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CHAPTERI

INTRODUCTION

1.1 Chemical Warfare Agents (CWA)

The use of poisonous gases as weapons started centuries ago. In 431 BC,
sulfur was burned on the walls of the cities of Plataca and Belium in the Athenian and
Spartan Wars. British used picric acid and sulfur in the Crimean War (1854-1856) and
the Boer War (1880-1881)." In 1915, German troops used around 6000 cylinders of
chlorine gas on French troops causing 5-10000 casualities.” Italians used mustard gas
against Ethiopia in 1935.' Japan used chemicals on China in 1937.! Chemicals were used
in both World Wars and in Cold War.? The Iragi government carried out poison attacks
on civilians in both Iraq and Iran in 1986 and on the Kurdish population in northern Iraq
in 1988.! These are only a few incidents which were reported; there are many other
incidents which caused causalities and deaths that went unrecorded in the chronicles of
time. All these incidents have been proved to be a hindrance for world peace and have

become an important international concern.

According to the Organization for the Prohibition of Chemical Weapons and
the Chemical Weapons Convention, substances are considered chemical weapons if they,
through a “chemical effect on living processes, may cause death, temporary loss of

performance, or permanent injury to people or animals”.* CWA’s were used in both



World Wars and in Cold War. Chemical Warfare Agents (CWA) are classified into
several groups based on their mode of action; nerve agents, asphyxian/blood agents,
vesicant agents, chocking/puImonary agents, lachrymatory agents, blistering agents,
vomit agents, tear gases and cytotoxic proteins.>* Chemical Warfare Agents are usually in
gaseous form, but they also exist in liquid and solid forms. A CWA is very easy to use
even though it is highly toxic and lethal even at low levels. A typical CWA will not lose

its activity for a long time even on reaction with heat, air and water in the atmosphere.

Table 1.1 Chemical Warfare Agents’

Name Code | Chemical name Site of action

Nerve agents

a) Tabun GA Ethyl-N- AChE
b) Sarin GB dimethylphosphoroamidocyanidate AChE
¢) Soman GD Isopropylmethylphosphonofluoridate | AChE
d) VX VX Pinacolyl methylphosphonofluoridate | AChE

O-Ethyl S-[2-(diisopropylamino)ethyl]

methylphosphonothlate

Vesicants
a) Sulfur mustard HD 2,2’-Dichlrodiethyl sulfide Eyes, Skin and lung
b) Nitogen mustard | HN1 | 2,2°-Dichloro-N-methyldiethylamine

¢) Lewisite] L1 Dichloro(2-chlorovinyal)arsine eyes and lung




Table 1.1—Continued

Pulmonary agents
a) Phosgene CG Lung
b) Chlorine CL Lung
Cyanides
a) HCN AC Hydrogen cyanide Cytochrome oxidase
b) CK CK Cyanogen chloride Cytochrome oxidase

Table 1.1 shows the different types of chemical warfare agents and their site of
action.

Organophosphorus compounds (nerve gases) and their structural simulants
were developed as the most dangerous CWA during and after World War I1.° The ease of
synthesis helps terrorists to use nerve gases widely as weapons. The Japanese extremist
group, Aum Shinrikyo, used sarin gas in Matsumoto in June 1994, killing seven people
and more than three hundred casualties. In 1995 five two-man teams of the same group
used nerve gas by puncturing a dozen liquid sarin filled plastic bags with an umbrella,
causing twelve deaths and thousands of injuries.6 The use of chemical weapons against
civilians by terrorist groups is a real threat and there is a urgent need for detectors and

sensors that are able to warn about CWA danger.



1.2 History and Classification of Nerve Agents

The organophosphorus cholinesterase inhibitors commonly known as nerve
agents (NA), and these compounds are structurally related to highly toxic phosphoric acid
esters.® Organophosphorus compounds are closely related to insecticides and pesticides.
The first organophosphate compounds were synthesized in 1854.” The first nerve agent
was developed in 1936 by German scientist Dr.Gerhard Schroeder. He made this
compound for a chemical company as a pesticide,” and later discovered that this

compound had extremely bad effects on nervous systems and could be poisonous.

Nerve gas agents can be classified according to the following criteria:
1) Boiling point: volatile and non volatile.
2) Country of origin: Agents originally developed in Germany were
designated as “G series” agents, these include GA (Tabun), GB (Sarin),
GD (Soman) and GF (Cyclo sarir‘l).7
3) Toxicity: “V series” agents, V stand for venomous and include VE, VG,
VM and VX. V agents are up to 10 times more poisonous than G agents.
Figure 1.1 shows the chemical structure of G, V agents and the nerve gas simulants DFP
(Diethyl Fluoro Phosphate), DCP (Diethyl Chloro Phosphate) and DMMP (Dimethyl

methyl phosphonate). Nerve gas agents are very toxic, So nerve gas agent simulants

which are in similar chemical structures are used in this research.
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Figure 1.1 Chemical Structures of G and V Agents

1.2.1 Tabun

Tabun (Ethyl N,N-dimethylphosphoramidocyanidate), the first known nerve

agent, also called GA, was discovered accidentally by German scientist Dr.Gerhard

Schroeder in 1937. It is a clear, colorless liquid with a faint fruity odor. Tabun is one of

the most highly toxic nerve agents with a LDsg of 14-21mg/kg body weight (dermal) and

0.014mg/kg (intravenous).® A small drop of Tabun can cause pinpoint pupils, dim vision,

and headache. Tabun has a high persistency. Heavily splashed liquid tabun can persist one

to two days depending on climate conditions. Tabun has a 5.6 times higher vapor density

than air. The higher vapor density allows the agent to flow into low elevations such as

trenches, bunkers and into buildings potentially causing more damage. Figure 1.2 shows

the nerve agent tabun reactivity with Acetylcholine esterase (AChE) enzyme. Serine

hydroxyl group of enzyme reacts with tabun and forms phosphodiester bond.
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Figure 1.2 The Reactivity of Tabun with Acetylcholine Esterase Enzyme (Adapted from
ref.9)

1.2.2 Sarin

Sarin [2-(fluoro-methylphosphoryl)oxypropane] is also known as GB. Sarin is
colorless, odorless liquid at room temperature. Sarin is very difficult to produce. Sarin
can cause sudden death upon inhalation or through skin contact. Sarin is the most volatile
compound with very little persistence and evaporates as fast as water or kerosene. Sarin

has 2.9 times higher vapor density than air and tends to flow downwards.

1.2.3 Soman

Soman [3-(fluoro-methyl-phosphoryl)oxy-2,2-dimethyl-butane] also known as
GD, was discovered in 1944. Soman is a volatile, ‘corrosive and colorless liquid with a
faint odor when it is pure. Soman has a persistency between Sarin and Tabun; It can
persist one or two days depending on climate conditions. Soman has higher toxicity to the

brain compared to other nerve agents.



124 VX

VX [S-2(diisopropylamino) O-ethylmethylphosphonothioate] is the most toxic

nerve agent ever made and was discovered by Ranjit Ghosh and J.F.Newman in 1951.

VX is a thick, clear to straw colored liquid and gives off a colorless vapor. VX is highly

persistant in the environment and may last several weeks. VX has high vapor density and

its density is nine times higher than air.

Table 1.2 Physical Properties and Toxicity of Nerve Agents’

Vapor Volatility Odor Solubility LDsg LCiso
pressure mm | Mg/m® at 25°C gm/person | MgXmin/m’
Hg at 20°C
Tabun(GA) .037 576-610 Fruity 9.82/100g 1 100-400
at 25°C
Sarin(GB) 2.1 16400-22000 Odorless | Miscible 1.7 50-100
Soman(GD) 0.40 3060-3900 Fruity 2.1g/100g 0.35 25-70
at 20°C
Cyclosarin(GF) | 0.07 59 ppm Odorless | 3.7g/100g unknown | unknown
at 25°C
VX 0.0007 3-30 Odorless | Miscible 0.01 5-50
at <9.4°C
slight
at 25°C

Table 1.2 shows the physical properties and toxicity of nerve gas agents.




1.3 Mechanism of Action of Nerve Agents on Human Beings

Acetylcholine (ACh) is a central neurotransmitter and hydrolysis of Ach is the
vital mode of regulation of the neural response system.'® The enzyme AChE hydrolyzes
approximately 10,000 Ach molecules per second into inactive products like acetic acid
and choline,® and also maintains the concentration of neurotransmitter ACh within the
synaptic cleft of the nervous system. Organophosphate nerve agents inhibit the activity of
AChE. The phosphorus atom of the nerve agent covalently binds to the serine hydroxyl
group in the catalytic site (esteratic site) of acetylcholine esterase and forms a phosphate
ester bond. This bonding blocks the enzyme from interaction with its normal substrate
ACh and causes accumulation of ACh rather than the normal breakdown. If nerve agents
are not removed from AChE (by treating with Oxime) with in a short time after exposure,
AChE will undergo an aging process where AChE becomes resistant to hydrolysis and is
considered as irreversibly bound to the nerve agents. The inhibition of AChE by nerve
gases leads to the headache, nausea, vomiting, diarrhea, bradycardia, respiratory failure
and sometimes paralysis and death depending on the dose. The interaction and

mechanism of the nerve agent with the enzyme can be seen below in Figures 1.3 and 1.4.
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Figure 1.3 Interaction of a Nerve Agent with AChE (Adapted from ref.7)

1} Aceryichotine JACHY Is released and crosses the cleft
2} ACh attaches to receptors, allowing nerve impulse to be Tronsferred !  rendert
3) ACh ks broken down into choline and acetate by the AChE enzyme Swm;ﬁ:d;:f: g;i':, ACH r

4} Choline is eventually recycled into more ACH

Figure 1.4 Mechanism of Sarin Toxicity (Taken from ref.11)



1.4. Treatment for Nerve Agent Exposure

Nerve agent poisoning occurs due to the inhibition of Acetylcholine esterase
enzyme. Nerve agent treatment basically involves reactivation of the enzyme. When a
person is exposed to a nerve agent, the primary step is to take off the clothes and
accessories of victim and wash with plenty of water, diluted (0.5%) bleach, and with soap

and water depending on the exposure.

Four drugs: atropine, pralidoxime chloride (3-PAMCI), diazepam, and
tropicamide have been used as antidotes for the nerve agent poisoning.'? Treatment of
nerve agents relies on two approaches. First, competitive antagonist, like atropine, will
bind at the acetylcholine receptors there by blocking any binding by nerve agent, so that
the acetylcholine present within the synapse cannot work. Second, an oxime (pralidoxime
chloride) detaches the nerve agent from cholinesterase, thus reactivating the enzyme (as
shown in Figure 1.5). Diazepam is used to treat seizures associated with nerve agent
exposure, and tropicamide is used to reverse meiosis and releive ocular pain caused by

nerve agent toxicity.

10
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Figure 1.5 Mechanism of Action of Pralidoxime (2-PAM) on AChE (Adapted from ref.7)

1.5 Detection Techniques of Nerve Agents

The development towards the detection of nerve agents is very important
because of their high toxicity and use as chemical weapons for terrorists or war actions. A
lot of research is being devoted towards the development of new and improved methods
for the detection of highly toxic nerve agents. There are several types of detection

methods for nerve agents based on different techniques, including surface acoustic wave

13-15 16-19

detectors, enzymatic assays, mass spectrometry, interferometry®® and colorimetric

detectors.?! 2

Colorimetric detection methods were used to detect organophosphorus ester
pesticides or nerve agent compounds in water. In this technique cholinesterase (horse
serum cholinesterase or eel cholinesterase) impregnated paper was used as a source of

detection with the help of a chromogenic substrate (2,6-dichloroindo phenyl acetate). If

11



organophosphorus compounds are present in the water they will inhibit acetylcholine
esterase and won’t show any color changes with the substrate.”! If organophosphorus
compounds are absent in the water, the enzyme is active and will react with the substrate

giving a blue color as shown in Figure 1.6.

