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Abstract

Reflection absorption infrared spectroscopy was used as the primary analysis technique to study
the interfacial chemistry of surfaces relevant to chemical and biological warfare agent defense. Many
strategies utilized by the military to detect and decompose chemical and biological warfare agents involve
their interaction with surfaces. However, much of the chemistry that occurs at the interface between the
agents and surfaces of interest remains unknown. The surface chemistry plays an important role in
efficacy of both detection and decontamination technology, and by obtaining a deeper understanding of
that chemistry, researchers might be able to develop more sensitive detection devices and more effective
decontamination strategies. Our efforts have focused on three different areas of surface chemistry

relevant to chemical and biological warfare agent defense:

1) The development of a surface synthesis strategy to create and control the structure of
antibacterial self-assembled monolayers (SAMs). Our work demonstrated a successful strategy
for creating SAMs that contain long-chain quaternary ammonium groups, which were synthesized

and subsequently characterized using RAIRS and X-ray photoelectron spectroscopy (XPS).

2) The determination of the surface conformation, orientation, and relative surface density of
immobilized antimicrobial peptides. Our results revealed that the peptides consisted of tilted (50-

60°), a-helices on the surface, regardless of solution conditions.

3) The design and construction of a new ultrahigh vacuum surface science instrument that allows

for the study of gas-surface reactions with up to three gases simultaneously.

4) The study of the adsorption of chemical warfare agent simulants to silica nanoparticulate
films. Our work demonstrated that the adsorbate structure was dependent on the number of
hydrogen-bonding groups, and the adsorption consists of a pressure-dependent two part

mechanism.

The results presented here will help increase the understanding of the surface chemistry of three
interfaces relevant to chemical and biological defense. Future researchers may apply the new information
to develop more effective detection and decontamination strategies for chemical and biological warfare

agents.
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Chapter 1

Introduction and Motivation
Thesis Statement

The goals of this research were to synthesize and characterize surfaces with relevance to
chemical and biological warfare agent defense including: antibacterial quaternary ammonium
self-assembled monolayers, surface-bound antimicrobial peptides, and chemical warfare agent

simulants adsorbed to silica nanoparticulate films.
1.1 Background and Motivation

The interaction of surfaces with various molecules is a common occurrence that the
majority of people give little attention to. The general population is seemingly unaware of the
crucially important chemistry that takes place at an interface, such as gas exchange that occurs in
the lungs, or the flow of current in crystalline semiconductor materials. Surfaces are ubiquitous
and understanding of their structure and chemical properties has helped improve our

understanding of Nature, as well as the lives of millions of people.

1) The chemistry that occurs at an interface is often very different from that of the bulk
phase because the atoms or molecules located at the surface experience different
forces than the bulk atoms. Isolating the interactions of the surface groups from the
bulk is often difficult, but in the last few decades many surface-sensitive techniques
have been developed that allow researchers to both create and characterize surfaces
and their reactions.! Of particular interest to the military are the interactions of
chemical and biological warfare agents with surfaces. Research focus has ranged
from the initial binding or adsorption of the agents to their complete decomposition
and destruction due to interactions with specific surfaces. Despite the importance of
the surface chemistry of biological and chemical warfare agents, compared to bulk
phase studies, relatively few studies exist that focus on the interfacial chemistry. A

more detailed understanding of the fundamental chemistry that occurs when an agent



interacts with a surface may lead to improved early warning sensors, and possibly

protective coatings that may kill the bacterial agents and destroy the chemical agents.
Antibacterial Surfaces

Biological warfare agents include organisms such as anthrax, ebola, E. coli O157:H7, and
agents produced by organisms, such as ricin. A potential biological attack on a population would
be devastating, not just in the number of direct casualties, but also due to the fact that the harmful
organisms can self-replicate if appropriate conditions exist. A biological attack could also
potentially be made on livestock animals and crops, which could catastrophically disrupt food

supplies.

In order for a microorganism to cause its deleterious effects, it must first come into
contact and adhere to a surface. The studies of the interaction of bacteria with various surfaces
show that the surface composition, * charge,* hydrophobicity,™ ¢ and surface roughness” ® all
affect the adhesion process. Many bacteria possess the ability to alter the surface chemistry of
the substrate by releasing serum proteins and forming biofilms.” '° Various researchers have
shown that bacterial adhesion can be diminished, or even eliminated, by modifying the substrate
surface with antimicrobial peptides,'' pluronic surfactant coating,'* nonsteroidal anti-
inflammatory drug coating,” adsorbed cations,'* amine-terminal groups,"* and oligo-

polyetheylene glycol groups.'>'®

Various surfaces have also been created that not only inhibit adhesion, but also kill many
types of bacteria on contact. The surfaces exploit a fundamental difference in the surface
chemistry of prokaryotic cells (bacteria), and eukaryotic cells (mammals, etc.). The outer
surface of a bacteria cell membrane contains many anionic groups.'’, whereas the mammalian
cell membranes contain more neutral species. The anionic charges are balanced by divalent
cations, such as Ca®" and Mg”", and the electrostatic interactions between the oppositely charged
groups provides structural stability to the membranes. Antibacterial surfaces contain high
densities of cationically charged groups, such as quaternary ammoniums (QAC). The QAC
groups are believed to interact electrostatically with the anionic groups of the cell membrane and
replace the divalent metal cations. The loss of the divalent cations causes a disruption in the

integrity of the membrane, which then allows for intracellular components to leak out of the cell



nucleus, leading to the death of the cell. The majority of studies of antibacterial surfaces have
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used polymers, and relatively few have focused on antibacterial monolayers.

To improve the effectiveness of antibacterial surfaces, a more thorough understanding of
the chemistry that occurs when a bacterium interacts with a lethal interface is needed. By
investigating the fundamental surface chemistry that occurs, a relationship between the structure
and function of the antibacterial surfaces can be developed. Knowledge of such a relationship
may lead to improvements in protection from harmful organisms, which is of interest not just to
the military, but to the civilian authorities as well. Common surfaces found in areas ranging
from hospitals to home kitchens could all benefit from a greater protection of bacteria. In
Chapter 2, we investigate a strategy, using only surface reactions, to create alkanethiol self-
assembled monolayers that contain quaternary ammonium groups. By developing a relatively
easy and robust method of creating monolayers with antibacterial groups, surface properties can
be easily changed in a systematic way. Such properties include the surface densities of the QAC
groups as well as the length of alkyl chains found in the molecule. A fundamental study
performed by systematically varying the important surface properties will help reveal the

relationship between surface structure and functionality.
Sensors for Bacterial Agents

Another strategy for protection from biological agents is through an early warning
system. Such a system would be capable of detecting the presence of harmful microorganisms
long before their concentration reached dangerous levels. The detection of biomolecules and
microorganisms is achieved via the use of biosensors. A biosensor is a device that responds to
the binding of a molecule- or organism-of-interest by relaying a signal that can be observed at
low concentration. A typical biosensor consists of a surface functionalized with molecules that
specifically bind the analyte of interest. The surface is coupled to a transducer that undergoes
some type of change as a result of the binding event. Examples of transducers include a
frequency change of a quartz crystal microbalance,” the refractive index change and resulting
resonance angle shift of a surface plasmon resonance spectrometer,”’ or a change in capacitance
or resistance of an electrochemical cell.”> The most important part of a biosensor is the surface
where the binding event occurs. The functionalized surface must bind specifically to the analyte

of interest; otherwise false positive results will occur.
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One strategy for the selective detection of pathogenic bacteria is through the use of
antimicrobial peptides. Antimicrobial peptides are produced by a multitude of animals, ranging
from insects to humans, and serve as the organisms’ first line of defense against harmful
bacteria. One class of antimicrobial peptides is the o-helices, and in their active o-helical
conformation, the peptides possess amphiphilic properties. The a-helix contains two distinct
faces: one face contains non-polar amino acids with hydrophobic side groups, and the other face
contains polar amino acid with cationic side chains. When a minimum peptide concentration is
reached, the cationic residues are thought to disrupt the electrostatic binding of the cellular
membrane, similar in manner as the quaternary ammonium molecules described above.
However, before the minimum inhibitory concentration is reached, the peptides bind to the

bacterial membranes without causing death.

The binding of the peptides to the bacterial membranes has been explored for use in
biosensors for pathogenic strains of bacteria. The peptides are immobilized to a substrate and
exposed to both pathogenic and non-pathogenic strains of bacteria. Using both enzyme-linked
immunosorbent assays (ELISA) and surface plasmon resonance, Soares and Mello demonstrated
the specific binding of pathogenic Escherichia coli O157:H7 to the immobilized antimicrobial
peptides cecropin P1 and PGQ relative to the non-pathogenic strain, ML35. In the SPR study,
the peptides were immobilized to gold substrates via the addition of the thiol-containing amino
acid cysteine. The study included the investigation of non-physiological conditions, such as at
high and low ionic strength, and at acidic and basic pH, but minimal was put forth to characterize
the immobilized peptides. The conformation, orientation, or surface densities were unknown,
and these surface structural properties may play an important role in the binding mechanism and

efficacy of the antimicrobial peptides.

In Chapter 3, we investigate the surface structure of three a-helical antimicrobial
peptides, cecropin P1, PGQ, and pleurocidin immobilized to gold via terminal cysteine residues.
The conformation and average orientation of the surface-bound peptides were deduced from
reflection-absorption infrared spectra, and the relative surface densities were determined using
X-ray photoelectron spectroscopy and surface plasmon resonance. For cecropin P1, the effects
of the solution conditions on the peptide surface structure were investigated. The different

conditions included pH, peptide concentration, solution conformation, and dimerization state of



the peptides. This study serves as one of the first to investigate the structure of immobilized
naturally-occurring peptides, and our results lay the foundation for future peptide surface studies.
The ultimate goal of the peptide project is to develop a sensor array capable of detecting multiple
strains of pathogenic bacteria. To accomplish this goal, scientists will need a firm understanding
of how peptides assemble at solid interfaces as well as the ability to control the peptide

adsorption.
Surface-bound Chemical Warfare Agent Decontamination via Highly Oxidizing Gases

Chemical warfare agents are a class of molecules that are used only to incapacitate and
kill people. Due to their similarity of their molecular structure to organophosphate-containing
pesticides, they were discovered by scientists attempting improve the protection of crops and
livestock from insects. It was discovered that some versions of the pesticides were lethal to
mammals, and upon discovery, militaries around the world became interested in their use as
agents of war. Many large stockpiles of the harmful agents exists, both home in the US and
abroad, and due to their relatively easy synthesis, rogue organizations might be able to obtain
them. Despite their supposed worldwide ban, chemical warfare agents still pose a threat to both

the military and civilian populace.

Due to the persistent threat of a chemical warfare agent attack, much effort has been
given to the study of their detection®* and destruction. Recently Talmage et al. published a
review of the environmental fate and decomposition pathways of the agents HD, GA, GB, GD,
and VX.*> They also reviewed many of the decomposition strategies and formulas currently
used by various agencies. Most common CWA’s are subject to hydrolysis and will break down
to less toxic chemicals in days to weeks.”® The CWA’s also undergo oxidation, and the P-S bond
found in HD and VX is highly subject to oxidation. For VX, oxidation is the preferred
decontamination strategy because hydrolysis can result in the formation of a toxic byproduct. In
general, decontamination formulas are designed to oxidize or hydrolyze HD, hydrolyze nerve
agents, and oxidize VX. Despite the similar types of decomposition reactions the CWA’s

undergo, the reaction byproducts as well as agent persistence are remarkably different.

The hydrolysis half-life of the agents VX, GA, GB, and GD differ from 5 4 hours to 41

days under ambient conditions. The persistence appears to depend on a combination of low



vapor pressure, low water solubility, and the presence of hydrolysable functional groups. GD,
which has a water solubility of 21 g/L and a vapor pressure of 0.40 mm Hg, contains a
hydrysable P-F bond and has a hydrolysis half life of 5.25 hours. VX, which has a water
solubility of 30 g/L and a vapor pressure of 0.0007 mm Hg, has a hydrolysis half life of 41 days.
The hydrolysis reaction is highly dependent on pH, with higher hydrolysis rates observed at both
acidic and basic pH. An extreme pH can also be a detriment to hydrolysis, as seen for VX which
has a much lower solubility at highly basic pH. For some agents, the hydrolysis products remain

toxic and other strategies are needed for their safe decontamination.

The oxidation of CWA’s has been explored using hydrogen peroxide. H,O,, along with
the addition of activators such as molybdate, carbonate, and bicarbonate, as well as cosolvents
such as alcohols, and surfactants can rapidly oxidize CWA’s to produce non-toxic products.”’
Combinations of hydrogen peroxide and sodium hydroxide are currently used to decompose
stockpile amounts of VX, and the reaction does not result in the generation of toxic products.”®
The importance of activators and cosolvents was demonstrated in the study of GB degradation
via H>O,. GB in neutral peroxide and t-butanol had a half life of 67 hours, but the addition of
bicarbonate dramatically reduced the half life to less than one minute.”” Activated H,O, with
cosolvents has also been shown as fast decontamination strategy for VX and HD without the

- : 27,29
formation of toxic products.””

For many decontamination situations, the application of a solution based formula is not
feasible. For example, the decontamination of a building or remote personnel and equipment
using solution based hydrogen peroxide is unrealistic. In addition, the liquid decontamination
formulas may not penetrate into all contaminated surfaces and leave live agents present in the
immediate environment. One possible solution to the problem is the use of vaporous hydrogen
peroxide (VHP). The technology is currently employed to disinfect surfaces, but it has recently
been tested as a possible decontamination agent.”® Ammonia gas has been mixed with VHP to
form a modified VPH (mVHP). It was shown that after 24 hours contact with 250 ppm mVHP,
the CWA GD was decomposed to pinacoyl methyl phosphonic acid.’® This promising result is

being further explored for other agents.

Despite the successful demonstration of CWA-contaminated-surfaces with modified

VHP, there is currently very little knowledge about the surface chemistry that occurs from the

6



point of view of both the agent and the substrate material. Many important questions remain that
require attention. What are the reaction mechanisms and rates? What are the gas-phase and
surface-bound reaction products? Are they harmful? How does the mVHP interact with the
substrate material? Does the material change? Is it structurally compromised? These questions
must be answered if mVHP and other oxidizing vapors are to be used as large-scale

decontamination formulas.

In order to address the important questions mentioned above, a new surface science
instrument was designed and constructed in our lab that allows for the study of gas-surface
reactions. The instrument is centered around an ultrahigh vacuum chamber that is capable of
achieving pressures lower than 1 x 10” Torr, which is necessary to keep a surface clean for the
duration of an experiment. The chamber is coupled to a number analytical surface instruments,
including a reflection absorption infrared spectrometer, used to monitor surface-bound reaction
products, a mass spectrometer, used to monitor gas phase reaction products, and an X-ray
photoelectron spectrometer that can provide elemental analysis of the surfaces-of-interest before
and after a reaction. The reactant gases, such as mVHP, are directed to the surface-of-interest
using three separate capillary array dosers. The multiple doser arrangement will allow us to test
various gas combinations simultaneously to determine the most effective formula. Chapter 4

describes the design and construction of the new surface science instrument.
Chemical Warfare Agent Simulants

The study of chemical warfare agents is a hazardous endeavor thanks to their highly toxic
nature. To avoid the risks and health problems associated with the study of CWA'’s,
organophosphate molecules with similar structures to the live agents, but with reduced health
risks, have received a great deal of study. A table of the select CWA’s along with commonly
used simulants is shown below. The simulants all posses the phosphoryl group (P=0) found in
the majority of the nerve agents, but each simulant possesses one or more additional functional
groups found on the various live agents. These groups include esters, isopropyl groups, P-X
bonds, and P-CH; bonds. The selection of a particular agent depends on what functional

group(s) of the real agent one wishes to investigate.
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Figure 1-1: A schematic showing a selection of chemical warfare agents and their non-toxic simulant analogues.

The adsorption and decomposition of the simulant DMMP metal oxides has been
investigated previously in our group and elsewhere.’'™*' On most of the metal oxides, the DMMP
adsorbs to the surface via biding to Lewis acid sites or Brensted base sites. The adsorbed

molecules then undergo a surface hydrolysis or oxidation reaction that results in a surface bound

O-P- O species and either a gas phase or surface bound methoxy group.™
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In contrast to most metal oxides, DMMP does not decompose after adsorption to silicon
oxide surfaces. DMMP was observed to desorb molecularly upon evacuation at room
temperature™ with no degradation products detected on the surface or in the gas phase. Because
of the non-reactive and excellent adsorbent properties of silica, it has received attention as a
potential pre-filtering agent in the development of a potential CWA sensor.** Silica may serve as
a potential substrate and sorbent material used to study the reactions of CWA simulants with the
oxidizing gases mentioned above. Because the silica does not react with the simulants, any

possible reaction products could be attributed to a reaction with the decontamination vapors.

Prior to studying the reaction of silica-bound CWA simulants with oxidizing gases, the
adsorption of the simulants to the silica should be well characterized. Both the adsorption
mechanism and binding structure of the simulants may play a crucial role in its reactivity with
the decontamination vapors. In Chapter 5, we investigate the adsorption of the simulants
DMMP, TMP, and MDCP to silica nanoparticulate films prepared on gold substrates. We utilize
RAIRS to determine both the binding structure of the adsorbed molecules as well as the

adsorption mechanism via the analysis of adsorption isotherms.
Summary and Overview of Thesis

The reactions that occur at the surface of materials are important in a multitude of areas
that span topics from the large scale atmospheric chemistry down to nanoscale electronics.
Understanding of the fundamental chemistry that occurs at surfaces allows scientists to predict
properties of new materials and utilize them for new applications. One area of surface chemistry
that has received much attention from the military is interfaces with relevance to chemical and
biological warfare agent defense. By developing a greater understanding of the chemistry that
occurs when chemical and biological warfare agents interact with a surface, the military hopes to
develop and improve detection and decontamination devices and strategies that will offer

enhanced protection from a possible chemical and biological attack.

In the work presented here, we investigate a number of surfaces relevant to both
biological and chemical warfare agent defense. Each part of our study utilizes reflection-
absorption infrared spectroscopy to characterize the surfaces-of-interest and serves to

demonstrate the tremendous power of infrared spectroscopy to surface analysis. In Chapter 2,



the surface synthesis of alkanethiol self-assembled monolayers that contain long-chain
quaternary ammonium groups is presented. Surfaces that contain quaternary ammonium cations
are known for their antimicrobial activity, and the goal of our study was to develop a relatively
easy and fast way to systematically change the surface structure to develop a structure/function
relationship. The surfaces were characterized via RAIRS before and after each reaction of the
surface synthesis. In Chapter 3, the surface structure of immobilized antimicrobial peptides is
investigated in an effort to better understand how their interfacial structure relates to their ability
to selectively bind the pathogenic bacteria E. coli O157:H7. RAIRS was used to determine both
the peptide conformation and average orientation of the surface-bound peptides. Our efforts are
part of a larger collaborative effort designed to develop peptide arrays for use in a biosensor for

biological agents.

The next two chapters change the focus from biological to chemical agent relevant
surfaces. The goals are two-fold. First, the design, construction, and function of a new surface
analysis chamber is described. The chamber combines the ability to achieve an ultrahigh
vacuum, to characterize surfaces and reaction products via RAIRS, mass spectrometry, and X-
ray photoelectron spectroscopy, and the ability to dose a surface-of-interest with up to three
vapors simultaneously. The chamber was designed and constructed to enable the study of the
reaction of militarily-relevant bare and chemical-warfare-agent-simulant-covered surfaces with
vaporous decontamination formulas, including modified vaporous hydrogen peroxide and

chlorine dioxide.

One goal of the study of the reactions of the decontamination vapors with chemical
warfare agent simulants is to elucidate a reaction mechanism. Many of the surfaces that bind the
simulant molecules can react with the simulants, and these reactions would make it very difficult
to identify a reaction mechanism between the oxidizing gas molecules and the simulants. To
isolate the gas-simulant reactions, a surface that is both adsorbent and inert to the simulant
molecules is needed. Nanosize silicon dioxide (silica) is shown in the literature to adsorb, but
decompose, CWA simulants.** In Chapter 5, we describe the adsorption of the simulants
DMMP, TMP, and MDCP to silica nanoparticulate films formed on gold substrates. RAIRS is
used to determine both the structure of the adsorbed molecules as well as the adsorption

mechanism via the analysis of adsorption isotherms.
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The studies presented here clearly demonstrate both the importance of fundamental
surface chemistry to chemical and biological warfare agent detection, and the application of
reflection-absorption infrared spectroscopy to a wide range of surface chemistry problems. By
obtaining a greater understanding of the chemistry that occurs when biological and chemical
warfare agents interact with a surface, scientists may one day be able to develop better devices

and strategies for the detection of and protection from the persistent threat of an agent attack.
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Chapter 2

Surface Synthesis of Long-chain Quaternary Ammonium Self-Assembled Monolayers

2.1 Introduction

The control and elimination of bacterial infection has been an ongoing battle since the
first sterilization techniques developed by Louis Pasteur and Joseph Lister in the 19™ century.
More recently, research on the sterilization process has focused on developing self-sterilizing
surfaces which are capable of killing harmful microorganisms on contact. Such surfaces have
tremendous utility in locations that require a sterile environment, such as a hospitals or food
production facilities. Self-sterilizing surfaces are also important for medical implants as well as

every day locations such as household kitchens and bathrooms.

Many self-sterilizing surface compounds incorporate surface active amphiphilic cations
in their structure. The antibacterial action of surface active cations was reported in 1928 by
Hartmann and Kaig.* In 1940, Kuhn and Bielig suggested that quaternary ammonium cation
(QAC) containing detergents might act on the bacterial membrane, resulting in leakage of
intercellular components.*® The hypothesis was proved by Hotchkiss in 1944 when he detected
nitrogen and phosphorus containing compounds leaking from Staphylococcus aureus upon
treatment with a wide range of QAC-containing molecules.*’ Further studies using a variety of

methods additionally supported the hypothesis.*®

Many surface-bound antimicrobial molecules have analogous structures to the solution-
based molecules. For example, structures of two common solution-based antimicrobial
compounds, cetyltrimethylammonium bromide (CTAB) cetylpyridinium chloride are shown in
Figure 2-1. Both molecules contain a long alkyl chain bonded to a quaternary nitrogen atom. In
Figure 2-2, the structures of two surface-bound antimicrobial molecules are shown. Note the

similar structure relative to the solution-based molecules. The most noteworthy difference is the
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alkyl chain length of the pyridinium QAC molecules; the solution-based molecule has a fifteen
carbon alkyl chain but the surface-bound pyridinium QAC has a six carbon chain. The surface-
bound species were incorporated into polymers where it was hypothesized that the longer alkyl

chains crosslink and shield the quaternary ammonium group from bacterial membranes.’®
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Figure 2-1: Molecular structure of two antibacterial solution-based quaternary ammonium molecules,
cetyltrimethylammonium bromide (top) and cetylpyridinium chloride (bottom).
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Figure 2-2: Molecular structures of surface-bound antimicrobial molecules analogous to those in Figure 2-1.

The accepted mechanism of cell death imparted by quaternary ammonium molecules is a
general membrane disruption caused by the interaction of the cationic quaternary ammonium
molecules and the anionic outer cell membranes of bacteria. The complicated structures of both
Gram positive and Gram negative bacteria contain anionic moieties. Some molecular structures
of these groups are shown in Figure 2-3. The binding of the antimicrobial compounds begins

through the electrostatic attraction between the cationic quaternary ammonium moieties and the
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anionic membrane groups. The long alkyl chains then insert into the hydrophobic interior of the

lipid bilayer. The result of these interactions is the loss of membrane integrity which can lead to

the leakage of intercellular material, eventually causing cell death.***®
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Figure 2-3: The molecular structures of several molecules found in the outer cell envelope of Gram negative bacteria. In
the top frame are teichoic acid molecules and the bottom frame are phospholipids.

With the tremendous interest in self-sterilizing surfaces and their current commercial
availability, it is quite surprising that relatively little work has been done to investigate the
mechanism of cell death on non-polymeric surfaces. The molecular structure of antimicrobial
monolayers is not well-understood and fundamental structure-function relationships remain
unknown. The goal of our work presented here was to develop antimicrobial monolayers via
facile surface synthesis techniques that would allow us to control the molecular surface structure.

Such control would allow us to investigate important surface structure properties like surface
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density, alkyl chain length, and surface order. To create surfaces with the desired properties, we

used the well-known alkanethiol self-assembled monolayers.

Alkanethiol SAMs have been used as model surfaces since their initial discovery in the

49-54

1980’s and have been employed in studies ranging from cell binding to molecular

.55 56
electronics.”™

Alkanethiol SAMs are formed due to the strong (~40 kcal/mol) interaction
between sulfur and gold surface atoms and the establishment of favorable van der Waal’s
interactions between adjacent alkane chains.’’ The strong gold-thiolate interaction causes thiol
molecules to spontaneously chemisorb to the gold surface. Over time, the alkane chains of the
neighboring thiol molecules align themselves in a titled, all-trans configuration to maximize their
van der Waal’s interactions. The final structure is a quasi-crystalline arrangement of alkane
chains with the sulfur atoms chemisorbed to the gold at the bottom of the chain and a terminal

group on the opposite end at the interface. The general structure of an alkanethiol SAM is shown

in Figure 2-4.
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Figure 2-4: The basic structure of an alkanethiol self-assembled monolayer. The thiolate species binds to the gold
substrate and the alkane chain, between 6 and 18 methylene units, form an ordered all-trans structure. The terminal
group, X, is found at the interface and is responsible for the surface properties.

One important advantage of using alkanethiol SAMs on gold substrates as model surfaces
is that they are amenable to a large number of surface characterization techniques including
reflection-absorption infrared spectroscopy, X-ray photoelectron spectroscopy, ellipsometry,
surface plasmon resonance, and many others. These surface sensitive techniques provide data
about the molecular orientation, packing density, crystalline structure, monolayer thickness,
atomic oxidation states, and more. By using a combination of these techniques, one can

determine the molecular structure of an alkanethiol monolayer.
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Alkanethiol SAMs have been used in a wide range of applications, and their versatility
results from the fact that terminus of the alkane chain can be varied. Such variations include
simple methyl moieties to large, protein resistant polyethylene glycol species.'™ *® It has been
found that the general underlying crystalline alkane chain structure is nearly identical for
different of terminal groups.” A number of terminal groups can undergo surface reactions
which can change their interfacial chemistry. A great deal of research has been performed on
surface reactions involving alkanethiol SAMs. For an extensive review of the applications and

surface reactions of alkanethiol SAMs, see the reviews by Love et al.*” and Sullivan.®'

We have shown in a previous study that alkanethiol SAMs can be rendered antibacterial.
We reacted a carboxylic acid terminated SAM with silver nitrate to form a silver carboxylate

terminated SAM that was antibacterial towards E. coli..%

The carboxylic acid terminated SAMs
were immersed in a 1 mM ethanolic solution of silver nitrate for approximately 15 minutes, and
after removal from solution, the surface had a monolayer of silver ions at the interface bound
electrostatically to the carboxylate groups. Both RAIRS and XPS measurements confirmed the
near quantitative conversion of carboxylic acid to silver carboxylate, and the spectra are shown

in Figures 2-5 and 2-6.
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Figure 2-5: RAIR spectra of a carboxylic acid terminated SAM before (bottom) and after (top) immersion in a 1 mM
solution of silver nitrate.
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Figure 2-6: XP spectra of the Ag3d® region of a carboxylic acid terminated SAM before and after immersion in a 1 mM
solution of silver nitrate.

In the RAIR spectrum, the disappearance of the carbonyl stretching mode at 1741 cm™
and the appearance of the carboxylate stretching modes at lower wavenumbers are indicative of
the formation of the silver carboxylate complex. The Ag 3d° region of the XP spectrum clearly
shows the presence of silver ions after immersion in the silver nitrate solution. The atomic

percentages, as determined via XPS and shown in

Table 2-1, indicate a near 1:1 conversion of COOH to Element Predicted Experimental
. C 84.2 82.0+5.0
COO'Ag . Ag 53 39+14
0) 10.5 12.5+39

The silver carboxylate SAMs were assayed Table 2-1:  Comparison of the predicted and
L. . L . experimentally determined atomic percent composition
for antimicrobial activity towards both airborne of a 16Ccarboxylic acid terminated SAM after
) . immersion in silver nitrate.
and waterborne E. coli. In the airborne assay, a
suspension of E. coli was sprayed onto the surfaces using a chromatography sprayer. Melted
growth agar was then poured over the slide and incubated overnight. In the waterborne assay,
the slides were placed in contact with a bacterial suspension for one hour. Aliquots were taken
from the suspension before and after contact with the surface, serially diluted, plated out on agar

growth media plates, and incubated overnight. As shown in Figure 2-7, the SAMs were
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completely antibacterial as there were no viable colonies present. The assay for airborne bacteria
showed a zone of inhibition in the immediate vicinity of the surface. Such a zone is indicative of
the leakage of the antimicrobial constituents from the surface.”> The leakage of the antimicrobial
constituents, in this case silver ions, normally renders the surface non-antibacterial. Such was
the case for the silver carboxylate SAMs because a second airborne assay, as shown in Figure 2-

8, showed very little to no antibacterial activity.

a) Before AQNO3 Treatment b) After AgNO3 Treatment
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Figure 2-7: Images recorded after antibacterial assays of a carboxylic acid SAM before and after immersion in silver
nitrate. The top images are for an airborne assay and the bottom are for a waterborne assay. The lack of viable bacterial
colonies is indicative of high antimicrobial activity.
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Figure 2-8: RAIR spectra recorded before and after immersing a carboxylic acid SAM in 1 mM silver nitrate along with
a spectrum of the same surface recorded after an antibacterial assay. The images on the right are from antibacterial
assays performed on the surfaces after the RAIR spectra were recorded.

The RAIR spectrum recorded after the initial airborne assay shows evidence for the
reformation of the carboxylic acid groups. In the spectrum recorded before the assay, the
carbonyl stretching mode at 1741 cm™ is absent, however after the assay, the mode reappeared.
As should be expected, without the presence of the silver ions, the SAM was rendered non-
antibacterial as observed in the second airborne assay. The silver carboxylate groups could be
regenerated by a second immersion in a silver nitrate solution. The resulting SAM was
antibacterial, however there were a few viable colonies visible on the surface suggesting that
there was not as high of a concentration of silver ions present after the second silver nitrate

reaction.

To summarize, the silver carboxylate SAMs helped show that a carboxylic acid
monolayer could be rendered completely antibacterial with a simple and fast treatment with
silver nitrate. The surface was, however, not permanently antibacterial because the silver ions
did not remain bound to the surface. The loss of the silver ions from the surface was necessary

though for cell death to occur because the antibacterial mechanism of silver ions does not occur
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at the cell membrane as observed for quaternary ammonium molecules. Silver ions act inside the
cell where they disrupt the function of enzymes® ® and bind to thiols®” ®” and DNA.%*"
Despite the fact the silver carboxylate SAMs were not permanently antibacterial, our study did
help lay the foundation for using alkanethiol SAMs to study the fundamental importance of

surface structure and functionality on antimicrobial activity.

The goal of our work in this study was to develop a facile method to create antimicrobial
self-assembled monolayers that would allow us to control the molecular surface structure to
investigate the structure-function relationships. In the work presented here, we used carboxylic
acid-terminated alkanethiol SAMs and surface reactions to create surfaces with long chain
quaternary ammonium groups. Each reaction was optimized to obtain the highest surface density
of the quaternary ammonium groups. Briefly, terminal carboxylic acid groups were linked to a
diamine group via the formation of an amide bond. The subsequent tertiary amine terminal
group was then reacted with a 1-bromo-2-alkanone species to form the quaternary ammonium
species. The optimum reaction conditions for each step of the surface modification was
investigated and included the reactant concentration, solvent, temperature, time, and reaction
intermediates. The surfaces were characterized after each step of the reaction via reflection-
absorption infrared spectroscopy and X-ray photoelectron spectroscopy. These studies have
provided initial insights into reactivity of self-assembled monolayers and the practicality of using

surface reactions to form long-chain quaternary ammonium groups.
2.2 Experimental Methods and Approach
2.2.1 Chemicals and Reagents

I1-mercaptoundecanoic  acid  (95%), 16-mercaptohexadecanoic acid  (90%),
pentafluorophenol (99+%), N, N-dimethylethylenediamine (95%), N-hydroxysuccinimide (98%),
1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide (>97%), and anhydrous toluene (99.8%) were
purchased from Sigma-Aldrich and used as received. Thionyl chloride was purchased from
Fluka and used as received. 200 proof ethanol was purchased from Aaeper Alcohol and
Chemical Company and used as received. 1-bromooctadeca-2-one was synthesized and kindly

provided by the research group of Professor Richard D. Gandour group at Virginia Tech.

21



2.2.2 Substrate Preparation

All gold substrates used in this study were purchased from EMF Corp. (Ithaca, NY) and
consist of 100 nm gold evaporated on top of a 50 nm titanium adhesion layer evaporated on glass
slides. Prior to use, all gold substrates were cleaned in fresh piranha solution which consists of
70% concentrated sulfuric acid and 30% hydrogen peroxide. Extreme care should be undertaken
when using piranha solution. It is a very highly oxidizing solution and can be explosive when
not properly vented. After immersion in piranha for 15 to 60 minutes, the slides were removed,
rinsed with copious amounts of MilliQ deionized water (18.3 MQ) and dried with ultrahigh
purity nitrogen. The substrates were then immediately placed into the desired thiol solution.

Further surface reactions will be detailed in later sections.

2.2.3 Surface Characterization
Reflection-Absorption Infrared Spectroscopy (RAIRS)

Reflection infrared spectroscopy is a well-established tool to study surface-bound species

. 73, 74
and reactions.’”

Using gold as the substrate for the SAMs permits the use of reflectance
methods due to the high reflectivity of IR light from the gold surface. Infrared light induces
vibrational transitions in molecular bonds, and by measuring the frequency and intensity of the
absorbed infrared light, information such as chemical environment, structure, and functional

group identity can be elucidated.

In a typical RAIRS experiment, infrared radiation is directed from the source through a
series of gold coated mirrors towards the surface. The impinging photons interact with the
surface molecules and reflect from the gold substrate where they are directed and focused into
the detector through another series of gold coated mirrors. The raw signal is then Fourier

transformed into the familiar frequency domain.

The mathematical basis of reflection infrared spectroscopy was developed by Greenler in
the 1960°s.”” He investigated both the effects of the polarization of the light and the angle of
incidence in which the light strikes the surface. Figure 2-9 shows the effects of polarization on

the reflected light intensity.
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Figure 2-9: Schematic showing the S and P components of linearly polarized light. Upon reflection, the S component
undergoes a 180° phase shift, but the P component undergoes a 90° phase shift that results in an increase in amplitude.

Impinging light that is linearly polarized can be separated into two different components,
S and P. The S component is parallel to the surface in the y direction and perpendicular to the
plane of incidence, while the P component is perpendicular to the S component; that is it is
parallel to the plane of incidence and perpendicular to the surface. When the S polarized light is
reflected form the surface, it undergoes a 180° phase shift that results in a near total cancellation
of the amplitude at the surface. The P polarized light undergoes a 90° phase shift that results in
amplitude addition. Installing a polarizer into the infrared beam path allows one to select only

the P polarized light. The result is a significant increase in the detected signal-to-noise ratio.

Greenler also found, by using Maxwell’s equations, that the amplitude of the P-polarized
light reaches a maximum at a grazing angle of incidence (¢). He established that the absorption
factor increases by a factor of 107 for 89° incidence compared to normal incidence.” By using
the same approach, the critical angle of RAIRS experiments using gold substrates is found to be

86°.

The p component of linearly polarized light is used to take advantage of the surface
selection rule. This rule states that only absorption modes that have a component of their dipole
moment perpendicular to the surface will be excited. Modes that are completely parallel to the

surface normal do not interact with p-polarized light and are not vibrationally excited. The
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surface selection rule can be demonstrated with Equations 2-1 and 2-2. In equation 2-1, the

intensity of the absorbance mode, 7, is equal to the square of the dot product of the scalar product

of the electric field, E and the intensity of the transition dipole moment, ji. The intensity of the
transition dipole moment is dependent on the angle between it and the surface normal, Z. If that
angle, 0, is 90°, signifying a perpendicular orientation of the transition dipole moment relative to
the surface normal, then cos’® is equal to zero. It then follows that the intensity of the

absorbance mode will also be equal to zero.

e _)2
1=|E-H

Equation 2-1

|ﬁ|2 = |ul|E| - cos? 6

Equation 2-2

X-ray Photoelectron Spectroscopy (XPS)

XPS work was performed on a Perkin Elmer 5400 X-ray Photoelectron Spectrometer
equipped with a non-monochromatized Mg(Ka) radiation source (1253.6 eV) and a positron
sensitive, multi-channel plate detector. The measurements were taken at a pressure of less than 5
x 107 Torr and a take-off angle between 15 and 90°. Exact take-off angles will be provided
where necessary. Binding energies were referenced to the Au 47" peak at 83.9 eV. Survey
spectra were collected with a pass energy of 89.45 eV for 10 minutes on a 1 mm x 3.5 mm spot

size and 250 W electron beam power.

X-ray photoelectron spectroscopy, also known as electron spectroscopy for chemical
analysis (ESCA), is a powerful analytical tool that allows for the determination of the surface
atomic composition, formal oxidation state of the atoms, and the local physical and chemical
environment. In addition, the atomic percent composition of a surface can also be determined

from XPS data. Experimental percent composition can be compared to the predicted percent
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composition to help determine the extent of surface reactions. In an XPS experiment, the
samples are placed in a high vacuum environment and irradiated with photons in the energy
range of 0 to 2000 eV. The basis of the technique relies on the exchange of energy between the
incoming photons and the core energy level electrons of the surface atoms. X-ray photons have
sufficient energy to cause core level electrons to be ejected from the atom, as shown in Figure 2-
10 The kinetic energy (E) of the escaping electrons can be calculated, as shown in Equation 2-
3, where (hv) is the X-ray photoelectron energy, (E) is the electron binding energy, and (E,,) is

the work function of the spectrometer.
E k= hv —E b — E w
Equation 2-3

Each type of core level electron from a different atom has a different binding energy. The
identity and atomic composition of the surface can be determined from the different binding
energies. Different chemical environments of the core electrons cause small changes in the
binding energies. The small binding energy shifts allow for the determination of specific

oxidation states of the atoms.
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Figure 2-10: Example energy diagram for the photoelectric effect in XPS. X-ray photons cause core level
electrons to be ejected from the atom.

