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ABSTRACT

The electrode kinetics of a series of Dawson and Kegging polyoxometalates (POMs) have been
studied quantitatively by Fourier transform alternating current (FTAC) voltammetry. Both
heuristic and computer-assisted automated data analysis protocols were employed to analyse
the FTAC voltammetric data presented in Chapter 2 to Chapter 5 in acetonitrile containing [n-
BusN][PFs] as the supporting electrolyte at glassy carbon (GC), boron doped diamond (BDD),
gold (Au) and platinum (Pt) electrodes. Reversible potentials (E°), heterogeneous electron-
transfer kinetics (k°) and charge transfer coefficients (o) based on Butler-Volmer theory were
estimated by computer-assisted automated method and results compared with values initially
derived from the heuristic approach to check the fidelity of these form of data analysis.
Apparently, data analysis method dependent electrode kinetic parameters were observed when
there are departures from the ideality in theory-experiment comparisons. In all cases, the

electrode kinetics at GC were faster than at Au which in turn were faster than at a Pt electrode.

The first a- [S;W;504,]%7/5~ process was always kinetically faster than the second a-
[S,W,504,]°7/6~ process at all electrodes except at BDD, where the first process was slower
than the second one. Some other non-idealities were also encountered, such as harmonic and
concentration dependent electrode kinetics. Detailed investigation reveals that they originate

from the graphite sp? carbon impurity.

Progressive departures in experimental versus simulated data comparisons were found in the
- [S;W3506,]* and KVsy[N3C4Hjo]* reduction processes that occur at more negative
potentials. Ion-pairing between oxidised or reduced POMs and the electrolyte cation ([n-
BuwN]"), surface accumulation of POM reduced species and large double-layer capacitance

effects at potentials near the solvent limit may induce non-idealities such as asymmetry in the




reduction and oxidation components. The comparatively slower electrode kinetics found for
reduction of KWs,[N3C4H0]* as compared to a-[S,W;50¢,]*~ might be due to the long organic
side chain hindering the approach of the monomeric electroactive POM to the electrode
surface. Kinetic and thermodynamic dispersion present in the heterogeneous K Vsa[-]*-grafted
electrode are probable causes of non-ideality detected in the surface confined voltammetry of

this material.

In chapter 6, electron paramagnetic resonance (EPR) data suggest that the electrons added to
[Fe'CIVV1,05,Cl1]* and [Cu"(MeCN)V"Y1,03:CI]* upon reductions reside on the Fe and Cu in
a Fe'"' and Fe'"' and Cu'"" based process, respectively. On the other hand, the electron was
delocalised onto the V framework during the one electron reduction of [Zn"'CIVY1,05,CI]*. In
the case of reduction of [Co"(MeCN)VV1,05,Cl]*, the added electron at least partially resides

on V.
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Chapter 1

Chapter 1: Introduction

1.1 Polyoxometalates:

Polyoxometalates (POMs) represent a vast series of anionic, cluster-like inorganic metal oxide
compounds [1]. Generally, POMs exist as polyoxoanions anions with multiple non-oxo atoms
such as early d° and d! transition metals (e.g. V, Nb, Mo, Ta, W) and p-block elements (e.g. B,
Si, P, As) which are joined together by shared oxygen atoms. The transition metals, especially
V, Mo, and W, produce a large variety of clusters identified as heteropoly salts [2-5],
isopolyanions [6-9] or POMs [10, 11]. Berzelius [12] is credited for the preparation of the first
polyoxometalate, which is now recognised as the dodecamolybdophosphate anion,
[PMo012040]* although its structure was uncharacterised for more than 100 years [13] until the
advancement of the X-ray diffraction technique. In the early days of polyoxometalate synthesis,
little progress was observed in the characterisation and applications of POMs. Nevertheless, in
the last few decades, with the advent of modern technologies to aid synthesis and
characterisation, significant progress has been made regarding their molecular science in
chemistry [14-22], physics [23, 24], biology, medicine [25-31], and materials science [32-40].
1.1.1 Varieties of Polyoxometalates:

A large number of polyoxometalates have been synthesised, and are classified under the

following archetypes: Keggin, Wells—Dawson, Anderson, Lindqvist and Preyssler (see Figure

).
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[XM,;0,,]" X:M..0,.]" [XM.0,,]"
D) | E) @
[M,0,,]" [X"P,W,,0,,,]™"

Figure 1. Polyhedra structure of common POM archetypes- (a) Keggin, (b) Wells—Dawson, (¢)

Anderson (d) Lindquist and (e) Preyssler. Taken from ref. [41]

In summary, isopolyoxoanions (MmOy)" and heteropolyoxoanions (XxMmOy)"" are the two
general POMs formulas, where M and X represent the addenda atom and heteroatom [42],

respectively. The above-mentioned archetypes belong to one of the two general formulas.

Isopolyoxoanions:

Isopolyanions consist of single transition metals such as Mo, W and V, with heteroatoms
though other elements may be present as ligands. Lindqvist (Figure 1d) [43-47], [McO19]" (M
= Nb, Ta, Mo, V and W) is the most symmetrical and best-known structure of the
isopolyoxoanions family. In the Lindqvist octahedral geometry [48], six metal atoms are

arrayed by six reactive terminal oxygen atoms located at the centre.

Heteropolyoxoanions:

Heteropolyoxoanions are those consisting of clusters of fused MOg octahedra enfolded around
a tetrahedron having a main group element or occasionally a transition metal [49]. Among
these, Keggin [50] and Wells—Dawson [51] classes have been extensively investigated. The

Keggin configuration shown in Figure 1a is the structural form of the o—Keggin isomer, which

2
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has a standard formula of [XM12040]"", where P, Si, As or B etc. are the heteroatom (X) and
vanadium, molybdenum, tungsten etc. act as the addenda atom (M). X-ray diffraction was used
by Keggin to determine the structure of a-Keggin anions in 1933 [13]. Different orientations
of the {M3013} building blocks in the Keggin structure give rise to five different Keggin

isomers [41] known as a, f, y, 0 and ¢.

The unification of two curtailed [ XMoO34]" Keggin fragments by sharing of six oxygen atoms
results in the Wells—Dawson structure [X>Mi38Oe2]" [52] (Figure 1b) which is closely related
to the Keggin structure. Lacunary POMs are formed when a new transition metal replaces one

or more addenda atoms in the Keggin and Wells—Dawson structure.

Hasenknopf et al. [53] reported the first preparation of an Anderson polyoxoanion, which was
subsequently fully established by the method of synthesis developed by Song et al. [54-58] In
the Anderson structure, the octahedral central atom is bounded by a loop of six coplanar MOs
octahedra sharing edges [ XM¢O24]" POM (Figure 1¢). The fusion of five PWs units forming a

crown gives Preyssler polyoxoanion [ X" PsW300110]'> ™ structure (Figure le).

Apart from the above mentioned two general categories of isopolyoxoanions and
heteropolyoxoanions, there are other categories named the Mo-blue and Mo-brown species
which were first reported by Scheele in 1783 [59]. Miiller et al. [60] first revealed the structural
identity POM type in 1995. These researchers then synthesised and characterised the ring-
shaped {Mo154} (shown in Figure 2) which was the first of the Mo-blue sub-category. The
first member of the Mo-brown sub-category is the spherical shaped {Mo132} [61] which

exhibits higher reducing power than the Mo-blue species.



https://en.wikipedia.org/wiki/Heteroatom
https://en.wikipedia.org/wiki/Molybdenum
https://en.wikipedia.org/wiki/Tungsten
https://en.wikipedia.org/wiki/X-ray_diffraction
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Moz} {Mo435}

Figure 2. Structure of Mo-blue and Mo-brown species [62]

1.1.2 Applications of Polyoxometalates:

The availability of POMs with different sizes, structure, elemental composition and redox

potentials leads to a wide range of applications including the following-

1.1.2.1 Oxidative catalysis

Recent studies on POMs based on transition and earth-scarce metals have provided efficient
synthetic molecular systems for homogeneous catalysis. Transition metal (e.g. Ru, Cr, Mn)
substituted heteropolyanions can be used as homogeneous oxidative electro-catalysts (Figure
3) in both organic and aqueous phases [63, 64]. According to Nadjo et al., Dawson-type mixed

heteropolyanions can be used for the oxidation of NADH [65, 66].

a) | PWi10soRu(lIHO)e, , MezSO b) | Pwr0ssCrin 0, , Aererne
Anode Anocde \/
2e 2 H+ 2e- 2 H+ /\
| [PW1103Ru(V)(O)¥- Me2S0 | ™ [PW41036Cr(V)(O)}¢ Aloorol

Figure 3. Electrocatalytic oxidation of dimethyl sulfoxide and benzylic alcohol using
(a) [PW1103Ru™(H20)]* and (b) [PW11039Cr"(H,0)]* as oxidative electrocatalyst,

respectively. [64]
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POMs can encapsulate and protect the active sites of water oxidation catalysts (WOCs) [67]
due to their oxygen-enriched surface which provides stable inorganic arrangements and
contains dynamic transition metal ion centres comprising cobalt, iridium or ruthenium. POMs
are soluble and stable in aqueous and non-aqueous solvents [68], and oxidatively resistant as
metals are held in their highest oxidation state and hydrolytically stable over wide pH ranges.

Because of these properties, POMs show promise as catalysts for water oxidation [16, 69, 70].
1.1.2.2 Reductive catalysis:

Reduced heteropolyanions may be the product of the series of reversible one- and two-electron
reduction heteropolyanion reactions which can be used as reductive electrocatalysts by (1)

homogeneous dissolution in the electrolyte solution and (ii) attachment to an electrode surface.
1) Electrocatalysts in Homogeneous Solution:

Keggin type (0-[SiW12040]*) heteropolyanions can undergo four one-electron transfer
reduction processes, which produce active one, two, three and four-electron reduced species.
The two- and four-electron reduced compounds can catalyse the hydrogen evolution reaction
[71, 72], while the first one-electron-reduced species is active for oxygen reduction [73].
However, nitrite reduction [74] in acidic solution is influenced by the first and third reduced
compound. The one electron reduced form of the Dawson-type ([P2W150¢2]%) heteropolyanion
can act as a reductive catalyst for nitrite reduction [75] in an aqueous solution at pH <3.
Transition metal-substituted heteropolyanions also can be used as electrocatalysts for reduction.
Transition metals (Fe, Ru etc.) can favour reductive catalysis and are not deactivated during

repetitive cycling of potential between their oxidised and reduced forms.

i1) Heteropolyanions attached to the electrode surface:
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Sometimes reductive catalysis effectiveness can be amplified by the attachment of
heteropolyanions to the electrode surface. For example an enhanced reduction rate of chlorate
can be achieved by immobilisation of [PMo12040]* into the poly (4-vinylpyridine/1, 12-

dibromododecane) matrix [73].

However, numerous shortcomings, such as some transition metals being non-abundant, do not
provide cost-effective catalysis and may produce toxic effects, thus minimising their use in the
industrial sector. The modern era demands the development catalysts based on period four
earth-abundant transition metals (Fe, Co, Cu, etc.) that are ecologically benign. Nevertheless,

few first-row transition metals containing POMs display water oxidation catalysis.

1.1.2.3 Sensing:

POMs can undergo fast and reversible multi-electron transfer redox conversions with minimal
fundamental modification [76]. POM structure can be modified and perfected by adding or
altering the hetero-atoms and addenda atoms into the structural framework [77-79]. The stable
redox chemistry of POMs makes them attractive, selective and long-lived compounds for
sensing applications. Reduction of the POMs causes an increase in negative charge, which
raises the basicity of the POM anion. Concomitant protonation of the reduced species makes
the POM redox properties pH sensitive. This allows POMs to be used as electrochemical probes
to survey micro-environmental effects by using POM-functionalized electrodes as pH sensors

[80].

1.1.2.4 Medicine:

POM-protein/enzyme interactions, combined with protein precipitation power and cellular
POM penetration, create considerable opportunities in medical science, specifically in antiviral,

antibacterial and antitumour research [81].
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Penetration of polytungstoantimoniate ([NaSboW210s6]'®) into C3HBi fibroblast cells was
evidenced by Raman spectroscopy [82], photonic microscopy and X-ray fluorescence. The
existence of heteropolytungstate ([Cos(H20)2(PWoOs34)2]'") inside the cellular membrane of

human peripheral blood mononuclear cells was probed by scanning proton microprobe [83].

The antiviral activity of POMs (e.g., polytungstosilicate) against the murine leukemia sarcoma
virus [84] was reported in 1971. Polytungstoantimoniate showed antiviral activity against

murine leukemia sarcoma, rabies, rhabdovirus and Epstein-Barr virus [85-88].

A few reports have highlighted the anticancer activity of POMs. Anticancer activity against
human colon cancer [89] and carcinoma of the intestinal tract [90] were evidenced by the use
of [NH;3Pr']s[Mo07024] in combination with phosphotungstic acid, phosphomolybdic acid or
caffeine. f-lactam antibiotics showed enhanced antibacterial activity against resistant strains

of bacteria when jointly used with polyoxotungstates [91].

1.1.3 Fundamental Aspects of Polyoxometalates Electrochemistry:

Extensive work has emphasised the importance of POM redox chemistry. For this reason, the
electrochemical behaviour of POMs provides key knowledge related to their applications. The
electrochemistry of POMs has been studied extensively — mainly Dawson and Keggin
categories such as [P2WisOe2]*, [S2WisOe2]*, [PW12040]*, [SiW12040]*, [SiM012040]*,

[Cu(MeCN)V1203:CI]* and [Co(MeCN)V1203,CIJ*- [92].

Typically, POMs display a series of chemically reversible one or two electron transfer redox
conversion processes [93-95] with minimal structural modification. These electron transfer

properties can be modified by varying the hetero-atoms and addenda atoms in the structure.
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Dawson- Archetype POMs [X2M13062]™:

This study selected DC cyclic voltammograms at a scan rate of 0.100 V s™! for the reduction of
o-[S2W150e2]* in acetonitrile (CH3CN (0.50 M [n-BuwN][PF¢])) as a prototype for the
electrochemistry of Dawson-type POMs. Six well defined reduction processes are found at a
glassy carbon (GC) electrode (see Figure 4 and detailed descriptions in Chapter 2 and the
references [96, 97]). The reversible potentials for these processes are -0.22, -0.59, -1.16, -1.54,

-2.00 and -2.35 V vs. F,

24 16 0.8 0.0
E vs(Fc¥*)v

Figure 4. DC cyclic voltammograms obtained at a scan rate of 0.100 Vs for reduction of a-

[S2W15062]* in CH3CN (0.50 M of [n-BusN][PFs]) at a GC macro disc electrode.

A negative shift in reversible potential was found when the supporting electrolyte ([n-
BusN][PF¢]) decreased from 0.50 to 0.10 M [96]. The electron transfer processes in Figure 4

are summarised in Equations 1 to 6 as follows:

[S2W15062]*" + €7 = [S;W,504,]°~ (1)
[S2W15062]°" + €7 = [S;W;504,]°” (2)
[S2W15062]° + €7 = [S;W15042]7~ (3)
[S2W15062]" + €7 = [S;W15042]°~ (4)
[S2W15062]°" + €7 = [S;W15062]°" (5)
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[S;W;506,]°~ + €™ = [S;W504,]10" (6)

Keggin- Archetype POMs [XM;2040]":

The DC cyclic voltammetry for the reduction of [FeClV1,03,CI]* in CH3CN containing 0.10
M [n-BusN][PF¢] was selected as a prototype for the electrochemistry of Keggin-type POMs.
[FeCIV1203:Cl]* exhibits three reduction processes at GC electrode (see Figure 5 and Chapter

6 of the thesis).

1/(b)
0.
g
3 -1
5
04 00 04
Evs(Fc¥ v

Figure 5. DC cyclic voltammograms obtained at a scan rate of 0.100 Vs™! for the reduction of

[FeCIV1203:C1]* in CH3CN (0.10 M of [#-BusN][PF¢]) at a GC macro disc electrode.

1.2 Introduction to Electrochemistry:

Electrochemistry is the branch of chemistry that considers the relationship between electrical
and chemical effects in an electrochemical reaction. Electrochemists are interested in
thermodynamic and kinetic parameters that describe an electrochemical reaction. They are also
concerned about the charge transportation at the electrode/electrolyte interfaces when potential
is applied. The charge is transported through the electrolyte and electrode phases by the

movement of ions and electrons, respectively.
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1.2.1 The Electrochemical Cell:

Two independent half reactions occur at the two electrode/electrolyte interfaces present in a
typical electrochemical cell (see Figure 6). Commonly, electrochemists are interested in the
reaction that occurs at the working electrode (WE) with a reference electrode being used to
standardise the other half of the cell reaction. In Figure 6, the reaction Zn?* + 2e~ —
Zn (metal) may be of interest with the Ag/AgCl reaction Ag(metal) + Cl~ = AgCl + e~

being a reference reaction.

v AgALCl

Figure 6. An example of an electrochemical cell consisting of Zn metal and Ag wire covered

with AgCl immersed in a ZnCl; electrolyte solution. [98]

Two-electrode, three-electrode and four-electrode cell setups are available for electrochemical
measurements [99, 100]. The three-electrode cell arrangement (see Figure 7) is discussed here
as this is the only used cell setup in this thesis. The working electrode (WE), reference electrode
(RE), and counter electrode (CE) make up the modern three electrode system. The working
electrode is where the reaction of interest occurs in an electrochemical cell [98, 101, 102]. The
WE is arranged in conjunction with a CE and a RE in a three-electrode cell system. The WE
could be employed as a cathode or anode depending on whether a reduction or oxidation

reaction occurs at this electrode. Usually, solid metals (e.g. platinum, gold), liquid metals (e.g.
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mercury, amalgams), semiconductors (e.g. indium-tin oxide, silicon) and carbon (e.g. graphite,
glassy carbon, boron doped diamond) are used as the working electrode. A half-cell with
constant and well-known potential is used as a RE. Examples of internationally recognised and
widely used REs are the standard hydrogen electrode (SHE), saturated calomel electrode (SCE)
and silver/silver chloride Ag/AgCl. Since the current in a three-electrode electrochemical cell
will flow through a counter electrode (CE), its surface area needs to be larger than that of the
WE. The CE should be non-reactive regarding the reaction of interest at the WE and is usually

made from Pt, Au, graphite or GC and often separated from the WE compartment by a salt

f

bridge.

¢

Figure 7. Schematic depiction of a three-electrode electrochemical cell.

The ohmic potential drop (iRs, where i is the current flowing between WE and CE and R; is
the solution resistance) is the main problem with a two-electrode cell setup, and this is
minimised by using a three electrode electrochemical cell [103-106]. In the three-electrode
electrochemical cell arrangement, uncompensated resistance (R,) and compensated resistance

(R.) (see Figure 8) jointly constitute the total resistance (Ry). R.is not included in the potential

11
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measurement and one can minimise this R, by having only a small distance between the WE

and RE.

Figure 8. Schematic illustration of a three-electrode electrochemical cell as a potentiostat.
[102]
An external power supply controls the potential of the WE related to the fixed RE potential.
The electrochemical reaction of interest can occur in the WE electrode/electrolyte interface
when a suitable potential (E) is applied [98]. A reduction current (see Figure 9a) is evident
when a sufficiently negative potential is applied. In this case, electrons within the working
electrode are excited to a sufficiently high level of energy so they can be transferred into vacant

electronic states on electroactive species in the solution or adhere to the surface of the electrode.

+ current; (a) £ + current - (b) E9
ax
3 <
S < |
At er‘:h A | A= A+ -
- Current "Ef ed , - current Efeq ~— TR

More (-) ¢==== Potential (V) More {+) More (-) Potential (V) === More (+)

Figure 9. Representation of (a) reduction and (b) oxidation of species, A, in an electrochemical

cell under condition of cyclic voltammetry.
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Similarly, an oxidation current (see Figure 9b) is evident with the level of energy of electrons
lowered by applying a more positive potential. In this instance, electrons on electroactive
species in the solution with favourable energy will transfer to the electrode. Overall, the path
direction of the electron’s movement can be reversed with a variation of the applied potential.
Hence, the working electrode can act as a cathode and anode in reduction and oxidation reaction,

respectively.

1.2.2 Faradaic and Non-Faradaic Currents:

Faradaic and non-faradaic currents are derived from faradaic and non-faradaic processes,
respectively, that occur at the WE. The former arises from reactions in which electrons (charges)
are transferred across the electrode—electrolyte (solution) interface; this is called a faradaic
current since it is governed by Faraday's law. Under some potentials in an electrochemical cell,
the electrode-electrolyte interface does not display any significant charge-transfer reactions
(e.g. between 0 and -0.8 V vs. AgBr in Figure 10). Other processes such as adsorption and
desorption also can occur and change the structure of the electrode-solution interface
depending on the potential and solution composition. Such processes are called non-faradaic
processes. Faradaic processes are the primary interest in the study of an electrode reaction.
Nevertheless, since faradaic and non-faradaic processes take place in an electrochemical
experiment, both must be included in the electrochemical data analysis of charge transfer and

associated reactions.
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Hg/H', Br™ (1 M)/AgBr/Ag

B0 Anodic
=E
EET
2 =
g L
-1.5 -1.0 -0.5 0 0.5
| 1 | |
r 1 \ T |
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i @]
Cathodic

Potential (V vs. AgBr)

Figure 10. The schematic current-potential curve obtained at a Hg electrode in the cell Hg/H",
Br~ (1 M)/AgBr/Ag [98], showing the limiting processes: proton reduction at a negative

potential and mercury oxidation at a positive potential.

1.2.3 Introduction to Electrode Reactions:

The kinetics of an electrode reaction O + ne™ = R, where O and R represent the oxidised and

reduced form in solution are governed by the rates of the following processes:

1) Mass transfer (e.g., of reactant O from the bulk solution to the electrode surface and
product R from the electrode surface to the bulk solution).

2) Electron transfer at the electrode surface.

3) Chemical reactions associated with electron transfer. For example, protonation in
homogeneous processes and catalytic reaction in heterogeneous process on the
electrode surface.

4) Other surface reactions, such as adsorption and desorption.
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The simplest reactions involve just three simple steps: i) the mass transfer of a reactant to the
electrode surface; ii) heterogeneous electron transfer involving non adsorbed species; iii) mass
transfer of the product to the bulk solution. In a complex reaction (see Figure 11), chemical
reactions may proceed or follow the electron transfer and modification of the electrode surface

by adsorption or desorption may also be present.

