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ABSTRACT

CHEMICAL SENSORS BASED ON SWELLABLE POLYMER
MICROPARTICLES AND MOLECULAR IMPRINTED POLYMERS

By

John O. Osambo

University New Hampshire, December 2009

Swellable thermoresponsive and lightly cross-linked polymer
microparticles were prepared for the development of chemical sensors for
various target analytes. The swelling and shrinking of the polymer particles as a
function of concentration of target analytes has been inVestigated using turbidity
and fluorescence measurements at suitable pH values.

Chemical sensors that respond to transition metal ions such as Cu?,
Ni**, Zn?*, and Pb?* were prepared by copolymerizing N-lsopropylacrylamide
(NIPAAm) with ligands such as; 2,2'-acylamidodiacetic acid (AIDA), dibutyl-2,2'-
(8 vinylphenylazanediyl) diacetate (DVPAA), N-((4'-methyl-2,2'-bipyridin-
4yl)methyl)-N-propylacrylamide (NMPPAAm), and N,N-bis(pyridine-2-
ylmethyl)prop-2-en-1-amine (NBPMPA). The microparticles were either labeled
with 9-vinylanthracene (9-VA) / 2-Naphthylmethacrylate (2-NMA), or fluorescein
o-acrylate / methacryloxethyl thiocarbonyl rhodamine B fluorophore pairs.
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The particles were cross-linked using between 5-8% N,
N-methylenebisacrylamide (MBA) and stabilized in acetonitrile using poly
(styrene-co-acrylonitrile). The microparticles were suspended in pH 6 MOP buffer
with ionic strength adjusted to 0.1M. The shrinking and swelling properties of the
polymer microparticles with changé in analyte concentration were evaluated by
fluorescence measurements. Fluorescence intensity ratios of the acceptor to the
donor fluorophores in the microparticles were calculated at different analyte
concentrations.

Another method was developed for preparing sensors that respond to
both B-D-glucopyranose and theophylline molecules by imprinting them in to a |
lightly cross-linked polymer network prepared by dispersion polymerization in
water and acetonitrile, respectively. The molecular imprinting of $-D-
glucopyranose and theophylline was achieved by using acrylamide and
methacrylic acid (MAA), respectively, as functional monomers.

The theophylline imprinted polymer particles were labeled with
fluorescein o-acrylaté and methacryloxethyl thiocarbonyl rhodamine B
fluorophores. MBA and poly (styrene-co-acrylonitrile) were used as cross-linker
and stabilizer respectively in fhe polymer synthesis. Fluorescence measurements
were used to monitor the swelling and shrinking of the polymer particles. The
particles responded to theophylline concentration as low as 10”M in pH 7 buffer.
In the preparation of B-D-glucopyranose imprinted polymer particles, poly (vinyl
pyrrolidone) (PVP) was used as the stabilizer. The particles were immobilized in

XX



10% poly (vinyl alcohol) (PVA) membranes and suspended in MOP buffer pH 7
for turbidity measurement. It was shown that these particles respond to -D-

glucopyranose concentration as low as 10°M.
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CHAPTER 1

INTRODUCTION

1. 1 Background of Chemical Sensors

There has been a tremendous increase in demand for sensors, especially
chemical sensors, in the last fiﬁy years. This has resulted in extensive research on the
development of sensors, particularly chemical sensors. The number of published papers
in this field has increased by about 50% per year during the last decade [1]. The
journals in the field of chemical sensors include: Chemical Sensor, Chemical Sensor
Technology, Sensors, Chemical Senses, Biosensors and Biotechnology, and Sensors
and Actuators [2]. Several reviews and books have also been published on chemical
sensors [3]. According to Janata, over 2000 papers have been published on this
subject over the last four years [4]. A similar growth rate has aiso been experienced in
other categories of sensors.

A chemical sensor can be defined as a device which provides information
about the chemical cdmposition of its environment [5]. It consists of a physical layer
with a transducer coupled with a chemically selective component that transforms
chemical information into an analytically useful signal [6]. The two basic
components of a chemical sensor are shown in figure 1.1. One is the recognition
phase where specific interaction with the target analyte allows it to be recognized,
and the transducer which converts the recognition event into a useful electrical
signal that can be amplified. The magnitude of the electrical signal produced

depends on the extent of this interaction and is related to concentration of the target



analyte. However, this is possible if the interaction is selective to only the target

analyte in the presence of other sample components.

Recognition

Element Signal and

P Computing

Transduction

> Sample

Figuré 1.1: General model of chemical sensors

The sensor thus provides an experimental response related to the quantity
of chemical specie [5]. In case the concentration or quantity of the target analyte
varies in' the sample, the measurements of the sensor should also change in a way
that reflects the change in concentration or quantity of the target analyte. It can be
used to either detect or quantitatively monitor a specific target analyte in a matrix
containing many chemical species. The sensor must be able to interact with the
target chemical specie with some degree of selectivity [6].

The sensing element which provides selectivity for the target analyte can
be based upon the following properties: chemical reactivity, shape, and size. The
chemical recognition of the target analyte‘is based on the interactions between the

target analyte and the sensing element of the sensor. These interactions are usually



in the form of selective binding bétween the targét analyte and the sensing element
and are detected by a transducer. Size and shape are the common properties used
by most sensing mechanisms for selective recognition of either molecules or ions. A
good example of interaction that utiIizes‘ the selective binding of molecules is the
antibody-antigen interaction which has been exploited for development of optical
sensors [7]. Enzymes have been used in the construction of glucose and lactase
sensors [8, 9].

The high growth rate experienced in the field of sensors is attributed to
several features:

(i) Desire to depart from conventional instrumentation.

Conventional instrumentation methods involve transportation of the
sample to the laboratory and then treating the sample before analyzing it. This
involves several steps that are laborious, time consuming, expensive and also a
potential source of error in the analysis.

(i) Applications.

Chemical sensors have a wide range of applications including in situ
analysis in industrial manufacturing plants and bioreactors. This is an advantage in
that it saves time, cost and labor. This also reduces the poss{ibility of degradation
and contamination of samples during transportation. It is widely used in industries for
monitoring chemical reactions, process control, and in both environmental and
security monitoring.

(iii) Abillity to be used in inhospitable environments.



Sensors can be used to continuously take measurements in environments
that are considered either inhospitable or hazardous over a period of time. They can
be used to remotely monitor chemical or biological processes by being placed at the
site of monitoring.

There are several transduction methods involved in chemical sensing
including: optical, thermal, electrical and chemical. Biosensors use biologicél host
molecules such as antibodies, enzymes, and receptors for chemical recognition.

The first sensor was built by William von Siemens in 1860 [6]. He used
copper wire to measure temperature. Since then, many chemical sensors have been
developed.

A properly developed chemical sensor should possess key features such
as: high selectivity, high sensitivity, low detection limit, fast response time, high
stability, long lifetime and reliability. A sensor that Has high selectivity has its output
dependent only on the presence of the target analyte and responds highly
selectively to that target analyte in the presence of other components in the sample
matrix. Most sensors respond to the analyte of interest but also exhibit minor
responses to other species present in the matrix. These species may cause minor or
major interference in the analysis process and lead to poor recognition of target
analytes. Achieving high selectivity with sensors has been one of the most
challenging tasks in the development of chemical sensors and has been a major

objective in the field of sensors for many years [3].



1. 2 Classification of Sensors

Sensors can be classified in terms of (i) type of recognition process as in
semiconductor, immunochemical, and enzymatic sensors, (ii) type of sensing layer
as in surface active and bulk phase sensors, (iii) size of sensor device as in nano,
micro and macro sensors, (iv) sensor application as in clinical and environmental
sensors, (V) mode of transduction as in the electrochemical sensors. The four major
subclasses of chemical sensors based on the mode of transduction are;
electrochemical, optical, mass, and thermal. They are based on measurements of

the physical quantities of electrical, optical, mass, and heat respectively.

1.2.1 Electrochemical Sensors

Electrochemical sensors are the oldest and most common type of
chemical sensors. In these types of sensors, the mode of transduction is electrical
which involving changes in current, resistance, charge polarity, and, or voltage. They
are classified as amperometric, conductimetric, and potentiomentric sensors
depending on whether current, resistance, and potential difference respectively is
the analytical measurement obtained [1, 110]. pH electrodes, ion-selective
electrodes (ISEs) and ion-selective field effect transistors (ISFETs) are éommon
examples of potentiometric electrochemical sensors. Amperometric electrochemical
sensors are used to determine the concentration of a wide range of redox active
chemical species, especially in biological samples. It consists of a biochemical

recognition element such as an enzyme or a substrate. The interaction between the



enzyme and the substrate produces current that is proportional to the extent of the
redox process.

1.2.2 Thermal Sensors

Thermal sensors operate by measuring either the heat energy evolved or
absorbed during a chemical reaction. The sensor consists of a thermal probe with a
thin layer of a thermally sensitive reagent on its surface. A physical or chemical
process taking place at the surface of the probe produces a temperature change due
to either absorption or evolution of heat energy. For thermal sensors involving
chemical reactions for transduction, the enthalpy change of the reaction depénds on
its stoichiometry; the temperature change is proportional to the quantity of the
reagents at the surface of the probe. Few papers have been published about

thermal sensors in the past decade, making it the smallest subclass of sensors [1].

