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Abstract

:

The results of cyclic, differential pulse and square wave voltammetric studies of four ferrocene derivatives, i.e., 4-ferrocenyl-3-methyl aniline (FMA), 3-Chloro-4-ferrocenyl aniline (CFA), 4-ferrocenyl aniline (FA) and ferrocenyl benzoic acid (FBA) on carbon electrode, revealed that the redox behavior of these compounds is sensitive to pH, concentration, scan number and scan rate. One electron, diffusion controlled, with a quasi-reversible redox signal displaying ferrocene/ferrocenium couple was observed for each of the studied ferrocenyl derivatives. Quasi-reversibility of this signal is evidenced by ∆Ep, Ia/Ic current ratio and ksh values. Another one electron and one proton irreversible oxidation signal was noticed in the voltammograms of these compounds except FBA. This signal corresponds to the electro-oxidation of the amine group and its irreversibility, as supported by ∆Ep, Ia/Ic current ratio and ksh values, is due to the influence of the electron donating nature of the amine group. A number of electrochemical parameters such as D, ksh, LOD and LOQ were evaluated for the targeted ferrocene derivatives. The obtained parameters are expected to provide insights into the redox mechanism for understanding their biochemical actions. The electrochemistry presented in this work is done using a unique environmentally benign and cost-effective droplet electrochemical approach.
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1. Introduction


Ferrocene is an organometallic compound of the general class metallocene, with the formula Fe(η5-C5H5)2, where iron is sandwiched between two cyclopentadienyl rings [1,2,3]. Ferrocene finds applications in the design and fabrication of sensors, biosensors, electrochemically active supramolecular switches, catalysis, drugs and fuel additives etc. It has been reported that ferrocenes could fit in the cavity of water-soluble β-cyclodextrin (βCD) [4,5,6,7,8,9,10]. The diverse applications of ferrocene derivatives are mainly attributed to their electrochemical properties, which govern their chemical and biological action. Therefore, the family of ferrocene has been rapidly developing in the last 60+ years, with synthesis of its derivatives having applications in homogeneous asymmetric catalysis, chemical sensors, biosensing, molecular electronics and electrocatalysis [11,12,13,14,15,16,17]. Ferrocene is also used in biological treatments, because it is chemically stable, neutral and able to cross the cell membrane.



Owing to its favorable and reversible redox peaks, a huge fraction of research is devoted to the electron transfer studies of ferrocene derivatives. Electrochemical sensors based on ferrocene as mediators have been extensively documented [18,19,20,21,22,23,24,25]. They are also considered as ideal redox mediators, due to the stability of each form of the redox couple and their insensitivity to physiological oxygen... It serves as a reference material due to its chemical and electrochemical reversibility in organic electrolytes and its invariant redox potential [26]. Abraham et al., have reported that ferrocene and its derivatives to be potentially beneficial redox reagents for the chemical overcharge protection of rechargeable lithium and lithium ion batteries [27] Other applications of ferrocene derivatives include their role as combustion regulators, radiation absorbers and components of various redox systems.



There is a wealth of research on ferrocene derivatives in medicinal chemistry, where they are documented as anticancerous drugs with antiproliferative activities [6]. Taking advantage of their favorable bioorganometallic chemistry, they are frequently employed in bioelectronics and in making glucose biosensors [7]. Moreover, ferrocene has been reported to improve the activity of various drugs such as ferrocene aspirin, the anticancer drug, ferrocifen, and an anti-malarial drug, ferroquine [28]. Similarly ferrocene-conjugated pepstatin, bioconjugate-3, is used for the detection of HIV-I protease [29].



Use of ferrocene and its derivatives in various fields of science have made them an essential class of compounds for further investigation [30]. The role of ferrocene and its derivatives for the welfare of mankind is obvious and is believed to relate to their favorable electron transfer behavior. The electrochemical studies of new ferrocene derivatives are crucial for the evaluation of their properties and potential biomedical applications. In this regard, we have assessed the electrochemical properties of some novel ferrocene derivatives using cyclic voltammetry (CV), differential pulse voltammetry (DPV) and square wave voltammetry (SWV) in different pH media to propose their redox mechanisms. The electrochemical measurements are performed using a unique environmentally benign and cost-effective droplet electrochemical approach. The chemical structures of the investigated ferrocenes can be seen in Scheme 1.