XPS can be used to determine the relative atomic concentrations of the surface

constituents of interest and is based on the following relationship:”

For a homogeneous sample, the number of photoelectrons per second in a specific spectral peak

is given by:
I =nfopyrAT
Equation 2-4

Where 7 is the number of atoms of the element per cm® of the sample, f is the X-ray flux in
photons/cm?*/sec, o is the photoelectric cross-section for the atomic orbital of interest in cm?, ¢ is
an angular efficiency factor for the instrumental arrangement based on the angle between the
photon path and the detected electron, y is the efficiency in the photoelectric process for
formation of photoelectrons of the normal photoelectron energy, 4 is the mean free path of the
photoelectrons in the sample, A is the area of the sample from which the photoelectrons are

detected, and 7 is the detection efficiency for electrons emitted from the sample.
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Rearranging Equation 2-4 to solve for the number of atoms of the element in question gives:

I
"= fopyIAT

Equation 2-5

The denominator of Equation 2-5 can be defined as the atomic sensitivity factor, S, and can be
determined for every element and is specific to each spectrometer system. The percent

concentration of a specific atom can then be determined using the following ratio:

G =Sn, " 31.s,

Equation 2-6

To ensure accurate results using this technique, it is important to check the spectrometer

operation frequently to ensure that the analyzer response is consistent.
23 Results
2.3.1 General Surface Reaction Scheme

The most important goal of our study was to develop a facile way to create self-
assembled monolayers containing antibacterial long-chain quaternary ammonium groups. Total
organic synthesis of thiol molecules containing these groups is undoubtedly a many step process
that necessitates protecting the reactive thiol moieties and many product separation steps. We
chose to use surface synthesis techniques whereby we begin by forming a surface first, followed
by modification of the surface structure via surface reactions. This strategy eliminates the need
for thiol protection as well as product separation because the thiols are inherently protected when
bound to the gold, and reaction bi-products remain non-bound to the surface and can be removed

easily.
The formation of the quaternary ammonium SAMs is a three step process that involves:

1. Forming a carboxylic acid-terminated SAM
2. Converting the carboxylic acid group into an amide group which has a tertiary amine

terminus
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3. Quaternizing the tertiary amine by reacting it with a long-chain 1-bromo-2-ketone group.

The general scheme is outlined in Figure 2-11.
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Figure 2-11: Overall scheme of our stepwise surface reactions approach used to form long-chain QAC SAMs.

The goal of this study was to optimize the reaction conditions of steps 2 and 3 of the

reaction scheme to maximize the reaction rate and to achieve the highest possible surface density

of quaternary ammonium groups. The following sections present data and offer discussion for

the different methods attempted to synthesize quaternary ammonium SAMs using surface-based

reactions.
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2.3.2 Vapor Phase Surface Reactions

We considered two strategies for creating self-assembled monolayers with tertiary amine
terminal groups that could later be quaternized. The first strategy we employed was to use vapor
phase reactions to convert terminal carboxylic acid groups to the tertiary amino species. We
decided to initially use vapor phase reactions because they are less prone to form side products
and previous work by our group has shown that the well-ordered structure of the SAM is not

disrupted when vapor phase reactions are utilized.”

The terminus of a carboxylic acid SAM is a reactive moiety that can be converted into a
number of different chemical species. In the second step of our strategy to form a QAC SAM,
the carboxylic acid group is converted into an amide via substitution of the hydroxyl moiety with
a nitrogen atom. The conversion into the amide group can be greatly enhanced by first
converting the hydroxyl moiety to a more reactive and better leaving group. One such reactive
leaving group is the chlorine atom of an acid chloride species. In the first surface synthesis
reactions described here, the carboxylic acid species is converted into an acid chloride via the
vapor phase reaction with thionyl chrloride. The acid chloride is then immediately reacted with a

diamine in the vapor phase which provides the final amide species.

Use of the acid chloride intermediate to convert a terminal carboxylic acid group was first
reported by Duevel and Corn in 1992.”7 They converted the terminal groups of an 11-
mercaptoundecanoic acid SAM into acid chlorides via reaction with vaporous thionyl chrloride.
They then converted the acid chloride intermediate into either an amine or an ester via a second
vapor phase reaction. The reactions were monitored with Polarization Modulation RAIRS. In
the work presented here, the same experimental approach was used. The experimental details are

outlined next.
Experimental

The carboxylic acid SAMs were prepared by immersing a freshly cleaned gold slide in a
1.0 mM ethanolic solution of 11-mercaptoundecanoic acid. After approximately 18-24 hours,
the slides were removed from the thiol solution, rinsed with 200 proof ethanol, dried with

ultrahigh purity nitrogen, and either analyzed or used for further reactions.
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The vapor phase surface reactions, as shown schematically in Figure 2-12, were
performed in a three-neck round bottom flask. One neck was attached to a mechanical pump
which obtained a pressure below 107 Torr, another neck was attached to a supply of ultrahigh
purity nitrogen for use as a purge gas, and the third neck was sealed with a rubber septum. The
temperature was controlled by using a sand bath on top of a hot plate. Reagents were introduced
into the flask via a syringe through the rubber septum. Before the introduction of the thionyl
chloride, the reaction flask was purged with nitrogen for 5-10 minutes and then evacuated for 2-3
minutes. Approximately 25 pL of thionyl chloride was injected into the flask with careful
consideration to avoid adding the reagent directly on top of the surface. After reacting for 10
minutes, the reaction flask was evacuated again for 15-30 minutes. Approximately 25 pL of
N,N-dimethylethylenediamine was then injected into the flask and allowed to react for 10
minutes. The flask was then evacuated again for ten minutes followed by a short nitrogen purge.
The functionalized surface was removed from the reaction flask, rinsed with 200 proof ethanol,

and immediately used for analysis.
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Figure 2-12: Reaction scheme for the vapor phase reaction of a carboxylic acid SAM with thionyl chloride followed by
reaction with N,N-dimethylethylenediamine.
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Results
Surface Characterization
RAIRS

The formation of the carboxylic acid-terminated SAMs was verified with RAIRS. The typical
spectrum is shown in Figure 2-13. The characteristic carbonyl stretching modes are clearly
evident at 1741 and 1718 cm’’; the splitting is the result of intramolecular hydrogen bonding of
the carbonyl groups.” Due to the highly reactive nature of the acid chloride intermediate, the
surface was not removed from the reaction flask for characterization. The surface was next
analyzed after reaction with the vapor phase diamine. The resulting spectrum is also shown in
Figure 2-13. The most important observation is the change in the carbonyl stretching peaks. In
the amine spectrum, the carbonyl mode has broadened and red shifted nearly 140 cm™ to 1600
cm™. This region of the spectrum is characteristic of carbonyl stretches associated with an amide
group. In addition, the methylene stretching modes near 3000 cm™ are larger in the amine
spectrum, which is consistent with the addition of two methylene groups from the ethylene
diamine moiety. The IR spectral changes clearly provide evidence supporting the conversion of

the carboxylic acid group to an amide group. Further confirmation is provided by XPS.
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Figure 2-13: Vapor phase surface reaction RAIR spectra. The bottom trace is a 16 COOH SAM and the top is the same
SAM after reacting with vaporous thionyl chloride and N,N-dimethylethylene diamine.

XPS

While RAIRS provides information about the introduction and disappearance of surface-
bound functional groups as well changes to surface structure, a more complete understanding of
the surface chemistry requires elemental analysis and determination of atomic percent
composition. This additional information can only be provided by X-ray photoelectron
spectroscopy. XPS can help determine both the atomic percentages and oxidation states of each
element on a surface. Changes to the chemical composition of a monolayer can easily be
detected and quantified via XPS. For the vapor phase reactions performed to convert the
carboxylic acid groups into amide groups, the gold, carbon, oxygen, and nitrogen regions were
monitored XPS. The XP spectral regions characteristic of the constituent atoms of the surface

are presented in Figure 2-14.
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Figure 2-14: XP Spectra of a 16 COOH SAM before (left panels) and after (right panels) reaction with vaporous thionyl
chloride and N,N-dimethylethylene diamine. The corresponding figures of each element are drawn at the same intensity
scale.

The analysis of all four elements surveyed provides evidence of amide bond formation.
First, the Au 4f"* peak intensity diminishes after the amide reactions, which is the result of
photoelectron attenuation. The addition of the diamine, which includes an ethylene spacer and
terminal dimethyl amino group, to the monolayer terminus creates a thicker overlayer for the
low-lying gold photoelectrons to travel through before reaching the detector. The C 1s spectra
also show evidence of amide bond formation. On the carboxylic acid spectrum, there is a small

peak at 289 eV which is assigned to the carbonyl carbon of the acid group.”® On the Cls region

33



of the amide spectrum, this small peak is absent and a new shoulder is present at 287 eV, which
is assigned to the carbonyl of the amide group. The overall intensity of the C 1s peak is larger
for the amide spectrum, which is consistent with an increase in the number of carbon atoms on
the molecular chain. The N Is spectra provide the most obvious evidence for the formation of
the amide bond. In the carboxylic acid spectrum, no nitrogen is present, as should be expected.
In the amide spectrum, there is a large broad peak, suggesting that a number of different nitrogen
containing species contribute to the signal in this region. The shoulder near 398 eV is assigned
to the tertiary nitrogen at the monolayer terminus, the peak near 400 eV is assigned to the amide
nitrogen, and the smaller peak near 402 eV is assigned to tertiary nitrogen that may have been
protonated or quaternized.” In contrast to the Cls and N1s spectra, the O 1s spectra do not show
significant change. The amide O 1s spectrum is slightly more intense than the carboxylic acid C
Is spectrum, which is unexpected. We contribute this increase in oxygen to additional
atmospheric contamination which can occur during sample transfer to and from the analytical

Instruments.

Both RAIRS and XPS provided evidence for the successful formation of the desired
amide groups which resulted in a monolayer with tertiary amine groups at the interface.
However, we often observed that other side reactions were occurring when the thionyl chloride
was introduced. A significant loss of the surface bound molecules was detected via both RAIRS
and XPS and was attributed to the highly reactive thionyl chloride molecules diffusing to the
thiolate groups where they were oxidized. The results of the vapor phase reactions that caused

the loss of the monolayers are presented and discussed next.
Vapor Phase Reactions Resulting in Loss of Monolayer

The most common result of the vapor phase amide synthesis was a disordered surface
with a significant loss of monolayer. The RAIR spectrum of such a surface is shown in Figure 2-
15. There is some evidence of the red shift of the carbonyl stretch as observed previously,
however the methylene stretching modes almost completely disappear, which highly suggests a
significant loss of surface coverage. The loss of monolayer was the most common result
obtained for the vapor phase surface synthesis of amide SAMs. A multitude of different

conditions were investigated including temperature, time, and pressure and each change in
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variable ultimately led to the same result: loss of monolayer. The reasons for the observed loss

of monolayer are discussed next.
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Figure 2-15: RAIR spectra of a 16 COOH SAM after the vapor phase surface reactions in which there was significant
loss of surface coverage. The bottom spectrum is before the reaction and the top spectrum is after the reaction.

Discussion of the Vapor Phase Reactions Leading to Loss of Monolayer

Thionyl chloride is a highly oxidizing and reactive molecule which is most commonly
used to convert carboxylic acids into acid chlorides’” ***! and alcohols to alkyl chlorides.*® The
thiol moiety has similar chemical properties to the hydroxyl group and can undergo similar
reactions with oxidizing agents. The spectral observations of the vapor phase amide synthesis
reactions revealed that there was often a significant loss of monolayer surface coverage, which
suggests that the gold-thiolate bond had been broken and the unbound molecule was rinsed away

from the surface. An 11-mercaptoundecanoic acid monolayer is not as well-packed as a similar
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length methyl terminated SAM.** *

Because of this disorder, it is possible that thionyl chloride
molecules could diffuse to the gold-thiolate bond and react with the thiolate. Without the
covalent bond to the gold surface atoms, the reacted thiolate molecule would be easily rinsed
away prior to characterization. While this hypothesis was not directly tested, it is the most
probable cause of the observed loss of monolayer. The slightly elevated temperature used
(50°C) perhaps contributed to the desorption, however previous studies have shown that an
hexadecanethiol monolayer did not desorb from the surface at temperatures below 170°C.*

The loss of monolayer was the most commonly observed result of the vapor phase amide
surface synthesis. The reactivity of the thionyl chloride towards the surface-bound thiolates

made the vapor phase reactions unfeasible. We next turned our attention towards another

strategy for creating SAMs with tertiary amine groups via solution phase reactions. .
2.3.3 Functionalizing SAMs Via Condensed Phase Surface Chemistry

The structure of the long-chain quaternary ammonium alkanethiol molecule, synthesized
via surface reactions, contains a very common linking group for biomolecules: the amide bond.
The amide bond is the key linker group of proteins as the connection between each amino acid of
the peptide sequence is made via an amide bond, which connects a carboxylic acid moiety to a
primary or secondary amine group. The amide bond has also been utilized extensively to
covalently bind biomolecules to surfaces® as well as to modify alkanethiol self-assembled
monolayers to add desired properties to the surface, such as electro-active groups*® and hydrogen
bonding groups’® which can increase the stability of the monolayers. The formation of the amide
bond on monolayer surfaces was facilitated by the wuse of a catalyst, 1-[3-
(dimethylamino)propyl]-3-ethylcarbodiimide (EDC).* The following sections describe the
solution phase reaction of the carboxylic acid terminated SAMs with the NN-

dimethylethylenediamine to form an amide bond and a tertiary amine terminated interface.
Direct Reaction of a COOH SAM with a Free Amine via EDC Catalysis

Experimental
The carboxylic acid terminated SAM was created by immersing a clean gold slide in an

ethanolic 1.0 mM solution of 11-mercaptoundecanoic acid for 18-24 hours. The slide was then
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removed from the solution, rinsed with 200 proof ethanol, dried with ultrahigh purity nitrogen,

and either immediately analyzed or used for further surface derivatization.

The newly formed carboxylic acid SAM was placed into an aqueous solution containing
0.002 M of the EDC catalyst and 0.005 M N,N-dimethylethylenediamine. The solution was
stored in the dark at room temperature for 24 to 48 hours. The slide was then removed from the

solution, rinsed with deionized water, and used immediately for analysis.
Results
RAIRS

Figure 2-16 shows the reaction scheme used to convert the carboxylic acid terminated

SAM into an amide SAM with tertiary amine groups.
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Figure 2-16: Reaction scheme of an 11 COOH SAM with N,N-dimethylethylenediame in solution using the EDC catalyst.

The surface was characterized both before and after the amide forming reaction with
RAIRS and XPS. Figure 2-17 shows the RAIR spectra of the carboxylic acid terminated SAM
and after the EDC catalyzed reaction with the diamine. The vibrational mode assignments are

provided in Table 2-2.
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Figure 2-17: RAIR spectra of a 11 COOH SAM recorded before (bottom) and after (top) solution reaction with N,N-
dimethylethylenedieamine using the EDC catalyst.

The RAIR spectrum recorded after the amide reaction | Position Mode

suggests that the reaction occurred to form new amide bonds. | 2966 cm?  v,-CH3

2920cm™  v,-CH,
-1

which is characteristic of the carbonyl stretch of an amide 2875 cm Vs-CHs

. | 2852cm™  v-CH,

1723 ecm™  vC=0 acid
which is characteristic of the N-H bending mode of the amide | 1645 cm™  Amide | (vC=0)

In the amide SAM spectrum, there is a new peak at 1648 cm™

group.” There is also a small, broad peak near 1545 cm’

1545 cm™  Amide Il (6N-H)

group. The low intensity may be due to a mostly horizontal Table 2-2: Vibrational mode assignments
of RAIR spectra from Figure 2-17.

orientation of the amide moieties.”® The methylene stretching
modes at 2920 cm™ and 2852 cm™ are larger for the amide spectrum, which is the primarily
result of the additional methylene groups added to the molecular chain. Interestingly, there is a

strong absorption mode in the amide spectrum present at 1723 cm™'. This frequency is
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commonly associated with a hydrogen bonded carbonyl stretch of a carboxylic acid, as can be
seen on the spectrum of the acid-terminated SAM. The occurrence of this acid carbonyl stretch
on the spectrum of the amide SAM suggests that the acid-to-amide conversion was not
quantitative; there are still some carboxylic acid groups left on the surface. Further evidence for

the formation of amide bonds on the surfaces was provided by XPS.
XPS

The carboxylic acid terminated surface was analyzed via XPS before and after the
reaction with the diamine to form the amide bonds. High resolution spectra were recorded for
Au 4f, Cls, Nls, and Ols regions. Both the Cls and Nls spectra support the RAIR spectra
observations that the amide forming surface reactions did take place and are shown in Figures 2-

18 and 2-19 respectively.

Peak eV Percentage Peak eV Percentage
1 288.9 12.6% 1 288.2 22.4%
2 286.6 12.1% n 2 287.0 21.2%
3 284.4 75.3% 3 285.5 56.6%
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Figure 2-18: Cl1s region of XP spectra for a 11 COOH SAM recorded before (left) and after (right) solution reaction with
N,N-dimethylethylenedieamine and EDC catalyst.

39



The XP spectrum of the Cls region for the carboxylic acid SAM contains characteristic
features. The peak contains contributions from at least three components that can be fit using a
sum of Gaussian curves. There is a well defined peak at 288.9 eV which is assigned to the
highly oxidized carbon of the carboxylic acid moiety. The shoulder at 286.6 is assigned to the
carbon alpha to the carbonyl carbon and the largest peak at 284.4 eV is assigned to the carbons

of the alkyl chain.”

The Cls spectrum of the surface after the amide-forming reactions show
features characteristic of the amide species. There are again three prominent peaks that can be
identified. The largest peak at 285.5 eV is from the carbon atoms of the alkyl chain, and the now
larger peak at 287.0 eV is assigned to the carbons of the amide group. The third peak is found at
288.2 eV and is assigned to the carbon of unreacted carboxylic acid groups. This observation is
in agreement with the RAIR spectra recorded after the amide reactions. There were two peaks

present in the carbonyl stretching, one assigned to the amide (~1650 cm™) and the other to the

unreacted carboxylic acid moieties (~1723 cm™).

The N1s XP spectra clearly reveal the addition of nitrogen to the surface after the amide
reactions. As should be expected, no nitrogen is detected in the N1s spectrum of the carboxylic
acid SAM. For the amide N1s XP spectrum, three peaks are identified: one at 401 eV, which is
assigned to the amide nitrogen atom, one at 399 eV, which is assigned to the terminal tertiary

nitrogen, and one at 403 eV which is most likely a protonated ammonium nitrogen.

40



Intensity

i i ! ' T T T T T
410 405 400 395 410 405 400 395
Binding Energy (eV) Binding Energy (eV)

Figure 2-19: Nl1s region of XP spectra for a 11 COOH SAM recorded before (left) and after (right) solution reaction with
N,N-dimethylethylenedieamine and EDC catalyst.

The remaining carbonyl stretching mode for a carboxylic acid after the amide forming
reactions as seen in the RAIR spectrum revealed that the carboxylic acid moieties were not
converted into amide groups in a 1:1 ratio. The most definitive evidence that reactions were not
quantitative is provided by measurement of the atomic percentages of each surface. In Table 2-
3, the atomic percentage of carbon, nitrogen, and oxygen is provided and compared to the
expected percentage values. The experimental data was obtained by measuring the area of each
elemental XPS peak and dividing by the elemental sensitivity factor. The expected values were
calculated by assuming a surface containing either 100% 11-mercaptoundecanoic acid molecules

or 100 % N-(2-(dimethylamino)ethyl)-11-mercaptoundecanamide molecules.
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HSMOH Expected Experimental

Acid Atoms Percent Percent
C 11 84.62% 84.75%
N 0 0.00%

0] 2 15.38% 14.82%

A/\/\/\/\)L N/
Hs H/\/ —

Expected Experimental
Amide Atoms Percent Percent
C 15 83.33% 84.75%
N 2 11.11% 7.68%
0] 1 5.56% 15.25%

Table 2-3: Comparison of experimentally determined and predicted atomic percent composition for a 11 COOH SAM
before (top) and after (bottom) reaction with N,N-dimethylethylenediamine with EDC catalyst.

The experimentally determined atomic percentage for the carboxylic acid SAM agrees
very well with the predicted values, which are based on a SAM composed of molecules with 11
carbon and two oxygen atoms per molecule. This should be expected as the SAM was prepared
from a pure ethanolic solution of the thiol. For the amide surface, however, the experimental
percentages do not agree well with the expected percentages, which suggest that the conversion

from carboxylic acid groups into amide groups was incomplete.
Conclusions

It is clear that the direct reaction of the carboxylic acid groups with the primary amine of
N,N-dimethylethylenediame in the presence of the EDC catalyst is not quantitative. Using this
reaction to provide the necessary tertiary amine moieties will effectively limit the maximum
surface density of the quaternary ammonium groups that can be produced via reaction of the
tertiary amines. A modification of the amide surface reaction scheme was necessary to move the
reaction equilibrium more towards the product side and create a larger surface concentration of
tertiary amines. Therefore, in the next section, the use of a reactive intermediate, N-
hydroxysuccinimide as a method to promote the conversion of the carboxylic acid groups into

amide moieties is explored.
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Conversion of a COOH terminal group to an amide via a reactive intermediate,

N-hydroxysuccinimide

The reaction between a carboxylic acid terminated SAM and primary amine using EDC
catalyst result in a 1:1 conversion. The reaction of carboxylic acid groups with primary amines
to form amide groups is a substitution reaction where the primary nitrogen attacks the carbonyl
carbon of the carboxylic acid group. The hydroxyl group leaves with a pair of electrons and
abstracts a lone proton from the primary amine to form water. The nitrogen forms a bond with
the carbonyl carbon to form the amide group. One of the most important factors affecting the
equilibrium of a substitution reaction is the stability of the leaving group. In the direct reaction
of the carboxylic acid with the primary amine, the leaving group was the hydroxyl moiety of the
acid, which is a stable leaving group under optimum conditions. Previous studies have shown
that the reaction yield of the amide synthesis reaction can be greatly increased by using a reactive
intermediate. N-hydroxysucciniimide (NHS) can react with a carboxylic acid group to form an
ester intermediate. The NHS ester serves as a much better leaving group than the hydroxyl

group and can provide a greater yield of amide moieties.

The NHS intermediate has been used extensively to create amide bonds.*” Biomolecules
such as DNA®® and proteins™, and even whole cells'® ** have been immobilized on surfaces
using amide bonds formed from the NHS intermediate. The goal of the work presented next was
to increase the yield of the amide surface synthesis reactions resulting in an increased surface

density of the terminal tertiary amine groups.
Experimental

11-Mercaptoundecanoic acid and 16-mercaptohexadecanoic acid SAMs were prepared
as described previously. The carboxylic acid terminated SAMs were then placed in an aqueous
solution of 0.1 M NHS and 0.4 M EDC for ten minutes. The slides were removed from the
solution, rinsed with deionized water, dried with ultrahigh purity nitrogen, and either analyzed or
used for further reaction. The NHS-terminated SAMs were placed into an aqueous solution of
0.1 M N,N-dimethylethylenediamine for at least 2 hours. The slides were then removed from the
amine solution, rinsed with DI water, and dried with ultrahigh purity nitrogen. The surfaces

were immediately used for analysis.
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Results
RAIRS

The amide surface synthesis was a two step process as outlined in Figure 2-20. The
surface was characterized after each step of synthesis with RAIRS and XPS. The full RAIR
spectra are shown in Figure 2-21 and the carbonyl region (1950-1350 cm™) is shown in Figure 2-
22.

OH
s\/\/\/\/\/\(o N 0
’ on T Ovo B HS A~ P
_/_INCN’_ O~N
N o)
o) |
HN
o)
IT/

Figure 2-20: Reaction scheme of an 11 COOH SAM with N-hydroxysuccinimide intermediate using EDC catalyst

followed by reaction with N,N-dimethylethylenediame in solution.

The carbonyl stretching region provides the most direct evidence of successful surface
reactions. The carboxylic acid terminated SAM shows the characteristic carbonyl stretching
mode at 1741 cm™. After reaction with the NHS/EDC, there are two new modes associated with
the NHS moiety. The small peaks at 1821 and 1787 cm™ are assigned to the C=0O stretch of the
activated ester carbonyl and the symmetric stretch of the imide C=0 groups, respectively.*”” The
large peak near 1650 cm™ has been previously assigned to the C=0O stretch of carboxylic acid
grous.”  The spectrum recorded after reaction with N,N-dimethyletheylenediamine has two
modes associated with the amide group. The broad peak at 1650 cm™ is assigned to the amide I
C=0 stretch and the peak at 1545 cm™ is assigned to the amide II N-H bend. There is also a

broad peak near 1720 cm™ along with a corresponding shoulder at 1741 ¢m™. These modes are
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typically assigned to the hydrogen and non-hydrogen bonded C=0 stretch of a carboxylic acid. >
This observation suggests that even with the inclusion of the NHS ester intermediate, the
conversion of the carboxylic acid moieties into amide groups is not quantitative. Further

evidence for the incomplete conversion into amide groups is provided by XPS.
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Figure 2-21: RAIR spectra of a 11 COOH SAM before reaction (bottom), after reaction NHS intermediate (middle), and
after reaction with N,N-dimethylethylenediamine in solution (top).
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Figure 2-22: RAIR spectra of the carbonyl stretching region of a 11 COOH SAM before reaction (bottom), after reaction
with NHS intermediate (middle), and after reaction with N,N-dimethylethylenediamine (top) in solution.
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XPS

The surface was analyzed via XPS after each step of the surface synthesis. Multiplex
spectra were recorded for the Cls, Nls, and Ols regions. The Cls XP spectra are shown in

Figure 2-23.

11C COOH-T 11C NHS-T
C1s C1s
>
2
o
k=
o A A
300 295 290 285 280 300 295 290 285 280
! ! ! Binding Energy (eV)
11C Amine-T
C1s
Acid NHS Amide
%‘ Peak (eV) |Mode Area% | Area% | Area%
S 2847 cc 74.1 70.5 70.5
IS 286.1| cO 16.1 15.8 11.8
287.2| C(N)O - 7.3 10.0
| 289.0| c{o)o 9.8 6.4 7.6
300 295 290 285 280
Binding Energy (eV)

Figure 2-23: Cls region of XP spectra for a 11 COOH SAM after reacting with NHS intermediate and N,N-
dimethylethylenediamine. The table presents the percent area of each Gaussian curve comprising the total peak area for
each spectrum.

For the carboxylic acid spectrum, the main peak contains contributions from three peaks
that can be fit with Gaussian functions. The highly oxidized carbonyl carbon of the acid moiety
is found at 289.0 eV, the carbon alpha to the carbonyl is at 286.1 eV, and the aliphatic backbone
chain carbons are found at 284.6 eV. The Cls spectrum recorded after the NHS reaction has
contributions from four peaks. The peak at 289.0 eV is assigned to a highly oxidized carbon
(C(0)0), 287.2 eV is assigned to a C(N)O species, 286.1 eV is from a C-O species, and 284.7 is
the alkyl chain backbone. These mode assignments are in good agreement with the literature.®
The Cls spectra recorded after the NHS-terminated surface reacted with the diamine also shows

evidence that the reaction took place. The peak at 286.1 eV is associated with the carbon of the
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amide group and the peak at 284.7 eV is again associated with the aliphatic carbons. There is a
more oxidized peak found at 287.2 eV which is most likely from the carbon adjacent to an
unreacted carboxylic acid carbon (C(O)O), which also observed at 289.0 eV. The presence of
carbon atoms from carboxylic acid groups is similar to what was observed from the direct
reaction of the amine with the carboxylic acid groups. This suggests that the acid-into-amine
conversion by using the NHS intermediate was not quantitative. In fact, the area percent of the
carboxylic acid carbon increases for the amine surface relative to the NHS surface. This
observation suggests that some of the NHS moieties underwent hydrolysis to reform the
carboxylic acid groups. The incomplete reaction was also evidenced in the RAIR spectra as
there was a significant absorption peak present normally associated with the carbonyl stretch of

an acid group.
Discussion of the NHS Surface Reactions

As was observed in the direct amine reaction with the carboxylic acid terminated SAMs,
using reactive NHS ester intermediate also led to an incomplete conversion into the amide
groups. The reason for the non-quantitative reaction is most likely because of the steric
hindrance of the carboxylic acid groups at the interface. Even though an 11-mercaptoundecanoic
acid SAM is not as well-ordered as a similar length methyl-terminated SAM, there is still
significant steric hindrance that prevents many carboxylic acid groups from reacting with the

NHS/EDC species.

We observed that the conversion of a carboxylic acid terminated SAM into a tertiary
amine terminated SAM via the formation of amide bonds did not occur in a quantitative manner.
The most likely reason for the incomplete conversion of the carboxylic acid groups to amide
groups is the steric hindrance surface bound species. The effect of steric hindrance on the
reactivity of the NHS ester was observed by Dordi et. al.”” They found definitive chain length
dependence for the NHS reactivity, with the longer chain lengths showing less reactivity due to
the higher degree of surface order of the longer alkane chains. The NHS groups of the more
disordered monolayers had a smaller degree of steric hindrance. Our results are similar to theirs;
the more ordered 16C SAMs showed a lower conversion to NHS groups than the less ordered

11C SAMs.
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Lahiri et. al achieved a quantitative reaction using the NHS/EDC system in their
investigation into the selective and specific bonding of proteins to PEG-terminated SAMs.”
However, they used a series of mixed monolayers where the surface density, and there by the
intramolecular spacing, of the carboxylic acid groups was controlled. The decreased surface
density resulted in the reduction of the steric hindrance and promoted the quantitative NHS/EDC

reactions.

Frey and Corn also observed the incomplete conversion from carboxylic acid groups into
amides via the NHS ester intermediate reactions.® In their study, the EDC/NHS reactions were
repeated up to four times and the maximum NHS surface coverage obtained was around 80
percent. They also observed the residual acid carbonyl stretching mode at 1715 cm™. The non-
quantitative conversion was attributed to two main factors: the steric hindrance of the NHS ester
when confined to a surface, and the propensity for the NHS ester to hydrolyze on the surface.”
The hydrolysis reaction results in the loss of the NHS moiety from the surface and the generation
of a terminal carboxylate species. In a slightly acidic environment, the carboxylate species could
protonate and create the original carboxylic acid groups. The IR spectra and the XP spectra

shown here both support the persistence of the carboxylic acid species.

As with the direct reaction of N,N-dimethylethylenediamine with carboxylic acid-
terminated SAMs, the addition of the NHS ester intermediate did not result in a quantitative
conversion from acid into amide moieties. The reasons for the incomplete reactions are the steric
hindrance of the surface-bound NHS esters that prevents them from reacting with the diamine
groups, and from the competing NHS hydrolysis side reaction. While an 80 percent conversion
to amide groups may seem high, a higher conversion percentage would allow for a higher surface
density of subsequent quaternary ammonium groups to be attached to the terminal tertiary
amines. The density of quaternary ammonium groups on polymer films was found to be an
important variable of their antimicrobial activity’', and we suppose that the same density

dependence exists for antibacterial monolayers.

One possible way to increase the conversion of acid into amide groups is to use a more
stable intermediate that is less prone to hydrolysis. A fluorinated ester intermediate, formed

using pentafluorophenol, is less reactive towards hydrolysis and shows an increase in stability in
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basic solutions compared to N-hydroxysuccinimide. In the next section, the acid-tino-amide

surface reactions using the pentafluorophenol intermediate are presented.

Conversion of a COOH terminal group to an amide via a reactive intermediate,

pentafluorophenol

Pentafluorophenol (PFP) has been used previously as a reactive intermediate to convert
surface-bound carboxylic acid groups into amide moieties. Relative to the NHS ester, the PFP
ester is less apt to undergo hydrolysis, which increases the probability of the ester reacting with

an amine to form the desired amide bond.’> %

The increased reactivity of PFP in solution
reaction was first documented in the 1970’s by Kovacs et. al.”* They found that the PFP ester
reacted approximately 10 times faster than the corresponding NHS ester. The Whitesides group
was one of the first to demonstrate that the PFP ester can be used as a reactive intermediate for
surface reactions.” Following this precedent, we used pentafluorphenol in place of NHS as a
reactive intermediate to convert carboxylic acid groups into amide groups.

Experimental

The amide surface reactions utilizing the pentafluorophenol intermediate are shown in
Figure 2-24. The surface reactions were performed as follows: 11-mercaptoundecanoic acid and
16-mercaptohexadecanoic acid SAMs were prepared as described previously. After rinsing with
ethanol and drying with ultrahigh purity nitrogen, the surface was immersed in an ethanolic
solution of 0.1 M EDC and 0.2M pentafluorophenol for 15 minutes. The surface was then
removed from solution, rinsed with ethanol, and immediately placed into an ethanolic solution of
0.1 M N,N-dimethylethylenediamine for 20 minutes to 3 hours. The surface was then removed,

rinsed with ethanol, dried with nitrogen, and immediately used for analysis or further reaction.
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Figure 2-24: Reaction scheme of an 11 COOH SAM with pentafluorophenol intermediate using the EDC catalyst
followed by reaction with N,N-dimethylethylenediame in solution.

Results
RAIRS

As with the previously described surface reactions, the surfaces were characterized before
and after the reactions via RAIRS and XPS. Because of the high reactivity of the
pentafluorphenol moieties, the surfaces were not characterized after the reaction between the
carboxylic acid terminated SAMs and PFP. The SAMs were analyzed after the subsequent
reaction with the diamine. Figure 2-25 shows the RAIR spectra of the 11 COOH-terminated

SAM before the surface reactions and after the reaction with the diamine.

51



0.0005 1650 cm™

1
2922 cm 1741 cm™

e B 1560 cm™
O, 2849 cm oi— =
T4 2775cmt 0

O . w - 0 E £

> s <C§ <

v.N(CH,)

Post-rxn

Absorbance

Pre-rxn

// M
! 771 ! I ! I ! I

I
2600 2100 1800 1500 1200 900

=
3200 3000 2800

Wavenumber (cm™)

Figure 2-25: RAIR spectra of a 11 COOH SAM before (bottom) and after reaction PFP intermediate followed by
reaction with N,N-dimethylethylenediamine (top) in solution.

The spectra for the 11C SAM shows clear evidence of the formation of the amide groups
as well as the terminal tertiary amine species. The peak at 1552 cm™ is assigned to the amide II
mode and the smaller peak at 1662 cm™ is assigned to the amide I mode. Several new peaks are
present in C-H stretching region in the post-reaction spectra. The peaks at 2979 and 2894 cm™
are assigned to the asymmetric and symmetric C-H stretches of the methyl groups of the terminal
tertiary amine. These modes were not observed in the surface reactions by using NHS which
suggests that the reaction with PFP is converting more of the carboxylic acid groups into amide
moieties. There is, however, a peak at 1737 cm’ in the post-reaction spectrum which is
characteristic of the carboxylic species. Despite the appearance of the C-H stretching modes of
the tertiary amino methyl groups, the remaining carboxylic acid carbonyl stretch strongly

suggests that the conversion into the amide species was not quantitative.
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The spectra of the 16-C SAMs, shown in Figure 2-26, do suggest a near quantitative
reaction. The C=0 stretching mode of the carboxylic acid at 1738 cm™ is nearly absent in the
post-reaction spectrum, which highly suggests a near quantitative conversion from carboxylic
acid groups into amide moieties. Lahiri et al. observed a similar near quantitative conversion
using the pentafluorophenol intermediate.” It is interesting to note that the frequency of the
methylene stretching modes does not change as a result of the surface reactions. The static
frequencies suggest that the monolayer retains a highly-ordered structure after the reaction. The
C-H stretching modes characteristic of the methyl groups on the terminal tertiary amine are also
present and are assigned to the asymmetric methyl C-H stretch at 2979 cm and the

corresponding symmetric stretch at 2771 cm™.

The relative intensities of the amide I and amide II modes can allow one to infer
significant information about the orientation of the amide-containing molecules. The transition
dipole moments of the amide I and amide II modes are nearly orthogonal to each other in an all-
trans configuration.”® The amide I transition dipole moment results from the stretch of the
carbonyl group and is pointed parallel along the backbone of the bond. The amide II transition
dipole moment results from the bending of the N-H bond and points perpendicular to the
direction of the backbone of the bond. In accordance with the surface selection rule, the

molecular orientation of the amide groups of the surface molecules can be determined.”’

In both the 11C and 16C post-reaction spectra, the amide II mode is much larger than the
corresponding amide I mode. One possible explanation for this observation is that the transition
dipole moment of the amide II N-H bend might be larger than that of the amide I carbonyl
stretch. However, a theoretical study by Kubelka et al. demonstrates that that amide I dipole is
stronger both in the gas phase and aqueous solution.”® The more likely explanation of the
observed larger amide II intensity stems from the orientation of the amide groups on the surface.
The intense amide II mode suggests that the N-H bond lies mostly parallel to the surface as the
dipole moment of the N-H bend is perpendicular to the direction of the bond, putting the N-H
bend dipole moment perpendicular to the surface where it interacts most strongly with the p-
polarized infrared radiation. On the other hand, the amide I carbonyl stretching mode, which is

orthogonal to the amide II mode, has a very small intensity, suggesting a weak interaction with
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the p-polarized light. The C=O stretching vibration has a significant transition dipole moment

and the small absorbance of this mode must be due to a parallel orientation of the bond.

Previous studies have investigated the effects of sub-terminal amide groups on surface

96, 99101 In their investigations, the amide

order for alkanethiol self-assembled monolayers.
groups were introduced into the thiol molecules prior to the formation of the SAMs. It was
found that the amide groups form an intramolecular hydrogen bonding network established by an
all-trans configuration amide moieties. The formation of the hydrogen bonding network is
energetically favorable enough to increase the normal 4.98 A spacing between thiolate molecules
to 5.1 A. The increased lattice spacing achieves a nominal N-O distance 2.8 A of the N-H:--O
hydrogen bond. The configuration results in 18° tilt of the molecules relative to surface normal
and a 0° N-H---O bond angle which results in the N-H bending mode to be parallel to the surface
normal. The proposed surface structure was supported by their RAIR spectra that showed very
intense amide Il modes and very weak amide I modes. Our IR results are in good agreement

with these previous studies and we propose a structure for the surfaces after the amide forming

reactions in Figure 2-27.
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Figure 2-26: RAIR spectra of a 16 COOH SAM before (bottom) and after reaction of PFP intermediate followed by
reaction with N,N-dimethylethylenediamine (top) in solution.
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Figure 2-27: Possible surface structure of a well-ordered N-(2-(dimethylamino)ethyl)-11-mercaptoundecanamide SAM
demonstrating the nearly parallel orientation of the C=0 bonds. The proposed configuration supports the IR spectra
which have strong amide II (N-H bend) absorbance modes and weak amide I (C=O stretch) modes.

