 1 Grand Avenue, San Luis Obispo, CA 93407

One-dimensional (1-D) strings of alumina and silica
nanoparticles, formed in an extended pearl-necklace fashion
were observed near the surface of cured polyurethane films.
The nanoparticles have been shown to arrange in perfectly
straight lines in the direction of shear. As shear increases, the
abundance and length of the arrangements increases. The
mechanism of alignment is hypothesized to be a combination
of shear-induced patterning and oriented attachment. The
alignments have been imaged with atomic force microscopy as
well as scanning electron microscopy. Energy dispersive x-
ray spectroscopy elemental analysis has confirmed the
presence of colloidal nanoparticles in arrangements of smaller
particles, while similar arrangements of larger particles that
can be seen with an optical microscope have been shown to
contain mostly silicon element, presumably a phase-separated
polysiloxane containing additive present in all formulations.
These findings help advance the knowledge on preparing 1-D
aligned particles through template-free approaches.
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Introduction

Controlled formation of colloidal particle assemblies has received a great
deal of attention in recent years (I-9). Applications such as electronics, optics,
and medical science could benefit from the unique properties of such highly
ordered materials. Some of the previous studies have addressed shear-induced
alignment of concentrated colloidal suspensions. Particle size uniformity is an
important factor in forming ordered structures under shear flows, and shear-
induced particle structure formation has been correlated with shear-thinning at
high rates (). The majority of prior research in this area concerns 2-D and 3-D
ordered structures formed from highly crowded dispersions.

Literature on 1-D particle arrangements is limited; however, interested
readers will find the review by Tang and Kotov (10) immensely helpful. 1-D
nanoparticle arrangements have been found in nature; for example, the
anisotropic structure of maghemite particles in magnetotactic bacteria produces
a permanent magnetic dipole, which serves as a critical orientation system (/7).
Particle arrangements of the 1-D type have been prepared by employing
numerous methods. Dielectrophoresis and other electrostatic techniques (6,7,9)
as well as various template-assisted methods (72) that make use of entropic
force fields to “push” particles in place (13) have been reported. While template-
assisted methods may yield straight, single nanoparticle wires, a self-assembly
method would be favored due to simplicity and compatibility with various
integration processes. Previously reported self-assembly methods such as
vertical deposition assisted by dewetting have produced well-aligned particle
stripe patterns (/4). Transient particle string formations under shear flows have
been reported for highly concentrated dispersions. The transient string
formations have been shown to occur as 3-D ordered structures of particles
begin to break up, leaving strings of particles aligned parallel to the direction of
shear flow (/).

This chapter presents an even simpler self-assembly method for producing
stable 1-D nanoparticle arrangements. Shear-induced assembly orders
nanoparticles into nearly perfect straight and parallel lines produced by simple
application methods.

Experimental

Polyurethane coating films containing either alumina or silica nanoparticles
were prepared according to the same methods described in Chapter 11 of this
book and elsewhere(/5-17). Commercially available nanoparticle dispersions
(Table 1) were incorporated into the 2K polyurethane clear coat formulation at
and below levels of 1.0 wt % (approx. 0.25% by volume) of the cured film.
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Coating samples were prepared on glass microscope slides using various
application methods and cured at 70°C for 30 minutes. Application methods
represent various levels of application shear rates and included spray,
drawdown, and minimal-shear deposition of liquid coating drops onto the
substrate. Final coating thicknesses ranged from 0.25 to 1.5 mils (6-38 um).

Table 1. Predispersed Nanoparticles Used in the Study

Particle . . . . o Average
Type Dispersion Medium Solids (Wt.%) Particle Size
Alumina C | Methoxypropyl acetate 34.0 20 nm
Alumina D Methoxypropyl acetate 33.0 20 nm
o Methoxypropyl acetate/
Silica A Methoxypropanol (6:1) 32.0 20 nm

Samples were analyzed with a Pacific Nanotechnology Nano-R atomic
force microscope using an Ultrasharp silicon cantilever. Close-contact mode was
used for all AFM imaging. A JEOL S-890 scanning electron microscope and a
Hitachi S4700 (with Oxford Instruments energy dispersive x-ray spectroscopy
(EDS) Detector) scanning electron microscope were used to record electron
micrographs and perform elemental analysis.

Results and Discussion

AFM and cross-sectional SEM analysis as well as visual appearance of all
the coatings used in this study indicated that, in general, the nanoparticles are
well dispersed throughout the film (Chapter 11). However, in some occasions,
what appeared to be nanoparticles aligned in straight lines were detected.
Careful examination of experimental conditions of the occurrences of these 1-D
alignments indicated that their formation depends on the coating film application
method.

Application by Drop Deposition Method

Four drops of coating were placed on a glass slide and allowed to flow and
spread out for 10 minutes before being cured under the same conditions as stated
above (70°C for 30 min.). No linear formations were found by AFM analysis.

In Nanotechnology Applications in Coatings; Fernando, R., € a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2009.



Downloaded by 89.163.34.136 on October 22, 2009 | http://pubs.acs.org
Publication Date: June 12, 2009 | doi: 10.1021/bk-2009-1008.ch007

111

c:program files'pacific nanctechnologypscan2002iscandataluke and bryce nanoparticies\new stutfi\3s

Z-r. 67.58 nm Q

-

510
[}

Figure 1. AFM height image (10x10 um area) of a polyurethane coating
containing 1.0 wt.% Alumina C nanoparticles. Application method.: drop
deposition.

Very few aggregates of large particles were visible under optical microscope,
and aggregates that were present did not display any evidence of linear
nanoparticle arrangements when observed with AFM (Figure 1).

