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ABSTRACT 

The power of Fourier transformed large amplitude alternating current voltammetry (FTACV) has been 

applied to parameterise the reduction of the phospho-tungstate 

[PW11O39{Sn(C6H4)C≡C(C6H4)(N3C4H10)}]4- polyoxometalate (KW
Sn[N3C4H10]4-/5-/6- processes) at 

glassy carbon (GC), gold (Au) and platinum (Pt) electrodes as well as its GC surface confined          

KW
Sn[-]4--grafted diazonium derivative in acetonitrile (0.10 M [n-Bu4N][PF6]). The thermodynamics 

(𝐸 ) and heterogeneous electron-transfer kinetics (𝑘  and α) were estimated using the Butler-Volmer 

relationship. FTACV provides access to significantly more detailed mechanistic information related to 

non-conformance to the theory than widely used DC voltammetric methods, especially with the more 

intricate surface confined electrochemistry. Parameterisation, the level of agreement and systematic 

variations between experimental and simulated data were established by both an experimenter 

controlled heuristic method and by a computationally efficient data optimization approach that 

employed parameter space searches restricted in scope by knowledge of the heuristically based   

estimations. The first electron transfer process for both acetonitrile soluble KW
Sn[N3C4H10]4- and surface 

confined KW
Sn[-]4- is always significantly faster than the second. The electrode dependence order is   

𝑘𝑮𝑪> 𝑘𝐀𝐮> 𝑘𝐏𝐭 for the KW
Sn[N3C4H10]4-/5- process. The relatively slower electrode kinetics found for 

reduction of KW
Sn[N3C4H10]4- as compared to some other monomeric Keggin POMs may be due to the 

long organic chain hindering the approach of the POM to the electrode surface, although differences in 

ion-paring and other factors also may play a role. Subtle, but systematic differences identified in 

comparisons of experimental and simulated voltammetry give rise to apparently data analysis method 

dependent parameterisation and are discussed in terms of nuances not accommodated in the modelling. 

In the solution phase voltammetry, data obtained by electrochemical quartz crystal microbalance and 

other techniques are consistent with solid adhering to and modifying the electrode surface following 

reduction of KW
Sn[N3C4H10]4- to KW

Sn[N3C4H10]5-. Kinetic and thermodynamic dispersion present in the 

heterogeneous KW
Sn[-]4--grafted electrode are probable causes of non-ideality detected in the surface 

confined voltammetry of this material. Thus, FTACV gives valuable insights into what is needed to 

provide a more realistic description of the polyoxometalate/electrode interface in polyoxometalate 

electrochemistry by revealing subtle nuances that are often overlooked.  
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1. INTRODUCTION 

Nano-sized metal oxoanions, known as polyoxometalates (POMs), are an important class of inorganic 

clusters that are usually constructed from early transition metals. Their ability to undergo an extensive 

series of electron transfer reactions when dissolved in solution or attached to electrode surfaces 1-4 has 

made these anions valuable in applications of electrochemistry in diverse fields such as electrocatalysis 

5-7, electrosynthesis 8, biosensing 9-10 and energy storage 11-12. Glassy carbon (GC) has been available as 

an electrode material 2, 13-15 for over half a century. Much of the recent solution phase and surface 

confined POM electrochemistry has been reported at this electrode surface to improve selectivity in 

electroanalysis or to overcome slow electron-transfer kinetics found with use of conventional metal 

electrodes 16-17. The main techniques for electrode modification are largely based on electrostatic 18-20 

or covalent attachment 2-3, 21-22. 

The electrode kinetics of POMs with Keggin and Dawson structures have been reported in 

studies in solution phase 23-25 and with spontaneously adsorbed forms 26-28. Relevant to this study, 

functionalization of POMs has recently been introduced to provide a reactive terminal diazonium group 

that facilitates surface anchoring to the electrode 2-3, 22, 29. In the present study, the thermodynamics 

(reversible formal potentials, E0 values) and electrode kinetics (heterogeneous charge transfer rate 

constant k0 at E0 and charge transfer coefficient, 𝛼 values) of the solution soluble Keggin POM 

functionalized with a protected diazonium, [n-Bu4N]4[PW11O39{Sn(C6H4)C≡C(C6H4)(N3C4H10)}] ([n-

Bu4N]4KW
Sn[N3C4H10], Figure 1a) is initially explored via modelling based on the reactions given in 

Eqns. 1 and 2. This precursor is then converted to the diazonium derivative [n-

Bu4N]3[PW11O39{Sn(C6H4)C≡C(C6H4)N2
+}] ([n-Bu4N]3KW

Sn[N2
+], (Figure 1b) which is then 

subsequently grafted onto the GC electrode as KW
Sn[-]4--grafted (Figure S1). Thus, the thermodynamics 

and electrode kinetics for reduction of KW
Sn[-]4- is evaluated according to Eqns. 3 and 4 using  modelling 

relevant to  this surface confined material.  

K [N C H ]
( )

+  e ⇆  K [N C H ]
( )

                     (1) 

K [N C H ]
( )

+  e ⇆  K [N C H ]
( )

                     (2) 
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+  e ⇆  K [−]
( )

                                     (3) 

K [−]
( )

+  e ⇆  K [−]
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                                     (4) 

  

 

Figure 1. Structural representation of (a) the precursor functionalized phosphotungstate POM 

KW
Sn[N3C4H10]4- used in solution phase electrochemical studies and (b) KW

Sn[N2
+]3- used for grafting to 

a GC electrode via the terminal diazonium group. 

 

Electrografting of the related diazonium functionalized POMs 

[PMo11O39{Sn(C6H4)C≡C(C6H4)N2
+]3- 2 and [PW11O39{Ge(C6H4)C≡C(C6H4)N2

+)}]3- 3 has been used 

to prepare chemically modified GC or silicon surfaces. Studies of the electron transfer kinetics of the 

functionalized POM grafted onto GC or silicon have been reported by traditional DC cyclic 

voltammetry 3, 22 using the separation in the peak reduction and oxidation potentials for the first one 

electron reduction process as a function of scan rate with reference to Laviron theory 30 used for 

quantification. Electrode kinetic studies with the solution soluble 

[PW11O39{Ge(C6H4)C≡C(C6H4)(N3C4H10)}]4- (KW
Ge[N3C4H10]4-) also have been undertaken by linear 

sweep voltammetry which are based on comparison of the dependence of the reduction peak potential 

on scan rate 31. Thus, parameterisation in these studies with solution soluble and surface confined POMs 

is derived from analysis of peak potentials. This very restricted use of only one or two data points 

selected from the extensive current-potential profile collected experimentally, means that information 

related to the shape of the voltammogram does not form part of the quantitative data analysis protocol, 

which minimises prospects for identifying nuances or non-idealities associated with the voltammetry.   

In this study, the more sophisticated technique of Fourier transformed alternating current 

voltammetry (FTACV) is introduced to characterize the reduction of KW
Sn[N3C4H10]4- in the solution 

phase at GC, Au and Pt electrodes and KW
Sn[-]4- grafted onto a GC electrode. This method allows all 
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data in very extensive sets collected in the experiments to be used in the parameterisation exercise, 

thereby allowing subtle departures from the theory predicted using the Butler-Volmer electron transfer 

model to be more readily detected. The thermodynamic and electrode kinetic parameters associated 

with reduction of KW
Sn[N3C4H10]4- in solution and surface confined KW

Sn[-]4- are estimated with FTACV 

by comparing theoretical predictions based on MECSim 32 software derived simulated data with 

experimental data using both experimenter based heuristic and computationally supported data 

optimisation methods. Manual comparisons of simulated and experimental data are undertaken in the 

heuristic approach and the decision as to when the best fit data has been achieved is made by the 

experimenters on the basis of their expertise in voltammetry and data analysis. Knowledge from the 

tedious heuristic approach helps establish the range of variables that have to be searched in the computer 

assisted data optimization approach 33-34. Unlike the outcome of the heuristic approach, parameters 

derived from the data optimised analysis approach are independent of experimenter bias. However, an 

experienced electrochemist may more readily detect systematic departures of experimental data from 

theoretical predictions than by routinely implemented automated computational assessment as indeed 

applies in this study. 