O
Cl ” Cl
— <
Enzyme+ O _>=N—©—O C » O N—@—O + )j\o@
Cl Cl
Red Orange Blue

O—0

Inhibitor s No Color Change

Cl
Enzyme + O=§}N—©—O
Cl

Red Orange
Figure 1.6 Colorimetric Detection of Acetylcholinesterase Inhibitors (Adapted from
ref.21)

Enzymatic assays are also used for the detection of nerve agents; In this
technique organophosphorus hydrolase (OPH) is used as an enzyme because of its unique
ability to hydrolyze organophoshorus compounds and nerve agents. OPH selectively
catalyzes a hydrolytic reaction at the P-O, P-S, P-F or P-CN bonds in neurotoxins. These
hydrolyzed products are detected with various devices such as pH meter,'¢ emission,'” gas
chromatography and flame-photometric detectors.'” Enzymatic assays are very sensitive
because contaminations in the sample will destroy the enzymatic activity and slow

response time. The hydrolysis of organophosphorus pesticides with OPH is shown in

Figure 1.7.

12
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Figure 1.7 Nerve Agent Detection by Using Organophosphorus Hydrolase Enzyme
(Adapted from ref.19)

Hai-Feng Ji et al used a microcantilever technique to detect nerve agents. In
this technique they used a self-assembled bilayer of Cu®*/L-Cysteine on a gold surface as
a microcantilever. This Cu®*/L-Cysteine bilayer recognizes the phosphoryl group due to
the formation of strong P=O-Cu®* bonds. Nerve agents are absorbed onto the gold surface
and cause bending of the microcantilever. Figure 1.8. shows the bending of self

assembled Cu”*/L-Cysteine bilayer coated microcantilever with DMMP.
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Figure 1.8 Bending of Self Assembled Cu?*/L-Cysteine Bilayer Coated Microcantilever
with DMMP (Taken from ref.23)
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Surface acoustic wave (SAW) detectors are also used in the detection of nerve
agents. Hydrogen bond acidic hyperbranched polymers (Fig 1.9) interact with hydrogen
bond basic nerve agents to produce a response. SAW detection involves the change in
frequency of the sensor after exposure to a nerve agent as a function of both modulus and
mass. Polymers coated on SAW sensors interact with nerve agents and cause a change in

mass that results in a change in the frequency of the sensor."

CH; CH; CHs

F3C CF3
O O Si—0- s- 0-Si
HO OH CH3 CH3 CH3 n

BSP3
OH
(ﬁ< 5< F,C——CF,
3 3 * *
SXFA NRL5 PSpFA

Figure 1.9 Hydrogen-Bond Acidic Linear Polymers Used in SAW Sensors (Adapted from
ref.13)

All the above detection methods have limitations such as weak response,
limited selectivity, false positives, low sensitivity, cost, and real-time recognition. Optical
or chemosensors are simple and inexpensive and overcome all the above mentioned
limitations, sometimes detection can even be performed with the naked eye. Fluorescent

sensors are designed to undergo change in the absorptive or emissive behavior in

14



presence of target analytes. There are many different analytical techniques developed
based on changes in the fluorescence properties of a molecule in different environments;
These fluorescence changes include quenching, Forster resonance energy transfer, photo-

induced electron transfer (PET) (Figure 1.10) and surface modified fluorescence.

0
R-
XL R ©_B-OR;
2 Cyclization N\ 0" R
3
+ HX

Figure 1.10 General Scheme of PET Indicator Molecules for the Detection of Nerve
Agents (Adapted from ref.3)

Recently the use of fluorescence sensors towards the detection of nerve agents
gained attention because of their ease of operation and high response rate. Detection of
nerve agents by using chromo-fluorogenic sensors first described by Schonemann in
1944, was based on the oxidation of amines in the presence of organophosphorus
compounds. The mechanism of action is based in the formation of a peracid from the
organophosphorus compound which is then involved in the oxidation of an amine to give
a color change. In 1957, Bernard Gehauf et al proved that the mixture of indole and
sodium perborate(1:2) in water-acetone(1:1v/v) will change pale yellow to green in the

presence of nerve agent due to the oxidation of indole to indoxyl.

Swager et al have developed a fluorescent based sensor for the detection of

nerve agents.”’” Nerve agents react with hydroxyl group of AChE enzyme and form the

15



phosphodiester bond. Based on this technique Swager developed compounds 2 and 3
(Figure 1.11) which react with nerve agents and form the phosphodiester bond. The
hydroxyl group was converted into a phosphate ester, a good leaving group, and then
intramolecular cyclization occurs yielding rigid planar highly delocalized systems with a
different emission. Compound 3 shows better efficiency than compound 2 because the

naphthalene group favors cyclization and has strong fluorescence.
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Figure 1.11 Fluorescent Sensor for Nerve Agent by Swager (Adapted from ref. 27)

A PET based fluorescent sensor was developed by Julius Rebek et al in which
a primary alcohol is used to detect the nerve agents. This primary alcohol is attached to a
tertiary amine. The primary alcohol is acylated with nerve agents to produce a quaternary

ammonium salt through an intramolecular N-alkylation reaction (Fig 1.12). A fluorophore
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(pyrene) was attached to the amine with a spacer (methylene) and then exposed to nerve
agents. Reaction with the nerve agents causes quenching of the fluorophore near the

amine via PET resulting in increase in the emission.*®
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Figure 1.12 Fluorescent (PET) Sensor for Nerve Gas by Julius Rebek (Taken from ref.
28)

Walt.et.al developed a fluorescent sensor based on microbeads. They coated
microbeads with fluoresceinamine (FLA) dye and poly (2-vinylpyridine) and then reacted

the beads with the never agent stimulant, DCP. FLA’s amine group quantum yield

increases upon reaction with the phosphoryl group of nerve agents (Figure 1.13).

i
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Figure 1.13 Fluorescent Sensor for Nerve Gas Sensing by Walt (Adapted from ref. 29)
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1.6 Central Hypothesis

The central hypothesis of this research is to develop nanosensors to detect the
nerve agents based on a bottom-up approach. The bottom up approach will provide
systematic layer by layer assembly of molecular moieties (Figure 1.14) (nanoparticle,
monomer, complex and receptor) which show high selectivity and sensitivity towards
nerve agent simulants. The advantage of this bottom-up approach is that the building
blocks of nanosensors can be selected based upon differing target analytes such as nerve

agents, explosives, biotoxins, viruses etc, resulting in highly ordered nanostructures.

Receptor

Nanoparticle> §

monomer Complex

Figure 1.14 NMCR Assembly of Proposed Nanosensor to Detect Nerve Agents (Adapted
from ref. 30)

In the NMCR (nanoparticle, monomer, complex and receptor) assembly a
highly conjugated aromatic compound with a free nitrogen atom interacts with the
phosphoryl group of a nerve agent thus acting as a receptor in the nanosensor. After the
interaction, this receptor will form an adduct which shows an emission change and can be
used as a fluorescence sensor. These receptor molecules are attached to metal complexes
(nanomolecules) of ruthenium, europium or zinc complexes to show a visible change in
the fluorescence. The main purpose of ruthenium complexes is for fluorescence

resonance energy transfer (FRET). Here, the strength of the interaction of receptor
18



moities with target molecules is increased considerably when the receptor is also attached
to another moiety which does not have significant interaction. These nanomolecules are
attached to conjugated aromatic compounds such as stilbene analogs (monomer) to
increase the signal intensity. The monomers are then attached to either silica
nanoparticles or quantum dots (nanoparticles) to produce a highly ordered nanosensor
assembly. The nanoparticles give uniform assembly and more surface area for reaction
with nerve agents. Hence, the sensor based on NMCR concept provides high selectivity

and sensitivity towards nerve agents.

1.7 Objectives of the Present Study

Figure 1.15 gives the complete information of the nanosensors synthesized
and characterized using NMR, LCMS, and elemental analysis. 4, 4’-Bipyridine
tryptophan and 5, 5’-Bipyridine tryptophan ligands were synthesized, characterized and
used as receptors in the NMCR sensors. Ruthenium, zinc and europium metal complexes
of these ligands were synthesized, characterized and used as Complexes. Silica
nanoparticles and ZnS:Mn/ZnS quantum dots are used as nanoparticles. Highly
conjugated aromatic stilbene type compounds are used as monomers. Nerve agents are
very toxic, so we used nerve agent analogs such as DCP and DMMP to detect nerve

agents.
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Figure 1.15 NMCR Sensor Designed in this Work
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1.8 Association Constant Calculation Methods

The interaction of compounds (nanosensors) with the target analytes (DCP,
DMMP, or HCI) was quantitated by using association constant. Association constant
describes the bonding affinity between two molecules at equilibrium. There are several
approaches for calculating the association constant, like C/I method, Stern-Volmer

method and Benesi-Hildebrand method.

1.8.1 Stern-Volmer Equation’!

Stern-Volmer equation is better used in the photophysical intermolecular
deactivation processes such as fluorescence quenching process. There are two types of

quenching phenomena, dynamic and static.

a) Dynamic Quenchng

Io/I=1+Kp[Q]
Ip = Fluorescence intensity of the receptor in the absence of the target analyte
I =Fluorescence Intensity of the receptor in the presence of the target analyte
Kp= Quenching Constant
Q = Quencher concentration

b) Static Quenching

Io/I =1+ st [Q]
Iy = Fluorescence intensity of the receptor in the absence of the target analyte

I =Fluorescence Intensity of the receptor in the presence of the target analyte
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Ksv= Association Constant [product of the true quenching constant K, and the
excited state life time (1°)]

Q = Quencher concentration

Both dynamic and static quenching processes give a linear Stern-Volmer plots, if

there is any deviation from the plot and if it is not linear, a modified Stern-Volmer

equation is used.

¢) Modified Stern-Volmer Method

Modified Stern-Volmer equation is used to determine both Kp and K.
[Io/I-1] / [T] = (Kp + Kgv) + KpKgv [T]
Kp = Dynamic association constant

Ksv = Static association constant

1.8.2 Benesi-Hildebrand Equation’”

A Benesi-Hildebrand equation is used to calculate the donor-acceptor

interactions in fluorescence and absorbance studies.

(Ip/1-1y) = (a/b—a) (1/Kg [substrate] + 1)

Iy and I are fluorescence intensity of the sensor molecule in the absence and

presence of the incoming target molecule respectively. Kp is the binding constant while a
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and b are constants. (1) / I — Ij) was plotted as a function of incoming target molecule and

the binding constant was calculated from the ratio between the y-intercept and the slope.

I used Benesi-Hildebrand equation to calculate association constants of

synthesized compounds and sensor with DCP, HC1 and DMMP.

1.9 Instrumentation

All synthesized compounds were characterized by '"H NMR, *C NMR, FT-IR,
LC/MS, UV-Vis, emission, and fluorescence spectroscoy. Silica Nanoparticles were
characterized by transmission electron microscopy (TEM). Absorbance, emission and
fluorescence data of all compounds were taken in acetonitrile, unless mentioned. Most of

the compounds are excited at 290 nm to get the emission spectra.

All compounds were characterized by using below mentioned instruments.

1. Emission and Excitation: Fluorescence date collected in this thesis is performed
on Edinburgh fluorescence spectrophotometer.

2. Nuclear Magnetic Resonance (NMR): NMR studies are performed by using JEOL
eclipse (400 MHz) instrument.

3. Liquid chromatography-Mass spectrometry (LC-MS): LC-MS studies were
performed on Shimadzu 2010EV Mass Spectrometer by using both, Atmospheric

Pressure Chemical Ionization (APCI) and Electro Spray Ionization (ESI)

23



techniques with UV detector. FAB mass results were performed at Michigan State
University.

. UV-Vis spectra: UV-Vis absorption spectra were performed either on Perkin
Elmer UV/Vis Lambda20 Spectrophotometer or on Shimadzu UV-2101 PC UV-
Vis scanning spectrophotometer.

FT-IR spectra: FT-IR spectra were taken on Broker Equinox 55 FT-IR
spectrometer.