Application by Drawdown Method

Drawdown application method using a 75pm-gap drawdown cube produced
very straight particle strings in all three of the systems. The alignments are
continuous for a few hundred micrometers in many cases. AFM height images
of coatings containing Alumina C (0.67 wt.%) and Alumina D (1.0 wt.%) are
shown in Figure 2. These samples were prepared at an approximate application
speed of 5 cm s”. Stable, multiple straight-line formations of what was
suspected to be alumina and silica nanoparticles were observed. As application
speed increased from 1 to 10 cm/sec, the abundance and length of particle
strings increased.
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Application by Spray Method

Application by spray method produced large strings covering the entire
microscope slide surface. The AFM images of these samples show many parallel
arrangements in the direction of spray (Figure 3). The AFM line profile shows
that most of the smaller particles have heights between 20 and 40 nm, while the
larger features have heights over one hundred nanometer range. SEM
micrographs of spray-produced alignments were also recorded, and SEM images
obtained at two random locations on a film containing 1.0Wt.% Silica A are
shown in Figure 4. Although the modes of deformations in spray applications
are complex (/8), it is a process that involves very high shear rates.
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Figure 2. AFM height images (10 x 10 um) of coatings containing
nanoparticles: (left) Alumina-D (1.0 wt.%) and (right)Alumina-C (0.67 wt.%)
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Figure 3. AFM height image (20 x 20 um) and line profile of Alumina C
(1.0 wt.%) arrangements produced by spray application.
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Results presented so far establish the formation of a highly ordered phase
when coatings are applied at shear rates exceeding a minimum threshold value.
Although the exact threshold shear rate was not determined in this study,
estimated shear rates as low as 13 s’ (0.05 cm s at 75 pm wet coating
thickness) produced strings of particles. However, the apparent sizes of some of
the circular features in the images are much too large compared to the known
sizes of individual alumina or silica nanoparticles used in the study. In some
cases, the 1-D alignments can be seen by an optical microscope at 100X
magnification (Figure 5). Surprisingly, we were able to detect few, but
definitive 1-D aligned features in films containing no nanoparticles.
Contamination was suspected; however, repeated experiments confirmed these
patterns are present even when the films were prepared under conditions that
eliminated the possibility of contamination by alumina or silica nanoparticles

(Figure 6).

Ou
i

-1 0nu
i

Figure 4. Electron micrographs of Silica A (1.0 wt%) arrangements produced
by spray application. The scale bar in each micrograph is 10 um.

Figure 5. Optical microscopy image of 1-D alignments at 100x magnification.
The image represents an approximately 20x12 pm area.
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Figure 6. Optical microscope image (400x mag.) of micrometer-scale
arrangements produced by spray application of a 2K PU containing no
nanoparticles.

SEM Elemental Analysis

As evident from the AFM and SEM images presented so far, many of the
features that make up the 1-D strings are much larger than the sizes of alumina
and silica nanoparticles. Elemental analysis of the coating film was performed
with an SEM equipped with EDS which provided valuable insight into the
composition of these features. Electron microscopes operate by firing a beam of
electrons or photons at the surfaces of materials. This beam causes inner-shell
atomic electrons to dislodge, which eventually create the TEM or SEM
micrograph. When the inner-shell electron is emitted a “positive” hole is
created, which is quickly occupied by a higher-energy, outer-shell electron. The
excess energy from the outer shell electron is given off in the form of an x-ray,
which can be measured with an EDS spectrometer. Because every element has a
unique atomic and electronic structure, each element emits a different x-ray
wavelength when excited by an electron or photon beam. Since the biggest 1-D
aligned feature size discrepancy was with spray applied samples, all samples
analyzed in this manner were prepared by spray applications on glass substrates.
Nanoparticle loading in each case was 1.0 wt.%.

Figure 7 shows EDS analysis results for a spray applied coating sample
containing 1.0 wt.% Silica A nanoparticles. The EDS spectrum on the right
represents the elemental abundance of a 1 um diameter area marked “Spectrum
1” in the left image. Presence of Si element is detected. However, when a film
containing Alumina D nanoparticles was tested (“Spectrum 1” location in Figure
8, SEM image) not only Al but also Si was detected. When a sample containing
Alumina C was analyzed, only Si was detected within a relatively large feature
that makes up a 1-D string (see “Spectrum 3” location in Figure 9).

These observations indicate that the shear-induced, 1-D alignments made up
of not only the nanoparticles, but also a silicon containing ingredient in the
coating formulation. Indeed, siloxane oligomers are commonly used as additives

In Nanotechnology Applications in Coatings; Fernando, R., € a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2009.



115

‘sajonpdouvu  voi1s Sutuiniuod unpod v fo 24nivaf paudip ajpos-ouvu b fo synsad sisjpuv S °/ 24n31]

2 {50 ¢} DITS SING NI 0A WS Y04
¥ £ 4 i 4 1 aBewsy voney

P

uogied

/0040"800T-6002-4/T20T 0T :10p | 6002 ‘2T 8ung :8%eQ LoD |gnd
Blo'sJe'sqnd/:dny | 6002 ‘22 00100 Lo 9ET £ '€9T 68 Ad pepeojumoq

In Nanotechnology Applicationsin Coatings; Fernando, R., €l a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2009.



116

‘Sjudwiaja 1§ pub |y yioq
smoys aydwps (7 vunun]y Suiuiouod Sunpod v ui sap1iod paudp fo synsad sisipuv S ' 2481y

2600 €8 v £APD W3 L0 WS I } Beus uanoes3 [ V... E——

§ ¢ ¢ § y 4 4 '

uooIs

wnuiwnjy

/0040"800T-6002-4/T20T 0T :10p | 6002 ‘2T 8ung :8%eQ LoD |gnd
Blo'sJe'sqnd/:dny | 6002 ‘22 00100 Lo 9ET £ '€9T 68 Ad pepeojumoq

In Nanotechnology Applicationsin Coatings; Fernando, R., €l a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2009.



117

‘uoypnuLIof 3y} ut 2a11pp auvxojis pawindas-aspyd aq 01 paadl|aq ‘WudWa]d U0 LS
Aj1sou smoys Sunpod Sutuipiuod ) pulunly ul 24mpaf paudip 423.4v] Jo synsai sisjpuv ST "6 243ty

{80 4060 TOLs R0 N3 905 4G 0,

T 4 ¥ 3 bl

VoIS

/0040"800T-6002-4/T20T 0T :10p | 6002 ‘2T 8ung :8%eQ LoD |gnd
Blo'sJe'sqnd/:dny | 6002 ‘22 00100 Lo 9ET £ '€9T 68 Ad pepeojumoq

In Nanotechnology Applicationsin Coatings; Fernando, R., €l a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2009.