2. Experimental Section 

2.1. Reagents and solvents. The functionalized Keggin POM, [n-

Bu4N]4[PW11O39{Sn(C6H4)C≡C(C6H4)(N3C4H10)}] ([n-Bu4N]4KW
Sn[N3C4H10]) was prepared by a 

literature method 35. Ferrocene (Fc, 98%, Sigma-Aldrich), Al2O3 (Buehler), trifluoroacetic acid (Sigma-

Aldrich), diethylether (Merch-KGaA, Germany, 99.5%), dimethylformamide (DMF) and ethanol (96%, 

Merck) were used as provided by the manufacturer. Acetonitrile (CH3CN, 99.9%, Sigma-Aldrich) was 

dried over molecular sieves. Tetrabutylammonium hexafluorophosphate ([n-Bu4N][PF6], 98%, Sigma-

Aldrich) and tetrabutylammonium bromide (Bu4NBr, 98%, Sigma-Aldrich) were recrystallized from 

hot ethanol 36 and isopropanol (C3H8O, 99.5% Merck), respectively.  

2.2. Synthesis of [n-Bu4N]3[PW11O39{Sn(C6H4)C≡C(C6H4)(N2
+)}] ([n-Bu4N]3KW

Sn[N2
+]). 

40.9 mg of [n-Bu4N]4KW
Sn[N3C4H10] (0.010 mmol) was dissolved in 2 mL of dried acetonitrile. 3.8 μL 
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of trifluoroacetic acid (C2HF3O2, 0.050 mmol) was then added with stirring at room temperature for 10 

minutes. A brown solid was removed by filtration of the yellow solution and 64.5 mg of Bu4NBr was 

added to the filtrate. The required product was precipitated by mixing the filtrate with diethyl ether and 

collected, dried and stored under vacuum.  

2.3. Electrochemical instrumentation and procedures. CH Instruments 700E and home built 

FTACV 37 electrochemical workstations were used to undertake DC cyclic and FTAC voltammetric 

experiments, respectively. In the FTACV, a sinusoidal wave having an amplitude (ΔE = 80 mV) and 

frequency (f) of 9.02 Hz was superimposed onto the DC ramp. Resolution of the AC current-time data 

into aperiodic DC and AC harmonics was undertaken using Fourier transform based mathematical tools 

as described elsewhere 37. All voltammetric experiments were carried out in a standard 3-electrode 

electrochemical cell at 22±2o C under an inert environment achieved by conducting the experiments 

inside a dry box. Before grafting and prior to each electrochemical experiment, the GC electrode was 

polished on a polishing pad with an aqueous aluminium oxide (Al2O3, 0.3 µm) slurry, washed 

sequentially with water and acetone, and then dried under N2. The same pre-treatment procedure also 

was applied to the Au and Pt electrodes. Pt wire and Pt wire inside a capillary tube were employed as 

counter and quasi-reference electrodes, respectively. 

The electroactive areas (A) of the bare electrodes with a nominal diameter of 1.0 mm were 

estimated from the dependence of the peak current (𝐼 ) for the reversible Fc0/+ oxidation process on 

scan rate using a 1.0 mM Fc solution in CH3CN (0.10 M [n-Bu4N][PF6]) and the Randles-Sevcik 

equation (Eq. 5) 38 with a known diffusion coefficient (D = 2.4 × 10-5 cm2 s-1) for ferrocene 39. That is, 

values of parameters such as number of electrons transferred (n), A, scan rate (v), D, bulk concentration 

(C), temperature (T), Faraday’s constant (F) and the universal gas constant (R) contained in Eq. 5 were 

assumed to be known and with mass transport occurring by liner diffusion 40. On this basis, A = 8.0 × 

10-3 cm2 for GC, A = 8.1 × 10-3 cm2 for Au and, A = 8.0 × 10-3 cm2 for Pt. 

𝐼 = 0.4463𝑛𝐹𝐴(𝑛𝐹𝐷𝑣 𝑅𝑇⁄ ) ⁄ 𝐶                                                                 (5) 
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The value of diffusion coefficient of Kw
Sn[N3C4H10]4- of 6.3 × 10  cm2 s-1 was calculated from 

the dependence of the  peak current (𝐼  ) on v and use of the Randles-Sevcik equation 38 for reduction 

of  a 0.50 mM POM solution in CH3CN containing 0.10 M [n-Bu4N][PF6] as the supporting electrolyte.  

In order to establish if spontaneous adsorption of KW
Sn[N3C4H10]4- occurs and may be the origin 

of some discrepancies detected between simulated and experimental solution phase voltammetric data, 

freshly polished GC, Au and Pt electrodes were dipped into an acetonitrile solution containing 0.50 mM 

KW
Sn[N3C4H10]4- and 0.10 M [n-Bu4N][PF6] for at least five minutes. Electrodes were removed from the 

solution, sonicated in acetonitrile, rinsed carefully with acetone and dried under a nitrogen flow. 

Voltammetric experiments were then undertaken with these electrodes placed in CH3CN containing 

only 0.10 M [n-Bu4N][PF6] electrolyte to detect the possible presence of surface attached POMs that 

had been adsorbed at open circuit potential. Analogous experiments were undertaken after the potential 

of the electrodes had been held at a value between the two KW
Sn[N3C4H10]4-/5-/6- processes for 0, 60, 120 

or 180 s to ascertain if POM surface confinement occurred after reduction of KW
Sn[N3C4H10]4- to 

KW
Sn[N3C4H10]5-. 

Electrochemical quartz crystal microbalance (EQCM) experiments used to detect mass changes 

accompanying the voltammetry were undertaken with a 13.7 mm diameter (A = 0.205 cm2) gold coated    

quartz crystal (oscillation frequency = 8.0 MHz) electrode using a CH Instruments 400B 

electrochemical workstation that supports EQCM experiments. The reference and counter electrodes in 

the EQCM measurements were again Pt wires. 

Calibration of the potential of the Pt quasi-reference electrode was undertaken by reference to 

the IUPAC recommended Fc0/+ process 41 under conditions of cyclic voltammetry and assuming its 

reversible potential is equal to the mid-point potential (average of oxidation and reduction peak 

potentials). 

2.4. Electrografting of GC electrode surface. Grafting of the diazonium derivative 2 to the 

GC electrode surface was achieved via cyclic voltammetry (see Figure S2) of 1.0 mM of KW
Sn[N2

+]3- in 

CH3CN (0.10 M [n-Bu4N][PF6]) on a freshly polished GC electrodes over the potential range of −0.3 
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and −1.050 V vs Fc0/+ with a scan rate of  0.100 V s-1. Six cycles of potential were used to achieve close 

to a monolayer coverage. The grafted electrode was ultrasonicated in DMF and then CH3CN (5 min 

each) to remove loosely attached material and dried under nitrogen. This surface grafted electrode was 

then used as the working electrode in subsequent voltammetric experiments in CH3CN with 0.10 M of 

[n-Bu4N][PF6] present as the supporting electrolyte. 

2.5. Theoretical analysis of AC voltammetry. All simulations were undertaken with the 

Monash University Simulation package MECSim 32. Details of the theory used for simulation of 

solution phase FTAC voltammetry with mass transport by linear diffusion as applies to Eqns. 1 and 2 

are available in the literature 42. Simulation of the diffusionless surface confined voltammetry of the 

grafted POM was undertaken as described in the literature 43-44. In both scenarios, the Butler-Volmer 

model of electron transfer applied to a quasi-reversible process was used. This requires the 

incorporation of three (𝐸 , 𝑘 , 𝛼) parameters for each electron transfer step, with units of 𝑘  being cm 

s-1 and s-1 for the solution soluble and grafted cases respectively. Neither thermodynamic nor kinetic 

dispersion that can occur with surface confined reactions 45-46 were included in the simulation.  

Ion-pairing chemistry reactions coupled to electron transfer were assumed to be diffusion 

controlled and hence reversible and subject to a solely thermodynamic description. On this basis, the 

unknown ion-pairing equilibrium constants effectively have been combined with the 𝐸  which implies 

that reported 𝐸 , 𝑘 , 𝛼 values represent only apparent or 𝐸 , 𝑘  and 𝛼  values. No double layer 

correction was applied to the electrode kinetics.  

For the surface confined process, the Langmuir adsorption isotherm model was used. This 

adsorption isotherm implies that all surface confined grafted POM moieties present in monolayer or 

sub-monolayer coverage are electrochemically identical in their behaviour and act independently of 

each other. Use of the Langmuir relationship also requires that no dissolution of surface bound POM 

occurs during the course of the voltammetric experiment. The surface concentration (Г) of KW
Sn[-]4- in 

moles cm-2 was calculated from the charge Q in coulomb transferred during the first surface confined 

reduction process as given by Eqn. 6. 
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Г = 𝑁 𝐴⁄ = 𝑄 𝑛𝐹𝐴⁄                                                                                           (6) 

where N is number of moles of the electroactive species. 