1.2.3 Optical Sensors

These Sensors use interaction of the analyte with electromagnetic
radiation to proauce signals. In this type of sensor, a sample is irradiated with light of
a particular wavelength and thén the intensity of either absorbed or emittéd light ié
being used to determine the extent of interaction. These sensors operéte in a similar
way to spectroscopic techniques whéreby light is transmitted from the source to the
sample and from the safnple back to the detector without interacting with the
environment. Optical sensors can detect and monitor both charged and uncharged
analytes, an advantage over electrochemical éensors. The field of fiber optic

chemical sensors (FOCS) has grown rapidly in the past decade because of



advances in optoelectrical components developed for the telecommunications
industry [11-12]. These sensors have the advantage of operating at different
wavelengths ahd longer distances with decreased attenuation and are widely used
in navigation, medical and telecommunication fields.

FOCS have three major components: light source, detector, and optical
fiber. Light is transmitted by either optical fibers or planar waveguides within the
sensor. Complexing age‘nts that interact With the target analyte at the surface or end
of the fiber are introduced at the surface of the fiber. These complexing agents
provide the mechanism of selective recognition of the target analyte from the sample
matrix. There are two types of designs of fiber optic sensors:

(i) Direct spectroscopic sensors where the fiber is used only as a light
gljide separating the sensing end from the monitoring instrument. In this case
spectral analysis can be obtained directly through the fibe'r.

(i) Reagent-mediated sensors where the optical fiber is combined with a
chemical reagent that interacts with the target analyte. In this case the change in
optical properties such as refractive index, transmittance, absorbance, fluorescence,
6r chemiluminescence is used to measure the concentration of the analyte. The
chemical reagent can either be immobilized at the tip of an optical fiber as in a distal-
type FOCS or it can be immobilized along the core of an optical fiber ‘as in a fied-
type FOCS.

Bergman reported the first type of optical sensor for oxygen in 1968 [113].
The sensor contained a thin film containing a fluorescent dye and was used to

monitor the partial pressure of atmospheric oxygen by luminescence quenching. In



1978, Seitz constructed the first H,O, sensor based on chemiluminescence [14]. In
his experiment, horseradish perbxidase was immobilized in a polyacrylamide gel on
the end of optical fiber. Chemiluminescence was produced when HoO; diffused into
the peroxidase phase in the presence of excess luminol. In 1980, Peterson provided
the first description of the construction of a pH fiber optic sensor based on
absorbance of reflected light [15]. Polyacrylamide microspheres containing a dye
indicator, phenol red, and microspheres of polystyrene packed into celiulose dialysis
tubing at the end of optical fiber was used. The polystyrene microspheres were used
for light scattering. This sensor could be used to monitor the pH of biological fluids.

Another fiber optic chemical sensor based on fluorescence was developed
by Seitz in 1983 [16]. This sensor was used to monitor Al** jons, and contained
Morin immobilized on cellulose powder attached to a fiber optic bundle. The reaction
between AI** and Morin produces a fluorescent complex that can be monitored by
measurement of fluorescence intenéity. Recently, NRL researchers have developed
a fiber optic biosensor that uses antibodies, lectins, and antibiotics at the surface of
an optical fiber [17]. The system is designed to detect environmental pollutants,
hazardous chemicals, and also biological substances with high selectivity. They
have developed a portable sensor and tested on site for detection of explosives in
ground water. Other successful fiber optic sensoré have been developed to monitor
pH, O, and CO. in beer fermentation and human blood [18].

There are séveral types of optical sensors that have been developed for
various applications. Surface Plasmon Resonance (SPR) is a type of optical sensor

that measures changes in refractive index at the surface of the sensor. The method



is highly sensitive and is widely used in the fields of chemistry and biochemistry to
characterize biological surfaces and to monitor bioaffinity interactions in biological
samples without the need of molecular labels or tags. The advantages of fiber optic
chemical sensors include the ability to monitor in difficult or hazardous locations
such as in situ gas diagnostics, volcano fumaroles, industrial combustion of glass

furnaces, and in waste incineration industries.

1.2.4 Mass Sensors-

Mass sensors measure the mass of a substance placed on the sensor
surface. An example of an extremely sensitive mass sensor is the Quartz Crystal
Microbalance (QCM). It is capable of measuring mass changes in the nanogram
range. QCM are piezoelectric devices fabricated from a thin plate of quartz with
electrodes affixed to each side of the plate. In 1880, the Curie'brothers first
dbsewed the piezoelectric effect by noting that compressed quartz crystals produce
an electric potential. They also observed that applying an electric potential to the
crystal deforms it [10]. In piezoelectric sensors, a potential is applied to the crystal
which generates acoustic waves that travel either through the bulk of the crystal or
along its surface. A chemical Iéyer which interacts with the target analyte is then
applied to the top of the crystal. Polymers, antibodies, enzymes, and inorganic
complexes have been used as chemical layers. The increase in the mass causes a
change in the frequency of the propagating wave. The change in frequency of the
propagating wave is measured and used to determine the increased mass of the

target analyte at the surface of the crystal. Selectivity in mass sensors is achieved



by adding a chemically sensitive layer that is selective to the target analyte [19].
Mass sensors have numerous advantages such as cheapness, low power required,
and high sensitivity. Disadvantages of piezoelectric sensors are that they are

affected by both moisture and changes in temperature [20].

1.3. Chemical Sensors Based on Polymer Swelling

Swellable polymer microspheres have attracted much attention due to
their wide application in sensors, medical, analytical separations, and mechanical
engineering [21]. These polymers swell and shrink depending on changes of
environmental conditions such as temperature, pH, and ionic strength, a factor that
has lead to increased research focusing on the stimuli-responsive hydrogels. Many
researchers have reported on the potential of stimuli-responsive hydrogels for use in
several biomedical applications such as drug delivery, biomimetic, actuators,
bioseparation, and development of surfaces with switchable hydrophilic-hydrophobic
properties. Amdng these stimuli, pH and temperature have been extensively studied
because they are important environmental factors in the human body.

Lightly cross-linked polymers swell and shrink with changes in their
environment. This phenomenon was first described by Tanaka in 1978 [21]. It has
been used to construct a single fiber optic pH sensor [22]. Since then there has been
considerable research on the use of swellable polymers for sensors, and for
controlled drug delivery [21]. Rooney studied the use of swellable polymers for
reflectance-based sensing [23]. His work involved both the use of bulk membranes

that were pH-sensitive, and also the use of pH-sensitive polymer microparticles that
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were embedded in a non-swellable pH-insensitive hydrogel [20]. He determined that’
the change in reflection obServed in the bulk pH-sensitive membranes was due to
water entering the polymer as it swelled in acidic medium. |

W. R. Seitz and co-workers also developed a pH sensing device by
derivatizing a polystyrene membrane and binding it to a substrate. [24]. As the |
membrane swells and shrinks, the intensity of the reflected and scattered light
changes due to a change in the refractive index of the membrane. The membrane
swells and shrinks reversibly without cracking except when subjected to extremely
harsh conditions. Two problems encountered with these types of membranes are
their ability to delaminate on the surface of the substrate during the swelling and
shrinking and alsQ the possibility of cracking when the membranes dry out. One way
of reducing the mechanical problem caused by cracking of membranes is by keeping
the membranes wet by storing them in a suitable solvent such as water.

The Seitz research group also developed a fiber optic sensor instrument
to monitor the change in reflectance at the distal end of two long optical fibers [25,
26]. They used swellable polymer microspheres immobilized in hydrogel membranes
and monitored the change in reflectance vas the polymer reversibly swelled and
shrunk. In this design, a portion of the light that reaches the membrane at the tip of
the indicator fiber is reflected back by the fiber-membrane interface while some light
is reflected back by the particles embedded in the hydrogel membrane. The light that
is reflected back by the fiber;membrane interface is considered unwanted
background signial while the light pulse reflected back by the particles embedded in

the membrane is the analytical signal required. Figure.1.2 shows a fiber optic sensor
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based on polymer swelling. Despite the fact that this instrument has a low signal to
noise ratio, it can be used to make multiple measurements in real time from one

location.

Data acquisition
system

Lab
view

A —

connector : 500m fiber
\\. \\ Sensor tip
Photo diode detector
2x2
coupler Fiber / polymer
interface
300m fiber

835 or 1310nm
~ laser diode

|

{
i
Fiber / air interface reference tip
or additional sensor tip

Figure 1.2: Schematic diagram of fiber optic chemical sensor based
on polymer swelling.

