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dissociatively [68]. The reaction being fully reversible, and re-combinative desorption of the 

disulfide is an active process with a barrier lying near 30 kcal/mol. This energy suggests that a 

fairly significant degree of charge transfer to sulfur must occur in the thiolate, an inference that 

has been based on theoretical calculations [69].  Scoles and co-workers also investigated the 

bonding energies of various organosulfur adsorbates on gold and their studies suggest, for the 

case of SAMs involving thiolate structures, bonding energies similar to those cited above [70]. 

Other kinetic treatments reveal the complex nature of the thermodynamics of the metal-sulfur 

bonding interactions. Whitesides et al., Liu and co-workers both reported the results of 

desorption experiments that employed SAMs immersed in solvent [53]. The kinetics of these 

processes can be modeled using conventional rate equations, and these models suggest barriers 

for the desorption process that are somewhat lower than the values obtained from desorption rate 

measurements made in UHV (∼20-25 kcal/mol). Schlenoff et al. used electrochemical 

measurements to provide a detailed analysis of the thiol/thiolate/disulfide bond energies and 

desorption barriers for SAMs on gold [71]. Interestingly, the barrier for the bimolecular re-

combinative desorption of an alkanethiolate from a SAM on gold in the form of a dialkyl 

disulfide is ∼15 kcal/mol, approximately a factor of 2 less than that deduced from the gas-phase 

studies. Worth noting is the fact that the two energies are not directly comparable given that one 

also contains contributions from the heats of dissolution of the adsorbate as well as the heat of 

immersion of the substrate in the solvent. The segmental heat of interaction of a hydrocarbon on 

gold is ∼1.5 kcal/mol for a methylene group. In this light,  the range of values appear to be one 

that follows directly from the different forms of  measurements used to assess the strength of the 

Au-S bonding interaction. As vacuum measurements are most easily interpreted, it is reasonable 

to believe that the Au-S bond that anchors the SAM is, in fact, a reasonably strong one; a 
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hemolytic Au-S bond strength on the order of ca. -50 kcal/mol, based on the known S-S 

hemolytic bond strength of a typical dialkyl disulfide  (∼62 kcal/mol) [72]. 

 

 

2.5.10. Mechanisms of Self-assembled monolayers: 

Getting a clear and comprehensive understanding of assembly of SAMs requires a careful 

consideration of both kinetic and thermodynamic factors. Though the dynamics of assembly 

remain incompletely understood, it is clear that the process leading to the formation of SAMs 

involves a subtle interplay of the energetics of the metal-sulfur bonds and (typically) noncovalent 

lateral interactions among the organic groups. In most cases, the specific ordering of the sulfur 

moieties on the metal lattice defines the free space available to the organic components. The 

organization of the organic layer results from maximizing the attractive lateral interactions (van 

der Waals, hydrogen bonding) within the geometric constraints imposed by the structure of the 

adlayer. The organic groups, however, can also restrict the density of coverage: steric crowding 

of the organic groups can limit the arrangement of the sulfur atoms to one that is less dense than 

that exhibited by the elemental sulfur on a given substrate (for instance, the (√3 x √3)R30º 

structure for sulfur on gold) Fig. 2.2 

A typical example of SAMs of n-alkanethiolates on gold demonstrates the balance between the 

structure of the adlayer and the lateral interactions that stabilize the assembly: the metal-sulfur 

interaction drives the assembly to the limiting case where the gold surface is covered by a (√3 x 

√3) R30º overlayer of thiolates, but the attractive lateral interactions promote the secondary 

organization of the alkane chains that defines the fine details of the c(4 x 2) super lattice 

structure. The chain-chain interactions contribute ∼1.0 kcal/mol of stabilization to the SAM for 
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each methylene group in the chain [63]. The remaining energy dictating the organization of the 

SAM results from the metal-sulfur bonding. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2.2: A diagrammatic illustration of the mechanism of self-assembled 

monolayer formation. The initial adsorption is fast (seconds) while the final 

(organization) phase takes >15 h. 

Gold electrode (AuE) surface 

Thiolated mediator solution 

Single layer of thiolated mediator 
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2.5.11. Defects found in SAMs: 

The fact that SAMs adopt adsorbed structures that are directed by the thermodynamics of a 

reasonably complex chemisorption process only provides in theory a convenient access to highly 

ordered interfaces with molecular and aggregate structures that can be varied by principle of 

rational design. SAM structures are generally “believed” to have little defects. As a matter of 

fact, they are substantially more complex than the highly ordered arrangements that are 

commonly assumed. The causes of defects in SAMs are both intrinsic and extrinsic: external 

factors, such as cleanliness of the substrates, and purity of the solution of the adsorbate, are 

responsible for some defects in SAMs, but some result simply because SAMs are, in fact, 

dynamic systems with complex phase behaviors. 

The substrates on which SAMs form are replete with many structural defects. The substrate 

which has been a bench mark, gold, presents a grain structure characterized by dense 

arrangements of intergrain boundaries, faceting, occlusions, twins, and other gross structural 

irregularities. Even in samples with strong textures, misalignments are common as are other low-

index crystallographic textures. All metal substrates also have a varying density of atomic steps, 

and these in turn impact the structures and defects content of SAMs as depicted by numerous 

STM studies [73].   
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2.5.12. Rationale for SAMs Modification: 

Simple functionalities (-OH, COOH) are often adequate for studies of properties relevant to 

materials science such as wettability, friction, adhesion and corrosion resistance. Modifying 

SAMs after formation are crucial for the development of surfaces that present large, complex 

ligands and molecules needed for biology, biochemistry and as well as those involved in 

environmental analysis. The synthesis of functionalized thiols is often laborious and difficult 

even for simple molecules, and for SAMs comprising alkanethiols linked to a peptide, protein, 

carbohydrate, or other biomolecules, synthesis can provide a major challenge. Early strategies 

adopted for functionalizing organic films supported on electrodes for electrochemistry and on 

solid-phase materials used for chromatography [74]. Modification of the exposed surface of the 

SAM after formation offers several advantages: 

- It uses common synthetic procedures and thus simplifies the preparation of the   

functionalized surface. 

- It enables the incorporation of ligands into SAMs that are not compatible with thiols or 

the synthetic methods for preparing them. 

- It can generate multiple samples with different types of ligands in a short period of 

time, since SAMs are easy to prepare. 

- It preserves the ordered underlying structure of the SAM. 

- An important economic advantage of modifying the SAM after formation is that the 

amount of ligand required for immobilization is very small (<1 μM). This 
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characteristic is especially important for linking biological ligands that may be in short 

supply to the surface. 

It will also be noted here that there are also some disadvantages of SAM surface modification, 

vis-a-vis: 

- The extent of surface coverage is unknown 

- The reactions can produce a mixture of functional groups on the surface. 
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2.6. Pulse Voltammetric Techniques:  

The basis of all pulse techniques is the difference in the rate of the decay of the charging and the 

faradaic currents following a potential step (or "pulse"). The charging current decays 

exponentially, whereas the faradaic current (for a diffusion-controlled current) decays as a 

function of 1/(time)½; that is, the rate of decay of the charging current is considerably faster than 

the decay of the faradaic current. The charging current is negligible at a time of 5RuCdl after the 

potential step (RuCdl is the time constant for the electrochemical cell, and ranges from µs to ms). 

Therefore, after this time, the measured current consists solely of the faradaic current; that is, 

measuring the current at the end of a potential pulse allows discrimination between the faradaic 

and charging currents. 

The important parameters for pulse techniques are as follows:  

• Pulse amplitude is the height of the potential pulse. This may or may not be constant 

depending upon the technique.  

• Pulse width is the duration of the potential pulse.  

• Sample period is the time at the end of the pulse during which the current is measured.  