Electrode surface region Bulk solution
Electrode !
I
Chemical | Mass
reactions I transfer
. e ———
‘w 0 —,-Osuﬁm Opulk
/ %\'
O’ads 06‘50
- Electron
transfer

ads DSSG
W Chemical
40'.90 reactions

§ — A
R A ———— Rsuﬂ"é\r\m Hbu!k

Figure 11. Pathway of electrode reaction [98]

1.2.3.1 Mass Transport:

Movement of material from one location in solution to another is defined as mass transport.
Mass transport is governed by either electrical or chemical potential (concentration gradient)
or external forces. One dimensional mass transfer to an electrode is governed by the Nernst-

Planck equation and written as follows:

aCi(x)
0x

0D (x)
dx

Jix) = —D; %Dici

+ Civ(x) (7)
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where J;(x) is the flux of species i (mol s'em™) at distance x from the surface, D; is the
diffusion coefficient (cm? s'), dC;(x)/dx is the concentration gradient at distance x,
0®d(x)/0x is the potential gradient, z; and C; are the charge (dimensionless) and concentration
(mol cm™) of species i, respectively, and v(x) is the velocity (cm s') with which a volume
element in solution moves along the axis.
There are three forms of mass transport [98]:
a) Migration: In this class of mass transport, charged species move from one place to
another by the influence of a gradient of electrical potential.
b) Diffusion: In diffusion, species are keen to flow from a region of higher to lower
concentration meaning that the concentration gradient plays a vital role.
¢) Convection: In this mode of mass transport, an external force is applied to facilitate
the transport of species. The external force could be convection created by stirring,
laminar flow, turbulent flow etc.
Planar (linear) diffusion: In this diffusion mode, mass transport takes place in one dimension
at all points to the electrode surface. This diffusive layer is thin compared to the radius of the
electrode. This type of diffusion usually occurs with either macro electrodes or electrodes
behaving as macro electrode. Transient cyclic voltammogram obtained with planar diffusion

(see Figure 12a).

R

it

Planar diffusion

b) - 7

?T'{-__ I-"I
Radial diffusion i

Figure 12. Types and effects of mass transport. a) Planar diffusion and b) Radial diffusion.
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Spherical (radial) diffusion: This form of diffusion can take place either with a
microelectrode or a macro electrode accompanied by an applied external force (e.g., convection
by rotation). Mass transport takes place in multi dimensions at the electrode surface, and the
thickness of the diffusive layer will be greater than the radius of the electrode (see Figure 12b).
Either transient or steady-state voltammograms may be observed depending on the electrode’s

size or experimental time scale [107-110].

1.2.3.2 Butler-Volmer Theory of Electrode Kinetics:

The empirical Butler—Volmer (BV) [111, 112] theory used to model the electrode kinetics in
this thesis is widely used in electrochemistry to describe both dissolved state and surface-
confined electron transfer processes and can be used to predict the potential dependence of the
electron transfer kinetics. Equation 8 represents a simple one-electron solution-based reduction

process where O and R represent the oxidised and reduced forms of the POM.

k
O+e % R (£ K a) (8)
ox

According to the Butler-Volmer theory

i = FAK®[C,(0,t)e % (E~E°) — CL(0,t)e (1= (E-E®)] )

In Equation 9, F is the Faraday constant, 4 is the electrode area and f = F/RT, R = universal
gas constant and 7' = temperature in Kelvin. More generally, the concentration is expressed as
co(x,t) and cg(x,t) for O and R, respectively, where x represents the distance from the

surface at time t. Hence the surface concentrations given in Equation 9 are c,(0,t) and

cg(0,1).
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For reversible processes, the electrochemical reactions are governed by the equilibrium

conditions within experimental uncertainty, so that voltammetric characteristics are governed

solely by the Nernst relationship (Eqn. 10).

_ 0 _ E cr(0,t)
E=E F co(ot) (10)

where E = applied potential and E° = standard potential.

1.2.3.3 Conventional Method for Electrode Kinetic Measurements

Cyclic voltammetry:

For years, many electrochemistry areas have extensively used the popular and simple cyclic
voltammetry (CV) [98] as an electroanalytical technique. The basic principle for DC cyclic
voltammetry is to apply a ramped (or staircase) potential to the working electrode and measure
the resulting current as a function of applied potential (Figure 13a). Figure 13b represents a

simple one electron oxidation process for redox active species present in solution.

0.4 Red — Ox+e

8- Ep*

IG.?C

0.2 / IP
4- !

> d—; \M’:;s
—_— — s i
by T -
S 00 scan rate = dE/dt T o _ LW
o o /
L E = :
e a = | /
0.2 red
o EReY™Y Ox+e — Red
= T T T T 1 '8 T T T 1
0 2 4 6 8 10 04 -0.2 0.0 0.2 0.4
time/s Potential / V

Figure 13. A diagram displaying a) the applied potential on working electrode and b) a cyclic
voltammogram for a simple one-electron oxidation process [113]. The symbols used in the

diagram are as follows: ¢ = time, E = potential, Red = reduced form, Ox = oxidised form, Ep*=
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peak oxidation potential, E5¢® = peak reduction potential, I3¥ = peak oxidation current and

15¢% = peak reduction current.

One can extract the standard rate constant of a quasi-reversible process in cyclic voltammetry
(Figure 13b) by using the simple Nicholson method [114] where only the peak-to-peak
red

separation AEp = (Ep°® — Ep*) is required. According to this theory, AE}, is a function of

dimensionless kinetic parameter ¥ (Table 1). Determination of the kinetic parameter can be

done by using the value of ¥ in Equation 11. Assuming similar diffusion coefficient values for

both oxidised (Dg) and reduced (Dg) gives {(DO / DR)“/ 2 = 1}, which symbolises Equation 11.

(DO/DR)OC/ZkO
" (wDoVvF/RT)1/2 (11)

Table 1.1: Variation of AE}, with 1 at 25 C [114]

¥ AE, (mV)
20 61
7 63
6 64
5 65
4 66
3 68
2 72
1 84
0.75 92
0.5 105
0.35 121
0.25 141
0.10 212

Uncompensated resistance may increase the AE,value and hence give the false impression of

a diminished rate constant, as the Nicolson method [114] does not consider this feature during
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calculations. Computer programs like DigiSim [115, 116] and MECSim include the
uncompensated resistance effect in the comparison of experimental and theoretical

voltammograms.

Steady-State Voltammetry:

Steady state voltammetry obtained with ultra-microelectrodes (UMEs) and a rotating disc
electrode (RDE) favour the study of facile electrode kinetics, as this approach offers the
advantages of the absence of a double layer charging current and reduced potential drop. In the

steady-state method, the difference between two quartile potentials, |E3 /o — E1 /4| can be used

to measure the kinetic parameters.

1.2.4 Bulk Electrolysis:

Bulk electrolysis (BE) is an electrochemical approach where a controlled parameter (either
potential or current) is applied to a specially designed electrochemical cell (see Figure 14) to
change the redox level (either reduced or oxidised) of the species of interest. Depending on the

approach, this method is also known as controlled potential coulometry or potentiostatic

coulometry [98, 101, 102, 117, 118].

(e)
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Figure 14. Typical cells for bulk electrolysis, (a) Undivided cell for controlled-potential
separations and electro-gravimetric analysis at a solid cathode. [119] (b) Undivided cell for
coulometric analysis at mercury cathode with a silver anode. [120] (¢) Three-compartment cell,

with ground-glass joints, for coulometric and voltammetric vacuum line studies. [121]

Controlled Potential Method:

Constant potential (E) is applied to a large surface area working electrode and current (i) is
monitored over time (7). In the case where O is bulk electrolysed to R (O + ne — R) then the

bulk concentration (C;) decreases with the time of electrolysis as in the i — E plot shown in

Figure 15.

Background
; current

E

Figure 15. Steady-state current-potential curves obtained at different times during the course
of a controlled-potential bulk electrolysis experiment undertaken at a controlled E = E_ for an

irreversible process. [98]
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Figure 16. Total coulombs (Q) passed (total electric charge) plotted versus time
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The O-t curve (Figure 16) displays the outcome of bulk electrolysis. One can calculate the total

charge (Q) passed during the electrolysis from Equation 12.

Q° = nFNy = nFVCE(0) (12)
where, Q0 is the value of Q at the time of completion of electrolysis (t = ), Ny is the total
number of moles of O initially present and V' is the volume of the solution. The value of n can

be calculated by coulometry.

1.3 Spectroelectrochemistry:

Spectroelectrochemistry is a coupled characterisation method in which nonelectrochemical
techniques (e.g. spectroscopy) are coupled with an electrochemical system. In-situ and ex-situ
are the two general types of spectroelectrochemical techniques. In-situ methods involve
inspection of the response at the electrode surface during the course of an electrochemical
experiment, usually under controlled potential conditions and during the passage of current.
Only in-situ techniques will be discussed as this is the only spectroelectrochemical approach

used in this thesis.
Basic Principles of Ultra-violet and Visible Spectroscopy:

In UV-Vis spectrometry, a UV-Vis light beam passes through the cell and the absorbance
change resulting from transmittance is measured. Transmittance (7)) is the ratio of the intensity
of the light (I;) after the light beam passes through the sample cell (see Figure 17) and the
intensity of the light (I,) before the light beam passes through the sample cell expressed by the

following equation.

T=:t (13)

Io

Transmittance is related to absorbance (4) by the following expression:

A= —Log(T) = —Log (;—Z) = Log (%) (14)
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Lo I

Figure 17. Illustration of Transmittance [122]

Spectroscopy combined with electrochemistry allows spectra (absorbance vs. wavelength (1))
to be obtained during an electrochemical experiment. Figure 18 shows the spectral changes that

accompany the reductive electrolysis of 3,4,7,8-tetramethyl- 1,10-phenanthroline in DMF

[123].

Absorbance
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Figure 18. Reduction spectroelectrochemistry of 3,4,7,8-tetramethyl- 1,10-phenanthroline in

DMF [123]

1.4 Alternating Current Voltammetry:
After the invention of alternating current (AC) voltammetry in 1950 [124], a significant series

of advancements were made by Smith and co-workers [125-129]. In the original form of AC
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voltammetry, a sinusoidal oscillating voltage superimposed onto the DC waveform is applied
to an electrochemical cell to provide an output that corresponds to the magnitude of AC current
versus dc potential (E4.). This AC current or the phase angle (@) between the AC current and
AC voltage (E,.) can be used to extract the electrode kinetics. In the early days of AC
voltammetry, amplitudes of less than 10 mV were used so the theory was relatively simple. In
the late 70s, AC voltammetric works with larger amplitudes began to appear [130, 131].
Advanced computer simulation techniques [132] were still not available to fully exploit the

method.

This century saw the advancements in the field of large amplitude Fourier transformed
alternating current voltammetry (FTACV) by Bond and co-workers [133-135] along with the
development of advanced numerical simulation software that gives access to sophisticated data
analysis. Higher kinetic sensitivity is accessible by large amplitude Fourier transformed
alternating current voltammetry as the higher order AC harmonics is kinetically sensitive.
Quantitative measurement of electron transfer kinetics can be attained by comparing

experimental and simulated data.

FTACV can partially minimise many of the shortcomings of DC cyclic voltammetry. In this
method, a large amplitude sine wave (Figure 19b) is superimposed onto the DC ramp (Figure
19a) to originate the waveform (Figure 19¢) and provides the total current versus time (or
potential) (Figure 20a). An inverse Fourier transformation (IFT) procedure is used to resolve
DC and fundamental and higher order AC harmonic components by selecting the region of
interest in the frequency domain or power spectrum (Figure 20b) after conversion from total

current—time data (Figure 20a) by Fourier transformation.
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Figure 20: A schematic representation of the data analysis protocols employed in FTACV

[113]
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FTACV offers some advantages over DC voltammetry during the quantitative analysis of
electron transfer kinetics including the followings: 1) a non-faradaic current is essentially absent
in the higher order harmonic components [136, 137]; ii) higher harmonics can differentiate
between the effect of uncompensated resistance and slow electrode kinetics [138]; iii) the
current magnitude of higher harmonics are extremely sensitive to the kinetics parameters [139,
140]. These advantages allow large amplitude FTACV to be advantageous for enumerating

electrode kinetics relative to DC voltammetry.

In this research, after obtaining experimental data from a home built AC instrument [141],
Fourier transformation, band filtering and inverse Fourier transformation were applied to
obtain aperiodic DC and fundamental and higher order AC harmonic components. The treated
experimental data are then compared with simulated data (obtained using Monash
electrochemistry simulator software package, MECSim [142]) to quantify the kinetic

parameters.

It is necessary to input an extensive number of parameters [143] such as E% (reversible
potential), k” (heterogeneous electron transfer kinetics), a (charge transfer co-efficient), Ry
(uncompensated resistance), Ca (double layer capacitance), A4 (active area of the electrode), D
(diffusion coefficient) and concentration (c) into the MECSim software. The RC time constant
using data obtained prior to the faradaic process by the CHI 700 E electrochemical workstation
was used to determine R,. The average of the oxidation (E,°*) and reduction (E,%) peak
potentials in DC cyclic voltammetric experiments can be used to provide an estimate of E°.
The diffusion coefficient (D) can be calculated from the Randles-Sevcik relationship [98]. Ca
was evaluated from the background current in the potential region of the fundamental harmonic
of the FTACYV response, where the faradaic current is absent [144]. Finally, £ (heterogeneous

electron transfer kinetics) and « (charge transfer co-efficient) can be estimated by comparison
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of experimental and simulated data [145-149]. Figure 21 shows the excellent agreement
between experimental and simulated data where all known parameters were used in the

MECSim software, k, a; and k2, a, were found as 0.054 cm s, 0.70 and 0.038 cm s, 0.68,

respectively.
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Figure 21. Heuristic comparison of simulated (red line) and experimental (blue line) AC
voltammetric data for the a-[S2W1s062]*">7% processes, obtained with 2.5 mM a-[S2W15Os2]*
in CH3CN (0.5 M [n-BusN][PFs]) at an Au electrode. Amplitude, AE = 80 mV, frequency, /=
27.01 Hz and scan rate, v=10.067 Vs'.. (a) DC component, (b-g) 1%'to 6™ harmonic components.
R,=195Q,D =2.9 x 10°° cm? s™1, Ca(co, c1, 2, 3, ca) = 34.9, -25.6, 20.5,97.8, 58.5 puF cm’

2, Further details can be found in Chapter 2 [97].

The advanced computer-assisted data analysis method is also used in the analysis of AC data

to obtain the kinetic parameters (E°, k° and «) that are free of experimenter bias. In the data
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optimisation method, combinations of unknown parameters are achieved by coding the
MECSim software script [ 150]. Therefore, simulated data derived from these combinations are
computationally compared with experimental data to attain the best fit. However, in this
automation method, the experimenter needs to be conscious of the physically insensitive data

derived from the kinetically fast electron transfer process that lies at or near the reversible limit.

In this study, both heuristic and computer-assisted data analysis approaches have been used to
parameterise the electrode kinetics associated with several POM (e.g. a-[S2Wi5Oe2]*,
KYsa[N3CsH10]*) reduction processes in CH3CN (0.50 or 0.10 M [n-BusN][PFs]) to
characterise the electrolyte concentration and electrode material dependent electrode kinetic

parameters.

This study also examines non-idealities in the Butler-Volmer model of electron transfer that
usually encountered in both solution-phase and surface-confined FTAC voltammetry. Ion-
pairing that occurs between electrolyte cation and highly negative POM species or reduced
POM species can interact with the simple electron transfer process and hence bring complexity
in the AC components, which appear as a difference in the current magnitude of reduction and
oxidation components. In this case, only the reduction component (see Figure 22a) of the AC
data is considered in the heuristic analysis to derive the electrode kinetic parameters by
neglecting ion-pairing. However, incorporating this effect in the model in the future will help
to simulate the asymmetric reduction-oxidation component and achieve the more appropriate
electrode kinetic parameters. Nevertheless, without the specific instruction, both reduction-
oxidation components (see Figure 22b) are considered in the computer-assisted data analysis
method regardless of the asymmetry in AC components resulting in an average kinetic value

for both components. Adsorption of POMs or reduced POMs provides the modified electrode
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surface, which could change the shape and other features of the voltammetry in a potential or

time-dependent appearance not accommodated by the theory.
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Figure 22. (a) Heuristic and (b) computer-assisted comparison of simulated (red) and

experimental (blue) AC voltammetric data [97].

1.5 Electron Paramagnetic Resonance Spectroscopy:

Electron paramagnetic resonance (EPR), also known as electron spin resonance (ESR), is a
spectroscopic method used for investigating the paramagnetic properties of chemical species
such as free radicals (organic or inorganic) or transition metal complexes with unpaired
electrons. The technique used in EPR spectroscopy is similar to nuclear magnetic resonance
(NMR) since in both techniques magnetic moments arise from the absorption of
electromagnetic radiation. However, in the former spectroscopic technique, paramagnetism is
induced by the electrons rather than nuclei. A vital breakthrough occurred in the field of EPR
in 1945, when the Soviet physicist Yevgeny Zavoisky [151] observed the paramagnetic

resonance spectra of CuCl,.2H>0, which were interpreted by Frankel [152].

Basic Principles of Electron Paramagnetic Resonance:

Spectroscopy represents the assessment and analysis of energy variations between different

atomic states. With a knowledge of the energy difference between different alignments of
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electron magnetic moments in EPR spectroscopy, one can gain information [153] about the

character, structure and dynamic properties of the sample.

b
a) )A

Bo e s

Figure 23. a) Angular momentum of unpaired electron and b) energy orientations of magnetic

moment jI with respect to the magnetic field Bo. [154]

In the presence of external energy, the inherent angular momentum (or spin quantum number,

S = %) of an electron can generate a magnetic field around it and hence behave like a tiny bar

magnet having a magnetic moment ‘f’. When external a magnetic field By interacts with an

unpaired electron, minimum and maximum energy levels are produced for the magnetic
moment ‘i’ by either parallel (ms = —>) or antiparallel (ms = +) field (see Figure 23)
alignment, respectively. This energy is called the Zeeman Effect and is given by Equation 15.

E = m,gBB, (15)

where, mg = magnetic component, g = g factor and f= Bohr magneton.

mg=-1/2
2
E — AE=E_y»-E i
(83
mg=+1/2
B=0 B#0  Magnetic field
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Figure 24. Induction of the spin state energies as a function of the magnetic field By [98]

Based on Figure 24, AE = E_;,, — E41/, = gPBB, is the energy difference between the lower

and the upper state of unpaired free electrons. According to Planck, movement of an unpaired
electron between the two energy levels can be driven by either absorbing or emitting a photon

of energy ‘hv’ where 4 = Planck constant and v = frequency of photon (Eqn. 16).

AE = hy (16)

Equation 16 leads to the fundamental Equation 17 of the EPR spectroscopy:
hv = gfBB, (17)

As ug is a constant and B is known from the Equation 17, the value of the ‘g’ factor calculated
as described below can be considered a fingerprint of the molecule of interest. g is calculated

from the value of AE and measures the magnitude of By from the experiment, as in Equations

16 and 17
B,
Ea—
AE f
Absorption T A
1* Derivative )\l

Figure 25. EPR spectrum [98]
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The unpaired electron will absorb energy if the condition in Equation 17 is fulfilled. Thus, g

factor also can be estimated from v and By in Equations 18 and 19

g=7 (18)

v(MHz)

org= 0.714530(Gauss) (19)

(h=16.626x1073*Js; 3 =9.274x 107282 JG™)

1.6 Research Objectives

The main aim of this research is to develop the strategies described below:

e Parameterise the electrode kinetics associated with POMs by the sensitive FTACV
technique to assess whether the Butler-Volmer model of electron transfer is applicable.

e Identify the origin of non-idealities and examine if there is any associated with POM
electrode kinetics to have better insight knowledge of their electrochemistry.

e Use a heuristic data analysis approach in conjunction with a computer-assisted
automated data optimisation approach in all electrode kinetic studies of this thesis to
get the global best fit value by eliminating the shortcomings of both methods.

e Identify the source of reduction process in one electron reduced Zn(II), Cu(II) and Co(II)
and two electron reduced Fe(Ill) functionalized vanadium POMs by electron

paramagnetic resonance (EPR) spectroscopy.
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Fourier transformed large amplitude alternating current voltammetry has been used to examine the electrode material
and electrolyte dependence of the thermodynamics (E° value) and heterogeneous electron-transfer kinetics (k° and &
values) for the a-[S;W1062]* ™72 7%~ polyoxometalate reduction processes in acetonitrile (0.50 or 0.10 M [n-Bu,N]
[PF5]). Initial estimates of the E°, k° and a values were made heuristically, and used to allow a computationally based
data optimization method of data analysis to be performed more efficiently and to ensure the computer derived parame-
ters are physically significant. At glassy carbon (GC), gold (Au) and platinum (Pt) electrodes, the first a-[S;W 50621 "°~
electron transfer process is always significantly faster than the second a-[S;W,5042]° 7%~ process, with k° values follow-
ing the order Pt < Au < GC, using the Butler-Volmer model for electron transfer. However, at the Pt electrode, agreement
between simulation and experiment for the a-[S;W,506,]” ~"®~ process was poor. Since E” significantly depends on the
electrolyte concentration, implying the presence of ion-pairing reactions, the implication of neglecting ion-pairing in data
analysis was investigated.

Electrolyte dependence

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Polyoxometalates (POMs) represent an extensive series of anionic, inor-
ganic metal oxide compounds which have attracted attention for many
years due to their high degree of electronic adaptability [1-3].
Isopolyoxeanions (M,;,0,)"~ and heteropolyoxoanions (X,M,0,)" "~ repre-
sent the major classes of POMs, where M and X are the addenda atom and
heteroatom [4], respectively. POMs are structurally formed via the associa-
tion of polyhedra, MO, (most notably octahedral) by one, two or three ox-
ygen atoms in corner, edge and face sharing configurations [5],
respectively. The so called Keggin, Wells-Dawson, Anderson, Lindqvist
and Preyssler archetypes are the best known structural forms and are usu-
ally made from high oxidation state earth-abundant group VI (Mo, W) or
V (V, Nb, Ta) transition metals. This combination of redox active elements
and structural features allow POMs to undergo fast multi-electron transfer
redox reaction which facilitates applications in diverse fields [6] such as

# Corresponding authors at: School of Chemistry, Monash University, Clayton, Victoria
3800, Australia,
E-mail addresses: alan.bond@monash.edu, (A.M. Bond), jie.zhang@monash.edu.
(J. Zhang).

http://dx.doi.org/10.1016/j jelechem.2019.113786
1572-6657/© 2020 Elsevier B.V. All rights reserved.

photochemistry [7], oxidative catalysis [8,9], sensing [10], materials sci-
ence [11] and medicine [12,13].