Polymer swelling has also been widely used in molecular recognition
processés and drug delivery systems [21]. Wenzhe Fan prepared lightly cross-linked
theophylline-templated copolymer microparticles of N-Isopropylacrylamide
(NIPAAmM) and methacrylic acid (MAA) [27]. The particles were found to selectively
bind to theophylline at pH 7, but not to caffeine which has a similar structure to

theophylline. At this pH, addition of theophylline at temperatures above the phase
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transition temperature of the polymer caused the particles to shrink. In 2005,
Nicholas Peppas prepared a hydrophilic polymer imprinted with glucose using poly
(hydroxyethylmethacrylate) (poly (HEMA)) in water [28]. In his work, he used poly
(ethylene glycol) dimethacrylate with a nominal poly (ethylene glycol) (PEG) length
of 600 designated as PEG600DMA as a cross-linker. The glu;:ose-imprinted
polymers showed increased recognitive capacity compared to non-imprinted
polymer. Peppas also prepared monodisperse nanoparticles by copolymerizing
ethylene glycol with N-Isopropyl acrylamide for biomedical applications [29]. The
particles were found to respond quickly to temperature changes in thé environment

mainly due to their small size.

1.4. Sensors Based on Ratiometric Fluorescent Indicators for
Metal lon betermination

lons such as Zn?*, Ca®*, and Cu?* are important for sustaining life. All of
these ions are incorporated into a variety of organics which perform épecific
metabolic functions in either plants or animals. They also participate in functions as
diverse as electron transport, enzymatic catalysis, and neuronal communication [30].
- Due to their hazardous effects on both ecosystem and human health, depending on
the dose and toxicity, determining their concentrations in the aquatic environment is
of tremendous importance. Copper is an integral metal ion in several biological
pathways with major functions inside organisms including both electron transfer and
oxygen metabolism and transit [31]. Copper is also essential in enzymes that act as

free radical scavengers, in hormone biosynthesis, and in biosynthesis of collagen
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and elastin, structural components of skin, tendons, and the extracellular matrix [30].
It is able to control the growth of organisms, and because of this, it has been used in
some cidal agents such as antibacterial and antiplaque agents in mouthwashes and
toothpastes.

Even though copper is an essential trace nutrient to both plants and
animals, in sufficient amounts, it can be poisonous and fatal to the organisms and
hence there is a need to determine both its concentration and its chemical nature. It
is thought to play an important role in pathogenesis of several neurodegenerative
diseases, such as Wilson’s, Alzheimer’s, and in prion protein diseases like
Creutzfeld-Jakob’s disease [32]. Menke’s and Wilson’s diseases are due to the
body’s inability to metabolize copper effectively. Both diseases are the result of
deficient copper transport and demonstrate the importance of copper regulation and
homeostasis. Although under normal conditions, free copper is believed to be
maintained in the range 6f fentomolar quantities, the total concentration of copper is
at the micromolar level. [30, 33-35].

Environmental monitoring of copper as a pollutant is essential because
changes in its concentration in the environment could result in adverse biological
effects considering that nanomolar Cu®* is toxic to the blue mussel (Mytilus edulis)
[36, 37]. High copper intake has been implicated in infant liver damage, and
concentrations above 31uM can be deleterious according to the World Health
Organization (WHO) [38]. Drinking water can be a potential source of copper
exposure. It is also important to understand that the chemical nature of copper is

important in determining its biological availability both in the environment and food.

14



Common analytical methods that have been used in determining
concentrations of copper ions in either the environment or food include atomic
absorption spectrometry (AAS), electrochemical methods, inductively coupled
plasma emis:sion spectrometry (ICP-ES), inductively coupled plasma mass
spectroscopy (ICP-MS), and also fluorescence épectroscopy using fluorescence
indicators. Both AAS and ICP-MS measure total copper concentrations, and have
one major disadvantage in that they destroy the sample [39-42]. Fluorescence
spectroscopy using fluorescent indicators is considered most suitable because of its
high sensitivity and lower detection limit. The method is able to detect copper (ll)
ions in the nanomolar range.

, FIUorescent indicators have been used for yearsvespecially for detection
and quantitative analysis of rﬁetal ions and also in determination of complex stability
constants. Most of these indicators are metallofluorescent indicators containing
aromatic molecules which bind to metal ions in solution with some degree of affinity
and stoichiometry introducing a change in fluorescence intensity. These types of
fluorescent indicators have both selectivity and sensitivity problems and are
therefore less useful for quantification of the metal ions. Also their application in
biological environments is limited by the narrow range of suitable fluorophores
available since most fluorophores are hydrophobic and cannot be used in aqueous
media.

An advantage of the indicators is that reliable complex stability constants
can be obtained, because the concentrations of free ligand and the complex can be

accurately measured by spectroscopy without disturbing the equilibrium [43]. In this
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thesis, a ratiometric fluorescent indicator using swellable polymer microparticles was
developed. One of the advantages of the indicator is that the fluorophores are
polymerized in hydrophobic media and can be used in hydrophilic media. Early
results with fluorescent indicators for Cu®* ions in tissues and cells presented |
difficulty in relating fluorescent intensity to the analyte concentration. Calibrating
such a system was intractable as variations in fluorophore concentration, cell
thickness, excitation intensity, and inner filter effects could all be misconstrued as
changes in analyte concentration.

Ano\ther type of indicator involves fluorescent molecules covalently
bonded to non-fluorescent ligands that bind to the metal ions with some degree of
selectivity. In these indicators, detectable response is médulated by photoinduced
electron transfer (PET) effects from the fluorophore to the resulting metal ion
complex producing changes in fluorescence emission intensity upon binding of the
metal ion to the ligand. This makes the method useful for direct determination of
soluble heavy metal ions including, Hg?*, Cu?*, Ni**, and Cd?*.

In 1996, the research group of Prof. Richard Thompson at the University
of Maryland School of Medicine developed a fiber optic biosensor for Cu?* and Co?*
ions based on fluorescence energy transfer with an enzyme transducer. They used
an enzyme carbonic anhydrase labeled at a suitable site with a fluorophore, and a
colored but non-fluorescent inhibitor. They observed that the metal ion binding to the
active site permits binding of the colored inhibitor to the enzyme resulting in Forster
resonance energy transfer (FRET) from the fluorescent label to the inhibitor and a

reduction of both fluorescence intensity and lifetime [44].

16



In 2003, Alexander Hopt and co-workers developed a copper sensor
based on fluorescence quenching caused by binding of Cu®* with a fluorescent
ligand [45]. They used tetrakis-(4-sulfophenyl) porphine (TSPP) with an emission
wavelength of 645nm as the fluorescent ligand. They demonstrated that TSPP binds
selectively with copper and not with other divalent metal ions. In 2008, Rahini
Yasméen and co-workers from Indiana University Purdue University used red
fluorescent protein, DsRed, to selectively analyze Cu®* ions by relating fluorescence
quenching of DsRed with the concentration of Cu®* ions. Their results indicate that
Cu®* ion binding by DsRed showed fluorescence quenching reversibility with
addition of a metal ion chelator such as EDTA [46]. They also performed studies to
identify possible amino acid residues involved in the binding of the Cu®* ions to the
DsRed proteins. The fluorescence response of these indicators to ion binding results
can also arise from fluorescence quenching by heavy metal ions.

An improved version of fluorescent metal ion indicator is the ratiometric
fluorescent indicator. In this type of indicators, the ratio of fluorescence intensities at
two different emission wavelengths is related to the analyte concentration.
Ratiometric fluorescent indicators are increasingly being used in many areas of
biology. They are used for quantitative determination of intracellular free calcium
both in vitro and in vivo, membrane potentials, pH, and othér important physical
variables [47]. In these sensors, either one fluorophore with two emission
wavelengths of reasonable resolution, or two fluorophores with different excitation
and emission wavelengths are used and their fluorescence intensities are measured.

In these two sensors, FRET is the mechanism under which they function. For
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ratiometric fluorescence indicators involving two fluorophores, one fluorophore
(donor) is excited. Energy transfer to the other fluorophore (aéceptor) is observed as
quenching and enhancement of the fluorescence intensities of the donor and
acceptor respectively.

The FRET efficiency (E) increases with a decrease of distance (r) between
the two fluorophores, and also with an increase in overlap region between the
emission and excitation spectra of the donor and the acceptor respectively as
discussed in a later chapter of this thesis. In the ratiometric fluorescence indicators,
the ratio of fluorescence intensities of the donor and acceptor are then determined
as a function of changes in analyte concentration or pH, which helps in eliminating
the illumination variability, photobleaching effect of a fluctuating excitation source,
and other artifacts associated with fluorescence measurements. This is because the
two fluorescence intensities are measured simultaneously, and hence photon path
length and volume factors are eliminated from the ratio.

In ratiometric fluorescent indicators, functional changes in fluorescent
yields are often small, the signal to noise ratio is on the order of unity or less. A small
change in either the denominator or numerator leads to a large change in the
ratiometric signal. Because fluorescence measurements are very sensitive to smalll
changes in anvalyte concentration, ratiometric fluorescence indicators have an
advantage over the normal fluorescence measurements because of its increased
sensitivity. The Cu®* ion indicators have high sensitivity, low detection limit, and high
selectivity due to strong‘ binding affinity between Cu®* and many common ligands. In

this thesis, a ratiometric fluorescence sensor for Cu®* ions was designed. The
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selectivity of the sensor was tested using other transition metal ions such as Zn*,

Pb?*, and Ni?*.

1.5. Glucose Sensor Based on Swellable Molecularly Im'printed
Polymers

Glucose is an essential carbohydrate in the human body which is used by the
living cells as a source of energy and metabolic intermediate. High blood sugar levels
(hyperglycemia) in the human body are caused by a low insulin level resulting in
diabetes, a syndrome of disordered metabolism. It is because of this danger that
determination of glucose in human blood is of great importance. Our bodies desire
blood glucose to be maintained between O.7Omg/h'1L and 1.10mg/mL.

