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ABSTRACT

SYNTHESIS, CHARACTERIZATION, AND DISPERSION OF AMPHIPHILIC SELF-
DECONTAMINATING POLYMER ADDITIVES

Jeffrey G. Lundin, Ph.D.
George Mason University, 2014

Dissertation Co-Directors: Dr. Robert F. Cozzens and Dr. Gerald L.R. Weatherspoon

The threat of chemical warfare agent (CWA) release poses risks to exposure from contact
with vehicle and building surfaces that are susceptible to remain contaminated for
extended duration after a release event. Current decontamination approaches require the
application of the caustic and corrosive solutions which, in addition to decomposing the
toxic contaminant, also contribute to the degradation of the object being decontaminated
and present their own inherent health risks. Often material surfaces are covered in
polymeric coatings, paint, that provides a convenient substrate into which novel reactive
additives can be incorporated to impart automatic decontamination capability to their
surface. A self-decontaminating coating has the capability to automatically facilitate the
decomposition of toxic contaminants on its surface, thereby reducing the risk of exposure
and the reliance on aggressive decontamination solutions. Reactive molecules Cgy and
polyoxometalate (POM) have exhibited capability to impart self-decontaminating

behavior to a coating surface; however, these additives also impart negative properties



onto the coating such as roughness and reduced physical characteristics that arise from
intermolecular incompatibilities between additive and polymer matrix.  Herein,
amphiphilic modifications of reactive additives were performed to improve the
incorporation into polymer coating systems. Further, POM additives exhibiting a range
of amphiphilic character were synthesized to investigate the role of additive composition
in dispersion in a polymer matrix. The synthetically modified products were thoroughly
characterized to elucidate their intramolecular binding. Amphiphilic modification was
investigated as it has the potential to cause the additive to automatically orient at the
polymer-air interface, or surface segregate. The amphiphilic additives were incorporated
into control polymer solutions and their surface and bulk properties were
comprehensively analyzed. = Amphiphilic modification resulted in the improved
incorporation of POM and the surface segregation of Cgy in polyurethane polymers.
Upon incorporation of amphiphilic additives into polyurethane coatings, surface
reactivity against CWA simulants in simulated environmental conditions confirmed
imparted self-decontamination. The mechanism of reaction for the amphiphilic Cgp was
determined to be a photocatalytic oxidation upon challenge with chemical warfare agent

simulants.



1. INTRODUCTION

Chemical warfare agents (CWAs) are molecules, which have been specifically
selected and synthesized for either standalone use or incorporated into weapons as means
to incapacitate an enemy during warfare. However, despite their development for use in
times of war CWAs have since become major terrorist threats due to the persistence,
toxicity, and detectability that the molecules generally exhibit.' The recent string of
revolutions in the Middle East, which has toppled several former militant regimes and left
numerous stockpiles open to looting and thievery by extremists, significantly compound
the threat.* In response to the threats posed by CWAs from both military and rogue
groups, research has focused on decontaminating solutions and, more recently, materials

capable of automatically decontaminating upon CWA exposure.”’

1.1. Terminology

Toxicities for most agents are well documented and are represented in several
formats. The terms associated with each agent must first be briefly defined to circumvent
potential confusion. Dose refers to the quantity of chemical received by the subject. A
dose for toxicity research is often administered topically on the skin (dermal), injected
directly into the bloodstream (intravenous), injected under the skin (subcutaneous), or
swallowed (oral). The lethal dose (LD) which kills 50 % of a given population is

abbreviated by LDsp. Often LDsy is normalized as a measurement of the mass of



chemical (usually mg) per kilogram of body weight (mg-kg™). Lethal dose low (LDyc)
expresses the minimum quantity by mass of chemical agent per kilogram of body mass
which has been observed to be fatal to an individual of a given population. The lethal
concentration time (LCt), measured in milligram minutes per cubic meter (mg-min—m’3),
is frequently used to measure the toxicity of exposure to the vapor or aerosol forms of a
substance. This unit is purely the product of concentration (mg-m™) and time (min). LCt
is useful to determine the lethality of variable combinations of concentration and time.°
Correspondingly, LCts signifies the lethal concentration time sufficient to kill 50 % of a
given population. For example, a compound with an LCtsy of 50 mg-min-m'3 is lethal to
50 % of the population that has received an exposure of 50 mg-m™ for a period of 1 min.

The same compound is also lethal at a concentration of 5 mg-m~ for 10 min.

1.2. Historical Use of CWA

Civilizations have resorted to the use of chemicals since the beginning of warfare.
Early use occurred by burning materials with the aim to smoke out well entrenched
defenders. Eventually, primitive chemical warfare developed into burning specific plants
or materials such as sulfur containing compounds to increase effectiveness.” Although
the technology has improved, chemical warfare remains a viable method of combat
today. The historical use of CWA has been succinctly summarized in recent works.**

The history of CWA use demonstrates several important points. First, CWAs
have been employed around the world, with no area that is free from the threat. Second,
repeatedly throughout history chemical weapons have been used despite international

condemnation and treaties banning their use.  Additionally, independent rogue



organizations may now have access to these deadly chemicals. Finally, the potency and
persistence of CWAs have increased dramatically. Furthermore, the decontamination
process following CWA exposure has not kept pace with the development of evolving
threats. The need for detection currently also demonstrates the necessity for new

continuous decontamination approaches.

1.3. CWA:Ss of Interest

The CWAs of concern for most decontamination efforts fall into one of two
classes, blister and nerve agents. The primary blister agent, bis(2-chloroethyl) sulfide, is
known as mustard gas and by the NATO designation HD. HD was first used in World
War I and since has been one of the most produced and stockpiled agents in world
history.* HD is an oily liquid that is clear to pale yellow in color and acts as an alkylating
agent that reacts with skin resulting in severe blisters.* The eyes and lungs are
particularly sensitive to this agent and exposure to a very large dose (LDsp= 100 mg/kg)’
can result in a systemic response resulting in death. The primary decomposition pathway
for HD is oxidation of the sulfur to the sulfoxide. Secondary oxidation to the sulfone
product regenerates a vesicant molecule. Oxidation of HD has been achieved with
oxidative agents such as hypochlorite and peroxides.

Nerve agents comprise two subclasses, the G-agents and V-agents. G-agents
were developed in Germany the 1930’s prior to and during World War II and consist of
Tabun (GA), Sarin (GB), and Soman (GD).4 Although all of these are very toxic, with
respective LDso of 1000, 1700, and 50 mg,” each has a relatively high vapor pressure'?

and can be degraded via aqueous hydrolysis. Hydrolysis with ambient moisture and



evaporation into the atmosphere are likely natural routes of agent attenuation. Therefore,
decontamination of G-agents is not a major target for current research efforts. On the
other hand, the primary V-agent, VX (O-ethyl-S-(2-diisopropylaminoethyl)
phosphonothiolate), presents a very difficult decontamination challenge because VX is
persistent in the environment and also resistant to hydrolysis. VX is the most toxic agent
of those discussed herein. The very low vapor pressure of VX (7 x 10 mmHg at 20 °C)
indicates that evaporation is not adequate to rid surface or material from contamination.’
VX decomposition can follow one of several pathways, the most desirable of which, with
respect to decontamination, occurs by oxidation at the S atom, nucleophilic attack on the
P atom, then cleavage of the P-S bond.'

HD and VX are the particular CWAs of interest concerning surface
decontamination because both agents are incredibly persistent in the environment.
Neither agent readily evaporates or hydrolyzes, especially compared to the G-agents.
Large stockpiles of HD and VX are known to exist throughout the world. HD has been
extensively stockpiled since WW I because of its effectiveness and simple synthesis. VX
has been extensively stockpiled because it is the most potent of the nerve agents. From a
chemical perspective, both HD and VX present the most difficult decontamination

challenges, as they require strong reactants and also may produce toxic by-products.'

1.4. Vesicants

Vesicant agents, along with nerve agents, pose the greatest threat of surface

contamination. Vesicant agents cause serious blistering and chemical burn symptoms

10,11

upon contact with skin, eyes and lung tissue. The principle agent of this class is



bis(2-chloroethyl) sulfide, which was highly stockpiled. The name mustard is more
commonly used to refer to bis(2-chloroethyl) sulfide (Figure 1.1) and originates from the
pale yellow color and odor the compound exhibits, which resembles the mustard plant.
The yellow color and odor result from impurities present in the mixture when first
produced by the Levinstein process.'® Pure bis(2-chloroethyl) sulfide is actually colorless
and odorless. The color of mustard agent can range, depending on purity, from clear to

pale yellow and even black.'’

Figure 1.1. Structure of the vesicant HD.

HD was highly stockpiled because it is easily synthesized, stable during storage,
persistent after release and very effective in causing casualties.'> As of 2009, there were
11,450 metric tons of HD were declared worldwide."” Table 1.1 provides an overview of

various physical properties of HD.

Table 1.1. Physical properties of HD.

Property Value
Molecular Weight 159 g-mol’
Liquid Density (@ 20 °C) 1.27 g-cm™
Boiling Point (@ 750 mm Hg) 227 °C
Melting Point (@ 750 mm Hg) 14.11 °C
Vapor Pressure (@ 20 °C) 7.2 x 10% mm Hg
Volatility (@ 20 °C) 610 mg-m”
Vapor Density (air = 1.0) 54
Solubility in Water (g-100 mL™) 0.11




The blistering effect of HD is attributed to an alkylating mechanism.'* Generally,
a CI' is eliminated from one terminus, resulting in the formation of the carbocation
sulfonium ion with the central heteroatom (sulfur), as depicted in Figure 1.2. The
resulting sulfonium ion is very reactive towards a variety of nucleophiles and
consequently reacts with the nucleotide guanine in DNA, effectively alkylating the
nucleotide. This action is particularly harmful to the skin, resulting in blisters and

: . 11,15-1
carcinogenic effects.'>"”
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Figure 1.2. Formation of sulfonium ion from HD.

The concentration of HD required to induce vesication is extremely low and
symptoms can appear at concentrations as low as 0.003 mg-m~. However, the LDsy of
sulfur mustard, when applied to the skin, is 100 mg-kg™.'"® The high lipophilicity of HD

allows rapid penetration of the skin, at a rate of 1-4 pg-cm”-min™."®

Symptoms,
including severe blisters, begin to appear 12-24 hours following exposure.'” This delay
in presentation increases the danger of residual contamination due to a possible lapse in
recognition of exposure to the agent and consequent inadequate decontamination.

Treatment involves application of antibiotics to prevent infection and soothing

compounds to relieve painful symptoms resulting from the chemical burn.”® Respiratory



failure and systemic organ failure can result from excessive exposure of HD to lung and
skin tissue. Historically, fatalities often occurred due to secondary infections of the

massive blistering of the skin, especially prior to the invention of modern antibiotics.

1.5. Nerve Agents

The nerve agents are a class of CWAs which comprise organophosphorus (OP)
compounds that affect the nervous system. Specifically nerve agents, including OP
pesticides, act to inhibit the enzyme acetylcholinesterase (AChE) in neurological
synapses. In the muscarinic, nicotinic, and the central nervous systems, acetylcholine is
an important neurotransmitter. Acetylcholine transfers a signal along the nerve pathway
by leaving the axon and subsequently binding to a receptor. AChE facilitates the
hydrolysis of acetylcholine into acetic acid and choline, which release from the receptor
and reactivate the cholinergic receptors.”’ Release of the neurotransmitter from the
receptor is essential to deactivate the nerve signal. Nerve agents inhibit AChE by
irreversibly binding to the hydroxyl group of a serine in the active site of the enzyme.*'**
The serine hydroxyl of AChE is phosphorylated by the nerve agent through the loss of a
leaving group from the nerve agent.

The active site of AChE is inhibited by phosphorylation and AChE cannot
catalyze acetylcholine. Therefore, an accumulation of acetylcholine occurs at the
receptor and causes overstimulation of the nervous pathway, which results in cholinergic
toxic effects.”’ The muscarinic receptors almost exclusively use acetylcholine as the

neurotransmitter to conduct signals and are therefore the most affected. Exposure to

nerve agents initially present symptomatically as miosis, bronchoconstriction, salivation,



lacrimation and loss of muscle control.'® Frequently, symptoms appear 2-18 hours
following exposure.”

Another aspect concerning nerve agents is the permanent and irreversible binding
to AChE. The amount of time required to irreversibly bind is referred to as aging. Aging
is a result of the dealkylation of the bound agent, resulting in a very stable phosphorous-
AChE bond.*! The time required for aging to occur varies; the faster the agent ages the
more rapidly treatment must be administered following exposure.24 Once aging has
occurred, treatment has no effect and the only relief comes from the production of more
AChE by the body, which can take several months if a lethal dose has not been
administered. Treatment of nerve agent exposure focuses on the timely administration of
a mixture of atropine and oxime solution, which stoichiometrically blocks further
acetylcholine from binding to the receptor and allows the release and degradation of the
nerve agent.18

Nerve agents can be divided into two subgroups consisting of the G-agents and
the V-agents. The “G” in G-agents stands for either “German” or “Germany.” The “V”
in V-agents does not necessarily represent a word, but has been designated to represent a
series of particularly persistent agents. The G-agents were developed in Nazi Germany
during the 1930’s and 1940’s.>> The most important agents of this group are O-ethyl
N, N-dimethyl-phosphoramidocyanidate (Tabun), isopropyl methyl-phosphonofluoridate

(Sarin) and pinacolyl methyl-phosphonofluoridate (Soman), as seen in Figure 1.3.
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Figure 1.3. Structures of GA, GB, and GD.

NATO has designated the G-agents Tabun, Sarin, and Soman with the code letters
GA, GB, and GD, respectively. Sarin and Soman are similar in structure in that they are
both methylphosphonofluoridate compounds, only exhibiting variation in the alkoxy

substituent. Toxicities of the nerve agents are shown in Table 1.2.

Table 1.2. Toxicities of nerve agents.

Toxicity, administration GA GB GD
LDs Rat, oral (ug-kg™) 3700 550 NA
LDs Rat, subcutaneous (pg-kg™) 193 103 75
LDy, Human, skin (mg-kg™) 23 NA 18
LCtso (mg-min-m~) 400 100 70
LDs, Human; skin” (mg)"® 1000 1700 50

“LDso Human skin is calculated for a 170 1b male.

Of the G-agents, Sarin and Soman have been the most produced and stockpiled
primarily due to their selection as agents of choice by the militaries of the United States
and the former Soviet Union.”” The United States selected Sarin for mass production into
its chemical arsenal and currently holds a stockpile of thousands of tons."”> The former
Soviet Union, which includes Russia and several Eastern European nations, stockpiled
large amounts of both Sarin and Soman in its chemical arsenal, which is evident by the

remaining declared stockpiles.'



However, G-agents are not considered persistent contaminants relative to HD and
VX. At room temperature, Tabun and Soman exhibit hydrolysis half-lives of 8.5 and
5.25 hours, respectively. These half-lives are considerably short, especially in
comparison to that of VX, which is 41 days.” Also, while Sarin exhibits a hydrolysis
half-life which can range from 39 to 135 hours, a relatively high vapor pressure causes
Sarin to evaporate and quickly diffuse into the atmosphere to non-lethal concentrations
leaving the surface free from contamination.” Table 1.3 presents several physical
properties of the G-agents.

V-agents are organophosphorus nerve agents, more specifically phosphonothioate
nerve agents, first developed by British scientists in the 1950°s.”> V-agents are similar to

G-agents in that they are organophosphorus compounds; however the primary difference

is the thiolate sulfur bound to the phosphorous, which results in increased toxicity.

Table 1.3. Physical properties of GA, GB, and GD.

GA — Tabun GB - Sarin GD - Soman
MoleCI_lllar weight 162 140 130
(g-mol™)
Liquid density (g-mL™) 1.07 @ 25 °C 1.102 @ 20 °C 1.02 @ 25 °C
Freezing point (°C) -50 -56 -42
Boiling point (°C)
(@ 750 mm Hg) 247 147 167
Vapor pressure 2
(mm Hg @ 25 °C) 7.0x 10 2.9 0.4
Volatility (mg-m™ @ 25 °C) 610 17,000 3,900
Vapor density (air = 1.0) 5.63 4.86 6.33
Solubility in water 9.8/100 @25°C  miscible  2.1/100 @ 20 °C

(g agent/g water)

10



There are several V-agents, however O-ethyl S-(2-diisopropylaminoethyl)
methylphosphonothioate, known as VX, is the most toxic and most important agent for
research due its military importance. O-isobutyl  S-(2-diethylaminoethyl)
methylphosphonothioate, known by the NATO code VR, is the Soviet isomer of VX and
is also of military significance. Structures of both VX and VR are shown in Figure 1.4.
Because of its structural similarity, VR has a decontamination mechanism similar to VX.
This research does not specifically focus on VR, as any work related to VX is believed to

have a direct application to VR as well.
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Figure 1.4. Structures of VX (left) and VR (right).

VX, in addition to Sarin, was selected by the United States military for mass
production and stockpile.”> VX, an amber colored, tasteless, and odorless oily liquid, has
a human dermal LDsy of 0.040 mg—kg'1 and an inhalation LCtsy of 30 mg—min—m’3.23
Because the values of VX are much lower than those of G-agents, VX requires a far

lesser dose to be fatal. Table 1.4 presents several significant and pertinent physical

properties of VX.
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Table 1.4. Physical properties of VX.

Property Value
Molecular weight 267 g-mol”
Liquid density (@ 25 °C) 1.01 g-mL™
Melting point -50 °C
Boiling point (@ 750 mm Hg) 298 °C
Vapor pressure (@ 25 °C) 7.0 x 10* mm Hg
Volatility (@ 25 °C) 10 mg-m™
Vapor density (air = 1.0) 9.2
Solubility in water (@ 25 °C) 30 g/100 g*

*VX is miscible in water below 9.4 °C

1.6. Decontamination Solutions

Current decontamination processes utilize liquid solutions to chemically degrade
the agent. Typically, an exposed surface is rinsed with the selected solution and scrubbed
vigorously. Yet, successful decontamination solutions fall short in many aspects. They
are often corrosive and caustic to the individual performing the decontamination as well
as the asset being decontaminated.”® Furthermore, the solution may merely wash away
the contaminant and, if aqueous, result in large volumes of contaminated water.

The first military decontamination solutions used were bleaching powders
developed by the allies in WW I, which consisted of a solution of calcium hypochlorite
(Ca(OCl),). Dakin’s solution was also employed, which is composed of sodium
hypochlorite and boric acid; however, this solution is unstable once mixed, requiring on-
site preparation and immediate use.”’ Current protocols recommend 0.5 % sodium or
calcium hypochlorite solutions for decontamination of the skin, while a 5 %
concentration is recommended for equipment.'"® However, equipment composed of

aluminum, such as aircraft, are incompatible with hypochlorite solutions due an extreme
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susceptibility to corrosion. Numerous specialized decontaminating solutions have been
developed throughout the years, however most fall short of being effective, non-corrosive
and safe to use. This frequently results in the use of soap and water solutions, which do
not degrade or detoxify the contaminants.

Decontaminating agent, noncorrosive (DANC), a commercially available product,
is composed of a 1 to 15 wt% solution of the active chlorine compound
dichlorodimethylhydantoin in tetrachloroethane. DANC is effective against HD and VX,
but not G-agents. DANC functions through a reaction with H,O, forming hypochlorous
acid, which then reacts with the agent. DANC facilitates metal corrosion in the presence
of moisture and frequently swells and damages polymeric materials, yet DANC is less
corrosive than bleaches, while acting faster and possessing superior solubility properties
than concentrated hypochlorite solutions. Serious toxicity from inhalation and absorption
of DANC through the skin resulted in its discontinuation and it was subsequently
discarded by the Navy following World War IT.%*

Decontamination Solution 2 (DS2) was developed in 1951 and incorporated into
military protocol in 1960. DS2 is a general purpose, ready to use decontaminant. DS2
also offers long term storage stability and a large temperature range of activity (-26 to 52
°C)." The chemical composition of DS2 is diethylenetriamine (70 % /), ethylene glycol
monomethyl ether (28 %), and sodium hydroxide (2 %).! The active component in this
solution was found to be the conjugate base of the ethylene glycol monomethyl ether,
which works well with both mustard and V-agents at ambient temperatures. A major

drawback of DS2 is that it frequently damages polymer based surfaces such as paints,
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plastics, rubber, and leather. Because of this, application time is limited to 30 min on
such surfaces." DS2 is also harmful upon contact with skin as well as inhalation. During
application of DS2 to an affected surface, individuals need to wear full respirator, eye
shield, and chemical resistant gloves for protection from the caustic decontaminating
solution. A reaction product resulting from DS2 use was found to cause birth defects in
rats.' Yet another drawback of DS2 is its rapid degradation upon contact with air and
large amounts of water, thereby reducing decontamination efficacy.! Reactions with
ambient atmosphere slowly degrade the decontaminating ability of DS2. These reactions
include: the reaction of carbon dioxide with the sodium hydroxide to form sodium
carbonate; reaction of carbon dioxide with the amine in DETA to form solid amine

2 For these reasons and others, DS2 was also

carbonate; and the absorption of water.
discontinued.

An aqueous decontaminant that is applied as a foam, DF-200, was developed at
Sandia National Laboratory. Initially DF-100 was developed in 1999, however DF-200
improved upon DF-100 through pH optimization and exhibited a faster reaction rate with
HD.® DF-200 has shown to completely eliminate GD in 1 minute, VX in 15 minutes, and
HD in 15 minutes, in addition to being environmentally benign. DF-200 was developed
with the primary objective of decontaminating civilian facilities in the event of a
domestic terrorist attack in urban environments,” however logistically, this solution is
not very practical as it requires foam spraying equipment.

Decon Green Classic is another commercial product that exhibits extraordinary

decontamination ability. Decon Green is a solution based decontaminant; however, the
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decontaminant has deleterious effects upon coatings and plastics, such as the ocular in a
gas mask. New Decon Green was developed to remedy the reactivity of the
decontamination solution with coatings and polymers. New Decon Green succeeds in
reducing the amount of damage caused to such surfaces; however the decontamination
ability is sacrificed.”*

A common problem among all decontamination solutions results from

decontamination of agent that is sorbed into a coating.>*>’" A chemical reaction can only

occur when the applied solution is in physical contact with the agent.

1.6.1. CWA Decontamination

CWAs have been a factor on the stage of war for over a century, yet the same
concepts still apply for decontamination as do those that were first employed.
Decontamination of CWAs is critical since the agents are highly toxic and typically
persist for long periods of time following a release. The decontamination chemistry and
approach has remained the same, only the disadvantageous effects have been reduced
with each subsequent decontamination solution. Briefly, basic hydrolysis is the ideal
degradation pathways for G-agents and oxidation is the preferred pathway for HD and
VX." HD is very insoluble in water, which limits its susceptibility toward hydrolysis, and
hydrolysis of VX can result in the production of by-products which are nearly as toxic

and more persistent such as EA-2192 (Figure 1.5).!
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Figure 1.5. Chemical structure of EA-2192, a by-product resulting from the hydrolysis
of VX.