Modelling uncompensated resistance (Ru) via Ohm’s law required the inclusion of this 

parameter in the simulations. The value of Ru used assumes a simple RuCdl time constant applies at 

potentials prior to the onset of POM reduction. Other parameters present in the simulation model such 

as AC amplitude, frequency, DC scan rate, electrode area, temperature were assumed to be accurately 

known. 

Double layer capacitance (Cdl) was evaluated from the background current in the potential 

region of the fundamental harmonic of the FTACV response (Figure S3) where faradaic current is 

absent. A non-linear model was used to model the potential dependence of Cdl as in Eqn. 7 47 

Cdl(t) = c0 + c1E(t) + c2E(t)2 + c3E(t)3 + c4E(t)4                                                 (7) 

In this equation, the nonlinearity of the capacitor is defined by the coefficients c0, c1, c2, c3, and 

c4 and the time dependant potential is designated by E(t). However, it will emerge that the background 

current, particularly at the POM modified electrode, exhibits even more complicated behaviour than 

predicted by this model, although conveniently, second and higher order AC harmonics are essentially 

devoid of background current, as predicted by the model. 

As in previous papers 48-49, automated computationally supported comparison of experimental 

and simulated data in the data optimisation exercises were undertaken using a least squares (LS) 

function (Eqn. 8) to estimate 𝐸 , 𝑘  and 𝛼 values obtained with the best fit of theory to experimental 

data. Here, only the 2nd to 6th harmonics were employed for optimisation so the influence of background 

current present in the aperiodic DC and fundamental harmonic could be ignored in the optimisation 

exercise. 

LS = 1 − ∑
∑ ( ) ( )

∑ ( )
/5 × 100%                          (8) 
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where 𝑓 (𝑡 ) and 𝑓 (𝑡 ) characterize the experimental and simulated functions, respectively, h is 

the order of an individual AC harmonic component and N is the number of data points.  

 

3. RESULT AND DISCUSSION 

3.1. DC cyclic voltammetric studies for the solution soluble and surface confined POMs. 

Figure 2 shows a DC cyclic voltammogram at a GC electrode for reduction of KW
Sn[N3C4H10]4- over the 

potential range of about -0.1 to -1.7 V vs Fc0/+. No reduction response associated with the side chain is 

evident prior to the KW
Sn[N3C4H10]4-/5- process observed at about -1.4 V vs Fc0/+. 

 

 

 

 

 

Figure 2. DC Cyclic voltammetry of KW
Sn[N3C4H10]4- in CH3CN (0.10 M [n-Bu4N][PF6]) at a scan rate 

of 0.100 V s-1 with a GC electrode over the potential range of  about -0.10 to -1.7 V vs Fc0/+ which  

covers the region where grafting with the diazonium derivative (red marked area) and the first   

KW
Sn[N3C4H10]4-/5- process occur. 

 

DC Cyclic voltammograms for a 0.50 mM KW
Sn[N3C4H10]4- solution and the surface confined 

grafted KW
Sn[-]4- at a GC electrode recorded over a wider potential range than in Figure 2 are provided 

in Figure 3. In the former case, three reduction processes are observed at a GC electrode (Figure 3i-a). 

The first two, which are assigned to KW
Sn[N3C4H10]4-/5- and KW

Sn[N3C4H10]5-/6- processes and are of 

interest in this study, are well defined and chemically reversible since the magnitudes of the ratios of 

the reduction to oxidation peak currents are close to unity. Consequently, their mid-point potentials, 
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(𝐸 + 𝐸 )/2, can be equated to the reversible potential, 𝐸 , values of -1.390 and -1.843 V vs Fc0/+, 

respectively. These processes also can be classified as essentially reversible or close to reversible in the 

electrochemical sense since their peak-to-peak separation (𝐸  - 𝐸 ) values of ~60 mV, uncorrected 

for IRu drop, are close to the theoretically predicted value of 56.4 mV for a reversible one-electron 

transfer process at 22o C 38. The third most negative process at about -2.4 V vs Fco/+ at the GC electrode 

is chemically irreversible and not considered further.  

 

Interestingly, the shapes of the processes for reduction of KW
Sn[N3C4H10]4- detected at Au 

(Figure 3ii) and Pt (figure 3iii) electrodes differ significantly from those at the GC electrode. The first 

process at these metal electrodes is assigned as quasi-reversible by traditional forms of analysis of DC 

cyclic voltammograms on the basis of their much larger (𝐸 -𝐸 ) separations but identical mid-point 

potentials relative to values of these parameters at the GC electrode. In contrast, the second 

KW
Sn[N3C4H10]5-/6- process at the Au electrode is observed at a significantly more negative potential 

(mid-point potential approximately -1.94 V) than at the GC electrode while this process is ill-defined 

at Pt, indicating additional complexity relative the quasi-reversible assignment scenario. Thus, 

modelling these processes with the Butler-Volmer relationship will not be appropriate.  

 

With the grafted GC electrode, the cyclic voltammetry (Figure 3i-b), contains KW
Sn[-]4-/5- and 

KW
Sn[-]5-/6- reduction processes with mid-point potentials of -1.450 V and -1.922 vs Fc0/+, respectively 

The shapes of both these diffusionless processes are symmetrical unlike those for the diffusion-

controlled solution phase reactions, as expected theoretically. The germanium analogue of the tungsten, 

KW
Ge[-]4- 3 grafted GC electrode also exhibits two well resolved symmetrically shaped reduction 

processes.  
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Figure 3. DC cyclic voltammetry of KW
Sn[N3C4H10]4- at a bare (i-a) GC, (ii) Au and (iii) Pt electrodes 

and (i-b) at a KW
Sn[-]4--grafted GC electrode at a scan rate of 0.100 V s-1 in CH3CN (0.10 M [n-

Bu4N][PF6]). 

 

A summary of Δ𝐸 (𝐸 − 𝐸 ) and 𝐸  values determined by DC cyclic voltammetry for 

dissolved KW
Sn[N3C4H10]4- and grafted  KW

Sn[-]4-  are provided in Table 1 and compared with those for 

related polyoxomolybdate [PMo11O39{Sn(C6H4)C≡C(C6H4)(N3C4H10)}]4- (KMo
Sn[N3C4H10]4-) 2 and 

polyoxotugstate KW
Ge[N3C4H10]4- 3 compounds. 

 

Table 1. Summary of DC cyclic voltammetric data obtained at a scan rate of 0.100 V s-1 in CH3CN 

(0.10 M [n-Bu4N][PF6]).   

 

 

 

 

 

 

 

 

 

 

 

 

a Converted to Fc0/+ scale  38, 50 when required 

b Well-removed from GC value (see text for further details)  

POM type Electrode 
𝐸 𝟏  𝐸 𝟐 𝐸 𝟏  𝐸 𝟐 Δ𝐸  Δ𝐸  

V vs SCE V vs Fc0/+ a mV 

KW
Sn[N3C4H10]4- 

Bare-GC   -1.390 -1.843 63 67 

Bare-Au   -1.400 -1.94b 103 310 c 

Bare-Pt   -1.400 c d 310 c d 

Grafted-GC 

(KW
Sn[-]4-) 

  -1.450 -1.922 13 37 

KW
Ge[N3C4H10]4- 

Bare-GC -0.990 -1.460 -1.300 -1.770 65±5 65±5 

Grafted-GC 

(KW
Ge[-]4-) 

-1.010 -1.500 -1.310 -1.800 30 60 

KMo
Sn[N3C4H10]4- 

Bare-GC -0.500 -0.920 -0.810 -1.230 -- -- 
Grafted-GC 

(KMo
Sn[-]4-) 

-0.550 d -0.860 d 72 e d 
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c Approximate value 

d Ill defined 
e v < 0.3 V s-1 

 

In terms of electrode kinetics, the following qualitative conclusions might be made from data 

in Table 1. The Δ𝐸  value of 63 ± 2  mV at a GC electrode for the KW
Sn[N3C4H10]4-/5- reduction 

processes in solution phase at a scan rate of 0.100 V s-1 approaches the theoretically predicted value for  

Δ𝐸  of 56.4 mV for a reversible one-electron process. The difference may be attributed to the presence 

of a small amount of Ohmic IRu drop, so that on this DC time scale this process may be regarded as 

reversible, within experimental error. Δ𝐸  is slightly larger for the second process Δ𝐸 = 67 ±

2 mV  implying that 𝑘 >  𝑘  and that the second process is quasi-reversible rather than reversible. The 

much larger Δ𝐸  values for the KWSn[-]4-/5- process at Au and Pt than at GC electrodes implies 

that 𝑘 >  𝑘   >  𝑘  .  