XPS

The PFP and amide surface reactions were monitored via XPS with particular focus on
the Cls region. The spectra of the 11C and 16C carboxylic acid terminated SAMs before and
after the surface reactions are shown in Figure 2-28. For both SAMs, the height of the alkyl
carbon signal post reaction increases in agreement with the addition of four new carbon atoms to
the chain. A new carbon signal, centered at 286.1 eV, can be found and is assigned to the carbon
of the newly formed amide moiety.'” Both the 11 and 16C surfaces show a highly oxidized
carbon species at 289.2 eV which is assigned to COO carbon of non-reacted carboxylic acid

groups.”®
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Figure 2-0-28: Cl1s region of XP spectra for an 11 COOH (left) and 16 COOH (right) SAM before (top) and after
(bottom) reaction with PFP intermediate followed by N,N-dimethylethylenediamine.

11C Acid Amide 16C Acid Amide

Peak Peak Area

(eV) Mode Area % | Area % (eV) Mode | % Area %
1] 284.7 C-C 74.1 12.7 1] 284.7 C-C 84.3 71.0
2| 286.1 Cc-0 16.1 11.6 2| 286.1 Cc-O 10.0 14.6
312879 C(N)O - 10.6 312879 C(N)O | -- 9.5
41 289.2 Cc(0)o 9.8 5.1 41 289.2 Cc(0)o 5.7 4.9

Table 2-4: Comparison of the experimental and theoretical atomic percent composition for 11 and 16 COOH SAMs
before and after reaction with PFP intermediate followed by N,N-dimethylethylenediamine.
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Discussion and Conclusions of the Pentafluorophenol Catalyzed Surface Reactions

Both RAIR and XP spectra showed that conversion of carboxylic acid terminated 11C
and 16C SAMs was not 100 percent quantitative. The Cls region of the XP spectra for both
SAMs showed evidence of a highly oxidized carbon species that mostly comes from a carbonyl
carbon of unreacted carboxylic acid groups. The RAIR spectra, based on the persistence of the
carboxylic acid carbonyl stretching mode, showed that the reaction was less complete for the
11C SAM than for the 16C SAM. The carbonyl stretching peak, found at 1741 cm™, is much
more intense on the 11C spectrum than it is on the 16C spectrum. If the two SAMs have the
same molecular orientation and structure, then their respective RAIR spectra should be nearly
identical. The spectra are clearly different which suggests that the two SAMs with different

chain lengths have different structures after the formation of the amide bonds.

Mendoza et al. have shown via scanning tunneling microscopy, X-ray photoelectron
spectroscopy, and cyclic voltammetry that an 11-mercaptoundecanoic acid SAM forms a less
ordered monolayer than a 16-mercaptohexadecanoic acid SAM.'” The latter SAM is more
ordered because of the extra five methylene groups that increase the attractive van der Waal’s
forces between adjacent alkyl chains. A consequence of the larger disorder found in the 11C
SAMs is that the neighboring carboxylic acid groups do not have a consistent intramolecular
spacing. The inconsistent spacing may prevent the formation of a strong hydrogen bonding
network. A consequence of the formation of a surface hydrogen bonding network is that the
hydrogen bonded groups are often found in mostly horizontal orientations, as is seen in hydroxyl
terminated monolayers.'™ ' A parallel dipole moment orientation is “invisible” in reflection IR
due to the surface selection rule.”” If the carbonyl moieties are present in a well-ordered
monolayer with a regular hydrogen bonding network, the carbonyl stretching vibration would

occur in a parallel orientation.

Figure 2-30 shows the probable surface structure of a well-ordered 16C and a less-
ordered 11C after the amide reactions. For the longer chain SAM, the amide and carboxylic acid
groups can obtain a more regular intramolecular distance than the corresponding shorter chain
SAM. The regular spacing allows for the formation of a hydrogen bonding network which
encourages the carbonyl stretching vibration to adopt a mostly parallel orientation. The post-

reaction RAIR spectrum of the 16C SAM supports this hypothesis because both the carboxylic
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acid (1740 cm™) and amide I (1650 cm™) modes are small in intensity. The amide II mode,
however, is very intense, which is in agreement with a mostly perpendicular orientation of the
amide II N-H bending vibration. The shorter chain carboxylic acid-terminated SAM forms a
more disordered surface and a possible post-reaction structure might look like that shown in
Figure 2-29. The carbonyl moieties are found in many different orientations, including
perpendicular. Such perpendicular orientations would show a strong absorbance in the RAIR

spectrum and that is exactly what we observe in Figure 2-25.
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Figure 2-29: Schematic representation of the hypothesized surface structures of a well-ordered 16C (left) and non well-
ordered (right) 11C COOH terminated SAM after reaction with PFP and N,N-dimethylethylenediamine. The non well-
ordered structure has carbonyl moieties in a vertical orientation whereas the well-ordered structure does not.

The most significant difference between the 11 and 16C post-reaction RAIR spectra is
the carbonyl stretch of the carboxylic acid groups which is present in the 11C spectrum but not in
the 16C spectrum. In contrast to the RAIR spectra, the post-reaction XP spectra show evidence
for carbonyl moieties in both the 11 and 16C SAMs. We hypothesize that the seemingly
incongruent results can be explained by the difference in surface order between the 11 and 16C
monolayers and the subsequent effect on dipole moment orientations. The 16C SAMs form a
more well ordered surface than do the 11C SAMs because of the increased van der Waals
interaction between the additional five methylene units. The increased surface order is
evidenced by the frequency of the asymmetric methylene stretching modes. For the 11C SAM,
this mode is found at 2922 cm™ which is characteristic of a somewhat disordered arrangement of

the alkyl chains.” The 16C SAM asymmetric methylene stretch appears at 2919 cm™ and the
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relatively lower energy of the vibration is indicative of a higher degree of crystalline-like
packing of the alkyl chains.”® After the surface reactions, the asymmetric methylene stretching
modes of both SAMs appear at the same frequency which means that the degree of surface order

was not altered as a result of the surface reactions.

Our goal for using the pentafluorophenol intermediate was to achieve a higher conversion of
carboxylic acid into amide groups than the 80 percent conversion obtained using the NHS
intermediate.  Both the shorter and longer chain SAMs react non-quantitatively to form a
mixture of amide and carboxylic acid terminal groups in ratio close to 9:1 which is similar results
reported previously in the literature.” The pentafluorophenol intermediate reactions did result in
a higher surface concentration of terminal tertiary amino groups than did the reactions by using
the N-hydroxysuccinimide intermediate. For the final step of the quaternary ammonium surface
synthesis, all the tertiary amine-terminated surfaces were prepared by using the pentafluorphenol

intermediate.
2.3.4 Formation of Quaternary Ammonium Cations

The goal of our study was to develop a simple method of creating SAMs with long-chain
quaternary ammonium groups. The new method would allow us to control surface properties,
such as alkyl chain length and quaternary ammonium group density, to study the relationship
between antimicrobial activity and surface structure. We adopted a step wise surface synthesis
approach to build our surface molecule, which involved forming a carboxylic acid terminated
SAM followed by attaching terminal tertiary amino groups. The tertiary amino groups were
attached by converting the carboxylic acid groups into amide moieties via the use of a

pentafluorophenol intermediate species.

The final step our surface synthesis approach is to form the quaternary ammonium groups
by reacting the terminal tertiary amino groups with long-chain bromoketone groups. We chose
to perform the quaternization using 1-bromooctadecan-2-one rather than 1-bromohexadecane
(structures found in Figure 2-30) because previous work of the Gandour group at Virginia Tech
found that the quaternary ammonium groups containing the ketone moieties increased the
spermicidal and anti-HIV activity relative to the straight alkane chain species.'® The ketone-

functionalized bromoalkane offers another, perhaps, more important advantage over the straight
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chain bromoalkanes. The quaternization reaction occurs via an SN2 replacement reaction when
the lone pair of the tertiary nitrogen attacks the carbon atom alpha to terminal bromine. The
bromine atom leaves with an extra electron to form a bromide ion and the alpha carbon forms a
bond with the tertiary nitrogen to create quaternary ammonium. The rate of Sx2 reactions
depends on the stability of the leaving group and a 2-ketone species forms a more stable reaction
transition state than does the corresponding straight alkyl chain. We hypothesize that the
functionalized bromoalkanes would react with the tertiary amines to a greater extent and under

milder conditions than corresponding non-functionalized bromoalkanes.

N P VN N

1-bromohexadecane

(6]
I-bromooctadecan-2-one

Figure 2-30: Structures of long-chain bromine terminated molecules used to quaternize tertiary amine groups.

Experimental

1-Bromooctadecan-2-one (hereto after referred to as the bromoketone) was synthesized
and kindly provided by the Gandour group. The fluffy white powder was dissolved in various
solvents to form solutions ranging from 0.01 to 0.25M. Tertiary amine terminated SAMs
prepared as described earlier were placed into the bromoketone solution and stored in the dark
for various intervals. Reaction temperatures were varied via use of a sand bath placed on a hot
plate. After differing reaction times, the surfaces were removed from solution, rinsed with
toluene, ethanol, and deionized water and dried with ultrahigh purity nitrogen. The surfaces

were then immediately used for analysis or antimicrobial assays.
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Room Temperature Reaction
Results

As in previous work, the SAMs were characterized via RAIRS and XPS after reaction
with the bromoketone molecules. Characterization was performed at different reaction time
intervals ranging from one hour to several weeks. The extent of the reaction was monitored with
RAIRS by observing both the frequency and intensity of the methylene stretching modes. In
addition, the use of the bromoketone molecules as opposed to alkyl bromides provides an
additional IR signature as the carbonyl moiety has a strong absorbance due to the stretching
mode at 1732 cm™. Both the Cls and N1s XP spectra were used to monitor the quaternization

reaction.
RAIRS

We followed the quaternization reaction as a function of time and the time-dependent
RAIR spectra recorded at room temperature are shown in Figure 2-31.  After analysis, the

surfaces were immediately placed back into the original bromoketone solution.
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Figure 2-31: RAIR spectra of the room temperature reaction between a tertiary amine SAM prepared via the PFP
intermediate and 1-bromooctadeca-2-one recorded at different reaction times
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Figure 2-32: Methylene stretching mode intensities as a function of time for the reaction of a teritary amine terminated
SAM and 0.025 M 1-bromooctadeca-2-one in toluene at room temperature.
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The bottom dark green colored spectrum is the tertiary amine terminated SAM prepared
via the PFP intermediate. The next spectrum, recorded at two hours, already shows evidence of
reaction as the methylene stretching modes have both increased in size, which is consistent with
the attachment of a 15 methylene-containing molecule. In addition, the frequencies of the modes
have blue-shifted slightly in accordance with the formation of a more disordered alkyl chain. At
the 8 hour mark, a new peak begins to grow in at 1732 cm™ which is assigned to the carbonyl
stretching vibration of the newly attached ketone moieties. The intensity of the ketone carbonyl

peak increases over time with the largest increase occurring from 143 to 214 hours.

The methylene stretching modes also increase in intensity as function of time as shown in
Figure 2-32. Increased absorbance intensity can stem from an increased surface density of the
absorbing species or from a change to a more vertical orientation of the transition dipole
moment, or a combination of both. A change in orientation is not likely because if this were to
occur, the ratio of the asymmetric and symmetric methylene stretching modes would change as
well. A change in ratio was not observed which suggests that the increased intensity of the
methylene stretching modes is the result of an increased surface density of the long-chain

quaternary ammonium groups as a function of time.

The RAIR spectra provide evidence that the surface density of the long-chain quaternary
ammonium groups increases over time, however RAIRS cannot help identify the quaternary
ammonium nitrogen species, nor can it provide quantitative surface density data. To determine
the existence and concentration of quaternary ammonium groups, we used XPS with emphasis

on the N1s region.
XPS

As with the time-dependent RAIR spectra, the reaction of the bromoketone molecules
was followed using XPS to monitor quaternary ammonium surface density as a function of time.
The quaternary ammonium surface density was determined by calculating the ratio of the
nitrogen signal from the quaternary ammonium nitrogen atoms and the tertiary nitrogen atoms.
To help facilitate the proper assignment of the different nitrogen oxidation states, an XP
spectrum of the Nls region of a solution cast film of N-(2-dodecanamidoethyl)-N,N-

dimethyltetradecan-1-aminium bromide was recorded and is shown in Figure 2-33. There are
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two distinct peaks present in the N1s region that can be assigned, based on literature precedent,

to the amide nitrogen at 399.3 ¢V and the quaternary nitrogen at 401.8 eV.'"’

The Nls XP spectra after reaction of the tertiary amine-terminated SAMs with
bromoketone and recorded at different time intervals is shown in Figure 2-34. As the reaction
time increases, the peak at 402.4 eV increases in intensity, which indicates that the quaternary
ammonium moieties continue to form. After 23 days, the N1s spectrum was not changed, which
suggests that the reaction had reached equilibrium. To determine the extent of the quaternization
reaction, the ratios of the quaternary nitrogen peak and the amide nitrogen peak were determined.
In this manner, a ratio of 1.00 suggests a quantitative reaction. At 23 days reaction time, the
quaternary-to-amide nitrogen intensity ratio was 0.84, which suggests that approximately 84% of

the tertiary amines reacted with a bromoketone to form a quaternary ammonium.

Based on the conversion percentage of each synthesis step, we can estimate the surface
concentration of quaternary ammonium groups. The first reaction step converted 90 percent of
the terminal carboxylic acid groups into tertiary amines and the second reaction step converted
84 percent of the tertiary amine groups into quaternary ammoniums. Based on the conversion
percentage of the two synthesis steps, approximately 76 percent of the carboxylic acid groups
were converted into quaternary ammoniums. A well-ordered close packed SAM has a typical

surface density of around 4.5 x 10" molecules/cm””’

and based on a 76 percent conversion rate,
the quaternary ammonium surface density was 3.4 x 10'* molecules/cm®. The final QAC surface
concentration is close to that reported for long chain QAC molecules immobilized to glass which
were found to be highly antibacterial.'® The quaternization reaction was, however, very slow
taking close to four weeks to reach completion. In an effort to decrease the reaction time and

possibly increase the QAC surface concentration, we increased the reaction temperature from

room temperature to 50°C.
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Figure 2-33: N 1s region of the XP spectrum of N-(2-dodecanamidoethyl)-N,N-dimethyltetradecan-1-aminium bromide
prepared as a solution cast film.
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Figure 2-34: Nls region of XP spectra recorded at different time intervals of the room temperature reaction between a
tertiary amine SAM prepared via the PFP intermediate method and 1-bromooctadeca-2-one.

The quaternary ammonium forming surface reactions between the terminal tertiary amine
groups and the long-chain bromoketones were performed in the same manner as described earlier
except at a temperature of 50 °C. The reactions were again monitored at different time intervals

with RAIRS and XPS.

The C-H stretching region of RAIR spectra collected as a function of time for the 50 °C
reactions are shown in Figure 2-35 and the asymmetric methylene stretching mode intensities for
both 50 °C and room temperature reactions are shown in Figure 2-36. The intensity of the
asymmetric methylene stretching mode can be used as an indication of surface coverage. During
the first two hours, the 50 °C v,CH; mode increases at a higher rate than the room temperature
mode, 5.49 x 10™* abs/hr compared to 2.44 x 10™ abs/hr. Clearly within the first few hours the
50°C reaction occurs at a faster rate than the room temperature reaction, however at 8 hours the
vaCH; mode intensities are nearly the same. After 8 hours, a rather interesting observation can be
made. With the room temperature reactions, the methylene peak intensities continued to increase

for up to 23 days. Beyond 8 hours the 50°C methylene peak intensities diminish, which suggests
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that the surface density is actually decreasing at longer reaction times. We further investigated

the 50 °C reactions with XPS.
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Figure 2-35: C-H stretching region of the RAIR spectra recorded for the 50°C reaction between a tertiary amine SAM
prepared via the PFP intermediate and 0.025 M 1-bromooctadeca-2-one in toluene recorded at different reaction times.
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Figure 2-36: Plot of asymmetric methylene stretching mode intensities versus time for the room temperature and 50°C
reaction between a tertiary amine terminated SAM prepared via the PFP intermediate and 0.025 M 1-bromooctadecan-2-
one in toluene.

We focused the XPS study on the carbon-gold ratio, which is an excellent indicator of
changes in surface coverage. For the gold photoelectrons to reach the detector, they must travel
through the overlaying monolayer without any collisions. The intensity of the gold signal can
become attenuated as a result of collisions between the gold photoelectrons and the overlayer
molecules. The extent of the attenuation effect is dependent on the thickness of the overlayer
and a measurement of the gold attenuation is a good indicator of relative surface density. We
determined the extent of gold signal attenuation by calculating the ratio of the C Is and Au 47
signals. A larger ratio suggests that that gold signal is more attenuated by a thicker overlayer

with higher surface density.
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The carbon-gold ratios for both the room temperature and 50 °C reactions as a function of
time are shown in Table 2-5. At 4 hours, the 50 °C ratio is larger than the room temperature ratio
and remains so up to 8 hours. The larger ratio suggests a higher surface density and this
observation agrees with the prior RAIR spectra. Beyond 8 hours, the 50 °C ratio decreases
significantly, suggesting a decrease in surface density which is again consistent with the RAIRS
observations. The room temperature ratio continues to increase beyond 8 hours, which yet again
agrees with the RAIRS observations. Both the RAIRS and XPS data support the conclusion that
while the increased reaction temperature initially increases the quaternization reaction rate, after

a certain time the higher temperature leads to a loss of surface density.

Time Room

(hr) Temp 50 deg
0 20.9 20.9

4 19.7 27.2

8 18.8 27.8
27 21.4 12.0
95 25.3

Table 2-5: Comparison of the C 1s : Au 4f? ratios for the room temperature and 50°C reaction between a tertiary amine
SAM and 1-bromooctadeca-2-one as determined via XPS peak area integration.

Discussion and Conclusions

In this final step of the surface synthesis of long chain quaternary ammonium self-
assembled monolayers, the tertiary amine terminated monolayers, prepared via the
pentafluorophenol intermediate, reacted with long-chain 1-bromooctadeca-2-one under different
conditions to maximize the surface concentration of quaternary ammonium groups. We found
that the highest QAC surface density was achieved using 0.025 M bromoketone in toluene at
room temperature for up to three weeks with a maximum QAC surface concentration of near 4 x

107" mol/cm?, which corresponds to approximately 75 percent monolayer coverage.

The fact that full monolayer coverage of QAC groups was not achieved was not
surprising due to a number of detrimental factors that can hinder the long-chain QAC forming
reactions. First is the steric hindrance often found with surface reactions, especially if the
reactant molecules are large. The 1-bromooctadeca-2-one molecules are rather large with a
fully-extended all-trans length of 23.3 A. For a full monolayer of QAC groups to form, the 23.3

A long bromoketone molecules must react with surface-bound molecules that are only 4.97 A
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apart. Not only must the bromoketone molecules diffuse to the surface-bound tertiary amines,
they must also adopt an orientation that puts the bromine end of the molecule closest to the
surface groups. Both the diffusion and reorientation of the bromoketone molecules must occur
in the presence of other long-chain bromoketone molecules in solution. Clearly steric constraints
can hinder the reaction between the surface-bound tertiary amine groups and the long-chain

bromoketone molecules in solution.

The other detrimental factor that deters the formation of a high density quaternary
ammonium SAM is electrostatic repulsion. A full monolayer of quaternary ammonium groups
would require the cationic quaternary nitrogen atoms to be only approximately 4.97 A away
from other cationic nitrogens. Electrostatic repulsion would prevent such a close proximity of
like charged species, and a similar observation was made by Yokokawa and co-workers who

found that cationic disulfide molecules do not form complete monolayers.'”

A number of variables that can affect a condensed phase surface reaction are dependent
on temperature, including solvent mobility, diffusion, and surface residence time. We found that
at 50 °C, the reaction between the tertiary amine terminated SAMs and long-chain bromoketones
in toluene initially occurred at a faster rate than at room temperature, but beyond eight hours
significant loss of surface coverage was observed. The initially faster reaction at the higher
temperature agrees with the temperature dependence of an increased solvent mobility and
diffusion rate, but desorption of the surface-bound molecules after eight hours does not follow
the same trend. The desorption of the covalently bound surface molecules cannot be caused by
the increase in temperature alone as increasing the temperature from 20 to 50 °C imparts only an
additional 0.25 kJ/mol to the system. The small additional thermal energy alone is not nearly
enough to break the 167 kJ/mol energy of the gold-thiolate bond, but it may have a significant
effect on diffusion and solvent mobility and both of these factors may affect the solubility of the

surface-bound long-chain quaternary ammonium molecules.

The solubility of the surface-bound quaternary ammonium molecules might have a
significant impact on the decreased surface coverage observed at the 50 °C reactions. The
reactions were performed in toluene, which is a non-polar solvent. The formation of the
quaternary ammonium groups on the surface also adds a seventeen methylene unit alkyl chain

which increases the hydrophobic character of the surface molecules. The more hydrophobic
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surface-bound quaternary ammonium molecules might be more soluble in toluene than the
unreacted tertiary amine terminated molecules. A similar observation was made by Kertes et al.
who found that the solubility of alkyl amine hydrochlorides in non-polar solvents increased as a

110

function of increasing hydrophobic character of the alkyl group. ™ The total energy of solvation

might be large enough to overcome the energy needed to break the gold-thiolate bonds.

Based on the solubility arguments alone, one might expect the room temperature and
50°C reactions to have the same loss of surface coverage. However, not only is solubility larger
at higher temperatures, the diffusion and solvent mobility are also increased. At higher
temperatures, the long-chain quaternary ammonium thiols become more soluble and the
increased diffusion rate and solvent mobility allows the desorbed surface molecules to diffuse

away from the interface more easily than at lower temperatures.

To conclude, by using a series of only surface reactions, we were able to create a self-
assembled monolayer containing long-chain quaternary ammonium groups. The three step
synthesis resulted in an estimated QAC surface density of 3.4 x 10" molecules/cm?, which
corresponds to an approximately 75 percent monolayer coverage. The primary goal of our study
was to develop a synthetic route that would allow us to easily control important surface
properties that are known to influence antimicrobial activity such as QAC surface density and
chain length. The QAC SAMs prepared here comprise the most likely highest attainable long-
chain QAC surface density by using only surface reactions. The next part our study was to

determine if the QAC SAMs were antimicrobial towards E. coli.
2.3.5 Antibacterial Activity of QAC-containing SAMs: Dynamic Contact Assay

Determination of the antimicrobial activity of surface-bound molecules is inherently
more difficult than for solution antimicrobial molecules. In solution, the active molecules are
spread throughout the medium and have a high probability of interacting with microbes in
solution. With surface-bound antimicrobial molecules, because the active compounds are
located only at the surface, interaction with microbes in solution can only occur if the microbes
diffuse to the surface. To determine the antimicrobial activity of our surfaces, we used a
dynamic assay that to maximized the contact between E. coli in solution and the surface of

interest. Details of the dynamic assay and the subsequent results are described next.
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Experimental
Reagents and Microorgansims

Escherichia coli (strain JM109) was purchased from New England Bio Labs. Tyrptone
and yeast extract were purchased from Difco. Sodium chloride, sodium dodecyl sulfate (99%),
ammonium sulfate, potassium hydrogen phosphate, potassium dihydrogen phosphate, and
sodium citrate dehydrate were purchased form Fisher Scientific and used as received. Growth

media used in the preparation of bacteria had the following compositions:
2XYT: 16 g tryptone, 10 g yeast extract, 5 g NaCl in 1L deionized H,O
LB: 10 g tyrptone, 5 g yeast extract, 10 g NaCl in 1 L of deionized H,O
Dynamic Contact Assay Procedure

The dynamic antibacterial assay protocol is based on the method, ASTM E2149-01, from
ASTM International provided in reference 64. The assay measures the bacteria viability before
and after one hour of contact between the surface of interest and an aqueous bacterial suspension.
Two control assays, which consist of a surface with no known antimicrobial activity and an assay
container with no surface, are run concurrently with the test assay to ensure that any measured

antimicrobial activity can be attributed to only the test surface.

The assay is initiated by growing an inoculum of E. coli (strain JM109) in 2XYT growth
media to a concentration of 1.3-3.0 x 10 colony forming units (CFU)/mL as determined via
optical density at 600 nm. The inoculum is then diluted 10-fold and 10% sodium dodecyl sulfate
is added as a wetting agent to ensure contact between the aqueous bacteria suspension and
hydrophobic surfaces. The test containers consist of one inch cubed plastic boxes with sealable
lids. The bacterial viability before contact with the surface of interest is determined by adding 3
mL aliquots of the diluted a bacteria suspension to each of the three test containers. The
containers are then placed onto a wrist-action rotary shaker and shaken for one minute. 100 pL
aliquots are taken from each of the three test containers and diluted 10 fold in 2XYT media. 50
pL aliquots from each 10-fold dilution are taken and plated out in duplicate onto LB agar plates.
The plates are then inverted and placed into a 37°C incubator overnight. The surface of interest

and the control surface, consisting of a 16C carboxylic acid terminated SAM, are then placed
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into the test containers. The third container is used without a surface to serve as an additional
control to ensure that any possible antimicrobial activity does not result from contact with the
test containers. The three test containers are placed onto the rotary shaker and shaken for one
hour. After shaking, 3 mL aliquots are taken from each of the three test containers and diluted
10-fold in 2XYT media. 50 pL aliquots are then plated out in duplicate on to LB agar plates

which are subsequently inverted and placed into the 37 °C incubator overnight.

On the following day, the plates are removed from the incubator and the visible colony
forming units are counted manually. The counts of the duplicate samples are averaged and the
percent difference between the duplicate counts is determined. If the difference is larger than 15
percent, the samples are discarded and the test is repeated. The antimicrobial activity is given as
a percent reduction in colony forming units determined by calculating the percent difference
between the average colony counts of the initial and post one hour contact times. If the surface
of interest has a reduction in viable colonies, one must ensure that it is in fact the surface that is
responsible for the antimicrobial activity. The percent reduction of the surface of interest is
compared to the percent reduction for both the control surface and the empty test container. If
the percent reduction for either the control or empty test container after one hour contact time is
greater than 15 percent different than that of the sample of interest, the results are discarded
because the reduction observed for the surface of interest cannot be solely attributed to the

antimicrobial activity of the surface.
Results and Discussion

The dynamic contact assays were performed with the long-chain QAC containing SAMs
prepared using the surface synthesis route described previously. Figure 2-37 shows the images
recorded after one of the assays. The left-hand image shows the viable colonies before contact
with the surface of interest and the right-hand image shows the viable colonies after one hours
contact with the surface. For the dynamic assay shown in images, the number of viable colonies
after one hour of contact with the surface was 37 percent lower than before contact and the
average reduction of all the successful dynamic assays was 12.3 £ 7.0 percent. The percent
reduction is rather low, especially when compared to the antimicrobial assay results of similar
monolayers. Previously we showed that a silver carboxylate terminated SAM was totally

antibacterial towards both airborne and water-borne E. coli where the water-borne antimicrobial
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assay was determined using the same dynamic contact procedure described here. A better
comparison can be made to the results of Isquith et al. who showed that a monolayer of 3-
(trimethoxysilyl)-propyldimethyloctadecyl ammonium chloride bound to silicon substrates was

1.""" Both the silver carboxylate and organosilicon monolayers

nearly 100 percent antimicrobia
had antimicrobial active functional groups with concentrations close to the surface density of the
QAC groups of our monolayers. Clearly there is an important factor that is limiting the
antimicrobial activity of our SAMs, and to get a better understanding of the low activity, we

must consider the requirements for a QAC-containing surface to exhibit antimicrobial activity.

0 hour test sample 1 hour test sample

107 colonies 78 colonies

Figure 2-37: Example images from the dynamic contact antibacterial assay of viable colonies taken at 0 and 1 hr contact
time. The surface of interests contained an etimated 75 percent coverage of long-chain quaternary ammeonium groups.

The currently accepted interaction mechanism between long-chain quaternary ammonium
molecules and the outer membrane of a bacterium involves the electrostatic biding of the cationic
QAC groups and the anionic moieties found in the outer membranes. The anionic charges of the
bacterial membrane are normally stabilized by divalent metal cations such as Mg”" and Ca®", and
the cationic QAC groups are thought to displace the metal cations upon interaction with the
membrane. The loss of the stabilizing metal ions causes the membrane to become unstable and
can lead to the death of the cell due to an increase in membrane permeability. The entire
membrane destabilization process is dependent on the bacteria making contact the surface.

The initial electrostatic interaction between the QAC groups and the cell membrane can

only occur if the bacterium is sufficiently close to the surface for electrostatic forces to become
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important. This particular distance is described by the Debye-Hiickel screening length and is
typically in the range of 1 nm depending on the salt concentration of the liquid medium. The first
requirement, therefore, that must be satisfied for a long-chain QAC SAM to cause the death of a
bacterium is that the cell must be within approximately 1 nm of the surface. Over course of one
hour, the Brownian motion of a bacterium in water results in a displacement of only 40 uM, and
any bacterium that is initially more than that distance away from the QAC surface has a small
chance of naturally diffusing to the interface. The dynamic assay procedure attempts to increase
the mobility of the bacteria by agitating the bacterial suspensions with the rotary shaker.

Once the bacterium is close enough to the surface for the electrostatic interactions to
occur, the number of surface-bound QAC groups interacting with one bacterium must be high
enough to cause the destabilization of the membrane. The number of charges found at the outer
membrane of a typical bacterium is on the order of 10°, which corresponds to a surface density of
approximately 10" anionic charges/cm®.'” Murata and co-workers found that for antimicrobial
surfaces with molecular lengths insufficient to penetrate the entire cell envelope, the surface
density of the QAC groups must be on the order of 10"° molecules/cm®.”’ Our long-chain QAC
SAMs fall into the category of being insufficiently long to penetrate the cell envelope, which is
46 nm thick,'"*""* which implies that for our SAMs to be highly antimicrobial the need to have a
QAC surface density of at least 10"° molecules/cm®. Using XPS, we estimated the surface
density of the QAC groups in our SAMs to be 3.4 x 10'* charges/cm?, which is nearly an order of
magnitude less than the suggested necessary surface density needed for activity. In fact, the
number of QAC groups accessible to the bacteria may be significantly less than what was
estimated from XPS measurements.

The estimated surface density determined via XPS was for all of the QAC groups
irrespective of their accessibility to bacteria. Each of the QAC groups has a 16 methylene unit
alkyl chain covalently bonded and RAIR spectra showed that the alkyl chains are very
disordered. A significant quantity of the surface-bound QAC groups may be buried below a
disordered network of alkyl chains that effectively shield them from interacting with the bacteria.
We hypothesize that this may be occurring with our surfaces, and that the number of accessible
QAC groups is sufficiently less that the amount required for significant antimicrobial activity. If
the hypothesis is true, the low effective QAC concentration may be the sole reason for the low

antibacterial activity the SAMs.
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24 Future Work

The goal of our study was to develop a facile method to create long-chain quaternary
ammonium SAMSs that also allows us to easily control the surface structure to help elucidate the
relationship between structure and antibacterial activity. Our synthesis strategy focused on
building the QAC SAMs using surface reactions rather than normal organic solution reactions.
Using surface reactions provided two advantages over solution reactions: reaction side products
could be separated by a simple surface rinse rather than a laborious silica gel column separation,
and the reactive thiol groups, when bound to the gold substrates, are naturally protected from
unwanted side reactions. Our stepwise surface synthesis strategy was successful as we were able
to form SAMs containing long-chain quaternary ammonium groups with surface densities as
high as 3.4 x 10'* molecules/cm”, however none of our surface exhibited significant antibacterial
activity. Despite the lack of activity, our study helped reveal new insight into using a surface
synthesis approach to build long-chain cationic monolayers and helped focus the direction of

future work.

One of the first key factors observed in our surface synthesis study was the importance of
the surface bond. We used alkanethiols bound to gold which have bond strengths of 167
kJ/mol.”” Even though alkanethiols do not thermally desorb at temperatures below 170 °C,* we
observed significant loss of surface density at temperatures well below the desorption
temperature, which suggests that other factors, including thiolate oxidation and solvation, were
contributing to the loss of the gold-thiolate bonds. One focus area of future work will be to
explore the use different surface bonds that are both stronger and less reactive than the thiolate

species.

The surface density of quaternary ammonium groups has been shown in previous studies
to be a crucial factor of surface antimicrobial activity, especially for surface with molecular
lengths less than the length of the bacterial cell envelope.”’ Our SAMs have a maximum end-to-
end molecular length of around 4.5 nm, which is an order of magnitude less than the 46 nm cell
envelope thickness, and this means that the QAC surface density is a crucial parameter for any
possible antimicrobial activity. The current standing hypothesis explaining the antimicrobial
activity of such surfaces is that the surface density of the cationic QAC groups must be very

close to the surface density of anionic groups in the cell membrane, which have been found to be
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between 5 x 10" and 5 x 10" charges/cm” depending on the growth stage of the bacteria.'” The
QAC surface density of our SAMs was estimated to be 3.4 x 10" molecules/cm?, which in itself
is less than the hypothesized lower limit for antibacterial activity. The number of accessible
QAC groups may be even lower because the groups are bound to long alkyl chains that most
likely form a disordered network which may shield the QAC moieties from the bacterial
membranes. The primary focus of future work will be to increase the QAC surface density at

least two-fold.

Using our surface synthesis approach, we were unable to achieve a 1:1 ratio of QAC
groups to surface molecules. If the 1:1 ratio were achieved, the QAC surface density would be

approximately 5 x 10" molecules/cm?, which is still less than the

hypothesized minimum density needed for thin films to exhibit
antimicrobial activity. Increasing the QAC surface density using (Oa ( )n
methods described earlier is futile because the electrostatic repulsion of NN
cationic groups in close proximity will limit the maximum attainable

QAC density. One possible way to diminish the effects of electrostatic 2 2
repulsion is to put a covalent linker group between the two quaternary
nitrogens. Yokokawa and co-workers compared the surface densities
of SAMs formed from gemini surfactants composed of QAC-
terminated thiols linked at covalently at the QAC-terminal end of the
molecule and at the thiol end to form a disulfide.'”'"> They found that
the SAMs formed with the linker group at the QAC end had a much

higher surface density owing to the reduction in electrostatic repulsion
HS HS

of the cationic groups. An example of this type of dithiol molecule is Figure 2-38: Molecular
structure of a gemini dithiol
shown in Figure 2-38. that may limit electrostatic
repulsion of close-packed
QAC groups due to the
While linking adjacent quaternary nitrogen atoms with alkyl covalent linker.

spacer groups may reduce electrostatic repulsion, it does not help to

increase the surface density of the QAC groups because the QAC-per-thiol ratio is still 1. One
way to increase the QAC ratio is to use branched thiol molecules that have two or more
functionalized alkane chains per thiol. One example of a branched thiol is shown in Figure 2-39.

A SAM composed of branched thiols would increase the QAC-thiol ratio to 2, however careful
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consideration must be given to the ability of the branched thiols to form a close-packed structure.

Chechik and co-workers studied the SAMs formed from branched thiols containing straight

alkane chains and found that they adopted a more closely packed structre than the analgous non-

branched thiols.'"

intermolecular interactions, such as hydrogen bonding or aromatic groups, are
more stable than non-functionalized branched alkanethiols. To our
knowledge, no studies have been done on branched thiols containing ionic
species, and it is rather safe to assume that our proposed branched thiol
molecules which contain two QAC groups will be affected by electrostatic
reupulsion. The construction of a close-packed SAM composed of branched
thiols containing multiple QAC groups will require careful consideration of
the design of the total molecular structure. A careful balance between the
repulsive electrostatic force and the attractive intramolecular forces, such as
van der Waals, hydrogen bonding, and pi-pi interactions, must be achieved,
otherwise the electrostatic repulsion of the close-packed QAC groups will

prevent the formation of a close-packed high density SAM.

In conclusion, our work has shown that long-chain quaternary

ammonium self-assembled monolayers can be constructed using only surface

reactions. The maximum surface density of QAC groups achieved was
estimated to be 3.4 x 10'* /em?, which is an order of magnitude lower than the
density threshold needed for significant antimicrobial activity. Our SAMs
showed very little antimicrobial activity, killing, on average, only 12 percent

of viable bacteria, and we attributed the lack of activity to a low surface

They also found that branched thiols that contain groups capable of favorable

HS

Figure 2-39:
Molecular
structure of a
possible branched
thiol containing
two long-chain
QAC groups.

density of accessible QAC groups which may in fact be lower than the estimated total QAC

density. Our future work will be focused on creating SAMs with an at least two-fold increase in

QAC surface density. Despite the low antimicrobial activity of our SAMs, our work has laid the

foundation for future studies using SAMs to investigate the structure/function relationship of

antimicrobial activity.
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Chapter 3

Surface Structure of Linear Amphipathic Antimicrobial Peptides

3.1 Introduction

In the previous chapter, potentially antimicrobial long-chain quaternary ammonium
cations were synthesized via various surface reaction schemes after initial immobilization to gold
substrates. The goals of the previously described study were to develop a relatively simple
procedure to synthesize the QAC-containing SAMs, which would allow us to systematically
change the properties of the surface. By systematically changing the alkyl chain lengths and
QAC surface density, we hoped to reveal the relationship between surface structure and
antibacterial activity. We discovered, however, that the highest attainable QAC surface density
using surface reactions was insufficient to impart antibacterial activity. We next turned our

attention to another class of antibacterial molecules; naturally occurring antimicrobial peptides.

The structure of proteins and peptides are described by their primary, secondary, and
tertiary structures. The primary structure is simply the sequence of the amino acids that
comprise the peptide or protein chain. The secondary structure is the physical shape that the
peptide chain adopts, and is commonly defined as a-helix, B-sheet, and random coil. The tertiary
structure is important only for the larger protein molecules, and is defined as the three-
dimensional space occupied by the multiple secondary structures that can be found in one
protein. With the smaller peptide molecules, the secondary structure is most often responsible

for the functionality of the peptide.

The number of antimicrobial peptides discovered is in excess of 500, and they are
generally classified according to their secondary structure. Common to all the peptides are
separate regions of hydrophobic and cationic amino acids that, when folded into helical
conformation, instill amphipathic properties. The B-sheet peptides, including the defensins and
bactetencin,''” form a rigid anti-parallel arrangement of hydrophobic and cationic regions
constrained by disulfide bonds. The linear antimicrobial peptides, including the cecropins and
magainins, assume an amphipathic a-helical conformation upon interaction with a bacterial

membrane. The same primary peptide structure is rarely found in different animal species;

80



however, significant structural conservation of specific amino acid sequences has been found on

different peptides.''®

Antimicrobial peptides, due to their amphipathic nature, are surface active molecules.
The mechanism by which they kill microbes is based upon the interaction of the peptides with
the microbial cell outer membranes. The peptides exploit a key difference between prokaryotic
and eukaryotic cell membranes. The outer membrane of prokaryotic cells, which include
bacteria, have many anionic charges at the outer membrane where they often interact with the
external environment. Eukaryotic cells, such as animal cells, do not have the anionic moieties
located at the outermost portion of the cell membrane, and instead have many more neutral
phospholipids. The Shai-Matsuzaki-Huang model explains the mechanism of most antimicrobial

19121 The peptides first interact with the membrane, which causes displacement of the

peptides.
lipids followed by alteration of the membrane structure. In certain cases, membrane alteration is
followed by peptide entry into the interior of the cell. The actual kill mechanism is still debated,
as there are a number of different hypotheses including fatal depolarization of bacterial
membrane,'? creation of membrane holes that cause the leakage of intercellular constituents,'?!
the activation of lethal processes such as cell wall degradation,'*® disordering of the distribution
of membrane lipids, and damage to intercellular components after the peptide has entered the

cell.'**

Outer membrane binding is the first step in the lethal mechanism of antimicrobial
peptides, and the initial binding action of the peptides has been exploited for use in biosensors

125-127

and biosensor arrays. In such devices, the peptides are generally immobilized on a

substrate that serves as a transducer to measure binding behavior. Mello and coworkers,'*®

12 Mello and Soares,"* and Sores et al.”> showed that the a-helical peptide

Gregory and Mello,
cecropin P1 exhibits discriminatory binding behavior towards pathogenic versus non-pathogenic
Escherichia coli. The studies found that the discriminatory binding behavior is influenced by
ionic strength and pH, which suggests that electrostatic interactions play a large role in binding

to the non-pathogenic E. coli strain.