Downloaded by 89.163.34.136 on October 22, 2009 | http://pubs.acs.org
Publication Date: June 12, 2009 | doi: 10.1021/bk-2009-1008.ch007

118

in these types of coatings (See Chapter 11, Table 1). When the region of a
coating containing 1-D aligned features was subjected to multiple scans within
the SEM, craters began to develop (Figure 10). We believe that the emergence
of craters in the micrograph is caused by the evaporation of phase-separated

Figure 10. Heat from electron beam of the SEM evaporated large deposits on
the coating surface, leaving behind craters on the films surface. The micrograph
on the left is after one scan, while the micrograph on the right is the same
region after four scans.

silicone due to the heat from the electron beam of the SEM apparatus (Figure
10). Figure 11 contains the SEM image and EDS spectrum of a very small
feature after a film containing Alumina C has been subjected to multiple SEM
scans. Aluminum element is detected. Similar experiments conducted on films
prepared with the formulation containing no nanoparticles showed silicon
element within the features that makes up the 1-D strings. In addition, there
were other phase separated regions that contained silicon element (Figure 12).

Proposed Mechanism of Alignment

Results presented above establish shear-induced alignment as a template-
free method for preparing 1-D strings of alumina and silica nanoparticles.
Although their formation mechanism remains somewhat elusive, the siloxane
additives in the coating formulations appear to play a critical role. It should be
pointed out that, in addition to the siloxane additives incorporated into the
formulations, the pre-dispersed nanoparticles (Table 1) contain other siloxane
based additives used for stabilizing the dispersions. These surface active
materials have marginal compatibility with relatively polar polyurethane phase.
It appears that the shear forces are sufficient to cause separation of the siloxane
phase and align in the direction of shear flow. To visualize this on the
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macroscale, consider a bathroom mirror that has condensed water on it (like a
“foggy mirror” after a shower is taken); the water droplets are evenly, yet
randomly, distributed on the mirror surface. If a hand is used to wipe away
portions of the condensation in a horizontal direction, larger water droplets will
align horizontally. This combination of shear and directional application may be
the most important factor in forming these nanoparticle alignments. String
formation in a sheared polymer blend through a similar mechanism has been
reported (19).

Also, many properties of the nanomaterials may help provide an intrinsic
anisotropy, such as dipole moments of unique axes, anisotropic crystal lattices,
and non-uniform stabilizer and surface treatment distributions (20). These
qualities contribute to Penn and Banfield’s crystal growth theory that they have
named “oriented attachment”. In a typical example of oriented attachment,
primary particles align perfectly along one axis, dock, and fuse together under
thermal conditions to yield oriented nanocrystal or nanoparticle chains. There is
a strong thermodynamic driving force for oriented attachment, as surface energy
is reduced substantially when interfaces are eliminated (20).

We propose the arrangements presented here arise from a combination of
high rates of shear flow, combined with early stages of oriented attachment,
possibly aided by uneven distribution of surface treatment on the particle
surface. This is similar to ligand-directed assembly of titania nanoparticles with
partially removed organic stabilizers (2/). Furthermore, it is has been shown
that oxide nanoparticles are favorably suited for oriented attachment (22).
Organic ligands, which impede close contact of crystal surfaces, are usually not
needed for stabilization.

Conclusions

Atomic force microscopy and scanning electron microscopy equipped with
energy dispersive x-ray analysis capability were used to study shear-induced
alignment of alumina and silica nanoparticles in two-component polyurethane
clear coatings. One-dimensional strings of nanoparticles, formed in an extended
pearl-necklace fashion, were observed on both interfaces of the cured films with
nanoparticle volume fractions less than 0.05. This alignment is affected by the
shear conditions of the application method. When applied by spraying, linear
nanoparticle strings as long as 5 centimeters were observed in the direction of
shear and application. Linear arrangements of larger, micron-sized particles
were present in all coating systems studied, including the control coatings with
no added nanoparticle. EDS elemental analysis revealed that these large-particle
alignments contain mostly silicon element, believed to be from phase-separated
siloxane additive used in all of the formulations. Nanoparticle strings were also
found, to a lesser extent, when coatings were applied by a drawdown method.

In Nanotechnology Applications in Coatings; Fernando, R., € a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2009.



Downloaded by 89.163.34.136 on October 22, 2009 | http://pubs.acs.org
Publication Date: June 12, 2009 | doi: 10.1021/bk-2009-1008.ch007

122

The phenomenon was not observed in coatings applied with minimal shear, such
as drop-wise deposition of liquid coating. These nanoparticle alignments, in
addition to affecting the performance of coatings, may have broader
implications in the field of nanomaterials. Our literature searches have not
uncovered reports of stable, 1-D nanoparticle arrangements with equal degree of
linearity produced under simple shear with compositions having very low
particle loadings.

Acknowledgements
We would like to thank BYK USA, Bayer, and BASF for supplying raw

materials, and C’RP (California Central Coast Research Partnership) and the
Office of Naval Research for partial funding related to this project.

References

—
.

Ackerson, B. J. Rheol. 1990, 34(4) 553-590.

Ackerson, B.; Clark, N.A. Phys. Rev. Lett. 1981, 46(2), 123-126.

Cohan, I.; Mason, T. G.; Weitz, D. A. Phys. Rev. Lett. 2004, 93(4), 4600-

4601.

4. Haw, M. D.; Poon, W.C.; Pusey, P. N. Phys. Rev. E. 1998, 57(6) 6859-
6864.

5. Pham, H. H.; Gourevich, I.; Oh, J. K.; Jonkman, J. E. A.; Kumacheva, E.
Adv. Mater. 2004, 16(9), 516-520.

6. Kretschmer, R.; Fritzsche, W. Langmuir. 2004, 20, 11797-11801.

7. Winkleman, A.; Gates, B.; McCarty, L. S.; Whitesides, G.M. Adv. Mater.
2005, 17, 1507-1511.

8. Shenhar, R.; Norsten, T. B.; Rotello, V. M. 4dv. Mater. 2005, 17(6), 657-
669.

9. Bhatt, K. H.; Velev, O. D. Langmuir, 2004, 20, 467-476.

10. Tang, Z.; Kotov, N. Adv. Mater. 2005, 17(8), 951-962.

11. Dunin-Borkowski, R.E.; McCartney, M.R.; Posfai, M.; Frankel, R.B.;
Bazylinski, D.A.; Buseck, P.R. Eur. J. Mineral. 2001, 13, 671-684.