• For some pulse techniques, the pulse period or drop time must also be specified. This 

parameter defines the time required for one potential cycle, and is particularly significant 

for polarography (i.e., pulse experiments using a mercury drop electrode), where this time 

corresponds to the lifetime of each drop (i.e., a new drop is dispensed at the start of the 
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drop time, and is knocked off once the current has been measured at the end of the drop 

time (the end of the drop time coincides with the end of the pulse width).  

A number of different pulse techniques are available on the epsilon, BAS 50, BAS 100, which 

differ in their potential pulse wave forms, the number of sampling points, and whether a solid 

electrode (voltammetry) or a mercury drop electrode (polarography) is used. Some of which are 

discussed below. The discrimination against the charging current that is inherent in these 

techniques leads to lower detection limits (when compared to linear sweep techniques), which 

makes these techniques suitable for quantitative analysis. 

 

2.6.1. Cyclic Voltammetry (CV): 

A simple potential that is often used in electrochemical experiments is the linear wave form. The 

potential is continuously changed as a linear function of time; the rate of change of potential with 

time is referred to as the scan rate (v). The simplest technique that uses this wave form is linear 

sweep voltammetry. The potential range is scanned in one direction, starting at the initial 

potential and finishing at a final potential.  A more commonly used variation of the technique is 

cyclic voltammetry, in which the direction of the potential is reversed at the end of the first scan.  

Thus, the waveform is usually of the form of an isosceles triangle.  This has the advantage in that 

the product of the electron transfer reaction that occurred in the forward scan can be probed 

again in the reverse scan.  In addition, it is a powerful tool for the determination of formal redox 

potentials, detection of chemical reactions that precede or follow the electrochemical 

reaction and evaluation of electron transfer kinetics.  
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This can be explained with the use of a complex wave form composed of two isosceles triangles.  

The voltage is first held at the initial potential where no electrolysis occurs and hence no faradaic 

current flows.  As the voltage is scanned in the positive direction, so the reduced compound is 

oxidized at the electrode surface.  At a particular set value, the scan direction is reversed and the 

material that was oxidized in the outward excursion is then reduced.  Once the voltage is 

returned to the initial value, the experiment can be terminated. A further voltage excursion takes 

place to more negative (more reducing) values.  This may be useful in probing for other species 

present in the sample or for investigating any electroactive products formed as a result of the first 

voltage excursion. 

The current at the working electrode is measured under diffusion-controlled, mass transfer 

conditions. The important parameters for a cyclic voltammogram (Fig. 2.3) are the magnitudes of 

the anodic peak current (ip,a), the cathodic peak current (ip,c), the anodic peak potential (Ep,a), the 

cathodic peak potential (Ep,c) and the formal potential (E0').   
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If the system is reversible, the formal potential (Eº´) will be the average of the peak potentials of 

the anodic (Ep,a) and cathodic (Ep,c) peak potentials [75]; 

 

        E0' = (Ep,a + Ep,c) / 2                                                (1) 

 

The number of electrons transferred (n) can be determined from the separation of the peak 

potentials [75] 

 

      ΔEp = Ep,a- Ep,c   =  0.059 / n                                      (2) 

  

Fig.2.3: A typical cyclic voltammogram showing anodic 
(Ep,a) and cathodic (Ep,c) peaks, together with anodic 
(ip,a) and cathodic (ip,c) peak currents. 
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Alternatively, the number of electrons can also be obtained from Tafel plots. These are produced 

by plotting the current versus the potential, of the area of the curve over which the reaction is 

occurring and with the Tafel equation; 

 

Log I = log Io + (αAnF / 2.3RT)η                                     (3) 

 

for the anodic peaks where I is the current and α the transfer coefficient. 

Performing cyclic voltammograms at varying scan rates, the diffusion coefficient (which is an 

indication of the rate at which the electroactive species is diffusing through the solution to and 

from the electrode surface) can be calculated from the Randles-Sevcik expression:- 

                           ip = 2.686 x 105 n3/2CoxD1/2v1/2A  

 

ip = peak current (A) 

Cox = concentration of oxidized species (mol cm-3) 

v = scan rate (Vs-1) 

n = number of electrons transferred 

A = area of the working electrode 

D = diffusion coefficient 

 

Cyclic voltammetry is a technique of choice is commonly used, since it provides a fast and 

simple method for initial characterization of a redox-active system. In addition to providing an 

estimate of the redox potential, it can also provide information about the rate of electron transfer 
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between the electrode and the analyte, and the stability of the analyte in the electrolyzed 

oxidation states (e.g., do they undergo any chemical reactions) [76].  

 

 

2.6.2. Differential Pulse Voltammetry (DPV): 

This technique is comparable to normal pulse voltammetry in that the potential is also scanned 

with a series of pulses. However, it differs normal pulse voltammetry in that each potential is 

fixed, of small amplitude (10 to 100 mV), and is superimposed on a slowly changing base 

potential (Fig. 2.4).  Current is measured at two points for each pulse, the first (1) just before the 

application of the pulse and the second (2) at the end of the pulse. These sampling points are 

selected to allow for the decay of nonfaradaic (charging) current. The difference between current 

measurements at these points for each pulse is determined and plotted against the base potential.   

This technique is used for the electrochemical elucidation of any species that appear at the 

surface of the electrode in the scanning process since each redox species generates and individual 

symmetrical peak. Differential pulse voltammetry together with CV can be used to estimate the 

formal potential (E0') of a redox couple. The formal potential is important for the electrochemical 

characterization of complexes and identification of redox processes attributed to other 

electroactive species other than the complexes (e.g. ligand).   
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2.6.3. Osteryoung Square 

Fig.2.4: Potential wave form for differential pulse voltammetry 

Fig.2.5: A typical differential  pulse voltammogram 

1

2
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Wave Voltammetry (OSWV): 

The potential wave form for Osteryoung square wave voltammetry (OSWV) is shown in Fig. 

2.6. The potential wave form consists of a square wave of constant amplitude superimposed on a 

staircase wave form. The current is measured at the end of each half-cycle, and the current 

measured on the reverse half-cycle (ir) is subtracted from the current measured on the forward 

half-cycle (if). This difference current (if - ir) which is the net current is displayed as a function of 

the applied potential.  

For a system which is reversible, the pulse causes oxidation of the species produced on the 

forward pulse back to the initial state. This produces the anodic current; thus the net current at 

the current-voltage peak is larger than either the forward or reverse current since it is the 

difference between the two (Fig. 2.7 ). The peak height is directly proportional to the 

concentration of the electroactive species. Concentration levels of parts per billion are easily 

detected.  

OSWV is chiefly used because of the following advantages:- 

- Its sensitivity is far better compared to other differential techniques. 

- Voltammograms are obtained rapidly. 

- Background currents are effectively discriminated against. 

- Independence of the slope, position and net current of convective and mass transport 

effects. 

-  The total quantity of charge passed can be very small. 
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Fig.2.6: Potential wave form for square wave 
voltammetry 

Fig.2.7: A typical square wave voltammogram 
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CHAPTER THREE 

 
 

3.1. Synthesis and characterization of cyclopentadienylruthenium (II)   
thiolato Schiff base complex: 

 

3.1.1 Introduction: 

Schiff bases are typically formed by the condensation of a primary amine and an aldehyde. The 

resultant functional group, R1HC=N-R2, is called an imine and is particular for binding metal 

ions via the N atom lone pair, especially when used in combination with one or more donor 

atoms to form polydentate chelating ligands of macrocycles. (Ketones will also form imines, 

R1R2C=N-R3, but these reactions tend to occur less readily than with aldehydes). Because of the 

versatility offered by this ligand donor group, together with the accessibility of ruthenium in 

variable oxidation states, we attempt the synthesis of a cyclopentadienylruthenium (II) thiolato 

Schiff base complex and its subsequent application as a mediator for horseradish peroxidase in 

the amperometric analysis of peroxides. Our choice of the methyl-thiolate end group is motivated 

by the affinity of sulfur for gold.   