. TEM: Silica nanoparticles were characterized by JEOL JEM-1230 transmission

electron microscope.
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CHAPTER II

BUILDING BLOCKS OF NANOSENSORS

2.1 Introduction to Silica Nanoparticles

Nanoparticles are very useful in the electronics, optics, engineering, chemical,
biotechnology and biomedical industries. The study of nanostructured organic-inorganic
hybrid materials with variable properties and well defined multidimensional architectures
has become very active area of research. One of the most important aspects in the
nanotechnology field is the preparation and development of nanomaterials, such as
nanoparticles (NPs).>*3* Nanoparticles can be made with different materials and with
different sizes as small as 1 nm. The size of the nanoparticles is very important in making
sensors or any nanotechnology applications because the quality of these applications is
highly dependent on the size and size distribution of nanoparticles. For instance, the size
of the silica nanoparticles depends on five factors: 3
a) Concentration of TEOS(Tetra Ethyl Ortho Silicate): The size of silica

nanoparticles increases with increasing TEOS concentration.
b) Concentrations of ammonia and volume of water: Ammonium hydroxide acts as a
catalyst; Increasing the ammonia concentration increases the rate of hydrolysis

and condensation of TEOS resulting in bigger particles. Increasing water volume

gives smaller sized silica nanoparticles.®
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c) Size of the alcohol: Alcohol plays a vital role in controlling the size and
monodispersity of nanoparticles. Both the size and concentration of alcohol is
very important. Particle size increases with increasing chain length of alcohol or
increasing concentration of alcohol.

d) Reaction temperature: Increasing temperature results in smaller nanoparticles®’

Monodispersed, monolayer forming nanoparticles are very important in
building of portable nanosensors. Monodispersed silica nanoparticles occupy a very
important position in the nanotechnology field because of its broad range of applications
and ease of synthesis.*® Silica nanoparticles have several advantages because of its large
hydrodynamic radius, large surface area, photochemical inertness and transparency to
light. Silica nanoparticles can also be derivatized with different functional groups such as

amino, carboxylic and cyano groups.39

2.2 Synthesis of Silica Nanoparticles

Spherical silica nanoparticles are generally made by one of two chemical
approaches: reverse micro emulsion or sol-gel synthesis. In the reverse micro emulsion
technique monodisperse spherical colloids are created by the controlled aqueous

environment within surfactant confined micelles in a nonpolar solvent.*’ In the late
1960s, Stober and coworkers developed a mild synthetic protocol for growing
monodispersed spherical silica nanoparticles based on the sol-gel chemistry of silicon

alkoxides. Stober’s method involves the hydrolysis and condensation of tetracthoxysilate
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in an ethanol solution in the presence of water. Ammonia serves as a catalyst to create
monodisperse, spherical, electrostatically stabilized particles.’ In Stober method,
hydrolysis and condensation of silicon alkoxides takes place and produce silica

nanoparticles.

Hydrolysis: Si(OC,Hs)s + 4 H,0 — 5 Si(OH), + 4C,Hs0H
Water condensation: Si(OH), + Si(OH)y —— Si-O-Si + H,O

Alcohol condendsation: Si(OR)4 + Si(OH)y ———»Si-O-Si + R-OH

2.3 Svynthesis of Silica Nanoparticles by Stober Method

100 mL of ethanol was taken into a 250 mL clean round bottom flask and
4.5mL of TEOS, 4.5mL of Ammonia (25 wt %) and 3mL of deionized water were
introduced and stirred at 40° C for 3hrs. Addition of another 2.5mL TEQOS was introduced
into the system and stirred again for 3 more hours. The system was diluted with 1.5L of
deionized water. At the end of the reaction, a turbid solution of silica nanoparticles was
observed. Ethanol, water and excess ammonia were removed by rotary evaporation. Silica
nanoparticles were characterized using Transmission Electron Microscopy (TEM) (Figure

2.1) and Infrared (IR) spectroscopy.
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Figure 2.1 TEM Image of Silica Nanoparticles

2.4 Silanization of Silica Nanoparticles

Silanization of silica nanoparticles were done by using 3-
aminopropyltriethoxysilane (APTS). Silanization of Si-NP can be done via two methods
namely, a one pot method and a two pot method.* In the one pot method, APTS is added
after the addition of TEOS and the reaction is continued for 10 hours. In this method
formation of silica nanoparticles and silanization takes place at same time. Obtained
silanized silica nanoparticles were washed several times with hot ethanol to get rid of any
unbound APTS and then collected by centrifugation. In the two pot method, first silica
nanoparticles were synthesized by the Stober’s method and dried. To these synthesized
nanoparticles, APTS was added and the reaction was stirred for ten hours to obtain

maximum surface coverage. I used the two pot method to silanize silica nanoparticles.
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300 mg of silica nanoparticles were dispersed in 25 mL of absolute ethanol then 1 mL of
APTS was added and stirred at room temperature overnight. The silica nanoparticles were

then centrifuged and washed with hot ethanol to remove excess APTS and ammonia.

Silanized silica nanoparticles were characterized by using TEM and IR spectroscopy.

Figure 2.2 TEM Image of Silinized Silica Nanoparticles
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Figure 2.3 IR Spectra of Silica NPs and Silanized Silica NPs

2.5 Results and Discussion

TEM image (Figure 2.1) shows that the size of the silica nanoparticles were 45
to 50 nm and monodispersed. IR spectroscopy (Figure 2.3) shows the silanization of silica
nanoparticles. The peak (two spikes) around 3000 cm™ shows the presence of a primary
amine in silanized silica NPs. Ethanol was used in the silanization of the nanoparticles,
because ethanol forms H-bonds with Si-O” and this solvent surface interaction creates a
strong solvent layer around the nanoparticles, preventing the non specific adsorption on
nanoparticles. Polar solvents such as ethanol and THF accelerate hydrolysis when
compared to nonpolar solvents such as hexane and toluene. APTS hydrolyzes and

polymerizes very fast in water but in ethanol, APTS polymerization is very slow. **
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2.6 Introduction to Quantum Dots

Quantum dots (QDs) are colloidal nanocrystalline semiconductor particles
which have all three dimensions confined to the 1-10 nm length scale.** QDs are also
called zero dimensional materials or semiconductor nanoparticles. QDs are made from
group II-IV, III-V, or IV-VI materials.*® QDs behave differently from bulk solids due to
the quantum confinement effects which are caused by very small (1-10nm) sizes.
Semiconductors have two energy levels, a fully occupied valance band and an unoccupied
conduction band. Electronic excitation occurs when an electron moves from valance band
to conduction band. Because of this movement, a hole (an empty level) is created in the
valance band. The electron and hole are bound to each other by coulombic attraction, and
the new particle is called as an exciton.*® QDs are smaller in size when compare to the
size of the exciton diameter and considered a good example of the particle in a box. The
energies of the particle in the box depend on the size of the box. Therefore QDs are
characterized by a band-gap energy between the valance and conduction bands which
depends on the size of the quantum dot.*’ The band-gap of quantum dots increases as
their size decreases and produces shorter emission wavelengths (Figure 2.4). The
emission and the absorption of QDs depends on the energy and density of the electron

states and can be altered by tuning QD particle sizes.
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Figure 2.4 Size Tunable Fluorescence Spectra of CdSe Qds (Taken from ref. 49)

QDs are considered better than conventional organic fluorophores because of
higher fluorescence quantum yields, narrow spectral line widths and better
photoluminescence stability.*® QDs are 100 times more stable and brighter than organic
fluorophores against photobleaching. QDs can be excited over a wider range of

wavelengths. The luminescence lifetime and two-photon absorption cross-section of QDs

are greater than organic fluorophores.*’

QDs have so many advantages but are limited by their solubility in aqueous
solutions. Modification of QDs makes them more water soluble. Surface modifications

can be done several ways (Figure 2.5) , however most of the time, surface modifications

are done by amphiphilic molecules containing a thiol group strongly coordinated to the
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QD surface and a polar group (-OH, -NH, and —COOH). Modifications can also give

high quantum efficiencies and prevent QDs from aggregation.>

Surface madification and functionalization of QD’s

7
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AOCHCH O, - ¥,
| n=35~12 .77
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-

R = COQH

;o POCH,

Figure 2.5 Chemical Modification Methods of QDs (Taken from ref. 49)

The emissive behavior of QDs strongly depends on surface structure.
Interaction between an analyte and the surface of QDs change their physical properties.
Thus QDs are very useful in sensing technologies. QDs can be used to detect small
molecules, inorganic anions,’! and explosives such as trinitro toluene (TNT).52 They can

also be used in fluorescence based immunoassays,™ bioimaging applications,™*
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monitering DNA hybridization,” glucose sensing,® and  checkig protein-ligand

complementarities.>’

2.7 Synthesis of ZnS: Mn/ZnS Quantum Dots

QQDs are used as sensors in so many fields because of their narrow spectral line
widths, high emission quantum yields and size-tunable emission profiles. We used QDs
with a zinc sulfide core surrounded by a layer of manganese doped zinc sulfide as our
sensor. These QDs were synthesized by literature procedures 5% and optimized by my

colleague, Elizabeth Sodt. I used the same procedure for the synthesis of my QDs.

Preparation of Zn(DS), 11.22g of Sodium dodecyl sulfate (SDS) was added to 400mL of

ethanol. This mixture was heated to about 70 °C (or until steaming a little bit, there will
still be a bit of SDS that is not dissolved). 5.28¢ of zinc acetate was added separately to a
70mL:10mL methanol/water mixture and stirred on a hot plate. When the zinc acetate
dissolved, the mixture was added to the SDS mixture (volume of the two mixed species
should give around 300mL of total solution). The solution was refluxed until only around
100 mL was left in the beaker. Once removed from heat, the beaker was placed in an ice
bath until crystals are completely formed. Crystals were filtered off and washed with

ethanol. The solids were dried overnight in a vacuum dessicator over anhydrous CaCly,

This Zn(DS); salt was used in the preparation of QDs.
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Synthesis of ZnS: Mn/ZnS (1/16 ™ ) QDs. 0.015g of MnSO4 ware dissolved into 1000mL

of milli-Q water and used as the doping solution. 0.039g of Na,S were added into 100mL
of milli-Q water and stirred for 15 minutes. Then, 0.5mL of doping solution was added to

the above solution followed by the addition of 0.2975g of Zn(DS),. This solution was
then stirred for 30 more minutes. After 30 minutes, the QD solution was cooled to -20 °C

for 24 hours.

2.8 UV-Vis Spectra of ZnS:Mn/ZnS (1/16 ™) ODs

The above synthesized QDs were characterized by UV-Vis, Excitation and

Emission Spectroscopy.

0 |
b2
B1s |
g
2
2
2
B
OIS |
b — - . T
1) am =0 a (] 00 530 @o

anmpih

Figure 2.6 UV-Vis Spectrum of ZnS:Mn/ZnS (1/16 ) QDs in Acetonitrile
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Figure 2.7 Excitation Spectrum of ZnS:Mn/ZnS (1/16 ™) QDs in Acetonitrile
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Figure 2.8 Emission Spectrum of ZnS:Mn/ZnS (1/16 th ) QDs in Acetonitrile
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QDs were excited at 310 nm to get an emission spectra, this emission is very
sharp and symmetric at 590 nm (Figure 2.8), which is due to the orange luminescence

originating from Mn*2.

2.9 Introduction to Stilbene Compound

The word “stilbene” was derived from the Greek word stilbos, which means
shining. There are several types of stilbene compounds available with different sizes and
different functional groups. Stilbene is a diphenylethene compound (Figure 2.9) where
the double bond is substituted with phenyl group on both carbons. Stilbene type
compounds are used in chemical sensors and are becoming a very active area of research
because these highly conjugated systems have high fluorescence yields and high

electroluminescence efficiency.”

hv

/ :___,/

Cis-Stilbene Trans-Stilbene

Figure 2.9 Schematic Diagram of Stilbene Conversion

Stilbene type compounds are also called II-conjugated oligomers or

oligophenylene vinylene (OPV) compounds. In OPVs, photoinduced electron transfer

37



happens between an electroactive donor and an acceptor.’ OPVs have excellent charge

transport properties, high stability, high luminescence efficiency and long lifetimes.®"?

