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A novel cyclopentadienylruthenium(II)thiolato Schiff base complex (Ru(II) thiolato complex), 

[Ru(SC6H4NC(H)C6H4O(CH2)2SMe)(η5-C2H5)]2, was synthesized and deposited as a self assembled 

monolayer (SAM) on Au electrode using dichloromethane as the deposition solvent. The SAM’s 

electroactivity was activated by cycling the electrode in 0.1 M NaOH from 200 mV to +600 mV 

before using it for electrochemical measurements. Quasi-reversibility of the SAM-modified Au 

electrode in CH2Cl2 containing tetrabutylammonium tetrafluoroborate (TBATFB) (0.1 M) was 

confirmed by anodic-to-cathodic CV peak ratio, Ip,a/Ip,c, value of 1.42 and peak separation, ΔEp, value 

of 85 mV. Randles-Sevčik analysis of the CV data indicated a diffusion limited process. Horseradish 

peroxidase (HRP) was potentiostatically incorporated on the Au/SAM electrode at +700 mV vs. 

Ag/AgCl in phosphate buffer saline (PBS) (0.1 M phosphate and 2.7 mM KCl), pH 6.8. The resultant 

biosensor was used for the amperometric determination of H2O2 in PBS, pH 6.8. at +200 mV vs. 

Ag/AgCl. The electrode system gave a sensitivity of 5.11 x 10
-11

 μA mM
-1

 and a detection limit of 5.26 

mM for H2O2. 

 

 

Keywords: Cyclopentadienylruthenium(II) thiolato Schiff base, Self-assembled monolayer, 

Horseradish peroxidase, Cyclic voltammetry, Amperometric biosensor. 

 

 

1. INTRODUCTION 

Amperometric biosensors have been used in versatile fields ranging from clinical diagnostics to 

environmental analysis and even to the detection of chemical and biological war-fares deleterious to 

human health. Amperometric biosensors are analytical devices or biosensing systems in which a 

biological component specifically recognizes the target analyte [1]. The immobilization of 
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biomolecules by using suitable electrochemical materials plays a crucial role in the construction of 

biosensors. Main strategies of biomolecule immobilisation include physical adsorption, cross-linking, 

covalent bonding, and entrapment in gels or membranes, amongst other techniques [2]. The term 

“Self-assembly” involves the arrangement of atoms and molecules into an ordered or even aggregate 

of functional entities without the intervention of mankind towards an energetically stable form. Self-

assembled monolayer (SAM) formation induced by strong chemisorption between the substrate and 

head group of selected organic molecules provides one of the most elegant approaches towards making 

ultra thin organic film with controlled thickness [3]. One of the most widely used systems in SAM 

formation is the adsorption of sulphur derivatives (thiols, disulfides) on gold [4]. Self assembled 

monoayers of organosulfur compounds on gold electrodes are very promising for the construction of 

electrochemical biosensors. Exposure of a gold surface to a dilute solution (1.0 mM) of n-alkanethiol 

results in a chemisorbed monolayer that is densely packed in two dimensions and excludes ions and 

water from the underlying gold electrode [5,6,7]. The thermodynamically favourable formation of the 

gold-thiolate bond makes the gold-thiol system ideal for monolayer self assembly schemes, and the 

stability of that bond over a wide range of applied potential makes such a system suitable for 

electrochemical studies. Self assembly chemistry offers advantages over other approaches to electrode 

surface modification such as polymer films, which are usually much thicker and have considerable 

tertiary structure, and transferred Langmuir-Blogett (LB) films, which often contain many defects and 

can be intrinsically unstable. The main motivations behind the modification of the electrode surface 

are: (i) improved electrocatalysis (ii) freedom from surface fouling and (iii) prevention of undesirable 

reactions competing kinetically with the desired electrode process. 

Peroxides pose a special threat to the environment. The detection and quantification of 

peroxides in the industrial effluent are carried out through volumetric, colorimetric and 

chemiluminescence techniques which are complex time consuming and are prone to interferences. 

Because of their high specificity, selectivity, rapid response and portability with user-friendly 

operational technology requiring minimal and no technical handling, amperometric biosensers are 

suitable alternatives. The hydrogen peroxide SAM-based nanobiosenser will provide a quicker 

alternative analytical procedure for the detection of peroxides. Furthermore, the biosensor will be in a 

single test-use format, thus avoiding the possibility of transducer fouling. 

