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Abstract

tert-butyl 1’-methoxycarbonyl-1-ferrocenecarbamate, Boc-NH-Fc-COOMe, (1) was
synthesized according to the literature procedure and modified to 1-amino-n'-
ferrocenemethylcarboxylate, 1,n'-H,N-Fc-COOCH; (2) by removing the Boc-group
with TFA/Et;N mixture in dichloromethane. Compound 2 reacted with alkylating agents
like Mel, Etl, EtSCH,CH,Cl (MA) and (CN)(EtO),P(O) (NA) to form MeNH-Fc-
COOMe (3), EtNH-Fc-COOMe (4), EtSCH,CH,NH-Fc-COOMe (5), (EtO),P(O)NH-
Fc-COOMe (6), respectively. Cyclic voltammetry (CV) of these compounds showed
different half-wave potential characteristics compared to aminoferrocene and was
dependent on the nature of the substituents, which was rationalized by molecular orbital
calculations. Electron donating groups (Me, Et and 2-chloroethyl ethylsulfide, MA)
shifted the half-wave potential towards the cathodic direction while electron
withdrawing group like diethyl cyanophosphonate, NA, shifted it toward anodic
direction. Anodic to cathodic peak separation were found to be within 62-88 mV
indicating a quasi-reversible system.

Hydrolysis of compound 1 resulted in the formation of fert-butyl 1°-
methoxycarbonyl-1-ferrocenecarboxylic acid, Boc-NH-Fc-COOH, (11) which was
coupled with cystamine using the EDC/HOBt protocol to synthesize the cystamine
conjugate [BocHN-Fc-CO-CSA]; (12). This molecule is equipped with an amino group
that directly linked to the redox receptor. Compound 12 was fully characterized by
spectroscopic methods and by single crystal x-ray diffraction. The cystamine conjugate

12 formed films on gold substrates, which upon deprotection of the amino group,
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reacted with chemical warfare agents (CWAs) mimics, such as EtSCH,CH,Cl (MA), a
simulant for the sulfur mustard HD, and (CN)(EtO),P(O) (NA), a simulant for the nerve
agent Tabun. Their reaction with the surface-bound ferrocene derivative results in the

formation of N-substituted products.

CV measurements showed anodic shifts of the Fc redox potentials by 50 (£5)
mV after exposure to MA, and NA. Measurements by quartz crystal microbalance
(QCM) showed an increase in mass upon exposure to MA and NA. Ellipsometry
measured a film thickness increase from 6 (1) A for the deprotected film to 10 (+4) A
for the film modified with MA and to 7 (£2) A for the film modified with NA. The
surfaces were analyzed by x-ray photoelectron spectroscopy (XPS) and clearly showed
the attachment of the cystamine conjugate on the surface and its reaction with CWAs

mimics.
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1. Introduction

Chemical warfare agents (CWAs) are a growing concern to many countries. The
uses of CWAs by terrorist, organizations or even states is significant as they can be
readily synthesized by simple chemical reactions and often have an extremely high
toxicity. Unfortunately, there is incidence of CWAs being used in human history and
many countries. These chemicals were used on a large scale during the 1% World War
and caused approximately 1.3 million casualties." Sulfur mustards were used in 1980-
1988 in the Irag-Iran conflict being responsible for about 4% of all casualties.' Nerve
agents were used against the Kurds in Iraq” and also in the terrorist attack on the Tokyo
subway in 1995.° Research into new CWAs, their production and use still continue in
different areas around the world.* Given the potential threat from these lethal agents, it

is imperative to have an early warning system consisting of readily deployable sensors.

1.1. What is a Chemical Warfare Agent?

According to the “Biological and Toxic Weapons Conventions™, CWAs are
defined as “chemical substances, whether gaseous, liquid or solid, which might be
employed because of their direct toxic effects on humans, animals and plants...”>” The
Convention also describes chemical weapons as including not only toxic chemicals but
also ammunition and equipment for their disposal. Toxins, produced by living
organisms and their synthetic equivalents, are classified as chemical warfare agents if

used for military purposes.® Chart 1 gives an overview of some common CWAs.



Chart 1. Some common chemical warfare agents and mimics
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Chemical weapons are classified as weapons of mass destruction by the United
Nations. Their production and stockpiling were outlawed by the Chemical Weapons
Convention in 1993. Common CWAs can be separated into two major groups of
compounds; mustard agents and nerve agents. VX and G-series nerve agents include
sarin (GB), soman (GD) and Tabun (GA). The mustard agents are further distinguished
by the presence of nitrogen (HN-1, HN-2 and HN-3) or sulfur atom (H, HD and HT) in
the compound. For research purposes, mimics are generally used which are less toxic
and less reactive than the potent CWA. Chart 1 shows 2-chloroethyl ethylsulfide (H) as
a sulphur mustard mimic and diethyl cyanophosphonate (DECP), dimethyl methyl
phosphonate (DMMP) and diethyl hydroxyphosphonate (Paraoxon) as nerve agent

mimics.

1.2. Chemical Warfare Agents in the Environment

The fate of CWAs in the environment is based on their chemical and physical
properties. They often react with water to produce hydrolysis products, which are
equally toxic as the CWAs themselves.
Mustard gas: Sulfur mustard is rapidly hydrolyzed. The half-life of dissolved 2-
dichloroethyl sulfide, HD ranges from 158 min at 0.6°C to ~ 1.5 min at 40°C and does
not vary appreciably in the typical environmental pH range. HD forms an episulfonium
ion (Scheme 1.1)° which upon further hydrolysis produces hemimustard and thioglycol.
Nitrogen mustards hydrolyze in a more or less similar way and form cationic species

(half-lives for HN1, HN2 and HN3 are 12.5 days, 11 hr and 24 hr at 25°C respectively).’



S
Mustard gas, HD

-CI{H,O
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Scheme 1.1. Hydrolysis of Sulphur mustard, HD."°

Nerve agents: Nerve agents are relatively more stable in terms of hydrolysis. The half-

life for VX in water at 25°C and pH 7 ranges from 17 days to 42 days and forms an

ethyleneiminium ion (Scheme 1.2).'"!?
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Scheme 1.2: Hydrolysis of nerve agent VX to ethyleneiminium ion and of nerve

agents sarin (GB) and soman (GD) to PMPA, IMPA and MPA."

Nerve agents sarin (GB) and soman (GD) produce pinacolyl methylphosphonic acid
(PMPA), isopropyl methylphosphonic acid (IMPA) and methyl phosphonic acid (MPA)

upon hydrolysis in water (Scheme 1.2).



1.3. Toxicities of CWAs and Their Hydrolysis Products

CWAs and their hydrolysis products are extremely toxic. For example, exposure
to mustard gas vapor can result in erythema (capillary congestion, redness of the skin)
and gradual vesication (blistering) of the skin. Delayed symptoms of mustard gas
exposure are epigastric distress, vomiting, tumorigenic activity and ocular damages,
such as conjunctivitis or lacrimation etc.'* Hydrolysis products of mustard gases also
show similar vesicant effects and are lethal in smaller doses. Some of them are found to
be carcinogenic.'*

The nerve agents are among the most potent of all chemical warfare agents and
are toxic in both liquid and vapor form. They cause nausea, diarrhea, inability to
perform simple mental tasks, and respiratory effects which include bronchoconstriction,
excess secretion in airways, wheezing, and labored breathing. Exposure to lethal doses,
however, causes a person to collapse within seconds and die within 10 minutes after a
single deep inhalation. Hydrolysis products of nerve agent, tabun, IMPA, MPA, are
found to be skin and eye irritant and the degradation product of sarin is found to affect
neuron activity.'?

Table 1.1 summarizes the toxicity data for some common agents and their
degradation products.'’ The toxicity of CWAs is measured as an estimate of the dose
that can have lethal effects on humans. Lethal Doseso (LDs) is the estimated dose at
which 50% of the population will die if exposed to CWAs. Lethal concentrationsy (LC'so)
and lethal concentration over timesy (LCtso) values represents the concentration of the
agent in air and inhalational toxicity of the vapor form of a volatile agent, respectively,

necessary to kill 50% of the test subjects. The nerve agent VX is the most toxic of the



common CWAs and very small concentrations are sufficient to achieve detrimental

effects — thus it has the lowest LCsq value.

Table 1.1. Toxicity data for some common chemical warfare agents. Given are
toxicities of the agents measured by concentration of the agent in air (LCsy) and
inhalational toxicity (LCtso)"

LCtsq LCs LDs
Agents (mg min/m’) (mg/individual) (mg/Kg)

Tabun (GA) 200 4000 1500
Sarin (GB) 100 1700 1700
Soman (GD) 50 300 350
VX 10 10 10
Mustard (Sulphur, HD) 1500 10000 100
Mustard (Nitrogen, HN-1) 1200 100000 7000
IMPA --- --- 7650
MPA --- --- 5000
Hemimustard --- - 600
Thiodiglycol --- -—- 6610

1.4. Present Detection Technologies

The determination and quantification of CWAs in a precise, convenient and
economical fashion is an important goal that has been achieved only partially as these
chemicals can be difficult to detect by conventional means.”">""The current detection
technologies for CWAs can be divided into point and standoff detectors. Point detectors
employ techniques such as ion mobility spectrometry, flame photometry, mass
spectrometry, photoacoustic infrared spectroscopy, and electrochemistry. Each of these
sample the air in the immediate vicinity of the detector.'® In contrast, standoff detectors
use infrared remote sensing technologies from a significant distance. However, the
effects of humidity, temperature and composition of the air may influence the detector

response and often render false results. Other methods are currently being used but each



has its own limitations. Detection kits that are used for a single measurement are
disposable. These are simpler, often cheaper and more sensitive, but cannot be used for
continuous monitoring of the air or water quality. At present, the detection limit is
restricted to concentrations that are significantly higher than the lethal dose and are
fraught with detection ranges and incorrect responses.'® Chromatographic methods, such
as gas and liquid chromatographs, are portable and reliable but are not sensitive enough
to detect ultra low concentrations.'® Biological methods such as immunoassay and
inhibition studies, such as monitoring of the acetylcholinesterase activity show great
potential for the detection of CWAs but suffer from extensive sample handling

procedure and are at present not suitable for real-time monitoring.'**°

1.5. Electrochemical Sensors

Electrochemical detectors have the potential to overcome the shortcomings
associated with the present detection technologies. In electrochemical sensors, a
working electrode is used to measure the electrochemical response of the system in the
form of either potential or current signal. Based on the measured property,
electrochemical sensors can be divided into three different categories: conductometric
(measuring conductivity change), potentiometric (measuring potential change), and
amperometric sensors (measuring current change). Measurements are often carried out
in solution in the presence of an analyte by using the electrochemical properties of the
CWA or of a chemical reaction that can be detected electrochemically. Electrochemical
detectors are potentially sensitive and selective and can be used for continuous

monitoring. Electrochemical detectors exhibit a wide linear response, minimal space and



power requirements and are cost efficient. Miniaturization of these devices and
compatibility with advanced microfabrication technology make them excellent for on-
site monitoring of CWAs. Based on how the electrochemical sensors work, they can be

classified into two groups: solution-phase and solid-phase electrochemical sensors.

1.5.1. Solution-Phase Electrochemical Sensors for CWAs

A typical example of solution phase electrochemical sensor involves the electrocatalysis
of a nerve agent simulant, diethyl cyanophosphonate (DECP) using an electrochemically
generated iodide ion which reacts with DECP (Figure 1.1 (a))."® The system shows a
positive potential shift at higher concentrations which clearly indicates the presence of
DECP. The anodic peak current increases in the cyclic voltammogram (CV) while
cathodic peak current decreases as more DECP was added (Figure 1.1 (b)). In this
reaction, the electrochemically generated iodine is consumed by the reaction with DECP
so that the cathodic peak current is decreased greatly. On the other hand, iodide ion can
be bound with DECP, making the oxidation of iodide ion more difficult and the
potential of the anodic peak shifts anodically. This method does not allow the detection
of DECP in the absence of iodine. Unfortunately, this method has a detection limit of
2x10° M which represents a minor improvement over common detection systems for
CWAs (10° M) but suffers from interference of atmospheric oxygen.

13,21
Nassar et al.” ™

applied capillary electrophoresis for the identification of nerve
agents by conductivity or indirect UV detection. The basic technique is to introduce the

sample into the capillary and separate the molecules by applying an electrical field.