Decontamination of surfaces which have been exposed to CWAs is of concern to
not only military equipment and personnel, but also civilian and public buildings.
Numerous decontamination systems have been developed since the development of
CWAs, most of which were developed for decontamination of military assests." The
conventional approach to surface decontamination is a post-exposure wash or rinse with a
decontamination solution, which can either simply rinse the agent away or chemically
react with and break down the contaminant. The latter option is more desirable in that
the toxic agent can be decomposed into non-toxic by-products, thereby resulting in a
reduced potential of personnel exposure.

Due to the incredible toxicity of CWAs, decontamination research is initially
performed with chemicals that simulate CWA in both chemical and physical properties,
while exhibiting reduced toxicity and health risk. Such molecules are referred to as
simulants. The physical properties that are significant when selecting simulants include
vapor pressure, solvent miscibility, melting point, and surface tension. Equally important
to consider is chemical reactivity. Chemistry required to decompose live agents must be
able to be simulated in the selected simulants. Therefore, the simulant molecules must
exhibit comparable chemical structures, atomic composition, acidity, basicity, and redox

potential.
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In early decontamination research, simulants were selected primarily by similarity
in chemical structure. Recently, computational models, as well as thorough literature
surveys, confirmed that the conventional simulants are indeed the most appropriate.38
Therefore, the simulants utilized in this work for HD are 2-chloroethyl ethyl sulfide (2-
CEES) and 2-chlorethyl phenyl sulfide (2-CEPS). Nerve agent simulants selected for this

study included Demeton-S and Malathion.
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Figure 1.6. Comparison of the structure of VX (left) to Demeton-S (center) and
Malathion (right).

1.7. Polymeric Coatings

In the simplest sense, polymers are relatively large organic molecules composed
of repeating units, or monomers. Conventionally, polymer classes are named by the type
of linkage which bonds together each monomer. Furthermore, nomenclature for each
specific polymer is based on the name of the individual monomer preceded by the prefix
“poly”. The development of polymer chemistry in the 1920’s and 30’s drastically
reduced the dependence on natural products for materials such as rubber and led to an
explosion of new products and research.” Theoretically, an infinite number of materials

can be created by merely manipulating the order and chemistry of specific monomers in a
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polymer chain. Today, polymeric materials play integral roles in nearly every aspect of
daily living, one of which is coatings and paints.

“Coatings” is a general term which can apply to anything that simply covers or
coats another object. In the context herein, “coatings” specifically refers to polymers
which are applied to a substrate for at least one of two primary purposes: (1) to protect
from physical damage (corrosion, abrasion, etc.) and (2) to enhance appearance (color
and gloss). This rather straightforward definition includes a large range of materials
which have been developed for one or both of these intentions. A commonly used
synonym for coatings, which also implies a primary intention of enhancing appearance
over providing physical protection, is the term paint. In the most general sense, paint is a
polymer film applied to cover a surface. Often, paints are polymers dissolved in organic
solvents which when caste and solvent evaporated, result in a thin polymer coating.

A major development in the last few decades in paint technology has been water-
based systems. The most commonly known water-based system is latex paint, a class
which comprises typical interior household coatings sold at most home improvement
stores. Latex paint is a coating formed from an emulsion of polymer micelles in water.*’
As the paint dries, water evaporates and the latex particles become closer in proximity to
one another, eventually disrupting the micelles formed by surfactant molecules and
coalescing into a continuous, entangled polymer film.*' While latex coatings offer
benefits in regards to volatile organic compound (VOC) emission, as they only off-gas
water vapor, coatings formed from latex solutions typically have poor resistance to

abrasion and organic solvents (or for that matter CWAs). For these reasons, organic
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based coatings, such as polyurethanes, are still used for applications requiring high
performance.

Important physical properties for polymeric coating material are storage modulus,
Young’s modulus, glass transition temperature (7}), tack, oxygen/air permeability, and
degradation onset temperature. The storage modulus of a material can be thought of as a
function of its flexibility. A low storage modulus would indicate that a material can
easily be deformed, i.e. flexible. Young’s modulus, or elastic modulus, is a ratio of
tensile stress and tensile strain over the initial 5 % strain of a material. For example, a
low Young’s modulus is indicative of a material that can easily be stretched. Glass
transition temperature (7y) is the temperature above which a semi-crystalline polymer is
rubbery and below which it is glassy and more brittle. For each of these properties, there

is a desirable range in which the material functions best.

1.7.1. Polyurethanes

Polyurethane (PU) is a class of polymer in which the main covalent bonding
between monomers is a urethane linkage. Typically the urethane linkage is formed by
the reaction of an isocyanate end group with a terminal hydroxyl (Figure 1.7); however,
there are other methods. To form a polymer, diisocyanates are reacted with diols, which
subsequently grow via a step-growth polymerization into a high molecular weight
molecule.”* PUs are significant commercial polymers due to their physical properties,
which include robust strength, elasticity, rigidity, cross-linking potential, and hydrolytic
stability. PU foams can be synthesized and modified to become fire retardant for use as

. . . 42
cushions and thermal insulation.
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Figure 1.7. Formation of a urethane linkage by the reaction of an isocyanate and a
primary alcohol.

Polyurethanes have emerged as useful polymers from which to create robust
performance coatings due to their aforementioned advantageous properties.*’
Thermoplastic polyurethanes are elastic polymers composed of diisocyanates and diols.
Incorporation of long and short chain diols in the same system results in a biphasic
material with soft and hard segments, respectively. Polyester based polyurethanes exhibit
good thermo-oxidative stability and resistance to oil. Polyether based polyurethanes
afford excellent low temperature performance and resistance to microbial degradation.**
Mechanical properties such as elasticity and strength can be modified by employing
various hard and soft segments to control the level of crystallization and cross-linking.*’

Military applications demand the most robust coatings available in order to
withstand the unique physical challenges placed on the material as well as the often very
expensive asset over which the coating is applied. Specifically, military coatings need to

inhibit corrosion, provide camouflage, withstand rigorous physical abuse, and protect

. 45
from chemical exposure.
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1.7.2. MIL-PRF-85285

Polyurethane coatings encompass a broad range of polymeric coatings that can be
applied to a wide variety of surfaces. Due to complexities of coating chemistry and
formulations, military coatings are often specified by performance based standards.
Standards that require the specified coating exhibit certain physical properties such as:
ability to withstand physical stress (scratching, puncture, cracking), resistance to most
chemical solvents, ability to withstand a wide range in temperatures, and acceptable
adhesion to aluminum and steel. The specific military polyurethane coating utilized in
this work is MIL-PRF-85285, which is typically applied as a top coat to Air Force and
Navy fixed wing aircraft. MIL-PRF-85285 is a two component high-solids solvent borne
polyester based urethane, which consists of a hydroxyl terminated aliphatic polyester
cross-linked with an aliphatic hexamethylene diisocyanate (HDI) based polyisocyanate.*®
An additional benefit of MIL-PRF-825825 is that this polyurethane coating also affords

compatibility with a variety of potential additive chemistries.

1.7.3. Functionalized Polymers

Conventionally, coatings have been utilized to either impart changes to
appearance or to provide additional physical protection to the substrate from the
environment. However, recent research has focused on incorporating functionality to
coatings in addition to aesthetics and physical protection. Early work on functionalized
coatings developed surfaces that exhibited very low surface energy or specific surface
roughness to result in a highly hydrophobic surface, therefore facilitating water to bead

and easily roll-off.”  Additionally, antimicrobial coatings and surfaces have been
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recently developed. These have been achieved utilizing a variety of methods including

#-50 and utilization of

post-functionalization, incorporation of antimicrobial additives,
monomers, which orient at the surface, during polymerization to create surface energy
heterogeneity.”'

Numerous functionalized polymers and coatings have recently been developed for
various reasons, such as to improve upon existing products or to adhere to increasingly
stringent regulations. Polymers which can self-heal at room temperature following a
fracture have been developed utilizing phase separated healing capsules.”> Many
different approaches have been taken to create antimicrobial surfaces.”> Phase separation
of amphiphilic molecular additives in coating matrices results in increased surface
concentration at the polymer-air interface.*”  Reactive surfaces have potential
applications which range from the immediate decontamination of military assets to the
improvement of food preservation and packaging.54’55

Numerous options are available to modify the surface of polymers to achieve
reactive surfaces.’® A large collection of materials has been developed that relied on
biocides and antimicrobials that leach out of the material to kill bacteria. However, this
section will focus on the methods used to create coatings with surfaces that prevent the
growth of bacteria by utilizing imbedded and covalently bound antimicrobial compounds.
Non-leaching biocides provide the benefits of both limiting effects on the surrounding
environment and also prolonging antimicrobial lifetime of the surface.

There are two fundamentally different approaches to create functionalized

surfaces in polymeric materials. The first is to synthesize the surface or material
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completely, then to modify the surface in some way via surface treatments to result in a
functionalized surface. A principal method to post-functionalize surfaces is plasma
treatment which can chemically modify the very outermost monolayer of a surface from
exposure to a plasma discharge. Generally, the plasma, regardless of ion, creates reactive
species on the surface subjected to the plasma discharge which can then chemically react
with a variety of functional groups including hydroxyl, carboxyl, and carbonyl
groups.”™™® In addition to plasma treatment, electron beam radiation can be used to
modify surfaces for functionalization which can range from high energy gamma radiation

>0 However, both plasma and electron beam radiation

to relatively lower energy UV.
surface treatment techniques involve highly specialized equipment that is both expensive
and difficult to scale up for commercial production.

Wet-chemical methods have also been developed to post-functionalize a variety
of polymer surfaces. Typically, the surface is first oxidized then functionalized with the
desired chemical moiety. This approach has successfully resulted in antimicrobial
polyurethane,®" Nylon, and polyethylene terephthalate surfaces.®” Wet-chemical surface
modification presents a major disadvantage for functionalizing real-world surfaces such
as vehicles and metallic surfaces due to corrosion risks posed by the oxidative nature of
the wet-chemical methods.

The second approach involves the simultaneous synthesis and functionalization of

the material. This can include either the inclusion of antimicrobial polymer units or

monomers, if the surface is polymeric, or the incorporation of antimicrobial additives.
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1.7.4. Self-decontaminating Materials

Conventional materials were typically developed with a single purpose in mind.
Coatings tend to perform very well in one aspect (appearance, durability, adhesion, etc.)
and neglect various others (resistance to absorption, ease to clean, self-decontamination,
etc.). In order to form a system that is capable of withstanding the multitude of potential
challenges posed by a particular environment, multiple complimentary materials need to
be employed. The addition of functionalities to a material, while maintaining the
originally designated performance, ultimately affords the creation of a more robust
system by reliance on fewer materials. The functionality with which this work is
concerned is self-decontamination. That is to say, to impart to a coating the ability to
automatically degrade harmful chemical contaminates to harmless products without the
input of manpower.

Self-cleaning surfaces have been the focus of research for many years and are
often cited to be inspired by the water beading properties of the lotus leaf.”> As such, a
majority of research in this field has been in attempt to create surfaces that will bead and
roll-off water, thereby cleaning the surface by two modes: (1) preventing adsorbates and
(2) rinsing off particulates with water roll-off.** In the case for CWAs, decomposition
and detoxification, in addition to removal, are the most desired functionalities.

Self-decontaminating coatings have recently emerged that utilize the enzyme
organophosphorus hydrolase (OPH).®>*® OPH is an efficient catalyst for the hydrolysis
of organophosphates, including G- and V-agents. Recently, OPH has been incorporated

into the amphiphilic block copolymer Pluronic F127, in order to create micellar species
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and improve the stability of the enzyme. The micelle encapsulated OPH did demonstrate
improved stability compare to the native enzyme.”” However, such catalysts afford
limited applicability for robust high performance coatings due to the fact that OPH is a
protein based enzyme, thus requiring a specific range of conditions to function and
outside of which can be easily inhibited by a variety of relatively benign conditions,
including high temperature, low moisture, and pH variation. Furthermore, incorporation
of a surfactant of the molecular weight such as Pluronic F127 would greatly affect the
surface properties of a polymeric coating.

Several approaches from recent developments that have been made in self-
cleaning surfaces and functionalized materials in order to impart antimicrobial activity
can be applied to impart active chemical protection into a material. Our group has
recently developed a novel class of broad spectrum antimicrobial additives based on
quaternary ammonium salts (QAS) specifically for incorporation into polymeric systems.
The various polymer systems in which this class of antimicrobial additive has proven

68,69

successful include polydimethylsiloxanes, siloxane epoxy,” urethane hydrogels,”"

latex coatings,™ and polyurethanes.”” Recently developed amphiphilic antimicrobial
peptides have been utilized to afford latex coatings with antimicrobial surfaces.”
Significant innovation in these works were to utilize amphiphilic molecules to facilitate
the automatic rise of the additive to the surface of a coating to achieve very high bacterial

killing with extremely low additive loading. This concept of amphiphilicity can be

leveraged onto CWA decomposing additives to result in a highly active coating surface.
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1.7.5. Recent Research in Novel Reactive Systems

Recent research has been conducted in the development and incorporation of
novel reactive additives into various coating formulations in attempts to create
functionalized coatings. Recent work with reactive coating additives include nonionic

51,70

.. 1 . .. . .. 4
biocides,”" quaternary ammonium biocides, surface concentrating biocides,”

6869 and antimicrobial peptides.’® Additionally, polystyrene

functionalized coatings,
adhesives containing modified fullerenes have exhibited singlet oxygen generation.”

Recently, functionalized polymeric coatings containing photoactive porphyrin
species had demonstrated photochemically induced oxidative degradation of CWA
simulants.” Porphyrins, which are heterocyclic molecules composed of four pyrrole
units, are also effective photosensitizers capable of producing singlet oxygen. Covalent
modification of each unit affects the photosensitivity and solubility of the molecule.
Recently, a covalently modification porphyrin molecule has demonstrated the ability to
generate and store singlet oxygen upon exposure to visible light in solution,” yet its
compatibility and activity within a polymer matrix was not investigated. While effective
photo oxidizers, porphyrins are also potent dyes, which exhibit unique color in the visible
spectrum. Thus, their incorporation into commercial coating systems imparts undesirable
color and added signature to the coating.

Another approach to create self-decontaminating polymers is to incorporate
reactive moieties that, when exposed to a particular solution such as hypochlorite

solution, can be charged to form reactive species on their surface. One such group has

employed this method by attaching N-chloramide moieties onto Nomex, a polymeric
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substrate.”® This approach demonstrated successful oxidation of CWA simulants. While
both effective and innovative, the down-fall of the rechargeable approach lies in the fact
that without solution recharging it is essentially a single use self-decontaminant that lacks
turnover. Although the innovative functional coatings are effective, none demonstrate

activity against CWAs.

1.8. Heterogeneous Catalysis

A bimolecular chemical reaction in which the reactants are of different phases is a
heterogeneous reaction. It follows that a system in which the catalyst is of a different
phase from that of the reactants is a heterogeneous catalytic system. Heterogeneous
catalysts are the opposite of homogeneous catalysts, species which catalyze reactions
comprising reactants in the same phase as that of the catalyst.”” Self-decontaminating
coatings, which are solid coatings containing supported non-leaching reactive catalysts
that react with liquid contaminants, are in essence heterogeneous catalysts. Many recent
advances in heterogeneous catalysis have emerged from efforts to improve crude oil
refinery. The major benefit of a catalyst that is in a different phase from that of the
reactants is the simplification it allows in recollecting the catalyst from the reaction
mixture following completion. Since heterogeneous catalysts are not consumed in a
reaction and allow for simple collection following a reaction since they are in different
phases, costs can be reduced by the reuse of a catalyst for multiple reactions. The same
concept is at the core of the approach to develop self-decontaminating coatings. A
coating which can automatically decompose toxic CWA upon exposure automatically

separates reactants and catalyst as the catalyst is embedded in the polymer matrix of the
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coating.  Therefore the self-decontaminating coating is available for multiple
decomposition reactions with minimal, if any, input of energy to recharge the surface.
Numerous additives have been previously synthesized, formulated, and screened
for their reactivity against CWA simulants.® The most promising additives to result from
that study were Cgp and az-KgP2W17061(Ni2+-Br), which is referred to in this document as
POM3. These additives have since been selected for further chemical modification in an
attempt to improve their coating compatibility and to facilitate their automatic surface

segregation in order to maximize surface activity against chemical contaminants.

1.8.1. Fullerene

Ceo fullerene molecules have been observed to exhibit intriguing photochemical

properties, which hold exciting potential for development of a self-decontaminating

78-81

coating. Exposure of Cg fullerene in solution to visible light is known to cause its

78,82,83

excitation to a higher electronic energy state. The photosensitized fullerene holds

the potential to transfer energy to available molecular oxygen, thereby creating reactive

79.84 85
Coeo

oxygen species (ROS). fullerene is first excited to its singlet state Cgo ('Céo),

which then through intersystem crossing (ISC), forms the triplet state species of Ceo

(3C60). 3C60 has a lifetime on the order of ps whereas 1C60 exhibits a lifetime of several

78,86-88

ns This triplet state species of fullerene has the ability to convert ground state

S.”% The combination of a high

triplet oxygen (3Eg') into singlet oxygen (lAg), a RO
quantum yield” and low rate of degradation by ROS of Cg fullerene’® make this

molecule extremely attractive as a photoactive coating additive. Extensive studies have
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been conducted to analyze and characterize the photosensitivity of Cgo in solution with
varying degrees of success.* %2

Although extensive studies have been conducted with regards to Ce fullerene,
little has been done in the way of the direct incorporation of fullerene into a coating
polymer. The hypothesis proposed here is that the fullerene infused into the coating
produces singlet oxygen from the atmosphere by the aforementioned mechanism and
subsequently reacts with toxic contaminants that are present on the surface. The action of

the additive in the coating should reduce the hazard and subsequently present a surface

free from contamination.

1.8.2. Polyoxometalates

Polyoxometalates (POMs) are a broad class of inorganic molecules composed of
anionic metal oxide clusters that exhibit a range of dimensions and also afford promising
potential for catalysis.”” A variety of structure types are possible, including Keggin
(XM2040), Dawson (XoM;sOe2),”* and sandwich.”” POMs have recently been
incorporated into materials to result in self-decontaminating materials, the benefit of
which would be to actively and automatically degrade and detoxify chemical
contaminants upon exposure.”” POMs are molecules with metal-oxygen cage structures
that have been used as catalysts and other applications resulting from the ability to
substitute hetero-metal atoms into the cage structure.”® "'

Dawson type POMs afford the capability to remove one or more metal oxide

species from the cage, leaving a void in which functionality can be incorporated.

Specifically, transition metals have been inserted into POM structures to improve the
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electron transfer capability of the molecule for catalysis applications.'” Furthermore, the
anionic nature of the POM cage can be utilized through ion exchange to graft cations and
alter POM solubility. Amphiphilic species can thus be created if organic non-polar

moieties are utilized.'*

1.9. Surface Segregation

The automatic arrangement of additives at the polymer-air interface is surface
segregation. Surface concentrating behavior allows maximum additive performance at
very low additive loading concentrations, which creates minimal disruption to the
primary purpose of the polymer. Surface segregation is a cumulative effect of the
interplay between the properties of all the components in a coating formulation including
polymer molecular weight, polymer cross-linking density, polymer solution
concentration, vapor pressure of solvent, solvent polarity, additive polarity, additive
solubility, and additive concentration.

An effective method to facilitate surface segregation is to impart amphiphilicity
onto an additive or molecule of interest. Amphiphilic compounds are molecules which
exhibit both hydrophobic and hydrophilic regions. Therefore, when amphiphiles are
incorporated into a polymeric system of a particular surface energy, the molecule will
orient to the lowest energy by aligning at the interface so that the hydrophobic region and
hydrophilic regions are each in compatible low energy environments. The chemistry of
the amphiphilic quaternary ammonium salt (QAS) additives has been optimized to afford
maximum killing of Gram-positive and Gram-negative bacteria, Bacillus endospores, as

well as to automatically concentrate at the polymer-air interface to allow maximum
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surface concentration.*>!*®

Therefore, amphiphilic modification of a CWA reactive
catalyst has potential to impart surface segregation and afford activity at lower loading

concentrations.

1.10. Electrospinning

Recently, another approach to maximize activity of functionalized materials via
increased surface area has emerged. Since the activity of a functionalized material is
dependent on both the additive and the target being present at the surface, activity can be
further improved by increasing the available surface area of a material. The available
surface area of polymeric materials can be efficiently increased by electrospinning.

Electrospinning is an intricate process which utilizes electrostatic forces to create

polymeric, ceramic, and sol-gel fibers with nanoscale diameters.'**

It can be presumed
that surface reactivity will directly correlate with surface concentration of reactive
additive. An inherent disadvantage of working with a paint coating system is that the
coating exhibits, by its nature, a flat surface, thereby limiting the surface area available
for the interaction of contaminant and reactive surface. A surface which was composed
of numerous small shapes, for instance fibers, would exhibit a far greater effective
surface area to afford far greater potential decontamination sites. Within the past decade,
electrospinning methods have been optimized and are capable to create monodisperse
polymeric fibers with diameters on the scale of less than 100 nm.'” A broad range of
polymers are compatible with this method of fiber creation. The combination of extreme

surface area by way of nanometer scale diameter fibers, in addition to surface segregating

additives yields the potential benefit of improved reactivity of the resultant fibrous mat.
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Additionally, a material composed of fibers offers applications beyond that of surface

coatings and includes fabrics, bandages, composite reinforcement, and filtration.
Electrospinning has recently emerged as a promising method through which to

develop novel polymeric fiber and fabric formulations for biological threat

protection.' 1%

Work has recently optimized electrospinning conditions to create
antimicrobial electrospun Nylon and polycarbonate nanofibers of uniform fiber diameter
that exhibit significant bacterial killing (5-log) of Gram-positive challenge.'”” This
demonstration of added functionality to electrospun fibers emphasizes the potential of

these materials for incorporation of other functionalities, such as chemical self-

decontamination.
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2. SYNTHESIS AND CHARACTERIZATION OF QAS ENCAPSULATED
POMS

2.1. Overview

The ionic nature of polyoxometalates (POMs) affords a facile route for synthetic
modification in order to improve compatibility with polymer solutions. A series of
amphiphilic QAS have been recently developed that automatically segregate to the
surface of paint coatings during drying. The encapsulation of POMs with amphiphilic
QAS creates the possibility of a surface segregating POM species with the potential
ability to impart chemical agent reactivity to the surface of polymer coatings. While
POMs have been encapsulated with QAS in the past, the novel series of QAS have not
been investigated and the coordination between QAS and POMs has only been implied
from qualitative methods. In this chapter, POM are encapsulated with the series of
amphiphilic QAS which span a range of hydrophobic and hydrophilic character.
Thorough characterization of these conjugate molecules resulted in the elucidation of the
average number of QAS coordinated to each POM and also the exact regions of the QAS

that were coordinated to POM.

2.2. Prologue

Polyoxometalates (POMs) consist of a broad class of metal oxide compounds that
exhibit catalytic activity towards a variety of substrate, such as CWA simulants.”> There
are various types of POMs, including Keggin, Sandwich, and Wells-Dawson, each

108,109

differentiated by the shape formed by metal oxide polyhedra. Effective oxidative

catalysis against CWA simulants makes POMs a very promising class of candidates for
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% In addition, several POM derivatives have

self-decontaminating coating additives."'
exhibited capability to oxidize toxic chloroalkyl sulfides, the class of compounds in
which sulfur mustard is a member.''” Wells-Dawson polyoxometalates containing
substituted heterometal defects have exhibited improved capability of catalytic

oxidation.'!!