2. Experimental Section


2.1. Materials and Reagents


The derivatives of ferrocene used in the current work were kindly gifted by Professor Dr. Amin Badshah [31,32,33,34]. 2 mM stock solutions of the compounds were prepared in an analytical grade ethanol solvent purchased from Sigma Aldrich. All supporting electrolytes in the pH range of 2–12 were prepared using a Britton–Robinson (BR) buffer solution prepared by using sodium hydroxide and a mixture of 0.04 mM boric acid, 0.04 mM acetic acid and 0.04 mM phosphoric acid. All the components of BR buffer were obtained from Sigma Aldrich. For pH measurements, an INOLAB pH meter with model no. pH 720 was used. Micro volume measurements were done by EP-10 and EP-100 plus motorized µL pipettes.




2.2. Voltammetric Parameters and Electrochemical Cells


Voltammetric experiments were performed using the three-electrode system. The instrument used was a three-electrode Digi-ivy potentiostat received from Austin, TX, USA. The potentiostat was controlled using the DY2100 series software version. The reference electrode Ag/AgCl and the counter electrode, a piece of Pt foil, were attached to each other and hung with the stand. A large area (0.07 cm2) glassy carbon electrode was polished with 0.3-micron micro polish powder before each experiment and placed parallel to the two upper electrodes. A small droplet of different solutions containing a 2 mM concentration with supporting electrolyte was placed on the surface of the carbon electrode. All electrodes were then connected to the instrument to record the voltammograms. The distance between the upper electrodes and working electrode was controlled by the screw of stand and volume of droplet of solution was controlled using micropipette.



The operations of placing the droplet on the surface of the GC electrode and precise positioning of upper electrode’s tip were observed with a magnifying glass, which allowed for magnification of the object. To make the droplet sit well on the GC electrode, the surface of the pipette tip was in contact with the carbon surface at start, and then was slowly pulled away while the droplet grew.



Conditions selected for differential pulse voltammetric experiment were pulse amplitude 50 mV, pulse width 50 ms, pulse period 200 ms and scan rate 100 mV s−1. For SWV, the experimental conditions were as follows. The frequency of 5 Hz and potential increment 0.02 V, corresponding to an effective scan rate of 100 mV s−1, unless stated otherwise.




2.3. Acquisition and Presentation of Voltammetric Data


All the voltammograms recorded were background subtracted and baseline corrected by using the moving average with a step window of 2 mV. This treatment helps in improving visualization and identification of peaks over the baseline without introducing any artefact, although the peak height in some cases is reduced (<10%) relative to that of the untreated curve. The peak current (Ip) values reported were taken from the original untreated voltammograms before the subtraction of the baseline.





3. Results and Discussion


3.1. Cyclic Voltammetry


Cyclic voltammetry (CV) was employed to determine the diffusion coefficient (D) and heterogeneous electron transfer rate constant (ksh) of the compounds. The CVs of the 2 mM solution of all compounds were initially recorded between −0.1 and +1.5 V in 90% aqueous ethanol, buffered at pH 7 with a scan rate of 0.1 V/s. A redox couple labelled as 1a and 1c was observed for all derivatives. A 2nd oxidation peak, labeled as 2a, was also observed for FMA, CFA and FMA. The CVs were also recorded by limiting the potential range between −0.1 and +1.5 to clearly represent the 2a peaks of CFA and FMA, as displayed in Figure 1. The voltammetric response of all the selected ferrocenes featured well-defined and stable oxidation and reduction peaks (1a and 1c), which are assigned to the oxidation of the ferrocene nucleus in analogy with other ferrocene molecules [35,36]. An observation of these overlayed voltammograms reflect that the anodic signal of FA is obtained at least positive potential, displaying its favored oxidation. Most facile oxidation of FA is attributed to the electron donating effect of the attached aniline group. Whereas for CFA, oxidation peak is shifted to more positive potential displaying comparatively difficult oxidation than FA, mainly because of the electron withdrawing inductive effect of the attached chloro group. Similarly, the voltammetric signal of FBA, noticed at most positive potential, suggested the most difficult electron abstraction from its ferrocene moiety, due to the strong electron withdrawing effect of the benzoic acid group. This variation in the oxidation behavior of closely related ferrocene derivations demonstrated the sensitivity of ferrocene to the electronic effect of the attached substituents [37,38]. The CV of the pristine ferrocene molecule is reported to be 0.29 V, very close to FMA, with a peak separation of 0.074 V in aqueous solvent at glassy carbon electrode. However, the peak separation in case of FMA is larger, i.e., 0.12 V, compared to the pristine ferrocene molecule. The well-defined redox peaks 1a and 1c correspond to the oxidation of Fe as reported in the previous studies [16,39,40]



