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Foreword 
The A C S Symposium Series was first published in 1974 to pro­

vide a mechanism for publishing symposia quickly in book form. The 
purpose of the series is to publish timely, comprehensive books devel­
oped from A C S sponsored symposia based on current scientific re­
search. Occasionally, books are developed from symposia sponsored by 
other organizations when the topic is o f keen interest to the chemistry 
audience. 

Before agreeing to publish a book, the proposed table o f con­
tents 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 o f 
chapters are peer-reviewed prior to final acceptance or rejection, and 
manuscripts are prepared in camera-ready format. 

A s a rule, only original research papers and original review 
papers are included in the volumes. Verbatim reproductions o f previ­
ously published papers are not accepted. 

A C S Books Department 
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Preface 

During the past 25 years, coatings technologies have been 
influenced by the need to lower volatile organic contents ( V O C ) in order 
to comply with stricter environmental regulations as wel l as to reduce the 
use of costly petroleum-based solvents. During this time, the use o f 
waterborne coatings in the architectural, industrial maintenance, and 
original equipment manufacturing ( O E M ) sectors has continued to grow 
replacing solvent-based coatings while meeting the ever-decreasing V O C 
targets. In addition to waterborne coatings, other alternative technologies 
in the industrial and O E M sectors include powder coatings, uv-curable 
coatings, and high-solids coatings have had significant growth. Tradi­
tionally these coatings had the primary functions of protecting and 
decorating substrates. More recently, growth has occurred in research 
and development and commercial product generation of coatings, which 
have novel functions and sense and interact with their environment in 
addition to having the traditional protection and decoration functions. 
These coatings are often referred to as smart coatings. These types o f 
coatings generally provide significant added value. 

Smart coatings can be achieved in many ways such as by 
addition of additives and strategically designing polymer structures and 
coatings morphologies. Smart coatings categories and subtopics 
represented in the symposium on which this book is based are as follows: 

Stimuli-responsive coatings 
• coatings functioning as sensors 
• thermally triggered coatings 
• corrosion, degradation, and defect sensing coatings 
• color shifting coatings 
• light sensing coatings 

Nanotechnology-based coatings 
• self-assembling polymers and coatings 
• photonics 
• super insulating coatings 
• molecular electronics 
• molecular brushes 
• photo-switchable materials 

ix 
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Novel materials and coatings 
• self-repair and healing coatings 
• super hydrophobic coatings 
• self-lubricating coatings 
• hybrid inorganic-organic coatings 
• conductive materials 
• self-stratifying coatings 
• novel polymers and processes 

Biologically active materials and coatings 

• antimicrobial materials 
• biocidal polymers and coatings 
• photo-catalytic and bio-catalytic coatings 
• antifouling and/or fouling release coatings 

This book starts off with an overview of the topic of smart coatings. 
The first major section deals with bioactive coatings that are antibacterial 
as well as antifouling and fouling release coatings. The second section 
deals with stimuli-responsive coatings involving polymer brushes, films 
that respond to p H , and pressure-sensitive paints. The last section deals 
with novel coatings including removable conformal coatings, electro-
active coatings for corrosion protection, and oxidative resistive coatings 
at high temperature. 

W e expect that this book w i l l encourage scientific and technological 
investigators to expand knowledge and technology in this field as wel l as 
to apply the knowledge to commercially relevant coatings systems. W e 
thank the authors for their effective oral and written communications and 
the reviewers for their helpful critiques and constructive comments 

Theodore Provder, Director 
Jamil Baghdachi, Professor 
Coat ings Research Institute 
Eastern M i c h i g a n U n i v e r s i t y 
430 West Forest A v e n u e 
Y p s i l a n t i , M I 48197 
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Chapter 1 

Twenty-First Century Materials: Coatings That 
Interact with Their Environment 

Robert F . Brady , J r . 

706 Hope Lane, Gaithersburg, M D 20878 

"Smart Coatings" represent the state-of-the-art o f coatings 
technology. This technology has evolved through three 
principal stages. In the first, an ingredient with valuable 
properties is added to a coatings formulation, and all the 
unique properties o f the coating are attributable to this 
additive. In the second, a specialized resin, pigment, or other 
material imparts to a coating properties that cannot be realized 
in any other way. "Smart Coatings," which represent the third 
and current stage o f development, sense their environment and 
react to it. This paper w i l l use this model o f evolution to 
develop a framework for discussion at this meeting. 
Principles and examples o f coatings at each stage o f 
development w i l l be given, and the way forward to unique 
coatings w i l l be explored. 

© 2007 American Chemical Society 3 
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4 

We've come a long way since coatings were first used some 15-25,000 
years ago by Cro-Magnon people to paint figures o f animals on the walls o f 
caves in Lascaux, France. Protein binders from animal or vegetable sources 
were mixed with native clays and used to record the animals upon which much 
o f life depended. A s coatings became more sophisticated, they evolved from 
purely decorative and aesthetic applications and became essential materials for 
the protection and preservation o f surfaces. But even as recently as 60 years 
ago, house painters purchased powdered white lead (lead carbonate), vegetable 
o i l , and a drier (catalyst) o f some sort, mixed them on the job site, and brushed 
on a protective coating that would be expected to give 3 years o f service in 
moderate weather. 

Advances in the chemical industry after Wor ld War II produced a wide 
variety o f synthetic resins, pigments, solvents, and additives that were rapidly 
used to improve protective and decorative coatings. N e w substrate materials 
were also commercialized, and coatings were formulated to protect all o f them. 
Mechanisms of protection were identified and improved. Inhibitive coatings 
such as the red lead alkyds protect steel by s lowly releasing ions which passivate 
the metal surface. Barrier coatings such as epoxies and urethanes interpose a 
barrier between the surface and corroding species such as oxygen and water, 
isolating the surface from attack. Conversion coatings are made by phosphating 
or chromating a metal surface in a treatment bath. A few atomic layers o f metal 
on the surface o f the substrate are thereby converted to a hard, durable 
corrosion-resistant layer. Sacrificial coatings such as the organic or inorganic 
zinc coatings maintain electrical contact between a metallic substrate and the 
zinc metal, so that a demand for electrons w i l l oxidize the zinc in preference to 
the metal o f the substrate. But, basically, these coatings just sat on the surface. 
They were like offensive linemen on a football team: " G o ahead and give me 
your best shot, but you're not getting through to my quarterback!" 

N o w at the turn of the millennium, a coating that just "sits there" is no 
longer the state-of-the-art. Coatings that sense their environment and make an 
appropriate response are needed for forward-looking applications in medicine, 
aerospace, environmental protection, battlefield awareness, and personal safety, 
among others. So how are we to create such coatings? What principles 
determine their performance? H o w can we design a coating that perceives its 
environment with sufficient sensitivity, produces an acceptable response, and 
continues to do so during thousands, i f not mill ions o f cycles during a lifetime 
that must be measured in years? A l l the while, none o f the usual restrictions are 
waived: the coating must be safe for workers and the environment, and - in our 
dreams, at least - cost no more than the material it replaces. 

The name usually used to describe this new class is "Smart Coatings," and 
that is also the name chosen for this Symposium. "Smart" can mean many 
things: intelligence or mental capability, clever or witty, brash or vigorous, and 
trendy or fashionable. A l l o f these features can be seen in the coatings that w i l l 
be described during this Symposium. 
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5 

W e might consider that Smart Coatings have evolved in three stages. In the 
first, something that modifies coating properties all by itself is simply added to 
the formulation. A n example of this approach would be a silicone resin, which 
migrates to the coating-air interface and influences the adhesion, cleanability, 
and/or gloss o f the coating. This approach is applicable to coatings containing 
just about every type o f resin and pigment, and the response is solely attributable 
to the additive itself. 

A second generation o f these coatings uses specialized but relatively inert 
ingredients to produce properties not found in more conventional coatings. 
Examples would include silicone or heavily fluorinated polymers, which 
diminish the surface energy o f a coating and al low it to resist adhesion. Usual ly 
the coating has to be reformulated from scratch, for the suspension and wetting 
properties as wel l as the application and curing properties are strongly affected 
by the specialized ingredient. 

The third stage, now a Smart Coating, is characterized by a material which 
truly senses and responds to its environment. The sensing element might 
include a pigment sensitive to light, a polymer sensitive to p H or heat, or a 
polymer or polymer blend which induces a patterned surface that directs wetting 
and spreading o f liquids on its surface. The entire coating must be formulated 
around this unique material to ensure that it may most effectively perceive 
environmental stimuli and exert its characteristic response. More and more 
examples o f this type o f coating are being devised. For example, "command-
destruct" coatings contain sites in the polymer backbone, which cleave in 
response to a stimulus, effectively destroying and removing the coating. This 
and other examples are given in Table I. 

It is instructive to review how smart coatings technology has advanced in 
various applications through these three stages. Let us do this now for two 
dissimilar applications. 

Antimicrobial and Hygenic Coatings 

Health and safety issues are constantly in the public eye. People require 
clean food and water and are always seeking to maintain a safe and healthful 
l iv ing environment. Therefore facilities that supply these needs must be kept 
clean and sanitary at all times. Examples are waste and wastewater management 
plants, hospitals and clinics, industrial facilities for manufacturing and 
packaging pharmaceuticals and food, commercial food preparation facilities, and 
restaurants. 

Stage one coatings are formulated by adding a nonreactive fluorinated or 
silicone additive to any o f the epoxy, acrylic, or polyurethane coatings used for 
this purpose. The additive migrates to the air-coating interface and reduces the 
surface energy o f the coating, thus impeding the attachment o f bacteria and also 
facilitating cleaning o f the surface. Alternatively, a bactericide might be simply 
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6 

Table 1. Examples of "Stage Three" Smart Coatings 

Coating 
Type Operating Principle 

Example 
Stimulus Response 

Ablative Outer layers of the coating 
surface are slowly removed 
by chemical (e.g., hydrolysis) 
or physical action 

Shear of water 
flowing across 
the surface; 
temperature of 
water 

"Self-cleaning:" 
Dirt, biofilm, etc. 
is removed with 
outer layer of 
polymer 

Command-
Destruct 

Chemical bonds in the 
polymer backbone cleave in 
response to a stimulus 

Heat Depolymerizatio 
n and removal of 
the coating 

Corrosion 
Detection 

Corrosion produces OH"; 
acid-base indicators change 
color at different pH 

pH Color reports on 
the site and 
extent of 
corrosion 

Hygenic Capsules contain bactericide; 
capsule walls are destroyed 
by products (e.g., acids, 
amines) of bacterial action 

Bacteria Release of toxin 
kills bacteria 

Impact 
Sensitive 

Capsules of different wall 
strengths contain dyes of 
different colors 

Impact Color reports on 
the site and 
strength of 
impact 

Low Solar 
Absorption 

Color pigments are 
transparent to U V light and 
allow it to be scattered by 
T i 0 2 

Sunshine Failure to absorb 
U V , convert it to 
heat, and radiate 
the heat; cooler 
substrate 

Piezoelectric Lead-Zirconium-Titanate 
pigment generates an 
electrical current when 
stressed 

Vibration Proportional 
current; lifetime 
current reflects 
sum of stress 

Pressure 
Sensitive 

Paint contains a fluorescent 
pigment which is quenched 
by oxygen 

Pressure 
(increased 
oxygen 
availability) 

Fluorescence 
decreases as 
pressure 
increases 

Self-Healing Capsules containing uncured 
resin are broken 

Impact Replacement of 
damaged resin 

Temperature 
Sensitive 

Paint contains a fluorescent 
pigment which is quenched 
by heat 

Temperature Fluorescence 
decreases as heat 
increases 
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stirred into the coating. These "free association" coatings usually release excess 
active agent (e.g., silicone additive or bactericide) early in their life, and fail 
when the amount released is too low to be effective. 

Stage two coatings are based on a silicone resin or heavily fluorinated resin. 
These also impart low surface energy to the coating and, as the surface o f the 
coating wears, a fresh surface o f the same material is exposed and the desirable 
low surface energy is never lost. 

A stage three smart coating contains a toxin encapsulated within various 
shell materials. The toxic agent is released when the shell o f the capsule is 
destroyed. Capsules in such a coating would be made with shells sensitive to, 
for instance, enzymes secreted by bacteria or decomposition products (e.g., 
acids, amines, or ammonia) produced by bacterial action, and the rate o f 
destruction is controlled by the chemical composition or the thickness o f the 
shell. Capsules containing different toxins can be combined in a coating to give 
it broad-spectrum antimicrobial activity. The coating releases a toxin only in the 
presence o f bacteria, preserving the active ingredient and extending its service 
life. 

Another example o f a stage three antimicrobial coating contains zeolites, an 
inorganic silicate which contains pores sufficiently large to hold metal ions. 
Silver ions can be absorbed into zeolites and then released at a controlled rate. 
Coatings containing silver-filled zeolites may be suitable for preventing 
contagion o f cooking and eating surfaces and utensils, although once the silver 
is exhausted it may be impossible to reactivate the coating. 

Antifouling Coatings 

Antifoul ing coatings prevent the growth o f marine life on the underwater 
surfaces o f ships. This growth, or fouling, decreases the speed, range and 
maneuverability o f a ship and raises fuel consumption by as much as 30%. 
Ultimately the ship must be removed from the water and mechanically cleaned 
to remove the fouling, and the time the ship spends out o f service is also quite 
costly. 

Early antifouling coatings were made by adding creosote or copper metal to 
coatings designed for other purposes. Toxic coatings representative o f the 
second stage contained salts o f arsenic, beryll ium, cobalt, copper or mercury, 
organic biocides, or other toxins. Nontoxic second stage coatings have been 
created from fluorinated or silicone resins, which impart their low surface 
energy to the coating. 

"Smart" antifouling coatings are based on an acrylic resin containing 
hydrolyzable esters in the side chains. The esters are transformed to alcohols at 
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8 

a rate, which depends on the temperature o f the water and the shear imposed 
when water flows across the surface. The resulting polymer is water soluble and 
s lowly washes away, taking with it biofilms and juvenile fouling organisms. 
These coatings usually contain toxins as wel l ; a fresh layer o f toxin is exposed 
as the older layers o f coating dissolve away. These "ablative" antifouling 
coatings have been used on ships' hulls for about ten years. 

Other Coatings that Interact with Their Environment 

The stage three antimicrobial and antifouling coatings are good examples o f 
smart coatings. They sense their environment and take no action until 
necessary. The antimicrobial coating senses bacterial degradation products and 
releases toxins to destroy the pathogen that produced them. The antifouling 
coating senses water temperature (which correlates with biological growth) and 
reacts with seawater, producing a water-soluble coating. What are other 
examples of coatings that truly sense and respond to their environment? 

Lead-zirconium-titanate is a piezoelectric pigment that generates an 
electrical current when stressed. A coating pigmented with this material is used 
as a strain gauge on a pedestrian bridge. The paint is applied 50 microns (2 
mils) thick directly to steel and coated with a thin conductive f i lm. The 
electrodes (substrate and top film) are connected to off-site monitoring 
equipment, which measures the current generated by vibration and impact loads 
between 1Hz and 1kHz. The total current produced is a measure o f the total 
stress experienced during the life o f the structure; a sudden and sharp rise in the 
current may indicate a weakened structure that is less able to resist stress. The 
principal challenge was formulating the paint with a pigment loading high 
enough for the paint to function as a piezoelectric yet low enough for it to be 
readily applied by spray. 

Self-healing coatings contain reservoirs o f uncured resin within capsules. 
Corrosion, crack growth, mechanical damage, or chemical attack ruptures the 
capsules, releasing their ingredients where and when needed. The ingredients 
then react and become part o f the film. For example, epoxies and amines (from 
separate capsules) react with each other; or liberated alkyd resins react with 
ambient air. 

Medica l implants are coated with a polymer, which resists adhesion to 
proteins, polysaccharides, fats, and cells. The polymer contains long side-chains 
o f polyethylene oxide (PEO) . The density and length o f the P E O chains are 
tailored to function in the environment in which the implant w i l l be used. The 
goal is to produce elongated, hydrated P E O chains that, in the dynamic 
environment o f the human body, sweep across the surface o f the implant and 
prevent settlement. The density o f P E O chains on the surface is chosen so that 
the chains do not interfere with the motions o f other chains. 
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Pressure-sensitive paints contain a pigment that fluoresces under ultraviolet 
light. Oxygen quenches this fluorescence. A s air pressure on the coating 
increases, more oxygen is available to interfere with the output o f visible light, 
and the intensity o f fluorescence can be correlated with the pressure on the 
surface. This coating is used in the study of models of commercial and military 
aircraft in wind tunnels. 

A coating that detects and reports on corrosion can be made by dispersing a 
number o f p H indicators in a clear coating. Corrosion o f metals produces 
hydroxide ions and raises the p H only at the site o f corrosion. A n acid-base 
indicator reacts with alkali and changes color within a specific p H range. The 
coating contains a selection o f indicators that produce different colors and 
undergo their color change in different p H ranges; thus, the hue and location o f 
color signal the extent o f corrosion. Coatings can be tailored to specific 
substrates and to change color at a predetermined extent o f corrosion. 

The Future of Smart Coatings 

Materials potentially useful in smart coatings are being produced in ever 
increasing variety and quantity. Some materials on the horizon of coatings 
technology are: 

• Microelectromechanical devices ( M E M s ) are micromachined 
assemblies embedded below the surface o f a silicon wafer. Pumps, 
motors, switches and other machines with dimensions o f few 
millimeters are made by conventional photoresist technologies. 

• Radio frequency identification devices (RFIDs) are millimeter-size 
sil icon chips bearing a circuit, which oscillates in response to an 
external signal and responds at a chosen frequency. The signal is used 
to open a door, count inventory, or track parcels. 

• Polymers and polymer blends form patterned surfaces. The wetting 
and spreading o f liquids can be quite dissimilar on different polymers, 
and a surface patterned with polymer channels (think o f a printed 
circuit board) can be used to direct the aggregation and flow o f liquids 
on the surface o f the coating. 

• Specialized lipids self-assemble to form tubules. These tubules are 
plated with copper, and the lipids are removed and reused. In this way 
copper tubules approximately 500 nanometers in diameter and 5 
micrometers long are formed. Various substances can be placed within 
these tubules and then slowly released from the tubules. 

• Carbon nanotubes may be used as i f they were nanofibers to strengthen 
a coating. In sufficiently high loadings, the nanotubes touch and the 
coating becomes conducting. 
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• Self-assembling nanocapsules are kept together by hydrogen bonds. 
Capsules in which other molecules are encapsulated may be destroyed 
by such strong hydrogen-bonding agents as amines and alcohols, and 
the internal molecule is released to exert its intended effect. 

• Nanomaterials offer different chemical and physical properties than 
bulk materials. Although the distinction is not always precise, o ld 
nanotechnology usually describes nanoscale materials such as carbon 
black, fumed silica, and titanium dioxide produced for coatings for 
decades but getting the "nano" designer label only recently. N e w 
nanotechnology typically encompasses novel material structures, such 
as carbon nanotubes and quantum dots, with unprecedented properties. 

• Sturdy enzymes able to resist denaturing and to function in a variety o f 
solvents are being produced. N e w antimicrobial and hygenic coatings 
might be made by deploying these enzymes on the surface o f a coating 
where they may breakdown bacteria or waste products. 

• Polyaniline and other polymers that may be repeatedly oxidized and 
reduced may find a use in direct-to-metal applications such as 
sacrificial primers. Reducing the polymer so that it may be oxidized 
again may prove to be a challenge. 

The way forward to produce organic surface coatings containing these 
radical new materials and devices is anything but certain. Some o f these things 
must be on the surface o f the cured coating, and some must be at the coat ing-
substrate interface to ensure that they most effectively receive environmental 
inputs and exert their characteristic response. The coatings must be 
manufactured without destroying its unique properties, and must drive the 
device to its optimal position within the f i lm before curing. 

It's a big job, but we can dream, can't we? Coatings chemists have not yet 
failed any challenge, and we may look to the future with anticipation o f the 
marvelous coatings yet to be invented. 

Further Reading 

1. "Ant i foul ing Coatings Without Organotin." R. F. Brady, Jr., Journal of 
Protective Coatings and Linings 20 (1), 33-37 (2003). 

2. "Ant imicrobia l Coatings for Food, Pharmaceutical and Hospital Facili t ies." 
R. F . Brady, Jr., Journal of Protective Coatings and Linings 19 (10), 59-63 
(2002). 

3. "Us ing Coatings to Manage Heat." R. F . Brady, Jr., Journal of Protective 
Coatings and Linings 19 (7), 49-50 (2002). 

4. " N e w Developments in Fire-Resistant Coatings." R. F . Brady, Jr., Journal 
of Protective Coatings and Linings 19 (5), 54-57 (2002). 
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Chapter 2 

Smart Coatings 

Core-Shell Particles Containing Poly(n-Butyl Acrylate) Cores 
and Chitosan Shells as a Novel Durable Antibacterial Finish 

Weijun Y e 1 , M a n F a i L e u n g 2 , John X i n 1 , Tsz L e u n g K w o n g 1 , 
Daniel K a m L e n Lee 2 , and Pei L i 2 , * 

1Institute of Textile and Clothing and 2Department of Applied Biology and 
Chemical Technology, The Hong Kong Polytechnic University, Hung Hum, 

Kowloon, Hong Kong, People's Republic of China 

A novel antibacterial coating for cotton fabrics has been 
developed using core-shell particles that consist o f poly(n-
butyl acrylate) ( P B A ) cores and chitosan shells. The spherical 
particles were prepared via a surfactant-free emulsion 
copolymerization o f n-butyl acrylate in an aqueous chitosan 
solution. The particles had a narrow particle size distribution 
with average diameter o f approximately 300 nm, and displayed 
highly positive surface charges. Transmission electron 
microscopic ( T E M ) images clearly showed well-defined core-
shell morphology with P B A cores and chitosan shells. Cotton 
fabric was coated with PBA-Chi tosan particles through a 
conventional pad-dry-cure process without using any chemical 
binders. Fabric antibacterial efficiency was evaluated 
quantitatively against Staphylococcus aureus by using the 
shake-flask method. The results showed that particle-coated 
fabric had an excellent antibacterial property with bacterial 
reduction more than 99 %. The durability o f the antibacterial 
property was maintained above 90 % bacterial reduction even 
after 50 times of home laundering. Effects o f particles coating 
on fabric hand, air permeability, break tensile strength and 
elongation, as well as fabric surface morphology, were 
investigated. 

© 2007 American Chemical Society 15 
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Introduction 

Natural textiles such as those made from cellulose and protein fibers are 
considered to be vulnerable to microbe attack because o f their hydrophilic 
porous structure and moisture transport characteristics. Thus, the use o f 
antibacterial agents to prevent or retard the growth o f bacteria becomes a 
standard finishing for textile goods. On the other hand, there is an increasing 
public concern over the possible effects o f antibacterial finishing on 
environmental and biological systems since many antibacterial agents are toxic 
chemicals, and exhibit a lack o f efficiency and durability (1,2,3). Hence, an ideal 
textile antibacterial finishing should not only k i l l undesirable microorganisms 
and stop the spread o f diseases, but also fulfill three other basic requirements: 1) 
Safety. The product should not be excessively toxic to human and the 
environment, and should not cause skin allergy and irritation. 2) Compatibility. 
The product must not negatively impact to textile properties or appearance and 
must be compatible with common textile processing. 3) Durability. The product 
should be able to endure laundering, drying and leaching. Thus, there is an 
increasing research effort that is directed to the development o f natural 
antibacterial coatings that are safe, durable and environmentally friendly. 

Chitosan, a P-(l ,4)-l inked polysaccharide o f D-glucosamine, is a 
deacetylated form o f chitin, the second most abundant natural polymer in the 
world. They are obtainable from the shells o f crabs, shrimps and other 
crustaceans. Chitosan is a non-toxic, biodegradable and biocompatible natural 
polymer, and has long been used as a biopolymer and natural material in diverse 
applications (4,5,6). Because o f its polycationic nature, chitosan possesses good 
antibacterial properties against various bacteria and fungi through ionic 
interactions at a cell surface which eventually ki l ls the cell (7,8). Past studies 
have indicated that its antimicrobial activity was influenced by molecular weight 
(9), degree o f deacetylation (10), temperature, p H and cations in solution (7/) . 

Since chitosan is one o f the safest and most effective antibacterial agents, it 
has been widely used for cotton and other textile antibacterial finishes 
(12,13,14,15). However, direct coating o f the chitosan onto textile articles 
suffers from drawbacks such as its insolubility in most solvents except acidic 
solutions; high viscosity o f chitosan in aqueous solution causing many handling 
problems; and poor fabric hand after coating due to rigid nature o f the chitosan. 
To address these problems with the use o f chitosan, various methods have been 
developed to chemically modify the chitosan (16). For instance, functional 
groups such as quaternary ammonium salts, were introduced to the chitosan 
backbone in order to improve its solubility in water and antibacterial activity 
(17,18,19). Completely deacetylated chitosan in sodium nitrite was coated on 
cotton and. gave a better laundry durability (20). Chitosan was grafted onto 
poly(ethylene terephthalate) fibers or polyhydroxyalkanaote membranes through 
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plasma glow discharge or ozone treatment to produce antimicrobial materials 
(14,21). In this paper, we present a new approach to tackle aforementioned 
problems associated with the use o f chitosan. Core-shell particles that consist o f 
soft polymeric cores and chitosan shells have been designed and synthesized. 
Their potential application in antibacterial coating o f textiles was evaluated. 

Experimental 

Materials 

Chitosan (Aldrich) was purified by dissolving it in a 0.6% acetic acid 
solution at 60 °C, followed by filtration and precipitation in 10% N a O H solution 
under stirring at room temperature. The chitosan was then filtered and washed 
with distilled water until it reached a neutral p H , and dried in a vacuum oven at 
60 °C. Molecular-weight measurement, based on solution viscosity, suggested 
that the Mv o f chitosan was approximately 80,000 g/mol. Its degree o f 
deacetylation, as estimated by ! H N M R spectroscopy (22), was 74%. rc-Butyl 
acrylate ( B A , Aldr ich) was purified by vacuum distillation. Tert-butyl 
hydroperoxide ( f - B u O O H , 70% aqueous solution) was obtained from Ald r i ch 
and diluted with water to 20 m M as a stock solution. Acet ic acid (Riedel-de 
Haen, Germany) was used as received. Freshly deionized and distilled water was 
used as the dispersion medium. Scoured and bleached plain woven cotton fabrics 
(100%) were rinsed with nonionic detergent before finishing. 

Synthesis of PBA-Chitosan Particles 

The core-shell particles were prepared via a surfactant-free emulsion 
copolymerization according to our previously described method with minor 
modifications (23). A 250 m L round-bottomed, three-necked flask equipped with 
a condenser, a magnetic stirrer and a nitrogen inlet was immersed in an o i l bath. 
In a typical run, 100 m L o f 0.6% acetic acid solution was added to the flask, 
followed by the addition o f purified chitosan (0.5 g). The mixture was stirred at 
60 °C to completely dissolve the chitosan. After purging nitrogen for 30 min at 
80 °C, ft-butyl acrylate (2 g) was added dropwise, followed by a quick addition 
o f 1 m L o f / - B u O O H solution (2.0 x 10"2 M ) . The polymerization was conducted 
for 5 h at 80 °C under nitrogen atmosphere. Upon completion, the white latex 
dispersion was cooled to room temperature and stored for finishing procedure. 
The monomer conversion was determined gravimetrically. 
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Measurement and Charac te r i za t ion 

Infrared spectra o f polymers were recorded on a F T - I R spectrophotometer 
(Nicolet 750) using K B r disks. Infrared spectra o f coated cotton fabrics were 
recorded on a reflective F T - I R spectrophotometer (Perkin Elmer). Particle size 
and size distribution were measured on a Particle Size Analyzer (Coulter L S -
230). The zeta-potentials o f particles were measured with a Zetasizer 3000HS 
(Malvern) with a 1 m M N a C l aqueous solution as the suspension fluid. The core-
shell nanostructures o f the particles were observed using a scanning transmission 
electron microscope ( S T E M , FEI Tachai 12) at an accelerating voltage o f 120 
k V after treating the particles with 2 % phosphotungstic acid for an appropriate 
period. The morphologies o f cotton fabrics before and after coating were 
examined by scanning electron microscopy ( S E M , Stereoscan 440). Cotton 
fabrics were cut into small pieces and fixed on the standard S E M sample holders 
with a double-coated carbon conductive tab. A l l samples were sputter coated 
with a thin layer o f gold in a vacuum. 

Mechanical properties o f cotton samples before and after the treatment were 
measured with K E S - F B instruments under a standard temperature and a moisture 
condition (20 °C, 65 % R H ) . A i r permeability was performed with an automatic 
air-permeability tester ( K E S - F B - A P 1 , Kato Tech Co.) by measuring air-
resistance o f a constant air flow through a fabric specimen from and into the 
atmosphere. Bending rigidity and hystersis o f bending moment were determined 
with a Pure Bending Tester ( K E S - F B 2 , Kato Tech Co.) in order to evaluate 
properties o f fabric hand and stiffness. Tested samples were cut into 20 x 20 cm 
squares. Tensile strength was determined with an Instron Tensile Tester-4411. 
Breaking strength and elongation of test strips (2.5 cm in width) along both warp 
and weft directions were recorded. 

An t ibac t e r i a l C o a t i n g 

The antibacterial finish was applied through the conventional pad-dry-cure 
method. Each fabric sample (~ 20 x 40 cm) was washed with nonionic detergent, 
and immersed in the latex dispersion for 3 to 5 minutes. The sample was then put 
through a laboratory pad machine (Rapid Vert ical Padder, Taiwan) under a nip 
pressure o f 1 kg /cm 2 for a complete wet pick-up. The dip-pad procedure was 
repeated twice, and the padded samples were dried in an oven at 100 °C for 5 
minutes, and cured at 150 °C for 4 minutes. After rinsing, the treated samples 
were dried again. 
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Antibacterial Activity 

The antibacterial activity was evaluated quantitatively by using a shake-flask 
method developed by D o w C o m i n g Corporation (24). This method is specially 
designed for specimens treated with non-releasing antibacterial agents under 
dynamic contact conditions. The test determines the reduction in the number o f 
bacterial cells after placing the sample in a shaking flask for 1 h. S. aureus 
( A T C C 6538), a gram positive bacterium commonly found on the human body, 
was chosen as the tested bacterium. The following is a typical procedure: 1 + 
0.1 g o f sample fabric, cut into small pieces (approximately 0.5 x 0.5 cm), was 
placed into a flask containing 50 m L of 0.5 m M monopotassium phosphate 
(PBS) culture solution with a cell concentration o f 1.0 - 1.5 x 10 4 /mL. The flask 
was then shaken for 1 h at 250 rpm on a rotary shaker at 37 °C. Before and after 
shaking, 1 m L o f the test solution was extracted, diluted and spred on an agar 
plate. After incubation for 24 h at 37 °C, the number o f colonies formed on the 
agar plate was counted and the number o f live bacterial cells in the flask was 
calculated. Antibacterial efficacy was determined based on duplicated test 
results. Percentage bacterial reduction was calculated according to the equation 
o f R = ( B - A ) / B x 100%, where R is the percentage bacterial reduction, B and A 
are the numbers o f live bacterial cells in the flask before and after shaking, 
respectively. 