Thermodynamic effects of the POM structure, counter cations and sol-
vent systems on the redox chemistry have been widely examined [14-
16]. In contrast, quantitative electrode kinetics studies [17,18] associated
with electron transfer rates are relatively rare. Typically, DC voltammetry
[19] has been used to reveal an extensive series of redox processes
[17,18,20]. For example, a-[S3W150¢2]" ~ (see Fig. 1) which is the POM
of interest in this study, at a glassy carbon (GC) electrode in acetonitrile dis-
plays at least six one-electron transfer processes (Egs. (1)-(6)) [21]. In prin-
ciple, these processes are defined thermodynamically by the formal
reversible potential (E”) and kinetically according to Butler-Volmer theory
by the heterogeneous charge transfer rate constant (k) value at E° and the
charge transfer coefficient (a).

[S2W1s062' ™ + €™ =[S2W150ga]* (1)
[S2:Wis0g2) ™ + ¢~ ~[S2W15062]°~ (2)
[S2WisOgl® ™ + ™ (S2Wig0ga|” @)
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Fig. 1. The structure of a-[S;W;50s2]" . Red represents the sulphur heteroatom
and yellow the tungsten addenda atom.

[$2W1506]' ™ + ¢™ =[S3W15062]* )
[S:W1s0s2)* ™ + e~ =[S3W1062)°~ (5)
[S2W150g2]" ™ -+ ¢~ =[Sz W1g0g2]""” (6)

In practice, it has been commonly difficult to quantitatively deter-
mine the k° and a values associated with POM electron transfer pro-
cesses by transient DC cyclic voltammetry at macrodisk electrodes
[22-24], because the electrode kinetics lie very close to the revers-
ible limit [17]. As a consequence, most DC voltammetric studies ob-
scure possible electrode material dependence on the electrode
kinetics due to the insensitivity of the DC technique to changes in
k° and a unless a micro- or even a nano-electrode is used [25-27].
In this situation, higher order harmonic AC components obtained
from Fourier transformed large amplitude alternating current volt-
ammetry (FTACV) [28] have been introduced because they are free
of background charging current and significantly more sensitive to
fast electrode kinetics than DC methods [29]. Furthermore, the im-
pacts of electrode kinetics and uncompensated resistance (R,) can
be resolved by the systematic analysis of the AC harmonic compo-
nents [30].

In a study based on parameter estimation by analysis of data obtained
by DC and FTAC voltammetry [18,20], the [SVW;1040]% ~/*~/5~ reduction
processes showed remarkably more facile electrode kinetics at glassy car-
bon (GC) than at metal electrodes, such as gold (Au) and platinum (Pt). In-
triguingly, the shape of the second tungsten-based reduction process with
apparently very slow kinetics at a platinum electrode, does not fully comply
with predictions based on the Butler-Volmer relationship. In this study, the
FTAGV technique is now used to estimate the E°, k” and @ values associated
with a-[S;W150621" =77~ processes at GC, Au and Pt electrodes in aceto-
nitrile containing tetrabutylammonium hexafluorophosphate ([n-BuyN]

Journal of Electroanalytical Chemistry xoox (xooex) xoc

[PFg]) as the supporting electrolyte. The aim was to investigate if the GC,

Au, Pt electrode dependence established with the [SVW,;040]° #*/*~

system also applies to the a-[S;W150621" "~ or a-[S;W150621° /¢~ pro-

cesses and if so to establish if non-conformance to Butler-Volmer model ob-

served in the earlier study, again accompanied slow electron transfer at Pt.
According to Butler-Volmer theory [31,32],

1= FAK[Co(0, e T (EE) — Cg (0, r)e ’“’f(E*E“)}

™

In this equation, I is current, E is potential, F is the Faraday con-
stant, A is the electrode area and f = F/RT, R = universal gas constant,
T = temperature in Kelvin, and the concentrations of the oxidized (0)
and reduced (R) forms at time t are expressed as Co(x, t) and Cgr(x, t) for
O and R, respectively where, x represents the distance from the elec-
trode surface. Hence the surface concentrations of O and R used in
Eq. (7) are Cp(0,t) and Cg(0,t), respectively. However, it needs to be
recognised that the Butler-Volmer formalism converges to that pre-
dicted by Nernst equation when k? is sufficiently large. In this circum-
stance, Butler-Volmer kinetic parameters k° and a are irrelevant and
only a knowledge of E° is needed to define the voltammetry. This sit-
uation is encountered in some of the present studies with a GC
electrode.

In the case of POM electrochemistry, the reactions are invariably
coupled with ion-pairing [33] which in its simplest form with only
1:1 ion pairs present can be described by a square reaction scheme
(Eq. (8)).

0+ e R (E® k°, a)
K[| x* K, || x* (8)
[[X]O*+e‘ [XIR* (Eul,kol,ﬂ')l

In this scenario, reaction (i) describes electron transfer involving
non ion-paired POMs; reaction (ii) describes ion-pairing of O or R
with the supporting electrolyte cation (X* = [n-BuyN] ™ in the pres-
ent study). K; and K are ion-pairing equilibrium constants while reac-
tion (iii) is the electron transfer reaction involving the ion-paired
species. E”, k% and o’ represent the formal potential, rate constant
and charge transfer coefficient, respectively for reaction (iii). How-
ever, of course the use of two equilibrium constants for ion pairing
and two reversible potentials to define this system represents a ther-
modynamically superfluous scenario since once E°, K, and K, are
known, E is defined. Thus, the abbreviated version presented in Eq.
(9) below, which is a CEC mechanism (C = Chemical step, E = elec-
tron transfer step) is adequate to define thermodynamic properties
of the system. In this context, the ion pairs need not be electroactive
and electron transfer can take place solely via non-ion paired POMs,
but can be limited by rate of conversion of ion-paired to non-ion-
paired forms.

0+ e~ R (E% k% a)
K|l x* K, || x* (9)
[x]o* [XIR*
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The square scheme (Eq. (8)), has been analysed as an apparent one-elec-
tron process (Eq. 10), with an apparent reversible formal potential EO,,W, an
apparent electron transfer rate constant (kﬂﬂ,) and an apparent charge trans-
fer coefficient (ag,y,) [34,35].

Rapp )

When the concentration of X* ([n-BusN1*) is in a large excess and the
ion-pairing reactions are reversible,

(10)

app’ “app?

O +e" =R (E’ k0

o KKz /K)™ + kK ([X*]/K))
P (K] T (KK + (XK

(11)

Bond and Oldham [36,37] have also shown that square schemes that
mimic ion-pairing as described above, can have subtle effects on the shapes
of voltammograms relative to those predicted on the basis of Nernstian or
Butler-Volmer theory. All these considerations imply that imperfections in
the model (Eq. (10)) used to describe the voltammetry of highly charged
species could unknowingly have been present since ion-pairing reactions
may not be reversible,

In this study, simulations derived from MECSim [38] software are com-
pared with experimental data obtained with 0.50 M and 0.10 M [n-BusN]
[PF4] supporting electrolyte and the apparent electrode kinetic parameters
estimated as a function of electrode material and electrolyte concentration.
Both heuristic and computer assisted data optimization methods of data
analysis are employed. In the heuristic method, variables are changed man-
ually and the investigator decides on the basis of their experience when ac-
ceptable theory-experiment agreement has been achieved. This approach is
very tedious, but ensures that chemically sensible values of parameters are
very tedious, but ensures that chemically sensible values of parameters are
generated. A disadvantage is that almost inevitably, experimenter depen-
dent parameters will be reported. However, knowledge of the heuristically
estimated parameter values provides a valuable guide to achieving compu-
tationally efficient automated data optimisation [39,40]. In the automated
method, the best fit data sets are deduced from the range of variables used
in the simulations. This method, produces parameters representing the
global best fit and are independent of experimenter bias, but does not nec-
essarily provide an intelligent interrogation of discrepancies between ex-
perimental and simulated data sets that for example could be a possible
outcome of neglect of ion-pairing.

2. Experimental
2.1. Reagents and solvents

[n-BuyN14(0-[S2W,130621) was prepared according to a literature method
[41]. Ferrocene (Fc, 98%, Sigma-Aldrich), Al,O5 (Buehler), acetonitrile
(CH3CN, 99.9%, Sigma-Aldrich) and ethanol (96%, Merck) were used as re-
ceived from the manufacturer. Tetrabutylammonium hexafluorophosphate
([n-BusN][PFs], 98%) was obtained from Sigma-Aldrich and recrystallized
from hot ethanol [42].

2.2, Instrumentation

DC cyclic voltammetric measurements were undertaken with a BAS Ep-
silon (Bioanalytical Systems) electrochemical workstation. FTACV experi-
ments employed home-built [43] instrumentation using a sinusoidal
perturbation having an amplitude of 80 mV and a frequency of 9.02 or
27.01 Hz superimposed upon the DC ramp. Fourier transformation (FT)
was initially used to convert the total current-time data into a power spec-
trum (frequency domain). Then the aperiodic DC, fundamental and higher
harmonic components were obtained by selecting the frequency region of
interest in the power spectrum followed by use of the inverse Fourier trans-
form (IFT) procedure [43]. All experiments were executed at 22 + 2°Cina
3-electrode electrochemical cell. Oxygen was removed by purging with N3
for at least 10 min before each measurement. Glassy carbon, gold, platinum
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(nominal diameter = 1.0 mm, eDAQ) were employed as the working elec-
trodes. Prior to each experiment, they were polished with an aqueous Al,04
slurry (0.3 pm for GC and 0.05 pm for Au and Pt), rinsed consecutively with
water and acetone, and then dried under N. Pt wires were used as both the
quasi-reference and auxiliary electrodes. The [UPAC suggested Fc* pro
cess [44] was used to calibrate the potential of the Pt quasi-reference
electrode.

Surface immobilization of a-[S;W,504,]*~ on a freshly polished GC
electrode was achieved by dipping the electrode into CH3CN (0.50 M [n-
Bu4N][PFg]) solution containing 2.5 mM of a-[SZWmOBZ]“’. After 5 min,
the electrode was removed from the solution, rinsed thoroughly with ace-
tone and dried under nitrogen. This electrode was then used as the working
electrode in electrochemical experiments in CH;CN containing only 0.50 M
[n-BusN][PFs].

Effective electroactive areas (A) of all macrodisk working electrodes
were determined from the peak current for oxidation of 1.0 mM Fc to
Fe* in CH5CN (0.10 M [n-BuyN]1[PF4]) and use of Randles-Sevcik rela-
tionship [19] (see Eq. (12)) with a known diffusion coefficient (D) of
2.4 x 107% ecm® s~ ! for Fc under the conditions used [30].

1
I, = 0.4463nFA ("™ [ ) /2c (12)
In this equation, I, n, C, and A denote the oxidation peak current, num-
ber of electrons transferred (n = 1), bulk solution concentration, and
electrode area, respectively. The determined areas of the GC, Au and
Pt macrodisk electrodes were 8.0 x 1073, 8.1 x 1072 and 8.0
x 1072 em?, respectively.

2.3. Simulations

The Monash Electro-Chemistry Simulator (MECSim) [38] software
package, which is based on Rudolph computational approach [45] and
spatial grid formulation [46] was used to simulate the FTACV data. To
model a simple one-electron transfer process (Eq. (8)(i)), Butler-Volmer
theory with mass transfer by planar diffusion was adopted. Even for
these simulations that neglect ion-pairing, a significant number of pa-
rameters such as E°, k°, a, R, (uncompensated resistance), Cq (double
layer capacitance), A and D are required as inputs for the MECSim
software. However, some of these parameters can be independently de-
termined experimentally. The average of the oxidation (EJ*) and reduc-
tion (E,'fd] peak potentials in DC cyclic voltammetric experiments
provided an estimate of E° or more strictly speaking Egp,, which was
used in the heuristic form of data analysis. The diffusion coefficient of
a-[S2W180621% (D) was calculated to be 2.9 x 10 % em? s~ ! from
the DC voltammetric peak current [47] associated with the a-
[S2W150621% 7"~ reversible process at a GC electrode in CH;CN and
use of the Randles-Sevcik relationship (see Eq. (12)). R, was estimated
by analysis of the R,Cy, time constant using data obtained prior to re-
duction of the polyoxometalate and hence where neither DC or AC fara-
daic current is present. Cy was evaluated from the background current
in the potential region of the fundamental harmonic of the FTACV re-
sponse where AC faradaic current is absent. A non-linear model (Eq.
(13)) was used to mimic the potential dependence of Cq [48].
Cult) = co + 1 E(t) + E(1)? + 3 E(1) + e4E(1)°* (13)
In this equation, the nonlinearity of the capacitor is defined by the coef-
ficients ¢y, €1, Ca, €3, and ¢4 and the time dependent potential is desig-
nated by E(t). The coefficients were obtained at both frequencies used
(9.02 and 27.01 Hz). Finally, a comparison of AC harmonic components
derived from experimental and simulated data were used to obtain the
k° and a values (heuristic method) and E°, k° and a (automated data op-
timization method) for the initial two one-electron transfer processes
(see Egs. (1) and (2)) by simulating the reaction as an EE mechanism.
A small number of simulations based on a partial square scheme (Eq.
(9)) also were derived from use of MECSim. In this case, chemical
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steps that represented ion-pairing were coupled with electron transfer
with details provided below in the Results and Discussion Section.

When data optimization analysis was used to compute E%, k” and a, var-
iation in the parameters was achieved by coding the MECSim script [39] so
that simulated data obtained from many combinations of these parameters
within specified ranges could be calculated and computationally compared
with experimental data to obtain the best fit. Simulations using MECSim
with 2" points took <20 s on a 1.6 GHz computer. Fourier transformation
followed by inverse FT was performed in the automated method as in the
heuristic method to obtain the AC harmonics. Data optimisation was under-
taken on the envelope versus time form of data representation for the AC
harmonics (see Fig. S1 in Supporting Information). A python code which
stores the maximum current each ac cycle was used to generate the envelop
data (Fig. S1(c)) for simulated or experimental data. Each of the smoothed
harmonics for simulated and experimental data are then compared using
python codes freely available online and a comparison metric based on a
relative sum of squares combining selected harmonics is made. Agreement
between experimental and simulated data are reported by use of a least
squares function (LS) (see Eq. (14)).

J

where f*(t)) and f"™(t;) represent the experimental and simulated func-
tions, respectively, m is an integer in the range of 0 and H, h represents
the aperiodic DC component when h = 0 or the AC harmonic component
when h = 1 to H, H is the total number of AC harmonic components and
N is the number of data points. Here, 2nd to 6th harmonics were employed
where unlike the DC and fundamental harmonic components, contribution
of background current is negligible. Repetition of this approach was applied
for every simulated combination of the E°, k and a parameters selected;
2000 parameter sets in total. Full details of the automated data optimisation
protocol and the code used for each process of the analysis are available on-
line (http://www.garethkennedy.net/MECSim.html).

Visualization of the quality of agreement is done by a color contour plot
as a function of unknown parameters, such as k°, @ and E°, using the sum of
squared residuals of the 6th harmonic normalized by the sum of squares of
the experimental function calculated by Eq. (15).

= [P -5 W)

)

1— 1 H
H—m+ 1|

LS = x 100% (14)
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= (15)
3. Results and discussion

3.1. DC cyclic voltammetry of a-[S:W40621"""°": E° and AE,
characterization

Fig. 2 displays DC cyclic voltammograms at GC, Au and Pt electrodes for
the reduction of a-[S2Wig062]"" to a-[SaW15042]1° and then to a-
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Table 1
DC cyclic voltammetric data derived from the reduction of 2.5 mM a-[S;W150621"
in CH5CN (0.50 M [n-Bu,N][PFe]) at a scan rate of 0.100 Vs .

" Ep1 Eopp2 AEp, AEp,
V* vs Fc™* v

GC -0.215 —0.593 0.060 0.063

Au -0.215 —0.593 0.063 0.065

Pt -0.218 —0.593 0.064 0.078

* Uncertainty is =5 mV.

Table 2
Dependence of Egy, for the reduction of a-[S;W1s0¢21*~ in CH3CN at a GC electrode
on the concentration of [n-BuyN][PFg].

B
[n-BugN][PF] /conc. (M) Fom1 app2
Vs Fe”*
0.50 —0.215 -0593
0.10 -0.232 ~0.610

[S2W15062]1°~ in CH3CN (0.50 M [n-BusN][PFg]) at a scan rate of
0.100 V s~ . These two initial well defined one-electron reduction pro-
cesses are of interest in this paper, although at least six one-electron reduc-
tion processes have been reported at a GC electrode [21]. The reversible
potentials (E‘;pp), assumed to be equal to the mid-point potentials (Ep,)
which is the average of the reduction (E®) and oxidation (Eg*) peak poten-
tials, are about —0.22 and —0.59 V vs Fc” ™ for the a-[S;W15062]" "/~
and a-[S;W150421° ~7®~ processes respectively at all electrode materials.
The approximation Eg,, = E,, assumes that the oxidized and reduced
forms of the polyoxometalate have equal diffusion coefficients.

Table 1 summarizes the EQ, values along with the peak-to-peak separa-
tion AEp (E3* — EXY) values for the a-[S;W,50621* ~/° ™ and a-[S2W150421°
A0 processes in CH;CN (0.50 M [n-BuyN][PFs]) with GC, Au and Pt elec-
trodes. The symbols Efpy1, Egypa, AEp; and AEy, are used to designate the a-
[S2W1s062]* ""® ™ and a-[S;W1062]° 7®~ processes respectively in subse-
quent discussion. Both processes occur at a more negative potential when a
lower concentration of supporting electrolyte (0.10 M [n-BuyN][PFg]) is pres-
ent (see Table 2 for E"q,,, data at GC), which is in agreement with a literature
report [21]. The positive E‘jm shift in potential with 0.50 M supporting elec-
trolyte in comparison with 0.10 M confirms that these thermodynamic pa-
rameters are dependent on the supporting cation concentration in a manner
predicted by the presence of ion-pairing. The extent of interaction of the
polyoxometalates with the supporting electrolyte cation is in the order a-
[S2W; 3052167 > ﬂ'[szwmo‘sz]si > a—[SszOez]“’-

The experimentally determined AEp, value of 60 mV obtained at a scan
rate of 0.100 Vs~ for the first process at the GC electrode (Table 1) is close
to the value of 56.4 mV theoretically predicted [19] for a reversible one-
electron process at 22 °C. Thus, on the DC voltammetric time scale (v =
0.100 Vs~ ") this process is essentially reversible. In general, AF; values as-
sociated with the first process (0.060, 0.063 and 0.064 V) are smaller than

(@) wl(b) )
1“ E""ﬂ é 0.0
e . A5
08 04 00 08 04 00 08 04 00
E VS(FCD“)/V E VS(FC“”)/V E VS(FCW')/V

Fig. 2. DC cyclic voltammograms obtained at a scan rate (v) of 0.100 V s ' for the a-[S;W;50¢21* 7>~ 7®~ processes obtained from reduction of 1.0 mM a-[S;W;50¢2]"~ in

CH3CN (0.50 M of [n-BusN]1[PFs]) with (a) GC; (b) Au and (¢) Pt electrodes.
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for the second one (0.063, 0.065 and 0.078 V) at each of the GC, Au and Pt
electrodes respectively, implying that k3, is smaller than k9. AE, values
are also smaller at the GC electrode (AEp; = 0.060 V and AEp, = 0.063 V)
than at the two metal electrodes (AEp; = 0.063 Vand AEp; = 0.065 V at Au
and AEp; = 0.064 V and AEp, = 0.078 V at Pt) which implies faster kinetics
at the carbon based electrode relative to the metal electrodes given the fact
that IR, effect in all cases are comparable. Significantly, the AEp value at Pt
for the second process is indicative of a kinetically quite slow quasi-revers-
ible electron transfer process.

3.2. Theoretical analysis of kinetic sensitivity

The upper limit of measurement of electron transfer kinetics (k%) at a
macrodisk electrode (d = 1.0 mm) by FTACV experiments accessible in
this study was estimated by theoretical analysis using values of parameters
that closely mimic those in experimental studies. Thus, in this exercise, R,
was assumed to be 200 2, D = 2.9 x 10 ®cm?s ), T = 295K, A =
7.85 x 102 em? and Cg; = 10 pF ecm ™~ 2. The k° value affiliated with an
electron transfer process that generates a peak current (I;,) of 90% of a re-
versible limit was conservatively considered to represent the upper limit
of detection (ULD). This ULD concept is readily implemented in the heuris-
tic method of data analysis by an experienced experimentalist, but often
overlooked in the automated data optimisation method where unrealisti-
cally large k° values may easily be inadvertently reported unless the out-
come of the data optimisation exercises is carefully scrutinised by
appropriate statistical methods [49].

Quantification of the ULD for the determination of k” values by FTACV
voltammetric experiments relevant to this study was undertaken by exam-
ination of a graphical plots of I, (peak current of the central lobes for the 6th
harmonic component) versus log, o (k%) as provided in Fig. S2 at frequencies
of 9.02 and 27.01 Hz. From inspection of the data where I, has a value cor-
responding to 90% of the reversible limit, ULD = 0.35 cms ™' at the higher
frequency of 27.01 Hz as compared to 0.10 cm s~ " at the lower frequency
of 9.02 Hz, because a higher kinetic sensitivity is achieved at a shorter time
scale of the measurement by using a higher frequency [501.

The sensitivity of the a also was assessed by an analogous form of
theoretical analysis. In this case, @ was varied from 0.30 to 0.70 with k°
values of 0.10, 0.05, 0.01 and 0.005 em s~ ! in simulations where R, =
200Q,D0 =29 x 10 °em®s !, T = 295K, A = 7.85 x 10 * cm?
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and Cy = 10 pF ecm ™ 2. Results for the 6th harmonic component of FTAC
voltammetry are shown in Fig. S3. The 6th harmonic AC response is now
insensitive to the a value for fast kinetics (0.10 cm s %, Fig. S3(a)) at the
lower frequency (9.02 Hz). At the higher frequency (27.01 Hz, Fig. S3(b))
a sensitivity is available because the kinetic sensitivity (see Fig. 52) is en-
hanced at this shorter time scale. Higher a sensitivity also is available
with slower electron transfer rate constants with the sensitivity order
being k° of 0.05 cm s™! < 0.01 em s~! < 0.005 cm s~ . With k°
0.005 cms ! (Fig. S3(e)), substantial asymmetry is obtained when a de-
parts from 0.50.