Recent work has demonstrated that the Wells-Dawson polyoxometalate a,-
K8P2W17061(Ni2+-OH2)-17H20 (POM) exhibits decontamination activity against CWA
simulants when directly mixed into a commercial coating matrix.® Despite the numerous
benefits of POMs for toxic chemical catalysis, POMs often exhibit limited solubility
organic polymer matrices, of which coatings are typically composed.

Therefore, modification of POMs presents a viable method to improve the
solubility and compatibility of POMs with organic polymer matrices while preserving
their catalytic behavior. POMs afford the potential for chemical modification through
cation exchange due to their anionic metal oxide composition.”* Cation exchange can
occur upon solvation of POMs in aqueous solution containing suitable cations. If the
exchange of ions results in an insoluble product, then the product will precipitate, thus

112

allowing for creative chemical modification through supramolecular assemblies. ~ Ionic

encapsulation of POM molecules with surfactant molecules has been a topic of interest

100,113
for several research groups recently. ™

Layer-by-layer deposition of similar POM
compounds has been performed;''* however, such an approach does not allow as broad

an application as a direct coating additive. Silica templates have also been employed

onto which POMs and quaternary ammonium salts have been adsorbed proximal to one
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another to facilitate oxidation.'"

Yet, applications of such devices are limited by the
dimensions of the silica template.

It has been shown that amphiphilic coating additives automatically surface
segregate to the coating-air interface during curing, thereby increasing the surface

49,116

concentration of additive. Amphiphilic quaternary ammonium salts have been

recently synthesized and applied as surface segregating additives in a range of polymeric

coating matrices.”'"”

The same concept can be applied toward the encapsulation of
POMs to result in a surface segregating amphiphilic molecule. POMs are capable of
modification with organic moieties that range in polarity and result in an amphiphilic
catalyst.”” Well-ordered phases of anion clusters and cationic surface lipid bilayers have
been observed upon coordination of cetyltrimethylammonium bromide (CTAB) to

Keggin-type POMs.''®

However, the effect of encapsulation of POM with a class of
amphiphilic QAS that exhibit a range of amphiphilic character has yet to be investigated.

Despite the broad extent of research that has been conducted in regard to
encapsulating POMs with QAS, a definitive investigation into the exact coordination
between the two molecular components has not yet been performed. Significant research
has been performed in the application of NMR to discern intermolecular and
intramolecular distances in molecules that contain paramagnetic species, such as Ni.'"”
Specifically, '"H NMR paramagnetic relaxation enhancement (PRE) can be utilized to
ascertain relative molecular interactions which occur on the scale of 10-35 A, such that
the proximity of a proton to a paramagnetic species or heterometal in a magnetic field

20

will affect the relaxation dynamics of the proton.'”” Application of PRE has been
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successful in determining intramolecular distances of polypeptides'?’ and fullerene-
peptide interactions.'””  Distances calculated from PRE, which represent the
conformation of molecules in solvent, can significantly differ from those calculated from

crystal structures.'”'

These studies provide precedent that supports the application of
PRE to investigate the coordination of amphiphilic QAS-POM conjugates. Thus the
synthesis and characterization of novel QAS encapsulating Wells-Dawson

polyoxometalates containing Ni heterometal substituents and their molecular

coordination are detailed herein.

2.3. Results and Discussion

2.3.1. Intramolecular ordering of QAS-POMs

Precipitation of QAS-POM coordinates from the aqueous reaction solution
confirmed successful ion exchange reaction. However, the relative quantity of QAS
coordinated to each POM and the molecular orientation of the coordinated QAS-POM are
nontrivial. As such, various analyses were performed to both confirm successful
synthesis and to elucidate the nature of QAS-POM binding.

Diffuse reflectance infrared spectroscopy with Fourier transform (DRIFT)
provided a facile method to analyze the chemical composition of solids and dried
powders. DRIFT spectra afforded valuable insight into chemical bonding information
that provides an initial glimpse into QAS-POM binding. Neat QAS and POM were
analyzed with DRIFT (Figure 2.1) and compared to spectra of QAS-POM complexes

(Figure 2.2).
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Figure 2.1. DRIFT spectra of a) C1,EO;, b) C12EO,, ¢) CicEOy, d) CicEO,, ¢) CTAB,
and f) POM.

Overall, QAS-POM DRIFT spectra indicated the assimilation of significant
vibrations from both POM and QAS. Specifically, the aliphatic stretching modes from
2800-3000 cm™ corresponding to CH, of QAS and the ether stretching vibrations at

approximately 1120 cm™ were incorporated into the QAS-POM spectra. As expected,
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the absorbance of the ether stretching modes at approximately 1200 and 1120 cm™ that
were observed in the QAS containing ether tail moieties (Figure 2.1a-d) were absent in
CTAB spectra (Figure 2.1e). The successful coordination of QAS to POM was suggested
from the observation of the ether stretching modes in the DRIFT analysis of the QAS-
POM complexes (Figure 2.2). Furthermore, the respective ether stretching modes for
neat C,EO; (1198 and 1121 cm™), C12EO, (1199 and 1137 cm™), CicEO; (1199 and
1122 ecm™), and C1¢EO, (1200 and 1134 cm™) were observed to shift to 1194 and 1117
cm™ for EO; and 1198 and 117 cm™ for EO, when coordinated to POM. The shift in
wavenumbers of the ether stretching modes from a wide range in neat QAS to a narrow
range upon coordination to POM for each QAS molecule indicated that the ether moieties
were in similar chemical environments upon their coordination to POM. Thus, these
observations suggest that the ether moiety could reside in close proximity to the POM
cage. Vibrational contributions from POM, such as the absorbance due to the
asymmetric stretching of W=0 and W-O-W at approximately 950 and 910 cm’,
respectively, were observed in the IR spectra of QAS-POM coordinates. Taken together,
these observations provide evidence that the QAS and POM are electrostatically

coordinated, as one would predict.
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Figure 2.2. Diffuse reflectance IR of QAS-POM complexes.
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'"H NMR analyses were performed on QAS and QAS-POM coordinates for
comparison. The ethoxy protons of neat QAS were confirmed by the roofing caused by
second order coupling between the proximal protons (CisEO; 6 = 3.88 and 4.00 ppm).

Further peak assignments for C;sEO; and C;,EO; are shown in Figure 2.3.
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Figure 2.3. 'H NMR spectra of neat C;cEO; (top) and C;sEO, (bottom) and peak
assignments.
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Upon coordination to POM, NMR spectra for each QAS-POM molecule exhibited
significant peak broadening (Figure 2.4) compared to the neat counterpart of each.
Primarily, the NMR line-widths of the C;sEO;-POM3 spectra were significantly
broadened. This was observed to the greatest extent for the NMR peaks in the range of
3.4-4.0 ppm. These lines correspond with the protons of the ethylene oxide tail moiety as
well as the protons bound to carbons directly bound to the nitrogen atom. Not only were
the peaks broadened, but the peaks in the range of 3.4 — 4.0 ppm were also shifted to
higher field estimated by the broadened peak roughly centered at 4.1 ppm in the C;cEO;-
POM spectrum. Peak broadening resulted from the combination of several factors, the
first of which was the presence of paramagnetic heteroatoms in the polyoxometalate
structure, both W and Ni. Paramagnetism in the molecule disrupted the homogeneity of
the magnetic field and results in both a decrease spin-spin relaxation (T,) and spin-lattice

relaxation (T,) of the molecules.'*’

NMR peak line broadening indicated decreased T».
Additionally, the QAS-POM molecule was significantly larger than the neat QAS, which
caused a decreased molecular tumbling rate (correlation time z.) relative to the Larmor
frequency.'  Furthermore, the QAS-POM were coordinate systems, in which it is
presumed that multiple QAS were coordinated to each POM and thus placed in close

proximity to one another. As such, the spin-lattice relaxation (T;) of protons in closest

proximity was increased.
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Figure 2.4. '"H NMR overlay of C;sEO; and C;,EO;-POM3 in the region of 3.0 to 5.0
ppm.

QAS-POM Coordination via Paramagnetic Relaxation Enhancement

T, relaxation times were measured via inversion recovery to investigate which
moieties of the QAS were in close proximity, and thus coordinated, to POM. In general,
'H NMR signals of liquids (small z.) and molecules (very large z.) exhibit large T,
relaxation times (on the order of seconds). On the other hand, molecules with
intermediate 7, exhibit much shorter T; relaxation times due to the close proximity of
other protons, the similarity to Larmor frequency, and the potential energy decay
pathways they afford.'”™ The QAS-POM conjugates in this work resided in the
intermediate 7z, range. Furthermore, proximity to a paramagnetic species results in a

decreased T, relaxation time of a proton. Thus, by monitoring the effect that
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coordination of QAS to POM has on the T, relaxation time for particular 'H signals,
information pertaining to the environment in which the 'H resides was discerned.

Three QAS and their respective POM coordinates were selected for T; inversion
recovery investigation. These include C;,EO;, CsEO;, and C;cEO,. This selection
represented QAS of varying alkyl and ethoxy tail lengths, such that their effect on T;

relaxation, and ultimately their binding to POM, could be determined.
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Figure 2.5. Representative inversion recovery stacked array of '"H NMR spectra of
increasing delay (d7) times for neat C;,EO;.

Figure 2.5 presents a representative stacked array of 'H NMR spectra. Figure 2.6
presents an example of NMR signal intensity plot that demonstrates the relaxation from
negative (inversion), through null, and ultimately to positive intensity for each assigned

proton in C;sEO,-POM.
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Figure 2.6. Representative plot of inversion recovery 'H NMR signal intensity vs. delay
time (d7) in ms for C;,EOQ,-POM.

In an ideal solution, in which the maximum inversion signal intensity is equal to
that of the maximum positive signal intensity, the T, relaxation time can be estimated by

the simple relationship:

1
T1= TOE

In the above equation, 1y corresponds to the delay time at which the NMR signal
intensity is null. This equation was applied to the inversion recovery experiments
performed on the aforementioned QAS and QAS-POM coordinates. The relaxation rate
due to paramagnetic effect (Rpaa) can be determined by Rpa = (Tlpara-Tldiam)'l. T1para

corresponds to the T, relaxation time of the QAS-POM coordinate, while Tjgiam
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corresponds to the T, relaxation time of the diamagnetic QAS. These values were

calculated and tabulated in Table 2.1.

Table 2.1. Estimated T; recovery times (ms) of protons for QAS and QAS-POM

conjugates.

" CisEO;  CiEOQ;-POM Roma (5) CisEO, CiEO,-POM Roma (5)
(ms) (ms) (ms) (ms)

a 1855 744 0.81 1753 883 0.56

b 928 313 2.12 870 339 1.80

c 372 20 47.31 294 - -

d 338 11 87.95 293 13 73.51

e 516 11 88.97 280 33 26.73

f 493 6 164.64 733 13 75.56

g 359 6 163.88 750 10 98.67

h 516 11 88.97 335 3 330.35

i - - - 1584 33 29.67

*Ryarq — rate enhancement due to paramagnetic effect

The calculated T, relaxation times were overlaid onto the respective protons of
the chemical structures of QAS and QAS-POM in Figure 2.7. It was clear that
coordination of QAS to POM resulted in reduced relaxation times for all of the protons in
the system. Furthermore, the protons that exhibited the greatest decrease in relaxation
time were those surrounding the ammonium N and along the ethylene oxide tail. These
data suggest that the ammonium nitrogen and the ethylene oxide tail were in closest
proximity to the paramagnetic species, POM. Therefore, the ammonium nitrogen is

electrostatically coordinated to the anionic exterior of the POM, while the ethylene oxide
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tail, attracted through polar interactions, is proximal. This proposed coordination
orientation necessitates that the alkyl tails are extended outwards from the POM core,

presenting a hydrophobic exterior to the surroundings.
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Figure 2.7. Estimated T, relaxation time assignments (ms) for protons of QAS and
QAS-POMs (T in parentheses).

Interatomic distance between a proton and a paramagnetic species can be
correlated from T; relaxation time measured by inversion recovery through the

application of a modified Solomon-Bloembergen equation.'*'*
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2.3.2. Intermolecular ordering of QAS-POMs

In addition to the orientation of QAS-POM coordination, the intermolecular
ordering between separate QAS-POM molecules and the effects of QAS composition
were investigated. Thermal properties of QAS-POMs from TGA are presented in Table
2.2. QAS-POM conjugates were stable to temperatures greater than 200 °C, above which
a range of 24 — 41 % mass was lost upon continued heating to 600 °C. TGA of neat
POM indicated stability of the molecule to temperatures greater than 600 °C. Thus, the
mass loss between 200 and 600 °C was attributed to the loss of the organic QAS
component of the molecule. Conversion of percentage of mass loss to mass afforded the
molar ratio of QAS to POM for each molecule to be determined. A range of
approximately 5 to 8 QAS were coordinated to each POM, depending on QAS

composition.

Table 2.2. Thermogravitmetric data of QAS-POMs.

Initial Mass Mols Final Mass QAS:POM
Mols POM .
Mass (mg)  Loss (mg) QAS (mg) Ratio
CsEO,POM 7.437 1.773 8.19E-06 5.664 1.32E-06 6.22
CsEO,POM 10.528 3.109 1.19E-05 7.419 1.72E-06 6.92
CG:EO;POM 11.312 3.020 9.92E-06 8.292 1.93E-06 5.15
CGsEO,POM 8.458 2.696 7.74E-06 5.762 1.34E-06 5.78
Ci0EO,POM 9.486 2.809 1.15E-05 6.677 1.55E-06 7.40
C,EO,POM 12.182 4.132 1.52E-05 8.050 1.87E-06 8.10
C,E0,POM 19.052 6.689 2.11E-05 12.363 2.87E-06 7.35
CisEO,POM 10.638 4.119 1.25E-05 6.519 1.52E-06 8.27
CisEO,POM 21.011 8.604 2.31E-05 12.407 2.88E-06 8.01
CTABPOM 5.196 1.762 6.19E-06 3.434 7.98E-07 7.76
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A decrease in the QAS:POM binding ratio was expected to be observed with an
increase in alkyl tail length from 8 to 16 carbons, since increased nonpolar regions of the
longer alkyl tail would experience polar-nonpolar repulsion forces from the polar surface
of the POM. Also, an increase in alkyl tail length of coordinated QAS was expected to
increase steric hindrance surrounding the POM, discouraging the coordination of
additional QAS. However, TGA data indicate that an increase in alkyl tail length of the
QAS resulted in increased QAS binding per POM molecule. An increase in alkyl tail
length of the QAS results in decreased solubility in aqueous solutions. Therefore, it is
possible that due to the increased hydrophobicity imparted to QAS from the long alkyl
tail, that the QAS were favored to bind to the POM in order to reduce solvophobic

interactions in the aqueous solution compared to the QAS of shorter alkyl tail lengths.

Differential Scanning Calorimetry Analysis

TGA analysis indicated that, on average, between 4 and 7 QAS molecules were
coordinated to each POM, depending on QAS composition. To further examine the
coordination, DSC analysis was performed on each neat QAS, as well as neat POM
(Figure 2.8). Each of the QAS-POM conjugates exhibited reversible melting transitions.
Interestingly, DSC analysis of C;,EO; and C;¢EO; exhibited only a single melting
transition, while the QAS species containing ethoxy tails (EO) of 2 units in length,
C2EO; and C6EO,, both exhibited two thermal phase transitions. The additional
transitions of C,EO, and C;sEO, occur at 85 and 93 °C, respectively, compared to the

primary transition observed for all QAS in the region of 114 - 118 °C. The primary
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endothermic transition observed for all QAS corresponds with a solid to liquid melting
transition. Research on encapsulated Europium substituted Keggin polyoxometalates
attributed a transition at 114 °C of a different, yet comparable, neat QAS species to
transitions between lamellar mesophases.'” Thus, the neat QAS exists in a solid
crystalline phase until the transition at heating through 114 — 118 °C. Further, an
exotherm in the cooling ramp indicated recrystallization for each QAS, as it occurred at

similar temperature as the crystalline melting endotherm.
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Figure 2.8. Heating (top) and cooling (bottom) ramps of QAS and polyoxometalate,
uncoordinated.
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Analysis of the cooling curves in Figure 2.8 provided additional insight into the
hysteresis observed between heating curves of QAS with 1 unit length of ethylene oxide
(EO,) and two unit lengths of ethylene oxide (EO,). Both EO; QAS exhibited only a
single exothermic transition between the temperatures of 71 and 74 °C during cooling,
while the EO, QAS exhibited two exothermic transitions, the first in the range of 101 -
106 °C and the second in the range of 81 - 87 °C. It is interesting to note that both of the
exothermic cooling transitions for EO, occurred at higher temperatures than the single
exothermic transition of both EO; QAS. Therefore, upon cooling, recrystallization
occurred at a lower temperature for the EO; QAS than it did for the EO, QAS. Also, the
secondary transition observed in the EO, samples was not significantly shifted from the
temperature observed during the heating ramp. Therefore, it was concluded that the
additional ethylene oxide unit length contributes a significant role in stabilizing and
facilitating the formation of a lamellar mesophase of the QAS during cooling. The
additional ethylene oxide tail units likely initiated phase formation amongst the
hydrophilic ethylene oxide tail groups, which then facilitated the formation of the
crystalline lamellar mesophase of the alkyl tails. This conclusion is supported by the
observation of two endothermic transitions in the heating curves of the EO, QAS. The
lower temperature and lesser magnitude transition resulted from the absorption of energy
to transition the ethylene oxide tail sub-phase prior to the primary lamellar mesophase

transition of the alkyl tail units.'*®
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The thermodynamic phase behaviors of QAS-POMs were also investigated with
DSC. DSC analysis of QAS-POMs of carbon tail lengths 8-10 did not demonstrate any
notable thermal behavior upon heating from -50 to 200 °C. However, the DSC analysis
of Cis<EO;-POM3, Cic,EO,-POM, and CTAB-POM indicate that endothermic transitions
occurring between temperatures -50 and 25 °C (Figure 2.9, top). Furthermore, the
endothermic transition was determined to be dependent on the carbon and ethylene oxide
tail lengths as an endotherm was not observed until the alkyl tail reached 16 carbons in
length.  Additionally, while a significant difference was observed between the
endothermic transitions of C;cEO;-POM and C;sEO,-POM, the only difference in their
chemical structure is one single ethylene oxide unit. QAS-POM exhibited crystalline
melting endotherms at much lower temperatures than the respective neat QAS.
Therefore, the interfacial binding energy of between molecules in crystalline phase of
QAS-POM was much less than in neat. Due to combination of the absence of crystalline
melting endotherm in QAS-POM species of carbon tail lengths less than 12 and the low
temperature endotherm, it is proposed that the alkyl tails between separate QAS-POM
molecules were coordinated together through cohesive nonpolar interactions. The shorter
alkyl tails did not exhibit such crystalline behavior since it would require an inter-POM
radius of interaction that is hindered by their electrostatic repulsion.

Corresponding to the endotherms, exothermic transitions were observed in Figure
2.9 for the same temperature region during the DSC cooling cycles. Considered together,
these results confirmed the crystallinity of QAS-POM conjugates of 16 carbon tail length

at temperatures below the observed endotherms. Upon heating, the disordering of the
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QAS-POM absorbs additional heat relative to the reference resulting in the observed
endotherm. Previous studies of branched QAS encapsulating Keggin POMs observed a
secondary high temperature transition that increased between 129 and 168 °C as the
number of QAS coordinated to POM increased.'”’ Yet, only single broad transitions
were observed at low temperatures for QAS-POM with alkyl tails greater than 10 carbons
in length. The broad transition resulted from heterogeneity within the system.
Comparison of the thermal behavior between neat QAS and the QAS-POM
coordinates yielded several insights. Whereas each neat QAS exhibited significant and
sharp endothermic transitions upon heating at 114 - 118 °C associated with the melting
transition, the corresponding QAS-POM coordinates exhibited broad low temperature (-
50 — 25 °C) endothermic transitions. Therefore, the solid-liquid melting transition that
existed in the neat QAS did not exist between QAS-POM coordinates. A less stable form
of ordering was occurring between QAS-POM coordinates, one which occurred between

alkyl tail moieties of separate QAS-POM molecules.

2.4. Summary
The synthesis of novel QAS-POM molecules has been demonstrated. The

analysis of the QAS-POM systems detailed herein has afforded the confident
determination of the intramolecular and intermolecular orientation with respect to one
another QAS and POM are electrostatically coordinated. The relative interatomic
distances of QAS coordinated to POM were determined through utilization of the
paramagnetic relaxation enhancement effect. Ammonium nitrogen atom and ethylene

oxide tail moieties were determined to be in closest proximity of POM. The quantity of
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QAS coordinated to each POM was found to be dependent on QAS composition.
Furthermore, crystallinity of QAS-POM species is dependent primarily on the length of

the alkyl tail length.

2.5. Experimental Methods
Materials

All solvents and reagents were reagent grade and used without additional
purification. Cetyltrimethylammonium bromide (CTAB) was purchased from Sigma

Aldrich (St. Louis, MO) and used as received.

Synthesis of QAS

Ci6EO, a surface segregating QAS, was prepared following previously described
procedures.”’  Briefly, 7.8 mmol phosphorous tribromide was added drop-wise to a
solution of 15.6 mmol 2-methyoxyethanol maintained at 0 °C. The solution was allowed
to equilibrate to room temperature, and then heated to 90 °C when the solution turned
yellow. After the solution was allowed to cool, 6 mL of 10% NaHCO; was added. The
solution was extracted with diethyl ether and dried with MgSO,4. This product was
reacted with N,N-dimethylhexadecylamine under nitrogen in ethanol at 83 °C for 24 h.

The resulting C;sEO; product was recrystallized to form an off-white powder.

Synthesis of QAS-POM conjugates
The quaternary ammonium salts utilized in this study were synthesized following

a previously reported procedure.”” Nickel containing polyoxometalates (POMs) were
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synthesized by the application of procedures modified from two previous reports.'?"'**

Coordination of QAS and POM was achieved via a modification of an ion exchange
reaction (Figure 2.10).'"  Briefly, a,-KsPaW 706 (Ni*“OH,):17H,O and quaternary
ammonium salt were dissolved in deionized water at pH 6-7. The solution was allowed
to stir for 10 min, during which time the product precipitated out of solution. The
product was subsequently isolated by liquid-liquid extraction with dichloromethane and
ether. The organic phase was filtered and dried, resulting in a crystalline green/yellow
product. Products were characterized via diffuse reflectance FTIR, "H NMR, TGA, and

DSC.

0p-KgPaW 47064(NiZ* “OH,)17H,0 + /{0\/3\9*9\ —  0[C(e1)EOJsPW 1706 (Ni2* -Br)

1}/ \ n
Additive m n
CsEO, 1 6
C;EO, 2 6
CsEO; 3 6
CsEO, 4 6
CpEO, 1 8
CpEO, 1 10
CEO, 1 14
C;sEO, 2 14

Figure 2.10. General synthetic scheme and lengths of ethoxy (m) and alkyl (n) moieties
of QAS-POM coordinates.

