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ABSTRACT

Tetra-carboxy acid chloride phthalocyanine compieré cobalt, iron and manganese
were synthesized and characterized using specpizseod electrochemical techniques. These
complexes were fabricated as thin films on goldttetele following a covalent immobilization
and self-assembling methods. Surface electrochénaod spectroscopic characterization
showed that these complexes are surface-confinextiesp The characterization using
spectroscopic and electrochemical methods confirihedormation of thiol and MPc SAMs on
gold electrode. The electrocatalytic behaviourhaf §AM modified gold electrodes was studied
for the detection of L-cysteine and hydrogen peatexiThe limits of detection (LoD) for L-
cysteine were of the orders of 1@nol.L™ for all the MPc complexes studied and the LoD for
hydrogen peroxide at cobalt phthalocyanine moditjetti electrode was of the orders of 10
mol.L™* for both electrocatalytic oxidation and reductidfhe modification process for gold
electrodes was reproducible and showed good diabili stored in pH 4 phosphate buffer
solutions and can be used over a long period a.tim

The cobalt phthalocyanine modified gold electrodaswalso investigated for the
fabrication of glucose oxidase (GOx)-based bioseasd as an electron mediator between the
enzyme and gold electrode. The behaviour of thgreezmodified gold electrode towards the
detection of glucose was studied and the resulkte galimit of detection of the orders of 10
mol.L™* with low binding constant (4.8 mM) of enzyme (GQa)substrate (glucose) referred to
as Michaelis-Menten constant. The practical appbtoa, i.e. the real sample analysis and
interference studies, for the enzyme modified gakttrodes were investigated. These studies

showed that the enzyme electrode is valuable amtheaised for glucose detection.
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CHAPTER ONE INTRODUCTION

Metallophthalocyanines (MPcs) are planari@ectron systems with highly conjugated
structure, as shown in Figure 1.1. MPc complexeswall known commercially as blue-green
pigments [1,2] with the colour arising from themtense absorption band observed in the visible
region of the spectrum called the Q band. MPcs leen found useful in many technological
applications such as photovoltaic cells [3], fugls[4], semi-conductor devices [5,6], electronic
and chemical sensors [7,8], catalysis [9-12] andem#y in medical applications as
photosensitizers for photodynamic therapy [13-18JPcs, if fabricated as thin films or
monolayers on metal surfaces have attracted mt@et@in in research. Several techniques have
been used for MPc thin film and monolayer formatisunch as Langmuir-Blodgetts [16-21], spin
coating [20,21] and self-assembly [20-25]. The elatmethod (self-assembly) is a more
favourable technique, due to its simplicity, easdoomation of a monolayer and controllable

surface chemistry.

N={ ~—N
N™
- :
N—M—N
S '
N I
N— N—N

Figure 1.1 Chemical structure of metallophthalocyanine (MRd)represents the metal ion at

the centre of the macro-cycle.



CHAPTER ONE INTRODUCTION

1.1 General overview of self-assembled monolaygiSAMS)

Self-assembled monolayers (SAMs) are formed by tm@ous adsorption of chemical
molecules (such as thiols or sulphur containingemales) onto a metal surface (such as gold)
forming an ultra thin film or monolayer [26-30]. 85 are an incredible means of fabricating
stable, easily controllable ultra-thin solid filnfgionolayer) onto gold surface. The ease of
monolayer formation makes the SAM method desiraampared to other methods such as
Langmuir-Blodgetts and spin coating which requipeaalized equipments and take several
steps to form [27]. The stability of monolayer faton on gold surface, as will be used in this

work, is due to a strong gold-sulfur (Au-S) covalband formation [27].

SAMs gained their popularity 20 years ago when Muead Allara [31] reported the self-
assembled monolayer formation using alkanethigyfé 1.2). More groups joined the work on
SAMs in the 1980s [32-37]. Due to the affinity aiflfsir to gold, different functional groups can
be incorporated on the exposed terminal group o ®AM [26,27,30,38] and this
functionalization improves the properties of SAMclsLas sensitivity and the selectivity [27].
Functionalized SAMs are used to fabricate veryregeng devices that can be used as
electrochemical and chemical sensors [5,26,39];lim@ar optics [5] and biosensors [40-44].
The unlimited applications of SAMs on gold surfgatay an increasingly important role which
might surpass bulk gold in many technological atpéelhe other advantage offered by the self-
assembly over other methods is that orientationhef molecules forming the SAM may be

controlled [45].
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Functional group

R R R R R .
(may be electroactive)
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u

Figure 1.2 Schematic representation of the thiolates on ¢&hkM).

The monolayer formation in this work will be on ddurface since thiols chemisorb as
thiolates on gold surface. The choice of gold ie thuthe fact that gold is an inert material, i.e.
does not form stable oxide under ambient conditj[d2s46]. The affinity of sulfur to gold can
be explained using the Hard-Soft Acid Base (HSA®pry by Pearson [47,48]. The generalized
gualitative HSAB principle states that ‘hard acpefer to coordinate with hard bases and soft
acids prefer to coordinate with soft bases’. Acowgdto Pearson’s [47,48] Lewis acid
classification, Au is the soft acid and thiol datives (RSH) are soft bases, therefore a strong

covalent bond (Au-SR) occurs between Au and RSH.

The properties of SAMs described above have adidafttrther research interest in many
fields where metallophthalocyanines (MPc) and niegtakphyrins (MP) are being applied. This
work focuses mainly on the MPc self-assembled mayess (MPc SAMSs) on gold surface. The
fabrication of metallophthalocyanine complexes A8/S on gold surface have been shown to
yield important devices such as electrochemical @mmical sensors [5,6] which have potential

applications in electrocatalysis and electroanalysi



CHAPTER ONE INTRODUCTION

1.1.1 Metallophthalocyanine self-assembled moraglers (MPc SAMS)

The immobilization of metallophthalocyanine comm@syonto gold electrodes have been
extensively studied by various research laboradoli20,23-25,39,49-60]. In general, the
immobilization of MPc complexes on gold electrodegquires the synthesis of MPc containing
sulfur substituents on the peripheral positiont# ting or on the central metal. This is then
followed by direct immobilization of these sulfunitaining phthalocyanines (via sulfur
moieties) onto the gold surface. Cook and collead26,25,39,50,51] investigated the use of
one-legged thiol substituted phthalocyanine forforenation of MPc SAMs. This approach had
one limitation in that the MPc ring was tilted in anpredictable angle on gold surfaces. The
subsequent work by Lieberman’s research group 2aHd in our research group [55-58]
addressed the drawback of Cook’s approach by fgramMPc ring to lie flat on gold surface.
This was achieved by octa-subtitution of MPc cometewith thiol groups or by forming an
axial ligand on the central metal ion within the &RBng system, resulting in MPcs lying
horizontal or flat to the surface of gold electrofdeming an umbrella or an octopus-like
orientation [22-24,53-60]. The disadvantage of tiect immobilization of thiol substituted
MPc complexes is the difficulty that can be expeced when synthesizing sulfur or thiol
substituted phthalocyanines. The synthesis of satfataining phthalocyanine is costly, tedious,
time consuming and involves the use of toxic andeesive chemical reagents. Therefore an
alternative method of immobilizing MPc moleculesgwold surface that can avoid the synthesis

of thiol MPc complexes is desirable.
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1.1.2 Aim of this work

The aim of this work is to find an alternative andvel method of immobilizing
metallophthalocyanine molecules onto gold surfde will avoid the synthesis of the thiol or
sulfur containing phthalocyanine.

Gold surface will be used for monolayer formatiamce thiols chemisorbs as thiolates on
gold surface. Gold surface has been chosen dine tad¢t that it is an inert material, i.e. does not
form stable oxides at ambient conditions. MPc asfembled monolayers will be studied as thin
films on gold surfaces.

Metal tetra-carboxy acid chloride phthalocyanineTGACIPc) complexes which are
easier to synthesize compared to thiol MPc willebgloyed. MTCACIPc will be immobilized
onto pre-modified gold electrode surfaces. Thid bé followed by covalent immobilization of
an enzyme (such as glucose oxidase) onto an aattifigtb phthalocyanine which is attached

onto pre-modified gold electrode thus affording émezyme layer surface.
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1.2 Methods of characterization of SAMs
There are several known [28,30] methods for theatdtarization of modified electrodes

such as gold electrodes modified with thiol sedeambled monolayers. These methods can be
categorized [28,30] into two: (i) electrochemicadthods and these include cyclic voltammetry
(CV) and electrochemical impedance spectroscop$)(Eli) non-electrochemical methods such
as quartz crystal microbalance (QCM), X-ray phatogbn spectroscopy (XPS) and Raman
spectroscopy. These methods differ from each difiexensitivity and the information obtained.
However good agreement between the informationimddausing different methods is crucial as
it will prove the formation monolayer and gives emting evidence of the surface modification.
The principles, advantages offered and the datairsdd by each of these methods will be
discussed in this section. The importance and imsefs of using these methods for the
characterization of SAM modified electrodes will bighlighted in studying surface chemistry,
thus confirming surface modification. In generdécerochemical methods have been extensively
used due to their simplicity and low cost. Thegoaprovide useful information regarding the
integrity of the electroactive SAMs adsorbed onttdgsurface [28-30]. On the other hand, non-
electrochemical methods are very useful as theyigeo spectroscopic evidence and the

composition of the organic film chemisorbed ontddgiurface [28,30].

1.2.1 Cyclic voltammetry

Cyclic voltammetry (CV) has been extensively usedthe characterization of SAMs of
simple thiols and/or MPc SAMs on gold electrodeV. i€ a well established electrochemical
method for studying surface chemistry since it giwesight into electroactive species on the gold

surface [28,29]. CV has also gained its populadiiy to its simplicity and rapid location of
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redox properties of electroactive species [28-FAMs are known to exhibit a blocking
behaviour towards a number of Faradaic processeshasiphenomenon can be exploited easily
using CV. Furthermore, SAMs have shown the blocKugdaviour by inhibiting the metal
deposition on gold surface and blocking of redowptes [28-30]. This blocking behaviour of
SAMs has been shown to be dependent on the terdunetional groups of SAMs [38]. The
SAM’s functional groups behave differently in saduis containing redox probes such as
ferricyanine solution where the electron transfat the blocking behaviour of the SAMs can be
investigated. The ferricyanine is a highly reveesibystem and this reversibility can either be
inhibited or enhanced upon modifying the gold etmi¢ with the SAM [33]. SAM
characterization using CV can also be done indeammonium sulfate {FeNKISOy),} solution
[33] that exhibits a redox couple at bare gold tetete which is then blocked after gold electrode
modification with SAM. FeNHSQy), is a slow electron transfer system [33] compaied t

ferricyanine and it involves redox couple due te(f0)¢]**/[Fe(H0)e] %

The inhibition of the metal deposition is done gsihe under-potential deposition (UDP)
method which is a known method for studying inhdvtof bulk deposition of a foreign metal
such as copper (Cu) from copper sulphate (CGiS@Qlution onto gold surface [28,30]. The UDP
method involves the ad-atom metallic layer formatad copper onto gold surface by reduction
and this metallic layer is stripped from gold sagan the return scan. This copper metallic layer
exhibits two very distinct reversible peaks akE 100 mV (vs SCE) [28] which disappear upon

modifying gold electrode, as the access to the goktace is blocked.

CV experiments can also be used to estimateutiace coverage of the SAMs on gold
surface, i.e. quantifying the amount of the immiabill organic film on gold surface. After the

surface concentration estimation, the orientatioti® organic film on gold electrode can also be

-8-
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estimated. Several methods are used to calculdics coverage of thin films or SAMs on gold
electrodes. These methods include the oxidativeeductive desorption method [28-30]. Thiol
SAMs are known to quantitatively desorb either atinkly (equation 1.1) or reductively

(equation 1.2) from gold surface in alkaline mg@2 M KOH):

AU-SR + 40H —> Au+ RSQ+2H0 +3e 1.1)

AU-SR + & —> Au  +RS (1.2)

The electrochemical desorption of thiol from goddults in either oxidative or reductive
peak. The charge (Q) under this desorption peakes to calculate the surface coverdgg /
mol.cm?) of the SAM using the theoretical relationshipaccordance to equation 1.3 [28-30,61-
63]:

Q
| 1.3
SAM nFA ( )
where nrepresent the number of electrons involved in tbegodotion of thiol, F is the Faraday

constant (C maf) and A is the geometric surface area of the gtedtrode.

Surface coverage may also be estimated using thed (M'/M") redox couple from the
MPc SAM chemisorbed onto gold surface in a suit@etrolyte solution [28-30]. The surface
coverage I(sav / mol.cm?) can then be calculated using equation 1.3 orafeionship shown
in equation 1.4:

_ N’F*Alg, 0

1.4
P 4RT (1.4)
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where j is the peak current (amps), n is the number aftelas, A is the area of the electrode
(cm?), v is the scan rate (V/s) and the other symbols liaeie usual meanings. However, this
method is only applicable if the SAM is electroaetiand exhibits a reversible redox peak

independent of scan rate.

Advantages of CV as a SAM characterization methedparely based on its popularity,
simplicity and it can give very important informai about the SAMs such as, (i) integrity of
SAM, (ii) capacitive properties of SAM, (iii) suida coverage and (iv) estimate the orientation
of the monolayer formed on gold surface. The infaiion obtained by CV is important as it
gives the evidence of the modification of gold aud and confirms the presence of the

monolayer on gold electrode.

1.2.2 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) isoaepful method used to study
electrochemical properties of systems and thegriates with conductive electrodes [64-67].
EIS can be used in various applications, and tlugkviocuses on its ability to characterize thin

film formation.

1.2.2.1Basics of impedance spectroscopy

Impedance theory is a branch of alternating cur(AC) theory [65,67] that illustrates
the response of a circuit to an alternating currentvoltage as a function of frequency.
Impedance is a complex resistance which results\wvaineAC voltage is applied to the material.
Impedance measurements are done over suitablesfreguanges and the results can be related

to the physical and chemical properties of the met§64-67]. In DC (direct current) theory,

-10 -
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Ohm’s law defines resistance (R) in terms of the raetween voltage (V) and current (I),

relationship as shown in equation 1.5:

R=— (1.5)

Impedance (or complex resistance) is measured plyiag a sinusoidal potential, V(t),
of small amplitude to an electrochemical cell arghsuring the resulting sinusoidal current, I(t),
through the cell [64,65,67]. The applied sinusojlatential and the resulting sinusoidal current
are represented as a function of time. Since thpedance is used as an analogue to resistance

the relationship in equation 1.6 holds:

_ V(1)

where V(t) is the sinusoidal applied voltage ateitnV(t) = b sin wt, where \4 is the maximum
potential amplitudeg is the radial frequency (in rad)swhich can be related to frequency f (Hz)
asw = 2af. The current response I(t) is sinusoidal at e frequency as the applied sinusoidal
potential but shift in phase, I(t) & $in (@t + ©), where § is the maximum current amplitude and
o is the phase shift by which the voltage lags timeent [64,65,67] as shown in Figure 1.3(a).
The impedance is a vector quantity with a magnitaie direction. The magnitude of impedance
is Z (V/l) and the direction represented as a plasge 6) as shown in Figure 1.3(b). The

complex notation of impedance is shown in equatian

-11 -
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=7+ jZ” = Zeat J Zimaginary (1-7)

Where Z' and Z” are the real and imaginary partsha impedance, respectively and j is a

complex number.

<———> Voltage

current/
voltage t

le
current <—
S)

(@) (b)

Figure 1.3 (a) Applied sinusoidal voltage and resulting simidal current response and (b)

vector representation of real’YAand imaginary (2 part of impedance (Z) [64,65].

1.2.2.2Applications and data representation of EIS

Electrical equivalent circuits are used for timalgsis of the impedance data, and within
the circuit, simple electrical elements such astasce (R) and capacitance (C) are connected to
model the electrochemical process [64-67]. Thestasce in the equivalent circuit represents the
electrical conductivity of the electrolyte and tb&pacitance (double-layer capacitance) caused
by the charge which is in excess at the of eleet@dctrolyte interface. The most widely used
equivalent circuit for the analysis of the impedadata is the Randles equivalent circuit [64-67]
shown in Figure 1.4. The Randles equivalent cirshaws the solution or electrolyte resistance

(Re) connected in series to the parallel combinatiboharge transfer resistancec{iR and the

-12 -
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double-layer capacitance I In other systems the reaction rate might berotiatl by transport
phenomenon and this effect needs to be taken artsideration, the measured impedance can be
explained by the component that depends on the ittmmsl of transport or diffusion of
electroactive species [64,67]. This component iBledaWarburg impedance (Zw) and is

connected in series with the charge transfer eesist

Ca
||
I

RCT ZW

Figure 1.4 Randles circuit for the electrochemical systerthwliffusion-limited behaviour.

Impedance data can be graphically representedanmays using Nyquist and Bode plot
[64,67]. The most widely used impedance data remtesion is the Nyquist plot or sometimes
referred to as complex plane. Nyquist plot is the pf the imaginary part (Z”) versus the real
part (Z’) of the impedance, Figure 1.5. The plotro&ginary part vs the real part gives the point

in the Nyquist plot which is the absolute value tfog impedance measured at that frequency.

-13-
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E Decreasing frequency
Q
g
% Warburg line
c
k=)
@
E A
N

NI N

\RE/I\ RCT 7

Z (real part) / Ohm

Figure 1.5 Nyquist plot for the electrochemical system witififusion-limited behaviour, R

(electrolyte or solution resistance) angrfcharge-transfer resistance).

Even though the Nyquist plot has been widely usmdttie graphic representation of
impedance measurement, there is no indication efftaquency where the impedance was
measured. Therefore, the use of different dataesgmtation of the impedance measurement
which gives information about frequency where tin@edance was measured is desirable. Bode
plot is another form of impedance data representatihich gives the frequency information at
the measured impedance [64,67]. Bode data repegsmnts the plot of the phase anghg and
the logarithm of impedance magnitude (log Z) verdeslogarithm of the frequency (log f) as
shown in Figure 1.6. Sometimes using Bode dataesgmtation one can plot the log Z' and log
Z” versus log f, and compare to Nyquist plot if lndiypes of Bode plot are included all the

information can be obtained for impedance measumn&ne
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Figure 1.6 Bode plot for the Randles equivalent circuit wdiFfusion-limited behaviour.

Electrochemical impedance spectroscopy offers namwantages over other techniques
and these include (i) the use of low-amplitude sidial voltage (about 5 mV) which makes the
system remain at equilibrium or at steady staterdpid acquisition and quantification of data
such as ohmic resistance, double layer capacitaooeluctivity of the film, as well as charge or
electron transfer at the electrode-film interfacel avithin the film in a single experiment, (iii)
accurate, repeatable measurements can be acq(iedjgh adaptability of this technique to

different applications and (v) the characterizintgrfacial properties in the absence of a redox

reaction.
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1.2.3 Quartz crystal microbalance (QCM)

The quartz crystal microbalance (QCM) is an uleasitive weighing device that utilizes
the mechanical resonance of the piezoelectric sioglstalline quartz, discovered by Pierre and
Jacques Curie in 1880 [68]. The quartz crystald¢dfgoated surface in this work) are used as
weighing devices (AT-cut crystals) and ensure heghperature stability and pure shear motion
when subjected to an electric field. The mechameabnance is a phenomenon [69] by which
the crystal is subjected to the external fieldrtduce a mechanical strain in a crystal making it
oscillate. As illustrated in Figure 1.7, the thirystal is sand-witched between a pair of circular

metal electrodes [70].

- [ % - [ %@
@ D 2 . N
2&2?; W ,\/\/\/\/7

Afis related to the mass AD is related to the
of the attached film viscoelasticity

Figure 1.7 Schematic illustration of the QCM-D principle. Tbieange in frequency{) of the
oscillating crystal is related to the total osditig mass, while the energy dissipatioxD] is

related to the visco-elastic properties of thellzdog mass.

When the AC voltage is applied, the frequency ef @pplied voltage corresponds to the
resonance frequency)fof the crystal. This resonance occurs when tiekiless of the disc is

an odd integer number of half-wavelength causirggdscillation to have its antinodes at each
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electrode interface. The resonance frequency ottistal is directly proportional to the total
mass on the crystal provided that a mass thatdeda¢hm) on the surface results in the change
of frequency Af). The relationship in equation 1.8 discoveredSauerbrey in 1959 is used to
relate the change in frequency to the amount osradsorbed [71].

_ CAf
n

Am = gL

where Gys is the mass sensitivity constant (17.7 ng Hem? at an oscillation frequency of 5
MHz or overtone n = 1) and n is the overtone nunfbeB, 5, 7, 9...). However for equation 1.8
to be valid the following conditions should be m@titotal mass of the adsorbed film should be
small compared to the weight of the crystal, andtie adsorbed film should be rigid and evenly
distributed over the active area of the crystalemthe change in the total mass of the crystal
(Am) induced upon adsorption is proportional to angeain frequency Af) according to
Sauerbrey equation above. QCM has for a long tieenlused to monitor film deposition in gas
and vacuum applications; recently QCM has been @yepl in liquid or solutions [66]. The use
of QCM in liquid phase has resulted in an increasaumber of applications for QCM in the
field of biotechnology [72-78]. However, from thseuof solutions on surface, it was realized
that the adsorbed film does not obey the assumptigierlying the Sauerbrey relationship. This
is due to the presence of the water molecules #giewis used) trapped between the adsorbed
film and the non-rigid character of the adsorbéuh fiesulting in the friction and dampening of
the crystals oscillation [72]. The technical sadatiwas to adapt the equipment so that it can
provide further information not only about the chas in resonance frequency but also changes
in energy dissipatiorAD, of the oscillating crystal. Therefore, othearthits original use as a
weighing device, the QCM then incorporates the gnetissipation capability which further

measures the visco-elastic properties of the adsddyers, the equipment used is QCM-D.
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The advantage of the using QCM is its ability tovpde real-time characterization of the
surface reactions, mass and structural changebeometal surface. For SAM characterization
QCM-D technique can be used to monitor the fornmtiad the characterization of SAMs on
gold surface and give the amount (i.e. the masthefadsorbed film), the thickness and the

viscoelastic properties of the immobilized molesule

1.2.4 X-ray photoelectron spectroscopy (XPS)

X-ray photoemission spectroscopy (XPS) sometimeferrexl to as an electron
spectroscopy for chemical analysis (ESCA) is arnctede spectroscopic method for the
determination of elemental and chemical compositibthe materials or organic film on metal
surface [28,79,80]. XPS is a well-established tfwyl the characterization of the molecular
structure of organic films. The presence of theirddselements in the film can be confirmed
using the XPS spectra and evaluation of atomic awmmipns [79-81]. XPS is based on the
photoelectron effect [79,80] and this effect isuslirated in Figure 1.8, where the surface is
irradiated with the photons (x-ray photons). Theay-photons interact with the core-level
electrons leading to the emission of photoelectAdter the ejection of photoelectron the atom
re-organizes itself by dropping an electron fronghler energy level to a vacant core hole

followed by the ejection of an Auger electron frtme higher level.
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X-ray photon photoelectron Auger electron

= -

2p2

Figure 1.8 Representation of the processes that takes pta¥®S and ejection of the Auger
electron.

The kinetic energy (B of ejected photoelectrons is the difference betwihe energy of
the x-ray radiation ) and the electron binding energys{ESince the kinetic energies of the
excited photoelectrons is measured using the im&ni, the work function @& of the
spectrometer is taken into consideration. Therefloeebinding energy of an emitted electron is
given by equation 1.9 [79,80]:

Eg =hv — K - Bw (1.9)

The binding energy @ of the emitted electron is characteristic of #tem from which it has
been ejected and it also depends on the chemigabament of the atom. The plot of electron
intensity as a function of binding energy is a pletectron XPS spectrum, Figure 1.9 gives the

set characteristic lines at specific electron bigdenergies representing atoms.
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Figure 1.9 XPS survey spectrum shows the atoms/elementsmqtrésthe phthalocyanine

modified gold electrode.

XPS as a surface analytical technique has beenlywigeed for characterization of
organic and thin film modified metal surfaces, sashgold [28,30]. In this work XPS will be
used to investigate the elemental composition @bl tnd phthalocyanine modified gold
surfaces. In comparison to other surface analyteahniques, XPS offers several advantages’
such as its sensitivity as it gives “fingerprintifermation about the atoms, i.e. the elements
binding energies and their chemical environmentwelcer, the use of this technique in

combination with other surface techniques is desran order to further confirm the surface

modification.
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1.2.5 Raman Spectroscopy

Raman spectroscopy is an analytical technique wihyarates in a same manner as other
spectroscopic techniques as it also involves tterantion of molecules with light (or energy).
However, in contrast to other spectroscopic teamsg Raman spectroscopy is concerned with
the scattering of radiation by the sample rathantthe absorption process [82,83]. Similar to
infrared spectroscopy, Raman spectroscopy is auluse¢hnique in chemical industry as it
provides structural information about the molecldased on the vibrational energy bands. This
technique is based on the Raman effect which igdahkelt of inelastic light scattering [82,83].
This effect occurs when the light collides with thelecule and the energy is transferred
between the light and the molecule. The energy ftbenlight excites the molecule from the
ground state to a virtual state. This virtual stEtéhe molecule is just a distortion of the eleatr
distribution of a covalent bond (polarizability thle bond) which will determine the intensity and
the frequency of the Raman shift [82,83]. Theuattstate is not the stationary energy state of
the molecule; therefore the molecule immediatelgxes back to the original ground state by
emitting a photon. This process can be describetyenergy diagram shown in Figure 1.10,
which shows that after the release or emissiom@fphoton, the molecule relaxes to vibrational
ground energy state following three-photon proce$88,83]: (i) Rayleigh, (ii) Stokes Raman
and (iii) anti-Stokes Raman scattering. Rayleightteting takes place when there is no energy
transfer, i.e. if the molecules returns to the ailamal ground state and the emitted photons have
the same energy and wavelength as the initial pisotdtokes Raman scattering occurs when the
molecule returns to a higher vibrational level, mieg the emitted photon has less energy and

longer wavelength than the initial photon. Lastig tanti-Stokes Raman scattering takes place
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when the molecule returns to a lower vibrationargy and shorter wavelength than the initial

photon.