Laundering Durability 

The antimicrobial durability o f the particle-coated cotton fabrics was 
investigated with an accelerated wash fastness test according to A A T C C Test 
Method 61-1996. A n A A T C C standard washing machine (Atlas Launder-
Ometer) and detergent ( A A T C C Standard Detergent W O B ) were used. Samples 
were cut into 5 x 15 cm swatches and put into a stainless steel container with 150 
m L o f 0.15 w/v % W O B detergent solution and 50 steel balls (0.25 in. in 
diameter) at 49 °C for various washing times to simulate 5, 20 and 50 wash 
cycles o f home/commercial launderings. 

Results and Discussion 

Preparation and Chacterization of PBA-Chitosan Core-Shell Particles 

A new method to prepare well-defined, core-shell particles that consist o f 
hydrophobic cores and hydrophilic shells has been developed via a surfactant-
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free emulsion copolymerization (23,25). This versatile approach allows us to 
design and synthesize a variety o f core-shell particles for specific applications 
(26, 27). In this research, we have designed a novel core-shell particle consisting 
o f a poly(/?-butyl acrylate) core and chitosan shell as a potential antibacterial 
coating agent (28). Since P B A is a soft polymer, it is anticipated that the 
coatings with PBA-Chi tosan core-shell particles on textiles w i l l possess notable 
features such as antibacterial property, good fabric hand and durability. 

Poly(ft-butyl acrylate)-Chitosan core-shell particles were prepared using our 
previously described method (23). Chitosan-grq/?-PBA copolymers were 
generated during the polymerization and formed as shell layer o f the particles. 
Dynamic light scattering measurement indicated that these particles had a 
number-average particle diameter o f 320 nm with narrow size distribution 
(particle size distribution, DJDn = 1.16, where Z) v and Dn are the volume- and 
number-average particle diameters, respectively) (Figure 1). Surface charges o f 
the PBA-Chi to san particles were studied through zeta-potential measurements as 
a function o f p H in 1 m M N a C l solution at 25 °C as shown in Figure 2. The 
positive potential decreased as the p H increased, indicating that cationic chitosan 
molecules were located on the particle surfaces. When the p H o f the dispersion 
was higher than 8.5, the particles became unstable due to low surface charge 
density. Figure 3 illustrates transmission electron microscopy ( T E M ) 
micrographs o f PBA-Chi tosan particles. They are spherical and have narrow size 
distribution (Figure 3a). A well-defined core-shell morphology where the po\y(n-
butyl acrylate) cores are coated with chitosan shells is clearly revealed. Figure 
3(b) displays the deformation o f the particles when in contact with each other, 
indicating that the PBA-Chi tosan particles are very soft. 

Particle Diameter (nm) 

Figure 1. Dynamic light-scattering measurement of average size of PBA-
Chitosan particles and its size distribution (PSD = DJDy). (Reproduced with 

permission from reference 29. Copyright 2005 Elsevier.) 
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Figure 2. Surface charges of PBA-Chitosan particles as a function ofpH in a 1 
mMNaCl solution at room temperature (Reproduced with permission from 

reference 29. Copyright 2005 Elsevier.) 

Figure 3. TEMmicrographs of PBA-Chitosan particles negatively stained with 
2% PTA solution for 30 mins. (A) Well-defined core-shell morphology with PBA 
cores and chitosan shells; (B) Soft PBA-Chitosan particles which deform easily 
when in contact with each other (Reproduced with permission from reference 

29. Copyright 2005 Elsevier.) 
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Antibacterial Coating 

The P B A - C h i t o s a n particle dispersion synthesized above was applied to a 
pure cotton fabric by a conventional pad-dry-cure method as described in the 
experimental scetion. The successful coating o f particles on the fabric was 
confirmed with Reflective F T - I R spectra. A small carbonyl absorption peak at 
1730 cm ' 1 in the treated cotton sample indicated the presence o f ester groups o f 
P B A . The morphology o f the fabric surfaces before and after coating wi th the 
particles was examined with S E M (Figure 4). There was little difference in their 
surface appearance, and no individual particles were observed on fabric surface. 
The smooth coating o f the P B A - C h i t o s a n particles is attributed to the good f i lm-
forming property o f the P B A polymer. 

Antibacterial Activity 

It is wel l recognized that chitosan has good antimicrobial activity, 
especially against the growth o f Staphylococcus aureus (S. aureus) (13). Thus, 
bacterial reductions o f particle-coated and chitosan-treated cotton fabrics were 
evaluated using a Shake-Flask Method as described in the experimental section. 
It was found that untreated fabric gave a negligible antibacterial activity (less 
than 5 %) , while al l finished cotton samples showed over 99% bacterial 
reduction. Comparable bacterial reduction (> 99 %) was also obtained for 
samples treated with 0.5 wt % chitosan solutions. Thus the graft 
copolymerization o f rc-butyl acrylate from the chitosan did not affect chitosan's 
antimicrobial property. 

Figure 4. SEM micrographs of surface morphologies of: (a) untreated cotton 
fabric; (b) particle-treated cotton fabric (Reproduced with permission from 

reference 29. Copyright 2005 Elsevier.) 
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Mechanical Properties 

To evaluate the effect o f latex coatings on the mechanical properties o f the 
cotton fabric, fabric hand, air permeability, and tensile strength o f the cotton 
before and after coating with particles and chitosan were examined (SO). 
Bending rigidity (B) and hysteresis o f bending moment (2HB) are two 
parameters related to fabric stiffness and difficulty o f fabric deformation under 
bending. Results in Table 1 show that coating with particles or chitosan increases 
both B and 2 H B values in machine (warp) and cross (weft) directions. Although 
both coated cotton fabrics became stiffer after treatment, the particle coated-
cotton has much lower B and 2 H B values, suggesting that it has a better fabric 
hand than the chitosan-treated one. 

A i r resistances (R) o f the cotton fabric before and after coating were 
measured. The R value represents an air pressure required to keep a constant 
airflow penetrating the fabric surface. A smaller resistance value means a better 
air permeability. It was found that the R value o f the cotton fabric dropped from 
1.47 K P a S / m to 0.68 K P a S / m after treatment with PBA-Chi tosan particles. The 
results suggest the smoothing of fabric surface with the PBA-Chi tosan particles. 
Lee et al. observed a similar improvement on fabric air permeability after 
coating chitosan on cellulose, silk, and wool (31). 

To evaluate the effect o f antibacterial coating on fabric resistance to 
stretching or pull ing force, fabric strips were tested for their breaking and 
elongation properties. Results in Table 2 show that fabric tensile strengths o f 
both warp and weft directions slightly decrease after the coating. But all fabrics 
still maintain at least 77 % of their original tensile strength. 

Table 1. Bending Rigidity (B) and Bending Hysteresis (2HB) of Cotton 
Fabric Before and After Coating 

Direction Warp Weft 
B-MEAN 2HB-MEAN B-MEAN 2HB-MEAN 

Sample [gf.cmVcm] [gf.cm/cm] fgf.cmVcm] fgf. cm/cm] 

Before coating 0.0353 0.0360 0.0720 0.0658 

Coated with 
PBA-Chi tosan 

0.0604 0.0310 0.1756 0.0796 

Coated with 
chitosan 

0.0783 0.0508 0.2860 ^ 0.1361 

D
ow

nl
oa

de
d 

by
 7

7.
12

2.
45

.2
 o

n 
O

ct
ob

er
 2

2,
 2

00
9 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
3,

 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

95
7.

ch
00

2

In Smart Coatings; Provder, T., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



24 

Table 2. Break Tensile Strength and Elongation of Cotton Fabric Before 
and After Coating with PBA-Chitosan Particles 

Tensile Direction Warp Weft 
Break force Break strain Break force Break strain 

(N) (%) (N) (%) 

Before coating 377.5 17.8 219.2 15.0 

After coating 364.6 20.7 168.6 12.3 

Laundering Durability 

One o f the biggest concerns o f antibacterial finish in today's textile industry 
is the durability. A n ideal antimicrobial finish should be effective for the entire 
lifetime o f a textile article. Generally, i f a textile material can maintain at least 
80 % o f its inhibitory activity after twenty times o f home laundering, it is 
considered to be a "durable antibacterial finish" (5). To evaluate the durability o f 
the antibacterial finish, a washfastness test on cotton fabric was performed 
according to the A A T C C standard Method (61-1996). The efficacy was 
determined by measuring the fabric bacterial reductions after 0, 5, 20, and 50 
repeated wash cycles. The washfastness results are illustrated in Figure 5 as the 
percentage o f reductions in the number o f S. aureus cells. A l l washed samples 
maintain high antibacterial efficacy even after 50 times o f repeated laundering. 
The washfastness test in acidic human sweat with a p H o f 4.5 was proformed for 
20 and 50 wash cycles. High antibacterial activity (over 90% bacterial 
reductions) was achieved. Such an excellent antimicrobial durability means that 
without an additional chemical binder, the coated PBA-Chi tosan particles on 
fabric surface could not be washed away, even under an acidic environment. 
Thus the PBA-Chi tosan particles adhered firmly onto the cellulose surface, most 
l ikely through both physical interactions and certain chemical bindings. 

Conclusion 

N o v e l chitosan-based core-shell particles, with chitosan as the shell and a 
soft polymer as the core, have been designed and synthesized as an antibacterial 
coating for cotton fabric. The core-shell particles were prepared via a graft 
copolymerization o f w-butyl acrylate from chitosan in aqueous solution. 
Quantitative antibacterial tests o f the coated cotton fabrics demonstrate an 
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Figure 5. Antibacterial activity of treated cottons in terms ofpercentage 
bacterial reduction after different laundering cycles 

excellent fabric antibacterial activity with 99 % bacterial reductions. The particle 
coating is also durable since over 90 % bacterial reduction can still be 
maintained even after 50 times o f laundering cycles. The particle-treated fabric 
has a better air permeability with little reduction in fabric tensile strength. The 
fabric surface morphology is not affected by the particle coating due to the 
softness o f the particles. A t the same time, it results in a better fabric hand than 
the one coated with chitosan only. 
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Chapter 3 

Formulation and Evaluation of Organic Antibacterial 
Coatings 

D. L. Clemans1, S. J. Rhoades1, J. J. Kendzorski1, Q. Xu2, 
and J. Baghdachi2 

Departments of 1Biology and 2Coatings Research Institute, Eastern 
Michigan University, Ypsilanti, M I 48197 

Many infectious diseases can be acquired through casual 
contact with infected individuals and environmental sources. 
Routine sanitation by the use o f disinfecting agents is fairly 
successful in combating the spread o f some infectious disease. 
However, cleaning procedures can be costly and time 
consuming, and do not offer continuous protection or guard 
against fresh contamination. Self-disinfecting surface coatings 
containing non-migratory antimicrobial agents can fulfill this 
task. The use o f such surface coatings containing non-
migratory antimicrobial agents, while not aimed at producing a 
totally sterile environment, may serve a useful purpose in areas 
where a permanent and more sanitary environment is 
necessary. This paper overviews our recent results on the 
formulation and testing o f model antimicrobial surface 
coatings. The antimicrobial activities o f these coatings on the 
test glass substrate were tested toward a selected panel o f 
gram-positive (Staphylococcus aureus A T C C 6538) and gram 
negative (Escherichia coli A T C C 11229) bacteria. We have 

© 2007 American Chemical Society 27 
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demonstrated that air dry waterborne coatings containing 
silver-based antimicrobials effectively k i l l the test strains o f E. 
coli and S. aureus at a concentration o f 10 5 C F U / m l after 12hr 
o f incubation at R T . Even with increased bacterial loads (10 7 -
10 9 C F U / m l ) >95% ki l l ing o f the test organisms on the 
antibacterial coatings have been observed. The proposed 
possible applications o f such coatings include areas such as 
clinical settings, food preparation areas, and food processing 
facilities. The challenge with such applications is to determine 
the ability o f coatings to k i l l bacteria while having a 
subsequent layer o f an organic nature. 

Introduction 

Many infectious diseases can be acquired through casual contact with 
infected individuals and environmental sources. These environments include 
different hospital and office surfaces, food and drug processing facilities, 
meeting facilities in schools; and private homes. Despite the best available 
sanitation and use o f antimicrobial agents, many infectious diseases are acquired 
through contact with various surfaces (i.e., fomites). The contamination o f 
fomites occurs through the aerosolization and deposition o f various infectious 
agents (e.g., bacteria, viruses, fungi) on inanimate objects such as door handles, 
counter tops, etc. Casual contact with these fomites spread the infectious agents 
from one person to another. 

Whi le routine sanitation is fairly successful, it is costly and does not offer 
continuous protection and more importantly, no protection against fresh 
contamination. Self-disinfecting surface coatings containing non-migratory 
antimicrobial agents can fulfil l this task. The use of antimicrobial surface 
coatings while not aimed at producing a totally sterile environment may serve a 
useful purpose in areas where a permanent and more sanitary environment is 
necessary. 

Cleaning supplies, disinfecting agents and labor are costly, and the constant 
need to clean takes time away from other productive activities. It would be 
desirable to reduce these expenses by painting surfaces with antimicrobial 
coatings that fight fungi and bacteria upon contact. However, the coating is not 
a completely sterile environment and w i l l not be effective against some strains o f 
bacteria and viruses, so the need for cleaning w i l l not completely disappear. 

Coatings can be designed to k i l l bacteria through three mechanisms: 1) 
coatings that can resist the attachment o f bacteria, 2) coatings that release 
biocides that w i l l k i l l the bacteria, and 3) coatings that k i l l bacteria on contact 
(1-4). Coatings can also combine two or more o f these mechanisms. 
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Coatings that Resist Adhesion 

Bacteria produce biofilms that are hospitable environments where they can 
grow without difficulty. Coatings that prevent or resist the formation and 
growth o f the biof i lm are very promising agents to combat bacteria and fungi. To 
accomplish this, the surface must be hydrophobic. To date efforts to use 
hydrocarbon or fluorocarbon additives in hydrophobic coatings have not been 
successful; the oi ly additives in hydrophobic coatings eventually migrate from 
the coating, and the solid additives tend to create porous surfaces. 

Hydrogels are the most important family o f hydrophilic adhesion-resistant 
coatings. Hydrogels based on polyurethane chemistry are widely used in 
medicine to prevent the adhesion o f cells to vascular implants and artificial 
joints. In practice, however, their use as surface coatings is limited by their 
comparatively poor resistance to abrasion and commercial cleaners. 

Coatings that Release Toxins 

The second family o f antimicrobial coatings are those that release 
compounds that k i l l microorganisms. M a n y suitable bactericides and fungicides 
are available commercially, including antibiotics, quarternary ammonium 
compounds ("quats"), and other organic materials. The bactericides commonly 
used, as in-can stabilizers for latex coatings, such as chloramines, triazines, 
ethylene oxide, or phenols, have no value here. The service life o f these coatings 
is primarily determined by how long an effective release o f toxin can be 
sustained. Simply mixing a toxin into a coating usually produces an inefficient, 
costly, short-lived, and relatively ineffective coating. The agent is released too 
quickly when the coating is new, wasting an expensive ingredient. Soon, the 
amount o f agent released is too low to be effective. 

Extensive open literature and patent search indicate that there are scores o f 
chemical agents that can destroy certain microorganisms. The chemical make up 
o f such compounds are well known and range from organic compounds such as 
quaternary ammonium compounds, N-alkylated poly(4-vinyl-pyridine), active 
on both gram-positive and gram-negative bacteria (5-7) Arylamide polymers (8) 
calcium hydroxide to encapsulated silver ions (1-4, 9-12). 

When used in coatings, each class o f compounds has some advances and 
some limitations. Organic compounds that are not bound to the backbone resin 
o f the coating can leach out over time greatly reducing its useful life. It has been 
wel l documented that some microorganisms can develop resistance to or alters 
chemical properties o f the antimicrobial agent(s). The lifetime o f coatings 
containing bactericide as an unbound organic additive therefore; may depend on 
the applied thickness, the frequency and intensity o f cleaning and bacterial 
resistance. 
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Zeolites are inorganic silicates that contain pores large enough to hold metal 
ions. Silver ions can be absorbed into zeolites and then released at a controlled 
rate. Coatings containing silver filled zeolites may be suitable for controlling and 
preventing the growth o f a wide variety o f microorganisms. One specific agent is 
zirconium phosphate complex o f silver ions which as found commercial 
application as an antimicrobial agent in textile, filtration media, bui lding 
materials and adhesives. 

Silver has a very long history o f use as an effective, broad-spectrum 
antimicrobial agent (13-18). Silver was used as an antimicrobial agent at least as 
long ago as 1000 B C (19) in applications ranging from water treatment to 
medicine. Silver is used today to impart bactericidal properties to water 
filtration devices, as an alternative to halogen-based products in swimming 
pools, spas and small cooling water systems (20-23), and to control infections in 
hospitals (19, 21, 23). Cl in ica l applications include Ag-sulphadiazine for 
treatment o f burns (24), A g N 0 3 for prevention o f gonorrhea opthalmicum in 
neonates (23), and Ag-complexes for dental resin composites (25). The reasons 
for the historical use o f silver as a biocide are based on the relative safety to 
mammals and efficacy against a broad range o f microorganisms. 

Over the last 100 years, many studies have been published where the 
antimicrobial activity o f silver ions has been quantified. Recent papers suggest 
that the mode o f action o f silver ions varies depending upon the target organism, 
and can interact with functional groups on proteins containing sulfur, 
phosphorus, nitrogen, and oxygen (26). Further, silver ions have been shown to 
disrupt the T C A cycle, electron transport system, phosphate uptake, transport o f 
various metabolites, and the polarization o f bacterial membranes (26). 

Recent studies have elucidated a broad spectrum o f heavy metal resistance 
mechanisms in both cl inical and environmental isolates (27-34). Bacterial 
resistance to heavy metals such as silver ions appears to be through the 
acquisition o f various efflux pumps that pump the silver ions out o f the cell (27-
29). These genes, however, are different from those that mediate resistance to 
various antibiotics. Silver-based products have been used extensively in Japan 
and in Europe. N o reports o f the failure o f these products have been published. 

There is a major gap in understanding o f antimicrobial activities where 
continuous exposure to environment exists. Another challenge is that the 
antimicrobial agents w i l l need to be retained at the targeted areas for as long as 
possible in order to provide sustained antimicrobial activities and should not 
cause bacterial resistance. In addition, the antimicrobial agent(s) must be 
resistant for mechanical removal and remain biologically active in the presence 
o f a variety o f complex chemicals such as variety o f oils, protein, aqueous and 
non-aqueous cleaning products. 

D
ow

nl
oa

de
d 

by
 7

7.
12

2.
45

.2
 o

n 
O

ct
ob

er
 2

2,
 2

00
9 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
3,

 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

95
7.

ch
00

3

In Smart Coatings; Provder, T., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



31 

There is no systematic study that correlates the activity o f such compounds 
as a function o f multitude o f parameters, in particular in home, hospitals and in 
personal care applications. This investigation focuses on making simple 
antimicrobial formulations and testing the coating activities on selected 
microorganisms. 

The antimicrobial activities o f these coatings on the test substrates are tested 
toward a selected panel o f gram-positive (Staphylococcus aureus A T C C 6538) 
and gram negative (Escherichia coli A T C C 11229) bacteria. These strains o f 
bacteria have been used as standards for testing of disinfectant efficacy using the 
A O A C Use-Dilut ion Methods and represent common bacteria encountered in 
health care and food preparation facilities (35,36, 37-40). 

Experimental 

Antimicrobial coatings were formulated by incorporating various levels 
encapsulated silver containing antimicrobial agents in the appropriate resin 
systems. The antimicrobial coating formulations include both solvent borne and 
waterborne coatings. The resins used in the formulations o f the antimicrobial 
coatings include acrylic thermoplastic solution Chempol 317-0066, C C P , acrylic 
emulsion Neocry l A622 , Neoresins Inc., Flexbond 381, A i r Products, water-
reducible polyester dispersion Bayhydrol X P 7093, Bayer Material Science and 
urethane/acrylic copolymer dispersion, Hybridur 570, A i r products. 
Addit ional ly, the formulations contain various additives, pigments and solvents. 

A i r dry and thermosetting two-component coatings are prepared in 
conventional manner. Waterborne resins that contained strong sulfur and 
chloride anions required special treatments. Formulations reported in this 
investigation contained the silver-based antimicrobial agents in the range o f 0.4-
6.0% based on the total formulation weight. The particle sizes o f the 
antimicrobial agents were reported by the suppliers to be in the ranges o f 1-5 
microns. 

Panel Preparation and Physical Testing 

The coatings were applied onto glass, steel and aluminum panels using 
drawdown rod to produce dry films in the range o f 12-50 microns. A i r dry and 
waterborne coatings were allowed to dry at room temperature for a minimum of 
7 days before physical and biological testing. Thermosetting coatings were 
cured depending on the crosslinking chemistry at 80°C x 30 min. or 140°C x 30 
min. 
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A l l coatings were tested for key physical properties before submitting for 
antimicrobial activity testing. The solvent resistance was tested according to 
A S T M D 5402-93 using 70% ethanol in water as the solvent. The tape adhesion 
test was done according to A S T M D 3359-92a. The fi lm hardness was 
determined using pencil hardness test according to A S T M D 3363. The 
f i lm thickness was tested according to A S T M D 1400. The results are shown in 
Table I. 

Table I. Key Physical Properties of Prototype Antimicrobial Coatings. 

I1 
as 

t 
§ § S' 1 

1 % 

§ 
«*>•. 
& 

n> 

§ 

01 
1A 

1B 

5B 
5B 
5 B 

45 
50 
42 

3B 
3 B 
3 B 

>200rubs 
>200rubs 
>200rubs 

Clear 
Hazy 
Clear 

Latex paint 

02 
2 A 

2 b 

5B 
5B 
5B 

45 
45 
50 

3 B 
3 B 
3 B 

>200rubs 
>200rubs 
>200rubs 

Clear 
Clear brown* 
Clear pink* 

Water-reducible 

03 
3 A 

3B 

3B 

4 B 
4 B 
4 B 
3 B 

40 
45 
45 
45 

2 B 
2 B 
2 B 
3B 

>200rubs 
>200rubs 
>200rubs 
>200rubs 

White 
Light purple* 
White 
White 

Pigmented Latex 

2 % loading 
6% loading 

04 
4 A 

5B 
5B 

40 
45 

2 H 
2 H 

>200rubs 
>200rubs 

Blue 
Blue 

Two part 
Polyurethane 

05 
5 A 

5B 
5B 

50 
50 

2 H 
2 H 

>200rubs 
>200rubs 

Green 
Green 

A c r y l i c , baked at 
140 °C 

01: Control 

1A,B: Antimicrobial agents 

*Changed color on standing 

D
ow

nl
oa

de
d 

by
 7

7.
12

2.
45

.2
 o

n 
O

ct
ob

er
 2

2,
 2

00
9 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
3,

 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

95
7.

ch
00

3

In Smart Coatings; Provder, T., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



33 

Evaluation of Organic Antimicrobial Coatings 
Materials and Methods 

Sterilization of coupons 

The antibacterial coatings to be tested were supplied as a single-sided 
coating on standard 1" X 2" glass microscope slides. Sterilization o f the 
coupons to r id them o f any contaminating microorganisms prior to the challenge 
testing was achieved after exposure o f the coupons to the germicidal U V lamp in 
a Nuaire M o d e l NU-455-600 Class II Type A / B 3 laminar flow hood (2 min. on 
each side at R T ) . 

Preparation of Bacterial Broth Cultures 

Esherichia coli A T C C 11229 (Culti-loops, Remel Europe, Dartford, Kent, 
U K ) and Staphylococcus aureus A T C C 6 5 3 8 (Culti-loops, Remel Europe, 
Dartford, Kent, U K ) were selected for the challenge testing o f the antimicrobial 
coatings. Each bacterial strain was streaked for isolated colonies on Tryptic Soy 
agar plates ( T S A ; Difco, Becton Dickinson, Sparks, M D ) and incubated at 37°C 
for 12 to 18 hours. Broth cultures were prepared by first picking 1-2 isolated 
colonies from T S A plates and inoculating 5 m l Tryptic Soy Broth ( T S B ; Difco , 
Becton Dickinson, Sparks, M D ) in a large test tube. This culture was grown in a 
shaking water bath for 8 hours at 37°C. After the eight hours, 125 ul o f this 
culture is added to 50 ml o f T S B in a side-arm Klett flask and grown for 
approximately 8 hours in shaking water bath at 37°C. The bacterial broths were 
grown to an A 5 9 0 o f 1.2 which correlated to approximately 10 9 C F U (colony 
forming units)/ml. 25 ml o f this broth was transferred to a sterile 30 ml 
centrifuge tube and centrifuged at 10,000 rpm for 10 minutes at 4°C (Sorval 
SS34 rotor) to pellet the bacteria. The bacterial pellet was washed one time and 
re-suspended in 25 ml o f Phosphate Buffer Solution ( P B S ; B B L , F T A 
Hemagglutination Buffer, Becton Dickinson, Sparks, M D ) . The suspension was 
diluted with P B S to achieve the target range o f 10 5 -10 6 C F U / m l and used to 
inoculate the coupons containing antibacterial coatings. 

Application of Bacteria to Coating 

A l l inoculations were performed in a laminar flow hood. Sterilized coupons 
were placed into a sterile petri dish. 0.5 ml o f prepared bacterial suspensions 
was pipetted directly onto the center o f each coupon which formed a drop 
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approximately 1.5 cm in diameter. A total o f 36 coupons were tested in each 
individual run o f the experiment; Table II details the experimental design for 
each coating tested. 

Table II. Design of a Typical Antibacterial Coating Challenge Test. 

Inoculum 0 hour1'2 12 hour1'2 24 hour1 2 

E. coli 
ATCC 11229 

2 w / A M A , 
2 w/o A M A 

2 w / A M A , 
2 w/o A M A 

2 w / A M A , 
2 w/o A M A 

S. aureus 
ATCC6538 

2 w / A M A , 
2 w/o A M A 

2 w / A M A , 
2 w/o A M A 

2 w / A M A , 
2 w/o A M A 

P B S only 2 w / A M A , 
2 w/o A M A 

2 w / A M A , 
2 w/o A M A 

2 w / A M A , 
2 w/o A M A 

1 w / A M A = coating with the antimicrobial agent 
2w/o A M A = coating without antimicrobial agent 

Once the coupons were inoculated, those assigned to incubate for 12 or 24 
hours were placed in a humidified chamber. This was achieved by placing the 
petri dishes containing the coupons on test tubes that had been taped to the 
bottom o f a 9 " x l 3 " Pyrex dish. These test tubes held the petri dishes just above 
the bottom o f the dish, into which - 5 0 0 m L o f sterile water was added. The dish 
was then covered with plastic wrap and tin foil and incubated at room 
temperature (20°C to 25°C). 

Resuspension of Remaining Bacteria 

A t each time point, 30 m l of sterile P B S was pipetted into the petri dish 
completely submerging the coupon. A sterile plastic inoculating loop was used 
to release any viable bacteria remaining on the surface o f the coating, and to mix 
the contents o f the petri dish. Samples from this bacterial suspension were 
diluted in P B S , plated onto T S A plates, and incubated at 37°C for at least 24 
hours. Plates containing between 30 and 300 isolated colonies were counted and 
used to calculate remaining bacterial concentrations. 
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Results and Discussion 

Establishment of a Model Test System 
Sterilization of the Coated Coupons 

Initial studies to sterilize the coupons were undertaken to r id o f any 
contaminant bacteria after the initial preparation o f the coated coupons. 
Swabbing or soaking o f the coupons with 70% ethanol did not completely k i l l 
bacterial surface contamination (data not shown). Further, steam sterilization 
(121°C, 15 psi, 15 min) disrupted the integrity o f the coatings. U V irradiation o f 
the coupons for 2 min on each side consistently ki l led all o f the bacterial 
contamination without destroying the coatings. 

Quantative Recovery of the Bacterial Inoculum from Coated Coupons 

The bacterial strains and techniques used in this study were selected based 
on their use in testing disinfectants by various standard methods (36, 41, 37-40, 
42). Coupons containing pigmented coatings with no antimicrobial agent 
( A M A ) were inoculated with 0.5 ml o f 10 5 -10 6 C F U / m l and incubated according 
to the conditions outlined in the "Materials and Methods" section. Figure 1 
demonstrates a nearly quantitative recovery o f bacteria at all three time-points 
was seen. These data suggested that the bacterial cells were not tightly bound to 
the coating's surface and that the bacteria could be easily removed by simple 
washing and abrasion o f the slide in P B S . Detailed experiments, however, 
testing the adherence o f the bacteria to the coating's surface have not been 
performed. 

Selection of Antimicrobial Agent 

Initial experiments comparing the efficacy o f bacterial k i l l ing by 
antimicrobial agents arbitrarily named "A" and "B" were performed to 
determine which A M A to use in further testing. The results o f these experiments 
when using antimicrobial "B" demonstrated 100% ki l l ing (when compared to 
T 0 ) o f both E. coli A T C C 1 1 2 2 9 and S. aureus A T C C 6538 after 12 hours. The 
same experiments using antimicrobial "A" produced a 100% reduction of E. coli 
after 12 hours but only a 68% reduction o f S. aureus at the same time point. 
From these results, we selected A M A "B" for further use in our antimicrobial 
coatings. 
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T i m e Course of A n t i m i c r o b i a l K i l l i n g 

Studies by Galeano et al and Matsumura et al (42-43) suggested that 
bactericidal action could be seen as early as 2 hours after bacterial contact with 
their antimicrobial coating. In our studies, we performed a time course looking 
at bacterial k i l l ing at 6 and 12 hours after the inoculation o f the coated coupons. 
When compared to T 0 , E. coli A T C C 1 1 2 2 9 showed 100% ki l l ing at both 6 hour 
and 12 hour, while 5. aureus A T C C 6 5 3 8 showed 98.5% k i l l ing at 6 hour and 
100% k i l l ing at 12 hour. 