Samples were introduced to the capillary at a constant pressure (300 mbar) and constant



voltage (-25 and -30 kV for conductivity and UV systems respectively) to control the

flow. The shorter migration times were observed at higher fields.
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Figure 1.1. (a) Reaction scheme showing electrocatalysis of DECP using
electrochemically generated iodide ion. (b) CVs of Nal in the presence of DECP. 0.05
M NaClQOy4, 0.05 M phosphate buffer (pH 6.3), 0.40 mM Nal. In (A), DECP (mM): a. 0
(solid curve), b. 0.02, c. 0.05, d. 0.10, e. 0.20, f. 0.30. (Reprinted from Journal of
Electroanalytical Chemistry, 466, Xie, Y.; Popov, B. N.; White, R. E., A novel
electrochemical method for the detection of nerve gases, 169-176, Copyright (1999),
with permission from Elsevier.)

A separation field of -667 V/cm can separate MPA, IMPA, and PMPA within 50 s but
for complete separation more time is required. The method provides a good separation
efficiency and high sensitivity for the analysis of such compounds. Conductivity

measurements give a detection limit of about 75 pg/L, while with UV the detection limit

was about 100 pg/L. These developed methods typically achieve complete separations



in less than 3 minutes. A typical run showing the hydrolysis products MPA, IMPA, and

PMPA is shown in Figure 1.2.
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Figure 1.2. Analysis of hydrolysis products of nerve agents MPA, IMPA and PMPA
by capillary electrophoresis. pH 4.0; voltage, 30 kV (negative polarity). (Reproduced
with permission from Anal. Chem. 1998, 70, 1085-1091. Copyright 1998 American
Chemical Society.)

The same technique was also applied for the detection of VX and the nerve
agents Tabun, Sarin and Soman, in environmental samples by Rosso ef al.”* and by
Wang et al.>** Capillary electrophoresis can also be applicable for the screening of
nerve agent degradation products MPA, IMPA and PMPA in surface water,
groundwater, and soil extracts with a detection limit of around 6 pg/ml. These sensors

can be used for continuous monitoring but suffers from interference from the acidic

gases which dissociate into ions in solution.
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Xie et al**® proposed a new method for detection of nerve gases Sarin and
Soman, on the basis of their catalyzed hydrolysis by metal chelate compounds which
shift the potential of the fluoride ion-selective electrode to more positive potential. In his
study Xie used diisopropyl fluorophosphates as nerve gas mimics and Cu(Il) to bind the
hydrolyzed products. It was found that 1:1 Cu(I[)-DMBP (4,4’-dimethyl-2,2'-bipyridyl)
and 1:2 Cu(Il)-TMEDA (N,N,N'N'-tetramethylethylenediamine) chelates were the most
effective catalysts for accelerating the decomposition of diisopropyl fluorophosphate.
Measurement of the variation of open-circuit potential with time was used to detect the
hydrolysis products of the nerve agent mimic. A detection limit of 2x10° M with a
potential drop between 40 and 60 mV with a response time of 5 min was achieved.

Hydrolysis products of possible warfare agent trichothecene mycotoxins were
detected electrochemically by Freund and co-workers.”” The toxins were hydrolyzed
under basic condition at 80°C for 1 hr and then detected by CV and square-wave
voltammetry (SWV). The detection limit was found to be 9.1 uM in solution with a

linear response from 0.32 — 32 ppm.

1.5.2. Solid-Phase Electrochemical Sensors for CWAs

While solution-based detection systems rely on a solution phase reaction of the
CWA analytes with reactants to generate an electrochemical signal, solid phase sensors
rely on electrochemical responses from molecules immobilized on surfaces or their
physical interaction with the CWA. The idea behind the development of solid-phase
sensors is to overcome some of the problems such as the sensitivity to oxygen

encountered in solution-based detection systems. Also, solid state devices can
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potentially be miniaturized down to the nanometer level and incorporated into
microfluidic devices, which is ideal for the development of portable and inexpensive
devices. Scheme 1.3 gives a number of potential approaches ranging from thin films that
enable support of enzymatic reactions on surfaces, layer-by-layer assembled materials,
and porous patterned materials to detect CWAs. Approach A shows the immobilization
of molecules onto a surface. These can be used for the detection of CWAs with or
without further modification. Alternatively, layer—by—layer assembly of materials is
shown (Scheme 1.3 B). The last material layer bears the active site for detecting CWAs.
This often results in an increased sensitivity and selectivity and well suited for
enzymatic assays. Lastly, 3-D patterning enables the recognition of specific substrates or

agents (Scheme 1.3 C) which can then be detected electrochemically.

A C

Scheme 1.3. Different concepts for designing electrochemical sensors based on self-
assembly. (A) self-assembly, (B) layer by layer assembly and (C) channel formation
by molecular imprinting
Enzymatic reactions are very promising since they offer high selectivity. An
example is an amperometric sensor based on a surface-immobilized organophosphorus

hydrolase (OPH) enzyme.'**® In this approach, the sensor relies on the anodic detection

of enzymatically hydrolyzed products at the top OPH layer on a sulfonated
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tetrafluorethylene co-polymer layer. OPH hydrolyzed the organophosphorus pesticides,
paraoxon to p-nitrophenol which went through electrooxidation (Figure 1.3 (i)) and on
successive increments chronoamperometric measurement showed an increase in current
depending on the concentration of paraoxon (Figure 1.3 (ii)). Well-defined current
signals were observed for these micromolar increments in the substrate concentration.
The resulting calibration plots (inset of Figure 1.3 (ii)) display high sensitivity for
paraoxon (slope = 1.67 nA / uM). The detection limit was found to be 20 nM."

This idea of using OPH enzyme is also integrated into a single-channel
microchip for fast screening of nerve agents.> The sensor uses a chip-based flow
injection approach coupled with separation modules for convenient distinction between
total and individual nerve agents. The assay rates are 360 and 30 per hour for total
screening and individual measurements, respectively. This reaction method is also
applied to the formation or use of nanomaterials onto the surfaces to get a fast response

for nerve agents like VX.**

The hydrolytic activity of enzymes is used to produce
nanoparticles on the surface which generate an electrochemical signal for detecting
various nerve agents.

Shulga ef al.’' used electro-polymerization of pyrrole for the entrapment of the
biocatalyst pyrroloquinoline quinone to produce a sensor to detect thiol-containing

degradation products of VX based on the amperometric measurement at 0.38 V. The

sensor has a detection limit in the 3.0-4.5 uM range.
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Figure 1.3. (i) Reaction scheme of OPH-catalyzed hydrolysis of organophosphate nerve
agent (A) followed by electrooxidation of the liberated p-nitrophenol (B). (i) Current-
time amperometric response to successive increments of organophosphorus pesticides
paraoxon. Insets: calibration plots for paraoxon. (Reproduced with permission from
Anal. Chem. 1999, 71, 2246-2249. Copyright 1999 American Chemical Society.)
Layer-by-layer assembly onto self-assembled carbon nanotubes combined with
an enzymatic approach provided a platform for the detection of nerve agents and
organophosphorus pesticides.”” Acetylcholinesterase (AChE) is immobilized onto the
negatively charged nanotube surface to make a sandwich-like structure followed by

alternative deposition of the cationic polymer, poly(diallyldimethylammonium chloride)

(PDDA) and AChE as shown in Figure 1.4. Carbon nanotubes act as a transducer and
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the polymer used in this case provides a micro-environment suitable for native AChE

activity.
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Figure 1.4. Schematics of layer-by-layer electrostatic self-assembly of AChE onto
carbon nanotube: (A) assembling positively charged PDDA on negatively charged
nanotube; (B) assembling negatively charged AChE; (C) assembling the second
PDDA layer. (Reproduced with permission from Anal. Chem. 2006, 78, 835-843.
Copyright 2006 American Chemical Society.)
In this system AChE was used to catalyze the hydrolysis of acetylthiocholine
(the substrate used to modulate the AChE activity by organophosphorus pesticides) to
thiocholine which could be further oxidized to thiocholinedisulfide at constant potential
at the nanotube to generate an oxidative current (Scheme 1.4). It was found that the
current increased rapidly with the increase of concentration of acetylthiocholine.
Organophosphorus pesticides inhibited this hydrolytic activity of AChE enzyme by
making it inactive (Scheme 1.4) and the inhibition was monitored by measuring the
oxidation current produced by thiocholine at the nanotube (Figure 1.5 (a)). The %
inhibition was calculated from the current response and plotted against the concentration

of the nerve agents (Figure 1.5 (b)). Under the optimal conditions, the detection limit

was found to be as low as 0.4 pM with a 6-min response time.
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Scheme 1.4. Reaction scheme of enzymatic sensor using AChE as enzyme for
detecting organophosphorus pesticides.*’
A similar approach was used by Joshi e al.**using multi-wall carbon nanotubes without
a flow injection system. In this system, immobilized AChE showed a similar response

by using the same method for the same pesticide with a detection limit of 0.5 nM.
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Figure 1.5. (a) Typical amperometric responses of PDDA/AChE/
PDDA/nanotube/glassy carbon biosensor during the flow injection analysis of
organophosphorus pesticide, paraoxon. Signals 1 and 2, initial enzyme activity;
signals 3 and 4, after incubating 6 min with 0.1 nM paraoxon; signals 5 and 6, after
regeneration; signals 7 and 8, after incubating 6 min with 10 nM paraoxon. (b)
Inhibition curve of the PDDA/AChE/PDDA/nanotube/glassy carbon biosensor to
different concentrations of paraoxon. (Reproduced with permission from Anal. Chem.
2006, 78, 835-843. Copyright 2006 American Chemical Society.)
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Layer-by-layer assembly was also used to immobilize OPH enzyme on the pH
sensitive Al/p-Si/SiO, layer which on exposure to organophosphorus pesticides showed
an increase in capacitance.”> This change in capacitance was plotted against the
concentration of nerve agents to construct the calibration curve for the sensor. Layer by
layer assembly was also utilized by Lei et al.** to immobilize a microbe, Pseudomonas
putida, on the cell surface which will express OPH to detect p-nitrophenyl substituted
organophosphate nerve agents. Surface-expressed OPH catalyzed the transformation of
p-nitrophenyl substituted organophosphate nerve agents to p-nitrophenol, which was
subsequently degraded by the microbe. A carbon paste electrode was used for the
electrochemical measurements.

Detectors for nerve agents simulants by measuring resistance were reported by
Hopkins et al.”> An array of carbon black/organic polymer composite was used which
change resistance upon exposure of nerve agents. The detection limit is in the range 47 —
240 pg/m’ for nerve agent degradation products DMMP. The sensor did not suffer from
interferences with water and organic solvents, such as methanol and toluene.

Fabrication of channels was achieved by a surface imprinting technique on indium tin
oxide (ITO) surfaces for potentiometric measurements of the nerve gas hydrolysis
product MPA.* ITO is electrically conducting and provides an ideal surface for the
formation of a siloxane film. Zhou et al*® was able to form a thin film of
octadecylsiloxane on ITO in the presence of MPA. The MPA was then washed away,
leaving channels presumably shaped like MPA (Scheme 1.5). The resulted sensor
demonstrated higher complementary steric and functional adsorption ability to the

template molecule than that of the untemplated surface.
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Scheme 1.5. Formation of selective MPA cavities on ITO-coated glass plates by
molecular imprinting. (Redrawn from reference 36.)