12. Hutchinson, T.O; Liu, Y.-P.; Kiely, C.; Kiely, C.J.; Brust, M. 4dv. Mater.
2001, /3(23), 1800-1803.

13. Dinsmore, A.D.; Yodh, A.G. Langmuir, 1999, 15(2), 314-316.

14. Huang, J.; Kim, F.; Tao, A.R.; Connor, S.; Yang, P. Nature Materials,
2005, 4, 896-900.

15. Brickweg, L.J.; Floryancic, B.R.; Fernando, RH. Polymer Materials:

Science and Engineering, 2006, 51, 124-125.

w

In Nanotechnology Applications in Coatings; Fernando, R., € a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2009.



Downloaded by 89.163.34.136 on October 22, 2009 | http://pubs.acs.org
Publication Date: June 12, 2009 | doi: 10.1021/bk-2009-1008.ch007

16.

17.

18.
19.
20.
21

22.

123

Floryancic, B.R.; Brickweg, L.J.; Comer, J.B.; Sung, L.-P.; Forster, A.M.;
Femnando, R.H. Polymer Materials: Science and Engineering, 2006, 51,
251.

Brickweg, L.J.; Floryancic, B.R.; Sapper, E.D.; Femando, R.H. J. Coat.
Tecnhol. Res. 2007, 4(1), 107-110.

Xing, L.-L.; Glass, J. E.; Fernando, R. H. J. Coat. Tech.,1999, 71(890), 37.
Migler, K. B., Phys. Rev. Lett., 2001, 86(6), 1023.

Alivisatos, A.P., Science, 2000, 289(5480), 736-737.

Polleux, J.; Pinna, N.; Antonietti, M.; Niederberger, M. Adv. Mater. 2004,
16(5), 436-439.

Pacholski, C.; Kornowski, A.; Weller, H. Ang. Chem. Int. Ed., 2002, 41(7),
1188-1191.

In Nanotechnology Applications in Coatings; Fernando, R., € a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2009.



Downloaded by 89.163.34.136 on October 22, 2009 | http://pubs.acs.org
Publication Date: June 12, 2009 | doi: 10.1021/bk-2009-1008.ch008

Chapter 8

Increasing Coating Functionality Using
Nanodimensioned Materials

S. R. Taylor!, G. J. Shiflet!, J. R. Scully?, R. G. Buchheit’,
W. J. van Ooij*, K. Sieradzki’, R. E. Diaz’, C. J. Brinker®,
and A. L. Moran’

1University of Texas Health Science Center, 6516 M.D. Anderson
Boulevard, Houston, TX, 77030

zDepartment of Materials Science and Engineering, University of Virginia,

P.O. Box 400745, 395 McCormick Road, Charlottesville, VA 22904

3Department of Material Science and Engineering, Ohio State University,

2041 College Road, Columbus, OH 43210
‘Department of Chemical and Materials Engineering, University of
Cincinnati, Cincinnati, OH 45221
*School of Materials Engineering, Arizona State University,
Mailcode 8706, Tempe, AZ 85287

*Department of Chemical and Nuclear Engineering, University of New

126

Mexico, 1001 University Boulevard SE, Albuquerque, NM 87106
"Mechanical Engineering Department, U.S. Naval Academy,
590 Holloway Road, Annapolis, MD 21402

The coating system presently used on military aircraft is
constrained in function and limited to the use of chromate-based
compounds for the mitigation of corrosion. The objective of
this program was to expand the functionality of the military
aerospace coating using recent advances in the materials
sciences. By implementing gains in molecular and nano-
engineered materials, the scientific and technological
foundations will be laid for a coating that: (1) provides
corrosion protection and adhesion using environmentally
compliant materials, (2) senses corrosion and mechanical
damage, (3) initiates mitigating responses to the sensed damage
(chemical and mechanical), (4) improves fatigue resistance, (5)
has the ability to change color-on-demand, and (6) provide
water rejection and self-cleaning capability. The enhanced
functionality of this advanced coating system will be achieved
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through the incorporation of: (1) a field-replaceable, nano-
engineered metallic cladding, (2) the use of molecular-
engineering and self-assembled colloidal crystals for packaging,
sensing, color-on-demand, and super-hydro-phobicity, (3) the
development of new approaches for the identification,
encapsulation, and delivery of environmentally compliant
corrosion inhibitors, and (4) the optimization of organic coating
adhesion through the use of environmentally compatible surface
treatments. A summary of program achievements will be
presented.

Introduction

The skin of military aircraft when received from the original equipment
manufacturer (OEM) consists of AA2024-T3 sheet having a multi-layer coating
system that provides corrosion protection and mission function. This coating
system is comprised of: (1) an aluminum cladding (e.g.,AA1100), (2) a
chromate-based conversion coating or chromate-sealed anodized oxide layer, (3)
an epoxy-based or polyurethane-based primer coat containing chromate-
containing inhibitive pigments, and (4) a single color, low-gloss mission topcoat.
Each of these material layers provides a specific function and collectively
interacts to provide corrosion protection, both real-time and active, as well as
some level of mission capability (e.g. low glint, ground camouflage). However,
many of the materials most critical to the function of this current military
aerospace coating system are either: (1) hazardous to worker health and safety,
(2) hazardous to the environment, (3) removed and not replaced during the
maintenance cycle, or (4) are extremely limited with regards to mission function.
These limitations result in constrained mission safety and impose substantial
costs in the management of worker safety and hazardous waste disposal.

The majority of corrosion protection of OEM military aerospace coating
systems is determined by the cladding. The cladding provides a homogenous,
passive substrate that has excellent barrier properties and inherently low
corrosion susceptibility(/). This cladding is an excellent substrate for
subsequent organic coatings(2-4). However, its surface is routinely augmented
by a chromate conversion coating (CCC) to facilitate the corrosion protection
provided by subsequent organic layers. The facility of CCC within the coating
system appears not to be related to its stand alone corrosion properties(5-9), but
more to its ability to enhance adhesion(/0), especially as-applied in the
maintenance cycle(l1).

The second-most important contributor to corrosion protection of OEM
military aerospace coatings is from chromate-based inhibitive pigments
contained within the primer layer. These inhibitive compounds (e.g., strontium
chromate, zinc tetraoxychromate, and zinc/potassium chromate(/2)) have an
optimum balance of solubility and inhibitor efficiency so that chromate is
leached out of the primer coating at a rate sufficient to achieve a concentration at
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the metal/coating interface needed to mitigate corrosion, but does not solvate to
the extent that osmosis or porosity occurs in the primer(/3). The hexavalent
chromium species (Cr*") within the primer and to a lesser extent within the CCC
layer, through a combination of mobility and inhibitor efficiency can mitigate
corrosion within physical breaches of the coating system and provide a self-
healing character(/0,14). However, chromate-based materials are highly toxic
and carcinogenic(/5) and pose significant risks to workers and the environment.
There are significant costs now in the management of this hazardous material
during both its application and removal in the maintenance cycle.