∆Ep values much higher than the expected Nernstian value of 59 mV per electron and Ipa/Ipc current ratio deviating from 1, predicted that the redox process is electrochemically quasi-reversible for all the derivatives of ferrocene [36]. A literature review reveals that ferrocene alone shows a well-defined, reversible redox signal [41]. This disparity is attributed to solution resistance and slow electron transfer [38]. Moreover, slightly displaced potential values observed for Fc/Fc+ couple for these compounds in comparison to unsubstituted ferrocene reveals that the redox behavior of ferrocene is dependent on the electronic properties of the attached ligands [35]. A second anodic signal, 2a, was also noted for these derivatives, except FBA, representing the oxidation of the para-amine moiety present in these derivatives. Absence of its corresponding reduction signal in the reverse scan shows the stability of this moiety to reduction and indicates the irreversible nature of this 2nd oxidation step. Epa-Epa/2 > 60 mV also supports the irreversibility of this electrode process. Summary of electrochemical data of these four ferrocene derivatives is listed in Table 1.



Cyclic voltammograms of FBA (1a & 1c peak) obtained at different scan rates are shown in Figure 2. The CVs depict that peak current varies linearly with the increasing scan rate. The reversible signal for Fc/Fc+ couple principally occurs at the same potential. [41] However, the slight variation in anodic and its corresponding reduction signal observed here is due to the presence of finite solution resistance and slightly slow electron transfer kinetics [37]. This ensures the quasi-reversible nature of redox peaks, presumably due to the bulky substituent attached to it. A similar trend with increasing scan rate was observed for redox signal 1a and 1c in all studied ferrocene derivatives (Figure S1A–C).



This study of the effect of scan rate was employed in determining an important parameter, i.e., diffusion coefficient (D). This is done by plotting log Ipa vs. log ν, as demonstrated in all compounds, by the procedure mentioned elsewhere. Figure 3 shows the plot of log Ipa vs. log ν for all compounds. The diffusion coefficient was calculated using the slope of straight lines by applying Randles–Sevcik equation [42]. For FBA, the slope value of 0.56 confirmed the diffusion limited nature of the first redox signal [43].



The effect of the scan rate for FMA is displayed in Figure 4, where the much greater positive potential shift observed for the 2a anodic signal with increasing scan rate supports the irreversible nature of this oxidation step. The values of D for all derivatives (peak 1a) are displayed in Table 1 and were found to be in the range of 10−7 cm2 s−1.



The Nicholson method [44] has been used to calculate the rate constant ksh at the electrode. Peak separation (ΔEp) between the anodic and cathodic peak from the background subtracted voltammogram is used to evaluate ψ using the classic relation given by Nicholson between ΔEp value of 0.07 V and the relation is presented in Figure 3 of Nicholson’s paper [44]. The value of Ψ = 1.51 was then employed to determine the value of ksh using Equation (1).