While much effort has been undertaken to investigate the binding behavior immobilized
antimicrobial peptides and the effects of solution parameters, such as pH, concentration, and

solvent polarity, surprisingly little work to determine the surface structure of the immobilized
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peptides exists. Important variables such as secondary structure, orientation, and density of the
surface-bound peptides are largely unknown, as well as any effects these parameters may have
on the efficacy of the peptides towards binding. Previous studies of de novo designed peptides

132, 133

have demonstrated the effects of ionic strength,13 ! solution concentration, and solvent

.o 134-136
composition

on the surface structure of immobilized peptides. Substrate properties such as
hydrophobicity'”” and surface conjugation scheme'”® have also been shown to influence the

peptide surface structure.

The majority of investigations into peptide surface structure have focused on relatively
short, rationally designed helix forming peptides. There are very few studies investigating the
surface structure of naturally occurring helix forming peptides. The interfacial structure of
immobilized peptides may have a significant influence on binding capacity and may ultimately
determine their utility as pathogen sensor transducers. The goal of the investigations presented
here focused on determining the surface structure of three helix forming peptides, along with the
effects of solution properties such as pH, concentration, and solvent polarity. Our studies will
help lead to a better understanding of how antimicrobial peptides assemble at a solid interface

and may lead to improvements in pathogenic bacteria biosensors.

Our work described here is one part of a collaboration lead by Dr. Charlene Mello of the
US Army Natick Soldier Center. The goal of the overall collaborative project is to develop a
biosensor comprised of peptide arrays that can detect specific pathogenic bacterial strains. Such a
device will serve as an early warning system of a possible biological weapon attack. Dr. Mello’s
group has focused on the biochemical and microbiological aspects of the study, including
characterizing the peptides in solution and performing the bacteria binding assays. Our focus has
been on the characterization of the peptides after immobilization to a surface. Another
collaborator at the University of Michigan has focused on characterizing the immobilized
peptides when the surfaces are in solution. The combined collaborative effort, we, and the

Army, hope will lead to an efficient and reliable pathogen sensor.
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3.1.1 Antimicrobial Peptides: PGQ, Pleurocidin, and Cecropin P1

To date, over 500 antimicrobial peptides have been discovered, and choosing appropriate
molecules to study requires a detailed selection criteria. The Mello Group chose a group of
peptides for the initial binding studies based on the following properties:> 1) the lack of post-
translational modification, 2) the absence of any cysteine residues, and 3) activity for E. coli.
The selection criteria were motivated by the desire for rapid synthesis and the need to control the
peptide orientation during immobilization for the cell binding assays. The peptides selected for
the binding study were cecropin P1, cecropin A, pleurocidin, PGQ, ceratoxin A, and SMAP-29,
and the assay results revealed that cecropin P1 and PGQ showed a strong binding preference for
pathogenic E. coli O157:H7 relative to E. coli ML35. Three of the peptides, cecropin P1, PGQ,
and pleurocidin, were used in a surface plasmon resonance (SPR) study to further investigate
binding selectivity. The binding selectivity of cecropin P1 was further investigated under non-
physiological conditions including acidic and basic pH and low and high ionic strengths. In the
SPR experiments, the three peptides were covalently linked to a gold coated sensor surface,
however the information acquired from an SPR sensorgram reveals nothing about the molecular
structure of the immobilized peptides. In our work, we investigated the same peptides used in
the SPR study to reveal their surface structure, including the secondary conformation, as well as

average orientation relative to surface normal.

The antimicrobial peptides PGQ, pleurocidin, and cecropin P1 investigated here are all of
the linear a-helix forming variety. As in the quaternary ammonium alkanethiol surface synthesis
studies described in chapter 2, we employed the covalent Au-S interaction to immobilize the
peptides. The naturally occurring peptides do not contain any thiol moieties, therefore in order
to facilitate binding to the gold substrates, a cysteine residue, which contains a thiol moiety, was
added to the C-terminus of each peptide. While all three peptides share the a-helical structure
upon interaction with a bacterial membrane, they differ in their net charge and hydrophobic
content. PGQ, found in the stomach of the African clawed frog, is a 45 percent hydrophobic, 24
residue peptide with a net charge of +3."*° Pleurocidin, found in the skin secretions of the winter
flounder, is a 44 percent hydrophobic, 25 residue peptide with a net charge of +7."*° Cecropin
P1, found in the parasitic worms of the small intestines of pigs, is a 35 percent hydrophobic, 31

141

residue peptide with a net charge of +5."" All three peptides adopt a random coil structure in
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polar solution and fold into helical conformation upon interaction with a non-polar medium, such
as a bacterial membrane. The ability of the peptides to fold into an active conformation only
under appropriate conditions imparts structural stability not often observed for proteins and

peptides, as many can be denatured in solution under mild conditions.

The helical conformations of the three peptides are shown in helical wheel diagrams
found in Figures 3:1-3. A helical wheel diagram shows the arrangement of amino acid residues
as viewed in a top down perspective. Beginning with residue #1, residue #2 is found 100°
clockwise, followed by each successive residue 100° clockwise to the previous. The wheel
diagram reveals the arrangement of hydrophobic and hydrophilic residues in the helix. Table 3-1
provides the single letter abbreviations and structures of the twenty natural amino acids that

comprise all peptides and proteins.

The helical wheel diagram for each of the three peptides reveals the amphipathic nature
of the a-helices as there are distinct polar and hydrophobic faces. As will be shown, the

amphiphilicity has as large influence on the resulting surface structure.
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Table 3-1: The molecular structures and one-letter abbreviations of the twenty naturally occurring amino acids.




Anionic

Cationic

Aromatic

Non-polar,

aliphatic

Polar

aliphatic

(OH),

O

-

Table 3-2: Symbols representing the types of amino acids in the helical wheel diagrams.
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Figure 3-1: PGQ helical wheel diagram.
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Figure 3-2: Pleurocidin helical wheel diagram.
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Figure 3-3: Cecropin P1 helical wheel diagram.

3.2 Experimental
3.2.1 Chemicals and Reagents

Cysteine-terminated  antimicrobial peptides PGQ (PGQ c¢ sequence NH-
GVLSNVIGYLKKLGTGALNAVLKQC-OH, My = 2578), Pleurocidin (PL_c sequence NH2-
GWGSFFKKAAHVGKHVGKAALTHYLC-OH, My = 2855), and cecropin Pl (CPI ¢
sequence NH2-SWLSKTAKKLENSAKKRISEGIAIAIQGGPRC-OH, My = 3442) were
synthesized using standard FMOC-solid phase methods by Synprep (Dublin, CA) and purified to
85%+ by RP-HPLC. The lyophilized powders were reconstituted in pH 7.4 phosphate buffer
and diluted to the desired concentrations. 2,2,2-Trifluoroethanol (TFE), sodium phosphate
dibasic heptahydrate (98%+), sodium phosphate monobasic monohydrate (98%+), and N-
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cyclohexyl-3-aminopropanesulfonic acid (CAPS, 98%+) were purchased from Sigma-Aldrich.
Tris(2-carboxyethyl) phosphine hydrochloride (TCEP) was purchased from Pierce
Biotechnology Inc. (Rockford, IL). Gold substrates were purchased from EMF Corp. (Ithaca,
NY) and contain glass substrates with 10 nm Ti adhesion layer followed by 100 nm Au
evaporated on top. Ti was used as the adhesion rather than the more common Cr layer because
chromium is toxic to many bacteria species,'** which may affect the results of any future binding
assays.

3.2.2 Surface Preparation

Gold slides (1 cm x 1 cm x 0.1 cm) were cleaned by immersion in fresh piranha solution
for at least 15 minutes. The substrates were removed, rinsed with copious deionized water, dried
with ultrahigh purity nitrogen, and placed into the desired peptide solution, which were prepared
in glass vials with plastic tops. 600 puL of solution was found to be sufficient to cover the entire
gold surface upon immersion. After immersion in peptide solution for at least 18 hours, the gold
substrates were removed, rinsed with buffer and deionized water, dried with ultrahigh purity

nitrogen, and immediately used for analysis.
3.2.3 Peptide Solutions

The lyophilized peptide powders were reconstituted in 0.1 M phosphate buffer at pH 7.4
and the stock peptide solutions were stored at 4 °C prior to use. Working solutions of the desired
peptide concentrations were prepared from the stock solutions and diluted with buffer.
Trifluoroethanol (TFE), which is a non-polar solvent used to induced peptide conformation
change in solution, and tris 2-(carboxyethyl) phosphine (TCEP), which is a disulfide specific
reducing agent, were added to the buffer immediately before sample preparation. Both the TFE
and TCEP were added to change the peptide structure in solution prior to immobilization, and
more details regarding their usage will be provided shortly. All of the peptide sample volumes

were 600 pL.

89



3.2.4 Surface Analysis Methods
Reflection Absorption Infrared Spectroscopy (RAIRS)

In Chapter 2, RAIRS was shown to be a very powerful analytical technique for the study
of surface chemical reactions. From the infrared spectra, the appearance of new functional
groups, the average surface order, and relative surface concentration could be ascertained.
RAIRS is also a very powerful analytical technique that can be used to study the surface
structure of immobilized biological molecules, such as peptides. In our study of immobilized
antimicrobial peptides, RAIRS was used to determine the secondary conformation and average
orientation of surface bound peptides. All peptides contain amide bonds that are formed when

the carboxyl end of one amino acid condenses with the primary amine end of another amino acid

along with the loss of a water molecule. The amide bond gives rise O A
to two important vibrational modes labeled amide I and amide II. Icl:
The amide I mode is comprised primarily of the stretching motion of N

|
the C=0 bond and the amide II mode is comprised of the bending |'_| Al
motion of the N-H bond.'* Figure 3-4: Schematic showing

the amide I and amide 11
vibrational mode orientations.
The secondary structure of peptides and proteins is the
physical three dimensional shape the molecules adopt in a particular environment, and is
dependent on inter and intramolecular hydrogen bonding. The carbonyl oxygen and amine
hydrogen can participate in hydrogen bonding with both solvent molecules and adjacent groups
found along the peptide, and these bonds can have a large impact on the amide I vibration
frequency. The hydrogen bonding present in peptides can range from significant intermolecular
hydrogen bonding, as observed with B-sheets and a-helices, to hydrogen bonding with solvent
molecules, as seen in random coil structures, and the extent of H-bonding has a significant effect
on the absorption energy of the C=0 stretching vibration. The absorption energy is directly

proportional to the frequency (and wavenumber) of the absorbed photon, and the frequency is

related to the bond strength in the following equation:
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V=—
2\ u
Equation 3-1

where £ is the “spring constant” of the chemical bond and can be considered analogous to bond
strength, and u is the reduced mass of the atoms that comprise the bond. When hydrogen
bonding occurs, the electron density of the covalent bond that participates in the additional
hydrogen bond is decreased, which results in a decrease in the “spring constant” of the bond. As
shown in Equation 3-1, the frequency of the absorbed photon is directly proportional to the bond
strength, therefore the extent of hydrogen bonding by the carbonyl moieties of the peptide

significantly impacts the frequency of the amide I vibrational mode.

The frequency of the amide I mode is proportional to the extent of hydrogen bonding
within the peptide molecules on the surface. Table 3-3 shows the different frequency ranges of
the amide I vibration for a variety of peptide secondary structures, recorded by using

transmission FTIR.

Secondary Structure Amide | Frequency (cm™)
Antiparallel B-sheet 1675-1670
340-helix 1660-1670
a-helix 1648-1660
Unordered, random coil 1640-1648
B-sheet 1625-1640
Aggregate strands 1610-1628

Table 3-3: Table showing the most common protein secondary structures and their respective amide I absorption
frequencies.

In addition to the solution environment, RAIRS can be used to determine the secondary
structure of surface-bound peptides. The gold substrate, however, can influence the frequency of
the IR absorption and affect the assignment of secondary structures. The interaction of the
infrared photons with the gold surface atoms causes a blue shift of the absorption frequency,
generally between 15 and 40 cm™, that is independent of secondary structure.'** The magnitude
of the blue shift depends on the absorbance intensity and the orientation of the amide I
vibrational mode relative to the surface.'*'*" Significant work is reported on the RAIR spectra
of immobilized synthetic peptides on gold, and the literature precedents are used to make

secondary structure assignments in this study.'* '**'>>
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In Chapter 2, the RAIRS surface selection rule was presented, which states that only the
component of the transition dipole moments that is oriented perpendicular to the surface plane
absorbs the p-polarized incident IR radiation. Absorption modes that have a more perpendicular
orientation (or normal to the surface plane) are more intense than those that are parallel. The
amide I and amide II modes found in peptides are nearly orthogonal to each other, and because
of the surface selection rule, can be used to determine the average orientation of a thin peptide
film immobilized on gold. Figure 3-5 shows the coordinate system that is used to calculate the
average peptide orientation based on the intensities of the amide I and II absorption modes. Z is
defined as the surface normal, H is the axis along the helix backbone, Ay is he amide [ mode, Ay
is the amide II mode, 0y is the angle between the helix backbone and the amide I mode (79°), Oy
is the angle between the helix backbone and the amide II mode, and 0 is the angle between the

helix backbone and the surface normal.

Figure 3-5: Diagram of the molecular coordinate system used to determine the average peptide helix tilt angles. Z is
defined as the surface normal, H is the axis along the helix backbone, A is the amide I mode, Ay, is the amide II mode, ©®,
is the angle between the helix backbone and the amide I mode, 0y; is the angle between the helix backbone and the amide
IT mode, 0 is the angle between the helix backbone and the surface normal.
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By using the molecular coordinate system described in Figure 3-5, the average
orientation of the immobilized peptides with respect to surface normal can be calculated. A
similar type of molecular coordinate system was used in the study of synthetic surface-bound

-1 148-150, 153
peptides.

Equation 3-2 shows the relationship between the intensity ratio of the amide I
and amide II absorbance modes and the tilt angles described by the coordinate system. D, is
the calculated ratio of the amide I and amide II absorbance intensities, 6; is the angle between the
amide I mode and the helix backbone (79°), ), is the angle between the amide II mode and the
helix backbone, K is a proportionality constant defined as the amide I:II ratio calculated from

transmission spectra, typically taken to be 1.50, and 6 is the angle between the surface normal

and the helix backbone.

obs 2(% (30052 9_1)15(30052 Oy _1) +1

D _x 2(%(30052 6’—1)1%(3%52 0, —1)]+1

Equation 3-2

From the work of Boncheva and Vogel, Figure 3-6 shows IR spectra expected for the
extreme cases of peptide helix orientation on a surface. If a peptide helix is oriented vertically,
or perpendicular to the surface plane, the amide I mode exists in a mostly perpendicular
orientation, which results in an intense IR absorption. The nearly orthogonal amide II mode
exists in a nearly parallel orientation, which leads to a weak IR absorption. The spectrum shown
reflects this configuration as the amide I mode is much more intense than the amide II. In the
opposite case of a peptide helix lying nearly flat on the surface, the amide I mode is mostly
parallel and the amide II mode is nearly perpendicular. This configuration results in the amide II

absorbance being more intense than the amide I and is reflected by the example spectrum shown.

The dependence of the amide L:II intensity ratio has been demonstrated previously in our
group.”® Highly ordered alkanethiol self-assembled monolayers containing terminal carbamate
groups with varying alkane chain lengths were formed on gold substrates. The all-trans
configuration of the adjacent alkane chains along with the hydrogen bonding interaction of the
carbamate groups constrained the amide I vibration to a mostly parallel orientation relative to the
surface plane. The RAIR spectra of the amide region supported a parallel orientation as the

amide I:1I ratio was less than 1.0.
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The previous work described above provided the foundation for using RAIRS in our
investigation of the surface structure of immobilized antimicrobial peptides. In the study
presented here, of PGQ, pleurocidin, and cecropin P1, the RAIR spectra of the peptide thin films
were collected in order to ascertain the secondary structure and average orientation of the peptide
monolayers. Primary focus was on the amide mode region of the spectra between 1800 and 1400

-1
cm .

Reflection absorption infrared spectroscopy (RAIRS) measurements were performed by
using a Nicolet Nexus 670 FTIR spectrometer. The samples were positioned on an 80° reflection
stage available from Thermo Scientific. The P component of the linearly polarized light was
selected by using a zinc-selenide polarizer that was placed in front of the reflection stage. A
mercury-cadmium-telluride (MCT-A) detector was used which had a spectral range of 4000-650

cm™. A clean gold surface was used as the background reference spectrum.
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Figure 3-6: Diagram presenting examples of the two extremes of peptide orientation on a surface along with the
corresponding IR spectra. Spectra figures were reproduced from Biophys. J. 1997, 73 (2), 1056-1072.

X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy is another powerful technique that provides
information about the oxidation states and atomic concentrations of surface-bound molecules.
XPS is quite useful for systems that use Au-S binding because it allows for the determination of

the oxidation state(s) of the terminal sulfur moieties, including the distinctive binding energy of a

gold-bound thiolate species. In our study, XPS was used to verify that the peptides had

covalently bonded to the gold through the desired Au-S interaction, and that carbon, nitrogen,

and oxygen were present.
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XPS work was performed on a Perkin Elmer 5400 X-ray Photoelectron Spectrometer

equipped with a monochromatized Mg(Ka) radiation source (1253.6 eV) and a positron sensitive,

-7
multi-channel plate detector. The measurements were taken at a pressure of less than 5 x 10 Torr

and a take-off angle of 15° with respect to the surface normal. Binding energies are referenced to the

712
Au 4f peak at 83.9 eV. Survey spectra were recorded with a pass energy of 89.45 eV for ten
minutes on a Imm x 3.5 mm spot size and 250 W electron beam power. High resolution multiplex
scans were recorded with an average scan time of 10 minutes per element, except for sulfur which

required a longer scan time of 30 minutes.
Surface Plasmon Resonance (SPR)

Surface plasmon resonance is a surface analysis technique that is used to determine the
extent to which a particular surface sample adsorbs an analyte of interest. The technique is based
on the resonance that occurs when impinging electromagnetic radiation of the correct energy and
angle couples with the electromagnetic field of the oscillating free electrons in the conduction
band of a metallic substrate, such as silver or gold. The surface plasmons create an evanescent
wave that propagates along the surface and the associated electric field decays exponentially

'3 The intensity of

away from the surface up to approximately 300 nm into the adjacent phase.
the reflected radiation is measured as a function of reflection angle, and when the correct phase
matching conditions are met, the incident photons resonate with the free electrons of the metal,
which causes a minimum in the reflected light intensity. If a material is adsorbed to the surface
of the metal overlayer, optical properties such as the refractive index are altered. The change in

optical properties of the system results in a change in the resonance angle, and the change in

resonance angle is directly proportional to the mass of the adsorbate material.

Figure 3-7 outlines the setup of a surface plasmon resonance experiment. The impinging
light is focused from the source into the prism, which is coupled to the metal layer. The light
reflects off of the metal layer towards the detector, and if resonance occurs, the detector

measures a minimum in reflected light intensity.
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Figure 3-7: Schematic representation of the setup of a surface plasmon resonance experiment. The optical properties of
the system vary as result of a change in the adsorbate layer.

The resonance angle shift is related to the change in refractive index and the change in

adsorbed layer thickness by the following equation:
AO(A) =c,An+c,Ad

Equation 3-3

155-158

where ¢; and ¢, constants. The change in refractive index (An) caused by a binding event

can be predicted by the Lorentz-Lorenz relation'’:

2 2—1V
M=t (preof| L MLl A
6n n+2 n,+2V )d

Equation 3-4

Where n is the refractive index of the adsorbate, n,, is the refractive index of water, V), is the

volume of the adsorbate and V' is the volume of the adsorbed layer (V' = V,+ V).

The data obtained during an SPR experiment is displayed as a sensorgram, which shows
the resonance angle shift as a function of time. The shift in the resonance angle is converted into
a response unit (RU), where 1 RU is equivalent to a 0.0001° resonance angle shift. The plot of

response units versus time is called a sensorgram and Figure 3-8 demonstrates the relationship
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between the resonance angle shift and a corresponding sensorgram. One response unit is
equivalent to adsorbed mass density of 1 pg/mm®. For a peptide of average molecular weight of
3000 g/mol, SPR is sensitive to changes in surface density of 3.33 x 10™"* mol/cm®. In our study,
we employed SPR to quantify the immobilization of the antimicrobial peptides to the gold
substrates. SPR allowed us to determine if different adsorption solution conditions such as pH,
solvent polarity, and concentration had an effect on adsorption rate and density of the

immobilized peptides.
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Figure 3-8: A schematic demonstration how the resonance angle shift caused by an adsorbed mass is converted to the
response unit of an SPR sensorgram.

The SPR spectra were collected using a T100 system from Biacore, Inc. (Piscataway,
NJ). Bare gold sensor chips were purchased from Biacore and consist of four independent flow
channels. One limitation of SPR measurements is the occurrence of non-specific binding to the
substrates. The resonance shift is only sensitive to adsorbed mass changes and different
chemical species cannot be distinguished. To minimize the interference of non-specific binding
during the adsorption of the peptides, each flow channel was passivated prior to the introduction
of peptide by flowing buffer over the surfaces for 50 minutes at a rate of 30 uLL/min. Even with
the passivation step, some non-specific binding was detected. To further address the non-

specific binding, during each SPR experiment, one of the four flow channels was used as a blank
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in which the solution contained everything except for the peptide. The remaining three flow
channels used solutions containing the peptide, and the final SPR response was calculated by
subtracting the reference blank response from the trial response. FEach experiment was

performed at a flow rate of 1 pL/min.
3.2.5 Peptide Solution Characterization
Circular Dichroism (CD)

In our study of the surface structure of antimicrobial peptides, we hypothesized that the
structure of the peptides in solution would affect the subsequent surface structure. Therefore, it

was important that the peptides were characterized in solution as well as on the surface. One of
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amino acids. For example, naturally occurring Figure3-9: Example CD spectra of different

peptide secondary structures. Spectra were
peptides and proteins are composed of all L-amino acids reproduced from reference 1.
which form only right-handed o-helices. The left and
right-handed circularly polarized light interacts differently with the o-helices, as well as other
protein structures. The difference between the absorbance of the left and right-handed polarized
light i1s shown as the circular dichroism spectrum, which displays the molar ellipticity as a

function of wavelength. The molar ellipticity is given by equation 3-5 where Ag is the difference

between the left and right-handed absorbance.'®
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[0]=3298.2A¢
Equation 3-5

Different types of secondary structures in proteins and peptides give different types of
circular dichroism spectra and examples of each are shown in Figure 3-9. The double minimum
spectral profile is characteristic of the a-helical secondary structure. The percent alpha helix for
the peptides were determined using equation 3-6 which uses the mean residue contributions of -

39000 deg cm?*/dmol for alpha helix and -3000 deg cm?/dmol for random coil.'®?

The CD spectra were recorded using a JASCO J-715 spectrapolarimeter at 25°C. For
each sample, five scans at wavelengths of 250-190 nm were collected with capped quartz cell

with 0.1 cm path length.
% o-helix = (- [6,,, ]+ 3000)/39000
Equation 3-6
3.3  Data and Results

The goal of the study presented here was to determine the surface structure, including
secondary conformation, average orientation relative to surface normal, and relative surface
densities of three selected antimicrobial peptides along with the effects of the solution
conditions. In brief, we found that the surface structure of the immobilized peptides was mostly
independent of the solution conditions. The peptides were always a-helical on the non-solvated
surfaces, and they adopted a highly titled (~50°) orientation relative to the surface normal. In the

next section we provide the data and resulting observations that led to our conclusions.
3.3.1 Effect of Peptide Solution Secondary Conformation on Surface Structure

In an aqueous environment, most amphipathic a-helical antimicrobial peptides exist in a
random coil configuration.'®® In a polar medium, it is more energetically favorable for the polar
amino acid residues of the peptide to hydrogen bond with solvent molecules than it is to form
intermolecular hydrogen bonds. Upon interaction with the lipid containing outer membrane of
bacteria, the peptides fold into the active oa-helical form because it is more energetically

favorable for the polar amino acid residues to form intermolecular hydrogen bonds than it is to
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interact with the non-polar lipid membrane. Interestingly, the random coil-to-helix transition can
also be induced by introducing a less polar solvent to the aqueous solution. Trifluoroethanol has
been shown to induce the helix transition of antimicrobial peptides in aqueous buffer.'®*'% In

our study, we used TFE to induce the peptides to adopt a-helical conformations in aqueous

buffer.

We hypothesized that the conformation of peptides in solution affects their resulting
structure when immobilized to a gold surface. Helical peptides may be able to form higher
density surface films because they might have larger diffusion rates than the random coil
peptides. In addition, peptides immobilized as a-helices may form a film with a more vertical
average orientation, as opposed to peptides adsorbed from solution as random coils. To test this
hypothesis, the three peptides were prepared in phosphate buffer with and without 25 percent
trifluoroethanol at pH 7.4.

Cecropin P1

The first peptide we investigated was cecropin P1 because it is the peptide that was most
thoroughly studied by the Mello group for discriminatory binding behavior.”* '**'3° Cecropin P1
differs from both PGQ and pleurocidin as it is longer than the other peptides (31 vs 24 and 25
residues, respectively) and is less hydrophobic (35% vs 45 and 44%, respectively). In the study
of cecropin P1, we investigated the effects of solution secondary structure (section 3.3.2),
peptide solution concentration (section 3.3.3), solution pH (section 3.3.4), and the addition of a
disulfide specific reducing agent (section 3.3.5). The initial experiment focused on examining
the effect, if any, of the additional cysteine residue on the secondary structure in solution.
Circular dichroism is a technique commonly used to determine protein and peptide secondary

structure in solution, and the results of those experiments are presented next.
Circular Dichroism for Peptide Solution Structural Characterization

Circular dichroism data was especially important in our study of peptide structure for two
reasons: 1) CD can verify the secondary structure of the peptides in solution prior to
immobilization on the gold substrates, and 2) CD can verify that that addition of the terminal
cysteine group did not alter the ability of the peptides to fold into a-helices upon the addition of
TFE.
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Circular dichroism spectroscopy was used to determine the o-helical content of the
peptides. The peptides consisted of cecropin P1 with and without the additional terminal
cysteine residue in pH 7.4 phosphate buffer, with 50% trifluoroethanol, and with 50% TFE and
the reducing agent TCEP (the effects of TCEP will be explained in more detail later).
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Figure 3-10: Circular dichroism spectra of cecropin P1 (CP1) and cysteine-terminated cecropin P1 (CP1_c) under
reducing and non-reducing conditions with and without 50% trifluoroethanol.'®’

A peptide with significant a-helical content exhibits a characteristic double minimum
profile in the CD spectra. In Figure 3-10, all of the peptides prepared with TFE exhibited the
characteristic double minimum profile associated with a mostly a-helical conformation. The
addition of the terminal cysteine group, as well as the presence of the reducing agent, had
minimal effect on the secondary structure in the phosphate buffer at pH 7.4. The percentage of
a-helical content was calculated as described in the experimental section, and is given in Table
3-4. All three of the peptides prepared with TFE had nearly 50 percent a-helical content. The

minimal influence of the terminal cysteine residue is important as it allows us to compare the
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experimental results to unmodified naturally produced cecropin P1 which does not contain a

cysteine residue.

Following initial characterization at pH 7.4, circular dichroism was also used to
investigate the effect of buffer pH on the a-helical content of the peptides in the presence of
TFE. Cysteine-terminated cecropin P1 was prepared in phosphate buffer with 50% TFE at pH 5,
7.4, and 9.2 and the CD spectra are shown in Figure 3-11 along with calculated a-helical content
in Table 3-4. Both acidic and basic pH led to a reduction in the a-helical content with pH 5
having nearly 34 percent a-helical content and pH 9.2 having 33 percent. The pH dependence of
the a-helical content demonstrates the importance of electrostatic interactions in the formation of
the helices in solution. The formation of the a-helix requires a delicate balance of inter- and
intramolecular forces, and the addition or reduction of external charged species, as such is the
case at acidic and basic pH, can have a large effect on the ability of a peptide to fold into the
compact helix form. The polar face of cecropin contains five cationic species and for these
charges to come in to close proximity, as is the case in the a-helix, the electrostatic repulsion
must be properly balanced. At physiological pH (7.4), apparently there is sufficient charge
balance in solution and the peptides contain the highest helical content. At the other pH’s, the

charge balance might be insufficient and the peptides cannot fold into the helices as effectively.
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Figure 3-11: Circular dichroism spectra of CP1_c at pH 5, 7.4, and 9.2 with 50% trifluoroethanol.'®’

CP1 CPlc |[CPlc

Reduced | Non-reduced
pH5 Buffer -- -- 9.49%
50% TFE - - 33.90%
pH 7.4 Buffer | 14.80% | 13.10% 20.20%
50% TFE 54.79% | 49.04% 54.41%
pH 9.2 Buffer -- -- 12.32%
50% TFE - - 33.29%

Table 3-4: a-helical content of cecropin P1 (CP1) and cysteine-terminated cecropin P1 (CP1_c) under different conditions

as determined from circular dichroism.!'®
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3.3.2 Cecropin P1 Solution Effects: Secondary Structure in Solution
RAIRS

The circular dichroism experiments verified that the secondary structure of cecropin P1
depends on the polarity and pH of the buffer, and that the additional cysteine residue does not
alter the folding characteristics. We next began a systematic investigation on the effects of
solution conditions such as buffer polarity, pH, peptide concentration, and cysteine oxidation
state on the immobilized peptide surface structure. To our knowledge, our study is one of the
first to systematically investigate the effects of solution factors on the surface structure of

immobilized natural peptides.

The systematic study began by investigating the effects of solution secondary. 9.7 uM
cysteine-terminated cecropin P1 was prepared in pH 7.4 phosphate buffer with and without 25
percent trifluoroethanol. RAIR spectra were collected after overnight immersion, and the amide
region of the spectra are shown in Figure 3-12. The full RAIR spectra are provided in Appendix
A.
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Figure 3-12: Amide vibration region of the RAIR spectra of cecropin P1 immobilized with and without 25% TFE in the
buffer. The peptide solution concentration was 9.7 pM in pH 7.4 phosphate buffer.

The amide regions of the spectra are remarkably similar to those of other peptides
investigated by our group (see sections 3.4 and 3.5). The surfaces prepared with and without 25
percent TFE are also very similar; both amide I modes appear at 1670 cm™ and the intensities are
nearly equal within standard error (1.64 + 0.18) x 10~ and (1.44 + 0.37) x 107, respectively, see
Table 3-5). The amide ratios are 1.79 £+ 0.34 and 1.52 + 0.24 for the non- and with-TFE spectra,
respectively, which result in tilt angles of 50.7 + 4.2 and 54.2 + 3.8. Within error, it appears that

the secondary structure in solution has minimal effect on the surface structure of cecropin P1.

Proteins and peptides in the bulk phase are randomly oriented, and their corresponding
amide ratio is typically between 1.5 and 2.0."%*"° The calculated amide ratios of the CP1 ¢
spectra fall within this range, which suggests that the immobilized peptides are also are randomly
oriented. While a tilt angle value can be calculated from the amide ratios, if the ratio falls
between 1.5 and 2.0, a random immobilized peptide distribution must also be considered. Both
random coil and a-helical secondary structures in phosphate buffer at pH 7.4 form surfaces with

titled, randomly oriented a-helical peptides.
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XPS

XPS was utilized to identify the constituent atoms of the peptides and compare the
relative surface densities by comparing the carbon-gold ratios. A relatively larger carbon-gold
ratio is indicative of a higher peptide surface density. The XP survey spectra are provided in
Appendix A and show that the constituent carbon, nitrogen, and oxygen atoms were all detected.
Figure 3-13 shows the Cls and Audd”? XP multiplex spectra that were used to determine the
carbon-gold ratios and, subsequently, the relative surface densities. The carbon-gold ratio for the
CP1_c surface prepared with TFE had a slightly larger ratio, 1.42, than the surface prepared in
only pH 7.4 phosphate buffer, 1.37. The somewhat larger ratio suggests a slightly higher surface

density for the peptides immobilized to the surface in a-helical conformation.

Auad® Cls
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Figure 3-13: XP spectra of the C1s and Au4d’ regions for 9.7 uM CP1_c immobilized in pH 7.4 phosphate buffer with
and without 25 percent TFE.

Extended Peptide Adsorption Time

The adsorption of biological macromolecules from solution is normally identified by high

1

affinity isotherms.'”’ The isotherms are typically characterized by a very fast initial adsorption

due to the high affinity of the molecules towards the surface. The surface density increased at a
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much slower rate after the initial fast adsorption until equilibrium was reached. We
hypothesized that the surface density of CP1 ¢ would continue to increase as a function of
adsorption time. We tested this hypothesis by returning the peptide samples to solution after
RAIRS analysis for up to 23 days. We did not collect XP spectra for the extended adsorption
time study in order to avoid any possible X-ray induced damage to the samples. Figure 3-14

shows the amide regions of the RAIR spectra collected for both samples from 1 to 23 days.
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Figure 3-14: The amide vibration region of cecropin P1 immobilized with and without 25% TFE recorded at increasing
adsorption time.

For the two samples, both the amide I intensities and the amide I:II ratios increase over
time, suggesting that the surface density increases and the average orientation becomes more
parallel to the surface normal. Figure 3-15 shows the amide I intensities for both surfaces as a

function of time along, with the respective tilt angles.
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Figure 3-15: Plot of the amide I mode absorbance intensity as a function of time for cecropin P1 immobilized with and
without 25% TFE. The inset plot is of the calculated average peptide tilt angles relative to surface normal.

Figure 3-15 shows the integrated intensities of the amide I mode as a function of
adsorption time. Clearly the amide I intensities of both surfaces increase over time, even after
three weeks of adsorption. The inset plot of the average tilt angles as a function of time suggests
that while the angles do decrease over time, the change is slight with a near 5 degree change
from day 1 to day 23. This small decrease in average tilt angle suggests that the peptides remain

flat on the surface, even at higher surface densities.
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3.3.3 Cecropin P1 Solution Effects: Solution Concentration

RAIRS

Adsorption to a surface is affected by time, as well as adsorbate solution concentration,
and the influence of peptide solution concentration was investigated by increasing the cecropin
P1 concentration from 9.7 to 29.1 uM. The peptides were prepared in pH 7.4 phosphate buffer
with and without 25 percent TFE. The amide regions of the RAIR spectra are shown in Figure
3-16.
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Figure 3-16: Amide vibration region of the RAIR spectra recorded for cecropin P1 immobilized with and without 25%
TFE at a peptide solution concentration of 29.1 pM in pH 7.4 phosphate buffer.

The amide I modes of both spectra again appear near 1670 cm™, which is characteristic of
mostly a-helical peptides. The amide I mode intensities are (2.07 + 0.15) x 10~ and (1.65 +
0.078) x 107 for the spectra with and without TFE, respectively. Both of the amide I intensities
are larger than the corresponding intensities of the surfaces prepared at a lower surface
concentration (9.7 uM), which suggests a higher surface density of immobilized peptides.
Within error, the two peptide films had the same average tilt angles, 53.2° + 1.3 and 52.9° £ (0.2

for the TFE and non-TFE conditions, respectively. The amide ratios are within the 1.5-2.0 range
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and the calculated tilt angles should be considered part of a random distribution of the peptides

on the surface.
XPS

XP spectra of the peptide surface were again collected to identify the constituent atoms
and ascertain the relative surface densities via the carbon-gold ratios. The XP survey spectra are
provided in Appendix A and the constituent carbon, nitrogen, and oxygen atoms of the peptides
can clearly be identified. The XP multiplex spectra of the Cls and Au4d” regions are shown in
Figure 3-17. As was observed using the lower peptide solution concentration, the peptide
surface prepared with TFE had a larger carbon-gold ratio, 1.94, than did the surface prepared
without TFE, 1.57.

The higher peptide solution concentration appears to have a small effect on the surface
structure of immobilized CP1 _c, with the only observable difference being a slightly higher
surface density compared to a lower solution concentration. There was very little dependence on
the peptide secondary structure in solution, outside of a small increase in surface density for the

peptides immobilized as a-helices with TFE.
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Figure 3-17: XP spectra of the C1s and Au4d’® regions for 29.1 uM CP1_c immobilized in pH 7.4 phosphate buffer with
and without 25 percent TFE.

3.3.4 Cecropin P1 Solution Effects: Buffer pH

The solution pH can have a large effect on the solution structure of proteins and peptides
because both inter- and intramolecular binding phenomena, such as secondary and tertiary
protein structures, are influenced by electrostatic interactions. The effect of a more basic pH on
the secondary structure of cecropin P1 in solution was demonstrated in Section 3.3.1 via circular
dichroism spectroscopy. In phosphate buffer containing 50 percent TFE at pH 9.2, the a-helical
content of the peptides was reduced from 54 percent at pH 7.4 to 33 percent at pH 9.2.

The adsorption of CP1 _c to gold may be different at a more basic pH because of the
charged residues found in the peptide. The polar face of the cecropin P1 helix contains five
cationic residues at physiological pH. At higher pH, the charged residues can become
deprotonated, which affects the intermolecular non-covalent bonding and reduces the ability of
the peptides to fold into helices. At pH 7.4, the proximity of the immobilized helical peptides is
limited due to electrostatic repulsion of the cationic groups of neighboring molecules. At higher

pH, the cationic charges are deprotonated and we hypothesized that electrostatic repulsion of
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neighboring immobilized peptides might be diminished. This hypothesis was tested by preparing
CP1_c with and without 25 % TFE in phosphate buffer at pH 9.2 and CAPS buffer at pH 11.