A A Virtual excited

A A energy states
Energy
i 2 Vibrational
v v L1  groung energy
state

Rayleigh Stokes anti-Stokes
scattering Raman scattering

Figure 1.10:Energy level diagram showing Rayleigh, Stokes ard$tokes Raman scattering.

For analytical purposes Stokes Raman lines are lynaised as they exhibit larger
intensities than the anti-Stokes [82,83]. Ramaia fi@m the sample are usually displayed as a
plot of Raman scattering intensity against wave Ioerm(cni’) and this is called a Raman

spectrum shown in Figure 1.11.
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Figure 1.11 Raman spectrum of gold electrode modified witmganese phthalocyanine self-

assembled monolayer.

In this work, Raman spectroscopy as a surface acalytechnique has been used to
confirm gold surface modification with SAMs of thiand phthalocyanine complexes. This
method has been useful in this study especiallit has been used in conjunction with other

surface characterization techniques to study thectsiral information about the immobilized

molecules on gold surface.
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1.2.6 Aims

In this work detail surface characterization of SAhbdified gold electrodes has been
studied using different techniques such as (i) €yebltammetry (CV), (ii) Electrochemical
impedance spectroscopy (EIS), (iii) Quartz crystaicrobalance (QCM), (iv) X-ray
photoelectron spectroscopy (XPS) and (v) Ramantsyssopy.

The information obtained using each method has beatyzed and the agreement in the
obtained information using different techniqueismportance as this will confirm and give
evidence of surface modification. The amount of thenolayer on gold surface including its

structural and elemental information has been ityated.
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1.3  General Properties of MPc

Metallophthalocyanines exhibit unique propertiesickhenable them to be used as
semiconductors, photoconductors, electro-conducésrsvell as in non-linear optics [5,84].
Furthermore, MPc complexes exhibit interesting xepimperties arising from the ring and if the
central metal is electroactive, further redox prtipe arising from the central metal ion can be
observed. MPc complexes are also known to be cladimiand thermally stable and these
properties have allowed them to be used in fud$,cat photovoltaic materials and in molecular
electronics [3,4,85,86]. Applications of MPc comde are hindered by their low solubility in
organic and aqueous solutions. However, this dralwb@an be improved by introducing
substituents either in the ring system or as al@nds on the central metal ion. The ring
substituents can be attached in one of the twotipnsiof the MPc ring as shown in Figure
1.12(a), i.eB-position ora-position. The substituents @position are at positions 2, 3, 9, 10, 16,
17, 23 or 24 referred to as peripheral positiongne@ls the substituents @fposition are at
positions 1, 4, 8, 11, 15, 18, 22 or 25 referre@daon-peripheral positions. In comparison to
metalloporphyrins (MPs) complexes which are knowmd¢cur naturally, Figure 1.12(b), MPcs
are more stable. The structures of MPc and MP t®xep in Figure 1.12 exhibit some
similarities except that the porphyrin ring systsnmade up of pyrrole units instead of isoindole
units found in metallophthalocyanine ring systerhe Ppyrrole units in porphyrins are linked via
carbon atoms whereas the isoindole units in phtiyalnnes are linked by an aza-bridge, i.e.
nitrogen atoms. The MPc structure in Figure 1.12f@ws the numbering system and positions

where ring substituents can be attached.
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Figure 1.12 Molecular structure of (a) metallophthalocyanigsieowing a- and p-positions

including numbering and (b) metalloporphyrin.

1.3.1 Synthesis of MPc

There are several methods reported for the symsthe$i metallophthalocyanine
complexes, the common method [87,88] is shown ime8® 1.1. Inexpensive starting materials
such as phthalic anhydrid#&)( 1,3-diiminoisoindoline Z), phthalimide 8), phthalic acid 4) and
phthalonitrile B) are utilized. This method involves heating thectomie of one of the starting
materials in the presence of other reagents sucheasl salt, urea, solvent and the catalyst to
yield the MPc complex. The solvent used shouldehawhigh boiling point as the formation of
MPc is accomplished at high temperatures, e.g-1260 °C when trichlorobenzene is used as a
solvent [88]. This method is also known to give @lent yields (>70%) with minor imine

impurities [88].
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Scheme 1.1General synthesis route for MPc complexes.

Substituted MPc complexes have been widely usedsudbstituents on the MPc enhance

solubility and are useful in tailoring the use oPMfor various application¥he synthesis of the

substituted MPc in Scheme 1.2 is achieved by cgtiminerization of substituted phthalonitrile.

4,5-Disubstituted phthalonitrile6) is used for the synthesis of a peripherally stiist

octa(2,3,9,10,16,17,23,24)metallo-phthalocyanif)e[§9-91], Scheme 1.2(a). Mono substituted
phthalonitrile 8) and substituted phthalic anhydrid® @t position 4 or 5, Scheme 1.2(b) are

used for the synthesis of constitutional isomerth wlifferent geometries of tetra- 3,10,17,24-

(Cap); 3,10,16,24- (Q; 3,9,16,24- (G,); 3,9,17,23- (B substituted MPc10) [92-94,96,97].
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Scheme 1.2Synthesis route for substituted metallophthalooyaB87-94]. (a) octa

substitution, (b) tetra substitution. R = substitise

1.3.2 Electronic Absorption Spectrum of MPc

Ultraviolet-visible (UV-vis) absorption spectrum rfanetallophthalocyanine can be
clearly identified from that of metalloporphyrinBigure 1.13) by its characteristic and distinct
intense Q band. The MPc absorption spectrum inréiguL3(a) shows two bands referred to as
Soret (or B) band at the blue region (300 — 500 ofthe UV-vis spectrum and the intense band

known as Q band at the red region (600 — 800 n®&)9[. In comparison, metalloporphyrin

- 28 -



CHAPTER ONE INTRODUCTION

absorption spectrum shown in Figure 1.13(b) ex&ihit intense B (or Soret) band in the blue
region and a small Q band in the red region ofvisible spectrum. These absorption bands (B

and Q) of both phthalocyanine and porphyrins affises ther-n* transitions of the ring.

~—

b)

~—
Q
N—

Q band
B band

U

B band

2N \

Absorbance
Absorbance

300 400 500 600 700 800 300 400 500 600 700 800
Wavelenghth (nm) Wavelength (nm)

Figure 1.13 Typical absorption spectra of, (a) phthalocyarand (b) porphyrin complexes.

The differences between the metallophthalocyanames metalloporphyrins can also be
understood in terms of their energy level diagraefsrred to as Gouterman’s four-orbital model
[97]. This model can also be used to understanatigins of theser-n* transitions which gives
rise to B and Q absorption bands. The Q band for M&nplexes occur from the electron
transition from the & orbital to the gorbital and the B band results from thg @r by, orbital to
the g orbital, Figure 1.14. Whereas the Q band for MP glexes are from the,@orbitals to the

gyorbital and the B band from the,do the gorbitals, Figure 1.14.
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Figure 1.14 Gouterman’s four model showing electron transgiand the origin of Q and B
bands for MPc and MP. LUMO = Lowest unoccupied roolar orbital and HOMO = highest

occupied molecular orbital.

The differences in UV-vis spectra of MPc and MP ptexres are due to the fact that for
MPc the @, lies above @ whereas for porphyrins,alie above @, and are close together as
shown in Figure 1.14, resulting in extensive camfggion interaction as a consequence the MP

spectrum shows the Q and B bands close togeth&dp5
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1.4 Fundamentals of electrochemistry
1.4.1 Electrochemical cell

Electrochemistry is the study of chemistry reactitmt takes place at the interface of an
electronic conductor and ionic conductor to prodetectric power, e.g. in galvanic cells, or
electrochemistry can also be defined as the usdectricity to affect the chemical reactions or
processes, called electrolytic process [29]. Tradpetion of electric power is a result of the
movement of electrons or ions from the solutionthe metallic/semiconductor electrodes
(oxidation process) and vice versa (reduction meceThe movement of electrons in an
electrochemical cell is controlled by mass transpoocesses and the mechanisms involved in
the mass transport processes are migration, caameanhd diffusion [29,65,66]. During the
electrochemical measurement, controlled conditievigch allow the participation of one
mechanism (diffusion) are chosen for the transportaof an electroactive species. Diffusion
mechanism is preferred to migration and convechiecause the mass transport process in this
mechanism is driven by chemical gradient [29]. Themical gradient monitors and restores the
homogeneity of the solution every time the conedmn of the molecules or ions (charge not
considered) is uneven in the solution. Migrationiclihis the movement of the ions under the
influence of an electric field and can be removgatiding large excess of supporting electrolyte
(e.g. NaCl) which dissociates to produce inert if2@]. Convection is the movement of the
whole solution and is not a factor in mass transpoocess for as long as the solution is
guiescent and the electrode is stationary [29].v€otion can be driven by stirring or flow of the

solution, or by the movement of the electrode.
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The electrochemical cell, typically three-electrode the most commonly used for
electrochemical experiments. Three-electrode e@elkémical cell (Figure 1.15) consists of: (i)

the working electrode (WE), (ii) the reference &lede (RE) and (iii) counter electrode (CE).

Computer-controlled
WE lTE CE Potentiostat
<t
| |
0O M
———
o (@]
Z O:Oo © o bo{—Electrolyte / Analyte
o O o OO o O O o
o O
0 00 0% o0 o 3

Figure 1.15 A diagrammatic representation of a conventiohede-electrode electrochemical

cell: WE (working electrode), RE (reference eled&pand CE (counter electrode).

The working electrode (WE) is where the electrocicahreaction of interest takes place
and it provides high signal-to-noise characteriatid reproducible response. The selection of the
WE depends on the redox behaviour of the targdiyteand the background current over the
potential region investigated [26,65]. The refeeeralectrode (RE) has a characteristic of
constant potential which is taken as a referencgtandard potential against other electrodes in
the cell. Reference electrodes with large surfaea are used in order to maintain the low
current densities and thus minimizing polarizatidthese electrodes [29]. The counter electrode
(CE) is included to complete the electrochemiceduwit and in modern potentiostat instruments

it is used to eliminate polarization of the refererlectrode [29,65,66]. CE serves as a source or
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sink for electrons so that the current can be phfsen the external circuit through the cell. The
potential different AE) in a potentiostat is maintained between the W& RE, and the current
(i) which is needed for affecting changes occuhatWE [29,66,99].

There are several reference electrodes used itrabemical experiments, for example
silver | silver chloride (Ag|AgCl) being the mosinemon. This consists of a silver wire anodized
with silver chloride in a glass tube. The wirenscontact with the saturated solution of KCI or
NaCl [100]. At the tip of the tube, a semi-permeadalt bridge protects the electrode from the
bulk solution. The commonly used counter electragies platinum wire and graphite rod, and
these materials are chosen due to the fact thgtatesinert conducting materials. The working
electrodes are commonly mercury, carbon and ‘imeetals such as platinum and gold.

The choice of the solvent together with the suppgrelectrolytes needs to be considered
for an electrochemical experiment. The choice efgsblvent is based upon the solubility of the
analyte and its properties such as electrical coindty, electrochemical and chemical inertness
[29]. Therefore in an electrochemical experiméiné, solvent should not react with the analyte
or its products and should not undergo electrocbainieaction (i.e. should not readily be
oxidized or reduced) in the potential range of rese Also purity of solvents for
electrochemistry is of practical importance. Sotgemost commonly used include water,
dimethylformamide (DMF), dimethylsulfoxide (DMSOgcetonitrile (ACN), dichloromethane
(DCM) and methanol (MeOH). Supporting electrolytesan electrochemical experiment play a
very important role as they (i) eliminate the elewstigration effect, (ii) decrease solution
resistance and (iii) maintain constant ionic sttendgn aqueous solution, the most commonly
used supporting electrolytes are alkali choridesates, sulfates, perchlorates and phosphates

(for pH buffer solution and pH control). Tetraalagimonium salts, e.g. tetrabutylammonium
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perchlorate (TBAP), tetrabutylammonium tetrafluarcdte (TBABFR) and tetraethylammonium

perchlorate (TEAP) are the electrolytes used imoigmedia. Supporting electrolytes are added
in excess and should not undergo electrochemieatiom at the potential range of interest. The
solutions are deaerated using inert gases bef@esldrtrochemical experiment to avoid the
interference of oxygen which can dissolve in wataénd the oxygen free atmosphere is

maintained throughout the experiment.

1.4.2 Cyclic voltammetry

Cyclic voltammetry is the most widely used elechramical technique for studying the
nature of electrochemical reactions in detail [BR,®uring the cyclic voltammetry experiment
the potential is scanned from the starting potégEg to the final potential (f and back to E
and the resulting current is measured. During teetmchemical measurement the solution is
kept stationary. The data obtained is represended eurrent-potential plot known as a cyclic

voltammogram shown in Figure 1.16.

Red —p» Ox + ne

<

Epa

scan direction

>

Current, Ip / yA —

Ox + ne =P Red

Potential, E/V (vs Ag|AgCl) —p

Figure 1.16 A typical cyclic voltammogram for a reversibleopess.
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In Figure 1.16, the forward scan represents thdatidn of reductant (Red) to it oxidized
(Ox) species, which on the backward scan is redu€hd electrochemical change in species
from the reductant (Red) to the oxidized species) (@sults in the loss of electrons and this
process is observed in cyclic voltammogram as &,peéerred to as an anodic peak. The reverse
scan, the oxidized species (Ox) undergo reductomstreduced (Red) species resulting in the
gain of electrons and a peak is observed in théccyoltammogram, referred to as cathodic
peak. The information obtained from the cyclic aatimogram includes the anodic,{Eand
cathodic (Bc) peak potentials and the anodigz(land cathodic ) peak currents. Cyclic
voltammetric processes may be reversible, irrelbbrsir quasi-reversible [66].

(i) Reversible process: occurs when an electroactive species in solusooxidized (or
reduced) in a forward scan and reduced (or oxidizethe backward scan. This type of system
is in equilibrium throughout the potential scar, the Nernst conditions hold where the electron
transfer is rapid enough to assume that the coratemts of Red and Ox are in equilibrium as

shown in equation 1.10:

Ox + ne —— Red (1.10)

~

Under these conditions, following parameters charae the reversibility of the reversible
process:
* The separation between the anodic and the catipe@ik potentialsAE, = Ea —
Eyo) is independent of scan rate and at 25°C is equ&ain59/n (V).
 The average of the two peak potentials gives théwsve potential (k)
equation 1.11:

— Epa + EPC

E,,= 111
ve = (111)
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(i) lrreversible process is the process where the reaction goes one-wagy,nthst
common is when only a single oxidation or reducpeak with a weak or no reverse peak [66] is
observed. Irreversible processes are a resulbwfaectron transfer or chemical reactions at the

surface of the working electrode. A large peak po& separation (>200 mV) also indicates an

The ratio of the anodic to cathodic peak current/ (k) is equal to 1 for a totally

reversible process for all scan rates.

The plot of peak current gl vs square root scan ratey increases linearly

indicative of a diffusion controlled process.

irreversible reaction, if there is a return peak.

(i) Quasi-reversible process exhibits behaviour which lies between the revéesdnd

irreversible processes. Differences between tHage tcyclic voltammetric processes are shown

in Table 1.1.

Table 1.1 A summary of parameters for the diagnosis of r&bée, irreversible and quasi-

reversible cyclic voltammetric processes.

Parameter Reversible Quasi-reversible Irreversible
Shift cathodically by
Ep Independent of Shift withv 0.036in V for a 10-fold
Increase in
May approach 60/n mV at
, _ No return peak or
Epa— B | ~0.059/nV at25°C | low v but increases as
) >200 mV
increases
Equals 1 and . Usually no current on
lpa/ lpc ' Equals 1 only it = 0.5
independent ob the reverse scan
Ip / vV*? Constant Constant Constant

Note:a = transfer coefficienty = scan rate (V4, V = Volts.
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1.4.3 Square wave voltammetry
Square wave voltammetry (SWV) is an electrochemieghnique which relies on

excitation function that combines the features t#rge amplitude square wave modulation with
a simple staircase waveform [29,66] as in Figufe’ 1During the each square wave cycle, the
current is sampled twice, once at the end of tmevdad pulse ¢) and once at the end of the
reverse pulse Ji The differences in current @ i;) is displayed as a function of potential which
results in a peak-shaped voltammograms shown ur&if).18. The advantages of measuring the
difference in current results in (a) an increasthandiscrimination against the charging current,
since any residual charging current is subtractedl ®) the shape of the current response is
symmetrical about the half-wave potentials;/{E of the oxidation and reduction of the
electroactive species at the electrode surfacel(29, Further advantages of the square wave

voltammetry are optimum peak separation, excefiensitivity and very low detection limits.

Figure 1.17:A typical excitation function for square wave vottaetry.

Figure 1.18 shows the square wave voltammograna, gfl differences in measured

current (j — ir) as a function of base staircase potential. Tleeied peak-shaped potentials are
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symmetrical about the half-wave potentials of tixéation and reduction of the electroactive
species at an electrode surface. The peak curseptoportional to the concentration of the

electroactive species in solution.

|/ pA

-1400 -1000 -600 -200 200 600 1000 1400
Potential, E / mV (vs Ag|AgCl)

Figure 1.18 A typical square wave voltammogram.

1.4.4 Spectroelectrochemistry

Spectroelectrochemistry is the technique that capsielectrochemical measurements
while monitoring spectral changes. This phenomenas made possible from the development
of optically transparent electrodes (OTEs) whiclovas monitoring of spectral changes as a
result of electrochemical perturbations [74,88,10Phe thin layer electrochemical cell that
incorporates these electrodes (OTES) is calledalptitransparent thin layer electrode (OTTLE)
cell. This technique is useful in studying the teac mechanism and characterization of
products resulting from the oxidation or reductafrthe redox active species in the OTTLE cell

[103]. UV-vis spectrum is used to monitor thesedmais (or electro-generated species) in the
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OTTLE cell. Spectroelectrochemical characterizat@fnMPc complexes is based on either

oxidation or reduction mechanisms which resultsh@ Q band shift or decrease in intensity
[104,105]. If the spectral changes result in therelzse in Q band intensity, the ring-based
process is taking place and if the Q band wavekeshifts without decrease in intensity a metal-
based redox process is implied. Spectroelectrodanechnique can also be used to monitor
the number of electrons transferred, during theoxeprocess using the Faraday's Law [29],

given by the equation 1.12:

n=Q/FVC (1.12)

where n is the number of electrons, Q is the amofioharge passed (Coulombs), F is Faraday’s
constant, V is the volume of the OTTLE cell andsCthe concentration of the solution in the

OTTLE cell.

1.5 Electrochemistry of MPc
1.5.1 Electrochemical properties of MPc

Electrochemistry of MPc complexes occurs at theriRg or at the central metal ion,
provided the metal ion is electroactive and itstatb lie between the HOMO and LUMO energy
gap of the Pc ring [95,106]. The most commonly usledtroactive metal ions for MPcs are Co,
Fe and Mn. The potentials at which these redoxti@ac occur can be influenced by the nature
of the substituents on the Pc ring, oxidation stéitdthe central metal ion and if present the axial
ligand and the solvent used [96].

MPc exists as dianion (MPgin their neutral form [107]. The oxidation prosashich is
the successive removal of two electrons from theMi(ay,) of the neutral MPE results in the

formation of the MP¢ and MP@ species. Reduction process is the successiveiaudit four
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electrons to the LUMO (@ of an MP& results in the formation of MP¢ MP¢*, MPc¢® and
MPc® species [107,108]. The removal or addition of &tets from or to the ring is
characterized by decrease in Q band intensity, ddomn of weak bands in the red and the visible
region (700 — 850 nm) and increase in intensitgQfl nm region. The changes observed in the
spectra during oxidation or reduction of a neutv?c? complex can be represented by the

energy level diagrams shown in Figure 1.19.

b1u
: T
g JA\ A A
Q B Q B Q B
X
a,, A XX | xx
a XX XX XX
2u
XX XX XX XX XX XX
€
Ring-oxidized Neutral Ring-reduced
(MPc-Y) (MPc -?) (MPc-3)

Figure 1.19 Energy level diagrams of neutral, one-electromg nieduced and one-electron ring

oxidized MPc complexes. ‘X’ represents an electron.

This work presents electrochemical characterizabbrMPc complexes using cyclic
voltammetry, square wave voltammetry and spectctrelehemistry which assists in identifying

and assigning redox reaction.

1.5.2 Electrocatalytic properties of MPc
MPcs have established themselves as excellentra@tatalysts, especially MPcs that
contain transition metals such as Co, Fe and MB5[80,108-112]. By definition the term

“electrocatalyst” is a metal-rich catalyst usedotomote the efficiency of a half-reaction of an
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electrochemical reaction. This promotion of elecir@mical reaction can be accomplished in one
of the three ways: (i) lowering of applied potelstitéo accessible values, (ii) increase in peak
current densities and (iii) increase in slope angroved peak shapes. For example, the detection
of cysteine at conventional or unmodified electrdgield) takes place at high anodic potentials;
hence the introduction of an electrocatalyst (M&dp gold surface which reduces the potential
at which these analytes can be detected [23,24MBc complexes have donor-acceptor
functionality which increases their catalytic aittes making them excellent electrocatalysts.
The catalytic activity of MPc complexes is mediated redox process centered at the central
metal or at the ring system [108-112]. The electtalytic activity of MPc has been related to
redox potentials of the central metal [111,113]géneral mechanism of the metal oxidation-
mediated catalytic oxidation of species or analyfgsal) to its oxidized products [12,111,113-
115] is given by equations 1.13 — 1.14:

M!'Pc2 > MlPc2 + e (1.13)

M"Pc2 + Anal —> MPc? + Products (1.14)

In general, SAM modified gold electrodes have beg&tensively used for analytical
prospects, such as heterogeneous electron trgad&}. Most analytical applications that have
been explored are based on the use of SAMs forfahacation of biosensors [41-44] and
chemical sensors [50-52]. MPc SAM modified electmdespecially MPc complexes which
contain Co, Fe and Mn as central metals, have lmeastigated as electrocatalysts for the
detection and analysis of environmental, biomedaral industrial important molecules [55,57-
60,117-123]. This work has investigated the covadtachment of MPc complexes in Figure
1.20 onto preformed SAM on gold electrode (descrifee the first time in this work and details

will be presented in the results and discussiorf)e Ppotential applications of MPc SAM
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modified gold electrodes have been investigateglexdtrochemical sensors for the detection and
analysis of L-cysteine, hydrogen peroxide and #ieitation of glucose oxidase based biosensor

for the detection of glucose.

1.5.3 Aims
0] Synthesis and characterization (using electrochteyraésmd spectroscopic techniques)
of the transition metal tetra-carboxylic acid cider phthalocyanine complexes with
Co, Fe and Mn as central metal (Figure 1.20).
(i) Investigate the electrochemical properties of thdBe SAM modified complexes as

potential electrocatalysts for molecules of envinemtal, biomedical and industrial

importance.
COCI
N= Z—N
NT
— :
CloC N—N—N COocCl
= :
N |
N=<" —N
COcCl
M = Co (11), Fe (12) and Mn (13)

Figure 1.2Q Structure of tetra carboxylic acid chloride siutbstd metallophthalocyanine

(MTCACIPc) complexes studied in this thesis.
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1.6  Overview of properties of L-cysteine, hydrogen pemside and glucose
1.6.1 L-Cysteine

Cysteine {(R)-2-amino-3-mercaptoproprionic acidjaighiol (sulfur-containingy-amino
which is commonly found in natural proteins. Cyséeiplays an important role in biological
systems as it acts as a key extra-cellular reduagent, it also acts as a crucial substrate for
protein synthesis and a rate-limiting precursor @tutathione and taurine synthesis [124].
Cysteine is of paramount importance to chemistgH#mists and healthcare practitioners as is
available in body fluids at controlled concentraio High amounts of cysteine have been
implicated in pathological conditions, such as Alirher's and Parkinson’s diseases [125,126]
and also epileptic seizures [127]. Low levels ofteine in body fluids may be linked to
increased risks of cervical dysplasia [128]. Funtiere cysteine has been used industrially for
light oil-sweetening purposes [129]. Detection anohnitoring the levels of cysteine in patients
during early clinical diagnosis is important asvitl provide the clinician with data from which
effectiveness or response of the patient to sulesgdreatments is of importance.