Thermogravimetric analysis
Thermogravimetric analysis (TGA) was performed with a TA Instruments Q50
TGA at a heating rate of 10 °C/min under N,. Mass loss at less than 600 °C was

correlated to amount of QAS due to relatively lower temperatures at which QAS degrade
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compared to POM. By conversion of the percent mass loss to mass and ultimately
number of moles, a molecular binding ratio of QAS to POM was determined.

A TA Instruments Discovery Differential Scanning Calorimeter (DSC) was
employed. The DSC was first equilibrated to -50 °C under a nitrogen flow of 50
mL/min. Two successive temperature ramps were then performed from -50 °C to 200 °C
at a rate of 20 °C/min, between which the sample was equilibrated to -50 °C. TA
Instruments Universal Analysis and Trios software were utilized for TGA and DSC

analysis, respectively.

Diffuse Reflectance FT-IR

A Thermo Scientific Nicolet 6700 FTIR was utilized for diffuse reflectance
infrared Fourier transform (DRIFT) analysis of neat QAS, neat POM, and QAS-POM
conjugates. Samples were first mixed with oven dried KBr, finely ground with a mortar

and pestle, and placed in an oven at 120 °C for 1 hour prior to analysis.

Nuclear Magnetic Resonance (NMR)

Products were confirmed by "H NMR performed in CDCI; on a Bruker 300 MHz
nuclear magnetic resonance spectrometer with a TMS internal standard. Spin-lattice, or
T,, relaxation was determined by inversion recovery experiments Bruker method
“tlirld”. Delay time (d7) between 180° inversion pulse (23.18 ps) and the 90°
measurement pulse (11.59 pus) was increased at increasing intervals between 0.1 ms and 5

seconds. Data analysis and peak deconvolution of NMR spectra was performed using
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Spinworks version 3.1.7. Baseline correction and line broadening of 2.0 Hz were
employed during spectral analysis. 'H signal intensity was plotted versus delay time (d7)

and the null time was incorporated into the ideal solution equation to estimate Tj.
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3. DISTRIBUTION OF QAS-POMS IN POLYURETHANES

3.1. Overview

Surface segregation of additives in polymer matrices has been recently
demonstrated with amphiphilic quaternary ammonium salts. In the previous chapter,
these were coordinated to POM species in order to facilitate their surface segregation in
polyurethane coatings. In this chapter, the polymeric distribution of QAS-POMSs in
hydrophilic and hydrophobic polyurethane matrices was investigated. It was found that
the chemical composition of QAS exhibits a major effect on the polymer distribution
behavior of additives. Solvophobic interactions between the QAS-POM additive and
polymeric matrix were found to be most significant in determining the dispersion and
segregation of the additives. The effects of the relative proportions of QAS-POMs, their
loading concentrations, and also the solvent evaporation rate of the polymer solution on

surface domain formation are reported.

3.2. Prologue

The development of multifunctional materials is progressing due to continual
advancements in the fields of nanoscience and materials chemistry. Numerous
approaches have been utilized to create a broad range of materials that possess
functionalities that compliment and supplement those of the primary purpose.'” One
class of materials that have recently been functionalized is polymeric coatings, i.e. paint.

While many approaches exist to impart additional functionality, incorporation of
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additives into preexisting coating formulations offers potential to result in an active
material while maintaining desired properties. In addition to the primary purpose to
protect an underlying substrate and to impart aesthetic appeal, the imparting of

functionalities such as water repellency, self-healing capability, antimicrobial

72,103 74,116

activity, and chemical agent decontamination into coatings through the additive
approach have been investigated. Despite the breadth of work in the field, numerous
additives remain that offer promise to imbue chemical decontamination into polyurethane
coatings.

Polyoxometalates (POMs) are a broad class of metal oxide polyhedra that exhibit

93,130

unique reduction-oxidation capabilities for applications in catalysis. Due to their

complex metal oxide polyhedral composition, polyoxometalates afford oxidative

' Oxidation is the

catalysis of a range of molecules through a variety of reactions."
preferred degradation pathway for the decontamination of chemical warfare agents, as it
results in the least toxic by-products for the widest range of agents.'” As such,
polyoxometalates are promising candidates as additives for incorporation into polymeric
coatings to impart self-decontaminating behavior. Specifically, Dawson type
polyoxotungstates have demonstrated oxidative capability of chemical warfare agent

. 111,132
simulants.”

However, polyoxometalates are ionic molecules that are soluble in
aqueous solutions and are thus incompatible with organic solvent based polyurethane
coatings, which are often employed in industrial and military applications due to their

robust physical, chemical, and thermal properties.'*
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Chemical modification of polyoxometalates can improve their compatibility as
additives with a wide range of materials, including solvent based polyurethane coatings.
The ionic surface of polyoxometalates allow for encapsulation with a variety of
compounds through facile cation exchange reactions.”** The cation exchange reaction
affords a facile route to encapsulation of polyoxometalates with quaternary ammonium
salts (QAS). Amphiphilic QAS have recently been synthesized that automatically
segregate to the surface when mixed into coating formulations.*” As described in the
previous chapter, Dawson type polyoxotungstates containing Ni heterometal have been
encapsulated with the series of amphiphilic QAS and their coordination has been fully
investigated to elucidate that the ionic polyoxometalate core was bound to quaternary
nitrogen and ethylene oxide moieties, while exposing an alkyl tail exterior.

The distribution of molecular additives in solution and polymers, such as

45,135
d.™

polyurethane, has been extensively studie Dispersion of additives, such as

136 .
Various

nanoparticles, in polymeric matrices has been the focus of a very recent study.
factors affect the distribution of nanoparticles, or additives, in polymer matrices include
energetic interactions between the additive and polymer, as well as entropic effects.*” It
has been proposed that particle dispersion in polymers is dominated by the relative
dimensions of the radius of the particle and the radius of gyration of the polymer, such
that dispersion of particle was favored when the radius of particle is less than the polymer
radius of gyration."*® Polyoxometalates encapsulated with fluorinated groups were found

139

to segregate to the surface in epoxy resins. Another investigation observed the

formation of spherical vesicles upon the incorporation of amphiphilic polyoxometalate in
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polystyrene.'*® Despite the breadth of research that has been performed, questions
remain with regard to the polymeric distribution of additives resulting from the complex

modification of polyoxometalates with amphiphilic QAS.

3.3. Results and Discussion

A wide range of analyses were performed on Hydrothane and Tecoflex films
containing QAS-POM additives at a variety of loading concentrations in order to
determine the factors which affect their distribution behavior in polymer matrices. While
both Hydrothane and Tecoflex are commercial polymers, they differ in their chemical
structure and thus their inherent chemical characteristics (Figure 3.1). Hydrothane was a
hydrophilic polyurethane resin, while Tecoflex exhibited a greater degree of
hydrophobicity resulting from the butane diol chain extender that linked two 4,4’-
methylenebis(cyclohexyl isocyanate) units by a relatively short segment. This created a
larger hydrophobic segment in the polyurethane, thereby increasing its overall
hydrophobicity. By comparing their behavior between both resin systems, the effects of

polymer properties on additive distribution were elucidated.
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Figure 3.1. General chemical structures of Hydrothane (top) and Tecoflex (bottom).

3.3.1. Distribution in Hydrothane

In order to ascertain initial behavior of additive in polymers, C;cEO;-POM was
first incorporated into Hydrothane polymer formulations at concentrations ranging from 3
— 21 wt%. Neat C;(EO; and neat POM3 were also incorporated into Hydrothane at
comparable loading levels in order to discern the distribution behavior of C;cEO;-POM3.
Figure 3.2 presents SEM micrographs of the three formulations at loading concentrations
from 3 — 21 wt%. Incorporation of C;cEO;-POM3 into Hydrothane resulted in a surface
covered in circular surface domains. These domains were not observed following the
incorporation of neat C;sEO; or neat POM3 into Hydrothane films. Therefore, the
coordination of C;sEO; to POM3 caused a unique distribution behavior circular resulting

in domains on the surface.

64



Control

C16EO01-POM3

Figure 3.2.
concentration of C;cEO; (left column), POM3 (center), and C,cEO;-POM3.
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The dimensions of the domains in Hydrothane films containing C;c,EO;-POM3
were also dependent on C;sEO;-POM3 loading concentration. The diameters of the
domains were plotted against loading concentration (Figure 3.3). A linear correlation
was observed between loading concentration and average domain diameter. The
observed relationship of increasing domain size with increasing C;sEO;-POM3

concentrations suggests that the surface domains are composed of C;sEO;-POM3.
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Figure 3.3. Average domain diameter vs. wt% loading of C;cEO;POM3 in Hydrothane
films.

An estimation of the physical dimensions of the surface domains were determined

by comparing the measured domain diameters to loading. When the measured diameters

were employed to calculate the area of a two dimensional circle, the increase in circular
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area was found to scale approximately to the same degree as the increase in loading
concentration (Figure 3.4). The 21 wt% loading was 7-fold greater loading that 3 wt%,
and correspondingly, the calculated area of a circle from the diameter of the 21 wt%
loading was 6.1-fold greater than the 3 wt%. In contrast, employment of the diameters in
a calculation of volume for a sphere yielded ratios that were greater than the actual
increase in loading concentration. Therefore, by this initial SEM analysis of C;cEO;-
POM3 in Hydrothane coatings, it has been determined that the coordination of QAS to
POM resulted in unique flat disc shaped domains of additive in a polymer film, the

diameters of which are dependent on the loading concentration.

14 - & Relative loading %
Circular Area Ratio
12 1 Spherical Volume Ratio
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Figure 3.4. Loading wt% relative to 3 wt% loading compared to circular areas and
spherical volumes calculated from domain diameters.
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Effect of Drying Time on Domain Formation in Hydrothane

Domain diameters were compared between 10 wt% C;sEO;-POM3 Hydrothane
polymer solutions cast under relatively slow (1 h), intermediate (30 min), and fast (5 min)
solvent evaporation conditions. It was found that domain size increased with amount of
time allowed for solvent evaporation (Figure 3.5). Two complimentary explanations
likely explain these findings. The first is that increased evaporation time afforded the
QAS in polymer solution to reach thermodynamic equilibrium. In the previous chapter, it
was demonstrated that QAS-POM3 coordination occurs with the quaternary ammonium
nitrogen and ethylene oxide units electrostatically bound in close proximity to the POM
center and the longer alkyl tails away directed outwards. As such, CicEO;-POM3
effectively behaved as a hydrophobic molecule. Given a greater amount of time,
minimization of QAS-POM and hydrophilic Hydrothane polymer interaction drove the
QAS to accumulate into larger domains through diffusion through the polymer solution.
This reduced the total contact area between CsEO;-POM3 and Hydrothane, which was a

solvophobic (high energy) intermolecular interaction.
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Figure 3.5. Histogram of domain diameters on 10 wt% C;sEO;-POM3 Hydrothane films
dried at various rates.

The second contributing factor to the increase in domain size as a function of
decreased evaporation rates relates to the solvent vapor concentration directly above the
cast polymer film. In order to reduce the evaporation rate, a glass Petri dish was inverted
over the drying polymer. In addition to reducing the rate of evaporation, this also had the
effect to increase the solvent vapor concentration in the atmosphere above the polymer
and at the polymer-air interface compared to an uncovered film. Therefore, the polymer-
air interface was effectively an interface between the hydrophilic Hydrothane and the
organic, or hydrophobic, solvent saturated atmosphere. This facilitated the segregation of
Ci16EO;-POM3 to the surface, in order to minimize the high energy interaction resulting
from the solvophobic effect occurring between C;sEO;-POM3 and Hydrothane and
maximize the interaction between Ci;,EO;-POM3 and air, which exhibits relatively high

concentration of organic solvent. Overall, the increase in drying time demonstrated the
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thermodynamic phase separation of C;sEO;-POM3 into aggregates at the surface of a
Hydrothane polymer solution.

In addition to C;cEO;-POM3, a range of QAS-POM molecules of differing QAS
composition were incorporated into Hydrothane to investigate the effect of QAS alkyl tail
and ethoxy tail lengths on the distribution of additive in hydrophilic polyurethane. The
selection of QAS-POMs comprised CgsEO;POM3, CsEO,POM3, C3EO;POMS3,
CsEO4POM3, C;0EO,POM3, C,EOPOM3, C,EO,POM3, C;cEO,POM3, and

Ci6EO,POM3.
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Figure 3.6. SEM micrographs of Hydrothane films loaded with 6 wt% of POM3
coordinated with A) C1oEOq, B) C,EOq, C) CEO,, D) Ci6EOq, and E) Ci6sEO2

The SEM micrographs in Figure 3.6 clearly demonstrated a strong effect of QAS
composition on the distribution of QAS-POM3 in Hydrothane. An increase in alkyl tail
length from 12 to 16 resulted in an increased quantity of surface domains for EO;, yet the
average domain diameter remained similar. Increase of the ethylene oxide tail length by
a single unit, from C;;EO;POM3 to C;;EO,POM3 and from C;sEO,POM3 to
Ci6EO,POM3, resulted in a significant increase in surface domain diameter. Therefore,

both the alkyl and ethoxy tail lengths exhibited the ability to effect formation of surface
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domains upon incorporation of QAS-POMs in Hydrothane. These data suggest polar-
nonpolar repulsive interactions between the QAS-POM and Hydrothane polymer were
causing the formation of surface domains since QAS-POM of alkyl tail length less than
12 carbons in length (more hydrophilic) did not result in domains. These shorter alkyl
chain QAS-POMs were more hydrophilic, and thus more compatible with the
Hydrophilic polymer matrix. Thus, an increase in nonpolar character from an increased
alkyl tail length resulted in aggregation of QAS-POM out of the hydrophilic Hydrothane
matrix and the formation of surface domains.

The effect of ethoxy tail length on surface domain formation was investigated
further by the incorporation of mixtures at varying ratios of C;cEO;POM3 and
Ci16EO,POM3 into Hydrothane to total 10 wt% loading. A linear relationship between
surface domain diameter and the ratio of C;(EO,POM3:C;cEO;POM3 was observed
(Figure 3.7). T, relaxation experiments of the previous chapter demonstrated that the
ethylene oxide tail was in close proximity, perhaps coordinated, to the POM center.
Therefore, the hydrophilic ethylene oxide tail was not exposed to the surrounding solvent
and polymer matrix. As such, lengthening of the ethylene oxide tail did not increase the
hydrophilic character of the QAS-POM molecule, but did increase the molecular weight
and physical dimensions of the QAS-POM which resulted in reduced solubility that
facilitated the aggregation of QAS-POM out of the polymer matrix solution. The linear
equation shown in Figure 3.7, in which x denotes the ratio of C;cEO,POM3 to
CicEOPOM3 and the variable y corresponds to the average domain diameter, can be

employed to explain the relationship between domain diameter and relatively QAS-POM
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loading. The line equation in Figure 3.7 can be used to estimate domain diameter when
the ratio of C;cEO,POM3 to C;,EO;POM3 is known at a total loading concentration of
10 wt%. The linear relationship suggests an additive effect in which C;sEOQ;POM and
Ci6EO,POM equally contributed in the formation of each domain, as opposed to the
separation of the two to form separate domains. Therefore, the QAS-POM3 species of
different ethylene oxide tail lengths were compatible with each other and aggregated

together to minimize additive-polymer interactions.

5.00 +
g 4.00 -
8
g y =3.2326x + 0.0801
£ 3.00 -
ol
Q -
§ 2004 §
Q R
0.00 + T . T T
0.00 0.25 0.50 0.75 1.00

Relative Loading (C,,EO,P:C,,EO,P)

Figure 3.7. Effect of ratio of C;sEO,P and C;cEOP on domain diameter when
incorporated into Hydrothane films at a total loading concentration of 10 wt%.

Surface Segregation of QAS-POM in Hydrothane
Energy dispersive spectroscopy (EDS) was utilized to investigate the elemental

composition of the surface domains. Tungsten (W) was an element unique to the QAS-
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POM species, which was utilized to discriminate QAS-POM from the polymer matrix in
EDS analysis. Overlays of W signal (purple dots) with SEM micrographs of Hydrothane
films containing mixtures of C;sEO;POM:C;(EO,POM are shown in Figure 3.8. A
greater concentration of W signal was observed to overlay with the surface domains in
the SEM micrograph than in the area of the Hydrothane polymer. This indicated that,

indeed, the surface domains contain W and were composed of concentrated QAS-POM.
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Figure 3.8. EDS mapping mode of W signal (purple) overlaid onto SEM micrograph of
mixtures of C1sEOQ;POM:C1sEO,POM.

XPS analysis afforded chemical composition of to a depth of approximately 10
nm of the surface. The element W and the ion N™ were unique to the QAS-POM species
and therefore were utilized in XPS analysis to determine the presence of QAS-POM at
the surface. Figure 3.9 presents the W 4f7/2, 4f5/2, and 5p3/2 XPS signals from each
Hydrothane film loaded with QAS-POM at 10 wt%. The control and CsEO,POM3
Hydrothane films did not exhibit a W 4f signal which denoted an absence of QAS-POM

at the surface. XPS analysis of Hydrothane films containing C;,EO;POM, C;cEO;POM,
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and C;cEO,POM indicated a progressive increase in W surface concentration. This result

corresponded with the increase in size of surface domains that were observed with SEM.
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Figure 3.9. XPS W 4f signal from Hydrothane films loaded at 6 wt% QAS-POM3

XPS analysis coupled with electron gun sputtering resulted in the ability to probe
and compare the chemical composition of the polymer film surface and bulk. As the
QAS-POM additives were designed to be amphiphilic, it was expected that the additives
segregate and concentrate at the polymer-air interface, or surface, of the film as opposed
to buried within the bulk. Nitrogen 1s signal was measured at the surface and after a 10 s

electron beam sputter which ablated away surface and allowed the bulk of the polymer to
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be investigated (Figure 3.10). Surface segregation was indicated by the presence of a
peak for N* (402 eV) at the surface, which was absent in the bulk. The combination of
lateral resolution provided by EDS analysis and the chemical depth profiling provided by
XPS has elucidated that the circular domains were composed of QAS-POM and only

present at the surface of the polymer.
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Figure 3.10. XPS nitrogen elemental scan of surface (top) and bulk (bottom) of 6 wt%
C1,EOPOM Hydrothane film.
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3.3.2. QAS-POM Distribution in Tecoflex

The series of QAS-POMs were incorporated into the commercial polymer
Tecoflex in order to investigate the behavior of the additives in a more hydrophobic
polymer matrix than Hydrothane. In addition to the QAS-POMs, neat C;cEO; and neat
POM3 were each formulated into separate Tecoflex films at comparable wt% loadings
for comparison. Additives were loaded at 10 wt% in Tecoflex for initial measurement of
water contact angle of the Tecoflex film surfaces (Figure 3.11). Incorporation of QAS-
POMs was found to generally result in a contact angle approximately 10° greater than the
control. However, loading of C;cEO,-POM deviated from the trend by resulting in a
water contact angle 10° less than that of the control. Furthermore, incorporation of neat
Ci6EO; resulted in a contact angle 60° less than the control, while POM3 incorporation
had no effect. It is worth noting that comparison between Tecoflex and Hydrothane
could not be performed since water contact angle was not measured for Hydrothane films

as Hydrothane absorbs water, thus invalidating any water contact angle measurement.
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Figure 3.11. Contact angle of Tecoflex films containing QAS-POM3s loaded at 10 wt%.

SEM was utilized for further investigation of Tecoflex films containing QAS-
POMs (Figure 3.12). Similar to Hydrothane, loadings of QAS-POMs with carbon tail
lengths of 8 did not result in any observed surface features. However, in Tecoflex,
surface features were only observed upon loading of QAS-POMs of the longest alkyl tail
lengths, Cj; and Cj¢. Furthermore, C;sEO,POM resulted in surface domains of 4.10 um
average diameter whereas C;sEO;POM3 exhibited primarily 1.15 um diameter surface
domains in Tecoflex. A similar trend was observed on the surfaces of Tecoflex films
loaded with C1,EO;POM and C;;EO,POM. Increase in the length of ethylene oxide tail
length from EO; to EO; resulted in significantly greater domain diameters. A similar

result was observed in Hydrothane films loaded with QAS-POM additives.
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Figure 3.12. SEM images of Tecoflex films loaded at 10 wt% QASPOM3.

Effect of QAS-POM Concentration on Domain Formation in Tecoflex

The unique behavior exhibited by C;sEO,POM3 in Tecoflex at 10 wt% prompted
a more detailed investigation by its loading at additional 5, 15, and 20 wt%
concentrations. Initial ATR-IR analysis of the films were performed, the spectra of
which are shown in Figure 3.13. Increasing concentration of C;sEO,POM in Tecoflex
resulted in increased absorbance intensity from the W-O vibrational modes at 979, 931,
and 900 cm”. These data provide confirmation of CisEO,-POM incorporation into

Tecoflex at increasing wt% loading concentrations.
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Figure 3.13. ATR-IR Spectra of Tecoflex films loaded with C;sEO,-POM3.

TGA analysis and water contact angle for C;sEO,-POM3 Tecoflex films are
presented in Table 3.1. The mass percent remaining of the Tecoflex films after the
completion of the TGA temperature ramp to 600 °C confirmed to the actual loading wt%
of C;sEO,-POM. Since approximately 40 % of the molecular weight of the C;,EO,-POM
was composed of thermally unstable C;sEO,, only the temperature stable POM core
remained at high temperatures, resulting in an ultimate mass percent remaining of

Tecoflex films of approximately half of the loading concentration.
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Table 3.1. TGA analysis of Tecoflex loaded with increasing concentration of CcEO;-
POM3.

Final Water

Mass (%)*  contact (°)
Control Tecoflex 0.624 92.18
5 % C16EO,-POM3 Tecoflex 3.644 87.25
10 % C,6EO,-POM3 Tecoflex 5.928 87.70
15 % C16EO,-POM3 Tecoflex 8.041 88.35
20 % C16sEO,-POM3 Tecoflex 9.233 85.15

*At 600 °C

The interface of a solid, as well as a liquid, is unique from the interior bulk,
resulting in a higher energy at the interface, or surface, than in the bulk. The process to
determine surface energy is relatively simple for liquids, as a liquid’s surface energy has
implications in boiling point, which is evident by the high boiling point for water
considering its molecular weight. Furthermore, surface tension of a liquid can be
determined by capillary force experiments and asymmetric drop shape analysis.'*!
However, determination of the surface energy of solid surface presents more difficulty,
yet is critically important for understanding how a material will interact within a given
environment.

A well-established method for determining surface energy of a solid involves
measurement of the angle created at the edge of liquid droplet resting on a solid surface.
Specifically, the angle is measured at the triple line where solid, liquid, and gas phases
interact. Each phase has both cohesive and repulsive forces acting between the molecules

of which it is composed. The surface tension of an individual phase is a function of those
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forces. The angle formed represents equilibrium of the cumulative interactions of all

> Additionally, cohesive and

intermolecular forces within and between each phase.'*
repulsive interactions occur between separate phases at every interface. In the three
phase system described above, a phase with unknown surface tensions can be determined

1437145 Determination of

by its interaction with phases with known surface tensions.
surface energy via liquid contact angle measurements is based on such concepts.