OPVs can convert nonspecific interactions into observable responses. Because
of the above reasons OPVs are used in many fields, such as light emitting diodes
(LEDs),Sg’63 field-effect transistors,* photovoltaic diodes,” and in chemical sensors.*

Stilbene analog compounds were used in NMCR sensor assembly to amplify the signal

intensity.

2.10 Synthesis of Stilbene Monomer

Synthesis of stilbene type compounds were prepared and optimized by my
colleague Chun Wang (Wendy). I used her procedure to synthesis stilbene compounds.
On stilbene I have attached aldehyde group on one end and acid group at the other end
(Figure 2.10). Aldehyde group helps in attaching to the amino group of silica
nanoparticle, and the acid group is helpful in binding to the ruthenium complex. There are
several types of reactions available for the formation of double bond, of which Wittig
reaction is most commonly used. In Wittig reaction formation of double bond takes place

by the reaction of aldehyde or ketone with the ylide generated from a phosphonium salt.®’
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Figure 2.10 Synthetic Scheme for the Preparation of Stilbene Monomer (Adapted from
ref. 68)

1g a-Bromo-p-toluic acid was dissolved in 35mL of anhydrous toluene, to this
0.92mL of triethylphosphite was added and refluxed over night. After coming down to
room temperature, the crystals (intermediate I) were filtered off and washed with toluene
and ether to remove impurities. Intermediate I was characterized by using NMR (Figure

2.11).
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Figure 2.11 "H NMR Spectrum of Stilbene Intermediate
'H NMR (400 MHz, CDCls): § 1.25 (6H, t, J = 6.9Hz), 3.24 (2H, d, J = 22.3Hz), 4.07

(4H, m), 7.38 (2H, dd, J= 8.3, 2.5Hz), 8.01 (2H, d, J=7.6).

100mg of stilbene intermediate I, was dissolved in distilled THF with vigorous
stirring, to this 98 mg of potassium tert.butoxide was added and stirred for 15mins, then
added 73 uL of terepthaldehyde and stirred over night at room temperature to obtain

intermediate I1.

Intermediate II is subjected to acidification with 6N HCI until the pH of the
solution is reached to two. After the reaction mixture was stirred for two hours, the

solvent was removed by rotary evaporation. A yellow color solid was obtained which was
40



washed with water, ethanol and ether to remove impurities. This compound was
characterized by NMR (Figure 2.12), LCMS (Figure 2.13), UV-Vis (Figure 2.14),

Excitation (Figure 2.15) and Emission spectroscopy (Figure 2.16).
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Figure 2.12 "H NMR Spectrum of Stilbene Monomer

'"H NMR (400 MHz, DMSO-dg): § 7.55 (1H, d, J= 5.8Hz), 7.77 (3H, m), 7.87 (1H, d, J =

8.0Hz), 7.92-7.97 (5H, m), 10.00 (1H, s).
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Figure 2.14 UV-Vis Spectrum of Stilbene Monomer
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Figure 2.15 Excitation Spectrum of Stilbene Monomer

445 nm
80

60

40

Intensity / 10° cps

20 A

T T T T T T T T T T T T T T 1
350 400 450 500 560 600 650 700

Wavelength (nm)

Figure 2.16 Emission Spectrum of Stilbene Monomer

All spectral studies were done in acetonitrile solution. Stilbene compound is
not soluble in acetonitrile, so first stilbene compound was dissolved in very small amount
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of DMSO and this solution was then added to acetonitrile solution. Stilbene has
absorption maxima at 343 nm (Figure 2.14) and emission at 445 nm (Figure 2.16).

Stilbene emission comes from 7w-m* interaction.
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CHAPTER III

SYNTHESIS AND SPECTRAL STUDIES OF 4,4’-BIPYRIDINE TRYPTOPHAN
RUTHENIUM COMPLEX

3.1 Introduction

Sensor is a device which measures a physical quantity or chemical
phenomenon and converts this into a signal which can be read by different types of
instruments based on the type of signal. Receptors are the focal part of the sensor, which
reacts with target analytes and exhibit a signal based on the type of reaction, and the type
of leaving group. This results due to the interaction between a receptor and target moiety.
There are a number of receptors based on the type of target. Receptors have active
functional groups which react with the target analyte. In optical sensors the association of
a receptor molecule with target analyte causes change in the optical properties of the
receptor and shows a difference in the signal. There are different types of signals such as,
fluorescence enhancement, fluorescence quenching and sometimes change in the peak
position called as bathochromic shift (towards longer wavelength) or hypsochromic shift
(towards shorter wavelength). Nerve gas agents are organophosphate compounds which
contain negatively charged phosphate group; therefore, in sensors for nerve gas, receptors
must have electron rich groups such as nitrogen or oxygen. Tryptophan is an amino acid
which contains indole functional group. The nitrogen group of the indole functional group
is electron rich and we think this can be used as a receptor for the nerve gas agent.
Tryptophan also has an amine group, so we can attach this amine group to a highly

conjugated bipyridine compound. Bipyridine compounds are considered as popular
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ligands in coordination chemistry and can be used as a chelating ligand which forms

complexes with most transition metals.

2,2’-Bipyridine tryptophan ligand was synthesized and characterized by using
NMR, LCMS, absorbance and fluorescence spectroscopy. The interaction of nerve gas

analogs DCP, DMMP and DCP hydrolyzed product HCI with 2,2°-Bipyridine tryptophan

ligand was quantitatively analyzed by using association constants.

Ruthenium bipyridyl complexes can be used as chemosensors because of its
large extinction coefficients, longer lifetimes, and visible emission wavelengths. Optical
properties of Ru metal can be tuned by its ligand behavior. Emission in ruthenium
complexes is caused by the metal to ligand charge transfer (MLCT). In this chapter, the
synthesis of Ru(bpy)»(4,4’-Bpy Tryptophan) complex and Zinc (4,4’-Bpy tryp), complex
is discussed. The characterization of these complexes have been done using NMR,
LCMS, absorbance and.fluorescence spectroscopy. The interaction of nerve agent

analogs with these complexes by using association constants have been analyzed.
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3.2 Synthetic Methods

3.2.1 Svynthesis of 2.2°-Bipyridine-4.4’-Dicarboxyvlic Acid

OH HO
0 o)
Xy, Pd/C reflux 3days - - Conc HyS0,4/CrO4 — —
Y Hot Benzene \_/ \N % \_ 7N\ /
Recrystalized from EtOAC N N
2 3

Scheme 3.1 Synthetic Scheme of Preparation of 2,2’-Bipyridine-4,4’-Dicarboxylic Acid

Freshly distilled 350 mL 4-picoline and 14g of palladium (10% on charcoal)
were taken in a round bottom flask and refluxed for 3 days. To this solution 125mL of hot
benzene was added and refluxing was continued for 30 mins. The mixture was filtered
when hot to remove the catalyst. The filtrate was concentrated to 150 mL using rotary
evaporator, almost colorless crystals of 4,4’-Dimethyl-2,2’-Bipyridine (2) was
precipitated, and were recrystalized from ethyl acetate. The formation of the product was
confirmed by 'H NMR (Figure 3.1) and C> NMR (Figure 3.2) and compared with the

literature data.%’

47



Figure 3.1 "H NMR Spectrum of 4,4’-Dimethyl-2,2’-Bipyridine
'H NMR (400 MHz, CDCl3): 2.29 (6H, s), 6.99 (2H, d, J=5.1Hz), 8.11 (2H, s), 8.41

(OH, d, J = 5.1Hz)
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Figure 3.2 3C NMR Spectrum of 4,4’-Dimethyl-2,2’-Bipyridine

Compound 2(2g, 10.86 mmol) was dissolved in 25mL of Conc.H2SO4 and
cooled to 0°C. CrO; (6.5g, 65.13 mmol) was added in small portions over a period of 45
mins. This mixture was heated to 75°C for 4h, stirred at room temperature for 10h and
poured into ice/water mixture. The green precipitate was separated by centrifugation and
washed several times with water. This green powder was then dissolved in water and
added KOH until the solution was basic, the insoluble powder was filtered and washed
with water. The aqueous solution was acidified with HCI to precipitate the compound
2,2’-Bipyridine-4,4’-dicarboxylic acid (3). This compound is washed with water,
methanol and diethyl ether and dried. The formation of product was confirmed by 'H

NMR (Figure 3.3) and > CNMR and compared with the literature data.”®
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Figure 3.3 "H NMR Spectrum of 2,2’-Bipyridine-4,4’-Dicarboxylic Acid

3.2.2 Preparation of cis-(bpy),RuCl,.2H,0

Cl Cl
7N\ —
\ N N % - N/RU\N 2H,0
RuCly.xH,0 Y/ W/
LiCl.DMF N N
Reflux for 8h \ 7\ 4

4

Scheme 3.2 Synthetic Scheme of Preparation of cis-(bpy),RuCl,.2H,0

3.9g of RuCI3.3H20 (14.9 mmol), 4.68¢g of Bipyridine (30 mmol), and 4.2g

of LiCl (1 mmol) were heated at reflux temperature for 8h in DMF. After the reaction

mixture was cooled to room temperature, 125mL of reagent grade acetone was added and

the resultant solution was cooled to 0°C overnight and crystals of cis-(bpy)RuCl,.2H,0
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(4) were filtered off and washed with water and diethyl ether.”' The formation of product

was confirmed by 'H NMR (Figure 3.4) and compared with the literature data.

O NSO %
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Figure 3.4 "H NMR Spectrum of cis-(bpy),RuCl,.2H,0
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3.2.3 Preparation of 4,4’ -Bipyridine Tryptophan Ligand
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Scheme 3.3 Synthetic Scheme of Preparation of 4,4’-Bpy Tryptophan

51



300 mg of 4, 4’-Binicotinicacid and 15mL of thionyl chloride was taken in a
three necked round bottom flask and refluxed overnight under Argon. After completely
drying 30mL of benzene, 600mg of L-trypthophan methyl ester hydrochloride and 0.8 mL
of triethylamine were added and refluxed overnight. To this solution 30mL of 0.1M
sodium bicarbonate was added and extracted with chloroform. The obtained precipitate
was filtered off and recrystalized with acetone which gave the pure compound (5). The
formation of product was confirmed by '"H NMR (Figure 3.5), °C NMR (Figure 3.6),
COSY NMR (Figure 3.7), LC-MS (Figure 3.8), UV-Vis (Figure 3.9), Excitation (Figure

3.10) and Emission (Figure 3.11).
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Figure 3.5 "H NMR spectrum of 4,4’-Bpy Tryptophan
'H NMR (400 MHz, DMSO-de): 3.30-3.36 (4H, m), 3.66 (61, ), 4.75 (2H, m), 6.9 (2H,
t,J = 7.7Hz), 7.06 (2H, t, J = 6.9Hz), 7.21 (2H, d, J = 2.2Hz), 7.33 (2H, d, J = 8.0Hz),
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7.58 (2H, d, J = 8.0Hz), 7.82 (2H, dd, J = 4.8, 1.5Hz), 8.79 (2H, s), 8.87 2H, d, J =

5.1Hz), 9.39 (2H, d, J = 7.7Hz), 10.86 (2H, s).
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Figure 3.6 13C NMR spectrum of 4,4’-Bpy Tryptophan
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Figure 3.8 LC-MS ESI Negative Spectrum of 4,4’-Bpy Tryptophan
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Figure 3.9 UV-Vis Spectrum of 12.5uM 4,4’-Bpy Tryptophan
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Excitation of 4,4'-BpyTryptophan
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Figure 3.10 Excitation Spectrum of 4,4’-Bpy Tryptophan
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Figure 3.11 Emission Spectrum of 4,4’-Bpy Tryptophan
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Tryptophan has maximum absorption at wavelength of 280 nm and its
emission peak is solvatochromic, it ranges from 300 to 350 nm (change in color)
depending on the polarity of the solvent.”” In our experiments, we used acetonitrile to
check the emission and absorption. The synthesized 4.4’-Bpy Tryptophan compound has
absorption maxima at 287 nm (Figure 3.9) and the emission maxima at 343 nm shows the
tryptophan behavior. Tryptophan compounds are chiral compounds, table 3.1 shows the

optical activity of 4,4’-Bipyridine tryptophan ligand.