This functional primer is then coated with a single color, low gloss topcoat.
The topcoat provides very little, if any, benefit from the standpoint of corrosion
protection'®. Its primary function is to minimize glint during combat and
provide some level of ground camouflage. In the context of emerging coating
capabilities, current topcoats are very limited and static in nature, and are
ultimately constraining with respect to mission capability.

The limitations of the OEM coating system described above are perpetuated
in the course of depot maintenance, where the aircraft coating will be stripped
so that the skin can be inspected for corrosion and mechanical damage.
Depainting eventually results in the removal of the cladding, thus exposing the
underlying AA2024-T3 skin material. The localized corrosion susceptibility of
AA2024-T3 and other current generation age-hardenable aerospace alloys is
high due to the micro-galvanic couples created by inherent micro-structural and
micro-chemical hetero-geneities(/6-19). This increased susceptibility can
eventually affect structural integrity through the loss of load-bearing cross-
section, increased stress intensity at pits, or increased frame stress due to
corrosion product buildup within lap splice joints. Exposure of AA2024-T3
substrate material for subsequent painting presently mandates the use of
chromate conversion coatings and chromate-bearing primers to ensure adequate
adhesion and corrosion protection.

The methods and materials used in present military aerospace coating
systems present significant concerns with regards to worker and environmental
safety, maintenance costs, asset availability, and mission safety. An expansion
of these functional and material limitations is needed. This study seeks to
identify a new coating system that will significantly advance coating function.

The new coating system will:

* provide on-demand corrosion protection using environmentally safe
materials

* sense corrosion and mechanical damage of the aircraft skin

* initiate coating repair responses to sensed chemical and physical damage
* achieve optimal adhesion using environmentally compliant materials

* improve the fatigue resistance and mechanical integrity of the skin
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* provide changes in color on-demand
¢ provide water rejection and self-cleaning capability.

This advancement will be accomplished through the:

* development of a field-replaceable, multi-functional, nano-engineered
metallic cladding

* use of molecular engineering and micro-electro-mechanical approaches to
develop mechanical and chemical sensing capability of the
coating/substrate interface

* identification, encapsulation, and delivery of environmentally compliant
inhibitor compounds with optimum solubility and resin compatibility

* optimization of organic coating adhesion through the use of
environmentally compatible surface treatments

* development of biomimetic surface structures through self-assembly
methods

Results and Discussion
Nano-Engineered Cladding

The OEM cladding on military aircraft is a dilute, non-heat treatable alloy
that has a much lower corrosion rate than the underlying substrate (AA2024-
T3(I)). This quality minimizes organic coating debonding and filiform
corrosion(2-4) and provides superior field-corrosion resistance in lap/splice
joints when compared to the bare substrate in the presence of chromates.
However, current cladding compositions provide limited sacrificial cathodic
protection of crevices, rivet holes, exfoliated regions, and cracks(/). More
importantly, this first line of corrosion protection is removed during the
maintenance cycle, and presently cannot be replaced.

Thermal spray methods have been advanced to the point that rapidly
quenched aluminum-based materials (e.g., Al-Mg, Al-Zn, and Al-In-Sn) can
now be applied to ferrous and precipitation age-hardenable aluminum
alloys(20,21). Thermal spraying allows the production of cladding compositions
(e.g., Al-In-Sn) that can attain the significant anodic potentials needed for
suppression of localized corrosion and stress corrosion in high strength
aluminum alloys(22). The high cooling rates developed in this process (up to
107 degrees/s) also impart: partitionless phase transformation, solute trapping,
extended solid solubility limits(23), and the capacity to produce amorphous
alloys(24). Amorphicity in metals has the advantage of establishing micro-
structural homogeneity (i.e., elimination of second phase particles), thus reducing
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corrosion rates. This loss in crystalline structure also inhibits dislocation motion,
which dramatically increases tensile strength while maintaining modulus. Thus,
thermally-sprayed, amorphous aluminum claddings could provide significant
electrochemical and mechanical advantage relative to current Alclad™.

Advances in thermal spray technology are paralleled by achievements in the
science of aluminum-based metallic glasses where compositions can now be
vitrified at reduced quench rates(26-29). Aluminum-based amorphous alloy
chemistries can be produced to provide improved barrier protection (e.g.,
inclusion of transition metal (TM), Fe, Ni, Co, Cr), as well as improved
localized corrosion(30) and active corrosion protection (e.g., inclusion of
lanthanides). Several amorphous Al-TM-Ce alloys have been produced (e.g.,
AlgsNijoCes, Alg;Cog7Ces3, and AlgFe,Cejg,). Since Ce is in supersaturated
solid solution, oxidized layers of Al,O; that contain CeO,(3/) can be produced.
In the presence of moisture, soluble Ce** in the form of Ce(OH),>*, could then
migrate to cathodic sites, precipitate the less soluble trivalent form upon
reduction, and block further cathodic activity, and hence corrosion(32).

To date, amorphous aluminum-based alloys have been made using the
following systems: Al-Co-Ce, Al-Co-Ce-Mo, and Al-Cu-Mg-Ni. One facet of
this research effort, alloy design, utilizes computational thermodynamics to
develop predictive models for the glass forming region (GFR) for an alloy
system. Since there is no fundamental thermodynamic information for these
amorphous materials, a database was generated using x-ray diffraction,
differential scanning calorimetry, differential thermal analysis, transmission
electron microscopy, analytical scanning electron microscopy, and other
methods.

Alloy design was conducted in concert with corrosion property
characterization of these materials. The alloying elements for a particular alloy,
e.g., Co and Ce, can be released from the surface depending on the environment,
and attenuate the corrosion process by either reducing the anodic (e.g., by Co
ions) or cathodic (e.g., by Ce ions) process. As mentioned, alloys can also be
designed such that the barrier properties are optimized.