RAIRS pH 9.2

RAIR spectra were collected for CP1_c with and without 25 percent TFE at both pH 9.2
and 11.0, which are slightly below and above the isoelectric point of cecropin (10.56).!”> At the
isoelectric point pH, all amino acid residues of the peptide are neutral. The amide regions of the
pH 9.2 spectra are shown in Figure 3-18. The amide I frequencies of both spectra are near 1670
cm’', which is again characteristic of o-helical conformation. The calculated amide ratios and
corresponding tilt angles are again within the range of the randomly distributed peptides. The
non-TFE sample spectrum had an amide I intensity of (1.57 + 0.035) x 10™ with an average tilt
angle of 54.6 + 0.9 whereas the TFE-containing sample spectrum had an amide I intensity of
(1.44 £ 0.042) x 107 with an average tilt angle of 53.2 + 1.3.  Within error, there was no
observable difference between the samples prepared at pH 9.2 with and without 25 percent TFE.
The results were not unexpected since a pH of 9.2 is still below the pl of cecropin P1, which
means that peptide most likely still contained ionized species, and the charged residues would

prevent close packing. In the next experiment, the pH was increased to 11.
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Figure 3-18: Amide vibration region of the RAIR spectra recorded for cecropin P1 immobilized with and without 25%
TFE at a peptide solution concentration of 9.7 puM in pH 9.2 phosphate buffer.

RAIRS pH 11

The highest attainable pH with a phosphate buffer is approximately 9.2, and in order to
increase the pH to a more basic level, a different buffer was needed. We used N-cyclohexyl-3-
aminopropanesulfonic acid, or CAPS, to prepare a 0.1M buffer at pH 11. The surfaces were
prepared at concentrations of 9.7uM in pH 11 CAPS buffer with and without 25 percent TFE.
The amide regions of the RAIR spectra are shown in Figure 3-19 and appear very similar to
those recorded at pH 9.2. The amide I intensity of the surface prepared with TFE is 1.92 x 107
and has a tilt angle of 51.37° and the surface prepared without TFE has an amide I intensity of
1.63 x 107 with a tilt angle of 51.69°. The overall intensities of the amide I modes at pH 11
were slightly higher than those at pH 9.2, but the average orientation was again tilted with
respect to surface normal. The decreased electrostatic repulsion achieved by deprotonating the
cationic residues in basic pH does not appear to have a significant effect on the surface structure

of the immobilized peptides.
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Figure 3-19: Amide vibration region of the RAIR spectra recorded for cecropin P1 immobilized with and without 25%
TFE at a peptide solution concentration of 9.7 pM in pH 11 CAPS buffer.

3.3.5 Cecropin P1 Solution Effects: Sulfur Oxidation State and Peptide Aggregation

Peptides and proteins that contain cysteine residues can form disulfide bonds that link
two molecules together to form a dimer. We hypothesized that the size difference between
modified cecropin P1 monomers and dimers might affect their adsorption behavior. The
adsorption of biological macromolecules to surfaces is largely mass transport controlled, which
means that smaller molecules can diffuse to the surface more easily than can larger molecules.
In addition, due to diffusivity differences, the adsorbed dimers and monomers may have different
effects on the equilibrium surface density and structure. The results presented so far have shown
that the peptides adopt a highly tilted, random like orientation on the gold surfaces. When a
peptide lies flat on the surface it can block other gold binding sites from being available. A
peptide dimer can occupy up to twice the two dimensional space of a peptide monomer and,
therefore, can block twice as many gold binding sites. Blocking of the gold binding sites can
diminish the adsorption rate and lower the equilibrium surface density of the adsorbate

molecules.
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Peptides and proteins, along with non-biological polymers, can form aggregates in
solution with sizes ranging from dimers to large polymers.'”> Many of the aggregates form from
non-covalent interactions, such as hydrogen or electrostatic bonding. In some cases, dimers are
formed from covalent bonds, with one example being a disulfide bond formed via the oxidation
of two thiol moieties. Disulfide bond formation is found extensively in large peptides and
proteins; in fact disulfide bonds are an integral part of the tertiary structure of proteins as they

link together different structural domains of a peptide.'”™

The thiol moiety found on the terminal cysteine residue of the modified cecropin P1 is
readily oxidized by oxygen, metal ions, and other agents. Typically, two oxidized forms of the
thiol are found; sulfonic acids and disulfides. The disulfides form from the oxidation and
binding of two thiol groups on neighboring cysteine residues of two modified cecropin Pl
molecules. The formation of the peptide dimers can be shown by using sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) because the larger peptide dimers have less
electrophoretic mobility than do the peptide monomers.'”> SDS-PAGE images of reduced and
non-reduced CP1 c are shown in Figure 3-20. Lanes 4, 7, and 10 contain peptide not treated
with TCEP and these lanes show a shorter migration than the other lanes suggesting that the non-
TCEP treated peptides contain significant dimerized species. The higher molecular weight dimer
has migrated less than the monomer, which is a clear indication that the TCEP has reduced the

peptides to monomers.
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Figure 3-20: Image of a SDS-PAGE experiment demonstrating the effects of TCEP on cecropin P1 dimers. Lane 1:
marker; Lanes 2 and 3: reduced CP1_c pH 7.4; Lane 4: non-reduced CP1_c pH 7.4; Lanes 5 and 6: reduced CP1_c pH
10; Lane 7: non-reduced CP1_c pH 10; Lanes 8 and 9: reduced CP1_c pH 11; Lane 10: non-reduced CP1_C pH 11.

The cecropin P1 molecules used in this study were not treated with any type of reducing
agent to diminish or eliminate disulfide bonds. We wanted to test our hypothesis that the
dimerization state of the peptide molecules did in fact affect the subsequent surface structure. To
do so, all of the terminal cysteine residues of the peptides were converted into free thiols by
using the disulfide-specific reducing agent Tris(2-carboxyethyl) phosphine to the buffer. The
specificity of TCEP towards the reduction of disulfides has been shown in the literature.'”®
TCEP is advantageous compared to other disulfide reducing agents such as trialkyl phosphines
because it has very high water solubility and a high stability in air. TCEP is also compatible
with biomolecules because it does not react with other functional groups, is effective over a large

pH range, and is can be used at millimolar concentrations.

To investigate the effect of disulfide reduction on the surface structure of cysteine-
terminated cecropin P1, 5 mM TCEP was added to the peptide solutions, which consisted of 9.7
uM peptide in pH 7.4 phosphate buffer with and without 25 percent trifluoroethanol. The

surfaces were again characterized with RAIRS and XPS as well as surface plasmon resonance.
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SPR was employed to acquire a quantitative comparison of the surface density of the

immobilized peptides under reducing and non-reducing conditions via the introduction of TCEP.
RAIRS

Figure 3-21 shows the amide regions of the RAIR spectra for CP1_c prepared with 5 mM
TCEP with and without 25 percent TFE. Figure 3-21 also contains the RAIR spectra recorded
for CP1_c under equivalent conditions without the TCEP. The effects of the reducing agent are
clearly evident as the amide peak intensities of the reduced CP1 _c spectra are much larger than
the non-reduced spectra. The amide I intensity of the spectrum prepared with TFE is (3.34 +
1.74) x 107 with a corresponding tilt ratio of 48.6 = 2.2 and the non-TFE spectrum has a amide I
intensity of (2.75 + 1.66) x 10~ with a corresponding tilt angle of 52.2 + 0.3. The much higher
peak intensities suggest that there is a higher peptide surface density. Under reducing conditions,
the presences of TFE in the buffer resulted in a statistical difference in tilt angle, which suggests
that the reduced peptides, in monomeric form having a-helical conformation in solution, form a
slightly closer packed structure upon immobilization to the gold. The closer packing might be
due to the fact that peptides in a-helical form occupy a smaller solution volume than the random
coil peptides, and after immobilization to the surface, occupy a corresponding smaller surface

arca.
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Figure 3-21: Amide vibration region of the RAIR spectra recorded for cecropin P1 immobilized with and without 25%
TFE and 5 mM TCEP at a peptide solution concentration of 9.7 pM in pH 7.4 phosphate buffer. The dotted line spectra
are those from Figure 3-18 and are shown for comparison.

XPS

XP spectra were recorded to identify the constituent atoms and to compare the relative
surface densities via the carbon-gold ratios. The survey spectra are shown in Appendix A and
the constituent carbon, nitrogen, and oxygen atoms can be clearly identified. Figure 3-22 shows
the C1s and Audd®? regions of the XP multiplex spectra. The carbon-gold ratios for the reduced
peptides are 3.00 with TFE and 2.44 without TFE. Under reducing conditions, the adsorption of
both the solution a-helical and random coil peptides resulted in a larger carbon-gold ratio than all
the other peptide solution conditions investigated. Clearly reducing the dimer peptides in

solution prior to adsorption is having a significant effect on the surface density.
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Figure 3-22: : XP spectra of the C1s and Audd® regions for 9.7 pM CP1_c immobilized in pH 7.4 phosphate buffer with
and without 25 percent TFE

Further evidence for increased surface density is shown in the sulfur region of the XP
multiplex spectra. The S 2p region of the XP spectra for the peptide surfaces prepared with
TCEP are shown in Figure 3-23 along with those prepared without TCEP with all other
conditions equivalent. The spectra collected under reducing conditions have much larger sulfur
signals than the spectra collected under non-reducing conditions. The results again agree with
the XP survey and RAIR spectra which also showed evidence of a higher peptide surface density

obtained under reducing conditions.

Thiol groups, as with hydroxyl moieties, are readily oxidized in atmosphere as well as by

oxygen dissolved in aqueous solutions.'”” We observed a higher energy sulfur peak present in

every sulfur region of the XP spectra. The lower energy thiolate-gold peak is found at 162 eV'"®

17 along with a shoulder at 164 eV. The shoulder peak can be attributed to free thiols,'™ which
indicates that some of the peptide molecules have not covalently bonded to the gold. The
peptides might be non-covalently bound to the gold through other interactions, as it is known that
cationic peptides bind to gold substrates electrostatically via the interaction of the cationic lysine

181, 182
d. "

residues and the gol In addition, we observe a significant peak at 167 eV, which is
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characteristic of a higher oxidation state. The peak at 167 eV can be attributed to highly

83 The sulfur atoms probably become

oxidized sulfur atoms found in a sulfate group, SOs.
oxidized due to reaction with oxygen dissolved in the buffer and from reaction with atmospheric
oxygen. Even though oxidized sulfur was observed, the presence of the gold-thiolate

photoelectron peaks clearly demonstrate the peptides do covalently bond to the gold surface.
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Figure 3-23: XP multiplex spectra of the S 2p3 region for cecropin P1 immobilized with and without TFE and TCEP in
pH 7.4 phosphate buffer.'s’
Surface Plasmon Resonance

Surface plasmon resonance experiments were performed to obtain a quantitative
measurement of the effects of TCEP on CP1 _c adsorption to gold. We hypothesized that the

conversion of peptide dimers into monomers would influence the adsorption rate as well as the
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equilibrium peptide surface density. SPR experiments were performed under reducing
conditions and non-reducing conditions via the addition of TCEP. The sensorgrams shown in
Figure 3-24 are the difference between the sample (which contained peptide) and blank (which
contained everything except peptide) experiments. The difference sensorgram eliminates the
effects of non-specific binding from buffer constituents as well as the effects of bulk refractive

index changes.

The sensorgrams are characterized by a very fast initial binding phase that occurs within
the first 90 to 120 seconds. The non-reduced sensorgram then begins to level off with only a
minor increase in response over the next 28 minutes. The reduced sensorgram response, on the
other hand, continues to increase up to 200 seconds and also begins to level off. However, in
contrast to the non-reduced sensorgram, the response continues to increase over the duration of
the experiment. At the end of the experiment, the reduced sensorgram is still increasing as the

slope has not yet plateaued, suggesting that adsorption continues after 30 minutes.
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Figure 3-24: SPR sensorgrams for cecropin P1 immobilized with and without S mM TCEP in pH 7.4 phosphate buffer.
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The response unit value of the sensorgrams is directly related to the surface density with
one response unit equivalent to 1 pg/mm”. The non-reduced sensorgram had a final RU value of
453 + 8 and the reduced sensorgram was 814 + 110 RU. These data most clearly demonstrates
that the addition of TCEP to the peptide solutions results in a higher surface density. It is
interesting to note that the RU value of the reduced samples had a much higher standard
deviation than the non-reduced samples. This can be attributed to non-specific binding of the

TCEP molecules to gold, a phenomenon that has been observed previously.'™

3.4  Surface Structure of PGQ and the effect of solution secondary conformation

We followed our study of immobilized cecropin pl by investigating the surface structure
of the antimicrobial peptide, PGQ. Like cecropin P1, PGQ demonstrated binding selectivity for
the pathogenic bacteria strain E. coli O157:H7.”> However, the physical structure of PGQ is
different that cecropin P1 as it is shorter (31 vs 24 residues), contains more non-polar residues
(45 percent vs 35 percent) and fewer cationic residues (3 vs 5) than cecropin P1. We wanted to
determine if PGQ adopted a similar surface structure after immobilization to gold, which would

provide additional insight into the importance of surface structure on binding selectivity.

Two 13 uM 600 pL solutions of PGQ were prepared in pH 7.4 phosphate buffer. Twenty
five percent TFE was prepared by adding 150 pL of neat TFE to 450 uL of buffer. Gold slides
measuring one square centimeter were added to each solution. After 18-24 hours of immersion,
the substrates were removed, rinsed with phosphate buffer (without TFE), deionized water, and
dried with ultrahigh purity nitrogen. The samples were immediately analyzed via RAIRS,
followed by XPS.

RAIRS

RAIR spectra were collected of PGQ ¢ immobilized to gold to determine the secondary

structure and average orientation of the surface-bound peptides. The full RAIR spectra of
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PGQ _c immobilized with and without 25 percent TFE are shown in Appendix A. The most
important information from the RAIR spectra is found in the carbonyl stretching region near
1600 cm™, where the amide I and amide II modes are located. Figure 3-25 focuses on the amide

mode region of the spectra.
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Figure 3-25: Amide region of the RAIR spectra collected for PGQ immobilized in pH 7.4 buffer with and without 25
percent TFE at a solution concentration of 13.0 pM.

The amide I mode of both spectra was centered near 1670 cm™, which, according to the

143, 168, 185 186 The intensity of

literature, is characteristic of an a-helical peptide conformation.
both amide modes was slightly larger for the peptide solution with TFE, which suggests a
slightly higher surface density. The ratios of the amide modes for each spectrum were slightly
different; the spectrum recorded without TFE had an amide ratio of 1.39 and the spectrum
recorded with TFE present had a ratio of 1.14. The ratios, according to equation 3-2, correspond
to average tilt angles of 56.2 and 60.9°, respectively. For PGQ, the secondary structure in
solution appears to have had little effect on the surface structure, as both systems were composed

of highly titled a-helical peptides.
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XPS

While RAIRS spectra can provide important information pertaining to the structure of the
immobilized peptides, it cannot provide information about the identity and bonding of the
constituent atoms that comprise the peptide molecules. X-ray photoelectron spectroscopy can be
used to both identify and quantify different atomic species present on the surface. XP survey
spectra were recorded for immobilized PGQ_c with and without 25 percent TFE and are shown
in Appendix A. The characteristic carbon, nitrogen, and oxygen signals were detected. 3- 26
shows the Cls and Au 4d’ regions of the XP spectra, and by calculating the ratio of the

a>? signals, a qualitative peptide surface density can be

integrated areas of the Cls and Au 4
determined. The spectrum recorded without TFE had a Cls:Au 4d®* ratio of 2.44 and the
spectrum recorded with TFE had a ratio of 3.02. The larger ratio suggests that there is an

increased amount of carbon, which is indicative of a larger surface density.
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Figure 3-26: XP spectra of the C1s and Au4d’ regions for 13.0 yM PGQ_c immobilized in pH 7.4 phosphate buffer with
and without 25 percent TFE
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The relative surface density of covalently bound thiol-containing molecules can be
determined from the amount of sulfur detected via XPS. Figure 3-27 shows the sulfur 2p’ region
of the multiplex XP spectra for PGQ with and without TFE. Clearly, the peaks for the spectrum
with TFE are larger than those without TFE, which are indistinguishable from the noise. The
sulfur XP data agrees with the other observations regarding the increased surface coverage

because a higher amount of sulfur is the direct consequence of a higher peptide surface density.
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Figure 3-27: XP spectra of the S 2p region for 13.0 pM PGQ_c immobilized in pH 7.4 phosphate buffer with and without
25 percent TFE

From RAIR and XP spectra, the basic surface structure of covalently bonded cysteine-
terminated PGQ on gold can be inferred. After removal from solution and drying with nitrogen,
the peptides form a layer consisting of primarily highly titled a-helices, oriented parallel to the
surface. The surface structures were very similar, regardless of the secondary structure in
solution, which suggests that the TFE-induced a-helical structure in solution has little influence
on surface orientation or secondary structure; however both RAIRS and XPS data suggest that
the peptides immobilized in the presence of TFE had a slightly larger surface density. The
observations agree with those of the cecropin P1 that the peptides immobilized in a-helical

conformation, rather than random coil, form slightly denser surface layers.
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3.5 Surface Structure of Pleurocidin and the effect of solution secondary conformation

We next turned our attention to the antimicrobial peptide, pleurocidin. In the whole cell
binding assays performed by the Mello group, pleurocidin, along with PGQ and cecropin P1,
were investigated for selective binding of pathogenic E. coli O157:H7. Unlike PGQ and
cecropin P1, pleurocidin showed very little binding specificity, which might be caused by a
different surface structure of immobilized pleurocidin relative to PGQ. Pleurocidin and PGQ
have a nearly identical percentage of hydrophobic amino acid residues (44 and 45 percent,
respectively), but differ in the number of cationic residues (7 and 3, respectively). We
hypothesized that the larger number of cationic charges on pleurocidin may cause it to adopt a
different surface structure than PGQ. The hypothesis was tested by recording both RAIR and XP

spectra of cysteine-terminated pleurocidin to determine the surface structure.

Pleurocidin samples were prepared similarly to PGQ with one sample containing 25%
TFE and the other only phosphate buffer at pH 7.4. The Pleurocidin concentration in each
solution was 11.0 pL. RAIR and XP spectra were recorded by using the same parameters

utilized for PGQ.
RAIRS

RAIR spectra were recorded for PL_c to help determine both the secondary structure and
average orientation of the immobilized peptides. The full RAIR spectra of immobilized
pleurocidin, recorded with and without 25 percent TFE, are shown in Appendix A. The most
important structural information is found in the amide region near 1600 cm™, and that area of the

spectra is shown in Figure 3-28.
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Figure 3-28: Amide region of the RAIR spectra collected for PL._c immobilized in pH 7.4 buffer with and without 25
percent TFE at a solution concentration of 11.0 pM.

The amide regions of the pleurocidin spectra are very similar to those of PGQ. Both
spectra recorded with and without TFE have an amide I mode centered near 1670 cm™, which is
again indicative of a mostly a-helical conformation of the immobilized peptides. The ratio of the
amide I and II intensities are 1.12 for the non-TFE spectra and 1.55 for the with-TFE spectra,
respectively. The average tilt angles, determined by using equation 3-2 were 61.34° non-TFE
surface, and 53.65° for the with-TFE surface. The intensity of the amide modes on the TFE
containing spectrum are larger (see Table 3-5) than those without TFE, suggesting a slightly

higher surface density.
XPS

XP spectra were recorded for PL_c to again identify the constituent atoms of the peptide
and to get a qualitative comparison the quantity of gold-thiolate bonding. The XP survey spectra
of pleurocidin with and without 25 percent TFE are provided in Appendix A. The constituent
atoms, carbon, nitrogen, and oxygen, were all detected. Figure 3-29 shows the Cls and Audd™?
regions of the XP multiplex spectra, which were used to determine the relative surface densities.

The C 1s:Au 4d*” ratio with TFE is 3.85 compared to 2.98 for the non-TFE spectrum. Figure 3-

129



30 shows the sulfur 2p° region of both spectra, which revealed that the pleurocidin immobilized
with TFE had a higher amount of sulfur. The larger sulfur signal suggests that the PL ¢

immobilized with TFE had a larger surface density.

£l
8
>
‘0
c
[0]
E
345 340 335 330 300 295 290 285 280
£
8
2
%)
c
[J]
E
345 340 335 330 300 295 290 285 280
Binding Energy (eV) Binding Energy (eV)

Figure 3-29: XP spectra of the C1s and Audd’ regions for 11.0 pM PL_c immobilized in pH 7.4 phosphate buffer with
and without 25 percent TFE
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Figure 3-30: XP spectra of the S 2p region1 for 11.0 pM PL_c immobilized in pH 7.4 phosphate buffer with and without
25 percent TFE
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The RAIR and XP spectra for the pleurocidin samples are very similar to those of PGQ,
which suggests that pleurocidin adopts a similar surface structure, and is influenced by TFE in
the same manner as PGQ. The immobilized PGQ molecules form a highly titled layer of a-
helices on the gold surface, and the peptides adsorbed as a-helices in solution form a slightly
denser layer on the surface. The similar surface structures of PGQ and pleurocidin disprove our
hypothesis that the four additional cationic residues found on pleurocidin would affect the
immobilized peptides. The conformation and average orientation adopted by the peptides
appears to be independent of the primary structure of the peptides. As long as the peptides are
amphipathic in nature, the number of non-polar or cationic residues does not affect the surface
structure. We offer a more detailed discussion next of why the solution conditions and primary

structures had little effect on the peptide immobilization.

3.6 Discussion of Antimicrobial Peptide Surface Structure, Orientation, and

Conformation

The work described in this chapter is one part of an on-going collaboration with the Dr.
Charlene Mello of the US Army Natick Soldier Center in an effort to develop biosensors
containing antimicrobial peptide arrays. Our efforts focused on determining the surface structure
of the immobilized antimicrobial peptides and the effects of solution conditions, and it serves as
one of the first studies to investigate naturally occurring antimicrobial peptides. We investigated
the surface structure three peptides, cecropin P1, pleurocidin, and PGQ, in effort to expand the
information obtained from an earlier whole cell binding assay performed by the Mello group.”
The three peptides form linear amphipathic a-helices in their active configuration, and differ in
charge (CP1 +5, PL +7, PGQ +3) and hydrophobicity (CP1 35%, PL 44%, PGQ 45%). The
native peptides were slightly modified via the addition of a terminal cysteine residue to promote
binding to gold substrates through the thiol moiety on the cysteine residue. The modification
was shown to have minimal effect on the solution structure of the peptides as compared to the
non-modified peptides. Below, we review the key results and provide a discussion of how the
primary and secondary structures of the peptides had the largest influence in their surface

structure.

The peptides PGQ, Pleurocidin, and Cecropin P1 all exhibited similar surface structures

when immobilized to gold at physiological pH. In aqueous buffer, the peptides exhibit a random
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coiled secondary structure, which is characteristic of amphiphilic peptides because hydrogen
bonding to polar solvent molecules is more favorable than intermolecular hydrogen bonding.
When the peptides are folded in to a-helices, the non-polar amino acid residues are placed in
close proximity to each other, which is an energetically unfavorable configuration. In order to
overcome this barrier, the non-polar residues must have other intramolecular interactions that are
more energetically favorable. Upon binding with a lipid-containing bacterial membrane, the
peptides fold into a-helices because the non-polar residues interact with the lipid membrane
while the polar residues interact with the polar constituents of the membrane as well as the polar
solvent molecules. The introduction of a non-polar solvent, such as trifluoroethanol, to the
peptide buffer can induce the peptides to fold into a-helices because of the favorable interactions

between the non-polar residues and the non-polar trifluoroethanol molecules.

Cysteine-terminated PGQ, Pleurocidin, and Cecropin P1 were all adsorbed to gold
substrates with and without trifluoroethanol present in the pH 7.4 phosphate buffer. The random
coil and a-helical secondary structures of CP1 c¢ in solution were confirmed by circular
dichroism measurements and similar conformation changes for PGQ and Pleurocidin have been
demonstrated previously in the literature.'®” '** All three peptides exhibited similar secondary
conformation and surface densities after immobilization to gold, irrespective of the secondary
structure in solution. In all cases, based on assignment of the frequency of the amide I
absorbance mode, the peptides were a-helical on the surfaces in atmosphere. Even when the
peptides were immobilized as random coils, they folded into a-helices upon removal from the
buffer. Without the non-polar solvent molecules present, intermolecular hydrogen bonding
occurs, which drives the peptide conformational change. The conformational change driven by

the removal of solvent has been observed previously.'®

All of the peptides formed a random distribution of tilted a-helices on the surface. The
calculated tilt angles were independent of solution secondary structure and were typically
between 50 and 55° according to the molecular coordinate system described in Figure 3-5.
However, almost all of the peptide films had a calculated amide intensity ratio between 1.5 and
2.0, which is characteristic of randomly oriented peptides as observed in bulk phases.'®"'"
Based on the intensity of the amide I modes and the carbon-gold ratios as measured with XPS,

the surfaces immobilized as a-helices in solution had slightly higher surface densities than did
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the peptides immobilized as random coils. The a-helical peptides in solution are more compact
and occupy less volume than do the random coil peptides. Because of their smaller volume, the
helical peptides might be able to diffuse to the surface at a faster rate than the random coil
peptides, and once immobilized, they occupy a smaller surface area per molecule. The
combination of the two factors is most likely responsible for the observed slightly higher surface

density for the peptides adsorbed as a-helices.

TFE TCEP

Peptide  Conc. pH (%) (mM) Amide I (x 10'3) Amide Il (x 10"3) Ratio Tilt
CP1_c 9.7 7.4 0 0 1.64+0.18 0.96 +0.16 1.79+0.34 50.7+4.2
CP1_c 9.7 7.4 25 0 1.44 +0.37 0.95+0.18 1.52+0.24 54.2+3.8
CP1_c 9.7 7.4 0 5 2.75+1.66 1.66+0.18 1.66 £ 0.03 52.2+0.3
CP1_c 9.7 7.4 25 5 3.34+1.74 1.74 £ 0.52 1.95+0.20 48.6 +2.2
CP1_c 29.1 7.4 0 0 1.65+0.08 1.03 £ 0.06 1.60+0.01 52.9+0.2
CP1_c 29.1 7.4 25 0 2.07 £0.15 1.31+0.09 1.59+0.09 53.2+13
CP1_c 9.7 9.2 0 0 1.57+£0.04 1.05+0.01 1.49 £ 0.05 54.6 £ 0.9
CP1_c 9.7 9.2 25 0 1.44+0.42 1.05+0.27 1.52+0.24 54.2 +3.8
CP1_c 9.7 11 0 0 1.63 1.00 1.63 51.69
CP1_c 9.7 11 25 0 1.92 1.12 1.71 51.37
CP1_c 9.7 11 0 5 2.00 1.17 1.71 51.37
CP1_c 9.7 11 25 5 1.85 1.23 1.5 54.25

Table 3-5: Summary table of the amide peak data from the RAIR spectra recorded under the various solution conditions.

TCEP
Peptide Conc. pH TFE (%) (mM) C: Au Ratio
CP1_c 9.7 7.4 0 0 1.40
CP1_c 9.7 7.4 25 0 1.42
CP1_c 9.7 9.2 0 0 1.73
CP1_c 9.7 9.2 25 0 1.66
CP1_c 29.1 7.4 0 0 1.57
CP1 ¢ 29.1 7.4 25 0 1.94
CP1 c 9.7 7.4 0 5 2.44
CP1 c 9.7 7.4 25 5 3.00

Table 3-6: Summary table of the Cls:Audd™” ratios determined from XP multiplex spectra recorded under the various
solution conditions

133



Cecropin P1 was chosen for a more detailed study into the effects of solution factors on
surface structure. The effects of the solution concentration on the peptide structure were
investigated by increasing the CP1 c concentration from 9.7 to 29.1 uM. The increased
concentration of peptides led to surface structures similar to those observed at the lower
concentration. Whether immobilized as random coils or a-helices, the peptides again formed a
highly tilted layer on the gold surface. The amide I intensities were higher for both the random
coil and o-helical spectra at the higher concentration relative to the corresponding lower
concentration spectra, which is indicative of higher surface densities. The carbon-gold ratios
determined from XPS supported the RAIRS data as both higher concentration ratios were larger
than the corresponding low concentration ratios. In addition, at higher peptide solution
concentration the RAIR and XP spectra data again suggested a slightly higher surface density for
the a-helical peptides. The higher concentration of peptides in solution does appear to have a
small effect on the adsorption rate, but despite the slightly larger surface density, the orientation
of the peptides were still highly titled on the surface and independent of conformation in

solution.

Circular dichroism measurements revealed that the solution pH influences the secondary
structure of CP1_c in solution. At a basic pH of 9, the a-helicity was reduced by over 20 percent
relative to physiological pH of 7.4 and the effect can be attributed to a disruption of the
electrostatic interactions of the peptides with the environment. At physiological pH, the cecropin
P1 helix contains five positively charged residues along the polar face. The formation of a stable
a-helix requires a delicate balance between hydrophobic and electrostatic forces and the change
in pH causes an imbalance of these forces. CP1 c was immobilized to gold using phosphate
buffer at pH 9.2 and CAPS buffer at pH 11 to determine if the surface structure was affected by
the disruption of the electrostatic forces felt by the peptides in solution. We hypothesized that
the peptides may be able to create a denser layer on the surface if the cationic residues were fully
or partially neutralized due to deprotonation of the ammonium groups on the lysine residues.
The hypothesized charge reduction/elimination would diminish electrostatic repulsion of

neighboring peptides and allow them to come into closer proximity.

The RAIR spectra recorded at basic pH were very similar to those recorded at

physiological pH. The peptides again formed a highly tilted layer irrespective of conformation
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in solution. The carbon-gold ratios determined via XPS, however, did not follow the same trend
observed at physiological pH. At pH 9.2, the ratio for the a-helical peptides was only slightly
larger than the random coil ratio, and at pH 11 the ratio was larger for the random coil peptides.
While both the a-helical and random coil peptides formed highly titled layers on the gold, at
higher pH the surface density was independent of the solution conformation. This is most likely
caused by the fact that at higher pH the peptides do not fold into a-helices as effectively as at
physiological pH. In essence, at substantially basic pH, the peptides are immobilized as random
coils irrespective of the presence of TFE in the buffer. However, when the surfaces are removed
from solution, the peptides fold into a-helices because hydrogen bonding with solvent molecules

is no longer possible.

The effect of the oxidation state of the terminal cysteine residues of CP1_c on the surface
structure was investigated by adding the disulfide specific reducing agent tris 2-(carboxylethyl)
phosphine to the phosphate buffer. If oxidation is favorable, disulfide bonds can form between
neighboring thiol moieties. The disulfide bond links two peptide molecules to form a dimer and
the larger size of the dimer compared to the monomer can affect the adsorption kinetics and
peptide diffusivity. The addition of TCEP to the peptide solution had a large effect on the
peptide surface density. Both the solution random coil and a-helical peptides had higher surface
densities as shown by RAIRS, XPS, and SPR. The o-helical peptides form a denser layer than
the random coil peptides as evidenced by both the amide I mode intensities and carbon-gold
ratios. The SPR sensorgrams provided the most convincing evidence of the increased surface
density due to the reducing effects of the TCEP. The reduced peptides had an average surface
density of 814 pg/mm” compared to the non-reduced peptides that had an average density of 453
pg/mm’. However, even with a near 80 percent increase in surface density, the peptide layers
formed under reducing conditions were highly tilted with an average tilt angle again near 50°.
None of the solution conditions investigated here resulted in a close-packed vertical layer of

peptides.

An important question stemming for the results presented is why did the peptides adopt a
very similar surface structure independent of solution conditions? Cysteine-terminated PGQ,
pleurocidin, and cecropin P1 all formed highly titled layers independent of secondary structure in

solution, and the secondary structure of the immobilized peptides was always a-helical. The
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cecropin P1 peptides also showed very similar surface structures independent of pH, solution
concentration, or the presence of peptide dimers linked via a disulfide group. The only
significant difference observed was an increased surface density when the disulfide-containing
peptide dimers were reduced to monomers. The key to explaining the surface structures is the

primary and secondary structures of the peptides.

As was explained above, the antimicrobial peptides contain, in addition to other types,
both hydrophobic and cationic amino acids that occupy different faces of the a-helix. An
important structural requirement of a well-ordered high density surface is that the immobilized
molecules are packed tightly enough that intramolecular forces are felt.  Favorable
intramolecular forces, such as the van der Waals attractive forces that are shown to drive the
organization of alkanethiol SAMs into a well ordered crystalline-like structure,'” are necessary
to form a well-ordered close-packed surface. When two antimicrobial a-helical peptides are in a
vertical orientation and close enough for intramolecular forces to be important, the two distinct
faces of the helix gives rise to three possible intramolecular interactions, shown schematically in
Figure 3-31, and only one of them is favorable. First, the hydrophobic face can interact with the
cationic polar face, which is an unfavorable interaction. Second, the cationic polar faces of two
peptides can interact, but this is also unfavorable due to electrostatic repulsion at pH below the
isoelectric point. The third interaction is from the close contact of two hydrophobic faces, which
is favorable. Hydrophobic interactions have been used to form a peptide layer of close-packed
all vertical helices, but those peptides were designed to contain only non-polar hydrophobic

amino acids.!?> 4% 152

If present in a-helical conformation, close-packed amphipathic
antimicrobial peptides cannot interact solely through hydrophobic interactions. If the
hydrophobic face of one peptide is interacting with the hydrophobic face of another peptide, the
opposite polar faces of the neighboring peptides cannot interact favorably with other close-
packed peptides. The amphipathic nature of the peptides prevents them from being able to close
pack on a surface, and without favorable interactions with nearby surface-bound peptides the

molecules “lay down” on the surface. The peptides investigated in our study all adopted a highly

titled arrangement of a-helices, which suggest that they were not close-packed.
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Figure 3-31: Schematic drawing of the possible intramolecular interactions of the immobilized peptides: 1)
Hydrophobic-polar (non-favorable), 2) Hydrophobic-hydrophobic (favorable), 3) polar-polar (non-favorable due to
electrostatic repulsion).

In addition to the peptide molecular structures preventing close-packing, there is a
peptide-surface interaction that also promotes the formation of highly titled immobilized peptide
layers. Cationic residues, such as glycine and lysine, have an affinity for gold and can direct the
peptides to predominantly flat orientations in order to maximize the contact area between the
gold surface and the polar face of the peptides. The pH of the peptide solution was increased to
11, which is above the isoelectric point of cecropin P1, using CAPS buffer in an attempt to
deprotonate the cationic amino acids and diminish or even eliminate the influence of the cationic
charges on surface structure. The basic pH, however, had little effect on the surface structure as
the peptides were again highly titled and randomly packed on the surface regardless of secondary
structure in solution. The minimal effects of the high pH can probably be attributed to the loss of
helical content. Circular dichroism spectra showed an over 20 percent loss of helicity at pH 9.2,
which is still below the pl of CP1 _c. At pH 11 all the cationic residues are deprotonated, which
should have a very significant effect on the ability of the peptides to fold into a-helices. With a
diminished ability to form a-helices, the peptides adsorb to the gold as random coils regardless
of the presence of TFE in the buffer. The immobilized random coil peptides do not close pack
on the surface due to the lack of favorable intramolecular interactions. The high pH may
eliminate electrostatic effects, but the peptides lose the ability to fold into a-helices in solution

which prevents the ability to form a mostly vertical close-packed surface layer.
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The majority of the solution conditions investigated, including pH, peptide concentration,
and solution secondary conformation, had very little effect on the resulting peptide surface
structure. Only minor differences in peptide surface density were. One final condition, the
dimerization state of the peptides, was investigated and it did have a significant effect on binding
characteristic of cecropin P1. The elimination of peptide dimers via the reduction of
intramolecular disulfide bonds by introducing TCEP into the buffer led to a large increase in the
surface density of the peptides, however even at an increased surface density the peptide layer
was still highly tilted with respect to surface normal. While the same prohibitive intramolecular
forces, such as electrostatic repulsion, exist for the peptides adsorbing as pure monomers, the
SPR data provided quantitative surface density measurements which help demonstrate another
reason the peptide layers were mostly horizontal. The non-reduced peptide had an average SPR
response of 453 RU which is equivalent to 453 pg/mm” and a surface concentration of 0.0132
nmol/cm’. The average radius of an o-helix is 2.3 A and the length of per amino acid of an a-
helical peptide is 1.5 A. For cysteine-terminated CP1, the helix has dimensions of 4.6 A
diameter by 48 A length. In a totally flat orientation, each helical peptide occupies a surface area
of 2.21 nm®. For a peptide layer with a surface concentration of 0.0132 nmol/cm?, each peptide
occupies a surface area of 12.53 nm® which puts the peptides too far away from each other to be
close packed even in flat configuration. The reduced peptides formed a layer with surface
density of 814 pg/mm?’, equivalent to a surface concentration of 0.0236 nmol/cm’. Each peptide
at that surface concentration occupies a surface area of 7.02 nm* which is over three times larger
than the surface area of close-packed flat peptides. These calculations demonstrate that the
immobilized peptides, even under reducing conditions, are spread too far apart on the surface to

organize into a well-packed layer.
3.7 Conclusions and Future Work

Our work has demonstrated that the antimicrobial peptides PGQ, Pleurocidin, and
Cecropin P1 immobilized on gold are a-helical and highly tilted relative to surface normal. The
same average orientation and secondary conformation was observed for all the solution
conditions investigated. The surface structures were determined for the peptides in atmosphere
or a dry air environment, which is much different than the environment often found when the

peptides interact with bacteria. The structure of the immobilized peptides in solution may be
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much different than those observed out of solution. Another group at the University of Michigan
that is part of our collaboration with the Mello Group, has performed some preliminary Sum
Frequency Generation Spectroscopy (SFGS) experiments on the immobilized peptides. SFGS is
a spectroscopic technique that can record the vibrational spectra of molecules at interfaces in the
presence of bulk phases. The new results indicate that our hypothesis is correct: the structure of
the immobilized peptides while in the aqueous buffer is different than what we have observed in

air. Future experiments will continue to investigate the surface structures in solution.

In addition to studying the structure of the immobilized peptides in a liquid environment,
other solution parameters such as ionic strength will be explored in future work. Earlier studies
of E. coli binding to immobilized peptides showed a dependence on ionic strength,”> but little is
known about the effects on the surface structure. Perhaps an increased ionic strength in the
peptide buffer may shield the effects of electrostatic repulsion and allow the a-helical peptides to
pack closer at pH’s below the pl. The amino acid sequence of the peptides might be changed to
increase or decrease the number cationic groups or the helix may be extended away from the
surface by introducing spacer glycine groups between the cysteine and first helix residue. The
increased space from the gold substrate may eliminate the non-covalent interaction between the

lysine groups and the gold surface.