Horseradish peroxidase (HRP) is the most common peroxidase and probably the most studied 

member of the super family of heme containing plant peroxidases. Peroxidases catalyse the oxidation 

of various electron donor substrates (e.g. phenols, aromatic amines) with hydrogen peroxide [8]. By 

immobilising peroxidase on the SAM-derivatised Au electrode, the electrode system can substitute the 

electron donor substrate in the peroxidase reaction cycle. This process is usually referred to as direct 

electron transfer [9]. Peroxidase is oxidised by H2O2 and then subsequently reduced by electrons 

provided by the SAM on gold electrode. Peroxidase biosensors based on direct electron transfer are 

used for the detection of hydrogen peroxide and small organic hydroperoxides. Combined with H2O2 

producing oxidases, they are also used for monitoring the concentration of oxidase substrates, e.g. 

glucose, alcohol, glutamate and choline [10].  

In recent years, there has been considerable interest in transition metal complexes containing 

Schiff bases. These are popular ligands in coordination chemistry due to their ease of synthesis and 
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their ability to be readily modified both electronically and sterically. Mixed donor Schiff bases have 

been used extensively in catalysis. Most of the mixed-donor Schiff base ligands developed to date have 

nitrogen with phosphorous or oxygen atoms as the other donor unit. Little has been done on sulphur 

containing mixed-donor Schiff base ligands [11,12]. The fascinating electron-transfer and energy-

transfer properties displayed by the complexes of ruthenium together with Schiff bases warrant their 

exploitation for application in electrocatalysis. 

Ruthenium offers a wide range of oxidation states and the reactivity of the ruthenium 

complexes depend on the stability and inter-convertibility of these oxidation sates, which in turn 

depend on the nature of ligands bound to the metal [13]. In this study the SAM of a novel 

cyclopentadienylruthenium(II)  thiolato Schiff base complex modified with HRP, was prepared on a 

Au electrode and applied in the electro-catalytic reduction of H2O2. 

 

 

 

2. EXPERIMENTAL SECTION 

2.1. Materials 

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

aminothiophenol, bis(cyclopentadienyl)ruthenium(II) (97%), horseradish peroxidase (HRP, 1.10 

U/mg, P6782), 30% (v/v) hydrogen peroxide solution and silica gel (230-400 mesh) were purchased 

from Sigma-Aldrich. All other reagents were of analytical grade and were used without further 

purification. Solvents were refluxed over an appropriate drying agent, distilled and degassed prior to 

use. 

 

2.2. Instrumentation 

All electrochemical analysis was performed with a bioanalytical systems electrochemical 

analyzer (BAS100/W) software using either CV) or OSWV. A conventional three electrode 

electrochemical cell was employed in the study used a gold working, Ag/AgCl reference and a 

platinum wire auxiliary electrodes. A negative oxidation current was used for the display of all figures. 

All cyclic voltammograms were carried out at a scan rate of 50 mV s
-1

, unless otherwise stated. 

Square-wave voltammetry were carried out using a step potential of 4 mV, amplitude of 25 mV and a 

frequency of 15 Hz. The synthesis of [Ru(Cp)thiolato]2 complex and precursor materials were carried 

out under dry nitrogen by using a Schlenk line. Toluene and acetone were pre-dried, distilled and 

stored over 3 Å molecular sieves. 1H-NMR spectra of the ligand were recorded at room temperature in 

CDCl3 or DMSO-d
6
 on a Varian Gemini 2000 instrument. Sample signals are relative to the resonance 

of residual protons on carbons in the solvent. The FT-IR measurements were carried out on a Perkin-

Elmer Spectrum 100 FTIR spectrometer. Elemental analysis was performed by the micro analytical 

laboratory at the University of Cape Town, South Africa.  
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2.3. Buffers and solutions 

All electrochemical experiments were carried out in phosphate buffer saline (PBS) (0.1 M 

phosphate and 2.7 mM KCl), pH 6.8. Deionised water (Milli-Q, Millipore, Japan) purification system 

was used to prepare electrolyte solutions. All experiments were carried out under argon atmosphere. 

 

2.4. Synthesis 

2.4.1. Synthesis of OHCC6H4O(CH2)2SMe (a) 

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

added K2CO3 (5 g), followed by the addition of 2-chloroethylmethylsulphide (1.82 mL, 16.38 mmol). 