Finally, the third component needed for this technology is the ability to
spray apply the material onto AA2024-T3 and maintain amorphicity without
compromising the metallurgy or performance of the substrate alloy. A variety
of thermal (plasma, HVOF) and athermal (cold spray) methods were examined
to determine the effects of annealing, cold work, porosity, and oxide content, on
cladding performance.

The GFR for an Al-Ce-Co system is shown in Figure 1. The outlined area
demarks the alloy compositions that form amorphous metal upon cooling as
determined by numerous researchers.

The physical state of amorphicity is not thermodynamically stable for a
metal. There is a driving force for an amorphous metal to become crystalline. If
crystallites grow to full contiguity, i.e. touching crystal faces, then all advantages
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Figure 1. Schematic of the GFR for the Al-Ce-Co system. This data was
acquired for a fixed rotational speed (Cu cooling mandrel) of 4600 rpm.

of the amorphous state are lost, and the disadvantages of defect structures (e.g.,
grain boundaries, intermetallic particles) on corrosion and mechanical properties
are introduced. Thus, it is of interest to determine the kinetics and activation
energy for the amorphous to crystalline transition as a function of temperature.
Figure 2 shows the transformation of an Al-Gd-Co alloy system as a function of
time. The amorphous aluminum-based systems developed in this program are
unique in that the rare earth additions create a concentration boundary around
crystals when in the nano-dimension that limits further growth. The presence of
nano-crystallites within a continuous amorphous phase creates a material that
retains the mechanical and corrosion characteristics of the fully amorphous
alloy. The development of a contiguous crystalline structure takes many
hundreds of hours at high temperature and is not viewed as a hindrance to the
use of these materials in aircraft.

Modeling is now able to predict the GFR for specific amorphous aluminum
alloys. Figure 3 shows an example of the experimentally determined GFR for
the Al-Fe-Gd system (dark region in lower left) which is overlaid onto a
calculated graph showing regions that are kinetically favored for the formation
of crystalline material.

Corrosion characterization has optimized the TM and RE content of Al-Co-
Ce and Al-Co-Ce-Mo(33) shown in Figure 1. Three distinct corrosion functions
of this family of alloys have been investigated: corrosion barrier properties
associated with halide induced pitting and dissolution at low and high pH,
sacrificial anode behavior, and active corrosion inhibition based on the idea that
the Al-Co-Ce layer acts in a similar manner as pigmented paint. Inhibitive ions
(Co* and Ce*") are stored and released on-demand, and attain a critical inhibitor
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Figure 2. TEM bright field micrographs of AlsyCo;Ce; (atomic percent)
at 200° C.
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Figure 3. The experimental GFR for Al-Fe-Gd superimposed on calculated plot
Jor crystallinity. Note the overlap of GFR with region predicted not to be
kinetically favored for crystallization.

(See page 1 of color insert.)
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concentration at a physical breach in the coating system(34,35). With respect to
all three corrosion functions, the Al-Co-Ce alloy system has the ability to select
a performance behavior based on composition(33). For example, the OCP can
be lowered by minimizing the Co content which influences the oxygen
reduction reaction on the alloy(36). Figures 4 and 5 show the open circuit and
repassivation potential as a function of elemental content for the Al-Co-Ce
system. The highest pit repassivation potentials of these amorphous alloys are
obtained in alloys that maximize Co content, with a secondary influence brought
about by a reduction of Ce.

Initial experimentation on the application of amorphous cladding onto
AA2024-T3 employed pure aluminum and demonstrated that a coated material
with improved corrosion and fatigue properties was achievable. A 99.0-99.8 %
Al coating/AA2024-T3 skin substrate system was used to evaluate the
corrosion/fatigue performance as a function of the thermal spray coating process
(i.e., powder flame spray, atmospheric plasma spray, and HVOF spray) and cold
spray processes). Comparison of the microstructures, mechanical properties,
fatigue, and pre-corroded fatigue properties of samples with the three types of
thermal spray coating, as well as samples of bare AA2024-T3 and Alclad™
AA2024-T3, revealed that HVOF is the most promising thermal spray process
for the deposition of aluminum coatings. In particular, HVOF coatings greatly
increase the fatigue and pre-corroded fatigue lifetimes of the AA2024-T3
substrate.

Coatings of Al-18Co-9Ce and Al-13Co-26Ce (wt. %) were deposited from
powders by thermal spray and cold spray processes. Feedstock powders and
processed coatings were characterized by X-ray diffraction and Scanning
Electron Microscopy (SEM). X-ray diffraction patterns, as shown in Figures 6
for the HVOF process, indicate that feedstock powders were nanocrystalline and
the deposited coatings demonstrate reduced crystallinity. A modified form of
HVOF, pulsed thermal spray (PTS) has been used to deposit an amorphous or
nano-crystalline coating using traditional crystalline feedstock. PTS coatings
tend to demonstrate a higher degree of amorphicity as shown in the x-ray
diffraction pattern given in Figure 6¢c. Coating hardness values were higher and
fatigue lifetimes were lower than expected, most likely due to high Co and Ce
content and processing effects.

An evaluation of available, commercially developed cold spray methods
such as Kinetic Metallization was also conducted. The resulting coating
demonstrated the high strength and reduced ductility associated with cold
working so that fatigue properties were limited. Preliminary fatigue results for
cold spray coatings using an alternative technique developed at the University
of Ottowa are very promising (Figure 7).

In Nanotechnology Applications in Coatings; Fernando, R., € a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2009.



Downloaded by 89.163.34.136 on October 22, 2009 | http://pubs.acs.org
Publication Date: June 12, 2009 | doi: 10.1021/bk-2009-1008.ch008

134

Regression Analysis Model
of Open Circuit Potential

Al 2024

08

ntal(v vs SCE)

&
®

I Alclad 2024

Open Circutt Pote

Figure 4. The open circuit potential of the Al-Co-Ce system as compared
1o AA2024 and Alclad™ 2024. (See page 1 of color insert.)
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Figure 5. The repassivation potential of the same Al-Co-Ce system
shown in Figure 4. (See page 1 of color insert.)
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Rapid Identification of Non-chromate Corrosion Inhibitors

Corrosion protection by current military aerospace coatings is provided
primarily by the chromate-based inhibitive pigments present within the primer
layer(10). Chromate pigments are unique within the current repertoire of
inhibitors in that they have very high inhibitive power (i.e., high efficiency at
extremely low concentrations) even when used on the more susceptible Cu-
bearing aluminum alloys(/3). This inhibitive power allows certain chromate
compounds to be incorporated into primer resins because they dissolve at a
sufficient rate to deliver an effective inhibitor dose to the metal substrate, yet
not dissolve so fast so as to produce porosity or blistering. The effective water
solubility for chromate pigments appears to be in the range of 5x10~ moles
CrO> L™ (strontium chromate (SrCrOy)) to 1.1x10”2 moles CrO > L™ at 25° C

_(zinc yellow (K,CrO4ZnCrOse Zn(OH),e2H;0))"”. Other chromate com-

pounds, e.g., zinc tetraoxychromate (ZnCrO4e4Zn(OH),), require an acidic
environment to achieve the proper solubility (used in acidified wash primers),
while others, e.g., zinc chromate, are too insoluble under any condition and can
actually promote corrosion. Thus, the proper balance of inhibitive power and
pigment solubility are requisite for total system performance.