Dose Response wi th Increasing Levels o f A M A 

Preliminary studies were performed to determine the lowest concentration 
o f A M A needed to k i l l both test organisms. In this experiment, a gradient o f 
0%, 0.4%, 2.0%, and 6% A M A " B " was used with the standard 0, 12, and 24 
hour sampling times. The results in Figures 2 & 3 showed that with the coating 
containing 0.4% A M A " B " , 100% k i l l ing (when compared to T 0 ) o f E. coli 
A T C C 1 1 2 2 9 was seen at both 12 hour and 24 hour. Wi th the same coating, 89% 
and >99% k i l l ing (when compared to T 0 ) o f S. aureus A T C C 6 5 3 8 was seen at 12 
hour and 24 hour, respectively. Coatings containing both 2.0% and 6.0% A M A 
" B " showed 100% ki l l ing (when compared to T 0 ) o f the test bacteria at 12 hour 
and 24 hour (Figures 2 & 3). 

Dose Response wi th Increasing Levels o f Bac te r ia 

These experiments were performed to determine the efficacy o f bacterial 
k i l l i ng with increasing levels o f bacterial load. In these experiments, a standard 
amount o f 2.0% A M A " B " was used with sampling at 0 hour, 12 hour, and 24 
hour. Us ing the standard bacterial load o f 10 5 C F U / m l , 100% ki l l ing was seen at 
both 12 hour and 24 hour (Table III). Increasing the bacterial inoculum to 10 7 

C F U / m l demonstrated significant k i l l ing o f S. aureus (>99%) at 12 hour and 
complete k i l l i ng at 24 hour. The E. coli was completely k i l led at 12 hour and 24 
hour (Table III). Us ing a 10 9 C F U / m l inoculum, however, required 24 hours to 
achieve 95% and 98% ki l l ing o f E. coli and S. aureus, respectively (Table III). 

Conclusions 

Silver-based antimicrobial coatings have been shown to be effective in 
k i l l i ng a variety o f bacteria. In the present studies, we have demonstrated that 
air dry waterborne coatings containing silver-based antimicrobials effectively 
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Figure 1. CFU/ml of surviving bacteria on coatings lacking any AMA 
(n = 7 experiments for each organism). 

Eco/i ATCC11229 

Figure 2. CFU/ml of surviving E. coli using coatings with increasing 
concentrations of AMA "B." 

D
ow

nl
oa

de
d 

by
 7

7.
12

2.
45

.2
 o

n 
O

ct
ob

er
 2

2,
 2

00
9 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
3,

 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

95
7.

ch
00

3

In Smart Coatings; Provder, T., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



38 

Table III. Dose Response using Increasing Levels of Bacteria 

Time 0 hour 12 hour 24 hour 
(hours) 

Inoculum E. coli' S. aureus' E. coli S. aureus E. coli S. aureus 
(CFU/ml) (%Killing)2 (%Killinf>) (VoKilling) (VoKilling) (VoKilling) (%Killing) 

~10> 0 0 100 100 100 100 
~107 0 0 100 >99 100 100 
-10" 0 0 0 0 95 98 

*E. coli ATCC11229 and S. aureus A T C C 6538 
2 % killing was determined using the CFU/ml at T 0 . 

5. aureus ATCC6538 

Figure 3. CFU/ml of surviving S. aureus using coatings with increasing 
concentrations of AMA "B." 

D
ow

nl
oa

de
d 

by
 7

7.
12

2.
45

.2
 o

n 
O

ct
ob

er
 2

2,
 2

00
9 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
3,

 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

95
7.

ch
00

3

In Smart Coatings; Provder, T., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



39 

k i l l the test strains o f E. coli and S. aureus after 12 hour o f incubation at R T . 
Even with increased bacterial loads (Table 3), we see >95% ki l l ing o f the test 
organisms on the antibacterial coatings. Further experimentation using increased 
A M A concentrations and increased incubation times w i l l be performed to 
determine i f 100% ki l l ing o f bacterial loads >10 9 C F U / m l can be achieved. In 
addition, experiments w i l l be performed to determine the efficacy o f k i l l i ng with 
other bacteria (e.g., Bacillus spp., Pseudomonas spp., etc.). 

The proposed possible applications o f such coatings include areas as cl inical 
settings, food preparation areas, and food processing facilities. The challenge 
with such applications is to determine the ability o f such coatings to k i l l bacteria 
while having a subsequent layer o f an organic nature. We are currently 
evaluating our antibacterial coatings containing such an organic load. 

References 

1. U S Pat. 6,228491, Fibrous textile articles possessing enhanced antimicrobial 
properties. 

2. Herrera, M , Carrion, p. et. al. In vitro antibacterial activity o f glass-ionomer 
cements, Microbios , 104, 409, 2001. 

3. Cho, D . L , et.al., A study on the preparation o f antimicrobial biopolymer 
f i lm, J .Microb io l . Biotechnol. 11(2), 193-198, 2001. 

4. U S . Pat A p p l . 2000-57-2716, M i l l i k e n company, U S A . Ant imicrobia l 
transfer substrate for textile finishing. 

5. Alexander, M . , K . , Kl ibanov, J . , Lewis , C , Teller, Chung-Jen Liao , Proc. 
Nat l .Acad . Sci . , 98, 5981, 2001. 

6. Alexander, M . K . Klibanov, J. Lewis , C . Teller, Chung-Jen Liao , S .B. Lee, 
Biotechnol. Lett., 24, 801, 2002. 

7. Alexander, M . , K . , Kl ibanov, J. Lewis , C . Teller, Chung-Jen Liao , S .B. Lee, 
Biotechol. Bioeng., 79, 466, 2002 

8. K l e i n ; M . , W . F. DeGardo; Proc. Nat l .Acad. Sci . 99, 5110, 2002, 
9. Mackeen, C , S Person, SC Warner, W Snipes and S E Stevens, Jr. Silver-

coated nylon fiber as an antibacterial agent. Antimicrob. Agents Chemother. 
31, 93-99, 1987. 

10. Schierholz, J . M . , Z . Wachol-Drewek, L . J . Lucas and G . Pulverer. Ac t iv i ty 
o f silver ions in different media. Zent.bl. Bakteriol. 287, 411-420, 1998. 

11. Spadaro, A . Berger, S D Barranco, S E Chapin and R O Becker. Antibacterial 
effects o f silver electrodes with weak direct current. Antimicrob. Agents 
Chemother. 6, 637-642, 1974. 

12. Thibodeau , E A , S L Handelman and R E Marquis. Inhibition and k i l l ing o f 
oral bacteria by silver ions generated with low density electric current. J . 
Dent. Res. 57, 922-926, 1978. 

D
ow

nl
oa

de
d 

by
 7

7.
12

2.
45

.2
 o

n 
O

ct
ob

er
 2

2,
 2

00
9 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
3,

 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

95
7.

ch
00

3

In Smart Coatings; Provder, T., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



40 

13. Klasen, H . J . Historical review o f the use o f silver in the treatment o f burns. 
I. Early uses. Burns 26:117-130, 2000. 

14. Klasen, H. . J . , A historical review o f the use o f silver in treatment o f burns, 
II. Renewed interest for silver, Burns, 26, 131-138, 2000. 

15. M a k i , D . G . , and P . A . Tambyah, Engineering out the risk o f infection with 
urinary catheters. Emerg. Infect. Dis . 7:1-6, 2001. 

16. Bromberg, L . E . , V . M . Braman, D . M . Rothstein, P. Spacciapoli, S . M . 
O'Connor , E . J . Nelson, D . K . Buxton, M . S . Tonetti, and P . M . Friden. 
Sustained release of silver from peridontal wafers for treatment o f 
periodontitis. J. Controlled Re l . 68:63-72, 2000. 

17. Quintavalla, S., and L . V i c i n i . Ant imicrobial food packaging in meat 
industry. Meat Science 62:373-380, 2002. 

18. Wright, J .B . , K . Lam, D . Hansen, and R . E . Burrel l . Efficacy o f topical silver 
against fungal burn wound pathogens. A m . J. Infect. Control 27:344-350, 
1999. 

19. von Naegell i , V . Deut. Schr. Schweiz. Naturforsch. Ges. 33, 174-182. 1893. 
20. Clement, J .L . and P.S. Jarrett. Antibacterial silver. Metal-Based Drugs 1, 

467-482, 1994. 
21. Thurman, R . B . and C .P . Gerba. The Molecular Mechanisms o f Copper and 

Silver Ion Disinfection o f Bacteria and Viruses. C R C Cri t ical Reviews in 
Environmental Control 8, 295-315, 1989. 

22. Yahya , M . T . , L . K . Landeen, M . C . Messina, S . M . Kute, R. Schulz, and C . P . 
Gerba. Disinfection o f bacteria in water systems by using electrolytically 
generated coppensilver and reduced levels o f free chlorine. Can. J. 
M i c r o b i o l . 36, 109-116,1990. 

23. Becker, R . O . Silver ions in the treatment o f local infections. Metal-Based 
Drugs 6, 311-314,1999. 

24. Carr, H S , T J Wlodkowski and H S Rosenkranz. Silver sulfadiazine: In vitro 
antibacterial activity. Ant imicrob. Agents Chemother. 4, 585-587, 1973. 

25. Yoshida, K . , M . Tanagawa, M . Atsuta. Characterization and inhibitory 
effect o f antibacterial dental resin composites incorporating silver-supported 
materials. J. Biomed. Mater. Res. 47, 516-522, 1999. 

26. Dibrov, P., J. Dzioba, K . K . Gosink, and C . C . Hase. 2002. Chemiosmotic 
mechanism o f antimicrobial activity o f Ag+ in V i b r i o cholerae. 
Ant imicrob. Agents Chemother. 46:2668-2670. 

27. Gupta, A . , L . T . Phung, D . E . Taylor, and S. Silver. 2001. Diversity o f silver 
resistance genes in IncH incompatibility group plasmids. M i c r o b i o l . 
147:3393-3402. 

28. Franke, S., G . Grass, and D . H . Hies, the product o f the ybdE gene o f the 
Escherichia col i chromosome is involved in detoxification o f silver ions. 
M i c r o b i o l . 147:965-972. 

29. Nies , D . H . 1999. Microbia l heavy metal resistance. A p p l . M i c r o b i o l . 
Biotechnol. 51:730-750. 

D
ow

nl
oa

de
d 

by
 7

7.
12

2.
45

.2
 o

n 
O

ct
ob

er
 2

2,
 2

00
9 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
3,

 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

95
7.

ch
00

3

In Smart Coatings; Provder, T., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



41 

30. Gupta, A . , M . Maynes, and S. Silver. 1998. Effects o f halides on plasmid-
mediated silver resistance in Escherichia col i . A p p l . Environ. M i c r o b i o l . 
64:5042-5045. 

31. Silver, S., A . Gupta, K . Matsui, and J.-F. L o . 1999. Resistance to Ag(I) 
cations in bacteria: environments, gene, and proteins. Metal-Based Drugs 
6:315-320. 

32. Slawson, R . M . , E . M . Lohmeier-Vogel , H . Lee, and J.T. Trevors. 1994. 
Silver resistance in Pseudomonas stutzeri. BioMetals 7:30-40. 

33. Deshpande, L . M . , and B . A . Chopade. 1994. Plasmid mediated silver 
resistance in Acinetobacter baumannii. BioMetals 7:49-56. 

34. Hendry, A . T . , and I.O. Stewart. 1979. Silver-resistant enterobacteriaceae 
from hospital patients. Can. J. Mic rob io l . 25:915-921. 

35. Barkley, W . E . , and J .H . Richards. Laboratory Safety. Laboratory safety, p. 
715-734 In P. Gerhardt, R . G . E . Murray, W . A . Wood, and N . R . K r i e g (ed.), 
Methods for General and Molecular Bacteriology, American Society for 
Microbiology, Washington, D . C . 1994. 

36. Luppens, S.B.I. , M . W . Reij , R . W . L . van der Heijden, F . M . Rombouts, and 
T. Abee. Development o f a standard test to assess the resistance o f 
Staphylococcus aureus biofi lm cells to disinfectants. A p p l . Environ. 
M i c r o b i o l . 68, 4194-4200.2002. 

37. Rubino, J.R., J . M . Bauer, P . H . Clarke, B . B . Woodward, F . C . Porter, and 
H . G . Hil ton. Hard surface carrier test for efficacy testing of disinfectants-
collaborative study. J. A O A C Int. 75, 635-645. 1992. 

38. Mariscal , A . , M . Carnero-Varo, J. Gomez-Aracena, and J. fernandez-
Crehuet. Development and testing o f a microbiological assay to detect 
residual effects o f disinfectant on hard surfaces. A p p l . Environ. Mic rob io l . 
65, 3717-3720. 1999. 

39. Abrishami, S .H. , B . D . Ta l l , T.J . Bruursema, P.S. Epstein, and D . B . Shah. 
Bacterial adherence and viability on cutting board surfaces. J. Food Safety 
14, 153-172, 1994. 

40. Miner , N . , M . Armstrong, C . D . Carr, B . Maida , and L . Schlotfeld. Modif ied 
quantitative association o f official analytical chemists sporicidal test for 
l iquid chemical germicides. A p p l . Environ. Mic rob io l . 63, 3304-3307, 1997. 

41. Official Methods o f Analysis . 15 t h Ed . , Association o f Official Analyt ica l 
Chemists, Arl ington, V A . , Method 955.15, 961.02, 964.02, 965.19, and 
966.04. 1990. 

42. Galeano, B . , E . Korff, and W . L . Nicholson. 2003. Inactivation o f vegetative 
cells, but not spores, o f Bacillus anthracis. B. cereus, and B. subtilis on 
stainless steel surfaces coated with an antimicrobial silver- and zinc-
containing zeolite formulation. A p p l . Environ. Mic rob io l . 69:4329-4331. 

43. Matsumura, Y . , K . Yoshikata, S. Kunisaki , and T. Tsuchido. 2003. Mode o f 
bactericidal action o f silver zeolite and its comparison with that o f silver 
nitrate. A p p l . Environ. Mic rob io l . 69:4278-4281. 

D
ow

nl
oa

de
d 

by
 7

7.
12

2.
45

.2
 o

n 
O

ct
ob

er
 2

2,
 2

00
9 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
3,

 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

95
7.

ch
00

3

In Smart Coatings; Provder, T., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



Chapter 4 

Silicone Polymers with Biocide Grafting 
for Antifouling/Fouling Release Coatings: Effect 

of Modulus on Antifouling Performance 

Johnson Thomas* , Renae Fjeldheim, Seok-Bong C h o i , and Phi l ip 
Boudjouk 

Center for Nanoscale Science and Engineering, 1805 Research Park Drive, 
North Dakota State University, Fargo, N D 58102 

*Corresponding author: email: johnson982002@yahoo.com; 
Fax: +11 701 231 5306 

Modificat ion o f silicone polymers by covalently attaching 
organic biocides is being carried out to simultaneously 
incorporate antifouling/fouling release properties to silicone 
based marine coatings. The biocide Triclosan (5-chloro-2- (2, 
4-dichlorophenoxy) phenol) was modified with alkenyl 
moieties and incorporated into a silicone backbone through 
covalent bonds. The presence o f the biocide on the coating 
surface is expected to deter the fouling organisms from 
attaching to the surface o f the coating. Resins were cured 
using v inyl terminated polydimethylsiloxane or 1, 3-
cyclohexanebis methylamine depending on the crosslinking 
functionality on the silicone backbone. Coatings were 
characterized by static contact angle measurements and 
dynamic mechanical thermal analysis. Synthetic control over 
the incorporation o f crosslink functionalities within the 
polymer resin allowed tuning o f the surface o f the coating and 
o f mechanical properties. Resistance to macro fouling was 
tested by static immersion test in the Indian River Lagoon at 
the Florida Institute o f Technology at different times in 2003 
and 2004. Preliminary results showed that the coatings 
prepared from biocide incorporated silicones with the 
appropriate physical characteristics significantly reduced 
macro fouling. 

© 2007 American Chemical Society 43 
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Introduction 

The release o f toxic materials to the ocean water from the current metal 
containing marine paints is highly detrimental to marine organisms 1" 4. The issue 
o f harbor toxicity and disposal o f metal containing marine paints led to the ban 
on the application o f environmentally harmful tributyltin (TBT)-based paint 
products beginning in 2003 to be completely phased out by 2008 by the 
International Mari t ime Organization ( I M O ) ( I M O diplomatic conference, 1-5 
Oct. 2001) 5 . Dissolution o f copper compounds from the alternative copper 
ablative antifouling paints currently available is also harmful to non-targeted 
marine organisms 1 , 6 . These observations require the development o f new 
antifouling coatings free of metal containing biocides. Most studies are now 
directed towards development o f coatings containing non-leachable 
"environmentally benign" biocides fixed to a polymer in a permanent way 7 " 1 0 . 
This approach towards antifouling coatings is directed to the incorporation o f 
non-metal containing organic biocides into a polymer backbone by covalent 
attachment to prevent the release o f these biocides into the marine environment. 

The aim o f our research is to study siloxane polymers targeted toward the 
development o f antifouling/fouling release coatings. Several different 
approaches are incorporated into this study. C y c l i c methylhydrosiloxane, 
methylhydrosiloxane-dimethylsiloxane copolymers and polyhydromethyl 
siloxanes have been modified by covalently attaching organic biocides to 
minimize leaching. Presence o f biocide on the coating surface w i l l deter the 
fouling organisms from attaching to the surface or greatly reduce the attachment 
strength. Triclosan, which is a broad spectrum antibacterial / antimicrobial 
agent, was modified and covalently attached to siloxane backbones through 
short and long a lkyl chains to explore the possibility o f using this as an 
antifouling agent in marine coatings. In this study, triclosan is attached via 
covalent linkage to silicones to prevent its release into the environment. 
Different cross-linking moieties are used to tune the bulk properties o f the 
coatings. The synthesis, coating preparation and fouling resistance o f these 
coatings are reported here. 

Materials and Methods 

Materials 

Triclosan was purchased from Lancaster Chemicals (Windham, N H ) . 1, 
3, 5, 7- Tetramethylcyclo-tetrasiloxane (D4), 50-55% methylhydrosiloxane-
dimethylsiloxane copolymer (HMS-501) , polyhydromethyl siloxane ( H M S 992), 
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Methcrylated polydimethyl siloxane ( M C R - M 1 1 ) and vinyldimethylsi loxy 
terminated polydimethyl siloxane ( V 05) were purchased from Gelest 
(Tullytown, P A ) . Karstedt's catalyst (platinum (0) -1 , 3 -d iv iny l - l , 1,3,3-
tetramethyl disiloxane complex), 1, 3-bis-aminomethyl-cyclohexane, a l ly l 
bromide, 1-undecenyl bromide, a l ly l g lyc idyl ether, and polybutadiene were 
obtained from Ald r i ch (Milwaukee, WI) . A l l other reagents were obtained from 
Lancaster. A l l o f the chemicals were used as received. 

Experimental 

Modification of Biocide by Bromo Alkene 

i) In a typical reaction, a l ly l bromide (5g, 41mmol) was added to a solution 
o f Triclosan (10g, 34mmol) and potassium carbonate (6g, 41mmol) in 50 ml N , 
N-Dimethylformamide ( D M F ) . The mixture was stirred at room temperature 
overnight. After the reaction, solvent was removed by evaporation and the 
residue dissolved in 50ml hexane and washed with water four times (4x50ml). 
The organic layer was separated, dried with anh. M g S 0 4 and evaporated to yie ld 
a l ly l fiinctionalized biocide as a white solid. (10.2g, yield= 90%). 

l H N M R (CDC1 3 ) : 6 4.58 (s, 2H) , 5.2(q, 2H) , 5.8(m, 1H), 6.67- 7.4 (m, 6H) . 
1 3 C N M R (CDCI3): 5 70.09, 115.7, 117.48, 119.01, 120.42, 121.59, 122.00, 
127.88, 128.43, 130.46, 132.31, 143.08, 151.34, 152.91. 

ii) Triclosan was also modified by undecenyl bromide and methacryloyl 
chloride to obtain a long chain and ester linkage respectively. 

Incorporation of Modified Biocide and allyl glycidyl ether into siloxane 

i) A l l y l functionalized Triclosan (4g, 12.5mmol) and a l ly l g lyc idyl ether 
(4.45ml, 37.5mmol) were added to a solution o f D4 (3g, 12.5mmol) in 20ml o f 
dry toluene and 2-3 drops o f Karstedt's catalyst was added to the mixture and 
the reaction continued for 8 h at 90° C . After the reaction, the mixture was 
passed through neutral alumina column and solvent removed by evaporation to 
yie ld only pure product as a colorless viscous l iquid (10.8g, yield = 95%). 

*H N M R (CDCI3): 6 0.09, 0.6, 1.53, 2.57, 2.75, 3.10, 3.36, 3.41, 3.60, 3.81, 

6.7-7.45. 1 3 C N M R (CDC1 3 ) : 5 -0.46, 13.28, 23.35, 44.54, 51.06, 71.63, 74.20, 
117.48, 119.01, 120.42, 121.59, 122.00, 127.88, 128.43, 130.46, 132.31, 143.08, 
151.34, 152.91. 

ii) Other functionalities were also grafted on to siloxane backbone by the 
same procedure 
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Charac te r i za t ion of Resins 

N M R spectra were recorded on a Varian V 400 M H z spectrometer. 
B u l k properties o f the coatings were studied using a Symyx Technologies, 

Inc. parallel dynamic mechanical thermal analyzer (parallel D M T A ™ ) . This is 
a fully parallel instrument capable o f making 96 simultaneous measurements. 
Modulus measurements were performed by measuring the force needed to 
deform a thin polyimide substrate by a given amount with and without a sample 
present. The method and theory o f this instrument is documented by Kossuth et 
al.u. Samples were deposited on standard D M T A plates supplied by Symyx 
Technologies (Santa Clara, C A ) . Coating samples were prepared by depositing 
20-25uJ o f the resin mixed with the appropriate crosslinker on to regions 5mm 
diameter on the D M T A plate. Four replicates were deposited on the plate for 
each sample. After the samples were deposited, the D M T A plate was kept in an 
oven and heated at 60°C for 48 h to completely cure all the coating samples. 
After curing, the thickness of each sample was determined using a laser 
profilometer. The height profile o f each sample was recorded and fit to a square 
cross section and the height o f the fitted profile was taken as the thickness o f the 
f i lm. The measured thicknesses range from 250 um -300 um. After the 
thickness measurements, the sample plate was introduced into the parallel 
D M T A and measurements were taken. These experiments were carried out in 
the temperature range -125°C to 150° C with a ramp rate 5°C/min. at 10 H z . 

Preparation of Coatings 

Table I show a list o f coatings used for this study. They were prepared 
mainly by two methods. G l y c i d y l ether functionalized resins were mixed with 
1,3-cyclohexane-bis (methylamine) ( l epoxy equivalent / l amine equivalent) and 
applied on aluminum panels. The coatings were generally touch dry in 3 h and 
were further cured at 60°C for 24 h. Resins having residual S i - H groups were 
cured by hydrosilation using d iv inyl terminated polydimethyl siloxane and 
polybutadiene (1.2 equivalent S i H / 1 equivalent double bond). These coatings 
were generally touch dry in 6 h and were further cured at 60° C for 48 h. The 
dry f i lm thicknesses o f the coatings range from 250um to 300um. 

Pane l P repara t ion and Deployment Site 

Coatings were applied on 4" x 8" marine grade aluminum panels. The 
panels were cleaned and roughed with sand paper (400 grits) followed by 
application o f the anti corrosive epoxy primer coating, Macropoxy 646, from 
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Table 1. List of coatings and their chemical characteristics 

Coating N o . Matr ix Biocide 
Crossl inking 
group 

M C R - M 1 1 

TJ01-A H M S - 5 0 1 1 A l l y l 7 Epoxy -

TJ01-B HMS-501 2 A l l y l 6 Epoxy -

TJ01-C HMS-501 3 A l l y l 5 Epoxy -

TJ01-D H M S - 5 0 1 4 A l l y l 4 Epoxy -

TJ02 H M S - 9 9 2 8 Undecyl 6 Epoxy -

TJ03 H M S - 9 9 2 8 A l l y l Epoxy 2 

TJ04 H M S - 9 9 2 8 Undecyl 6 - S i - H -

TJ05 H M S - 9 9 2 8 Undecenyl 6 - S i - H 2 

TJ07 H M S - 9 9 2 8 Undecenyl 6 - S i - H 2 

TJ08 H M S - 5 0 1 4 Methacrylate 4 Epoxy -

TJ09 H M S - 9 9 2 8 A l l y l 6 Epoxy -

TJ10 H M S - 9 9 2 8 Undecenyl 1 0 - S i - H -

TJ11 H M S - 9 9 2 8 Undecenyl 1 0 - S i - H 2 

HMS-501- 50-55% Methyl hydrosiloxane- Dimethyl siloxane copolymer (Mn= 900-
1200), HMS-992- polyhydromethyl siloxane (Mn= 2000), M C R - M 1 1 -
MonoMethacryloxypropyl Terminated polydimethyl siloxane (Mn=800-1000). 

Sherwin Wi l l i ams using airless spray equipment. A l l the experimental coatings 
were applied on top o f the epoxy primer layer without any tie-coat, by a draw 
down bar. 

H M S 501 (Reference) with out any modification was cured with d iv iny l 
siloxane and was used as a control coating so that the antifouling property o f 
biocide incorporated H M S 501 could be compared. Intersleek 425 (Fouling 
release coating from International Paints, U . K . ) and Copper ablative coating 
B R A 642 were also used as a reference to compare the antifouling/fouling 
release properties o f the experimental coatings. 

Static immersion tests were carried out at Florida Institute o f Technology in 
the Indian River Lagoon (Melbourne, F L ) . Before immersion were subjected to 
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15 day pre-leaching in artificial seawater (Aquarium Systems Inc., Sarrebourg, 
France) under static conditions, to remove any unreacted materials including 
unreacted biocide from the coatings. The absence o f unreacted biocide was 
confirmed by H P L C analysis. Water was changed after each five-day period 
during pre-leaching. 

A l l panels were held one meter below the water surface inside V i " 
galvanized mesh cages. This was done to protect the panels from fish and other 
aquatic organisms other than the foulants. Four replicates o f each coating were 
used for the immersion studies and the fouling rating o f the coatings were 
calculated based on A S T M fouling rating. Foul ing rating (FR) is defined by 
F R = 100- the sum o f fouling % cover (not including slime), i.e., F R 100 is a 
surface free o f macro fouling. The static immersion studies were carried out at 
different times in 2003 and 2004. 

Results & Discussion 

Synthesis and Chemical Characterization 

The aim o f this study was to survey different approaches within the 
synthetic scheme for obtaining antifouling / fouling release coatings. A n 
organic biocide, Triclosan, was incorporated into the siloxane backbone v ia 
covalent linkage for imparting antifouling properties. Siloxanes are known to be 
low modulus materials, which promote foul release. It was expected that 
attaching an organic biocide to a polysiloxane would result in an antifouling 
material with possible fouling release properties. A l l y l bromide (short chain) 
and 1-undecenyl bromide (long chain) were used to incorporate the biocide into 
siloxane. The long alkyl chain was selected to provide more flexibility so that 
the biocide w i l l be more available on the top layer o f the coating providing an 
antifouling surface. 

Triclosan-alkenyl derivatives were incorporated into the siloxane backbone 
by hydrosilylation using Karstedt's catalyst 1 2. The modification o f the biocide 
and its incorporation into linear polydimethylsiloxane-co-methylhydrosiloxane 
and its further modification by al lyl g lyc idyl ether are given in F ig . 1. 

First, Triclosan was modified by alkenyl bromide to facilitate 
hydrosilylation. In one set o f coatings, this biocide incorporated resin (I) with 
residual S i - H groups was used to prepare coatings using v iny l terminated P D M S 
or polybutadiene as the crosslinker. In another set o f experiments, biocide 
incorporated siloxanes were further modified by the incorporation o f a l lyl 
g lyc idyl ether (II) to add another crosslinking type. These g lyc idyl ether 
modified resins were crosslinked with bisamine. 
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Effect o f M o d u l u s and Biocide loading on F o u l i n g R a t i n g 

From our initial studies 1 3 we found that the fouling rating was strongly 
dependent on the modulus o f the coatings. To study this systematically, we 
varied the modulus as wel l as biocide loading in the coatings. A s shown in Table 
I, the number o f cross l inking groups in the coatings from TJ01-A to TJ01-D 
decreases and this leads to a corresponding decrease in the modulus o f these 
coatings (Figure 2). A few coatings were also prepared by grafting silicone fluid 
on to the siloxane backbone to further soften the coating. The static immersion 
studies o f these coatings were carried out between A p r i l 26, 2004 and July 16, 
2004. T w o inspections were done on these coatings, one after 44 days and 
another one after 80 days o f immersion. The fouling rating o f these coatings 
after 44 days and 80 days static immersion studies at F I T are given in figure 3 
and figure 4 respectively. It is interesting to note that at the first inspection, the 
fouling rating was strongly dependent on the modulus o f the coatings. When the 
modulus decreased within the same set o f coatings (TJ01-A to TJ01-D) , the 
fouling rating showed a marked increase. The panel pictures in figure 5 show 
that there is significant reduction in fouling on the coatings as the modulus 
decreases. However, increase in biocide loading or grafting o f silicone fluid did 
not change the F R significantly. Statistically the coatings have similar F R . 

Second inspection o f the coatings after 80 days showed that al l the coatings 
have lower F R except for TJ05, which contained silicone fluid grafted on the 
silicone backbone. The reason for the low fouling rating lies in the fact that al l 
the coatings are soft silicone coatings and barnacles cut through the coatings and 
grow on the epoxy primer applied to the aluminum panels. Added to this is the 
poor adhesion between the top coating and the primer, which leads to blistering 
and delamination from the primer (Figure 6). The combined biological 
corrosion and the poor adhesion between the primer and the top coating affect 
the durability o f the coatings and they tend to foul after a period o f eight weeks. 