The D value of 6.3 × 10  cm2 s-1 for [KW
Sn[N3C4H10]4-

 was estimated from the DC 

voltammetric peak reduction current for the KW
Sn[N3C4H10]4-/5- process at a GC electrode as described 

in the Experimental Section. The D value for the germanium analogue in CH3CN is reported to be 9.3 

× 10-6 cm2 s-1 3. 

The first reduction process at the KW
Sn[-]4--grafted GC electrode in contact with CH3CN (0.10 

M [n-Bu4N][PF6]) has a Δ𝐸  value of 13 2 mV at a scan rate of 0.100 V s-1 which differs slightly 

from the value of  zero predicted theoretically for a reversible process 51. On the other hand, the much 

larger value of Δ𝐸  of 37±2 mV is well removed form that predicted for the reversible value implying 

a much slower electron transfer rate for this process, relative electrode to the first one. 

The 𝐸  values 2 KMo
Sn[N3C4H10]4- in solution phase and for the KMo

Sn[-]4- grafted-GC and are 

considerably less negative than for the W derivatives studied in this paper (Table 1). This is usually the 

case in POM electrochemistry and is attributed to the significantly lower position of the LUMO energy  

for a Mo based POM compared to its W analogue, also noting that the HOMO-LUMO gap is ~2 eV 

for molybdates which is smaller than ~2.8 eV for tungstates 52. The potentials for the germanium 



15 
 

analogues of the tin derivatives in both solution and surface confined (grafted electrode) phases are 

considered to be similar when uncertainties in conversion of literature data reported vs SCE to the Fc0/+ 

scale are taken into account. This reflects the fact that this change of a single side chain atom is less 

significant in terms of redox thermodynamics than when all W are replaced by all Mo in the 

polyoxometalate core framework. Differences in values of 𝐸𝟏   and 𝐸𝟐   are very similar for all compounds 

in both solution soluble and grafted cases, again as might be expected.  

In three experiments undertaken in this study, the POM surface coverage, Г, was estimated from 

the charge calculated  from DC  voltammetric experiments to be  6.2 × 10 , 8.8 × 10  and 10 ×

10  mol cm-2 which approaches the value estimated for a monolayer of immobilized 

polyoxomolybdate analogue, KMo
Sn[-]4- 2 on a GC electrode, although it is noted that multilayer 

formation could arise by aryl radicals reacting with already grafted aryls 53. 

3.2. FTACV voltammetric characterization of the KW
Sn[N3C4H10]4-/5-/6- processes. 𝐸 , 𝑘  

and α values were quantified by comparison of experimental and simulated FTACV data modelled by 

use of the Butler Volmer relationship, although from now on they will be referred to as 𝐸  , 𝑘  and 

𝛼  since they neglect ion-pairing and are regarded as apparent values (see above).  

The 𝑘 , and 𝛼  values associated with the KW
Sn[N3C4H10]4-/5- process in acetonitrile containing 0.10 

M [n-Bu4N][PF6] at the bare GC electrode were initially determined using heuristic form of data 

analysis of the FTACV data obtained with 0.20 mM KW
Sn[N3C4H10]4-. In this exercise, 𝐸  = -1.390 

V, derived from the mid-point potential in DC cyclic voltammetry (see above), was employed as a 

known rather than estimated parameter value. Simulated data containing variable combinations of  

𝑘 , and 𝛼  were compared with experimental data and adjustments to simulated data constantly 

undertaken until the experimenter decided that the “best fit” had been achieved. Parameters reported by 

this tedious and subjective method are included in Table 2.  

A comparison of the FTACV experimental voltammetry for 0.20 mM KW
Sn[N3C4H10]4- at a GC 

electrode and the simulated voltammetry achieved heuristically as the “best fit” in this work is shown 

in Figure 4i. Good, but not perfect agreement between experimental and simulated data for the third 
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and higher order AC harmonics is evident in this outcome of the data analysis exercise undertaken by 

the experimenter. Clearly the background current is not perfectly matched in either the DC, or 

fundamental or second harmonic AC responses. Additionally, the experimental faradaic responses are 

not quite as symmetrical with respect to reduction and oxidation components as the ones simulated 

using the Butler-Volmer model. In the heuristic form of data analysis, and to address this asymmetry 

issue, matching of reduction component was chosen in the simulation-experimental comparisons to 

obtain the “best fit” and enumerate the 𝑘 , and 𝛼  parameters. This achieved an almost perfect fit 

of this set of data for all the higher order harmonics based on visual inspection. The assumption made 

by the experimentalist in choosing this modus operandi is that non-ideality in the modelling is negligible 

in the data derived at short times from the reduction component of the experiment with features not 

accommodated in the model having a small impact at longer experimental times relevant to data 

collected in the oxidation component. Support for implementing data analysis based on this hypothesis 

is provided below, but clearly a different experimentalist may have chosen to undertake a different 

approach in the heuristic method and generate apparently different values of 𝑘 , and 𝛼 .   

The values of 𝑘  and  𝛼  must be regarded as unreliable when determined by FTACV or 

any other method when they lie at or very close to the reversible limit where Nernstian rather than 

Butler-Volmer theory may be more appropriate. With 0.20 mM KW
Sn[N3C4H10]4-, the heuristically 

estimated 𝑘  value of 0.058 cm s-1 and 𝛼  of 0.50 at 9.02 Hz are derived from good agreement of 

experimental results with simulated data that lie well below that predicted for a simulated reversible 

process (Figure 4i) so modelling on the basis of a kinetically controlled quasi-reversible reaction is 

concluded to be appropriate.  
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Figure 4. Heuristic comparison of simulated (red) and experimental (blue) FTAC voltammetric data 

for the KW
Sn[N3C4H10]4-/5- process, obtained with (i) 0.20 and (ii) 0.50 mM KW

Sn[N3C4H10]4- in CH3CN 

(0.10 M [n-Bu4N][PF6]) at a bare GC electrode. ΔE = 80 mV, f = 9.02 Hz and ν0.20 mM = 0.078 V s-1 and 

ν0.50 mM = 0.075 V s-1. (a) DC component, (b to g) 1st to 6th harmonic components where parameters used 

in the simulations are given in Table 2, (i-g) comparison of experimental data with that for the 6th 

harmonic component simulated for a reversible process (black). 

 

Heuristic electrode kinetic parameterisation using a higher concentration (0.50 mm) of Kw
an 

[N3C4H10]4- also was investigated by the FTACV technique as shown in Figure 4ii, and again 

emphasising   the reduction component of the data. Discrepancies associated with modelling of the 
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background current are now relatively less important at the higher POM concentration, but asymmetry 

not predicted in the faradaic reduction and oxidation components is slightly more pronounced than with 

the lower 0.20 mM POM concentration. Nevertheless, results presented in Table 2 on the basis of 

heuristic analysis with incorporation of judgemental input from an experienced electrochemist show 

that as theoretically required, the electrode kinetic parameters are concentration independent as 

theoretically predicted. This outcome also implies that IRu drop has been correctly modelled. 

 

Table 2. Electrode kinetic parametersa derived from heuristic and computer-based comparison 

of simulated and experimental FTACV data at 9.02 Hz at a bare GC, Au and Pt electrode for the 

KW
Sn[N3C4H10]4-/5- process in CH3CN (0.10 M [n-Bu4N][PF6]).  

 

a Other parameters used in the simulations are: AGC = 8.0 × 10-3 cm2, AAu = 8.1 × 10-3 cm2, APt = 8.0 × 10-3 cm2, 

ΔE = 80 mV, D = 6.3 ×10-6 cm2 s-1, T = 295 K, ν0.20 mM = 0.078 V s-1 and ν0.50 mM = 0.075 V s-1
 with GC electrode, 

νAu and Pt = 0.078 V s-1, f = 9.02 Hz.  

b vary due to slight difference in electrode arrangement in cell.  

c determined from analysis of the reduction component of data only. 

 d derived from use of all data even though asymmetry is present in reduction and oxidation components. 

 e apparently harmonic dependent kinetics.  