The result of this approach was a system that allowed the potentiometric detection of
MPA down to a detection limit of 5x10™ M and even selectivity for this material. The
system recognized MPA and the potential changed slowly at the initial concentration (50

uM) and then rose rapidly as more MPA was added (Figure 1.6).
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Figure 1.6. Potentiometric responses of the MPA cavity sensor for MPA.
[MPAJ(CHCL;/CCly) = 2.5 x10? M; [octadecyltrichlorosilane] = 8.0 x 10™* M.
Adsorption time 3 min. (Reproduced with permission from Anal. Chem. 2004, 76,
2689-2693. Copyright 2004 American Chemical Society.)
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Liu et al.”’ used zirconia nanoparticles as selective sorbents for CWAs on metal
substrates and detected CWAs by electrochemical measurement techniques. Zirconia
electrochemically formed a layer over the gold substrate. Because of the strong affinity
of zirconia for the phosphoric group nitroaromatic organophosphates, it strongly binds
with the zirconia nanoparticle surface (Scheme 1.6). SWV was used to quantify the
amount of organophosphate pesticides bound and demonstrated the ability to detect the
CWAs. The response was linear over a range of 5 — 100 ppb with a lowest detection
limit of 1 ppb. A lower detection limit of 13 ppb was achieved with a carbon paste

electrode as the transducer surface.

oo, R

-

Au

E]ectrodeposition'
A B { OPs

% e mR g

|
X XX X

GG

_ Electrochemical Stripping
C

Current / pA

Potential / V

Scheme 1.6. Scheme of electrochemical sensing of nitroaromatic organophosphorus
pesticides. (A) Electrodeposition of zirconia nanoparticle to gold electrode surface; (B)
nitroaromatic organophosphorus pesticides adsorb to zirconia nanoparticle surface; (C)
electrochemical stripping detection of nitroaromatic organophosphorus pesticides; X =
O or S and R = nitroaromatic organophosphorus pesticide group. (Reproduced with
permission from Anal. Chem. 2005, 77, 5894-5901. Copyright 2005 American
Chemical Society.)

The sensors discussed in this section are simple and can be used for rapid and

direct detection of CWAs. However, there are factors that can be improved such as
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detection limits, selectivity and reproducibility. Also, in case of enzyme sensors, OPH
are not commercially available which limit the use of this material for preparing sensors.
AChHE based sensors suffer from poor selectivity, irreversible response or a multi-step
protocol (involving a substrate addition and incubation).” Sensors based on
electrochemical responses of redox active molecules immobilized on metal surfaces
could be a potential method to overcome these drawbacks as the molecules could orient
themselves in a particular fashion to achieve selectivity with lower detection limit.

At present, electrochemical sensors are based largely on enzymatic assays (See
Figure 1.3 and 1.4). No direct method exists that detects changes in the redox response
of a chemically modifiable label. The research outlined in this thesis focuses on this

aspect and aims to fill the current knowledge gap.

1.6. Objectives and Research Proposal

The objective of this research is to develop a sensor that gives a reproducible
electrochemical response to CWA mimics.

I propose to address this problem by using redox active molecules that can
undergo a reaction with CWAs and their mimics. Receptor molecules have been
developed in which one group is attached to a particular substrate and will allow sensing
of cations, anions and neutral molecules electrochemically.*®** Of these receptors,
ferrocene (Fc) complexes have recently received much attention because of their unique

40-45

structural and electronic properties. The Fc group can be attached to amide and urea

.. . . . 44 .
moieties for electrochemical sensing of anions.” Fc substituted macrocycles such as
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cyclams, cryptands, aza-crowns, crown ethers and calixarenes were shown to sense
alkaline-, alkaline earth-, transition-metals and lanthanide jons. >4

I have selected Fc conjugates that carry an amino group directly attached to one
of the cyclopentadienyl rings. These molecules are ideal for this purpose, since they are
stable in the reduced and oxidized form and can be readily modified to improve
specificity. The amino Fc-derivatives will exhibit interesting donor capabilities which
can be utilized to detect electrophilic cationic species which include hydrolysis products
of CWAs.*® Complexation of a neutral or ionic species generally occurs at the
recognition site, which causes an electrochemical response of the Fc group detectable by
CV.

Chapter 2 will show the reactivity of an aminoferrocene derivative with CWA

simulants in solution. This is followed by Chapter 3, presenting the results on surface-

supported aminoferrocenes for the detection of CWA mimics.
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Chapter 2. Reactions of Aminoferrocene with Chemical Warfare Agent Mimics:

Solution Study

In this chapter, the basic chemistry of 1-amino-n'-ferrocenemethylcarboxylate,
1,n"-H,N-Fc-COOCHj; (2) toward alkylating agents is explored. It is expected that the
reaction with alkylating reagents, such as EtSCH,CH,Cl and (CN)(EtO),P(O) will lead
to well-defined organometallic products. In all cases, the N-substitution is expected to
significantly affect the redox properties of the ferrocene group. Thus, as part of this
study, the effect of the substitution on the electrochemical properties of the redox group

is evaluated and the observed changes are rationalized by molecular orbital calculations.

2.1. Synthesis and Characterization

Boc-deprotection of Boc-NH-Fc-COOMe (1), by trifluoroacetic acid in
dichloromethane solution under inert conditions results in the formation of 1-amino-n'-
ferrocenemethylcarboxylate, 1,n'-H,N-Fc-COOMe (2). Alkylation reactions of the
amino group of compound 2 are summarized in Scheme 2.1. Alkylations with Mel and
Etl readily resulted in formation of the corresponding 1,n-MeHN-Fc-COOMe (3) and
1,n"-EtNH-Fc-COOMe (4), while the reaction with CICH,CH,Set, MA, a simulant for
the mustard gas HD, gave the expected 1,n'-EtSCH,CH,HN-Fc-COOMe (5). Reaction
with diethylcyanophosphonate (CN)(EtO),P(O), NA, a simulant for the nerve agent
tabun resulted in the formation of 1,n'-(EtO),P(O)NH-Fc-COOMe (6). Purification of
these materials was achieved by column chromatography, giving red oils, which were

further analyzed spectroscopically.
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Scheme 2.1. Reactions of 2 with alkylating agents: (i) TFA in DCM, (ii) Et3N, (iii)
EtOH and (iv) saturated NaHCOs; 3: R =Me, 4: R =Et, 5: R=CH,CH,SEt, 6:
R = (P=0)(OEt),.

All of the compounds exhibited a weak absorption band in the visible region
with a Amnax = 451 nm, typical of the d—d transition in ferrocene derivatives.” The IR
spectrum of these compounds show a typical C=0 band close to 1700 cm ™' and all N-H
stretching bands are below 3400 cm™' (Table 2.1 ) which indicates that N-H bonds in
these compounds are hydrogen bonded.’®** The 'H and “C{'H}-NMR spectra of
compounds 3-5 were recorded in CDCIl; while compound 6 was recorded in MeOD
because of its limited solubility in CDCl. The 'H and “C{'H}-NMR spectra of
compounds 3—6 exhibit signals that are closely related to those observed for related 1,x'-
diaminoferrocene analogues [Fe(n-CsHsCH(CH,)sNMe),]> (7, [Fe(n-
CsH4(CH,),NMe),]” (8) and the Fc-urea  dimethyl-1’,1’-ureylenedi(l-
ferrocenecarboxylate)™ (9). The 'H-NMR spectra of compounds 3-5 exhibited the
expected 1:1:1:1 pattern for the Cp protons of the 1,n'-disubstituted ferrocene group,

with chemical shifts in the range of 6 3.87—4.81.

Due to the tendency of compound 6 to decompose, NMR studies were carried

under Schlenk conditions in dilute solutions. Compound 6 exhibits a single resonance in
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the *'P NMR at & 48.7 (vs external 85% H3PO,). It is suggested that in compound 6 the

downfield shift may be due to the extended delocalization of the m-electron systems of

the Fc moiety and the phosphonate. In order to clarify this point, we carried out DFT

calculations (B3LYP, vide infra). The HOMO of compound 6 is shown in Fig. 2.

Table 2.1. Selective spectroscopic data for compounds 3—6 (3-5 in CDCls, 6 in MeOD)

3 4 5 6
IR 3375 (N-H), 3360 (N-H), 3340 (N-H), 3245 (N-H),
(KBr, cm™) 1712 (C=0) 1700 (C=0) 1708 (C=0) 1720 (C=0)
'H-NMR 3.81 (s, 1IH,N-  3.81 (s, 3H, 3.81 (s, IH, N-  3.21 (s, ester
(8/ppm) H),3.80 (s, 3H, COOMe),3.79 H),3.80(s,3H, CHa), 1.14(q,
COOMe) (s, 1H, N-H) COOMe) CH,-2H), 0.80
(t, CH3-3H)
BC-NMR  173.0 (C=0), 171.8 (C=0), 159.0 (C=0), 171.9 (C=0),
(8/ppm) 51.7 (COOCHs3) 65.5 (COOCH;) 51.4(COOCH3) 1938
(COOCH;)
Mass Spec.  Calc. 273.0452  Calc. 287.0608 Calc. 347.0642  Calc. 395.0584
Expt. 273.0453  Expt. 287.0610  Expt. 347.0637  Expt. 395.0574
Yield (%) 8 25 10 8

Atkinson et al.” also observed a *'P NMR signal due to the phosphorus in the

P=0 bond attached to Ph;, at 0 33.2. A similar peak is observed at ¢ 29.5 for O=P-N in

[C1(Me—P=0)(N=P-Ph)(Me)(OCH,CF3)] (10) by Neilson and coworkers’® where

phosphorus is attached to the highly electron withdrawing chlorine atom and electron

releasing methyl group. In the ?C-NMR spectrum the peak corresponding to the carbon

in C=0 moiety for compounds 2—6 appears at o 172.
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2.2. Electrochemical Study

Since one of the objectives of this study was to evaluate the effects of N-
substitution on the redox properties of the Fc group, we decided to carry out
electrochemical studies using CV. As would be expected, E;, is sensitive to the
substituent.”” CVs for the free amine 2 and the phosphonate 6 are shown in Figure 2.1

and a summary of the results for all compounds is provided in Table 2.2.
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Figure 2.1. Cyclic voltammetry of compounds 2 and 6 in CH3CN solution with
glassy carbon electrode as working electrode, Pt wire as counter electrode and
Ag/AgCl as reference electrode and 0.2 M tetrabutylammonium perchlorate (TBAP)

as supporting electrolyte with a scan rate of 100 mV/s. Concentration of the
compounds: 1 mM

All compounds exhibited a quasi-reversible one-electron oxidation with peak
current ratios close to unity. The halfwave potentials (£1,) for all the compounds were

observed in a range from 215 to 850 mV versus Ag/AgCl with anodic to cathodic peak
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separation (AE) in the range of 62—-88 mV. While the observed E,, values for the alkyl-
substituted amino systems 3-S5 are cathodically shifted with respect to the free amine,
indicating that these systems are easier to oxidize, the Boc-protected amine 1 and the
aminophosphonate 6 are anodically shifted, making it more difficult to oxidize the Fc
group in these systems. The electron donating alkyl groups facilitates the oxidation
process due to the higher electron density at iron and results in a cathodic shift of the
oxidation potential. This shift is expected to be higher for the Et and CH,CH,SEt
derivatives 4 and 5. However, their E); is slightly anodically shifted compared to the

methylated system 3.

Figure 2.1 shows that substitution of the free amine 2 for an aminophosphonate
in 6 results in a significant anodic shift of 588 (+7) mV. Amino group in 2 donates
additional electron density into the ferrocene core and facilitating its oxidation. But in 6,
due to the electron withdrawing effect of the substituent, the ferrocene core is less
electron rich making it more difficult to oxidize and oxidation occur at higher potential.
In order to rationalize our observations, it was decided to carry out additional
calculations.

Table 2.2. CV parameters for compounds 2—6 (solvent: CH3CN, scan rate: 100 mV/s,

working electrode: glassy carbon, reference electrode: Ag/AgCl, counter electrode: Pt
wire, electrolyte: 0.2 M TBAP)

Compound E"* (mV) AE(mV) ip/ipc

1 489 (7) 114(5) 0.99
262(6)  88(3)  1.00
215(5) 62(2)  1.09
234(4) 82(2) 1.01
233(6)  82(3)  0.90
850(8) 70(4) 1.02

AN A W
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2.3. Quantum Mechanical Calculations

The geometries of compounds 2—6 were optimized using the DFT routine
provided in GAUSSIAN-03 (B3LYP using a 6-31G basis set). The calculation clearly
shows that due to lower charge on ferrocene of compound 3 compare to that of
compound 2, it will be easy to oxidize but in compound 4, the Fc group has more charge
which results in a more positive redox potential. In compound 3 conjugation of the
methyl group can occur while in compound 4 the methyl group cannot take part in

conjugation through saturated —CH, bridge.

A similar effect was observed by Hocek et al. where the electron withdrawing
effect of a conjugated alkyne bridge enabled electronic coupling to the Fc which was
responsible for the higher redox potential.”® But in compound 6 the aminophosphonate
group anodically shifts £}/, of the Fc group. Theoretical considerations suggest that this
is due to the electron withdrawing effect and m-acceptor properties of the phosphonate
group. This can be seen more clearly from Figure 2.2, which shows the HOMOs of

compounds 2—6.