3.3. Heuristic form of FTAC voltammetric parametrisation of the a-
[S2W150621% =% =76~ reduction processes in CH;CN neglecting ion pairing

The kS, and ay, values associated with the first two processes obtained
for reduction of 2.5 mM a-[$;W,;50¢2]1* ~ at GC, Au and Pt in acetonitrile
containing 0.50 M [n-BuyN][PF¢] supporting electrolyte were initially de-
termined by FTACV using the heuristic form of data analysis. Electrode ki-
netic parameters obtained in this manner with a sinusoidal perturbation
having an amplitude of 80 mV and a frequency of 9.02 or 27.01 Hz are sum-
marized in Table 3. All electrodes gave frequency independent heuristically
determined k3, and ag,, values.

The FTACV of the 2.5 mM a-[S,W;5062]1% /7~ processes in CH;CN
(0.50 M [n-BuyN][PFs]) at GC, Au and Pt electrodes over the potential
range of 0.15 V to —0.825 V F¢” * and a comparison with simulated data
using parameters given in Table 3 are displayed in Figs. 3 and S4 for GC, S5
for Au and Fig. 4 for the Pt electrode. In the heuristic method of data evalua-
tion, the simulated responses presented in these figures were selected by the
experimentalist to represent the “best fit” found by trial and error. In general,
the simulated voltammograms with respect to the DC component and all AC
harmonics are considered to be in excellent agreement with those derived ex-
perimentally, particularly when the limitations of what can be achieved when
using the highly tedious heuristic method, are taken into account.

Despite the limitations, use of the heuristic method by an experienced
experimentalist does enable important modelling limitations to be detected
which may be missed by the sole use of automated data optimisation ap-
proaches. For example, and as noted above, only lower limits of k® values
can really be determined by FTACV or any other voltammetric method
when the response lies at or very close to the reversible limit. At a GC

Table 3
Electrode kinetic parameters® derived from a heuristic comparison of simulated and experimental FTACV data for the a-[S,W,50¢2]* ™" 7%~ processes in CH;CN (0.50 M [n-
BuyN][PFg]).
Electrode Conc. (mM) f(Hz) Ru(Q)" Ca (¢, €1, €2, C3, C4) (UF cm ™~ % k“:wl : kgw: [ Aapp2
cms
9.02 205 39, —14.7, —24.8,1.8,9.22 =0.10° =0.10° i -
> 27.01 195 30.2, —3.96, 14.9, 43.4, 25.4 0.1 0.1 057 0.60
e 9.02 195 33.6, —1.01, —18.4, —21, —6.29 =0.10° =0.10° -~ £
s 27.01 205 24.5, —1.43, —18.4, —28.1, —13.9 0.10 0.095 051 0.55
9.02 195 34.9, —25.6, 20.5, 97.8, 58.5 0.050 0.039 0.60 0.62
8 27.01 165 26.9, —2.72,31.1,63.9,31.4 0.054 0.038 0.70 0.68
A 9.02 195 40.5, —23,18.7, 110, 72.6 0.050 0.040 0.62 0.68
o 27.01 175 32.4, —7.45,19.1,65.8, 385 0.052 0.042 0.68 0.68
9.02 201 19.1, —16.7, —20, 2.46, 6.46 0.037 0.012¢ 0.60 0.50"
o 27.01 201 16.4, —8.52, —16.2, —9.92, —1.72 0.040 0.012¢ 0.60 0.53¢
B 9.02 215 15, —5.88, —8.46,2.3,4.23 0.038 0.010" 0.63 0.50"
L0 27.01 220 13.1, —3.17, —5.28, —0.84, 0.81 0.040 0.0097 0.60 0.50¢
 Other parameters used in the simulations are: Egpp; = —0.215 V vs Fe ', Eppp = —0.593 Vs Fc ™, Age = 8.0 x 107 % em?, Ay, = 8.1 % 1077 em?,

Ap = 8.0 x 1073 cm? AE = 80mV, D = 2.9 x 10 ®ecm?s™ !, T = 295K, vge = 0.067 V5~ ', Yay ana pr = 0.072 Vs~ ' and foc, au ana pr = 9.02, 27.01 Hz.
 Minor variations in R, are attributed to small differences in electrode arrangement in each experiment

€ Considerable uncertainty as response lies near to reversible limit
4 Determined from forward component only, see text for further details.
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Fig. 3. Heuristic comparison of simulated (red line) and experimental (blue line) AC voltammetric data for the a-[S;W1g062]1%“°~“®~ processes obtained from reduction of
2.5mM a-[S3W,4061* ~ in CH3CN (0.50 M [n-BuyN][PFs]) at a GC electrode. AE = 80 mV, f = 9.02 Hzand v = 0.067 Vs~ '. (a) DC component, (b-g) 1st to 6th harmonic
components. Simulation data are based on the assumption of a reversible process.

electrode, with a frequency of 9.02 Hz, this limitation is encountered ac- also see Fig. 3) determined with the frequency of 9.02 Hz of 0.10 cm s ™!

cording to considerations provided in Section 3.2 with data obtained at are described as lower limits. Fig. 3 clearly shows that experimental data
GC electrode. Thus, the ki, and kg, values at the GC electrode (Table 3, also match closely with those predicted on the basis of reversible theory for
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Fig. 4. Heuristic comparison of simulated (red line) and experimental (blue line) AC voltammetric data for the a-[SoW10ga]* =375 processes obtained for the reduction of
2.5 mM a-[S;W;5065]" ~ in CH5CN (0.50 M [n-BuyN][PFg]) at a Pt electrode with AE = 80 mV, f = (i)9.02 Hz and (ii) 27.01 Hzand v = 0.072Vs~ 1. (@DC component, (b-g)
1st to 6th harmonic components. Other parameters given in Table 3 and text.
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Fig. 5. A comparison of simulated (red line) and experimental (blue line) AC voltammetric data for the a-[$:W15062]" ~7°~/°~ processes derived heuristically for the
reduction of i) 2.5 mM and ii) 1.0 mM a-[S;W; 061"~ in CH3CN (0.10 M [n-BusN1[PF¢]) at a Pt electrode with AE = 80 mV, f = 9.02Hzand v = 0.072 Vs '. (a) DC
component, (b-g) 1st to 6th harmonic components. Other parameters used in simulations are Ej,,, = —0.232 V, Egpa= —0.610 V, kipy = 0.075cms ™, agyn = 0.57,
kippz = 0.024 cm s ™', gy = 0.55 with 2.5 mM and kg = 0.072 ems ™", agpr = 0.57, kippz = 0.024 cm s ™7, @z = 0.55 with 1.0 mM a-[S;W150621" .

all AC harmonics. As shown in Fig. 3, simulated responses are also insensi-
tive to a; and a, values when undertaken at or close to the reversible limit.
Consequently, this parameter is considered not to be determinable at low fre-
quency with a GC electrode by an experienced experimentalist using the heu-
ristic approach. At the higher frequency (f = 27.01 Hz), use of this AC
perturbation is assessed in the heuristic context as being suitable for the deter-
mination of kgw and agy, at GC since the shorter time scale of the measure-
ment provides sufficient departure from the reversible limit. That is, the
estimated kgppl and kg,,,z values of 0.10 em s~ ! reported at higher frequency
are now adequately below the anticipated reversible detection limit of
0.35 cm s ! at 27.01 Hz (Fig. $4). On the basis of the heuristic form of
data analysis, an interesting concern now arises with respect to automated
data optimisation as to what parameters will be reported on the basis of use
of a quasi-reversible model near the reversible limit. Effectively the heuristic
analysis implies that there is a risk of over parameterisation (only the single
o parameter rather than 3 parameters (E°, K, a) actually needed to model
the voltammetry at a GC electrode).

In contrast to close to reversible behaviour at the GC electrode, the
electron transfer kinetics are considered in terms of heuristic evaluation
to lie well below the reversible limit even at the low frequency of
9.02 Hz, at Au and Pt electrodes implying significantly slower electrode
kinetics at these metal electrodes. However, it will emerge that close in-
spection of the data derived from heuristic analysis reveals a subtle, but
systematic levels of discrepancy between experimental and simulated
data based solely on use of a quasi-reversible process and the Butler-

Volmer model at a Pt electrode. Furthermore, this discrepancy again
may be difficult to discern using standard automated data optimisation
methods.

For simulations relevant to the Au and Pt electrode data, the same
Eg, values as used in heuristic data analysis at the GC electrode were
used as fundamentally this parameter cannot depend on electrode mate-
rial. Values of all parameters derived for the Au electrode using the heuris-
tic method of data analysis are provided in Table 3. For this electrode, and
with 2.5 mM a-[S;W,5042]* ~, values for kg,,,,, and kng were concluded to
be 0.050 and 0.039 cm s~ ! respectively at 9.02 Hz and 0.054 and 0.038 cm
s~ ! respectively at 27.01 Hz. These values are again frequency indepen-
dent as expected on the basis of Butler-Volmer theory, with ki1 > kGppz
as at GC. Again, agreement between simulated and experimental data is
considered excellent (see Fig. $5) as was the case at the GC electrode.

In the case of heuristic analysis of the Pt electrode (Fig. 4) data with
2.5 mM a-[S2W15062]* 7, current magnitudes in all AC harmonics are
much smaller than at GC or Au. This implies a much slower electrode kinet-
ics. kgu,. values of 0.037 and 0.040 cm s~ !, were obtained, respectively at
9.02 and 27.01 Hz. However, there is a dilemma for the experimentalist to
address in this data analysis as significant asymmetry appears in the 2nd a-
[S2W150621°~7®~ process in the high frequency case where AC currents for
the higher order harmonics now differ in magnitude in reduction and oxi-
dation components. The authors of this paper, somewhat arbitrarily,
chose to use only the reduction component of the data in the simulation- ex-
perimental comparisons to heuristically estimate the kinetic parameters.
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Table 4
Ranges of parameters used as an input in the ‘GenerateScript.py’ file in the automatic simulations using MECSim. The resolution used was 1.0 mV for the Ej,,, range, 0.01 for
the agy, range with thekgw range consisting of at least 20 equally spaced values.

Electrode Conc. (mM) f(Hz) Reduction process Kw (cms™) Uapp Egpp (Vvs F™' %)
Range 0.070 to 0.135 0.40 to 0.70 —~0.216 to —0.211
s Estimated 0.101 058 —0.214
o0 2nd Range 0.070 to 0.135 0.40 to 0.70 —0.596 to —0.591
Estimated 0.099 0.61 —0.592
= Range 0.070 t0 0.135 0.40 to 0.70 -0.216 to —0.212
12 Estimated 0.099 0.60 —0.214
27.01
2nd Range 0.070 t0 0.135 0.40 to 0.70 —0.595 to —0.593
Estimated 0.099 0.58 -0.592
G¢ Range 0.070 t0 0.135 0.40 to 0.70 —0.216 to —0.213
= Estimated 0.103 0.59 —0.214
s 2nd Range 0.070 t0 0.135 0.40 to 0.70 ~0.594 to —0.591
Estimated 0.096 0.60 —0.592
o Range 0.070 to 0.120 0.40 to 0.70 -0.217 to —0.212
" Estimated 0.103 0.63 -0.214
27.01
2nd Range 0.070 to 0.120 0.40 t0 0.70 —0.595 to —0.591
Estimated 0.099 0.60 -0.594
Range 0.035 to 0.070 0.40 to 0.70 —0.218to —0.212
" Estimated 0.059 0.63 —0.213
702 2nd Range 0.031 to 0.043 0.40 to 0.70 ~0.599 to —0.592
Estimated 0.037 0.056 -0.595
= Range 0.046 to 0.061 0.40 to 0.70 —0.217 to —0.207
" Estimated 0.054 0.67 —0.211
s 2nd Range 0.033 to 0.043 0.40 to 0.70 ~0.596 to —0.588
Estimated 0.041 0.56 ~0.594
Al Range 0.040 to 0.070 0.40 to 0.70 ~0.217 to —0.214
i Estimated 0.058 0.60 -0.216
702 2nd Range 0.025 to 0.055 0.40 to 0.70 —0.595 to —0.591
Estimated 0.039 064 -0.593
o Range 0.040 to 0.070 0.40 to 0.70 —~0.218to —0.214
1" Estimated 0.062 0.65 -0.216
27.01
2nd Range 0.030 to 0.060 0.40 to 0.70 ~0.596 to —0.592
Estimated 0.040 0.62 —0.594
Range 0.025 to 0.045 0.40 to 0.70 —0.220 to —0.214
" Estimated 0.036 057 -0.218
s 2nd Range 0.004 t0 0.013 0.44 10 0.60 —0.596 to —0.589
Estimated 0.009 053 —0.591
o Range 0.033 to 0.042 0.50 to 0.67 —0.220 to —0.214
- Estimated 0.038 0.56 -0.219
o 2nd Range 0.004 to 0.014 0.44 10 0.65 —0.599 to —0.592
Estimated 0.010 052 -0.592
i Range 0.025 to 0.045 0.40 to0 0.70 -0.220 to —0.214
" Estimated 0.035 0.60 -0.218
i 2nd Range 0.003 to 0.011 0.47 to 0.60 ~0.596 to —0.590
Estimated 0.007 0.54 -0.591
= Range 0.033 to 0.042 0.52 to 0.65 —0.220 to —0.214
" Estimated 0.036 056 —-0.219
27.01
2nd Range 0.003 t0 0.011 0.47 t0 0.60 —0.597 to —0.589
Estimated 0.007 051 -0.592
8
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Table 5
Comparison of Eg, k&, and ag,, values® derived for the a-[S;W,5062]" ">/~ processes in CH;CN (0.50 M [n-Bu,N][PFs]) by the automated computational and heuristic
methods of data analysis.
Electrode Conc. (mM) £ (Hz) Simulation method L Eowt Ko Ko Gt T 1S (%)
Vs Fc™ ems™!
Heuristic -0.215 -0.593 =0.10 =0.10 - -
o0 Automated —-0.214 —-0.592 0.101° 0.099° 0.58° 0.61° 92
- Heuristic ~0215 -0.593 0.10 0.10 0.57 0.60
= Automated -0.214 ~0.592 0.099 0.099 0.60 0.58 92
56 Heuristic -0.215 —0.593 =20.10 20.10 b -
e Automated —0.214 ~0.592 0.103° 0.096° 0.59° 0.60° 90
o Heuristic -0.215 ~0.593 0.10 0.095 0.51 0.55
. Automated —0.214 —0.594 0.103 0.099 0.63 0.60 85
Heuristic —-0.215 -0.593 0.050 0.039 0.60 0.62
i Automated —-0.213 -0.595 0.059 0.037 0.63 0.56 94
e Heuristic -0.215 -0.593 0.054 0.038 0.70 0.68
e Automated ~0.211 ~0.594 0.054 0.041 0.67 0.56 92
A Heuristic —-0.215 ~0.593 0.050 0.040 0.62 0.68
02 Automated -0.216 ~0.593 0.058 0.039 0.60 0.64 91
2 Heuristic -0.215 ~0.593 0.052 0.042 0.68 0.68
e Automated -0.216 -0.594 0.062° 0.040 0.65 0.62 88
Heuristic -0.218 -0.593 0.037 0.012¢ 0.60 0.50
R Automated -0.218 —0.501 0.036 0.009" 0.57 0.53 78
5 Heuristic -0218 -0.593 0.040 0.012° 0.60 0.53
ot Automated —-0.219 —0.592 0.038 0.010¢ 0.56 0.52 78
" Heuristic ~0.218 ~0.593 0.038 0.010° 0.63 0.50
et Automated -0.218 ~0.591 0.035 0.007¢ 0.60 0.54 79
e Heuristic —-0.218 —0.593 0.040 0.009° 0.60 0.50
ot Automated —-0.219 —0.592 0.036 0.007¢ 0.56 0.51 77

@ Other parameters used in the simulations are: Age = 8.0 x 1073 cm? Ap, = 8.1 x 107 % em?, Ap, = 8.0 x 10 3 em?, AE = 80 mV, D = 2.9 x 10" %em?s ™',
T = 295K, voc = 0.067 V5™, ¥auand pt = 0.072V 5™, foc, Auana m = 9.02, 27.01 Hz.

" Too close to reversible limit to be determined.
© Near reversible limit so uncertainty substantial (see text for further details).

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

“ Determined from reduction component of data only.

Using this procedure, k3,2 and @, values of 0.012 cm s~ " and 0.50 were
obtained at 9.02 Hz and 0.012 cm s~ ' and 0.53 at 27.01 Hz, respectively.
Again, the automated method, without instructions to the contrary, will
use all data and inevitably simply find the best fit based on the maximum
LS value. In all likelihood this approach will generate a different set of elec-
trode kinetic parameters to those obtained heuristically.

Heuristic parameter estimation with a lower concentration (1.0 mM) of
a-[S;W15062]* ~ also was investigated by the FTACV technique, again with
0.50 M [n-BuyN][PFg] as the supporting electrolyte. Results obtained are
presented in Table 3, while Figs. S6 to S8 in Supporting Information provide
the comparison of experimental and theoretical data under these condi-
tions. Electrode kinetic parameters are concentration independent which
suggests that IR, has been correctly modelled.

3.4. AC voltammetry of the a-[SzW150621" ~"* /¢~ processes at a Pt electrode
in CH;CN (0.10 M [n-Bu,N][PFs])

Heuristic estimation of the apparent electrode kinetics with a lower con-
centration (0.10 M) of supporting electrolyte also was used to probe the
possible impact of neglect of ion-pairing on data obtained at the Pt elec-
trode. The hypothesis is that ion pairing should be less significant with
0.10 M than with 0.50 M [n-BusN][PFg] as the supporting electrolyte.
The E° values of —0.232 and —0.610 V vs Fc” * relevant to the lower

electrolyte concentration obtained a GC electrode (Table 2) was assumed
to be appropriate for the data analysis as was the Butler-Volmer model as
traditionally used in studies of this kind. A comparison of simulated and ex-
perimental data for the lower electrolyte concentration situation at the Pt
electrode (see Fig. 5) with either 2.5 or 1.0 mM a-[S;W;506,]* ™ now are de-
void of any anomalies with almost perfect simulation-experiment agreement
obtained with all harmonics for both reduction and oxidation components
using k:,]w, and ay,, values of 0.075 cm s " and 0.57 and kg,pz and agppz
values of 0.024 cm s~ and 0.55 with 2.5 mM and k3, and gy values of
0.072 cm s~ and 0.57 and K2 and agy values of 0.024 cm s~ and 0.55
with 1.0 mM, respectively. Clearly the apparent rate of electron transfer in-
creases with the use of a more dilute electrolyte concentration and the
match with the Butler-Volmer model is improved.

3.5. Automated data optimization

In computationally supported automated method of data analysis, se-
lected ranges of the three parameters ED,W, kf,’,,,, and ag, were introduced in
the MECSim script as variables. In the Linux operating system employed for
the simulation, ($) symbol was used to mark the parameters as set variables
in the ‘Master.sk’ file. The ranges of parameters were then input in the
‘GenerateScript.py’ file as was the resolution associated with each parameter.
The ranges chosen were limited to minimize the computation time required
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Fig. 6. Contour plots. Comparison of the sum of squares between simulated and experimental data for the a-[S;W,50e2]" ~"~ process in CH;CN (0.50 M [n-BusN][PF¢]) as a
function of @y, and ki, ((a) and (b)) and Ef,,, and k%, ((¢) and (d)) when other parameters assumed to be known. Best fit parameters are shown as white circle (a) and (c) for
9.02 Hz, (b) and (d) for 27.01 Hz. Here, only the sum of the squares (Sg) of the 6th harmonic is used since this harmonic is highly itive to kinetic p

in the data optimisation method by implementing knowledge gained from 0.70, Qg2 = 0.44 10 0.60, 3, = —0.220 to —0.214 V and ESyp =
the heuristic form of analysis. Thus, for example at the Pt electrode, ki = —0.596 to —0.589 V were the ranges selected for Egyy, k3, and agy, respec-
0.025 t0 0.045 cm s, k2 = 0.004 10 0.013 cm s, gy = 0.40to tively in the ‘GenerateScript.py’ file for reduction of 2.5 mM a-[S;W1g062]"

(a) (b)
0.4 0.9
§ 0.0 3 0.0
0.4 .
-0.6
-0.8
. ' 1.21— . v
0.4 0.0 0.4 0.4 0.0 0.4
E(V) E(V)

Fig. 7. Simulated data obtained for a one-electron reduction processes (see Eq. (8)(i)) followed by an ion-pairing reaction involving product R, where (a) and (b) represent
examples of slow (0.001 cm s~ ') and reversible (100 cm s~ ') electron transfer process when a chemical reaction such as ion-pairing occurs after electron transfer (blue).
Other parameters used in the simulations are: C = 1.0 mM, A = 7.85 x 10 *em® R, = 175, Cyy = 10 ypFem™ %, D = 29 x 10 ®em?s™!, T = 295K, v = 0.072V
57!, @ = 0.50, the forward reaction rate constant, ks = 10° s~ !, the backward reaction rate constants (ky): red = 10° green = 10°, maroon = 10" s~ and hence the
equilibrium constants (K): red = 1.00, green = 10.0, maroon = 100. In this example the chemical reaction, R + X* « [X]R* (Eq. (8)(ii) following electron transfer) is
treated as a pseudo 1st order reaction (concentration of X" is in a large excess).
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5~ processes derived heuristically

for the i) oxidation and i) reduction of 1.2 mM a-[S;W1g062]° ~ in CH3CN (0.50 M [n-BuyN][PFe)), at a Pt electrode with AE = 80 mV, f = 9,02 Hzand v = 0.072Vs ', (a)
DC component, (b-g) 1st to 6th harmonic components. Simulated data obtained with k,‘,’wl = 0.037 ems ' and kf,’wz = 0.012cms ™! and Agpp1 = 0.50 and @gppn = 0.51.

at 9.02 Hz in order to obtain best fit values. The range of parameters used in
the automated data optimisation approach are summarized in Table 4.