  Ψ =    k  sh       ( α  D    )   1 / 2      



(1)




where α is for charge transfer coefficient, which has been calculated using the relation α = nFν/RT (ν being the scan rate, 1.46 V/s for this experiment) and was found to be α = 5.69 (Table 2). D is the diffusion coefficient, and its value was obtained from the study of the scan rate effect of FBA and was found to be 5.645 × 10−7cm2 s−1 (see Table 1). By putting the values of α, D and Ψ in Equation (1), the heterogeneous rate constant ksh was calculated giving the value of 6.74 × 10−4 cm s−1 for FBA. The values of ksh calculated for all other derivatives are listed in Table 2.




3.2. Differential Pulse Voltammetry


Differential pulse voltammetry (DPV) was employed to study the effect of pH and determine the number of electrons and protons involved in the redox processes. DPV is a very sensitive technique to reduce background charging currents. The waveform in DPV is a succession of pulses, where a baseline potential is a particular period of time earlier than the application of a potential pulse. The medium effect was successfully studied in the pH range from 3–12 using DPV. The shifting of anodic peaks towards less positive potential with increasing pH projects the convenience of the oxidation process in basic media [43,45]. For FBA, only one anodic signal was observed in accordance with CV, which displayed slight shifting towards positive potential with increasing pH (Figure 5A). The width at half peak height, W1/2, value close to 90 mV and literature review of structurally similar ferrocenyl derivatives confirmed one electron involvement in its oxidation [46,47,48]. Participation of protons in the oxidation step were calculated by plotting Ep vs. pH plot (Figure 5B), using relation E = EO–m/n × 0.059 pH where m is the number of protons and n is number of electrons involved in the redox process [46,47,48]. The slope value deviating from 25.6 mV per pH unit suggested the m = 0.4, indicating almost no proton involvement in this oxidation step [46,47,48].



Variation in current has also been observed with the changing pH, owing to medium effect. The variation in voltammetric response reflects that the change in pH can alter the biochemical pathways, as they depend on the redox potential of compounds.



The DPV plots of FMA vs pH are displayed in Figure 6A,B. Anodic peak 1a does not show any significant shift with pH, however, 2a has a large shift towards negative potential with increasing pH and displayed ease of oxidation of -NH2 group of FMA in a basic environment. The variation of Epa2 with pH for FMA, with a slope of 58 mV per pH unit close to 59 mV per pH unit, suggests that the oxidation of the -NH2 group for this and other amino ferrocenyl derivatives involve the same number of protons as electrons. Rising pH is also accompanied by the changing current values for 2a. This variation in redox potentials and currents confirmed the medium sensitivity, complementing CV results.



The W1/2 FMA, CFA and FA are approximately equal to 90 mV (Figure S2A,B) and a literature review of structurally related derivatives suggests one electron involvement in oxidation of these ferrocenyl compounds [35]. The pka is determined to be at pH 10, as evidenced from the plot of Epa2 vs. pH. No significant peak shifting is observed for FA and CFA, with changing pH values indicating the involvement of only electrons in the oxidation process.




3.3. Square Wave Voltammetry


SWV is the most sensitive technique, as compared to other electrochemical techniques, because of greater pace of analysis, reserved consumption of electro-active species, rather than DPV and minimized problems of electrode surface poisoning [49]. The main advantage of SWV is the simultaneous recording of oxidation and reduction currents in one scan. This improvement thus helps in confirming the reversibility, irreversibility or quasi-reversibility of any electrochemical processes. Thus, SWV was employed to confirm the reversibility of redox peaks and to calculate ksh using diffusion coefficient values obtained from CV.



The quasi-reversible nature of the redox peaks of FBA and FA was confirmed by the inequality of magnitudes of If and Ir [46,47,48], as observed in SWV (see Figure 7 and Figure S3A,B). The effect of consecutive scans, by recording successive SWVs in the same solution for FBA without cleaning the GCE surface, also depicts the reversibility or non-reversibility of the redox process. In case of FBA, the peak intensity of the oxidation peak almost remained constant after the first scan without cleaning the electrode surface (see Figure 8A), displaying the electrochemical stability of ferrocene/ferrocenium [37] couple, complementing the CV results. Whereas for FMA, CFA and FA, intensity of the oxidation peak decreased significantly with the number of scans, owing to the adsorption of the oxidation product, making the redox process non-reversible (Figure 8B).