The HOMO of compound 6 is highly stabilized due to orbital interactions
between the Fc and the aminophosphonate. It is highly stabilized compared to
compounds 2-5. In addition, the shape of the orbital at the aminophosphonate group is
different than those of other compounds. While in compounds 2—-5 the m-conjugation
within the Cp ring is intact with little extension over the substituents, a new orbital node

is present in compound 6 facilitating electronic delocalization into the substitutent.
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Figure 2.2. HOMO contours and energies of compounds 2—-6.

In this chapter synthesis and characterization of fully protected ferrocene amino
acid, [Boc-NH-Fc-COOMe] (1) is reported. This compound reacts with CWAs mimics
to give a series of well-defined chemical products that were also fully characterized
spectroscopically. Importantly, their electrochemical properties in solution are

significantly different and characteristic to the specific class of CWA mimic.

With the success in solution study, we further modified the amino ferrocene
derivative by reacting with cystamine so that we can immobilize the sensor material
onto gold surface to get a robust sensor platform. This assembly of molecules on the
surface will also allow us to have a miniaturized device which eventually can lead us to

a portable device.
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Chapter 3. Surface Studies of Amino Ferrocene Derivatives on Gold: Towards

Electrochemical Sensors for Chemical Warfare Agents

In this chapter, we report the synthesis and characterization of the cystamine
conjugate of ferrocene amino acid [BocHN-Fc-CO-CSA],. This molecule is equipped
with an amino group that directly linked to the redox receptor. We speculated that the
redox potential of the Fc group would be strongly affected by the reaction of the amino
group with alkylating agents on surface, which may eventually lend itself to the
electrochemical detection of alkyating agents. For this purpose, we prepared thin films
of [BocHN-Fc-CO-CSA]2 on gold and carried out surface reactions with simulants for
chemical warfare agents, such as EtSCH,CH,Cl (MA), a simulant for sulfur mustards
HD and (CN)(EtO),P(O) (NA), a simulant for nerve agents Tabun. Their reaction with
the surface-bound ferrocene derivative results in the formation of N-substituted
products. The surfaces are probed using a series of spectroscopic and electrochemical
techniques, including x-ray photoelectron spectroscopy, ellipsometry and quartz crystal

microbalance.

3.1. Synthesis and Characterization

The orange-red ferrocene amino acid conjugate, [(BocNH)Fc(CO)CSA],, (12)
was synthesized using the EDC/HOBt protocol™ starting from the Boc-protected
aminoferrocene  carboxylic acid, BocHN-Fc-COOH (11) and cystamine,

NH,CH,CH,SCH,CH;NH,, (13) as shown in Scheme 3.1.
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Scheme 3.1. Synthesis of compound [(BocNH)Fc(CO)CSA], (12). (i) CH,Cl,,
HOBt, EDC; (ii) Et;N.

The symmetrical disulfide was fully characterized spectroscopically. The compound
exhibit absorption band in the visible region with a An, = 442 nm, typical of the d—d
transition in ferrocene derivatives.”” In the "H-NMR spectrum, compound 12 exhibits
two resonances at & 7.27 and at 6 6.39, assigned to the CSA amide and the Fc-carbamide
group, respectively (Figure 3.1 (a)). These two groups also give distinct signals in the
BC-NMR at § 171.3 for the amide C=O group and at & 154.3 for the Fc-carbamide
group (Figure 3.1 (b)). The chemical shift of amide groups in Fc-conjugates is sensitive
to H-bonding and shifts downfield of & 7.00 indicate the involvement of amide NHs in
H-bonding.”**° This is supported by the presence of an Amide A resonance at 3334 cm™
in infrared spectroscopy, indicating H-bonding.”*®'"®® The chemical shifts of the
inequivalent Cp protons of the Fc group are comparable with reported shifts and are
observed as four distinct singlets in the region of 6 4.72 — 4.05. These chemical shifts
are comparable to those of other di-substituted Fc-systems, like
[(AcNHCsH,)Fe(CsH,CONHMe)]® (14) and

[(AcNHCsH,)Fe(CsH4CON(Cy)CONHCY)] (Cy = cyclohexyl) (15).%
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Figure 3.1. (a) '"H-NMR spectrum of [(BocNH)Fc(CO)CSA], (12) and (b) "*C-
NMR spectrum of [(BocNH)Fc¢(CO)CSA]; (12) in CDCls.

The ORTEP structure of compound 12 is shown in Figure 3.2 (a). Selected bond
distances and angles for compound 12 are given in Table 3.1. The Cp rings are almost
parallel to each other in both ferrocene molecules [1.0(2)° and 1.9(4)°, respectively]. The
substituted groups are slightly twisted out of plane of the Cp rings to which they are
attached (twist angles () are 24.71° (0.16) and 8.20° (0.30) respectively for Cp planes
and amide planes on two ferrocenes through Fel and Fe2). The conformation of Fcl can
be described as 1,5 with respect to the orientation of the substituents (Figure 3.2 (b)),

while that of Fc2 can be described as approximately 1,1°(Figure 3.2 (¢)).
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(b)

Figure 3.2. (a) ORTEP plot of [BocNH(CsH4)Fe(CsHs)C(O)NHCH,CH,S], (12)
shown at the 30% probability level. (b) 1,5 conformation of Fcl (c) 1,1’ conformation
of Fc2 with respect to the orientation of the substituents. H-atoms are omitted for
clarity.

These conformations are stabilized by intramolecular H-bonding between N1
and O3 and N4 and O2. The intramolecular N(H)--O=C distances are 2.849(3) A and
2.989(3) A, respectively, indicating fairly strong hydrogen bonding.*® This is in line
with the NMR and IR measurements which also indicate the presence of H-bonding in
solution and the solid state. In addition, individual molecules of 12 are strongly
interconnected through intermolecular H-bonding between carbonyl oxygen [O(1) and

O(2)] of the amide and amino hydrogen [N(2)(H), N(3)(H)] forming an effective H-
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bonded network in the crystalline state with H-bonding distances of 2.789(3) and

2.795(3) A (Table 3.2).

Table 3.1. Selected bond distances (in A) and bond angles (in °) for compound 12

Bond Distance Bond Distance
C1-C6 1.467(4) C12-Cl11 1.470(4)
Co6-01 1.240(3) C11-02 1.253(3)
C17-N3 1.415(4) C27-N4 1.419(4)
N3-C22 1.342(4) N4-C32 1.348(4)
C22-03 1.213(4) C32-05 1.200(4)
S1-S2 2.037(13)
Angle Angle

CI-C6-NI  116.9(2) CI2-C11-N2 117.9(2)
C12-C11-02 120.7(2) C27-N4-C32 122.9(3)
C1-C6-01  121.8(3) N3-C22-03  126.0(3)
Cgl-Fe-Cg2 179.2(5) Cg3-Fe-Cgd  179.3(5)

0 angles
Fcl  1.02) Fe2 1.9(4)

Twist angles (B)
Fcl  24.71(0.16) Fc2  8.20(0.30)

Torsion angles (®)
Fcl  -75.28(0.25) Fc2  -9.34(0.25)

Table 3.2. D(H)-A distances (in A) for compound 12

D(H)-A d(D+A)
NIH~03  2.849(3)
03-NIH  2.849(3)
N4H~02  2.989(3)
02-N4H  2.989(3)
N2H-01  2.789(3)
O1-N2H  2.789(3)
N3H~02  2.795(3)
02-N3H  2.795(3)
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3.2. Surface Studies
3.2.1. Cyclic Voltammetry

Compound 12 is equipped with a disulfide group, which allows the formation of
films on gold surfaces. Our general approach of making monolayer is shown in Scheme
3.2. Deprotection of the Boc-group in films of compound 12 by TFA results in the

formation of a film having free amine group (12-d).
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Scheme 3.2. Schematic view of surface modifications of compound 8 (a) in
solution (b) on surface (c) deprotection of 12 to 12-d (d) exposure of 12-d with 1
ppm MA | 12-d+MA and (e) exposure of 12-d with 1 ppm NA, 12-d+NA.
A typical CV of the film before and after deprotection of compound 12 is shown
in Figure 3.3 (a). The formal potential of a film of 12 was observed at E’ = 317(15) mV
versus Ag/AgCl with a peak separation of the cathodic and anodic peaks of AEp = 52(6)
mV and a peak current ratio close to unity. A lower peak current ratio in case of 12-
d+MA indicates a more irreversible system with a different forward and backward

electron transfer rate. Based on the integrated Faradaic signal, we obtained a surface

concentration I' for compound 12 of T' = 1.08x10™"° (3.48x10™'") mol/cm® with a
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footprint of 130(51) A*/molecule while from crystallographic data the molecular area of
12 was found to be 36 A*/molecule. The difference may be due to the tilt angle or
disrupting of hydrogen-bonding of two adjacent cyclopentadienyl rings which will allow
the movement of the substrate and eventually will occupy more space. Similar results
were also observed for the other amino ferrocene systems.®'

After deprotection, the film of 12-d, the formal potential E’ experiences a
cathodic shift to 262(10) mV vs Ag/AgCl, while the reversibility of the process is not
affected. Surface concentration (I') changes to 3.17x10™"" (5.80x10™'*) mol/cm® which
indicates a 29% loss of the material compared to a film of compound 12. We assume
that some of the weakly bound surface molecules which arise due to the differences in
adsorption energies of the adsorption sites on the heterogeneous surface desorbed during
the deprotection process or some of the Au-S bonds are protonated by TFA and

6199 Typical CVs for a film of 12-d after exposure to

subsequently come off the surface.
MA and NA are shown in Figure 3.3 (b).

The AEp values indicate that 12, 12-d and 12-d+NA undergo reversible while
12-d+MA undergoes a quasi-reversible redox process (ip/lpc values are close to unity
except 12-d+MA). The AEgnm values are significantly larger than the ideal values (97
mV) for minimal lateral interaction which indicate that the electroactive centers on the
surface are non-interacting.””’* A footprint of 130(51) A*/molecule of 12 on the surface
also support that. We assume that different orientations of molecules may generate a
very disordered surface. Also presence of different chemical environment from the

intact and broken H-bond between the adjacent amide groups of the same molecule may

give rise to phase-separated domains which cause the observed peak broadening. During
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the scanning process in cyclic voltammetry a particular domain may have slightly
different response from its adjacent domain due to the different surface charges
associated with redox centers. This may cause fluctuation in the potential and give rise

to broad peaks.’"
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Figure 3.3. (a) CVs of 25 pm gold microelectrode surfaces modified with 12 (solid
line) and deprotected 12-d (°). (b) 12-d after exposure to 1 ppm MA, (12-d+MA)
() and NA, 12-d+NA (solid line) in 2.0 M NaClO, solution. Scan rate 100 V/s,
reference electrode Ag/AgCl (3M KCl) and counter electrode Pt wire.
We tried to improve the peak sharpening by using butanethiol diluted surface of
12 but without any apparent success. Dilution after deprotection results in losing the
electrochemical signal in CV which may be due to alkylation and desorption of the

4,75 - .
molecule.”*”” We assume deprotection process etches the surface and makes it more

vulnerable to thiol molecules.
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3.2.2. Differential Pulse Voltammetry
DPV were taken for all systems (Figure 3.4) to resolve the issue of peak
broadening. Figure 3.4 (a) and (b) show the DPVs of compound 12, 12-d and 12-d+MA

and 12-d+NA.