Numerous compounds have been examined with the hope of providing a
chromate replacement. These compounds include molybdates(37), vanadium-
based compounds(38), boron-based compounds(39-41), and rare earth salts(4/),
among others, and have recently been examined for inhibitor efficacy on
aerospace alloys(42,43). To date, no single environmentally compliant
compound has demonstrated an effective inhibitive power (efficiency at
specified concentration) comparable to chromate, much less with appropriate
pigment solubility.

A promising alternative to the use of a single inhibitive species is that of
using synergistic combinations of two or more compounds. Synergy occurs
when the inhibitive property of the combination exceeds the sum of the
individual compounds. Synmergistic combinations of inhibitors have been
examined extensively for steel in acidified(44-51) and neutral(52-55) aqueous
environments, as well as for copper in neutral aqueous environments(56-57).
Numerous theories for synergy have emerged depending on whether active
anions(45,49,56,59,60), cations(44,48,50,53,55), or organic species(J4-35) are
employed.

Recent studies have examined synergistic combinations of the previously
described rare earth and transition metal salts(42,63,64-66). These preliminary
experiments have only examined 1:1 ratios of the components at a single
concentration; however synergistic effects have been observed using both
electrochemical and pit morphology analyses.

There are a large number of relevant experimental variables that must be
examined in the proper identification of potential corrosion inhibitors, e.g.,

In Nanotechnology Applications in Coatings; Fernando, R., € a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2009.



136

114

(saaisbap) myay 2

oy

©)

ot

ST

oz

T

T

Bunsod Akwidgpiod

oot

ooz

00€E

oor

oos

(@

(smaBop) moy z

os 14 oy s€ oe
T — T T

(s)unoo) Aysuajul

des sed u | /0ep 200
s

L L

Bupyeoo JOAH #06-008 -1V

[(T1Y)

(spunoo) Aysueyu;

(wn g1) sspmod 808-008 1Y

L —— . 008

80040"800T-6002-%0/T20T 0T :10P | 6002 ‘ZT 8unr 81ed Uoedl|dnd
Blo'sJe'sqnd/:dny | 6002 ‘22 00100 Lo 9ET £ '€9T 68 Ad pepeojumoq

(sAunoo) Aysusu)

In Nanotechnology Applicationsin Coatings; Fernando, R., €l a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2009.



137

‘(3 ‘p) Bunpood JOAH Bunnsai ayy snsaa saapmod ay) 40f sa3vut S pup (2 ‘q ‘v)
Buypoo QI puv ‘Sutipod JOAH ‘siapmod ¥20i5pa3f 3D6-0D8 -1V Jo suianod uoyoviffip dvi-y '9 24n31.J

©) P)

800U2°800T-6002-%0/TZOT 0T :10p | 6002 ‘2T aunr @%eq Uoedl(dnd
Bi0's3e'sgnd;/:dny | 6002 ‘22 0010 Uo 98T +E€9T°68 Aq pepeojumoq

In Nanotechnology Applicationsin Coatings; Fernando, R., e a.;

ACS Symposium Series; American Chemical Society: Washington, DC, 2009.



138

Ol

sp sapsadosd an3yof 3upoo puv s3unpod 3H9z-0DE[-1V Jo saSvuwt WS [ a4n3id

0L

*(q) pojo1y pup pZ0ZVY 240q 01 painduiod

$3j0A2 Jo Jaquinu

Ol 0L

_ sz

|
o
<
ssauls

Aeidspljoo — o
pepe —£-
aleq —O—

800U2'800T-6002-X(0/T20T 0T :10p | 6002 ‘2T dunr 2 uoied!|and
Bio's3e'sqnd;/:dny | 600 ‘Zg 4010 U0 9ET#E'€IT 68 Aq papeojumoq

In Nanotechnology Applicationsin Coatings; Fernando, R., €l a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2009.



Downloaded by 89.163.34.136 on October 22, 2009 | http://pubs.acs.org
Publication Date: June 12, 2009 | doi: 10.1021/bk-2009-1008.ch008

139

concentration, pH, temperature, etc. This creates an expansive number of
experiments for the discovery of synergy. This exploding matrix and the long
test times (days or weeks) needed to gather data create the need for high
throughput screening (HTS) methods. This program has developed three HTS
assays for the rapid identification of corrosion inhibitors and inhibitor synergies
for AA2024-T3: DC polarization(65), measurement of surface copper(67), and
fluorometric assessment of AI** (68).

In the DC method, two AA2024-T3 wires (with the same metallurgical
structure as sheet) are polarized with a low amplitude (100 mV), DC bias(65).
The resulting current is measured for 9 hours and the steady state current (7-9
hours) is used as a measure of performance. This method has been scaled up in
number through the use of a multi-channel potentiostatic device (Multiple
Micro-Electrode Array (MMA), Scribner Assoc.) which can allow 50
simultaneous DC polarization tests of the two-electrode combination as
described. Through the use of the MMA and a traditional 96-well reaction
frame fitted with the appropriate top, large number of experiments can now be
performed in parallel.

The surface copper method is based on the de-alloying mechanism of
copper-bearing aluminum alloys and the subsequent re-deposition of copper(69-
72). Measurement of the amount of surface copper via cyclic voltammetry has
been used to assess the degree of corrosion damage on AA2024-T3(71,73-75).
This study has used this same method for the HTS of corrosion inhibitors for
AA2024-T3. Using the same reaction frame concept, 96 AA2024-T3 wire
segments are immersed in the individual cells of the reaction frame and left at
open circuit in the respective test solutions. After 24 hours the samples are
removed, rinsed, and inserted into a separate cell for electrochemical detection
of surface copper on the AA2024-T3 samples.