Electrooxidation of cysteine at bare electrodesuoet high anodic potentials [130] and
this is due to slow electron transfer thus limititihge use of these electrodes for analysis of
cysteine. The use of MPc SAM modified gold eleca®dhave been shown to lower oxidation
potential and substantially improve electrocatalgctivity of the bare gold electrode towards
the detection of cysteine [55,57,58,60] by imprgvihe rate of electron transfer. MPc SAM gold
electrodes were found to be better [55,57,58,6@ctedcatalysts, compared to the cobalt
phthalocyanine on glassy carbon electrode (GCE3}][1Lable 1.2. The current work aims at
testing the new easier method to construct eleesrddr the detection of cysteine and compare

their effectiveness with the reported complexes.
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Table 1.2 Comparative peak potentials and Ilimit of detettigboD) for cysteine

electrooxidation using selected MPc complexes.

MPc Ii/llzct;(terr(i)gle " EAPg/| Xg oy | LoD (x107M) Ref.
CoPc C-Cement 0.67 1.0 [122]
CoOBTPc SAM-Au 0.42 3.1 [55]
CoOHETPc | SAM-Au 0.50 5.2 [24]
FeOBTPc SAM-Au 0.33 3.0 [23]
FeOHETPc | SAM-Au 0.38 5.2 [24]
CoPc SAM-Au 020 | - [60]
FePc SAM-Au 018 | 0 - [60]
MnPc SAM-Au 020 | - [60]

Abbreviations:. CoOBTPc (cobalt octabutylthiophthalocyanine), Cd&Rc (cobalt
octahydroxyethylthiophthalocyanine), FeOBTPc (iomtabutylthiophthalocyanine), FeEOHETPc
(iron octahydroxyethylthiophthalocyanine).
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1.6.2 Hydrogen peroxide (H:O2) and glucose

Hydrogen peroxide (¥D,) monitoring and detection is of importance in beucal,
environmental and industrial samples [125,131-18b]clinical and biomedical field, #D, is
studied as it is a by-product of many enzyme-basadtions [136,137] and the analysis o0kl
is mostly studied in neutral or physiological cdradis. Environmental and industrial methods
for the detection of kD, have been done in alkaline media. Several methads been used for
the determination of D, and these methods include spectrometry [138], shtography
[120,139], chemilumiscence [140,141], titrimetry], electrochemistry [135,137,143-152] and
spectroscopy [153]. Electrochemically based methads preferred to others due to their
simplicity, low detection limits, fast response ¢éirand relatively low costs. Similar to cysteine
detection, HO, determination at bare electrodes occurs at higitliampotentials and bulk gold
electrode is a poor electrode for the detectiorHgD,. Therefore modified electrodes with
electrocatalysts are useful in lowering the potdstior the detection of #D,, as shown in Table

1.3, to easily accessible values.
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Table 1.3 Comparative peak potential (both oxidation anducgion), limit of detection (LoD)

or hydrogen peroxide electrooxidation and electiootion using different modified electrodes.

- Electrode E, / V (vs Ag|AgCl) .
Modifier Material Oxidation | Reduction Medium | LoD /M | Ref.
Au-HRP [143]
HRP Au-HRP —— | -0.050 pH6.0 | 1.0x 10° | [144]
Au-HRP 1.0 x 10° | [145]
GEB-HRP -0.30
HRP GEB-Pt-HRP -0.40 pH 7.0 [146]
Cmt-nMnG, CPE- Cmt-nMnQ@ | 0.30 —— |pH7.4 | 2.0x10 | [147]
SPCE-CoPc 0.63 -0.35
MPc SPCE-FePc 0.16 — |pH92 | | [148]
SPCE-MnPc 0.46 0.35
0.5 M 7
CoTRP GCE-poly-CoTRP| 0.30 — |NaoH | 2:0x10"|[149]
Cu Cu — |-0.25 pH6.7 | 1.2x 10| [150]
GCE- 0.45 pH7.0 | 80x1b
CoPc(CoTPR, 151
( Y | CoPc(CoTPR) 0.55 pH10 | 2.0x 16 154
HRP :IF?F',APTMS'CA“' 0.25 pH7.0| 8.0xfq [152]
HRP Au-CNE-cAu-HRP -0.30 pH7.0 5.8xX10[154]
GCE-
0.65 -0.65 pH7.4 | 50x10
McNoTpp  |FECNOTPP(C) [155]
GCE-CoCNOTPP
Fe Au-MPS-Fe 0.40 0.10 pH 7.0 6.4 x®10[156]

Abbreviations. HRP (horseradish peroxidase), GEB (graphite-efmagomposite), Cmt-nMn
(cryptomelane-type nanostructured manganese ox{dEE (carbon paste electrode), SPCE
(screen-printed carbon electrode), CoTRP (m-{53@0-tetra[4-pyridyl]porphyrinato cobalt
tetrakis-{chloro-bis-[2,2’-bipyridine}ruthenium (J}), CoPc(CoTPP) (cobalt phthalocyanine
tetra{5-phenoxy-10,15,20-triphenylporphyrin})]TO (indium tin oxide conductive glass support),
APTMS ({3-aminopropyl}trimethoxysilane), cAu (colidal
MCNOTPP (metal {Fe,Co}5-[4-(3,4-dicyanophenoxy) pk#,10,15,20-triphenylporphyrin),
MPS ({3-mercaptopropyl}-trimethoxysilane).

gold), CNE (cysteamine),
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Glucose detection and analysis is of importanceamy biomedical applications and in
medical practices due to its usefulness in diagnosidiabetes [157]. Glucose detection and
monitoring is mostly done at glucose oxidase (G@xgyme based biosensor. Enzyme
electrodes (particularly glucose oxidase based)varg important as they are selective and
highly specific towards the analyte of interestu@gise). Glucose oxidase enzyme based

biosensors have been extensively studied due tohigh stability and practicality.

The mechanism of action of glucose oxidase (GOsgtanzyme biosensor is based on
monitoring either the consumption of oxygen or gneduction of hydrogen peroxide with the
latter being more convenient. However as statedrbefthe amperometric determination of
hydrogen peroxide occurs at high anodic potentral ¢his has lead to the introduction of
mediators [117-123,158-173] which reduce the paétd more favorable potentials. Mediators
are used to facilitate electron transfer betweenrédox centre of the enzyme and the electrode

surface, the mechanism is shown in Scheme 1.3.
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Gluconolactone 3-D-Glucose A
Bulk solution
GOx-(reduced) GOx-(oxidized)
O, Enzyme layer
~=

Med (reduced) Med (oxidized) Mediator (Med)
on gold surface
. S
e

Scheme 1.3Schematic representation of enzyme reaction antklectron-mediator (Med).

From the Scheme 1.3, the enzyme (due to its spiég)foxidizesp-D-glucose leading to
the generation of electroactive,®, which diffuses to the mediator (Med) layer on djol
electrode and get oxidized. MPcs, particularly ¢topathalocyanines have been found to be
biocompatible with glucose oxidase enzyme [117-12@§ have been used as mediators in
glucose detection. Table 1.4 shows the compardtimetic data for glucose oxidase based
biosensor with different mediators including di#fat cobalt phthalocyanine derivatives. In this
work, glucose oxidase enzyme has been covalentiyoibilized onto MPc SAM modified gold
electrode and this enhances the stability of theatvilized enzyme onto gold electrode. The

enzyme modified gold electrode has been used tty $he detection and analysis of glucose.
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Table 1.4 Comparative kinetic data, linear concentratiamge(LCR), limit of detection (LoD), Michaelis-Meat constantK "),

response time, sensitivity and maximum currgrg)i for the different electrode modifiers as medigtat electrodes surfaces for
glucose oxidase (GOx)-based enzyme sensors.

Modifier Method LCR/mM |LoD K2 /mM Erizpé?se Sensitivity imax Ref.

CoPc GEM-CoPc-GOX 0-5 — — 10 — — [117]
CPM-

(OEtyCoPc | (OEtkCoPc-GOx| =% 3uM <9 [118]
CPM-CoPc-GOx | < 4 3 UM <5

CoPc SPCE-CoPc-GOx 19.4 — — 57 — — [119]
GCE-CoTAPC-

CoTAPC o Nar 0.001-5 |0.5uM [120]
PGE-nano-CoPc- 7.7 mA mMm*

Nano-CoPc GOx 0.02-18 5uM 12.4 mM 5 o2 [121]

CoPc SPCE-CoPc-GOx 0.2-5 0.2mM|—— — 1.12uAmM?t | —— [122]
GCE-

CoPc(CoTPR) | CoPc(CoTPR) | <11 10uM 1491 mM | 5 2420 NAmMM | 0.428pA [123]
GOx

OsPVP é‘g)'\("PS'OSPVP' 01-10 |50uM 8.5 mM 10 — — [158]
Au-PySSPy- . . .

FCA A ROk 1-20 20 mM 20 [161]

Poly-PPD gt('ﬁ(o'y'PPD' 05-30 |—— |394mM |2 — 607.5uA cm? | [162]

] Au-MPA-poly- 0.41 mA cn¥ P

Poly-BQ BQ-GOX 0-23 MM 15 mA cm [163]
SPCE-Os-

Os-complex complex-GOx 0.1-10 0.03 mM [164]
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Au CPE-Au-GOx 0.04-0.28 0.01 mM|—— R 8.4 mA mm* R [165]

OsPVI Au-OsPVI-GOx | 0-30 0.03mM| 1655mM <5 0.34pA mMm* 0.203 mA cnf | [157]
ZBPB'POAP' <5 0.01mM | 14.4mM <5 44 mA Mcmi? | 0.72 mA cnf

POAP X [156]
Pt-POAP-GOx |<5 0.02mM | 22.8 mM <5 47 mA Mcm? | 0.14 mA cnf

CNT GE-CNT-Pt- P > | [166]
GOx.Naf 0.1-135 |—— 10.11mM | 5 91 mA M cm? | 1.176pA cm

PMPD Pt-PMPD-GOx | 05-10 |—— 15.33mM | 3 R 231.4mAcnf |[167]
CFE-MV-GOx |<1.2 20 M 4.6 mM 30 2.36 JA/mM —

MV [159]
EZI,_E'MV'GOX' <167 32uM 3.16 mM —

T =

é‘gC”'POAP' <6 001mM | 17.8mM | 5 12.6 MAM e | ) 15 mA onf?

Cu X [168]
Au-PAOP-GOx |<10 0.02mM | 22.8 mM 5 4.7 mAMcm? | 0.15 mA cnt
GCE- y

. Ru(b ic- <2 5.7mM 51 nAm )
M(byp)apic Go(x-yl\%f 29 [155]
M = Ru, Os
: GCE-

Os(byp)pic- <10 16.11 mM 18 nA MV 0.298pA
GOx-Naf
Au-MPS-nAu-

Co(byp)¥ GOx-Co(byp)3* | —— 0.1 nM — — — [160]
Au-DT-nAu- 8.8 mA mM*

Nano-Au CNE-GOX 0.02-5.7 |82uM 4.3 mM 8 on2 [169]
Au-POAP-GOx | <10 0.02mM | 22.8mM 3 4.7 mAMcm? | 0.15 mA cnf

CNT S [170]
é”O')F:OAP'CNT' <5 001mM | 18.8mM | 3 1L4mAMTCM | 554 mA en?
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1.7

Summary of thesis aims

Overall aims of this thesis are as follows:

(i)

(ii)

(iii)

(iv)

(v)

Gold surface will be used for monolayer formatiance thiols chemisorbs as
thiolates on gold surface. Gold surface has beeserhdue to the fact that it is an
inert material, i.e. does not form stable oxideambient conditions.

MPc self-assembled monolayers will be studied asfilms on gold surfaces
Synthesis and characterization of metal tetra cadimacid chloride phthalocyanine
[MTCACIPc (11-13] (Figure 1.20).

To covalent immobilize metallophthalocyanine as $AMN gold electrode and
characterize them using different techniques sush(ifacyclic voltammetry, (ii)
electrochemical impedance spectroscopy, (iii) Ransgectroscopy, (iv) X-ray
photoelectron spectroscopy and (v) quartz crystetohalance.

To investigate the electrocatalytic properties ®#dv6AM modified electrodes for the
detection of L-cysteine, ¥D, and fabrication of glucose oxidase modified MPdVBA

modified gold electrode for the detection of gluzos
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2.1 Materials
Glucose oxidase (GOx, EC 1.1.3.4, frohspergillus niger, Type VII), N-ethyl-N(3-

dimethylaminopropyl) carbodiimide hydrochloride (ER N-hydroxy succinimide (NHS), 2-
mercaptoethanol (2-ME), thionyl chloride, dimetloythamide (DMF), urea, trimellitic
anhydride (TMA), ferricyanide (#e(CN)), ferrocyaninde (KFe(CN)), sulfuric acid, sodium
chloride, potassium chloride, nitrobenzene, 30% a8% hydrogen peroxide and glucose for
laboratory use were purchased from Sigma Aldriclhhsdute ethanol (EtOH), potassium
hydroxide pellets, potassium dihydrogen phosph#td.PO,), sodium hydrogen phosphate
(NaHPQ,), ammonium molybdate, manganese (Il) chloride aobalt (lI) chloride were
purchased from SAARCHEM and used as received. (thnchloride tetrahydrate and L-
cysteine were purchased from Merck. Clinical glecgowder (Alpha®, South Africa) was
bought from a local pharmacy shop. All other reag@vere of analytical grade. DMF was stored

over alumina, distilled and stored dry over molacsieves before use.

All aqueous solutions were prepared using doubsfilliid water or ultra pure water
obtained from a Milli-Q Water System (Millipore Gor Bedford, MA, USA). Buffer tablets
purchased from SAARCHEM were used to prepare thlitebsolutions of pH 4.0 and pH 7.0.
Tetraethylammonium perchlorate (TEAP), employed aas electrolyte in electrochemical
characterization of MPc complexes, was recrysedlirom ethanol before use. Electroanalysis
of L-cysteine was performed in freshly preparedfduf(pH 4.0) solution, whereas the
electroanalysis of D, and glucose were performed in freshly preparedphate buffer saline

solution (PBS) pH 7.0 or pH 7.4. Phosphate-buffesellition (0.01 M, pH 7.4) was prepared
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following the reported method [174] using approf@iamounts of N#PO,, KH,PO, and

chloride salts, dissolved in ultra-pure (Milli-Qyaver.

2.2 Equipment

Spectroelectrochemical data were recorded usingoitally transparent thin-layer
electrochemical (OTTLE) cell, connected to a BioAtiaal System (BAS) CV 27
voltammograph. Cyclic and square wave voltammeteyenperformed on either BioAnalytical
System (BAS) B/W 100 Electrochemical WorkstatiolARSTAT 2273 potentiostat from
AMETEK (controlled by the Powersuite software, ron a DELL Pentium computer) or
AUTOLAB PGSTAT potentiostat/galvanostat (connedieé computer and controlled by GPES
software). The work was done in different labor&®r(South Africa and Belgium), hence
different potentiostats. A conventional three-eled¢ system was used, with the working
electrode either a bare or modified gold (0.8 muaiug) or glassy carbon electrode (3.00 mm
diameter). The platinum wire was used as a cowetrode. The reference electrode was either
the silver-silver chloride (Ag|AgCl) pseudo-refecenor silver-silver chloride in 3.0 mollL
solution of sodium chloride (Ag|AgCl, 3.0 mof-INaCl). Ag|AgCl pseudo-reference electrode is
related to Ag|AgCl (3.0 mol:t NaCl) by 0.015 V. UV-vis spectra were recordedaoNarian
500 UV-vis/INIR spectrophotometer. Infrared (IR) cppa (KBr pellets) were recorded on a
Perkin-Elmer spectrum 2000 Fourier Transform Irdda(FTIR) spectrophotometer. A WTW pH

meter was used for pH measurements.

Electrochemical impedance spectroscopy (EIS) ewparis were performed on an

AUTOLAB PGSTAT30 potentiostat/galvanostat, condllby FRA software which was used
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for the acquisition and analysis of the impedana®.dEIS experiments were recorded in the
frequency range between 10 kHz to 100 mHz at adbputential of 150 mV (. of Fe(CN)*

" redox couple on bare gold electrode) and withraplidude 5 mV rms sinusoidal modulation.

X-ray photoelectron spectroscopy (XPS) measurem@ate performed with a Perkin-
Elmer Phi ESCA 5500 system equipped with a monaohted 450 W Al & source. The base
pressure of the ESCA system was below 1 % B8. XPS experiments were recorded with 220
W power source and an angular acceptance anglé&® ol ke analyzer axis made an angle df 45
with the specimen surface. The elemental analysisraetal core levels were recorded with a
step of 0.125 eV and pass energy of 117.4 eV. X&8& analysis was performed with the XPS
Peak 4.1 program while a Shirley function was usedsubtract the background. XPS

measurements were performed on modified gold sesfac

Raman experimental measurements were performed dRerashaw system-1000
spectrometer (Renishaw, Wotton Under Edge, UK)ctibeles for Raman measurements were
mounted on the microscope table and the laser (@ nm, 5 mW at the sample) was focused
directly on the electrode surface by using an Olysnp0 x objective, obtaining a spot size of
approximately 2um diameter. The black scattered radiation was ct@teby the same objective
lens and the Rayleigh line was suppressed by dtidteer. The light was dispersed over a 1200
lines/mm diffraction grating and was collected agitiér cooled charged couple device (CCD)
detector. Raman spectra were recorded in the Stuleesh of the spectrum, within the range
200-1800 crit. The Raman spectra were performed for modified galrfaces and powder

samples.
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Quartz crystal microbalance experiments were odmEmbrusing the Quartz Crystal
Microbalance with Dissipation (QCM-D) equipment ghased from Q-Sense (Sweden).
Crystals used were AT-cut quartz crystals, QSX-30tfaced with gold. These were mounted in
titanium QCM-D flow chambers, which were in turnused in a Q-Sense E4 QCM-D sensor
system. All of the above were sourced directly fr@abense®, Sweden. Flow was regulated by
an Ismatec® peristaltic pump. The sensor surfacged @l QCM-D measurements were

performed at room temperature (ZD).

2.3 Synthesis

The synthesis of the metallo-tetra carboxylic adibride phthalocyanine {MTCACIPc
(11-13, Figure 1.20} was achieved following the reportedthod by Shirai and colleagues [87].
This method first involves the synthesis of theatietcarboxylic acid phthalocyanine derivative
(MTCAPCc), followed by the conversion of the carbbixycid groups to acid chloride groups as

shown in Scheme 3.1.

2.3.1 Synthesis of metallo-tetra carboxylic acidlghalocyanine (MTCAPC) [87]

The mixture of trimellitic anhydridel@, 10g, 0.05 mol), urea (30g, 0.5 mol), ammonium
molybdate (1g, 0.8 mmol) and the required metal @06 mol): {i.e. cobalt (I) chloride for
cobalt tetra carboxylic acid phthalocyanine (CoTCAE5), iron (Il) chloride tetrahydrate for
iron tetra carboxylic acid phthalocyanine (FETCAR®6) and manganese (Il) chloride for
manganese tetra carboxylic acid phthalocyanine (@#Hc,17)} were finely ground and added
to nitrobenzene (150 ml). The mixture was refluxed 3 hours at 458 K. A dark-blue solid

resulted which was filtered off and washed with ma@bl under Soxhlet extraction overnight
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until the smell of nitrobenzene could no longerdetected. Potassium hydroxide (10%, enough
to dissolve the resulting solid) was added to & snixture and refluxed for 5 hours, allowed
to cool to room temperature and the insoluble intigsr separated by centrifugation. The
resulting fluid was acidified with concentrated hychloric acid to precipitate the carboxylic
acid phthalocyanineslb-17), which was filtered, washed three times with wated dried in

oven at 373K.

CoTCAPc (5): Yield (37%), IR (KBr, cril): 3439 (OH), 3239, 3180, 3077, 1701 (C=0), 1649,
1639, 1605, 1531, 1483, 1402, 1325, 1159, 1098, 888, 665. UV-vis (DMF) fmax (NM)}:

672, 603, 337.

FeTCAPC 16): Yield (33%), IR (KBr, crif): 3422 (OH), 3146, 1710 (C=0), 1660, 1554, 1406,
1314, 1289, 1237, 1152, 1123, 1070, 901, 774, BBA, 604, 481. UV-vis (DMF) Knax

(nm)}:674, 611, 438, 328.

MNTCAPC (L7): Yield (42%), IR (KBr, crit): 3450 (OH), 3239, 3173, 3078, 1701 (C=0), 1653,

1635, 1605, 1531, 1484, 1399, 1159, 1093, 854, G&&., UV-vis (DMF) funax(NM)}:726, 503.

2.3.2 Synthesis of metallo-tetra carboxylic acid d¢bride phthalocyanine (MTCACIPCc)

The synthesis of the metallo-tetra carboxy acisditié phthalocyanine complexekl¢
13) was achieved from their metallo-tetra carboxgid phthalocyanine (MTCAPCc) derivatives
(15-17. The metallo-carboxylic acid phthalocyanine dative (1.3 mmol) was refluxed for 10
hours with thionyl chloride (10 ml, 0.01 mol) iretipresence of a few drops of pyridine in 10 mi

dry benzene. The liquid was removed from the sgileen product by centrifugation upon which
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it was washed with dry benzene. The solid produag then dried at 7% in vacuo to yield the

metallo-tetra carboxy acid chloride phthalocyan(idd CACIPc) complexesl(1-13.

CoTCACIPc (1): Yield (52%). IR (KBr, cni): 3213, 3154, 3102, 1752 (C=0), 1655, 1634,
1603, 1526, 1479, 1327, 1188, 1095, 1050 (C-CB, 889, 677. UV-vis (DMF) fmax(nm), log

£)}: 678 (4.55), 608 (1.10), 342 (1.37).

FeTCACIPc (2): Yield (55%). IR (KBr, cri): 3223, 3167, 3104, 3074, 1755 (C=0), 1655,
1633, 1606, 1533, 1484, 1329, 1198, 1167, 10937 1G2Cl), 873, 736, 668. UV-vis (DMF)

{Mmax(NM), loge)}: 676 (5.37), 607 (4.87), 443 (4.80), 335 (5.28).

MnTCACIPc (3): Yield (57%). IR (KBr, crif): 3102, 1773 (C=0), 1719, 1657, 1635, 1525,
1484, 1406, 1258, 1160, 1071, 905 (C-Cl), 733, GB7-vis (DMF) {Amax ("M), loge)}: 713

(4.94), 685 (4.58), 648 (4.18), 495 (3.18), 3484).
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24 Electrochemical characterization MTCACIPc (11-B)

Cyclic voltammogram and square wave voltammogram tfe characterization of
MnTCACIPc (L1-13 complex was recorded using BioAnalytical SysteBA$%) B/W 100
Electrochemical Workstation. A conventional thréectrode setup was used, whereby a glassy
carbon electrode (GCE) (3.00 mm diameter) was @sed working electrode, platinum wire
counter electrode and silver-silver chloride (AgPAgpseudo-reference electrode. Tetraethyl-
ammonium perchlorate (TEAP) was used as a suppoeiectrolyte. The GCE was polished
with alumina on a Beuhler-felt pad followed by wiaghthoroughly with deionized water and
rinsed with dry DMF before transferring into an afechemical cell. All electrochemical
experiments were performed under nitrogen atmospherambient temperature in a freshly
distilled dry DMF solution containing TEAP (0.10 g"). Spectroelectrochemical experiments
used for the characterization of MNnTCACIPt3) were performed using an OTTLE cell
connected to a BAS CV 27 voltammograph. Spectiahges arising during electrolysis were

monitored using Varian 500 UV-vis-NIR spectrophoéter.

2.5 Electrode modification

Surface modification and electrochemical charaza¢ion was followed by either a Bio-
Analytical System (BAS) 100 B/W Electrochemical Wstation, PARSTAT 2273 potentiostat
from AMETEK (controlled by Powersuite software rumg on a DELL Pentium computer) or
AUTOLAB PGSTAT potentiostat/galvanostat (controlled GPES and FRA software running
on a computer). A conventional three-electrodeéesygonsisting of a bare or modified gold (r =

0.8 mm, BAS) electrode used as a working electrédeAg|AgCl pseudo-reference or Ag|AgCl
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(3.0 mol.L* NaCl) used as a reference electrode and platinirmused as a counter electrode.

The gold electrode was modified using self-assemidthod leading to the formation of SAMs.

2.5.1 Fabrication of MPc SAMs on gold electrode

The modification requires the use of a clean galdase which can be achieved by
following the established procedures [28,30,45,1Miefly, the gold electrode was first
polished using an aqueous slurries of alumina (gt on a SiC-emery paper (type 2400 grit),
and then to a mirror finish on a Buehler felt pae electrode was then placed in ethanol and
subjected to ultrasonic vibration to remove residlamina particles that might be trapped at the
surface. After this mechanical treatment, the gdédtrode was chemically treated by etching for
about two minutes in a “Piranha” solution {3:1 (¥/80% hydrogen peroxide {B@,) and
concentrated sulphuric acid {60,)} and then rinsed with copious amounts of doulbtiled
water or ultra-pure Milli-Q water followed by ethaln The chemical treatment with “Piranha”
solution serves to remove the organic contaminantgold electrode surface. The cleanliness of
bare gold electrode surface was finally establigheglacing the electrode in 0.5 mof-H,SO,
and scanning the potential between -0.5 and 1.0v&fsgs Ag|AgCl pseudo-reference or

Ag|AgCl in 3.0 mol.L* NaCl) at a scan rate of 50 mV.antil reproducible scans were obtained.