Our work here has helped to initiate the study of immobilized antimicrobial peptide
structure. Future experiments will help to increase our understanding of peptide adsorption to
surfaces and might eventually allow for control over the surface structure. The ability to control
peptide surface structure will have tremendous application for biosensing platforms such as

discriminatory pathogen sensing or immunoassays.
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Chapter 4

Design and Construction of an Ultrahigh Vacuum Surface Analysis Instrument with Triple

Gas Dosing Capabilities
4.1 Background and Motivation

In this next part of our infrared spectroscopic based investigation of surfaces pertinent to
chemical and biological warfare agent defense, we shift our focus to the study of chemical
agents. The strategy currently used by the Army for chemical warfare agent decontamination
uses vaporous hydrogen peroxide and chlorine dioxide to oxidize surface-bound agents. Studies
exist demonstrating the efficacy of the oxidizing agents in solution,> *" "' however very few
studies exist that explore surface chemistry that occurs when the vaporous decontamination
formulas interact with both the warfare agents and the militarily-relevant substrates. The
reaction products, both in the gas phase and remaining on the surface, are unknown, and the
products maybe deleterious to both personal and sensitive equipment. Further understanding of
the chemistry that occurs when an oxidizing gas interacts with both bare and simulant covered
surfaces is necessary to develop the best and safest chemical warfare agent decontamination and

protection strategies.

The study of fundamental chemistry that occurs in gas-surface reactions has two
important stipulations that must be satisfied. First, the molecular structure of the surface prior to
any reaction must be well characterized. Typically, the structure of the surface under
investigation is controlled or chosen beforehand to contain desired properties. Self-assembled
monolayers comprised of alkanethiols immobilized on gold substrates are used extensively to
control surface structure, however many other techniques are available as well."”* In addition to
controlling the surface structure, the most important requirement for studying a gas-surface
reaction is that the surface remains clean by careful control of the external environment.
Maintaining a clean surface is not easy because of the incredibly fast adsorption process that is

dependent on pressure. To study a gas-surface reaction in situ, proper conditions must exist so
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that the time it takes for a monolayer to form is longer than the time of the experiment. A typical
gas-surface reaction study requires many hours to complete, therefore experiments are performed
in the ultrahigh vacuum pressure regime where the monolayer formation time is excess of 10,000

seconds.

Monolayer
Pressure Mean Free Path Gas Density Formation
(torr) (m) Molecules / m’ (sec)

760 7.0E-08 2.0E+25 1.0E-08
1 5.0E-05 3.0E+22 1.0E-06
1.0E-03 5.0E-02 3.0E+19 1.0E-03
1.0E-06 5.0E+01 3.0E+16 1.0E+00
1.0E-10 5.0E+05 3.0E+12 1.0E+04

Table 4-1: Pressure ranges and the corresponding gas properties. The monolayer formation time assumes a sticking
probability of unity.

In addition to monolayer formation time, the mean free path of gas molecules, which is
the average distance a gas molecule travels before colliding with another gas molecule, is very
important. It is also crucial that probe particles, such as ions and electrons, interact only with the
surface of interest before reaching the detector. The largest mean free path should be larger than
the dimensions of the analysis chamber, and for most chambers this requires pressures at least in
the high vacuum regime. Obtaining a consistent pressure in the ultrahigh vacuum range is not a
trivial endeavor and requires specialized equipment and instrument design. This chapter
describes the design and construction of a new ultrahigh vacuum surface analysis instrument
built in our lab that has the capability of directing up to three gases or vapors simultaneously to a

surface of interest.
4.2 Description of the Triple Gas Dosing Surface Analysis Chamber
4.2.1 Overview of the Chamber Design

In designing the surface analysis chamber, we had four key goals in mind. Figure 4-1
shows a schematic of the general design of the surface analysis chamber and helps describe
graphically how we accomplished our design goals. For the first goal, we needed the ability to
control the sample position and temperature. This was accomplished by including a precision

sample manipulator and mount containing both heating and cooling elements. Second, we
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desired the ability to characterize the surfaces before, after, and during the reaction with gas
phase species. We incorporated three analytical instruments into our design to accomplish the
second goal. Reflection infrared spectroscopy is used to monitor the surface bound reaction
products, mass spectrometry is used to monitor the desorbed gas phase reaction products, and X-
ray photoelectron spectroscopy is used to acquire elemental analysis before and after the surface
reactions. The third key goal was the ability to dose the surface with multiple gas phase
reactants simultaneously. This was accomplished by including three capillary array dosers in
addition to a precision gas leak valve. The fourth goal was the ability to transfer new samples
into the UHV environment rapidly without the need to break vacuum. This was accomplished
via the use of a load lock system which isolates the sample introduction chamber from the main
chamber. In the following sections, each part of the chamber design is explained in greater

detail.

IR Source and
Focusing Mirrors:
monitors surface-
bound products

X-ray photoelectron

Leak valves and Spectrometer:
mulf[l-source elemental analysis
capillary doser

system

Mass spectrometer for
Partial Pressure

Characterization
Surface/
Manipulator

} = O
/

Rapid Sample Transfer
Load-Lock System

Mass Spectrometer:
monitors
desorption products

MCT Detector

Figure 4-1: Schematic drawing highlighting the features and overall design of the new surface analysis chamber.
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4.2.2 Chamber Construction

When designing an ultrahigh vacuum surface analysis chamber, careful attention must be
paid to avoid possible leak sources. The chamber material must have a very small outgassing
rate, and it must be mechanically strong enough to withstand the force of atmospheric pressure
(14.7 pounds/inch?). A common material with the desired properties is 304 stainless steel, which
is what we selected for our chamber. After initial fabrication, the inner surfaces are
electropolished to remove adsorbed species prior to the chamber being sealed and pumped down.
Connecting the chamber to external components, like pumps and pressure gauges, is done using
a ConFlat™ seal. Each the two flanges to be connected are sharpened to a knife edge and a
copper gasket is placed between the two knife edges. Bolting the two flanges together causes the
knife edges to cut into the copper gasket creating a seal that can maintain pressures down to 107
Torr. The copper also “flows” to fill in small defects in the knife edge to further help seal the

edges between two flanges.

The surface analysis chamber consists of three main components: the main chamber, the
mass spectrometry chamber, and the load lock. The main chamber is composed of 1/8” 304
stainless steel cylindrical dome that contains 21 flanges of various sizes located along the
surface. Figure 4-2 shows the locations of the various flanges and Table 4-2 describes the
diameter and physical location of the flanges with respect to an azimuthal angle referenced to

flange 1 and a polar angle referenced to a vertical surface normal.
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Figure 4-2: Schematic diagram of the top view of the main chamber showing the locations of the 21 flange ports. See
Table 4-2 for flange sizes and locations.

Flange Azimuth Polar Flange OD Focal Length
Number Angle Angle Inches Inches
1 0 90 2.75 7.00
2 188 90 2.75 7.00
3 0 180 14 9.50
4 0 0 6 7.00
5 244 90 8 7.00
6 50 90 6 7.00
7 110 90 6 6.78
8 274 45 6 8.50
9 274 122 2.75 9.00
10 78 45 6 10.00
11 110 45 2.75 9.50
12 176 45 2.75 7.00
13 225 45 2.75 7.00
14 26 45 2.75 7.00
15 330 45 2.75 7.00
16 341 90 1.33 6.50
17 207 90 1.33 6.50
18 290 90 2.75 7.00
19 306 114 2.75 8.00
20 306 66 2.75 7.00
21 127 45 2.75 7.00

Table 4-2: The size, location, and orientation of the 21 flanges of the surface analysis chamber.
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4.2.3 Chamber Pressure Reduction: Vacuum Pump Selection

Obtaining pressures in the ultrahigh vacuum range requires a specialized pumping setup.
Normally the chamber is initially “roughed out” using a mechanical or sorption pump that
reduces the pressure from atmosphere (760 Torr) to approximately 10 Torr . At that point, the
primary pump, which include diffusion, ion, cryogenic, titanium sublimator, and turbo molecular
pumps, is initiated and used to obtain even lower pressures. On our chamber we use the latter
tubromolecular pumps that are backed by mechanical roughing pumps. We have chosen
magnetically-levitated turbo pumps because they offer high pumping speeds (2000 L/s), are
extremely reliable, effectively pump all gases, can be operated in corrosive environments, have
very low vibrations, are oil-free, can be mounted in many configurations, and are normally

maintenance free for up to ten years.

The main turbo pump, attached beneath the chamber through flange number 3 in Figure
4-2, is a magnetically levitated HiMag® 2400 from Pfeiffer Vacuum that has a maximum
pumping speed of 2000L/s. The turbo pump is backed by an oil-free scroll pump from Ulvac
Vacuum (model DIS-250). The main turbo pump and the mechanical backing pump are
separated by a pneumatic right angle valve (Kurt J. Lesker, Model SAOI00PVQF) that is
controlled via a custom written software program that will be described later. Pressure in the
chamber is monitored with a Full Range Gauge from Pfeiffer Vacuum (model PKR 251). The
full range gauge is a combination Pirani and cold cathode gauge that uses the Pirani gauge in the
pressure range from atmosphere (760 Torr) to 10* Torr, and the cold cathode gauge at at
pressures below 10™* Torr . The pressure at the mechanical pump foreline is monitored with a

pirani gauge.
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Figure 4-3: Schematic drawing of front view of the entire chamber setup. The following components are labeled: (1)
Main chamber, (2) mass spec detector chamber, (3) main chamber turbo pump, (4) FTIR spectrometer, (5) sample
manipulator, (6) capillary array dosers.
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Figure 4-4: Schematic diagram of the back view of the entire chamber. The following components are labeled: (1) main
chamber, (2) XPS hemispherical analyzer, (3) X-ray source, (4) load lock, (5) FTIR spectrometer.

4.2.4 Sample Position and Temperature Control

Proper positioning and alignment of the sample is of crucial importance when studying
gas-surface reactions because the analytical instruments used to monitor the reactions require
precise orientation. Our chamber contains a precision sample manipulator from McCallister
Technical Services that allows for specific translation in the X, Y, and Z direction as well as
rotation angle manipulation. The nearly 360° rotation capability stems from the differentially
pumped seals that are connected separately to low and high vacuum parts of the chamber. The
manipulator is attached to the top of the chamber at flange 4 (see Figure 4-2) and contains a
custom five-flanged top hat that feed into a six-inch long bellows. A precision ground stainless

steel rod that attaches into the chamber to secure the sample mount is attached to the upper 1

147



1/3” flange of the manipulator. The other four mini flanges in the top hat serve as feedthroughs

for the various components needed for sample temperature control.

The test surfaces are secured to a multi-piece sample mount that is based on a similar
design developed by a former member of our group, Larry Fiegland."”> The setup of the sample
stage assembly is shown in Figure 4-5. A copper block serves as the mounting piece of the stage
and it is secured to the precision ground rod with a stainless steel clamp. The copper block has a
%" diameter threaded mounting dock machined to one side. The main copper block was also
designed to allow for a liquid nitrogen dewar and UHV button heater to be connected, which
enables temperature control of the surfaces over a large range. The sample mount is secured to
the copper block via the use of a linear/rotary precision magnetic manipulator (Transfer
Engineering and Manufacturing, Inc., model DBLRP). Attached to the magnetic manipulator is
a transfer key that is designed to maintain a tight connection with the sample mount until it is
firmly secured to the stage. A diagram of the transfer key along with the sample mount are
shown in Figure 4-6, which demonstrates the locking mechanism. The posts on the sample

mount only fit into the transfer key in one orientation. When the transfer key is rotated, the bolt

heads of the sample mount posts cannot be removed which ensures the security of the mount.
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Figure 4-5: A CAD drawing of the sample mount setup. The sample mount is secured to the copper sample block by
screwing it on to a threaded knob.
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Figure 4-6: A CAD drawing of the sample mount and transfer key. The posts of the mount fit into the holes on the
transfer key. When the key is rotated, the sample mount is locked in place.

4.2.5 Sample Introduction: Load Lock Chamber

When operating an ultrahigh vacuum chamber, it is of crucial importance that the UHV
pressure level be constantly maintained. Many surface samples are prepared in atmosphere and
any attempt to transfer the samples directly into the UHV chamber would cause catostrophic
damage to the chamber and the turbo pumps. In addition, if the installation of a new sample
required a total chamber vent each time, it would take an unacceptable amount of time to reach
the UHV pressure range (<10 Torr). In order to facilitate fast, safe transfer of samples from
atmosphere into the UHV chamber, a load lock system is employed. The UHV chamber is
isolated from the load lock using a manual 6” gate valve from Kurt J.Lesker (model
SG0400MCCF) and the pressure in the load lock is maintained at 107 Torr via the use of a 60
L/s ion pump from Duniway Stockroom (rebuilt Varian model 911-5034). To introduce a sample
from atmosphere, the ion pump is first isolated by closing a 2 % inch pnematic gate valve from
Kurt J. Lesker (model SGO150PCCF). The load lock is then vented to atmospheric pressure with
house nitrogen after which the load lock door can be opened followed by sample introduction.
After securing the sample and closing the load lock door, the chamber is initally evacuated using
a liquid nitrogen cooled molecular sorption pump. Pressure in the load lock is monitored using a
Full Range Gauge from Pfeiffer Vacuum, and once the pressure has reached 10™* Torr, the 2 %
inch pneumatic gate valve is opened to the ion pump on the high vacuum side of the load lock.

The sorption pump is then isolated from the load lock by closing a pneumatic right angle valve
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(Kurt J. Lesker Model SAO0100PVQF) and the entire load lock is further evacuated by the ion
pump. When the load lock pressure has reaced 5 x 107 Torr , the manual gate valve is opened
slowly and the sample is transferred into the chamber as described earlier. When the gate valve
is opened, the pressure in the main chamber typically rises to 1 x 10® Torr. After sample

transfer, the transer arm is withdrawn and the manual gate valve is closed.

Figure 4-7: Schematic diagram of the load lock setup. The following components are labeled: (1) ion pump, (2) 2 % inch
pneumatic gate valve, (3) transfer arm, (4) pneumatic right angle valve, (5) sorption pump

4.2.6 Gas Phase Reactant Introduction

The reactant gases are introduced into the chamber using two different effusive methods,
where effusion is defined as the emergence of a gas from a small hole. The first method uses a

variable saphire-plate precision leak valve from Duniway Stockroom (model VLVE-1000) that
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allows for gas leak rates down to 107" Torr L/s. The leak valve is located at flange 15 and is
heated with heat tape controlled with a Variac unit to ensure low vapor pressure liquid samples
properly volitalized. The second gas effusion method uses a custom capillary array doser.'”
The most important advantage of our chamber is that it allows for the simultaneous use of three
capillary array dosers which are located at flages 18, 19, and 20 (see Figure 4-2). The dosers can

be used to control the flux of reactant gas molecules at the surface.

The capilary array doser design was based off the work of Zhukov'*® and Yates,"” and a

8."® The doser contains a Pyrex capillary with an internal

schematic is shown in Figure 4-
diameter of 0.08 mm and a total length of 20 mm. When dosing, the high pressure side of the
doser can be controlled by opening a teflon-sealed glass valve; typically the pressure is near 50
Torr. The doser is connected to the chamber with a glass-to-stainless steel ConFlat flange. The
end of the doser contains a baffle plate which randomizes the motions of the gas molecules
before they escape through a glass array containing 120 holes 0.5 mm in diameter. The baffle

ensures that the gas molecules leave the doser in a uniform directed flux which allows for

calculation of the number of reactant molecules contacting the surface.

Enlarged view of the front of the
gas doser.

Figure 4-8: Schematic drawing of the capillary array dosers. The following components are located at (A) Teflon-sealed
glass valve, (B) 0.08 mm diameter glass capillary (C) 2.75” conflate flange with glass-to-metal seal, (D) glass doser head
containing the 120 hole array, which is shown in detail in the inset.
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4.2.7 Chlorine Dioxide Generation

The oxidizing gases that comprise the decontamination formulas are highly reactive and
potentially unstable, and storage of concentrated hydrogen peroxide and chlorine dioxide is
dangerous because the gases can be explosive if stored under pressure. Because of this, the
compounds are never shipped and the reagents are always made on-site. A large number of
strategies have been investigated for chlorine dioxide generation, however many of them are
suited for large scale industrial applications.'” One of the first objectives in our study of the
decontamination of surface-bound CWA simulants was to develop a safe, easy, and reproducible

method of generating chlorine dioxide.

The method we employed to generate vaporous ClO, was originally revealed in US
patent 4,292,292, The reaction is a simple acidification of aqueous sodium chlorite as shown

below:
5NaClO, + 4 HCI — Cl0O, + 5NaCl + 2H,0

Typically a 15% molar excess of HCI is used and the reaction requires approximately 30 minutes
to reach completion. A significant benefit of the selected procedure is that the reaction bi-

products are non hazardous and easy to dispose.

With a simple procedure in hand to generate the ClO,, the next step was developing a
way to introduce the reactive gas into the chamber where it could interact with the surface of
interest. A modified glass gas bubbler was designed and constructed in order to facilitate the
generation of CIO,, and a schematic drawing of the modified bubbler is shown in Figure 4-9.
The primary modification is the addition of a port and glass straw that reaches the bottom of the
bubbler. The ClO, generation is started by placing 3-5 milliliters of a 0.1-2.0 M aqueous solution
of NaClO; in the bottom of the bubbler. The system is then evacuated and purged with ultrahigh
purity nitrogen. 0.1-1.0 mL of 1-10 M HCI is then added to the NaClO, by syringe injection
through a rubber septum placed on the glass port, labeled HCI in Figure 4-9. The reaction begins
immediately when the first drop of HCI hits the solution and the reaction progress can be
monitored by observing the color of the solution. The NaClO; is colorless but ClO; is a yellow-
greenish color. When the gas is dissolved, the solution turns yellow to brown, depending on the

concentration. The concentration of ClO; in the gas phase can be controlled via temperature due
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to solubility, because below 10 °C, ClO; is completely soluble in water and over 10 times more
soluble than chlorine. The dissolved CIO; is also very stable, as it undergoes hydrolysis 7 to 10
million times slower than chlorine gas. The gas can then be desolvated by increasing the
temperature via the use of a water circulation bath. The evolved gas is then directed to the
chamber by the flow of the nitrogen carrier gas through Teflon tubing and into the glass capillary

array doser described in Chapter 4.
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Figure 4-9: A schematic diagram of the modified gas bubbler used for to generate and introduce chlorine dioxide vapor
into the surface analysis chamber.
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4.2.8 Analytical Instrumentation

The ability to monitor gas-surface reactions performed in ultrahigh vacuum requires that
various analtyical instruments are interfaced with the chamber. Our instrument is interfaced with
an FTIR spectrometer, a mass spectrometer, and an X-ray photoelectron spectrometer which
enables us to gather complimentary data before, during, and after the gas-surface reactions. This

section describes each instrument and how it is interfaced with the UHV chamber.

The chamber is interfaced with a dry air purged Nicolet Nexus 670 Fourier Transform
Infrared Spectrometer via two nitrogen-purged aluminum mirror optics enclosures. Figure 4-10
shows a schematic diagram that outlines the path of the IR light through the chamber. The
infrared light exits the spectrometer and is reflected off a gold-coated flat mirror (Bruker Optics
IM190-GH) towards a gold-coated parabolic focusing mirror (Bruker Optics IM137-GH, focal
length 250 mm). The parabolic mirror focuses the light through a differentially pumped
potassium bromide window located at flange 2, towards the surface where it reflects at precisely
86° towards another KBr window located at flange 1. After passing through the window, the
diverging IR light reflects from another focusing mirror (Bruker Optics IM137-GH, focal length
250 mm) that directs the light towards another 90° flat mirror (Bruker Optics IM190-GH). The
flat mirror directs the light towards one final focusing mirror (Bruker Optics IM151-GH ,focal
length 69 mm) that focuses the light into the mecury cadmium telluride (MCT-A) detector.

Figure 4-10: Schematic drawing of the infrared light path originating in the Nexus 670 FTIR and ending at the external
MCT-A detector.
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The mass spectrometer is an ABB Extrel (model: MEXM 1000) from EXTREL and has a
2-1000 amu range with 1 amu resolution. Maintaining pressures lower than 107 Torr is crucial
when operating the mass spectrometer to minimize the interference of background gases when
monitoring products from a particular gas-surface reaction. To ensure that the low pressure is
constantly maintained, the mass spectrometer analyzer is housed in a doubly-differentially
pumped chamber located separate from the chamber (flange 5). The first stage of the mass spec
chamber is pumped by a 200 L/s turbo pump and the second stage by a 400 L/s turbo pump, both
from Pfeiffer Vacuum (models TMH 200M and TMH 400M, resepectively). Both turbo pumps
are backed by a mechanical pump from Garver Vacuum (model 1101006401). As with the main
chamber turbo pump, the mass spec turbos are separated from the mechanical pump foreline by a
pnematic right angle valve (Kurt J. Lesker, model SAO1I00PVQF). The detector chamber stages
are separated from each other and from the main chamber by apertures that control the flux of
gas molecules which, in turn, limits the pressure. The main chamber and first detector stage are
separated by a 4.7 mm aperture and the first stage and second detector stage are separated by a
4.3 mm aperture. The presure in the dector chamber is monitored with a cold cathode gauge

from Pfeiffer Vacuum.

Unlike infrared and mass spectrometry, X-ray photoelectron specroscopy is not typically
performed in situ. Because of this, we designed our chamber to include a second focal point,
used only for XPS, positioned away from the gas doser focal points. The second focal point is
located exactly four inches below the primary focal point. The sample is rotated 66° clockwise
and lowered with the precision maniuplator where the surface rests only 0.25 inches from the tip
of the X-ray source. The X-ray source, detector, and electronics are part of a 5400 system from
Phi. The X-ray source, positioned at flange number 7, is a dual source Mg/Al anode (model 04-
500). The ejected photolelectrons are detected in a 30 cm diameter hemispherical energy

analyzer (model 10-360) located at flange 11.
4.2.9 Ultrahigh Vacuum Interlock Program

The operation of an ultrahigh vacuum system requires that system is constantly safe from

events that may cause catostrophic damage. A very significant problem that can occur is if
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power is suddenly interupted and both the turbo and backing mechanical pumps shut down. In
this situation, a pressure gradient exisits between the ultrahigh and low vacuum regions of the
two pumps. The pressure will naturally try to equalize by flowing from the high pressure area to
the low pressure area, and the problem herein stems from the fact that mechanical pumps use oil
as a lubicant. If the pressure suddenly tries to equalize, the flow from high to low pressure areas
will bring the pump oil along with it which will contaminate the ultrahigh vacuum chamber. In
order to guard against such castrophic events as well as to allow for control over the entire UHV
chamber with one computer system, an interlock system was designed and built for the

instrument.

The interlock system is a home-written computer program that monitors the pressure at
the various locations of the chamber and compares them to preset set points. If satisfactory
pressure conditions are not met, through a series of home built electronics, the program instructs
the pneumatic gate valves to close and the turbo pumps to shut down. This section describes the
entire inlerlock program design, including the interlock relay electronics, the pressure gauge

electronics, and the interlock program that runs the system.
Interlock Program and Electronics

The interlock program was created with Lab View Software, Version 8.2, available from
National Instruments. The software uses a graphical programming language called G that greatly
simplifies the necessary code writing for creating programs. The program communicates with a
series of Field Point relays that are stationed in the interlock electronics box though a 15 pin
serial cable. The FP relays contain a master relay (National Instruments: model FP-RLY-420)
that sends and receives signals from the sub relays, each of which contain eight indidual circuits.
Our system has three sub relays, therefore with our setup we have the capability to control up to
24 sepearate devices. Each of the twenty four relays are assigned a communication channel
within the Interlock Lab View program. For example, the pneumatic right angle valve separating
the main turbo pump and the foreline is assigned to relay position 1. The open or closed status of
the valve is determined by the open or closed status of the relay in position 1. When the
interlock program determines that potentially dangerous conditions exist, such as loss of power

or unacceptable pressures, the relay receives a signal to open which in turn closes the pneumatic
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right angle valve. The entire logic of the interlock program will be explained in more detail

below.

The interlock electronics unit consits of a series of 20 relays interfaced with the Field
Point relay circuits that supply 110 VAC to a plug located at the back of the box. Each relay is
controlled by a three-position manual switch located at the front of the box that allows for each
circuit to be turned on, off, or set to allow for computer control via Field Point. If the switch is
set to on or off, the commands sent from the computer are ignored. The logic of one of the
twenty circuits is shown in Figure 4-11. The interlock box is connected to standard a 110 VAC
power supply. After passing through a 20 amp fuse, the current flows through a momentary
switch. This switch is connected to a latching relay that closes only when the momentary switch
is depressed. With this setup, in case of total power failure, the electronics can only be restarted
manually which allows the user to ensure that all appropriate set points and chamber conditions

are satisfied before resuming operation.

If the latching relay is closed, the AC current is supplied to 20 three-position switches in
parallel and an AC-DC converter power supply. The converter changes the voltage from 110
VAC to 30 VDC, which is used to power the Field Point relays as well as the indicator LED’s
located above the three-position switches on the outside of the electronics unit. The three-
position switches are each connected to a mechanical relay that is designed to close if 110 VAC
is supplied. If the three-way switch is in the on position or in the computer controlled position,
and the Field Point is relaying an ‘on’ signal, the mechanical relay switches to the closed
position, which routs 110 VAC to the associated plug as well as 30 VDC throuh a 22 kQ resistor
toa 5 V DC green LED. If the mechanical relay is open, 110 VAC is not sent to the plug and the
30 VDC is sent to a red LED. The 110 VAC plugs are used to control the pneumatic gate and
right angle valves located at varioius positions of the chamber. By using the interlock system,

the status of the valves can be controlled automatically with a PC.
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Figure 4-11: Schematic diagram of the wiring of the interlock electronics box. The box contains twenty individual
circuits containing a mechanical relay and LED.

The entire logic of the interlock program is based on the comparison of the live chamber
pressures to pre-determined setpoints. In order to simultanously read the pressure from multiple
locations throughout the chamber, a custom made pressure gauge electronics box was home built
and is interfaced to the interlock computer. The gauge box consisits of ten identical cirucuits
that both supply power to and relay the signal voltages from the gauges. An example of the
gauge box circuits is shown in Figure 4-12. The main power supply is 110 VAC from the wall
which connects to an AC-DC converter, which changes the voltate to 24 VDC. The hot suppply
voltage is run in parallel to pin 4 on each of the gauge pins. The common voltage is connected to
pin 5 on each gauge and terminates at the DC supply. The gauge signal voltage is carried on pins
4 (hot) and 5 (supply). The signal voltage lines are connected to specific positions on a 68-pin

digital and trigger input/output terminal block (National Instruments, model CB68-LP), which
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simultaneously relays the signals from all ten gauges to a PCI data acquisition (DAQ) board
located in the operating PC. The DAQ board (National Instruments model PCI-6014) converts

the input analog votages into digital signals which are then used in the interlock program.
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Figure 4-12: Schematic diagram of the wiring of the gauge box. The box contains ten circuits, but the DAQ board can
accommodate up to eight simultaneous analog signals.

Interlock Program

The interlock program was writtin with Labview Version 8.2 and is based on similar
interlock programs that monitor other UHV chambers in our lab. The program consists of two
main parts; the front panel and the block diagram. The front panel is essentially the user
interface where the chamber pressures can be read, the set points can be selected, valve statuses
can be changed, and the turbo pumps can be turned on or off. Figure 4-13 shows an image of the
front panel. On the left side is a table that provides live readings of the chamber pressures at the
indicated locations. Above the pressure readings are the pressure set points as well as a pull
down menu that has preset set point values for a number of possible chamber conditions. For
example, when not in use, the ‘Standby UHV’ option is selected which then assigns approriate

set points. During a sample transfer, the setpoints need to be typically higher than during
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standby. If a user selects ‘Sample Transfer’ from the pull down menu, the setpoints change
automatically. There is a ‘Manual’ option that can be selected to allow the operator to choose
the setpoints, however all other settings available in the pull down menu do not let the operator

change the set ponts. This was done to ensure that set points could not acidentally be set

incorrectly.
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Figure 4-13: Image recorded of the front panel of the interlock program written with LabView 8.2 that protects the
chamber form catastrophic failure and allows the user to control the various valves and vacuum pumps of the surface
analysis chamber.

The bottom left of the front panel contains pressure recording options. The switch turns
the recording function on or off and the delay sets the recording intervals. The ‘path’ option
allows the user to selecte a text file to record the pressures. After the passage of each delay
period, the pressures of each part of the chamber are recorded along with a time stamp in
chronological order in the text file. The recording continues until the switch is turned off. The

recording feature was included to view the pressure history of the chamber in case of a failure.

In the middle of the front panel is a schematic of the chamber layout, which contain
graphical two-way switches that control the pneumatic valves and turbo pump. When a valve

switch is pressed, a 5 VDC signal is sent to a corresponding Field Point relay position, which
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then allows the 110 VAC mechanical relay to open sending 110 VAC to the specific mechanical
gate valve. If a turbo pump switch is pressed, a corresponding Field Point relay switch is closed;
however, unlike the pneumatic valves, the field point relay does not open a 110 VAC mechanical
relay. The three turbo pumps are configured for remote operation, and to achieve this, a 24 VDC
and 15 VDC output signal is sent from the large and two smaller turbo pumps, respectively.
These signals are connected separately to a Field Point relay switch, and when the front panel
switch is turned on, the circuit closes and the 24 or 15 VDC signal is sent to another pin on the
remote plug of the turbo pump. When these pins receive the approriate DC voltage, the pump is
started and when the DC signal is terminated, the pump shuts down. By controlling the
operation of the turbo pumps remotely, we can ensure that in case of a pressure burst or other

malfunction, pumps, as well as pneumatic gate valves, turn off approriately.

The block diagram contains the actual “code” of the program written in Labview’s G
programming language. The images of each part of the program are provided in Appendix B.
The program “flows” from left to right through a series of conditional cases that are connected
with wires. The entire program is contained in a while loop that continues indefinitely until the
‘stop’ button on the front panel is pressed. Within the while loop are a series of case structures
that the program process in numerical order beginning with case #1 on the left. The
experimental setup options and corresponding set points are determined in case #1. Within the
case is another case structure where the set points of each experimental condition are found. The

user can change the set points manually for all conditions in this part of the block diagram.

In case 2, the signal voltages are read from the gauge box using the DAQ Assistant
express VI, which greatly simplifies the coding needed to read from the many gauges. Within
the DAQ assistant, the physical DAQ board addresses are defined for each gauge as well as the
sampling rates and voltage signal ranges. The DAQ assistant VI sends a combined signal out as
dynamic data which is converted to a cluster. The cluster is unbundled and the individual gauge
voltages are sent through sub VI’s that convert the raw voltage signal into a pressure reading in
units of Torr. Each gauge type has a corresponding voltage-pressure conversion equation that
was supplied in the gauge instruction manual. The converted pressure readings are then

connected to the front panel displays and stored as individual variables.
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Case 3 is the first example of the comparison of current pressures to their respective set
points. Here, the ability to turn on the mass spectrometer electronics is dependent on the
pressures of the main and mass spectrometer detector chambers. In the case structure, the mass
spectrometer detector and main chamber pressures are compared to their set points. If neither
pressure is above their set points, a ‘0’ is returned by the selector and the mass spectrometer
electronics can be turned on. If either the main or mass spectrometer detector chamber pressures
are above their set points, a ‘1’ is returned by the selector. On the next pass through case #3, the
‘1’ case is selected and the mass spectrometer electronics variable is set to ‘False”, which
corresponds to the off position of the mass spectrometer electronics switch on the front panel.
The ‘1’ selection is then changed to a ‘0’ and the pressure comparison is made again on the next

lap of the while loop.

In Case 4, the foreline pressures are compared to their set points. If neither foreline is
above the set point, nothing is done. If either foreline pressure is above the set point, all the
pneumatic right angle valves are closed to isolate the foreline from the chambers, and the three
turbo pumps are turned off. An increase in the foreline pressure may be caused by a malfunction
of the mechanical backing pumps, and if they are not running, oil may back stream into the
chambers. This potentially catastrophic situation is prevented by closing the foreline pneumatic
valves. Case 5 operates similar to case 4 with the main chamber and mass spectrometer detector
chamber pressures being compared to their respective set points. As with case 4, if either

pressure exceeds the set point, the valves are closed and the turbo pumps are shut down.

Case 6 compares the load lock pressure to its set point. If the set point is exceeded, only
the load lock gate valve is closed which protects the ion pump from being damaged. This also
helps keep the high vacuum area of the load lock constantly evacuated and saves significant
pumping time when the rest of the load lock is re-evacuated. Case 7 similarly compares the load

lock cross pressure (the high vacuum side) to its respective set point.

In Case 8, all of the set points are compared to the live pressures. If any of the set points
are exceeded, a false signal is sent to every Field Point relay switch and the status of every valve
and switch on the front panel is turned to off, which effectively shuts down the chamber. If none
of the set points are exceeded, the original value of the valve and switch values are sent to the

Field point relays. This case was installed as a failsafe double check to ensure that at no time
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will the chamber be able to operate at full capacity if any set point pressure is exceeded. Frame 9
reads the status of every Field Point relay switch and returns the signal to the corresponding
variable. The variable update ensures that the switch representations on the front panel are
indeed representative of the actual state of the Field Point relay switches. Frame 10 performs the
pressure recording as was described earlier. Future users can add more recording options by

simply extending the array and wiring in new items similarly to those currently present.
4.3 Concluding Remarks

In this chapter, we described the design and construction a new ultrahigh vacuum surface
analysis chamber in order to study the reactions of bare and chemical warfare agent simulant-
covered surfaces with vaporous decontamination formulas currently used by the Army. The
study of gas-surface reactions is not a simple endeavor and requires specialized equipment. To
help us determine how the vaporous decon gases interact with militarily-relevant surfaces, we
designed and constructed a new surface analysis chamber. In designing the chamber, we had
four key goals; 1) the ability to manipulate and control the sample surface in vacuum, 2) the
ability to monitor surface reactions before, during, and after the introduction of a reactant gas
with multiple surface analysis techniques, 3) the ability to introduce up to three reactant gases to
the surface simultaneously, and, 4) the ability to introduce new samples into the chamber rapidly
without the need to break vacuum. Our surface analysis chamber allows us to carefully control
many aspects of the gas-surface reactions of interest including the background pressure, the
sample surface temperature, and the flux of gas molecules interacting with the surface of interest.
In the following chapter, we describe the initial experiments performed in the new chamber

which demonstrate the utility of the system and the success of our design.
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Chapter 5

Adsorption of Chemical Warfare Agent Simulants to Silica Nanoparticulate Films
5.1  Introduction

The primary objectives of this work are the study of the interaction of chemical warfare
agent simulant molecules with militarily-relevant surfaces and the decomposition pathways of
surface-bound simulants by well-known decontamination gases currently in use by the military.
Vaporous formulas containing either hydrogen peroxide or chlorine dioxide along with
concomitant vapors such as ammonia have been used by the military to decontaminate locations
and objects exposed to chemical warfare agents. While the decontamination strategies have been
effective in destroying the harmful agents, very little is known about the overall reaction
mechanisms and the role of the underlying surface. Examples of such surfaces include paint
coatings, certain plastics, or even the surfaces of microelectronics. There is a strong need to
determine how these surfaces are affected by CWA’s and the highly oxidizing molecules used in
their decomposition. The ultimate goal of this work is to provide rules for predicting the fate of
surface-adsorbed agents, which will enable scientists to develop more effective strategies for

decontamination.

Our study presented here, along with the majority of CWA research, focuses on chemical
warfare agent simulant molecules because of the highly dangerous nature of the real agents. The
real CWA’s are classified according to their physiological effect and include the blood agents,
asphyxiates (choking agents), vesicants (blister agents), and nerve agents. The latter category
has further been designated as G or V-type agents according to when they were developed. The
G agents were discovered by German scientists beginning in the 1930’s after work with
organophosphate insecticides revealed that certain formulae were harmful to mammals. Figure
5-1 and the subsequent table show the molecular structure and some physical properties of the

well-known chemical warfare agents.
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Figure 5-1: The molecular structures of some chemical warfare agents.

Name Molecular Melting Boiling Vapor Decomposition

Weight Point (K) Point (K) | Pressure (Torr) Temperature
(K)

GA, ethyl 162.1 223 493 0.037 @ 293 K 423

dimethylphosphoramidocyanidate

GB, isopropyl 140.1 217 431 2.1 @ 293K 423

methylphosphonofluoridate

GD, 3,3-dimethylbutan-2-yl 182.2 231 471 0.4 @ 298 K 403

methylphosphonofluoridate

GF,, cyclohexyl 180.2 261 512 0.07 @ 298 K

methylphosphonofluoridate

VX, S-(diisopropylamino)methyl 253.3 222 571 0.0007 @ 293 K 423

O-ethyl methylphosphonothioate

Table 5-1: Physical properties of the chemical warfare agents shown in Figure 5-

1.200

The nerve agents shown above all impart physiological havoc by disrupting the reuptake

of the neurotransmitter acetylcholine by binding to the acetylcholinesterase enzyme.

Acetylcholine is crucial in regulating nerve impulses in the body, and if excess acetylcholine

molecules are not broken down by the enzyme after an impulse, the nerves will continue to fire
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indefinitely and without voluntary control. The ultimate effect is paralysis of the muscles,
including the diaphragm, which eventually leads to asphyxiation and death. The agents are
extremely potent in low doses both through inhalation and percutaneous entry into the body.*”
The use of agents of these types in a terrorist or warfare capacity is a pressing concern to military
and civilian sectors alike, and the study of decontamination and decomposition methods has

received much attention.
CWA Simulant Molecules

Due to the extreme health risks and strict safety regulations associated with live chemical
warfare agents, very few studies using live agents exist. The vast majority of studies undertaken
outside of regulated laboratories into the decomposition of CWA’s have been done with simulant
molecules. These molecules are chosen because they possess many of the same chemical
structures and functional groups found in the live CWA’s without the extremely dangerous
health risks. Figure 5-2 and the following table provide the molecular structures and physical

properties of six of the most commonly used CWA simulant molecules.

The CWA simulants have many structural and chemical similarities to the live agents.
Trying to correlate the reactions of simulant molecules with the live agents requires using
multiple simulants because there is no single simulant that contains the same properties as a live
agent molecule. The choice of simulant depends on what part of the live agent molecule one is
trying to investigate. For example, DMMP contains two bulky ester groups attached to the
central phosphorus, and the reactivity of the ester groups could be used to predict the reactivity
of the ester groups of GA or VX. The simulant DIMP contains two isopropyl groups, which are
similar to isopropyl groups of GB and VX. The chlorinated simulant molecules, TMP and
MDCP, may have similar reactivity to the fluorinated live agents GB, GD, and GF. In fact,
MDCP contains three components similar to GB; the ester, phosphoryl, and chlorophosphate
groups. Ultimately, the choice of simulant depends on the part of the live agent that is under

study.
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Figure 5-2: The molecular structures of commonly used chemical warfare agent simulants.