Table 3.1 Optical Rotation of 4, 4’-Bpy Tryptophan

Concentration(C) (mol/L) 0.005 0.01 0.015
Optical Rotation(x) (degrees) -0.137 -0.330 -0.483
Optical Activity(D) (degrees) -27.4 -33.0 -32.2
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3.2.4 Preparation of Ru(bpy)(4.4’-Bpy Tryptophan) Complex

HN NH
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Scheme 3.4 Synthetic Scheme of Preparation of Ru(bpy).(4,4’-Bpy Tryptophan) Complex

387mg of 4,4’-Bipyridine tryptophan ligand (5) and 243mg of cis-(bpy):
RuCl,.2H,0 (4) were taken in a sealed tube and heated at 110° C overnight. After cooling
to room temperature any unreacted compound was filtered off and to this solution 200mg
of ammonium hexafluorophosphate was added. The precipitate obtained was filtered off
and washed with cold water and cold ethanol to remove any impurities from the

compound 4, 4’-Bpy Tryptophan ruthenium complex (6).

57



ppm

Figure 3.12 'HNMR Spectrum of Ru(bpy)»(4,4’-Bpy Tryptophan)

'H NMR (400 MHz, DMSO-de): 3.21-3.38 (2H, m, CHCH>-), 3.64 (6H, d, COOCHj3, J =
4.0Hz), 4.81 (2H, m, NHCHCH>), 6.93 (2H, t, Ar-H, J = 8.0Hz), 7.04 (2H, m, Ar-H),
7.20 (2H, s, Pyr-H), 7.31 (2H, dd, Ar-H, J = 8.0, 3.3Hz), 7.48 (2H, t, Bpy-H, J = 6.5Hz),
7.54 (4H, m, Ar-H, Bpy-H), 7.69-7.83 (6H, m, Bpy-H), 7.91 (2H, t, Bpy-H, J = 5.5Hz),
8.19 (4H, q, Bpy-H, J = 8.0Hz), 8.84 (4H, dd, Bpy-H, J = 8.4, 3.6Hz), 9.15 (2H, d, Bpy-

H, J=13.9Hz), 9.53 (2H, d, NH-CO, J = 7.3Hz), 10.85 (2H, s,Pyr-NH).
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Figure 3.13 LC-MS ESI Positive Spectrum of Ru(bpy)2(4,4’-Bpy Tryptophan)
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Figure 3.14 UV-Vis Spectrum of Ru(bpy).(4,4’-Bpy Tryptophan)
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Figure 3.15 Emission Spectrum of Ru(bpy).(4,4’-Bpy Tryptophan)

Figure 3.13 shows the LCMS spectrum of the complex. Figures 3.14 and 3.15
show the absorption and emission spectra of Ru(bpy),(4,4’-Bpy Tryptophan) respectively.

The absorption spectra shows two peaks, the peak at 290 nm shows tryptophan
absorbance and the peak around 450 nm shows the ruthenium absorbance. The emission

spectrum shows the maximum at 645 nm when excited at 290nm.
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3.2.5 Emission of 4.4’-Bpy Tryptophan [12.5x10® M] Vs Variable DCP [50
uM to 2.5 mM] (at Exci 280 nm)
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Figure 3.16 Emission Spectrum of 4,4’-Bpy Tryptophan with Various DCP
Concentrations
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Figure 3.17 Association Constant of 4,4’-Bpy Tryptophan with DCP
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Figure 3.16 shows the emission of 4,4’-Bpy Tryptophan ligand [12.5x10° M]
with variable DCP [50 uM to 2.5 mM] concentrations, excited at 280 nm. Initial
emission was at 344 nm, when 50 pM DCP was added the emission quenched and
continued with increased concentrations and hypsochromic shift was observed. The
emission with 12.5 mM DCP was observed at 341nm, and with 25 mM DCP the emission
was observed at 340 nm. The above quenching was attributed to adduct formation
between lone pair of nitrogen in tryptophan and DCP. The emission was quantified by

calculating the association constant (Figure 3.17), which is a very small value (146 = 60

M), which may be due to tryptophan’s low emission.

3.2.6 Emission of 4.4’-Bpy Tryptophan | 12.5x10°¢ M] Vs Variable HCI (at

Exci 280 nm
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Figure 3.18 Emission Spectrum of 4,4’-Bpy Tryptophan with Various HCI
Concentrations
Figure 3.18 shows the emission of 12.5 uM 4,4’-Bpy Tryptophan with

variable HCIl concentrations at excitation 280 nm. When 84.5uM HCI was added the
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emission quenched completely, on further addition the emission remained constant,
which shows that the system reached saturated. The drastic change of emission may be
due the decrease of pH after adding HCI. By lowering the pH HCI quenches fluorescence
of the adducts. There is no association constant for this system, this is because of the fact

that when very dilute acid is added, the emission quenches completely.

3.2.7 Emission of 4.4’-Bpy Trvptophan [ 20x10° M] Vs Variable DMMP (at

Exci 280 nm)
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Figure 3.19 Emission Spectrum of 4,4’-Bpy Tryptophan with Various DMMP
Concentrations

Figure 3.19 shows the emission of 4,4’-Bpy Tryptophan ligand with various
DMMP concentrations. After adding the 57.5 yM DMMP the emission increased and
stays constant even on further addition of DMMP. When compared to the emission by
DCP, the change in emission intensity with DMMP is very low, because DMMP is not

expected to form a leaving group as easily as DCP and will not form adduct.
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3.2.8 Emission of Ru(bpy),(4.4>-Bpy Tryptophan) [7.5X10° M] Vs Variable
DCP [.87 uM to 7.83 uM] (at Exci 290 nm)
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Figure 3.20 Emission Spectrum of Ru(bpy).(4,4’-Bpy Tryptophan) with Various DCP
Concentrations
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Figure 3.21 Association Constant of Ru(bpy), (4,4’-Bpy Tryptophan) with DCP
Figure 3.20 shows the emission of 7.5 pM Ru(bpy).(4,4’-Bpy Tryptophan)
with various (.87 uM to 7.83 uM) DCP concentrations. By increasing concentration of

DCP, emission of the complex increases. There are two emissions, one from tryptophan
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and the other from ruthenium. There is metal to ligand charge transfer and the tryptophan
emission is completely transferred and decreased when compared to the ruthenium
emission. Calculated association constant (Figure 3.21) is due to the ruthenium emission

and is very high when compared to the ligand association constant.

3.2.9 Emission of Ru(bpy),(4.4’-Bpy Tryptophan) [10X10® M] Vs Variable
HCI [60 uM to 510 uM] (at Exci 290 nm)
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Figure 3.22 Emission Spectrum of Ru(bpy).(4,4’-Bpy Tryptophan) with HCl
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Association Constant: K= (1.0 + 0.4) x 10* M™!
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Figure 3.23 Association Constant of Ru(bpy)»(4,4’-Bpy Tryptophan) with HC]

Figure 3.22 shows the emission of 10 uM Ru(bpy).(4,4’-Bpy Tryptophan)
with various HCI (60 pM to 510 uM) concentrations. With increasing HCI concentration
ruthenium shows decrease in emission and acts as a switch-off sensor. The calculated

association constant is very high [(1.0 = 0.4) x 10* M'l] (Figure 3.23).
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Figure 3.24 Emission Spectrum of Ru(bpy).(4,4’-Bpy Tryptophan) with DMMP
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Figure 3.24 shows emission of Ru(bpy)(4,4’-Bpy Tryptophan) complex with
DMMP and there is a very small change in the emission intensity observed with

increased DMMP concentration. As previously mentioned DMMP does not have any

good leaving group and causes the low emission intensity change.

3.3.1 Preparation of Zinc (4.4’-Bpy tryp), Complex

0.110 g (0.5 mmol) of zinc acetate dihydrate and 0.690 g (1mmol) of 4,4’-Bpy
Tryptophan were dissolved in acetonitrile by warming for 10 mins, and then stirred over
night at room temperature. To this 0.5 g of ammonium hexafluorophosphate was added to
get the required complex. A light yellow color precipitate (7) was formed when
ammonium hexafluorophosphate was added; this precipitate was filtered off and washed

with cold ether to remove any impurities.
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Scheme 3.5 Synthetic Scheme of Preparation of 4,4’-Bipyridine Tryptophan Zinc
Complex

The above complex was characterized by using FAB mass spectroscopy and

results shows the peak at 1352.40 as substantial evidence for the synthesized compound.
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3.3.2 Emission of 10uM Zn(4.4’-Bpy tryp), Complex Vs Various DCP

Concentrations
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Figure 3.25 Emission Spectrum of Zn(4,4’-Bpy tryp), with DCP
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Figure 3.26 Association Constant of Zn(4,4’-Bpy tryp), with DCP
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Figure 3.25 shows the emission of 10uM Zn(4,4’-Bpy tryp), complex versus
various DCP (28.25 uM to 480 uM) concentrations. The zinc complex has two emissions,
the emission at 340 nm shows tryptophan emission and the emissions at 440 and 460 nm
shows zinc emissions. Zinc has weak emission and there is no metal to ligand charge
transfer, so the zinc complex shows two emissions. Increasing concentrations of DCP
shows different behavior at both positions. Increasing DCP concentrations, decreases
emission intensity in the tryptophan region and the emission is a hypsochromic shift. The
zinc shows switch -on behavior with increasing DCP concentrations. When compared to

ruthenium complex, the zinc complex has a weak association constant.

3.3.3 Emission of 10uM Zn(4.4’-Bpy tryp), Complex Vs Various HCI
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Figure 3.27 Emission Spectrum of 10uM Zn(4,4’-Bpy tryp). Complex with HCI
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3.3.4 Emission of 10uM Zn(4.4’-Bpy tryp), Complex Vs Various DMMP
Concentrations
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Figure 3.28 Emission Spectrum of 10uM Zn(4,4’-Bpy tryp). Complex with DMMP
Figures 3.27 and 3.28 shows the emission of Zn(4,4’-Bpy tryp), complex with
DCP and DMMP respectively. The HCl emission pattern is same as DCP ( tryptophan
shows switch off and zinc shows switch on) , but after adding very small amount of acid
it changes completely and gets saturated. For DMMP Zn(4,4’-Bpy tryp). complex ,
switch on behavior is exhibited and it is very weak, it is also saturated after adding a

very small concentration of DMMP.
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Table 3.2 Association Constants of 4,4’-Bpy Tryptophan and its Complexes

Kpcp M Ky M Kpvvp M

4,4’-Bipyridine tryptophan 146 + 60

Ru(bpy);(4,4’-Bpy (5.8+0.6)x10* |[(1.0£0.4)x 10° | No change
Tryptophan)
Zinc (4,4’-Bpy tryp): 54+ 06)x10°

Table 3.2 shows the association constants of 4,4’Bipyridine tryptophan
receptor and its ruthenium and zinc complexes with nerve gas analogs DCP, DMMP and
hydrolyzed product HCI. 4,4’ Ruthenium complex shows better sensitivity towards DCP

when compared to the 4,4’ zinc complex.
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CHAPTER IV

SYNTHESIS AND SPECTRAL STUDIES OF 5,5’-BIPYRIDINE TRYPTOPHAN
RUTHENIUM COMPLEX

4.1 Synthetic Methods

In chapter II1, I discussed about 4,4’-Bpy Tryptophan ligand and its complexes
with ruthenium and zinc metals. In this chapter I am going to discuss about 5,5°-Bpy
Tryptophan ligand with ruthenium and zinc metals. Here, I am going to check whether

changing the position of receptor at bipyridine position from 4,4° to 5,5’ will have any

effect on interaction of nerve agents.