Following this pre-treatment, the gold electrodeswaodified following the method
shown in Scheme 4.1. The gold electrode is pre-fieodiwith a simple thiol (2-
mercaptoethanol) which exposes the hydroxyl grdupesurface of the SAM (Au-ME SAM).

This is followed by the attachment of metal tetamboxylic acid chloride phthalocyanine
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(MTCACIPc) complexes (M= Co, Fe and Mn). Detailedbdification procedure of gold

electrode in Chapter 4, Section 4.2.1.

2.5.2 Fabrication of glucose oxidase (GOx) enzyme modifiegold electrode

The immobilization of the enzyme electrode was eatdl from the acid activated cobalt
phthalocyanine SAM (Au-ME-CoTCAPc SAM) as shown Stheme 4.3. Briefly, the acid
groups from the cobalt tetra-carboxy acid phthadoaye modified gold electrode (Au-ME-
CoTCAPc SAM) were first activated using couplingeaty (EDC and NHS) such that they are
susceptible to attack by an amino groups from theyme [41-44,176]. In this work the
immobilization protocol of GOx enzyme shown in Stlee4.3 was followed. The Au-ME-
CoTCAPc SAM electrode was rinsed with pH 7.4 PBlitszn and immediately immersed in
the solution containing 2 mM EDC and 5 mM NHS [#4,4/6] for 3 hours. This step
(activation) as shown in Scheme 4.3 (step 1), converts thesepcarboxylic acid groups into
reactive intermediates which are susceptible &xhktby amino groups. The EDC/NHS activated
Au-ME-CoTCAPc SAM electrode was then briefly rinsed pH 7.4 PBS solution and
immediately immersed in the pH 7.4 PBS solutiontaiming 150 mg.mt of GOx (enzyme
immobilization) for 3 hours at %C (as shown in Scheme 4.3, step 2) to afford covale
attachment of the enzyme onto Au-ME-CoTCAPc SAM(esented as Au-ME-CoTCAPc-GOx
SAM). QCM-D measurements for the immobilization@Dx enzyme was achieved using Au-
coated sensor crystals (Q-Sense AB) which was etedallowing the reported method by
Limson et al [177]. Briefly, all crystals used weckaned by exposure to ozone-producing
ultraviolet light (UV-0O) for 5 minutes. Following WO treatment, the crystals were immersed

in a solution of NH: H,O,: H,O in a ratio of 1: 1: 5, heated at 75 °C for 5 n@su The crystals
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were then rinsed thoroughly with water, dried undignogen gas and then exposed to UV-O for
a further 5 minutes prior to use. QCM-D analysigkiplace under the following parameters:
20 °C temperature and a flow rate ofi2% minute. The poor compatibility of the QCM-D ¥lo
chamber components with organic solvent made ificdlf to assess layer-by-layer
immobilization of the organic-phase components,d-enercaptoethanol and CoTCACIPc. Then
the enzyme layer was the only layer monitored us§¥M-D and this was due to the fact that

the enzyme immobilization was achieved in aqueadfebsolution.
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Part of the research work presented in chapteegtliour and five have been published and are

not referenced further in this thesis:

1. Self-assembled monolayers (SAMs) of cobalt tetrachoxylic acid chloride
phthalocyanine covalently attached onto a preformednercaptoethanol SAM: A Novel
Method,

P. N. Mashazi, K. I. Ozoemena, D. M. Maree, T. Ny, Electrochimica Acta, 2006 61)
3489 - 3494.

2. Tetracarboxylic acid cobalt phthalocyanine SAM on gld: Potential applications as
amperometric sensor for HO, and fabrication of glucose biosensor
P. N. Mashazi, K. I. Ozoemena, T. Nyokoitgctrochimica Acta, 2006 62) 177 — 186.

3. Surface electrochemistry and electrochemical behasir of tetra carboxy substituted
iron, cobalt and manganese phthalocyanine monolaygion gold electrode
P. N. Mashazi, P. Westbroek, K. I. Ozoemena, ToKewng, Electrochimica Acta, 2006
(submitted).

4. Critical assessment of the quartz-crystal microbalace as an analytical tool for
biosensor development and fundamental studies: mdlaphthalocyanine-glucose
oxidase biocomposite sensors,

R. Fogel, P. N. Mashazi, T. Nyokong, J. LimsBrgsens. Bioelectron., 2006 gubmitted).
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3.1

Synthesis and characterization of MTCACIP¢11-13 complexes

The metal tetra-carboxy acid chloride phthalocyafTCACIPc) complexes {where M

= Co (1), Fe 12 and Mn (3)} were synthesized following the reported methgdShirai and

colleagues [87], Scheme 3.1.

HO

COOH

(i) Ammonium molybdate,
5 Urea, nA1etaI salt, 3 hrs N
> Hooc : N—NM—N COOH
5 (i) 10% KOH, 5 hrs,A NG|
N

COOH
M = Co (15), Fe(16), Mn(17)

14

COCI

N

SOCl,, dry benzene _ N |
I~ cloc  N—M—N cocl

A L,10 hrs N |

T M=Co(11), Fe(12), Mn(13)

Scheme 3.1Synthesis of metallo tetra-carboxy acid chloridéhptocyanine (MTCACIPc). M =

Co (11), Fe (L2), Mn (13).

The first step was the formation of metal tetraboawlic acid phthalocyanine (MTCAPC)

complexes 15-17 in moderate yields which averaged 42%. The MTCABmplexes were

subsequently converted to carboxy acid chloridévdgves (11-13in Scheme 3.1) by refluxing
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in dry benzene containing thionyl chloride and @& fdrops of pyridine (used to solubilize the
carboxylic acid phthalocyanines). The synthesisraf and cobalt tetra-carboxy acid chloride
phthalocyanine complexed X and 12) have been reported before [87] and manganesa tetr

carboxy acid chloride phthalocyanirk8) was synthesized following a similar method.

3.1.1 Spectroscopic characterization of MTCACIP¢11-13

The UV-vis spectra of the synthesized complexesvahia Figure 3.1 exhibited a typical
Q band for a monomeric species observed at 678onrf11), 676 nm for {2) and 713 nm for
(13). All the complexes obeyed Beer’s law at low corication with the extinction coefficients

of all the synthesized complexes in the orders03tiin*(mol.cm).

MnTCACIPc,13

FeTCACIPc 12

Absorbance

CoTCACIPc,11

300 400 500 600 700 800

Wavelength (nm)

Figure 3.1 UV-vis spectra of 1.0 x Ibmol.L™* for CoTCACIPc (1), FeTCACIPc {2) and

MnTCACIPc @3) in dry DMF.
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All synthesized complexes exhibited B or Soret ba&aetiveen 300 — 350 nm which
results from the transition of the deepasrbitals (B, and a,) to then* orbitals (g). The UV-vis
spectrum of MNnTCACIPc 1) is typical of Mn'Pc complexes with a red shifted Q band
[60,104,178]. The absorption bands near 500 nm the MnTCACIPc and 450 nm for
FeTCACIPc are typical of iron and manganese phtlyaloine complexes, and are associated
with charge transfer bands [95,179]. Charge texns&nds normally occur when the central
metal ion has d-orbital lying within the HOMO-LUM@ap of the phthalocyanine ring, and the
transitions that gives rise to these bands arereitetal-to-ligand charge transfer (MLCT) or
ligand-to-metal charge transfer (LMCT). The chatgensfer bands normally occur as weak
absorption bands as was observed in Figure 3theinear infrared (NIR) region or between the
Q and B bands (i.e. 400-500 nm) [95]. Using the fabital model energy diagram (Figure 3.2),
the occurrence of charge transfer bands can berstodd [95]. The ligand-to-metal charge
transfer (LMCT) transitions are the transitionsnircddHOMO levels, i.e. a or a, of the
phthalocyanine ligand orbitals tq er ag of the metal orbitals. The metal-to-ligand charge
transfer (MLCT) transitions occur from metal orkstge,) to the ligand gand h, as shown in
Figure 3.2. For FeTCACIPc, the metal-to-ligand geatransfer band at 450 nm is typical of

FePc complexes with an oxidation state of +2 [90,883-186].
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(LUMO) by
% "N N A
MLCT
G B B B At
Bl BZ Q
CECH N T N S S ——
? LMCT
alu
(HOMO) a,,
b2u
--------- Central metal ion energy levels
Ring energy levels

Figure 3.2 Energy diagram showing the charge transfer tt@amsbetween phthalocyanine ring

and the central metal ion [95].

Infrared (IR) spectroscopy was also used for charaation of the synthesized MPc
complexes 11-13 and they all exhibited the same trend. The IRcgpein Figure 3.3 were
useful in monitoring formation of the carboxy acidoride phthalocyanines. The appearance of
the band at 1752 ¢t 1755 cnt and 1773 ci for CoTCACIPc (1), FeTCACIPc {2) and
MnTCACIPc (@3), respectively corresponds to the carbonyl (C=@tsh, thus confirming the
conversion of the carboxylic acid (COOH) groups#nboxy acid chloride (COCI) groups. The
OH band at 3439 cihfor CoTCAPc (5) in Figure 3.3(a) disappeared upon the formatibn o
CoTCACIPc (1) as observed in Figure 3.3(b). Similar resultsensdso observed for other MPc
complexes, whereby the OH bands at 3422 éon FeTCAPc {6) and 3450 cri for MNTCAPC
(17) disappeared upon the formation of FeTCACIP2) @nd MnTCACIPc 13), respectively.

The disappearance of the OH band was accompani¢debgppearance of C-Cl bands at 1050
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cm?, 1027 cnt and 905 crit for COTCACIPc 1), FeTCACIPc {2) and MnTCACIPc 13),
respectively. The spectroscopic characterizatg&inguIR confirmed the successful synthesis of
the desired complexes and was comparable to therteeb IR characterization of these

complexes from literature [87].
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—>
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Wavelength (cni')

Figure 3.3 FTIR spectra for (a) CoTCAPd ) and (b) CoTCACIPc,1(1).
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3.1.2 Electrochemical and spectroelectrochemical charactzation of MTCACIPc

The electrochemical and spectroelectrochemical actarization of MTCACIPc
complexes were performed in dry freshly distillebBsolution containing (0.10 moll) TEAP
as an electrolyte. The cyclic voltammogram (CVyufe 3.4(b) and square wave voltammogram
(SWV), Figure 3.4(a) are shown for MNTCACIPL3) as an example. The redox potentials of
Co, Fe and Mn complexes are listed in Table 3.2 fipical cyclic voltammogram in Figure
3.4(b) shows three clear redox peaks labdletll and IV. The Osteryoung square wave
voltammogram, in Figure 3.4(a) showed an extra waessdk (I ) which could not be observed in
the cyclic voltammogram, Figure 3.4(b). The redmumes for the MNnTCACIPc1@) were
observed at B (vs Ag|AgCI) = 1100 mVI(, 400 mV (k) (I ), -200 mV (Il ) and -10001{).
The redox couples exhibited reversible to quasergble behaviour with the anodic and
cathodic peak separationE, = E;, — E,) for redox coupledll andIV found to be 100 mV.
Redox peak was not highly reversible, showing a weak cathaimponent. In comparison
with literature [178],1ll is assigned to MhPc/MA'Pc, IV to Mn'Pc¥Mn"Pc? 1l to
Mn"Pc/MA"Pc andl to Mn"VPc/Mn"Pc?. For some of the complexes, the assignments of the
redox couples in Table 3.1 have been confirmedvbelsing spectroelectrochemistry. For Co

and Fe complexes the redox peaks were as list€dhle 3.1 in comparison with literature [108].
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Table 3.1 Summary of redox potentials of MTCACIPc complexg$-13 in DMF containing

TEAP. Potentials versus Ag|AgCl. Half-wave potdsti&;/,) reported.

Complex MVYPcl MVPc? | MVPc?/ M"Pe? | M""Pc?/ M'Pc? | M'Pc?/ MPcB
MnT(EsA)CPC 1.1V () 0.4V (&) (I 0.2V (Il) 1.0V (V)
Comblex M"pctm"pc? | M"pPciM'"Pc? M'"Pc?M'Pc? M'PciM'Pc?

P 0) () an) (V)
CoTCACIPc| 0.85 0.46 -0.52 -1.20
(11
FeTCACIPc| 0.80 0.20 -0.60 -1.20
(12
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WA

-1400 -1000 1000 1400
E/mV (vs Ag|AgCI)

&J

-1400 -1000 - 1000 1400
E/mV (vs Ag|AgCI)

20 pA

Figure 3.4 (a) Osteryoung square wave voltammogram scamoed 1400 to 1400 mV and the
sensitivity of 10pA/V, recording the net current for the redox preassobserved in (b) and (b)
cyclic voltammogram (CV) of 1.0 x 0mol.L™ MnTCACIPc (L3) in dry DMF containing 0.1

mol.L’ TEAP. Scan rate = 100 mV/s.
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Spectroelectrochemical studies using opticallygpamnent thin layer electrode (OTTLE)
were used to assign electrode reactions for the@ATIPc (L3) complex observed from the CV
and SWYV in Figure 3.4. The spectroelectrochemitadiss are very useful as they give insight
into the origin of redox couples observed duringarametric experiments. Figure 3.5(a) shows
the UV-vis spectral changes at potentials of predds and Figure 3.5(b) for application at

potentials of proced¥ from Figure 3.4.

Absorbance

400 450 500 550 600 650 700 750 8qo
Wavelength (nm)

Figure 3.5(a) Changes in spectral features observed for MNT®&EL3) complex (1.0 x 19

mol.L™* in DMF containing 0.10 mol.LTEAP) during the controlled reduction potentials6-U

vs Ag|AgCl in the OTTLE cell.
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(b)

Absorbance

400 450 500 550 600 650 700 750 8(0
Wavelength (nm)

Figure 3.5(b} Changes in spectral features observed for MNT®&@3) complex (1.0 x 19
mol.L™* in DMF containing 0.10 mol.L TEAP) during the controlled reduction potential2-V
vs Ag|AgCI in the OTTLE cell. The first spectrum (o) is the same as the last one in Figure

3.5(a).

Figure 3.5(a) shows that the Q band at 713 nm dsetk in intensity and this was
accompanied by the formation of a new band at 68&nd a disappearance of a charge transfer
band at 495 nm. The uncomplicated spectral chawges nicely observed with clear isosbestic
points at 701 nm and 510 nm. The observed spettteaiges, i.e. decrease in Q band at 713 nm
and formation of the new band at 688 nm, are typfanetal-based reduction processes of
Mn"'Pc [95,178] complexes. These spectral changediregirn the Q band shift from 713 nm to
688 nm are characteristic [178] of the conversibivin" Pc? to Mn"Pc?. Therefore, the redox
couple Il in Figure 3.4 is assigned to metal reduction pscéom MH'TCACIPC? to

Mn"TCACIPc?. Further reduction of the species formed in FégBu5(a) at potentials of couple
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IV, resulted in spectral changes as observed in &igu(b). The spectral changes in Figure
3.5(b) showed a decrease in the Q band at 688 nomguanied by a formation of new bands at
575 nm and 646 nm. These spectral changes wemyobdmserved with isosbestic points at 734
nm, 654 nm, 635 nm, 618 nm and 414 nm. The decied3éand intensity is typical behaviour
for the ring-based reduction in MPc complexes [98]land the formation of the manganese
ring-reduced species (MACACIPc?). Therefore, the spectral changes in Figure 3.5igRrly
confirm that the process at redox couple in Figure 3.4 is a ring-based reduction process

(Mn"TCACIPcMn"TCACIPc?).
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4.1  Surface modification

Prior to modifying gold electrode, the surface roogss factor of the unmodified gold
electrodes was calculated and these calculatiomsngportant for the characterization of an
unmodified gold electrode as they give a clearaation of the surface morphology. The surface
morphology of gold electrode is known to affect fheperties of self-assembled monolayers
[187], such as defect densities [187] and molecplacking [28]. An ideally smooth gold
electrode surface is known to give the most higitiered and regularly packed monolayer [28].
The surface roughness factor calculations are iatgmrtant in the determination of the real
surface area of gold surface as by definition timéase roughness factor is the ratio of the real
surface area to the geometric area [188,189].i¢nvtbrk, the real surface area of gold electrode
was measured using the conventional methodologyl9®9, using KFe(CN) solution and

Randles-Sevcik equation (4.1) afe5

|, = (269x10°)n*?ADY?Cv"'? (4.1)

where n is the number of electrons involved (nin the Fe(CNy*/Fe(CN)* system), A is the
geometric surface area of the gold electrode (@026f), C the bulk concentration of
KsFe(CN) (5.0 x 10 mol.LY), D = 7.6 x 1¢ cnf.s? is the diffusion coefficient of ¥Fe(CN);
[191], andv is the scan rate (0.050 W)s Figure 4.1 shows a typical redox couple for RS/
Fe(CN)* at bare gold electrode. Therefore, using equatiérand anodic peak current of £
2.78 x 10° A from Figure 4.1, the real surface area of gdégtteode was calculated to be 0.0335

cn?. The surface roughness factor resulting from #t® rof real to geometric surface area is
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1.67. The calculated surface roughness factor aasdfto be within the reported values for gold

electrodes [188-190, 192-194] used for SAM modifaa

-300 -100 100 300 500 740
E/mV (vs Ag|AgCl)

Figure 4.1 Cyclic voltammogram for 5.0 x T0mol.L* KsFe(CN) in 0.01 mol..* KCI

solution. Scan rate = 50 mV/s.

4.2 Fabrication of SAMs on gold surface
4.2.1 Immobilization of MTCACIPc onto pre-modified gold electrode

In this work the gold electrode surface after thigto cleaning, was rinsed with absolute
ethanol solution and immediately placed into aogién saturated absolute ethanol solution of 2-
mercaptoethanol (3 x Tomol.L") at ambient temperature for 10 — 14 hrs (Scherhestep 1).
The 2-mercaptoethanol (2-ME) modified gold elecerddu-ME SAM) was thoroughly rinsed
with absolute ethanol and dry DMF to remove all gigsically adsorbed 2-mercaptoethanol
molecules. The coupling reaction between the swigstis of MTCACIPc complexe41-13 and
Au-ME SAM was performed by immersing the 2-mercagitanol modified electrode (Au-ME

SAM) into a dry DMF solution of MTCACIPc (2.0 x Tomol.L™") for 24 hours (Scheme 4.1,
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step 2). Upon the removal of MTCACIPc modified geldctrode from the deposition solution, it
was rinsed with dry DMF and dried in nitrogen prity electrochemical experiments.
Immediately after the covalent attachment of theQACTIPc onto Au-ME SAM, represented as
Au-ME-MTCACIPc SAM, the freshly prepared sensor vexposed to pH 4.0 phosphate buffer
solution and the unreacted acid chloride groupsrdiyded to acid groups. The hydrolyzed
carboxy acid chloride groups lead to the carboxaticd groups modified phthalocyanine SAM
(Au-ME-MTCAPc SAM). This is a simple method by whiadhe phthalocyanine can be
immobilized onto gold surface and is achieved i tsteps: (i) the pre-modification of gold
electrode with the simple thiol, followed by (iipupling reaction between the phthalocyanine

substituents and the exposed functional group empte-formed SAM.

OH RN 0OCPCcM(COCI)
/\/ N Y /\/ 3
hs” >\M S é}‘” { s
—_—
10 - 14 hrs S/\/OH e cocl D /\/OOCPCM(COC|)3

S
MTACCIPC) 24 h
step 1 ( ) rs
M = Fe, Co, Mn
Au Au-ME SAM Au-ME-MTCACIPc SAM
step 2

Hydrolysis S/\/OOCPCM(COOH)S
step 3 S/\/OOCPcM(COOH)3

Au-ME-MTCAPc SAM

Scheme 4.1 Schematic representation of the immobilization MITCACIPc (Au-ME-
MTCACIPc SAM) onto preformed 2-mercaptoethanol (&) SAM onto gold electrode. M =

Co, Fe and Mn, and subsequent hydrolysis to Au-ME=MPc SAM.
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To confirm the coupling reaction between the teah{@H group of the mercaptoethanol
SAM and the CoTCACIPc substituents, the reactiontween 2-mercaptoethanol and
CoTCACIPc (1) was carried out in tri-ethylamine solution ane tiroduct was filtered, dried
and IR spectra recorded. The IR spectra of the ymtodxhibited two interesting absorption
bands which are characteristic of the product fariared these bands were observed at 1699 cm
(C=0 stretch) and 1141 ¢ (C-O-C stretch). The formation of the ether ligka(C-O-C)
confirmed the successful coupling reaction betw2enercaptoethanol to CoTCACIPc. The
C=0 stretch which was at 1752 ¢rahifted to 1699 cihand this is due to the removal of Cl ion
upon the formation of the ether bond (C-O-C). Samileactions were observed for the other
complexes (FeTCACIPc and MnTCACIPc) and clearlyficonthe coupling reaction between 2-
mercaptoethanol and MTCACIPc complexes.

The MTCACIPc modified gold electrodes (Au-ME-MTCA®H SAM) were placed in pH
4.0 solution for conditioning before use. Duringsthonditioning step the acid chloride groups
undergo hydrolysis to COOH as shown in Schemesteb (3) forming Au-ME-MTCAPc SAM.
Therefore, the MTCACIPc modified electrodes hasnbepresented as Au-ME-MTCAPc SAM
on the assumption that hydrolysis has occurredndudonditioning. The hydrolysis step in
Scheme 4.1 (step 3) for the CoTCACIPc was alsositiyated by exposing CoTCACIPc (with
the IR spectrum shown in Figure 3.3(b)) in pH 4 gptate buffer solution, and the resulting
product filtered, dried and the IR spectrum recdrdénhe IR spectrum of the product CoTCAPC
(similar to the IR spectrum in Figure 3.3(a)) extdt absorption bands at 3422 tfOH) and
1699 cm* (C=0 stretch) confirming the hydrolysis of CoTCA€Ito CoTCAPc. Similar IR
absorption bands were also observed for other a@mepl (FeTCACIPc and MnTCACIPc)

confirming hydrolyses of COCI groups to COOH.

-80 -



CHAPTER FOUR MODIFICATION AND CHARACTERISATION OF SAMs

4.2.2 Immobilization of amino substituted compound (enzymes)

MPc complexes are biocompatible with several enzymgth the most reported being
glucose oxidase (GOx). The coupling reaction betwbe MPc and GOx forms the MPc-GOx
based biosensors [117-123]. However, most repantdhe modification of electrodes with
enzymes and phthalocyanines are mostly based gohisesorption of MPc onto glassy carbon
electrode (GCE), poly graphite electrode (PGE)baarpaste matrix (CPM) and screen-printed
carbon electrode (SPCE). However, physisorbed Mbtoptexes are unstable [27] as these
complexes are attached using interactions between the surface and the adsorimecules.
Therefore, the method by which these moleculesesmz¢gmes can be chemisorbed by forming a
covalent bond thus yielding a stable monolayeesirdble. Gooding et al. [41-44] have reported
the immobilization of enzymes onto gold electrodedrfied with the mercaptopropionic acid
(MPA) SAM (Scheme 4.2), where the acid group of phe-formed MPA SAM will react with
the amino group from the enzyme. This method aff@a@ovalent immobilization of the enzyme
onto gold surface, by forming an amide bond resglfrom the reaction between the acid and
amino groups. However, the reaction between thd and the amino group does not occur
readily. Therefore, coupling agents are employedatalyze the reaction between acid and
amino groups by activating the acid group, makingusceptible to attack by amino groups
resulting in the formation of an amide bond. Thal agoups are first activated using coupling
agents: N-ethyl-N(3-dimethylamino-propyl) carbodil® (EDC) and N-hydroxy succinimide

(NHS) as shown in Scheme 4.2.

-81 -



CHAPTER FOUR MODIFICATION AND CHARACTERISATION OF SAMs

EDC
Me

N(CH2)3N =C=NCH,CH,
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(CH

2)3N(CH3)2\
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Scheme 4.2Schematic representation showing the activatioacal group of MPA SAM and

the immobilization of enzyme on activated SAM fongrian amide bond [41-44].

EDC can activate the acid group on its own and N#dSwell, but Jiang et al [176]
reported that the combination of EDC and NHS yidldemore highly activated surface, making
the immobilization of enzyme easy. The combinatérEDC and NHS affords about 60 % of
the surface activated by NHS, 30 % by EDC leavinly 40 % of the surface inactive. Scheme
4.3 shows theactivation (step 1) of the acid groups of the Au-ME-CoTCAPANS using
EDC/NHS coupling agents. The immobilization of tB®x enzyme, as a monolayer onto an
EDC/NHS activated Au-ME-CoTCAPc SAM, was achievedsaown in Scheme 4.3 (step 2)

represented as Au-ME-CoTCAPc-GOx SAM.
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O,
OOCPcCo(COOH OOCPcCo(R o
g7 OOCPeColCO0r) EDC / NHS g7 00RO PS
- =7 “o-N
-~ OOCPCCO(COOH), Activation - OOCPECOR),
(0]
step 1

Au-ME-CoTCAPc SAM .
EDC/NHS Activated Au-ME-CoTCAPc SAM

. (0]
OOCPcCo(R
S/\/ (R) 4 )J\ /.@
GOx OOCPCCO(R' R = N
> S/\/ cCo(R) 5 I
enzyme immobilization H
step 2 Au-ME-CoTCAPCc-GOx SAM

Scheme 4.3 Schematic representation showing the immobilraf glucose oxidase (GOx)
enzyme onto gold electrode modified with acid cbl@ithalocyanine monolayer (Au-ME-

CoTCAPc-GOx SAM).