For both the a-[S;W;50621% ~7°~ and a-[S,W;50621° ~/®~ processes,
the best-fit values using the simple electron transfer mechanism were
found to be consistent with those obtained by the heuristic method except
for the Pt data (Table 5). Thus for example, at the Au electrode with 2.5 mM
a-[S;W10621* "~ and a frequency of 9.02 Hz, E,py = —0.213 V, EQyp =
—0.595 V, k9yp1 = 0.059 ecms ™', kpp2 = 0.037 cm s~ ', @gppn = 0.63,
Qg2 = 0.56 which are very similar to parameters estimated heuristically
of Egyn = —0.215V, Egypa = —0.593 V, ki = 0.050 ecm s ™", k§ya =
0.039 ems™ !, Agpp1 = 0.60, @gppz = 0.62. On the other hand, at a Pt elec-
trode, the 2nd process gave slower kinetics in the automated (kg,,,,z =
0.009 cms 1, Qappz = 0.53 at 9.02 Hz with 2.5 mM concentration) than
with the heuristic (k2 = 0.012 cm s~ ", agype = 0.50) simulation ap-
proach. This difference arises because the automatic method for the Pt
data estimates the kinetics essentially using the average of the reduction
and oxidation components (see Fig. §9) whereas in the heuristic method,
data were derived solely from the reduction component. The heuristic treat-
ment of the GC electrode case led to the conclusion that only a lower limit of
0.10 cm s~ ' should be reported and that a1 and agpy, values could not be
estimated from the experimental data obtained at 9.02 Hz. The outcome
for the data optimisation method is that the best fit values are close to
0.10 cms ™! for both k3,1 and k9,2 and that @y, and a2 are both ap-
proximately 0.60. An issue is that data optimisation, as applied in this
study, will in all likelihood always find a set of parameters that provide

a best fit for the model whereas an experienced experimentalist is aware
of uncertainties close to the reversible limit. Bayesian inference or other
methods need to be used to statistically address the issue of over
parameterisation [49]. In the present case, the GC data obtained at
9.02 Hz according to heuristic form of data analysis can indeed just as
well be described by use of the model derived from the Nernst equation
with only ES,,1 and EJ,,» regarded as parameters that need to be evalu-
ated. The contour plots shown in Fig. 6(a) derived from automated data
optimisation analysis at 9.02 Hz for the a-[S;W,30¢2]"* ~7®~ process in
CH4CN (0.50 M [n-BusN][PFs]) provide a clear indication that kgpp
value should be regarded as a lower limit and that @g,,; cannot be esti-
mated. In contrast, at 27.01 Hz, the a,,, value can be determined be-
cause the kinetic sensitivity (see Fig. 6(b)) is enhanced with use of this
shorter time scale. On the other hand, the E"m, value is very precise at
both applied frequencies. Thus, integration of heuristic and automated
approaches does represent a valuable approach to data reporting in volt-
ammetry. In the present case this strategy assists in identifying issues
with fast (reversible) electron transfer at GC and slow electron transfer
(asymmetry) at Pt electrodes.

In terms of modelling, it is in principle possible to include ion-pairing,
and try to establish qualitatively if this could be the origin of the anomalous
Pt data obtained with 0.50 M [n-Bu4N][PFs] as the supporting electrolyte.
Chemical reactions such as ion-pairing can alter the shape of a process
when coupled with slow electrode kinetics. Thus, the cyclic voltammetry
of an EC process (Fig. 7(a)) with slow electron transfer kinetics is predicted
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to be dependent on the rate of ion-pairing when the rate constant (k¢) for
formation is greater than for dissociation (k). On the other hand, for a re-
versible process (Fig. 7(b)), the voltammetry is simply shifted to more pos-
itive values to an extent that is dependent on k; and ky,, but with the
reversible shape always being maintained. The full ion-pairing simulation
represented by an ECE reaction has far too many unknown parameters to
be realistically applied to the present Pt electrode data. The problem is
that while the data may well be mimicked, the so called “best fit” solution
will almost certainly be non-unique because of mathematical coupling of
chemical and electrochemical parameters [51]. At this time, all we can
state is that ion-pairing may account for asymmetry in the Pt data.
However, it should be noted that other phenomena, such as electrode foul-
ing due to product adsorption, could also account for the non-ideality.

Despite uncertainty as to how to accommodate the impact of ion-
pairing, it is clear that kgppac > kgppm, > kﬂppp. for the reduction of a-
[S2W15062]%~ in CH4CN as is the case with other polyoxometalates
[18,20]. According to the theory for adiabatic electron transfer, k° values
are predicted to be independent of the electrode material when
electroactive species undergo strong electronic interaction with a metal
electrode. On the other hand, k° values are predicted to be dependent on
the electronic properties of the electrode material in nonadiabatic pathways
where the electronic interaction with the electrode is weak. Some literature
reports [18,50] support the Marcus theory [52] predictions where proper-
ties of the electrode material govern the heterogeneous rate constant for a
non-adiabatic electron transfer process.

Glassy carbon displays some electronically similar properties to metals
(e.g. highly conducting), but varies significantly with respect to surface
chemistry. The electrochemistry can be strongly influenced by the surface
functional groups on a GC electrode that may play a critical role in electron
transfer processes [53]. In the case of highly charged polyoxometalates
such as [PM0;5040]°~, [P2M0,50621°~ and [P,W,50421° strong sponta-
neous adsorption has been reported by Rong and Anson [54] with GC
and other forms of carbon and metal electrodes from aqueous solutions.
However, adsorption is much less extensive from non-aqueous solvents.
With a-[S;W;5062]" ~, as shown in Fig. $10, surface confined voltammetry
displaying the characteristic diffusionless shape is observed after leaving
the GC electrode in contract with a solution of a-[$2W;0¢2]* ~ for 5 min,
removing the electrode from the solution, washing with acetone, drying
and replacing the a-[S;W,402]" ~ modified electrode in a fresh electrolyte
solution. Surface confined voltammetry is not detected at Au and Pt elec-
trodes so that interaction with the surface may follow the order GC > Au
> Pt as is the case with the rate of electron transfer. There are other vari-
ables that may affect the k° value for an inner sphere electron transfer reac-
tion at a GC electrode. The microstructure can affect k” [55] since the GC
surface represents a mixture of basal and edge plane. The polishing proce-
dure also may contribute [53]. For example, abrasive material like alumina
can fracture the GC surface giving rise to enhanced electrochemical reactiv-
ity [56,57]. Further details on factors that impact the electrochemistry at
GC electrodes are available in references [58-63]. Thus, the rate order
Koppic > koppau > Koppee for the reduction of a-[S;W150421* ~ appears to fol-
low that for the extent of interaction with the electrode surface rather than
density of states [64,65] which lie in the reverse order. Therefore, the trend
observed implies inner rather than outer sphere electron transfer processes
are associated with the polyoxometalate voltammetry.

Homogeneous chemical cross redox reactions between say an ion-paired
two electron reduced a-[S;W;5042]° product and non-ion paired a-
[S;W15062]*~ reactant (see details in Introduction) could accompany elec-
tron transfer as the reaction is thermodynamically favoured. To avoid the pos-
sibility of their occurrence and rule out this being the source of asymmetry of
the second process at the Pt electrode, bulk one-electron reduction of a-
[S2W180621" ™ to a-[SaWig0621°~ was undertaken. The FTACV and the elec-
trode kinetics derived from experiments starting with a-[S;Wg0¢2]°~ in-
stead of a-[SaW;g0g21"*~ in bulk CH3CN (0.50 M [n-BuyN][PF]) solution
were indistinguishable at GC, Au or Pt electrodes (see Fig. 8 for Pt electrode
case). Significantly, the poor fit is retained for the a-[S;W,5042]°®~ pro-
cess at the Pt electrode as shown in Fig. 8. Furthermore, at Pt k.9W1 =
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0.037 cms™ " and kY = 0.012 cm's™ ' were obtained with a-[S;W;50621°
~ in bulk solution as is the case with a-[$,W,50s2]" ~ when data analysis is
implemented heuristically using the same protocol for both situations.

4. Conclusions

The thermodynamics and electron transfer kinetics associated with the
a-[S3W180621" "~ and a-[SaW1s0621° ~7®~ processes at GC, Au and Pt
electrodes in CH;CN containing [n-BuyN][PFg] as the supporting electro-
lyte have been determined by FTACV using integration of experimenter-
based heuristic and computationally supported data optimisation ap-
proaches for comparison of simulated and experimental data. Use of a
0.50 M concentration of [n-BusN][PFs] caused a positive shift of reversible
potential relative to use of 0.10 M [n-BuyN][PFg] and also led to slower ap-
parent rates of electron transfer. Additionally, departure from behaviour
theoretically predicted via use of the Butler-Volmer model was found at
the Pt electrode with 0.50 M supporting electrolyte. The electrolyte concen-
tration dependence implies that ion-pairing plays a significant role in the
mechanism for voltammetric reduction of a-[S;W;50¢2]%* . In general,
the electron transfer kinetics for the a-[S;W,5062]1* />~ process are greater
than for a-[S;W;5062]1° 7%~ and the metal electrodes exhibited slower
electron transfer kinetics than GC. Excellent simulation-experiment data
fits were found when modelling was based on a simple one electron transfer
process and Butler-Volmer electron transfer kinetics, except for the second
a-[S;W15062]° ~7° process on Pt electrode which showed asymmetry in
oxidation and reduction components of the reaction. This outcome indi-
cates complications from ion-pairing may be detected when present in com-
bination with slow electron transfer. The order kpec > Koppau > Koppt for
the reduction of a@-[S.W;5062]1%" follows that for the extent of
polyoxometalate interaction with the electrode surface rather than density
of states [64,65] which lie in the reverse order. Thus, the trend in k;’,,,,
values observed implies inner rather than outer sphere electron transfer
processes are associated with the polyoxometalate voltammetry.

The advantages of undertaking heuristic data analysis by an experi-
enced electrochemist in conjunction with automated data optimisation
methods is demonstrated in this paper as a means of ensuring the fidelity
of parameter estimates. Clearly, the heuristic method is tedious, but mini-
mize prospects for the computer assisted automated method unknowingly
and rapidly arriving at an incorrect outcome.
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Fig. S1. Conversion of AC voltammetric data into aperiodic DC and AC harmonic components using a
Fourier transformation (FT), band filtering and inverse Fourier transformation (IFT) sequence of
processes [1]. First, the time data (a) are converted to the frequency domain by FT. Next, the DC
aperiodic harmonic or AC harmonic of interest is selected in the frequency domain (b). Finally, the IFT
procedure is used to obtain the resolved aperiodic DC and AC harmonic component of interest (c and
d). The envelope form of presentation is shown in (c) and (d) for the 1** (black), 2™ (red), 3" (blue) and
5™ (magenta) AC harmonics. The example displayed here is based on the simulation of two reversible

one-electron transfer processes with AE =80 mV, f=9.02 Hz and v=0.067 V s~ 1.
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Fig. S2. Maximum value of the peak current estimated by simulation for the 6™ harmonic vs logio (k°).
Data obtained using frequencies of (a) 9.02 Hz and (b) 27.01 Hz with 4E =80 mV, C=1.0mM, v =
0.100 Vs ™, R, =200Q, T=295K, D= 290 x 107 cm? s71, Cyy= 10 uF cm™2, o = 0.50, and 4
=7.85 %1073 cm?.
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Fig. S3. Sensitivity test of the 6™ AC harmonic in FTAC voltammetry to o as a function of £” based on
analysis of simulated data. (a) k® = 0.1 cm s™ and /= 9.02 Hz, (b) k® = 0.1 cm s~ and £ = 27.01
Hz, (¢) k® = 0.05 cm s~ and f=9.02 Hz, (d) k° = 0.01 cm s™! and = 9.02 Hz and (e) k° = 0.001
cm s™! and f=9.02 Hz. AE = 80 mV, C =1.0 mM, v = 0.067 Vs~ R, =200 Q, T=295K, 4 =
7.85% 1073 cm?, D= 2.90 X 107% cm? s™1, Cy = 10 uF cm™.
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Fig. S4. Heuristic comparison of simulated (red line) and experimental (blue line) AC voltammetric
data for the a-[S,W,;504,]*/5~/6~ processes obtained with 2.5 mM a-[S,W,;304,]*~ in CH3CN (0.50 M
[n-BusN][PFs]) at a GC electrode. AE = 80 mV, = 27.01 Hzand v = 0.067 V s~1. (a) DC component,
(b-g) 1*' to 6™ harmonic components. Parameters used to simulate the quasi-reversible model are
provided in Table 3. (h) Comparison of experimental data with simulations for the 6" harmonic AC

component that are based on a reversible process (black line).

61



Chapter 2

2] (i-a) 2/(ii-a)
o é 0
™S 2B 2
0.8 04 0.0 0.8 04 0.0
E vs(Fc*)/V E vs(Fc®*)/V
12} (i-b) (ii-b)
S 6 10
ol : : : gl _} ; s ‘
0 10 46 20 30 0 10 4 20 30
4] (-0 6](ii-c)
S 2 _jV\MM : ° MJV\/V\_
\é.
0 10 . 20 30 0 10, 20 30
o] (-d) < 3.0](i-d)
§1 _/A\/ALM\_ S MM
0 0.0
y 0 10, 20 30 0 10, 20 30
3 | (i-e) 5 1.2](ii-e)
S m S 00 _/MVM\/M\/M\_
0.0 0.0
0 10, 20 30 0 10, 20 30
< 0-44¢i-n 081ii-n
o2 éo.s
0.0 \ . ‘ 0.0{ : : ‘
0 10 4 20 30 0 10 g5 20 30
012 (i-g) 0.2/ (ii-g)
< < g1
= nioe LJM\_A"LJM\.M\_J = e /m\ M /“L /”L ,
= 0.00 = 00
0 (CH 30 0 10, 20 30

Fig. S5. Heuristic comparison of simulated (red line) and experimental (blue line) AC voltammetric
data for the a-[S,W,;504,]*/5/6~ processes obtained for the reduction of 2.5 mM a-[S,W,50,,]*" in
CH;3CN (0.50 M [n-BusN][PFs]) at an Au electrode with AE = 80 mV, /= (i) 9.02 Hz and (ii) 27.01 Hz
and v = 0.072 V s~1. (a) DC component, (b-g) 1* to 6" harmonic components. Other parameters used

to simulate the quasi-reversible response are provided in Table 3.
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Fig. S6. Heuristic comparison of simulated (red line) and experimental (blue line) AC voltammetric
data for the a-[S,W,;504,]*/5/6~ processes obtained for the reduction of 1.0 mM a-[S,W,50,,]* in
CH3CN (0.50 M [n-BusN][PFs]) at a GC electrode with AE = 80 mV, f'= (i) 9.02 Hz and (ii) 27.01 Hz
and v = 0.067 V s~1. (a) DC component, (b-g) 1* to 6" harmonic components. Other parameters used

in simulation are given in Tables 1, 3 and text.
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Fig. S7. Heuristic comparison of simulated (red line) and experimental (blue line) AC voltammetric
data for the a-[S,W,;504,]*/57/6~ processes obtained for the reduction of 1.0 mM a-[S,W,50,,]* in
CH3CN (0.50 M [n-BusN][PF¢]) at an Au electrode with AE = 80 mV, /= (i) 9.02 Hz and (ii) 27.01 Hz
and v = 0.072 V s~1. (a) DC component, (b-g) 1* to 6" harmonic components. Other parameters used

in simulation are given in Tables 1, 3 and text.
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Fig. S8. Heuristic comparison of simulated (red line) and experimental (blue line) AC voltammetric
data for the a-[S,W,;504,]*/5/6~ processes obtained for the reduction of 1.0 mM a-[S,W,50,,]* in
CH3CN (0.50 M [n-BusN][PFs]) at a Pt electrode with AE = 80 mV, f= (i) 9.02 Hz and (ii) 27.01 Hz
and v = 0.072 V s~1. (a) DC component, (b-g) 1* to 6™ harmonic components. Other parameters used

in simulation are given in Tables 1, 3 and text.
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Fig. S9. Comparison of simulated (red line) data obtained by automated data optimisation and

experimental (blue line) AC voltammetric data for the a-[S,W;50,,]*/57/¢~ processes obtained for the

reduction of 2.5 mM a-[S,W;504,]*~ in CH3CN (0.50 M [n-BusN][PF¢]) at a Pt electrode with AE = 80

mV, f=9.02Hz and v = 0.072 V s~*. (a) DC component, (b-g) 1*' to 6™ harmonic components. Other

parameters used in simulation are given in Table 4 and text.
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Fig. S10. Cyclic voltammetry obtained at a scan rate of 0.100 V s~ when a-[S,W,30,4,]*" is surface
confined to a GC electrode in CH3CN (0.50 M [n-BusN][PF¢]).
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ABSTRACT

The a-[S;W;50¢,]147/°~ and a-[S,W;504,]%7/6~ polyoxometalate (POM) reduction processes
at boron doped diamond (BDD) disk electrodes in acetonitrile (0.50 M [n-BusN][PFs]) have
been investigated using large amplitude Fourier transformed alternating current (FTAC)
voltammetry. The origins of subtle differences in experimental data and simulated data based
on a simplified model involving an overall one-electron transfer reaction using Butler-Volmer
electrode kinetics and assuming a uniform non-fouling electrode surface and planar diffusion,
are considered. A substantial contribution from ion pairing is implicitly incorporated into this
model. Parameters estimated are the apparent heterogeneous electron-transfer kinetics (kg;,p),
apparent formal reversible potential (Eg,’gp) and apparent charge transfer coefficient (agy;).
The electrode kinetic parameters, in contrast to theoretical predictions of the model employed,
are dependent on frequency, POM concentration and data analysis method. Reasons for non-
conformance to the model include the adsorption of POM on the graphite-like sp? bonded
carbon impurity, as well as limitations in the availability of charge carriers in BDD and the
method of incorporating ion pairing into the model when slow electrode kinetics apply. This
form of heterogeneity gives rise to the AC harmonic and frequency dependent electrode
kinetics for both the a-[S,W,;504,]*/°~ and a-[S,W;504,]57/°~ processes and explains the
electrode origin and data optimisation dependent variations in kg;,p. Masking of the sp? carbon
rich (edge) region of the BDD disk provided FTAC voltammetric data that complied much
more closely with the simulated data. Nevertheless, data analysis still shows a small
concentration dependence in estimated kg, values, which is considered in terms of the

assumption of an infinite number of charge carriers. Conclusions derived from this study are

likely to be generally applicable to electrode kinetic investigations at BDD electrodes.

Keywords: boron doped diamond, polyoxometalates, Fourier transformed alternating current

voltammetry, non-ideality, sp® impurity, electrode heterogeneity
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INTRODUCTION

The use of conducting forms of carbon as an electrode material has a long history in
electrochemistry due to advantageous features such as the ability to be chemically
functionalized and large potential windows . For example, glassy carbon (GC), carbon
nanotube and pyrolytic graphite ? electrodes have been employed extensively for over 50 years
246 More recently, boron doped diamond (BDD) has been introduced as an electrode material
79 Although the pure sp® diamond form of carbon is an electrical insulator and cannot be used
as an electrode material, doping with sufficient boron (p-type dopant) enables metal-like
conductivity to be achieved®. Properties of BDD electrodes that are attractive for use in
electroanalytical include large potential windows (e.g. -1.25 to +2.3 V vs. standard hydrogen
electrode (SHE) in 0.5 M H2S04)'°, low capacitance, corrosion resistance in high temperature
and pressure environments and biocompatibility’. Apart from the boron dopant concentration,
the behaviour of polycrystalline BDD electrodes is governed by factors such as the presence of
sp? bonded carbon impurities, surface functionalization with H, O, F and non-uniform dopant

levels across the surface caused by variation in boron uptake by the different crystal facets '"!2,

Electron transfer between an electrode and an electroactive species is a fundamental
phenomenon in electrochemistry. A number of investigations have been undertaken to
understand the factors that govern the electron transfer rate at BDD electrodes. In initial reports
1319 the electrode kinetics were found to be significantly slower than at metal or GC electrodes.
However, the heterogeneous nature, of the electrode surface in terms of variable boron doping
levels and the presence of sp? bonded carbon content, provides significant complexity in
interpreting the data. The extent of sp® bonded carbon content, which is thought to reside
predominantly in grain boundaries, depends on the diamond growth conditions?’. Obtaining

minimal sp*> bonded carbon content is challenging with high levels of boron doping. However,
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this has been achieved with micro-crystalline microwave chemical vapour deposited (MW-
CVD) BDD?!. Other sources of sp? bonded carbon incorporation are also possible as a result
of the BDD electrode processing technique 2%. For example, it is common to use ns-laser
micromachining to cut cylinders of BDD from the BDD growth wafer in order to produce
conventional disk-shaped electrodes. This process leaves behind a very thin layer of sp? bonded
carbon on the laser cut surface i.e. the sidewalls of the cylinder®. If unremoved, when the
cylinder is embedded in glass or another insulating material, then preferential polishing of the
inherently softer insulator can lead to a small amount of sidewall exposure and hence a sp’
bonded carbon rich edge (incorporating sidewall) region. Under these conditions, the rate of
electron transfer at the exposed sp” bonded carbon surface can be significantly different to the
rest of the sp® bonded carbon surface. In a viscous ionic liquid medium, abnormal apparently
harmonic dependent electron transfer kinetics were found as a consequence of incomplete
diffusion layer overlap between these sp? and sp® bonded carbon regions ?2. The equivalent of

this dual electron transfer rate scenario has been examined theoretically by Tan et. al. 24

In this present study, large amplitude Fourier transformed alternating current (FTAC)
voltammetry has been employed to probe the impact of sp? bonded carbon and other features
of heterogeneous BDD electrodes on the parameterisation of the electrode kinetics of the a-
[S,W,506,]*7/57/6~ single electron transfer processes. Voltammetry of polyoxometalate
(POM) a-[S,W;504,]*~ has been described quantitatively in detail at metal and GC disks, but

212627 and ionic liquids®®, at

not at BDD electrodes?. In conventional aprotic organic solvents
least six one-electron reduction processes have been observed under DC voltammetric
conditions at GC electrodes, with only the initial two being of interest in this study as those

involving further reduction contain considerable additional complexity?’. FTAC voltammetry

was chosen for electrode kinetic measurements rather than conventional DC voltammetry since
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it offers higher kinetic sensitivity and has the ability to discriminate between the effects of slow

electron transfer kinetics and uncompensated resistance (Ry) %°.