The effect of different concentrations was evaluated at pH 7 for all compounds. The results for FBA and FA are displayed in Figure 9A,B (see also Figure S4A,B). Decrease in the analyte concentration was followed by the decrease in anodic current intensity at 0.1 V/s. Values of ksh for all compounds listed in Table 3 were calculated using Reinmuths expression [50]. The values in the order of 10−4 cm/s supports the quasi-reversible nature of their oxidation process, in accordance with the reported criterion [50].



The standard deviation of concentration vs. peak current provided the values of the limit of detection (LOD) and limit of quantification (LOQ), using the relations LOD = 3s / m (slope = µA M−1) and LOQ = 10 s/m where ‘s’ is the standard deviation of the intercept and ‘m’ is the slope of the related calibration plot as listed in Table 4 [51] (Figure 9).





4. Proposed Redox Mechanism


Based on the information obtained from voltammetric measurements, we have proposed the redox mechanism of all the selected compounds on a carbon electrode surface. For FBA, peak 1a and 1c is attributed to redox behavior of the ferrocene nucleus, supported by various research publications [36]. Ep, W1/2, ∆Ep and Ia/Ic current ratio, D and ksh values revealed one electron, quasi-reversible, diffusion-controlled oxidation of ferrocene moiety as shown in Scheme 2.



For the other three aniline containing ferrocenyl compounds, (CFA, FMA and FA), redox signals (1a and 1c) are representative of the Fe+2/Fe+3 reversible couple. The second chemically irreversible oxidation peak (2a) is attributed to the oxidation of -NH2 group, by the loss of 1e− and 1H+ in FMA and loss of 1e− with no proton involvement in CFA and FA. The pka value of 11 for FMA (2a) shows protonation/deprotonation at this pH. Decrease in the original 2a signal (see Figure 5B) with scan numbers and the appearance of a new voltammetric signal corresponded to the electro polymerization of amine group, similar to what happens in the electrochemically induced electro polymerization of 4- N,N –Dimethyl amino phenyl group (DMAPP), attached to 1-ferrocenyl-prop-2-en-1-one. Scheme 3 shows the redox mechanism for one of these derivatives, FMA.




5. Conclusions


Detailed electrochemistry of four ferrocene derivatives was investigated using cyclic voltammetry, differential pulse voltammetry and square wave voltammetry. Cyclic voltammetry of ferrocenyl derivatives revealed that they displayed well-defined redox behavior of ferrocene moiety. A 2nd irreversible oxidation signal was also observed in addition to the conventional ferrocene redox couple, associated with attached -NH2 groups. The effect of different scan rates was employed to determine the diffusion coefficient of the compounds. Differential pulse voltammetry established that redox signals were found to be sensitive to pH and was employed to determine the number of electrons and protons involved in the process. Physical parameters like ksh, LOD and LOQ have been successfully determined through square wave voltammetry. Moreover, the reversibility of redox peaks was also evaluated through SWV, showing the quasi-reversible nature of redox peaks associated with ferrocene moiety in compounds. A redox mechanism was proposed based on the results of CV, DPV and SWV, demonstrating 1e− oxidation of ferrocene moiety and 1e−/1H+ oxidation of -NH2 groups attached with FMA. The peak potentials of CFA and FA did not shift with pH, therefore, indicating the involvement of one electron for both oxidation peaks. Results obtained from all three voltammetry techniques complemented well with each other and proposed a mechanism provided insight into the action mechanism of these derivatives in biological systems.
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Scheme 1. Structures and names of studied ferrocenyl derivatives. 
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Figure 1. CVs of 2 mM ferrocene derivatives in pH 7 at 0.1 V/s. 
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Figure 2. CVs of 2 mM FBA at different scan rates. 
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Figure 3. Plot of log Ipa vs. log ν for (A) FBA (B) FA (C) CFA (D) FMA. 
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Figure 4. CVs of FMA showing scan rates effect. 
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Figure 5. (A) DPV of FBA obtained at 0.1 V/s in different pH media and (B) plot of Epa vs. pH of FBA. 
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Figure 6. (A) DPVs obtained at 0.1 V/s in different pH media and (B) plot of Epa vs. pH of FMA. 
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Figure 7. SWV indicating net, forward and reverse current for (A) FBA and (B) FA. 
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Figure 8. SWV Consecutive scans of (A) FBA and (B) FMA without cleaning electrode. 
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Figure 9. Concentration effect recorded in pH-7 at scan rate 0.1 V/s and inset plot of concentration (mM) vs. peak current (µA) for (A) FBA and (B) FA. 
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Scheme 2. Proposed redox mechanism of FBA at pH 3 to 10 for oxidation/reduction peak. 
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Scheme 3. Proposed redox mechanism of 4-Ferrocenyl,3-methyl aniline (FMA). 
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Table 1. Summary of electrochemical data obtained from CV.
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Compound