In Scheme 4.3, MPc layer will act as an electrordiater thus facilitating electron
transfer between the redox center of the enzymetandold surface. The mediation role played
by the MPc SAM is very important as there have ls®reral reports that involve the use of the
mediator for glucose oxidase enzyme reactions [IA3}]: Enzyme reactions are known to
produce an electroactive hydrogen peroxidgOhi [136] which can be detected at gold surfaces.
However gold surfaces are known for their poor lgttadetection for hydrogen peroxide due to
high anodic potentials making them unfavourabled@iogical measurements. The use of the
mediator fulfills two requirements: (i) lower thetential of HO, detection to more favourable
values and (ii) as stated before, improve electransfer between the enzyme layer and the gold

electrode surface.
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The immobilization method was followed using diffat electrochemical and
spectroscopic surface characterization methodstriashemical methods have gained popularity
due to their simplicity and ability to study propes of monolayers formed on gold surface
[28,30] and also have been employed in studyingelbetroactive SAMs of MPc complexes
[23,24,54-60]. Whereas, spectroscopic methods setilin studying the chemical constituents

and nature of at which the film interact with thiostrate (gold surface).

4.2.3 Electrochemical characterization of MPc-SKs
The characterization of SAM modified electrode §oheme 4.1) was followed using
cyclic voltammetry. The SAM properties studied dhe ion permeation (electrochemical

capacitance), blocking of under-potential depositidDP) of copper and of E&Fe** [28,30].

Figure 4.2A-C shows the cyclic voltammograms ofb@re gold electrode, (ii) Au-ME
SAM and (iii) Au-ME-MTCAPc SAM (M = Co, Fe and Mn)n general, the SAM modified
gold electrode is known for limiting or blockingasss of solution molecules to the gold surface.
This blocking behaviour occurs because the hydbmratayer inserted between the electrode
and electrolyte ions form an insulating layer, thesding to the reduction of charging current
[28,30]. However, as can be noticed in Figure Agtd¢ was no noticeable reduction in charging
current and the opposite, i.e. increase in chargmgackground current for Au-ME SAM and
Au-ME-MTCAPc SAM, was observed. This increase imrgjing current upon modifying gold
electrode with SAMs is known [28,30] to be affectgdthe terminal functional groups on SAMs
following this trend: -CH < -OH < -COOH and also different chain lengthslarewn to affects

the properties of SAMs on gold electrode, for exlmghort alkane chain SAMs behave
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differently from the long alkane chain SAMs [28h this work, the increase in background
current is observed for Au-ME-SAM and Au-ME-MTCAFRSAM and this is because of the
exposed terminal functional groups, i.e. -OH for-M& SAM and -COOH for Au-ME-
MTCAPc SAM. Therefore, the increase in backgrouandents in Figure 4.2A-C(ii) and (iii) is
due to the fact that Au-ME SAM is a short alkanainhthiol SAM and the fact that —OH (for
Au-ME SAM) and —COOH (for Au-ME-MTCAPc SAM) termihdunctional groups are by
nature quasi-liquids, i.e. hydrophilic groups. Fréims observation one can conclude that the
SAMs terminated with either -OH or -COOH are perbieao solution ions thus leading to
surface gold reactions still taking place evenA#Snodified gold surfaces. There was no peak
observed for Au-ME SAM in Figure 4.2A-C(ii) nor foku-ME-FeTCAPc SAM in Figure
4.2B(iii). For Au-ME-CoTCAPc SAM in Figure 4.2A(Jiia reduction peak (at 450 mV vs
Ag|AgCI) was observed and this peak has been megppdar adsorbed CoPc derivatives and it
corresponds to the metal oxidation (&x/Cd'Pc) [113,195]. Also for Au-ME-MnTCAPc SAM
in Figure 4.2C(iii) a broad oxidation peak (at DM vs Ag|AgCl) was observed and is at
similar potential range as the peak assigned talnmddation (MY Pc/MA"Pc) known for

MnPc derivatives [178,196], Table 3.1.
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E / mV (vs Ag|AgCI)
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Figure 4.2 Cyclic voltammograms of (A-C)(i) bare, (A-C)(iBu-ME SAM and (A)(iii) Au-
ME-CoTCAPc SAM, (B)(iii) Au-ME-FeTCAPc SAM and (Gij Au-ME-MnTCAPc SAM in

pH 4.0 buffer solution. Scan rate = 50 mV/s.
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The influence of solution pH on the electrochemisahavior of the reduction peak for
the redox process of Au-ME-CoTCAPc SAM, i.e."(Bx/Cd'Pc was studied, Figure 4.3. The
cyclic voltammogram in Figure 4.3 shows the reductpeak of Au-ME-CoTCAPc SAM in
different pH solutions ranging from pH 4 to pH &.#H lower than pH 4 the reduction peak was
not observed and at concentrated alkaline pH swlsit{> 9) were not studied as SAMs desorb in
such solution conditions and this desorption of $Adlko depend on the potential window used
[23,56]. Hence the use of small potential windowléw concentrations (0.01 M KOH) solution
discussed later. A peak potential shift to lesstipesvalues with an increase in pH was observed
in Figure 4.3. A linear plot in Figure 4.3(insegvg the slope of -0.053 V/pH, and this value is
close enough to the theoretical value (-0.059 V/psl)ggesting the participation of
approximately one proton in the one electron tmséaction. Similar values of slopes for the
plot of potential versus pH have been reported iterdture for different phthalocyanine
complexes with cobalt as a metal center [197-199F potential shift of the ¢Pc/Cd'Pc
redox process to the less positive values withrtbeeasing pH may be due to axial coordination
of the hydroxyl ion to the CtPc as suggested before [200]. Other phthalocya®iids (Au-
ME-FeTCAPc SAM and Au-ME-MnTCAPc SAM) were not sked as their metal redox

processes were too broad or not observed in pHisoetuas shown in Figure 4.2.
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y = -0.0533x + 0.7012
R? = 0.9404
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Epc /V (vs AJAgCI)

0 200 400 600 800]
E / mV (vs Ag|AgCl)

Figure 4.3 Cyclic voltammetric (showing only the reversergceesponse of Au-ME-CoTCAPCc
SAM with the changes in pH (pH 4, 5, 6, 7, 8 andihwn as numbers on the peaks). The inset

shows the plot of the changes in peak potentidi pi.

Figure 4.4 shows cyclic voltammograms of (i) bawddgelectrode and (ii) Au-ME-
CoTCAPc SAM in 0.01 mol.t KOH electrolyte solution. A well-resolved redoxupe was
observed at a negative potentials with &t -395 mV (vs Ag|AgCI) and &= -320 mV (vs
Ag|AgCl) and this redox peaks are at the poteméinbes known [195,113] for metal reduction
of CoPc complexes, therefore this couple correspondd Pc/CdPc. The differences observed
for different surface modifications as well as fitesence (in some cases) of the redox couples of
the surface-confined electroactive species conftimsthe gold surface properties changes upon

modification with SAMs.
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Figure 4.4 Cyclic voltammograms of (i) bare gold electrodel gii) Au-ME-CoTCAPc SAM
modified gold electrode in 0.01 mol’LKOH solution showing CPc/CdPc redox process.

Scan rate = 50 mV/s.

Figure 4.5 shows a CVs of (i) bare, (ii) Au-ME SAdvid A(iii) Au-ME-CoTCAPc SAM,
B(iii) Au-ME-FeTCAPc SAM and C(iii) Au-ME-MnTCAPc &M in [Fe(CN)]* solution. An
oxidation and reduction peaks at bare gold eleetrgdre observed and these peaks correspond
to the reversible behaving of the [Fe(GN)[Fe(CN)]*redox couple. This redox couple was
also observed at SAM modified gold electrodes. W& SAM modified gold electrodes have
carboxylic acid groups which are in acidic form QOH) at low pH and basic form (-COCat
neutral to high pH. At pH 7.5, which is the pH b&tksFe(CN) in KCI solution, the carboxylic
acid terminal groups of MPc modified electrode mrdasic form (-COQ. The basic form of
carboxylic groups should repel the negatively chdrre(CN}]*/[Fe(CNX]* species, hence the
redox couple should not be observed. But from thigamnmograms in Figure 4(A-C)(iii), this

redox couple is still observed even at MPc SAM rfiedigold electrode and this phenomenon
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has been observed for MPc modified electrodes [201pbe due to electronic conducting
properties of these modified electrode, thus alhgmapid electron transfer to the solution to
take place. The peak-to-peak potential separatfiép) (of the bare and modified gold electrodes
increased following this trend: 81 mV < 82 mV <@ for bare gold, Au-ME-FeTCAPc SAM
and Au-ME SAM, respectively. From this trend, oran alearly notice that modifying gold
electrode with SAMs in particular MPc SAM, result@da slight increase IAE,. This increase

is due to slight electron transfer barrier by tAéVSon gold surface. Also it is worth stating that
the AE, at bare gold electrode should ideally be betweenaéd 70 mV for [Fe(CN)®/
[Fe(CN)]* highly reversible, one-electron system. TAts, value found in this work is 81 mV,
which is slightly higher than the expected valuet@@®en 60 and 70 mV), but it is within the
allowed range for one-electron reversible [Fe(§N)Fe(CN)]* system. The presence of the
redox couple even after the electrode has beenfimddvith SAMs could be attributed to the
catalytic or electronic conducting properties aésa SAMs and this was also evidenced by an
increase in current densities as observed in FigusA-C)(ii) and (iii). These results are not
surprising as modified electrodes have been repoj2®1] not to inhibit the [Fe(CN)*
/[Fe(CN)]* redox couple. Also since the [Fe(GNY[Fe(CNX]* system is a fast electron
transfer species, mass transport determines thelea¢rmining step even at small over potential.
Similar results were also observed for other comgdeinvestigated in this work, Au-ME-
CoTCAPc SAM (Figure 4.5(B)AE, = 96 mV) and Au-ME-MnTCAPc SAM (Figure 4.5(C),
AE, = 87 mV). Since the fast electron Fe(GNystem gave these results, the slow electron
system such as ferric ammonium sulfate solutionNiF)(SQy),.} was also studied instead of

[Fe(CNY]>.
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Figure 4.5 Cyclic voltammograms for (i) bare gold, (i) AUBASAM and A(iii)) Au-ME-
CoTCAPc SAM, B(iii) Au-ME-FeTCAPc SAM and C(iii) AME-MnTCAPc SAM in 1 x 10

mol.L™* KsFe(CN) of 0.1 mol.L* KCI solution (pH 7.5). Scan rate = 50 mV/s.
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Figure 4.6 shows the CVs of (i) bare, (ii) Au-ME BA(A)(iii)) Au-ME-CoTCAPc SAM,
(B)(iii) Au-ME-FeTCAPc SAM and (C)(iii) Au-ME-MnTCAc SAM modified electrode in
Fe(NH,)(SOQy), solution. The redox couple [FefB)s]*"/[Fe(H:0)e]** observed at & = 0.47 V
(vs Ag|AgCl) in Figure 4.6(i) is a known [23,57,862] reversible behaviour of Fe(NISOy)
solution at bare gold electrode. At the modifieddgelectrodes the oxidation peak disappeared
and the decrease in current density was observexldiBappearance of the oxidation peak is due
to the fact that the modified electrode is (to soex¢éent) exhibiting slow kinetics towards
[Fe(HO)s]**/[Fe(H.O)s]** redox species. These results indicate that eletkinetics of the Fe
oxidation reaction to P& at Au-ME SAM and Au-ME-FeTCAPc SAM exhibits slovinktic
mechanism leading to the irreversible nature ofréox couple [Fe(bD)s]*/[Fe(H0)e]?" as
shown in Figure 4.6(A-B)(ii) and (iii). This irrevable nature at modified electrode confirms the
modification of gold electrode with different SAMdt is also worth stating that the
Fe(NH,)(SOQ), has positively charged redox couple, [Fe0ht]*'/[Fe(H.O)]?*, while the
KsFe(CN) solution has negatively charged redox couple, GR&¢*/[Fe(CN)]*. Therefore,
these solutions have different chemistry and rebelRaviour hence the difference in charge
transfer abilities as observed in Figure 4.5 arguid 4.6. The slow kinetics at modified gold
electrodes contributed to the observed shift irkpgeatentials of the [Fe(D)s]*"/[Fe(H.0)s]**
redox couple in the voltammograms, Figure 4.6(AHC#ENd (iii). The fact that the reduction
peaks at f (vs Ag|AgCl, 3.0 mol..> NaCl) = 0.35 V in Figure 4.6(A-C)(ii) for Au-ME SA
and at ~0.40 V in Figure 4.6(A-C)(iii) for Au-ME-MJAPc SAM can still be observed at
modified gold electrodes could be attributed to Fie€ ion being more permeable than thé Fe
ion. This was not expected as the reducédiéies should be more permeable because of the low

charge. The observed permeability of the SAMs medlifelectrode is due to hydrophilic
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properties of the SAMs functional groups (—-OH fou-RMME SAM and —COOH for Au-ME-

MTCAPc SAMs) which allow solution ions to penetrgteugh the SAM.

(A)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 p.9
E /V (vs Ag|AgCl)

E /V (vs Ag|AgCl)

Figure 4.6. Cyclic voltammograms for A-C(i) bare gold, (i)uUAME-SAM and A(iii) Au-ME-
CoTCAPc SAM, B(iii) Au-ME-FeTCAPc SAM or C(iii) AME-MnTCAPc SAM in 1 x 16

mol.L™" Fe(NH,)(SQy), of 1.0 x 10° mol.L™* HCIO, solution. Scan rate = 50 mV/s.
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The deposition of copper metal (Cu) involves thelarrpotential deposition (UDP) at
potentials close or well-positive of the thermodymapotential [28]. Figure 4.7 shows the cyclic
voltammograms of (i) bare gold, (i) Au-ME SAM ai{iii) Au-ME-CoTCAPc SAM, B(iii)
Au-ME-FeTCAPc SAM or C(iii) Au-ME-MnTCAPc SAM. Fige 4.6(i) clearly shows the
deposition peak atgE= -80 mV during the negative going scan and tléakpis attributed to
Cu'/Cu reduction [28]. The return scan shows a large atiod peak at £= 20 mV and this
peak corresponds to the stripping of a copper etaler from gold electrode surface. The CV
show similarities to the reported work [23,24,28,8¥en though the peaks were at different
peak potentials and this is due to different refeeeelectrodes used. These peaks disappeared
upon modifying the electrode with SAMs as showrFigure 4.7A-C(ii) and (iii). The broad
redox couple in Figure 4.7A-C(ii) was observed fau-ME SAM and this peak could be
attributed to ClYCU redox behaviour at the hydroxyl functional grodphis peak was also
observed at bare gold electrode but was enhanaaddified gold electrode, possibly due to the
catalytic properties of Au-ME SAM. At Au-ME-MTCAPSAM in Figure 4.7A-C(iii) the gold
reaction peaks, i.e. Cu deposition and strippirakpedisappeared and also the redox couple on
Au-ME SAM disappeared. This experiment then indisathat different SAMs inhibit gold
reactions, i.e. the deposition and stripping ofatliet Cu, confirming the formation of SAMs on

gold electrode.
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Figure 4.7. Cyclic voltammogram for (i) bare gold, (i) Au-MBAM and A(iii) Au-ME-
CoTCAPc SAM, B(iii) Au-ME-FeTCAPc SAM or Cf(iii) AME-MnTCAPc SAM in 1 x 10
mol.L™* CuSQ of 0.5 mol.* H,SQ,. Scan rate = 50 mV/s.
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The inhibition of gold reactions and surface préipsrof SAM modified gold electrodes
were investigated using aqueous alkaline KOH smtutAt bare gold electrode, high positive
potentials (+1.5 V vs Ag|AgCl) are normally empldy@75,203] to bring about the oxidation of
gold at the pinholes even in the presence of SAfitsvever, at high positive potentials SAMs
can also undergo oxidative desorption [203] anddhgerved peak may be confused with the
oxidation of gold electrode. Therefore, a low p@sitpotential window where gold can undergo
oxidation without affecting the SAM would be debiea Ozoemenat. al. [23,56] reported the
use of aqueous alkaline solution (0.01 moIKOH) at a smaller potential window between -0.2
and +0.6 V (vs Ag|AgCl), clearly showing the redomuple corresponding to gold oxide
formation and stripping. This aqueous alkaline soluwas employed in this work to investigate
the integrity of SAMs on gold surface. Figure 4@®ws cyclic voltammograms of (i) bare gold,
(i) Au-ME SAM and A(iii) Au-ME-CoTCAPc SAM, B(iii) Au-ME-FeTCAPc SAM or C(jii)
Au-ME-MnTCAPc SAM in 0.01 mol.! KOH solution. Two peaks were observed for bare and
SAM modified gold surfaces. However, in comparigonbare gold in Figure 4.8A-C(i), the
oxidation and reduction peaks are less pronounmetthé Au-ME SAM in Figure 4.8A-C(ii), but
in same potential range as for bare gold. For ALHMIECAPc SAM the oxidation peak shifts to
more positive potentials. These observations atifieddgold electrode suggest a slow electron
transfer kinetics in the presence of Au-ME SAM iigu¥e 4.8A-C(ii) and Au-ME-MTCAPC
SAM in Figure 4.8A-C(iii). Also the observed galeiactions even on SAM modified electrodes
in aqueous alkaline solution is due to the fact thase SAMs are permeable to solution ions.
This observation may be explained by the hydropméture of these SAMs leading to observed
gold surface reactions still taking place. Thesseoations were also noticed in literature [24]

where the gold reactions were still observed evean the formation of MPc-SAM.
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Figure 4.8 Cyclic voltammograms for A-C(i) bare gold, (i)UAME SAM and A(iii)) Au-ME-
CoTCAPc SAM, B(iii) Au-ME-FeTCAPc SAM and C(iii) AME-MnTCAPc SAM in 0.01

mol.L'™t KOH solution. Scan rate = 50 mV/s.
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The surface concentrationSshy / mol.cmi?) of the surface-confined redox-active SAMs
on gold electrode can be estimated using eithercted desorption method [28-30,61-63] or the
metal (M"/M") redox couple [28-30]. Since the metal redox ceugpe weak or sometimes not
observed in this work, the reductive desorptionhométwas used for the calculation of SAMs
surface coverages. SAMs are known [28-30,61-63jetuctively desorb from gold electrode

surface in alkaline solution following the equat#2 (introduced in chapter 1):

Au-SR + & —> Au +RS (4.2)
The surface concentratiod'gaw/ mol.cm?) was then calculated from the estimated
charge (Q) under the reductive desorption peakgutia theoretical relationship in accordance

to equation 4.3 (also introduced in chapter 1):

ro, =—2 4.3
SAM nFA ( )

where n= 1 represents the number of electrons involved & dbsorption of thiol, F is the
Faraday constant (96485 C niphnd A is the surface area of the gold electrdtie. geometric
surface area (0.0201 &rand the real surface area (0.033%)cnf gold electrodes were used for
the calculation of surface concentration. For camspa with surface coverages reported in
literature the geometric surface area was usedudtied desorption experiments for SAMs were
performed in 0.2 mol.t KOH solution. Figure 4.9 shows typical cyclic \atimograms for
reductive desorption obtained for gold electrodeslifred with SAMs of (i) Au-ME SAM, (ii)
Au-ME-CoTCAPc SAM, (i) Au-ME-FeTCAPc SAM, (iv) AAME-MnTCAPc SAM and (v)
bare in 0.2 mol.l! KOH solution scanning from -0.2 to -1.0 V (vs Ag®l). The CV for the

bare gold electrode in Figure 4.9(v) clearly shomwgeak as there is nothing on the surface.
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Figure 4.9 Cyclic voltammograms of (i) Au-ME SAM, (ii) Au-MEEOTCAPc SAM, (iii) Au-
ME-FeTCAPc SAM, (iv) Au-ME-MnTCAPc SAM and (v) baie 0.2 mol.L* KOH solution.
Scan rate = 100 mV/s.

From the CVs in Figure 4.9 it is discernible thla¢ tstudied SAMs desorb from gold
surface. The desorption peaks are observed ardfitfgotentials and the peak potentials shift
upon the formation of Au-ME-MTCAPc SAM to more néga potentials. The reductive
desorption peaks for Au-ME SAM was observed at ¥0.fvs Ag|AgCl). The potentials for
reductive desorption peaks of Au-ME-MTCAPc SAMs avéifferent at each surface, they were
-0.83 V, -0.84 V and -0.86 V for Au-ME-FeTCAPc SAMu-ME-MnTCAPc SAM and Au-
ME-CoTCAPc SAM, respectively. The shift of the dgamn peaks, from -0.7 V for Au-ME
SAM to more negative potentials for Au-ME-MTCAPc BAindicates that the coupling of
MTCAPcs on Au-ME SAM stabilizes the SAMs, thus heghmegative potentials need to be
applied for SAM desorption. From the charge urntierdesorption peak, the surface coverage
(T'saw) Using the geometric surface area was estimatedh® Au-ME SAM (6.45 x 18°

mol.cm?), Au-ME-MnTCAPc SAM (4.56 x 18° mol.cm?), Au-ME-FeTCAPc SAM (2.41 x 10
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19 mol.cm?) and Au-ME-CoTCAPc SAM (4.38 x T8 mol.crmi?). The surface concentration for
Au-ME SAM is similar to reported values for meraagthanol or alkanethiol SAM modified
gold electrodes [204-206]. The surface concentnatior MTCACIPc SAMs were higher than
the reported surface coverage value (1 X°¥fol.cni?) for the MPc SAMs lying flat on the gold
surface [22,195]. Therefore, the orientation of wtedied MTCAPc complexes (Au-ME-
MTCAPc SAM) is perpendicular on gold electrode. STf8 not strange because it is expected
that Au-ME SAM and MTCACIPc (before hydrolysis toT@APCc) connection is obtained via
one substituent from the MTCACIPc complex. Since tteal surface area (0.0335 %rof the
electrode is larger than its geometric (0.020%)carea, the surface concentration using the
geometric surface area sets the upper limits f& $rface concentration. The surface
concentrations using real surface area for goléwaéso estimated for Au-ME SAM (3.87 x 10
mol.cmi?), Au-ME-MnTCAPc SAM (2.74 x 18° mol.cm?), Au-ME-FeTCAPc SAM (1.44 x 10

% mol.cm?) and Au-ME-CoTCAPc SAM (2.63 x I mol.cni?). Table 4.1 gives the summary
of the results for the surface coverage estimattatifferent surface areas, i.e. geometric and real
surface area.