Table 3.1 presents water contact angles that were measured on Tecoflex films
containing increasing concentration of C;sEO,-POM. Water contact angle decreased
with increasing C;6EO,-POM loading concentration. This result indicated that increased
concentration of C;cEO,-POM increased the hydrophilicity of the polymer surface,
despite the previous conclusions which demonstrated that the QAS-POMs exhibited
hydrophobic exteriors and were located at the surface of Hydrothane films. However,
water contact angle is dependent on both solid surface tension and surface roughness.
Furthermore, it has been demonstrated that for a surface with a water contact angle
around 90°, increased surface roughness will decrease the water contact angle.'*®
Therefore, the decrease in contact angle was likely due to imparted surface roughness of
CicEO,-POM3. Indeed, the increased surface roughness of Tecoflex containing CcEO;-

POM3 compared to control Tecoflex film was confirmed by three-dimensional confocal

laser microscopy (Figure 3.14).
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Figure 3.14. 3D Confocal microscopy images of control Tecoflex (left) and 10 wt%
C16EO,-POM Tecoflex. Note the image dimensions in the z-axis are magnified 25X in
order to highlight roughness.

Confocal microscopy was utilized further to compare the surface domain
dimensions (diameter and height) of Tecoflex films loaded at various concentrations of
Ci6EO,-POM (Figure 3.15). The average diameters and heights of surface domains
increased with increasing loading of C;cEO,-POM in Tecoflex films up to 15 wt%
loading. The ratio of height to diameter decreased with increasing concentration. The
height of the surface domains did not increase with increasing loading concentration,
while the surface domain diameters increased. The fact that the height of surface
domains did not increase proportionally with diameter supports the previous assertion
that the three dimensional shape of the surface domains resemble that of a flattened disc,

as opposed to spherical.
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Figure 3.15. Laser confocal microscope images of C;sEOQ,-POM3 loaded Tecoflex
including surface domain dimensions, diameter (D) and height (H).

In addition to surface domain height, confocal microscopy afforded the ability to
measure the depth of the surface domains. This was accomplished by the application and
removal of an adhesive strip on the surface, which was found to also remove portions of

the surface domains. The surface was then analyzed with laser confocal microscopy and
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the depths of the areas where the surface domain had resided were measured (Figure
3.16a). The surface domains were found to exhibit an average depth to diameter ratio of
0.05. It was demonstrated previously that the height to diameter ratio was approximately
0.03. Therefore, the surface domains projected into the polymer film more than they
protruded above its surface. This allowed for the estimation of a cross sectional
dimension of the average surface domains (Figure 3.16b). Clearly, the domains were
flattened disc shaped as was predicted previously by the calculation of increase in
diameter with increasing loading concentration. Additionally, the fact that an adhesive
strip was able to remove the surface domains intact from the polymer surface

demonstrated that the surface domains were separate from the polymer bulk.

Figure 3.16. a) Example of confocal microscope image of C;sEOQ,-POM3 Tecoflex film
after adhesive removal and b) proposed dimensions of an average surface domain.
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Effect of Film Drying Time on Domain Formation in Tecoflex

The effect of solvent evaporation rate on the distribution of additive in Tecoflex
was investigated between fast (5 min), intermediate (30 min), and slow (1 h) drying
times, just as in Hydrothane. However, C;sEO,-POM3 was employed for Tecoflex
instead of C;sEO;POM3 which was investigated in Hydrothane. The diameters of
surface domains from incorporation of C;sEO,POM3 into Tecoflex decreased with
increasing drying time (Figure 3.17). Therefore, the mixture and dispersion of
CisEO,POM3 into the Tecoflex film increased when afforded more time, in direct
contradiction to the behavior that was observed of C;EO;POM3 in Hydrothane. As
stated earlier, increased time for evaporation allows the additive and polymer to achieve
thermodynamic equilibrium. Surface domain morphology at thermodynamic equilibrium
of QAS-POM in Tecoflex was opposite to that observed in Hydrothane. Therefore,
equilibrium of additive was determined by the chemical composition (hydrophilicity) of
the polymer. In the previous chapter it was demonstrated that the exterior of the QAS-
POM conjugate was effectively composed of alkyl moieties, and resulting from such
increased drying time afforded minimization of interfacial energy which resulted in the
dispersion of QAS-POM in hydrophobic Tecoflex matrix. Therefore, intermolecular
interactions between Tecoflex polymer and C;sEO,POM3 were of lower energy and thus
favored at room temperature compared to the intermolecular additive-additive
interactions between CisEO,POM3 molecules. In contrast, the intermolecular additive-
additive interactions were favored over polymer-additive interactions in Hydrothane, a

hydrophilic polymer.
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Figure 3.17. Microscope images of Tecfolex surfaces containing C;cEO,-POM after a)
fast, b) intermediate, and c¢) slow solvent evaporation rates.

ATR-IR was employed to investigate the surface segregation behavior of QAS-
POM additives in Tecoflex polymers. Comparative analyses of the top and bottom
surfaces of a Tecoflex film containing 10 wt% C;sEO,POM were performed to
investigate vertical distribution of the additive (Figure 3.18). The IR spectrum of the top
surface of the film exhibited vibrational absorbances corresponding to the tungsten oxide
POM and the ether stretching of the ethylene oxide tail. The IR absorbances unique to
CicEO,-POM were not observed in the ATR-IR spectrum of the bottom of the film.
These data demonstrated a concentration of C;cEO,POM only at the top surface, which
suggests that the QAS-POM additive automatically segregated to the surface of the film

upon drying.
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Figure 3.18. ATR-IR comparison of the top and bottom of 10 wt% C;sEO,-POM
Tecoflex film.

B

XPS analysis of N 1s signal and sputter depth profile were performed on Tecoflex
films containing 10 wt% C;cEO,POM to further investigate surface segregation. The
quaternary ammonium nitrogen peak (402 eV) that was observed at the top surface
(Figure 3.19a) was absent in the bulk (Figure 3.19b). Additionally, the quaternary
ammonium nitrogen signal was absent in XPS analysis of the bottom of the film,
including depth sputter profiling (Figure 3.19c & d, respectively). These results that
indicated the presence of QAS-POM only at the top surface of Tecoflex film, in
combination with the ATR-IR comparative analysis, provided evidence of surface

segregation.
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Figure 3.19. XPS nitrogen 1s signal of 10 wt% C;sEO,POM in Tecoflex a) top surface,
b) sputtered top bulk, ¢) bottom surface, and d) sputtered bottom bulk.

3.3.3. Antimicrobial Activity of Films Containing QAS-POMs
Due to the fact that QAS exhibit antimicrobial activity, Hydrothane and Tecoflex

films containing QAS-POM additives were subjected to antimicrobial challenges. Figure
3.20 presents the efficacy of film surfaces against challenges of S. aureus (Gram +) and
E. coli (Gram -). Hydrothane films loaded with C;cEO;POM did not exhibit statistically
significant reduction of bacteria at QAS-POM loading levels less than 15 wt%.
Furthermore, the 15 and 21 wt% C;sEO;POM coatings exhibited 6 log reduction of S.
aureus and minor 1-2 log reduction of E. coli. These results afforded insights into the
coordination of QAS to POM, which supplemented investigations performed in the

previous chapter.
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Figure 3.20. Antimicrobial activity of Hydrothane films loaded at increasing
concentration of C;sEOQO;POM3.

Tecoflex films containing QAS-POM additives at 10 wt% loading exhibited
similar antimicrobial activity as the Hydrothane films of comparable loading. In addition
to the QAS-POMs, neat CisEO; and neat POM were incorporated into Tecoflex for
comparison. As expected, Tecoflex films containing neat C;cEO; exhibited potent
antimicrobial activity against both Gram-positive and Gram-negative bacteria, while

incorporation of POM3 imparted insignificant activity.
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Figure 3.21. Antimicrobial activity of Tecoflex films loaded with a range of additives.

The lack of significant antimicrobial activity of films containing QAS-POMs at
loadings less than 10 wt% confirmed the previous assertion that the quaternary
ammonium nitrogen atom was coordinated in close proximity to the POM counter anion.
One mechanism explaining the antimicrobial activity of QAS is that the quaternary
ammonium ion facilitated ionic disruption and lysis of the bacterial cell membrane.'*’

Therefore, coordination of the ammonium ion of the QAS to the POM core effectively

shielded biocidal interaction with bacteria, thus reducing antimicrobial activity.

3.4. Summary

The data presented herein presented clear evidence of phase segregation of QAS-
POM in polyurethane matrices. Recent publications have succinctly summarized the
numerous models and theories of phase segregation.””>'* The additive, QAS-POM,

exhibited hydrophobic alkyl tail exteriors, which resulted in a relatively hydrophobic
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molecule. A series of QAS-POM were synthesized; however, as the coordination of
QAS to POM effectively buried the polar moieties (ammonium and ethylene oxide tail)
the variability in QAS composition had a primary effect to increase particle size and
resultant solubility. An increase in particle size contributed to decreased particle
solubility, therefore resulted in larger surface diameters.

The hydrophilic character of polyurethane was found to play a significant role in
the distribution of additive. A decrease in solvent evaporation rate of QAS-POM in
Tecoflex films resulted in greater additive dispersion instead of aggregation that was
observed in Hydrothane. Furthermore, QAS-POM aggregated into surface domains of
smaller diameter in Tecoflex than in Hydrothane of comparable wt% loadings. These
results indicated that intermolecular interactions between additive and polymer were the
most significant factors in the additive distribution for this system.

Since it was demonstrated by XPS sputter depth analysis that the QAS-POM
additives were primarily present at the surface, it was proposed that during film drying
that the additives separated from the bulk polymer solution and segregated to the polymer
solution-air interface forming a surface layer. The aggregation of the additives occurred
in order to reduce surface tension resulting from increased additive concentration at the
surface during drying. This proposed mechanism of additive dispersion in Hydrothane
corresponds to the observed increase in surface domain diameter that resulted from
decreased solvent evaporation rate. The additive, QAS-POM, exhibited a core-shell
structure in which hydrophobic alkyl tail exteriors were exposed, which resulted in a

relatively hydrophobic molecule. Therefore, the surface segregation of QAS-POMs in
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polyurethane solutions was not surfactant driven, but driven by solvophobic interactions
between additive and polymer.

Overall, QAS-POM additives exhibited distribution behavior in polyurethane
matrices that was dependent on the alkyl tail length of QAS, ethoxy tail length of QAS,
concentration of QAS-POM in polymer solution, relative concentration of QAS-POM in
polymer solution, the hydrophilic character of the polymer, the concentration of polymer
solution, and the amount of time required for the polymer solution to dry into a film.
Incorporation of QAS-POM into polymer solutions and cast into films resulted in the
formation of surface domains on the surface of the polymer film. XPS analyses
confidently demonstrated that these occur only at the surface of the film and were not
distributed throughout the bulk of the polymer, thus suggesting surface segregation. The
research presented here contributes a greater understanding of the distribution of QAS

encapsulated POMs in polyurethane coatings.

3.5. Experimental Methods
Materials

All solvents were reagent grade and used without additional purification.

Purchased starting materials were used without further purification.

Synthesis of QAS-POM conjugates

The quaternary ammonium salt utilized in this study was synthesized following a

previously reported procedure.”” Nickel containing polyoxometalates (POM3) were

93



synthesized by the application of procedures modified from two previous reports.'?'#®

Their full characterizations were reported in the previous chapter.

Film preparation

Films were prepared by dissolving 5 g of Hydrothane (Cardiotech LTD, UK) in
50 mL of chloroform with a Teflon stir bar over 24 h to ensure complete dissolution.
Hydrothane is a commercial polyurethane that exhibits improved purity relative to
comparable resin systems. To a scintillation vial containing QAS-POM3, 2 mL of
Hydrothane solution was added and vortexed until additive was completely dissolved in
the solution. The solution was then solvent caste into an aluminum pan covered with a
weigh boat and allowed to dry.

Effect of solvent evaporation rate was evaluated by comparing three identical
polymer solution formulations drying under different conditions: uncovered, partially
covered with a plastic weight boat, and completely covered by a glass Petri dish lid.

These three conditions correspond to respective drying times of 5, 30, and 60 minutes.

Contact angle

Surface contact angle measurements were performed using a VCA Optima video
contact angle system by AST Products, Inc. (Billerica, MA) employing the sessile drop
technique. Three replicate measurements were made of 4 pL of triple distilled water at

20 °C.
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Laser Confocal Microscopy

Surface texture, morphology, and roughness were investigated employing an
Olympus Lext 3D measuring laser microscope OLS 4000. 128 um x 128 pm images
were acquired at 2012x magnification with z-axis steps of 60 nm. Root mean square
height surface roughness (Sq) was calculated by OLS software employing an 80 pm

cutoff filter.

SEM

Prior to SEM analysis, the Hydrothane™ samples were coated with a 5 nm layer
of gold using a Cressington 108 auto sputter coater equipped with a Cressington MTM-
20 thickness controller. A Carl Zeiss SMT SupraS5 scanning electron microscope (SEM)
was utilized to analyze morphology of the prepared films. Accelerating voltage was set
between 3 and 5 kV. Dimensions of surface features were measured using Image J

analysis software calibrated to the image scale bar.

XPS analysis

XPS analysis was performed using a Thermo Scientific K-Alpha XPS
spectrometer. A 400 pm spot size was analyzed with the flood gun on for each. For each
sample, a low resolution survey was performed with a pass energy of 200 eV and step
size of 1.0 eV. High resolution region scans were performed for all samples, each with a
pass energy of 30 eV and a step size of 0.15 eV. XPS emission angle was 54.7°. XPS

depth profiling was performed with a 3000 eV ion gun set to low current. An ion sputter
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cycle of 10 sec was performed, followed by survey and elemental scans. High resolution
region scans during depth profiling were performed in multichannel snapshot mode
employing a 150 eV pass energy, 10 frames, 1 sec/frame, over 128 channels. Peak fitting

was performed with Avantage computer software, specifically smart fitting algorithm.

Energy dispersive X-ray spectroscopy (EDS)
A Carl Zeiss SMT Supra55 SEM equipped with energy dispersive X-ray detector
with an accelerating voltage set to 10 KeV was utilized to perform EDS. Data was

collected and analyzed on Spirit Software.

ATR-IR
Attenuated total reflectance infrared (ATR-IR) spectra were measured utilizing a
Nicolet 6700 FT-IR with ATR attachment equipped with a Ge crystal from Thermo

Scientific (Waltham, MA). 64 scans were compiled for each spectrum.

Thermal Analysis
A TA Instruments Q50 TGA was utilized to perform thermogravimetric analysis

at a heating rate of 10 °C/min under nitrogen from room temperature to 600 °C.

Anti-microbial testing

Staphylococcus aureus (S. aureus, ATCC 25923) was utilized in bacterial

challenges for the polymer films. Bacteria were grown at 37 °C. Log phase cells were
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harvested by centrifugation, counted on a hemocytometer using phase contrast
microscopy, pelleted by centrifugation at 4,000 xg for 10 min, and resuspended in
phosphate buffered saline (PBS) at a concentration of 1 x 10° CFU/mL. To prevent
desiccation of the bacteria during testing, a hydration chamber was prepared consisting of
a sterile 76 x 76 mm gauze pad placed in the bottom of a sterile 150 x 15 mm Petri dish.
The gauze pad was saturated with 5 mL of sterile water and the test samples placed on
top. A 10 pL aliquot containing 1 x 10 bacteria was added to each test film
(approximately 188 mm?), and then placed in a hydration chamber at room temperature.
After 2 h of incubation, bacteria were recovered by placing the film in a tube containing 5
mL sterile Letheen media, followed by 30 sec of vortexing. Serial dilutions were carried
out, and incubated for 18 h at 37 °C with agitation. Following incubation, the cultures
were examined for the presence of turbidity, indicating bacterial growth. Each film was
tested in triplicate. Log kill was determined by the following: Log kill = 7 - highest
dilution exhibiting bacterial growth. All bacterial challenge procedures were conducted

using standard aseptic techniques in a BSL-2 hood.
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4. AMPHIPHILIC Cg FULLERENE - DISTRIBUTION AND ACTIVITY

4.1. Overview

Release of toxic chemicals, such as pesticides and chemical warfare agents, often
results in large-scale contamination of surrounding material surfaces. These surfaces
have the potential to remain contaminated for an extended duration as many contaminants
are persistent and resistant to environmental degradation. Furthermore, limitations of
contaminant detection and decontamination solutions result in increased risk of exposure
to humans. Surfaces are often coated with paint for improved aesthetics and protection;
however, additional functionalities that impart continuous self-decontaminating and self-
cleaning properties would be extremely advantageous. In this study, photochemical
additives based on Cgp fullerene were incorporated into polyurethane coatings to
investigate their coating compatibility and ability to impart chemical decontaminating
capability to the coating surface. Cgo exhibits unique photophysical properties, including
the capability to generate singlet oxygen upon exposure to visible light; however, Ceo
fullerene exhibits poor solubility in solvents commonly employed in coating applications.
A modified Cg, containing a hydrophilic moiety, was synthesized to improve
polyurethane compatibility and facilitate its segregation to the polymer-air interface.
Bulk properties of the polyurethane films were analyzed to investigate additive-coating

compatibility. The polymeric coatings containing photoactive additives were subjected
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to self-decontamination challenges against representative chemical contaminants and the
effects of additive loading concentration, light exposure, and time on chemical
decontamination are reported. The degradation pathways deduced from contaminant
challenge by-product analyses are detailed. These new continuously active self-
decontaminating systems have the potential for significantly reducing the exposure of

toxic substances to civilian population.

4.2. Prologue

Chemical toxicants, such as pesticides and toxic industrial chemicals, have the
potential to contaminate material surfaces for extended periods of time. Often the natural
attenuation of toxic substances through evaporation and degradation in ambient
environments occurs slowly due to low vapor pressure, poor solubility, and resistance to

hydrolysis."*

Due to this persistence, surfaces on which toxic chemicals reside pose
human exposure risks that require application of decontamination solutions to completely
render a surface safe. However, decontamination solutions and procedures are
cumbersome, expensive, and often damaging to the contaminated substrate.”*

Polymeric coatings are applied to many surfaces to improve aesthetics and
provide corrosion or weathering protection; therefore, they provide an ideal substrate to
incorporate coating additives to impart continuous self-decontaminating behavior at the
surface and reduce subsequent contamination. A minimal loading concentration of
additive is ideal so that the properties beneficial for the originally intended purpose of the

polymer coating are maintained. Specifically, polyurethanes are of broadest interest

owing to their properties such as chemical resistance and durability.*
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Several recent research developments have investigated the incorporation of novel
reactive additives into various urethane coating formulations in attempts to create

coatings that self-decontaminate. Antimicrobial coatings have been successfully created

. . . . . . . 1 . . . 51.70
by imparting additives such as nonionic biocides,” quaternary ammonium biocides,”"’

68,69 . .
’ and antimicrobial

surface concentrating biocides,49 functionalized coatings,
peptides.”® While these are successful biocidal additives, less success has been achieved
in chemical decontaminating coatings. One reason is that additives for chemical
decontamination are limited to only a few modes of action such as absorption, hydrolysis,
and oxidation. Of these, oxidation offers the greatest potential to completely detoxify a
broad spectrum of chemical contaminants.’

Ceo fullerene molecules have also been observed to exhibit intriguing
photochemical properties, including oxidative capabilities, which hold exciting potential

78-81

for development of a self-decontaminating coating. Upon exposure to visible light,

Ceo fullerene is first excited to its singlet state Ceo (IC(,O), which then through intersystem

crossing (ISC), forms the triplet state species of Cqg (3C60). 3C(,o has a lifetime on the

78,8688

order of ps whereas 'Cy exhibits a lifetime of several ns. This triplet state species

of fullerene has the ability to convert ground state triplet oxygen (3Zg') into singlet

784 The combination of a high quantum

oxygen (lAg), a reactive oxygen species (ROS).
yield” and low rate of degradation of Ce fullerene by ROS’ make this molecule
extremely attractive as a photo-active coating additive.

Extensive studies have been conducted to analyze and characterize the

84,86,89-92,150

photosensitivity of Cgo in solution with varying degrees of success. Various
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photosensitizers have been shown to exhibit antimicrobial activity when incorporated into

polyurethane coating systems under specific conditions.”!1%?

Similarly, antiviral
systems have successfully been developed with the incorporation of fullerene as a solid-
phase photosensitizer into biological fluid.”>* Recently, fullerenes modified with
intercage constituents have displayed remarkable ability to produce singlet oxygen as
well as antimicrobial activity in polymeric adhesive films.”> However, insertion of
intercage constituents into fullerenes introduces additional cost and complexity that may
be avoided by utilizing neat Cqy.

Incorporation of Ce fullerene into polymer matrices has been investigated for
applications ranging from photovoltaics'®> to augmentation of polymer mechanical

6

properties.’”® Covalent incorporation of Cgy fullerene into polymers offers controlled

distribution and reduced leaching, however often at the sacrifice of photoactivity."”"'*®
In contrast, non-covalent incorporation of Cg fullerene offers simplified formulation and

unaffected photophysical properties.'>

Furthermore, non-covalent incorporation of an
amphiphilic fullerene species affords the potential for surface segregating photoactive
additives. While synthetic modification of Cep into an amphiphilic species most likely
will affect the photophysical properties of Cg, increased concentration of photoactive
additive at the surface of a polymer due to amphiphilic character should improve
decomposition of surface residing chemical contaminants.

It can be assumed that when incorporated into a polymer matrix, the photoactivity

of fullerene may be reduced due to a lack of molecular oxygen available to the fullerene

molecule if it is encapsulated into the bulk of the polymeric coating. However, if one is
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able to overcome this limitation, significant activity should remain at the coating-air
interface, then one should expect that the production of ROS would result and
subsequently react with any contamination that may be on the surface. Furthermore, an
amphiphilic additive that automatically segregates to the polymer-air interface during
film cure would improve decontaminating efficiency. The hypothesis proposed herein is
that the fullerene contained in the coating produces singlet oxygen from the atmosphere
by the aforementioned mechanism, which subsequently reacts with undesired
contamination analytes that are present on the surface. If such analytes are hazardous,
such as the case of pesticides or chemical warfare agents, then the action of the additive
in the coating should reduce the hazard and subsequently present a surface free from

contamination.

4.3. Results and Discussion

4.3.1. Additive-Polymer Compatibility
Additive-polymer compatibility and the effects of photoactive additive

incorporation on Tecoflex film properties were investigated with a variety of methods.
ATR-IR analysis was performed to investigate the effect of Cey incorporation on infrared
signature and probe the chemical composition of the polymer film. ATR-IR analysis
confirmed that the low loading concentrations employed in this study allowed the
chemical signature of polymer film to be maintained despite increasing concentrations of

Cso and EO3-C60 (Figure 41)
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Figure 4.1. ATR-IR spectra of Tecoflex films containing C¢o and EO3-Cg additives.