Glucose exists either in the cyclic or open chain form. Cyclic forms of glucose
are the result of formation of a covalent bond between the aldehyde carbon with the
hydroxyl group forming a six membered cyclic hemiacetal. In‘the solid phase, the
glucose assumes a cyclic form called glucopyranose while in solution, it can exist in an
open-chain (acyclic) form and a ring (cyclic) form in equilibrium. Since carbohydrates
contain alcohol and aldehyde or ketone functional groups, the open-chain form is easily
converted into the cyclic structure. At pH 7, the cyclic form is the dominant form and
exists to a level of about 0.02%, while in aqidic medium, the open-chain is the dominant.
The equilibrium constant K between the cyclic and the open-chain form at pH 7 is

represented by the equation:
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H

Figure 1.3: An equilibrium representation between cyclic form of B-D-glucose (3-D-
glucopyranose) and straight chain form in aqueous medium.

Detection of glucose in human samples, especially blood, has presented a
great challenge due to the complex nature of the sample matrix. Because direct
absorbance measurements cannot be done on colored samples like blood, extensive
sample preparation is required before any glucose analysis is performed on such
samples. Common methods of glucose detection involve electrochemical,
chemiluminescence, and electrochemiluminescence. Even though the electrochemical
method is the most commonly used method because of its inherent high sensitivity and
simplicity of the needed instrumentation, its major shortfall is sample degradation.

In 2004, Yan Du and co-workers from Jilin University, Changchun, China
deVeloped an electrochemical detector on a hybrid chip for determination of glucose in
human plasma. They used a poly (dimethylsiloxane) (PDMS) layer containing
separation, injection channels, and a copper microelectrode fabricated by selective
electrode deposition [48]. One of the objectives of this thesis is to develop a glucose

sensor based on molecularly imprinted polymer that responds to glucose and modify it
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to monitor glucose levels in human blood. This is clin‘ically relevant because of its
application in monitoring glucose levels in diabetes patients especially patients with type

Il diabetes.

1.6. Some Important Features of Chemical Sensors
All the various types of chemical sensors discussed above need to
address the following key features; selectivity, sensitivity, reliability, accuracy,

dynamic response range, limit of detection, response time, and lifetime.

1.6.1 Selectivity

The selectivity of a chemical sensor is the most important parameter. It is
defined as the ability of the sensor to respond to the target analyte in a sample
containing other interfering species. A sensor designed for a particular analyte (ion
or molecule) should only respond to that particular analyte in a sample containing a -
mixture of that analyte and other substances. It is expressed in terms of a dimension
that compares the concentration of the corresponding interfering substance with that
of the analyte concentration producing the same signal [49]. This factor is the ratio of
the sensitivity of the sensor towards the interfering substance to its sensitivity

towards the target analyte.
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‘1.6.2. Limit of Detection for Analyte

Limit of detection is the minimum amount of analyte that an instrument is
able to detect. Analyte concentrations less than the detection limit cannot be
detected by the instrument. For an analyte to be detected, it should be able to
produce a signal that is greater than the noise level of the instrument. For analytical -
chemistry, this is possible when the signal produced by the analyte is at least three
times the general noise level of the instrument. At very low but detectable analyte
concentrations, no quantitative analysis of the sample can be performed and for any
quantitative analysis to be performed, the signal must be at least ten times the noise

level. -

1.6.3. Sensitivity

Sensitivity is how large the signal of a sensor is for a /given concentration
of target analyte. An instrument that is very sensitive to the target analyte produces
a large signal for a small concentration of the target analyte. Sensitivity corresponds
to the slope of the calibration curve of signal vs. concentration. The sensitivity of én
instrument may depend on other parameters such as sample matrix, temperature,
pressure and, humidify. It is, therefore, important and necessary to take
precautionary measures to ensure that all of these parameters are kept constant

both during calibration of the instrument and during sample analysis.
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1.6.4. Stability

Stability is the ability of the sensor to produce a consistent output when a
constant input is applied. A stable sensor should be able to resist any éigna|
variations due to external factors such as environmental effects. Stability of a sensor
can also depend on the sensor’s aging conditions. Some other factors that may
contribute to the sensor losing stability are electrical and mechanical faults within the

functioning sections of the sensor.

1.6.5. Response Time

The response time of a sensor‘is the time the sensor takes to produce a
signal after interacting with the target analyte. In ‘analytic'al chemistry, response time
is defined by the manufacturer as the time interval over which a signal reaches a
particular.percentage of the expected final value. This expected percentage is not
constant and varies from different manufacturers. For moét manufacturers, the
percentage is between 90-99% [49]. Typical response times for chemical sensors
are in the range of seconds but some biosensors have response times in the range
of minutes. The response time of the sensor may be affected by factors such as;
sample matrix, surface roughness of the sensor and also dead volume of the
measuring cell. Because the interaction between the target analyte and the
recognition phase of the sensor is what results in a signal, th(e response time
depends on the rate of this interaction. The response time of a sensor is therefore
dependent on the kinetics of the interaction between the recognition phase and the

target analyte, which in many cases is a chemical reaction.
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1.6.6. Dynamic Response Range

Dynamic response range is defined as the concentration range over which
a calibration curve can be described by a single mathematical equation. For
example, Beer-Lambert’s law is the mathematical equation relating the absorbance
of a substance to its concentration in the sample. In this case the dynamic response
range is the range of concentrations of the absorbing substance in which the Beer-
Lambert’s law is obeyed.

At very low analyte concentrations, the measurement range is limited by
the detection limit of the sensor and experiences deviation from Beer-Lambert’s law.
Also at very high analyte concentrations, the measurement range is limited by
saturation effects and again a deviation from Beer-Lambert's law is experienced. A
good sensor is one with a high dynamic response range although euch sensors are

not commonly found.

1.7. Polymers used in Sensof Applications
Most sensor applications that use polymeric materials use

copolymers that are functionalized with groups that interact with the target analyte. The
polymeric material is designed to interact with the analyte with both high selectivity and
sensitivity. In this thesis, poly (N-Isopropylscrylamide) poly (NIPAAm) was used as the
swellable polymer component. The NIPAAM was copolymerized with the fluorophore
pairs; 2-naphthylmethacrylate and 9-vinylanthracene, methacryloxethyl thiocarbonyl
rhodamine-B and fluorescein o-acrylate for fluorescence ratiometric measurements

resulting from Forster resonance energy transfer (FRET) between the fluorophore pairs.
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The polymer was also copolymerized with ligands that interact with the target analytes

like copper (1) ions. The ligands used are listed in later chapters of this thesis.

1.8. Objectives
The first goal of my research was to develop improved ratiometric

fluorescent indicators for sensing transition metal ions, particularly copper (i) ions. To
achieve this, swellable polymer microparticles which produce large FRET efficienc;y with
respect to small changes in analyte concentrations were used. The large FRET
efficiency is a clear indication of significant swelling and shrinking of the polymer
microparticles with respect to small changes in the analyte concentration. The first part
of this research focused mainly on the preparation of fluorescently labeled polymer
micropatrticles. In the research, N-Isopropylackylamide (NIPAAmM) was used as the
principal monomer and copolymerized with both polymerizable ligands and fluorescent
monomers listed in Chaptef 3 of this thesis. The microparticles were synthesized by
dispersion polymerization. |

The second goal was to investigate the effect of polymerization of the ligands
on their binding affinity with copper (ll) ions, and to determine the formation constants of
their complexes with copper (l1) ions. To achieve this, suspensions of polymer
microparticles containing known amounts of ligands were subjected to potentiometric
titrations with standard solutions of copper (l1) ions and the titration curves were plotted.
Both the potentiometric titration and calibration curves were used to determine the

formation constants of the complex formed between the ligands and the copper (l1) ions.
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The third goal of the research was to develop a chemical sensor based on
swellable polymer microparticles for glucose (3-D-glucopyranose) sensing. Th‘is project
involves synthesis of glucose imprinted polymer microparticles, using NIPAAm, B-D-
glucopyranose, and acrylamide as the principal monomer, template molecule, and
‘functional monomer, respectively. The polymer microparticles were immobilized in poly
(vinyl alcohol) (PVA) hydrogel membranes. Their swelling-deswelling property with
respect to changes in B-D-glucopyranose concentrations were studied using turbidity
measurements. The selectivity of the sensor was also determined using galactose (B-D-

galactopyranose).
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CHAPTER 2

THEORY

2.1 Polymer

A polymer means a long molecule of repeated sﬁbunits. It is derived from
Greek words poly and mer meaning “many” and “parts” respectively [50, 51].
Polymers are the result of linking small molecules called “monomers” by
polymerization. Polymers vary in their molecular weights depending on the number
of subunits linked in the polymer chain. If only a few subunits (less than ten) are
linked together, a low molecular weight polymer called an “oligomer” is produced
- [561]. “Macromoleculé” is another term that is used synonymously with polymer [52].