Table 4.1 Comparative peak potentials JEelectrical charge (Q) and surface coverages of
SAM (I'sav) modified gold electrodes using geometric surfacea (0.0201 cfi and real
surface area (0.0335 én

SAM Electrode Ep IV Q (x 10 ? rs:gll cm?) | (x 10 ? rs:gll cm?)
(vs AgIAGCI) | (107 Cmol) | "\ "' 0501 crif | A = 0.0335 crf

ME SAM 0.70 12,5 6.45 3.87

CoTCAPc SAM | -0.86 8.50 4.38 2.63

FeTCAPc SAM | -0.83 4.67 2.41 1.44

MNnTCAPC SAM | -0.84 8.85 5.56 2.74
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4.2.4 Electrochemical characterization of glucose oxidasenzyme modified electrode

Cobalt phthalocyanine complexes have been rep¢ited-123] for their efficiency as
redox mediators for enzyme based reaction and aseebeen found to be biocompatible with
enzymes, in particular glucose oxidase enzyme [23]- This work then further explores the
possible use of Au-ME-CoTCAPc SAM for possible fabtion of glucose biosensor by
covalently immobilizing glucose oxidase onto cobglfithalocyanine acid activated SAM as
shown in Scheme 4.3, this enzyme modified electrbde been represented as Au-ME-
CoTCAPc-GOx SAM electrode. The electrochemical abtarization of GOx enzyme electrodes
were performed using cyclic voltammetric experinseintthe presence ofske(CNY) (5.0 x 10°
mol.L') in phosphate buffer saline (0.01 mét.IPBS, pH 7.4) solution. Figure 4.10A shows
typical cyclic voltammograms with redox peaks dadRe(CN)>]/[Fe(CN)*] with Ey, values
(mV vs Ag|AgCl) for (i) bare gold (B ~=100 mV), (ii) Au-ME SAM (k& ~= 112 mV), (iii)
Au-ME-CoTCAPc SAM (B, = 125 mV) and (iv) Au-ME-CoTCAPc-GOx SAM (E = 145
mV). Figure 4.10B shows a cyclic voltammogram of -M&-CoTCAPc SAM during

conditioning in 5 mM KFe(CN) (0.01 M PBS, pH 7.4) solution, (i) first scan gnysixth scan.
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Figure 4.1Q Cyclic voltammograms of A: (i) bare gold, (i) AME SAM, (iii) Au-ME-
CoTCAPc SAM and (iv) Au-ME-CoTCAPc-GOx SAM. B: Camious cycling of Au-ME-
CoTCAPc SAM, (i) first cycle and (i) sixth cycleKsFe(CNy) (5.0 x 10° mol.L') in 0.01

mol.L"* PBS (pH 7.4) solution at scan rate = 25 mV/s.
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The redox couple due to &Bc/Cd'Pc in Figure 4.10A(ii) and in Figure 4.10B(ii) was
observed at fr = 400 mV for Au-ME-CoTCAPc SAM and it disappearedter the
immobilization of GOx enzyme in Figure 4.10A(iv)h@ disappearance of the redox couple
(Cad"Pc/Cd'Pc) could be attributed to the CoTCAPc SAM embeddieder the enzyme layer.
The cyclic voltammograms in Figure 4.10A clearlywsfs the redox peak at ~100 mV due to
[Fe(CN)X>1/[Fe(CN)X*] even after the electrode was coated at withAGME SAM, (iii) Au-
ME-CoTCAPc SAM and (iv)Au-ME-CoTCAPc-GOx SAM. A dmase in peak-to-peak
potential separationAg,) upon modifying gold electrode with Au-ME SAM amsu-ME-
CoTCAPc SAM was observed compared to the bareretéet The peak-to-peak potential
separation increased upon modifying gold electwitle GOx enzyme following this trend: Au-
ME-CoTCAPc-GOx SAM > Au > Au-ME-CoTCAPc SAM> Au-MBAM, and theAE, values
(289 > 166 > 124 > 84) mV, respectively. The faett{Fe(CNy*]/[Fe(CN)"*] peak is observed
on modified gold electrode could be attributedtte fact that [Fe(CNJ]/[Fe(CN)*] is a fast
electron transfer species, also that the SAM formeatbt pinhole free, i.e. solution ion can still
penetrate through the SAM to the surface of gatdtebde thus allowing the reaction to occur on
gold electrode. The decrease in peak potentialragpa AE,) on Au-ME-CoTCAPc SAM and
Au-ME SAM shows that the surface is catalytic escdssed above. Figure 4.10B shows a cyclic
voltammograms for Au-ME-CoTCAPc SAM on conditioniagd redox peaks gradually grew
with the cycle number and stabilized after thelsigycle. It was interesting to notice that this
behavior was also observed in literature [159] bad been attributed to the conducting film

being formed on the surface of the electrode.
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4.2.5 Impedance spectroscopic characterization of SAM mafied gold electrodes
Electrochemical impedance spectroscopy has recewesiderable attention as a surface
characterization technique [39,207-212] of SAM nfiedi gold electrodes. The impedance
measurements in the presence of the redox prdkegFe(CN)*]/[Fe(CN)*], may be used to
study the conducting and permeability propertieSAMs and also measure the defectiveness
associated with the surface coverage behaviouAMsS The redox probing species [Fe(GN)
/[Fe(CNY*] is known to react at the pinholes / defects [88hin the SAM. The form of a Bode
plot used in this work is a plot of phase anglesusrlog frequency, i.e©-vs log f. The
impedance measurements were done JReKCN) /K3Fe(CN) solution which was used as a
redox probe for studying the electron transfer props of SAMs. Figure 4.11 shows the
Nyquist plot of (i) bare gold, (i) Au-ME SAM and () Au-ME-CoTCAPc SAM, B(iii) Au-
ME-FeTCAPc SAM and C(iii) Au-ME-MnTCAPc SAM in (1)1 mixture of

K4Fe(CN)/KsFe(CN) in 0.1 KCI solution.

- 104 -



CHAPTER FOUR

MODIFICATION AND CHARACTERISATION OF SAMs

6000 - o
(A) Oa o
5000 Gi)_ DA i) o
A o
= 4000+ Oa o
£ OaA o
O, 3000~ %‘2‘ <><><><>(i)
N 2000 <><><> X
&
1000
O Bl T T T T T 1
0 2000 4000 6000 8000 10000 120qp
Z' (Ohm)
6000 -
(B) O A o °
5000 - DA A o
i O A <
= 4000+ élllh A (i) o 0(_?
|
5 ] O ,A o<
O 3000 <
Y 0000000
Y 2000 - 0000
1000
0 T T T T T T 1
0 2000 4000 6000 8000 10000 120p0
Z' (Ohm)
6000 - A
©) O a S o
5000 - S
T 4000+
e
O 3000
N 2000 -
1000
0 - T 1
0 2000 4000 6000 8000 10000 12004
Z (Ohm)

Figure 4.11 Nyquist plot (-Z” vs Z’) obtained for impedancesasurements in Fe(CNj“'(l:l)

mixture in 0.1 mol.[' KCI solution for (i) bare gold, (i))Au-ME SAM and(iii) Au-ME-

CoTCAPc SAM, B(iii) Au-ME-FeTCAPc SAM and (C)(iilAu-ME-MnTCAPc SAM. Applied

potential = 150 mV.
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The Nyquist plot is divided into two frequency regs, the kinetically controlled (high
frequency) region where the semi-circle is obserfetlowed by Warburg line in the low
frequency which corresponds to the diffusion stefihne overall process. As evidenced in Figure
4.5, the modification of gold electrode did notilihthe [Fe(CN)*]/[Fe(CN)*] redox couple.
Instead it facilitated the electron transfer as banobserved by a decrease in peak potential
separation. At high frequency region the chargesfiex resistance () is expected to either
increase or decrease due to inhibition or facdtabf charge transfer by the monolayer on the
electrode [207,211,212]. In Figure 4.11A-C(i) a sigmi-circle was observed for a bare gold
electrode and this semi-circle decreased upon wyiaditthe gold electrode with SAMs, Figure
4.11A-C(ii) for Au-ME SAM, Figure 4.11A(iii) for AWME-CoTCAPc SAM, Figure 4.11B(iii)
for Au-ME-FeTCAPc SAM and Figure 4.11C(iii) for AME-MnTCAPc SAM. The diameter of
the semi-circle observed corresponds to the chiaagsfer resistance @R and the smaller the
semi-circle, the faster the charge transfer. Theedse in semi-circle (R) followed this trend
(Ohm): Au (5991) > Au-ME-MTCAPc {M = (Co, 1284), ¢ 2957), (Mn, 2572)} > Au-ME
SAM (867). The observed trend was due to the faat the modified electrodes show catalytic
behaviour, i.e. facilitate the rate of electromster reactions for [Fe(Ch)J/[Fe(CN)"] redox
couple. These results are in conformity with thsuhes observed for cyclic voltammetry in
Figure 4.5 above. The coupling reaction between KFC and Au-ME SAM resulted in
structural changes of the Au-ME SAM, hence différenrface properties, resulting in the
observed differences in the semi-circle and Warlingy

The other impedance data representation (Bode wh)studied where the plot of phase
angle @) against log frequency was used. Bode plot dafmesentation will assist in

understanding the capacitive behaviour and pragsedi SAMs as it is known [213] that the
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phase angle at low-to-medium frequency region gisgsortant data, whereby the phase angle
greater than or equal to @feans that the SAM behaves like an ideal capaditis means that
there is no current leakage at the defect sitesta&AM forms an insulating film. Whereas, if
the phase angle is less tharf #e SAM is viewed as a contaminated capacitor imeathe
SAM is permeable to solution ions. Figure 4.12 shithe Bode plot © vs log f) for A-C(i) bare
gold, (i) Au-ME SAM and A(iii) Au-ME-CoTCAPc SAMB(iii) Au-ME-FeTCAPc SAM and
C(iii) Au-ME-MnTCAPc SAM in (1:1) mixture of KFe(CN}/K4sFe(CN}) in 0.1 KCI solution.
The Bode plot in Figure 4.12(i) for bare gold clgahows that the phase angle is less th&n 90
throughout the frequency range and this was expgexgtdhe entire surface is exposed to solution
ions. Furthermore, the modified gold surfaces Fagdrl2A-C(ii) and (iii) also exhibited the
phase angle less than®abroughout the frequency region. This means thetet is a current
leakage through the SAM. These results are in aggae with those obtained using the cyclic
voltammetry and can be concluded that the eleadtiveasurface of SAMs facilitates electron

transfer, i.e. catalytic towards [Fe(GRIY[Fe(CN)"].
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Figure 4.12 Bode plot (© vs log f) for (i) bare gold, (i) Au-ME SAM and A{) Au-ME-
CoTCAPc SAM, B(iii) Au-ME-FeTCAPc SAM and (C)(iifu-ME-MnTCAPc SAM in (1:1)

mixture of 1 x 1¢ mol.L™* Ky/K,Fe(CN) in 0.1 mol.* KCI solution.
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4.2.6 Impedance spectroscopy characterization of glucosxidase enzyme electrode

The impedance spectroscopy was

also used to cearacthe CoTCAPc-GOx enzyme

SAM modified gold electrode (Au-ME-CoTCAPc-GOx SAMJhe impedance measurements

were performed in the mixture (1:1) of 1

x4 fnol.L"! KsFe(CNYK,4Fe(CN) containing 0.1

KCI in PBS (pH 7.4) solution. Figure 4.13 shows (A& Nyquist plot (-Z” vs Z’) and (B) the

Bode plot of (i) bare gold, (ii) Au-ME SAM, (iii) A-ME-CoTCAPc SAM and (iv) Au-ME-

CoTCAPc-GOx SAM.
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Figure 4.13 (A) the Nyquist plot (-Z” vs Z’

) and (B) the Badplot of (i) bare gold, (ii) Au-ME

SAM, (iii) Au-ME-CoTCAPc SAM and (iv) Au-ME-CoTCARGOx SAM in (1:1) mixture of 1

x 10° mol.L'* Fe(CN)*'* containing 0.1 mol.t KCI in PBS (pH 7.4) solution.
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The Nyquist plot in Figure 4.13(A) showed the sanibehaviour as observed in Figure
4.11 (above), whereby at high frequency regiong@eahse in semi-circle upon modifying the
gold electrode with (i) Au-ME SAM and (iii) Au-MESoTCAPc SAM was observed. However,
upon modifying the gold electrode with the enzyma-ME-CoTCAPc-GOx SAM) the semi-
circle, corresponding to the charge transfer rascd (Ry), increased considerably and this
increase followed this trend: Au-ME SAM < Au-ME-CGAPc SAM < Au < Au-ME-
CoTCAPc-GOx SAM and the & (Ohm) values (867 < 1284 < 5991 < 15969), respelti
The increase observed on an enzyme modified gelrdrede in Figure 4.13A(iv) is attributed to
the surface being covered by an enzyme layer. Tinegedance measurements for the enzyme
are found to be consistent with the cyclic voltangnams obtained in Figure 4.10A. Bode plot (-
O vs log f) was also used for the analysis of GOzyere impedance data. Figure 4.13B shows
the Bode plot for (i) Au, (i) Au-ME SAM, (iii) AUME-CoTCAPc SAM and (iv) Au-ME-
CoTCAPc-GOx SAM. Figure 4.13B(iv) shows a tremamidncrease in phase angle to
approximately 79at log f = 2.5 and this increase could be attributesurface covering ability
of enzyme to electrode reaction as observed in@cyoltammogram in Figure 4.10A. However,
the enzyme modified electrode still showed a plaessge less than 8@hroughout the frequency

range investigated and this is the characteri$tecleaking or contaminated capacitor.

Further characterization of SAM modified gold etede was done by spectroscopic
methods, i.e. Raman spectroscopy and X-ray phativete spectroscopy. Both these methods
Raman spectroscopy and X-ray photoelectron specipgswere used in this work to give
further experimental evidence of the immobilizataord formation of Au-ME SAM and Au-ME-

MTCAPc SAM on gold electrode surface.
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4.2.7 Raman spectroscopic SAM characterization

Raman spectroscopy is a very useful surface claization technique and has been
used for the characterization of phthalocyanindaser films on metal surfaces, such as silver
[214,215] and gold [216]. In this work, Raman spestopy was used for the characterization of
SAM modified gold electrode. First the Raman sgetdr the metallophthalocyanine complexes
in powder form was measured and is shown in Figutd(i) for CoTCACIPc 11) and (ii) for
FeTCACIPc 12) and (iii) for MNTCACIPc 13). Please note that the data is for MTCACIPc
complexes 11-13 and not the hydrolyzed MTCAP@&%-17). The results are the same for both
MTCAPc and MTCACIPc complexes; hence the latteri¢whwas available as powder) was
used. The Raman spectra in Figure 4.14 were typicahthalocyanine complexes in powder
form as observed in literature [214-218] which éxdhpeaks within the studied range (200 —
1800 cnt). The Raman bands observed in Figure 4.14 areactesistic bands for

phthalocyanine complexes and are briefly summaiizdable 4.2.

intensity (au)

200 400 600 800 1000 1200 1400 1600 14800

Raman shift (cm*)

Figure 4.14 Powder Raman spectra of (i) CoTCACIRd)(and (ii) FeTCACIPc 12) and (iii)

MnTCACIPc @3).
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Figure 4.15 shows the Raman spectra of the SAM feddgold electrode (A) (i) Au-ME
SAM and (i) Au-ME-CoTCACIPc SAM, (B) Au-ME-FeTCA®c SAM and (C) Au-ME-
MnTCACIPc SAM. Again note, the data is for MTCACIEPomplexesX1-13 before hydrolysis
in order to compare with Figure 4.14 where MTCACHnplexes were employed. From the
Raman spectrum of Au-ME SAM, Figure 4.15A(i), thirkeaman bands corresponding to Au-S
(~230 cn), asymmetrical H-C-H (~1300 ¢ and symmetric H-C-H (~1600 ¢th were
observed, thus confirming the chemisorption of A&MAM on gold surface via Au-S bond.
The Au-ME SAM gold electrode was further modifiedttwdifferent metallophthalocyanine
complexes (Au-ME-MTCACIPc SAM). The results are whoin Figure 4.15A(ii) for Au-ME-
CoTCACIPc SAM, (B) Au-ME-FeTCACIPc SAM and (C) AuMnTCACIPc SAM. Upon
modifying Au-ME SAM with different MTCACIPc complees extra Raman bands different
from Au-ME SAM were observed, and these bands (exd¢ee band at 300 cfy are
characteristic of the studied MTCACIPc complexegyoldl surface. The noticeable difference of
powder (Figure 4.14) and immobilized complexes waserved, first by the shift in wave
numbers of some of the Raman bands as shown bgshlts summarized in Table 4.2. Also one
can notice that the Raman bands for the immobilM@@€ACIPc complexes were broad within
the range (1000 — 1250 € especially for Au-ME-CoTCACIPc SAM and Au-ME-FERCIPc
SAM compared to their powder Raman spectra in Eigut4. An additional band at 300 C¢rim
Au-ME-MTCACIPc SAM modified gold electrodes was ebged and this band corresponds to
Au-S vibration as Au-ME-MTCACIPc SAMs are chemised(Au-S) on gold surface. The shift
of this band from 230 cthfor Au-ME SAM to 300 crit for Au-ME-MTCACIPc SAMs confirm
the coupling reaction of the studied MTCACIPc coexgls onto Au-ME SAM pre-modified gold

surface. The two peaks observed for Au-ME SAM d0land 1600 cihwere not observed at
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Au-ME-MTCAPc SAM modified electrode, this could b#ributed to the Au-ME SAM buried

under bulky MTCAPc complexes.
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Table 4.2 Molecular vibrations of modified gold electrodetwAu-ME SAM and Au-ME-MTCACIPc SAM and the powdef

MTCACIPc complexesl(1-13 observed in the Raman spectra.

O

ME SAM | CoTCACIPc | CoTCACIPc | FeTCACIPc | FeTCACIPc | MnTCACIPc MnTCACIPc .
(cm™) Powder (cm?) | SAM (cm™) | Powder (cni*) | SAM (cm™) | Powder (cm) | SAM (cm™) Interpretation
230 Au-S
300 300 300 Au-S
690 694 690 695 685 685 Ring deformation
750 750 750 750 750 750 Ring deformation
922 840 Out-of-plane bendin
1110 1110 1100 1118 1122 1100 C-H bending
1188 1198 1190 1190 C-H bending
1213 1211 1214 1280 1279 C-H bending
1311 SCtrezt?Eymmetric
1313, 1342 1339 1310 1329 1329 1339 C-N breathing
1425 1385 Isoindole ring streta
1553 1543 1530 1530 1520 1520 C=C pyrrole stret
1600 ;rezti%mmetric
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Figure 4.15 Raman spectra of gold modified electrode with(()\u-ME SAM and A(ii) Au-

ME-CoTCAPc SAM, (B) Au-ME-FeTCAPc SAM and (C) Au-MEnTCAPc SAM.
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4.2.8 X-ray photoelectron spectroscopic SAM characterizabn

X-ray photoelectron spectroscopy (XPS) measuremaats performed in this work to
detect the appearance of elements from the SAM freddgyold surface with Au-ME SAM and
Au-ME-MTCAPc SAMs and also investigate how theseMBAinteract with the gold surface.
XPS measurements are very useful in studying thfaifilm composition thus confirming the
immobilization and formation of SAMs on gold sudad-igure 4.16 shows the survey XPS
spectrum for Au-ME SAM modified gold electrode. Thlemental composition (gold, carbon,
and oxygen) which arises from the Au-ME SAM modifisurface were observed and these
elements were expected for Au-ME SAM modified gdddrface. The high resolution
experiments in the sulfur (S 2p) region of the SAhNwe been reported to give clear evidence
for the attachment of thiol molecules on gold stef§22,32,35,205,206,219-223]. Therefore, in
this work, the sulfur and oxygen were examined gian extended acquisition time or high

resolution XPS.

Au
2
@ Au
[}
k= O
C
I I I I 1
1000 800 600 400 200 0
binding energy (eV)

Figure 4.16 XPS low resolution survey spectrum showing tlemental composition for Au-

ME SAM modified gold surface.
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Figure 4.17 shows the extended high resolutiontsgpéar (A) sulfur (S 2p) and (B)

oxygen (O 1s) region of Au-ME SAM modified gold fage.

(A)

intensity

180 175 170 165 160 155
binding energy (eV)

(B)

intensity

538 533 528 523
binding energy (eV)

Figure 4.17 XPS spectra showing (A) the S 2p and (B) O 1s tevel region of Au-ME SAM

monolayer on gold surface.

The high resolution spectrum for sulfur (S 2p) igufe 4.17 (A) gave two sets of S 2p
peaks, one centered at 162.0 eV and another a4 £83.The peak at 162.0 eV is assigned to a
sulfur bound to gold surface (Au-S), while the peall63.4 eV has been known [22,32,35,205,
206,219-223] to be that of partially bound RSH Ighi(2-mercaptoethanol in this work). From

these result it is clear that mercaptoethanol foemthiolate bond (Au-S) on gold surface,
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therefore the XPS experiments confirm the chemismpand formation of mercaptoethanol
monolayer (Au-ME SAM) on gold surface. Figure 4.13Bows the high resolution region for
oxygen (O 1s) which clearly exhibited one peak estt at 532.4 eV. This peak is be attributed
to the oxygen from the terminal hydroxyl (OH) groap Au-ME SAM and these results also
confirms that the immobilization of mercaptoetharsobnly via the sulfur head, leading to the

OH group exposed on the surface of Au-ME SAM medifgold surface.

The Au-ME SAM modified electrode was further moediwith MTCACIPc (and not
hydrolyzed to MTCAPc for comparative purposes) ctaxgs to give the Au-ME-MTCACIPc
SAM modified gold surface and the XPS experimengsewalso performed for these different
MTCACIPc modified gold surfaces. The XPS experiteefor the Au-ME-MTCAPc SAM
modified electrode exhibited different structurabperties compared to that of Au-ME SAM.
Figure 4.18 shows low resolution survey spectréddfAu-ME-CoTCACIPc SAM, (B) Au-ME-
FeTCACIPc SAM and (C) Au-ME-MnTCACIPc SAM. The XR&periments in Figure 4.18
show an extra nitrogen element which was not sed¢nel XPS survey spectrum of Au-ME SAM
in Figure 4.16, above. The peak intensity for tlements increased from Au-ME SAM to Au-
ME-MTCACIPc SAM and this is due to the fact thag thu-ME-MTCACIPc SAM consists of a

highly conjugated ring system compared to alkaoé{iu-ME SAM) on gold surface.
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Figure 4.18 XPS low resolution survey spectra of (A) Au-ME-TTRACIPc SAM, (B) Au-ME-

FeTCACIPc SAM and (C) Au-ME-MnTCACIPc SAM.
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Figure 4.19 shows the XPS high resolution spectraéihfe sulfur (S 2p) region of (A) Au-
ME-CoTCACIPc SAM, (B) Au-ME-FeTCACIPc SAM and (C)uAME-MnTCACIPc SAM
modified gold surface. The extended S 2p regioAfoME-CoTCACIPc SAM in Figure 4.19A
gave two peaks at 161.9 and 163.6 eV, these peaksmilar to the peak observed for Au-ME
SAM above and are attributed to the strong (161/p and partial (163.6 eV) chemisorption
bonds (Au-S) due to the formation of the thiolake-S) bond. Similar results were observed for
Au-ME-MnTCAPc SAM in Figure 4.19C with two peaks 461.9 and 163.3 eV both
corresponding to the strong and partial formatidnthe thiolate (Au-S) on gold surface.
However, Au-ME-FeTCACIPc SAM in Figure 4.19B gawauf peaks at 161.8 eV, 163.2 eV,
170.2 eV and 171.9 eV. The first two peaks at 1&h@& 163.2 eV are similar to the observed
before for Au-ME-CoTCACIPc SAM and Au-ME-MnTCACIPSAM which are attributed to
strong and partial chemisorption of thiols as #iielon gold surface. The extra two peaks at
170.2 and 171.9 eV have been reported in litergi2@26,222,223] to be due to the sulfonate
group on gold surface. The sulfonate group in Wik is thought to be due to the cleaning
method for gold substrates which involves the udspicanha” solution (i.e. a mixture of 30,
and HO,). Therefore the presence of the sulfonate groughtrive from the piranha solution.
The other possibility of the formation of sulfonate gold surface may be due to the oxidation of
the sulfur atoms on the thiolate group. This hamnleported in literature [220] that the thiolate
(Au-S) can undergo oxidation in the atmosphereltiaguin an increase in binding energy from
thiolate (Au-S) peak at 162 eV to the sulfonate kpealose to 170 eV. Since the XPS
measurements for modified gold surfaces were donelteneously, different surfaces were used
for different complexes and the FeTCACIPc modifmdface could have been contaminated

with sulfonate groups as observed in Figure 4.19B.
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Figure 4.19 XPS spectra showing the S 2p core level regiofApfAu-ME-CoTCACIPc SAM,

(B) Au-ME-FeTCACIPc SAM and (C) Au-ME-MnTCACIPc SArhonolayers on gold surface.
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The XPS high resolution region for oxygen (O 1sywso investigated for the Au-ME-
MTCACIPc SAM on gold surface. Figure 4.20 shows XS high resolution spectra for
oxygen (O 1s) region of (A) Au-ME-CoTCACIPc SAM, Bu-ME-FeTCACIPc SAM and (C)
Au-ME-MnTCACIPc SAM modified gold surface. The obsed XPS spectra for Au-ME-
MTCACIPc SAM was clearly different from that of AME SAM in Figure 4.17B above which
showed only one oxygen atom contribution from tldrboxyl (OH) group. The O 1s region for
Au-ME-CoTCACIPc SAM in Figure 4.20A and Au-ME-MnTQAPc SAM in Figure 4.20C
were the same and both exhibited two peaks for @xygom (O 1s). These peaks were found at
531.9 and 533.5 eV for Au-ME-CoTCACIPc SAM and da attributed to the oxygen at the
ether linkage (C-O-C) and the carbonyl oxygen (Caf@ms. Similarly, the oxygen peaks for
Au-ME-MnTCACIPc SAM were found at 531.9 and 533¥% and could be attributed to the
ether linkage oxygen (C-O-C) and carbonyl oxygerQ@f atoms. However, for Au-ME-
FeTCACIPc SAM, the extra oxygen was observed at.153/ which might be from the
sulfonate (S@) group found at the gold surface as was observ&d2g region in Figure 4.19B,
while the other two oxygen atoms were found at 33&d 533.6 eV corresponding to the ether

(C-0O-C) and carbonyl (C=0) oxygen atoms.
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Figure 4.2Q XPS spectra showing the O 1s core level regiai\pAu-ME-CoTCACIPc SAM,

(B) Au-ME-FeTCACIPc SAM and (C) Au-ME-MnTCACIPc SAmhodified gold surface.
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Since metallophthalocyanine complexes contain idiffemetal ion centers, for example
Co (for Au-ME-CoTCACIPc SAM), Fe (for Au-ME-FeTCAEt SAM) and Mn (for Au-ME-
MnTCACIPc SAM), the metal core level region waseastigated using XPS. Figure 4.21 shows
the high resolution region for different metal ioi#§ Au-ME-CoTCACIPc SAM, (B) Au-ME-
FeTCACIPc SAM and (C) Au-ME-MnTCACIPc SAM. For dhe metal ion regions (as shown
in Figure 4.21) the intensity was very low, therefoao fitting was performed. However, it was
interesting to see the peaks corresponding tordmepce of the metal ion (though very weak for
FeTCACIPc modified surface), thus confirming thegance of the immobilized MTCACIPc
complexes (Au-ME-MTCACIPc SAM) on gold surface. Thexperimental percentage
composition of the elements observed in XPS wa® donl the results are summarized in Table
4.3. It was interesting to note that for Au-ME-CAATIPc SAM and Au-MnTCACIPc SAM
higher percentages for carbon (C 1s) comparedygesx(O 1s) atoms were observed, due to the
phthalocyanine ring system. For Au-ME-FeTCACIPc SAiM observed result shows that the
SAM was highly contaminated with sulfonate ionsgaitd electrode and this greatly affected the
results as noticed with high percentages for Odispared to C 1s atoms. The experimental
percentage composition also showed the presentteeahetal ions even though this was very

small for Au-ME-FeTCACIPc SAM due to contamination.