Effects of additive incorporation on thermal stability of Tecoflex films were

investigated with TGA. The incorporation of Cgy and EO3-Cg into Tecoflex films each
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resulted in an increased thermal stability (Table 4.1). The incorporation of EO3-Cgp in
Tecoflex resulted in increased thermal stability (temperature at 10 % loss) that scaled
linearly with loading concentration. The increase in initial thermal stability suggests that
stabilizing intermolecular interactions were occurring between EO;-Cgp and Tecoflex
polymer. Generally, the incorporation of Cgp into Tecoflex demonstrated a moderate
increase in thermal stability. A weak inverse relationship was observed with increased
loading of Cep and thermal stability, as opposed to the direct relationship of EOs3-Ce
loading. This suggested that with increased loading concentration, additional Ce
aggregated to other Cg instead of interacting with polymer matrix. Additionally, the
lessened effect on thermal stability upon Cgy incorporation compared to EOs3-Ceo
indicated that EO3-Cg interacted more strongly than Cgp with Tecoflex polymer matrix.
The greater favorable interactions between EOs3-Cgy and Tecoflex resulted from
compatibility between the ethylene oxide tail of EO3-Cgy and the ether regions of the

butane diol constituents of the Tecoflex monomer.
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Table 4.1. TGA data of Tecoflex films.

Tecoflex Film 10% loss (°C)  Final Mass (%)*

Control 300.55 0.2727
0.5% Ceo 314.99 1.463
1.0% Ceo 311.07 2.561
2.5% Ceo 307.38 6.574
5.0% Ceo 309.86 11.25
0.25% EO3-Cqo 312.61 0.6591
0.5% EO;-Cqgo 319.44 0.7918
1.0% EO;-Cqo 325.63 1.513

*4t 600 °C in N

TGA analysis also indicated that incorporation of Cgp into Tecoflex resulted in
greater ultimate mass remaining than those loaded with EO3-Cg. The ethoxy moiety of
the EO3-Cgp was susceptible to thermal degradation at a greater temperature than the
fullerene cage of Cgp. Therefore, each comparable loading concentration of Cg (720
g/mol) and EO;-Cg (881 g/mol) contained a 1.22 fold molar excess of Cgp to EO3-Cep.
Thus, the thermal degradation of the alkoxy tail of EO3-Cgy below 600 °C resulted in only
82 % remaining of the total loaded EO3-Cgy. Considering this, at 600 °C there should
have been approximately a 1.5x excess remaining mass % of Cg relative to EO3-Cg at
comparable loading concentrations. Indeed, such an excess was observed upon
comparison of the 1 wt% loadings.

Interestingly, the ultimate wt% for each Tecoflex film containing additives was
greater than the additive wt% loading concentration (Table 4.1). The amount of mass
remaining from the thermal degradation of Tecoflex films containing Cep at 600 °C

corresponded to approximately double the Cg loading concentration. This indicated one
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of two possibilities: a quantity of Tecoflex polymer was strongly adhered to the surface
of Cgo fullerene through intermolecular forces that required greater than 600 °C to
dissociate or aggregation of Cg resulted in thermally stabilized Tecoflex polymer trapped
within the aggregate. However, the lower thermal degradation onset temperature of
Tecoflex films containing Cgp than EO;-Cgp revealed that intermolecular interactions
were stronger for EO3-Cg. The difference between the final mass remaining and loading
concentration decreased with increased additive loading concentration of both Cgy and
EO;-Cgp, which suggested that with increased loading concentration, additional
intermolecular Cg aggregation occurred instead of Cgo-polymer matrix interactions. The
deviation was greater for Ce than it was for EO3-Cg, indicating that aggregation is more
prominent in Cgo than EO3-Cey.

DSC was performed on all Tecoflex films to investigate effects of additive
incorporation on glass transition temperature (7,). The way in which additive
incorporation affects 7, can afford insight into intermolecular interactions between the
additive and polymer. Increase in 7, resulting from additive incorporation would indicate
increased intermolecular interactions that limit polymer mobility.'®  Unmodified
Tecoflex exhibits a glass transition that spans a broad temperature range. Minor and
insignificant effects on 7, resulted from the incorporation of both additives, C¢o and EO3-

Ceo, which indicated that the integrity of the coatings were preserved.
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Figure 4.2. Comparison of DSC thermograms for Tecoflex films containing Csy and neat
C60.

For both neat Cgy and Tecoflex films containing higher concentrations of Cgp, an
endothermic transition was observed in the DSC thermograms at approximately -14 °C.
The magnitude of the endothermic peak increased corresponding to Cgp concentration
(Figure 4.2). This endotherm corresponded to the phase transition of Ce crystals from
simple cubic orientation ordering to face centered cubic structure upon heating through

.- 161,162
the transition temperature.'®"'

The presence of this transition from Tecoflex films
indicated a crystalline phase of Cg fullerene. Cgo can only be in a crystalline phase when
multiple fullerene molecules are in contact with one another, or aggregated, in a regular,

repeated order. A polymeric film in which Ce fullerene was completely dispersed would

not exhibit such crystalline phase transition. Furthermore, endotherm corresponding to
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the simple cubic to face centered cubic phase transition was absent in the DSC analysis of
neat EO3-Cgy and the Tecoflex films containing EO3-Cg. Therefore, aggregation, or at
least the formation of crystallites, of Cg was inhibited by the covalent modification of
Ceo with ethylene oxide tails. Further, the amphiphilic character of the EO3-Cgy improved
solubility of the additive in the Tecoflex solution and facilitated increased molecular

dispersion of the additive throughout the polymer matrix.
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Figure 4.3. XRD patterns of Tecoflex films containing additives.
X-Ray diffraction analysis (Figure 4.3) confirmed crystallinity observed via DSC.

Diffraction peaks corresponding to the (220), (331), (222), and (420) peaks of

crystallized Cgp were observed in the Tecoflex films containing unmodified Cg additive.
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The intensity of diffraction peaks increased with increased loading of Cgy from 0.5 to 5.0
wt%. In contrast, control Tecoflex and Tecoflex loaded with EO3-Cg displayed only a
broad peak resulting from the amorphous polymer. Therefore, Cq aggregated into

crystals in Tecoflex matrix, while EO3-Cgy was well dispersed.
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Figure 4.4. a) Water contact angle and b) surface roughness (Sq) of Tecoflex films
loaded with Cgp and EO3-Cg.
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Water contact angle measurements were performed on Tecoflex films containing
Ceo and EO;3-Cg, the results of which are shown in Figure 4.4. Addition of Cg in
Tecoflex resulted in minor increases in water contact angle in loadings up to 2.5 wt% and
ultimately a minor decrease at 5 wt% Cg loading. Correspondingly, the surface
roughness of Tecoflex films increased with increased Ce loading (Figure 4.4b). On the
other hand, loading of EO3-Cgy in Tecoflex resulted in a significant decrease in water
contact angle accompanied with a linear increase surface roughness to a greater degree
than Cgp. Therefore, comparison of contact angle and surface roughness indicated that
surface roughness played an insignificant role in the water contact angle, despite previous

evidence to the contrary.'®

Thus the change in water contact angle must result from the
additive’s effect on the surface energy of Tecoflex, instead of imparted surface
roughness.

The covalent attachment of ethylene glycol moiety to Cep resulted in a molecule
with amphiphilic character, i.e. a surfactant. When incorporated into a solution of
hydrophobic Tecoflex, the amphiphilic EO3;-Ce has the potential to orient its hydrophilic
moiety at the polymer-air interface in order to minimize solvophobic interactions
between hydrophilic ethylene oxide and hydrophobic Tecoflex matrix. Indeed, a linear
decrease in contact angle was observed between 0.25 and 1.0 wt% loadings of EO3-Cey.
Considering that the highest loading (5 %) of Cg in Tecoflex resulted in decrease in
water contact angle of only 4°, the significant decrease in water contact angle (increase in

hydrophilicity) of 10° at only 1 wt% loading of EO3-Cg indicated that the additive was

concentrated at surface of the polyurethane film.
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4.3.2. Decontamination Challenges

Decontamination challenges were employed to investigate the capability imparted
by photoactive additives Cg and EOs3-Cg onto Tecoflex films to automatically
decompose surface residing contaminants. Two chemical compounds, Demeton-S and
CEPS, were employed as representative contaminants. The prepared films were first
subjected to decontamination challenges consisting of 18 hour contaminant residence

time.
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Figure 4.5. Demeton-S recovered from Tecoflex films after 18 hour residence in dark (a)
and daylight (b) conditions.
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Figure 4.5 presents results from a 4 g/m* Demeton-S decontamination challenge
in which extracted Demeton-S (normalized by the tetralin internal standard) is plotted
against additive loading concentration. No correlation was observed between Cg loading
concentration in Tecoflex films and Demeton-S reduction. Furthermore, reduction of
Demeton-S on Cg exhibited similar trends in both dark and light conditions. Tecoflex
films containing EO;-Cg exhibited increased reduction of Demeton-S compared to films
containing Ceo in dark conditions; however, decomposition of Demeton-S did not directly
correlate with additive loading. Tecoflex films exposed to light that contained EOs-Cgg
exhibited a direct correlation between the reduction of Demeton-S and EO3-Cg loading
concentration. From this, it was proposed that different modes of action for Demeton-S
degradation were occurring between Tecoflex films containing Cg and EOs3-Cgp, thus

necessitating additional decomposition by-products analysis.
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Figure 4.6. Detected S-vinyl product (shown as normalized ratio of S-vinyl peak area to
tetralin peak area) from Tecoflex films loaded with a) Cg and b) EO3-Cso over an 18 h
Demeton-S challenge.
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By-product analysis of the 18 h Demeton-S decontamination challenges were
performed for further insight into possible modes of action. In addition to reduction in
Demeton-S, significant by-products were detected at a retention time of 4.1 min, which
corresponded to vinyl oxidation product (S-vinyl) (2). By-product concentration,
normalized with the internal standard, is plotted against loading concentration in Figure
4.6. It was apparent that increased Cg loading led to decreased production of 2 in both
dark and light conditions, whereas increased concentration of EO3-Cg loading resulted in
increased production of 2. Unmodified Cg was more reactive than EOs-Cg, especially at
low concentrations; however, increased concentration of Cgy did not result in increased
decomposition, most likely due to self-quenching resulting from high Cep proximity from
aggregation in the polymer matrix. Qualitative observation indicated that poor solubility
of Cep in chloroform facilitated the formation of Cey aggregates, in which the probability

of self-quenching between Cgy molecules was increased.
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Figure 4.7. Demeton-S (1), S-vinyl degradation product (2), CEPS (3), and vinyl phenyl
sulfoxide (4).
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For Tecoflex films containing Cep, comparable amounts of 2 were detected from
decomposition of Demeton-S on films that resided in dark and light conditions for 18 h
(Figure 4.6a). From this, it appeared that photoactivity against Demeton-S was not
occurring in the Tecoflex films containing unmodified Ce. If photoactivity was
occurring, then a greater amount of 2 would be observed on the films exposed to light
than in darkness. It has been previously demonstrated that Ce fullerene can behave as an

184 Thus, the electron acceptor behavior of

electron acceptor (Lewis acid) toward sulfides.
Ceo in Tecoflex may have facilitated the cleavage of the S-C bond (Figure 4.8) that

resulted in the elimination product 2.

' o=y
R\../R — R\é/R e R\S + R|+ CGO
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Figure 4.8. Hypothesized Lewis acid catalyzed sulfide elimination.

Photoactivity was apparent from by-product analysis in the films loaded with
EO;-Cgo (Figure 4.6b). In fact, the photoactivity of EO3-Cgy continued to increase with
increasing concentration, which indicated that the ethylene oxide moieties helped to
diminish aggregate facilitated self-quenching by improved solubility. In contrast to the
films containing Cgp, an absence of Demeton-S decomposition on Tecoflex films

containing EO;-Cgp in dark conditions was observed. This was likely the result of
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decreased Lewis acid character upon the covalent attachment of the ethylene oxide

moiety.
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Figure 4.9. Proposed oxidation mechanism of Demeton-S and the formation of
elimination product from photogenerated singlet oxygen.
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The combination of photoactivity and oxidation products detected from Tecoflex
films containing EO;3;-Cg, and documented capability of fullerene species to

photogenerate singlet oxygen'®

has led to the proposed mode of action for Demeton-S
decomposition on films containing EO3-Cgy exposed to visible light presented in Figure
4.9. The photoactive species embedded in the polymer matrix was first photosensitized
upon the absorption of visible light. Subsequent transfer of energy from photosensitized
EO;-Cgp to ambient atmospheric oxygen resulted in the formation of singlet oxygen
('0,). The photogenerated singlet oxygen, a ROS, then oxidized the peripheral sulfur of
Demeton-S that was residing on the coating surface in proximity to the photosensitized
additive. The sulfoxide then underwent a elimination to result in the Demeton-S vinyl
degradation product (2) and unstable sulfenic acid, which quickly self-condenses to form
the corresponding thiosulfinate.

In addition to decontamination challenges against Demeton-S, Tecoflex films

loaded with photoactives were also subjected to CEPS decontamination challenges. An

18 hour decontamination challenge was initially performed for each sample in both dark
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and light conditions. Despite minor differences in the amount of CEPS decomposed,
significant differences in by-product formation were observed to be dependent on the

conditions in which the sample resided.
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Figure 4.10. CEPS by-product resulting from residence on Tecoflex films of several
additive concentrations following exposure to daylight conditions for 18 hrs.

GC-MS analysis afforded the detection of a notable degradation product of CEPS
from the Tecoflex films containing photoactives which resided in daylight conditions.
Mass spectra analysis determined that the degradation product was vinyl phenyl sulfoxide
(4), an oxidation by-product of CEPS (Figure 4.7). Furthermore, 4 was not detected from
coatings that resided in dark conditions. Figure 4.10 presents normalized concentrations

of 4 detected in the reaction extract from Tecoflex films loaded with C¢y and EO3z-Cgg
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after an 18 hour residence time of CEPS. Production of 4 from Tecoflex films decreased
with increased Cgp loading concentration. This was attributed to increasing Cg
aggregation with increased Cgy loading concentration due to poor solubility and
incompatibility with the polyurethane matrix, as previously demonstrated via DSC and
XRD. The increase in aggregation effectively limited the available surface area of Cg
available for both singlet oxygen generation and contact with the contaminant.
Additionally, singlet oxygen quenching is known to occur between proximal Cgo
molecules in high concentration, such as in aggregates and crystallites.'®

In contrast to the effects observed resulting from Cgy loading concentration, the
generation of 4 increased with increasing EO3-Cgy concentration in Tecoflex from 0.25 to
1.0 wt%. This direct correlation of EO3-Cg loading and generation of 4 can only result
from minimized self-quenching due to good dispersion of EO3-Cg. These trends support
those that were observed in the Demeton-S decontamination challenge.

From the above 18 h study, 1 wt% loadings of C¢ and EO3-Cgy were down-
selected for an expanded time dependent CEPS decontamination challenge over the
course of 165 h in daylight conditions (Figure 4.11). Figure 4.11 a displays concentration
of CEPS extracted from samples over 165 h residence time period. Each of the films
subjected to the challenge exhibited rapid decrease in CEPS concentration over the first
48 h. This was attributed to inherent attenuation of CEPS as this behavior was observed
on the two controls, a Teflon film and unmodified Tecoflex. Cgo and EOs-Cg films
differentiated from the controls at time points beyond 48 h, after which the degradation

rates of CEPS on the controls decreased drastically. In contrast, the Cs and EO3-Ceg
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Tecoflex films exhibited continued linear degradation of CEPS beyond 48 h. This
behavior was explained by two separate degradation mechanisms occurring
simultaneously. First, the attenuation mechanism dominated the first 48 h of degradation,
which was initially at a high rate. Beyond 48 h, attenuation rate slowed to an extent such
that the secondary mechanism, photo-oxidation, dominated the overall reaction rate and
thus becomes apparent.

By-product analysis (Figure 4.11b) confirmed a linear increase of oxidation
product (4) over time on films containing photoactive additives. Tecoflex films
containing Cgp and EO;-Cgp each exhibited a linear relationship between production of
oxidation product and residence time, while oxidation was not detected from the controls.
The detection of oxidation products only from samples that were exposed to light, that
contain either Cqp or EO3-Cg, and dependent on the concentration of Cgp and EO3-Ceo

indicated that a photo mediated oxidation process was facilitating the oxidation of CEPS.
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Figure 4.11. Concentration of CEPS recovered from samples over 165 hour residence
(a) and normalized vinyl phenyl sulfoxide degradation product (b).
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In consideration of the data presented herein and the known singlet oxygen
generation potential of Cg fullerene, a proposed mode of action for CEPS oxidation is
presented in Figure 4.12. Similar to the mechanism proposed for the oxidation of
Demeton-S, the photoactive in Tecoflex generated singlet oxygen upon exposure to light.
Singlet oxygen oxidized the S atom to sulfoxide, which then through an elimination
mechanism a vinyl sulfoxide was produced with HCI as a by-product. In contrast to the
mechanism proposed for Demeton-S, the oxygen remained on the same by-product
molecule as sulfur. This was due to the stability of the sulfenic acid leaving group in
Demeton-S decomposition compared to the instability of the potential hypochlorite by-

product in CEPS oxidation.

e~ ,ClI
1 OH @)
@— Oy QS//HvH . & \J_} QS// + HC
\: \:

HCI

Figure 4.12. Potential pathway of sulfide oxidation followed by dehydrohalogenation of
CEPS.

4.4, Summary

Several insights were gained upon the incorporation of Cgy and EOs3-Cg into
Tecoflex films. The detection of the phase transition from simple cubic to face centered
cubic structure at approximately -14 °C, subsequent confirmation with XRD, and the
decreased reactivity against simulants at increased Cgp loading concentrations provide

evidence of Cgp aggregation in Tecoflex films. Conversely, no such evidence was
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observed to indicate that EO3;-Cgy was aggregating in Tecoflex films. Therefore, the
covalent attachment of ethylene glycol tail to Cgo resulted in an additive that exhibited
improved solubility and dispersion in the hydrophobic polyurethane matrix of Tecoflex.
Surface decontamination challenges demonstrated the self-cleaning capability of
Tecoflex films containing Cey and EO3-Cg additives. Decomposition products resulting
from oxidation were observed in addition to a direct correlation between additive loading
concentration and decomposition of surface residing contaminants. Through correlation
of trends observed from Demeton-S and CEPS decontamination challenges and by-
product analysis, modes of action were proposed for the decomposition pathways of both

contaminants on the surface of polyurethane films.

4.5. Experimental Methods
Materials

All purchased chemicals were reagent grade and were used without further
purification. The purchase of 2-chloroethyl phenyl sulfide was made at Sigma—Aldrich
(St. Louis, MO, USA). Demeton-S was purchased from Chem Service (West Chester, PA,

USA). Refined Cg fullerene was purchased from MER Corporation (Tucson, AZ, USA).

Synthesis of EO3—Cg
Covalent attachment of triethylene glycol monomethyl ether to Cey fullerene
through azide addition was performed following a previously described method.'®’

Product was confirmed by 'H NMR performed in CDCl; on a Bruker 300 MHz nuclear
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magnetic resonance spectrometer with a TMS internal standard. Characterization data
were consistent with that previously reported.'®”’

Covalent incorporation of a hydrophilic tail to Cey fullerene was performed to
result in an amphiphilic additive with the potential to concentrate at the air/coating
interface, similar to what has previously been demonstrated with amphiphilic

antimicrobial coating additives.”

1. SOCl,
2. NaN
/O\/\O/\/O\/\OH % /O\/\O/\/O\/\N3
5
5 + /O\/\O/\/O\/\N q

Figure 4.13. Reaction scheme for the synthesis of an amphiphilic fullerene additive.

Overall, the synthetic procedure covalently attached triethylene glycol
monomethyl ether (2) to Cgo fullerene through azide addition (Figure 4.13). The first two
steps in the procedure converted triethylene glycol monomethyl ether (2) to the azide
terminated derivative (3). Component 3 was then covalently bound to Cg fullerene (4)

through azide addition resulting in the final product EO3-Cg (1). Successful isolation of
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the product was confirmed with 'H and *C NMR. Synthesis of EO3-Cgyp was confirmed

via "H NMR analysis by the downfield shift of protons proximal to the N (Figure 4.14).

SpinWorks 3: test 13C

/O\AO/\/O\/\NS

o —

—fi rrJ ' T ' L Jrr~r~r-~r 101+
L 4.20 410 4.00 3.0 3.80 3.70 3.60 3.50 3.40 3.30 3.20 3.10

Figure 4.14. "H NMR spectra of azide reactant (top) and EO3-Cgo product (bottom).
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Polymer Preparation

A commercial polyurethane resin, Tecoflex EG-100A (Lubrizol Advanced
Materials, Inc., Gastonia, NC, USA), was employed to investigate behavior of additives
in controlled polymer solutions. Polymer solutions were prepared (0.1 g polymer in 1 mL
chloroform), to which photoactive additives, Cg and EO3—Cgp, were incorporated. The
solutions were vigorously vortexed to ensure complete mixing after addition of additives.
After allowing for air bubbles to escape, polymer solutions were poured out into
aluminum pans, loosely covered, and allowed to dry. Films with final additive

concentrations of 0.25, 0.5, 1.0, 2.5, and 5.0 wt% were prepared.

Coating Characterization

Free coatings were peeled from aluminum backing and weighed prior to analysis
on a TA Instruments (New Castle, DE, USA) DSC Q20 differential scanning calorimeter.
Under a nitrogen flow of 50 mL/min, the DSC was first equilibrated to —70 °C. The
temperature was then ramped from —70 °C to 170 °C at a rate of 20 °C/min. The
procedure was repeated for a second scan with a ramp rate of 10 °C/min. Glass transition
temperature (7,) measurements were calculated based on the second scan using Universal
Analysis 2000 software. The second scan was used for this value to eliminate any
contamination of entrapped volatile and low molecular weight byproducts, as well as
demonstrate hysteresis. Thermogravimetric analysis (TGA) was performed on a TA
Instruments Q50 TGA employing heating rates of 10 °C/min under a N, atmosphere. A

Thermo Scientific Nicolet 6700 FTIR (Thermo Scientific, Waltham, MA, USA) equipped
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with a diamond crystal ATR attachment was utilized for film analysis. Diffuse
reflectance was utilized in the characterization of neat Cgp and EO3;—Cg. X-ray
diffraction measurements were performed using a Rigaku SmartLab X-ray
Diffractometer (XRD, Rigaku, Tokyo, Japan). The SmartLab XRD was equipped with a
Cu anode operating at 3 kW generating Cu Ko radiation. Measurements were taken with
Bragg—Brentano Optics and a D/Tex Detector for 2-Theta measurements from 15° to 40°.

Contact angle measurements were performed using a VCA Optima by AST
Products, Inc. (Billerica, MA, USA) employing the sessile drop technique on the surface
of the polymer films. Triple-distilled water was employed as a probe liquid, of which at
least three replicate measurements were made for each sample. 3D laser confocal
microscopy was performed on an Olympus LEXT 3D measuring laser microscope
OLS4000. Surface roughness measurements were performed employing an 80 um cutoff

wavelength ().