Name Molecular Weight Melting Point (K) Boiling Point (K) Vapor Pressure (Torr)
DMMP 124.08 225 454 0.962
DEMP 152.13 467 5.2 (343 K)
TMP 140.08 227 470 0.85
TCP 153.33 272 378
MDCP 148.91 336
DIMP 180.18 298 394 0.277

Table 5-2: Physical properties of the chemical warfare agent simulants shown in Figure 5-2.

Previous CWA Decomposition Studies
Solution Phase Decontamination Strategies

The solution phase decomposition of the selected nerve agents has been investigated.
Under basic conditions (pH > 10), it was found that GB, GD, and VX all undergo hydrolysis
with water; however the solubility of VX in water decreases as a function of increasing pH,'*
making complete reaction of the agent difficult in highly basic solutions. Solutions containing
either sodium chlorite (NaClO;) or calcium chlorite (Ca(OCl),) can hydrolyze the P-S bond of
VX after initial oxidation of the sulfur."”' In addition, basic solutions of hydrogen peroxide have
been shown to decompose GB,”” VX,'”* and HD via the generation of the peroxy anion (OOH).
While the solution phase decontamination strategies shows promise, it is not plausible to apply

them in most situations. For example, decontaminating an entire building or even one water-

sensitive piece of equipment is unreasonable. In order to address complex decontamination
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challenges, focus has shifted to the study and development of surfaces that contain inherent

CWA decomposition properties as well as decontamination gases.
CWA Decomposition on Metal Oxides

The adsorption and subsequent decomposition of chemical warfare agents and simulants
on metal oxide surfaces has been studied for a number of systems including WO0;,* 3% Ti0,,*"
35, 3741 A1203,3 ! F6203,33 Hng,36 and Y,0;.*> Metal oxides are better sorbents and are more

- 201-203
reactive towards CWA’s than are pure metal surfaces.

The increased activity has been
attributed to the larger number of defect sites found in the oxides. Nanomaterial metal oxides
show an even larger activity enhancement that is accredited to the much larger surface area
nanoparticle, and the defect sites show even higher reactivity. Each of the oxides listed above
showed similar simulant adsorption and decomposition mechanisms. DMMP and its analogues
initially adsorb to the oxides through both Lewis acid (metal atom) and Brensted base (hydroxyl)

42,4
sites. ">+

After adsorbing to the surface, both the agent and simulant molecules can undergo an
oxidation or hydrolysis decomposition reaction. The typical resulting species are a surface-
bound O-P-O bridging species and a gas phase methoxy, or often the methoxy group remains
bound to the surface as well.*> After decomposition, however, the remaining surface-bound
species often require very high temperatures to thermally desorb form the surface. The surface-
bound reaction products essentially inactivate their occupied metal oxide binding site from
further reaction with additional CWA or simulant molecules. Eventually, the metal oxide
surface will become saturated and inert to continuous exposure to the adsorbate molecules.
While the metal oxides that react with CWA’s at room temperature are promising, the search is
still on for a more catalytic decontamination material that does not require extreme measures to

regenerate the reactive sites.
Silicon Dioxide as a Sorbent

In addition to studying reactive metal oxide nanoparticulate films, investigation of non-
reactive films is also important. The non-reactive films could potentially serve as a sorbent
material for CWA simulants and live agents. A material that adsorbs the CWA’s without

reaction would be ideal for the study of the reaction of simulants and live agents with
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decontamination gases. Silicon dioxide (SiO,) nanoparticulate films are a good potential sorbent
material for CWA’s because they can be easily loaded with silanol (Si-OH) groups that can
hydrogen bond well to the phosphoryl (P=0) and methoxy (O-CHj3;) found in the simulant

molecules.

Silica films have been investigated as a possible sorbent material for CWA’s.>> * T

n
contrast to the other metal oxide systems discussed above, SiO, does not react with adsorbed
DMMP and other simulants. At near atmospheric pressures, the simulant molecules adsorbed to
the surface and desorbed molecularly, even at elevated temperatures. The work by Tripp et al.
revealed the adsorption mechanism of DMMP and its analogues.** SiO, forms surface hydroxyl
species that populate the surface, and these groups are capable of extensive hydrogen bonding.***
DMMP and its analogues adsorb to the surface of silica via the formation of hydrogen bonds
with the free silanol groups. Tripp’s work showed that the strength of the interaction between
the simulants and the silica surface was dependent on both the type and number of hydrogen
bonding groups found within the simulant molecules. TMP, with three methoxy hydrogen
bonding groups, had the strongest interaction followed by DMMP, MDCP, and finally
trichlorophosphate (TMP), which can only bind through weak phosphoryl group hydrogen

bonding. All of the simulants desorbed in vacuum at elevated temperatures.

SiO, has also been investigated as a part of a substrate for the UV induced
photooxidation of a mustard gas simulant. Panayotov and Yates created bulk films containing a
50% mixture of SiO, and TiO, which were saturated with the mustard simulant, 2-chloroethyl
ethyl sulfide (2-CEES)*” They found that 2-CEES can be completely decomposed by the
photooxidation process, and that the reaction products are completely desorbed by heating to 400
K. The product desorption regenerates the active surfaces that can further decompose additional
2-CEES molecules. The SiO; by itself, however, was unreactive, and the Si0,-TiO, mixture was
more reactive than the TiO, alone. It is thought that the addition of SiO, generates more surface

sites that may enhance the reactivity.

The fact that the SiO, surface does not decompose CWA and CWA simulant molecules
can be advantageous. For example, the motivation for Tripp’s work was to develop a sensor that
can selectively measure CWA vapors in a gas mixture to use as an early warning system for

possible contamination. The strong adsorption characteristics of SiO, films can also be
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exploited. As was stated earlier, the motivation for constructing our triple gas dosing surface
analysis chamber was to investigate the surface reactions of vaporous decontamination formulas
with both bare and simulant-doped surfaces. Understanding the reaction of the CWA simulants
with the decon vapors is difficult if there are competing surface reactions occurring
simultaneously. The inactivity of silica towards CWA decomposition makes it a good candidate
to use as a highly sorbent material to study the reaction between the decon vapors and the

simulant molecules.

The reactivity of the military-relevant surfaces with the gases used in chemical warfare
agent decomposition is not well understood. Understanding the fate of surfaces, adsorbates, and
gases after interaction with the highly oxidizing decontamination gases is very important to both
the military and civilian sectors. For example, the reaction products of surface-bound CWA’s,
both on the surface and desorbed into the gas phase, may themselves be hazardous. The reaction
of military-relevant surfaces with the oxidizing gases may also cause unwanted damage and
compromise the integrity of the material. The ultimate goal of this project is to develop a
detailed understanding of the chemistry that occurs when oxidizing neat and modified vapors
impinge on both bare and simulant-covered surfaces of military relevance. The acquired
knowledge will help military scientists develop improved and safer chemical warfare agent
decontamination strategies. Silica is an excellent model system that we chose to use as our

initial test surface.

Prior to studying the reactions of the decon vapors with the surface-bound CWA
simulants, the adsorption to the silica surface requires a more detailed study. The study of the
gas-surface reactions with the decon vapors will include pressures below atmosphere and a better
understanding of the simulant-silica interaction at the lower pressures is needed. The adsorption
of DMMP and its analogues at saturation pressures has been studied, but relatively few studies
exist of DMMP adsorption at lower pressures. By determining the dependence of the simulant
surface coverage on pressure or a large range, insight into the adsorption mechanism can gained.
The focus of the first part this next study was to, for the first time, determine adsorption
isotherms of DMMP, TMP, and MDCP on thin silica nanoparticle films. The isotherms will help
reveal the adsorption mechanism as well as the relative simulant-silica interaction strength at

lower pressures.
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The study of adsorption of the CWA simulant to the silica nanoparticulate films also
served as an excellent test system for the new surface analysis instrument described in Chapter 4.
The work described here verified that the following systems worked: 1) the sample introduction
via the load lock system 2) the chamber pressure could be accurately measured and controlled,
3) the RAIRS system and associated optics worked properly, 4) a background flux of a choice

vapor could be introduced into the chamber in a controlled manner.
5.2 Experimental Setup
Chemicals and Reagents

Aerosil silica nanoparticles, with average surface area of 200 m*/g and 12 nm particle
diameter, were purchased from Spectrum Chemical. Dimethyl methylphosphonate (DMMP,
97%), trimethylphosphate (TMP, 99+%), and methyl dichlorophosphate (MDCP, 85%) were
purchased from Sigma-Aldrich. 2-propanol was purchased from Fisher Scientific and used as
received.  Sodium chlorite (85%) was purchased from Aldrich and used as received.
Hydrochloric acid (12M) was purchased from EM Industries. Deionized water (18.2 MQ) was
prepared using a Millipore Purification system. Gold slides were purchased form Evaporated
Metal Films and contain 1000 A gold on top of a glass substrate with a 100 A titanium or

chromium adhesion layer in between.
Sample Preparation

The silica films were prepared by a solution cast film technique. A suspension of silica
nanoparticles was prepared in which approximately 60 mg of nanoparticles were mixed with 10
mL of isopropanol. The mixture was sonicated for up to an hour to disperse the nanoparticles.
Freshly cleaned gold slides were placed into the nanoparticle mixtures for 10-30 minutes. The
slides were then removed carefully to ensure that they remained level and covered with liquid
from the nanoparticle mixture and placed into a covered glass petri dish. The dish was placed
into a vacuum desicator that was attached to a diaphragm pump, and the chamber was evacuated
to one Torr to increase the evaporation rate of the isopropanol. After 15 minutes, the pump was
turned off and the desicator was vented to atmosphere. At this point, the gold slides had a film
of silica on the surface. The slides were immediately removed and placed into the load lock of

the surface analysis chamber.
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Simulant Vaporization and Delivery

To deliver the simulant molecules to the silica films positioned in the surface analysis
chamber, a gas bubbler system was employed. The bubbler is made of glass and consists of a
long round bottom cylinder clamped to a gas inlet-outlet manifold. A glass straw extends from
the gas inlet port into the simulant liquid and the exit port is attached to stainless steel tubing that
runs to the chamber. Both the inlet and exit ports contain manual o-ring valves that allow the
inlet and outlet gas flow to be controlled. A schematic of the bubbler is shown in Figure 5-3.
The simulant liquid is placed into the glass tube and the entire system is evacuated with a
diaphragm pump to remove air from the system. The system is then backfilled with ultrahigh
purity nitrogen which is used as a carrier gas. The nitrogen enters the system through the inlet
straw where it bubbles through the simulant liquid. The bubbling causes a small fraction of the
liquid simulant to vaporize and the carrier gas and vaporized simulant exit the bubbler through

the exit port.
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Figure 5-3: A schematic diagram of the gas bubbler used for introducing simulant molecules into the surface analysis
chamber.

The bubbler is connected to the chamber with 4" diameter stainless steel tube and the
other end of the tube is connected to a sapphire precision leak valve which can control leak rates
down to 107"° Torr L/s. The leak valve and steel tubing are wrapped in resistive heating wire to
increase the temperature of their surfaces and diminish the adsorption of simulant molecules.
The temperature is controlled using Variac transformers that regulate the output current to the
heating tape. To increase the vaporization rate of the simulants during dosing, the glass bubbler
was placed into a temperature controlled sand bath or a water/ethylene glycol circulator to

maintain a temperature of 75 °C.
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RAIRS

Reflection-absorption infrared spectroscopy (RAIRS) was performed by using a Nicolet
Nexus 670 FTIR spectrometer configured for external optics, as was described in Chapter 4.
Briefly, p-component of the linearly polarized light is selected by passing through a ZnSe
polarizer. The light is focused onto the surface at the optimal 86° grazing angle where it reflects
and is focused into an MCT-A detector. Each spectrum is the average of 512 scans collected at a

resolution of 4 cm™.
Data Collection for the Preparation of Pressure Isotherms

The isotherm experiments were performed by collecting RAIR spectra as a function of
pressure. The total pressure was regulated by adjusting the gas entrant rate of a sapphire plate
precision leak valve. The pressure in the chamber was measured using a combination Full Range
gauge that uses a cold cathode gauge to measure pressures below 10™* Torr, and a Pirani gauge to
measure pressures above 10™ Torr. The experiment was started by collecting a spectrum of a
clean gold slide which was used as a reference. Next, a fresh silica film formed on a gold slide
was transferred into the chamber and a spectrum was recorded using the clean gold spectrum as a
reference. Next, a background spectrum of the silica film was collected to use as the reference
for the isotherm spectra. With this configuration, spectral peaks that have negative intensity
indicate the reduction or elimination of surface vibration modes and positive peaks indicate the

appearance and growth of surface vibration modes.

Prior to recording the isotherm RAIR spectra, the leak valve was opened to the heated
simulant bubbler for a minimum of four hours to saturate the dosing lines with the simulant
vapor. Because DMMP and TMP have low vapor pressures, the molecules are prone to
condense on surfaces until saturation is reached. After the saturation period was complete, the
isotherm experiment was started. To maintain pressures below 10~ Torr, the turbo pumps were
left on at 50 percent of maximum rotation speed. The first spectrum was recorded with the leak
valve opened far enough to provide a total chamber pressure of 1 x 10 Torr. The pressure was
then incrementally increased by further opening the leak valve. When the pressure reached 1 x
10" Torr, the turbo pumps were shut down, which resulted in the pressure increasing to 1 x 107

Torr. The pressure was increased incrementally again until the final spectra were recorded at a
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pressure of 25 Torr. After the final spectrum was collected, the pumps were restarted and the

chamber was evacuated.
5.3 Data Analysis: Isotherm Models

Several models have been developed in the past century to predict surface coverage as a
function of pressure, and many of them have been derived from kinetic, thermodynamic, and
statistical mechanistic methods.””® One of the most commonly used isotherm models used for
surface adsorption is the Langmuir isotherm which was developed by Irving Langmuir in
19187 The Langmuir equation is shown as equation 5-1 where p is the adsorbate partial
pressure, ¢* is the sorbate concentration at equilibrium, g, is the saturation limit of the sorbate
concentration, and b is the Langmuir constant, which is a ratio of the adsorption and desorption

rates.

g = q,bp
1+bP

Equation 5-1

An example of a Langmuir isotherm system is shown schematically in Figure 5-4. The
model contains a number of assumptions regarding the surface and the adsorbate molecules.
First, the sorbent surface is assumed to be perfectly flat and every adsorption site on the surface
is considered equivalent. The adsorbed molecules have no influence on remaining free binding
sites. The adsorbate molecules are also assumed to have no interactions with each other. The
final assumption is that the adsorption is complete upon the formation of a monolayer and that no
further adsorption can take place. While the equation has been applied to a great number of
systems, the necessary assumptions rarely represent reality. However, for systems that exhibit
Langmuirian type properties, the model provides a great deal of insight into the mechanism of

adsorption.
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Figure 5-4: Schematic of the adsorption process assumed in the Langmuir isotherm model. The gas phase molecules
adsorb to the vacant binding sites until monolayer saturation is reached.

Another common isotherm is the Freundlich isotherm developed by Herbert Freundlich
in 1926.® The Freundlich equation is shown below where q* is the equilibrium sorbate
concentration, p is the adsorbate partial pressure, K is the Freundlich constant and » is an
empirical exponent. The Freundlich isotherm, like the Langmuir, has a few important
assumptions. First, an infinite number of adsorption sites are assumed, which means the
isotherm equation has no upper limit. During adsorption, the most favorable binding sites are
filled first and as the adsorbed amount increases, the free energy of adsorption decreases, which
means that adsorption becomes less energetically favorable. While the Freundlich isotherm has

209-212

been used to successfully model adsorption in several systems, the assumptions limit its

applicability to many processes.
q* = Kp’
Equation 5-2

The Langmuir and Freundlich isotherms have been combined to from the Langmuir-

1.2*  The isotherm has been shown to

Fruendlich isotherm, also known as the Sips mode
successfully model a wide variety of sorption data, and the equation is shown below. The
equation variables are the same as the Langmuir equation along with the empirical parameter, n.
While many empirical parameters are not manifested in physical reality, the Langmuir-
Freundlich isotherm parameter has been used to describe the number of molecules in one
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adsorption site, which can represent the surface heterogeneity. This breaks the Langmuir

isotherm assumption that every surface binding site is homogeneous.
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* — qsbpn
1+bp"

Equation 5-3

The best isotherm models are those that are thermodynamically consistent, meaning that
they can be reduced to follow Henry’s Law (shown in Equation 5-5), which shows a linear
dependence of adsorbate equilibrium concentration on the pressure at low concentration.”’> One
of the most popular isotherms that follows thermodynamic consistency is the Toth isotherm. The
Toth model equation is shown below and contains the same variables as the Langmuir-

Freundlich isotherm.?!¢

Equation 5-4
q*=Kp
Equation 5-5

In our study, we employed the Langmuir and Toth models to fit our isotherm data
because they both are considered to be thermodynamically consistent, and they contain different
assumptions about the system. The Langmuir model assumes homogenous binding sites and
monolayer saturation, whereas the Toth model allows for heterogenous bindings sites and
multilayer binding. By determining how well each model fits the isotherm data, we will gain
insight into the adsorption mechanism of the CWA simulant molecules to silica nanoparticulate

films.
Preparation of Isotherm Data and Model Fitting Procedure

Isotherms were prepared by plotting the integrated intensity of selected infrared vibration
modes versus the calculated partial pressure of the simulant of interest. The IR mode intensities
were calculated using OPUS software from Bruker Optics and the calculated partial pressures
were determined by multiplying the measured main chamber total pressure by the mole fraction

of the simulant of interest at the experimental temperature. The mole fractions were determined
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by first calculating the simulant vapor pressure at an elevated temperature, which for TMP and
DMMP was 75°C. The vapor pressures can be calculated at higher temperatures using the
Antoine equation and the associated constants. Equation 5-6 is the Antoine equation and Table

5-3 gives the constants and calculated vapor pressures for DMMP and TMP at 75°C.

logP:A—( B J
Tr+C

Equation 5-6

Simulant A B C P (Torr) X;
DMMP 1.82239 444,796 -224.556 12.55 0.0165
TMP 4.96817 2249.287 -12.294 13.999 0.0184

Table 5-3: Antoine equation coefficients for DMMP and TMP.

The mole fraction of each simulant was determined by dividing the calculated vapor pressure by
standard atmospheric pressure, 760 torr. For the isotherm plots, the partial pressures listed are

the product of the calculated mole fractions and the measured total pressure.

The isotherm models were fit to the experimental data using the nonlinear curve fitting
program found in OriginPro 8 software from Origin Labs (Podunk, USA). The program uses the
Levenberg-Marquardt algorithm to perform the iterative least squares fitting of the equation

parameters.
5.4  Results
5.4.1 Characterization of Silica Nanoparticulate Films

The silica films were characterized prior to simulant exposure using RAIRS and ICP-ES.
The RAIR spectra were used to indentify surface-bound functional groups including the free
silanols (SiOH), which are capable of hydrogen bonding to adsorbate molecules. Monitoring the
silanol sites is important because by doing so, we can learn about their importance in simulant
adsorption. ICP-ES was used to determine the mass of silicon on the surface, from which a
surface density can be calculated. If the silicon surface density is known, along with the total

surface area and free-silanol-groups-per-area of the nanoparticles (as reported by the
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manufacture), it is possible to determine the number and density of possible adsorption sites on

the surface. These parameters are important to know when analyzing adsorption isotherms.
RAIRS of a Silica Nanoparticulate Film on Gold

Figure 5-5 shows the RAIR spectra of a solution cast silica nanoparticulate film. The
largest adsorption mode, found at 1190 cm™, is from the asymmetric stretching vibration of the
bulk Si-O-Si groups, and the corresponding symmetric stretch of the group is found at 810 cm”
' 217 The stretching mode of the free, non-hydrogen bonded silanol groups is found at 3747 cm™
and the hydrogen bonded moieties (Si-O-H--O-Si) are found as a broad peak at 3200 cm™. The
appearance of the free silanol modes is important because it is these groups that participate in
hydrogen bonding with the simulant molecules. In the RAIR spectra recorded during simulant
exposure, spectra of the clean silica films similar to that of Figure 5-5 are used as the background
reference spectrum. In this particular setup, peaks that are negative with respect to the baseline
are indicative of the disappearance of a functional group, whereas a positive peak indicates the
appearance of new functional groups. The RAIR spectrum of the clean silica nanoparticle films
clearly shows signature vibrations of bulk silica particles as well as the free silanol species,
which are capable of hydrogen bonding to the phosphoryl (P=0) and methoxy (OCH3) groups of

the impinging stimulant.
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Figure 5-5: RAIR spectrum of a silica nanoparticle film on gold prepared by the solution deposition method.

5.4.2 Simulant Dosing of Silica Nanoparticulate Films

RAIR spectra of the silica nanoparticulate films were recorded while dosing with the
CWA simulants DMMP, TMP, and MDCP at increasing total pressures in order to ascertain the
adsorption mechanism of each molecule. A plethora of information about the adsorption
mechanism can be gained from a single RAIR spectrum. Each of the simulant molecules contain
functional groups that can potentially hydrogen bond with the silanol groups found on the silica
surface. The functional groups have characteristic vibrational modes that can shift or even
disappear completely if the molecule adsorbs to the silica film via hydrogen bonding
interactions. The key hydrogen-bonding groups that are found in all three of the simulant
molecules investigated here are the phosphoryl group (P=0) and the methoxy group (OCHs).
The most important difference between TMP, DMMP, and MDCP are the number of potential
hydrogen bonding groups (see Figure 5-2); TMP has four groups (1 P=O and 3 OCH3), DMMP
has three (1 P=O and 2 OCH3;), and MDCP has two (1 P=O and 1 OCHj3). As we will show
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shortly, the number of hydrogen bonding groups was crucial to the strength of the interaction

between the simulant molecules and the silica films.

Our analysis of the RAIR spectra was performed based on the work of Kanan and
Tripp.** The vibrational mode assignments are from the literature, and comparisons to gas phase
spectra are made to the spectra published by Tripp.** Tripp also recorded the RAIR spectra of
adsorption of the simulants of interest to thin silica films at saturation pressure. We present the
mode assignments of the gas phase spectra, Tripp’s silica spectra, and our silica spectra in Table

5-4. We next present the RAIR spectra of the three simulants DMMP, TMP, and MDCP.

RAIRS of DMMP Adsorbed to a Silica Nanoparticulate Film

The RAIR spectrum of DMMP adsorbed to a silica nanoparticulate film, shown in Figure
5-6, was recorded at a total pressure of nine Torr. The mode assignments are provided in Table
5-4 along with the values from the gas phase spectrum. The interaction of the DMMP with the
free silanol groups is evidenced by change of the silanol stretching mode. The negative peak at
3747 cm™ is accompanied by a broad positive peak at 3238 cm™. The change in position of the
silanol stretching mode suggests that it is interacting with the adsorbate species. Characteristic
peaks of DMMP can also be identified. The symmetric and asymmetric C-H stretching modes of
the methoxy groups can be seen at 2958 and 2859 cm™, respectively, along with the symmetric
deformation modes of the methoxy and P-CHj3 groups at 1454 and 1420 cm™', respectively. The

asymmetric P-CH3 deformation is found at 1317 cm™.

None of the preceding vibrational modes are shifted from their gas phase assignments
(see Table 5-4), however the following modes have shifted or disappeared completely. The
phosphoryl (P=0) stretching mode has shifted from the gas phase value of 1275 cm™ to 1240
cm™, and the O-C stretching modes of the methoxy groups, found in the gas phase at 1075 and
1049 cm™, have disappeared. The change of the latter two modes suggests that they are
interacting with the silica surface, specifically through hydrogen bonding. A hydrogen bonding
interaction changes the electron density of a covalent bond resulting in a slightly weaker bond.

A weaker bond results in an infrared absorption at a lower energy. The silanol stretching mode
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and the phosphoryl mode red shift to slightly lower energies, which suggests that they may
interact through a hydrogen bond.
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Figure 5-6: RAIR spectrum of DMMP adsorbed to a silica nanoparticulate film. The reference spectrum was of the silica
film prior to exposure to DMMP.

The shift of the phosphoryl stretch and the disappearance of the O-C methoxy stretching
modes suggests two possible hydrogen bonding arrangements of DMMP with the silanol groups.
A schematic of the possible bonding arrangements is shown in Figure 5-7. First, both methoxy
groups and the phosphoryl group can hydrogen bond with three silanol groups, and second, the
two methoxy groups can hydrogen bond with two silanol groups with the phosphoryl group

pointing in the opposite direction.
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Figure 5-7: Schematic of the possible hydrogen bonding configurations of DMMP to silica.

This helps ascertain the correct hydrogen bonding configuration of DMMP, the RAIR
spectra of TMP and MDCP adsorbed to the silica nanoparticulate films were recorded. TMP has
an additional methoxy group in place of the P-CH3 group, and MDCP contains only one
methoxy group and two P-Cl groups, which are not capable of hydrogen bonding.

RAIRS of TMP Adsorbed to a Silica Nanoparticulate Film

The RAIR spectra of TMP adsorbed to the silica film, shown in Figure 5-8, was recorded
at a total pressure of nine Torr. The interaction of the silanol groups with the adsorbed
molecules is again evidenced by the negative peak at 3747 cm™ along with the broad positive
peak at 3292 cm”. Characteristic modes of TMP are also evident in the spectrum. The
asymmetric and symmetric C-H stretching modes of the methoxy groups are present at 2963 and
2863 cm™, respectively, and these values are not shifted from their gas phase counterparts. In
contrast to the C-H stretching modes, and as was seen in the DMMP spectrum, both the
phosphoryl and O-C methoxy stretching modes are different than the gas phase spectrum. The
phosphoryl stretch has shifted from the gas phase value of 1290 cm™ to 1268 cm™, and the
methoxy deformation modes are absent in the RAIR spectrum. This suggests, like with DMMP,
that TMP adsorbs to the silica via hydrogen bonding of the phosphoryl and/or methoxy groups

with the silanol groups.
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Figure 5-8: RAIR spectrum of TMP adsorbed to a silica nanoparticulate film. The reference spectrum was of the silica
film prior to exposure to TMP.

The most probable bonding configuration of TMP with silica can be explained by the
molecular structure of TMP. In the structure, the phosphoryl bond is opposite of the methoxy
groups, and if the phosphoryl group and the three methoxy groups are hydrogen bonded with
silanol groups, the TMP molecule would have a very constrained and energetically unfavorable
configuration. On the other hand, if the TMP interacts with the silica via hydrogen bonding of
the three methoxy groups only, a more favorable and unconstrained configuration results.

Examples of the two possible hydrogen bonding configurations are shown in Figure 5-9.
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Figure 5-9: Schematic of the possible hydrogen bonding configurations of TMP with the silanol groups of a
nanoparticulate silica film. The right schematic is highly improbable as the TMP is in a highly constrained and
energetically unfavorable configuration.

RAIRS of MDCP Adsorbed to a Silica Nanoparticulate Film

The RAIR spectrum of MDCP, shown in Figure 5-10, was recorded at a total pressure of
30 Torr. The interaction of the silanol groups with MDCP is evidenced by the negative peak at
3747 cm™ and positive broad peak at 3397 cm™. The asymmetric and symmetric C-H stretching
modes of the methoxy groups are present as well at 2967 and 2863 cm™, respectively. However,
in contrast our spectra of TMP and DMMP as well as to Tripp’s MDCP spectra, neither the
phosphoryl stretching nor the O-C methoxy stretching modes shift from their gas phase values.
This suggests that the majority of the MDCP in the chamber has not adsorbed to the silica and
remains in the gas phase. The possible reasons for our observations will be explained in more

detail in the discussion section.
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Figure 5-10: RAIR spectrum of TMP adsorbed to a silica nanoparticulate film. The reference spectrum was of the silica
film prior to exposure to TMP

RAIRS Summary

The RAIR spectra recorded for the adsorption of DMMP, TMP, and MDCP helped reveal
how the simulants interact with the silica nanoparticulate films. The DMMP interacts through
hydrogen bonding interactions between the surface silanol groups and the two DMMP methoxy
groups, and the TMP interacts through the hydrogen bonding of its three methoxy groups. The
hydrogen bonding interaction of the phosphoryl groups of DMMP and TMP was ruled out
primarily due to the constrained and energetically unfavorable molecular configurations that
would arise if it too participated in hydrogen bonding. Further support for the lack of the

phosphoryl-silanol interaction comes from the forthcoming isotherm data.

The MDCP spectrum was quite different than the DMMP and TMP spectra. Although

there was some evidence of adsorption due to the change of the silanol stretching modes, the
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vibrations of gas phase MDCP dominated the spectrum. A thorough discussion of this

seemingly strange result is offered in the discussion section.

While the RAIR spectra recorded at relatively high total pressure allowed us to determine
how the simulant molecules interacted with the surface groups, a single spectrum cannot help
determine the adsorption mechanism. By recording an adsorption isotherm of surface coverage
versus partial pressure, information about the adsorption process can be discovered. The

adsorption isotherms of the three simulants, DMMP, TMP, and MDCP are presented next.

DMMP T™MP MDCP
Mode Gas | Tripp | Ours | Tripp | Ours Gas | Tripp | Ours
Si-OH H bond 3223 3238 3262 3292 3433 3397
Va(CH3), v(CH;0) 3006 3006 2999
V,(CH;0) 2958 2958 2963 2963 2963 2965 2968 2968 2967
vs(CHs), v(CH;0) 2917 I 2920 I
V5(CH3) 2859 2859 2859 2863 2863 2864 2866 2866 2863
8,(P-CHs) 1471
8,(0-CH3) 1459 1452 1457 1454 1460 1453
8(P-CHs3) 1420 1420 1418
8,(P-CH3) 1319 1319 1317
v(P=0) 1275 1256 1240 1290 1268 1268 1316 1291 1316
p(O-CHs) 1190 1195 1192 1184
v(O-CH;) 1075/1049 - - 1061 - - 1078/1046 - 1078/1044
p(P-CHs) 914 914 914
v(P-0-(C)) 816 858 866 811 806
vs(P=Cl) 617
va(P=Cl) I 593

Table 5-4: The mode assignments and frequencies of the RAIR spectra of DMMP, TMP, and MDCP adsorbed to silica
nanoparticulate films in the gas phase, as reported by Tripp et al.*, and reported here.

5.4.3 Adsorption Isotherms

The adsorption isotherms were prepared by plotting the integrated intensity of select IR
modes as a function of the calculated partial pressure of the impinging simulant molecules. The
data was then fit with two adsorption isotherm models, the Langmuir and the Toth models. These
two models considered thermodynamically consistent and do not contain empirical fitting
parameters. The two models differ in their assumptions about the adsorption system. The
Langmuir model assumes monolayer saturation, equivalent adsorption sites, and no interaction

between adsorbate molecules, whereas the Toth model allows for multilayer adsorption,
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inequivalent adsorption sites, and for interaction between adsorbate molecules. By fitting the
adsorption isotherm data with the two different models, additional information about the

adsorption the simulants to the silica nanoparticulate films revealed.
Adsorption Isotherm of DMMP

The RAIR spectra used to determine the adsorption isotherm of DMMP on the silica
nanoparticulate film are shown in Figure 5-11. The vibrational mode assignments and their
relevance to the adsorption mechanism of DMMP were explained in the preceding section.
What is important to note for Figure 5-11 is that the intensity of the absorption modes increase as
a function of total pressure, which demonstrates that the amount of adsorbed DMMP is a
function of pressure. The initial pressure where DMMP adsorption can be detected is also
important because it is related to the relative interaction strength of DMMP with the silica. In

Figure 5-11, the first observable absorption peaks appear at a pressure of 1 x 10 Torr.
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Figure 5-11: RAIR difference spectra of DMMP adsorbed to a silica nanoparticulate film on gold as a function of total
chamber pressure.

The adsorption isotherm of DMMP was prepared by integrating the peak intensities of
the following modes: 6;OCH; at 1452 cm'l, v,CH30 at 2958 cm'l, and vsCH;0 at 2859 cm™.
The isotherm plots along with the fits of the Langmuir and Toth models are shown in Figure 5-
12. The fitting parameters of the two isotherm models are provided in Appendix C. There
appeared to be a sudden change in the isotherm data near a partial pressure of 0.025 Torr. After
beginning to level off up to 0.025 Torr, the pressure increased significantly at the next pressure
measurement. At 0.025 Torr, the turbo pumps were stopped, which most likely changed the flux
of simulant molecules within the chamber. The adsorption of the simulants at the low pressure

regime, where the turbo pumps are running, may be different than the adsorption at higher
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pressures. To test our hypothesis, we fit the isotherm data with the Langmuir and Toth models

for the absorbance data recorded below partial pressures of 1 x 10™ Torr.
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Figure 5-12: The adsorption isotherms of DMMP. The left panels are the full pressure range, the right panels are the low
pressure range, the top row are the Langmuir isotherm fits, and the bottom row are the Toth isotherm fits.

For the entire pressure range investigated, the Toth model results in a much superior fit
than does the Langmuir model. However, at the low pressure regime, both the Langmuir and
Toth models fit extremely well, which implies that the adsorption of DMMP at low partial
pressures is different that the adsorption over the entire pressure range. A possible explanation
for this hypothesis is that at lower pressures, the assumptions of the Langmuir model are valid,
but at the higher pressures, the assumptions fail and the Toth model, which considers
heterogeneous surfaces, multilayer adsorption, and adsorbate-adsorbate interactions, results in
the better fit. A further explanation of the isotherm observations and adsorption mechanism is

presented in the discussion section.
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Adsorption Isotherm of TMP

The RAIR spectra used to determine the adsorption isotherm of TMP on the silica
nanoparticulate film are shown in Figure 5-13. The vibrational mode assignments and their
relevance to the adsorption mechanism of TMP were explained previously. The total pressure
where TMP adsorption was initially detected was 5.0 x 10™ Torr, which is two times less than
that of DMMP. This suggests that the TMP has a stronger interaction with the silica than does
DMMP, and this agrees with the work of Tripp who observed that DMMP desorbed from a silica

film at a lower temperature than TMP.**
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Figure 5-13: RAIR difference spectra of TMP adsorbed to a silica nanoparticulate film on gold as a function of total
chamber pressure.
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The integrated intensities of the same modes used for the DMMP isotherms were used to
create the TMP isotherms. The isotherms were similar in appearance to the DMMP isotherms in
the fact that at a partial pressure of 0.025, the absorbance intensities increase abruptly. As was
done with DMMP, the turbo pumps were stopped when the total chamber pressure exceeded
5x 10 Torr, and the change in the isotherm data appears at this pressure. The data was fit with
the Langmuir and Toth models for both the total pressure range investigated, and at total
pressures less than 10 Torr. The fitting parameters and correlation coefficients are provided in

Appendix C.

The adsorption of TMP to the silica nanoparticulate films appears very similar to that of
DMMP, which should be expected because both molecules interact with the silica via hydrogen
bonding of the methoxy groups. The isotherms of the total and low pressure regimes for TMP
followed the same trends as the DMMP; the Toth model provided a superior fit over the whole
pressure range, but both the Langmuir and Toth models provided good fits at the low pressure
regime. As was explained for DMMP, at the low pressure regime, the assumptions of the
Langmuir isotherm are most likely valid, but at the higher pressures, the assumptions fail and the

Toth model becomes valid.
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Figure 5-14: The adsorption isotherms of TMP. The left panels are the full pressure range, the right panels are the low
pressure range, the top row are the Langmuir isotherm fits, and the bottom row are the Toth isotherm fits.

Adsorption Isotherm of MDCP

The RAIR spectrum of MDCP adsorbed to silica at 30 Torr revealed significant
differences compared to the TMP and DMMP spectra. Even though there was evidence for
adsorption, the MDCP spectrum was dominated by features consistent with gas phase MDCP.
Because there was less adsorption of MDCP to the silica, we expected the adsorption isotherms
of MDCP to also be different than those of DMMP and TMP. The RAIR spectra of MDCP
recorded as a function of total pressure are shown in Figure5-15. The interaction strength of
MDCP with silica relative to TMP and MDCP can be ascertained by determining the lowest
pressure where adsorption could be detected. The first evidence for adsorption occurred at a
pressure of 1 x 107 Torr, which is 100 times greater than that for DMMP, and 200 times greater
than TMP. The weaker interaction of MDCP agrees with Tripp’s study where they observed the
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desorption of MDCP via evacuation at room temperature.** The isotherm data, prepared from

the integrated peak intensities of the RAIR spectra of Figure 5-15, is shown in Figure 5-16.
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Figure 5-15: RAIR difference spectra of MDCP adsorbed to a silica nanoparticulate film on gold as a function of total
chamber pressure.

The adsorption isotherm data of MDCP is much different that corresponding DMMP and
TMP data, which is consistent with the differences observed in the single RAIR spectra collected
at higher pressure (> 10 Torr). The isotherm data for MDCP cannot be modeled by any of the
well-known adsorption models as the correlation coefficients were all below 0.70, and because
of the poor fits, we do not display the fitting lines or the model parameters. Both the persistence
of gas phase vibrational modes and the poor isotherm data of MDCP can likely be explained by

the weak interaction between the MDCP and the silanol groups of the silica nanoparticulate film.

195



The residence time of the adsorbed MDCP molecules is very short at the relatively low pressures

studied (relative to atmospheric).
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Figure 5-16: The isotherm data of MDCP.

5.5  Discussion of the Adsorption of DMMP, TMP, and MDCP to Silica Nanoparticulate

Films

In the work presented here, we investigated the adsorption of three chemical warfare
agent simulants, dimethyl methylphosphonate (DMMP), trimethyl phosphate (TMP), and methyl
dichlorophosphate (MDCP), to silica nanoparticulate films. The goals of our study were to
determine the structure of the adsorbed simulant molecules, to determine the adsorption
mechanism, and to evaluate silica a sorbent material for further study of CWA simulant
decomposition. We used RAIRS in our study to determine both the structure of the adsorbed
simulant molecules, and to prepare adsorption isotherms that presented the IR absorbance

intensity as a function of partial pressure. In this section, we discuss the key results of our study.
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The RAIR spectra of the simulants recorded at higher pressure (10-30 Torr) helped reveal
the structure of the adsorbed simulant molecules. When a molecule binds to a surface, the
absorption frequency of certain vibrational modes shift as a result of the newly formed surface
bonds. The vibrational modes of both the sorbent and adsorbate species can shift, and by
correlating the shifts, one can determine how the adsorbate molecule interacts, or bonds, with the
sorbent surface molecules. The frequency shift of the vibrational modes of the simulant
molecules relative to the gas phase spectra, along with the shift of the silanol modes, helped

reveal the structure of adsorbed DMMP and TMP.