(b)
0.30

060 0.00 0.20 040 0.60

Figure 3.4. (a) DPVs of 25 um gold microelectrode surfaces modified with 12
(solid line) and deprotected 12-d (°). (b) 12-d after exposure to 1 ppm MA, (12-
d+MA) (solid line) and NA, 12-d+NA (°) in 2.0 M NaClO;4 solution. Amplitude:
0.05 V, pulse width: 0.05 sec and pulse period: 0.2 sec.
The peak broadening in DPV is assumed to be due to highly disordered surface resulting
from deprotection of Boc-group on 12. Also the decrease in peak current supports our
assumption of alkylation and desorption of surface molecules by MA and NA. The film
thicknesses of the surfaces in Figure 3.3 were measured by ellipsometry and all values

shown in Table 3.3, lie close to the values calculated for molecular dimensions of the

compounds by Spartan 2.0 software.
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Table 3.3. Electrochemical parameters and thicknesses of 12 on 25 um gold electrodes
and Au on Si substrates

Film Calc.
Surfaces  E° (mV) (ﬁf\ﬁ’) ioafine (Oifdf;gg imza)k) Thickness  Film
P (A) Thickness
12 317 (£15)  52(#6) 1.10 190 (10) 12 (£2) 9*
b
12-d 262 (£10) 50 (#5)  1.01 180 (10) 6 (x1) 9
12- 16°
LMA 310(=5) 110 (#3)  0.71 222 (£15) 10 (£4) b
12-d+NA 314 (#3) 59 (x2) 0.93 145 (£12) 7 (£2) 15

“*Calculated from crystal; ®Calculated from Spartan 2.0

3.2.3. Surface Titration

The variation of formal potentials with the logarithm of concentration of MA and
NA are shown in Figure 3.5 and indicate a response over a wide concentration range of

for two of the CWA mimics tested.
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Figure 3.5. (a) Changes in potential on addition of increasing concentration of MA
and (b) NA to surface immobilized 12-d. Working electrode: gold microelectrode
(25uM diameter); reference electrode: Ag/AgCl; counter electrode: Pt wire;
electrolyte: 2M NaClOy; scan rate: 100V/s.
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In each case, formal potentials move toward more positive values as the concentration of
MA and NA increases. Best fit line of the data in Figure 3.5 (a) shows that for the
mustard mimic the formal potential increase upon addition of MA but then levels off at
high concentrations, most likely due to a saturation of the sensor surface. In case of NA,
the behavior is similar, but saturation is already reached after the addition of 1 ppm of
NA (Figure 3.5 (b)). We assume that with this higher concentration, the molecule on the
surface is alkylated by the analytes and then stripped off. These observations are in
agreement with our observations in our solution study. Extended surface studies clearly

show the formation of the expected chemical species on the surface.

3.2.4. Quartz Crystal Microbalance

In order to get more insight into the chemistry that takes place on the surface
involving the ferrocene amino acid cystamine conjugate, we decided to carry out a study
involving an electrochemical quartz crystal microbalance and determine changes in
mass that take place upon the deprotection of 12 and its subsequent reactions with MA
and NA. For this purpose, a gold covered silicon crystal (9 mm diameter, AT-cut, CH
Instruments) was exposed to an ethanolic solution of compound 12 in a procedure
identical to that described for the films prepared on gold electrodes. Changes in the
resonance frequency Af were monitored as a function of time (in sec).

Figure 3.6 shows a plot of the changes in resonance frequency Af in Hz versus
time for a film 12 before and after Boc-deprotection. In the absence of TFA, the film of
12 is stable and no changes in Af were observed. However, upon addition of a solution

of TFA (40% in CH,Cl,), rapid loss of CO, and isobutene cause an increase in Af of
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2.42 Hz, which corresponds to a net mass loss of 3.39 ng. This mass change is higher
than the calculated mass change based on the surface coverage of 12 with a footprint of
130(51) A*/molecule which can be rationalized by desorption of molecules by the

deprotection process.

Figure 3.6. Typical QCM plot for frequency changes (Af) vs. time of the Au
surfaces on quartz crystal modified with 12 (o), deprotected 12-d (©), 12-d+MA
(0) and 12-d+NA (0) at 25 °C.

A mass gain of 2.3 (+0.3) ng is achieved when MA is added to 12-d on the
surface. We attribute this change to the reaction between the free amine 12-d and the ion
formed by hydrolysis of MA. The mass change is higher than the expected value (2.17
ng for 83% reaction as calculated from XPS data). We assume that the increased mass is
due to the adsorption of MA itself on the surface by physisorption or chemisorption via
formation of an Au-S bond. When NA is added (ion mass: 137.09) the frequency drops
still further (Af = -0.81 Hz) which indicates a mass gain (4.5 (£0.5) ng) on the quartz

crystal. The excess mass gained by reaction with NA may be due to binding of NA with
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surface species via H-bonding.* Similar trends with EQCM experiments were also

76-79

observed by other researchers. The mass and frequency changes are given in the

Table 3.4.

Table 3.4. Frequency and mass changes on QCM after deprotection and exposure of 12-
d to MA and NA

Surfaces Frequency (f)  Frequency change  Mass change Calc. mass
Hz (Af) Hz (Am) ng changes (ng)

12 0.00 - - -

12-d 242 242 3.4 (+0.4) 2.46

12-d+MA 0.75 1.67 2.3 (£0.3)* 2.17

12-d+NA -0.81 3.23 4.5 (£0.5)** 2.82

*mass gain from 12-d to 12-d+MA, **mass gain from 12-d to 12-d+NA

3.2.5. X-ray Photoelectron Spectroscopy

Film compositions of the surfaces were also measured by XPS to investigate the
reactions that occurred from the deprotection and addition processes. Deconvolution of
the XPS S,, (Figure 3.7 (a)) gives rise to a doublet at 161.8 (S 2p3;2) and 163.0 eV (S
2p12) with a 2:1 area ratio and a peak separation of 1.2 eV. The binding energy of the S
2p photoelectrons at 161.8 eV is a conformity of thiolate sulfur bonded to the Au surface
via Au-S bond.**’ Figure 3.8 (c) and d show two peaks with a XPS binding energy of
707.8 and 715.7 eV which are the characteristic signatures of the Fe(II) and Fe (III) (2p)
respectively of a ferrocene group.***This unambiguously confirms that 12 is attached to
the surface. Figure 3.7 (b) shows deconvolution of the S 2p peak after the reaction of 12

with MA.
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Figure 3.7. XPS S 2p spectra for (a) 12 (b) 12-d+MA and Fe 2p spectra for (c) 12
and (d) 12-d+NA films on gold surface.

Surface bounded sulfur shows peaks at 162.2 and 163.6 eV as in the case of 12
whereas the peaks at 163.8 and 165.0 eV are assigned to the reacted sulfur species from

S08LE-E5 The area ratio of the two types of

MA which is not bounded to Au surface.
sulfur was found to be 1.2:1 which indicates a 83% yield compared to 70% of that of
12-d with NA under identical conditions.

The more convincing evidence comes from N1s spectra which show clearly that
12-d reacts with MA and NA. As shown in Figure 3.8 (a) for 12, the N1s spectra exhibit
two distinct peaks at 399.3 and 399.9 eV with full width at half maximum (fwhm) of
1.15 eV. The peak at 399.9 eV is attributed to CSA amide, N-C=0O species, whereas the

34,89

peak at 399.3 eV is most likely due to N-atom of carbamide. The peak area ratio of
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1:1 is consistent with the presence of two distinct nitrogen environments in 12. The N1s
binding energy for CSA amide, N-C=0 at 399.9 eV is identical for 12 and 12-d and in

case of 12-d+MA and 12-d+NA it shifts 0.2 and 0.1 eV to positive value respectively.
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Figure 3.8. XPS N1s spectra for (a) 12 (b) 12-d (c) 12-d+MA (d) 12-d+NA films
on gold surface.

On the other hand, the carbamide nitrogen on conversion to free amine gives an
identical peak at 399.2 eV which shifts to 399.1 eV in case of 12-d+MA. This nitrogen
is strongly affected by the reaction with NA bond and shifts to 397.8 eV while at the
same time some residual free amine shows at 399.3 eV. We assume that electrons
become more delocalized over the ferrocene ring to the oxygen atom attached with

phosphorus through P-N bond due to the electron withdrawing effect and m-acceptor
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properties of the phosphonate group. This gives the nitrogen atom more electron density

which in case of MA is less pronounced because of the saturated alkane bridge.

Table 3.5. N1s binding energies for 12 and modified films

. Nls (eV) Ratio of
Modified surfaces Carbamide-N  CSA amide, N-C=0 peak area
12 399.3 399.9 1:1
12-d 399.2 399.9 1:1
12-d+MA 399.1 400.1 1:1
12-d+NA 397.8,399.3 400.0 (0.7:0.3):1

The peak area ratio of this carbamide nitrogen and residual free amine was found
to be 0.7:0.3. This also supports that only 70% of the free amine was reacted in case of
addition of nerve agent mimic on to the surface. The change in N1s binging energy is
summarized in Table 3.5. All other elements Cls, Ols and Auyr give their characteristic

peak at the usual positions.
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4. Conclusions and Future Research
4.1. Conclusions

The reaction of 1-amino-n'-ferrocenemethylcarboxylate, 1,n'-H,N-Fc-COOMe
(2), with electrophiles was studied. N-Alkylations of 2 result in the expected products,
while the reaction with diethylcyanophosphonate results in the formation of the
corresponding aminophosphonate derivative. The solution electrochemistry of these
compounds showed a significant shift in the halfwave potential which was rationalized
by quantum mechanical calculations. This result holds promise for the development of a
sensor based on the redox chemistry of aminoferrocene.

The cystamine conjugate, [BocNHFcCOCSA],, was immobilized onto gold and
was used for the detection of chemical warfare mimics. Cyclic voltammetry studies of
the surface bound molecules showed a similar shift in the halfwave potential in the
presence of CWA mimics. XPS showed that chemical reaction occurred between the
CWA mimics and the free amine group of compound 12 results in the formation of
chemically well-defined species. Titration experiments with CWA mimics gave a

detection limit of 0.1 ppb.

4.2. Future Research

A series of critical investigations need to be carried out addressing issues related
to possible environmental effects and interferences.

The response of the film of compound 12 as a function of temperature needs to
be evaluated. In addition, it is important to determine if additives such as metal ions,

solvents or even dirt, will interfere the results.
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At present, the system investigated in this thesis is not selective. Other ferrocene
based systems need to be developed to address issues related to selectivity. Besides
these, there are more questions remain unanswered:

1. Can this system selectively detect mustard gases and nerve agents?

2. Can the sensitivity of the present system be further increased?

3. Can the system differentiate among different CWA mimics belonging to the
same class?

4. Can the incubation time be shortened?

5. Can this system be used for continuous monitoring?
Some of the questions may be answered by modifying our sensor compound 12

using amino acid modified aminoferrocene derivatives.
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Scheme 4.1. Scheme for modification of present sensor compound. R = Boc-His, Boc-
Trp, Boc-Asp, Boc-Glu, Boc-Gln, Boc-Asn and Boc-Clys.

16,90,91 d 16,90,92 16
2

Amino acids, for example, histidine, glutamic aci cysteine,

16,90 92 )
7 glutamine,”” and asparagine™ were shown to have

aspartic acid,” tryptophan,
exclusive reactivity towards CWAs in biological systems. Modification of sensor

compound 12 by amino acids can be achieved by following the reaction scheme shown

in Scheme 4.1. After synthesizing of Fc amino acid conjugates, films could be prepared
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on gold surface. The films can be fully studied and characterized as outlined in Chapters
2 and 3. It is proposed to use CV and DPV to study the sensing ability of the modified
systems to CWA mimics. Titrations can be carried out on surfaces in order to quantify

the sensitivity of the system upon addition of CWAs.
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5. Experimental

5.1. General remarks

Trifluoroacetic acid (TFA), triethylamine (Et;N), sodium sulphate (Na;SOy),
sodium bicarbonate (NaHCO3;), 1-hydroxybenzotriazole hydrate (HOBt) (Advanced
ChemTech), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC)
(Advanced ChemTech), cystamine dihydrochloride (CSA) (Aldrich), methyl iodide
(CH3l) (Fisher), ethyl iodide (CH3;CH,l), (Fisher), chloroethyl -ethylsulfide
(CICH,CH,SEt) (Aldrich), diethyl cyanophosphonate ((CN)(EtO),P(O)) (Aldrich),
ammonium hydroxide (NH4OH) and potassium bromide (KBr) (IR grade, Aldrich) were
used as received. All syntheses were carried out in air unless otherwise specified.
CDCl;, MeOD (Sigma-Aldrich) were stored over molecular sieves (8-12 mesh; 4 A
effective pore size; Fisher) before use. For column chromatography, a column with a
width of 2.7 cm and a length of 45 cm was packed with 230-400 mesh silica gel (EM,
Science). For TLC, aluminum plates coated with silica gel 60 F254 (EM, Science) were
used. Boc-NH-Fc-COOMe (1) and BocHN-Fc-COOH (11) were prepared by following

the literature procedure.”