 

E
le

ct
ro

de
 

Conc 
(mM) 

Simulation 
method 

Ru 
(Ω)b  

𝐸  
V vs Fc0/+ 

𝑘  (cm s-1)  𝛼   LS % 

GC 

0.20 
Heuristic 

510 
 -1.390 0.058 c 0.50  

Automated 
Range -1.395 to -1.385 0.040 to 0.095 0.40 to 0.70  

Estimated -1.390 0.075 d 0.42 84 

0.50 
Heuristic 

599 
 -1.390 0.056 c 0.50  

Automated 
Range -1.397 to -1.385 0.045 to 0.095 0.40 to 0.70  

Estimated -1.391 0.075 d 0.42 87 

Au 0.20 
Heuristic 

521 
 -1.390 0.016 0.50  

Automated 
Range -1.396 to -1.387 0.005 to 0.030 0.40 to 0.70  

Estimated -1.394 0.014 0.43 75 

Pt 0.20 

Heuristic 

511 

 -1.390 0.009 to 
0.031e 0.43 

 

Automated 
Range -1.395 to -1.386 0.002 to 0.040 0.40 to 0.70  

Estimated -1.394 0.022 0.43 69 



19 
 

Parameter values estimated from the heuristic data analysis exercise allow the search of 

parameter space to be constrained efficiently and sensibly so as to minimise the computational time 

required in automated data optimisation analysis. Thus, 𝐸  = -1.395 to -1.385 V, 𝑘  = 0.040 to 

0.095 cm s-1, 𝛼  = 0.40 to 0.70 ranges were used for example in simulations undertaken in the 

computer aided data optimisation procedure for the first reduction process with 0.20 mM 

KW
Sn[N3C4H10]4- obtained by FTACV at a frequency of 9.02 Hz. The ranges of parameters and 

resolution used for all simulations are included in Table 2. In this data optimisation exercise, least 

squares comparison of the experimental and simulated voltammograms, as was the case with the 

heuristic method, was restricted to the 2nd to 6th harmonics that contain negligible influence from the 

background current. Normally, the automated method, unless trained to be an intelligent expert system, 

would find the “best fit” based on lest squares outcomes using all data. Best fit values for 𝐸 , 𝑘  

𝑎𝑛𝑑 𝛼𝑎𝑝𝑝 parameters found via this automated computer assisted method using all data and not just data 

for the reduction component as used in the heuristic method of analysis are summarised in Table 2. 

While agreement between simulated and experimental FTAC voltammetry is again excellent, close 

inspection confirms that the small level of asymmetry is still not accommodated by theory. Variation in 

how the asymmetry is accommodated in the modelling lead to the data analysis dependent electrode 

kinetic parameters contained in Table 2. In particular, the data optimisation method using all data 

produces an 𝛼  value of about 0.42 which is a result of the attempting to mimic the asymmetry, 

whereas an 𝛼 value of 0.50 is deduced via heuristic analysis by confining data analysis solely to the 

reduction component. Furthermore, the automated method provides a slightly larger value of 𝑘  of 

around 0.075 relative to the value of 0.058 cm s-1 obtained via the heuristic approach. Significantly, 

restricting the data optimisation analysis to just the reduction component generates parameter values 

almost identical to those reported heuristically. It will emerge from studies descried below, that 

weighting data analysis in this manner can be justified and indeed having 𝛼 value of close to 0.50 

via this approach is intrinsically satisfying for the KW
Sn[N3C4H10]4-/5- process which should not involve 

significant structural change. This study illustrates the value of initially using heuristic approaches to 

enhance prosects of detecting potential modelling imperfections. 
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Both of the KW
Sn[N3C4H10]4-/5-/6- processes at GC electrode in solution phase also were 

parameterised using experimental data collected over a potential range that is sufficiently large to 

accommodate both reactions (Figure 5). Values derived from both heuristic (reduction component only) 

and automated data optimisation (all data used with parameter space ranges selected from heuristic 

results) from 0.20 and 0.50 mM solutions of KW
Sn[N3C4H10]4- are summarized in Table 3. Any influence 

of the cross redox reaction given in eqn. 9 was neglected in this modelling.  

K [N (C H )] +  K [N (C H )] ⇆  2 K [N (C H )]             (9) 

Clearly, the second KW
Sn[N3C4H10]5-/6- process is kinetically slower than first KW

Sn[N3C4H10]4-

/5- process (e.g. 𝑘  = 0.056 cm s-1 versus 𝑘  = 0.020 cm s-1 for heuristic analysis for 0.20 mM 

POM data). This outcome is consistent with the suggestion based on the larger DC cyclic voltammetric 

peak-to-peak separations for the second process, where ∆𝐸  = 67 mV > ∆𝐸  = 63 mV (see Table 1). 

As would be anticipated, the asymmetry not predicted by theory again leads to data analysis method 

dependent elected kinetic parameter values. However, parameter estimates for the first process are 

independent of whether the data are collected independently of the second process or simultaneously 

with the second process. 

𝑘  for the solution soluble Ge analogue of the Sn derivative at a GC electrode in CH3CN has 

been reported 3 to be 0.064 cm s-1 (α  assumed to be 0.50)  for the KW
Ge[N3C4H10]4-/5- process via 

analysis of a plot of reduction peak potential versus scan rate obtained under conditions of linear sweep 

voltammetry 54 and hence similar to that for the KW
Sn[N3C4H10]4-/5- process. 

The 𝑘  value for the KW
Sn[N3C4H10]4-/5 process is about three times slower than that for the 

α-[S2W18O62]4-/5- process at a GC electrode under the same conditions 55. The long diazonium chain in 

the structure of KW
Sn[N3C4H10]4- may influence the rate of electron transfer kinetics by restricting the 

distance of closest approach of the POM to the electrode surface and lead to slower electrode kinetic 

than for the fully symmetrical α-[S2W18O62]4- POM, although differences in ion-paring and other factors 

also may play a role.   
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Figure 5. Heuristic comparison of simulated (red line) and experimental (blue line) AC voltammetric 

data for the KW
Sn[N3C4H10]4-/5-/6- process, obtained with (i) 0.20 mM and (ii) 0.50 mM KW

Sn[N3C4H10]4- 

in CH3CN (0.10 M [n-Bu4N][PF6]) at a bare GC electrode. ΔE = 80 mV, f = 9.02 Hz and ν0.20 mM = 0.071 

V s-1 and ν0.50 mM = 0.080 V s-1. (a) DC component, (b-g) 1st to 6th harmonic components. 
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Table 3. Electrode kinetic parametersa derived from the heuristic and computer-based 

comparison of simulated and experimental FTACV data at 9.02 Hz at a bare GC electrode for 

the KW
Sn[N3C4H10]4-/5- and KW

Sn[N3C4H10]5-/6- processes in CH3CN (0.10 M [n-Bu4N][PF6]). 

a Other parameters used in the simulations are: AGC = 8.0 × 10-3 cm2, ΔE = 80 mV, D = 6.3 ×10-6 cm2 s-1, T = 295 

K, ν0.20 mM = 0.071 V s-1, ν0.50 mM = 0.080 V s-1, f = 9.02 Hz.  

b vary due to slight differences in the electrode arrangement. 

 c determined from reduction component of data only  

d derived from use of all data. 

 

FTACV studies on the KW
Sn[N3(C4H10)]4-/5- process at Au and Pt metal electrodes also were 

undertaken. As stated above, the electrode material dependency predicted on basis of peak-to-peak 

separations obtained in DC cyclic voltammetry (Table 1) is 𝑘 >  𝑘   >  𝑘  , as reported with other 

POMs 25. However, as at GC, FTACV data analysis of the voltammetry at the metal electrodes reveals 

nuances in the mechanisms relative to predictions based on a simple one-electron quasi-reversible 

process. Comparisons of simulated and experimental data for FTACV based on heuristic analysis are 

provided in Figure S5 for Au and Figure S6 for Pt, while parameters that are obtained from the heuristic 

and computer supported forms of data analysis used in this study are summarised in Table 2. Clearly, 

agreement between experimental and simulated data at Au and Pt are poorer than at the GC electrode. 

Furthermore, electrode kinetic parameters are even more strongly dependent on the method of data 

analysis. 