Electrode kinetic studies of quasi-reversible processes requires comparison of
experimental results with theoretical data derived from simulation of a model that is selected
to mimic the experimental data. To date, modelling with BDD disk electrodes has been
undertaken using the Butler-Volmer relationship and Fick’s Laws for planar diffusion to
describe the electron transfer and mass transport processes respectively. This model also

assumes a homogeneous and non-fouling electrode surface. When applied with FTAC

voltammetry, it predicts that the calculated heterogeneous electron-transfer kinetics (k° ) and

charge transfer coefficient (¢ *) parameters are independent of AC harmonic, frequency,
concentration of analyte and method of data optimisation. Significantly, in this POM
electrochemistry study using BDD electrodes, dependencies on all these factors are found
under certain experimental regimes. These discrepancies require that limitations in the model
used to parameterise the electrode kinetics should be interrogated in detail in terms of BDD
electrode heterogeneity, POM surface interactions, POM ion pairing and other features of BDD

electrodes, such as heterogeneity and low density of states, not accounted for in the modelling.

EXPERIMENTAL

Full details of instrumentation, BDD electrodes and other experimental details are available in

the Supporting Information

SIMULATIONS AND DATA ANALYIS

MECSim software*® was used to simulate the FTAC voltammetric data assuming that the
Butler-Volmer model for a simple one-electron quasi-reversible electron transfer processes

applies to both a-[S,;W;50,,]*/57/6~ processes which are described and parameterised in
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Equations 1 and 2. The BDD disk electrodes employed were assumed to be fully homogeneous
on the FTAC voltammetric timescale which allows mass transport to be modelled according to
Fick’s Laws for planar diffusion. The model used also assumes no interaction of oxidised or
reduced POMs with the BDD surface, and that there is an infinite number of charge carriers

within the BDD electrode.
[S;Wi5062]*" + €7 S [S;Wi506,1°~  (EY' kY, 1) (1)

[S;Wi5062]°" + €7 S [S;Wi50¢,15  (ES", kY, a3) (2)

As noted in reference 2°, k°  and @~ parameters (equation 1) which are relevant to the formal

/

reversible potential (E° ) in the Butler-Volmer model are better described as kgpp and a,,,,

at E c(l)mo because POM ion-pairing is incorporated into these parameters in the modelling used

in this and other studies of electrode kinetics 2>*!*2. Coupling of electron transfer and ion-
pairing is satisfactory if ion pairing is reversible and electron transfer is fast, but if the electrode
kinetics are slow as often is the case with BDD electrodes, it may be problematic?. It will also
emerge from this study that there are several other reasons why the apparent (app) electrode

kinetic notation is more appropriate at BDD electrodes.

In the simulation of electron transfer process described by Equations 1 and 2, parameters such
as electroactive area (A4), diffusion coefficient (D), Ry, double layer capacitance (Ca),
temperature (7), scan rate (v), bulk concentration (C), AC amplitude (AE) and frequency (f) are
either known or determined separately. 4 was estimated using the method described in the
Experimental Section (see Supporting Information). Ry was calculated from the RuCa time
constant method by applying software provided with the CHI 760 E instrument to data obtained
from the potential region just prior to the onset of the a-[S,W;504,]*/>~ reduction process,

!

which is devoid of Faradaic current. In the heuristic form of data analysis, Egy,, was estimated
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. L . ERedipox
from the average of the reduction and oxidation peak potentials (%) derived from DC

cyclic voltammetry. The potential dependence of Ca ** was determined from the potential
regions in the fundamental ac harmonic data that are devoid of Faradaic alternating current via

Equation 3 where co, c1, ¢2, ¢3, and cs are coefficients associated with the polynomial.
Calt) = co + c1E(f) + c2E(£)* + c3E(f)* + ciE(1)* (3)

The frequency dependent polynomial coefficients were measured individually at each applied

frequency (9.02 or 27.01 Hz) *.

In the heuristic form of data analysis, k(%p and agy,, values were varied manually until
an acceptable agreement between the simulated and experimental data was attained based on
the judgement of the experimenter '®!7-1°. Although this data analysis method is exceptionally
tedious and prone to experimenter bias, an experienced electrochemist can ensure that
physically sensible parameter estimates are achieved and also detect systematic deviations in
comparisons of experimental and simulated data ?°. Furthermore, these estimates allow the
parameter space search range to be significantly restricted so that the computationally

supported data optimisation method can be used in an efficient manner 2>-%.

In the computationally supported data optimisation method, comparison of simulated
and experimental data was achieved using the least squares (LS) function given in Equation 4,
where f*P(t;) and f5™ (¢;) are the experimental and simulated data, respectively and 4 and N
denote the individual (from 2" to 6) AC harmonic component and number of data points,
respectively. Data optimisation was only applied to the 2™ to 6" AC harmonic components

where the contribution from background current is minimal.

2L @-fiim )|

S Sy P ()?

LS=|1-(3x¢_, /5| x 100% (4)
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RESULTS
DC cyclic voltammetry for reduction of a-[S;W;304,]*~ at BDD electrodes.

The BDD wafers used to prepare disc electrodes in this study (see Supporting Information)
were grown using the MW-CVD method, aimed to minimise sp? bonded carbon formation?'.
Laser cutting was then used to prepare cylinders of BDD, which were then sealed in either
Teflon or glass. As shown in Figure 1a, the DC cyclic voltammetry (CV) of a-[S,W;504,]*~
in CH3CN (0.50 M tetrabutylammonium hexafluorophosphate ([#-BusN][PF¢])) using the
glass-sealed BDD electrode is similar to that obtained at a GC electrode 2° with six well-
resolved one electron transfer processes evident prior to the solvent limit. In this study only the
o-[S;W;506,]*7/57/6~ processes are subjected to parameterisation. A comparison of the DC
cyclic voltammetry for both the glass-sealed BDD and Teflon-sealed BDD electrodes is

presented in Figure 1b and is based on the current density (7) to normalize the electrode area

differences.
2i(a) ~ 100{(b)
<=‘ 0 g 0
= 2 < 100,
~ -200/
-4 1 | . | . . . |
21 -1.4 -0.7 0.0 -0.8 -0.4 0.0
Evs(Fc”)v Evs(Fc v

Figure 1. DC cyclic voltammetry for reduction of 1.0 mM a-[S,;W;404,]*~ ata BDD electrode
in CH3CN (0.50 M [#-BusN][PF¢]) at a scan rate of 0.100 V s™!. (a) Glass-sealed BDD over a
wide potential range. (b) Glass-sealed BDD (—) and Teflon-sealed BDD (—) electrodes over

a potential range encompassing the a-[S;W;504,]%7/57/6~ processes only.
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Egp, values calculated from DC CV are summarized in Table 1. Eg),; and Egy,),

values are similar at both BDD electrodes to those reported at GC, Au and Pt electrodes®. This
independence of electrode material is in accordance with theoretical predictions since E2) ) is

app

a thermodynamic parameter.

Table 1. Data derived from the reduction of 1.0 mM a-[S;W;504,]* in CH3CN (0.50 M

[n-BusN][PF¢]) using DC cyclic voltammetry with a scan rate of 0.100 V s,

Eapp1 Eappz  AEpy  AEp,
Electrode V vs Fc¢”*? -
(Fc = Ferrocene)
Glass-sealed BDD -0.211 -0.595 0.080 0.084
Teflon-sealed BDD -0.214 -0.601 0.085  0.097
Wax treated glass-sealed BDD -0.215 0.599 0.096  0.101
Wax treated Teflon-sealed BDD -0.216 -0.600 0.095 0.106

*Uncertainty in Egy,, is + 5 mV
b Uncertainty in AEp is + 2 mV

Peak-to-peak separations (AE, = (Eged — EJ¥)) are also included in Table 1. Values
of AE,; =0.080 V and AE,, =0.084 V for the glass-sealed BDD are slightly smaller than
those of AEp; = 0.085 V and AE,,, =0.097 V found with the Teflon-sealed electrode. Larger

AE values (Table 1) are found after the BDD electrodes were treated with wax, as described in
the Supporting Information, to remove contributions to the voltammetry from sp? bonded
carbon edge effects introduced from the laser micromachining process 2. Assuming /R, drop

is unimportant, the AE|, data, with application of the widely used Nicholson method 36 of
electrode kinetic data analysis, imply that kgy,,, values at the glass-sealed BDD electrode are
greater than at the Teflon-sealed BDD one, which in turn are greater than the kgj,, values at

both wax treated electrodes. Furthermore, all AE}, values are significantly larger than those of

76



Chapter 3

AE,; = 0.060 V and AE,, = 0.063 V found at a GC electrode *, implying that k3, at BDD
is significantly smaller than at GC. However, use of this two-point method of data analysis is
very simplistic. It does not lead to an in depth understanding provided by detailed comparisons
of the full experimental data set with predictions based on simulated data, as undertaken in the

FTAC voltammetric studies described below.
FTAC voltammetry for reduction of a-[S, W;30¢,]*~ at BDD electrodes

Parameterisation of FTAC voltammetric data obtained at glass and Teflon-sealed BDD
electrodes. FTAC voltammetric data were obtained for the reduction of 2.5 mM a-
[S,W;504,]* in CH3CN (0.50 M [1#-BusN][PFs)) at glass and Teflon-sealed BDD electrodes
using a sinusoidal perturbation with f = 9.02 or 27.01 Hz and AE = 80 mV. Table 2

summarises the values of the Egp,, k3, and gy, for both electron transfer processes derived

from the heuristic form of data analysis as well as by automated data optimisation.
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Table 2. Parameters” derived by heuristic and automated data optimisation methods of
analysis of FTAC voltammetric data obtained at BDD electrodes for the reduction of 2.5

mM a-[S,W;504,]*" in CH:CN (0.50 M [n-BusN][PFq]).

. EOI Eor kor or

Electr- f Parameterisat- app1 app2 app1 wrz_ . LS
ode (Hz) ion method V vs F* om s apl Tappz o

Heuristic 0211 0595 0010° 0029 052 052

Range 0216 0602 0.001  0.005 040 040

9.02 to to to to to to
Automated Searched 1706 0502 0.025  0.050 070 070 2

Glass- Estd. 0208 -0.595 0.009° 0.016° 056 0.50

sealed Heuristic 0211 0595 0.010° 0.033° 050 0.53

Range 0215 0602 0.001  0.000 040 040

27.01 to to to to to to
Automated Searched 1706 0592 0.025 0050 070 070 ©7

Estd 0208 -0593  0.009 0.016° 052 0.64

Heuristic 0214 0601 _0.007° 0.004& 052 0.50

Range 0216 -0.603  0.001  0.001 040 040

9.02 to to to to to to
Automated Searched 1506 0504 0012 0010 070 070 O

Teflon- Estd 0210 0598 0.005 0.003 057 052

sealed Heuristic 0214 0601 _0.008° 00045 051 047

Range 0216 -0.603  0.001  0.001 040 040

27.01 to to to to to to
Automated Searched 1704 0504 0012 0010 070 070 V7

Estd. 0211  -0.595 0.005 0.003 055 051

@ Other parameters used in the simulations were: Agass—sealed BDp = 8.9 X 1072 cm?,

ATeflon—sealed Bpp = 7.1 X 102 cm?, diffusion coefficient (D) = 2.9 X 10° cm?s™!, T = 295K,
VGlass—sealed BDD = 0.072 V S_la VTeflon—sealed BDD = 0.076 V S_la AE = 80 mV, f = 9.02,
27.01 Hz. Ru—Glass—sealed BDD — 155 and 120 Q and Ru—Teﬂon—sealed BDD — 101 and 80 Q fOI'

9.02 and 27.01 Hz, respectively. Estd. = estimated.

b obtained from sixth AC harmonic (see text for details) ¢ derived from analysis of the second

to sixth AC harmonics (see text for details).

There are many ways of implementing the heuristic form of data analysis, with the
approach being at the experimenter’s discretion. For the glass and Teflon-sealed BDD

electrodes, the experimental and simulated sixth harmonics were initially compared because
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they are expected to be the most sensitive to variations in the electrode kinetics*’*® and also
fully devoid of background current ***°, Subsequently, simulations of the lower order (1% to
5™ AC harmonics, and aperiodic DC component were undertaken, using the values of kopp
and @, derived heuristically from the sixth harmonic and the predicted results compared with
experimental data. Figures 2 and 3 provide the outcomes of heuristic comparison of the

experimental data for the a-[S,W,;504,]*7/57/°~ processes undertaken in this manner for both

the glass and Teflon-sealed electrodes.

25 . 25 ...
1-a 1n-a
é 0.0 (-a) 3 o.o.( )
S.25 N.25
-0.9 06 03 0.0 -0.9 -0.6 -0.3 0.0
E vs(Fe¥*)/V E vs(Fc")/V
12/ (i-b) < 20| (ii-b)
g 0 J\w s M_M
ol - , : , 0l - , ‘ |
0 10 ., 20 30 0 10, 20 30
44(i-c) 6/ (ii-c)
“EIVL\VI\V,\V ROV VYN
S =
0 . . / ‘ ol . ‘ , |
0 10, 20 30 0 1 . 20 30
2](i-d 3.0{ (ii-d
<’ (i-d) < .. (ii-d)
< s 15
0 . , . ‘ 0.0L . ‘ , ,
0 1 20 30 0 0, 2 30
I(i-e 1.0/ (ii-e
< _),/VLMM\. Sos .,)JV\JM\IM'\JV\\_
503 Sl
0.0 0.0/
0 0 0 20 30 0 0 . 20 30
0.30{ (i-f) 0.30] (ii-f)
é0.15— ‘“ dh < 0.15] 'Jh ’m
0.00] . . . 0.00 . ‘ |
0 0 0 20 30 0 o 0 20 30
0.12 (i-g) 0.12{ (ii-g)
g 0.06 m m é - m M
0.00 0.00/
0 0 , 20 30 0 10, 20 30

79



Chapter 3

Figure 2. Heuristically based comparison of simulated (red) and experimental (blue) AC
voltammetric data obtained with AE = 80 mV, f = (i) 9.02 and (ii) 27.01 Hz, electroactive
area (4) = 8.9 X 10° cm? and v = 0.072 V s™! for the a-[S,W;504,]*7/57/6~ processes derived
from reduction of 2.5 mM a-[S,W;50¢,]*~ in CH3CN (0.50 M [n-BusN][PFs)) at a glass-sealed
BDD electrode. (a) DC component, (b-g) 1 to 6™ harmonic components. Values of electrode
kinetic and other parameters used in the simulations are provided in Table 2. Details of the

heuristic approach used to obtain the electrode kinetic parameters are available in the text.
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Figure 3. Heuristically based comparison of simulated (red) and experimental (blue) AC

voltammetric data obtained with AE = 80 mV, f = (i) 9.02 and (ii) 27.01 Hz, A = 7.1 x 107
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cm? and v = 0.076 V s™! for the a-[S,W;504,]*7/57/6~ processes derived from reduction of
2.5mM a-[S;W,;504,]* in CH3CN (0.50 M [#-BusN][PFs]) at a Teflon-sealed BDD electrode.
(a) DC component, (b-g) 1 to 6" harmonic components. Values of electrode kinetic and other
parameters used in the simulations are provided in Table 2. Details of the heuristic approach

used to obtain the electrode kinetic parameters are available in the text.

For a homogeneous electrode surface, use of the Butler-Volmer model with mass transport by
planar diffusion requires that kg;,p and @y, values derived from analysis of the sixth harmonic

should also should be valid equally for all the other AC harmonics. However, this was not the
case. Agreement of simulated and experimental data, which by definition was excellent for the
sixth harmonic using the parameters mentioned above, deteriorated significantly and
systematically when applied to the lower order harmonics, as shown in Figures 2 and 3. That
is, at both the glass- and Teflon-sealed BDD electrodes, if the heuristic form of parameter
estimation had been applied individually to each harmonic, apparently harmonic and frequency

dependant kg;p values would be estimated for data obtained at either 9.02 or 27.01 Hz. Clearly,

use of the Butler-Volmer model with mass transport by planar diffusion is not satisfactory for

0/

app2 for GC and metal electrodes?' as is

these BDD electrodes. Interestingly, whilst kgz;m >k

the case with Teflon-sealed BDD electrodes as evaluated heuristically from the sixth harmonic

K°

data set , somewhat unexpectedly, for the glass-sealed BDD electrode, kgz;pz > k-

The kgz;p and aa/pp values obtained by the automated data optimisation approach differ from

the heuristically estimated ones. In the automated approach the software was programmed to

O/ ’

find the best fit values of E 0 k op from second to sixth harmonics based on the

app> %app> %a
minimization of the LS function using all data; lower percentages in LS signify poorer

agreement between theoretical and experimental data. Since there is no experimenter based
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intelligence involved with the version of the automated method, unlike the experimenter

controlled heuristic method, E 21,/1,, kgl;p, aa/pp values reported in Table 1 simply represent a
statistically based estimate of the best fit to the data and not just from the sixth harmonic.
However, the fact that the LS values given in Table 1 are always significantly below 100%
confirms the presence of a pronounced discrepancy between theory and experiment, which is

consistent with the finding of the heuristic analysis. As seen from LS values in Table 2, the fit

of the modelled and experimental data is poorer at the Teflon-sealed BDD electrodes and at

the higher frequency where the process is less reversible. In all cases, kgz;p estimated by the

automated data optimisation method is smaller.

FTAC voltammetric data analysis with a wax-treated, glass-sealed BDD electrode. A major
origin of the considerable departure of the experimental data from that predicted theoretically
was hypothesised to be a consequence of electrode heterogeneity resulting from the sp? bonded
carbon present at the BDD electrode edge due to laser cutting as described in the Introduction
22 To mask this imperfection, the edge regions of both electrodes were wax treated as described
in the Experimental Section so that only the centre of the electrode was exposed to the
electrolyte solution. Since the BDD used in the fabrication of both electrodes was grown under
conditions where sp? bonded carbon is negligible?!, the wax-treated forms of the electrode were
assumed to contain purely sp> bonded carbon. Even though uneven boron doping will still be

present given the material is polycrystalline®, overlap of diffusion layers should allow data to

be modelled with the Butler-Volmer and planar diffusion relationships and provide E gp/p , kgz;p,

/7

@4y Values that are independent of AC harmonic and frequency.

A heuristic comparison of simulated and experimental AC voltammetric data at the

wax-treated glass-sealed BDD electrode is shown in Figure 4 for all harmonics, based on
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parameters estimated from analysis of the fourth harmonic. As in all heuristically based data
analysis exercises, the investigators in this study again used their experience to decide how to
compare this experimental and simulated data. Since the electroactive area (A = 3.4 X 107
cm?) of the masked electrode is now much smaller than that of the untreated electrode (A = 8.9
X 107 cm?) so are the current magnitudes of all AC harmonics. Thus, the starting point for the
heuristic data analysis in this case was not the now noisy sixth harmonic response (see Figure

4) as before, but the fourth where excellent signal to noise is available. Furthermore, since

/

kgpp values at this masked electrode are now significantly smaller, considerable kinetic

selectivity is still available in the fourth harmonic. Nevertheless, the difference in current
magnitudes in reduction (negative scan direction) and oxidation data sets (asymmetry) could

not be accommodated in the simulations.

The choice, based on experience with data analysis involving equivalently slow
electron transfer at Pt electrodes 2!, was to estimate electrode kinetic parameters based on
achievement of an almost perfect fit to the reduction component of the data set. The observed
asymmetry has been tentatively attributed to either ion-pairing coupled with slow electron
transfer or surface interaction, neither of which are included the simulated data >°. Parameters
obtained heuristically using the protocol chosen are summarised in Table 3. Notably, while

perfect agreement of experimental and simulated data is still not achieved with respect to the

oxidation component data set (see Figure 4) , estimates of kgppand @qpp for both of the a-

[S;W;506,]*7/5~ and a-[S;W;504,]°7/6~ reduction processes at the wax-treated BDD
electrode are now harmonic and frequency independent, as predicted theoretically. This
outcome is consistent with negligible levels of sp? bonded carbon (within the limits of
experimental discrimination) in the central area of the BDD electrodes, as expected given the

MW-CVD growth conditions employed 2.
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Table 3. Parameters® obtained by heuristic and computational methods of data analysis

for the a-[S;W;504,]* 757/~ processes from analysis of data derived from reduction of

2.5 mM a-[S;W;504,]* in CH3CN (0.50 M [#-BusN][PF¢]) at the wax-treated glass-

sealed BDD electrode.

f Simulation  Ru Eg;ﬂpl EC%IJZ kggopl k?l;opz / / LS
(Hz)  method  (Q)° V vs Fe¥* em s” appt Fappz oy
Heuristic -0.211  -0.595 0.007° 0.005° 0.52  0.50
Range -0.214 -0.600 0.001 0.001 0.40 0.40
9.02 hed to to to to to to
Automated searched 5205 -0.590  0.015 0015 070 070 4
Estimated -0.209 -0.593  0.007¢ 0.003¢ 0.54 0.54
Heuristic 0211 -0.595 0.008° 0.005° 0.52 0.48
Range 0214 -0.603 0.001 0.001 0.40 0.40
27.01 Automated searched to to to to to to 7
-0.205 -0.590 0.015 0.015 0.70 0.70
Estimated -0.210 -0.592  0.008° 0.003¢ 0.53 0.53

4 Other parameters used in the simulations are: Electroactive area of wax-treated glass-sealed

BDD electrode, A =3.4x 103 cm?, D =2.9%x 10°cm?s, T =295K,v =0.076 Vs, AE =

80 mV, f =9.02 or 27.01 Hz.

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

¢ estimated using reduction component of data only (see text for details).

4 determined from analysis of the second to sixth AC harmonics (see text for details).
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Figure 4. Heuristically based comparison of simulated (red) and experimental (blue) AC
voltammetric data obtained with AE = 80 mV, f = (i) 9.02 and (ii) 27.01 Hz, A = 3.4 x 107
cm? and v = 0.076 V 57! for the a-[S;W;504,]*/57/6~ processes derived from reduction of
2.5 mM a-[S;W;504,]* in CH3CN (0.50 M [n-BusN][PFs]) at a wax-treated glass-sealed
BDD electrode. (a) DC component, (b-g) 1° to 6™ harmonic components. Note that only the
reduction component of data was used in this analysis (see text for details). Other parameters

used in simulation are provide in Table 3.