Polymers exist either as natural or artificial polymers. Some examples of
natural polymers are RNA, DNA, proteins and cellulose. Artificial polymers include
poly (ethylene), nylon, and poly (vinylchloride). Artificial polymers that are employed
in chemical sensing will be discussed in greater detail in this dissertation.

On the basis of the structure of the repeated unit, polymers can be
classified as either addition or condensation polymer. Addition polymerization
involves molecules with double ‘bonds that polymerize by addition of monomer units
to growing chains. The polymer formed consists of only carbon atoms in the main
chain [53]. The molecular weight of an addition polymer equals the sum of the
molecular weights of its monomers since there are no by-products resulting from the
polymerization process. Figure 2.1 shows the addition polymerization of styrene

monomer.
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Figure 2.1: Addition polymerization of styrene

Condensation polymerization involves a reaction between molecules with
multiple functionality in which small molecules, usually water or hydrogen halide is
eliminated to form the polymeric chain. In this polymerization process, the molecular
weight of the resulting polymer is less than the sum of molecular weights of the
original monomer units and the repeating units contains fewer atoms than the sum of
the atoms in the monomers. Figure 2.2 represents the condensation polymerization
process. |

O cl H H
A\ H, Hy H; / \ Hy H»
Cc—C —C —C —C + NTC C N

C \\O H H

O
W Hy Hy Hy H, H, H
C—C —C —C —C—NH—C —C —N + HCI
O n

Figure 2.2: Condensation polymerization
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Another classificatioﬁ of polymers is in terms of the types of monomers
used in the polymerization process. In this type of classification, polymers are
classified into either homopolymers or copolymers. Homopolymers are formed by
polymerizing molecules of one monomer while copolymers are formed from mixture
of monomers. There are four types of copolymers: random, alternating, graft, and
block, which correspond to four possible different arrangements of monomer units
within the polymer structure. These different arrangements are shown in figure 2.3

where A and B represents the two different monomer units.

@ A—B—B—A—B—A —A—B—A

() A B A B A B— A— B
() A A A A B B B B
(d) A A A A A

Figure 2.3: A representation of copolymer types: (a) random, (b)
alternating, (c) block, and (d) Graft formed from
monomers A and B.
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In the polymer, the repeating or monomeric units have two or more
available binding sites and are linked together by covalent bonds forming either
linear, branched, or network polymers. Linear polymers are polymers in which the
molecules form long chains without branches or cross-linked structures. The
molecular chains of a linear pblymer can be intertwined, but the forces holding the
molecules together are physical rather than chemical and thus can be weakened by
heat (thermoplastic). Branched polymers have side chains extending from the main
polymer backbone. Network polymers are formed from monomer molecules with
multiple functionalities and are chemically able to bind with their neighboring units
using more than two binding sifes. Crosslinked polymers have high mechanical
stability and are therefore rigid in néture as compared to uncrosslinked polymers,
however, the rigidity level of such polymers depend on the percentage of cross-
linkers used in the polymerization process. Figure 2.4 shows linear, branched, and

network polymers.
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Figure 2.4: (a) Linear, (b) branched, and (c) network polymers
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2.2 Free Radical Polymerization

Free radical polymei'ization is an addition polymerization process involving
linkage of mostly vinyl monomers to form long chain polymer molecules. It is the
most common type of polymerization. There are two forms of free radical
polymerization; homogeneous and heterogeneous [54]. In homogeneous free radical
polymerization, the monomer(s), initiator and the resulting polymer are all soluble in
the solvent used. Examples of homogeneous polymerization are bulk and solution
polymerization. Bulk polymerization is asSociated with the following problems: (a)
can be potentially explosive due to poor heat transfer as the viscosity of the mixture
increases during the polymerization process, (b) difﬁculty in removal of unreacted
monomers and initiator, (c) difficulty in controlling the arrangement of the monomer
units within the polymer chains:

The problems associated with bulk polymerization are easily avoided by
solution polymerization where the solvent decreases the viscosity of the system and
removes excess heat from the reaction chamber. But the difficulty of removing
sol.vent molecules presents another p‘roblem.

In free radical polymerization, the reaction proceeds via free radicals that
are generated by the initiatof. The free radicals are extremely reactive and react with
monomers containing double bonds forming active centers which react further with
more monomer molecules during the chain propagation step of the polymerization
process. The process requires that radicals generated by breaking up of the initiator
molecules should be stable enough and stay for a long time in order for them to

react with the monomer molecules and form an active center [54]. Vinyl monomers
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have double bonds that add up in the polymer chains as the polymerization
progresses. The figure below represents a free radical attack on the double bond of

an ethane molecule to form an active center.

.
H'‘H
Qﬂ”ﬁﬁ”f L
T NS
H H H H H H

Figure 2.5: Free radical polymerization process.
Figure source: http;//psic.ws/macrog/radical.htm.

The polymerization process is governed by thermodynamic factors such
as the Gibbs free energy (AG), enthalpy (AH), and entropy (AS). Thermodynamics of
polymerization determines the position of equilibrium between the polymers and the
monomer(s). For most monomers with 1-electron systems e.g. olefins, the
polymerization process is favored because of the exothermic nature of converting
the 1 bonds into o bonds. Polymerization is thermodynamically favored if AG < 0, |
and AH < 0. Since polymerization is an association reaction involving monomers
associating to produce the pglymers, AS < 0 for almost all polymerization reactions.
This results in a large loss of the total number of rotational and translational degrees

of freedom in the system as the monomers associate, regardless of the mechanisms
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involved in the reaction. At equilibrium, the standard Gibbs free energy of
polymerization is given by equation below;
AG,’® = -RTLn K, (1)
Where AGpe is the standard Gibbs free energy for propagation and K is

the equilibrium constant. For the reaction represented by Figure 2.5, K, is given by,'

T
T
E, = H H H H
%
Ot | |=<
| H H
H H

The free radical polymerization process is divided into three distinct stages:

initiation, propagation, and termination.

2.2.1 Initiation

Initiation of free radical polymerization involves two steps. The first step is
the formation of free radicals by either thermal or photolytic decomposition of an-
initiator and the second is the attack on the monomer molecules by the ffee radicals,
producing other radicals. There are two ways in which the free radicals can be
generated by the initiator. One is homolytic scission (homolysis) and the other is -
single electron transfer. Homolysis is the breakage of a single bond within the
initiator to form radicals. The radical then reacts with the monomer by replacing the

double bond in the monomer with a single bond forming a new bond and a new
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radical. Commonly used initiators contain the azo (-N=N-), the peroxide (-O-O-), and
the persulfate groups. Examples of initiators with azo, peroxide, and persulfate
groups are; 2, 2’-azo-bis-isobutyronitrile (AIBN), benzoyl peroxide (BPO), and
potassium persulfate (KPS) respectively. In this work, AIBN and KPS were used as
initiators because of their ability to initiate polymerization in acetonitrile, and water,

respectively. Figure 2.6 shows the dissociation of the initiators to form radicals.

| CHs  CHj CHs
(@)  H;C—G=N=N-G—CH; ——— 2 |-c—CH,| + N=N
CN CN CN

. |
‘ : O 0

é“(&‘@ _ @o + O=C=0
o

T T T

(c) KO-%-O-O—%—OK — 2|0-8-0| + 2K
X
O O O

Figure 2.6: Dissociation of initiators, (a) AIBN, (b) BPO, (c) KPS
Figure source: htip;//pslc.ws/macrog/radical.htm.

The persulfate initiators e.g. ammonium and potassium persulfates are
ionic compounds which dissolve in polar solvents and are commonly used in
polymerization processes in polar solvents. The azo and the peroxide based

initiators are preferred because they undergo thermolysis at relatively low
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temperature (=50 ° C). This is important in free radical polymerization because it is

advantageous to polymerize at lower temperatures. This is because polymerizing at
high temperatures produces many free radicals which terminates the polymérization.
The choice of initiator to be employed in any free radical polymerization depends on

the monomers and the reaction medium.

2.2.2 Propagation

Propagation is the stage in which the polymer grows by addition of
monomer molecules to the radical end of the growing polymer chain. It involves free
radical attack on the double bond of the monomer molecules. There are two possible
propagation linkages: head-to-head, and head-to-tail. Addition polymerization
typically prefers head-to-tail linkage. Propagation proceeds until termination by either
combination or disproportionation occurs. Most polymerization processes are
characterized by an exothermic propagation reaction step. The equation below

shows the propagation process of polymerization of ethylene.

H H H
_ Hy \ H, H H
(Chain)—C —C+ + (=¢ ——— (Chain—C —C—CH,C-
! / \ ' |
HoH H H H

Figure 2.7: Propagation process of polyethylene
Figure source: http;//pslc.ws/macrog/radical.htm.
2.2.3 Termination
Termination involves a reaction between two radicals to form non radicals.
The termination process can take place by either combination or disproportionation.

Combination takes place when two oligomer radicals react while disproportionation
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occurs when a proton is transferred within the ends of the polymer chain radicals
“ producing both saturated and unsaturated compounds. Figure 2.8 shows termination

by both combination and disproportionation of poly (ethylene)
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Temnination by combination
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Temnination by disproportionation
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Figure 2.8: Termination process by combination and disproportionation.