CWA Simulant Selection

Because it is impractical to work with real chemical warfare agents in a research
environment, CWA decontamination research typically incorporates less harmful
substances with which to mimic and simulate the incredibly toxic CWA."* These
compounds, which share similar chemical and physical properties with CWA, but also
exhibit reduced toxicity, are referred to as simulants. There are several criteria which
must be considered prior to selection of such compounds. First, the simulant compound

must exhibit similar stereochemical interactions, acid-base relationships, and reduction-

128



oxidation potential as the CWA. The second criterion is that the simulant must exhibit
similar physical properties, the most important of which are vapor pressure and polarity.
These most significantly affect interactions of the simulants with surfaces. Finally and
most importantly, the simulant must be much less toxic than the CWA. CWAs are
incredibly potent and dangerous, therefore the toxicity of the simulants must be minimal
in order to create a safe and practical laboratory working environment.”*'%

There are numerous compounds which are similar in chemical structure to bis(2-
chloroethyl) sulfide (HD). The most important functional group which must be present in
an effective HD simulant is the RSCH,CH,Cl moiety. The terminal Cl affects reactivity
of the sulfide center, which is the target of oxidation. The sulfur in HD is less reactive
towards both hydrolysis and oxidation than a sulfur in alkyl sulfides due to the electron

1% 1t has been mutually agreed upon in the

withdrawing effects of the terminal chlorines.
literature that no single simulant is sufficient to cover all aspects of decontamination and
consequently, as in other studies, this research utilizes two simulants for HD, 2-

chloroethyl ethyl sulfide (2-CEES) and 2-chloroethyl phenyl sulfide (2-CEPS), as

depicted in Figure 4.15.

Cl

oS ~
Cl @s

Figure 4.15. Structures of HD simulants 2-chloroethyl ethyl sulfide and 2-chloroethyl
phenyl sulfide.
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2-CEES is structurally very similar to HD and offers similar chemical reactivity,
yet exhibits a higher vapor pressure.'*” 2-CEPS contains a bulky phenyl group, which
affects the steric interactions and reactivity of the central sulfur relative to HD. However,
the vapor pressure and persistence of 2-CEPS are closely related to those of HD.'” The
non-bonding electron pair of the central sulfur in 2-CEPS is stabilized via conjugation to
the adjacent aromatic phenyl group. Numerous other groups have successfully utilized
these compounds as simulants for research in decontamination methods of HD.>*6¢!70-178

Several of the important physical properties of HD and the simulants are compared in

Table 4.2.

Table 4.2. Physical properties of HD compared with simulants.

HD 2-CEES 2-CEPS

Molecular Weight (g-mol™) 159 125 173
Liquid Density (g-cm™ @ 20 °C) 1.27 1.07 1.17
Boiling Point (°C) (@ 750 mm Hg) 227 156 246

Vapor Pressure (mm Hg @ 20 °C) 7.2x 107 3.79 1.86 x 107

There are numerous compounds capable of simulating VX in a laboratory
environment. The most important aspects of VX simulants are reduced toxicity and the
presence of the phosphonothioate moiety. This region is the target for effective
destruction of VX (i.e. oxidation) and therefore needs to be included in the simulant
molecules.! Additional properties which need to be considered are vapor pressure,
persistency and polarity. Taking into account all of the requirements for an appropriate

simulant, Demeton-S (Dem) and Malathion (Mal) were selected. These simulants are
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known commercial pesticides, which is consistent, as this class of CWAs was derived
from pesticides. Figure 1.6 presents the chemical structures of VX and selected
simulants. Dem and Mal are both commercial pesticides which previous research efforts
have utilized as simulants for VX.°° Dem shares a similarity to VX in that it has a
central phosphorous bound to a divalent sulfur, an ethoxy group, and a double bond to an
oxygen atom. Dem is an excellent simulant because the relative reactivity of the P-O
bonds and the P-S bonds can be observed through GC/MS product analysis. Degradation
pathways and the resulting products of Dem degradation have been identified by previous
research.'”” Additionally, the S-alkyl group is of similar molecular geometry as the S-
alkyl bound group in VX, affording similar leaving potential. The O-ethyl groups are
comparable to the O-ethyl group bound to the central phosphorous in VX. The
combination of these factors leads to a simulant selection which can effectively mimic
the target bonds. Mal exhibits a similar vapor pressure as VX,'** has minimal toxicity

and is commonly applied for insect control.'®

Contaminant Challenge

The prepared films were subjected to surface decontamination challenges against
the chemical analytes presented in Figure 1, Demeton-S (1) and 2-chloroethyl phenyl
sulfide (CEPS) (2), across a range of simulated environmental conditions. In general, a
2.0 uL micropipette was used to apply 1.0 pL of analyte to each sample (2 cm?) placed in
a transparent Eppendorf tube. Each Eppendorf tube was then sealed and allowed to

incubate for determined period of time in controlled conditions (darkness or simulated
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daylight).  For photochemical reactions, a custom-built temperature controlled
photochemical reactor equipped with five F8TSD fluorescent bulbs emitting broad
spectrum visible light (Figure 4.16) at 10,000 lux intensity was employed, which
simulates overcast daylight exposure. All contaminant challenges, including
photochemical challenges, were performed at 20 °C, after which residual analyte and
degradation byproducts were extracted from polymer films with 1 mL of acetonitrile
solution containing 12.1 mM tetrahydronaphthalene as an internal standard. Samples
were then placed into a 1.5 mL GC auto-sample vial with PTFE septa top and analyzed
immediately. In addition to simulant work being performed in a fume hood, personal
protective equipment consisting of nitrile gloves, lab coat, chemical safety goggles were

employed at all times during handling of chemical simulants.
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Figure 4.16. Emission spectrum of custom-built photochemical reactor.

Gas chromatography/mass spectroscopy (GC/MS) was employed to quantify
analyte degradation. @ The GC/MS system consisted of an Agilent 7890A gas
chromatograph equipped with an Agilent 5975C mass selective detector operating in
electron ionization mode and an Agilent 7693 A autoinjector. The column utilized was an
Agilent HP-5MS (5% phenyl) methylpolysiloxane film. The carrier gas was helium with
a flow rate of 1 mL-min"'. The injection volume was 1 pL with a split injection ratio of
20:1. The temperature program has an initial temperature of 100 °C for one minute, then
25 °C per min ramp to 130 °C followed by a 15 °C per min ramp to 250 °C with a one
minute post run hold at 300 °C. The injection temperature, MS quad temperature, and

source temperature were 300, 150 and 230 °C, respectively. The solvent delay was set at
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1.5 min and detector was set to scan a mass range of 20 to 350 m/z. Prior to comparison,
GC/MS results were normalized by dividing the analyte peak area by the peak area of the

internal standard, tetrahydronaphthalene.
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5. INCORPORATION OF AMPHIPHILIC ADDITIVES INTO ELECTROSPUN
FIBERS

5.1. Overview

Electrospinning was utilized to generate antimicrobial Nylon and polycarbonate
fibers for potential applications including self-decontaminating fabrics, wound dressings,
and filtration media. The effects of quaternary ammonium salt concentration on fiber
morphology, diameter, and antimicrobial activity of the resulting fiber mats were
investigated. Fibers were characterized utilizing scanning electron microscopy and X-ray
photoelectron spectroscopy, while antimicrobial activity was evaluated against
Staphylococcus aureus. The co-electrospinning of soluble quaternary ammonium
biocides within polymeric solutions generated uniform fibers with diameters ranging
from 91 to 278 nm for Nylon and 0.55 to 2.34 um for polycarbonate. Fiber morphology
and diameter of the resulting fibers were shown to be dependent on polymer type and
biocide concentration. A positive correlation between surface concentration of
quaternary ammonium salts and antimicrobial activity was observed as fibers loaded with

biocides exhibited up to a 7 log reduction of viable bacteria.

5.2. Prologue

Bacterial contamination of clothing, air filters, and other assets is of constant
concern, particularly due to the emergence of antibiotic resistant bacteria. Personnel in

hospitals, health care clinics, and military settings are at particular risk."®’ Common
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routes of exposure to infectious microbes occur through contact with clothing, bed sheets,
and other fabrics contaminated with harmful bacteria, all of which would be greatly
mitigated by the development of antimicrobial fabrics and materials.

In addition to the extensive research in the development of biocidal coatings and

182

polymers, "~ there has been considerable work devoted to the creation of antimicrobial

104183 Eibers with nano-scale diameters exhibit

fibers with nano-scale diameters.
extremely high surface area to volume ratios, which are highly desirable for antimicrobial
surfaces since bacterial killing only occurs when bacteria come in physical contact with
the surface.

Electrospinning has recently emerged as a promising method through which to
develop novel polymeric fiber and fabric formulations for biological threat

protection.' 1%

Electrospinning is an intricate process which utilizes electrostatic forces
to create polymeric, ceramic, and sol-gel fibers with nano-scale diameters.'” Numerous
critical parameters must be controlled for the optimal production of fibers by
electrospinning including but not limited to solvent selection, polymer concentration,

applied voltage, and collection distance.'**'®

However, incorporation of additives, and
particularly ionic molecules, into the electrospinning solution significantly affects fiber
morphology and diameter."**"®  As such, incorporation of ionic salts and additives into
electrospinning solutions requires thorough investigation.

Contrasting approaches have been employed to create antimicrobial electrospun

fibers, including fibers which leach biocide and fibers with persistent biocidal activity.

Leaching biocidal materials comprised of antimicrobial nanofibers have been developed
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that release biocidal molecules and compounds. Electrospun fibers which release nitric
oxide over time have been developed with the aim to reduce infection resulting from

189

implantable materials. Chlorhexidine, a biocide, has also been incorporated into

electrospun cellulose acetate fibers resulting in an antibacterial material which leached

biocide and produced a notable zone of inhibition."””

However, leaching biocides present
opportunities for biocidal compounds to accumulate in environmental matrices and
exhibit reduced antimicrobial activity over the lifetime of the material. On the other
hand, antimicrobial activity does not diminish over time in persistent biocidal polymeric
materials.

Many polymers have previously been utilized to create fibers through
electrospinning and successful functionalization with biocidal additives has the potential
to afford benefits for various applications due to the robust physical properties, safety and
cost of the polymer systems. The focus of much electrospinning research has centered on
Nylon and the effects of electrospinning conditions on the properties of resultant
fibers."”!  Much work has also been performed in regard to optimal conditions for

192,193
’ Recent

electrospinning polycarbonate due its attractive structural properties.
literature has documented conditions by which to electrospin uniform fibers with micro-
to nano-scale diameters for both Nylon and PC.">'*°

Many approaches have been taken to develop antimicrobial polymer surfaces, of
which, several can be tailored to electrospinning. Polymeric surfaces have been
196,197

functionalized post application and successfully resulted in antibacterial surfaces.

Nylon 6,6 electrospun fibers exhibiting antimicrobial properties have likewise been
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195,198

created through incorporation of N-halamine additives. Benzyl triethylammonium

chloride has been incorporated into electrospun polycarbonate fibers and found to

improve antimicrobial activity.'?

Another post-treatment approach, while effective,
requires continual recharging of a halamine biocide with dilute chlorine bleach in order to
maintain antimicrobial behavior.'”” While these approaches can result in highly
functionalized surfaces, each also requires additional processing steps thereby increasing
application time, limiting practicality and increasing cost.

Alternatively, covalent incorporation of biocides in the polymer backbone has

resulted in polymers exhibiting very promising antibacterial properties.”***"!

However,
in doing so there is an alteration in the physical properties of the polymer in addition to a
likelihood that a large proportion of the biocide will be buried within the bulk of the
polymer, as opposed to at the surface where microbial interaction is likely to occur.
Therefore, the most suitable approach for electrospinning investigations involves direct
incorporation of a biocide into the polymer solution prior to application.

A solution-based additive approach is beneficial in that it allows one to maintain
electrospinning conditions, of which there are numerous variables to optimize, from those
developed for the unmodified polymer solution. Biocidal additive dispersion and
distribution in the polymer matrix play integral roles in antimicrobial activity. An
additive that is dispersed throughout the bulk of the coating is unlikely to be able to
interact with surface residing microbes, resulting in reduced biocidal activity. Particular

additives have the ability to preferentially orient at the polymer interface, and potentially

increase antimicrobial activity per amount added.
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Quaternary ammonium salts (QAS) are reported to mediate broad-spectrum
bacterial killing through a cationic interaction with the cell membrane.'*” While
numerous QAS are effective antimicrobial agents, the specific QAS available for
selection in this study were greatly limited due to constraints resulting from incorporation
of QAS into a polymer matrix for materials applications. The constraints result from
several materials considerations such as ultimate polymer appearance, stability, adhesion
and workability. Additionally, antibacterial activity of a surface is dependent on the
relative concentration of biocide at the polymer-air interface, where interactions between
bacteria and polymer occur.”’ Therefore, the interaction of the QAS with the polymer
matrix must be considered. Recently, biocidal additives consisting of amphiphilic QAS
have been developed which segregate to the air-polymer interface of polymeric coatings

49,50

during curing when added directly to a polymer solution. Furthermore, amphiphilic

QAS have been effective in a variety of polymer matrices, including polyurethane and

48,72

latex coatings. In addition to surface segregation, QAS have also been used in

combination with a unique germinant package as polymer additive and exhibited
effective activity against Bacillus anthracis.'®

Therefore, the incorporation of additives into the polymer solution for subsequent
electrospinning is a logical approach to create functionalized electrospun fibers.
Furthermore, the incorporation of surface segregating biocides into polymer solutions to
create electrospun fibers has the potential to result in fibrous mats with high biocide

surface concentration and high surface area material; however, surface segregation of

biocidal additives in electrospun fibers has not been investigated. Herein, surface
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segregating and biocidal capabilities of an amphiphilic QAS are compared to a less
amphiphilic QAS in electrospun nylon 6, 6 (Nylon) and poly(Bisphenol A carbonate)
(PC) fibers at various QAS loading concentrations. Increased amphiphilicity of QAS is
expected to increase the surface concentration of QAS in electrospun fibers and improve
biocidal activity.
5.3. Results and Discussion

Numerous iterative formulations were required to optimize the electrospinning
process for both PC and Nylon. It was qualitatively observed that incorporation of QAS
into polymer solutions resulted in significant effects on the creation of electrospun
fibrous mats. Consequently, more detailed investigations into the role of QAS in the

formation of electrospun fibers were performed.

5.3.1. Effect of QAS on Fiber Morphology and Fiber Diameter

Fiber diameters of electrospun PC fibers were determined from SEM micrographs
(Figure 5.2). Mean fiber diameters of electrospun polymer formulations are presented in
Table 5.1. Control PC fibers which did not contain QAS exhibited an average fiber
diameter of 2.34 um. A negative correlation was observed upon addition of QAS into the
electrospinning solution as fiber diameter decreased with increasing QAS concentration.

These results are in agreement with those presented in a recent work by Kim et al.,'** i

n
which the effects of benzyl triethylammonium chloride on PC fibers were examined.
Herein, the incorporation of CTAB into PC solution at 1 wt% resulted in electrospun

fibers with average diameters of 0.86 um. PC fibers loaded 5 and 10 wt% CTAB

averaged diameters of 0.71 and 0.78 pum, respectively. Loading of PC polymer solution

140



with 1 wt% C;6EO; resulted in fibers with average diameter of 1.18 pm. At 5 and 10
wt% C6EQ), the fiber diameters continued to decrease to 0.68 and 0.55 pum, respectively.
On comparison of the effects of the two QAS, 1 wt% loading of CTAB reduced PC fiber
diameter to a greater extent than 1 wt% loading with C;cEO,. However, further loading
of Ci6sEO; to 5 and 10 wt% in PC polymer solution resulted in fibers with diameters that
decreased to a greater extent than comparable 5 and 10 wt% loadings of CTAB. It
appears that while CTAB reaches a maximum influence on fiber diameter between 1 and
5 wt%, increasing incorporation of C;¢EO; resulted in decreased PC fiber diameter up to,
and perhaps beyond, 10 wt% loading. This observation is due to the difference in
molecular weight between CTAB (364 g/mol) and C;4EO; (408 g/mol) and the resultant
differences in molar concentration of additives. There is a 1.12 relative molar excess of
CTAB to Ci;cEO; for each comparable wt.% loading. Therefore, the saturation
concentration of CTAB is reached at an apparently lower wt.% than the saturation
concentration of C;sEQO;. The effects of fiber diameter for both QASs are thereby limited

by their molar solubility.
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Table 5.1.

Average diameter of PC and Nylon fibers with increasing QAS

concentrations.

Polymer Additive Me_an Fiber
Sol. Diameter
25 % PC - 2.34 £0.64 um
25 % PC 1 wt% CTAB 0.86+0.33
25 % PC 5 wt% CTAB 0.71 £0.18
25 % PC 10 wt% CTAB 0.78 +£0.14
25 % PC 1 wt% Ci6EO 1.18 £ 0.37
25 % PC 5 wt% Ci6EO; 0.68+0.22
25 % PC 10 wt% Ci6EO, 0.55+0.19
15 % Nylon - 91 £16 nm
15%Nylon 1 wt% CTAB 193 + 50
15 % Nylon 5 wt% CTAB 234 + 54
15 % Nylon 10 wt% CTAB 278 + 89
15 % Nylon 1 wt% Ci6EO 203 £40
15 % Nylon 5 wt% C6EO; 175+ 37
15 % Nylon 10 wt% C6EO, 253 £ 67

The diameter of PC nanofibers created by electrospinning depend on a variety of

factors,202

of which solution properties are variables. Of the solution properties, an
electrospinning model has determined that solution conductivity and viscosity exhibit
strong roles in determining the final fiber diameter, while surface tension plays a minor
role.””® The addition of QAS additives to a polymer solution does not alter each of these
solution properties to the same degree. For the electrospinning of polystyrene fibers, the
addition of both dodecyltrimethylammonium bromide and tetrabutylammonium chloride
were found to significantly increase the solution conductivity, result in only minor
decreases in surface tension at the highest loading concentrations, and have no effect on

204

viscosity. Other studies provide supplemental evidence that incorporation of ionic
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salts, triethylbenzylammonium chloride, into electrospinning polymer solution increase
solution conductivity, while negligibly affecting surface tension and viscosity.'®”'882%
The negligible role of surface tension found in the literature is confirmed for the PC

solutions employed herein as surface tension of the polymer solutions did not correlate

with fiber diameter (Figure 5.1).
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Figure 5.1. Comparison of average surface tension and average fiber diameter of
PC/QAS solutions.

Therefore, the only significant solution property affecting fiber diameter upon
QAS incorporation into polymer solutions must be the solution conductivity. This is
supported by trends observed in a previous work that incorporated
benzyltriethylammonium chloride, a QAS, into polycarbonate solution in chloroform.'*?

Greater concentration of QAS causes increased solution conductivity, which results in

increased charge density on the polymer jet during electrospinning. Greater charge
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density increases electrostatic repulsion of the polymer jet, thereby facilitating more
whipping and stretching to form fibers with smaller diameters.

Incorporation of QAS was found to contribute to changes in PC fiber
morphology. As concentrations of both CTAB (Figure 5.2b-d) and C;c,EO; (Figure 5.2e-
g) were increased from 1 to 10 wt%, the surface texture of the PC fibers became
increasingly smooth relative to the wrinkled texture exhibited by PC fibers formulated
without QAS additives (Figure 5.2a). Wrinkled morphology has been observed in
electrospun fibers due to continued solvent evaporation following fiber formation and
subsequent fiber shrinkage.*” While electrospun fibers with very small diameters
inherently exhibit very high surface area to volume ratios, an increase in surface
roughness results in a further increased ratio. The decrease in fiber roughness with
increasing concentration of QAS resulted from increased solution conductivity due to the
ionic effects of QAS. Increase in solution conductivity has been demonstrated to affect
surface morphology.'™ As such, the increase in QAS concentration in PC creates fibers
with smoother texture as a side-effect of decreased fiber diameter in that small fibers,
which have higher surface area to volume ratios, allow for complete solvent evaporation
during jet acceleration and whipping toward the target. Therefore, it is more likely for
the PC fiber to form without entrapped solvent when QAS is added, avoiding continued

evaporation after solidifying, and thus resulting in a smooth surface.
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Figure 5.2. SEM icrographs (10,000 mag.) of electrospun PC fibers containing no
additive (a), 1 wt% CTAB (b), 5 wt% CTAB (c), 10 wt% CTAB (d), 1 wt% C;6sEO; (e), 5
wt% Ci6EO; (f), and 10 wt% CicEO; (g).

Nylon polymer solutions were also loaded with QAS, electrospun and

subsequently analyzed. Overall, electrospinning of Nylon from a 15% solution produced

fibers with very small diameters within a relatively narrow range (Table 5.1). Without
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QAS additives, an average fiber diameter of 91 nm was achieved for Nylon fibers.
Incorporation of both CTAB and C;4EQO; increased electrospun Nylon fiber diameters
which can be qualitatively observed in Figure 5.3. Specifically, the incorporation of
CTAB at 1, 5, and 10 wt% in Nylon resulted in increasing fiber diameters of 193, 234,
and 278 nm, respectively. Incorporation of C;cEO; at 1, 5, and 10 wt% resulted in
average fiber diameters of 203, 175, and 253 nm, respectively. For both QAS additives,
standard deviation of the fiber diameter measurements increased as average fiber
diameter increased, indicating greater fiber diameter dispersity for each respective fibrous
mat.

Polyamides dissolved in formic acid are ionized, thus resulting in a
polyelectrolyte solution, of which further increases in ionic strength of the solvent, such
as through the addition of QAS, diminishes the electrostatic interactions (i.e. increases

. . 20
electrostatic screening).*"’

Effects on fiber diameter from increasing solution
conductivity are diminished by electrostatic screening in the polyelectrolyte polymer
solution. It has been shown that incorporation of a comparable QAS,
benzyltrimethylammonium chloride (BTAC), at 1 wt% in a solution of nylon 6,6 in
formic acid increased both solution conductivity of nylon 6,6 solutions from 4.1-4.3

mS/cm to 6.5-8.1 mS/cm and fiber diameters.”®

For another electrospinning polymer
solution, fiber diameters of electrospun poly(e-caprolactone)-acetic acid solution
increased with increasing pyridine concentration despite increasing solution

209

conductivity.” Further, Mit-Uppatham and coworkers®'® demonstrated that increasing

concentrations of NaCl, LiCl, and MgCl, increased nylon solution viscosity, solution
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conductivity, and electrospun fiber diameters. Increasing solution conductivity facilitates
decreased fiber diameters while increased solution viscosity contributes to larger fiber
diameters.””  Indeed, viscosity of Nylon solutions increased with increasing
concentration of CTAB (Table 5.2). Increased solution viscosity effectively causes the
fiber to resist elongation and stretching once the polymer is extruded from the syringe tip.
Furthermore, increased solution viscosity causes a greater mass flow of polymer which
reduces the electrostatic charge density of the polymer jet since the volume of polymer jet
is increased. Charge density plays a prominent role in intra-fiber Coulombic repulsion
which causes whipping and stretching. Therefore, if charge density is reduced, less

210" Therefore,

whipping and stretching occur and fiber diameters remain relatively large.
the increase in nylon fiber diameters upon incorporation of QAS resulted from the

combined contributions of increased viscosity and electrostatic screening overcoming the

contribution of increased solution conductivity.

Table 5.2. Selected solution properties of 15 wt% Nylon in formic acid solution
containing CTAB.