The chemical assay uses the same exposure procedure as above, but rather
than test the electrodes, the amount of AI’* in solution is accessed via a
fluorometric technique(68). This fluorometric technique is highly automated
and can easily assess 10° experiments per day. The electrochemical methods are
presently able to perform 10° experiments per day.

Figure 8 shows a matrix of experiments which examined the inhibitor
performance of a particular combination of inhibitor compounds as a function of
A:B ratio (total concentration always maintained at 3.4 mM) and pH using the
three methods described. This number of experiments would have taken several
months to perform using conventional methods, but was conducted easily in 8
hours using the methods described above. These results clearly show
unpredicted synergistic behavior. It is believed that variations between the
methods may be indicative of the inhibitor mechanism specific to the
compound(s) tested since the corrosion of complex alloys such as AA2024
involves many events.

These HTS methods were used to screen large numbers of single
compounds and their binary and ternary combinations. Figure 9 shows a
summary of the inhibitor efficiencies of some of the materials compared to a

In Nanotechnology Applications in Coatings; Fernando, R., € a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2009.



Downloaded by 89.163.34.136 on October 22, 2009 | http://pubs.acs.org
Publication Date: June 12, 2009 | doi: 10.1021/bk-2009-1008.ch008

140

chromate-based inhibitor (top). Interestingly, some of the best performers are
the synergistic combinations.

Packaging and Delivery of Inhibitor Compounds

It is unlikely that the optimum non-chromate inhibitor compound(s)
identified in the effort above will also have the optimum solubility
characteristics needed for inclusion into a paint. Fortunately, numerous
molecular and nano-engineering packaging schemes are presently available to
control compound solubility and deliver inhibitors in an intelligent manner.

This program has shown hydrotalcites (HT) as a means to contain and
deliver inhibitive species on-demand(76-79). In this approach an inhibitive
anion is incorporated into the gallery space of the HT structure. The inhibitive
anion exchanges for an anion in the local environment (e.g., ingressed CI)
which changes the lattice spacing of the HT. Thus, the inhibitor is released on
demand, getters an aggressive anion(80) (chloride), and also changes the lattice
spacing thus providing a sensing scheme. This delivery, scavenging, and
sensing capability is now well documented(81). The protective capabilities of an
epoxy resin loaded with 25% HT containing vanadate (VO;), a corrosion
inhibitor, is shown in Figure 10. An AA2024-T3 substrate was pretreated with
a single coating consisting of a silane-containing polymer-wrapped cerium and
HT containing vanadates. This coating system was capable of providing scratch
protection for over 1500 hours of salt spray (ASTM B117).

More recent research has examined the use of bentonite clays as a means to
contain inhibitive cations such as Ce**. These materials behave similarly to the
HT’s, except the gallery-contained cation exchanges for local cation in the
environment. Neutron activation analysis (NAA) has shown exchange of Ce**
for Na+ in solution (NaCl).

Nanoporous silica is a mechanically and thermally stable, cheap, and
environmentally benign ceramic. The well controlled pore size, narrow pore size
distribution, and controllable pore surface chemistries of self-assembled
mesoporous silica materials are also being explored as an encapsulating material
for controlled release of corrosion inhibitors. Spherical mesoporous silica
particles have been prepared by aerosol assisted self-assembly. In this method,
amphiphilic molecules (surfactants or block copolymers) are used as
nanostructure directing agents.

The surfactant-directed assembly of nanoporous particles starts with a
homogeneous solution of corrosion inhibitors, soluble silica plus surfactant
prepared in an ethanol/water solvent with initial surfactant concentration much
less than critical micelle concentration. Aerosol droplets generated by
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atomization are passed through an aerosol reactor and collected on a filter. In
this process, preferential alcohol evaporation enriches the particles in surfactant,
water, inhibitor, and silica, inducing micelle formation and successive co-
assembly of silica-surfactant micellar species into liquid-crystalline mesophases
in a radially-directed self-assembly process. Accompanying condensation of the
silica species solidifies the droplets, resulting in spherical particles with highly
ordered hexagonal, cubic or vesicular mesostructures. During self-assembly, the
water soluble corrosion inhibitor salts are concentrated and diffuse inward with
the moving evaporating interface. This results in a core-shell structure with the
corrosion inhibitor compartmentalized at the center. Removal of the surfactant
by calcination leaves solid spherical mesoporous particles of uniform network of
mono-sized nanopores as shown in Figure 11).

The nanostructured core-shell ceriumysilica particles with high loading of
corrosion inhibitors have been tested for protection of aluminum alloy AA2024-
T3 during 100 hour exposure to 0.05M NaCl solution. Preliminary results
demonstrated that these core-shell nanostructured particles are effective for
corrosion inhibition of AA2024-T3.

Another method of inhibitor containment for solubility control and
improved resin miscibility is that plasma polymer-wrapping of inhibitor
materials. The efficacy of this approach has been demonstrated and offers yet
another method of inhibitor containment and delivery. The successful
application of this method can be seen in the ‘super-primer’ coated sample
shown in Figure 10. This is a primer consisting of water-borne resins,
organofunctional silanes and anti-corrosion pigments. The particular system
shown in Figure 10 consisted of an epoxy and an acrylate resins. The system
was engineered such that the epoxy component phase separated to the surface
and the acrylate to the metal interface during drying and curing. Since acrylate
is more hydrophilic, water-soluble anti-corrosion pigments disperse within the
acrylate only and not in the epoxy. This prevents inhibitors from washing out of
the coating, so that they are available at scribes and other defects. With
inhibitive pigments like zinc phosphate, cerium vanadate, cerium silicate and
cerium-exchanged silica, 4000 hours (6 months) of effective on-demand
corrosion protection was provided to AA2024-T3 in the B-117 salt spray and in
salt immersion tests.

The simultaneous use of all of the delivery approaches described above
may be needed, particularly if a synergistic inhibitor system is required. While
the ideal scenario would be to implement an inhibitor system that demonstrates
synergy at all concentrations, it is quite possible that synergy is optimized at a
specific ratio. In this case delivery systems will be needed such that the
appropriate ratio of compounds is delivered.
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