Conclusion 

The biocide Triclosan has been chemically tethered to silicone coatings for 
antifouling / fouling release applications. This study shows that the bulk 
properties o f the coatings can be significantly varied by the nature o f the 
crosslink and the nature o f side groups. Further, the modulus o f the coatings can 
be tuned by varying the number o f cross-linking functionality on the backbone. 
Their resistance to macro fouling was evaluated by static immersion tests in the 
Indian River Lagoon at Florida Institute o f Technology. The static immersion 
study indicates that the coatings with covalently linked biocide and appropriate 
physical characteristics are effective in preventing macro fouling. The bulk 
properties such as T g and modulus o f the coating tend to strongly influence the 
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fouling resistance. H igh modulus and very low modulus coatings show high 
macro fouling. In the case o f high modulus coatings, biocides may be prevented 
from migrating to the surface o f the coatings by the highly cross-linked network 
and therefore they are not effective in providing a biocidal surface. In the case o f 
low modulus coatings, they fail very early and delaminate from the tie coat and 
the fouling organisms grow on the tie coat. These coatings fail in the long term 
due to the softness as wel l as poor adhesion to the primer. 
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Chapter 5 

Thermoset Siloxane-Urethane Fouling Release 
Coatings 

Partha M a j u m d a r , Abdul lah E k i n , and Dean C . Webster* 

Department of Coatings and Polymeric Materials, Center for Nanoscale 
Science and Engineering, North Dakota State University, Fargo, ND 58105 

The exploration o f numerous variables involved in the design 
o f novel crosslinked siloxane-urethane coatings was carried 
out using combinatorial methods. Libraries o f coatings that 
explored the effect o f siloxane level, solvent, and other 
variables were prepared and characterized for their surface 
energy and pseudobarnacle pul l -off adhesion. Stability o f the 
coatings was determined by measuring the surface energy 
after aging the coatings in water and re-meauring the surface 
energy. Coating compositions and formulations were 
identified that had stable hydrophobic surfaces and also had 
low pseudobarnacle adhesion values. 

© 2007 American Chemical Society 61 
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Foul ing o f ship hulls by marine organisms has plagued shipping activities 
for millennia. Foul ing presents a significant drag penalty, reducing the 
efficiency o f propulsion and resulting in the expenditure o f excess fuel to 
overcome the drag in order to meet target cruising speed. Foul ing also results in 
the transport o f organisms from foreign ecosystems and can result in the 
introduction o f invasive species. Thus, from both an operational and ecological 
point o f view, methods to reduce or eliminate fouling are necessary. 

Whi le a number o f approaches have been taken to prevent fouling, the most 
successful approach has been the use o f coatings containing biocidal chemicals. 
Organisms are simply ki l led and either do not settle or are easily removed. 
Organo-tin and copper compounds have been in use since the 1970s. Although 
highly effective at reducing fouling, these biocidal agents have been linked to 
environmental problems. Release o f the compounds from the coatings has led to 
sediment accumulations of the toxins resulting in harm to non-targeted sea life 
(i.e. oysters) (1-6). The International Mari t ime Organization has proposed a ban 
on new applications o f organo-tin coatings starting in 2003 and complete 
removal o f these coatings from all ships by 2008. Whi le organo-tin compounds 
w i l l initially be replaced by other less toxic biocides, such as copper or organic 
biocides, coating systems that do not leach any kind o f biocidal compounds are 
desired. 

Foul ing release (FR) coatings appear to be a leading non-toxic alternative to 
biocide containing coatings. These are coating systems that do not necessarily 
prevent the settlement o f marine organisms, but permit their easy removal with 
the application o f shear to the surface o f the coating. Ideally, the hydrodynamic 
shear on the hull as a ship reaches cruising velocity be sufficient to remove 
fouling organisms; however, coatings that are also easily cleaned is also a 
desired property o f the coating system. The most successful o f these coatings are 
based on silicone elastomers (7-9). It has been shown that coatings with low 
modulus and low surface energy provide easy release o f fouling organisms (10). 
However, due to their low modulus, these coatings are easily damaged. In 
addition, they may also suffer from poor adhesion, poor durability, and high 
cost. 

To provide coatings that exhibit fouling release behavior while also yielding 
improved durability, self-stratifying coatings that phase separate into a low 
surface energy, low modulus top layer, with a tougher lower layer can be 
designed. Self-stratifying coatings are coatings that are applied in a single step, 
but then spontaneously phase separate into two or more distinct layers upon 
application and f i lm formation. Surface energy and viscosity are the main 
driving and/or controlling forces for self-stratification (11-15). A coating 
composed o f poly(dimethyl siloxane) ( P D M S ) and polyurethane components 
may meet these requirements. Since surface energy is a primary driving force, 
the P D M S component w i l l form the top, low energy, rubbery layer. The 
polyurethane component w i l l form the tough durable underlayer. A n additional 
advantage of this system is that the isocyanate resins used to form the 
polyurethane may react with residual hydroxyl groups on the epoxy anti-
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corrosion primer, providing good adhesion, thus eliminating the need for a tie 
layer between the corrosion coating and the fouling-release coating, resulting in 
good adhesion. 

Siloxane-polyurethane block and graft copolymers have been evaluated for 
use as anti-fouling coating systems (16-21). Whi le these systems had good 
initial fouling release behavior, performance degraded significantly after 
prolonged exposure to water. This was found to be due to migration o f the 
hydrophilic hard block segments to the surface, resulting in a change in surface 
energy (22-25). These systems, however, were thermoplastic coatings, while our 
approach results in crosslinked coatings. The presence o f crosslinking is 
expected to lock the structure in place and result i n coatings that do not 
rearrange on exposure to water. 

Figure 1 illustrates two conceptual possibilities for self-stratification: the 
system may phase separate into two discernable layers, or a gradient in 
composition may exist between the polyurethane and polydimethyl siloxane 
layers. In either case the P D M S is covalently attached to the overall 
polyurethane coating. The actual situation in these systems is probably more 
complex than either picture. 

Figure 1. Possible cross-section morphology of self stratifying coating systems 
illustrating (a) distinct phase separation and (b) a gradient in composition. 

In these coatings the polymer system w i l l consist o f an organofiinctional 
P D M S , an organic polyol , and a polyisocyanate crosslinker. A large number o f 
variables are expected to influence the development o f the stratified structure, 
the thickness o f the P D M S layer, and the toughness o f the coating system. For 
example, the molecular weight o f the P D M S segment may determine the 
thickness o f the top layer o f the coating. The amount o f P D M S relative to the 
other components is also expected to play a role. The reactive end group 
(hydroxyl a lkyl , amino alkyl) o f the P D M S w i l l influence its reactivity wi th the 
isocyanate crosslinker. The composition and functionality o f the polyol and the 
isocyanate used in the polyurethane component w i l l affect the modulus and 
crosslink density o f the coating system. A number o f additional formulation 
variables are also expected to play a significant role. The solvent composition 
can affect the compatibility o f the various components initially and influence the 
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compatibility as the coating cures. Final ly, the cure speed, compatibility o f the 
oligomers, and the solvent evaporation rates w i l l a l l operate simultaneously to 
influence the development o f the network and the two-phase structure o f the 
coating. 

H i g h throughput methods can provide a means to explore this large variable 
space to ensure that compositions that have a unique combination o f 
performance properties are not missed (26-28). In this work, we describe the 
preparation o f several libraries o f siloxane-urethane coatings using automated 
systems and screening o f these coatings for their initial surface properties and 
change in properties after water exposure in order to determine the stability o f 
the coatings. In addition, the pseudobarnacle adhesion properties o f several 
coating libraries are also explored. 

Experimental 

Materials 

Solvents methyl n-amyl ketone ( M A K ) , butyl acetate ( B A ) , and ethyl 3-
ethoxy propionate ( E E P ) were obtained from Eastman Chemical Company. 
Aromatic 100, toluene, and mixed xylenes, dibutyl t in diacetate ( D B T D A ) , and 
2-4-pentanedione ( P D O ) , were obtained from Ald r i ch . Polycaprolactone triol 
(Tone 0305, P C L ) was obtained from D o w Chemical . Polyisocyanates Tolonate 
X I D T 70B and H D T 90 were obtained from Rhodia. These are isocyanaurate 
trimers o f isophorone diisocyanate and hexamethylene diisocyanate, 
respectively. Desmodur N3600 was obtained from Bayer; this is a trimer o f 
hexamethylene diisocyanate with a narrow molecular weight distribution. 
Octamethylcyclotetrasiloxane (D4) and 1,3-bis(3-aminopropyl)-1,1,3,3-
tetramethyldisiloxane were obtained from Gelest. The hydroxyethyloxypropyl 
P D M S o f MW=10 ,000 g/mole was obtained from Chisso. The structures o f the 
materials used are shown in Figure 2. 

Synthesis of aminopropyl terminated polydimethyl siloxane 

The synthesis o f an aminopropyl terminated polydimethyl siloxane ( P S X -
N H 2 ) o f amine equivalent weight 6,000 (-12,000 M W ) was carried out as 
follows: In a 250-ml three necked round bottom flask 2.04 g l ,3-bis(3-
aminopropyl)-l,l ,3,3-tetramethyldisiloxane and 10 g D 4 were mixed. The 
solution was heated with stirring under nitrogen. When the temperature reached 
80°C, 0.1% catalyst (tetramethylammonium 3-aminopropyl dimethyl silanolate) 
(29) was added. After one hour o f heating the viscosity increased slightly, and 
the remaining D 4 (90 g) was placed into an addition funnel and added dropwise 
to the so lu t ion . Af t e r the comple t ion o f the addi t ion o f a l l o f the D 4 (7-10 
hours) , the hea t ing was con t inued for an add i t i ona l 2-3 hours . T h e n , the 
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temperature was increased from 80°C to 150°C and kept at that temperature to 
decompose the catalyst. After decomposition, the reaction mixture was cooled 
to room temperature. The P D M S polymer having an amine equivalent weight 
o f 12,000 g/eq -24,000 M W ) was prepared using a similar procedure, but half o f 
the amount o f disiloxane was used. 

H 2 N + C H 2 - | , 

r n 

PSX-NH2 

H O - f c H ^ O + C H ^ - S i - O - - s i - f - C H ^ o f C H j ^ O H 

PSX-OH 

N=C=0 

+ C H 2 - } r = HDT 

^ ^ o - f ^ ]3

 H^>^ =X,DT 

PCL0305 H3C CH 3 

Figure 2. Structures of the reactants used in the coatings. 

F o r m u l a t i o n and A p p l i c a t i o n 

Formulations were prepared using a Symyx automated formulation system 
(28). Libraries were designed using Symyx Library Studio software. A l l 
libraries consisted o f 24 compositions in a 4 x 6 array format. Isocyanate to 
hydroxyl (or hydroxyl plus amine) ratio was 1.1:1 in all cases. A l l libraries used 
P C L 0305 as the organic polyol . The P D M S , isocyanate used, and key variables 
for each library evaluated are summarized in Table I. Catalyst, D B T D A , was 
0.01 weight percent based on resin solids. Ten percent 2,4-pentanedione was 
used in al l formulations as a pot life extender. A l l reagents except for the 
crosslinker were dispensed to the entire array according to the design and mixed 
with magnetic stirring. The crosslinker was then dispensed to each vial and 
mixed. The library was then transferred to the Symyx coating application 
system and 24 coatings drawn down in array format over aluminum test panels. 
Coatings were cured in an oven at 80°C for 1 hour. F i l m thickness is 
approximately 25-50 um. 

Coa t i ng Screening 

Coatings were screened for initial surface energy using an automated 
contact angle system (28). The water contact angle ( C A ) data reported is the 
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Table I. Summary of the libraries prepared 

Library P D M S ( M W ) Isocyanate Row Column 

A P S X - N H 2 (24K) X I D T Solvent % P D M S 

B P S X - N H 2 (24K) H D T Solvent % P D M S 

C P S X - N H 2 ( 1 2 K ) X I D T ; H D T Time M i x e d : 
Solvent, 

Isocyanate 

D P S X - O H ( I O K ) N3600 % P D M S Solvent 

average of three measurements. To check for surface stability, coating panels 
were aged in deionized water, the coatings were dried and surface energy 
measurements were made. Coatings were analyzed for pseudo-barnacle 
adhesion (10) using a Symyx automated adhesion tester. In this test, aluminum 
studs are attached to the coating samples using an epoxy adhesive (Hysol Epoxy 
Patch 1C). Fo l lowing curing, an automated pull-off device pulls the stud and 
measures the maximum force at release. Three adhesion tests are conducted per 
coating sample. 

Results and Discussion 

In order to identify a siloxane-urethane composition that has a suitable 
combination o f properties, a number o f variables must be explored over a wide 
range. The high throughput approach is a methodology that can be used to 
accelerate this process, al lowing us to screen a large number o f variables in a 
single experiment. 

In these experiments, we are interested in exploring several variables that 
w i l l lead to a stable hydrophobic surface, determining the effect o f the amount 
o f P D M S on the surface properties, and also identifying key variables that affect 
the release properties o f the coatings. To this end, we prepared a series o f 
combinatorial libraries to explore these variables. 

In preliminary experiments, to establish starting points for more detailed 
experimentation, we explored the use o f several different P D M S polymers 
having reactive endgroups (aminopropyl, hydroxyl propyl, etc.), several 
commercially available polyols, catalysts, solvent mixtures, and the use o f a pot 
life extender. In a combinatorial experiment, having a suitable pot life for the 
coating formulations is important since the first coating mixed must not gel 
before the last coating in a library is mixed (30). 2,4-pentanedione was found to 
function as an effective pot life extender for these coatings. Coatings prepared 
both with and without the pot life extender in the laboratory had the same 
physical and mechanical properties. 

D
ow

nl
oa

de
d 

by
 7

7.
12

2.
45

.2
 o

n 
O

ct
ob

er
 2

2,
 2

00
9 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
3,

 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

95
7.

ch
00

5

In Smart Coatings; Provder, T., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



105 

100 

90 

| 85 

80 

75 

70 

67 

- E E P - » - T O L : E E P -A -MAK.IPA - * - M A K : E E P 

10 10 15 15 

Percent PDMS 

20 20 

Figure 3. Initial water contact angle data for Library A. Data series represent 
solvent composition of the coating formulations. 

Poly(dimethyl siloxane) has a much lower solubility parameter than the 
other oligomers and components used in the formulation o f these coatings. 
Thus, we found that finding a solvent blend that would help compatibilize all o f 
the coating components in solution was challenging, but necessary. Wi th some 
solvent mixtures, as soon as the agitation was stopped, the coating formulation 
would phase separate into two distinct layers. Attempts at making coatings from 
this k ind o f unstable mixture usually resulted in gross phase separation o f the 
P D M S to the surface o f the coating such that the P D M S had not reacted with the 
isocyanate and so was not chemically incorporated. 

Library A was designed using an aminopropyl terminated P D M S with the 
polycaprolactone triol as the organic polyol and IPDI trimer ( X I D T ) as the 
crosslinker. Since amines react more readily with isocyanate than hydroxyls, it 
was thought that using an aminopropyl terminated P D M S would help ensure 
that the P D M S was incorporated into the polyurethane network. The amine 
reactive groups could begin reacting with the isocyanate after the coating was 
mixed. The P D M S range was 10-20 percent. In addition, we wanted to explore 
the effect o f solvent on the properties o f the coatings and formulated the system 
using several different solvent compositions. The initial water contact angle 
data for the library is given in Figure 3. A l l o f the coatings prepared in this 
experiment are initially hydrophobic (CA>90). 

The contact angle data and change in contact angle after 30 days of water 
immersion for this library is given in Figure 4. While most o f the coatings had a 
decrease in contact angle, the decrease in contact angle is not excessive and 
many o f the coatings remained hydrophobic. In contrast, several o f the coatings 
that had used a mixture o f toluene and E E P as the solvent blend became slightly 
more hydrophobic. 
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40 

E E P - B - T O L : E E P - * - M A K : I P A - * - M A K : E E P 

10 10 15 15 

Percent PDMS 

20 20 

15 15 

Percent PDMS 

Figure 4. Water contact angle and contact angle change of Library A after 
immersion in deionized water for 30 days. 

The automated pull-off adhesion system was used to determine the 
pseudobarnacle adhesion o f this series o f coatings. This test measures the force 
required to remove an epoxy from the surface o f the coating, and may be 
indicative o f how strongly a barnacle would adhere to the coating. In Figure 5 a 
strong trend is observed depending on the solvent used with the coatings made 
using E E P as the solvent having the lowest release force. W e believe this to be 
a manifestat ion o f the morpho logy o f the coat ing system that is developed 
during the curing process. Consider the fact that this is a highly dynamic system 
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once the crosslinker is mixed into the coating formulation. A t this stage the 
isocyanate can begin to react with the polyol and the P D M S . Fo l lowing 
application to the substrate, the low surface energy P D M S w i l l tend to migrate 
to the air interface (the coating surface) and also phase separate from the 
polyurethane component. Whi le the initial solvent blend helps compatibilize the 
components, as the solvents evaporate at different rates from the coating, the 
compatibility can also be changing. A l l o f this can contribute to the extent o f 
phase separation and result in different self-stratified morphologies. This 
variation in morphology is reflected in the pul l -off adhesion data. The lowest 
pul l-off adhesion value is achieved when the slowest evaporating solvent is used 
in the system, E E P , followed by coatings prepared using a mixture o f E E P and 
toluene. 

15 15 

Percent PDMS 

Figure 5. Pull-off adhesion data of Library A. 

A similar library to the previous one was prepared with the exception that 
the crosslinker was a triisocyanurate o f hexamethylene diisocyanate ( H D T ) 
(Library B ) . The initial contact angle data is shown in Figure 6 and indicates 
that, with a few exceptions, most o f these coatings are initially hydrophobic. 
The pseudobarnacle pull-off adhesion again shows a dramatic effect o f the 
solvent used (Figure 7). The coatings made using either E E P or a combination 
o f toluene and E E P had the lowest removal force. 

A lower molecular weight aminopropyl P D M S was used to prepare Library 
C and this library was designed to survey a range o f P D M S levels (10, 15, 20 
percent) using the two isocyanate crosslinkers and the two best solvent systems. 
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- • - E E P - » - T O L : E E P - * - M A K - K - M A K : E E P 

10 10 15 15 20 20 

Percent PDMS 

Figure 6. Water contact angle data for Library B. 

10 10 15 15 20 20 

Percent PDMS 

- • — E E P - « - T O L : E E P - A - M A K - X - M A K : E E P 

Figure 7. Pull-off adhesion data for Library B. 
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The water contact angle was determined weekly for four weeks. A s can be seen 
in Figure 8, the coatings were all hydrophobic and remained hydrophobic during 
the testing period. This indicates that these coatings do not undergo significant 
reorganization in an aqueous environment and maintain their hydrophobic 
surfaces. 

105 

100 

g 8 5 

75 

70 

65 

60 

-10;H;E 
-10;H:E:T 

-15;H;E 
-15;H;E:T 

-20;H;E 
-20;H;E:T 

-10;X;E - * - 2 0 ;X ;E 
-10;X;E:T -» -15 ;X ;E :T 

7 14 25 

Water Immersion Time (days) 

32 

Figure 8. Water contact angle data for Library C. Data series are given as 
Percent PDMS:Isocyanate (H=HDT; X=XIDT):Solvent(E=EEPtE:T=EEP and 

Toluene blend) 

Final ly , a library was prepared using two levels o f a hydroxyl a lky l 
terminated P D M S with Desmodur N3600 as the crosslinker and using several 
different solvent blends. The solvent blends used are described in Table II. The 
initial water contact angle data is shown in Figure 9. Whi le most o f the coatings 
were hydrophobic, several coatings were hydrophilic. In particular, most o f the 
coatings based on a blend of I P A , E E P , and M A K were hydrophilic initially. 

This set o f coatings was aged in water for 30 and 60 days and the 60 day 
water contact angle and change in contact angle data are presented in Figure 10. 
The coatings were generally stable with very little change in contact angle 
following exposure. Several o f the coatings had an increase in contact angle, 
including three coatings that were slightly hydrophilic initially. The coatings 
based on 20% P D M S and the I P A : E E P : M A K solvent blend had contact angles 
below 90° . Thus, in this system, a variety o f solvents can be used to prepare 
coatings that are hydrophobic and remain hydrophobic after prolonged exposure 
to water. 
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Table II: Solvent combinations used in Library D. 

Designation BA EEP Toluene IPA BA MAK 

B:E:T 33.3 33.3 33.3 

I:T 50 50 

I:B 50 50 
I:B:T 27 4 69 

I:M 66 34 

I:E:M 5 68 27 

110 

l:B l:B:T 

Solvent Blend 

Figure 9. Water contact angle data for Library D. Data series is percent 
PDMS. 
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Figure 10. Water contact angle and change in water contact angle for Library 
D after immersion in deionized water for 60 days. 
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Conclusions 

In a series o f combinatorial experiments, the effect o f key composition and 
formulation variables on the formation o f siloxane-urethane coatings was 
explored. Combinatorial methods are an efficient means for exploring this large 
variable space. In this study, 82 compositions/formulations were studied in only 
four experiments. Coatings that used an aminopropyl terminated P D M S were 
generally stable fol lowing water immersion. The solvent composition was 
shown to plays an important role in the formation o f stable coatings and also 
appears to contribute significantly to the morphology o f the coatings according 
to the variations observed in the pseudobarnacle adhesion tests. 
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Chapter 6 

Smart Responsive Coatings from Mixed Polymer 
Brushes 

Sergiy M i n k o 

Chemistry Department, Clarkson University, 8 Clarkson Avenue, 
Potsdam, N Y 13699-5810 

M i x e d polymer brushes represent a new type o f responsive 
thin polymer films that can switch surface properties upon 
external stimuli. M i x e d brushes are fabricated by the grafting 
o f two unlike polymers to the surface o f the same substrate. 
The switching mechanism is caused by phase segregation o f 
the unlike polymers. In a nonselective environment the 
polymers segregate laterally and chemical composition o f the 
top layer is affected by the fractions o f the polymers in the 
mixed brush. However, in a selective environment the brush 
segregates into layered phases where one o f the polymers 
preferentially occupies the top o f the brush. This mechanism 
results in large changes o f the top layer chemical composition. 
The latter affects many important properties o f the coatings: 
wetting behavior, adhesion, adsorption, optical properties, etc. 

© 2007 American Chemical Society 79 
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Introduction 

Traditional functions o f coatings that encounter the protection from an 
aggressive environment and contaminations, optical properties, 
electroconductive properties, improvement o f surface mechanical resistance, 
regulation o f friction, biocompatibility, catalytic activity, or anti-microbial 
functions, etc. recently have been extended to "smart" responsive behavior. A 
smart coating is tailored in such a way that some o f above listed functions can 
be "switched on" or "switched o f f upon change o f outside conditions or upon 
an external signal. The switching upon outside conditions is assigned as a self-
adaptive behavior. The switching upon a directed external signal is considered 
as an "active response". Both responsive phenomena bring valuable functions o f 
the smart coatings. For example, the same material can be hydrophobic or 
hydrophil ic, sticky or non-adhesive, can repeal or attract proteins and cells, can 
be positively or negatively charged, reflective and non-reflective, conductive or 
non-conductive, etc. A l l these transformations can be performed just upon 
external stimuli. Different external stimuli are used to initiate switching: 
temperature, humidity, vapors or solutions o f organic chemicals, p H and ionic 
strength in an aqueous environment, electrical or magnetic fields, as wel l as 
electromagnetic irradiation (light, for example). 

The research area o f smart coatings is a rapidly developing field. Major 
contributions to the field were done exploring polymers. The nature o f chain 

Figure 1. Mixed "planar" polymer brush from "black" and "gray" chains: 
h - is the brush thickness, a - is the distance between grafting points. 
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molecules where conformation is very sensitive to their environment makes them 
the most suitable materials for responsive coatings. Due to a small contribution 
o f the entropic term into the free energy o f mixing even small changes o f 
interactions in polymer solutions or blends can affect phase transitions and, 
consequently, a strong alteration o f material properties. Various aspects o f this 
mechanism have been used to design smart coatings (7). 

The paper reviews recent results on smart coatings fabricated from grafted 
polymer layers which were named "mixed polymer brushes" (2). 

The mixed polymer brush is a thin f i lm (monolayer) constituted o f randomly 
tethered to the same substrate two or more different polymers. The larger 
difference between properties o f these two unlike polymers the larger switching 
effect can be obtained. The mixed brush is tailored in such a way that external 
signals affect phase segregation o f unlike polymers in the f i lm. A microstructure 
o f the film is switched due to the phase segregation when one polymer is 
reversibly exposed to the top o f the brush, while the second polymer segregated 
to the grafting surface. Thus, the surface properties o f the coatings are affected 
by the polymer exposed to the top layer. Changes o f the mixed brush 
environment cause changes in the phase segregation mechanism and, therefore, 
the concentration profile o f the polymers in the thin film. A l l the transitions are 
reversible unless the film is damaged. 

Structure of mixed brushes 

Various structural combinations can be designed i f two or more different 
polymers are end tethered (grafted) to the same solid substrate. Several 
characteristic structures with specific behavior could be identified: planar and 
spherical mixed brushes, symmetric and asymmetric mixed brushes, random and 
Y-shaped mixed brushes, block-copolymer brushes. 

M i x e d brushes are characterized by grafting density (number o f grafted 
polymer chains per surface unit), height, molecular weight o f grafted chains, 
composition (fractions o f different grafted polymers), molecular weight 
distribution o f grafted chains, and distribution o f distances between grafted 
points o f the polymers (Figure 1). Similar to homobrushes the mixed brush 
regime is approached i f the distance between grafted points is smaller than the 
gyration radius o f the grafted chains. In these conditions the volume excluded 
effect provokes chains to stretch away from the grafting surface (substrate). 

If the radius o f curvature o f the substrate is o f the same order o f magnitude 
(or less) as the brush height the mixed brush is called as a spherical mixed brush. 
Its behavior is somewhat different from planar brushes (Figure 2a) (3, 4) because 
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Figure 2. Structure of mixed brushes: spherical brush -a, Y-shape brush -b, 
grafted spherical mixed brush —c. 

in the spherical brush the grafting density decreases wi th distance from the 
grafting surface. 

Different polymer chains could be randomly grafted to the substrate, or two 
different polymer arms can emanate from the one grafting point (or from the 
same spacer). In the latter case the mixed brush is called as a Y-shape brush. 
(Figure 2b) (5). I f a spherical mixed brush (Figure 2a) is grafted to the solid 
substrate v i a one arm (or several arms) it can be considered a mixed brush also 
(Figure 2c). Grafting points for different polymers in the mixed brush may form 
alternating ordered arrays. In this case the brush could be considered a mixed 
brush at a macroscopic scale. However, at a microscopic scale this brush 
consists o f ordered homobrush domains o f one o f the polymers separated by 
homobrush domains o f the second polymer (fabricated using soft lithography 
Figure 3) (6). F inal ly , mixed brushes can be patterned (7). 

Gradient mixed brushes are represented by grafted films wi th a monotonous 
change o f the mixed brush composition across the sample (8, 9). 

A specific case o f mixed brushes is a hybrid brush where the brush layer 
contains nanoparticles (metallic or oxides) (10, 11). The nanoparticles attached 
to the brush w i l l modify properties o f the coatings as wel l as they may diffuse in 
the brush layer upon switching. 

Synthesis of mixed brushes 

T w o major approaches were developed for the synthesis o f the mixed 
brushes. The "grafting from" approach includes (i) grafting o f an initiator to the 
solid substrate, and (ii) polymerization initiated by the grafted initiator. The 
process is repeated two times to graft two different polymers step by step. The 
same or two different initiators can be used to graft two different polymers (12-
14). The most explored mechanism is the radical polymerization (15-17). 
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Figure 3. Scheme of microcontact printing of P2 VP chains (gray color) on the 
Si wafer grafted with PS (black color) (A) and the conformation of the brush (a) 
after rinsing with ethanol (b) and toluene (c), respectively. (B) Topographical 
and cross-sectional AFM images of the PDMS mold with the stripe dimensions 

of 10 /jm/8.5 nm and (C) Optical micrograph of the P2 VP-COOH stripes 
printed on the Si wafer grafted with PS. (Reproduced from reference 6., 

Copyright 2004, with permission from Elsevier). 
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The "grafting to" approach explores end fiinctionalized polymers. The 
surface o f the substrate is chemically modified to introduce complimentary 
functional groups (usually with silane or thiol chemistry). Then brushes are 
synthesized v ia reactions o f the complimentary functional groups on the surface 
with the end-fiinctionalized polymer chains. In this approach the two step 
grafting process for each end-fiinctionalized polymer is used to synthesize mixed 
brushes (75). 

The composition o f the mixed brushes is measured with F T I R A T R and 
X P S methods (18). Ellipsometric measurements (which follow each grafting 
step) allow for the quantitative information o f each grafting step. Switching 
behavior o f the mixed brushes was studied using in situ experiments where the 
brush was exposed to solvent and the brush characteristic were recorded 
employing, for example, ellipsometric, A F M , and Z-potential measurements 
(19). However, many methods are not suitable for measurements in liquids and 
vapors. In this case the brush morphology should be rapidly frozen by cooling to 
the temperature below the glass transition temperature o f the grafted polymers to 
perform "of f l ine" study o f the mixed brush (7). 

Mixed brush behavior 

The mixed brush morphology is balanced by polymer-polymer and polymer-
solvent interactions in the grafted layer (20, 21). In non-selective solvents the 
mixed brush microscopically segregates into lamellar type domains (lateral 
segregation o f the polymer into alternating elongated structural domains) (Figure 
4). N o a long range order was observed for the lamellar phases o f mixed brushes 
in contrast to block-copolymer systems. Grafting imperfections (various defects, 
deviations from random grafting) is considered to be a reason for that. Due to 
this morphology both the polymers are exposed to the top layer o f the mixed 
brush. The surface properties o f the film are affected by the combination o f 
properties o f both the polymers exposed to the top. 