Figure source: http;//pslc.ws/macrog/radical.htm.
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2.2.4. Free Radical Copolymerization

Copolymers are formed by simultaneous polymerization of two or more
monomers. The reaction kinetics for the copolymerization processes is more
complicated than that of homopolymerization due to the inclusion of other
moﬁomers. The copolymer composition and the sequence distribution of the
different repeat units in the copolymer molecules formed are affected by the
differences in monomer reactiyity and their concentrations [55]. During the
copolymerization process, the most reactive monomer is incorporated preferentially
into the copolymer chains and high molecular mass molecules are formed at low
overall conversions of the co-monomers. This effect can result in the formation of
copolymer molecules having compositions different form the composition of the
original monomer mixture [55- 59].

In the terminal model, which is the simplest kinetic model for free-radical
copolymerization, the principal assumption is that the reactivity of an active center
depends only upon the terminal monomer unit in which it is located. The
copolymerization kinetic model also assumes that the amount of monomer
consumed in the polymerization reaction steps other than propagation is negligible
resulting in formation of copolymer molecules with high molecular mass. A terminal
model representing the free radical copolymerization reactions of monomers A and

_ B is given in the equations below in which only two types of active centers are

Bs

considered. The active centers are; * A®* and
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Source: Emulsion Polymerization and Emulsion Polymers,
John Wiley and Sons, New York, 1997.

Where: kas and kgg are the rate coefficients for homopropagation

kas and kgs are the rate coefficients for the cross-propagation
reactions.

The copolymer formed can either be alternating, or block depending on
both the reactivities and concentrations of the two monomers. The difference in
monomer reactivities causes a drift in copolymer composition with the more reactive
monomer being preferentially consumed. In batch copolymerization reactions, the
total quantity of each monomer is added at the beginning of the reaction process
-and there is no control over this drift in copolymer composition. Therefore batch
copolymerization sometimes produbes broad composition distributions.

In the reaction equations above, the rate at which monomer A is being

consumed during the polymerization process is given by the equation;
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~d[A] = kaa[A"][A] + kea [B]IA] (@)

dt
where [A*] and [B'] are the total concentrations of propagating chains with
terminals A-type and B-type active centers respectively.
Also the rate at which monomer B is being consumed is given by the
equation;
-d[B] = kss[B°][B] + kag[A"][B] (3)
dt
At any time during the polymerization reaction, the ratio of the amounts of

monomers A and B being incorporated into the polymer chains is given by dividing

equation 1 by equation 2.

d[A] [Al  Kaa {[A*V[B]} + ksa (4)

dB] | [Bl kes+kas{[A')[B']}

The reactivify of a monomer depends upon the ability df its substituent
groups to stabilize the corresponding polymer radical. More reactive monomers have
substituent groups which stabilize the polymer radical by delocalization of unpaired
electrons (resonance). Therefore highly reactive monomers produce low reactive
polymer radicals and vise versa. The additive nature of resonance effects of
substituent vinyl monomers decrease their reactivity and produce very reactive

sTcondary radicals with low stability. The 1, 2—disubstituted monomers
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v(CHR1=CHR2) have low reactivity due to steric hindrance of the propagation step by
the 2-substituent in the monomer.

2.3 Dispersion Polymerization

Dispersion polymerization is a technique for preparing polymer particles
with diameters in the range of 1-15 um. The method was first described by Osmond
et.al. and has been reviewed by Barrett up to 1975 [57]. It is precipitation
polymerization modified by inclusion of a stabilizer that prevents coagulation of the
growing particles. In this method, the continuous phase is chosen to be a solvent for
the monomer and a non-solvent for the resultant polymer. The monomer(s), initiator,
and steric stabilizer are dissolved in a solvent, resulting in a homogeneous mixture,
and then polymerized. As polymerization proceeds, the polymer particles precipitate
from the solvent. The components of dispersion polymerization include; monomers,

initiators, stabilizers and also solvents.

2.3.1. Monomers

Monomers are the molecules combining fogether to form the polymer
during the polymerization process. A wide range of monomers has been used in
dispersion polymerization. These monomers are either oil-soluble of water-soluble.
Monomers commonly used are; styrene, vinyl chloride, methylmethacrylate, vinyl
acetate, acrylic acid, acrylamide, and acrylonitrile [60]. Dispersion polymerization
can be done by polymerizing either one type of monomer forming a homopolymer or

more than one group of monomer forming a copolymer.
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2.3.2. Initiators

An important requirement for an initiator in a dispersion polymerization is
that it should be soluble in the dispersion medium. The initiator should also be able
to produce free radicals in the solvent that are capable of initiating the
polymerization process. The production of free radicals by the initiators depends on
the temperature at which the polymerization process is carried out. The initiator must
be used in very little quantity to avoid excéss prbduction of free radicals which may
interfere with the polymerization process. The thermal dissociatidn of initiators has

been discussed in section 2.2.1.

2.3.3. Solvent

A very important aspect of dispersion polymerization is the choice of the
dispersion medium. A suitable solvent for diépersion polymerization is one that
dissolves the monomers, initiators, and the stabilizers but does not dissolve the
resulting polymer. The type of stabilizer and initiator used for polymerization
depends on the solvent used. Some stabilizers do not offer good stabilizing ability in
some solvents and some initiators do not dissociate in some solvents. The
composition of the solvent also affects the size of polymer particles produced.

Both polar and non-polar solvents can be used for dispersion
polymerization. Earlier work on dispersion polymerization involved the use of non-
polar solvents but recent studies have shown the use of polar solvents such as
water, methanol, and ethanol [61]. Very few cases of dispersion polymerization have

used water as the sole solvent. There are many cases where water is added to
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alcohol in order to fine-tune the solubility and to manipulate the particle size and size
distribution of the product. In this work, acetonitrile, water, and sometimes a mixed

solvent of acetonitrile and water were used as the dispersion medium.

2.3.4. Stabilizers

Stabilizers are important in both particle formation and production of stable
and non-coagulated dispersed polymer particles. Stabilizers prevent the particles
from growing to uncontrolled macroscopic size. They stabilize the polymer colloids
by developing sufficient electrostatic and or steric repulsion to resist aggregatio'n.

Steric stabilizers are preferred because the usual electrostatic stabilizers
(used in emulsion and suspension polymerizations) are not suitable for dispersion
polymerization due to the low dielectric constant of the solvents used. Most steric
stabilizers are amphipathic in nature i.e. contain both an “anchor’ segment, with an
affinity for the polymer particles and a solvent soluble segment. Stabilizers can be
classified into three groups; homopolymers, block and graft copolymers, and -
macromonomers. The first two groups of stabilizers already have theytwo chemically
distinct segments and are common and effective stabilizers [62]. The
macromonomers can copolymerize with the principle monomer forming a graft

N

copolymer.

44



2.4. Steric Stabilization Mechanism in Dispersion Polymerization

When two particles with- adsorbed layers approach each other at a
distance of less than twice the thickness of the adsorbed layer, interaction of the
layers takes place. Polymer particles in a dispersion medium always show Brownian
motion and are continuously colliding with each other. The stability of the particles is
determined by the interaction between the particles during such collisions. These
interactions are both attractive and repulsive [62].

When attraction dominates, the particles tend to adhere to each other and
the entire dispersion coalesces. When repulsion ddminates, the system is stable and
the particles remain dispersed in the solvent. Van der Waals forces are the primary
source of attraction between the polymer particles except for the charged particies.
Colloidal dispersions are said to be stable only when a sufficiently strong repulsive
force counteracts the van der Waals attraction. The degree of stabilization depends
on the energy change occurrihg upon the interaction of the adsorbed layers and can
be determined by the Gibbs free energy equation;

AG =AH - TAS (5)
G = Gibbs free energy involved in the interaction
H = Enthalpy of interaction
S = Entropy of the interacting particles
T = Temperature of the system

If AG is negative, then the attractive force between the particles is greater

than the repulsive force and the polymer particles coagulater. A positive AG means a

greater stabilization effect and the particles disperse in the medium.
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Steric stabilization, which occurs due to adsorbed layers on the dispersed
or colloidal polymer pérticles, is achieved by attaching the grafted or chemisorbed
copolymer macromolgcules to the surface of the particles. For polymerization in a
non-aqueous medium, steric stabilization is preferred to electrostatic or depletion
stabilization because it is effective in both aqueous and non-aqueous media [62].

Figure 2.9 shows steric stabilization of colloidal polymer particles.

—» Steric stabilizer

Polymer patticle

Figure 2.9: Steric stabilization
Figure source: http://www.matseng.ohiostate.edu/ims/LR_
stericstabilizationpdf.

2.5. Mechanism of Particle Formation in Dispersion
Polymerization
The first step in a dispersion polymerization is to dissolve the monomers,
initiator, and stabilizer in a solvent and stir to form a homogeneous solution. This is
followed by thermal decomposition of the initiator forming free radicals, which add to
molecules of the monomer, one by one, to form other radicals. The reaction between
monomers and radicals continues until oligomers appear and grow to a critical

length. After initiation of the reaction, the solution remains transparent for a period of
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time then, as nucleation occurs, the reaction mixture turns cloudy. The nuclei are
stabilized against coagulation and continue growing by capturing more oligomers
and monomers until termination occurs [56]. The mechanism of particle formation is

shown in figure 2.10.
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(a) Allreagents are dissolved m the solvent first, MS M M
M ﬁI S5

S 177 M3

Polymerization inttiated by heating.