The method of accommodating modelling imperfections in the heuristic form of data
analysis was not use in automated data optimisation. In the latter method, data obtained for

both oxidation and reduction components were used and treated equally. Therefore, even with
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the wax treatment of the glass-sealed BDD electrode, data analysis dependent parameter values

are anticipated. Heuristically, kgy,,; = 0.007 > kg, =0.005 cm s and kg, = 0.008 >
kg;,pz =0.005 cm s at 9.02 and 27.01 Hz, respectively. In particular, lower kopp values are

or

appz = 0.003 cm s™') using

estimated at both frequencies for the a-[S,W;504,]%>~/%~ process (k
automated data optimisation. These decreased kg, values as well as the still relatively low LS
values of ~73% are a consequence of inclusion of the oxidation component data set, which has
a lower current than the reduction one. Nevertheless, the difference between the ag,,, values
obtained by the heuristic and automated methods are now small (a; =0.52 and «, =

app1 app2

0.50 at 9.02 Hz versus agy,,; = 0.54 and ay,,, = 0.54 for heuristic and automated method,
respectively) and the EQ;,, values remain robustly independent of data analysis or electrode

format.

FTAC voltammetric data analysis with a wax-treated Teflon-sealed BDD electrode. The kgr’)p
and a,, values for the a-[S;W;404,]*7/>7/¢~ processes in CH3CN (0.50 M [n-BusN][PFq])
at the wax-treated Teflon-sealed BDD electrode also were obtained heuristically and
computationally by FTAC voltammetry using the same protocols as with the wax-treated glass
sealed BDD electrode. However, in this study, a-[S;W;50¢,]*~ concentrations of 2.5, 1.0, 0.50
and 0.25 mM were used to see if kg;,p is independent of concentration, as predicted

theoretically. Electrode kinetics as well as Egy,, values obtained are summarized in Table 4.
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Table 4. Parameters® obtained by heuristic and computational methods of data analysis

for the a-[S;W;50¢,]*/>7/6~ processes in CH3CN (0.50 M [n-BusN][PFg]) at the wax-

treated Teflon-sealed BDD electrode.

X . EO EO kO kO

Conc. f Simulation  Ru appl app2 appi app2 LS
(mM) (Hz)  method  (Q) V vs Fe* cm s’ Fappr  Fappz o

Heuristic 20216 -0.600 0.0050 00040 054 051

20225 -0.608  0.001 _ 0.001 040  0.40

9.02 125 Range to to to to to to
Automated 0208 0592 0015 0015 070 070 52

Estd. 0211 -0.596  0.0053 0.0043 053 053

2.5 Heuristic 20216 -0.600 0.0052 00045 054  0.53

20223 0605 0.001 _ 0.001 040  0.40

27.01 125 Range to to to to to to
Automated ® 0207 0590 0015 0015 070 o070 2

Estd.  -0213  -0.597 0.0057 00045 052 052

Heuristic 20216 -0.600 0.0072 __0.0050 054 0.5l

20223 0603 0.001 0001 040  0.40

9.02 110 Range to to to to to to
Automated * 0213 0591 005 0015 070 070 %

Estd. -0218  -0.600 0.0074 _0.0045 055 _ 0.53

1.0 Heuristic 20216 -0.600 00075 0.0055 052 051

20222 0605 0001 0001 040 040

27.01 110 Range to to to to to to
Automated ® 0208 0590 0035 0015 070 070

Estd. 0213 -0.595 00071 0.0044 053 053

Heuristic 202160600 0013 0010 052 0.53

20219 0610 0.005 0005 040 040

9.02 50 Range to to to to to to
Automated 0210 0593 0025 0025 070 070 0

Estd. 0214 -0597 0012 0.009 057 059

0.50 Heuristic 20216 -0.600 00135 0011 052 052

20220 0607 0.005 _ 0.005 040  0.40
27.01 50 Range to to to to to to 85

Automated 20211  -0.595  0.025  0.025 070  0.70

Estd. 0214 -0.598 00125 0010 056 058

Heuristic 202160600 0019 0012 052 052

20220 -0.603  0.005 _ 0.005 040 040
9.02 Auto- 123 Range to to to to to to 9

mated 0212 -0594 0030 0025 070 0.0

Estd. 0215 -0599 0018 0010 058 056

0.25 Heuristic 20216 -0.600 0020 0012 053 0.53

20219 -0.604  0.005 0005 040 040

27.01 123 Range to to to to to to
Automated ¥ o212 0595 0030 005 070 070 %2

Estd. 0216 -0.602 0018 0011 054 053

2 Other parameters used in the simulations are: Electroactive area of wax-treated Teflon-sealed

BDD electrode, A2_5 mM — 1.5 X 10-2, Al.O mM — 3.3 X 10-2, A0_5 mM — 4.7 X 10-2, AO.ZS mM —
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43x102cm?, D =29x10%cm?s!, T =295K, vy5 ym = 0.077 Vs'h, v gpum = 0.073 V
s, Vosmm = 0.073 V! vg5 mm = 0.073 Vs!, AE =80 mV, f = 9.02 or 27.01 Hz. Estd.
= estimated

bvalues vary due to slight difference in electrode arrangement in cell and electrode area.

In the case of the Teflon-sealed electrode, the electroactive area (A = 3.3 X 10 cm?)
after wax treatment was approximately half that of the untreated electrode (A = 7.1 X 102
cm?). Both a-[S;W;504,]*7/5~ and a-[S,W,;504,]°77/°~ still provided access to the aperiodic
DC and first to sixth AC harmonics for simulation-experiment comparisons. As expected,

E% . =-0.216 V and E*’

appl = app2 = -0.600 V again are close to the values estimated at GC, Au and

2

Pt electrodes %°. With this masked electrode configuration, excellent simulated versus

experimental data agreement was achieved heuristically at both 9.02 and 27.01 Hz as shown in

!

Figure 5 for reduction of 1.0 mM a-[S,W;40,,]*". Heuristically estimated kgpp values are

=0.0072, k2, = 0.0050 and k2, =0.0075, k2, = 0.0055 cm s at 9.02 Hz

0r
now k app2 = app1 app2 —

app1
and 27.01 Hz, respectively. ;1 and agy,, were 0.54 and 0.51, and 0.52 and 0.51 at 9.02 and
27.01 Hz, respectively. These values of kg;,p and agy,,, as with the wax treated glass-sealed
BDD celectrode provide equally acceptable fits to all harmonics and are independent of
frequency. However, a small, but reduced level of asymmetry not accommodated by Butler-
Volmer theory again is found in the reduction and oxidation components for the second process.
For this reason, with the wax-treated Teflon-sealed BDD electrode, parameters derived from
the automated data optimisation method still differ slightly from those obtained by the heuristic
method (see Table 4). In a statistical sense, a substantial increase in the LS percentages to
values approaching 90%, when the sp*> bonded carbon rich edge is removed, reflects the
significantly improved agreement between theoretical and experimental data achieved at the

!

wax masked electrode. Importantly, the kg, values at both the wax-treated Teflon-sealed and
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glass-sealed BDD electrodes also are now similar. The only detail now not in agreement with
simulations of the model based on Butler-Volmer theory is the dependence of kg, on
concentration. kgy,, increases as the concentration of a-[S;W,50¢,]*" decreases, as shown by
the data summarized in Table 4 and SI 2 and by results displayed in Figures S2, S3 and S4. For
example, for the wax-treated Teflon-sealed BDD (heuristic analysis) frequency = 9.02 Hz, the
kapp1 and kg, values increase from 0.0072 cm s and 0.0050 cm s to 0.013 cm s and

0.010 cm s! on decreasing the concentration from 1.0 to 0.50 mM.
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Figure 5. Heuristically based comparison of simulated (red) and experimental (blue) AC
voltammetric data obtained with AE = 80 mV, f = (i) 9.02 and (ii) 27.01 Hz, A = 3.3 x 107

cm? and v = 0.073 V 57! for the a-[S;W;504,]*/57/6~ processes derived from reduction of
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1.0 mM a-[S;W;504,]* in CH3CN (0.50 M [n-BusN][PF¢]) at a wax-treated Teflon-sealed
BDD electrode. (a) DC component, (b-g) 1% to 6 harmonic components. Other parameters

used in simulation are provide in Table 4.

FTAC voltammetric data analysis at an edge plane graphite electrode. The presence of sp?
bonded carbon at the edge of what should be a purely sp’ - based BDD electrode has been
hypothesised to be the reason why analysis of the electron transfer kinetics is compromised.
High resolution transmission electron microscopy has revealed that the sp? bonded carbon,
which originates from the laser cutting procedure, consists of highly ordered graphite layers
and amorphous carbon 2. To establish the electrode kinetics that apply at sp> bonded carbon
only, FTAC voltammetric measurements of the a-[S,W;504,]*/57/6~ processes in CH;CN
(0.50 M [n-BusN][PF¢]) at an edge plane graphite (EPG) electrode were undertaken. As shown
in Figure 6, excellent agreement between the simulated and experimental data for the DC and
first to sixth harmonic components was obtained at frequencies of 9.02 and 27.01 Hz with ESI’)p
and the kinetic parameters summarized in Table 5. Significantly, the peak currents in the higher

order harmonics for the second reduction process are now slightly larger than the first, a feature

also found with glass-sealed BDD electrode (Figure 2), prior to masking of the edge region

0r

with wax. This translates into kg;,pz being greater than kg1,

again a feature of the outcome

of data analysis with the glass-sealed BDD electrode.
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Figure 6. Heuristically based comparison of simulated (red) and experimental (blue) AC

voltammetric data obtained with AE = 80 mV, f = (i) 9.02 and (ii) 27.01 Hz, A = 3.8 x 107
cm? and v = 0.076 V 57! for the a-[S;W;504,]*7/57/6~ processes derived from reduction of
2.5 mM a-[S;W;504,]* in CH3CN (0.50 M [n-BusN][PFs]) at an EPG electrode. (a) DC

component, (b-g) 1% to 6™ harmonic components and (ii-g) comparison with simulated 6™

or

appz = 1000 cm s was

harmonic component based on a reversible process (black line) where k

used to obtain simulated data. Other parameters used in simulation are provided in Table 5.
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Table 5. Parameters” derived from heuristic and computational data analysis for the

reduction of 2.5 mM a-[S,W;304,]*" in CH3CN (0.50 M [r-BusN][PF¢]) at an EPG

electrode.
f Simulation Ru Et(l)ppl Egppz kgppl kgppz Xapp1 « LS
(Hz) method (Q) V vs Fe+ cm 5! app2 o
Heuristic -0.215  -0.593 0.06 >0.10° 0.55 0.56°
4
Range 0218 0596 0.045 0075 040 040
A d 115 searched to to to to to to
utomate 20212 -0.589  0.090 0.125 070  0.70
Estd. 0213  -0.593 0.065 0.107° 059 0.58° 84
Heuristic -0.215 -0.593 0.06 0.10 0.53 0.58
0216 -0596 0.045 0075 40 0.40
27 115 Range to to to to to to
Automated 20210 -0.590 0.090 0.135 070  0.70
Estd. 0213  -0.592 0.064 0097 060 0.63 84

2 Other parameters used in the simulations were: A =3.8 X 102 cm?, D = 2.9 X 10° cm? s,
T=295K,v=0076 V S'l, AE =80 mV, f =9.02, 27.01 Hz. Estd. = estimated.
bto close to reversible limit to be estimated

¢ too close to reversible limit to be reliably estimated (see text for details)

At the EPG electrode, k3, and k3, were found to be 0.06 and =0.10 cm s™,

respectively at 9.02 Hz, with the kinetics for the second process being too close to the reversible

limit to allow quantification. However, kgpp could be determined as 0.10 cm s at the higher

2
frequency of 27.01 Hz, which is comparable to the value obtained at GC.% On this shorter

measurement timescale, kg;,pz 1s now significantly below the reversible limit, as indicated in

Figure 61i-g. The fact that kgl’,pg > kgl’)pl at the EPG electrode, as found with the glass-sealed
BDD electrode, implies that graphite-like sp> bonded carbon present at the edge of this

electrode contributes to the non-ideal behaviour. An explanation for why this outcome is not

detected with the Teflon-sealed electrode is provided below.
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DC Cyclic voltammetry of surface confined a-[S,W,504,]1*" at EPG, wax treated and
untreated glass- and Teflon-sealed BDD electrodes. POMs are known to adsorb irreversibly
on GC and metal surfaces >>*!¥*. Due the BDD oxygen-terminated surface chemistry, low
levels of surface adsorption are observed (albeit species dependant)’, relative to sp?> bonded
forms of carbon. To test the extent to which the POM, a-[S,W,;504,]%", is adsorbed onto BDD
and EPG, dipping experiments were undertaken following the procedure described in the
Experimental Section in the Supporting Information. Figure S5 shows DC CVs obtained from
surface-confined a-[S,W;504,]*~ with EPG, glass-sealed BDD and Teflon-sealed BDD
electrodes with and without the wax treatment. Prior to measurement these electrodes had been
dipped into a CH3CN (0.50 M [#-BusN][PF¢]) solution containing 2.5 mM a-[S;W;506,]%7,
removed and voltammetrically scanned in background electrolyte containing MeCN only. Two
well-defined surface confined processes are present for each electrode configuration as

describe by Equations 5 and 6.

[S;Wig06,]*" + e 2 [S;Wy506,]°"

(adsorbed) (adsorbed) (5)

[S;W1062]°~ + e” = [S;W;506,]¢"

(adsorbed) (adsorbed) (6)

The dipping experiments confirm that a-[S, W;504,]*" spontaneously and irreversibly
adsorbs onto the BDD electrode surfaces as shown previously with GC electrodes 2°. However,
the current density (i /uA cm) at the BDD electrodes is much smaller than at the sp*> bonded
carbon rich EPG electrode. The surface concentrations calculated for a-[S,W;g04,]*™ are 2.3
x 101° 3.3 x 107" and 1.1 X 10'? mol cm?, respectively at the EPG, glass-sealed BDD and
Teflon-sealed BDD electrodes. The surface concentration for a-[S;W;504,]*™ at GC is 1.2 X

2 estimated from the CV data published previously*>. The adsorption of a-

10" mol cm
[S,W;504,]* on BDD, especially the glass-sealed one, was significantly supressed after wax

treatment (Figure S5c¢). The double layer capacitance value determined at -0.10 V is ~ 10 uF
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cm™ on the masked BDD electrodes , which is close to that found on high quality BDD?!. These
results demonstrate that that sp> bonded carbon rich edge of the BDD electrodes used in these
studies is more prone to a-[S,W;g0,,]*~ adsorption than the central region, which consists of
sp>-based BDD. Irreversible adsorption of a-[S,W;50¢,]* could be one possible origin of the

concentration dependence of kgy,,, at BDD. However, the fact GC, which displays much greater

level of adsorption, does not display concentration dependence?!, means other factors must be

considered, and are discussed below.

DISCUSSION

The thermodynamics and electrode kinetics associated with the a-[S,W,g04,]*~/57/6~
processes have been investigated by FTAC voltammetry at BDD electrodes. With use of the
Butler-Volmer model of electron transfer, slower electron transfer kinetics are found for both
electron transfer processes at BDD compared to EPG and GC. Slower electron transfer kinetics
at BDD compared to GC were also found for the reduction of other POMs'”"®. Smaller kg},
values at BDD electrodes, compared to other electrode materials, have also been found for the
[Ru(NH3)6]**?" and FETMA 2" electron transfer processes and were attributed to the potential-
dependant low density of states (DOS) of BDD'?. However, for reduction of a-[S,W;50,]*",

this correlation does not follow as although Pt has a DOS at least three orders of magnitude

higher than BDD'®!°, the kapp values at Pt and BDD are similar. %3 This suggests that the POM

processes are inner- rather than outer- sphere and the POM-electrode interaction is likely to be

a significant factor contributing to the electrode material dependent kgy,,,. Double layer effects,

which are also predicted to be electrode material dependent, are probably less important.

Clearly, an important feature of BDD electrodes complicating data analysis is the
sp*/sp? carbon ratio. For this POM, the sp*>-bonded carbon in BDD gives rise to sluggish

kinetics while the sp? bonded carbon impurity provides much more facile kinetics **. Faster
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kinetics (Figure 6 and Table 5) at the sp? bonded carbon based EPG, and GC, electrodes®

support this hypothesis. The unexpected order kgl’,pl < kg;,pz found at the glass-sealed BDD

electrode (Figure 2) is also a consequence of an appreciable level of graphite-like sp? carbon
present at the exposed edge of this electrode, of the same order as also observed at the EPG

electrode.

Although the BDD growth conditions such as time, pressure, temperature, gas
composition (hydrogen to boron and carbon ratios) and addition of noble gas (argon) *° have
been controlled to minimise sp? bonded carbon impurity levels, 84 they are introduced at the
sidewalls and edge of the BDD electrode during the laser cutting process *7. All, or at least the
vast majority of sp? bonded carbon content is masked when freshly sealed in the borosilicate
glass capillary or Teflon sleeve. However, the sp* bonded carbon rich edges/sidewalls are prone
to exposure by polishing with abrasive material e.g. alumina powder in order to clean the
electrode. This is as a result of the softer Teflon and glass sleeves being mechanically removed
at the expense of the extremely hard BDD. Hence, the sp?> bonded carbon content on the
exposed edge will vary from electrode to electrode dependant on e.g. fabrication procedure,
number of times alumina polished etc. This is unless the edges are masked, as in this study, or

thermal oxidation procedures have been employed, prior to sealing, to remove any sp> bonded

carbon®.

Variable sp? bonded carbon levels lead to non-conformance to the Butler-Volmer model

/

of electron transfer for the a-[S,W;50,,]*/>7/6~ processes, as only a single kgpp value is

/

included in the model to describe each electron transfer step, rather than two kgpp values as

required to treat electron transfer at both the sp® and sp* bonded carbon ?*. In the present study,

the Teflon-sealed BDD is larger in diameter than the glass-sealed one, so the edge to non-edge
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0’ 0’

app2 > kapp1 outcome

ratio is smaller and hence the impact of sp>-bonded carbon is less. The k

can also be seen as a fingerprint for appreciable levels of sp? bonded carbon contributing to the
BDD electrochemistry. kgp,; = 0.06 < k), == 0.10 cm s values determined at the pure

graphite (sp? carbon) EPG electrode (Figure 6) are consistent with the hypothesis that sp?

bonded carbon induced the kg;,pl < kgl;pz pattern at the glass-sealed BDD.

Upon masking the edge of the BDD electrodes with wax, significantly improved
simulation-experiment agreement with FTAC voltametric data modelled using the Butler-
Volmer relationship is achieved for the a-[S,W;50,,]*7/>7/6~ processes in CH3CN (0.50 M

[7-BusN][PF¢]). kg,’m values are now essentially frequency independent and close to being

independent of the BDD electrode sealing and data analysis methods employed. Nevertheless,

a non-predicted feature of the model remains in that estimated kgpp values decrease with

increasing concentration. A similar observation has been reported for other studies using BDD
electrodes ***°. Such effects have been attributed to Ohmic drop,*® or a (potential-dependant)
reduced DOS for BDD compared to sp? bonded carbon and metal electrodes.*” The latter will
manifest as an Ohmic drop-like effect, as the more the electrode is challenged to turn over
electroactive species i.e. the higher the analyte concentration, the harder this process becomes
due to the limited charge carrier availability. Pt electrodes which have a higher electrical

conductivity and DOS, do not exhibit this concentration effect®.

To investigate the plausibility of charge carrier limitations being the origin of the
concentration dependence, FTAC voltammetric measurements of the oxidation of Fc¢ to F¢*
(Fc = ferrocene), which is considered an outer sphere electron transfer process >°, with a wax-
sealed Teflon-coated BDD electrode in CH3CN (0.50 M [#-BusN][PFs]). Fc concentrations of
0.10 and 1.0 mM were chosen to mimic the current densities produced with a-[S;W;504,]*"

processes over the concentration range used in the POM study (see Table 4). Excellent FTAC
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voltametric theory-experiment agreement was observed for both Fc concentrations (Figure S6

and Table S1) using a frequency of 27.05 Hz, but as for the POM electrochemistry,

concentration dependant kgz;p values of 0.042 and 0.030 cm s! for 0.10 and 1.0 mM Fc were

obtained, respectively. In this Fc”* electrode kinetic study, the process at BDD is again

significantly slower than at GC and indeed also at Pt for this outer sphere reaction *°.

Nevertheless, the Fc”* process was still sufficiently fast. Consequently, values of kgz;p for this

process were quantified using a frequency of 27.05 Hz instead of 9.02 Hz.

The role of irreversible adsorption of POM and strong redox level ion pairing are also
factors that may need to be considered, particularly when coupled with slow electron transfer
at BDD electrodes. Such phenomena could contribute to unequal conformance of the modelled

and experimental reductive and oxidative data components for the BDD electrodes.

CONCLUSION

Experimental data associated with the a-[S,W,;504,]*/>~ and a-[S,W;504,]°7/6~
electron transfer processes at both glass-sealed BDD and Teflon-sealed BDD electrodes in
CH3CN containing 0.50 M [#-BusN][PFs] as the supporting electrolyte was obtained using
FTAC voltammetry. Neither processes fully conformed with simulated data based on the
Butler-Volmer relationship and planar diffusion using both heuristic or automated data
optimisation methods of data analysis. Furthermore, AC harmonic and frequency dependent
kg;,p and a;p,, values were obtained in disagreement with the theoretical model. Discrepancies
were hypothesised to be the result of a sp? bonded carbon edge/sidewall rich region which has

faster electrode kinetics than in the central purely sp® bonded carbon area of the electrode.

By simply masking the edge of the BDD electrodes with wax, the harmonic and

frequency dependence was removed, and concomitantly a significant improvement in
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or

app Vvalues at the sp’ bonded

agreement of simulated and experiment data was achieved. k

carbon BDD electrode surface, after removal of the sp?> bonded carbon electrode region,
became almost equal for both the glass and Teflon sealed BDD electrodes and significantly
decreased in magnitude. The electrode kinetics at BDD were much slower than obtained with
sp” bonded carbon electrodes such as GC and EPG, but were of a similar magnitude compared
to Pt*>. For the wax treated glass-sealed and Teflon-sealed BDD electrodes, and as for GC and

metal electrodes®', k%, . < k%!

app2 app1- 10 contrast parameterisation of data obtained with the

untreated glass-sealed BDD electrode produced the inverse order kg;,pz > kgr’,pl, which also
was found at EPG. This apparently anomalous feature at the glass not Teflon sealed electrode

is attributed to a higher ratio of graphite-like sp?/sp> bonded carbon for the smaller area glass-

/

sealed BDD electrode. Importantly, parameterisation of the thermodynamic parameter E gpp

was robustly independent of the nuances in the electrode kinetic evaluations.