Conc 
(mM) 

Simulation 
method 

Ru 
(Ω)b  

𝐸  𝐸  𝑘  𝑘  
𝛼  𝛼

LS 
% V vs Fc0/+ cm s-1 

0.20 

Heuristic 

510 
 

 -1.390 -1.843 0.056c 0.020c 0.50 0.50  

Automated 

Range -1.395 
to -

1.386 

-1.847 
to -

1.840 

0.040 
to 

0.095 

0.005 
to 

0.045 

0.40 
to 

0.70 

0.40 
to 

0.70 

 

Estimated -1.387 -1.845 0.071d 0.023d 0.42 0.42 81 

0.50 

Heuristic 

599 

 -1.390 -1.843 0.056c 0.016c 0.50 0.50  

Automated 

Range -1.395 
to -

1.386 

-1.847 
to -

1.839 

0.040 
to 

0.085 

0.005 
to 

0.045 

0.40 
to 

0.70 

0.40 
to 

0.70 

 

Estimated -1.387 -1.846 0.072d 0.018d 0.43 0.43 80 
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Assuming the Butler-Volmer model is valid, the kinetics at GC (𝑘 = 0.058 cm s-1) are 

faster than at Au (𝑘  = 0.016 cm s-1) based on the heuristic approach and use of only the reduction 

component. However, there is significant uncertainty as to whether this model is even appropriate for 

analysis of data obtained with the Pt electrode. With Au, and unlike theoretical predictions, the 

oxidation current component is larger than reduction one as for GC case, but even more pronounced 

and a mismatch in background current in DC and fundamental harmonic components is evident. In the 

case of Pt, excellent agreement between experiment and theory is provided for the third harmonic 

(𝑘  =0.013 cm s-1) in Figure S6ii based on heuristic estimation, but use of this same rate constant to 

model lower and higher harmonics respectively overestimates and underestimates the current 

magnitudes significantly. That is, apparently harmonic dependant kinetics in the range of 0.0095 to 

0.031 cm s-1 are observed at the Pt electrode (shown in Figure S6i) when best fits applied consecutively 

to fundamental to sixth harmonic AC data. Theoretically, of course, the rate constant should be 

harmonic independent. Modelling with Marcus-Hush theory as an alternative to the Butler-Volmer 

model was considered but did not produce superior fits to data. At Pt, the background current in DC 

aperiodic and fundamental harmonic components predicted theoretically also differ from that 

determined experimentally. Harmonic dependent location of potentials of peaks also are evident in 

theory-experiment comparisons. Finally, it is noted that even the shape of a conventional DC cyclic 

voltammogram at the Pt electrode does perfectly match theoretical predictions as also noted  with the  

Fc0/+ process at boron diamond electrodes when sp2 graphite impurity provided complexity in the 

response 48. Differences in experimental and theoretical data based on the Butler-Volmer model with 

mass transport by linear diffusion at Pt are so profound that parameterisation on this basis is not highly 

significant. Clearly, the voltammetry of KW
Sn[N3(C4H10)]4-/5- and KW

Sn[N3(C4H10)]5-/6- processes are 

more complex than predicted at all electrodes used, with the extent of non-ideality being in the order Pt 

> Au > GC.    
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3.3. Origin of discrepancies of experimental data and predictions based on Butler-Volmer 

electrode kinetic model. Variable levels of non- conformance to the Butler-Volmer model of electron 

transfer were detected in the solution phase FTAC voltammetry of KW
Sn[N3C4H10]4- at GC, Au and Pt 

electrodes. One possible explanation for the anomalous behaviour is that reduction of KW
Sn[N3C4H10]4- 

to KW
Sn[N3C4H10]5- leads to modification of the electrode surface which could alter the shape and other 

characteristics of the voltammetry in a time or potential dependent manner not accommodated by the 

theory. 

In principle, surface interaction of KW
Sn[N3C4H10]4- or KW

Sn[N3C4H10]5- with the electrode 

surface should lead to a mass change during the course of the voltammetry which can be detected by 

the EQCM method via a change in the oscillation frequency of an Au coated quartz crystal electrode 56. 

Accordingly, the frequency (mass) change of a gold crystal working electrode was monitored during 

DC cyclic voltammetry undertaken in CH3CN (0.10 M [n-Bu4N][PF6]) with and without 0.50 mM 

KW
Sn[N3(C4H10)]4- at a scan rate of 0.050 V s-1 over the potential range covering the region where 

grafting (Figure 6i-b) occurs with the diazonium derivative KW
Sn[N2

+]3- at a GC electrode (see above) 

as well as  the first KW
Sn[N3(C4H10)]4-/5- process (Figure 6i-a).  Although we have not prepared a grafted 

Au electrode in this study, Gooding et al 57-59 for example have shown that Au also provides an excellent 

surface for diazonium grafting.  
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Figure 6. EQCM data obtained for 0.50 mM KW
Sn[N3C4H10]4- at a scan rate of 0.050 V s-1 with an Au 

quartz crystal electrode over the potential range covering the region where grafting (b) occurs with 

diazonium derivative and the first KW
Sn[N3C4H10]4-/5- process (a) occurs. (i) cyclic voltammetry (current 

versus potential) and (ii) frequency versus potential.  (----) 0.50 mM KW
Sn[N3C4H10]4- in CH3CN (0.10 

M [n-Bu4N][PF6]).  (----) 0.10 M [n-Bu4N][PF6]. ∆𝑓 = gold quartz crystal frequency change. 

 

Figure 6 displays the EQCM (i) current and (ii) frequency responses as a function of potential 

for an Au coated quartz crystal electrode in contact with CH3CN (0.10 M [n-Bu4N][PF6]) in the presence 

and absence of 0.50 mM of KW
Sn[N3C4H10].  As shown in Figure 6ii, the frequency of oscillation of the 

Au coated quartz crystal remains constant in the absence of KW
Sn[N3C4H10]4-. In contrast, with 0.50 mM 

KW
Sn[N3C4H10]4- present, and as shown in Figure 6ii-a the frequency decreased (mass increased) 

significantly at potentials more negative than the onset of the KW
Sn[N3C4H10]4-/5- process and continued 

to decrease upon reversing the scan direction until reduction of KW
Sn[N3C4H10]4- ceased. Prior to the 

onset of reduction of KW
Sn[N3C4H10]4- minimal frequency (mass) change is detected (Figure 6ii-b). 
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Clearly, irreversible surface attachment of a KW
Sn[N3C4H10]4- reduction product occurs at a gold 

electrode and presumably also at GC and Pt electrodes, but to differing extents. This surface 

modification phenomenon is not present in the modelling, but since it is derived from a KW
Sn[N3C4H10]5- 

reduction product, larger departures in simulated data are expected the more negative the potential or 

the longer the time since the onset of the KW
Sn[N3C4H10]4-/5- process. Use of only the reduction 

component of data to achieve superior conformance to the simulated data with GC and Au electrodes 

as implemented in the heuristic form of FTACV data analysis is consistent with this concept. 

Spontaneous, electrostatically induced adsorption of POMs often occurs at carbon and metal 

electrodes 60. This phenomenon can be detected by so called dipping experiments. Figure S7 shows the 

results obtained by dipping GC, Au and Pt electrodes in a 0.50 mM solution of KW
Sn[N3C4H10]4- for at 

least 5 minutes, removing the electrodes from the solution, sonicating in CH3CN, drying and placing 

the electrode in fresh CH3CN electrolyte (0.10 M [n-Bu4N][PF6]) solution. No well-defined, surface 

confined symmetrically shaped, diffusionless voltammetry of adsorbed KW
Sn[N3C4H10]4- is evident, as 

occurs with other POMs 61, nor is there evidence of a grafted POM derivative (see below). However, 

substantial modification of the background charging current response is evident at Au and Pt electrodes, 

indicating their electrode surfaces have been modified, but not by attachment of KW
Sn[N3C4H10]4-. 

In order to seek evidence for product interaction with the surface, the electrode potential for a 

0.50 mM KW
Sn[N3C4H10]4- solution was held at -1.750 V vs Fc0/+ for 0, 60, 120, and 180 seconds at the 

GC, Au and Pt electrodes before commencing cyclic voltammetry. At this potential KW
Sn[N3C4H10]4- is 

reduced to KW
Sn[N3C4H10]5- under bulk electrolysis conditions. If surface confined KW

Sn[N3C4H10]5- 

accumulated then stripping current would be expected as occurs in stripping voltammetry 62. However 

as shown in Figure 7, no stripping oxidative responses are found at any electrode surface.  
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Figure 7. Cyclic voltammetry of 0.50 mM KW
Sn[N3C4H10]4- in CH3CN (0.10 M [n-Bu4N][PF6]) at a 

scan rate of 0.050 V s-1 with (a) GC, (b) Au and (c) Pt electrode ((e) magnified CV of KW
Sn[N3C4H10]4-

/5- process) when hold the potential at -1.750 V for 0 (black), 60 (red), 120 (blue) and 180 (green) s, 

respectively. (d) first 2 cycles with Pt electrode without hold time. 

 

However, at the Pt electrode ( Figure 7c) and (e) it is particularly noticeable that  the  peak-to-

peak separation increases with each cycle of potential  (∆𝐸  =  156 mV, ∆𝐸  =  200 mV, 

∆𝐸  = 219 mV and ∆𝐸  = 221 mV), the mid-point potential shifts positively (𝐸  = -

1.408, 𝐸  = -1.382, 𝐸  = -1.370 and 𝐸  = -1.363 V). Furthermore, the shape of the 

KW
Sn[N3C4H10]4-/5- process changes to a more sigmodal one and the background or charging current 

increases significantly. The KW
Sn[N3C4H10]4-/5- process was less effected in these extended electrolysis 

experiments at GC and Au electrodes. Cleary, electrode fouling which is most severe with the Pt 

electrode occurred during the KW
Sn[N3C4H10]4-/5- process. 