 

 

 

 

 

 

3.2 Experimental: 
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3.2.1 Materials: 

4-Hydroxybenzaldehyde (98%); 2-chloroethylmethyl sulphide (97%); potassium carbonate; 4-

aminothiophenol; bis(cyclopentadienyl)ruthenium(II) (97%); horseradish peroxidase (HRP, 

1.10U/mg, P6782); 30% (v/v) hydrogen peroxide solution, cumene hydroperoxide (98%), tert-

butylehydroperoxide (99%), were purchased from Sigma-Aldrich. All other reagents were of 

analytical grade and were used as obtained from suppliers without further purification. Solvents 

were refluxed over an appropriate drying agent; dichloromethane over phosphorus pentaoxide, 

acetone over anhydrous calcium chloride and toluene over pressed sodium lumps, distilled and 

degassed prior to use. All organic and organometallic synthesis was performed under nitrogen 

with the use of standard Schlenk techniques. 

 

3.2.2 Instrumentation: 

1H NMR spectra were recorded on GEMINI-200 MHz, Infrared spectroscopy (FTIR) and UV-

vis was performed in the Chemistry department, University of the Western Cape (UWC). 

Scanning electron miscrospy was done in the Department of Physics, UWC. Elemental analysis 

was done at The University of Cape Town (UCT) as a service.  

All electrochemical analysis was performed with a Bio analytical system electrochemical 

analyzer (BAS100/W) software, using either cyclic voltammetry (CV) or Oyster young square 

wave (OSWV) voltammetric techniques. A conventional three electrode electrochemical cell was 

employed; gold disk working electrode, 0.02 cm-2 (WE), silver/silver chloride (Ag/AgCl) with a 

3 M NaCl filling solution and a coiled  platinum wire were used as reference and auxiliary 

electrodes respectively. A 20 mL electrochemical cell was used for all electrochemical 

experiments. A negative oxidation current was used for the display of all figures. All cyclic 
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voltammograms were carried out at a scan rate of 50 mV/s, unless otherwise stated. Square wave 

voltammograms were carried out using a step potential of 4 mV, 25 mV amplitude, and a 

frequency of 15Hz. 

 

3.2.3 Buffers and solutions: 

Di-sodium hydrogenorthophosphate (Na2HPO4) and sodium di-hydrogenorthophosphate dihydrate 

(NaH2PO4.2H2O) were used in the preparation of all buffer solutions. All electrochemical 

experiments were carried out in phosphate buffered saline (PBS), (0.1 M phosphate, 0.137 M NaCl 

and 2.7 mM KCl). Unless otherwise stated. De-ionized water (Milli-Q, Millipore, Japan) 

purification system was used to prepare all electrolyte solutions. All experiments were carried out 

under an argon atmosphere at pH 6.8 to 7.4.  

 

3.3 Methodology: 

 

3.3.1 Synthesis of OHCC6H4O(CH2)2SMe (a): 

To a solution of 4-hydorxybenzaldhyde (1.0 g, 8.19 mmol) dissolved in (50 mL) acetone in a 

Schlenk tube (100 mL) was added K2CO3 (5g), followed by 2-chloroethylmethylsulphide (1.82 

ml, 16.38 mmol). The reaction mixture was refluxed for 48h at 55 °C under nitrogen atmosphere. 

Upon cooling to room temperature, a pale orange-yellow liquid was obtained, which was 

chromatographed on silica gel 

 (230 – 400 mesh), hexane:dichloromethane (1:3) as eluent to afford the pure analytical 

compound with a yield of 1.42 g (88.3%). 
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1H NMR (CDCl3): δ9.84(s,1H,CHO), 7.82 (d, 2H, JHH = 8.8Hz, OHCC6H4), 6.98 (d,2H, JHH = 

8.6Hz, OC6H4), 4.27 (t, 2H, OCH2), 2.88 (t, 2H, SCH2), 2.22 (s, 3H, SCH3).  

 

 

 

Scheme 3.1: Chemical structure of compound (a) 

 

3.3.2 Synthesis of HSC6H4NC(H)C6N4O(CH2)2SMe(b): 

Compound (a) (0.5 ml, 2.71 mmol) and 4-aminothiophenol (0.34 g, 2.71 mmol) was dissolved in 

toluene (50 mL) in a Schlenk tube (100 mL). After addition of a few drops of glacial acetic acid, 

the reaction mixture was stirred overnight under nitrogen for 18h at room temperature. 

Evaporating the solvent under vacuum, a yellow residue was obtained. The product crystallized 

from DCM:Hexane (1:3) at -18 °C. After filtration, the solid was washed with hexane and 

vacuum dried to afford a yellow solid. Yield = 0.39 g (47%). 1H NMR (DMSO-d6): δ8.31 (s, 1H, 

C(H)N), 7.88 (d, 2H, JHH=8.1Hz, C(H)C6H4), 7.2 (d, 2H, JHH = 8.4Hz, NC6H4), 7.11 (d, 2H, JHH 

8.1Hz, OC6H4), 7.00 (d, 2H, JHH = 8.5Hz, SC6H4), 4.22 (t, 2H, OCH2), 2.93 (t, 2H, SCH2), 2.13 

(s, SCH3). Anal. cald. For C16H17NOS: C,70.80; H, 6.32; N, 5.16%. Found C, 71.54; H, 5.38; N, 

5.31%.  IRC=N (ν  =1592.8cm-1 )  (nujol). 

 

 

Scheme 3.2: Chemical structure of 

compound (b) 

 

3.3.3 Synthesis of [Ru(SC6H4NC(H)C6H4OCH2CH2SMe)(η5-C2H5]2 (c): 
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To a suspension of bis(cyclopentadienyl)ruthenium (II) (0.051 g, 0.216 mmol) in toluene (50 

mL) was added compound (b)   (0.058 g, 0.216 mmol) in a 100 mL Schlenk tube. The reaction 

mixture was stirred at room temperature for 24 h. During this period, a yellow solid was obtained 

which was crystallized from DCM:Hexane, (1:3), washed repeatedly with hexane and dried in 

vacuum. A yellow solid was obtained. Yield = 0.022 g (44%). 1H NMR (DMSO-d6): δ8.32 (s, 

2H, C(H)N, 8.13 (d, 4H, JHH=8.1, C(H)C6H4) 7.82 (d,4H, JHH = 8.1Hz, NC6H4), 7.02 (dd, 8H, 

SC6H4, OC6H4), 4.51 (s, 10H, C5H5), 4.13 (t, 4H, OCH2), 2.97 (t, 4H, SCH2), 2.21 (s,6H, SCH3). 

Anal cald. For C42H56N2O2S4Ru2: C, 59.21; H, 6.41; N, 3.23%. Found C, 60.11; H, 5.15; N, 

4.06% 

 

 

 

Scheme 

3.3: 

Chemical 

structure 

of compound (c) 

 

 

 

 

 

 

3.4. Immobilization of cylopentadienylruthenium(II)thiolato Schiff base on 

gold electrode: 
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Before immobilisation of the cyclopentadienylruthenium(II)thilato Schiff base self-assembled 

monolayer (SAM), on top of the gold electrode, a pre-treatment procedure based on the work of 

Willner and Rinklin [77], Schlereth et al. [78] was applied to the gold electrode. First the Au-

electrode was polished with 15, 3 and 1-µm diamond powder (BAS MF-2059) for 1min 

respectively, rinse thoroughly with de-ionized water and sonicated in de-ionized water for 5min, 

it was then immersed for 1 h in hot 2 M KOH solution. The electrode was rinsed with de-ionized 

water, immersed in conc. HNO3 for 10 min, and rinsed again with de-ionized water and 

immersed in con. H2SO4 for 10 min, rinsed with de-ionized water. Finally the gold electrode was 

rinsed with the deposition solution, (DCM) and placed immediately in a solution of 1 mmol  

[Ru(SC6H4NC(H)C6H4OCH2CH2SME)(η5-C2H5]2  for 24 h at ambient temperature. Removing 

the Au-electrode from the deposition solution, it was rinsed with copious amounts of DCM. The 

counter electrode (BAS) was cleaned between each experiments by heating in a Bunsen flame. 