A Bruker Avance 500 MHz NMR spectrometer ('H 500.3 MHz, "*C 125.8 MHz
and *'P 202.5 MHz) equipped with a 5 mm broadband probe and dedicated 'H, °C as
well as *H for locking were employed in all experiments. Peak positions in both 'H-
NMR and C-NMR spectra are reported in ppm relative to TMS and coupling constants
Jin Hz. The '"H-NMR spectra are referenced to residue CHCI; at ¢ 7.27 for compounds

3, 4,5 and 12 and to the MeOD for compound 6. *C{'H} spectra for compounds 3, 4, 5
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and 12 are referenced to the CDClI; signal at 6 77.23 and for compound 6 to the MeOD
signal at 0 48.04. Mass spectrometry was carried out on a VG Analytical 70/20 VSE
instrument. Infrared spectra were obtained on a Perkin-Elmer 1605 FT-IR (resolution: 4

cm™). UV-visible spectra were recorded on a Varian Cary 500 spectrometer.

5.2. General synthetic method for compound 3-6

To a solution of compound 1 (100 mg, 0.29 mmol) in CH,Cl, (5 ml) TFA was
added under nitrogen at 0 °C to deprotect the amino group. The mixture was stirred for
30 min and Et;N was added to neutralize the excess TFA and to get free amine (‘H
NMR (CDCls, é/ppm): 4.78 (t, Fc-2H, H-2 and H-5, J =4 Hz), 4.36 (t, Fc-2H, H-2" and
H-5', J=4 Hz), 4.18 (d, Fc-2H, H-3 and H-4, J =2 Hz), 3.98 (d, Fc-2H, H-3" and H-4’,
J =2 Hz), 3.80 (s, COOMe-3H), 2.60 (s, NH»)). The solvent was removed in vacuo and
then dissolved in EtOH and pH was set to 9 by adding saturated NaHCO; solution.
CH;l, CH3CH;I, CICH,CH,SEt or (CN)(EtO),P(O) were added (0.58 mmol) and the
mixture was stirred at room temperature for 3 h. Then the solution was washed with
10% citric acid solution and dried over anhydrous sodium sulfate. After evaporation of
the solvent, the reaction mixture was subjected to column chromatography on SiO;

(230-400 mesh) using hexane:ethylacetate (3:1).
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5.2.1. Synthesis and Characterization of 1,n’-MeHN-Fc-COOMe (3)

H

N
@/ CH;

Fe

H3C’O“C/©

o)

Compound 3 was synthesized by using the general procedure described above.
Yield: 8 mg, 8%. EI-MS (m/z). Calc. for C;3H;sNOFe [M+l]+: 273.0452. Found:
273.0453. FT-IR (KBr, cm'): 3375 (b, N-H), 1712 (s, C—0). UV-Vis (MeCN; 1 in
nm (¢ in L mol™' ecm™)): 455 (106). "H-NMR (500 MHz, CDCls, 25 °C): 6=4.81 (t,
3Jin = 4 Hz, Fe-2H, H-2 and H-5), 4.38 (t, *Jiu = 2 Hz Fc-2H, H-2' and H-5"), 3.92 (d,
*Jin = 2 Hz, Fc-2H, H-3 and H-4), 3.90 (d, 2Jiu = 2 Hz, Fc-2H, H-3 and H-4"), 3.81 (s,
1H, N-H), 3.80 (s, 3H, COOMe), 2.68 (s, 3H, amino methyl). *C-NMR (500 MHz,
CDCl;, 25 °C): 6=173.0 (C=0), 71.9 (C-1, Fc), 71.5 (C-2 and C-5, Fc), 70.9 (C-1',

Fc), 70.6 (C-2" and C-5', Fc), 65.1 (C-3 and C-4, Fc), 56.5 (C-3" and C-4', Fc), 51.7

(ester CH3), 30.1 (N—CHj3).
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5.2.2. Synthesis and Characterization of 1,n’-EtHN-Fc-COOMe (4)

H

N.
@/ CH,CH,

Fe
/O\
ch C/Q

)

Compound 4 was synthesized by using the general procedure described above.
Yield: 27 mg, 25%. EI-MS (m/z). Calc. for C;4H7sNOFe [M+1]+: 287.0608. Found:
287.0610. FT-IR (KBr, cm): 3360 (s, N-H), 1700 (s, C=0). UV—Vis (MeCN; 1 in nm
(¢ in L mol ! cm™)): 458 (178). '"H-NMR (500 MHz, CDCl;, 25 °C): § = 4.76 (s, Fc-2H,
H-2 and H-5), 4.34 (s, Fc-2H, H-2' and H-5"), 3.97 (s, Fc-2H, H-3 and H-4), 3.87 (s, Fc-
2H, H-3' and H-4"), 3.81 (s, 3H, COOMe), 3.79 (s, 1H, N-H), 1.35 (q, *Juu = 14 Hz,
2H, N-CH,), 1.23 (t, *Juu = 14 Hz, 3H, CHs3). >C-NMR (500 MHz, CDCls, 25 °C):
0=171.9 (C=0), 72.8 (C-1, Fc), 72.1 (C-1', Fc), 71.3 (C-2 and C-5, Fc), 70.6 (C-2’ and
C-5', Fc), 65.5 (C-3 and C-4, Fc), 59.7 (C-3" and C-4', Fc), 51.8 (ester CH3), 42.0 (N—

CH,), 30.0 (CH3).
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5.2.3. Synthesis and Characterization of 1,n'-EtSCH,CH,;HN-Fc-COOMe (5)

Compound 5 was synthesized by using the general procedure described above.
Yield: 13 mg, 10%. EI-MS (m/z). Calc. for C;cH,NO,FeS [M+1]": 347.0642. Found:
347.0637. FT-IR (KBr, cm '): 3340 (b, N-H), 1708 (s, C=0). UV—Vis (MeCN; 4 in nm
(¢ in Lmol ' ecm™)): 454 (252). '"H-.NMR (500 MHz, CDCls, 25°C): d=4.78 (4,
>Jun = 3.6 Hz, Fc-2H, H-2 and H-5), 4.38 (t, *Jun = 4 Hz, Fc-2H, H-2' and H-5"), 3.93
(s, Fc-2H, H-3 and H-4), 3.89 (s, Fc-2H, H-3" and H-4"), 3.81 (s, 1H, N-H), 3.80 (s, 3H,
COOMe), 3.12 (s, 2H, N-CH,), 2.80 (t, *Juu=13 Hz, 2H, S-CH,), 2.64 (q,
Jun =22 Hz, 2H, S-CH,), 1.33 (t, *Junu = 15 Hz, 3H, S—-CH3). >C-NMR (500 MHz,
CDCls, 25 °C): 6 = 172.2 (C=0), 72.9 (C-1, Fc), 72.5 (C-1', Fc), 71.4 (C-2 and C-5, Fc),
70.2 (C-2" and C-5', Fc), 64.9 (C-3 and C-4, Fc), 56.7 (C-3' and C-4', Fc), 51.4 (ester

CHs), 45.5 (N-CH,), 31.7 (S-CHa), 25.8 (S-CH,), 14.9 (CH3).
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5.2.4. Synthesis and Characterization of 1,n’-(EtO),P(O)NH-Fc-COOMe (6)

Compound 6 was synthesized by using the general procedure described above at
a temperature of —20 °C. Yield: 68 mg, 8%. EI-MS (m/z). Calc. for C;sH2,NOsPFe
[M+1]": 395.0584. Found: 395.0574. FT-IR (KBr, cm'): 3245 (b, N-H), 1720 (s,
C=0), 1500 (s, P-0). UV-Vis (MeCN; 4 in nm (¢ in L mol™' cm™')): 451 (144). 'H-
NMR (500 MHz, MeOD, 25 °C): 6 =4.78 (s, Fc-2H, H-2 and H-5), 4.6 (s, Fc-2H, H-2'
and H-5'), 4.4 (s, Fc-2H, H-3 and H-4), 4.0 (s, Fc-2H, H-3' and H-4'), 4.1 (q,
*Jun=7Hz, 2H, O-CHy), 3.99 (s, 1H, N-H), 3.80 (s, 3H, COOMe), 1.25 (t,
3Jun =7 Hz, 3H, CH3). "C-NMR (500 MHz, MeOD, 25 °C): § = 172.0 (C=0), 73.2 (C-
1, Fc), 71.0 (C-1', Fe), 69.8 (C-2 and C-5, Fc), 66.8 (C-2' and C-5', Fc), 64.2 (C-3 and
C-4, Fc), 60.5 (C-3" and C-4', Fc), 51.1 (ester CHs), 34.7 (CHy), 25.2 (CHs). *'P{'H}-

NMR (500 MHz, MeOD, 25 °C): 6 = 48.7.
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5.2.5. Synthesis and Characterization of [BocNH-Fc-CO-CSA]; (12)

H Fe

0
I
Q)LN/\/S\S/\/N\(@?
I
Fe H ©

Boc
b

H

To a stirring mixture of BocHN-Fc-COOH (11) (50 mg, 0.14 mmol) and HOBt
(33 mg, 0.22 mmol) in CH,Cl, (10 mL), solid EDC was added (42 mg, 0.22 mmol) at
0°C and stirring was continued for 3 hrs. A slurry of cystamine dihydrochloride (6 mg;
0.05 mmol) in CH,Cl, (10 mL) followed by Et;N (0.5 mL) was added to the reaction
mixture and stirring was continued for 10 hrs at room temperature. The yellow reaction
mixture was then subjected to an aqueous work up by washing with sat. NaHCO; and
10% citric acid and again with sat. NaHCOs. After drying of the organic phase over
anhydrous Na,SO4, the solvent was evaporated to dryness and the residue was
chromatographed on silica (n-hexane: EtOAc: MeOH 5:4:1; Ry = 0.30), giving the
desired orange product in 83% yield (35 mg). UV-vis (CH3CN, Apax in nm, € in Lmol
'em™): 442 (366). IR (KBr, cm™): 3441 (NH), 3334 (NH), 2976 (Fc), 2927 (CH3), 1710
(C=0), 1639 (Amide I), 1533 (Amide II), 1390 (Cp), 1247 (C-O). 'H-NMR (500 MHz,
CDCls, 293 K): 6 7.27 (s, 1H, N-H, CSA amide), 6.39 (s, 1H, N-H, Boc-NH), 4.72 (s,
2H, Fc-H), 4.42 (s, 2H, Fc-H), 4.36 (s, 2H, Fc-H), 4.05 (s, 2H, Fc-H), 3.76 (t, 2H, N-

CH,, J = 5 Hz), 3.02 (t, 2H, S-CH,, J = 5 Hz), 1.51 (s, 9H, Boc). *C{'H}-NMR (500
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MHz, CDCl3, 293 K): 6 171.3 (C=0 CSA amide), 154.3 (Boc-C=0), 96.8 (Boc-tert-C),
80.8 (ipso-C, Fc-C(0)), 78.2 (ipso-C, Fc-NH), 71.4, 69.9, 66.2, 63.5 (Fc-C), 39.4 (CH»-
N), 38.6 (CH,-S), 28.8 (CH3). ESI-MS: exact mass m/z calcd. for C3sHs6O6NsFe,S,
806.1557, found 806.1767. Anal. Calc. for C3¢H4sO¢N4FesS,: C, 53.60; H, 5.70; N, 6.94.

Found: C, 53.03; H, 5.69; N, 6.87%.

5.3. Electrochemical measurements

The electrochemical experiments were carried out at room temperature using
CHI 660b Instruments. A glassy carbon electrode (BAS, diameter 2 mm) was used as
working electrode and Pt wire as counter electrode while Ag/AgCl (BAS) was used as a
reference electrode. The glassy carbon electrode was polished with 3 ym alumina
powder followed by 1 um, then 0.5 um alumina prior to use to remove any surface
contamination. 1 mM solution of the compounds in CH3CN was prepared and 0.2 M
tetrabutylammonium perchlorate (TBAP) was used as supporting electrolyte. The cyclic

voltammetry measurements were carried out at a scan rate of 100 mV/s (8 scan cycle).