Results of 10 consecutive voltammetric experiments (Figure 8) at each of the GC, Au and Pt 

electrodes, with no electrode polishing in between each cycle show even more clearly how surface 

accumulation of a KW
Sn[N3C4H10]5- decomposition product gradually facilitates transition from a peak 

to a sigmodal shaped response. This change in shape is fully analogous to what happens in the 
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voltammetry of metalloproteins or metalloenzymes upon denaturation 63-65. Progressive electrode 

blockage by denatured electroinactive metalloprotein, generates an expanding array of electroactive 

sites while electrochemistry from residual intact metalloprotein occurs predominantly by radial 

(sigmoidal shape response) than by linear diffusion (peak shaped response). In the case of the POM 

used in this study, accumulation of an unknown surface confined product accompanies the initial one-

electron reduction, with the impact order being Pt> Au > GC. It is plausible that reduction to 

KW
Sn[N3C4H10]5- lowers the stability of the organic side chain which becomes detached from the POM 

and provides a pathway for formation of   an array of electroinactive sites of unknown composition. 

Apparently, degradation is more rapid at the Au and Pt electrodes than at GC. Once the electrode is 

surface modified, the capacitance and other characteristics change progressively with time to give array 

electrode type behaviour. This nuance implies that the second KW
Sn[N3C4H10]5-/6- process at Au and Pt 

electrodes in particular are far more distorted that the initial KW
Sn[N3C4H10]4-/5- process. Thus, 

accordingly, electrode kinetic FTACV data analysed via the Butler -Volmer model assuming linear 

diffusion for mass transport should indeed coincide most closely with the modelled data when applied 

solely to the initial reduction component of the data rather than when using all data that includes the 

more distorted oxidation component. Effectively, the mass transport model is changing form linear to 

radial diffusion during the course of the FTACV experiment when fully linear diffusion is assumed 

throughout in the modelling. However, it should be noted that as expected, repolishing the electrode 

after 10 experiments restores the voltammetric characteristics shown for the initial one.  
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Figure 8. Ten consecutive DC cyclic voltammetric experiments at (a) GC, (b) Au and (c) Pt electrodes 

without polishing the electrode after each experiment. (d), (e) and (f) represent the 1st and 10th 

experiments at GC, Au and Pt electrodes, respectively.  

3.4. FTACV voltammetric characterization of the grafted KW
Sn[-]4-/5-/6- processes at a GC 

modified electrode in CH3CN. Thermodynamic and kinetic parameterisation based on FTAC 

voltammetry with a sinusoidal perturbation having an amplitude of 80 mV, a frequency of 9.02 Hz and 

an underlying DC scan rate of (0.052 to 0.086 V s-1) also was applied to FTACV data obtained with the 

KW
Sn[-]4- modified GC electrode. As in the solution phase exercise described above, more detailed 

information was expected to emerge than from analysis with the widely used DC voltammetric method 

39, 43, 66-69. The initial simulations used to mimic experimental data for the first reduction process obtained 

with a KW
Sn[-]4--grafted GC electrode in contact with CH3CN (0.10 M [n-Bu4N][PF6]) solution via 

heuristic data analysis assumed the values of 𝐸  = -1.450 V (mid-point potential of DC experiment),  

with Ru = 518  and Г = 8.8 × 10-11 mol cm-2 being known parameters. The outcome of this exercise is 

shown in Figure 9i. As for the solution phase studies with KW
Sn[N3C4H10]4-, simulation-experiment 

agreement with the second and higher harmonics is good, but background current estimation for the DC 

is poor. Values for 𝑘  and 𝛼  estimated heuristically with this close to monolayer surface coverage 
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were 40 s-1 and 0.46 respectively for this first KW
Sn[-]4-/5- process. As for the solution soluble scenario 

described above, estimated 𝑘  and 𝛼  values are regarded as reliable in the sense that they are 

derived from simulated data that lie well below that predicted for a reversible process simulated with a 

very large value of 𝑘  and an   𝛼  value of 0.50 (Figure 9i-g). 

 

Figure 9. “Best fit” heuristic comparison of simulated (red) and experimental (blue) FTAC 

voltammetric data obtained for the first reduction process at a KW
Sn[-]4--grafted GC electrode in contact 

with CH3CN (0.10 M [n-Bu4N][PF6]). (i) Г = 8.8 × 10-11 mol cm-2 and (ii) Г = 6.2 × 10-11 mol cm-2, ΔE 

= 80 mV, f = 9.02 Hz, νi =0.082 V s-1 and νii =0.052 V s-1. (a) DC component, (b-g) 1st to 6th harmonic 

components. Other Parameters used in simulations are given in Table 4. Figure (i-g) is comparison of 

experimental data with that for the sixth harmonic component simulated for a reversible process (black). 
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The outcome from a second experiment- simulation exercise with a lower, presumably sub-

monolayer coverage, (Г = 6.2 × 10-11 mol cm-2) is displayed in Figure 9ii and gave heuristically 

estimated values of 𝑘  = 38 s-1 and 𝛼  = 0.46. Again, good theory-experiment agreement was 

achieved for the second and higher harmonic components that are essentially devoid of background 

current 68, 70 with relatively poorer agreement for the DC component again attributed to limitations in 

modelling of the background current for a KW
Sn[-]4--grafted GC electrode. Many POMs 71-75, including 

those mixed with carbon materials form supercapacitors. Hence, pseudo-capacitance arising from this 

origin and not accommodated in the model used to mimic the background plausibly is present.  

Computer aided data analysis was also applied to parameterise the experimental data for the 

FTAC voltammetry of KW
Sn[-]4--grafted GC electrode in CH3CN (0.10 M [n-Bu4N][PF6]). In this data 

optimisation approach, and as with solution phase studies with KW
Sn[N3C4H10]4-, 𝐸  now was 

assumed to be an unknown rather than known parameter. Also, electrode kinetic values determined 

heuristically again were used to select and constrain the parameter space range surveyed. Examination 

of results of parameterisation by both heuristic and automated methods are summarised in Table 4 and 

are in excellent agreement. 

 

Table 4. Parametersa derived from the heuristic and computer-based comparison of simulated 

and experimental FTACV data at 9.02 Hz at KW
Sn[]4--grafted GC electrode for the KW

Sn[]4-/5- 

process in CH3CN (0.10 M [n-Bu4N][PF6]). 

a Other parameters used in the simulations are: AGC = 8.0 × 10-3 cm2, ΔE = 80 mV, T = 295 K, νi = 0.082 V s-1, νii 

= 0.052 V s-1 and f = 9.02 Hz.  

b vary due to slight difference in electrode arrangement in cell. 

Г 
(× 10-11 mol cm-2) 

Simulation 
method 

Ru 
(Ω)b  

𝐸  
V vs Fc0/+ 

𝑘  (cm s-1)  𝛼  
 

LS 
% 

8.8 i 
Heuristic 

518 
 -1.450 40 0.46  

Automated 
Range -1.455 to -1.446 25 to 50 0.40 to 0.70  

Estimated -1.451 41 0.48 82 

6.2 ii 
Heuristic 

585 
 -1.450 38 0.46  

Automated 
Range -1.455 to -1.446 25 to 45 0.40 to 0.65  

Estimated -1.448 35 0.48 84 
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Analysis of both the first and second processes at the KW
Sn[-]4--grafted GC electrode 

simultaneously in one experiment and with Г = 10 × 10-11 mol cm-2, (see Figure 10) gave the results 

summarized in Table 5. The second process (𝑘  = 18 s-1) is kinetically slower than first (𝑘  = 37 

s-1) according to this analysis of the FTAC voltametric data. This conclusion is consistent with the 

greater separation in DC cyclic voltammetric peak-to-peak values for the two processes where ∆𝐸  = 

37 mV > ∆𝐸  = 13 mV (Table 1).   