A change o f solvent selectivity results in a strong alteration o f the 
morphology and brush properties. In a selective solvent the unfavorible polymer 
collapses into the clusters. The clusters are surrounded by the swollen favorable 
polymer. The clusters segregate preferentially to the grafting surface. Thus, the 
top layer is preferentially occupied by the favorable polymer. The favorable 
polymer has the major effect on the surface properties o f the film. I f solvent 
selectivity is switched (via a change o f solvent composition or via a change o f 
temperature) the morphology is reversibly changed. This simple mechanism 
allows for the switching o f the surface properties upon a change o f a solvent 
selectivity. The balance of the interactions in the system can be regulated by the 
mixed brush composition, molecular weight, or grafting density. Electrostatic 
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interactions are used to regulate interactions in the mixed brushes in an aqueous 
environment (19). 

Examples of switching behavior 

Switching of wetting behavior 

M i x e d brushes fabricated from the mixture o f hydrophilic and hydrophobic 
grafted polymers can switch wetting behavior o f the film from wetting to 
nonwetting (12,18,22). For example, the brush prepared from polystyrene (PS) 
and poly (2-vinylpyridine) chains is hydrophilic upon treatment with acidic 
aqueous solutions (22). This brush can be switched into hydrophobic state upon 
treatment with toluene. I f the brush is exposed to toluene, which is a selective 
solvent for PS, the PS chains preferentially occupy the top o f the brush. This 
morphology o f the brush was frozen by a rapid evaporation o f toluene. The 
transition between both the morphologies depends on solvent nature. Many 
intermediate states o f wetting behavior were obtained upon treatment with 
various solvents (Table 1). 

The switching o f wetting behavior can be substantially amplified i f the 
mixed brush is grafted onto a rough substrate. For example, the mixed brush 
prepared from the copolymer o f styrene and fluorinated acrylate (PSF) chains 
and P 2 V P chains grafted onto the surface o f the substrate with a needle-like 
morphology was shown to be capable for switching from a very hydrophilic state 
in acidic water (complete sheeting) to an ultrahydrophobic state (low hysteresis, 
water contact angle 160°) upon treatment with toluene (23). The microscopic 
needles introduce a surface roughness where a Cassie wetting regime is 
approached (24). The drop o f water deposited on the top o f the material is in 
contact mainly with trapped air. 

Switching of adhesion 

Switching the surface composition of the films may strongly affect adhesion. 
For example, P S F forms a nonsticky thin film. The mixed brush constituted from 
P S F and P 2 V P is non sticky upon treatment with toluene. If the brush is exposed 
to acidic aqueous solution the adhesive pyridine functional groups are exposed 
to the top. Mechanical tests show that adhesive forces between the brush surface 
and the adhesive tape change in two folds upon switching the brush (Figure 5) 
(23). 
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Figure 4. Schematic illustration of two possible morphologies of mixed brush 
irreversibly grafted to solid substrates (cross section of the layer): lamellar 

morphology in a nonselective solvent (a); cluster morphology in a solvent poor 
for the black chains (b) (Reproduced from reference 21. Copyright 2003 

American Chemical Society). 

Table 1. Advanced contact angles (CA) of water and root mean square 
roughness (RMS) on the surface of binary mixed brushes PS-P2VP 

(Bl -56%PS, B2- 71%PS) after exposure to different solvents 

Solvent Bl B2 Solvent 
CA, 
deg 

Fraction of 
PS on the 
top of the 

layer 

RMS, 
nm 

CA, 
deg 

Fraction of 
PS on the 
top of the 

layer 

RMS, 
nm 

toluene 85 0.79 1.9 90 1.0 2.8 
chloroform 81 0.62 0.5 77 0.45 0.7 
ethanol 70 0.16 1.4 68 0.08 2.0 
Water pH7 74 0.32 74 0.32 
Water p H 
2.5 

48 36 

Reproduced with permission from reference 22. Copyright 2001 Wi ley -VCH 
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Figure 5. Switching adhesion with PSF-P2VP mixed brush: the plot presents 
the change of the force applied to the Tesa band defoliated from the brush vs 

distance (X) from the starting point. The dashed line marks the border between 
ultrahydrophobic (orange) and hydrophilic (blue) areas on the brush 

(Reproducedfrom reference 23. Copyright 2003 American Chemical Society). 
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Swi tch ing of adsorpt ion. 

The switching o f adsorption is relevant to the switching o f wetting behavior 
and adhesion. A l l these properties depend on the surface chemical composition 
and morphology o f the mixed brush. The mixed polyelectrolyte brush represents 
a very nice example o f the substrate which explores a range o f various surface 
forces tuned upon outside signals: van der Waals, hydrophobic interactions, 
hydrogen bonds, and electrostatic interactions. One o f the most interesting 
applications o f the responsive coatings is tuning protein adsorption. Figure 6 
illustrates an example o f complex interactions between the mixed polyelectrolyte 
brush (fabricated from P 2 V P and PS , and from P 2 V P and polyacrylic acid 
( P A A ) ) and mioglobin. Adsorption was studied from aqueous solutions at 
different p H . In the p H range between 5 and 7 (around isoelectric point (IEP)) 
the mixed brushes are weakly charged. In this case hydrophobic interactions 
dominate and affect the strong adsorption o f the protein. A t lower and higher p H 
values the electrostatic repulsion strongly modifies adsorption, because the brush 
and the protein are oppositely charged. In this case the balance between 
interfacial forces was switched with p H signal. The adsorption value was 
dramatically changed upon switching. 

0 I I • "I • 1 — 1 1 1 • 1 

4 5 6 7 8 9 

PH 
Figure 6. Adsorption of mioglobin (IEP 7.2) on the P2 VP-PS (IEP 5.9) 

(squares) and P2VP-PAA (IEP 4.9) (triangles) mixed brushes presented as 
protein layer thickness vs. .pH ((0.01 MPBS buffer -solidlines, 0.001 MPBS-

dashed lines). 
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Swi tch ing of opt ical properties 

Morphological changes in the responsive coatings can be explored for 
switching optical properties. Switching between different mechanisms o f phase 
segregation in mixed brushes affects changes in refractive index and coefficients 
o f reflectivity o f the thin f i lm. For example, the refractive index o f the mixed 
P 2 V P - P A A polyelectrolyte brush was tuned by a change of p H in an aqueous 
environment (Figure 7) (19). Switching between segregated phases may change 
the roughness o f the thin film. This change influences spectra o f the reflected 
light which appear as a change of the thin film color (25). 

PH 

n 

1,60 

1,55-

1,50-

1,45 

1,40-

Figure 7. Influence of pH on the (a) thickness (d) and (b) refractive index (n) 
of the swollen PAA-P2VP brush (Reproducedfrom reference 19. 

Copyright 2003 American Chemical Society). 
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Applications in devices 

A change o f physical properties o f thin polymer films caused by transitions 
between different phase segregation mechanisms can be explored for the 
fabrication o f smart surfaces and for using them to design various devices. 
For example, the walls o f microchannels in a microfluidic device coated with 
the mixed brush can act as a microscopic valve. Temperature, solvent 
selectivity, or p H were used as external signals to switch between hydrophil ic 
and hydrophobic states o f the channels (Figure 8) (7). Thus, in a hydrophobic 
state channels were closed for aqueous solutions blocking the l iquid flow, while 
in a hydrophilic state o f the channels the l iquid f lowed through the device. 

Figure 8. Fabrication of a switchable channel The images e andf show open 
and closed states of the switchable channel, respectively, as they appear in 

optical microscopy (Reproducedfrom reference 7. Copyright 2003 American 
Chemical Society). 

Combination o f the polymer brush wi th metal nanoparticles (hybrid brush) 
allowed for the fabrication o f nanosensors. The responsive behavior o f the brush 
and switching o f the optical properties o f the layer was used to enhance the band 
shift in the transmission surface plasmon spectra o f the brush-nanoparticle 
composite (Figure 9) (26). 
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Figure 9. Top: Schematics of the reversible pH change-induced swelling of gold 
nanoparticle-coated P2VP brushes. Bottom: T-SPR spectra of gold nanoislands 

(containing P2VP polymer brush and gold nanoparticles) at pH 2.0 and 5.0 
(Reproducedfrom reference 26. Copyright 2004 American Chemical Society). 

Conclusions 

The responsive polymer coatings fabricated from mixed polymer brushes 
show remarkable behavior and diverse potential applications. Further 
investigations w i l l be performed towards the design o f mixed brushes to 
understand and regulate interactions in complex biological systems. M a n y 
promising applications are expected from the design o f smart coatings for cloth, 
textiles, paper, and glass. The obtained knowledge creates the basis for the 
development o f new approaches for microfluidic technologies and sensors. 
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Chapter 7 

Surface-Catalyzed Growth of Polymer Films That 
Respond to pH 

Dongshun B a i , B r i a n M . Habersberger, and G . K a n e Jennings* 

Department of Chemical Engineering, Vanderbilt University, 
Nashville, T N 37235 

We have developed a new surface-catalyzed method to grow 
ester-functionalized polymethylene ( P M ) films from gold 
surfaces by exposure to a mixture o f diazomethane ( D M ) and 
ethyl diazoacetate ( E D A ) in ether at 0 °C. The ester groups 
are randomly distributed within the copolymer at a 
concentration that can be tuned by varying the ratio o f E D A to 
D M in solution. The ester side chains o f these films can be 
modified by exposure to base to produce carboxylic acid 
groups that become deprotonated under basic conditions to 
function as a pH-responsive gate. A t low p H , the polymer film 
is predominately hydrophobic due to the high content o f P M 
and exhibits a low capacitance. Upon stepping p H from 4 to 
11, the acid groups become deprotonated and charged, greatly 
enhancing the permeability o f water and boosting the 
capacitance by a factor o f ~400. 

© 2007 American Chemical Society 95 
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Introduction 

Polymer films that respond to p H by altering structure, barrier properties, 
and/or surface properties have high potential to impact chemical sensors,1"3 

membrane separations,4"7 drug delivery, 8 and smart, dynamic surfaces. 9 These 
smart materials have been prepared in many forms, including self-assembled 
monolayers, 5 ' 6 Langmuir-Blodgett ( L B ) films,9 and cast polymer films.4'8 The 
polymeric materials are generally more interesting than the monolayer 
counterparts due to the capability for a larger response to a p H stimulus. 
Specific examples o f pH-responsive polymer materials include hydrogels that 
swell upon changes in p H to facilitate drug transport 8 and carefully tailored 
copolymer membranes that are sensitive to a p H stimulus to enable ions o f 
specific charge or molecules o f specific properties to pass. 4 T o date, responsive 
polymers have been prepared predominately by solution-phase synthesis to y ie ld 
well-defined bulk materials that can be diluted in solvent and cast onto surfaces 
to prepare films. Whi le appropriate for applications where thick films are 
required on 2-D surfaces, this casting approach is less effective for creating 
patterned films, controlling film thickness with nanometer-level precision, or 
coating irregular surfaces. 

Surface-initiated polymerizations 1 0 offer many advantages over traditional 
coating methods for the preparation o f responsive films. Some o f these benefits 
include (1) the ability to prepare uniform, conformal coatings on objects o f any 
shape, 1 1 (2) precise control over film thickness, 1 2 from a few nanometers up to 
the micron l e v e l , 1 1 , 1 3 (3) tunable grafting densities, based on the surface coverage 
o f the initiator, and (4) control over depth-dependent composition by growing 
additional blocks to prepare copolymer films in which one block or region o f the 
film is responsive. 1 4" 1 6 For example, Brittain and coworkers 1 4 ' 1 7 have prepared 
d i - and triblock copolymer brushes that change morphology and surface 
composition upon exposure to a good solvent for the inner block(s). In addition, 
Lopez and coworkers 1 8 ' 1 9 have grown thermally responsive po ly (N-
isopropylacrylamide) films from surfaces to investigate temperature-switchable 
membranes and the temperature-programmed release o f biofilms. Combined, 
this prior work demonstrates that surface-initiated strategies can be used to grow 
brush-like films that respond to solvent and temperature. 

Herein, we utilize a unique surface-initiated approach known as surface-
catalyzed polymer iza t ion 1 3 ' 2 0 ' 2 1 to engineer a new class o f pH-responsive 
copolymer films. The films are prepared by exploiting a selective catalysis at 
gold surfaces. Briefly, we have recently reported that exposure o f gold 
substrates to a dilute solution containing diazomethane ( D M ) and ethyl 
diazoacetate ( E D A ) (Figure 1) results in a catalyzed copolymerization o f a film 
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containing linear polymethylene ( P M ) with randomly distributed ethyl ester side 
groups (denoted as P M - C 0 2 E t ) . 2 2 The f i lm propagation occurs from the metal-
polymer interface and the rate o f film growth is constant with time, suggestive o f 
a controlled polymerization. These ester side groups can be hydrolyzed to 
carboxylic acids ( P M - C 0 2 H ) or converted to other ionizable groups to provide 
p H responsive behavior. In fact, we have demonstrated pH-dependent 
wettability for P M - C 0 2 H films.22 

The proposed strategy toward pH-responsive films has several advantages 
over other approaches. (1) Surface-catalyzed polymerizations offer the ability to 
rapidly grow films with controlled thicknesses; in fact, film thickness increases 
linearly with t ime. 2 2 (2) The film growth is selective in that polymerization 
occurs on gold but not on most other materials (silicon, silver, aluminum, 
plastics, etc.), enabling straightforward patterning o f films by directed growth. 1 3 

(3) A n initiator is not required as the film growth propagates directly from the 
metal surface. (4) F i l m composition can easily be tuned to affect the film 
response without requiring a completely new macromoleeular synthesis. (5) The 
p H response can be assessed by either capacitance- or piezoelectric-based 
methods. Using this surface-catalyzed approach, a careful control over film 
composition and thickness can be employed to tailor the onset, magnitude, and 
rate o f the response in barrier properties. In the current manuscript, we are 
especially interested in the effect o f p H on the capacitive properties o f the films, 
since capacitance changes can form the basis for a successful sensor. W e have 
designed P M - C 0 2 H films to consist predominately (>95%) o f polymethylene 
( P M ) so that the film is hydrophobic in the uncharged state. When the acid 
groups become deprotonated or charged, the water solubility o f the functional 
groups should increase by ~4 orders o f magnitude 2 3 to greatly alter the film 
capacitance. 

Experimental 

Mate r i a l s 

Potassium hydroxide, Diazald (N-methyl-N-nitroso-P-toluenesulfonamide), 
ethyl diazoacetate ( E D A ) , and poly(ethylene-co-ethylacrylate) ( P E E A ) were 
used as received from Ald r i ch (Milwaukee, WI). Ethyl ether was obtained from 
E M D Chemicals (Gibbstown, NJ ) . Potassium hydrogen phthalate, sodium 
bicarbonate, and benzoic acid were used received from Fisher (Fair Lawn, NJ ) . 
Sodium hydroxide and hydrochloric acid were used as received from E M 
Science (Gibbstown, NJ ) . G o l d shot (99.99%) and chromium-coated tungsten 
filaments were obtained from J & J Materials (Neptune City, NJ ) and R . D . Mathis 
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(Signal H i l l , C A ) , respectively. Si l icon (100) wafers (Montco Si l icon; Spring 
Ci ty , P A ) were rinsed with ethanol and deionized water and dried with nitrogen. 
Ethanol (absolute) was used as received from A A P E R (Shelbyville, K Y ) . 
Nitrogen gas was obtained from J & M Cylinder Gas, Inc (Decatur, A L ) . 
Deionized water (16.7 M Q - c m ) was purified with a Modu-Pure system 
(Continental Water Systems Corporation; San Antonio, T X ) and used for 
rinsing. 

Preparation of Gold Substrates 

G o l d substrates were prepared by evaporating chromium (100 A) and gold 
(1250 A) in sequence onto silicon (100) wafers at rates o f 1-2 A s"1 in a 
diffusion-pumped chamber with a base pressure o f 3 x 10"6 torr. After removal 
from the evaporation chamber, the wafers were typically cut into 1 cm x 4 cm 
pieces, rinsed with ethanol, and dried in a stream o f N 2 gas. 

Preparation of Diazomethane 

D M was carefully prepared according to a literature procedure 2 4 and diluted 
with ether at 0 °C to prepare solutions o f different concentration. C A U T I O N : 
Diazomethane is toxic and potentially explosive and should be handled 
carefully! 2 4 The concentration o f D M was determined by titration with benzoic 
acid. 

Preparation of Polymer Films 

Polymer films were formed by exposure o f gold-coated silicon substrates 
(ca. 4 cm x 1 cm) to ether solutions containing 1 m M D M and 40 m M E D A at 0 
°C for 24 h. F i l m growth was carried out in capped 20 m L vials and only one 
substrate was placed in each vial . Upon removal, the samples were rinsed with 
ether and dried in a stream o f nitrogen. 

Hydrolysis 

Hydrolysis o f the copolymer films was carried out in a solution o f 0.5 M 
K O H in ethanol at 60 °C for desired times. The hydrolyzed samples were rinsed 
with ethanol and DI water and dried in a N 2 stream. 
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Charac te r i za t ion Methods 

Polymer film properties were evaluated using the following methods. 
Reflectance absorption infrared spectroscopy ( R A I R S ) was performed using a 
B i o - R a d Excalibur FTS-3000 infrared spectrometer. The p-polarized light was 
incident at 80° from the surface normal. The instrument was run in single 
reflection mode and equipped with a Universal sampling accessory. A liquid 
nitrogen-cooled, narrow-band M C T detector was used to detect reflected light. 
Spectral resolution was 2 cm" 1 after triangular apodization. Each spectrum was 
accumulated over 1000 scans with a deuterated octadecanethiol-dj 7 self-
assembled monolayer on gold as the background. 

The molar ester contents o f the surface-catalyzed copolymer films were 
determined from reflectance IR spectra using the integrated area ratios for the 
carbonyl stretching peak at 1735 cm" 1 and the combined methylene stretching 
peaks (symmetric and asymmetric) at 2850 and 2920 cm" 1, respectively. The 
basis for the calculation of ester content was the peak area ratio obtained for a 
cast film o f a commercially available random copolymer (poly(ethylene-co-ethyl 
acrylate) ( P E E A ) ) . The P E E A has a known 18 wt% ethyl acrylate content (2.9% 
(molar) ethyl ester; 97.1% - C H 2 - ) and exhibited a C = 0 : C H 2 peak area ratio o f 
0.26. This analysis assumes that the peak area ratio scales linearly with the 
molar ester content within the film. 

Ellipsometry measurements were obtained on a J .A . Wool lam C o . M -
2000DI variable angle spectroscopic ellipsometer with W V A S E 3 2 software for 
modeling. Measurements at three spots per sample were taken with light 
incident at a 75° angle from the surface normal using wavelengths from 250 to 
1000 nm. Optical constants for a bare gold substrate, cut from the same wafer as 
the samples to be characterized, were measured by ellipsometry and used as the 
baseline for al l polymer film samples. F i l m thickness o f the polymer layer on 
samples was determined using a Cauchy layer model. Since the copolymer films 
are P M rich (ester content < 5%), we set the refractive index for the film to 1.5, 
consistent with the ranges measured for polyethylene. 2 5 

Electrochemical impedance spectroscopy (EIS) was performed with a 
Gamry Instruments C M S 3 0 0 impedance system interfaced to a personal 
computer. A flat-cell ( E G & G Instruments) was used to expose only 1 c m 2 o f 
each sample to an aqueous solution containing electrolyte and redox probes 
while preventing sample edges from being exposed. The electrochemical cell 
consisted o f a buffered aqueous solution (0.1 M ionic strength) at p H 4 or p H 11 
with a Ag/AgCl/saturated KC1 reference electrode, a gold substrate counter 
electrode, and a gold substrate containing the film to be studied as the working 
electrode. A l l data were collected in the range from 10"1 to 10 4 H z using 10 
points per decade and were fit with an appropriate equivalent circuit model (vide 
infra) to determine resistance and capacitance values. 
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Results and Discussion 

Upon exposure o f gold substrates to a solution containing 1 m M D M and 40 
m M E D A in ether at 0 °C for 24 h, we obtained a 320 nm polymer film that 
yields a reflectance IR spectrum as shown in Figure 2a. The fi lm exhibits 
asymmetric and symmetric methylene stretching peaks at 2920 and 2851 cm" 1 , 
respectively, consistent with polycrystalline packing o f the polymer chains 
within the film. Figure 2a also reveals important compositional information with 
signatures for methyl ( -CH 3 ) stretching at -2979 cm" 1, methyl bending at 1375 
cm" 1, and carbonyl stretching at 1736 cm" 1. These peaks are consistent with a 
structure as shown in Figure 1 where ethyl ester groups are attached to a 
predominately P M chain. From the intensity o f the ester peak, in comparison 
with a cast film o f P E E A with known composition, we estimate that the molar 
ester content is 3.5% for this film. This percentage can be adjusted by altering 
the ratio o f D M to E D A in solution. 2 2 

Upon exposure o f a 320-nm P M - C 0 2 E t film (3.5 % molar ester content) to a 
0.5 M solution o f K O H in ethanol at 60 °C for 36 h, the ester side groups within 
the film are mostly (80 %) converted to carboxylate groups as evidenced by the 
appearance o f a peak at 1569 cm" 1, characteristic o f a carboxylate carbonyl, and 
the dramatic decrease in the ester carbonyl peak in the IR spectrum o f Figure 2c. 
The magnitude o f the reduction in the ester peak intensity provides an estimate 
o f the conversion in this hydrolysis reaction. Figure 3 shows the conversion as a 
function o f time upon exposure o f a 320 nm P M - C 0 2 E t film to 0.5 M K O H in 
ethanol at 60 °C. Over 75% o f ethyl esters are converted to carboxylates during 
the first 24 h, and very gradual increases occur during the next 24 h. 
Importantly, the film is stable to this hydrolysis based on the constant intensities 
o f methylene stretching peaks in the IR spectra for films hydrolyzed for 36 h 
(Figure 2). Exposure times beyond 36 h resulted in minimal enhancement o f 
conversion but also seemed to degrade the films based on visual inspection and 
changes in the IR spectra and electrochemical impedance spectra. We are 
currently investigating alternative solvents to enable higher conversions while 
eliminating film degradation. 

Figures 2b and 2c show R A I R spectra for the film after hydrolysis and after 
exposure to p H 4 or p H 11 buffer solutions. The carboxylate carbonyl at 1569 
cm" 1 (pH 11) shifts to 1710 cm' 1 after exposure to a p H 4 buffer (Figure 2b). 
The films can be converted between charged (deprotonated) and uncharged 
(protonated) states repeatedly and reversibly by exposure to the respective buffer 
solutions. The hydrolysis and subsequent exposure to buffer solutions does not 
affect the structure o f the film based on the similar peak positions (2921 cm' 1 ) 
and intensities for C H 2 stretching bands. We have also observed that the rate o f 
this transformation is rapid and accomplished within - 1 0 s for a 320 nm film, 
based on in situ, time-dependent capacitance measurements. The rapid kinetics 
suggests that the films would exhibit fast response for applications as sensors or 
smart films. 
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Figure 2. Reflectance infrared spectra of a PM-C02Et film before hydrolysis 
(a) and after hydrolysis followed by exposure to pH 4 (b) and pH 11 (c) buffer 

solutions. 

-|—i—i—i—i—|—i—i—i—i—i—i—iii 
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Figure 3. Percent conversion of PM-C02Et to PM-C02H upon exposure to a 
0.5 M solution of KOH in ethanol at 60 °C. 
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T o assess film performance, we have obtained electrochemical impedance 
spectra for a 200 nm P M - C 0 2 H film (2.9% C 0 2 H ) upon exposure to aqueous 
buffer solutions at p H 4 and p H 11 (Figure 4). A t p H 4, the polymer film 
provides a barrier against water and ion permeation as evidenced by the elevated 
values for impedance modulus. This spectrum is fit by an equivalent circuit 
model that we have described previously, 2 6 which consists o f two time constants, 
one corresponding to the polymer film and a second due to the polymer/metal 
interface. A t p H 4, the impedance due to the polymer film dominates the 
impedance due to the metal/polymer interface; thus, only a single time constant 
due to the polymer film is observed in the spectrum, which is fit to yield a value 
o f 3.6 x 10"8 F / c m 2 for film capacitance and 8 x 10 4 Q c m 2 for film resistance. 
A t p H 11, the acid groups within the film are deprotonated to carboxylates. This 
ionization o f the film greatly increases water permeation and results in a 
dramatic change in the impedance spectrum. The capacitance and resistance 
due to the polymer film are not visible or measurable components o f this 
spectrum, and the impedance behavior resembles that for an uncoated electrode, 
also shown in Figure 4. A s a result, the spectrum for the film at p H 11 is fit by a 
simpler one-time-constant Randies model circui t , 2 6 which contains elements for 
the capacitance and resistance at the polymer/metal interface and the solution 
resistance. A fit o f the spectrum recorded at p H 11 yields an interfacial 
capacitance value o f 1.5 x 10"5 F / cm 2 , which is o f the same order as the value o f 
-4 .4 x 10"5 F / c m 2 for a bare gold surface, indicating that the polymer film is 
l ikely saturated with water at high p H . This interfacial capacitance at p H 11 is a 
factor o f - 400 higher than the capacitance for the polymer film measured at p H 
4. The shift from dominant film capacitance (pH 4) to interfacial capacitance 
(pH 11) and the large magnitude o f this pH-induced response are due to the 
dramatic enhancement in water solubility ( -10 4 ) o f C 0 2 " vs C 0 2 H groups and the 
low fractional content o f these functional groups within the film, which assures a 
hydrophobic, water-resistant barrier film in the uncharged state. 

To assess the reversibility o f the film response, we have measured 
capacitances o f this same film upon repeated sequential exposures to buffer 
solutions o f p H 4 and p H 11, using electrochemical impedance spectroscopy. 
Figure 5 shows the measured capacitance upon exposure o f the films to each 
buffer solution for 30 min in a cyclic manner. Upon cycling p H , the film returns 
to the initial capacitance value, indicating the reversible nature o f the p H 
response. The P M - C 0 2 E t film (control, not shown) did not exhibit changes in 
capacitance when the p H was stepped. These results demonstrate that the P M -
C 0 2 H films respond to p H changes and that the films show promise in sensing 
applications given the large magnitude (high signal to noise) and reversibility o f 
the response in capacitance. 
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10'1 10° 101 102 103 104 10s 

Frequency (Hz) 

Figure 4. Electrochemical impedance spectra for a 200 nm PM-C02H film 
(2.9% C02H) on gold in aqueous buffer solutions. The spectrum for an 

uncoated gold substrate is shown for comparison. Curves represent fits of the 
data using an equivalent circuit model. 

100 

4 11 4 11 4 11 4 11 4 

PH 

Figure 5. Measured capacitance upon repeated sequential exposures of a PM-
C02Hfilm to pH 4 and pH 11 buffer solutions. 
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Conclusions 

We have prepared pH-responsive carboxyl-modified polymethylene films 
by a surface-catalyzed polymerization and subsequent hydrolysis. The film is 
uncharged and hydrophobic at low p H but becomes charged at high p H and 
enables significant water permeation as evidenced by ~400-fold increases in 
capacitance. The surface-catalyzed preparation o f these films enables selective 
growth on gold surfaces o f any shape, provides a precise control over film 
thickness, and offers the ability to tune the concentration o f the pH-sensitive 
groups within the film. Future work w i l l explore the effects o f incremental p H 
changes and - C 0 2 H composition on film response. 
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Chapter 8 

Pressure Sensing Paints Based on Fluoroacrylic 
Polymers Doped with Phosphorescent Divalent 

Osmium Complexes 

Brenden Carlson and Gregory D . Phelan 

Chemistry Department, University of Washington, Box 351700, 
Seattle, W A 98195 

Pressure sensitive paints (PSP) have proved to be 
revolutionary in the design o f aircraft, cars, trucks, and other 
vehicles. In this study we incorporate highly phosphorescent 
divalent osmium complexes into P S P . The divalent osmium 
complexes were o f the form [Os(N-N) 2 L - L ] (PF6')2 where N-N 
N was a derivative o f 1,10-phenanthroline, and L-L was either 
cis-1,2-bis(diphenylphosphino)ethene, cis-1,2-vinylenebis-
(diphenylarsine), or bis(diphenylarseno) methane. The 
complexes were dissolved into poly(2-[ethyl-
[(heptadecafluorooctyl)-sulfonyl]amino]ethylmethacrylate) at a 
concentration o f 1 mg complex to 1000 mg o f polymer. The 
paints were tested for pressure sensitivity, temperature 
dependence, and photo-degradation. The paints featured 
strong pressure response, and luminescence intensity change 
by up to a factor o f two. The temperature dependence was 
measured as low as -0 .1% °C-1. Many of the complexes 
exhibited almost non-existent photo-degradation. 

© 2007 American Chemical Society 107 
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Introduction 

Pressure sensing paints (PSP) comprise o f a luminescent dye, usually one 
that is phosphorescent, dissolved into, or is part o f a polymer matrix. The 
sensing functions by oxygen quenching o f the excited state; hence, emission 
intensity varies with changes in oxygen concentration or pressure. When 
molecule " A " absorbs quanta o f energy (Figure 1), it is promoted into an excited 
state. From this excited state, there are a number o f pathways for the molecule 
to return to the ground state. A l l o f the pathways have consequences as to how 
the P S P performs. The processes o f luminescence and the bimolecular 
quenching are pathways that allow a P S P to function. However, non-
luminescent deactivation o f the excited state and photochemical decomposition 
o f the molecule are two other processes that may occur and may lead to 
significant error in pressure measurements. Several luminescent metal 
complexes have been used for PSP . These include complexes o f ruthenium, 1 

i r id ium, 2 and platinum. 3 We report divalent osmium complexes as the 
luminophore in P S P . 

There are several excited states for metal complexes. The excited states are 
the ligand-centered state, metal centered state, and the charge transfer state. The 
ligand-centered ( L C ) state may be defined as transitions such as n-n* that take 
place on the ligand. For a complex with an octahedral coordination sphere such 
as the ones being presented in this discussion, the metal centered ( M C ) state may 
be defined as a transition between filled d x y , d X 2 , d y z (drc) and the empty d z

2 , d x

2 -

y

2 (da*). Charge transfer states may be defined as a transfer o f charge from a 
filled metal orbital to an empty orbital on the ligand, or filled ligand orbitals to 
empty orbitals on the metal. For the complexes being discussed in this 
presentation, the charge transfer bands may be called metal to ligand charge 
transfer ( M L C T ) and defined by a transition between filled dn orbitals and 
empty 71* orbitals on the ligand. O f these states, the M L C T and the L C states 
may be luminescent; however, the M C state is usually not luminescent. 4 Each o f 
these states and their relative energy levels to each other may have bearing upon 
the deactivation processes. 