The reference electrode (BAS) was rinsed in de-ionized water between each experiment. 

Observation of redox activity of the SAM was preceded by a voltammetric cycle in a 0.1 M 

solution of NaOH between -200 mV and -600 mV vs. Ag/AgCl.  

 

 

 

3.5 Immobilization of protein (HRP) on SAM: 

The SAM was transferred to a 1 mL batch cell before protein immobilization. Its surface was 

oxidized in 0.1 M phosphate buffer solution (pH 6.9), in the presence of HRP 

(1 mg mL-1) at +700 mV vs. Ag/AgCl, at a sample interval of 500 ms, over 1500 s at a sensitivity 

of 1 x 10-9 A V-1. During this oxidation process, the enzyme became electrostatically attached to 
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the SAM surface. The enzyme solution was carefully recovered from the cell and stored at 4 °C 

for re-use. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.5.1 Electrochemical Characterization of  cyclopentadienylruthenium(II) thiolato Schiff 
base  complex in solution: 
 
Characterization of the Schiff base complex in solution was carried out using CV in CH2Cl2 

containing tetrabutylamoniumtetrafluroburate (TBATFB 0.1 M). The concentration employed 

for the experiments was 2 mmol.  CVs were performed between -200 mV to +800 mV and at -

200 mV to +600 mV/s at a 50 mV/s scan rate respectively. These experiments were used to 
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evaluate the anodic to cathodic peak current ratio (ip,a/ip,c), and the formal potential (Eº´).These 

experiments were also performed at varying scan rates (10 to 300 mV/s), allowing the evaluation 

of the Randle-Sevcik (Eq.3.1) plot to assess the quasi-reversibility of the complex.  

            

ip = (2.69 x 105)n3/2AD1/2C v1/2                                                           (Eq. 3.1) 

 

where ip is the peak current (ip,a anodic and ip,c cathodic currents respectively), n is the electron 

stoichiometry, A the electrode surface area (cm2 ), D the diffusion coefficient, C the 

concentration of electroactive species (mol dm-3) and v the scan rate (mV/s). 

 

 

3.5.2 Electrochemical characterization of the Schiff base complex on gold electrode: 

In order to assess the SAM’s electroactivity, it required a voltammetric cycle in 0.1 M NaOH 

from -200 mV to +600 mV at 50 mV/s scan rate to deprotonate the methyl end group of the thiol 

complex. This was followed by characterization in 0.1 M phosphate buffer (pH 6.9) to 

interrogate the electroactivity of the SAM and subsequent enzyme immobilization.  

3.6 Electrochemical measurements: 

The biosensor set-up was made up of Au//SAM/HRP as the working electrode, Ag/AgCl 

reference electrode and platinum wire counter electrode which were placed in a 5 mL phosphate 

buffer (pH 6.9) and connected to a BAS 100 W electrochemical work station. The 

Au//SAM/HRP electrode set-up was used to analyze hydrogen peroxide, cumene hydroperoxide 

and tert-butylhydroperoxide. All analyses were done in freshly prepared phosphate buffers. The 

buffers were degassed for 10 to 15 minutes and an argon “blanket” kept at the top through out 
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the experiments. The buffer solutions were stirred after each addition of the analyte to ensure 

homogeneity bores analysis. 

CV and OSWV experiments were used to monitor the reactions. CVs were performed at a scan 

rate of 5 mV/s from -200 mV to 600 mV at a sensitivity of 1 µA/V. OSWV was also carried out 

at 4 mV step potential, 25 mV amplitude, 15 Hz frequency and sensitivity of 1 µA/V. from +200 

mV to -600 mV.    

Calibration curves were plotted from the square wave responses of the biosensors. The 

hyperbolic Michaelis-Menten responses at maximum analyte concentrations were fitted to 

enzyme based Michaelis-Menten kinetics in accordance with the equation:  

 

                    I = Imax[H2O2]/([H2O2] + K´m)                                                                 Eq.3.2 
 

where I is the observed catalytic current, Imax the maximum current which can be attained by the 

biosensor, and [H2O2] the bulk solution concentration of hydrogen peroxide (same for the other 

two organic peroxides). K´m the apparent Michaelis-Menten constant.  This can be simplified to: 

                

 I = (Imax/K´m)[H2O2]                                                                                    Eq.3.3 

 

This was used to evaluate the Imax and K´m for the sensors.  
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CHAPTER FOUR 
 
 

RESULTS AND DISCUSSIONS: 
 
 
 
4.1. Synthesis of 4-alkoxybenzaldehyde, OHCC6H4O(CH2)2SMe: 
 

The para-alkoxybenzaldehyde used for the preparation of the Schiff base ligand was 

prepared by the Williamson reaction (Scheme 1, compound (a)). This was achieved by 

the reaction of 2-chloroethylmethylsulphide and 4-hydroxybenzaldehyde in refluxing acetone. 
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Improved yield was achieved by the use of finely ground potassium carbonate; otherwise the 

yield of the alkoxybenzaldehyde was low. Trace amounts of a by-product formed from the 

deprotonation of the carbonyl group were present as could be seen from the 1H NMR of the 

crude product, but the by-product was easily separated from the product by column 

chromatography, using a silica gel stationary phase and a CH2Cl2:hexane solvent mixture in a 1:3 

ratio as eluent to give an analytically pure product, Eq. 4.1 (yield 88.3%). The difference in our 

synthetic protocol and that reported in literature; where potassium carbonate was used is 

in the choice of solvent. Binnemans et al. used butanone [78] while Scamporrino et al 

used a mixture of toluene and water [79]. Other reaction conditions reported to effect the 

same reaction used potassium hydroxide in DMF or ArSO2Cl and phenol in an 

ethanol:water (1:1) mixture [80-81]. In the above literature procedures the yields of the 

alkoxybenzaldehydes were in the range of 75 – 95%. We got a moderate yield, implying 

that we can use a cheaper solvent to obtain similar yield of products. 

The 1H NMR (Fig.4.1b) of the analytically pure (Eq. 4.1) compound showed a prominent peak 

due to the carbonyl hydrogen of the CHO group at 9.84 ppm. This peak is typical of 

benzaldehyde derivatives reported elsewhere [81]. In addition, there were two sets of doublets at 

6.98 ppm and 7.82 ppm due to the Ha and Hb  protons respectively. The signal of the Hb proton is 

expected to be up field because of the shielding effect of the alkoxy chain while Ha is expected to 

be downfield because of the electron withdrawing nature of the carbonyl group. The simplicity in 

assigning the Ha and Hb is helpful in assigning the peaks of the Schiff base compound produced 

when the alkoxybenzaldehyde reacts with 4-aminothiophenol. The alkyl chain in the pure 

product gave triplets at 2.88 ppm and 4.10 ppm due to the higher electron withdrawing nature of 
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OHOHC OHC+ Cl-CnH2n+1
OCnH2n+1

Hb Ha

Hb Ha

oxygen over sulphur (-OCH2CH2-S-). A singlet at 2.19 was unambiguously assigned to the 

terminal methyl group (-CH3), Eq. 4.1.  
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4.2. Syntheses of Schiff base ligand, HSC6H4NC(H)C6N4O(CH2)2SMe: 

The Schiff base ligand was prepared by condensation of equimolar amounts of 4-

aminothiophenol and the pre-formed alkoxybenzaldehyde (Eq.4.1a).This condensation 

reaction is the common route for imine bond formation.  The product precipitated as thick 

yellow oil. The Analytically pure solid product was isolated by the slow diffusion of hexane 

into CH2Cl2 solution at -18 ºC. Further purification was achieved by recrystalisation from a 

CH2Cl2:hexane (1:3) mixture. 