 

Figure 10. “Best fit” heuristic comparison of simulated (red) and experimental (blue) FTAC 

voltammetric data for the reduction of a KW
Sn[-]4--grafted GC electrode in contact with CH3CN (0.10 

M [n-Bu4N][PF6]). Г = 10 × 10-11 mol cm-2, ΔE = 80 mV, f = 9.02 Hz and ν =0.086 V s-1. (a) DC 

component, (b-g). Other parameters used in simulations are given in Table 5. 
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Table 5: Parametersa derived from the heuristic and computer based comparison of simulated 

and experimental FTACV data at 9.02 Hz at KW
Sn[-]4--grafted (Г = 10 × 10-11 mol cm-2) GC 

electrode for the KW
Sn[-]4-/5- and KW

Sn[-]5-/6- processes in CH3CN (0.10 M [n-Bu4N][PF6]). 

a Other parameters used in the simulations are: AGC = 8.0 × 10-3 cm2, ΔE = 80 mV, T = 295 K, ν = 0.086 V s-1, f = 

9.02 Hz.  

 

There are again discrepancies between experimental and simulated faradaic current data, this 

time mainly due non-idealities arising from the presence a highly heterogeneous rather than uniform 

homogeneous grafted electrode. The cartoon in Figure S8a displays all grafted POMs in a fully uniform 

configuration. However, it is well known that all grafted POM moieties need not be located at the same 

angle to the flat surface. Furthermore, as in Figure S8b, grafting of aryl radicals to already grafted arrays 

leading to multi-layer formation cannot be excluded, nor can interactions with non-grafted POMs. In 

accordance with probability of non-ideality, it is noted that simulated AC voltammograms have very 

sharp valleys and peaks with current in between approaching zero. In contrast, in the experimental data 

the current does not approach close to zero in between these valley and peak features. Rather, the 

experimental response in all harmonics is more smeared out than in simulated data. This is indicative 

of thermodynamic and/or kinetic dispersion with a range 𝐸 ,   𝑘  and 𝛼  existing and associated 

with variability of the distances of the POM redox active framework from the GC surface 46, 76.  

In a DC cyclic voltammetric studies of KW
Ge[-]4- and KMo

Sn [-]4- to a GC electrode, Proust and 

Kanoufi et al 2-3 used the Laviron method 31 derived from so-called trumpet plots of the reduction and 

oxidation peak potentials in DC as a function of scan rate to probe the electrode kinetics of these POMs. 

In their work, considerable departure from theory also was noted, with the goodness of fit to the theory 

being scan rate dependent. For example, analysis of data in selected scan rate regimes, gave 𝑘  

values of 800 (KW
Ge[-]4-/5-) and 500 s-1 (KMo

Sn [-]4-/5-). The second process in these studies was even more 

Simulation 
method  

𝐸  𝐸  𝑘  𝑘  
𝛼  𝛼  LS % 

V vs Fc0/+ cm s-1 

Heuristic  -1.450 -1.920 37 18 0.45 0.46  

Automated 
Range -1.454 to 

-1.445 
-1.924 to 

-1.914 
10 to 60 5 to 35 

0.40 to 
0.70 

0.40 to 
0.70 

 

Estimated -1.447 -1.915 40 16 0.48 0.49 77 
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anomalous having DC cyclic voltammetric peak currents very much smaller than the first process, with 

a dependence on residual water and adsorption of loosely bound as well as grafted material being 

reported. Under the very dry conditions used in this study and with heavily sonicated grafted electrodes, 

the second process for reduction for grafted KW
Sn[-]4- mimics behaviour expected for a quasi-reversible 

process with 𝑘  𝑠lightly less than about 20 s-1 which again  is well below the anticipated value for 

reversible process (Figure 9i-g). In the studies based on DC cyclic voltammetry with related compounds 

2-3, only the experimental peak potential data were compared with theoretical predictions. In this work, 

slow scan rate data are reported to be independent of potential and hence consistent with a fast reversible 

process on these relatively long time scales. However, these slow scan rate data are anomalous relative 

to the model in the context that oxidation and reduction branches are separated by well in excess of 10 

mV, which is a characteristic on quasi-reversibility or other non-ideality. In this FTACV study, the 

entire shape and current magnitudes is considered and evidence for kinetic and/or thermodynamic 

dispersion is reported.  

Modification of theory 77 to accommodate interaction between surface confined redox active 

moieties sometimes is introduced by employing  a Frumkin type isotherm as an alternative to Langmuir 

one used in this study. In this way interactions between surface confined moieties are modelled. Clearly 

quantitative studies with surface confined POMs grafted to an electrode are fraught with difficulty. In 

principle, thermodynamic and kinetic dispersion could have been included in the modelling undertaken 

in this study along with use of a Frumkin isotherm and indeed are probably needed. However, this 

introduces another problem in that containing a unique mathematical solution now becomes daunting 

with so many extras parameters to be evaluated. Heuristically, the inverse problem would be intractable 

and data optimisation plagued with lengthy computational times with prospects for numerous localised 

minima and over- or under parametrisation being high. Thus, we have used the simplest possible model 

and note that uncertainties are present in reporting electrode kinetic parameter values by either FTACV 

or DC voltammetric methods. Nevertheless, it is apparent that use of all data rather than just peak 

potentials is in principle superior in a statistical sense in terms of undertaking experiment-theory 

comparisons with a pre-selected model. In particular, with grafted moieties present or potentially 

present from precursors and with substantial POM ion-pairing not included in the model, it is now 
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evident that not only do all the parameters such as 𝐸 ,   𝑘  and 𝛼  estimated as well as the model 

itself will usually contain unknown levels of uncertainty. Ultimately, sophisticated forms of Bayesian 

(78 and references cited therein) or other forms of statistics applied to even more extensive data sets than 

collected in this FTACV study will be needed to determine which model or models actually provide the 

best fit to the data; a far from trivial task. 

4. CONCLUSION 

The thermodynamics and electron transfer kinetic parameters associated with the reduction of dissolved 

KW
Sn[N3C4H10]4- at GC, Au and Pt electrodes and the surface confined diazonium derivative KW

Sn[-]4- 

grafted onto a GC electrode have been derived from FTACV experiments in CH3CN containing 0.10 

M of [n-Bu4N][PF6] as the supporting electrolyte. Both experimenter-based heuristic and computer 

aided data optimisation approaches have been used to compare experimental and simulated data to 

provide additional knowledge than could be gleaned by sole use of either method. Discrepancies in 

experimental and theoretical electrode kinetic data derived using the Butler-Volmer relationship are 

detected and explained for both dissolved and grafted examples. In solution phase voltammetry, 

anomalies in the shape of the KW
Sn[N3(C4H10)]4-/5- process relative to theoretical predictions are evident 

in the oxidative scan of potential. EQCM experiments at a gold quartz crystal electrode and other 

experiments at conventional GC, Au and Pt electrodes are indicative of the origin of the non-ideality 

being accumulation of an unknown surface confined product that accompanies the initial one-electron 

reduction, with the order in impact being Pt > Au > GC. Confining data analysis to just the reduction 

component of the FTACV data set minimises the impact of the introduction of radial diffusion and array 

like behaviour that are not accommodated in the modelling and establishes that 𝐸  values for the 

KW
Sn[N3C4H10]4-/5- process are independent of electrode material as required theoretically and that 

𝑘 𝑮𝑪> 𝑘 𝑨𝒖> 𝑘 𝑷𝒕 with 𝛼 being close to 0.50 at all electrodes. The same electrode  material 

dependency on 𝑘  has been reported for other POMs such as α-[S2W18O62]4- 49 and [SVW11O40]3- 25.  

The impact of accumulated material from decomposition of KW
Sn[N3C4H10]5- following the initial 

elctron transfer step has such a profound effect on the second KW
Sn[N3C4H10]5-/6- process that 
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parameterisation of Au and Pt electrode data was not attempted. However, at GC, parameterisation 

remained viable and revealed that  𝑘 𝟐 for the second process is significantly less than 𝑘 for the 

first. This same order, 𝑘 > 𝑘 , also applies to reduction of grafted KW
Sn[-]4-. However, 

discrepancies in experimental and simulated FTACV data with this surface confined POM are attributed 

predominantly to the presence of thermodynamic and kinetic dispersion arising from heterogeneity in 

the grafted GC surface. The relatively sluggish electrode kinetics encountered in the dynamic 

electrochemistry of KW
Sn[N3C4H10]4- may be due to the long organic chain hindering the approach of 

the POM to the electrode surface, although differences in ion-paring and other factors also may play a 

role.  

As might be anticipated, 𝐸  values for both solution soluble KW
Sn[N3C4H10]4- and the surface 

confined KW
Sn[-]4- derivative are similar. The thermodynamics for the POMs are mostly controlled by 

the transition metal in the core framework. Thus, very similar  𝐸 values are found when either Sn or 

Ge side chains are attached to W based frameworks while much less negative 𝐸  values are found 

with Mo-functionalized POMs.  
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