4.1.1 Synthesis of 5.5°-Bipyridine Tryptophan

H2oN,, H

OWO Thionyl Chloride OWO OCHs
/ N\ R + (o]
g\ N/ on Refuxovemight o/ N\ N o

N
under argon N
H

Triethylamine

de
g
o = i_‘oa
I A
HN N\\NN/kIN N

Hc00C€  H W coocHd

8

Scheme 4.1 Synthetic Scheme of Preparation of 5,5’-Bpy Tryptophan
300 mg of 2,2°Bipyridine-5,5’-dicarboxylic acid and 15mL of thionyl
chloride was taken in a three necked round bottom flask and refluxed overnight under

Argon. On complete drying, 30mL of benzene, 600mg of L-tryptophan methyl ester
73



hydrochloride and 0.8 mL of triethylamine was added and refluxed overnight. To this
30mL of 0.1M sodium bicarbonate was added and extracted with chloroform. This
solution was then rotary evaporated. The precipitate obtained was filtered off and
recrystalized with acetone giving pure 5,5’-Bpy Tryptophan compound (8). Figure.4.1
shows the 'H NMR, Figure 4.2.shows the BC NMR, Figure 4.3.shows the COSY NMR,
Figure 4.4. shows the HETCOR NMR, Figure 4.5.shows the LCMS spectrum, Figure
4.6.shows the UV-Vis spectrum, Figure 4.7 shows excitation spectrum and Figure 4.8

shows the emission spectrum of 5,5°-Bipyridine tryptophan complex.

ko] gf
)
| L
12 l 1l0 ' é; . E; ' 4 '
ppm

Figure 4.1 "H NMR of 5,5°-Bipyridine Tryptophan Ligand

"H NMR (400 MHz, DMSO-dg): 3.36-3.26 (2H, m), 3.66 (6H, s), 4.74 (2H, q, ] = 5.5Hz),
7.00 2H, t,J =7.7Hz), 7.07 (2H, t, J = 7.3Hz), 7.24 (2H, s), 7.58 (2H, d, ] = 7.7Hz), 8.36
(2H, dd, J = 8.4, 2.2Hz), 8.51 (2H, d, J = 8.4Hz), 9.09 (2H, s), 9.19 (2H, d, J = 7.7Hz),

10.88 (2H, s)
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Figure 4.5 LC-MS ESI (-Ve) of 5,5’-Bipyridine Tryptophan Ligand
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4.1.2 Emission of 5.5’-Bpy Tryptophan [12.5x10°° M] Vs Variable DCP [50
uM to 5 mM] [(at Exci 290 nm) (sol. Acetonitrile)]
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Figure 4.9 Emission Spectrum of 5,5’-Bpy Tryptophan with DCP
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Association Constant: K = 353 + 45 M
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Figure 4.10 Association Constant of 5,5’-Bpy Tryptophan with DCP

Figure 4.9 shows the emission of 12.5 uM 5,5’-Bpy Tryptophan with various
DCP (50 uM to 5 mM) concentrations excited at 290 nm. This ligand shows similar
behavior (switch off) as 4,4’-Bipyridine tryptophan and with higher association constant.
The emission quenches and shows hypsochromic shift as the concentration of DCP
increases. At the initial concentrations, emission quenches slowly and after that emission

it quenches rapidly.
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4.1.3 Emission of 5,5’-Bpy Tryptophan [15x10° M] Vs Variable HC1 [0 uM
to 54 uM] [(at Exci 290 nm) (sol. Acetonitrile)]
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Figure 4.11 Emission Spectrum of 5,5’-Bpy Tryptophan with HCI

4.1.4 Emission of 5.5’-Bpy Tryptophan [7x10°® M] Vs Variable DMMP [0
uM to 345 uM] [(at Exci 290 nm) (sol. Acetonitrile)]
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Figure 4.12 Emission Spectrum of 5,5’-Bpy Tryptophan with DMMP
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Association Constant: K = (2.6 + 0.9) x 10° M’}

55' bpy-trp Vs DMMP
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Figure 4.13 Association Constant of 5,5’-Bpy Tryptophan with DCP

Figure 4.11 shows the emission spectrum of 5,5’-Bpy Tryptophan with HCI.
The emission was quenched drastically on the first addition of HCI, and then remained
constant. Figure 4.12 shows the emission of 5,5’-ligand with DMMP. Here it differs from
the 4,4’-ligand, and has a very high association constant (Figure 4.13). This could be

attributed to the change in the position of bipyridyl ring.
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4.1.5 Preparation of Ru(bpy)h(5.5’-Bpy Tryptophan) Complex

N_NH +
HN-/ N\/ \ / \\
H H -

Ammonium Hexa Fluoro Phosphate

w@ﬂ

_N
\/

Scheme 4.2 Synthetic Scheme of Preparation of Ru(bpy)2(5,5’-Bpy Tryptophan) Complex

387mg of 4,4’-Bipyridine Tryptophan ligand(7) and 243mg of cis-(bpy).
RuCl,.2H,0 (4) were taken in a sealed tube and heated at 110° C overnight, after cooling
to room temperature any unreacted compound was filtered off and to the solution 200mg
of ammonium hexafluorophosphate was added , this precipitate was filtered off and
washed with cold water and cold ethanol to give Ru(bpy).(5,5’-Bpy Tryptophan)
compound (9). Figure 4.14.shows the '"H NMR, Figure 4.15.shows the LCMS spectrum,

Figure 4.16 shows the UV-Vis spectrum which has two absorbance values, one at 440nm
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is due to the ruthenium metal center and the other at 290 nm is due to the tryptophan.

Figure 4.17 shows the emission spectrum of Ru(bpy),(5,5’-Bpy Tryptophan) Complex.

wﬂu b

f T T T T T T T
12 10 8 6 4

PPM
Figure 4.14 "H NMR of Ru(bpy)x(5,5’-Bpy Tryptophan) Complex

'H NMR (400 MHz, DMSO-de): & 3.10-3.30 (4H, m), 3.60 (6H, d, J = 3.6Hz), 4.59 (2H,
m), 6.92-7.09 (6H, m), 7.31-7.37 (2H, m), 7.46-7.58 (6H, m), 7.69 (2H, t, J = 5.1Hz),
7.79 (2H, t, J = 5.4Hz), 7.93 (2H, d, J = 9.1Hz), 8.11-8.20 (4H, m), 8.64 (2H, m), 8.79-

8.83 (4H, m), 9.01-9.04 (2H, m), 9.27 (2H, dd, J= 7.3, 3.3Hz).
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Figure 4.15 LC-MS ESI (+Ve) mode of Ru(bpy)a(5,5’-Bpy Tryptophan) Complex
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Figure 4.16 UV-Vis Spectrum of Ru(bpy).(5,5’-Bpy Tryptophan) Complex
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Figure 4.17 Emission Spectrum of Ru(bpy)2(5,5’-Bpy Tryptophan) Complex

4.1.6 Emission of Ru(bpy),(5.5°-Bpy Tryptophan) Complex [5x10°M] Vs
Variable DCP [50 uM to 875 uM] (at Exci 290 nm)

12 5,5' bpy-Tryp-Ru

Switch off

——DCPO pM
—50uM
—125 M
—— 500 pM
—875 M

Intensity /1 0° cps

550 660 62')0 760 . 7€l'>0 ' 860 8%0
Wavelength (nm)
Figure 4.18 Emission Spectrum of Ru(bpy)2(5,5’-Bpy Tryptophan) Complex with DCP
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Association Constant : K = (2.6 +0.9) x 10° M™

5, §' bipy-trp-Ru Vs DCP
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Figure 4.19 Association Constant of Ru(bpy),(5,5’-Bpy Tryptophan) Complex with DCP
Figure 4.18 shows the emission of 5uM Ru(bpy),(5,5’-Bpy Tryptophan)

Complex with various DCP (50 uM to 875 pM) concentrations. This complex acts as a

switch off sensor, as the DCP concentration increases emission of the complex decreases

and shows a 7 nm bathochromic shift. Association constant (Figure 4.19) for this

complex was (2.6 £ 0.9) x 10° M.
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4.1.7 Emission of Ru(bpy)(5.5’-Bpy Tryptophan) Complex [10x10°M] Vs
Variable HCI1 [0 uM to 450 uM] (at Exci 290 nm)
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Figure 4.20 Emission Spectrum of Ru(bpy).(5,5’-Bpy Tryptophan) Complex with HCL

4.1.8 Emission of Ru(bpy)(5,5’-Bpy Tryptophan) Complex [7.5x10°M] Vs
Variable DMMP [0 uM to 450 pM] (at Exci 290 nm)
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Figure 4.21 Emission Spectrum of Ru(bpy).(5,5’-Bpy Tryptophan) Complex with DMMP
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Figures 4.20 and 4.21 show the emission of Ru(bpy)(5,5’-Bpy Tryptophan)

complex with HCl and DMMP respectively. Increasing concentrations of HCl or DMMP

will not change the intensity of the complex. This is ascribed to steric factors.

4.1.9 Preparation of Zinc (5.5’-Bpy Tryptophan); Complex

.110 g (0.5 mmol) of zinc acetate dihydrate and 0.690 g (1mmol) of 5,5’-Bpy
Tryptophan were dissolved in acetonitrile by warming for 10 mins, then stirring was
continued over night at room temperature. To this 0.5 g of ammonium hexa
fluorophosphate was added to get the required complex. A light yellow color precipitate
(10) was formed when ammonium hexa fluorophosphate was added; this precipitate was

filtered off and washed with cold ether to remove any impurities.

o /= = 0 H.C.__O\ Zn.2H,0
KA AN L112
/ W N_NH  + < c
HN NV N W o /2

H,COOC  H 8 H  COOCH,
10 mins Heat ,r.t overnight
NH,PFg
HN_// W N\NH
H,COOC H ,4 COOCH,
2PFg
H,cooc H H  COOCH;

HN w /NH

Scheme 4.3 Synthetic Scheme of Preparation of 5,5’-Bipyridine Tryptophan Zinc
Complex
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4.2.0 Emission of 11.75uM Zn(5.5’BpyTryp), Complex Vs DCP [0 uM to
282.5 uM] (at Exci 290 nm)
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Figure 4.22 Emission Spectrum of Zn(5,5’BpyTryp), Complex with DCP

Association Constant: K= (7.4 £ 0.9) x 10° M

04
5,5' bpy-Trp-Zn
o K,=(7.40.9)x 10° M1

~ 0-
T

154

20 -

M ¥ M T M 1 M ] T 1
0.0 0.8 1.6 24 3.2 4.0

1/[DCP] /110° M
Figure 4.23 Association Constant of Zn(5,5’BpyTryp), Complex with DCP
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Figure 4.22 shows the emission of 11.75 uM Zn(5,5"’-Bpytryp), Complex Vs
various DCP (0 uM to 282.5 uM) concentrations. Like 4,4 zinc complex( Figure 3.25),
this zinc complex has two emissions, the emission at 340 nm is the tryptophan emission
and the emissions at 440 and 460 nm are the =zinc emissions. Increasing DCP
concentration increases the emission intensity at both the tryptophan and the zinc regions.
The association constant for this complex is (7.4 + 0.9) x 10° M\, When compared to the
ruthenium complex, the association constant of the zinc complex is weak. This complex

shows switch on behavior and has a 4 nm bathochromic shift.