Infrared (IR) and 1H NMR spectroscopy were used to characterize the Schiff base compound 

isolated. IR was a simple but effective way of establishing the Schiff base formation. This was 

typically shown by the absence of the carbonyl peak in the aldehyde (1730 cm-1) and the 

appearance of an imine peak (1590.83 cm-1) (Eq. 4.2). Similar values have been reported in 

literature. For example the compounds N,N-bis(4-chlorobenzelidene)-2,2-diiminodiphenyl 

and 2-(2-Ph2C6H4N=C(H))C6H4OH have peaks at 1597 cm-1 and 1614 cm-1 respectively [82]. 

The presence of the imine group was further confirmed by 1H NMR. The imine proton 

resonance occurred at 8.39 ppm, comparable to those of similar compounds synthesized by 

Nevondo et al. (HSC6H4NC(H)C6H4X-4, X = F, Cl, Br, SMe and Me). In Schiff base 

compounds similar to ours (4-H2n+1CnOC6H4NC(H)C6H4OCnH2n+1-4) where alkyl chains 

replace the thiols, proton signals are found at 8.50 ppm [83], again indicating that the effect of 

substituent on chemical shift is generally  minimal [84]. The rest of the chemical shifts helped 

in identifying the products. The only difference between the spectra was the integration of the 

signals upfield for the alkyl chain, which helped in confirming the number of protons in the 

chain. 
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The general pattern of the 1H NMR (Fig.4.1a) in the aromatic region consisted of four sets of 

doublets. They showed typical AB type patterns for the four protons on the two phenyl rings. 

The most upfield doublet was due to Ha (6.98 ppm) with the next doublet at 7.24 ppm due to 

He.  The Ha and Hc protons were assigned making use of the alkoxybenzaldehyde (4.1) 

compound characterized earlier on and as well as compound HSC6H4NC(H)C6H4F-4 (7.32 

ppm) [85]. The most downfield doublet is assigned to Ha while the next doublet up field was 

due to Hd (compared with those of the alkoxybenzaldehydes). All other signals were typical of 

thiol and alkyl functional groups. The resonance signal for the S-H proton was at 3.52 ppm, 

similar to literature values of 3.45 – 3.48 ppm for organic thiols [86]. 
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Fig.4.1. Infrared spectrum of the Schiff base ligand. The absence of the 

carbonyl peak at 1730 cm-1 and the presence of the imine peak at 1590.83 cm-1 

indicate the formation of the Schiff base ligand. 
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4.3.Syntheis of cyclopentadienylruthenium (II) thiolato Schiff base complex, 

[Ru(SC6H4NC(H)C6H4OCH2CH2SMe)(η5-C2H5]2: 

The Schiff base complex was synthesized by reacting the thiol-imine ligand (Scheme 1 

compound b) with bis(cyclopentadienyl)ruthenium(II), using a 1:2 ratio of reactants (Eq. 4.3). 

There was an immediate color change from pale-yellow to yellow on addition of the base, but 

the reaction was allow to stir overnight at room temperature for complete reaction. The 

product was isolated by filtration and the complex re-crystallized from CH2Cl2/hexane at -

18°C to give analytically pure complex. Generally the yield was moderate (44%) with the 

complex being air stable under laboratory conditions and being stored in sample tubes under 

air for several weeks without decomposition.  

The 1H NMR spectral data showed that the electronic environment of the cyclopentadienyl 

ring was not affected in that the thiolato resonance of the complex and those of the free ligand 

are very similar. The only difference was a cyclopentadienyl peak at 4.51 ppm [83]. This 

observation shows that the substituent on the para-position of the Schiff base ligand has no 

influence on the electronic environment around the ruthenium atom. Further characterisation 

of the complex was achieved by electrochemical methods (see below).  
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Scheme1. Reaction scheme for the synthesis of  [Ru(SC6H4NC(H)C6H4OCH2CH2SMe)(η5-
C2H5]2 complex via Williamson and Schiff base condensation reaction. Compounds                 
(a) OHCC6H4O(CH2)2SME, (b) HSC6H4NC(H)C6N4O(CH2)2SMe and 
(c))[Ru(SC6H4NC(H)C6H4OCH2CH2SMe)(η5-C2H5]2 

 
 

 
4.4. 

Electrochemical characterization of cyclopentadienyl ruthenium (II) thiolato 
Schiff base complex in solution: 
 
Cyclopentadienylnickel(II)thiolato Schiff base complexes of the form 

[Ni(SC6H4NC(H)C6H4OCnH2n+1)(η5-C2H5]2, (n = 4, 14, and 16) have been proven to  exhibit 

ideal reversible electrochemistry, offering low positive potential values vs. the normal hydrogen 

electrode (NHE) [87] paving the way to be investigated for possible applications as electron 

transfer mediators in biosensors. Our attempt is to expand this notion to a novel 

cyclopentadienylruthenium(II)thiolato Schiff base complex, 

[Ru(SC6H4NC(H)C6H4OCH2CH2SME)(η5-C2H5]2 , (section 2.3.3). Taking advantage of  the π-

back-bonding capability of ruthenium(II) and its accessibility in various oxidation states together 

with singular properties offered by the Schiff base ligands (ease of synthesize and their planarity) 

[88]. A cyclopentadienylruthenium (II) thiolato complex was synthesized for the formation of a 

novel self-assembled monolayer (SAM) on gold electrode. The redox properties of this complex 

were investigated under stationary conditions at a gold disc electrode under an argon “blanket”. 

Cyclic voltammetry (CV) in CH2Cl2 containing TBATFB (0.1 M) was used to interrogate the 

redox activity of this complex owing to its high sensitivity and reproducibility. Dilute 

concentrations of the complex (2 mmol) were employed in all voltammetric experiments. SAM 

formation using a very dilute solution gives an ordered monolayer whereas a high concentration 

and long time (6 days) favor multiple layer formation [89]. The CV of the SAM displayed a 

well-defined wave assigned to the Ru III/RuII redox couple. This process is observed with 
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characteristics of high quasi-reversibility [90]. The change in potential, ΔE = (Ea - Ec), where Ea 

and Ec are the anodic and cathodic potentials, respectively, is observed at 100 mV, with a formal 

potential Eº, of 174 mV together with a peak ratio, (Ep,a/Ep,c) of 1.42 further attest to the quasi-

reversibility of the complex. (Fig.4b). Sweeping the electrode through potentials outside its 

potential window can deteriorate the behavior of the system, due to the formation of oxides or 

hydrogen evolution at the working electrode. The purpose of sweeping the potential over a wide 

range was to investigate all the electrochemistry of the complex (4a). It was seen that the 

RuIII/RuII redox electrochemistry was the only redox activity present in the complex (Fig.4a) 

warranting further characterisation. 
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RuIII/RuII

RuII/RuIII

RuII/RuIII

RuIII/RuII

Fig. 4a 

Fig. 4b 
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(Fig 4.4a) is a plot of the square root of the scan rate (v-1/2) vs. anodic peak current for the 

RuIII/RuII redox couple, with the potential held at -200 to +600 mV at scan rates ranging from 10 

to 300 mVs-1, (Fig. 4.4b). All plots were normalized to correct for double layer-charging. The 

near superimposition of the plots demonstrated the quasi-reversibility of the RuIII/RuII couple. 

The peak current was proportional to v-1/2 (r = 0.98), and ΔEp did not change with varying scan 

rates. Further evidence for quasi-reversibility of the complex lie in the fact that the peak potential 

difference (ΔEp) was 100 mV, with anodic to cathodic peak current ratio of 1.42 (Fig. 4b, v = 50 

mVs-1). However, the non-zero intercept can be attributed to non-faradaic currents, reason why 

the complex is said to be only quasi-reversible [91]. Due to the Ru(II) thiolato Schiff base strong 

redox properties, together with its methyl sulfide end-group, the complex was further 

investigated for its possible application as an electro analytical self-assembled monolayer 

(SAM). 