The relation o f the excited states to each other depends upon the metal and 
ligands used to form the complexes. The transition energy o f the M C state is 
dependent upon the location o f the metal in the periodic table. Typical ly, the 
M C state is lowest in energy for the first row transition metals. Either the charge 
transfer or ligand centered states are lowest in energy for the second and third 
row metals. Thus, tris-phenanthroline complexes o f iron are usually non-
luminescent where as the tris-phenanthroline complexes for either ruthenium or 
osmium may be luminescent. Even though the M C state is higher in energy for 
osmium and ruthenium complexes, it still may have an effect on the luminescent 
properties o f the complex. The M C states that are energetically higher than 
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M L C T or L C states may become thermally populated, causing loss o f emission 
with increasing temperature, and possibly photo-degradation. Thus, separation 
the energy level o f the M C state from the energy levels o f the emitting states may 
minimize the population o f the M C state; thus, reducing photo-degradation and 
temperature dependence o f the complex. 

Photochemical 
reaction 
products 

A 

A + hv-

A + h v ' luminescence 

- • A 

+B 
kq A u * radiationless 

A + heat . 
deactivation 

A and/or Products 
quenching 

process 

Figure 1. Excitation and some deactivation pathways of an excited molecule. 

Experimental 

F A B Synthesis 

Poly(2-[ethyl [(heptadecafluorooctyl)-sulfonyl]amino ]-ethylmethacrylate) 
( F A B ) is a fluorinated acrylic polymer that was synthesized in one step from the 
monomer (Aldrich). The monomer (100 g, mmol) was dissolved into a,cc,ct-
trifluorotoluene (300 g, mmol) and activated charcoal was added. The activated 
charcoal was removed by vacuum filtration. The solution was added to a four-
neck round bottom flask with 0.8% by monomer Weight lauroyl peroxide. The 
flask was equipped with a mechanical stirrer, a sparger, and reflux condenser, 
and a refrigeration unit to cool the condenser. The flask was purged with 
prepure nitrogen at a flow rate o f 61 m L min" 1 . The polymerization was carried 
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out at 72 °C for 48 hours, and then was heated to 100 °C for 8 hours. It was 
observed that the solution became very viscous during the polymerization. 

The polymer was purified and isolated by precipitation. The polymer 
solution was diluted with 200 m L o f a,a,a-trifluorotoluene. The resulting 
solution was then added dropwise to 1,200 m L solution o f 60% hexane, 4 0 % 
methylene chloride at 0 °C under constant agitation. The resulting powder was 
collected by vacuum filtration and dried under vacuum. 

Figure 2. Chemical structure of2-[ethyl[(heptadecafluorooctyl)-
sulfonyl] amino]-ethylmethacrylate 

Genera l procedure for synthesis o f osmium complexes . 5 ' 6 

The osmium complexes were synthesized by reacting l.OOOg (2.08 mmol) o f 
( N H 4 ) 2 0 s C l 6 with 2.05 equivalents o f polypyridyl (N-N) ligand in 25 m L o f 
refluxing D M F (Aldrich) under inert atmosphere for 3 hours. The resulting 
solution was filtered, washed with D M F , cooled to 0 °C, and then added 
dropwise to a water solution o f sodium dithionite (2.00g in 400 m L ) at 0 °C. 
The resulting purple precipitate o f O s ( N - N ) 2 C l 2 was filtered and washed with 
deionized water. O s ( N - N ) 2 C l 2 was reacted with 1.05 eq. o f cis-
1,2vinylenebis(diphenylarsine) (dpaene), cis-1,2-vinylenebis(diphenylphosphine) 
(dppene), methylenebis(diphenylarsine) ligand in a refluxing mixture o f 2,2 ' -
ethoxyethoxyethaonol (Aldrich) and glycerol (75:25 by volume) for 2 hours 
under inert atmosphere. The complexes were precipitated by dropwise addition 
to a water solution o f K P F 6 and filtered. Complexes were then purified on si l ica 
using either toluene/acetonitrile or acetonitrile/water/KPF 6 solvent systems. The 
structures o f the resulting complexes are shown in Figure 3. Elemental analysis: 

C o m p l e x 1: Calculated: C , 54.21; H , 3.37; N , 3.46. Found: C , 54.82; H , 3.09; 
N , 3.65. 

C o m p l e x 2: Calculated: C , 54.48; H , 3.46; N , 3.43. Found: C , 54.77; H , 3.55; 
N , 3.19. 

C o m p l e x 3: Calculated: C, 51.63; H , 4.03; N , 4.15. Found: C , 51.39; H , 4.00; 
N , 4 . 1 1 . 

C o m p l e x 4: Calculated: C, 48.47; H , 3.79; N , 3.90. Found: C , 48.53; H , 3.75; 
N , 3 . 9 5 . 

C 
F 2 

F 2 

C 
C 
F 2 
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I l l 

R 2 

Complex X 

1 As 
2 As 
3 P 
4 As 

C H 2 H 
C H 2 C H 2 H 
C=C C H 3 

C=C C H 3 

Y R1 

C 6 H 5 

C 6 H 5 

C H 3 

C H 3 

R2 

Figure 3. Chemical structures of the various osmium complexes being reported. 

Application and Characterization of PSP 

Osmium complex (1.0 mg) was added to a 25 m L vial and 2.0 ml o f acetone 
was added to dissolve the complex. To this was added l.Og o f F A B and 20.0 
m L o f a,a,a-trifluorotoIuene. Both the polymer and the complexes were readily 
soluble in the solvent. 

One-inch square aluminum plates were scrubbed and polished with abrasive 
pads and then rinsed with acetone and methylene chloride. After al lowing it to 
completely dry, it was then spray-painted with the pressure paint, using nitrogen 
as the propellant. After air-drying, the samples were placed into vacuum oven 
and heated to 100 °C for thirty minutes. 

Stern-Volmer plots, temperature dependence, and photo-degradation were 
obtained using the " P M T survey apparatus." This apparatus simultaneously 
monitors, and controls pressure, temperature, and luminescence intensity. A 
regulated tungsten-halogen lamp provides the illumination source. Pressure may 
be varied from millitorr to 1 atm pressure and the temperature may be varied 
from 5 °C to 50 °C. Photo-stability studies were conducted at constant pressure 
and temperature. A full description and functionality o f the survey apparatus has 
been published in our previous reports. 7 

The osmium complexes 1 through 4 have been incorporated into P S P with 
F A B and various physical properties have been measured. These results are 
compared to [ruthenium tris(4,7-diphenyl-l,10-phenanthroline)] 2 + 2PF 6 " (rubth) 
( G F S Chemicals) and was recrystallized from toluene/acetonitrile prior to use. 
Rubth is a standard dye often used for PSP . The rubth/FAB based P S P gave a 
Stern-Volmer dynamic range o f 55% (Figure 4) as defined as 1 - (emission 

Results and Discussion 
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intensity at 1 atm pressure / emission intensity at vacuum). Thus the emission 
intensity from the rubth dye changed by over a factor o f 2 when the pressure is 
reduced from atmospheric to vacuum. Under illumination at 400 nm (fwhm = 20 
nm) with a power density o f 700 uw cm" 1, the rubth dye exhibited photo-
degradation at the rate o f 6% per 90 minutes (Figure 5.). The temperature 
dependence was observed to be 1.4% °C" 1 (Figure 5). 

1 
0.9 

0.8 

0.7 

0.6 

? 0.5 

0.4 

0.3 

0.2 

0.1 

5 5 ^ 

****** 

0.2 0.4 0.6 0.8 
P/Po 

Figure 4. Stern-Volmer plot measured at 25 °C for rubth(+), complex 3(A) and 
complex 4(fy. 

The osmium complexes typically exhibited much less photo-degradation and 
temperature dependence than the rubth dye. The properties observed may be 
highly dependent upon the ligands chosen to form the complexes. Complexes 1 
and 2 were based upon the 4,7-diphenyl-l,10-phenanthroline ligand structure 
found in the rubth dye. Complex 1 was synthesized with the bis(diphenylarseno) 
methane ligand and complex 2 with the 1,2-bis(diphenylarseno) ethane ligand. 
These complexes featured a variety o f absorption bands between 250 nm and 
550 nm. The bands that appear at - 2 8 0 nm are due to the ligand centered 
7i-7i*transitions and have an 8 o f 65,000 L cm" 1 mol" 1 . A t lower energy appear 
the spin allowed charge transfer bands (390 nm, e 19,000 L cm" 1 mol* 1), and the 
spin forbidden charge transfer bands (525 nm, e 4,000 L cm" 1 mol" 1). The 
emission peak o f complex 1 occurred at 645 nm with a quantum yield o f 6% and 
complex 2 at 648 nm with a quantum yield o f 12%. The emission lifetime o f 
these complexes was measured to be 1,500 ns. The pressure dependence o f the 
complexes was measured to give a dynamic range o f 30%, but the two were very 
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different in their photo-degradation and temperature dependence. The emission 
o f complex I was observed to decrease 0.33 % °C" 1 rise in temperature, and 
degraded nearly 14% after 90 minutes o f illumination at 400 nm. Under the 
same circumstances, complex 2 was observed to have temperature dependence 
o f 0 .1% °C] (Figure 6), and degraded 1.5% (Figure 7). The temperature 
dependence measured was much lower than that o f the rubth dye, while the 
degradation of complex 1 was significantly higher and complex 2 was 
significantly lower. The dynamic range o f complexes 1 and 2 were much 
narrower than the rubth dye. This may be due to the short-lived excited states 
for these osmium complexes. The lifetime o f the rubth dye has been reported at 
6 us, 4 while the osmium complexes were much faster. 

Complexes 3 and 4 were based upon the 3,4,7,8-tetramethyl-l,10-
phenanthroline ligand. Complex 3 was synthesized with cis-1,2-
bis(diphenylphosphino) ethene and complex 4 with c i s - l , 2 -v iny l -
enebis(diphenylarsine) ligand. The ligand-centered transition appeared at 272 
nm, with the charge transfer absorption bands being observed at 367-377 nm (e 
o f 13,000 - 17,000 L cm" 1 mol" 1) for the spin allowed bands and 441-450 nm (e 
o f 4,000 - 5,000 L cm" 1 mol ' 1 ) for the spin forbidden bands. Emission for 
complex 3 was observed at 572 nm and the lifetime was measured to be 3,400 
ns. Emission for complex 4 was observed at 588 nm and the lifetime was 
measured to be 2,800 ns. The faster emission rate observed for complex 4 vs. 
complex 3 may have been due to the presence o f the arsenic atoms. Arsenic, 
being heavier than phosphorus, has a larger spin orbit-coupling constant, which 
relaxes the rules governing changes in spin. This usually leads to faster rates o f 
intersystem crossing to the triplet state leading to faster phosphorescence. Both 
complexes 3 and 4 were observed to give a dynamic range o f 50% for P S P based 
upon them (Figure 4). Both exhibited very low rates o f photo-degradation, with 
complex 4 giving no photo-degradation, and complex 3 0.8% per 90 minutes o f 
illumination (Figure 5). The emission form complex 4 was observed to decrease 
0.2% per degree centigrade rise in temperature (Figure 5). Under the same 
conditions, complex 3 was observed to decrease 0.84% °C ' 1 (Figure 5). Both o f 
these were much lower than the 1.4% °C" 1 decrease observed for the rubth dye 
while giving a similar dynamic range (Figure 5). 

O f the observed properties, complex 1 was observed to exhibit higher 
temperature dependence and had the fastest rate o f photo-degradation, even 
faster than the rubth dye. This result was unexpected, as it was expected that the 
osmium complexes would be less temperature dependent than the corresponding 
ruthenium complexes. As osmium is in the third row, the crystal field splitting 
for complexes with the metal are larger than for complexes formed with 
ruthenium, which is in the second row. The larger crystal field splitting has a 
tendency to lead to higher energy metal centered states for osmium, thus 
reducing temperature dependence and photo-degradation. Usually the metal 
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Figure 7. Photo-degradation of complexes 1 and 2 after 90 minutes of 
illumination at 400 (fwhm = 20 nm) nm with a power density of 700 pw cm"2. 

centered states are Laporte forbidden due to the like symmetry with the ground 
state. However, under certain circumstances the metal centered state may be 
lowered in energy and become more easily populated. For complexes in 
octahedral symmetry, small perturbations may lead to relaxation o f the Laporte 
rules. Other molecules, such as solvent molecules, may cause the perturbations 
i f the complex is dissolved, col l iding with the complex, slightly distorting it . 8 In 
the case o f complex 1, the distortion to the d orbitals may be inherent with the 
molecule. The methane bridge may cause a significant bending o f the d orbitals 
o f the osmium due to a narrow bite angle. This would have an effect o f lowering 
the energy o f the M C state, and there would be significant r ing strain o f the four-
member O s - A s 2 - C ring. The lowering o f the M C state would make the state 
more accessible with increasing temperature. Together the observation o f greater 
temperature dependence, and the presence o f ring strain would increase the 
l ikel ihood o f ligand loss. Thus, the observed increases in photo-degradation and 
temperature dependence were observed. 

Complexes 3 and 4 were observed to give broader dynamic range than 
complexes 1 and 2. This may be due to the longer-lived excited states for 
complexes 3 and 4, which were almost a factor o f 2 longer than complexes 1 and 
2. The pressure paint functions by a bi-molecular coll ision between oxygen and 
the triplet excited state of the complex. When this takes place, an energy 
transfer occurs between the excited complex and the triplet ground state o f 
oxygen. The result o f the reaction is the production o f singlet oxygen and the 
return o f the complex to the singlet ground state. There is a greater chance o f 
col l is ion o f oxygen with the excited state o f complexes 3 and 4 since they have a 
longer lifetime; thus, increasing dynamic range o f the P S P based on these 
complexes. 
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Several osmium complexes have been synthesized and incorporated into 
P S P . The PSP ' s featured dynamic ranges up to 50%, which were similar to 
ruthenium tris(bathophenanthroline). Temperature dependence was as low as 
0.1% ° C - 1 and very low to non-existent rates o f photo-degradation was achieved. 
Complexes based upon 3,4,7,8-tetramethyl-l,10-phenanthroline exhibited the 
broadest dynamic ranges due to the longer lived excited states o f the complexes 
formed with this ligand. 
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Chapter 9 

Development of a Removable Conformal Coating 
through the Synthetic Incorporation of Diels-Alder 
Thermally Reversible Adducts into an Epoxy Resin 

J . H . A u b e r t 1 , D . R . Tal lant 2 , P . S. Sawyer 1 , and M . J . G a r c i a 2 

1Organic Materials and 2Materials Characterization Departments, 
Sandia National Laboratories, Albuquerque, N M 87185 

A n epoxy-based conformal coating with a very low modulus 
has been developed for the environmental protection o f 
electronic devices and for stress relief o f those devices. The 
coating was designed to be removable by incorporating 
thermally-reversible Die ls -Alder ( D - A ) adducts into the epoxy 
resin utilized in the formulation. The removability o f the 
coating allows us to recover expensive components during 
development, to rebuild during production, to upgrade the 
components during their lifetime, to perform surveillance after 
deployment, and it aids in dismantlement o f the components 
after their lifetime. The removability is the unique feature o f 
this coating and was characterized by modulus versus 
temperature measurements, dissolution experiments, viscosity 
quench experiments, and FTIR . Both the viscosity quench 
experiments and the F T I R measurements allowed us to 
estimate the equilibrium constant o f the D - A adducts in a 
temperature range from room temperature to 90 °C. 

© 2007 American Chemical Society 121 
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Introduction 

The use o f conformal coatings in electronic applications, (Printed wir ing 
boards; P W B s ) , can provide component protection from a variety o f hostile 
environments. Conformal coatings provide a secure envelope around a circuit 
board and its components and act as a barrier against chemicals, moisture, 
fungus, dust and other environmental contaminants. There is an additional need 
at Sandia National Laboratories for a conformal coating that is relatively easy to 
remove when required. Removal o f the conformal coating from P W B s allows 
us to repair or upgrade the electronic assembly without causing damage to the 
board or its components. Addit ionally, non-damaging removal o f the conformal 
coating is advantageous for surveillance and for dismantlement. There are few 
commercial conformal coatings that are removable. 

A n epoxy-based conformal coating with a very low modulus has been 
developed for the environmental protection o f electronic devices and for stress 
rel ief o f those devices. The coating was designed to be removable by 
incorporating thermally reversible Die ls -Alder ( D - A ) adducts into the, epoxy 
resin utilized in the formulation o f the coating. Figure 1 shows the reported 
reversibility o f the D - A adduct between a maleimide and a furan and the 
approximate temperatures where the reversion is reported to occur (1). The 
removability is the unique feature o f this coating and was characterized by resin 
viscosity, modulus versus temperature measurements and dissolution 
experiments on conformal coating, and Infrared (IR) measurements on resin. IR 
was used to monitor the thermally reversible nature o f the D - A adducts. IR 
measurements coupled with chemometrics allowed us to estimate the 
equilibrium constant o f the D - A adducts in a temperature range from room 
temperature to 90 °C. 

Figure 1. Thermally reversible Diels-Alder adduct formation between a Furan 
and a Maleimide according to reference 1. 
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Experimental 

Materials 

Technical grade nonylphenol, furfiiryl g lycidyl ether (96%) and furfuryl 
alcohol (99%) were obtained from A l d r i c h Chemical Co . , (Milwaukee, WI) . 
Diamine curatives, polyoxypropylenediamines (Jeffamine® D-230 (DP-2 .86) 
and Jeffamine® D-2000 (DP-34.2)) were obtained from Huntsman Chemical 
Co . , (Houston, T X ) . E p o n ™ 8121 was obtained from Resolution Performance 
Products, (Houston, T X ) . A l l reagents were used as received. 

Viscosity and Dynamic mechanical analysis (DMA) 

Viscosi ty and D M A data was collected using a Rheometrics Scientific SR5 
Stress Rheometer (now T A Instruments, N e w Castle, D E ) . Dynamic testing 
was performed on cured disks o f conformal coating having a diameter o f 25 mm 
and a thickness o f 2 mm, at a frequency o f 1 H z and with the temperature 
ramped at a rate o f 3 0 C/min. Prior to the test, the cured sample was heated to 
softening and the normal force adjusted until full contact between the sample 
and plates was obtained. Resin viscosity was measured at various temperatures 
with parallel plate geometry (25 mm diameter, maximum 0.5 mm thickness) and 
in dynamic mode. The bottom plate was a Peltier that allowed rapid temperature 
jumps. 

FTIR/chemometrics 

Infrared (IR) spectra were obtained in transmission using a Fourier 
Transform Infrared spectrometer. The resins were pressed between salt 
windows and heated in a controlled temperature cell . Multivariate chemometric 
techniques were used to analyze the IR spectra. These techniques decompose a 
set o f spectra into a set o f factors, which can be thought o f as the components 
common to the set o f spectra. The relative contribution o f each factor to a 
spectrum is the score for that spectrum. The controlling algorithm is that the sum 
o f the set o f factors, scaled by each factor's associated score for an experimental 
spectrum, should approximate that spectrum. Analysis o f the factors identifies 
components or functional groups associated with them. The scores for a factor 
reflect how the relative amounts o f the components or functional groups 
associated with that factor change from spectrum to spectrum. Thus, comparison 
o f factors (components) with their scores (relative contributions to the spectra) 
shows how the components vary in concentration in the materials from which 
the set o f spectra were obtained. From this analysis, quantitative measures o f 
the degree o f completion o f the reaction shown in Figure 1 were obtained. 
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Res in Synthesis 

Octamethyltetrasiloxane-di-4,1 -phenoxy bismaleimide was prepared 
according to a previously reported procedure (2). Proton N M R spectra indicated 
that this bismaleimide was prepared with approximately 90% purity. The 
diepoxy resin and the dialcohol used in this study were prepared by neat reaction 
o f Octamethyltetrasiloxane-di-4,1-phenoxy bismaleimide with furfuryl g lyc idyl 
ether or furfuryl alcohol respectively at 60 °C as shown in Scheme 1. 

60 ° c 
24hrs 

Scheme 1. Preparation of diepoxy resin, RER 1. The dialcohol is prepared in 
an analogous manner by substituting furfuryl alcohol for furfuryl glycidyl ether. 

Results and Discussion 

C o n f o r m a l C o a t i n g F o r m u l a t i o n 

The formulation o f the removable conformal coating, R C C 2 0 0 , is shown in 
Table I. The primary drivers for this particular formulation were a requirement 
o f a low modulus and removability. M a n y properties (thermal, electrical, 
mechanical) o f this formulation have been determined but w i l l not be reported 
here. Thermal cycl ing experiments with this coating on populated boards has 
been studied and w i l l be reported elsewhere. The application o f the coating was 
done by first degassing the material and then dispensing with a syringe. The 
epoxy cure was done at room temperature for 16 hours followed by 2 hours at 
60 °C. 
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D M A 

Figure 2 shows a plot o f the shear storage modulus, G \ obtained from 
D M A testing as a function o f temperature for three temperature ramps 
performed on the same disk of R C C 2 0 0 (cured conformal coating). Dur ing the 
first temperature ramp, the modulus fell beginning at about 100 °C by more than 
95% as the retro D - A reaction was expected to occur as shown in Figure 1. 
When the sample was cooled, the modulus recovered as the D - A adducts were 
expected to reform. This process was reversible for numerous cycles. Dur ing 
the second temperature ramp, the modulus was very close to that measured 
during the first ramp. Aga in , above about 100 °C, the modulus fell dramatically. 
After the second temperature ramp, the sample was cooled and the modulus 
recovered. Some contact between the sample and the plates was then lost and 
the measurement o f modulus became somewhat erratic. However, this 
experiment demonstrates the thermally reversible nature o f the D - A adducts as 
manifested by the thermally reversible shear storage modulus o f the conformal 
coating. 

The modulus at temperatures below 100 °C is typical for an elastomeric 
adhesive, such as Sylgard® 184. The modulus o f this cross-linked elastomer 
does not vary significantly with temperature (3). 

Table I. Formulation of RCC200, a removable conformal coating. 

PART A 
Epoxy resins 

Percent of 
PART A 

PARTB 
Curatives 

Percent of 
PARTB 

Weight of 
PARTB per 

100 gm of 
PART A 

R E R 1 75% 

E p o n ™ 8 1 2 1 25% 

Total P A R T A 100% 

Jeffamine® 
D-230 

12.6% 10.4 

Jeffamine® 
D-2000 

71.8% 59.3 

N o n y l 
phenol 

15.6% 12.9 

Total P A R T 
B 

100% 82.6 
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Aubert Conformal Coiting Simple 2 DMA Tests 
10OO0OO i 1 j 1 1 t 1 

Figure 2. Shear modulus, G' (Pa), of RCC200 as a function of temperature 
(°C). The reversible softening of the material is shown by repeated heatings (1-
3). (1 psi = 6895 Pa). Some contact between the sample and plates was lost on 

run 3 resulting in the observed lower modulus. 

FTIR/chemomet r i c s 

R C C 2 0 0 (Table 1) was too complicated to observe the reversible D - A 
adducts by IR. For simplicity, we initially performed IR on the diepoxy resin, 
R E R 1, shown in Scheme 1. However, at elevated temperatures, the diepoxy 
would self-polymerize and this also complicated interpretation o f the spectra. 
T o avoid this, we prepared the dialcohol formed from the bismaleimide and 
furfuryl alcohol (also described in Scheme 1). W e assumed that the reversible 
nature o f the D - A adduct in the dialcohol is very similar to that in the diepoxy. 
For interpretation o f the behavior o f the cured conformal coating, we also 
assumed that the reversible nature o f the D - A adduct was similar in the cured 
resin as it was in the uncured resin. The IR spectra o f the initial, nonreacted, 
mixture o f furfuryl alcohol and octamethyltetrasiloxane-di-4,1-phenoxy 
bismaleimide at ambient is shown in Figure 3. A l s o shown is the IR spectra o f 
this mixture after adduct formation at 60 °C for 2991 min. Most o f the change 
in the IR spectra occurs in the first two hours. Spectra at intermediate times 
were also obtained but are not shown here. IR spectra o f the individual starting 
components was obtained but is also not shown. 

D
ow

nl
oa

de
d 

by
 7

7.
12

2.
45

.2
 o

n 
O

ct
ob

er
 2

2,
 2

00
9 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
3,

 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

95
7.

ch
00

9

In Smart Coatings; Provder, T., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



127 

FTIR/chemometrics showed that a reversible reaction d id occur in the 
dialcohol upon heating and cooling between room temperature and 90 °C for 
numerous cycles. Figure 4 shows the spectral region that had the largest 
thermally reversible changes. The absorbance at 1191 cm" 1 corresponds to the 
C - O - C / C - N - C bonds o f adducts, whereas the absorbance at 1150 cm" 1 is due to 
the corresponding C - O - C / C - N - C bonds o f the maleimide and furan. 

0) 
o 
c 

o 
CO 
.£2 
< 

1800 1600 1400 1200 1000 
Wavenumber (cm-1) 

800 

Figure 3. The solid plot shows the absorbance of the initial mixture of 
bismaleimide and furfuryl alcohol at room temperature prior to adduct 

formation. The dashed plot shows the absorbance of the mixture after adduct 
formation at 60 °C for 2991 min. 

B y assuming that the equilibrium o f the reversible reaction was 100% adduct 
(Figure 1) at room temperature, an extent o f reaction could be determined at each 
o f the elevated temperatures where measurements were performed. The extent o f 
reaction for the reversible D - A adduct formation (Figure 1) can then be related to 
an equilibrium constant as shown in equation (1). 

(1) K(T) 
L R o «J 

A[--o] A[4-] 
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<D 
O 
c 
a 
o 

</> 

< 

1250 1200 1150 1100 
Wavenumber (cm-1) 

1050 

Figure 4. Absorbance of the adduct (fully formed initially at 60 °C) at ambient 
temperature (dashed line) and at 90 °C (solid line). Absorbance at 1150 cm'1 

corresponds to C-O-C/C-N-C bonds in precursors and at 1191 cm'1 corresponds 
to C-O-C/C-N-C bonds in adduct. The temperature dependence of the spectra 

was reversible. 

A is the activity o f the species in brackets. A best fit to the data gave: K ( T ) = 
7 . 2 x l 0 " n exp{9787/T}, where T is in °K. Predictions from this equation for the 
temperature range studied and also extrapolated to some higher temperatures are 
shown in Table II. 

Viscos i ty 

Figure 5 shows how the viscosity increases as D - A adducts form from the 
starting materials (bismaleimide and furfuryl alcohol) at 60 °C. Most o f the 
viscosity rise occurs within the first two hours with a slower increase in 
viscosity occurring over 48 hours. This is consistent with the IR measurements. 
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Table II. Estimated equilibrium constants based upon IR measurements on 
a diol containing two D-A adducts. 

Temperature Equilibrium Constant 

23 °C 16187 

60 °C 413 

90 °C 36 

120 °C 5 

150 °C 1 
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The viscosity o f some equilibrated stoichiometric mixtures o f furfuryl alcohol 
and bismaleimide have been measured at various temperatures. The viscosity 
decreases significantly wi th increasing temperature due in part to the retro D - A 
reaction. 

W i t h the capabilities o f the Peltier plate on the rheometer, we were able to 
do quench experiments on solutions and obtain an estimate o f adduct 
equil ibrium. The Peltier plate could be quenched from 90 °C to 60 °C in 
approximately 30 seconds. The temperature o f a solution between the plates, at 
the gaps util ized, could be equilibrated within approximately 1.5 min . This is 
much faster than that the adduct formation (hours) as shown in Figure 5. 
Therefore, we were able to quench a solution equilibrated at 90 °C to 60 °C and 
measure the initial viscosity (related to the extent o f adduct formation at 90 °C) 
and fol low the viscosity rise as adducts formed and approached the equilibrium 
level at 60 °C . Such a quench experiment is shown in Figure 6. 

After temperature equilibration (approximately 1.5 min), the initial 
viscosity was approximately 11 Pa-s. This compares to the equil ibrium 
viscosity at 60 °C o f approximately 31 Pa-s. The difference corresponds to the 
difference in adduct equil ibrium at 90 °C and at 60 °C . I f the relationship 
between adduct equil ibrium and viscosity were established, then the difference 
in adduct equilibrium at 90 °C and 60 °C could be determined. This adduct 
equilibrium/viscosity relationship is expected to be nonlinear. 

Figure 5. Viscosity (Pa-sec) increase of the stoichiometric mixture of furfuryl 
alcohol and the bismaleimide at 60 °C as a function of time (min) for adduct 

formation. 
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Although this relationship is not known, we estimated two points. W e 
measured viscosities o f non-stoichiometric mixtures o f furfuryl alcohol and 
bismaleimide by mix ing either 15% or 20% excess bismaleimide. When 
equilibrated these mixtures have a viscosity at 60 °C o f 27 Pa-s (15% excess) or 
12 Pa-s (20% excess). These solutions differ from quenched solutions because 
they are missing the excess furfuryl alcohol that corresponds to the excess 
bismaleimide. I f the excess furfuryl alcohol were present, the visocosity would 
be somewhat lower. 

Figure 6. Viscosity (Pa-sec) rise in a stoichiometic mixture of furfuryl alcohol 
and bismaleimide equilibrated at 90 °C and then quenched to 60 °C as a 

function of time (min) for adducts to reform. 

The 20% excess value is close to the value o f viscosity measured after the 
quench, 11 Pa-s, and implies that at 90 °C approximately 20% more o f the 
adducts are nonreacted (open) than at 60 °C . This is consistent with the F T I R 
results described above. F T I R indicated that at 60 °C approximately 5% o f 
adducts were open ( K = 412), and at 90 °C approximately 15% o f adducts were 
open ( K = 36) - a 10% difference. The viscosity and F T I R are therefore 
consistent. The viscosity numbers are higher partly due to the higher viscosity 
measured without the presence o f excess furfuryl alcohol in the non-
stoichiometric mixtures. 

D
ow

nl
oa

de
d 

by
 7

7.
12

2.
45

.2
 o

n 
O

ct
ob

er
 2

2,
 2

00
9 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
3,

 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

95
7.

ch
00

9

In Smart Coatings; Provder, T., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



132 

Removab i l i t y Exper iments 

W e have removed cured conformal coating with two approaches. One 
approach is to raise the temperature to 90 °C, where a reasonable fraction o f 
adducts are open, and to expose the coating to a mi ld solvent (e.g. 1-butanol). 
Such conditions do not damage our electronics but allow the coating to dissolve. 
The data in Table 2 indicate that at 90 °C, the adduct equilibrium constant is 36, 
which corresponds to approximately 15% o f adducts open. Our proposed 
mechanism is the following. If solvent is present, an opened D - A adduct w i l l be 
solvated and remain open. Over time, more and more o f the adducts open, are 
solvated, and the coating slowly dissolves. A 10 mi l thick coating can be 
dissolved in approximately 2 days in this manner. This is an acceptable time for 
our intended purposes. 