The reaction mixture was refluxed for 48 h 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), CH2Cl2:hexane (1:3) eluent to afford the pure compound with a yield of 1.42 g (88.3%). 

 
1
H-NMR (CDCl3): δ 9.84(s, 1H, CHO) 7.82 (d, 2H, JHH = 8.8 Hz, OHCC6H4), 6.98 (d, 2H, JHH 

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

 

2.4.2. Synthesis of HSC6H4NC(H)C6H4O(CH2)2SMe (b) 

Compound (a) (0.5 mL, 2.71 mmol) and 4-aminothiophenol (0.34 g, 2.71 mmol) were 

dissolved in toluene (50 mL). After addition of a few drops of glacial acetic acid, the reaction mixture 

was stirred overnight under nitrogen for 18 h at room temperature. Evaporating the solvent under 

vacuum, yellow viscous oil was obtained. The product crystallized from CH2Cl2:hexane (1:3) at -18 
o
C. After filtration, the solid was washed with hexane and dried in vacuum to afford a yellow solid. 

Yield = 0.39 g (47%).  
1
H-NMR (CDCl3): δ 8.31 (s, 1H, C(H)=N), 7.88 (d, 2H, JHH = 8.1 Hz, C-C6H4), 7.2 (d, 2H, JHH 

= 8.4 Hz, NC6H4), 7.11 (d, 2H, JHH = 8.1 Hz, OC6H4), 7.00 (d, 2H, JHH = 8.5 Hz, SC6H4), 4.22 (t, 2H, 

OCH2), 2.93 (t, 2H, SCH2), 2.13 (s, 2H, SCH3). Anal. cald. For C16H17NOS2: C, 63.37; H, 5.61; N, 

4.62%. Found: C, 63.54; H, 5.38; N, 4.31%. IR C=N ( = 1593 cm
-1

).  

 

2.4.3. Synthesis of [Ru(SC6H4NC(H)C6H4O(CH2)2SMe)(η
5
-C5H5)]2, {[Ru(Cp)thiolato]2 complex  

(where Cp = η
5
-C2H5)} (c) 

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) which was stirred at room temperature for 24 h. 

A yellow solid was obtained, filtered, recrystallized from CH2Cl2:hexane (1:3), washed repeatedly with 

hexane and dried in vacuum. A yellow solid was obtained. Yield = 0.022 g (44%).  
1
H-NMR (DMSO-d6): δ 8.32 (s, 2H, C(H)=N, 8.13 (d, 4H, JHH = 8.1 Hz, C-C6H4), 7.82 (d, 4H, 

JHH = 8.1 Hz, NC6H4), 7.02 (dd, 8H, SC6H4 and OC6H4), 4.51 (s, 10H, C5H5), 4.13 (t, 4H, OCH2), 
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2.97(t, 4H, SCH2), 2.21 (s, 6H, SCH3). Anal. cald. For C42H42N2O2S4Ru2: C, 53.85; H, 4.49; N, 2.99%. 

Found: C, 54.11; H, 4.15; N, 2.06%. IR C=N ( = 1596 cm
-1

). 

 

2.5. Immobilisation Procedures 

2.5.1. Immobilisation of cyclopentadienylruthenium(II) thiolato Schiff base on gold 

Before the formation of the [Ru(Cp)thiolato]2 complex self-assembled monolayer (SAM) on 

top of the gold electrode, a pre-treatment procedure based on the work of Willner and Rinklin [14] and 

Schlereth et al. [15] was applied to the gold electrode. A 3 mm diameter gold disk was polished 

progressively with 15, 3 and 1 μm diamond powder (BAS MF-2059) for 1 min in each case. The 

electrode was rinsed and sonicated in deionised water for 5 min. It was then immersed for 1 h in hot 2 

M KOH solution and for 10 min in concentrated solutions of HNO3 and H2SO4 while rinsing with 

deionised water after each immersion. The pre-treated Au was rinsed with CH2Cl2 and placed in 1 mM 

[Ru(Cp)thiolato]2 complex for 24 h at ambient temperature during which [Ru(Cp)thiolato]2 complex 

self-assembled monolayer (SAM) was formed on the AuE. The SAM-modified electrode was rinsed 

with copious amount of CH2Cl2, and preconditioned for electrochemical studies by performing CV in 

0.1 M NaOH using a potential window of -200 mV to -600 mV vs. Ag/AgCl at 50 mV s
-1

.  