 

 

 
 
 
                                                             
 
 
 
 
 
 

Fig. 4a: Cyclic voltammograms of a 2 x 10-3 M 
[Ru(SC6H4NC(H)C6H4OCH2CH2SME)(η5-C2H5]2 on a bare gold electrode 
Containing 0.1 M TBATFB at a potential window of (a) -800 mV/s to +800 
mV/s and (b) -200 mV/s to +600 mV/s at scan rate of 50 mV/s 
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Fig. 4.4a Plot of v-1/2 vs. anodic peak current; the high correlation 

(r2 = 0.988) indicating electron diffusion limited response of the 

Au//SAM electrode.  
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Fig.4.4b: Reversibility plots for the voltammograms of 2 x 10-3 M 

[Ru(SC6H4NC(H)C6H4OCH2CH2SME)(η5-C2H5]2 from -200 to +600 

mV/s. The scan rate was varied from 5 to 300 mV/s. All other conditions 

are as in fig. 4.3b. The superimpositions of the plots demonstrate the 

reversibility of RuIII/RuII redox couple. 
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4.5 Characterization of [Ru(SC6H4NC(H)C6H4OCH2CH2SME)(η5-C2H5]2 on gold 
 
In order to access the self-assembled monolayer formation on gold, PBS was used as a redox 

probe. The choice of the phosphate buffer was motivated by the fact that the cyclopentadienyl 

complex was insoluble in this buffer, offering an excellent medium (electrolyte) for studying the 

electrochemistry of this complex on the gold disc electrode surface. The redox behavior of this 

probe was completely inhibited following monolayer formation. Any redox activity observed 

after removing the Au-electrode is due completely to the SAM formation on gold electrode as 

indicated by a complete suppression of the oxygen redox peak of the probe in PBS (Fig.4.5) [87-

89]. 
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Fig.4.5 Bare Au (broken line) and Au + SAM (smooth line) in 0.1 M PBS. 

SAM formation on the gold electrode was indicated by a significant 

suppression of the oxygen redox peak of the gold electrode. No electronic 

communication was observed between the Au//SAM and the solution, hence 

the surface of the gold electrode was completely covered by the SAM, 

excluding ions and water from the underlying gold electrode. 

AuE//SAMAuE//SAM 

cyclopentadienylruthenuim(II)thilato Schiff base complex 

 

 

 

 



 78

 
 

The thiol end-groups of the complex (compound c, scheme 1) were protected by a methyl end 

group to avoid oxidative S-S coupling [92]. The complex self-assembled on gold, forming the 

monolayer of thiolato Ru (II) Schiff base. The SAM required a voltametric cycling in base (0.1 

M NaOH) from -200 to +600 mVs-1 (v = 50 mVs-1) in order to observe any redox activity. Before 

cycling in base, the SAM showed little or no redox activity completely, with onset of cycling, a 

set of quasi-reversible peaks began to appear. As the number of cycles was increased, the areas 

under the anodic and cathodic peaks began to increase, reaching stability after 5 cycles (Fig 

4.5.2). This implies the number of redox active molecules on the surface of the gold electrode 

must have been increasing. An explanation for this observation is based on the fact that the 

desired cleavage of the sulfur-methyl bond did not occur during the time in which the Au-

electrode was left standing in the deposition solution. SAM formation had occurred but the 

complex was only weakly bound to the Au-electrode, via the lone pair donated by the thiol end 

groups. This justifies the initially observed poor electronic communication between the Ru(II) 

redox centres and the Au-electrode. Continued cycling after will inevitably change the 

conformation of the SAM as a consequence of in-situ generation of covalent bonding between 

the sulphur and Au-electrode for formation of a true SAM. This improved electronic 

communication between the Ru(II) centres of the complex is due to induced covalent bonding.  

 

 

 

 

Fig.4.5.1 Schematic representation of a single molecule, 
showing self-assembled monolayer formation through 
covalent bond formation between the thiol-end group and the 
gold electrode surface. 
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Fig. 4.5.2: Cyclic voltammograms of the NaOH-treated 
SAM-modified gold electrode in o.1 M phosphate, pH 6.9 at 
a scan rate of 50 mV/s. Before and after cycling in 0.1 
NaOH.   

Before cycling in NaOH 
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The use of bases such as NH4OH and NaOH have also been exploited to a greater extent in 

deprotonating the alkyl end groups to minimize S-S bond formation [93, 94]. Other bases have 

also been used such as (n-C3H7)2NH or dimethylaminopyridine by the same authors, but were 

found to be less effective in deprotonating the thiol end groups. Their method of deprotonation 

was by adding small amounts of the base to the SAM deposition solution; so that the 

deprotonation takes place in bulk solution leaving the thiol end groups free to attach to the gold 

substrate for conventional self-assembly. In our case, we decided to deprotonate the SAM after 

removal from the deposition solution, (Fig. 4.5.2) demonstrates this clearly as no electronic 

communication could be seen before cycling in 0.1 M NaOH. A close-packed SAM will block 

Faradaic processes from the electrode surface. Cycling the bare and the SAM-modified electrode 

in 0.1 M NaOH solution (Fig. 4.5.2) allows the evaluation of the film ion barrier factor, Γibf 

where 

 

Γibf = 1 – QSAM/QBare                                (1a) 

 

where  QSAM and QBare are the charges under the gold oxide stripping peaks for SAM-modified 

and bare gold electrode respectively. It can be inferred from (Fig. 4.5) that since no charge could 

be detected on the Au-electrode after deposition of [Ru(SC6H4NC(H)C6H4OCH2CH2SME)(η5-

C2H5]2, it indicates that the gold surface was completely isolated from the aqueous solution 

which is the source of gold oxide formation. Since no charge could be detected for the gold 

surface after deposition, Γibf  must be approximately unity indicating that the SAM provides an 

excellent barrier to the permeation of electrolyte species. ΔEp of the redox probe couple was 

calculated to be 89.2 mV and Ip,c/Ip,a ratio of 1.26. These are a pointer to the SAM’s 

electrocatalytic ability to mediate electron transfer reactions of any redox couple present in 
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solution. Furthermore, to ascertain that the SAM layer was the only source of redox activity 

being observed, the anodic current (ip,a) was directly proportional to the scan rate, v, which is 

consistent with that expected from an electrochemical reaction involving a surface confined 

species (r2 = 0.98), uniformly distributed and non-interacting redox centres positioned at the 

same distance from the surface of the electrode. In the case of a reversible electron transfer 

reaction, it is supposed the CV peaks should be at exactly the same potential, meaning ΔEp = 0 

mV. Deviation from this ideal behavior was attributed to either the non-uniformity of the 

distribution centres with respect to their distances to the electrode surface, and possible 

interactions like electrostatic repulsion or the irreversibility of the charge transfer processes 

involved. 

The formal potential of the SAM-modified electrode varied with pH (evaluated using OSWV in 

0.1 M phosphate), (Fig. 4.5b) with a slope of about -34 mV pH-1  over a pH range of  3.3 to 9.3 

(Fig. 4.5a). This is close to the theoretical value of -29 mV  pH-1 for a two electron, one proton 

redox process [95] . This is in agreement with the Tafel analysis for the deduction of the number 

of electrons transferred for [Ru(SC6H4NC(H)C6H4OCnH2n+1)(η5-C2H5]2, (n = 4, 14, and 16) in 

bulk solution of CH2Cl2 containing 0.1 M TBATFB. All Tafel plots gave values of 

approximately two for the number of electrons transferred, thus the reaction; 

 

 

               Ru(A)(II) + e- 

                

              Ru(B)(II) + e- 

 

 

Ru(A) (III)  
 
Ru(B) (III) 
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as there are two Ru(II) centres per molecule. A similar process had been observed by Ozoemena 

and Nyokong [96] for an iron phthalocyanine (Pc) immobilized on a gold electrode.  This can be 

attributed to water (in acidic or neutral medium), and hydroxyl groups (in alkaline medium) 

coordinating to the Ru(II) centre. A pH close to neutral was chosen for this work since an 

enzyme is used and enzymes are pH sensitive. 