CTAB in Nylon Surface Tension  Viscosity

(Wt%) (mJ/m?) (cP)

0 40.1+0.2 1179 + 4
1 39.9+0.1 1458 +2
5 38.0+0.5 1512 +2
10 36.2+0.7 1638 +2

The effects of QAS on fiber morphology and surface texture of electrospun Nylon

fibers were determined through SEM analysis (Figure 5.3). Nylon fibers electrospun
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without QAS (Figure 5.3a) exhibited a cylindrical morphology and smooth texture, both
of which were maintained upon incorporation of CTAB at concentrations 1, 5, and 10
wt%. At 10 wt% CTAB loading, a few ribbon shaped fibers were also observed
dispersed among the fibrous mat of primarily cylindrical fibers (Figure 5.3d). The ribbon
shapes, which can also be described as flat tubes, may result from an initial formation of
a solid polymer skin on the electrospun fiber, which accumulates repulsive charges at two
opposite points around the cylinder causing lateral stretching. Such behavior has been

documented and described previously.*®

The lateral stretching in combination with
diffusive solvent escape caused the tube to collapse into an ultimate ribbon shape.*”
Such behavior was only observed in the highest (10 wt%) QAS loaded fibers perhaps
because the high concentration of QAS effectively reduces Nylon solubility, thereby
accelerating the formation of polymer solid as a skin in the electrospun jet. Similar
trends in fiber morphology were observed in Nylon fibers loaded at 10 wt% with either
Ci6EO; or CTAB into the polymer solution. Nylon fibers loaded with 10 wt% C16EO]1
exhibited rough surface features on the order of 5-20 nm (Figure 5.3g). Nylon fibers at
10 wt% CTAB exhibited similar effects, but to a lesser degree than C,cEO, loaded Nylon,

and typically the nano-roughness was observed to only occur where two or more fibers

are in contact with one another at intersections.
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Figure 5.3. SEM micrographs (20,000x mag.) of electrospun Nylon fibers containing no
additive (a), 1 wt% CTAB (b), 5 wt% CTAB (c), 10 wt% CTAB (d), 1 wt% CicEO; (e), 5
wt% C6EO; (f), and 10 wt% Ci6sEO, (g)

Upon comparison of the two polymer systems, incorporation of QAS in polymer
solution resulted in opposite effects on fiber diameter and fiber morphology between PC
and Nylon. While Nylon fibers increased in diameter with increasing QAS
concentration, the diameters of PC fibers decreased. Electrospun fiber diameters are

critically affected by polymer solution electrical conductivity, which in turn, is directly
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affected by salt concentration. Incorporation of salts into organic polymer solutions is
known to result in decreased electrospun fiber diameters through a combination of
increased solution conductivity and screening electrostatic repulsions.”’’  Also,
incorporation of salts has been demonstrated to affect polymer solution viscosity. Recent
literature has also demonstrated that increasing salt concentration in an aqueous
electrospinning solution tends to result in slightly larger fiber diameters.'®” Furthermore,
increasing QAS concentration in PC fibers caused the fibers to become smoother and less
textured. While at the highest QAS loading concentration in Nylon, fibers demonstrated
nano-roughness features and ribbon shaped fibers were dispersed throughout the
nonwoven mat. Therefore, effects of QAS on solution conductivity were concluded to be
responsible for the observed trends in fiber diameter and surface morphology.

The contrasting effects of the incorporation of QAS into polycarbonate and Nylon
polymer solutions result from different solution properties dominating fiber formation. In
the case of polycarbonate, the change in solution conductivity on the polymer solution
dominates the morphological changes observed on the electrospun polymers; while
changes in solution viscosity from QAS incorporation dominate the ultimate appearance

and size of electrospun fibers of Nylon polymer solutions.

5.3.2. Bacterial Challenge
Electrospun PC and Nylon fibers containing QAS were subjected to

bacterial challenges against S. aureus. The average log reduction of S. aureus for each
fiber formulation is presented in Figure 5.4. The control PC fibers did not exhibit any

reduction in S. aureus and each PC fiber loaded with CTAB demonstrated only minor
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antibacterial activity (0.33 log reduction). No bacterial reductions occurred on 1 and 5%
Ci6EO, PC fibers; however, a significant 7 log reduction of S. aureus occurred on 10
wt% CisEO; PC fibers. Incorporation of QAS in PC did not result in fibers with
significant antimicrobial activity, except at the highest loading of amphiphilic QAS

suggesting that the QAS do not surface segregate effectively in the PC electrospinning

solution.
7 - _
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Log Reduction
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Control 1% CTAB 5% CTAB  10% CTAB 1% C16EO1 5% C16EO1 10%
C16E01

Fiber Composition

Figure 5.4. Average log reduction S. aureus on Nylon and PC electrospun fibers
containing quaternary ammonium salts.

No relationship between Gram-positive bacterial reduction and fiber diameter of

the PC electrospun polymers was observed. The smallest PC fiber diameter occurred in

the 10% C;cEO, PC fibers which also demonstrated 7 log reduction of S. aureus;
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however, the 5% C;cEO; PC and 10 % CTAB PC fibers also exhibited relatively small
diameters, yet neither demonstrated significant reduction of S. aureus.

Electrospun Nylon fibers containing QAS were also subjected to Gram-positive
bacterial challenges against S. aureus (Figure 5.4). The control, consisting of unmodified
electrospun Nylon, did not exhibit antibacterial activity. Nylon fibers that contained
CTAB demonstrated significant log reductions at 5 and 10 wt% loadings and Nylon
fibers containing C;sEO; exhibited antimicrobial activity for each loading concentration.
Similar to the CTAB loaded Nylon fibers, C;6EO; loaded Nylon fibers demonstrated the
greatest activity against S. aureus at 5 and 10 wt% QAS with average log reductions of
3.3 and 2, respectively. Increased CTAB concentration in Nylon fibers led to linear
improvement in reduction of Gram-positive bacteria, while Nylon fibers loaded with
Ci6EO; exhibited the greatest bacterial reduction at 5 wt%. Loading of C;cEO; beyond 5
wt% reduces surface concentration of biocide as aggregation may be occurring, resulting
in a reduction of antibacterial activity. Additionally, fiber diameter may become a factor
with increased CisEO; loading as the largest fiber diameters of the Nylon based fibers
occurred 10 wt% C6EO; loading. Larger fiber diameters equate to lower surface area
per volume of polymer which can cause reduced antimicrobial activity, particularly for a
surface active material. Decreased fiber diameter has the potential to increase
antimicrobial activity through increased total surface area of polymer. However, no
correlation was found between diameter of PC and Nylon fibers and antimicrobial
activity when surface area was calculated from the mass and fiber diameter of each

fibrous mat and compared to bacteria log kill (Table 5.3).
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Table 5.3. Comparison of total fiber surface area of fibrous mats on 1.88 cm” coupons to
bacterial log kill.

Mat Avg. Fibrous Avg. Fiber b Surface Lo
Sample Mass (mg)  Volume (cm®)?  Diameter (cm) 20 M) Area (cm?)® Kiﬁ
Nylon Control 1.2 1.10E-03 9.10E-06 4 40E+05 483.92 0
Nylon 1% C,,EO, 0.7 6.42E-04 2.03E-05 1.97E+05 126.54 0.3
Nylon 5% CEO, 0.8 7.34E-04 1.75E-05 2.29E+05 167.76 33
Nylon 10% C;,EO; 0.7 6.42E-04 2.53E-05 1.58E+05 101.53 2
Nylon 1% CTAB 0.7 6.42E-04 1.93E-05 2.07E+05 133.10 0
Nylon 5% CTAB 0.9 8.26E-04 2.34E-05 1.71E+05 141.14 2.6
Nylon 10% CTAB 0.9 8.26E-04 2.78E-05 1.44E+05 118.80 4.6
PC Control 1.3 1.08E-03 2.34E-04 1.71E+04 18.52 0
PC 1% CEO, 1.0 8.33E-04 1.18E-04 3.39E+04 28.25 0
PC 5% C,EO, 0.9 7.50E-04 6.80E-05 5.88E+04 44.12 0
PC 10% C,EO, 1.0 8.50E-04 5.50E-05 7.27E+04 61.82 7
PC 1% CTAB 1.4 1.17E-03 8.60E-05 4.65E+04 54.26 0.3
PC 5% CTAB 0.9 7.50E-04 7.10E-05 5.63E+04 42.25 0.3
PC 10% CTAB 0.9 7.50E-04 7.80E-05 5.13E+04 38.46 0.3

“ Density: nylon = 1.09 g/cm’; PC = 1.20 g/cm’.

"For a cylinder of infinite length (L), the surface area (2zrL) to volume (mr’L) ratio simplifies to 2/r, in
which r is fiber radius. Surface area is then calculated by multiplying fibrous volume by 2/r.

5.3.3. Surface Concentration of QAS (XPS)

Surface concentrations of QAS in Nylon fibers were investigated utilizing XPS
analysis to elucidate the variation in antibacterial activity with QAS loading.
Specifically, the concentration of QAS at the surface was determined by comparing the
relative area of the quaternary ammonium N 1s signal at a binding energy of 402 eV for
each sample. It has been shown that amphiphilic QAS additives in solvent-cast
polyurethane and latex paint matrices spontaneously segregate to the polymer-air

interface.®’

Yet, this behavior has not been investigated in electrospun polymer fibers.
Table 5.4 compares the observed surface concentration of QAS to expected surface
concentration if the QAS were evenly distributed throughout the entire volume of the

fiber. Of fibers loaded with CTAB, the maximum surface concentration of QAS

occurred in the 10 wt% CTAB. Yet in the C;sEO; loaded fibers, the maximum QAS
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concentration occurred in the 5 wt% C;¢EO,. The calculated theoretical values (% N
calculated) demonstrate that if the QAS were evenly distributed throughout the polymer,
an increasing linear trend of % N would result from QAS loading from 1 to 10 wt%.
While such a trend was observed for CTAB loaded Nylon fibers, the CisEO; fibers

exhibited different behavior.

Table 5.4. Comparison of observed QAS surface concentration with calculated surface
concentration assuming even dispersion. Concentration factor was determined by

dividing % N observed by % N calculated.

Fibers % N % N Conc.
observed calculated Factor
Control 0.00 0 NA
1% CTAB 0.00 0.04 0.00
5% CTAB 0.44 0.22 2.03
10% CTAB 0.76 0.43 1.76
1% Ci6EO; 0.00 0.04 0.00
5% C16EO; 1.33 0.19 6.87
10% C6EO; 0.55 0.39 1.42

It is clear that C;cEO; does not simply disperse evenly between the bulk and
surface of the fibers. In fact, C;cEO; orients at the surface of the fiber as opposed to the
bulk. The concentration factor (obsd/calc) clearly demonstrates the degrees to which the
QAS preferentially orient at the Nylon-air interface rather than evenly distribute
throughout polymer volume in the 5 and 10 wt% QAS (CTAB and C,cEQO,) loaded fibers.
Nylon fibers loaded with 5 and 10 wt% CTAB demonstrated surface concentration

factors of 2.03 and 1.76, respectively. In comparison, 5 and 10 wt% C,cEO; Nylon fibers
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exhibited concentration factors 6.87 and 1.42, respectively. For both CTAB and C,cEO,
a loading concentration of 5% resulted in the greatest improvement in surface
concentration. Overall, the greatest surface concentration occurred in the 5% C;cEO,

Nylon fibers (Figure 5.5).

1% CTAB 5% CTAB 10% CTAB

Control

1% C16E01 5% C16EO1 10% C16E01

Figure 5.5. XPS Nls region scans demonstrating nitrogen (398 eV) and quaternary
ammonium nitrogen (402 eV) in Nylon fibers containing QAS.

Therefore, the critical micelle concentration (CMC) of C;cEO; in Nylon polymer
solution was exceeded at some point between 5% and 10% loading, as surface
segregation of C;cEO; was greater at 5% than at 10%. C;¢EO;, as an amphiphilic
additive, preferentially forms micelles instead of aligning at the polymer-air interface
beyond a certain concentration, the CMC. The formation of micelles inherently

minimizes surface energy as well as solvophobic interactions of the additives and
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therefore would facilitate reduced surface concentration as amphiphilic additive loading
is increased beyond the CMC.

An overlay of S. aureus average log reduction and QAS surface concentration in
electrospun Nylon fibers is shown in Figure 5.6. The plot clearly demonstrates the
relationship between surface concentration of QAS and the antibacterial activity of the
Nylon fibers. Overall, antimicrobial activity correlates well with quaternary ammonium
nitrogen surface concentration. Considering all the samples together, antimicrobial
activity of the 5% C;cEO; Nylon does not scale with surface concentration of QAS to the
same degree as Nylon samples containing CTAB. Yet antimicrobial activity does scale
with surface concentration relative to other fibers loaded with the same QAS. Fibers
loaded with CTAB must be considered independent of C;cEO; in this regard as the QAS
do differ in chemical composition and therefore also differ in antimicrobial efficacy.
Considering this, surface concentration does correlate with surface concentration. The
correlation between surface concentration of quaternary ammonium and anti-bacterial

activity occurred in both CTAB and C;cEO; loaded Nylon fibers.
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Figure 5.6. Comparison of Gram-positive log reduction and surface concentration of
QAS in Nylon fibers.

5.4. Summary
This study investigated the difference between CTAB and C;6EO; in Nylon and

PC electrospun fibers. In general, both CTAB and C;cEO, affected each respective
polymer system similarly. Additionally, regardless of whether CTAB or C;cEO; was
used, incorporation of QAS resulted in opposite effects on fiber diameter and
morphology in PC compared to those in Nylon. Increasing QAS concentration in the
polymer solutions was found to increase Nylon fiber diameters and decrease PC fiber
diameters. The incorporation of CTAB into Nylon fibers resulted in incrementally
increasing surface concentration of quaternary ammonium and anti-bacterial activity.
Incorporation of C;cEO; into Nylon, on the other hand, demonstrated maximum surface
concentration and anti-bacterial activity in the 5 wt% loaded fibers. Clearly, different

modes of additive dispersion are occurring. The most significant factor affecting
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antibacterial activity of Nylon fibers against Gram-positive bacteria was surface
concentration of quaternary ammonium additives. This work has demonstrated surface
concentration of amphiphilic QAS additive in electrospun Nylon fibers. From this, future
biocidal additive research for electrospun fibers should be focused on the correlating

mechanism of action with biocidal efficiency in electrospun fibers.

5.5. Experimental Methods
Materials

All solvents were reagent grade and used without further purification. Purchased
starting materials were used without further purification. High molecular weight Nylon
6,6 (M, ~60,000), poly(Bisphenol A carbonate) pellets (M,, ~64,000), and
cetyltrimethylammonium bromide (CTAB) were purchased from Sigma Aldrich (St.

Louis, MO) and used as received.

Synthesis of quaternary ammonium biocides

Ci6EO,, a surface segregating QAS, was prepared following previously described
procedures.”  Briefly, 7.8 mmol phosphorous tribromide was added drop-wise to a
solution of 15.6 mmol 2-methyoxyethanol maintained at 0 °C. The solution was allowed
to equilibrate to room temperature, and then heated to 90 °C when the solution turned
yellow. After the solution was allowed to cool, 6 mL of 10% NaHCO; was added. The
solution was extracted with diethyl ether and dried with MgSO,4. This product was

reacted with N,N-dimethylhexadecylamine under nitrogen in ethanol at 83 °C for 24 h.

158



The resulting CisEO; product was recrystallized to form an off-white powder. The

structures of the resulting product (C;sEO;) and CTAB are shown in Figure 5.7.

\IJ\rl/ \KI/
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Figure 5.7. Chemical structures of C;sEO; (left) and CTAB (right).

Polymer preparation

Nylon solutions (15 wt%) were prepared by mixing separately prepared solutions
of Nylon in formic acid (4 mL) and QAS in formic acid (1 mL) to resultin 0, 1, 5, and 10
wt% QAS relative to Nylon. Preparation of comparable PC solutions (25 wt%) were
made by mixing solutions of PC in methylene chloride (4 mL) with QAS in DMF (1 mL).
A Brookfield DV-II Pro+ viscometer equipped with RV-2 spindle at 20 rpm was utilized
for polymer solution viscosity. Polymer solution surface tensions were determined by

drop shape analysis on a VCA Optima by AST Products, Inc.

Electrospinning Apparatus

A custom electrospinning apparatus consisting of a Bertan Series 205B high
voltage power supply from Bertan Associates, Inc. and a NE-300 New Era syringe pump
from New Era Pump Systems, Inc. was employed to fabricate electrospun fibers. A 10
mL syringe was filled with polymer solution, equipped with a flat-tipped stainless steel

22-gauge needle (Jensen Global, Santa Barbara, CA) and loaded into the syringe pump.
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The power supply was connected to the needle tip, set to 15 kV and the syringe pump
flow rate was set to 15 pL/min. Fibers were collected on a grounded target covered in
aluminum foil set perpendicular to the syringe at a distance of 15 cm from the needle tip.
Electrospinning was terminated after a minimum of 450 pL of polymer solution was

dispensed from the syringe.

SEM Analysis

Prior to SEM analysis, the electrospun samples were coated with a 3 nm layer of
gold using a Cressington 108 auto sputter coater equipped with a Cressington MTM20
thickness controller. A Carl Zeiss SMT Supra55 scanning electron microscope (SEM)
was utilized to verify fiber formation and analyze morphology of electrospun polymers.
Accelerating voltage was set between 3 and 5 kV. Fiber diameters were measured using

Image J analysis software from which average fiber diameters were calculated (n > 100).

XPS analysis

XPS analysis was performed using a Kratos Axis-Ultra DLD XPS spectrometer
(Kratos, Manchester, U.K.) at the National Institute of Standards and Technology (NIST;
Gaithersburg, MD). A 300 um x 700 um spot size was analyzed. For each sample, a low
resolution survey was performed with a pass energy of 160 eV and step size of 0.5 eV.
High resolution region scans were performed for all samples, each with a pass energy of

20 eV and step size of 0.1 eV. Spectra were analyzed using CasaXPS software.
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The concentration of QAS at the surface was determined from calculations based
on the ammonium N1s signal (402 eV). The XPS ammonium signal was corrected to
represent the QAS molecule by multiplying the percentage of the total XPS signal from
quaternary ammonium N by the weight percent of N in the QAS molecule. The expected
surface concentration was calculated by multiplying weight percent of N in the QAS
molecule by the loading percent (0.01, 0.05, and 0.10). Values of respective loadings

were compared to determine surface concentrating factor (observed/expected).

Antimicrobial evaluation

Staphylococcus aureus (S. aureus, ATCC 25923) was utilized in bacterial
challenges for the electrospun fibrous mats. Bacteria were grown at 37 °C. Log phase
cells were harvested by centrifugation, counted on a hemocytometer using phase contrast
microscopy, pelleted by centrifugation at 4000 xg for 10 min, and resuspended in
phosphate buffered saline at a concentration of 1 x 10° CFU/mL. To prevent desiccation
of the bacteria during testing, a hydration chamber was prepared consisting of a sterile 76
x 76 mm gauze pad placed in the bottom of a sterile 150 x 15 mm Petri dish. The gauze
pad was saturated with 5 mL of sterile water and the test samples placed on top. A 10 pL
aliquot containing 1 x 10’ bacteria was added to each test mat (approx. 188 mm?” disc
coated with 1 mg polymer fibers), and then placed in a hydration chamber at room
temperature. After 2 h of incubation, bacteria were recovered by placing the mat in a
tube containing 5 mL sterile Letheen media, followed by 30 sec of vortexing. Serial

dilutions were carried out, and incubated for 18 h at 37 °C with agitation. Following
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incubation, the cultures were examined for the presence of turbidity, indicating bacterial
growth. Each mat was tested in triplicate. Log kill was determined by the following:
Log kill = 7 - highest dilution exhibiting bacterial growth. All bacterial challenge

procedures were conducted using standard aseptic techniques in a BSL-2 hood.
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6. CONCLUSIONS

In summary, an extensive array of investigations were performed to yield greater
fundamental understanding of the distribution behavior and mode of action of
amphiphilic additives in polyurethane matrices. A series of amphiphilic polyoxometalate
and fullerene species were synthesized, their polymeric distribution characterized, and
mechanism of surface reactivity determined. It was confirmed that the quaternary
ammonium nitrogen and the ethylene oxide moieties of QAS were coordinated to the
POM core, thus resulting in a QAS-POM conjugate molecule that presents an alkyl tail
hydrophobic exterior to the surrounding environment. The quantities of QAS that were
coordinated to each POM molecule were found to be dependent on chemical composition
of QAS. These insights into the coordination chemistry between QAS and POM are the
most detailed to date. Significant evidence of the electrostatic coordination of the
ammonium ion and the ethylene oxide tails to the POM core was directly presented. Due
to the coordination and intermolecular coordination, QAS-POMs demonstrated unique
dispersion behavior in polymers that was concluded to result from solvophobic induced
surface segregation dependent on the properties of both QAS and the polymer matrix.

The amphiphilic modification of Cg improved solubility and dispersion in
polymer films compared to neat Cgp, which was identified to accumulate into crystalline

aggregates. The polyurethane films containing amphiphilic Cgp presented a
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photocatalytic mode of action for the decomposition of CWA simulants residing at the
air-surface interface. This represents a novel report of oxidation of neat chemical
simulants residing on a polymer surfaces that contain Cey species as a decontaminant.
Further, the elucidation of the mechanism of reaction represents a significant contribution
to the scientific field.

A preliminary investigation of amphiphilic additives incorporated into electrospun
polymers led to the conclusion that amphiphilic facilitated surface segregation does not
occur during the electrospinning process. The primary factor that contributes to the lack
of surface segregation is the rapid flash evaporation of solvent during electrospinning,
which diminishes the ability of additive to diffuse to thermodynamic equilibrium to the
polymer-air interface. Due to these findings, researchers developing functionalized
nanofibers through electrospinning are focusing their resources on incorporation of
additives other than amphiphilic molecules.

The approaches and methodologies that were employed to investigate the
behavior of QAS-POM and EO;-Cgp additives serve as a framework for the future study
of self-decontaminating nanocomposite systems. On-going research in self-
decontaminating coatings is concentrated on accounting for the entire mass balance of
decontamination reactions in order to thoroughly elucidate the mechanisms of reaction.
Although it was found that QAS-POM exhibited hydrophobic character instead of the
intended amphiphilic, the hydrophobic intermolecular interactions that dominate the
particle dispersion of QAS encapsulated POMs in polyurethane matrices can be

leveraged to incorporate beneficial properties into coatings, such as surface roughness
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modulate gloss and water roll off angle. Further, the insights gained herein will guide
future research of amphiphilic QAS encapsulated POMs through alternative synthetic
routes.

Overall, this work represents a comprehensive and interdisciplinary scientific
contribution that has resulted in the greater fundamental understanding of the distribution
behavior and surface reactivity of novel reactive amphiphilic additives for self-
decontaminating materials. A comprehensive analysis of additive behavior which
spanned molecular characterization, polymer distribution, and surface reactivity was
presented. The integrated multidisciplinary topics covered in this work encompassed the
interdisciplinary range of synthetic chemistry, molecular spectroscopy, intermolecular

interactions, polymer dynamics, surface chemistry, and heterogeneous catalysis.
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