	
Redox Signal

	
Voltammetric Parameter




	
Ipa

(µA)

	
Ep

(V)

	
Ep−Ep1/2

(V)

	
∆Ep

(V)

	
Ipa/ Ipc

	
D/10−7 cm2 s−1

	
H+s

	
Reversibility






	
FMA

	
1a

	
13.2

	
0.31

	
-

	
0.12

	
4.12

	
9.03

	
-

	
QR




	
1c

	
−3.2

	
0.23

	
-

	




	
2a

	
15

	
0.84

	
0.08

	
-

	
-

	

	
1

	
IR




	
CFA

	
1a

	
14.6

	
0.27

	
-

	
0.13

	
2.92

	
9.18

	
-

	
QR




	
1c

	
−5

	
0.11

	
-

	




	
2a

	
16

	
0.85

	
0.07

	
-

	
-

	

	

	
IR




	
FA

	
1a

	
8.32

	
0.17

	
-

	
0.07

	
2.97

	
5.53

	
-

	
QR




	
1c

	
−2.8

	
0.1

	
-




	
2a

	
18

	
0.85

	
0.07

	

	

	

	

	
IR




	
FBA

	
1a

	
9.90

	
0.36

	
0.05

	
0.07

	
1.5

	
5.64

	
-

	
QR




	
1c

	
6.22

	
0.27

	
0.06
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Table 2. Summary of important electrochemical parameters obtained for all compounds.
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	Compound
	ΔEp (V)
	ψ
	ksh × 10−4

(cm/sec)
	α = (E1/2−Epc)/Epa−Epc





	FMA
	115
	0.394
	8.9
	0.476



	CFA
	150
	0.212
	4.8
	0.453



	FA
	105
	0.496
	8.7
	1.1



	FBA
	0.073
	1.51
	6.7
	5.69
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Table 3. D and ksh values for quasi-reversible and irreversible systems for all studied ferrocenyl derivatives.
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Compounds

	
Signal 1a

	
Signal 2a




	
D (cm2/s)

	
ksh (cm/s)

	
D (cm2/s)

	
ksh (cm/s)






	
FMA

	
9.03 × 10−7

	
8.90 × 10−4

	
8.92 × 10−6

	
4.66 × 10−4




	
CFA

	
9.18 × 10−7

	
8.47 × 10−4

	
6.79 × 10−6

	
1.40 × 10−4




	
FA

	
5.53 × 10−7

	
5.45 × 10−4

	
5.752 × 10−6

	
1.30 × 10−4




	
FBA

	
5.64 × 10−7

	
6.74 × 10−4

	
-

	
-
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Table 4. The values of LOD and LOQ calculated for all compounds.
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	Compounds
	s
	R2
	m
	LOD (µA)

(1a)
	LOD (µA)

(2a)
	LOQ (µA)

(1a)
	LOQ (µA)

(2a)





	FMA
	0.432
	0.97
	7.10
	0.183
	0.112
	0.61
	0.028



	CFA
	0.269
	0.97
	5.72
	0.141
	0.113
	0.54
	0.094



	FA
	0.209
	0.97
	3.67
	0.171
	0.119
	0.56
	0.390



	FBA
	0.238
	0.94
	4.58
	0.113
	-
	0.52
	-
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