(b) Oligomers form and the polymer chains grow.

Solution stays clear.

(c) Phase separation begins at the nucleation stage.

Solution becomes tubird,

(d) Particles grow by capturmyg other oligomers

and mononm ers,

(e} Particles reach maximum size and stay suspended

by stabilizer.

Figure 2.10: Mechanism of particle formation in dispersion polymerization.
Figure source: Kaval, N.; PhD. Dissertation, University of
New Hampshire, Durham, NH, 2002.
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2.6. Theory of Polymer Swelling

The swelling o}f polymers has been the subject of debate for the past 60
years, mainly because of the applications of swéllable polymers in the biomedical
fields. A crosslinked polymer when placed in a good solvent will absorb some of thé
solvent and subsequently swell to an equilibrium volume instead of dissolving. The
extent to whiéh the polymer swells depends on the solvent affinity of the polymer.
This solvent affinity depends on the percentage of cross-linker in the polymer,
charges within the polymer microspheres, and also hydrophilic or hydrophobic
nature of the polymer. As the percentage of the cross-lfnker increases, the swelling
ability of the polymer decreases. The repulsion of charged groups within the polymer
network increases the swelling ability of the polymer, while increasing the hydrophilic
groups of the polymer increases its swelling ability in a hydrophilic solvent but
decreases its swelling ability in a hydrophobic medium.

Our research group has been developing chemical sensors based on the
principle of polymer swelling. The focus of this research is to syhthesize swellable
polymer microparticles, and utilizing polymer swelling to cause changes in optical
properties of the microparticles for analysis of the target analytes. The original
design of our sensor was based on a swellable polymer bead that was coupled to a

moving diaphragm that changed the amount of light on an optical fiber [61].
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2.6.1 Non lonic Polymer Swelling

Cross-linked polymers, when placed in an environment which is similar‘in
structure to itself, will swell. Linear polymers dissolve when plabed in compatible
solvents. Flory described the polymer swelling process for non-ionic polymers by the

equation below [63];

(aM,) (M-2M)" (2 - X,)

q,5° = M 2 6
i V, |
Where:
dm = Equilibrium swelling ratio
0 = specific volume of the polymer
M. = Molecular weight per crosslinking unit
M = Molecular weight of the polymer network
X; = Interaction parameter- first neighbor free energy divided by

KT for solvent with polymer
Vy = Molar volume of the solvent
The equilibrium swelling ratio, gm, is the volume of the swollen polymer (V)
divided by the volume of the unswollen polymer (V). Equation 6 above describes
the dependence of the non-ionic polymer swelling ratio (gm) with both the'degree of

cross-linking ((Mc), and the solvent quality (X;).
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2.6.2. lonic Polymer Swelling

For a charged polymer network, the swelling behavior is introduced into
the polymer by the repulsion of charged sites within the polymer network. lonic
polymer swelling can be explained in terms of eitr\1er an osmotic pressure or an
electrostatic effect. The electrostatic explanation suggests that the electrostatic
charges within the polymer particles maximize the distance Between the fixed sites.
According to Flory’s equation (equation 6), the degree of polymer swelling increases -
with the number of electronic charges on the polymer backbone [63]. The osmotic
pressure explanation suggests that polymers with ionizable groups have some fixed
charge density. If the charge density of the polymer is greater than that of the
solvent, then the solvent will diffuse into the polymer to equalize the charge
difference. The uptake of solvent molecules by the polymer results in an increase in
the diameter of the polymer particles. But if the charge density of the polymer
particles is less than that of the solvent, then the solvent molecules within the
polymer particles are released into the surrounding solvent causing the polymer to
shrink.

When the polymer swells, the free energy of mixing will cause the solvent
to penetrate and dilute the polymer solution. As the polymer chains in the
crosslinked polymer network begin to elongate due to absorption of solvent
molecules, they generate an elastic retractive force due to this deformation. The
volumetric swelling reaches a steady state when the two forces balance each other.
The forces depend largely on the properties of the solvent such as the hydrophobic

or hydrophilic nature of the solvent.
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The degree of swelling increases with the presence of fixed charges. The

equilibrium swelling ratio of ionic polymer is given by Flory’s equation [63];

)
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Where:
i = number of polymer electronic charges per polymer units,
gm = equilibrium swelling ratio,
V, = volume of expanded polymer network,
V, = molecular volume of solvent,
Vy=molecular volume of polymer repeating unit,
S = molar ionic strength,
X1 = interaction parameter,
Ve = Effective number of chains in the network,

The swelling ratio depends on the interaction between the solvent
and the swollen polymer (gel) and can be influenced by factors such as pH,
temperature, solvent composition, hydrostatic pressure and also electric and
magnetic fields. The swollen polymer is elastic and can be characterized as a
solution. The swelling property of cross-linked polymers has contributed to their
widespread applications in molecular imprinting, molecular separation, drug delivery

systems, and in the development of biomedical services such as contact lenses, and

actuators.
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2.7. Optical Measurements of Particles Embedded in Hydrogel
Membranes

Our group has developed membranes containing swellable polymer
microparticles designed for optical sensing of various analytes [27]. The polymer
microparticles are immobilized in hydrogel membranes and placed in a pH controlled
environment. The microparticles swell or shrink depending on the environmental
conditions around them induced by either a change in pH, temperature, or target
analyte concentration. As the microparticles swell due to abs’orption 01; water, their
refractive indices decrease and become closer to that of the hydrogel. Both the size
and refractive index of the particles change with changes in analyte concentration.
The refractive index of the membrane remains constant and is not sensitive to the
analyte concentration.

When light passes through a membrane embedded with polymer particles,
the light is reflected, scattered, or absorbed. Scattering is caused by the polymer
microspheres if the refractive index of the membrane and thé particles differ.
Reflection occurs at the phase boundaries if there is difference in refractive index
between thé‘ medium and the surroundings. The optical properties of light directed at
particles embedded in hydrogel membranes were studied extensively by Fresnel
[64, 65, 66]. The Fresnel equation (equation 8) gives the amouvnt of reflected light
R at a particular wavelength A, occurring at the phase boundary of medium 1 and

medium 2.
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Where,
ny = refractive index of medium 1
ny = refractive index of medium 2
For polymer microparticles embedded in a hydrogel membrane, the two
media are the microparticles and the membrane. The larger the refractive indices
difference between the two media, the larger the reflection. This reflection can be
measured as a change in turbidity of the membranes containing swellable polyrher
particles. Swelling of the particles causes a decrease in the difference in refractive
index between the microparticles and the membrane. This in effect causes a
decrease in vreflectance or scattering and hence a decrease in the tur/bidity of the
microparticles. Conversely, shrinking of the particles increases the refractive index of
the particles and thus results in an increase in reflectance. Both reflectibn and
scattering of light result in a decrease in the transmitted light. In our system, the
difference in refractive index is the main contributor to the changing turbidity.
Turbidity is therefore directly proportional to the absorbance and can be represented
by the equation below for light passing through a 1cm path length [64];
T =2.303A (9)
Where,
T = membrane turbidity

A= absorbénce
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2.8. Temperature Responsive Polymers

Thermal responsive polymers form a three-dimensiohal polymer network
that swells and shrinks with changes in temperatures. They are macromolecules
which undergo physical changes with chang;es in temperature. These physical
changes can be exploited for analytical purposes especially in chemical separations
and drug delivery systems [67, 68, 69]. An example of a temperature responsive gel
is poly (N-Isopropylacrylamide) (poly (NIPAAm)). At lower temperatures, the polymer
particles dissolve in aqueous solution and at temperatures above its lower critical
solution temperature (LCST), the polymer particles phase separate out of solution.
Because the pdlymer microparticles Ljndergo a phase change at the LCST, this

temperature is also referred to as the phase transition temperature [70-76].

2.9. Molecular Imprinting

‘Molecular recognition is an important aspect of many biological processes
[28]. A major emphasis in biotechnology is the development of synthetic recognition
molecules and systems which are specific for a template molecule or ar;alyte of
interest. Molecular imprinting is the process of designing materials with épecific
stereochemical structures for selective interaction and recognition with a particular
target analyte. The selective recognition property of a molecular imprinted material is
achieved by having the imprint molecule itself directing the desired structure during
the imprinting process. |

The concept of molecular imprinting was developed from Pauling’s theory

of antigen-antibody interactions and has since led to the development of molecularly
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imprinted polymers for use in chromatographic separations, biomimetic sensors, and
for in situ product removal during biotransformation processes [77, 78]. In his theory,
an antigen was used as a template in synthesizing antibody polypeptide chains,
which produced complementary binding sites to the imprint molecules after the
extraction of the antigen [79, 80].

In 1894, Fischer presented his famous “lock-and-key” analogy of the way
a substrate interacts with an enzyme and since then, a wide variety of imprinting
processes have been d‘eveloped. Several molecules have been used as imprint
molecules either in their existing form or derivatized to introduce some functionality
to enable them to be imprinted [80]. Compounds such as amino acids,
carbohydrates, proteins, nucleotide bases, hormones, pesticides, and co-enzymes
have been successfully used as templates for selective recognition matrices [81].