 

2.5.2. Immobilisation of HRP on SAM 

The Au/SAM electrode was oxidised in 1 mL PBS, pH 6.8 containing 1 mg mL
-1 

HRP at +700 

mV vs. Ag/AgCl for 1500 s. During this potentiostatic oxidation process, the enzyme became 

electrostatically attached to the SAM surface. The enzyme solution was carefully recovered from the 

cell and stored at 4 
o
C for re-use. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1. Synthesis and characterisation 

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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Scheme 1. Reaction scheme for the preparation of  [Ru(Cp)thiolato]2 complex. 

 

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 
1
H-NMR of the crude 

product, but the by-product was easily separated from the product by column chromatography using 

silica gel and CH2Cl2:hexane (1:3) as eluent to give an analytically pure product. 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 [16], while Scamporrino et al. used a mixture of toluene 

and water [17]. Other reported reaction conditions used potassium hydroxide in DMF or ArSO2Cl and 
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phenol in ethanol:water (1:1) mixture [18,19]. In the above literature procedures the yields were in the 

range of 75-95%, while moderate yield was achieved using our synthetic method. 

The 
1
H-NMR of the analytically pure (compound a) showed a prominent peak due to the 

hydrogen of the CHO group at 9.84 ppm which is typical of benzaldehyde derivatives. 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 to allocate the peaks of Schiff base 

compound produced from the reaction of alkoxybenzaldehyde with 4-aminothiophenol. The alkyl 

chain in the pure product gave triplets at 2.88 and 4.10 ppm due to the higher electron withdrawing 

nature of oxygen over sulphur (–OCH2CH2–S–). A singlet at 2.19 ppm was unambiguously assigned to 

the terminal methyl group (–CH3). 

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

aminothiophenol and the prepared alkoxybenzaldehyde. FT-IR spectrum of the ligand shows the 

appearance of an imine peak at 1592 cm
-1

 and the disappearance of the carbonyl peak in the aldehyde 

(1730 cm
-1

) which confirm the formation of imine group. The presence of the imine group was further 

confirmed by 
1
H-NMR which observed at 8.39 ppm, comparable to similar compounds [20]. In similar 

Schiff base compounds (4-H2n+1CnOC6H4NC(H)C6H4OCnH2n+1-4), where alkyl chains replaced the 

thiols, the imine proton signals were found at 8.50 ppm [21], indicating that the effect of substituent on 

the chemical shift is generally minimal [22]. The rest of the chemical shifts helped in identifying the 

products. The general pattern of the 1H-NMR in the aromatic region consisted of four sets of doublets 

which are typical AB type patterns for the four protons of the two phenyl rings. The most up-field 

doublet was due to Ha (6.98 ppm) with the next doublet at 7.24 ppm due to He. All other signals were 

typical of thiol and alkyl functional groups. The resonance signal for the S-H proton at 3.52 ppm is 

similar to that of organic thiols at 3.45 - 3.48 ppm [23]. 

The Schiff base complex was synthesised by reacting equimolar of thiol-imine ligand (b) with 

bis(cyclopentadienyl)ruthenium(II) (Scheme 1) in moderate yield (44%). The complex was found to be 

remarkably stable to air and moisture at room temperature for several weeks. Spectroscopic 

characterization and elemental analyses of the ligand and the complex confirmed the products as 

formulated in Scheme 1. The C=N stretching frequency did not shift during complexation, which 

confirms that complexation did not occur through nitrogen of azomethine group. The 
1
H-NMR 

spectrum of the bimetallic ruthenium complex is a typical of cyclopentadienyl thiolato analogue 

complexes [24].  

The main NMR-spectroscopic feature of the complex is the observation of a new singlet at 4.51 

ppm which is assigned to cyclopentadienyl ring protons. On the other hand, 1H-NMR spectral data 

showed that thiolato resonance of the complexes and that of free ligands were very similar, particularly 

the chemical shift for the N=CH proton. Each of the two phenyl groups in the thiolato ligands of the 

complexes exhibit a classical AA'BB' spin system [25] in the 
1
H NMR spectra. Further 

characterization of the complex was achieved by electrochemical methods (vide infra). 
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3.2. Electrochemical characterisation of [Ru(Cp)thiolato]2 complex in solution 

The nickel analogue of the Schiff base complexes, [Ni(SC6H4NC(H)C6H4OCnH2n+1)(η
5
-

C2H5)]2, (n = 4, 14, and 16)   exhibit ideal reversible electrochemistry, offering low positive potential 

values vs. the normal hydrogen electrode (NHE) [26]. This paves the way for investigating them for 

possible applications as electron transfer mediators in biosensors. The intention of this study is to 

attempt is to expand this notion to a novel cyclopentadienylruthenium(II) thiolato Schiff base complex. 