 

Taking the number of electrons transferred to be two, the surface concentration, Γ, of the 

ruthenium redox centres was evaluated to be 9.591 x 10-11 mol cm-2 which is reasonable 

compared to literature values [96, 98], which values are usually one order of magnitude higher 

than this. It can be deducted from Eq. 3.1 that this monolayer is effectively non-permeable to 

electrolyte species (implying surface coverage is relatively pin-hole free). Here we make the 

asumption that not all the Ru(II) groups attached to the surface of the gold electrode are 

electroactive. A possible reason can be that all the methyl end groups were not removed during 

voltammetric cycling in NaOH (Fig. 4.5b); hence electronic communication between all the 

molecules and the electrode surface could not occur. 
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Fig.4.5: (a) Plot of formal potentials vs. pH at a scan rate of 50 
mVs1. pH was varied from 3.3 to 9.3 with a slope of -34 mV pH-1, 
demonstrating a two electron, one proton redox process. (b) OSWV 
voltammograms as a function of pH. The electrode was held at a 
constant potential of 200 mV. 

(4.5a) 

(4.5b) 
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4.5.1. Stability of SAM: 
The stability of self-assembled monolayer on gold was also assessed; this was studied as a 

function of pH and applied potential (Fig. 4.5a). The SAM showed high stability from pH 3.3 to 

9.3 in the potential window -200 to + 800 mV/s. However, pH greater than 9.3, and potentials 

outside this window resulted in SAM desorption. This thiol derivatised self-assembled 

monolayer on gold electrode showed stability with no detectable desorption when stored for over 

a period of three weeks in phosphate buffer at pH 6.9. For the purpose of this work, a pH close to 

neutral is chosen for further studies, since enzymes will be used and enzymes are pH sensitive. 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
4.6. Electrocatalytic Reduction of Peroxides at the Au//SAM/HRP-
modified electrode: 
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An amperometric biosensor has been developed, which incorporated the electroactive polymer, 

polyaniline (PANI), which undergoes redox cycling and can, couple electrons directly from the 

enzyme active site, to the electrode surface [71]. This was achieved by electropolymerisation of 

polyvinylsulphonate (PVS)-doped aniline onto the surface of a screen-printed carbon-paste 

electrode. Biomolecules were then doped onto the surface of the polymer by electrostatic 

interactions with a polymer back bone. This was used to examine the amperometric response of 

immobilized horseradish peroxidase (HRP) [79].  Self-assembly chemistry offers advantages 

over the above mentioned approach to electrode surface modification e.g polymer films, which 

are usually much thicker and have considerable tertiary structure leading to enzyme wastage, 

since the enzyme has to be adsorbed into the bulky polymer structure. Transferred Langmuir-

Blogett (LB) films, on the other hand often contain many defects and can be intrinsically 

unstable. 

Horseradish peroxidase (HRP) is one of the most extensively studied enzymes with large 

analytical applications in immunoassays and the development of biosensors for hydrogen 

peroxide monitoring. Its in vivo function is the prevention of oxidative damage of living cells via 

catalytic oxidation of a variety of electron donors using H2O2 as oxidant. The usual catalytic 

enzyme cycle comprises three steps: 

Oxidation of ferric enzyme with hydrogen peroxide forming the oxidized intermediate (Cpd I) 

and water: 

           HRP  +  H2O2                         Cpd I  +  H2O                (2) 

 

-   One-electron oxidation of a second substrate S (e.g., phenols, quinines, aromatic amines, etc.) 

by Cpd I leads to the formation of Cpd II and a radical product: 
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            Cpd I  +  S                         Cpd II  +  S•                           (3) 

    -     Regeneration of the ferric enzyme by a molecule of substrate with liberation of a water 

molecule and S• . 

                 Cpd II  +  S                      HRP  +  S•  +  H2O                   (4) 

When immobilized on the electrode surface, HRP catalyzes the reduction of H2O2 according to 

(2). It is then reduced by the SAM//HRP electrode as a source of electrons with simultaneous 

uptake of two protons from the surrounding medium. The later reduction is referred to as a direct 

electron transfer process, and together with reaction (2) represents the direct bioelectroreduction 

of hydrogen peroxide in buffer solutions. The acceleration of the process at pHs below 7.0 was 

found to be the result of increased proton concentration, since proton uptake represents the rate-

limiting step. The bioelectrochemical reduction of organic hydroperoxides in aqueous media 

proceeds through a similar catalytic cycle, which was the basis of our investigation for the 

development of a  peroxidase-based amperometric electrode for the analysis of cumene 

hydroperoxide and tert-butylhydroperoxide, together with hydrogen peroxide.  

 

 

 

 

 

 

4.6.1 Electrocatalytic reduction of peroxides using CV at the Au//SAM/HRP-

modified electrode: 
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HRP was electrostatically attached to the SAM surface by application of an oxidizing potential in 

the presence of HRP (1 mg mL-1), to electrostatically adsorb the enzyme onto the self-assembled 

monolayer on the gold electrode surface (section 3.4) [84]. 

In analyzing the three peroxides (hydrogen peroxide, cumene hydroperoxide and tert-

butylhydroperoxide), there was a clear similarity in their electrochemistry as can be seen from 

the cyclic voltammograms. Figs.4.6.1, 4.6.2, and 4.6.3 depict the cyclic voltammograms of the 

Au//SAM/HRP-modified electrode in phosphate buffer (pH = 6.8), with (a) no peroxides present, 

(b) 0.1 µM, (c) 0.2 µM and (d) 0.3 µM peroxides under anaerobic conditions. CVs were 

performed after each addition, at very low scan rates (5 mVs-1) in order to observe the fast 

enzyme kinetics. Irrespective of the huge background current in the CVs, the eletrocatalysis of 

Ru(II) was observed. Although the electrocatalytic effect was not so prominent in the CVs (for 

cumene hydroperoxide and tert-butylhydroperoxide), an enhancement of the Ru(II) cathodic 

peak current was observed with the addition of these peroxides, consistent with an 

electrocatalytic effect [81]. The electrocatalytic effect was very prominent for H2O2. With the 

other two peroxides, it was not prominent for the anodic peak, but a small decrease in intensity 

was observed, confirming that the electro-produced Ru(II) was effectively consumed in the 

enzyme catalysis. Peak potential shifts were negligible upon addition of these peroxides. 
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Fig.4.6.1: Cyclic voltammograms (5 mV/s scan rate) of 
SAM//HRP-modified Au electrode in 0.1 M phosphate buffer, pH 
6.8 for 0 mM, 0.1 µM, 0.2 µM and 0.3 µM  H2O2 under anaerobic 
conditions. 

. Fig.4.6.2: Cyclic voltammograms (5 mV/s scan rate) of SAM//HRP-modified 
Au electrode in 0.1 M phosphate buffer, pH 6.8 for 
0 µM, 0.1 µM, 0.2 μM and 0.3 µM Cumene hydroperoxide under anaerobic 
conditions 
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0.00 – 0.30 μM
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4.6.2 Electrocatalytic reduction of peroxides using OSWV at the 

Au//SAM/HRP-modified electrode: 
The same experiments (section 4.6.1) were also performed using Osteryoung square wave 

voltammetry. The voltammograms in Figs. 4.6.4, 4.6.5, 4.6.6 represent the net current (difference 

between forward and reverse currents) when the Au//SAM/HRP-modified electrode was scanned 

anodically. Again, the peroxides displayed similar electrochemistry with decrements in peak 

Fig.4.6.3: Cyclic voltammograms (5 mV/s scan rate) of 
SAM//HRP-modified Au electrode in 0.1 M phosphate buffer, pH 
6.8 for 0 μM, 0.1 µM, 0.2 μM and 0.3 µM Tert-butyl 
hydroperoxide under anaerobic conditions. 
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heights upon addition of the peroxides being much more prominent with concomitant elimination 

of the high background currents observed in the CVs. The decreases in peak heights in the 

voltammograms of cumune hydroperoxide and tert-butyl hydroperoxide were not prominent 

compared with those of H2O2 . An explanation for this observation is due to the bulky nature of 

the alkyl groups which can possibly block the electrocatalytic effect of the peroxides. The 

enhanced electrocatalytic effect observed in OSWV was attributed to the high sensitivity of the 

square wave technique. Thus, the electrocatalysis of the Ru(II) was verified with these results. 