4.2.1 Emission of 11.75uM Zn(5.5’BpyTryp), Complex Vs Variable HCI [0
uM to 508 uM] (at Exci 290 nm)
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Figure 4.24 Emission Spectrum of Zn(5,5’BpyTryp), Complex with HC1
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Association Constant: K = (6.0 + 0.5) x 10° M
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Figure 4.25 Association Constant of Zn(5,5’BpyTryp), Complex with HCI

Figure 4.24 shows the Emission of 11.75pM Zn(5,5’BpyTryp), Complex
with various HC1 (0 pM to 508 uM) concentrations. Figure 4.25.shows the association
constant ofZn (5,5’BpyTryp), Complex with HCI. This complex demonstrated very good

sensitivity with switch on behavior corresponding to a 16 nm bathochromic shift with

increasing concentrations.
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4.2.2 Emission of 11.75uM Zn(5,5’BpyTryp), Complex Vs Variable DMMP
[0 uM to 280 uM] (at Exci 290 nm)
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Figure 4.26 Emission Spectrum of Zn(5,5’BpyTryp), Complex with DMMP
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Figure 4.27 Association Constant of Zn(5,5’BpyTryp), Complex with DMMP
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Figure 4.26 shows the emission of 11.75uM Zn(5,5’BpyTryp), complex with
various DMMP (0 uM to 280 uM) concentrations. Here it shows switch on behavior with
a 21 nm hypsochromic shift at the tryptophan region and as expected it gives a very weak

association constant value of (14 & 7).

Table 4.1 Association Constants of 5,5’-Bpy Tryptophan and its Complexes

Kpcp M™ Kno M Kpovve M
5,5’-Bipyridine tryptophan 353+45 (2.6£0.9)x10°
Ru(bpy)a(5,5”’-Bpy Tryptophan) | (2.6+0.9) x 10° No change No change
Zinc (5,5’-Bpy tryp), (74£0.9)x 10° | (6.0£0.5)x10° | 14+7

Table 4.1 shows the association constants of 5,5’Bipyridine tryptophan receptor and its
ruthenium and zinc complexes with nerve gas analogs DCP, DMMP and hydrolyzed
product HCI. 5,5° zinc complex shows better sensitivity towards DCP when compare to

the 5,5° ruthenium complex.
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CHAPTER V

SYNTHESIS AND SPECTRAL STUDIES OF FULL SENSOR SYSTEM

5.1 Introduction

The field of optical chemical sensors has been a growing research area over
the last thirty years. The Cambridge definition is an appropriate definition for a chemical
sensor, which indicates “chemical sensors are miniaturized devices that can deliver real-
time and on-line information in the presence of specific compounds or ions in even

complex samples™.”

The bottom up approach was used to build up nanosensors for nerve gas
agents (Figure 1.13). Silica nanoparticles and quantum dots are used as a solid base for
the nanosensors. Silica NPs made are monodispersed and are small sized (40 nm), these
small silica NPs can produce uniform monolayers which can be used on glass slides or on
any chip. Quantum dots can also be used in sensors because, they have large range of

wavelength and we can tune the properties based on the size of QDs.

Stilbene type monomer compounds are used in sensors, because they have
excellent luminescent properties and can improve the signal intensity because of their

inherent high conjugation.
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Ruthenium, zinc and europium metals were used to synthesize complexes.
These highly conjugated metal complexes can shift the signal into the visible region and

we can easily observe the signal.

4,4’- Bipyridine tryptophan and 5,5’-Bipyridine tryptophan were used as the
receptors, these receptors can form adducts with the nerve gas analogs such as DCP and
gives the signal. The assembling of the constituents (nanoparticles, monomer, complex
and receptor) through a bottom up approach will enhance selectivity and sensitivity to the

nanosensors.

In this chapter individual components will be discussed, firstly the discussion
is based on emission properties with only the stilbene monomer, secondly, I will discuss
the combination of silica NPs or QDs with the monomer and their properties with nerve
gas analogs, and then the complete sensor synthesis and its spectral properties with DCP,

DMMP and HCI will be discussed in the ensuing pages.
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5.2 Spectral Properties of Stilbene Monomer

5.2.1 Emission of Stilbene Monomer with DCP (excitation 290 nm)

25+
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Figure 5.1 Emission Spectrum of Stilbene Monomer with DCP

5.2.2 Emission of Stilbene Monomer with HCI

30 -
25-1

20

Switch off —— OuM HClI

15 4

10+

Intesity /10* cps

3%0 460 450 560 550
Wavelength (nm)

Figure 5.2 Emission Spectrum of Stilbene Monomer with HCI
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Association Constant: K= (6.4 + 0.4) x 10° M’
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Figure 5.3 Association Constant of Stilbene Monomer with HC1

5.2.3 Emission of Stilbene Monomer with DMMP
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Figure 5.4 Emission Spectrum of Stilbene Monomer with DMMP
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Figures 5.1, 5.2 and 5.4 show the emission of stilbene monomer with
increasing concentrations of DCP, HCI and DMMP. All these emission spectrums were
obtained by exciting the system at 290 nm and the emission maxima was observed at 430
nm. The emission maxima of the stilbene monomer does not show any change on
addition of DCP or DMMP as it does not carry a receptor which will attach to the target
analyte. Stilbene shows a faint interaction (switch off behavior) with HCl and the

association constant was found to be (6.4 + 0.4) x 10° M1 (Figure 5.3).

5.3 Synthesis and Spectral Studies of Silica Nanoparticles with Stilbene Monomer

5.3.1 Synthesis of Silica NPs with Stilbene Monomer

First silica NPs were silanized with APTS according to procedure 2.4. Then
100 mg of these silanized silica NPs were reacted with 100 mg of stilbene monomer in
toluene at room temperature for 12 hours. Then it was filtered and washed with hot
ethanol to remove any excess stilbene monomer. The aldehyde group of the monomer is
more reactive and reacts with the amine group of silanized silica NPs and forms ene-
amine bond. This compound was characterized by the emission, absorption and IR

spectrometry.
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Silanized Si NPs

0. _OH
COOH O
® S
O, Tol 12h \S'
EtO, oluene,12hrs i
+ EtO-Si”"NH, — Y, —— O
EtO RT
3-Aminopropyl O \N
CHO H\

Si

11
Scheme 5.1 Synthesis of Silica NPs with Stilbene Monomer

5.3.2 IR Spectra of Silica NPs with Stilbene Monomer
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Figure 5.5 IR Spectra of Silica NPs with Stilbene Monomer

The peak (two spikes) around 3000 cm™ in the silanized silica NPs disappears

on binding to the stilbene monomer, this indicates the bond formation.
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5.3.3 Emission of Silica NPs with Stilbene Monomer
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Figure 5.6 Emission Spectrum of Silica NPs with Stilbene Monomer

5.3.4 Emission of Silica NPs with Stilbene Monomer Vs Various DCP
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Figure 5.7 Emission Spectrum of Silica NPs with Stilbene Monomer with Various DCP
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Figure 5.8 Association Constant of Silica NPs with Stilbene Monomer with Various DCP

5.3.5 Emission of Silica NPs with Stilbene Monomer Vs Various HCI

) ] —— 0 M HCI
50 - Switch on — 84.5,M
] —169.5 UM
45 4 ——254.25 M
4 —339uM
(‘3}_ 40+ —— 42375,M
< 354
o g
= 30
2 25
2 q
S 20-
2L ]
£ 154
10
54
04
T T T T T T T T T T T
350 400 450 500 550 600 650

Wavelength (nm)

Figure 5.9 Emission Spectrum of Silica NPs with Stilbene Monomer Vs Various HC]
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Association Constant: (8 + 5) x 10° M
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Figure 5.10 Association Constant of Silica NPs with Stilbene Monomer Vs Various HCI

The emission spectrum of the stilbene monomer (Figure 5.6) after reacting
with the silica NPs, shows the emission maxima at 495nm. This emission spectrum is
different from the original stilbene monomer (Figure 2.16) which has an emission
maxima at 445 nm. Figure 5.7 shows the Emission spectrum of silica NPs with stilbene
monomer with various DCP concentrations. Emission of this compound increases with
the increasing DCP concentrations (switch on) and shows 4 nm hypsochromic shift.
Association constant of this compound is very weak (Figure 5.8) because there is no

active receptor in this compound to react with the nerve gas analog.

Figure 5.9 shows the Emission spectrum of silica NPs with stilbene

monomer with various concentrations of HCl. Emission increases with increasing
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concentrations and shows a 7 nm hypsochromic shift. Figure 5.10 shows the Association

constant of silica NPs with stilbene monomer with variable HCI concentrations.

5.4 Synthesis of Silica NPs + Stilbene Monomer + 4.4’-Bpy Tryp ruthenium Complex
(Sensor I) and its Spectral Characterization

5.4.1 Synthetic Scheme of Sensor |

Oy, OH

0 HN NH

Y +4 HiCOOC 0 Q COOCH;,

N N

"\ /" . 2PF,
\ NRI—N

/ N\ Y

1mmol

4
\

2.fmmol Acetonitrile

N N
H,C00C
: o g COOCH,8

HN =

12
Scheme 5.2 Synthesis of Sensor I

1 mmol Ru(bpy):(4,4’-Bpy Tryptophan) complex (compound 6) and 2.1

mmol silanized silica nanoparticles (compound 11) were dissolved in acetonitrile and
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stirred overnight to form an ion pair between compound 6 and 11 (compound 12).

Compound 12 was characterized with emission spectroscopy.

5.4.2 Emission of Silica NP + Stilbene Monomer (9.45 uM) + Ru(bpy)(4.4’-
Bpy Tryptophan) (4.7uM) (Sensor I) Vs Various DCP
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Figure 5.11 Emission Spectrum of Sensor I with Various DCP Concentrations
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Figure 5.12 Association Constant of Sensor I with DCP
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5.4.3 Emission of Silica NP + Stilbene Monomer (9.45 uM) + Ru(bpy)»(4.4’-
Bpy Tryptophan) (4.7uM) (sensor I) Vs Various HCI

Sensor | Vs HCI
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Figure 5.13 Emission Spectrum of Sensor I with HCI
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Figure 5.14 Association Constant of Sensor [ with HCI
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5.4.4 Emission of Silica NP + Stilbene Monomer (9.45 uM) + Ru(bpy),(4.4°-
Bpy Tryptophan) (4.7uM) (sensor I) Vs Various DMMP
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Figure 5.15 Emission Spectrum of Sensor I with DMMP
Figures 5.11, 5.13 and 5.15 show the emission spectra of sensor I. Sensor I
has two emission maxima, one at 477 nm due to the stilbene monomer and the other at
650 nm due to the ruthenium complex. The emission spectrum (Figure 5.11)
demonstrated switch on behavior with increasing concentrations of DCP. The emission
due to the stilbene moiety increases with the increasing concentrations of DCP and
displayed a 23 nm bathochromic shift. The ruthenium emission also increases with the
increasing concentrations of DCP and here it shows a 11 nm hypsochromic shift. The
association constant (Figure 5.12) was very weak and the value was found to be (620 +
140) M. This association constant value is very weak when compared to the bare 4,4°-
Bpy ruthenium complex ( Figure 3.21). This might be due to the interaction between free
carboxylate ions and the free nitrogen on the receptor. Thereby the lone pair electrons are

not freely available for binding with the target analyte.
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Figure 5.13 shows the emission of sensor I with increasing concentrations of
HCl. After the first edition (87.75 pM) of HCI, the emission increases rapidly and then it
increases slowly and shows some irregular behavior on increasing the concentrations of
HCIl. The association constant for this compound (Figure 5.14) is very high and the value
is (1.2 £ 0.5) x 10* M. This association constant is almost same as the association

constant of the free complex (Figure 3.23).

Figure 5.15 shows the emission of sensor I with DMMP and it does not show
any change. It might be due to the chemical nature of DMMP, it does not have a good

leaving group to attach with the receptor.