Taking advantage of the -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 synthesis, 

versatility and their planarity) [26], a [Ru(Cp)thiolato]2 complex was synthesized for the formation of a 

novel SAM on gold. The redox properties of this complex were investigated under stationary 

conditions at a gold electrode under argon “blanket”. Cyclic voltammetry in CH2Cl2 containing 

tetrabutylammonium tetrafluoroborate (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 

mM) were employed in all the voltammetric experiments. SAM formation using a very dilute solution 

gives ordered monolayer whereas a high concentration and long time (6 days) favour multiple layer 

formation [2]. The CV of the SAM (Figs 1a and 1b) displayed a well-defined wave assigned to the 

Ru
III

/Ru
II
 redox couple. This process is observed with characteristics of high quasi-reversibility [27]. 

The peak separation, ΔEp = (Ep,a - Ep,c), formal potential, Eº, peak current ratio, (Ip,a/Ip,c) values of 100 

mV, 174 mV and 1.42, respectively, further attest to the quasi-reversibility of the complex (Fig. 1).  

 

 
 

Figure 1. Cyclic voltammogram for 2 mM [Ru(Cp)thiolato]2 complex on a bare gold electrode in 

CH2Cl2 containing 0.1 M TBATFB at a scan rate 50 mV s
-1

. 

 

 

Sweeping the electrode through potentials outside its potential window can deteriorate the 

behaviour of the system, due to the formation oxides or hydrogen evolution at the working electrode. 

The purpose of sweeping the potential over a wide range was to investigate the electrochemistry of the 

complex (Fig. 1a). It is clear that the Ru
III

/Ru
II
 redox electrochemistry was the only redox activity 

present in the complex.  
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Figure 2 represents the Randels-Sevčik plot of the anodic peak currents of the Ru
III

/Ru
II
 redox 

couple. The plot was normalized to correct for double layer-charging. The near superimposition of the 

plots demonstrated the quasi-reversibility of the Ru
III

/Ru
II
 couple. Peak current was proportional to v

 -

1/2
 (r

2
 = 0.98) indicating electron diffusion limited response of the Au//SAM electrode, 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) is 100 mV, with anodic to cathodic peak current ratio of 1.42 

(Fig. 1b). However, the non-zero intercept may be attributed to non-faradaic currents, i.e. the complex 

is considered to be quasi-reversible [2]. Due to the Ru(II) thiolato Schiff base’s strong redox 

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

possible application as an electroanalytical self-assembled monolayer (SAM). 

 

 
 

Figure 2. (a) Randels-Sevčik plot of the anodic peak currents of the CV of Au/SAM electrode 

performed at the scan rates 5 – 300 mV s
-1

 in CH2Cl2 containing 0.1 M TBATFB. 

 

3.3. Characterization of [Ru(Cp)thiolato]2 complex on gold 

 
 

Figure 3. Cyclic voltammograms of bare Au and Au/SAM in PBS containing 2 mM ferricyanide as 

the redox probe. 
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In order to access the self-assembled monolayer formation on gold, the electrochemistry was 

studied in PBS containing 1 mM ferricyanide as the redox probe. The redox behaviour of this probe 

was completely inhibited following monolayer formation. Any redox activity observed for the 

Au/SAM is mainly due to the SAM deposition on gold electrode as indicated by a complete 

suppression of the oxygen redox peak of the probe as shown in Fig. 3 [20,27].  

 

 
 

Figure 4. Cyclic voltammograms of SAM-modified Au electrode in PBS, pH 6.8 at 50 mV s
-1

: (a) 

before NaOH-treatment and (b) 5 CV cycles after NaOH-treatment. 

 

The thiol end-groups of the complex were protected by a methyl group to avoid oxidative S-S 

coupling [21]. The [Ru(Cp)thiolato]2 complex  SAM required voltammetric cycling in base (0.1 M 

NaOH) from –200 to +600 mV (v = 50 mV s
-1

) to activate its electroactivity as demonstrated in Fig.4. 