DMMP contains three groups that are capable of hydrogen bonding with the surface
silanol moieties: the phosphoryl group and the two methoxy groups. If the functional groups
interact with the surface, the absorption frequency red shifts because the original dipole moment
strength is diminished as a result of the interaction with the surface. DMMP showed a shift in
the phosphoryl stretching frequency (vVP=0) from 1275 cm™ in the gas phase to a weak, broad
peak centered near 1240 cm™. In addition, the O-C stretching modes of the two methoxy groups
(vO-CH3), found at 1075 and 1049 cm™ in the gas phase spectra disappear completely in the
RAIR spectra. In addition, the stretching mode of the silanol groups (vSiO-H) shifts from 3747
cm” to 3238 cm™. The combination of the red shifts of the stretching modes of silanol and the
DMMP groups capable of hydrogen bonding indicates that the DMMP adsorbs to the silica via
hydrogen bonding interactions between the phosphoryl and methoxy groups and the surface

silanol species. This gave rise to two possible bonding configurations as shown in Figure 5-7.

The shift of the phosphoryl stretch of DMMP adsorbed to silica is much less than that
observed for metal oxides. We observed a phosphoryl group shift on silica of around 30 cm™ to
1240 cm'l, but on other metal oxides the shifts were much larger. On TiOz/Nb,31 the P=0O mode
shifted to 1210 cm™, on Pt(111)** to 1215 cm™, on ALOs’' and MgO43 to 1190 cm™, on La,05"
to 1224 cm’, and on Fe,0;* to 1077 cm™. If the DMMP were interacting with the silica via a
hydrogen bonding interaction of the phosphoryl group, we would expect the frequency to be
much larger than what was observed. Because the shift is small compared to the other metal
oxide systems, we conclude that the most probable structure of adsorbed DMMP is the hydrogen

bonding interaction of the two methoxy groups with two surface-bound silanol groups.
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The RAIR spectra of TMP adsorbed to silica appeared similar to DMMP. The
phosphoryl stretching mode red shifted from 1290 cm™ to 1268 cm™, and the O-C methoxy
stretching modes are absent. The silanol stretching mode shifted as well, from 3747 cm™ to
32920m’1, which, like DMMP, indicates that the TMP interacts with the free silanol groups of the
silica via hydrogen bonding interactions of the methoxy and phosphoryl groups, and possible
bonding structures were shown in Figure 5-9 However, the proposed structure where all three
methoxy groups and the phosphoryl group hydrogen bond with a silanol is unlikely because the
TMP molecule would adopt a highly constrained and energetically unfavorable conformation.
As a result, it is unlikely that the phosphoryl group participates in hydrogen bonding with the
surface silanol groups and the adsorption is dominated by the surface interaction of the methoxy
groups only. The shift of the phosphoryl stretching frequency has been observed previously, and

is most likely due to the sensitivity of functional groups attached to a central phosphorus atom.*'®

The RAIR spectrum of MDCP adsorbed to silica at 30 Torr was much different than the
spectra of DMMP and TMP. The phosphoryl stretching mode did not shift from its gas phase
value, and the O-C methoxy stretching modes are clearly visible. The static appearance of the
RAIR spectrum relative to the gas phase spectrum indicates that the MDCP does not adsorb to
silica as strongly as the other two simulants. The low concentration of adsorbed MDCP

(compared to the gas phase) is likely caused by two factors.

First, the interaction strength of MDCP with the silica is probably much lower than the
DMMP and MDCP. This was shown previously by Tripp who observed that a silica surface
saturated with MDCP completely desorbed in vacuum at room temperature.** The gas-phase
dominated RAIR spectrum was recorded at low pressure relative to atmosphere At low pressure,
the interaction between the hydrogen bonding groups of the MDCP and the surface silanol
groups is relatively weak, resulting in a shorter residence time for the adsorbed MDCP. This

hypothesis is further supported by the isotherm data and will be discussed shortly.

The second factor that may limit the adsorbed concentration of MDCP is the reactivity of
the MDCP molecule. MDCP differs from TMP and DMMP because it contains two P-Cl bonds,
which are prone to undergo hydrolysis reactions.”* The MCDP can react with both silica-
adsorbed water, and minute water contaminates found in the MDCP liquid. As shown in Figure

5-17, the hydrolysis reaction results in the replacement of a chlorine atom with a hydroxyl group
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along with the formation of a hydrogen chloride (HCI) molecule. The remaining P-Cl bond can
also be hydrolyzed to form a dihydroxy-containing species. The hydrolysis of MDCP by
surface-adsorbed water molecules is likely because the silica nanoparticulate films were not
heated prior to the adsorption experiments, and the films were prepared in an ambient

environment without effort to eliminate water vapor.
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Figure 5-17: Schematic of the hydrolysis reaction of MDCP.
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The adsorption of the simulant molecules to silica was further investigated by forming
adsorption isotherms. The isotherms were formed by first recording the RAIR spectra of the
adsorbed simulant as a function of total pressure. The absorbance intensity of selected
vibrational modes were integrated and plotted against the partial pressure. The data was then fit
with two thermodynamically consistent isotherm models to help ascertain the adsorption
mechanism. In addition, the relative interaction strength with silica of the three simulants was

determined from the RAIR spectra.

The explicit calculation of the binding energy of an adsorbed molecule is typically
determined by plotting the surface coverage as a function of exposure time at constant pressure.

The binding energy is related to the residence time by the following equation:

kT

h Ea
T —e
kT

Equation 5-7

where 1 is the residence time, % is the Planck’s constant, & is the Boltzmann constant, 7 is the
absolute temperature, and £, is the binding energy. In our experimental setup, we were unable to
directly measure the surface coverage of the adsorbed simulants, however we were able to
measure the infrared absorbance intensity, which is related to surface coverage in the following

way:
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The quantity of adsorbed simulant is in equilibrium with the amount of simulant in the

gas phase, as represented in the following equilibrium equation:

—

[Sle = [SI

Where [S]; and [S]s are the concentration of simulant in the gas phase and adsorbed to the

surface, respectively. The equilibrium constant of the adsorption process is given by:

Equation 5-8

and the equilibrium constant, K, is directly proportional to the residence time, 1. In our
measurements, the IR absorbance intensity of the surface bound vibrational modes is
proportional to the surface concentration, which related to the equilibrium constant and the

residence time, and therefore the binding energy (or interaction strength) of the simulant.

The relative interaction strengths with silica of the three simulants can be determined
from the RAIR spectra in two ways. The first way is by comparing the shift from 3747 cm™ of
the silanol stretching mode. A stronger hydrogen bonding interaction of the silanol groups with
the simulants will result in a larger red shift of the absorbance frequency. The MDCP had the
smallest shift of 350 cm™ to 3397 cm™', followed by TMP with a shift of 455 cm™, and DMMP at
509 cm™. The data indicates that DMMP had the strongest interaction with the silica, however
this contradicts the expected interactions strengths predicted by the number of hydrogen bonds
each molecule makes with the surface. The TMP forms a hydrogen bond with each of its three
methoxy groups data indicates that DMMP had the strongest interaction with the silica, however
this contradicts the expected interaction strengths predicted by the number of hydrogen bonds
each molecule makes with the surface. The TMP forms a hydrogen bond with each of its three
methoxy groups, and the DMMP can form up to three hydrogen bonds as well, via interaction
with the two methoxy groups and the phosphoryl group. However, we earlier concluded that the
phosphoryl group does not hydrogen bond to the surface because the shift of the phosphoryl
stretch was much lower than what would be expected if hydrogen bonding did occur. That

conclusion is further supported by observing the shift of the silanol stretch for the adsorbed
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DMMP. If the DMMP adsorbed through both the methoxy groups and the phosphoryl group,
then there should be two observed shifted silanol modes. We only observed one shift from the
more strongly interacting methoxy groups; therefore the bifunctional binding of DMMP through

the two methoxy groups is the most probable adsorbed structure.

The relative interaction strengths of the adsorbed simulants were also revealed by
determining the lowest total pressure upon which adsorption could be detected. The more
strongly interacting species should be detected a relatively lower pressure. The three simulants
followed the trend of TMP > DMMP >> MDCP. Evidence for TMP adsorption was observed at
a pressure of 5 x 10™ Torr, followed by DMMP at 1 x 10 Torr, and MDCP at 1 x 10 Torr. The
trend follows the expected order based on the number of hydrogen bonding interactions each
molecule makes with the silica surface. The TMP interacts trifunctional via hydrogen bonding
of three methoy groups, the DMMP interacts bifunctionaly via hydrogen bonding of two
methoxy groups, and the MDCP interacts bifunctionally via the hydrogen bonding of one
methoxy group and one relatively weaker hydrogen bonding phosphoryl group. This is in
agreement with a previous adsorption study that found the simulant desorption temperature

decreased in the same order, TMP > DMMP > MDCP.

5.6 Discussion of Isotherm Data

The adsorption isotherms of both DMMP and TMP revealed that the system behaved
differently at different pressures. The isotherms at both pressure ranges were fit with the
Langmuir and Toth isotherm models, which are both thermodynamically consistent, but differ in
their assumptions about the system. The Langmuir model assumes that the surface is flat, each
adsorption site is equivalent, and the highest possible surface coverage is a monolayer. In
contrast to the Langmuir assumptions, the Toth model allows for non-planar surfaces,
hetergenous adsorption sites, and the formation of multilayers. By fitting both the low and total

pressure regimes with the two isotherm models, we observed different adsorption behaviors.

For both DMMP and TMP, at low pressure, both the Langmuir and Toth models fit well,
but over the entire pressure range, only the Toth model provided a good fit. These observations

suggest that the adsorption mechanism is different for the low and high pressure regimes, and we
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hypothesize that the heterogeneity of the silica surface is the factor most responsible for the
adsorption behavior. The schematics shown in Figure 5-18 aid in the discussion of the

adsorption at the two different pressure ranges.

If the silica surface is heterogeneous, some adsorption sites will be more favorable than
others. In the case of simulant adsorption to silica, the most favorable sites may be those that
contain free silanol groups spaced far enough apart to match the distance between the simulant
methoxy groups. At low pressure, the adsorption equilibrium favors the gas phase simulant,
which results in a low simulant surface coverage. The molecules that do adsorb at low pressure
will adsorb to the preferential binding sites. In the top panel of Figure 5-18, the preferential
binding sites are colored grey, and only the grey silanol groups are bound to the green circles,
which represent the simulant molecules. If only the preferential binding sites interact with
simulant molecules, the isotherm data should conform to the Langmuir model because only one
type of binding site is interacting with the adsorbates. This is precisely what was observed for

both DMMP and TMP.

At higher pressures, which are represented by the bottom panel schematic of Figure 5-18,
the adsorption is different. At this point, all of the preferential binding sites are occupied, which,
according to the Langmuir isotherm, means that the surface coverage should be at a maximum.
Clearly the saturation of the preferential binding sites was not the end of adsorption as the
absorbance intensities continued to increase beyond the low pressure regime. Beyond
preferential binding site saturation, the Langmuir model should no longer produce a good fit.
After the initial saturation of the preferred binding sites, the secondary binding sites begin to
interact with adsorbed simulant molecules. In the bottom schematic of Figure 5-18, the
secondary binding sites are indicated by the black silanol groups, and the simulant molecules
adsorbed to those sites are represented by the red circles. The Toth model, which accounts for
surface heterogeneity and different types of binding sites, fit the data beyond the low pressure

regime very well.
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Figure 5-18: Schematic of the adsorption of simulant molecules to a heterogeneous silica nanoparticulate film at low (top
panel) and high pressure (bottom panel).

5.7  Conclusions
The goal of this part of our study was to determine the structure, relative interaction
strengths, and adsorption mechanism of the adsorption of the chemical warfare agent simulants

DMMP, TMP, and MDCP, to silica nanoparticulate films. To accomplish our goals, we utilized

RAIRS in two different ways: 1) the structure of the adsorbed molecules was determined via
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analysis of the shifts of certain vibrational modes of the RAIR spectra and, 2) the adsorption

mechanism was deduced via the formation of adsorption isotherms displaying the integrated

intensity of selected vibration modes as a function of simulant partial pressure. Our results led to

the following conclusions:

1)

2)

3)

4)

DMMP and TMP adsorb to the silica via the formation of two and three hydrogen
bonds, respectively, between the methoxy groups of the simulants and the free silanol
groups of the silica. Our conclusions were based on the red shift of the silanol
stretching vibration and the disappearance of the methoxy stretching modes relative
to the gas phase spectra. Interaction via hydrogen bonding of the phosphoryl groups
was ruled out because the shift of the phosphoryl stretching mode was much lower

than those reported in the literature.

The interaction of MDCP and the silica was too weak for significant adsorption to
occur at the relatively (compared to atmosphere) pressures used in our study. The
RAIR spectra were dominated by vibrational modes characteristic of gas phase

MDCP, which indicated that very little MDCP had adsorbed to the surface.

The relative interaction strength of the simulants with silica followed the trend of
TMP > DMMP >> MDCP. We determined the trend by determining the lowest total
pressure where spectral evidence of adsorption could be observed. The trend
correlates with the number of hydrogen bonding interactions each simulant can make
with the silica; TMP has three methoxys, DMMP has two methoxys, and MDCP has

one methoxy and one phosphoryl group.

The adsorption mechanism of DMMP and TMP to the silica nanoparticulate films is
dependent on the pressure and the different types of binding sites that are found on
the heterogeneous silica sorbent. At low pressures, the adsorption occurs to
preferential binding sites only and the isotherms follow the Langmuir model. At
higher pressures, the preferential binding sites are saturated, and further adsorption

occurs and secondary binding sites. The Toth model accounts for surface
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heterogeneity and fit the data much better than the Langmuir model at higher

pressures.

5.8 Future Work

Our work presented here revealed the surface structure, relative interaction strengths, and
adsorption mechanism of the adsorption of DMMP and TMP to silica nanoparticulate films. In
future experiments, emphasis should be placed on a third important measurement. First, a mass
spectrometer should be included to get an accurate measurement of the partial pressure of the
simulants during the collection of isotherm data. Second, the quantity of adsorbed simulant
should be monitored, and third, the number of binding sites should be determined. By obtaining
each of the three parameters, the thermodynamics of the adsorption process, such as the free
energy of adsorption and simulant binding energy, can be calculated. Obtaining the
thermodynamic parameters will further reveal the surface chemistry of chemical warfare agents

simulants, and in the future, the study can be extended to the live chemical warfare agents.
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Chapter 6

Summary and Concluding Remarks
6.1 Summary of Results

The work presented here investigated the synthesis and characterization of surfaces
relevant to chemical and biological warfare agent defense. The overall goals were divided into
three projects: 1) the development of a surface synthesis strategy to create alkanethiol self-
assembled monolayers that contained long-chain quaternary ammonium groups, 2) the
characterization of immobilized antimicrobial peptides, and 3) the design and construction of a
new surface science instrument designed to study the reaction of oxidizing gases with bare and
simulant covered surfaces of military relevance. Common to each project was the use of
reflection-absorption infrared spectroscopy, which demonstrates its power and versatility when
applied to study of surface reactions and structure. The following section summarizes the results

and conclusions obtained from each of the three projects.
6.1.1 Surface Synthesis of Quaternary Ammonium Self-Assembled Monolayers

A surface synthesis strategy was employed to create an alkanethiol monolayer containing
long chain quaternary ammonium groups. Long-chain QAC groups are well known
antimicrobial agents, however little is known about the relationship between the function and
structure of antimicrobial monolayers. The surface synthesis strategy was adopted to eliminate
the labor intensive thiol protection and deprotection steps, as well as numerous separations steps
that are encountered using traditional solution phase synthesis. The surface synthesis followed a
general scheme. First, a carboxylic acid terminated self-assembled monolayer was formed on a
gold substrate. The carboxylic acid groups were then converted to an amide species that
contained a terminal tertiary amine group. The resulting tertiary amine groups then reacted with
long chain 1-bromo-2-ketone molecules to form the quaternary ammoniums. The second and
third steps of the reaction were optimized by investigating the effects of solvent, temperature,
concentration, catalyst, and time. RAIRS and XPS were the primary analysis tool used to

determine the success or failure of each reaction.
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The conversion of the carboxylic acid groups into amide groups was best achieved by
using an intermediate species. The acid groups were reacted pentafluorophenol in the presences
of a carbodiimide catalyst to form a pentafluorophenol ester species. The PFP ester then served
as an excellent leaving group during the reaction with a primary diamine. RAIRS confirmed the
successful formation of the amide groups due to the disappearance of the acid carbonyl
stretching mode at 1741 cm™ and the appearance of the amide I and I modes at 1650 and 1545
cm’™, respectively. XPS helped confirm that 90 percent of the carboxylic acid groups had reacted

to form a tertiary amine group.

The optimal conditions for the reaction of the 1-bromo-2-ketone molecules with the
tertiary amine groups were at room temperature using a 0.025 M solution in toluene. The
reaction occurred slowly, taking over three weeks to reach completion. RAIR spectra confirmed
the reaction was successful as the methylene stretching vibrations increased more than two-fold
intensity, and a new peak was observed at 1732 cm™, which was characteristic of the carbonyl
moiety on the ketone molecules. XP spectra further supported the formation of the quarternary
ammonium groups. The Nls region of the XP spectra showed the formation of a new nitrogen
oxidation state at 402 eV, which is characteristic of a quaternary nitrogen. The intensity of the
quaternary nitrogen peak increased as a function of time. The relative concentration of
quaternary ammonium groups was determined by measuring the intensity ratio of the quaternary
and tertiary N1s peaks. At completion, 84 percent of the tertiary amine had reacted to form
quaternary ammoniums. The resulting surface density of quaternary ammonium groups was

calculated to be 3.4 x 10'* groups/cm’.

The QAC-containing SAMs were tested for antimicrobial activity, and it was found that
less than 15 percent of the bacteria challenged by the surfaces were killed. The low
antimicrobial activity of the QAC SAMs was attributed to the surface density of the accessible
quaternary ammonium groups being below the threshold necessary to cause membrane
destabilization and subsequent death. Despite the low antimicrobial activity, our work
successfully demonstrated that long chain quaternary ammonium monolayer can be formed using
only surface reactions. Future work should focus on increasing the surface density of the
quaternary ammonium groups, and suggested strategies include using branched thiols or gemini
dithiols.
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6.1.2 Surface Structure of Immobilized Antimicrobial Peptides

Recently a series of antimicrobial peptides were tested for their ability to selectively bind
the pathogenic bacteria E. coli O157:H7. The peptides cecropin P1, PGQ, and pleurocidin were
immobilized to gold substrates via the attachment of a terminal thiol-containing cysteine residue.
By using surface plasmon resonance detection, cecropin P1 and PGQ showed a binding
preference for the pathogenic bacteria strain relative to the non-pathogenic. The results were
noteworthy, however the immobilized peptides were not characterized, and therefore the effects
of peptide conformation and surface concentration upon binding were unknown. The focus of
our work was to characterize the peptides after immobilization to gold substrates using RAIRS

and XPS as the primary surface analysis tools.

The peptides cecropin P1, PGQ, and Pleurocidin all adopted a mostly flat and random
orientation on the gold substrates. In atmosphere, the peptides folded into a-helical
conformation as verified by the frequency of the amide I absorbance mode of the RAIR spectra.
The surface structure of the peptides was found to be independent of the peptide conformation in
solution. In an aqueous environment, the peptide molecules adopt a random coil conformation.
Upon the addition of a non-polar solvent, such as trifluoroethanol, the peptides fold into their
active a-helical conformation. The peptides were immobilized to gold from aqueous solutions
with and without trifluoroethanol. RAIR spectra confirmed that the surface structures obtained

under the two solution conditions were remarkably similar.

Cecropin P1 was selected for a more detailed investigation of the effects of solution
parameters on the surface structure and density. The effects of pH, solution concentration, and
peptide aggregation state were studied. Under all conditions, the peptides formed a mostly
random, tilted layer of a-helices. The peptide aggregation state was the only condition to show
an effect on peptide density. SDS-PAGE experiments showed that many of the peptides had
formed dimers in solution due to the formation of a disulfide bond between two peptide
molecules. By adding the disulfide reducing agent TCEP to the peptide solution, the dimerized
peptides were all converted into monomers. The resulting peptide surface had a nearly two-fold

larger surface density compared to the non-reduced peptide surface.
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The results of our investigation into the structure of immobilized antimicrobial peptides
have set the foundation for future studies focused towards creating peptide arrays to use for
pathogen sensing. Future work will focus peptide structure on pre-modified substrates as well as

modification of the peptide structures.
6.1.3 Chemical Warfare Agent Simulant Adsorption on Silica Nanoparticulate Films

The first part of our final project focused on designing and constructing a new surface
science instrument that will allow us to study the interaction of the decontamination vapors
hydrogen peroxide and chlorine dioxide with bare and chemical-warfare-agent-simulant covered
surfaces of military relevance. The instrument couples an ultrahigh vacuum chamber with three
capillary array gas dosers that allow various mixtures of gases to be directed toward the surface-
of-interest simultaneously. The surface reactions are monitored by three analytical instruments
that are coupled to the chamber: 1) a RAIR spectrometer used to monitor surface-bound
products, 2) a mass spectrometer to monitor gas phase products, and, 3) an X-ray photoelectron

spectrometer that allows for surface elemental analysis before and after a reaction.

The initial study using the new surface science chamber investigated adsorption of three
chemical warfare agent simulants, DMMP, TMP, and MDCP, to silica nanoparticulate films
formed on gold substrates. Silica is an excellent adsorbent material that binds but does not
decompose CWA’s or simulants, and the adsorption of the simulant molecules to silica films was
investigated to elucidate the structure of the adsorbed molecules as well as the adsorption

mechanism.

At pressures below 30 Torr, RAIR spectra revealed that DMMP and TMP adsorb to the
silica via the formation of hydrogen bonds via methoxy groups. TMP bound through its three
methoxy groups and DMMP through two. We determined that hydrogen bonding through the
phosphoryl groups did not occur because of a relatively small frequency shift of the phosphoryl
stretching mode compared to the gas phase spectra. MDCP showed some evidence of adsorption
to the silica, however at 30 Torr the RAIR spectra was dominated by modes characteristic of gas
phase MDCP. We hypothesized that the single methoxy and weak phosphoryl hydrogen bonding
interactions were not strong enough to cause significant binding at the relatively low pressure of

30 Torr (compared to 760 Torr atmospheric pressure).
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Adsorption isotherms of DMMP and TMP were prepared by recording RAIR spectra at
increasing simulant partial pressure. The integrated intensities of select vibrational modes were
then plotted as a function of partial pressure to form the isotherm plots. The data were fit with
two isotherm models, the Langmuir and the Toth. The two models contain different assumptions
about the adsorption system which can be used to determine an adsorption mechanism. The
Langmuir model assumes a flat, homogeneous adsorbent layer that reaches saturation at
monolayer coverage, and the Toth model allows for heterogeneous adsorption sites, porous
material, and the formation of multilayers. At total pressures less than 5 x 10 Torr, the
adsorption followed the Langmuir model, but over the entire pressure range (up to 30 Torr), the
adsorption followed the Toth model. The different behavior observed at different pressure
ranges was the result of heterogeneous binding sites on the silica surface. At low pressures, there
are most likely a significant number of vacant preferential binding sites. Because the preferential
binding sites are not totally occupied at low pressure, the isotherm follows Langmuirian
behavior. At higher pressures, the preferential binding sites become saturated, and further
adsorption must occur at secondary and tertiary binding sites. These sites may by different than
the primary binding sites, and the occurrence of non-homogeneous binding sites violates the
assumptions of the Langmuir model. The Toth model allows for heterogeneous binding sites,

and at high pressures, it fit the data with greater than 0.95 correlation.
6.2 Concluding Remarks

The search for effective and safe means to detect, decontaminate, and destroy bacteria
and chemical warfare agents remains a crucial endeavor to military and civilian authorities.
Surface chemistry remains on the frontier of the investigation because the initial interaction of
the harmful agents with potential detection and decontamination materials is via interfacial
contact. Our work here has helped further the understanding of the design and structure of
surfaces designed to kill, capture, and decompose both bacterial and chemical agents. In
addition, we demonstrated the tremendous power and versatility of reflection-absorption infrared
spectroscopy to a number of surface chemistry related problems. Continuing to increase the
fundamental knowledge of the interfacial chemistry of warfare agents might someday lead the

minimization of the threats caused by chemical and biological attacks.
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Appendices

Appendix A
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Figure A-1: RAIR spectra of cecropin P1 immobilized with and without 25% TFE in the buffer. The peptide solution
concentration was 9.7 pM in pH 7.4 phosphate buffer.
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Figure A-2: X-ray photoelectron survey spectra of cecropin P1 immobilized with and without 25% TFE.
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Figure A-3: XP survey spectra recorded for cecropin P1 immobilized with and without 25% TFE at a peptide solution
concentration of 29.1 uM in pH 7.4 phosphate buffer.
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Figure A-4: XP survey spectra recorded for cecropin P1 immobilized with and without 25% TFE and S mM TCEP at a
peptide solution concentration of 9.7 uM in pH 7.4 phosphate buffer.
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Figure A-5: RAIR spectra of PGQ immobilized with and without 25% TFE in the buffer. The peptide solution
concentration was 13.0 pM in pH 7.4 phosphate buffer.
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Figure A-6: X-ray photoelectron survey spectra of PGQ immobilized with and without 25% TFE along with the
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Figure A-7: RAIR spectra of pleurocidin immobilized with and without 25% TFE in the buffer. The peptide solution
concentration was 11.0 pM in pH 7.4 phosphate buffer.
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Appendix B

The following figures are from the block diagram of the interlock program used to run

the surface analysis chamber.
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Figure B-1: Case 1 of the Chamber Interlock Program. The pressure set point conditions are defined
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Figure B-2: Case 2 of the Chamber Interlock Program. The analog voltages are read from the gauge box, converted to a
digital signal, converted to pressure, and displayed on the front panel.
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pec electronics, It checks the main chamber and mass spec detector
hamber pressures against their set painks. IF either of the pressures
& grester than the cst points, than the selector chooses 1" and the L0
A58 moves o case 1. In case 1, the Mass Spec Electronics bookean
set ko FALSE, which is OFF. If neither pressure is above the set points,

an the selector chooses '0f and the mass
Figure B-3: Case 3 of the Chamber Interlock Program. The mass spec detector and main chamber pressures are
checked against the set points. If either pressure is above the set point, the mass spec electronics cannot be turned on.

ec electronics can be turned on.

1
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Figure B-3:
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This part of the program chacks bo ensurs that the Forsing vaives are set correctly, It doss 5o by chacking if

lthe man and mass spec detector prassures

are greaber than their set points, If they are not agove the set points, then case 0 is folowed. IF ekher of
- [the: bwio pressures are abowe the set points, the

fease moves to frame. Frame 1 First checks the status of the Mag Lev Turbo. IF it is True', or ON, the Reset’
tared ‘Reset Vent ¥alve OFf Timer' switches are set

fto FALSE. IF the Mag Lew Turbo is 'Falee' or OFF, then nothing i= done. In the second sequence of Frame 1,
all of the vabves and pumps are set to 'FALSE' or

IOFF.

I

(= F 3

(e ES RN R Ee NN E SR SRR s E A RS E O AR EO RN A

l Mag Lev Turbo Foreline Valve |l 1 ond 1 ock Cate Vshos

5
tlarﬂSnuDo oreline yalve &N High Vac Seals Valve
@ S

rqa_T; Lev Turbo

=lalalal W= NeNeR=N =Nl NNl A=l NeNe el NN Wil N

1.4

|
This part of the program checks bo ansure that the Forsling valves are sat corractly, [t doss 2o by chacking if
the main and mass spec detector pressures
are greaker than their set points, IF they are not agove the set points, then case 0 Followed. IF sither of
Ly the bwo pressures are above the set points, the
case moves ko frame. Frame 1 first checks the status of the Mag Lev Turbo. IF & is 'True’, or Of, the Reset’
and Resat Yent Yalve OFf Timer’ switches are set
bo FALSE. If the Mag Lev Turbo is ‘False’ or OFF, then nothing is done. In the second sequence of Frame 1,
all of the valves and pumps are set to 'FALSE or
(OFF,

I

Figure B-4: Case 4 of the Chamber Interlock Program. The main and mass spectrometer turbo foreline pressures are
checked against their set points.
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Main and Mass Spec Detector Chambers

T[0, Default v

0

change back to ms detector and ms detector set point

This frame of the program checks to see if the pressures in the main chamber and mass spec detector chamber

lare below their set points. IF both of the pressures are below the sek paints, then nothing is done, i.e. '0'is returned
by the select boalean, IF either pressures are above the set paints, then a '1'is returned by the selector, The case
then moves ta frame 1, In Frame 1, the status of the mag lev turba is checked, IF it is ofF, or FALSE, nothing is done.
If it is on, of TRUE, then the RESET and RESET YENT VALYE OFF TIMER booleans are set to FALSE, Irrespective of the
status of the mag lev turbo, the second Frame of Case 1 sets all of the valves, pumps, and instruments to FALSE,

-

4000000000000 0000000000000000000000000000000000000000000000 [u]

Main and Mass Spec Deteckor Chambers

Tt vt

OO0000000000000000yg,]-pfl00000000000o0000
IMag Lev Turba Foreline Yalve Load Lock Gate Yalve
M3 Turbo Foreling Yalve -{[High vac Seals valve

Lo Wac Seals Valve
IMag Lew Turbo

} IMass Spec Eleckronics

|

[ e 1 M s s A B w R w R i e

This Frame of the program checks to see if the pressures in the main chamber and mass spec detector chamber

lare below their set points, IF bath of the pressures are below the set points, then nothing is done, i.e. 0" is returned
by the select boolean. IF either pressures are above the set paints, then a '1'is returned by the selectar. The case
then moves ta frame 1. In frame 1, the status of the mag lew turbo is checked. IF it is of f, or FALSE, naothing is dane.
If it is on, or TRUE, then the RESET and RESET YEMT YALVE OFF TIMER booleans are set ko FALSE. Irrespective of the
status of the mag lev turbo, the second Frame of Case 1 sets all of the walves, pumps, and instruments ko FALSE,

-

Figure B-5: Case 5 of the Chamber Interlock Program. The main chamber and mass spec detector pressures are
checked against their set points. If either pressure is above the set point, the turbo pumps are shut down and all
pneumatic valves are closed.
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OO00000000000000000000000000000000000000000000

Ta[0, Default v

This frame of the seqeunce checks to see if the load lock
pressure is above its set point. I it is, then the case moves
Lo frame 1 where the Load Lock Gate Yavie boolean is set to
FALSE, which closes the gate valve, If the pressure is nok

greater than the set point, then nothing is done and the
gate valve can be opened.

O0o00000000000000000000000000000000000000070 0

n

CASE #6

k Load Lock Gate Valve E Wl

This frame of the seqeunce checks ta see if the load lack.
pressure is above its set point, I it is, then the case moves
to frame 1 where the Load Lock Gate Yavle boolean is set to
FALSE, which closes the gate valve, If the pressure is not

greater than the set point, then nothing is done and the
gate valve can be opened.

Figure B-6: Case 6 of the Chamber Interlock Program. The load lock pressure is checked against the set point. If the
pressure exceeds the set point, the load lock gate valve is closed.
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Figure B-7: Case 7 of the Chamber Interlock Program. If the main pressure is larger than 5 x 10-7Torr, the XPS source
cannot be turned on.
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(CASE #7
Load Lock Cross
T, Defaulk v}
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I

This Frame checks the load lock cross pressure against it's set point, If the pressure is
greater than the set point, the frame moves ko 'L and turns of f everything connected
ko the load lock cross. IF the pressure is below the set point, nothing else is done.

O]

OO0 000000000000 0000000000000000000000000000000000000000000000C

CASE #7

Load Lock Cross

Wi <

Load Lock Gate Yalve
+||High War Seals Wakve

: =

— ] LL Ton Pump

This frame checks the load lock cross pressure against it's set point. If the pressure is
greater than the set point, the frame moves bo'1' and turns of f everything connected
to the load lock cross. IF the pressure is below the set point, nothing else is done.

Figure B-8: Case 11 of the Chamber Interlock Program. The load lock cross pressure is checked against the set point. If
the set point is exceeded, the high and low vacuum seals of the sample manipulator and are closed and the ion pump is
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Figure B-9: Case 9a of the Chamber Interlock Program. In cases 9a-b, all of the pressures are rechecked against their set
points.
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Figure B-10: Case 9b of the Chamber Interlock Program
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Figure B-11: Case 10a of the Chamber Interlock Program. The status of each program variable is checked against its
real status as determined by the Field Point Relay modules.
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Figure B-12: Case 11 of the Chamber Interlock Program. The front panel pressures are recorded to a text file in selected
time intervals

229



Appendix C
ICP-ES

Inductively coupled plasma emission spectroscopy (ICP-ES) is a trace elemental analysis
technique that was used to quantify the amount of silicon present in the nanoparticle films. The
technique is based on the production of an argon gas plasma generated by the interaction of a
flow of argon gas with a high-frequency alternating electromagnetic field. The plasma forms
when the electrons collide with the gas molecules resulting in ionization. At the plasma torch
location, temperatures can reach higher than 10,000 K, which is high enough in energy to
vaporize and atomize sample elements of interest. The large thermal energy can also excite and
promote the outer energy level electrons of the atoms to a higher energy level. The excited
electrons can then fall back into the lower energy level while simultaneously emitting a photon
energy characteristic of the element from which it was generated. A high-resolution
spectrometer is used to detect the emitted photons, and the resulting atomic emission spectra

lines are extremely narrow (<2 pm).

The ICP-ES instrument used was Perkin-Elmer Optima 4300 DV spectrometer. For
experiments here, the standard and unknown solutions were quantitatively mixed with an internal
standard of 1 ppm Yttrium via a mixing block, and then conveyed at 1.5 mL/min with a
peristaltic pump through a Meinhard nebulizer with a gas flow rate of 0.7 L/min. After passing
through a cyclonic spin chamber to eliminate large droplets, ionization was performed with a 40
MHz RF generator operated at 1250 Watts. For quantitation, data was collected for five spectral
regions characteristic of Si. For each data point, five measurements were collected in series to
give a mean value of integrated area. Simultaneous measurements of the Y internal standard
were performed to confirm the absence of error due to clogging, flow changes, or solution
viscosity effects. A 1000 ppm commercial Si standard solution was diluted in series to produce
five standards in the 1-30 ppm range. The resulting linear calibration curve had a 0.9998 or

greater correlation coefficient.

Unknown samples were prepared by immersing the silicon films on gold substrates into
5.0 mL of 10 mM KOH followed by gentle agitation at room temperature. After 10 minutes, all
of the visible silica had dissolved from the surface via the formation of silicates.”’* Silicate

production from the glass backing of the slide was minimized by using mild conditions and short
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times coupled with the much smaller surface area of the glass substrate. The 5.0 mL silicate
solution was then transferred to a 50 mL volumetric flask and diluted to volume. Control
experiments using blank slides and Teflon® labware confirmed that any contribution to the
solution phase Si from either the glass slide or glass volumetric labware was less than 0.10 ppm
or 1% of the unknown concentrations. All solutions were diluted with 3% Omnitrace ultra nitric
acid (EMD) in 16 MQ deionized water. The diluted samples were then analyzed directly with
ICP.

ICP Results

Figure C-1 shows the standard curve obtained from the silicon standards measured at a
wavelength 251 nm. The correlation coefficient, 0.99999, was excellent. The sample data, fit to
the standard curve equation and recorded from the average of three samples, had a mean silicon
concentration of 5.44 mg/L. This value, when corrected for dilution and surface area,

corresponds to a mass of 0.257 £ 0.03 mg Si per sample.

231



Equation y=a+b*
Weight Instrumental
Residual Sum 9.30149
of Squares
Adj. R-Square 0.99999
Value Standard Error
Intercept 366.03508 67.45584
B Slope 10695.52063 16.76781

Intensity (a.u)

| S B EENL N R S BN S B R R S
0 5 10 15 20 25 30
[Si] ppm

Figure C-1: The experimental calibration curve used for ICP analysis

Isotherm Fitting Parameters

The isotherm data collected for DMMP and TMP were analyzed at both low pressure and
full pressure ranges by fitting the data with Langmuir and Toth isotherms. The equation
parameters and correlation coefficients were determined by using the nonlinear fitting feature of

OriginPro 8 software. The following tables show the fitting parameters of each model.
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Langmuir All R s b n
v,CH30
v,CH;0 0.85 6.37E-03 + 2.6E-04 1.19E+05 + 5.09E+03
5,0-CH; 0.86 1.03E-01 + 6.0E-03 1.49E+02 + 3.39E+01
Langmuir Low R’ Js b n
v,CH;0
vsCH30
6,0-CH; 0.98 2.31E-02 £ 1.2E-03 3.68E+05 + 4.78E+04
Toth All R? ds b n
v,CH30 0.98 6.15E+00 + 3.3E-01 1.82E-01 + 2.8E-02 2.93E-02 + 2.30E-02
v,CH;0 0.95 2.17E-02 £ 1.26E-02 9.29E-02 + 2.54E-02 1.05E-01 +3.9E-02
5,0-CH; 0.98 1.63E+08 + 7.79E+09 2.50E-01 + 3.9E-02 1.07E-02 + 2.21E-02
Toth Low R’ as b n
v,CH;0
vsCH30
6,0-CH; 0.99 1.11E-01 + 2.57E-01 2.48E-02 + 5.47E-02 2.85E-01 + 1.73E-01

Table C-1: The fitting parameters of the Langmuir and Toth models applied to the isotherms of DMMP adsorbed to a

silica nanoparticulate film.

2

Langmuir Total R ds b n
v,CH30 0.88 3.41E-02 £ 2.0E-03 7.82E+01 + 1.21E+01
v,CH;0 0.83 1.70E-02 £ 1.0E-03 1.67E+02 + 4.58E+01
6,0-CH; 0.90 7.97E-02 £ 4.4E-03 6.30E+01 + 1.21E+01
Langmuir Low R? Js b n
v,CH;0 0.92 4.74E-03 + 4.6E-04 8.92E+05 + 2.51E+05
vsCH30 0.80 1.90E-03 + 4.7E-04 3.32E+05 + 1.87E+05
6,0-CH; 0.96 1.09E-02 + 1E-03 9.90E+05 + 2.04E+05
Toth All R’ ds b n
v,CH30 0.98 1.22E+06 + 4.86E+07 2.56E-01 + 4.28E-01 1.29E-02 + 2.63E-02
v,CH;0 0.97 1.14E+08 * 6.58E+09 3.76E-01 £ 7.9E-02 1.55E-02 + 3.90E-02
5,0-CH; 0.98 1.84E+12 + 2.07E+14 3.36E-01 £ 6.4E-02 9.29E-03 + 2.89E-02
Toth Low R? Js b n
v,CH;0 0.95 1.62E-02 + 2.71E-02 1.75E-02 + 6.04E-02 2.71E-01 + 2.62E-01
vsCH30 0.84 3.37E+04 + 8.87E+06 6.30E-01 + 5.48E+00 4.16E-02 + 5.93E-01
6,0-CH; 0.98 2.05E-02 + 1.06E-02 3.11E-03 + 7.76E-03 3.95E-01 + 1.90E-01

Table C-2: The fitting parameters of the Langmuir and Toth models applied to the isotherms of TMP adsorbed to a silica

nanoparticulate film.
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