The second approach is to utilize a removal solvent that partakes in the 
adduct equilibrium. For this we use furfuryl alcohol. Removal experiments 
were performed at 50 °C. With a large excess o f furfuryl alcohol, the D - A 
equilibrium in the resin material, can be pushed in the direction o f very little 
adduct formed with resin. Although the D - A adducts w i l l stil l exist, they w i l l be 
dominated by those formed with furfuryl alcohol, rather than the furan within 
the resin, because o f the high concentration o f furfuryl alcohol compared to 
resin. Our electronics survived furfuryl alcohol at 50 °C and a 10 mi l thick 
coating can be dissolved in approximately 2 days. 

Conclusions 

A removable conformal coating was developed to satisfy a number o f 
criteria including having a low modulus and having an ability to be removed 
without causing damage to coated electronics. Coating removal was 
demonstrated by dissolution experiments performed in 1-butanol at 90 °C and in 
furfuryl alcohol at 50 °C. The removal (dissolution) was possible because o f the 
incorporation o f thermally reversible D - A adducts into the epoxy resin utilized 
in the coating formulation. The retro D - A reaction was demonstrated to be 
reversible on a resin similar to the one used in the coating by the use o f 
IR/chemometrics and by viscosity quench experiments. The retro D - A reaction 
and the coating removability were shown to be consistent with the temperature 
dependence o f the shear storage modulus. Significant modulus loss was 
observed at 150 °C where the fit to the IR/chemometrics indicated an adduct 
equilibrium constant o f approximately one. 
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Chapter 10 

Electroactive Polymer Coatings as Replacements 
for Chromate Conversion Coatings 

P. Zarras1, J. He2, D. E. Tallman2, N. Anderson1, A. Guenthner1, 
C. Webber1, J. D. Stenger-Smith1, J. M. Pentony3, S. Hawkins1, 

and L. Baldwin1 

1 N A W C W D , Polymer Science and Engineering Branch (Code 498200D), 
1900 North Knox Road (Stop 6303), China Lake, C A 93555-6106 

2Department of Chemistry, North Dakota State University, 
Fargo, ND 58105-5516 

3 N A W C W D , Physics and Computational Sciences Branch (Code 498100D), 
1900 North Knox Road (Stop 6303), China Lake, C A 93555-6106 

NAVAIR-WD has successfully synthesized an electro-
active polymer, poly(2,5-bis(N-methyl-N-hexylamino)phenylene 
vinylene), (BAM-PPV) in high yield and purity. BAM-PPV 
has also been characterized using advanced spectroscopic, 
electrochemical and thermal analysis techniques ( N M R , F T I R , 
ENM, TMA, DSC and T G A ) to determine its structure, 
corrosion prevention mechanism, mechanical and thermal 
properties, respectively. BAM-PPV coated aluminum samples 
have repeatedly survived 336 hours neutral salt fog spray 
exposure ( A S T M B117), which is a current military 
requirement for alternatives to chromate conversion coating 
( C C C ) pretreatments. Testing the polymer system as a 
conversion coating under neutral salt fog conditions with full 
military coatings has also been performed. The scribed BAM-
PPV A1 2024-T3 coupons with a non-chromate primer and 
topcoat showed evidence o f corrosion at 2000 hours. Coupons 
with BAM-PPV as the pretreatment with a chromated primer 
and a topcoat showed no corrosion along the scribed areas 
after 2000 hours o f salt fog exposure. These were compared to 
a fully chromated system which also showed, no corrosion 
along the scribed area at 2000 h6urs o f exposure. 

© 2007 American Chemical Society 135 
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Introduction 

Chromate conversion coatings ( C C C ) are applied via immersion or spraying 
onto both aluminum and steel substrates. These coatings provide both corrosion 
inhibition and adhesion promotion between the primer and the substrate. (/) . 
Several recent studies have shown that residual hexavalent chromium (Cr(VI)) 
in chromate conversion coatings provides corrosion protection v ia a self-healing 
mechanism (2,3). However, Cr (VI ) is a known carcinogen (4) and is highly 
regulated by the Environmental Protection Agency ( E P A ) and Occupational 
Safety and Health Agency ( O S H A ) (5). 

A n y viable alternative to Cr (VI ) coatings must meet or exceed the 
performance o f C r ( V l ) (1-3). Ideally, these alternative coatings must be able to 
passivate the metal surface al lowing the corrosion current to shift to the noble 
metal region (6). Several studies over the past decade have focused on 
electroactive polymers (EAPs ) as corrosion preventive coating (7-70). These 
studies have focused almost exclusively on polyaniline ( P A N I ) as a primer and 
have confirmed a passivation mechanism for corrosion inhibition (77-73). More 
recent studies have focused on P A N I as a replacement for chromated primers 
(14,15). Several studies using polythiophenes and polypyrroles have been used 
to coat both ferrous and nonferrous substrates (16,17). Electrochemical studies 
were performed on these E A P s as primer replacements (18), but very little work 
has been done on alternative pretreatments using E A P s . Scientists at the 
N A V A I R - W D have successfully synthesized a new poly(p-phenylene vinylene) 
( P P V ) derivative that may be an alternative to chromated pretreatments. This 
compound poly(2,5-bis(N-methyl-N-hexylamino)phenylene vinylene, B A M -
P P V has shown corrosion prevention in simulated seawater (19-21). B A M - P P V 
in its undoped form has a measured conductivity o f 10"1 1 S/cm. When pressed 
pellets o f B A M - P P V were doped with iodine a conductivity o f 10"6 S/cm was 
measured. B A M - P P V was studied using various techniques to understand its 
thermal stability and interaction with aluminum substrates. Its corrosion 
prevention properties were also evaluated using accelerated weathering 
conditions to determine its effectiveness as an alternative pretreatment to C C C . 

Experimental 

The monomer, (2,5-bis(chloromethyl)-4-(hexamethylamino)-phenyl)-
hexamethylamine dihydrochloride) was prepared according to published work 
(22). B A M - P P V solutions were prepared and thin films o f B A M - P P V were 
coated onto aluminum substrates ( A l 2024-T3) using an airbrush technique (film 
thickness approximately -1.5 urn). Differential scanning calorimetry ( D S C ) was 
performed using a T A Instruments 2910 Differential Scanning Calorimeter at a 
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heating rate o f 10°C/min under nitrogen. Thermogravimetric analysis ( T G A ) 
was performed using a T A Instruments 2950 T G A scanning at 5°C/min (under 
nitrogen and air). lH and 1 3 C N M R data was acquired using a Bruker Avance 
4 0 0 M H z N M R spectrometer at 300K. The F T I R spectrum was collected using a 
Nicole t Nexus 870 F T I R spectrometer with a l iquid nitrogen cooled M C T 
detector. The spectrum is an average o f 100 scans with 4 cm" 1 resolution. The 
polymer film was placed in contact with a Germanium crystal on a 
"Thunderdome" attenuated total reflectance ( A T R ) accessory. 

Electrochemical Noise Methods ( E N M ) studies were conducted using a 
Gamry® PC4 Electrochemical Signal Analyzer (Gamry Instruments, Inc., W i l l o w 
Grove, P A ) : E S A 400 Electrochemical Noise System. Eight B A M - P P V coated 
A l 2024-T3 sample panels were measured. O f these eight sample panels, four 
panels labeled Q, R, U and V were crossed-scribed and the other four labeled O, 
N , P and M were non-scribed. Two nominally identical sample panels (i.e., 
either both scribed or both non-scribed) served as the two working electrodes 
and a saturated calomel electrode was used as reference. A clamp-on cell was 
attached to each working electrode (each with an exposed area o f 8.5 cm 2 ) and 
Dilute Harrison Solution (0.35 wt.% ( N H 4 ) 2 S 0 4 , 0.05 wt.% N a C l ) was added to 
each cell (salt-bridge connected the two clamp-on cells). Both the current and 
voltage noise were measured simultaneously using the Z R A mode. In this mode, 
the current flow between two identical sample panels was measured and the 
potential difference between the panels and a reference electrode was also 
recorded. The data acquisition frequency was 1 H z and the sampling duration 
was 2400 s (for a total o f 2400 points used to compute the noise resistance). 

Po lymer iza t ion of M o n o m e r 

The polymerization o f the monomer was performed in a 5 L reactor with a 
mechanical stirrer (Figure 1). The reactor was placed inside a large stainless 
steel secondary container to allow cooling. Toluene (2L) and T H F (2L) was 
added to the reactor. Dry ice was added to the secondary container with 
acetonitrile to cool the reactor to -45°C. Whi le the solvent was cooling, 100-
150g o f monomer was added. When the temperature reached -45°C, 8 molar 
equivalents o f potassium t-butoxide ( K - / - O B u ) was added (1 mol monomer/8 
mol K - / - O B u ) . The temperature was kept between -45°C and -55°C for 2 hours. 
The solution was then allowed to warm to room temperature overnight. After 18 
hours the reaction mixture was found to be a very viscous orange, semi-
gelatinous material. The polymer was precipitated by pouring this material into 
methanol, filtered through a fine glass frit, and dried under vacuum at 100°C 
overnight. After drying, the polymer was placed in a soxhlet thimble and 
extracted with methanol to remove oligomers and some remaining salts, yielding 
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an orange-yellow powder in 93% yield. The extraction was followed by rinsing 
with methanol, filtering and drying to constant weight. *H N M R (400 M H z , d 8 -
toluene): 8.01 (alkenyl), 7.78 (Ar) , 3.04 ( N C H 2 ) , 2.80 ( N C H 3 ) , 1.70 
( N C H 2 C H 2 ) , 1.37 ( N ( C H 2 ) 2 C H 2 ) , 1.27 ( N ( C H 2 ) 3 C H 2 and N ( C H 2 ) 4 C H 2 ) , 0.88 
( N ( C H 2 ) 5 C H 3 ) . 1 3 C N M R (100 M H z , d 8-toluene): 148.4 ( C ^ - N ) , 133.9 (CAT-

Caikenyi), 126.0 ( C a l k e n y i ) , 118.2 ( C ^ - H ) , 57.9 ( N C H 2 ) , 42.2 ( N C H 3 ) , 32.3 
( ( N ( C H 2 ) 3 C H 2 ) , 28.3 ( N C H 2 C H 2 ) , 27.5 ( N ( C H 2 ) 2 C H 2 ) , 23.2 ( N ( C H 2 ) 4 C H 2 , 14.3 
( N ( C H 2 ) 5 C H 3 ) . The N M R and F T I R data were consistent with previously 
reported results (25). The F T I R spectrum o f B A M - P P V is provided in Figure 2 
and the peak positions and assignments are shown in Table I. The F T I R 
spectrum is consistent with the proposed polymer structure. 

C 6 H i 3 H 
© N - C H 3 

CI d e ' 
<' ^ — * K-f-BuO 

H 3 C 
N - C 6 H I 3 

CI 

C 6 H l 3 - N 0 C l e 

H C H 3 

Monomer 

THF/toluene 
-45°C c 6 H i 3 ~ N 

C H 3 

BAM-PPV 
Figure 1. BAM-PPV Polymerization 

Results and Discussion 

T h e r m a l Proper t ies o f B A M - P P V 

The polymer was extensively characterized to determine its thermal 
properties, specifically, glass transition temperature (T g ) and stability in air. 
Figure 3 shows a low temperature D S C plot o f B A M - P P V ( 2 n d heating), which 
was measured in a nitrogen atmosphere. The glass transition temperature (T g ) 
for B A M - P P V was measured at 9 .0°C. 

A small endotherm at this temperature may indicate that the transition has 
some characteristics o f melting, probably due to short side chains becoming 
" l iquid- l ike ." A high temperature D S C plot was run on B A M - P P V (Figure 4). 
This D S C plot shows that B A M - P P V contains crystal structures that melt near 
175°C. 
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BAM-PPV: DSC 
-1.5 
-1.7 
-1.9 

-40 -20 0 20 40 60 80 

Temperature (C) 

Figure 3. Low-temperature DSC plot of BAM-PPV 
(Reproduced with permission from Reference 24. Copyright 2004 

Rapra Technology Ltd.) 

0 i 

-0.2 -

Temperature (°C) 

Figure 4. High temperature DSC plot of BAM-PPV 
(Reproduced with permission from Reference 24. Copyright 2004 

Rapra Technology Ltd.) 
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Thermogravometric analysis, T G A (Figure 5) reveals that initial 
decomposition begins at 300°C. The 5% weight loss temperature is about 3 8 7 ° C 
in nitrogen and 320°C in air. This weight loss is associated with a strong 
exotherm in the D S C traces, which begins at 200-250°C. For this reason, 
thermal analysis o f B A M - P P V is confined to temperatures o f 225°C or less in 
order to ensure the stability o f the samples. In a previous publication, a T G A 
scan o f B A M - P P V heated at 120°C for 2 hours, then cooled to room temperature 
and re-heated to 500°C at 10°C/min, showed complete stability o f B A M - P P V at 
120°C under nitrogen atmosphere (24, 25). The B A M - P P V polymer is thermally 
stable up to 2 2 5 ° C without degradation in a nitrogen atmosphere. When B A M -
P P V is exposed to air, it w i l l start to degrade about 180°C. 

The thermomechanical analysis ( T M A ) o f B A M - P P V using a 0.02 N 
holding force at temperatures above 10°C, were taken at a heating rate o f 
10°C/minute (Figure 6). This measurement was to examine the dimensional 
changes o f B A M - P P V . When the B A M - P P V material begins to deform due to 
softening, there is a lowering of the net expansion rate which introduces error 
into the signal. Above 50°C, the material is soft enough that compression by the 
probe exceeds thermal expansion. The T M A o f B A M - P P V was repeated using a 
lower holding force. Although deformation o f the sample is reduced, it still takes 
place. When this is combined with the low holding force, only intermittent 
contact with the sample takes place above Tg , preventing direct measurement o f 
expansion (Figure 7). 

The thermal analysis o f B A M - P P V has been carried out to determine the 
glass transition temperature, thermal decomposition temperature and stability o f 
the polymer. The results have shown B A M - P P V to be thermally stable and can 
undergo normal processing conditions without degradation, within limits. 

N e u t r a l Salt F o g Exposure of B A M - P P V Coated A l 2024-T3 

B A M - P P V coated onto A l 2024-T3 coupons was tested as an alternative to 
C C C in a neutral salt fog chamber. The testing o f these substrates followed the 
A S T M B117 testing procedure for a total o f 336 hours (Figures 8 and 9) (26). 
A n y new military pretreatment coating used as an alternative to C C C (Type 1 A ) 
must pass 336 hours o f neutral salt fog exposure. The coatings must remain 
intact: no blistering, delamination or evidence o f corrosion. 

The polymer was dissolved in p-xylene solvent and the solution was then 
applied via air-brush onto A l 2024-T3 substrates. The B A M - P P V coated A l 
2024-T3 panels were dried in a vacuum oven for several hours. After drying the 
panels were photographed as shown in Figure 8 prior to placement in the neutral 
salt fog chamber (film thickness -1 .5 um). The panels were monitored over time 
and checked for visible signs o f corrosion during the neutral salt fog test. A 
C C C control was also placed in the neutral salt fog chamber and moni tored 
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Figure 6. TMA of BAM-PPV at 0. 02N 
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Figure 7. TMA of BAM-PPV at 0.0 IN 

D
ow

nl
oa

de
d 

by
 7

7.
12

2.
45

.2
 o

n 
O

ct
ob

er
 2

2,
 2

00
9 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
3,

 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

95
7.

ch
01

0

In Smart Coatings; Provder, T., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



145 

during the test period. A t no time did the B A M - P P V coating show delamination, 
blistering or corrosion. The B A M - P P V coating was able to meet the min imum 
requirement for passing the 336 hours (Figure 9) neutral salt fog exposure test. 
The C C C control also showed no signs o f corrosion and lasted over 1000 hours 
in neutral salt fog chamber. 

Figure 8. Time = 0 hours Figure 9. Time = 336 hours 

(Reproduced with permission from Reference 24. Copyright 2004 
Rapra Technology Ltd.) (See page 3 of color inserts.) 

Neutral Salt Fog Testing of B A M - P P V Used With Chromium-Free Primers 
and Topcoats 

The B A M - P P V coatings were tested as part o f a full military coating 
system. The polymer solutions were applied onto A l 2024-T3 substrates using 
an air-brush technique. A standard military epoxy coating, non-chromated 
primer (epoxy primer for ferrous and nonferrous metals, MIL-P-53022) and 
urethane-based topcoat (aliphatic urethane, solvent based, M I L - P R F - 8 5 2 8 5 ) 
were applied v i a spray technique onto the B A M - P P V pretreatment coating on A l 
2024-T3. A n additional sample set consisted o f B A M - P P V as the pretreatment, 
a chromated epoxy primer (MIL-PRF-23377) and a urethane topcoat ( M I L - P R F -
85285). A control set consisting o f C C C (Mi l -C-5541) , chromated epoxy primer 
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( M I L - P R F - 2 3 3 7 7 Class C) and urethane topcoat (MIL-PRF-85285) were used 
as controls. A l l panels were scribed and placed in a neutral salt fog chamber for 
2000 hours. They were monitored at selected time intervals (500, 1000, 1500 
hours) and at 2000 hours exposure corrosion was evident along the scribed areas 
for the B A M - P P V military coating system which contained the non-chromated 
primer (Figure 10). Failure o f the panels was observed at 2000 hours. The 
B A M - P P V pretreatment, chromated epoxy primer and topcoat system showed 
no sign o f corrosion in the scribed area after 2000 hours exposure to neutral salt 
fog (Figure 11). The control samples were also evaluated to 2000 hours in 
neutral salt fog chamber without any evidence o f corrosion along the scribed 
area (Figure 12). 

Electrochemical Noise Methods (ENM) Studies of B A M - P P V Coated onto 
A l 2024-T3 

E N M was used to evaluate the corrosion protection o f the B A M - P P V 
coated A l 2024-T3 in a long-term immersion study. Noise resistance was 
measured as a function o f immersion time. This experiment was used as a 
baseline for the evaluation o f B A M - P P V containing coating systems; BAM-PPV 
is not intended for use without other coating components. The immersion time 
was limited to 1008 hours (42 days). The noise resistance o f B A M - P P V coated 
A l 2024 as a function o f time is shown Figure 13. The thin B A M - P P V coating 
(film thickness -0 .4 urn) does not perform as a typical barrier coating (the 
magnitudes of the measured noise resistances were quite low (10 4 to 10 5 ohm)). 
However, this performance is consistent with that o f other conducting polymer 
films studied at North Dakota State University and may indicate a surface 
passivation mechanism. 

For the cross-scribed samples ( Q & R and U & V ) , the noise resistance 
showed an initial value o f about 5 x 10 4 Q during the first 72 hours o f 
immersion. The resistance dropped to 1 x 10 4 Q by 240 hours o f immersion and 
maintained this steady resistance through 1008 hours. A t 72 hours, a small 
amount o f corrosion product was observed in the scribe area. B y 168 hours, 
extensive white and flaky corrosion products were observed in and around the 
defect and also suspended in solution. For the non-scribed sample ( P & M and 
O & N ) , the average ini t ial noise resistance (1 x 10 5 Q ) was higher than that o f 
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Figure 10. BAM-PPV + MIL-P-53022 + MIL-PRF-85285 
(See page 4 of color inserts.) 

Figure 11. BA M-PPV± MJL-PRF-23377C + MJL-PRF-85285 
(See page 4 of color inserts.) 
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Figure 12. CCC + MIL-PRF-23377C + MIL-PRF-85285 
(See page 5 of color inserts.) 

1 .0E+06 

1 .0E+03 * 1 ! • 1 

0 10 2 0 30 4 0 5 0 

T i m e ( d a y s ) 

Figure 13: Noise Resistance (Q, log scale,) of BAM-PPV-coated Al 2024-T3 as 
a function of time of immersion (See page 5 of color inserts.) 
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cross-scribed samples. The resistance increased and reached the maximum at 72 
hours ( O & N ) or 168 hours ( P & M ) , then dropped to about 5 x 10 4 £1 at 240 
hours. The fluctuating noise resistance as a function o f immersion time may be 
due to the formation/breakdown activities o f a passive oxide film at the 
metal/conducting polymer interface. Corrosion products were found on the 
coating surface after 168 hours o f immersion. 

The interesting oscillation in noise resistance observed for each o f the 
samples o f Figure 13 is similar to that observed for a coating o f polyaniline on 
A l 2024-T3 (27). In that work the values o f noise resistance remained between 
approximately 10 4 and 10 5 CI c m 2 throughout the immersion period, but an 
oscillatory behavior in noise resistance was observed during the early stages o f 
immersion. This behavior is markedly different from that o f barrier type 
coatings, which typically show a continually decreasing noise resistance with 
immersion time. Furthermore, good barrier coating systems typically have high 
initial noise resistance values, above 10 7 Q. cm 2 , which remain high on 
prolonged immersion. Poor barrier coatings exhibit low initial noise resistance, 
below 10 5 Q cm . The oscillations suggest an active interaction between the 
coating and the metal interface or possibly spontaneous oxidation-
reneutralization o f the polymer. 

Conclusions 

The polymerization o f monomer to B A M - P P V has been successfully 
accomplished with high yield. B A M - P P V has been extensively characterized 
and is shown to be thermally stable up to 225°C without degradation o f the 
polymer in nitrogen and stable up to 180°C in air. The E N M result may indicate 
that a potential surface passivation mechanism for B A M - P P V pretreatment 
coatings. B A M - P P V can be applied in a military coating system using standard 
spray applications. B A M - P P V has been shown to pass the neutral salt fog 
exposure test for alternative military pretreatment coatings. Although, B A M -
P P V used with current nonchromated military coatings showed failure at 2000 
hours, when B A M - P P V was incorporated into a military coating containing a 
chromated epoxy primer and topcoat, the system performed as wel l as the fully 
chromated military coating. This represents a step in eliminating the C C C from 
military coatings and replacing it with a non-chromated pretreatment. Future 
tests are currently under investigation to optimize these military coatings 
systems (nonchrome primers) with B A M - P P V pretreatments. 
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Chapter 11 

Oxidation Resistive Coatings at High Temperatures 
for Iron Cores 

Charles A. Sizemore and Chhiu-Tsu Lin* 

Department of Chemistry and Biochemistry, Northern Illinois University, 
DeKalb, IL 60115-2862 

Several organic-inorganic sol-gel emulsions are formulated 
and used to produce a thin layer coating (~ 30 nm thick) on 
iron particles. The coated iron powder and those iron cores 
molded with the coated iron powder are analyzed by X R D , 
T G / D T A , and Raman spectroscopy. In T G A graphs, the 
uncoated elemental iron powder is shown to start a large mass 
increase at 240-300 °C, whereas those o f treated and coated 
systems have shown to delay to around 500-550 °C. The 
spectroscopic data indicate that the structure properties o f 
coated and uncoated iron powder are unchanged, suggesting 
that the electrical properties should remain the same. The 
relationship between the effective iron powder coatings and 
their high temperature oxidation resistive properties w i l l be 
presented and discussed. 

© 2007 American Chemical Society 153 
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Introduction 

Electrical transformers convert one electrical potential to another electrical 
potential. In one type o f transformer, a series o f wire loops is made around an 
iron core. A second wire is also looped around the core, but with a different 
number o f windings. A s current flows through one o f the wires, a magnetic 
field is created inside the iron core. This magnetic field induces a current 
through the second wire. The change in potential is relative to the proportion o f 
the number o f wire loops. For example, i f the first wire has 1000 loops and the 
second wire has 2000 loop, and 10 V is applied to the first wire, then the second 
wire w i l l acquire a potential o f 20 V because there are twice as many loops. 
These devices also can be used to reduce potential and are used in many 
appliances to reduce the 110 V potential from the building wir ing to a much 
smaller potential that is more safe (/) . 

A s the alternating current cycles, the magnetic field in the iron core also 
cycles. Eventually, the oscillating magnetic field causes the iron core to 
increase in temperature. Iron oxidizes spontaneously at room temperature, but 
this reaction is very slow under most conditions. A t increased temperatures, the 
rate o f the corrosion reaction is increased dramatically. Large or frequently used 
transformer cores are therefore susceptible to oxidation due to high 
temperatures. 

Iron transformer cores are made by applying some heat and large amounts 
o f pressure to iron powder in a mold (2). I f the individual iron particles in the 
powder were each coated (a thin, nanometers-thick layer) with a corrosion-
resistant, conductive nanocoating, then the iron core produced from the powder 
should be more corrosion resistant at high temperatures than untreated iron 
powder (5). Wi th this basic idea, the fol lowing experiments were performed. 

The organic-inorganic hybrid system is currently been developed for 
oxidative inhibition coatings on metal, ceramic, plastic and paper substrates, {4-
6) including In-Situ phosphating coatings (ISPCs) (7-9) and sol-gel chemistry 
coatings.(/0-/2) In this paper, the nanoscale approach to iron powder coating by 
sol-gel and ISPCs/sol-gel techniques w i l l be conducted. The oxidation resistance 
efficiency and chemical and physical properties o f the coated iron powder at 
high temperature w i l l be evaluated. The results are compared to those o f the 
uncoated elemental iron powder and also those o f the pretreated commercial 
iron powder for molding o f iron core. 

Experiments 

M e t a l and S i l i con Alkox ides 

Three types o f alkoxides were tested for use in the iron particle coatings. 
The first was a si l icon alkoxide, tetramethylorthosilicate ( T M O S ) . The other 
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two were metal alkoxides, titanium (IV) isopropoxide and zirconium (IV) 
butoxide. 

Silanes 

Several different silanes were used as the main component o f the coating. 
These included 1,2-bis(triethoxysilyl)ethane ( B T S E ) , 3-glycidoxypropyl-
trimethoxysilane (y-G), 3-aminopropyltrimethoxysilane (y-A), 3-glycidoxy-
propylmethyldimethoxy silane (y-GD), 3-mercaptopropylmethyldimethoxy 
silane (D-SH) , tetraethylorthosilicate ( T E O S ) , and tetramethylorthosilicate 
( T M O S ) . The B T S E , T M O S , and T E O S precursors have four or six potential 
sites for condensation reactions, which leads to extensive crosslinking and a 
very hard, three-dimensional coating. The others, y - A and y - G , should result in 
a relatively flexible coating with the si l icon end bonded to the metal surface and 
the epoxy or amino groups oriented outward. These last two were usually used 
together, with the relative amounts varied to adjust the p H without having to add 
additional components. These silanes are all acidic in nature, but the y - A has an 
amino group at the end, which increases the p H . 

When iron is exposed to water and oxygen, corrosion on the microscopic 
scale begins immediately. This small amount o f corrosion usually cannot be 
seen with the naked eye, but it greatly affects the performance o f a coating that 
is applied on top of it. A metal alkoxide or sil icon alkoxide coating simply 
cannot effectively bond to ionic iron oxide in the same way that it bonds to the 
non-corroded metal surface. Because the coating is applied in aqueous solution, 
it is inevitable that some o f this "flash rusting" w i l l occur. There are many 
products and chemicals available commercially that are purported to stop flash 
rusting, and several o f these were tested for compatibility with our system. 
They include Irgacor 1405 (Ciba), Irgacor 252FC (Ciba), Span 60 Spray 
(Uniqema), M Y R J 52S Spray (Uniqema), and Wetlink 78 (Silquest). 

A p p l i c a t i o n Tempera ture 

The temperature o f almost any chemical reaction affects the rate o f the 
reaction. A difference o f ten centigrade degrees can be the difference between 
no observed reaction and a vigorous reaction. In addition, sol-gels are extremely 
sensitive to temperature and humidity in the manner in which they hydrolyze, 
coat, and/or cure. For this reason, three different temperatures were used for the 
coating process o f the iron powder. 

For the first point, the iron powder was coated at room temperature (21-
23°C). For the second and third points, the sol-gel was heated in a hot-water 
bath until the temperature was 40°C and 60°G, respectively. Higher 
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temperatures than 60°C were not used because the low boil ing point o f ethanol 
would change the composition o f the sol-gel uncontrollably. Lower 
temperatures than 20°C were not tested because the coating reaction would, at 
best, have the same rate as room temperature and would most l ikely proceed at a 
slower rate. 

C o a t i n g Procedure 

For this investigation, the sol-gels were prepared in the fol lowing way. 
Metal (or silicon) alkoxides were mixed and sonicated with ethanol. M o r e 
ethanol was mixed with water to create an aqueous alcohol solution. A n y solids 
used as corrosion inhibitors were dissolved in the aqueous alcohol solution. The 
metal (or silicon) alkoxide was set to be 5-10 wt% o f the total solution (after 
hydrolysis). The ethanol and water were each used in amounts from 30-60 wt% 
o f the total solution. The corrosion inhibitors were used in very small amounts, 
usually 0.1-0.5 wt%. 

The alkoxide solution and the aqueous alcohol solution were mixed with 
stirring to begin hydrolysis. For the titanium-based and zirconium-based sol-
gels, the hydrolysis reaction was carried out in a cold-water bath. After a few 
minutes o f stirring, the sol-gel was ready to coat the iron powder. For the 
temperature-varied trials, the sol-gel was heated at this point in a hot-water bath. 
For all trials, about 300g o f sample iron powder (Green Products, Inc., Taiwan) 
were used for 150g o f sol. The powder was added to the sol in a plastic beaker. 
The solution was stirred for several minutes to coat the iron particles. The 
powder was removed from the sol-gel by vacuum filtration and was lightly 
covered with lint-free tissue overnight to dry. 

In order to increase bonding between the coating and the substrate, an in-
situ phosphatizing reagent, phenylphosphonic acid ( P P A ) , ( 7 ' 9 ) was added to some 
o f the sols as 1 wt% o f the total solution. The intent was to create phosphorus-
oxygen-metal bonds, which are easily formed with heat treatment. 