Before cycling in base, the SAM showed minor redox activity but after treatment with NaOH a set of 

quasi-reversible peaks were clearly observed. 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). This implies 

that the number of redox active molecules on the surface of the gold electrode has been increased. It 

could be explained that the desired cleavage of sulphur-methyl bond did not occur during the time in 

which the Au electrode was left standing in the deposition solution. In spite of the formation of SAM, 

the complex bounded weakly 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 stability will inevitably change the conformation of the 

SAM as a consequence of in-situ generation of covalent bonding between the sulphur and Au to form 

true SAM. This improved the electronic communication between the Ru(II) centres of the complex due 

to induced covalent bonding. Using NH4OH and NaOH have also been exploited to a greater extend in 

deprotonating the alkyl end groups to minimise S-S bond formation, while using (n-C3H7)2NH or 

dimethylaminopyridine were found to be less effective in deprotonating the thiol end groups [28,29]. 

The deprotonation was achieved 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 this work, deprotonation of SAM was done after its 

removal from the deposition solution. Figure 4 demonstrates this clearly as no electronic 
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communication was observed before cycling in 0.1 M NaOH. A close-packed SAM will block 

Faradaic processes from the electrode surface. Film ion barrier factor, Γibf, was evaluated from charge 

produced by cycling the bare and the SAM-modified electrodes in 0.1 M NaOH solution (Fig. 4) 

according to equation 1. 

 

Γibf = 1 – QSAM/QBare    (1) 

 

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 Figure 4 that non-detection of charge on 

the Au electrode after the deposition of [Ru(Cp)thiolato]2 Schiff base complex, indicates that the gold 

surface was completely isolated from the aqueous solution, which is the source of gold oxide 

formation [25].  

 

 
 

Figure 5. (a) The pH dependence of the formal potential of Au/SAM in PBS at scan rate of 50 mV s
-1

, 

for pH 3.3 - 9.3; with a slope of -34 mV pH
-1

 demonstrating a two-electron, one-proton redox 

process. (b) The pH profile of the OSWV of Au/SAM in PBS at a scan rate of 50 mV s
-1

. 

 

Since no charge could be detected for the gold surface after deposition, Γibf must be 

approximately unity, indicating that the SAM acts as a barrier against the permeation of electrolyte 

species. The ΔEp value of the redox probe couple was 89.2 mV and the Ip,c/Ip,a ratio was 1.26. These 

are pointers to the SAM’s ability to mediate electron transfer reaction of any redox couple present in 

solution. Furthermore, to ascertain that the SAM layer was the only source of redox activity being 

observed, the Ip,a was directly proportional to the scan rate, v, which is consistent with what is expected 

for an electrochemical reaction involving a surface confined species that is uniformly distributed and 

non-interacting redox centres position at the same distance from the surface of the electrode. Deviation 

from ideal behaviour 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) is shown in Fig. 5b, with a 
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slope of about -34 over a pH range of 3.3 to 9.3 (Fig.5a). This is quite close to the theoretical value of -

29 for a two-electron-one-proton redox process [4]. This is in agreement with Tafel analysis for the 

deduction of the number of electrons transferred for [Ru(SC6H4NC(H)C6H4OCnH2n+1)(η
5
-C2H5]2, (n = 

4, 14, and 16) in bulk solution of CH2Cl2 containing 0.1 M TBATFB [26]. All Tafel plots gave values 

of approximately 2 for the number of electrons transferred as there are two Ru(II) centres per 

molecule, thus the reaction;  

 

Ru(A)(II) + e
−
 → Ru(A)(III)  

 

Ru(B)(II) + e
−
 → Ru(B)(III) 

 

A similar observation has been reported by Ozoemena and Nyokong [30] for an iron 

phthalocyanine immobilized on a gold electrode. This can be attributed to water (in acidic or neutral 

medium), and hydroxyl group (in alkaline medium) coordinating to the Ru(II) centre. In this work, the 

chosen pH was close to neutral since an enzyme is used and enzymes are pH sensitive. 

The calculated surface concentration, Γ, of the ruthenium redox centres is 1.591 x 10
-11

 mol cm
-

2
 for the two electrons transferred, which is comparable to literature values [30,31]. It can be concluded 

that this monolayer is effectively non-permeable to electrolyte species (implying that the surface 

coverage is relatively pin-hole free) which led to the presumption that not all the Ru(II) groups 

attached to the surface of the gold electrode are electroactive. A possible reason is that all the methyl 

end groups were not removed during voltammetric cycling in NaOH, hence electronic communication 

between all the molecules and the electrode surface could not occur. 