5.4. Quantum mechanical calculations

Standard molecular orientations were used in building the molecules of
compounds 2—-6 using the program SPARTAN-04. The geometries were partially
optimized using the Spartan minimizer. Complete optimization of the molecules was
performed using GAUSSIAN-03"* in C, using the DET/B3LYP method with 6-31G”™" basis
set. Electron density on ferrocene was calculated from natural bond orbital analysis for

all the optimized structures at the same theoretical level. The molecular orbital diagrams
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were constructed using ArgusLab.”” The molecular orbital data generated by GaussView
was input into ArgusLab and the final images created using the ray tracing program

POV-RAY 3.5.

5.5. Film Preparation and Surface Electrochemistry

Gold microelectrodes having a diameter of 25 pum were prepared and surface
roughness was determined by Cu UPD’®"" and was in the range of 1.2 — 1.4 for all
electrodes. Thin films were prepared by soaking the microelectrodes in a ImM ethanolic
solution of compound 12 for 5 days. The modified surfaces were washed with copious
amounts of ethanol, Millipore water and then sonicated in ethanol solution for 2 sec and
again rinsed with Millipore water. The film was then backfilled by incubating the
electrodes for 5 min in 1 mM ethanolic solution of butanethiol. Deprotection of Boc-
amine was carried out by exposing the film to 40% TFA in DCM for 1 min and
subsequent washing with absolute ethanol, then to Millipore water and finally exposing
to 10% NH4OH in H,O for 15 sec. Again the electrodes were washed with Millipore
water and placed back in 2M NaClO, electrolyte solution for electrochemical
measurements.”

All electrochemical measurements were carried out using a CHI Instrument 660b
electrochemical workstation. 2.0 M NaClO4 was used as the supporting electrolyte. An
Ag/AgCl (3M KCl)-electrode served as the reference electrode and a Pt wire as the
counter electrode. For cyclic voltammetry (CV) experiments, the scan rate was 100 V/s.
After each modification the surface was given 2 min rest time before any

electrochemical signal was recorded. Differential Pulse Voltammetry (DPV)
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measurements were carried out by setting the amplitude at 0.05 V with a pulse width of

0.05 s and pulse period of 0.2 s.

5.6. Ellipsometry Study

Film thickness was measured using an LSE Stokes ellipsometer (Gaertner
Scientific Corporation, Skokie, IL) with a fixed angle of 70° and a fixed wavelength of
632.8 nm and a HeNe Laser as a light source. The data were collected and analyzed
using LGEMP (Gaertner Ellipsometer Measurement Software) on a PC. Au on Si(100)
(Platypus Technologies, Inc.) wafers were used as a substrate with refractive index Ng =

0.133, absorption index K¢ = 3.462 and film refractive index was set to 1.44.

5.7. Quartz Crystal Microbalance (QCM) Measurements

QCM experiments were conducted on a CHI 440 (CH Instruments Inc.) using
quartz crystals (8 MHz, AT-cut, diameter 9 mm) covered with Au (1000 A) on a Ti
adhesion layer (100 A), commercially available from CH Instruments). The QCM

experiment relies on the calculation of mass change (Am) at the quartz crystal using

measured frequency change (Af) according to the Sauerbrey equation (Eq. 1):

2
ﬂAm
AN up

A= 1)

where f is the resonant frequency of the fundamental mode of the crystal, 4 the area of

the gold disk coated onto the crystal (0.205 cm? for given crystal), p the density of the
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crystal and u the shear modulus of quartz. The density of the crystal is 2.648 g/cm’ and
the shear modulus x is 2.947 x 10'! g/cm s*. For 8 MHz crystal, the mass change is 0.14
ng for 0.1 Hz frequency change.

The preparation of the films on the crystals was analogous to that described for the
other surfaces, soaking the crystals for five days in a 1 mM ethanolic solution of
compound 12, followed by washing with ethanol, Millipore water, and drying under a
stream of nitrogen. All QCM experiments were carried out under an argon atmosphere
to protect the films from atmospheric moisture. The mass of the compound 12 on quartz
crystal was arbitrarily taken as zero and its frequency is taken as baseline frequency for

the experiments.

5.8. X-ray Photoelectron Spectroscopy (XPS)

XPS was carried out on Kratos (AEI) DS300 instrument, using the Mg K lines
for excitation at the University of Alberta. The specimen was mounted on a double-stick
scotch tape. The position of core levels was calibrated relative to the gold 4f;, line
(assumed to be at 83.8 eV). Samples were prepared by treating the gold substrate
(commercially available from CH Instruments Inc.) with piranha solution (70% conc.
H,SO4 + 30% H,0,. Caution: Piranha solution is highly oxidizing and any direct
contact should be avoided) to remove any organic contaminants. It was then washed
with copious amount of water and ethanol, dried over argon and then soaked in a ImM
ethanolic solution of compound 12 for five days. Deprotection of compound 12 was

carried out as described before. For 12-d+MA and 12-d+NA, substrates were exposed
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to MA and NA for another 2 min. All substrates were stored in an argon atmosphere

before doing the XPS measurements.

5.9. X-ray crystallography

Suitable crystals of compound 12 (orange plate; 0.20 x 0.13 x 0.10 mm) were
obtained from a chloroform solution by slow evaporation of the solvent. All
measurements were made on a Nonius Kappa CCD 4-Circle Kappa FR540C
diffractometer using monochromated Mo Ka radiation (A=0.71073 A) at -100 °C. An
initial orientation matrix and cell was determined from 10 frames using ¢-scans. Data
reduction was performed with the HKL DENZO and SCALEPACK software.” The

structure was solved using direct methods (SHELXS-97)'%

and refined by full-matrix
least-squares method on F? (SHELXL97-2)."”" The non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were included at geometrically idealized positions (C-
H bond distances 0.95/0.99 A; N-H bond distance 0.88 A) and were not refined. The
isotropic thermal parameters of the hydrogen atoms were fixed at 1.2 times that of the
preceding carbon or nitrogen atom. The structure contains two severely disordered
CHCI; solvent molecules per asymmetric unit. It was possible to model the disorder of
one solvent molecule with higher than usual principal mean square atomic displacement
parameters. Attempts to refine peaks of residual electron density as water were
unsuccessful. The data were corrected for disordered electron density through use of the

SQUEEZE'? procedure as implemented in PLATON.'® A total solvent-accessible void

volume of 389.3 A? (16% of the unit cell volume) with a total electron count of 85 was
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found in the unit cell. Derived values (formula weight, density, absorption coefficient)

do not contain the contribution of the disordered solvent molecule.

Table 5.1. Crystal data and refinement of compound 12 x CHCl;

Empirical formula C37H47CI3Fe2N406S2
Formula weight 925.96
Temperature 173(2) K
Wavelength 0.71073 A
Crystal system Triclinic

Space group P-1 [No. 2]

Unit cell dimensions

a, A 11.8954(3)

b, A 13.3664(4)

c, A 16.6714(5)

o, deg 85.6016(16)

B, deg 79.355(16)

Y, deg 69.3280(16)

V, A3 2437.19(12)
Dcalc , g/m3 1.262

Crystal size, mm 0.20 x 0.13 x0.10
0 range for data collection 2.00 to 26.40°
Goodness-of-fit (F2) 1.046
R1[1>2c(I)]a 0.0512

wR2 (all data)b 0.1548

aR1 = [X||Fo] - [Fe|[J/[Z|Fol] for [I > 25 (I)]
bwR2 = {[ Zw(Fo2 - Fc2)2]/ [ =w(Fo2)2]}1/2 all data

The hydrogen atom at the carbon atom of the CHCI; solvent molecule was located in
Fourier difference map. Its coordinates were allowed to refine, whereas its isotropic
thermal parameter was fixed at 1.2 times that of the preceding carbon atom. The final

cycle of full-matrix least squares refinement using F> (SHELXL 97-2) was based on
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6238 reflections, 348 variable parameters and converged with R; = 0.0375 for / > 20 (1).
Crystallographic details for 12 (CCDC reference number 602112) are provided in Table

5.1.
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Appendix

Ester CH3
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Figure Al. '"H-NMR spectrum of 1,n'-NH,-Fc-COOMe (2) in CDCls at room

temperature with full peak assignment.
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Figure A2. '"H-NMR spectrum of 1,7'-MeHN-Fc-COOMe (3) in CDCl; at room

temperature with full peak assignment.
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Figure A3. "H-NMR spectrum of 1,7"-EtHN-Fc-COOMe (4) in CDCl; at room

temperature with full peak assignment.
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Figure A4. '"H-NMR spectrum of 1,n"-EtSCH,CH,HN-Fc-COOMe (5) in CDCl; at

room temperature with full peak assignment.
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Figure AS5.*'P NMR spectrum of 1,7'-(EtO),P(O)NH-Fc-COOMe (6) in MeOD at room

temperature.

Figure A6. UV-visible spectrum of [BocNH-Fc-CO-CSA]; (12) in CH3;CN at room

temperature.
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Figure A7. Partial IR spectrum of [BocNH-Fc-CO-CSA]; (12) in KBr at room

temperature with band assignment.

Reflectance-Absorbance Infrared Spectroscopy (RAIRS) study of compound 12 on
Au surface

All infrared spectra were obtained using a Thermo Nicolet Nexus 870 FT-IR with a
liquid nitrogen-cooled, wide-band mercury cadmium telluride detector. Each spectrum
was obtained by averaging 50000 interferograms at 4 cm™ resolution with p-polarized
light incident on the gold substrate at 80°. Each substrate was purged with CO; free dry
air for at least 2 hours. Fresh gold substrate was used to get the reference spectrum.
Peaks at 2925 and 2852 cm’' were assigned to asymmetric and symmetric CH,
stretching respectively.' The peak at 2960 cm™ is most likely due to CHj stretching.” A
non H-bonded N-H showed up at 3454 cm™ while H-bonded N-H stretching was at 3236
cm™. The peak at 3236 cm™ is missing in case of 2 which mean that the molecules are
not intermolecularly H-bonded.* The region 1400-1900 cm™ showed several bands at
1471, 1557, 1577, 1654, 1735 cm” which were assigned to ferrocene-C stretching,

amide I, N-H bending, amide IT and C=O stretching respectively.*>
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Figure A8. RAIRS spectrum of [BocNH-Fc-CO-CSA]; (12) on Au surface immobilized

by soaking at room temperature from 1 mM ethanolic solution of compound 12.
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Table Al: Interatomic Distances [A] for compound 12

Bond Distance Bond Distance
Fe(1)-C(5) 2.034(3) S(1)-C(8) 1.804(3)
Fe(1)-C(19) 2.039(3) S(1)-S(2) 2.0366(13)
Fe(1)-C(1) 2.041(3) S(2)-C(9) 1.816(3)
Fe(1)-C(20) 2.041(3) O(1)-C(6) 1.240(3)
Fe(1)-C(4) 2.045(3) 0(2)-C(11) 1.253(3)
Fe(1)-C(21) 2.046(3) 0(3)-C(22) 1.213(4)
Fe(1)-C(3) 2.056(3) 0(4)-C(22) 1.343(3)
Fe(1)-C(2) 2.062(3) 0(4)-C(23) 1.478(4)
Fe(1)-C(18) 2.065(3) 0(5)-C(32) 1.200(4)
Fe(1)-C(17) 2.077(3) 0(6)-C(32) 1.348(4)
Fe(2)-C(12) 2.024(3) 0(6)-C(33) 1.472(4)
Fe(2)-C(16) 2.025(3) N(1)-C(6) 1.342(4)
Fe(2)-C(30) 2.031(4) N(1)-C(7) 1.461(4)
Fe(2)-C(13) 2.037(4) N(2)-C(11) 1.330(4)
Fe(2)-C(29) 2.038(4) N(2)-C(10) 1.447(4)
Fe(2)-C(27) 2.044(4) N(3)-C(22) 1.342(4)
Fe(2)-C(31) 2.045(4) N(3)-C(17) 1.415(4)
Fe(2)-C(28) 2.050(4) N(4)-C(32) 1.348(4)
Fe(2)-C(15) 2.054(3) N(4)-C(27) 1.419(4)
Fe(2)-C(14) 2.067(4) C(12)-C(16) 1.430(4)
C(1)-C(2) 1.420(4) C(13)-C(14) 1.424(5)
C(1)-C(5) 1.446(4) C(14)-C(15) 1.409(5)
C(1)-C(6) 1.467(4) C(15)-C(16) 1.408(4)
C(2)-C(3) 1.419(5) C(17)-C(18) 1.412(4)
C@33)-C4) 1.417(5) C(17)-C(21) 1.422(4)
C#4)-C(5) 1.411(5) C(18)-C(19) 1.427(4)
C(7)-C(8) 1.525(4) C(19)-C(20) 1.413(4)
C(9)-C(10) 1.513(4) C(20)-C(21) 1.422(4)
C(11)-C(12) 1.470(4) C(23)-C(25) 1.505(5)
C(12)-C(13) 1.419(4) C(23)-C(24) 1.521(6)
C(23)-C(26) 1.522(5) C(27)-C(31) 1.429(5)
C(27)-C(28) 1.434(5) C(28)-C(29) 1.421(6)
C(29)-C(30) 1.414(6) C(30)-C(31) 1.424(5)
C(33)-C(36) 1.478(6) C(33)-C(34) 1.496(5)
C(33)-C(35) 1.536(6) Fe(1)-ct(Cpl) 1.651(1)
Fe(2)-ct(Cp3) 1.646(2) Fe(1)-ct(Cp2) 1.661(1)
Fe(2)-ct(Cp4) 1.643(2)
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Table A2. Interatomic Angles [°] for compound 12