Table 4.3 Experimental percentage composition of elemeatsid on SAM modified gold

electrodes.
Au-ME SAM Au-ME- Au-ME- Au-ME-
CoTCACIPc SAM FeTCACIPc SAM MnTCACIPc SAM
O1s| 29.92 % O 1s 17.73 % O 1s 68.80 % O 1s 18.40 %
Cls| 57.81% C1ls 75.06 % Cls 30.52 % Cls 77.75 %
S2p| 12.28 % S2p 6.35 % S2p 1.63 % S2p 160
Co2p 0.86 % Fe 2p 0.05 % Mn2p | 2.35 %
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Figure 4.22 XPS spectra showing the metal (M 2p) core leegion of (A) Co 2p in Au-ME-
CoTCACIPc SAM, (B) Fe 2p in Au-ME-FeTCACIPc SAM an®€) Mn 2p in Au-ME-

MnTCACIPc SAM modified gold surface.
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4.2.9 Quartz crystal microbalance with dissipation GOx SAV characterization

The poor compatibility of some of the QCM-D flowashber components with select organic
solvents made it difficult to assess the layerifigo@anic-phase biosensor components onto the
transducer surface. Therefore, layering of the CATIPc and ME monolayers onto the electrode
surface took place using dry DMF (as a CoTCACIPtsbzing agent) and ethanol solution
(deposition solution for ME), which is not compdgilwith the standard inlet/outlet tubing of the
instrument. Thenthe quartz crystal microbalance with dissipatiQqCM-D) was used in this
work to monitor only the covalent immobilization gfucose oxidase enzyme onto Au-ME-
CoTCAPc SAM modified gold surface. The gold quactystal was first coated with the
mercaptoethanol and cobalt tetra-carboxy acid phtlanine (Au-ME-CoTCAPc SAM) as
shown in Scheme 4.3. The acid groups of Au-ME-CoPCASAM were activated with
EDC/NHS solution to afford the EDC/NHS activated -ME&E-CoTCAPc SAM, and the
immobilization of the enzyme was monitored usingMRD. Figure 4.22 shows the plot of
changes in frequency (f) and dissipation (D) obserfwllowing immobilization and formation of

glucose oxidase (GOx) layer onto Au-ME-CoTCAPc N&SM.
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Figure 4.22 Normalized frequency and dissipation shift f&t @vertone versus time following
covalent immobilization of glucose oxidase enzynméoogold surface pre-modified with acid
activate cobalt phthalocyanine SAM. (1) is the tstdirthe immobilization of GOx enzyme and

(2) is the start of rinsing step with PBS (pH 7djfer solution.

The immobilization of GOx resulted in a decreasé&a@guency (f) of approximately -50
Hz and an increase in dissipation (D) of approxétyaB.1 x 1. The observed frequency
change resulted in a mass gain of uid@stimated using a Sauerbrey relationship in Hi@qQls
software. The observed frequency changes are doeviadent immobilization of GOx enzyme
SAM on gold surface. However, one must note thd¢ fhat the measured frequency and
dissipation changes leading to the mass of the ipililmed GOx enzyme also include water as

QCM-D senses the water molecules trapped betweeprttein molecules.
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In conclusion, this chapter convincingly demonsatthe successful covalent
immobilization of different metallophthalocyanineraplexes onto a pre-modified gold electrode
with a simple thiol (Au-ME SAM). Different characteation methods were used successfully
for SAM characterization and these methods areicyaltammetry (CV), electrochemical
impedance spectroscopy (EIS), x-ray photoelectpmttsoscopy (XPS), Raman spectroscopy,
and quartz crystal microbalance with dissipatiofCK®D). One can conclude that the gold
surface was successfully modified with SAMs and tha characterization techniques were in
good agreement with each other as they all denmatestand showed the convincing evidence of
the presence of different monolayers on gold ebeletr The next chapter (five) investigates the
potential electrocatalytic behaviour of the Au-MEFRAPc SAM modified gold electrode
towards the detection of L-cysteine and hydrogeroypde. The next chapter (five) will also
investigate the potential electrocatalytic behavioiuthe glucose oxidase enzyme modified gold

electrode (Au-ME-CoTCAPc-GOx SAM) towards the détatof glucose.
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To probe the analytical applications of the SAM fied gold electrodes as potential
electrochemical sensors, the electrocatalytic dida and analysis of biologically,
environmentally and industrially important moleaileere performed. The studied important
molecules in this work are L-cysteine, hydrogenogite and glucose. Therefore, this chapter
will investigate electrocatalytic studies, i.e. tkdetection and analysis of these molecules

(analytes) at modified gold electrode.

5.1 Electrocatalytic applications of SAM modied Au-electrode towards L-cysteine

Cysteine oxidation is known to occur at high angatentials using the conventional
electrodes, in particular at gold electrodes iknewn to occur at potentials > 900 mV [130].
Therefore, the use of MPc SAM, with MPc containtrensition metals such as Co, Fe and Mn
as central metal ions have been shown to reducepohbential and substantially improve
electrocatalytic activity of the bare gold eleceddwards the detection of cysteine [55,57,58,60]
by improving the rate of electron transfer. Theiahistudies (performed in South Africa) for
cysteine detection at Au-ME-CoTCAPc SAM modifiedldyeelectrode exhibited two well-
defined peaks due to cysteine oxidation. FiguréX).shows the cyclic voltammograms for Au-
ME-CoTCAPc SAM (i) without and (i) with 1.0 x T0mol.L™* L-cysteine and (B) shows the
cyclic voltammograms of (i) bare and (ii) Au-ME SAi the presence of 1.0 x f@nol.L* L-

cysteine in phosphate buffer solution (pH 4).
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Figure 5.1 Cyclic voltammograms for (A) Au-ME-CoTCAPc SAM) vithout and (ii) with 1.0
x 10% mol.L™* L-cysteine and (B) cyclic voltammograms of (i) @and (ii) Au-ME SAM in the
presence of 1.0 x T0mol.L™ L-cysteine in phosphate buffer solution (pH 4)ascate = 25

mV/s.

-131 -



CHAPTER FIVE ELECTROCATALYTICBEHAVIOUR OF SAMS...

The two cysteine oxidation peaks in Figure 5.1Aevebserved at 450 mV{ and 670
mV (1) (vs Ag|AgCl) in pH 4 buffer solution, whereasHigure 5.1B there was no peak observed
for bare (i) and an ill-defined peak at ~600 mV AgAgCI) was observed at Au-ME SAM in
Figure 5.1B(ii). The presence of an ill-defined péar cysteine oxidation at Au-ME SAM was
not surprising as Au-ME SAM is known to catalyzee thxidation of biological important
molecules [224,225] and this peak was enhancedigaré& 5.1A(ii)) even though the same
concentrations for cysteine were employed on bogurE 5.1A(ii)) and Figure 5.1B(ii). The
enhancement in this peak due to Au-ME SAM coulddbe to differences in nature of the
electrode surface in the presence of CoTCACIPcuAVE-CoTCAPc SAM compared Au-ME
SAM alone. The first oxidation peak labeléd at 450 mV in Figure 5.1A(ii) is typical
electrooxidation of cysteine at MPc modified eleds and has been reported [23,24,55,60] to
be mediated by metal oxidation {\Wc/M'Pc). The mechanism involved in cysteine oxidat®n i
shown in equation 5.1 — 5.4 [24,55,56,113,226,2@Hereby first the oxidation of the metal
(Co) from CdPc to C8'Pc, occurs followed by chemical oxidation of cyséeand the
regeneration of Ctc. The oxidation peakl( of L-cysteine in Figure 5.1A(ii) is in the rangé
Co"/Cd" oxidation peak in Figure 5.1A(i) and this leadstie conclusion that the oxidized

species, COPc is involved in the mechanism for L-cysteine aioh as shown in equations 5.1

- 5.4
CO'TCAPc — > [C®@CAPCc} + e (5.1)
[CONTCAPC} + RSH—> [RSH-CBTCAPC} (5.2)
[RSH-CA'TCAPc} ——F> CWICAPc + RS + H (5.3)
2RS* > RSSR (b.4

where RSH = L-cysteine and RSSR = cystine.
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The catalytic activity may be evidenced by lowgriof potential and an increase in
current. In Figure 5.1A the current in the preseoick-cysteine (Figure 5.1A(ii)) is an order of
magnitude larger than the current of the Au-ME-CAPC SAM modified gold electrode in the
absence of L-cysteine (Figure 5.1A(i)), hence prgwatalytic activity. The second peak labeled
| at 670 mV in Figure 5.1A(ii) may be a result okthatalytic effect of Au-ME SAM not
coordinated to the CoTCACIPc. In order to prove plaeticipation of Au-ME SAM (containing
OH terminal functional group), the nature of untedcAu-ME SAM was changed by reacting
the Au-ME-CoTCAPc SAM electrode with acetyl chl@igby simply immersing the Au-ME-
CoTCAPc SAM electrode into a solution of acetyl aide) in order to transform any
uncoordinated OH terminal groups to —OOGQEkrminal groups. Figure 5.2 shows the cyclic
voltammograms of (i) Au-ME-CoTCAPc SAM and (ii) AME-CoTCAPc SAM functionalized

with acetyl chloride in the presence of cysteine (0* mol.LY).

0 200 400 600 800

E / mV (vs Ag|AgCl)

Figure 5.2 Cyclic voltammograms for (i) Au-ME-CoTCAPc SAM au(ii) Au-ME-CoTCAPCc
SAM functionalized with acetyl chloride in the peese of 1 x 18 mol.L™ of L-cysteine in pH 4

buffer solution. Scan rate = 25 mV/s.
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The cyclic voltammogram of L-cysteine was recordad the resulting —OOCGCH
functionalized Au-ME-CoTCAPc SAM electrode in Figub.2 (i) and only one pedk was
observed at ~540 mV (vs Ag|AgCl). The oxidatiorcgéteine occurred with a typical [227] dip
on the return wave. Thus, the addition of acetybitie resulted in an increase in the oxidation
potential of cysteine. This increase could reflbet fact that the electrode surface has changed.
However the L-cysteine oxidation potential is dblv compared to its oxidation on other CoPc
modified electrodes [113,227], making the currdetttode more favourable. The experiments
were also performed whereby the OH of the Au-ME SAMthe absence of CoTCAPc) was
transformed to —OOCCHithe weak peak seen at 600 mV in Figure 5.1B{igs not observed
confirming that changes in terminal functional gran Au-ME SAM affect the nature of the

Au-ME SAM, rendering it insensitive to L-cysteirejen in the absence of CoTCAPC.

Chronoamperometry experiments were used for thiysisaof L-cysteine. Figure 5.3A
shows the typical current response (chronoampermanogof the Au-ME-CoTCAPc SAM on
consecutive additions of cysteine at fixed potérfd&0 mV vs Ag|AgCl) which is the potential
at which L-cysteine oxidation is catalyzed by th#balt phthalocyanine. A base line was
established in 10 mL of 1.0 M PBS (pH 4.0). A wedfined increase in current due to L-
cysteine oxidation was observed with successiveements of L-cysteine concentration in
solution (indicated by arrows, Figure 5.3A). Theekr plot in Figure 5.3B shows the current
versus concentration of L-cysteine and gave agsttdine within the studied concentration range
(2.8 — 20pmol.L™). The limit of detection (LoD), based on signalnimise ratio of 3, was 5.0 x

10" mol.L™* close or equal to the reported values [23,24,5%]etection limit of L-cysteine on
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CoPc SAM reported in Table 1.2 in chapter 1. Tlspoase time of the modified electrode to L-

cysteine additions was found to be 2 seconds.

(A)

4.40E-07
(B)
y=0.0223x-2.061E08 u
z 2.40E07
e T
1.40E-07
4.00E—08\F \ T \ \

2.80E-06  6.80E-06 1.08E05 1.48E05  1.88H05
[L-Cysteine]

Figure 5.3 (A) Amperometriccurrent responses of Au-ME-CoTCAPc SAM on additions
(indicated by arrows) of 1.0 x T@nol.L™ L-cysteine in PBS (pH4) at 450 mV applied potdntia

(B) Plot of current vs concentration of L-cysteine.

L-cysteine was further studied at different MTCARwdified electrodes and these
studies were conducted in Belgium (Ghent Unive)sifjgure 5.4 shows the CVs of 1 x™0

mol.L* L-cysteine in pH 4 buffer solution on bare golddaBAM modified gold electrode.
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Figure 5.4A shows CVs of L-cysteine oxidation atb@re gold electrode, (ii) Au-ME SAM and
(i) Au-ME-FeTCAPc SAM. At bare gold electrode teewas no peak observed for cysteine
detection. On Au-ME SAM the oxidation peak due ysteine oxidation was observed around
0.60 V (vs Ag|AgCl) as was the case above in Figute The cysteine oxidation peak shifted to
less positive potential values, i.e. 0.47 V (vsAxg}l) at Au-ME-FeTCAPc SAM compared to
0.60 V (vs Ag|AgCl) at Au-ME SAM. The shape of theak obtained with Au-ME-FeTCAPCc
SAM shows clear electrocatalytic behaviour: (1)ealpshift to less positive potential values; (2)
enhanced peak currents; (3) higher slope at imgimuart of the peak and better defined peak
shaped wave are observed. Similar results were @bserved at other MTCAPc modified
electrodes, i.e. Au-ME-CoTCAPc SAM and Au-ME-MnTCABAM. The other work only gave
one oxidation peak for cysteine detection in FigouB(ii) for Au-ME-CoTCAPc SAM at 0.48
V and this could be attributed to the more effectooverage of the Au-ME SAM as longer
reaction times were employed. The cysteine oxidapeak was at 0.48 V for Au-ME-CoTCAPCc
SAM in Figure 5.4B(ii) and the reduction peak ingtie 5.4B(i)) at 0.50 V is due to
Ca"Pc/Cd'Pc oxidation peak. For Au-ME-MnTCAPc SAM in FiguBe4C(ii) the observed
cysteine oxidation peak was at 0.47 V. In compariso other MPc-SAM modified gold
electrode (results summarized in Table 1.2 in adrap} the peak potentials for the oxidation of
cysteine studied in this work are in the same raagehose reported for the thiol derivatized
MPc SAM [55,57,58] and axial ligand immobilized MBAM [60] on gold electrodes. In
comparison to the work discussed above for Au-MB-CAPc SAM, where two oxidation
peaks for cysteine at 450 mW Y and 670 mV I() were observed, mediated by Au-ME-

CoTCAPc SAM and Au-ME SAM, respectively.
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Figure 5.4 Cyclic voltammograms responses of (A) (i) barédgelectrode, (ii)) Au-ME SAM
and (i) Au-ME-FeTCAPc SAM in pH 4 solution conténg 1 x 10* mol.L™* cysteine. (B) Au-
ME-CoTCAPc SAM and (C) Au-ME-MnTCAPc SAM (i) withw and (ii) with 1 x 1d mol.L*

cysteine in pH 4 solution. Scan rate = 50 mV/s.
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The detection of cysteine at 0.47 V for Au-ME-FeTRBASAM and 0.48 V for Au-ME-
CoTCAPc SAM occurs near the formal potential foe tmetal oxidation (MPc/M'Pc),
especially that of Au-ME-CoTCAPc SAM, thus suggegtithat the metal oxidation-based
process is involved in the catalytic oxidation etysteine. The FeTCACIPc complex has been
discussed earlier to show metal oxidation procEgé/Fe') at 0.2 V and ring redox process at
0.8 V (Table 3.1). The ring process is too high ifoto be involved in the oxidation of L-
cysteine, hence the metal redox couple was proptsgerticipate in the mechanisms below
(equation 5.5 — 5.8). The metal oxidation couplenswn to catalyze the oxidation of cysteine as
shown in equation 5.1 — 5.4 for Au-ME-CoTCAPc SAMdafor Au-ME-FeTCAPc SAM the

mechanism is shown in equations 5.5 to 5.8:

Fé'TCAPc — > [M@CAPc} + e (5.5)
[FE"TCAPCF + RSH—T> [RSH-P&TCAPC] (5.6)
[RSH-FeITCAPC} ——F> FEICAPc + RS + H (5.7)
2RS >  RSSR (5.8)

where RSH and RSSR are as defined above.

The mechanisms discussed above involve the metdation couple (M'Pc/M'Pc) in
equations 5.1 and 5.5. However, for Mt complexes the metal oxidation '{Fc/M"Pc)
normally occurs at negative potentials (-0.20 V)shswn in Figure 3.4 (chapter 3) and also
reported in literature [228,229]. The MRc complexes are known to undergo metal oxidation
(Mn"VPc/MA"Pc) at positive potentials as shown in Table 3.4 aeported in literature
[178,196,228,229]. The peak due to cysteine oxidaat 0.47 V is in range for the observed

broad oxidation peak (MATCAPc/MA"TCAPC) at approximately 0.4 V in Figure 4.2C(iii).
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Therefore, this metal oxidation catalyzes the ggstexidation following the mechanism shown

in equation 5.9 - 5.12:

Mn"TCAPc ——> [WTCAPc} + e (5.9)
[MNVTCAPC}F + RSH—> [RSH-MHWTCAPC} (5.10)
[RSH-MnVTCAPC} ——> MHWTCAPc + RS + H (5.11)
2RS" >  RSSR 18)

RSH and RSSR are as defined above.

Cysteine coordination to ¢®c derivatives (equation 5.2) has been reportedréef
[113]. The coordination of cysteine to the oxidiztdte of FETCACIPc and MY TCACIPc (as
observed in equation 5.6 and 5.10 in mechanismseabeas confirmed by recording spectra
with and without cysteine as shown in Figure 5.8jolw shows the spectral changes observed
upon chemical oxidation with bromine @Brof complexes followed by addition of cysteine to
the oxidized complexes. Again unhydrolyzed MTCACH@mplexes were used in this work and

these experiments were conducted dry DMF to pretenhydrolysis in water.
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Figure 5.5 Spectroscopic changes observed for oxidation ¢ &€'TCACIPc to (i)

Fe'"TCACIPc and (iii) coordination of cysteine to "FECACIPc. (B)(i)) Mn"TCACIPc to (ii)

Mn"YTCACIPc and (jii) coordination of cysteine to MMCACIPc in dry DMF.

Figure 5.5A shows the oxidation of (i) He&CACIPc with the Q band at 676 nm to form

(i) the oxidized FETCACIPc with the Q band at 692 nm upon exposurBricfumes and (i)

the addition of cysteine to the oxidized"H&CACIPc. The Q band shifts from 676 nm to 692 nm

(24 nm) is due to the formation of 'FECACIPc [104] typical of metal oxidation. Upon
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introduction of cysteine the Q band shift to 686.rfhis shift (6 nm) in Q band after the
introduction of cysteine is typical of axial ligati [113], thus confirming the coordination of
cysteine (equation 5.6). Also for the manganeseptexn(MnTCACIPc) the spectral changes in
Figure 5.5B shows that the oxidation of (i) MARCACIPc with a Q band at 713 nm results in the
generation of (i) MY TCACIPc with a Q band at 723 nm. The shift (10 mm{) band from 713
nm to 723 nm could be attributed to the generatibMn'VTCACIPc upon exposure to Br
fumes which results in the oxidation of the cenitnaltal ion [104]. This shift of a Q band which
takes place without much change in intensity isskmonetal oxidation process [104,113]. The Q
band of the oxidized MATCACIPc species shifted from 723 nm to 719 nm (4) nvhen
cysteine was added (Figure 5.5B (iii)) and this &d shift is attributed to the coordination of
cysteine to M TCAPc. These results confirm the mechanism for eigst oxidation as
proposed in equations (5.1-5.4), (5.5-5.8) and-%12) for Au-ME-CoTCAPc SAM, Au-ME-

FeTCAPc SAM and Au-ME-MnTCAPc SAM, respectively.

Quantitative analysis of cysteine was achieved fthenlinear variation of peak current
as a function of cysteine concentration. Figuresh@ws the increase in peak current as cysteine
concentration increases at (A) Au-ME-CoTCAPc SAM) Au-ME-FeTCAPc SAM and (C)
Au-ME-MnTCAPc SAM and the linear relationship plai peak current §) versus cysteine

concentration.
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Figure 5.6 Cyclic voltammetric responses of catalytic oxidatof L-cysteine at (A) Au-ME-
CoTCAPc SAM, (B) Au-ME-FeTCAPc SAM and (C) Au-ME-MEAPc SAM at varying
concentrations: (i) tmol.L™?, (i) 5 pmol.L™, (iii) 10 umol.L™, (iv) 20 umol.L?, (v) 40umol.L?

and (vi) 60pmol.L™. Alongside are linear plots of peak current va&iy® concentration.
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The increase in concentration of cysteine was tifags observed in Figure 5.6) within
the studied concentration range up top®@ol.L*. The limit of detection (LoD, mol:t) based
on a signal to noise ration of 3, was found to ex510" mol.L™%, 3.4 x 10’ mol.L* and 8.9 x
107 mol.L* for Au-ME-CoTCAPc SAM, Au-ME-FeTCAPc SAM and Au-MENTCAPc

SAM, respectively. These values are within the regmb values for SAM modified gold

electrodes, results shown in Table 5.1.

Table 5.2 Comparative peak potential {z peak current density &l and limits of detection
(LoD) for the electro-oxidation of L-cysteine in p#HO0 conditions for MPc-SAM modified
electrodes.

L-cysteine (1.0 x 1d mol.L™)
MPc SAM . L Ref.
Ep (V) Ip (A.cm) LoD (x 10" mol.L ™)
COTCAPC 0.48 (0.450) 229.4 5.0
FeTCAPC 0.47 2194 3.4 This work
MnTCAPc 0.47 216.4 8.9
CoOBTPc 0.42 3.1 [55]
CoOHETPc 0.50 5.2 [24]
FeOBTPc 0.33 3.0 [23]
FeOHETPc 0.38 5.2 [24]
CoPc 0.20 13.92 [60]
FePc 0.18 16.41 [60]
MnPc 0.20 9.95 [60]

@ value obtained from studies of cysteine at Au-M&EFCAPc SAM which showed two
oxidation peaks.