 

3.4. Hydrogen peroxide (H2O2) detection at the Au/SAM/HRP electrode 

 
 

Figure 6. Anodic OSWV responses of Au/SAM/HRP in PBS, pH 6.8 to H2O2. 

 

Amperometric biosensors have been developed with electroactive polymers that can mediate 

electron transfer between enzyme active site and electrode surface [32-35]. In this study, horseradish 
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peroxidase (HRP), a heme-containing glycoprotein, was used as a model enzyme for catalytic 

reduction of H2O2. The current is produced by the electrochemical reduction of HRP
I
 and HRP

II
, which 

are two and one oxidation states higher than the native HRP resting state, respectively. The current 

should directly proportional to the concentration of H2O2 and used a basis for amperometric detection 

of H2O2. HRP was electrostatically attached [36-37] to the SAM surface by applying anodic potential 

in the presence of HRP (1 mg mL
-1

).  Figure 6 depicts the square-wave voltammograms of the 

Au/SAM/HRP electrode in PBS, pH 6.8 in the presence H2O2 under anaerobic conditions.  

 

 
 

Figure 7. The H2O2 response curve of Au/SAM/HRP at +200 mV vs. Ag/AgCl in PBS, pH 6.8. 

 

To ascertain that Ru(II) alone could not reduce H2O2, CVs were performed on an HRP free 

SAM surface before and after the addition of H2O2. Little change was observed in the cathodic peak 

currents. Therefore, HRP is playing a vital role in the reduction of H2O2. The reduction processes 

proceeds by the conversion of HRP
II
 to HRP via a two electron reduction. The oxidised form of the 

redox compound is reduced at the electrode which is held at a constant suitable potential. The 

magnitude of the reduction current produced by the electrode reaction depends on the bulk 

concentration of the substrate. The normal practice has been to incorporate an electron transfer 

mediator in the biosensor film or reaction solution. Hence the electroactive self-assembled monolayer, 

(SAM) is used here as the mediator in the reagent less peroxide biosensor. Figure 7 represents the 

H2O2 response curve of Au/SAM/HRP biosensor at +200 mV. The sensor exhibited Michaelis-Menten 

kinetics. The detection limit (5.26 mM) was evaluated based on a signal-to-noise level of 3 and a 

sensitivity of 5.11 x 10
-11

 μA mM
-1

, demonstrating the potential application of the Au/SAM/HRP in 

the amperometric analysis of H2O2. Although this novel approach has not yet reached lower detection 
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limits, with the advantages of SAM over other approaches for electrode surface fictionalization (ease 

of preparation and versatility), this approach is very promising for electrocatalytic reduction and 

analysis of H2O2. This technique can be improved by increasing the electroactive nature of Ru(II) 

molecules and by optimising enzyme catalysis parameters such as loading time on the SAM surface, 

pH and adaptation to a flow system, amongst others.  

 

 

4. CONCLUSIONS 

Structural analysis confirmed that a novel SAM of [Ru(Cp)thiolato]2 Schiff base complex was 

successfully prepared and its electrochemistry was evaluated by CV and OSWV voltammetric 

techniques. Effective electronic communication between the Ru(II) metal centres was achieved by 

voltammetric cycling in 0.1 M NaOH. Scanning in alkaline medium removed the methyl end groups of 

the complex as evident from an increment in the redox peaks with increasing number of scans. The 

monolayer produced by the self-assembly of [Ru(Cp)thiolato]2 complex allows tremendous flexibility 

to several applications depending upon their terminal functionalities (hydrophobic or hydrophilic) or 

by varying the chain length (distance control). The SAM exhibited a quasi-reversible electrochemistry 

which was attributed to the non-uniformity of the SAM monolayer or molecular interactions between 

the SAM molecules themselves. The electrocatalytic reduction of H2O2 at the Au/SAM/HRP was 

established by CV and OSWV, which revealed that the [Ru(Cp)thiolato]2 complex effectively 

mediated electron transfer between the enzyme and the Au electrode. Altering the surface using a 

mixed monolayer approach, or by alteration of the complex itself, could improve the performance 

parameters of this novel [Ru(Cp)thiolato]2 complex/peroxidase-based biosensor.  
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