5.5 Synthesis of Silica NPs + Stilbene Monomer + 5.5°-Bpy Trypruthenium Complex
(Sensor II) and its Spectral Characterization

The synthetic procedure for the sensor II is same as that of sensor I. An ion
pair was formed by mixing 1 mmol Ru(bpy)x(5,5’-Bpy Tryptophan) complex (compound
9) and 2.1 mmol silanized silica nanoparticles (compound 11) in acetonitrile. The

resultant mixture was stirred overnight to obtained compound 13.
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5.5.1 Synthetic Procedure of Sensor I

2.1mmol

13

Scheme 5.3 Synthesis of Sensor II
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5.5.2 Emission of Silica NP + Stilbene Monomer (9.45 uM) + Ru(bpy)h(5.5’-
Bpy Tryptophan) (4.7uM) ( sensor II) Vs Various DCP

Sensor It Vs DCP
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Figure 5.16 Emission Spectrum of Sensor II with DCP
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Figure 5.17 Association Constant of Sensor II with DCP
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5.5.3 Emission of Silica NP + Stilbene Monomer (9.45 uM) + Ru(bpy)(5.5°-
Bpy Tryptophan) (4.7uM) (Sensor II) Vs Various HCI
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Figure 5.18 Emission Spectrum of Sensor II with HC1
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Figure 5.19 Association Constant of Sensor II with HCI
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5.5.4 Emission of Silica NP + Stilbene Monomer (9.45 uM) + Ru(bpy)(5.5’-
Bpy Tryptophan) (4.7uM) (Sensor II) Vs Various DMMP
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Figure 5.20 Emission Spectrum of Sensor II with DMMP

Figures 5.16, 5.18 and 5.20 show the emission of sensor II with DCP, HCI
and DMMP. Sensor II shows switch on behavior with increasing concentration of DCP
and has an association constant of (813 + 60) M (Figure 5.17). This association constant
is very weak when compared to the Ru(bpy)(5,5’-Bpy Tryptophan) complex (Figure

4.19) association constant. Sensor II shows the switch on behavior with increasing
concentrations of HCI. Here the association constant is very high (5.7 + 0.8) x 10° M

(Figure 5.19) when compared to the Ru(bpy)2(5,5’-Bpy Tryptophan) complex (Figure

4.20) which does not have any change with increasing concentrations of HCI.

Figure 5.20 shows the emission spectrum of sensor II with increasing

concentrations of DMMP, which shows no change in the emission maxima.
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5.6 Synthesis of Silica NPs + Stilbene Monomer + 4.4’-Bpy tryp Zinc Complex (Sensor
III) and its Spectral Characterization

5.6.1 Synthetic Scheme of Sensor III

NN
\z/
n 2PF
N/ \N )
7 Ny \
H == = H
N Nl
H;COOC [¢] o COOCH,

2.1mmol .
Acetonitrile

COOCH; H;COOC I NH
coocu, H,cooc \ y
H
14

Scheme 5.4 Synthesis of Sensor III
2.1 mmol silanized silica and 1mmol of 4,4’-Bpy Tryp zinc complex were
dissolved in 4mL acetonitrile and stirred overnight at room temperature to get the desired

sensor II.

112



5.6.2 Emission of Sensor III with DCP
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Figure 5.21 Emission Spectrum of Sensor III with DCP
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Figure 5.22 Association Constant of Sensor III with DCP

Figure 5.21 shows the emission spectrum of sensor III with increasing

concentrations of DCP, and has a high association constant (1.3 + 0.3) x 10° M (Figure

113



5.22). This association constant is very high when compared to the association constant of

Zn(4,4’-Bpy tryp), with DCP (Figure 3.26).

5.7 Svynthesis of Silica NPs + Stilbene Monomer + 5,5’-Bpy Tryp Zinc Complex (Sensor
IV) and its Spectral Characterization

5.7.1 Synthetic Scheme of Sensor IV

0._OH
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Scheme 5.5 Synthesis of Sensor IV
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5.7.2 Emission of Sensor IV with DCP
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Figure 5.23 Emission Spectrum of Sensor IV with DCP

Figure 5.23 shows the emission spectrum of sensor IV with increasing
concentrations of DCP. It does not exhibit any effect on increasing concentrations of
DCP, because in sensor IV, the attached tryptophans at 5,5 position render very high
steric hindrance. This may be due to the unavailability of nitrogen groups on the receptor

for binding with the target analyte.
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5.8 Synthesis of ZnS: Mn/ZnS QDs + Stilbene Monomer + 4.4’-Bpy Tryp Ruthenium
Complex (Sensor V) and its Spectral Characterization

5.8.1 Synthetic Procedure for Sensor V

Sensor V was constructed based on conjugating ZnS: Mn/ZnS (1/ 16“‘) QDs to
the Ru(bpy).(4,4’-Bpy Tryptophan) complex (compound 6). Ion pairing of QDs with the
ruthenium complex was achieved by the mixing of the two compounds in acetonitrile by
titration method. Firstly the ruthenium complex was dissolved in 4 mL of acetonitrile and
to this solution QD solution was added drop wise till the QD emission and Ruthenium

complex emission are equal. The QD solution was sonicated before the addition to avoid

aggregation.

5.8.2 Emission of Sensor V. Vs DCP
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400 . 4;')0 ' 5(IJO ' 55')0 ' 660 ' 6%0 ' 7(IJO . 7éO
Wavelength (nm)
Figure 5.24 Emission Spectrum of Sensor V with DCP
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Association Constant: K= (425 + 50) M
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Figure 5.25 Association Constant of Sensor V with DCP

Figure 5.24 shows the emission spectrum of sensor V with increasing
concentrations of DCP. The sensor V shows two emission maxima at 452nm and 670
which correspond to the QD and ruthenium metal centered emission respectively. The
emission band at 670nm showed quenching with the increasing concentration of DCP
while the other emission band at 452nm remained constant. Sensor V has very weak

association constant (425 £ 50) M (Figure 5.25) with DCP.

117



5.8.3 Emission of Sensor V Vs HCI

] —— OuM HCI
84,75
40+ — 1695
1 . ——254.25
Switch off
35 ‘ ° 339
2] .
@ 30
) )
B 254
e
= )
2 204
7 )
c
O 154
9
jE J
10
5
0 ——

— T T T — T T T 1
350 400 450 500 550 600 650 700 750 800

Wavelength (nm)

Figure 5.26 Emission Spectrum of Sensor V with HC1
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Figure 5.27 Association Constant of Sensor V with HCI
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Figure 5.26 shows the emission spectrum of sensor V with increasing
concentrations of HCl. The emission maxima corresponding to the ruthenium metal

center quenches with increasing concentrations of HCl and shows very high association

constant (1.6 + 0.3)x 10*M™.

5.8.4 Emission of Sensor V Vs DMMP
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Figure 5.28 Emission Spectrum of Sensor V with DMMP
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Figure 5.29 Association Constant of Sensor V with DMMP
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Figure 5.28 shows the emission spectrum of sensor V with the increasing
concentrations of HCIL. Sensor V emission was quenched at the ruthenium center with
increasing concentrations of HCI. The association constant is very high (1.5 + 0.4) x 10°

M (Figure 5.29) when compared to the Ru(bpy)»(4,4’-Bpy Tryptophan) complex.

Table 5.1 Association Constants of Sensor Systems

Kpcp M Kuc M™ Kpvmp M
Sensor I 620 + 140 (12+0.5)x 10° | No change
Sensor II 813 + 60 (5.7+0.8)x 10° | No change
Sensor III (1.3+0.3)x 10
Sensor IV No change
Sensor V 425 +50 (1.6 £03)x10* [(1.5 £0.4)x 10°

Table 5.1 shows the association constants of the sensor systems developed.
Sensor III with Zinc metal as complex, 4,4’-Bpy Tryptophan as receptor, Silica NPs and

Stilbene monomer shows high sensitivity with DCP.
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CHAPTER VI

CONCLUSION

6.1 Conclusion

This research was focused on building Nanoparticles-Monomer-Complex-
Receptor (NMCR) nanosensors for the detection of nerve gas agents with a bottom up

approach. Nerve gas analogs such as DCP and DMMP are used as target analytes.

Tryptophan has been used as the receptor for all five sensors. Ruthenium and
zinc bipyridyl systems are used as complexes. Ruthenium bipyridyl systems show better
results when compared to zinc bipyridyl systems. Ruthenium metal has advantages
because of its metal to ligand charge transfer and we can tune ruthenium metal emission

based on the ligand attached to it.

Silica nanoparticles and ZnS: Mn/ZnS (1/16™ ) core/ shell Quantum dots are
used as building blocks of sensors. Highly conjugated stilbene type compounds are used

as monomers.

Five types of nanosensors have been developed with different constituents
based on the fundamental building blocks of the sensors which are outlined below. Table
6.1 shows the association constants and behavior of all sensors with DCP, DMMP and

HCl.
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Table 6.1 Association Constants and Behavior of Sensors Developed

Kpce (M) Ky (M) Konvve (M)
4,4’-Bpy Tryp 146 + 60
Switch off Switch off Switch on
5,5’-Bpy Tryp 353+ 45 (2.6 +0.9) x10°
Switch off Switch off Switch on

Ru(bpy)(4,4’-Bpy Tryptophan)

(5.8+0.6) x 10°

(1.0+0.4) x 10°

Switch on Switch off No change
Ru(bpy)(5,5’-Bpy Tryptophan) (2.6+0.9) x 10°

Switch off No change No change
Zinc (4,4’-Bpy Tryp), 5.4+ 0.6)x10°

Switch on Switch on Switch on
Zinc (5,5’-Bpy Tryp), (7.4+0.9) x 10° | (6.0£0.5)x 10° 14+7

Switch on Switch on Switch on
Sensor I 620 + 140 (12+0.5)x 10°
(4,4’Rubpy+Stilbene+Silica NP)

Switch on Switch on No change
Sensor II 813 + 60 (5.7+0.8)x 10°
(5,5’Rubpy+Stilbene+Silica NP)

Switch on Switch on No change
Sensor III (1.3+0.3)x 10°
(4,4’ Znbpy+Stilbene+Silica NP)

Switch on No data No data
Sensor IV
(5,5°Znbpy+Stilbene+Silica NP)

No change No data No data
Sensor V 425 +50 (1.6 £0.3)x10°| (1.5 £0.4)x 10°
(4,4’Rubpy+Stilbene+QDs)

Switch off Switch off Switch off
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6.1.1 Sensor 1

Sensor I was constructed with Silica NPs, Stilbene analog, Ruthenium-4,4’-
Bpy Tryptophan as receptor. The interaction of this sensor with DCP, DMMP and HCI
was determined by using emission studies. Sensor I showed a better interaction with HCI
compared to DCP. Sensor I demonstrated no interaction with DMMP as it does not have a

good leaving group.

6.1.2 Sensor 11

Sensor II was synthesized by using Silica NPs, Stilbene analog, Ruthenium
and 5,5’-Bpy Tryptophan as receptor. Sensor II shows similar behavior as sensor I, sensor
II displayed “Switch on” behavior with DCP, DMMP and has no effect on DMMP.

Sensor II shows better efficiency with DCP when compared to HCI.

6.1.3 Sensor III

Sensor III was developed by using Silica NPs, Stilbene analog, Zinc and 4,4’-
Bpy Tryptophan as receptor. Sensor III confirmed “Switch on” behavior with increasing
DCP concentrations and better sensitivity when compared to sensor I and II. This
behavior is due to the two ligands attached to the zinc metal center and hence augments

the number of binding sites for the interaction of target analytes.
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6.1.4 Sensor IV

Sensor IV was constructed by Silica NPs, Stilbene analog, Ruthenium and

5,5’-Bpy Tryptophan as receptor. Sensor V confirmed no response towards DCP.

6.1.5 Sensor V

Sensor V was synthesized by using ZnS: Mn/ZnS (1/16™ ) QDs, Stilbene
analog, Ruthenium and 4,4’-Bpy Tryptophan as receptor. Sensor V displayed “switch off”
behavior with DCP, DMMP and HCI. The sensitivity of Sensor V for DCP was weak

when compared to DMMP and HCI.

We were able to show a design strategy for making flexible and sensors that
are processable in the solid state for nerve agents through the bottom up construction.
This bottom up assembling of a sensor concept is flexible and can be altered based on the

type of target that we need to sense.

From the above discussion it is conclusive that Sensor III demonstrated the
maximum sensitivity and maximum selectivity towards DCP when compared to other
sensor systems used in this study. We can improve the sensitivity and selectivity of this
sensor system by varying the receptor moiety which would have a greater affinity towards

the nerve gas analogs.
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