Abbreviations:. CoOBTPc (cobalt octabutylthiophthalocyanine), CdJRc (cobalt

octahydroxyethylthiophthalocyanine), FeOBTPc (iomtabutylthiophthalocyanine), FeEOHETPc
(iron octahydroxyethylthiophthalocyanine).
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The stability of the MTCAPc SAM modified electrode®gre investigated by subjecting
the modified electrodes to repetitive cycling (tarss) where the variation of the peak with the
scan number at the fixed concentration of cystdire 1.0 x 10 mol.L™. Figure 5.7 shows the
catalytic peak decrease as the scan number insréas@A) Au-ME-CoTCAPc SAM, (B) Au-
ME-FeTCAPc SAM and (C) Au-ME-MnTCAPc SAM in pH 4kuffer solution. A decrease of
about 59% in peak currents was obtained for afldimodified electrodes after the first cycle and
stabilized after the fifth cycle. The loss of cgta current after the first cycle may be attrilulite
to the poisoning of the modified electrode by ayst{oxidation products of L-cysteine). This
means that cystine is physically adsorbed ontoetbetrode and responsible for the electrode
fouling. However, the electrode surface can beweaeby rinsing with copious amounts of pH 4
buffer solution and the initial catalytic currenasvobtained. The modified electrode if stored in
pH 4 phosphate buffer solution can be reused f@aast a month and this stability is attributed to

the phthalocyanine ring-system protecting the stdfoup.
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Figure 5.7 Repetitive cyclic voltammogram of 1.0 x 1@nol.L™* L-cysteine at (A) Au-ME-

CoTCAPc SAM, (B) Au-ME-FeTCAPc SAM and (C) Au-ME-MEAPc SAM modified gold

electrode in pH 4.0 buffer solution: 10 repetit®¥ cycles. Scan rate = 50 mVs
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5.2  Electrocatalytic applications of SAM modied Au-electrode towards BO-

Hydrogen peroxide (}0,) oxidation was investigated in this work becaudeit®
important properties in both biomedical and indastsamples. Figure 5.8 shows the cyclic
voltammograms of MTCAPc SAM modified gold electrog@h (A) Au-ME-CoTCAPc SAM,
(B) Au-ME-FeTCAPc SAM and (C) Au-ME-MnTCAPc SAM iRBS (pH 7.0) (i) without and
(i) with 1.0 x 10" mol.L™ hydrogen peroxide, in phosphate buffer (pH 7.0Y. &l the modified
electrodes in the absence of], an irreversible peaks were observed at -200 mAWME-
CoTCAPc SAM (Figure 5.8A(i)), -0.35 V on Au-ME-FeRABc SAM (Figure 5.8B(i)) and at -
0.35 V on Au-ME-MnTCAPc SAM (Figure 5.8C(i)). Thmeak corresponds to metal reduction
(M"Pc/MPc), i.e. C8Pc/CdPc (also shown in Figure 4.4 by KOH medium) for M-
CoTCAPc SAM and PPc/FePc for Au-ME-FeTCAPc SAM. For Au-ME-MnTCAPc SAM #i
peak could be attributed to metal reduction from"{o/Mr'Pc as this process is within the
potential range known for this metal reduction ess In the presence of,®, in Figure
5.8A(ii) for Au-ME-CoTCAPc SAM shows the electroabitic oxidation and the reduction of
H,0, with peaks at 600 mV and -200 mV, respectivelywdeer, at Au-ME-FeETCAPc SAM in
Figure 5.8B(ii) and at Au-ME-MnTCAPc SAM in Figufe8C(ii) there were no well-defined
peaks observed, only increase in currents for batlation and reduction. This absence of the
oxidation or reduction peak, as compared to FigGr8A(i), can be attributed to the
decomposition of kD, at the Au-ME-FeTCAPc SAM and Au-ME-MnTCAPc SAM. He
complexes are known to degradgdd following the Fenton reaction [125] and also op@sure
to FePc complexes [230,231]. Since similar resuigse obtained for Au-ME-MnTCAPc SAM
in Figure 5.8C(ii) similar conclusion can be drawrat the Au-ME-MnTCAPc SAM layer

decomposes ;.
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Figure 5.8 Cyclic voltammograms of (A) Au-ME-CoTCAPc SAM) (vithout and (ii) with 1.0
x 10% mol.L'** H,0, in PBS (pH 7.4) solution, (B) Au-ME-FeTCAPc SAMdaiiC) Au-ME-

MNnTCAPc SAM, (i) without and (ii) with 1.0 x Idmol.L™* H,O, in PBS (pH 7.0) solution.
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The Au-ME-CoTCAPc SAM showed good results as itdiscernible from Figure
5.8A(ii) that Au-ME-CoTCAPc SAM mediates the oxiaet and reduction of kD, at peaks
labeled| andll, respectively. From these results then Au-ME-CoPCASAM was further
studied for catalytic activity towards,B8, and the possible mechanisms for these observations

are summarized in equations (5.13) — (5.16):

Co'TCAPc ——— >  [BFCAPc} + e (5.13)

[CO"TCAPcF +3;HO, —>3;Q + H + CJTCAPC (5.14)
COTCAPc + e ——> [CGCAPc} (5.15)
[COTCAPc} + 3 HO, + H —> HO + CH8TCAPc (5.16)

It is clear from Figure 5.8A(ii) that on additiorf bl,O,, there is an enhancement of
currents in the region of ¢@CAPc/CJ TCAPc hence this couple catalyzes th®poxidation,
with peak labeled. Furthermore, kD, catalytic reduction peak was observed at the regio
where CYTCAPCc/CATCAPc occurred in Figure 5.8A(i), therefore thisupte catalyzes the
H,O, reduction, with a peak labeldtl. Based on these observations, equation 5.13 dmat 5.
corresponds to the J@, oxidation and equations 5.15 and 5.16 correspandhé HO;
reduction. Equations 5.13 and 5.14 are known mast@arsteps for the oxidation of B, at
CoPc modified electrodes [120,148]. First the metdtiation takes place from &BCAPC to
Co"TCAPc (equation 5.13), followed by oxidation of® to molecular oxygen as the metal is
reduced back to C@CAPc (equation 5.14). Equation 5.15 and 5.16 aopgsed mechanistic
steps for the reduction of,B, at Au-ME-CoTCAPc SAM modified gold electrode. Thnetal
reduction takes place from tBCAPc to CGTCAPCc (equation 5.15), followed by the reduction
of H,0, to water as the metal is oxidized to from'T@APc to C§TCAPc (equation 5.16).The

oxidation of HO, at CoPc modified electrode is known [120,148], bear the reduction of
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H,0, has only been done at enzyme modified electrofi2][And no report of $#D, reduction at
CoPc modified electrode. Therefore, the proposediation mechanism for 1D, was further
investigated using spectroscopic methods wheretsy fhe generation of CECAPc from
Co'TCAPc was achieved using a strong reducing agesBH Figure 5.9 shows the spectral
changes (A) upon reducing the 'T€APc to CSTCAPc and (B) the addition of 4, at

COTCAPc generated in (A).

=

Absorbance (au)
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Wavelength (nm)

Absorbance (au) @

350 400 450 500 550 600 650 700 750 BOO
Wavelength (nm)

Figure 5.9 (A) UV-vis spectral changes observed during teduction of COTCAPc to
COTCAPc (i) before and (i) after adding NaBih DMF. (B) Changes observed (i) before, (ii)
after addition of HO, in DMF and (iii) further oxidation in the presenakeH,O, reaction left for

a longer period. First trace in (B)(i) is the saasethe last trace in (A)(ii).
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Figure 5.9A is a typical spectrum showing the gatien of CGTCAPc upon adding
NaBH, in dry DMF (to prevent hydrolysis in water) sobriiof Cd TCAPc. The Q band at 676
nm decreased in intensity while new bands at 710480 nm appear as the reduction process
continues, Figure 5.9A(ii). These changes are kntawrthe reduction of CoPc complexes and
the absorption band at 480 nm is typical of APc species [95]. Following the formation of
COTCAPC species, addition of,B, resulted in the oxidation of €RCAPc back to C6TCAPc
(Figure 5.9B(ii)) as evidenced by the decreaseamdbs at 710 and 480 nm and a slight increase
of a Q band at 676 nm, confirming the regenerawénCo'TCAPc. The spectra of the
regenerated Ca@CAPc did not completely go back to the originatspa as observed in Figure
5.9A(i), which consisted of mainly a monomer, bbowed aggregation when left to react with
H,0, over a long period as shown by a dimer peak atr688Figure 5.9B(iii).These spectral
changes proved the regeneration of BG®APC in the presence of,&, even though aggregated.

The analysis of kD, was achieved by chronoamperometric experimentseatral pH
conditions (pH 7.4). Figure 5.10A shows the typicdronoamperomogram of Au-ME-
CoTCAPc SAM upon consecutive additions ofd4 at fixed oxidative potential (600 mV). The
response of Au-ME-CoTCAPc SAM modified gold elediowas investigated under stirring in
PBS (pH 7.4) solution with 0.mol.L™ H,O, added in steps. A base line was established in 10
ml of PBS (pH 7.4) solution. A well-defined currergsponse due to B, oxidation was
observed with successive increments gD¥concentration in solution (indicated by arrows).
However, the successive addition of frhol.L™* H,0;, led to the decrease in current response,
signifying saturation in concentration. Figure Bl0isplays the calibration curve (the plot of

current response versus the concentratiom,@bHor Au-ME-CoTCAPc SAM.
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Figure 5.10 (A) Amperometric current response of Au-ME-CoTGABAM on addition
(indicated by arrows) of 1.0 x Tamol.L™* H,O, in 0.01 mol.L* PBS solution at 600 mV applied

potential. (B) is the linear plot of steady-staterent versus concentration of®}.

The curve of steady-state current versus conceéiraf HO, in Figure 5.10B, yielded a
straight line within the studied concentration ran@.5 — 5umol.L™) with the correlation
coefficient of 0.993. The limit of detection (LoD)as found to be 4.0 x T0mol.L"* at 3 and

the electrode gave a best response time of appabeiynl second to the additions of®4. The
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electrode gave the best results towards the etatatytic oxidation of KO, than the recent
reports which gave a LoD of 8.0 x 1@nol.L™ for the detection of D, using (i) carbon paste
electrodes modified with nanostructured cryptomelgype manganese oxides [147], (ii) glassy
carbon electrode modified with CoPc(CoTP&ing drop dry method [151] and (iii) horseradish
peroxidase-colloid gold-based sensor [152], bufgpered less satisfactory compared to when
the glassy carbon electrode combined with carbamtude and nano-platinum was employed

[232] with a LoD of 25 x 18 mol.L™.

The analysis of kD, on the reduction side was also investigated. Eigut1A shows a
typical chronoamperomogram of Au-ME-CoTCAPc SAM opuccessive additions oh,E, at
applied reduction potential (-200 mV). The simigocedure applied for the oxidation of®}
was employed, except that the applied potential \286 mV. The negative increase in current
response due to the reduction ofGd was observed with the successive increments of 0.5
umol.L™ H,O, concentration in solution (indicated by arrows)the same way as the oxidation,
the successive increase in concentration M#9,Hed to a decrease in current response as a result
of saturation in concentration. Figure 5.11B digplthe calibration curve of Au-ME-CoTCAPCc
SAM electrode which gave a linear plot within thadsed concentration range 0.548nol.L™
with the coefficient of 0.986. The LoD was foundo® 2.0 x 10 mol.L™* at 35 and the electrode
gave best response time of approximately 1 seaonidet additions of bD,. Compared to most
electrodes in Table 1.3 in chapter 1, this eleergave best response time (1 s) and best LoD (
2.0 x 10" mol.L'Y), but performed less satisfactory for reductionHs0, compared to gold-
horseradish peroxidase-based sensor [143,144] vgaeh a limit of detection in the orders of

10® and 10’ mol.L™* as shown in Table 1.3 in chapter 1.
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Figure 5.1 (A) Amperometric current response of Au-ME-CoTGABAM on addition
(indicated by arrows) of 1.0 x Tomol.L'* H,0, in 0.01 mol.L* PBS solution at -200 mV

applied potential. (B) is the linear plot of steadgite current versus concentration gObl

Since the general mechanism for glucose oxidasex@Bzyme-based amperometric
sensing involves a mediator (CoTCAPc in this wagk)an electron mediator (Scheme 4.3) and
Au-ME-CoTCAPc SAM showed good results for the detec of HO,, the immobilized

enzyme following Scheme 4.3 was then studied focage analysis.
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5.3  Electrocatalytic applications of GOx-SAM mdified electrode towards glucose

The oxidation potential of 600 mV (also used feOxlabove) was chosen as the working
potential for the detection of glucose on Au-ME-@APc-GOx SAM. Figure 5.12 shows the
plot of current response of Au-ME-CoTCAPc-GOx SANMatrode as a function of glucose
concentration, i.e. the plot of steady-state cur(kg) versus concentration of glucosey(es9-
Figure 5.12 (inset) shows a typical chronoamperagamgof Au-ME-CoTCAPc-GOx SAM

upon successive additions of 0.3 mM glucose (iridtay arrows).

0.55 -
L 2
050 y=0.007544x + 0.296828 0”
R?=0.993627
< 0.45-
=
7
= 0.40- T
0.35-
030 T T T T T T 1
0 5 10 15 20 25 30 K [

Cglucosé mM

Figure 5.12 Calibration curve of current response of Au-MEICAPc-GOx SAM versus
glucose concentration {fcosd in PBS (pH 7.4) solution. Inset: is the amperormoeturrent
response of Au-ME-CoTCAPc-GOx SAM on additions {@aded by arrows) of 0.1 molL

glucose in 0.01 mol.t buffer pH 7.4 solution at 600 mV applied potential

- 154 -



CHAPTER FIVE ELECTROCATALYTICBEHAVIOUR OF SAMS...

The calibration curve (Figure 5.12) is linear floe ttoncentration range between 0.3 — 25
mM and a curvature at high concentration was oleserVhis linear concentration range of 0.3 —
25 mM is of advantage as is almost within the fikglucose level in normal and diabetic person
which is 0.2 — 20 mM [131]. In comparison with th@ues of CoPc modified electrodes [117-
123] as shown in Table 1.4 (chapter 1), this enzglaetrode gave a wide concentration range of
up to 25 mM. The enzyme electrode (Au-ME-CoTCAPcxGEAM) exhibited a rapid response
of 1 second to the changes of glucose concentgtindicating excellent electrocatalytic
behaviour of this biosensor electrode. The LoDacatvds found to be 8.4M and this value was
found to be similar to the value (LoD = §i®1) obtained using a nano-gold particle by Zhang et
al [172] and was slightly higher than other CoPcdified electrodes [117-123] in Table 1.4
(chapter 1) with LoD ranging from 0.2 toBM. The sensitivity of the biosensor which is 7.5
nA/mM was obtained from the slope of the lineart pérthe calibration curve in Figure 5.12. At
high glucose concentrations (above 25 mM) a cumpéteau was observed in Figure 5.12. The
curvature from the initial straight line shows dmeristics of Michaelis-Menten kinetics. The
apparent Michaelis-Menten constamt ¥*), which gives an indication of the enzyme-sulistra
kinetics for the biosensor (Au-ME-CoTCAPc-GOx SABIlgectrode, can be calculated from an
electrochemical version of Lineweaver-Burk [136,P23®d Hanes [234] equations. Many
reports on enzyme kinetics are based on LineweRudt; hence both are discussed in this

thesis. The Lineweaver-Burk equation (5.17) follows

app
1Ky 1 1 (5.17)
ISS

i C I

max glucose max

where ks is the steady-state current after the additiorthef substrate,mihx is the maximum

current measured under saturation of the subsaate Gucose IS the concentration of the
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substrate. TheK:* value was calculated from the slopk {*/ima) and the intercept (%)
from the plot of reciprocal steady-state currenflsgl versus the reciprocal of glucose
concentration (1/gucosy Shown in Figure 5.13A. Th& ™ value for the Au-ME-CoTCAPCc-
GOx SAM was found to be 7.9 mM, which is smallarththe recently reported values for nano-
CoPc (12.4 mM) [121] and CoPc-(CoTRR)4.91 mM) [123]. The smalleK* value means
that the immobilized enzyme (GOx) possesses a higimeling affinity for glucose. The data
was also analyzed using the Hanes plot (FigureBj,1i2. the plot of (Gucosélss) Versus Giucose
from the equation (5.18):

C C

glucose __

app
lglucose + }.<m (518)

ISS Imax Imax
the symbols are the same as defined in Lineweauek-Bquation (5.17). Th& °*® value was
determined by the analysis of the slopepfiyiand the intercepti :"/i may from Figure 5.13B.

The K value was found to be 4.8 mM, noticeably smatlean 7.9 mM calculated using
Lineweaver-Burk plot equation. According to CornBbwden [234] the Lineweaver-Burk plot
gives a grossly misleading impression of experimleatrors hence over estimat&d®™ values,
compared to Hanes plot which gives a fair rangexpierimental errors leading to more realistic
K" values. The results imply that the biosensor (AE-CoTCAPc-GOx SAM) electrode with

CoTCAPc as a mediator on gold electrode is actwallyable and sensitive.
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Figure 5.13 (A) Lineweaver-Burk (1dsversus 1/Gycosd plot and (B) Hanes (fucosdlss versus
Cgiucosd plot, according to data in Figure 5.12.
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5.3.1 Real sample analysis and interference studies at GC5AM modified electrode

The applicability of the developed biosensor etat#r (Au-ME-CoTCAPc-GOx SAM)
towards real sample detection was assessed ustognmercially available clinical ALPHA
glucose powder, chronoamperometrically. From stahdadition method, the glucose content
was 99.9% 0.06% (n = 7). The result is in conformity witretBxpected clinical glucose content
and manufacturers’ values. The results indicatettha sensor could successfully be applied for
glucose detection and monitoring and also indi¢hee suitability of the developed biosensor

(Au-ME-CoTCAPc-GOx SAM) towards a quick clinicalawsis of glucose solution.

Another important analytical parameter for a biegeenis its ability to discriminate
between the interfering species commonly presestniilar physiological environment and the
target analyte. The effect of the common electivadnterferents such as cysteine, ascorbic
acid, oxalic acid and uric acid to the responsglatose with Au-ME-CoTCAPc-GOx SAM was
investigated using the mixed solution method [23%]ese interferent species were selected as
they are likely to appear in biological and foodngées. The concentration of these interfering
species was chosen as the concentration closeeitorébevant clinical levels [170], i.e. in the
orders of 1d M while that of the glucose was maintained af M) The values of Kmp(Where
Kampis the amperometric selectivity coefficient) wertamined from equation (5.19) reported

in literature [234] for the analysis in the present the interference species:

amp

- [ Al mixture __ 1JX [glu CO%] : (519)
Al [Interferelme— speme]s

glucose

where Almixure aNd Algiucose are respectively, the changes in current for the mixtorgaining

glucose and interfering ions, and glucose alone.
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Figure 5.14 shows the typical chronoamperomograms teME-CoTCAPc-GOx SAM
modified gold electrode in (i) buffer (pH 7.4) solution, GimM glucose buffer solution and (iii)
mixture of 5 mM glucose + 0.5 mM interfering speciescfisteine) in pH 7.4 buffer solution.
The chronoamperomograms are stopped once they hévesthand the change in curremt)

values recorded.

1.90E-06

1.40E-06

9.00E-07+

Current/ A

4.00E-07- (ii) (iii)

'1OOE‘O7 I I I I I !

0 10 20 - 30 40 50 q0
Time /s

Figure 5.14 Chronoamperomograms of enzyme modified gold electrodeME-CoTCAPCc-
GOx SAM) in (i) buffer solution, (ii) 5 mM glucose buffer sban and (iii) 5 mM glucose + 0.5

mM L-cysteine in pH 7.4 buffer solution.

The estimated kK, values (shown in Table 5.2) for the interfering speares L-cysteine
(8.25 x 10°), ascorbic acid (1.86 x ), oxalic acid (6.36 x 18) and uric acid (8.97 x I}). The
Kamp value less than 10(as for oxalic acid) indicates a non-interfering specied the Kmp
value greater than T™(as for ascorbic acid) indicates an interfering spe&®5][ However, if

the Kamp values fall within orders of 19 (as for L-cysteine and uric acid), they indicate that
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species is an interferent but not a strong one. TKgggvalues thus suggest that ascorbic acid is
a strong interferent while the other species (uric dcidysteine and oxalic acid) are relatively
not interfering with glucose detection. Therefore thesensor electrode (Au-ME-CoTCAPc-
GOx SAM) can be successfully used for the detectionlwfoge in the presence of cysteine,

oxalic acid and uric acid under the conditions emgdbip this thesis.

Table 5.2 Summary and conclusion of the results obtained mirtterference studies.

Interference L-Cysteine Uric Acid Oxalic Acid Ascorbic Acid
(concentration) | (0.5 mM) (0.5 mM) (0.5 mM) (0.5 mM)
K amp 8.25 x 10° 8.97 x 10° 6.36 x 10° 1.86 x 10°

. Not a strong Not a strong : .
Conclusion interferent interferent Not an interferent  Strong interferent

5.3.2 Stability studies of the GOx-enzyme electrode

The long-term stability of the GOx-enzyme electrode (Au-B&rCAPc-GOx SAM)
was studied by recording the current response of thgmenzipon addition of glucose under
stirring conditions. A steady decrease in current geed during successive days of
measurements was observed and on the fourth day ofty of6the current response was
retained. This current response dropped drasticallyhenfifth day to about 36% and this
decrease in current response can be attributed tettimgous use of the electrode and also the

loss of enzyme activity.
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In conclusion, this chapter has demonstrated thenpateslectrocatalytic applications of
the covalently immobilized metallophthalocyaningsV& on gold electrode (Au-ME-MTCAPC
SAM) towards the detection and analysis of biologjcatidustrially and biomedically important
molecules, i.e. L-cysteine in acidic solution (pH dnd hydrogen peroxide in neutral or
physiological conditions (pH 7.4). Furthermore, thisapmter has demonstrated the
electrocatalytic applications of the covalently imntiabd glucose oxidase enzyme-based
biosensor towards the detection of glucose and thetipal applications of this biosensor
electrode in real sample analysis. The applicatiohshe biosensor also demonstrated the
efficiency of the metallophthalocyanine to be usedresliator, i.e. relay electrons between

enzyme (GOx) and the gold electrode surface.
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The metal tetra-carboxy acid chloride phthalocyaninepiexes containing transition
metals such as Cdl), Fe 2) and Mn (3) have been synthesized and characterized using
spectroscopic methods such as infrared and UV-vistrgseopy. The observed spectroscopic
characterization of these complexes was comparabEmdar complexes in literature. The
MnPc complex 13) was further characterized using electrochemical metiwhitsh showed four
redox couples and spectroelectrochemistry was emghlimyassign these redox processes.

The synthesized MPc complexdd {13 were, for the first time, immobilized covalently
onto a pre-modified gold electrode with 2-mercaptoethasmg self-assembling technique to
yield a monolayer thin film of these MPc complexesediiochemical characterization, using
cyclic voltammetry in [Fe(CNJ® solution, of the modified gold electrodes showed the
SAMs show catalytic behaviour as evidenced by deergapeak potential separation and are
also permeable to solution ions. These results wese abnfirmed by the impedance
spectroscopy, whereby the decrease in charge transfstarece was observed upon modifying
the gold electrode with 2-mercaptoethanol SAM and giffie MPc SAMs. The integrity of the
SAM modified gold electrodes was investigated ustertrochemical experiments in different
aqueous solution. The results showed that SAMs fgridocks the gold oxide reactions
(observed decrease in peak current), but the permeattilihbese SAMs still allow the solution
ions to penetrate through the monolayer. Similar teswére also observed for ferric ammonium
sulphate solution in perchloric acid. However, thalermpotential deposition (UDP) studies
showed an excellent blocking behaviour as the déposand stripping of copper metallic layer
was completely blocked at modified gold electrodee Téductive desorption experiments gave
the surface concentration in the orders ot®iol.cm?, and this value is more than the reported

surface concentration of flat lying MPc complexes sugiggsthat the MPc complexes
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investigated in this thesis assume a perpendiculantation. This orientation was expected as
the coupling reaction occurs on one substituent oM&t complex. The stability of the SAM
modified electrode is dependent on the solution aegbtential window used and the studies in
this thesis were conducted in neutral to acidic prdddoons (pH <8). The potential window used
was between -0.5 to +0.8 V (vs Ag|AgCl, 3.0 mdINaCl) and this window was chosen so as to
avoid oxidative or reductive desorption of SAMSs.

The electrochemical characterization of the enzyme fieddgold was conducted in
neutral pH solutions (pH 7.4). In Fe(GR)solution, using cyclic voltammetry the increase in
peak potential separation was observed showing Wigdkehaviour of the enzyme monolayer.
Also the increase in charge transfer resistance usipgdance spectroscopy was observed and
this further confirmed the blocking behaviour of enzymenatayer modified gold electrode.
Quartz crystal microbalance experiments also showedntimobilization of the enzyme onto
activated carboxylic acid CoPc SAM with the changéréquency of about -50 Hz, leading to a
mass of about 1.10g of the covalently immobilized glucose oxidase engynonolayer.

Spectroscopic characterization (using x-ray photoelecspectroscopy and Raman
spectroscopy) confirmed the chemisorption of the 2-mevetipanol and MPc complexes on
gold electrode by forming a thiolate (Au-S) bond. FurtrmenXPS showed that the coupling of
MPc complexes formed an ether link (C-O-C) observed fronhitfie resolution oxygen (O 1s)
spectrum. The spectroscopic and electrochemical expetamwere in agreement with each
other, thus confirming the formation of SAMs on gold tiede.

The potential applications of these electrochemiesisers were studied towards the
detection and analysis of L-cysteine and hydrogenxpeeo Acidic pH 4 conditions were used

for electrocatalytic detection of L-cysteine on SAM niied gold electrodes and these
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electrodes gave detection limits of the orders of fibl.L™. The electrocatalytic detection of
hydrogen peroxide was studied in physiological pHdaons (pH 7.4) and only CoPc complex
gave good results with both electrocatalytic oxidat@nd reduction peaks observed. The
analysis of hydrogen peroxide at CoPc SAM modifiedi ggdéctrode was studied and the results
gave good limits of detections of the orders of bol.L™* both oxidatively and reductively. At
FePc and MnPc complexes the hydrogen peroxide dedjraude this was comparable to the
studies reported in literature for FePc complexes.

CoPc SAM modified gold electrode was further stddas an electrode mediator
between the enzyme (glucose oxidase) and gold etectrGlucose oxidase enzyme was
covalently immobilized onto CoPc SAM, thus forming afectrochemical biosensor. The
applications and electrocatalytic behaviour of thesénsor was investigated towards the
detection of glucose. The biosensor gave good resmitshe analysis of glucose with the
detection limit of the orders of Pamol.L™ and wide concentration range (0.3 — 25 mM) which is
within the concentration range for normal and diabeticspn. The real sample analysis for a
commercially available glucose gave good resultspaoable to the manufacture’s value. The
kinetic studies using Lineweaver-Burk equation gavemall Michaelis-Menten constant (7.9
mM) compared to other CoPc modified electrode reporteliteérature. An even smaller and
more realistic Michaelis-Menten constant (4.8 mM) wataioled using Hanes equation. The
smaller the Michaelis-Menten constant means betternamie complete the enzyme-substrate
reaction. The interferent studies for the investigameerfering species (L-cysteine, oxalic acid,
ascorbic acid and uric acid) showed that only ascatid interfere strongly with the detection
signal of glucose. These results then showed tla¢tizyme modified electrode is valuable and

can be used for glucose detection.
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