In order to confirm the role of horseradish peroxidase (HRP), cyclic voltammograms were 

carried out on a HRP-free surface. The CVs were run before and after addition of the peroxides. 

It was observed that there was little or no change in the cathodic peak, an increase in anodic peak 

current occurred (data not shown). These results are modest indicators that the SAM surface may 

have the ability to oxidize these peroxides. However, for the purpose of this research, it can be 

said that the Ru(II) complex alone cannot reduce these peroxides, and that HRP is playing an 

active role. 
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Fig.4.6.4: OSWV (4 mV step potential, 25 mV amplitude, 15 Hz 

frequency) voltammograms of Au//SAM/HRP-modified 

electrode in 0.1 M phosphate buffer, pH 6.8 for 0.00 µM, 0.10 μM, 

0.20 µM and 0.03 μM H2O2. Under anaerobic conditions 

Fig.4.6.5: OSWV (4 mV step potential, 25 mV amplitude, 15 Hz frequency) 

voltammograms of Au//SAM/HRP-modified 

electrode in 0.1 M phosphate buffer, pH 6.8 for 0.00 µM, 0.10 μM, 0.20 μM 

and 0.30 μM Cumene hydroperoxide under anaerobic conditions. 
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It can be said here with optimism that the two representative organic peroxides (cumene 

hydroperoxide and tert-butylhydroperoxide) are substrates of horseradish peroxidase as observed 

from the similarities of their electrochemical behavior relative to that of hydrogen peroxide as 

observed in the position of their cathodic peaks. 

All the sensors exhibited typical Michaelis-Menten kinetics (Figs. 4.6.7, 4.6.8, 4.6.9). The limits 

of detection were found to be 6.45 μM, 6.92 μM and 7.01 μM for hydrogen peroxide, cumene 

hydroperoxide and tert-butylhydroperoxide respectively, based on a signal to noise (S/N) level of 

3. A linear relationship was obtained in the range 0 to 1.5 μM (with r = 0.991, 0.988, 0.985) 

Fig.4.6.6: OSWV (4 mV step potential, 25 mV amplitude, 15 Hz frequency) 

voltammograms of Au//SAM/HRP-modified 

electrode in 0.1 M phosphate buffer, pH 6.8 for 0.00 µM, 0.10 μM, 0.20 μM and 0.30 μM 

tert-butylhydroperoxide under anaerobic conditions. 
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respectively for the three peroxides analyzed (inset in the calibration curves). These results are 

stipulated in Table 4.1. The apparent Michaelis-Menten constants, (section 3.6, Eq.3.3) K′m, was 

evaluated to be 27.62 μM, 28.11 μM and 27.92 μM respectively, and the maximum current, Imax, 

was 5.344, 5.422 and 5.511 nA respectively. 

 

These results are modest characteristics compared to other systems based on electrocatalytic 

biosensing of peroxides. For instance, enzyme electrodes based on conducting polymers display 

particularly high sensitivities with detection limits in the submicromolar range. Gaspar et al [99] 

have designed an impressive biosensor based on a novel polymer that reached detection limits of 

25 nM for H2O2. The authors reported Km and Imax values of 386 μM and 91 μM, respectively. 

Other groups have equally reported very sensitive peroxides biosensors based on electrocatalytic 

surfaces [99]. Although our novel approach is yet to reach these detection limits, it does provide 

advantages over other techniques in that the manner in which the SAM is prepared is an 

extremely versatile and simple approach for functionalizing the electrode surface. This technique 

can be improved upon by attempts to increase the electroactive nature of the Ru(II) molecules, 

and by optimizing working parameters for enzyme catalysis, such as enzyme loading on the 

surface of the SAM, pH and adaptation to a flow cell. 
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Fig.  4.6.7: Calibration curve of hydrogen peroxide biosensor illustrating the 

linear range (inset) of the biosensor with a detection limit of 6.45 µM and r2 = 0.991 

 

r2 = 0.988 
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Fig.  4.6.8: Calibration curve of cumene hydro peroxide biosensor illustrating the 

linear range (inset) of the biosensor with a detection limit of 6.92 µM and r2 = 0.988. 
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Fig 4.6.9: Calibration curve of Tert-butyl hydro peroxide biosensor illustrating the 

Linear range (inset) of the biosensor with a detection limit of 7.01 µM and r2 = 0.985. 

r2 = 0.985
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4.8 Conclusion: 

The fabrication of a SAM of novel cyclopentadienylruthenium(II) thiolato Schiff base complex, 

on a gold electrode is reported for the first time to the best of our knowledge. It was found that 

the SAM required an activation cycle in 0.1 M NaOH before effective electron communication 

between the monolayer and the gold surface was achieved. It is likely that an initial scan in 

alkaline conditions removed the protecting methyl end groups of the Ru(II) complex, hence 

allowing the thiol group to covalently attach to the gold electrode surface in-situ to yield a redox 

active SAM. The monolayer provided effective blocking of Faradaic processes arising from gold 

PEROXIDE Imax (nA) K′m (μM) DETECTION 

LIMIT (μM) 

HYDROGEN 

PEROXIDE 

5.344 27.62 6.45 

CUMENE 

HYDROPEROXIDE 

5.422 28.11 6.92 

TERT-BUTYL 

HYDROPEROXIDE 

5.511 27.92 7.01 

Table 4.1: Peroxides and their respective biosensor analyses:  
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surface oxidation. The SAM-modified gold electrode yielded quasi-reversible electrochemistry 

with a formal potential of +100 mV in 0.1 M phosphate buffer, pH 6.9. The quasi-

electrochemistry was attributed to the non-uniformity of the SAM monolayer, or molecular 

interactions between the SAM molecules themselves. The surface concentration, Γ, of the 

ruthenium redox centers was found to be 1.591 x 10-11 mol cm-2. The formal potential varied with 

pH to give a slope of about -34 mV pH-1, consistent with a two electron, one proton redox 

process. Further physical characterization of this SAM using methods such as electrochemical 

impedance spectroscopy (EIS) and transmission electron microscopy (TEM) will further reveal 

the fine structure of this SAM.  Electrocatalytic reduction of H2O2, cumene hydro peroxide and 

tert-butylhydroperoxide at a AU//SAM/HRP-modified electrode was observed using CV and 

OSWV. It was observed that the electro-produced Ru(II) complex was effectively consumed in 

the enzyme catalysis with these voltammetric techniques. The kinetics of these sensors revealed 

K'm values of 27.62 μM, 28.11 μM, and 27.92 μM respectively, with corresponding Imax values of 

5.344 nA, 5.422 nA and 5.511 nA. The limits of detection were found to be 6.45 μM, 6.92 μM 

and 7.01 μM respectively. Attempts to increase the electroactivity of the SAM by manipulation 

of the surface using a mixed monolayer approach, or by alteration of the complex itself, will help 

improve upon working parameters of the biosensors. Optimization of the enzyme parameters will 

also improve the characteristics of these novel peroxidase-based biosensors. These preliminary 

results support the view that cyclopentadienylruthenium(II) thiolato SAMs could prove 

promising for developing novel electro-catalytic assemblies, especially for use in tailoring a 

variety of amperometric biosensor devices.     
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