Angle Angle
C(5)-Fe(1)-C(19) 157.33(13) C(2)-C(1)-Fe(1) 70.56(17)
C(5)-Fe(1)-C(1) 41.59(11) C(5)-C(1)-Fe(1) 68.93(16)
C(19)-Fe(1)-C(1) 121.25(12) C(6)-C(1)-Fe(1) 125.74(19)
C(5)-Fe(1)-C(20) 160.72(12) C(3)-C(2)-C(1) 108.6(3)
C(19)-Fe(1)-C(20) 40.53(13) C(3)-C(2)-Fe(1) 69.61(17)
C(1)-Fe(1)-C(20) 156.03(11) C(1)-C(2)-Fe(1) 68.94(16)
C(5)-Fe(1)-C(4) 40.47(13) C4)-C(3)-C(2) 107.8(3)
C(19)-Fe(1)-C(4) 160.94(14) C(4)-C(3)-Fe(1) 69.37(17)
C(1)-Fe(1)-C(4) 68.71(12) C(2)-C(3)-Fe(1) 70.08(17)
C(20)-Fe(1)-C(4) 124.13(13) C(5)-C(4)-C(3) 108.8(3)
C(5)-Fe(1)-C(21) 124.07(11) C(5)-C(4)-Fe(1) 69.33(16)
C(19)-Fe(1)-C(21) 68.34(11) C(3)-C(4)-Fe(1) 70.21(17)
C(1)-Fe(1)-C(21) 162.05(12) C4)-C(5)-C(1) 107.6(3)
C(20)-Fe(1)-C(21) 40.71(11) C(4)-C(5)-Fe(1) 70.19(18)
C(4)-Fe(1)-C(21) 107.19(12) C(1)-C(5)-Fe(1) 69.48(16)
C(5)-Fe(1)-C(3) 68.43(13) 0O(1)-C(6)-N(1) 121.3(3)
C(19)-Fe(1)-C(3) 124.52(13) O(1)-C(6)-C(1) 121.8(3)
C(1)-Fe(1)-C(3) 68.50(13) N(1)-C(6)-C(1) 116.9(2)
C(20)-Fe(1)-C(3) 107.07(13) N(1)-C(7)-C(8) 110.8(2)
C(4)-Fe(1)-C(3) 40.42(13) C(7)-C(8)-S(1) 112.9(2)
C(21)-Fe(1)-C(3) 120.48(13) C(10)-C(9)-S(2) 111.9(2)
C(5)-Fe(1)-C(2) 68.54(12) N(2)-C(10)-C(9) 112.1(2)
C(19)-Fe(1)-C(2) 108.19(12) 0(2)-C(11)-N(2) 121.3(3)
C(1)-Fe(1)-C(2) 40.50(12) 0(2)-C(11)-C(12) 120.7(2)
C(20)-Fe(1)-C(2) 120.98(12) N(2)-C(11)-C(12) 117.9(2)
C(4)-Fe(1)-C(2) 67.81(12) C(13)-C(12)-C(16) 107.0(3)
C(21)-Fe(1)-C(2) 155.77(13) C(13)-C(12)-C(11) 128.7(3)
C(3)-Fe(1)-C(2) 40.30(13) C(16)-C(12)-C(11) 123.9(3)
C(5)-Fe(1)-C(18) 121.75(12) C(13)-C(12)-Fe(2) 70.03(19)
C(19)-Fe(1)-C(18) 40.70(12) C(16)-C(12)-Fe(2) 69.34(18)
C(1)-Fe(1)-C(18) 108.16(12) C(11)-C(12)-Fe(2) 119.7(2)
C(20)-Fe(1)-C(18) 68.30(12) C(12)-C(13)-C(14) 108.4(3)
C(4)-Fe(1)-C(18) 156.68(13) C(12)-C(13)-Fe(2) 69.06(19)
C(21)-Fe(1)-C(18) 68.27(12) C(14)-C(13)-Fe(2) 70.8(2)
C(3)-Fe(1)-C(18) 161.85(13) C(15)-C(14)-C(13) 107.8(3)
C(2)-Fe(1)-C(18) 125.75(12) C(15)-C(14)-Fe(2) 69.5(2)
C(5)-Fe(1)-C(17) 108.58(11) C(13)-C(14)-Fe(2) 68.6(2)
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Table A2. Continued....

Angle

Angle

C(19)-Fe(1)-C(17)
C(1)-Fe(1)-C(17)

C(20)-Fe(1)-C(17)
C(4)-Fe(1)-C(17)

C(21)-Fe(1)-C(17)
C(3)-Fe(1)-C(17)

C(2)-Fe(1)-C(17)

C(18)-Fe(1)-C(17)
C(12)-Fe(2)-C(16)
C(12)-Fe(2)-C(30)
C(16)-Fe(2)-C(30)
C(12)-Fe(2)-C(13)
C(16)-Fe(2)-C(13)
C(30)-Fe(2)-C(13)
C(12)-Fe(2)-C(29)
C(16)-Fe(2)-C(29)
C(30)-Fe(2)-C(29)
C(13)-Fe(2)-C(29)
C(12)-Fe(2)-C(27)
C(16)-Fe(2)-C(27)
C(30)-Fe(2)-C(27)
C(13)-Fe(2)-C(27)
C(29)-Fe(2)-C(27)
C(12)-Fe(2)-C(31)
C(16)-Fe(2)-C(31)
C(30)-Fe(2)-C(31)
C(13)-Fe(2)-C(31)
C(29)-Fe(2)-C(31)
C(27)-Fe(2)-C(31)
C(12)-Fe(2)-C(28)
C(16)-Fe(2)-C(28)
C(30)-Fe(2)-C(28)
C(13)-Fe(2)-C(28)
C(29)-Fe(2)-C(28)
C(27)-Fe(2)-C(28)
C(31)-Fe(2)-C(28)
C(12)-Fe(2)-C(15)

67.38(11)
125.87(12)
67.56(12)
122.03(12)
40.33(12)
156.34(13)
162.44(12)
39.85(11)
41.37(12)
153.07(16)
164.60(15)
40.91(12)
68.65(14)
119.49(18)
164.24(16)
126.67(16)
40.66(19)
153.93(16)
106.61(13)
118.72(13)
68.41(16)
126.54(14)
68.36(15)
117.88(14)
152.99(13)
40.91(15)
107.30(16)
68.82(17)
40.90(15)
125.89(14)
106.99(15)
68.71(19)
164.17(14)
40.68(16)
41.00(15)
69.27(17)
68.75(13)

C(16)-C(15)-C(14)
C(16)-C(15)-Fe(2)
C(14)-C(15)-Fe(2)
C(15)-C(16)-C(12)
C(15)-C(16)-Fe(2)
C(12)-C(16)-Fe(2)
C(18)-C(17)-N(3)
C(18)-C(17)-C(21)
N(3)-C(17)-C(21)
C(18)-C(17)-Fe(1)
N(3)-C(17)-Fe(1)
C(21)-C(17)-Fe(1)
C(17)-C(18)-C(19)
C(17)-C(18)-Fe(1)
C(19)-C(18)-Fe(1)
C(20)-C(19)-C(18)
C(20)-C(19)-Fe(1)
C(18)-C(19)-Fe(1)
C(19)-C(20)-C(21)
C(19)-C(20)-Fe(1)
C(21)-C(20)-Fe(1)
C(17)-C(21)-C(20)
C(17)-C(21)-Fe(1)
C(20)-C(21)-Fe(1)
0(3)-C(22)-N(3)
0(3)-C(22)-0(4)
N(3)-C(22)-0(4)
0(4)-C(23)-C(25)
0(4)-C(23)-C(24)
C(25)-C(23)-C(24)
0(4)-C(23)-C(26)
C(25)-C(23)-C(26)
C(24)-C(23)-C(26)
N(4)-C(27)-C(31)
N(4)-C(27)-C(28)
C(31)-C(27)-C(28)
N(4)-C(27)-Fe(2)

108.4(3)
68.69(18)
70.5(2)
108.4(3)
70.91(19)
69.28(17)
129.4(3)
109.0(3)
121.4(2)
69.61(16)
131.72(19)
68.64(16)
107.1(3)
70.54(16)
68.67(17)
108.5(2)
69.81(17)
70.63(16)
108.1(3)
69.67(17)
69.82(16)
107.3(2)
71.03(16)
69.47(16)
126.0(3)
125.0(3)
108.9(2)
109.1(3)
110.7(3)
112.0(4)
102.3(3)
110.5(4)
111.8(4)
127.1(3)
124.1(3)
108.8(3)
125.6(2)
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Table A2. Continued....

Angle

Angle

C(16)-Fe(2)-C(15)
C(30)-Fe(2)-C(15)
C(13)-Fe(2)-C(15)
C(29)-Fe(2)-C(15)
C(27)-Fe(2)-C(15)
C(31)-Fe(2)-C(15)
C(28)-Fe(2)-C(15)
C(12)-Fe(2)-C(14)
C(16)-Fe(2)-C(14)
C(30)-Fe(2)-C(14)
C(13)-Fe(2)-C(14)
C(29)-Fe(2)-C(14)
C(27)-Fe(2)-C(14)
C(31)-Fe(2)-C(14)
C(28)-Fe(2)-C(14)
C(15)-Fe(2)-C(14)
C(8)-S(1)-S(2)

C(9)-S(2)-S(1)

C(22)-N(3)-C(17)
C(32)-N(4)-C(27)
C(2)-C(1)-C(5)

C(2)-C(1)-C(6)

C(5)-C(1)-C(6)

40.39(13)
127.63(15)
68.07(14)
108.61(16)
153.33(15)
164.90(15)
119.16(16)
68.60(13)
67.91(14)
108.90(17)
40.60(13)
120.07(15)
164.80(15)
127.34(16)
153.41(15)
39.99(14)
102.03(12)
102.55(12)
125.4(2)
122.9(3)
107.1(3)
124.8(3)
128.1(3)

C(31)-C(27)-Fe(2)
C(28)-C(27)-Fe(2)
C(29)-C(28)-C(27)
C(29)-C(28)-Fe(2)
C(27)-C(28)-Fe(2)
C(30)-C(29)-C(28)
C(30)-C(29)-Fe(2)
C(28)-C(29)-Fe(2)
C(29)-C(30)-C(31)
C(29)-C(30)-Fe(2)
C(31)-C(30)-Fe(2)
C(30)-C(31)-C(27)
C(30)-C(31)-Fe(2)
C(27)-C(31)-Fe(2)
0(5)-C(32)-0(6)
0(5)-C(32)-N(4)
0(6)-C(32)-N(4)
0(6)-C(33)-C(36)
0(6)-C(33)-C(34)
C(36)-C(33)-C(34)
0(6)-C(33)-C(35)
C(36)-C(33)-C(35)
C(34)-C(33)-C(35)

69.6(2)
69.7(2)
106.9(4)
69.2(2)
69.3(2)
108.7(3)
69.4(2)
70.1(2)
108.8(4)
69.9(2)
70.1(2)
106.8(4)
69.0(2)
69.53(19)
126.4(3)
124.9(3)
108.6(3)
110.4(3)
110.2(3)
114.1(5)
101.2(3)
111.2(5)
109.1(4)
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