The molecular imprinting probess involves pre-organization of
polymerizable monomers around an imprint molecule. Following polymerization and
extraction of the imprint molecule, the solid polymer contains binding sites which are
complementary in size, shape, and functionality to the template [82-84]. The created
cavity can be used for both selective recognition and also separation of either the
template molecule or another molecule with a similar size, shape, and functionality

as the imprint molecule [85]. Figure 2.11 shows the imprinting process.
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Figure 2.11: Molecular Imprinting Process
Figure source: http://en.wikipedia.org/wiki/molecular_imprinting

2.10. Classification of Molecular Imprinting
Molecular imprinting can be classified into two classes, namely; covalent
and non-covalent imprinting depending on the type of interaction involved in the

imprinting process [79, 86, 87].

2.10.1. Covalent Imprinting

Covalent imprinting involves formation of reversible covalent bonds
between the guest and host molecules [88]. The method was first studied by Wulff
and co-workers in 1977 and it has led to the development of novel molecular
imprinting systems that are applicable for both chemical separation and chemical
sensing [89]. They synthesized the 2:1 covalent conjugate of p-vinylbenzeneboronic
acid with 4-nitrophenyl-a-D-mannopyranoside (template), and copolymerized this
conjugate with methylmethacrylate and ethylene dimethacrylate (a cross-linking

monomer). After polymerization, the boronic acid ester in the polymer was cleaved
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and the template was removed. The resulting polymer stroﬁgly and selectively
bound to the sugar [89, 90].

In the imprinting process, the binding sites of the functional monomers
covalently bond with the binding sites of the template in either a reversible or non-
reversible manner. The types of covalent bonds involved incl~ude: ester, Schiff-base,
metal coordination, and acetal or ketal. The bonds are strong enough to keep the

template-monomer complexes stable during the imprinting process.

2.10.2. Non-covalent imprinting

Non-covalent imprinting is a common imprinting process for drugs,
insecticides, and small biomolecules. It involves mainly hydrogen bond interactions
betv:/een templates and functional monomers in the polymer network. The molecules
which exhibit hydrogen bonding are polar molecules containing groups such as;
organic acids, alcohols, and amines. Other non-pol‘ar compounds containing polar
bonds may also exhibit hydrogen bonding. Compounds containing thiol groups have
non-polar S-H bonds. The electronegativity difference between the sulfur and
hydrogen atoms is very small. Such compouhds have insignificant or very weak
hydrogen bonding.

Mosbach and coworkers showed that molecular imprinting can be
achieved by non-covalent interactions between functional monomers and imprint
molecules. By simply mixing the template and functional monomers together in the

reaction chamber, their non-covalent adducts are spontaneously formed and

satisfactory imprinting effects are obtained [87]. Wenzhe Fan prepared a
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norephedrine-imprinted polymer by copolymerizing NIPAAm and acrylic acid

(functional monomer) [27].

2.11. Theoretical Background of Metal Complexation

Metal complexes, also known as coordination compounds, consist of all
metal compounds includ‘ing vapors and alloys. Mineralogy, material science and
solid state chemistry all involve coordination chemistry since the metals are
surrounded by ligands [91]. Coordination complexes had been known for years but
were not clearly understood until Alfred Werner proposed that Co (lll) bears six
ligands in an octahedral geometry. Hé developed a theory which allows one to
understand the difference between coordinated and ionic chlorides in cobalt amine
chlorides [92]. He also overthrew the theory that chirality was only associated with
carbon compounds by resolving the first coordination complex into optical isomers.
In aqueous solutions, transition metal ions are bound to water molecules and exist
as hydrated ions [93]. A common example is hexaaquacopper (Il) ion with the

formula, [Cu (H20) ¢]**. The structure is shown in figure 2.12.

H,0 9 2
OH; wH20
C ed
OH 2/ \|-|20
i OH,  _

Figure 2.12: Hydrated Cu?* ion.
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Metal complexation involves reactions between aqueous solutions of
compounds or metal ions, mainly transition métal ions, With atoms having lone pairs
of electrons. The concept is derived from Lewis Acid-Base theory [94]. According to
Lewis, metal ions with d and f orbitals can readily accept electrons from groups of
atoms with_lone pairs of electrons and are thus referred to as “Lewis acids” or
“electron acceptors”. The species that donate the lone pairs of electrons to the
metal ions are termed as “Lewis bases” or “ligands”. Ligands or electron donors can
be classified as either monodentate or polydentate (chelating) ligands.

The reaction between the metal ions and the ligands can be predicted by
the Hard-Soft Acid-Base (HSAB) principle [94]. In this principle, a complex ion is
readily formed if one reactant contains a hard acid and a hard base and the other
contains a soft acid and a soft base. The reaction is favored if the product formed
contains either a soft acid and a soft base or a hard aéid and a hard base. A
simplified form of classification of metal ions as either soft or hard acids depends on
their ability to accept the donated pair(s) of electrons which also depends on their
ionic radius. Also Lewis acids and bases aré classified as either soft or hard
depending on their ability to accept or donate the electrons respectively. According
| to Pearson’s hard-soft Lewis acid-base principle, hard Lewis acids have high
positive charge, high energy (lowest unoccupied molecular orbitals (LUMOs)), and -
are\weakly polarizable, while soft acids have large ionic radii, low or partial positive
charge, low energy LUMOs, and are strongly polarizable [94].

The characteristics of hard and soft bases are similar to those of hard and

soft acids except that hard bases have high energy highest occupied molecular
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orbitals (HOMOs), while soft bases have low energy HOMOs. Hard Lewis acids
prefer to bind to hard Lewis bases, while soft Lewis acids prefer to bind to soft Lewis
bases. Lewis bases contain donor atoms such as oxygen, nitrogen, sulfur, chlorine,
bromine, etc. In the product, the metal ion and the atom from the Lewis base are
held together by a shared pair of electrons forming a coordinate or dative covalent
bond [94].

JThe association of metal ions with ligands forms either weak reversible
coordinate covalent bbnds or strong irreversible bonds. The bonds are mainly sigma
(o) bonds formed by overlap between the s and p atomic orbitals of the ligands and
the d (or f) orbitals of the metal ions. Phosphorus- and carbon- donor ligands have
empty orbitals of m-type symmetry and act as mm-acceptor ligands. They can form 1r-
bonds by accepting electrons from the m-symmetry set of the central metal ion ¢-
orbitals which stabilize the complex further. The structure of the complex is
determined by the coordination number which is hormally between two and nine
except for large metal ions which have more than nine. Also the ratio of size of
ligand to that of metal ion determines the coordination number of the complex. The
number of bonds in a metal ion complex depends on the charge, size, and electron
configuration of the metal ions.

The transition metal ion complexes are useful especially in the.r’nedical
fields. For example, complexes of radioactive technetium are used as imaging
agents and the complex C}S'[PtC|2(NH3)2], cisplatin, is widely used as
chemotherapeutic agent. Some of the complexes with low lying excited states are

used as photosensitizers while some are used in electro-oxidation reactions as
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electrocatalysts. An example is the electrocatalysis for olefin oxidation where metal
oxo-catalysts such as ruthenium bipyridine complexes are used because they are
strong oxidizing agents. In these reactions, the metal oxo-catalysts are reduced to

metal-aqua complexes after reacting with the olefins [94].

2.11.1 Chelating Ligands

Chelating ligands have more than one electron donating atom per ligand
rholecule or ion and have geometries that enable them to form more than one
coordinate bond to the same metal ion. They are thus termed as “many toothed” or
polydentate ligands [95]. They form more stable metal complexés than the ones
formed by monodentate ligands.

There are two major requirements that favor the binding of these
chelating ligands with the metal ions. First, the ligand should be flexible and non-
linear. The other is that the bond angles of the complex formed should be such that
the different donor atoms should be reasonably far apart in the ligand to form five- or
six-membered rings including the metal ion. The favorable angle is usually 90° or
109.5° [94]. An example is the binding of ethylenediamine with Ni?* ions from

aqueous solution represented by the scheme below.
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Figure 2.13: Co-ordination of ethylenediamine with Ni®* ions.

Thé Ni?*-ethylenediamine complex formed has a favéred
five-membered ring structure as shown in figure 2.13. The simple corhplex ions like
hydrated ions in aqueous solutions are easily substituted by more electron donating
and chelating ligands, a process that is thermodynamically favored because it is
accompanied by an increase in entropy. Equation (10) below represenis the
substitution of water molecules in hexaaquanickel (Il) ions with ethylene diamine
(en). In the reaction process, a total of four moles of reacting species form seven
moles of products indicating an increase in entropy (+AS). Each of the three
ethylenediamine molecules form a five membered ring structure with bond angles of
108° when complexed with the hydratéd Ni?* ions.

[Ni(H20)6]* aq) + 3 (CHaNH2)2 — [Ni(CHaNHR)a*(aq) + 6H20, (10)

The binding of ligands to metal ions results in formation of complexes with
low lying excited T molecular orbitals. These complexes experience charge transfer
transitions of ele