Test ing Procedures 

The coated and uncoated iron powders were tested in many different ways. 
Since the primary goal o f the research was to produce an iron material that could 
resist oxidation at higher temperatures, thermogravimetric analysis (Seiko SII 
SSC/5200 T G / D T A 320) was used to monitor the mass o f a sample as the 
temperature was increased. A s the temperature is increased, oxidation o f the 
iron occurs at a more rapid rate. A s the iron bonds with oxygen from the air, the 
sample becomes heavier due to the addition o f oxygen atoms; i.e., the metal 
forms metal oxide. In this manner, a sample can be continually massed as the 

D
ow

nl
oa

de
d 

by
 7

7.
12

2.
45

.2
 o

n 
O

ct
ob

er
 2

2,
 2

00
9 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
3,

 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

95
7.

ch
01

1

In Smart Coatings; Provder, T., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



157 

temperature is s lowly increased, and at some temperature, the mass w i l l begin to 
increase sharply. It was the goal o f this work to extend this temperature as much 
as possible. 

For al l iron-core coatings, the temperature was increased from room 
temperature (-20 °C) to 600 °C. Higher temperature testing was desired, but the 
sample holders (aluminum test pans) melt at temperatures just above 600 °C. 
The rate o f the temperature increase was programmed to be 6 °C/min. This rate 
was determined to be a compromise between a faster rate (which would decrease 
the test time from two hours / sample) and a slower rate (which would increase 
the data resolution). 

Other testing methods used for analysis were powder X- ray diffraction 
(Rigaku Min i f l ex , C u K a ) and Raman spectroscopy (Renishaw Raman Imaging 
Microscope System 2000). X- ray diffraction can be used to determine the 
structure o f any crystalline material and was used in this work to analyze the 
iron powder to see i f there were any changes to it after the coating process. 
Raman spectroscopy is used to elucidate information similar to that obtained 
from infrared spectroscopy, which gives information about the vibrations of 
surface coating, for example, sol-gel/metal bonds. It was used to see i f there 
were any differences structurally between any o f the coatings. Infrared 
spectroscopy (IR) (unless a refractive F T I R is used) could not be used in this 
case because IR depends on the ability o f some light to be transmitted through 
the sample, and these samples would not transmit light because they were 
mostly metal. Since Raman is a scattering technique, the opaqueness o f the 
sample was not a factor in obtaining good spectra. 

X-ray diffraction patterns were obtained for some PPA-treated samples 
before and after heating to 350 °C for four hours. The samples were heated in a 
preheated oven on watch glasses. The samples included PPA-treated and 
untreated samples on both elemental iron powder and commercial iron powder. 

Results 

Thermogravimetric analysis ( T G A ) indicates that the performance o f the 
three alkoxides is similar, as shown in Figure 1. Si l icon- and zirconium-based 
coatings prevented large-scale oxidation up to about 470 °C. The titanium-based 
sol-gel prevented oxidation up to about 480 °C, which may be a negligible 
difference. 

Different silanes used in coating of iron powder gave similar results. A s 
shown in Figure 2, 3-glycidoxypropylmethyldimethoxy silane, 3-mercapto-
propylmethyldimethoxy silane, and a mixture of 3-glycidoxypropyltrimethoxy 
silane and 3-aminopropyltrimethoxy silane all behaved similarly. A l s o shown is 
the control, which was simply a sample o f the iron powder that was not coated. 
The y - G D began oxidation at about 360 °C. The D - S H began to oxidize at about 
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200 250 300 350 400 450 500 550 BOO 

temperature (°C) 

Figure 1: TGA graph of iron particles coated with silicon-based (white 
triangle), titanium-based (black square), and zirconium-based (white rectangle) 
sol-gels. Also shown for reference are phosphated iron powder (black triangle) 

and elemental iron powder (white circle). 

200 300 400 5D0 BDO 

temperature (°C) 

Figure 2. TGA graph of iron particles coated with 3-glycidoxypropyl-
methyldimethoxy silane (white circle), 3-mercaptopropylmethyldimethoxy silane 

(black circle), a mixture of 3-glycidoxypropyltriethoxy silane and 3-amino-
propyltrimethoxy silane (white triangle), and the control of the phosphated iron 

powder sample (black triangle). 
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375 °C. The mix of y - G and y - A oxidized at about the same temperature as the 
D - S H . A l l o f the silanes resisted oxidation better than the control, which began 
to oxidize at about 300 °C. 

A l l three alkoxide types were tested at the three different coating 
temperatures. For the silicon-based coatings, the cooler temperatures were 
actually better than the 60 °C coating, as shown in Figure 3, although al l 
coatings, again, showed better resistance to oxidation than the uncoated control. 
The titanium-based coatings shown in Figure 4 do show an improvement at 
higher temperatures, with the cooler cured coatings showing oxidation at 420 °C 
and the 60 °C cured coating oxidizing at 450 °C. Unfortunately, the 60 °C 
sample also shows a loss o f mass between 200 °C and 300 °C. Since the loss o f 
mass cannot be attributed to the iron, it must be some degradation of the coating. 
The results o f the T G A of the zirconium-based coatings are given in Figure 5. 
L i k e the titanium-based coatings, the zirconium-based coatings seem to improve 
as curing temperature increases. In addition, like the titanium-based coatings, 
there is a slight loss o f mass between 250 and 300 °C. 

Figure 6 shows Raman spectra o f coated iron particles and uncoated iron 
oxide. The coated particles show broader peaks and a new peak at about 665 
nm. Figure 7 shows X-ray diffraction results for some coated-iron samples. 

Figures 8 and 9 show X-ray diffraction patterns for the PPA-treated samples 
on both substrates before and after heating at 350 °C against untreated samples. 
Generally, the samples show a weaker iron pattern after heat treatment, and 
develop new peaks that indicate the formation of iron oxide. Figure 10 shows 
the results o f the T G A o f the PPA-treated samples (B , elemental iron powder, 
and D , commercial iron powder) and controls ( A , elemental iron, and C , 
commercial iron). 

Discussion 

Si l icon- and zirconium-based sol-gel coatings prevented oxidation o f iron 
particles up to 470 °C. Titanium-based sol-gel coatings may have been slightly 
better, preventing oxidation up to 480 °C. This result was surprising because 
titanium (IV) oxide and zirconium (IV) oxide are very thermally stable, with 
melting points near 2000 °C. For this reason, it was expected that the titanium-
and zirconium-based coatings would show a marked improvement over the 
silicon-based coating. The result indicates that the titanium- and zirconium-
based coatings were not better or, at best, marginally better than the s i l icon-
based coating. Because the resistance to oxidation does not appear to be 
dependent on the material, it could be that the iron particles are not completely 
coated (or only an ultra thin layer coating at nanoscale). Scanning electron 
microscopy could be used in the coated samples to confirm or disprove this 
suggestion. 
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Figure 4. TGA graph of iron particles coated with titanium-based sol-gel and 
cured at room temperature (black circle), 40 °C (white triangle), and 60 °C 

(white circle) with phosphated control (black triangle). 
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200 300 400 500 600 

T ( ° C ) 

Figure 5. TGA graph of iron particles coated with zirconium-based sol-gel and 
cured at room temperature (black circle), 40 °C (white triangle), and 60 °C 

(white circle) with phosphated control (black triangle). 

A 

1900 1600 1300 1000 700 4 0 0 100 
wavenumbers (cm 1) 

Figure 6. Raman spectra of sol-gel coatings, with silicon-based (A), titanium-
based (B), and zirconium-based (C) gels shown with partially oxidized iron 

sample (D). 
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angle (26) 

Figure 8. X-ray diffraction data of PPA-treated and untreated elemental iron 
powder. 
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angle (20) 

Figure 9. X-ray diffraction data of PPA-treated and untreated commercial iron 
powder. 
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0 100 200 300 400 500 600 

T(°C) 

Figure 10. TGA data of (A) untreated elemental iron powder, (B) PPA-treated 
elemental iron powder, (C) untreated commercial iron powder, and (D) PPA-

treated commercial iron powder. 

When different silanes were used in the coatings, there was not a significant 
difference between the tested samples. A l l began oxidation between 360 and 
375 °C, which is lower than the T M O S sample in the first experiment. This 
result is not as surprising as the result o f the first experiment because the 
organofunctional structures o f the tested silanes are not especially thermally 
stable. T M O S hydrolyzes to form tetrahydroxysilane, which in turn forms 
sil icon dioxide when it is coated on the iron surface. S i l icon dioxide, which is 
essentially glass, can exist at high temperatures (at least 1500 °C) without 
melting or decomposing. The other tested silanes have organofunctional chains, 
which are not as thermally stable. These organic parts could be decomposing 
with heat, which would leave a coating that has no integrity. 

The temperature study on the T M O S sol-gel coating showed that the room-
temperature coating process was better than the 60 °C coating process. Whi le 
this result was unexpected, there are a few possible explanations. For one, the 
increased temperature could have increased the condensation reaction o f the sol-
gel sols. I f this were the case, tiny particles o f si l icon oligomers would form in 
solution. Although no particles were observed, they could easily be o f the 10-50 
nm range, which would eliminate the possibility o f seeing them with the human 
eye. I f these particles were formed, they would cause uneven coating o f the iron 
particles, which would expose parts o f the iron to oxidation. Another possibility 
is that the increased temperature caused the acidic solution to attack the metal 

D
ow

nl
oa

de
d 

by
 7

7.
12

2.
45

.2
 o

n 
O

ct
ob

er
 2

2,
 2

00
9 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
3,

 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

95
7.

ch
01

1

In Smart Coatings; Provder, T., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



166 

particles, causing flash rusting. This oxidation could be on a small scale, so that 
it could not be seen, but still very damaging in that corrosion could take place 
starting at those sites. The coating would not bond as wel l at those more ionic 
sites, complicating the problem. These are only a few suggestions; more work 
w i l l have to be done to investigate this phenomenon. 

The temperature study on the titanium- and zirconium-based sol-gel 
coatings showed similar effects. The room-temperature process was more 
effective than phosphate conversion coating only (i.e., the commercial iron 
powder), but the high-temperature processes were significantly better, especially 
in the case o f the titanium-based coating. This was the expected result, as it was 
assumed that the binding reaction o f the sol-gel to the iron particles was 
expected to go faster at higher temperature. 

The results o f the titanium- and zirconium-based sol-gels applied at 
different coating temperatures are opposite o f those o f the silicon-based sol-gels 
with respect to the T G A testing. A possible explanation could be that the 
increased temperature affects the rates o f the reactions o f the alkoxides 
differently. Si l icon dioxide, titanium (IV) oxide, and zirconium (IV) oxide are 
all extremely thermodynamically stable at al l the used coating temperatures. 
However, the relative speeds o f the condensation reaction and the metal-binding 
reaction could be affected differently for different alkoxides. I f this is the case, 
at higher temperatures the titanium- and zirconium-based sol-gels could have an 
increased rate for the metal-binding reaction while the condensation reaction did 
not increase to the same degree. The silicon-based sol-gels could have a 
condensation rate increase that is higher in proportion to the metal-binding 
reaction. 

The Raman and X- ray spectra show that a coating was formed and the metal 
core remained the same, respectively. This is important for maintaining L and Q 
values o f iron-core devices. Raman is a scattering technique that examines the 
functional group on the surface o f a material. The spectrum is indicative o f the 
structure o f the coating and the coating-metal interface. The broad peaks and 
the presence o f a new peak at 665 cm" 1 indicate that there is an amorphous 
coating bonded to the metal surface. A product that appeared like the iron / iron 
oxide mixture (D) would be indicative o f iron powder that had been immersed in 
acidic solution but not coated. The diffraction technique passes X-rays through 
the iron sample, where they are diffracted and form a pattern based on the 
crystal structure o f the iron. A coating or process that changes the structure o f 
the iron lattice was not desired, and the X- ray data shows that the outer layer o f 
iron remained the same as before it was coated. The single iron peak at 45.3° 
does not disappear or shift, and no new peaks appear. 

The X R D patterns illustrated in Figures 8 and 9 show the degradation o f the 
crystal structure o f the iron particles upon heat treatment. A t high temperature 
for an extended period, diffusion o f iron atoms causes the crystal to form 
defects, producing a more amorphous structure. Under these conditions, the 
diffraction pattern is not as strong, and some iron oxide peaks may begin to 
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appear due to the faster oxidation o f the powder. Figure 8 (top) shows the 
effects o f heating on a control o f the elemental iron powder. The unheated 
sample shows typical iron peaks, 20 at 44.5, 64.8, 82.2, 98.9, and 116.3°. After 
heating the sample for four hours, the pattern is almost nonexistent, as the 
sample has lost most o f its crystalline character. Figure 9 (top) shows less 
dramatic but similar results for the untreated commercial iron powder. The 
peaks in the diffraction pattern o f the heated sample are considerably less 
intense than those in the pattern for the unheated sample. The Figure 8 (bottom) 
shows the effect o f the P P A treatment on the iron powder. Some new peaks are 
present, indicating the presence o f crystalline iron phosphate (or iron oxide), but 
the iron peaks have not disappeared as they did in the untreated iron powder in 
Figure 8 (top). Figure 9 (bottom) is analogous in that with heating it shows 
some decrease in crystalline character, but shows less than that o f the untreated 
commercial iron powder. 

The T G A results in Figure 10 show the effect o f the P P A treatment on the 
iron powder's resistance to oxidation. Curve 10a is the untreated elemental iron 
sample, which has increased its mass by the arbitrary value o f 5.0 wt% 
(corresponding to 13 wt% o f the iron oxidized to F e 3 0 4 ) at 341°C. B y contrast, 
the PPA-treated sample (curve 10b) o f the iron does not reach 105 wt% o f its 
initial mass until 408°C. The more practical commercial iron powder (curve 
10c) reaches 105 wt% at 519°C, and the PPA-treated version (curve 10d) lasts 
until 556°C. The results seem to indicate that (i) the P P A additive increases the 
temperature at which oxidation is rapid, (ii) the difference in oxidation 
temperature between the commercial iron and elemental iron is larger than the 
difference between PPA-treated and untreated versions o f either substrate, and 
(iii) either the P P A is less effective on the commercial substrate than the 
elemental iron ( A T c o m = 37°C vs. A T e i e m = 67°C), or the PPA-treatment is less 
effective at higher temperatures. 

Conclusions 

Several sol-gel and sol-gel ISPCs coatings were developed that successfully 
increased the temperature o f mass oxidation o f iron particles. A n arbitrary point 
o f 105 wt% o f the starting mass was obtained at 519 °C for the untreated 
commercial iron powder while the same relative mass was delayed 20-30° for 
the treated samples. This is a successful achievement because reaction rates can 
change dramatically with a temperature change o f even ten degrees. In this 
case, the oxidation o f the iron powder that occurs even at room temperature was 
kept to a negligible rate for an additional 20-30°. X-ray diffraction shows that 
the iron itself did not change structure; therefore, the properties o f the iron itself 
should remain unchanged. 

D
ow

nl
oa

de
d 

by
 7

7.
12

2.
45

.2
 o

n 
O

ct
ob

er
 2

2,
 2

00
9 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
3,

 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

95
7.

ch
01

1

In Smart Coatings; Provder, T., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



168 

Treatments containing an in-situ phosphatizing agent ( P P A ) showed even 
better results than the other treatments, increasing the 105 wt% point to 37°C 
higher than the untreated commercial sample. The difference was magnified on 
pure iron, which gained 67°C by use o f the PPA-containing treatment. 
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Figure 4.6. Barnacle cutting and corrosion in the coatings. 
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Figure 10.8. Time = 0 hours Figure 10.9. Time = 336 hours 

(Reproduced with permission from Reference 24. Copyright 2004 
Rapra Technology Ltd.) 
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Figure 10.10. BAM-PPV + ML-P-53022 + ML-PRF-85285 

Figure 10.11. BA M-PPV± MJL-PRF-23377C + MJL-PRF-85285 
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Figure 10.12. CCC + ML-PRF-23377C + ML-PRF-85285 

Figure 10.13. Noise Resistance (Qt log scale,) ofBAM-PPV-coatedAl2024-T3 
as a junction of time of immersion 
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Excited states, metal complexes, 

108-109 

F 

F i l m thickness, property o f 
prototype antimicrobial coatings, 
32/ 

Fluorescence, pressure-sensitive 
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reactive end groups, 66 
structure, 6 5 / 
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brush-nanoparticle composite, 90, 

9 1 / 
cluster morphology in solvent poor 

for black chains, 8 6 / 
fabrication o f switchable channel, 

9 0 / 
grafted spherical, 8 2 / 
grafting from approach, 82 
grafting to approach, 84 
hybrid brush, 90 
influence o f p H on thickness and 

refractive index o f swollen 
P A A - P 2 V P brush, 8 9 / 

lamellar morphology in 
nonselective solvent, 8 6 / 

microcontact printing o f P 2 V P 
chains on Si wafer grafted with 
PS, 8 3 / 

planar, from black and gray chains, 
8 0 / 

spherical, 8 2 / 
structure of, 81-82 
switching adhesion with copolymer 

o f styrene and fluorinated 
acrylate (PSF) and P 2 V P chains, 
85, 8 7 / 

switching adsorption, 88 
switching o f optical properties, 

89 
switching o f wetting behavior, 85, 

86/ 
synthesis, 82-84 
Y-shape, 8 2 / 
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Morphology 
cluster, in poor solvent, 84, 8 6 / 
lamellar, in nonselective solvent, 

84, 8 6 / 
mixed polymer brush, 84-85 
mixed polymer brushes, 84-85, 8 6 / 

N 

Nanocapsules, self-assembling, 10 
Nanomaterials, smart coatings, 10 
Nanosensor fabrication, hybrid 

brushes, 9 0 , 9 1 / 
Natural textiles, antibacterial agents, 

16 

O 

Optical properties, switching behavior 
o f mixed polymer brush, 89 

Organic antimicrobial coatings. See 
Antimicrobia l coatings 

Osmium complexes 
chemical structures, 111 / 
crystal field splitting, 114, 116 
general synthetic procedure, 110 
incorporation into pressure sensing 

paints (PSP), 111-112 
'photodegradation, 112, 113/ 114, 

116/ 
temperature dependence, 112, 114, 

115/ 
See also Pressure sensing paints 

(PSP) 
Oxidation/reduction, polyaniline, 10 
Oxidation resistive coatings. See So l -

gel coatings 

Paints. See Pressure sensing paints 
(PSP) 

Penci l hardness, property of prototype 
antimicrobial coatings, 32/ 

P H 
polymer films responding to, 96 
stimulus initiating switching, 80, 89 
See also pH-responsive polymers; 

Polymethylene ( P M ) films 
Phenylphosphonic acid ( P P A ) 

phosphatizing reagent, 156 
See also Sol-gel coatings 

Phosphorescent divalent osmium 
complexes. See Pressure sensing 
paints (PSP) 

pH-responsive polymers 
advantages o f strategies for films, 

97 
examples, 96 
surface-catalyzed polymerization, 

96-97 
See also Polymethylene ( P M ) films 

Piezoelectric coating, stage three 
smart coating, 6/ 

Piezoelectric pigment, lead-zirconium-
titanate, 8 

Polyaniline ( P A N I ) 
corrosion inhibition, 136 
oxidation and reduction, 10 

Poly(2,5-bis(yV-methyl-yV-
hexylamino)phenylene vinylene 
( B A M - P P V ) 
corrosion prevention, 136 
See also Electroactive polymer 

coatings 
Poly(fl-butyl acrylate) ( P B A ) . See 

Core-shell particles 
Poly(dimethyl siloxane) ( P D M S ) 

coatings with organofunctional 
P D M S , 63-64 

solubility parameter, 67 
See also Siloxane-urethane 

coatings 
Polyethylene oxide (PEO) , coating 

medical implants, 8 
Polyisocyanate crosslinkers 

materials, 64 
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structures, 6 5 / 
See also Siloxane-urethane 

coatings 
Polymer brushes. See M i x e d polymer 

brushes 
Polymers and blends, smart coatings, 

9 
Polymethylene ( P M ) films 

characterization methods, 100 
conversion o f P M with ethyl ester 

side groups ( P M - C 0 2 E t ) to P M -
C 0 2 H by 0 . 5 M K O H in ethanol, 
101, 102/ 

copolymerization o f P M - C 0 2 E t , 
96-97 

electrochemical impedance spectra 
for P M - C 0 2 H f i lm on gold, 
103, 104/ 

experimental, 97, 99-100 
film performance, 103 
hydrolysis method, 99 
materials, 97, 99 
measured capacitance upon 

repeated exposures o f P M -
C 0 2 H to p H 4 and 11, 103, 
104/ 

method for preparing p H -
responsive P M - C 0 2 H films, 9 8 / 

preparation o f diazomethane, 99 
preparation o f gold substrates, 99 
preparation o f polymer films, 99 
reflectance infrared o f P M - C 0 2 E t 

before and after hydrolysis, 101, 
102/ 

Poly(/?-phenylene vinylene) ( P P V ) 
new derivative, 136 
See also Electroactive polymer 

coatings 
Polystyrene (PS). See M i x e d polymer 

brushes 
Polyurethanes. See Siloxane-urethane 

coatings 
Pressure sensing paints (PSP) 

application and characterization, 
111 

chemical structure o f 2-
[ethyl[heptadecafluorooctyl)-
sulfonyl]amino]ethyl 
methacrylate, 110/ 

chemical structures o f osmium 
complexes, 111 / 

comparing osmium and ruthenium 
complexes, 111-112, 114 

composition, 108 
crystal field splitting for metal 

complexes, 114, 116 
degradation and temperature 

dependence o f P S P with 
ruthenium and osmium 
complexes, 113/ 

excitation and deactivation 
pathways o f excited molecule, 
109/ 

excited states and relation to each 
other, 108-109 

experimental, 109-111 
F A B (poly(2-

[ethyl[(heptadecafluorooctyl)-
sulfonyl]amino]ethylmethacrylat 
e)) synthesis, 109-110 

fluorescence, 9 
general synthesis o f osmium 

complexes, 110 
ligand-centered ( L C ) state, 108 
luminescence and bimolecular 

quenching pathways, 108 
metal centered ( M C ) state, 108 
metal to ligand charge transfer 

( M L C T ) , 108 
osmium complexes incorporation 

into PSP with F A B , 111-112 
photo-degradation o f complexes 

after illumination, 114, 116/ 
Stern-Volmer plot for ruthenium 

and osmium complexes, 112 / 
temperature dependence based on 

osmium complexes, 114, 115/ 
Pressure sensitive coating, stage three 

smart coating, 6/ 
Protection, mechanisms for coatings, 4 
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R 

Radio frequency identification devices 
(RFIDs) , smart coatings, 9 

Removable conformal coating. See 
Conformal coating 

Responsive coatings. See M i x e d 
polymer brushes 

Ruthenium complexes. See Pressure 
sensing paints (PSP) 

S 

Sacrificial coatings, mechanism o f 
protection, 4 

Salt fog exposure 
poly(p-phenylene vinylene) ( P P V ) 

derivative coated A l coupons, 
142, 145 

P P V derivative with chromium-free 
primers and topcoats, 145-146, 
147/ 148/ 

See also Electroactive polymer 
coatings 

Sanitation, infectious diseases, 
28 

Self-assembling 
lipids forming tubules, 9 
nanocapsules, 10 

Self-healing coatings 
stage three smart coating, 6 t 
uncured resin in capsules, 8 

Self-stratifying coatings 
conceptual possibilities, 63 
driving forces, 62 
variables influencing development, 

63-64 
Ship hulls 

fouling, 62 
See also Siloxane-urethane 

coatings 
Silicon-based sol-gel coatings 

temperature study, 165-166 
See also Sol-gel coatings 

Silicone polymers with biocide 
grafting 
average fouling rating o f coatings 

after 44 days static immersion, 
49, 5 3 / 

average fouling rating of coatings 
after 80 days static immersion, 
49, 5 4 / 

barnacle cutting and corrosion in 
coatings, 49, 5 6 / 5 7 / 

characterization of resins, 46 
effect o f modulus and biocide 

loading on fouling rating, 49 
experimental, 45-48 
incorporation o f modified biocide 

and al ly l g lyc idyl ether into 
siloxane, 45 

materials, 44-45 
modification o f biocide and 

incorporation into siloxane, 48, 
5 0 / 

modification o f biocide by bromo 
alkene, 45 

modification o f siloxane by a l ly l 
g lycidyl ether, 48, 5 1 / 

panel pictures after 44 days static 
immersion, 49, 5 5 / 

panel preparation and deployment 
site, 46-48 

preparation o f coatings, 46, 47/ 
research aim, 44 
synthesis and chemical 

characterization, 48 
variation of storage modulus with 

temperature, 49, 5 2 / 
Si l icon resin, stage two coating, 7 
Siloxane-urethane coatings 

aminopropyl terminated 
polydimethylsiloxane ( P S X -
N H 2 ) synthesis, 64-65 

automated pul l -off adhesion 
system, 68-69 

block and graft copolymers as anti­
fouling systems, 63 

coating screening process, 65-66 
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experimental, 64-66 
formulation and application, 65 
fouling release coatings, 62 
high throughput methods, 64, 66 
identifying suitable composition, 

66 
influencing variables for 

stratification, 63-64 
initial water contact angle data for 

library A , 6 7 / 
libraries A - D summary, 66/ 
library A with P S X - N H 2 and 

isophorone diisocyanate (IPDI) 
trimer, 67-69 

library B using P S X - N H 2 and 
crosslinker triisocyanurate o f 
hexamethylene diisocyanate 
( H D T ) , 69, 7 0 / 

library C using lower molecular 
weight P S X - N H 2 , 69,71 

library D using hydroxyl a lkyl 
terminated P D M S and different 
solvent blends, 7 1 , 7 2 / 7 3 / 

materials, 64 
poly(dimethyl siloxane) for 

solubility parameter, 67 
possible cross-section morphology 

o f self-stratifying coating 
systems, 6 3 / 

pul l -off adhesion data for library A , 
6 9 / 

pul l -off adhesion data for library B , 
7 0 / 

self-stratification, 62-63 
structures of reactants in coatings, 

6 5 / 
water contact angle and change in 

contact angle for library D , 7 3 / 
water contact angle and contact 

angle change o f library A after 
immersion, 6 8 / 

water contact angle data for library 
B , 7 0 / 

water contact angle data for library 
D , 7 2 / 

water contact angle for library C , 

7 1 / 
Silver, antimicrobial agent, 30 
Smart coatings 

antifouling coatings, 7-8 
antimicrobial and hygienic 

coatings, 5, 7 
evolution, 5 
examples o f third stage, 6t 
future, 9-10 
interacting with environment, 8 -

9 
responsive behavior, 80-81 
second generation, 5 
state-of-the-art technology, 3 
third stage, 5 
See also Core-shell particles; 

M i x e d polymer brushes 
Solar absorption coating, stage three 

smart coating, 6t 
Sol-gel coatings 

alkoxides for iron particle coatings, 
154-155 

application temperature, 155-156 
coating procedure, 156 
crystal structure degradation o f iron 

particles with heat treatment, 
166-167 

experimental, 154-157 
flash rusting, 155 
metal and sil icon alkoxides, 154— 

155 
performance o f alkoxides by 

thermogravimetric analysis 
( T G A ) , 157, 158/ 159 

Raman spectra of, with s i l icon-
based, titanium-based, and 
zirconium-based, 159, 161 / 

silanes, 155 
silicon-based, 159, 160/ 
temperature study, 165-166 
testing procedures, 156-157 
T G A data o f untreated and treated 

elemental iron powder and 
phenylphosphonic acid ( P P A ) -
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treated commercial iron powder, 
159, 163/ 

T G A graph o f iron particles coated 
with various silanes, 157, 158/ 
159 

titanium-based, 159, 161/ 
X- ray diffraction ( X R D ) data, 159, 

162/ 
X R D o f PPA-treated and untreated 

commercial iron powder, 159, 
164/ 

X R D o f PPA-treated and untreated 
elemental iron powder, 159, 
163 / 

zirconium-based, 159, 160/ 
Spherical brush, mixed polymer brush, 

82 
Stage one coating, free association 

coatings, 5, 7 
Stage three smart coatings, 

antimicrobial and hygienic 
coatings, 5, 7 

Stage two coating, si l icon or 
fluorinated resin, 7 

Staphylococcus aureus A T C C 6538 
application o f bacteria to coating, 

33-34 
dose response using increasing 

levels o f bacteria, 38/ 
dose response with increasing 

antimicrobial agents, 36, 3 8 / 
preparation o f bacterial broth 

cultures, 33 
quantitative recovery of, from 

coated coupons, 35, 3 7 / 
testing standard for disinfectant 

efficacy, 31 
See also Ant imicrobial coatings 

Surface energy, self-stratification, 
62 

Surface-initiated polymerizations 
advantages, 96 
pH-responsive copolymer films, 

96-97 
See also Polymethylene ( P M ) films 

Switchable channels, mixed polymer 
brushes, 90 

Switching behavior 
adhesion, 85, 8 7 / 
adsorption, 88 
optical properties, 89 
smart responsive systems, 80-81 
wetting behavior, 85, 86/ 
See also M i x e d polymer brushes 

Temperature-sensitive coating, stage 
three smart coating, 6/ 

Textiles 
antibacterial agents for, 16 
See also Core-shell particles 

Thermally responsive films, poly(A r-
isopropylacrylamide), 96 

Thermoset coatings. See S i loxane-
urethane coatings 

Third stage, smart coatings, 5, 6/ 
Titanium-based sol-gel coatings 

temperature study, 166 
See also Sol-gel coatings 

Toxins, coatings releasing, 29-31 
Triclosan 

incorporation into siloxane 
backbone, 48 

See also Silicone polymers with 
biocide grafting 

Tubules, specialized lipids self-
assembly into, 9 

Urethane coatings. See S i loxane-
urethane coatings 

Viscosi ty 
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D i e l s - A l d e r adduct formation, 128, 
130-131 

furfuryl alcohol and bismaleimide 
D i e l s - A l d e r adduct formation, 
131 / 

self-stratification, 62 
testing, 123 
See also Conformal coating 

Wetting behavior, switching o f mixed 
polymer brushes, 85, 86/ 

Y 

Y-shape brush, mixed polymer brush, 
82 

W 

Water contact angle ( C A ) 
coating screening, 65-66 
switching o f wetting behavior in 

mixed polymer brush, 85, 86/ 
See also Siloxane-urethane 

coatings 

Zeolites 
absorbing silver ions, 30 
antimicrobial coating with, 7 

Zirconium-based sol-gel coatings 
temperature study, 166 
See also Sol-gel coatings 
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