Despite the improved conformance to the Butler-Volmer model of electron transfer
with mass transport by planar diffusion, the wax-sealed BDD electrodes provided

concentration dependent k3, values for the a-[S,W;506,]*7/57/6~ processes. Since the outer-

0/+

sphere Fc”" electron transfer processes also displays a concentration dependent ke%p value, a

component of the residual non-conformance to the theory was attributed to the limited charge
carrier density associated with BDD, which became progressively challenged as the
concentration of electroactive species increased. Other plausible reasons for a concentration
dependence may be adsorption and non-separation of ion pairing and electron transfer. The
voltammetry of a-[S;W;504,]*~ and other POMs were found to be consistent with an inner-
sphere process involving POM interactions with the electrode surface. Weaker irreversible
adsorption of POMs occurs at BDD, compared to sp? bonded carbon with the extent of surface

confinement in dipping experiments being EPG > BDD.
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To advance this work considerably more sophisticated data analysis methods would be
needed. A major issue is that additional unknown variables would need to be parameterised,
meaning that decisions on whether a better fit to data is achieved cannot be solely based on LS
values. Limitations and future prospects for modelling complex voltammetric mechanisms in
machine learning and Bayesian frameworks have been considered in a recent opinion article
by one of the authors >' However, the conclusions derived from this study are likely to be
generally applicable to electrode kinetic investigations at BDD electrodes. Finally, it should be
noted that subtle departures of experimental data from that predicated by the model used herein
would not be as readily detected if DC cyclic voltammetry had been used instead of the

kinetically far more sensitive FTAC voltammetric method.
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S1: Experimental

Reagents and solvents. The a isomer of [#-BusN]4(a-[S2W1s0Oe¢2]) was synthesized as
reported by Himeno et a/°! and kindly supplied by Professor Tadaharu Ueda (Kochi University,
Japan). Al,O3 (0.3um, Buehler), ethanol (99.5%, Ajax Finechem) and acetonitrile (CH3CN,
99.9%, Sigma-Aldrich) were used as supplied. Ferrocene (Fc, 98%, Sigma-Aldrich), was
recrystallized from n-pentane (Merck, EMSURE). Recrystallized>* tetrabutylammonium
hexafluorophosphate (n-[BusN][PFs], 98% Sigma-Aldrich) was used as the supporting

electrolyte.

Electrochemical instrumentation and procedures. Conventional DC cyclic
voltammetric experiments were undertaken with a CHI 760E electrochemical workstation. AC
voltammetry employed home built instrumentation 5°. In FTAC voltammetric experiments,
sinewave perturbations having a frequency of 9.02 or 27.01 Hz and an amplitude of 80 mV
were superimposed on to the DC ramp to generate the AC waveform. Fourier transformation
of the total current-time data gave the power spectrum. Band filtering followed by inverse
Fourier transformation led to resolution of the fundamental, and higher order AC harmonics

and aperiodic DC component 3.

All voltammetric experiments were undertaken at 2242 °C in a small volume
electrochemical cell (1.5 ml) using a three-electrode arrangement. Two BDD macrodisk
working electrodes were used. The BDD used in the fabrication of both electrodes was grown
in the form of a wafer using microwave chemical vapour deposition. The front (growth) face
of the BDD wafer, used for electrochemical studies, was mechanically polished, and the
required geometry cut using laser micromachining. Working electrode one consisted of a (i)
1.0 mm diameter disk of BDD (Electroanalysis Grade minimal sp? bonded carbon content

BDD, ~3 x 10%* atoms cm™ 5*°, Element Six, Harwell, UK®) laser cut (355 nm Nd:YAG 34 ns
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laser micromachinery; E-355H-ATHI-O system, Oxford Lasers) from a 500 um thick BDD
wafer and sealed in glass. Working electrode two comprised a 3.0 mm diameter disk of BDD
sealed in Teflon (Windsor Scientific, UK). No information is available on the boron dopant
density of this material, although as it is electrochemical grade it will have a boron content
above the metallic dopant threshold (> 10?° B atoms cm™)%¢. For convenience, these electrodes
will be described as glass-sealed BDD and Teflon-sealed BDD. A 2.0 mm X 1.9 mm edge
plane graphite macro-electrode (EPG; RS Components, Australia) sealed in Teflon and a 1.0
mm diameter macrodisk GC electrode sealed in Teflon were also used as working electrodes.
Prior to each experiment, all electrodes were polished with 0.3 um Al>O3 aqueous slurry, rinsed
successively with water and acetone, and then dried under nitrogen flow. Sonication was
applied after polishing for several seconds with the Teflon sealed electrodes. Sonication was
avoided with the glass sealed electrode due to concerns about glass fragility. Pt wire and Pt
wire inside a plastic capillary tube were used as auxiliary and quasi-reference electrodes,

respectively. Oxygen was removed by purging with nitrogen for at least five minutes before

each experiment.

The electroactive area (4) of the working electrodes was estimated using the peak
current (I5¥) for oxidation of 1.0 mM ferrocene (Fc) to ferrocenium (Fc") in acetonitrile (0.10
M [n-BusN][PF¢]) and use of the Randles-Sevcik equation 57 and the known diffusion
coefficient (D) value of 2.4 X 107 cm?s™! for Fc ®® in this electrolyte medium. This equation

also was used to calculate D for a-[S,W;504,]*~ %, using the reduction peak current (Iged) at

the GC electrode for the initial one electron (n = 1) transfer (a-[S,W;504,]%7/>7) process,
assuming this process is reversible on the DC voltammetric time scale 5. Accordingly, the
electroactive area of the glass-sealed BDD, Teflon-sealed BDD, GC and edge plane graphite

(EPG) electrodes were 8.9 X 103, 7.1 X 102, 8.0 x 10 and 3.8 X 102 cm? respectively and
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D o[s,W,504,]4 = 2.9 X 10 cm*s™'. The electroactive areas of the wax-treated BDD electrodes

also were calculated using the Randles-Sevcik equation and the D value for a-[S,W;g0¢,]%".
The potential of the quasi-reference electrode was calibrated against the [IUPAC recommended

Fc%* process S1°.

Preparation of wax insulated BDD electrodes. The method of preparing the wax
insulated BDD electrodes was based on that published by Li et. al !'. A cap (Figure Sla) with
a small hole in the centre was made from melted wax and mounted on the top of a polished
BDD electrode (Figure S1b) to ensure the edge of the original surface was not exposed to the
solution in electrochemical experiments. Fabrication of the BDD-wax electrode was completed
by wrapping with parafilm (Figure Slc and S1d) but leaving the hole uncovered so the BDD
in the centre of the electrode can be exposed to solution. Both the wax and parafilm used are

insoluble in CH3CN.
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Figure S1. Fabrication of a BDD-wax electrode. (a) Disk shaped wax cap, (b) BDD electrode,

(c) and (d) parafilm wrapped BDD-wax electrode.

Surface attachment of a-[S;W;50,4,]*~ on EPG, wax treated and untreated glass-
and Teflon-sealed BDD electrodes. Accumulation of a-[S,;W;504,]*" onto the EPG, glass-
and Teflon-sealed BDD electrodes was achieved by dipping the freshly polished electrodes
into a CH3CN solution containing 2.5 mM a-[S,;W;504,]* and 0.50 M [#-BusN][PFs]. After
five minutes, the electrodes were removed from the solution, washed thoroughly with acetone
and dried under nitrogen flow. These surface modified electrodes were then used as working

electrodes in electrochemical experiments in CH3CN (0.50 M [n-BusN][PFs]).
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S2: Effect of Concentration
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Figure S2. Heuristically based comparison of simulated (red) and experimental (blue) AC
voltammetric data obtained with AE = 80 mV, f = (i) 9.02 and (ii) 27.01 Hz, A = 4.7 X 107
cm? and v = 0.073 V 57! for the a-[S,W,;504,]*/57/~ processes derived from reduction of
0.50 mM o0-[S,W;504,]* in CH3CN (0.50 M n-[BusN][PF¢]) at a wax-treated Teflon-sealed
BDD electrode. (a) DC component, (b-g) 1% to 6 harmonic components. Other parameters

used in simulation are provide in Table 4.
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Figure S3. Heuristically based comparison of simulated (red) and experimental (blue) AC
voltammetric data obtained with AE = 80 mV, f = (i) 9.02 and (ii) 27.01 Hz, A = 4.3 x 107
cm? and v = 0.073 V 57! for the a-[S,W,;504,]%/>7/~ processes derived from reduction of
0.25 mM 0-[S,W;504,]* in CH3CN (0.50 M n-[BusN][PF¢]) at a wax-treated Teflon-sealed
BDD electrode. (a) DC component, (b-g) 1% to 6™ harmonic components. Other parameters

used in simulation are provide in Table 4.
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Figure S4. Heuristically based comparison of simulated (red) and experimental (blue) AC
voltammetric data obtained with AE = 80 mV, f = (i) 9.02 and (ii) 27.01 Hz, A = 1.50 X 10
2em? and v = 0.077 V s for the a-[S,W,;504,]%7/57/6~ processes derived from reduction of
2.5 mM 0-[S;W;504,]* in CH3CN (0.50 M n-[BusN][PF¢]) at a wax-treated Teflon-sealed
BDD electrode. (a) DC component, (b-g) 1% to 6 harmonic components. Other parameters

used in simulation are provide in Table 4.
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Figure S5. DC cyclic voltammogram obtained at a scan rate of 0.100 V s for the surface-
confined a-[S,W;506,]*/57/6~ reduction processes in CH3CN (0.50 M [1n-BusN][PFs]) with
(a) EPG (b) glass-sealed BDD (—) and Teflon-sealed BDD (—) and (c) wax treated glass-

sealed BDD (—) and Teflon-sealed BDD (—) electrodes.
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Figure S6. Heuristically based comparison of simulated (red) and experimental (blue) AC
voltammetric data obtained with AE =80 mV, f =27.05Hzand v = 0.097 V s°! for the Fc%/*
process derived from oxidation of (i) 0.1 and (i1) 1.0 mM Fc¢ in CH3CN (0.10 M n-[BusN][PF¢])
at a wax-treated Teflon-sealed BDD electrode. (a) DC component, (b-g) 1% to 6 harmonic

components. Other parameters used in simulation are provide in Table S1.
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Table S1. Parameters® derived from a heuristic comparison of simulated and experimental
FTAC voltammetric data for the Fc”* process in CH3CN containing 0.10 M [7-BusN][PFe]

using a frequency of 27.05 Hz with a wax-treated Teflon-sealed BDD electrode

Conc. (mM) Ru(Q) EY (VvsFc"") k% (cms™) a
0.10 603 0.000 0.042 0.50
1.0 497 0.000 0.030 0.50

2 Other parameters used in the simulations were: Ag ;v = 5.0 X 102 cm?, A gpum = 2.4 X 10°

2em?, D =2.4x 10° em?*s, T =295 K, v =0.097 Vs, AE =80 mV, f =27.05 Hz
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ABSTRACT

Large amplitude Fourier transform alternating current (FTAC) voltammetry has been used to
parameterise the electrode kinetics associated with the reduction of a-[S,W;50¢,]*~ in CH3CN
([n-BusN][PFg]) at glassy carbon (GC), gold (Au) and platinum (Pt) electrodes by experimenter
based heuristic and computer-assisted automated approaches. Electron transfer kinetics
estimated at GC are faster than that at the metal electrodes. Progressively increasing departure
from ideality in the experimental versus simulated data comparisons were found with reduction
processes that occur at more negative potentials and with higher electrolyte concentrations.
Ion-pairing between a-[S,;W;g04,]*~ or its reduced forms and the electrolyte cation may
contribute to non-conformance between theory and experiment. Electrochemical quartz crystal
microbalance experiments along with other cyclic voltammetric experiments reveal that
adsorption of reduced species can modify the electrode surface which also can contribute
towards the asymmetry in the reduction and oxidation components of the FTAC voltammetric
data. Enhanced double layer capacitance at negative potentials also could explain why the level

of non-ideality increases with reduction processes at more negative potentials.

Keywords: Fourier transform alternating current voltammetry, polyoxometalate

electrochemistry, non-idealitiy, ion-pairing, adsorption.
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1 Introduction

Polyoxometalates (POMs) are negatively charged inorganic oxide clusters having framework
structures. In their commonly synthesised form, they are constructed from high oxidation state
tungsten (VI), molybdenum (VI), vanadium (V) and other transition metals. As a consequence,
their chemical and electrochemical reductive redox chemistry, to generate for example
W(VI/V), Mo(VI/V/IV), V(V/IV) containing POM clusters is usually exceptionally rich.
Typically, under voltammetric conditions in aprotic solvents they undergo a series of
chemically and often electrochemically reversible one electron reduction processes that
represent metal based electron transfer reactions [1-3]. However, the electrons may be
delocalised over all or part of POM framework rather than being localised on one metal centre

[4-6].

The structure of the so-called Wells-Dawson structure of the a isomer of [S,W;504,]*~, which
is of interest in this study, is provided in Figure 1. There are many possible isomers of
[S,W;6062]* [7] but it is assumed the fully symmetrical a structre remains intact during

electrochemical reduction.

Figure 1. The structure of the o isomer of [S,W;50¢,]*~. Red and yellow represent the sulphur

heteroatom and the tungsten addenda atom, respectively.
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This POM contains 18 W(VI) metal centres, each of which in principle can be reduced to W(V)
and then to W(IV) if a sufficiently strong chemical reductant is used or a sufficiently negative
potential applied under electrochemical conditions. Indeed, in the presence of proton reactions
couped to electron transfer, which significantly facilitates reduction, 26 electrons have been
added to the molybdenum analogue [S,M0,504,]* [8]. In aprotic ionic liquids that have a
wide potential range in the negative potential region, as needed for the considerably more
difficult to be reduced [S,W;504,]*, 6 well-resolved one electron reduction processes have
been reported under DC voltammetric conditions at a glassy carbon (GC) electrode [9]. DC
voltammetric studies in the dry organic solvent acetonitrile (CH3CN) with different supporting
electrolytes [10-12], the absence of deliberately added supporting electrolyte and in the
presence of 5% water with and without acid also have been reported [9, 11]. These studies have
utilised a range of electrode materials and undertaken with stationary, rotated and channel

electrode configurations.

Table 1. Formal reversible potentials (E{)* and other data reported for the reduction of a-

[S;W,506,]*".

Solvent/ Working E{ (L ILIIL IV, V, VI)®
lectrolyte Electrode® State Ref
¢ V vs Fc%*(Fc = Ferrocene)
CH:CN- [n-Bu:NJIPFd] - Dissolved 160, -0.630, -1.195, -1.580, 2.050, 2380  [13]
(0.10 M)
Dry CH;CN/ .
-BuNIPE] 0.0M) € Dissolved  -0.245, -0.628, -1.199, -1.595, -2.094, -2.464  [9]
CH;CN/[n- Dissolved
GC -0.240, -0.620, -1.180, -1.570, -2.020, -2.320  [12
BusN][PF6](0.10 M) : : : ; ; [12]
(Colfocﬁ/)[BMN][Cloﬂ GC Dissolved  -0.240, -0.620, -1.180, -1.570 [11]
CH3;CN/H,O(95:5)/ Dissolved
[BLN[CI0A (0.10 M) GC -0.230, -0.590, -1.120, -1.420 [11]
CHzClz/[l’l- .
GC Dissolved  -0.437, -0.802, -1.353, -1.745 9
BusN][PF4](0.10 M) 18801ve : : . ]
GC Solid 0.02, -0.20, -0.64, -0.89, -1.080, -1.200
H,O/[EtN]CI (0.10 M) Lt b e et ’ 12
2O/ELNICL( ) Au Solid 0.02, -0.19, -0.63, -0.90 [12]
[BMIM][PFel* GC/Au Dissolved  0.020, -0.257, -0.720, -1.005, -1.373, -1.628 _ [9]
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Solid 0.030, 0.253, -0.714, -0.986, -1.362, -1.633
Dissolved  -0.001, -0.249, -0.701
[EMIM]{tfsal" GC/Au S;ist(i) = 0.000, -0.252, -0.700, -0.986 i
PLAF Sl R e e
(BIMBFf GCAY g 00T, 0380, 0735, 078 5

#Estimated from the mid-point potential [(E ged + E§¥)/2)] derived from DC cyclic voltammograms

® GC= Glassy Carbon, BDD = boron doped diamond and Au = gold.

L II, II, IV, V and VI refer to a-[S;W;g062]* /%7, a-[S;Wi5062]°7707, a-[S;Wi50621°7777, a-
[S;Wig062]7 7787, a-[S;W;g062]8 /%~ and a-[S;W;g042]° /10 processes, respectively.

4 values (vs Ag/AgCl) converted to the Fc®/* scale using the Ag/AgCl and Fc%* standard potentials in
aqueous media of 0.212 [14] and 0.44 [15] vs NHE, respectively at 25° C.

¢ 1-Butyl-3-methylimidazolium hexafluorophosphate

" 1-ethyl 3-methylimidazolium bis(trifluoromethane sulfonyl) amide

¢ N-butyl-methylpyrrolidinium bis(trifluoromethanesulfonyl) amide

" 1-Butyl-3-methylimidazolium tetrafluoroborate

Table 1 summarises the formal reversible potentials (Ef) derived from analysis of DC cyclic
voltammmograms for the a-[S,W,g0,]*~/57/6=/7=/8=/9=/10= processes (designated as I, II,
III, IV, V and VI) using a range of electrodes, solvents and electrolyte. Clearly, the solvent
plays a critical role and E{ is strongly dependent on polarity [8]. Thus, with respect to
molecular solvents, the most negative Ef values (-0.437 V vs Fc/Fc' for process 1) were
obtained in dichloromethane (least polar solvent used) whereas use of H>O (most polar solvent
used) gives a much more positive Ef value (0.02 V vs Fc/Fc* for process I). Accordingly, since
the polarity of CH3CN lies between that of these two solvents, so do the Ef values. In general,
EP values are also very positive with use of ionic liquids. Moreover, E{ values become more

positive with higher electrolyte concentration because of increasing ion-pairing differences
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between the electrolyte cation ([#-BusN]") and oxidised (e.g. a-[S;W;50¢,]*7) and reduced
(e.g. a-[S;W;504,]°7) forms. Not surprisingly, the purity of solvent, particularly with respect
to water content also is critical [9] with more negative E{ values obtained in carefully dried

CH;CN [12].

The above survey of literature reports implies that all processes associated with DC cyclic
voltammetry of a-[S;W,;504,]* at stationary macrodisc electrodes are ideal chemically and
electrochemically reversible or close to reversible processes. However, close inspection of data
obtained in acetonitrile containing [#n-BusN][PFs] as the supporting electrolyte, which is the
solvent- electrolyte medium of interest in this study show significant departures from ideality
under some conditions. Thus, while six well resolved a-[S,W,g0,]*~/57/6=/7-/8=/9=/10=
processes have been reported at carbon based glassy carbon (GC) and boron doped diamond
(BDD) electrodes under conditions of stationery electrode DC cyclic voltammetry [10, 12], it
has been noted that only the first two are present at a rotated disc GC electrode [11].
Furthermore, in a quantitative electrode kinetic evaluation of the first two a-
[S,W,506,]*7/57/6~ processes by large amplitude Fourier transform alternating current
(FTAC) voltammetry at GC, BDD, Au and Pt disc electrodes [10] some anomalous behaviour
with respect to conformance to the Butler-Volmer model of electron transfer was detected [16],

6= processes at a Pt electrode. Anomalies with

particularly with respect to the a-[S,W;504,]°~/
respect to theoretical predictions also have been noted in other studies with this electrode
material when POM reduction processes occur at fairly negative potentials [1, 17]. Processes
at Pt appear to have relatively slow electrode kinetics relative to the carbon and gold electrode

cases. Under these circumstances, neglect of strong ion-paring that inevitably is a feature of

POM chemistry [18-20], but rarely incorporated into parameterisation of the electrode kinetics,
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was hypothesized to be a possible contributing factor to discrepancies between Pt electrode

experimental and simulated data [19].

In addition to ion-pairing, another special issue that also may arise with the extensive series of
0-[S, W04, |*7/57/67/7=/8=/9=/10= processes is that they encompass a very wide potential
range. This includes the very negative one near the solvent limit where the impact of the ion
distribution in the electrode-solution double layer interfacial region [21, 22] could be
substantial. For example, with 0.10 M [n-BusN][PFs] as the supporting electrolyte, the double
layer region at and adjacent to a highly negatively charged electrode is expected to contain a
very high concentration of the [n-BusN]" cation. Accordingly, the double layer impact on a
process that occurs in this region near the negative solvent limit may be far more important
than would apply at potentials near to the point of zero charge. In the present context, this
means that the a-[S,W,;504,]*/>~ process at -0.24 V vs Fc”* [12] will encounter a very
different double layer environment than that of the a-[S,W,;504,]°7/*°~ one at -2.32 V vs Fc"*
[12]. In this context, studies by Fawcett et al [23] on the impact of tetraalkylammonim

electrolytes in dynamic electrochemical studies may be relevant.

The above considerations raise issues concerning as how to model a complete thermodynamic
and electrode kinetic descriptions of the very rich voltammetry of very negatively charged
POMs. Historically, most voltammetric (polarographic) studies with this class of compound
were undertaken at the dropping mercury electrode [24]. In recent times, use of mercury as an
electrode material has been phased out due to toxicity concerns. In its place, GC has been the
electrode of choice for many POM studies, because of its wide negative potential range as at
mercury. With this electrode material, many more examples of well-defined, reversible
processes, have been reported using DC voltammetric techniques which have allowed

reversible potentials to be estimated. While many POM processes may have some of the
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characteristics of close to reversible or quasi-reversible processes, parameterisation using a
model based on a simple one electron for every process in the a-
[S,W,50,]%/57/6=/7=/8=/9=/10= geries has to be an oversimplification. For example, the o-
[S,W,;504,]°7/1°~ process occurring at very negative potentials is expected to involve ion-
pairing and suffer from double layer and other effects rather than being a simple outer sphere
electron transfer reactions as commonly assumed. In this study, we have extended detailed
studies on a-[S,W;504,]%7/°7/6~ process to encompass all one electron transfer processes
available for reduction of [S,W;504,]*~ at GC, Au and Pt electrodes in acetonitrile containing
0.10 or 0.50 M [n-BusN][PFs] by DC and FTAC voltammetry as well as by other techniques.
A progressively increasing level of departure from that predicted by the Butler-Volmer model
has been found in each reduction process as a consequence of enhanced ion-pairing and
electrode material dependent surface interactions associated with the more highly reduced
forms. Given that POMs are of widespread interest in electrocatalysis [25-29] and battery
development [30-33], enhanced knowledge of subtleties that exist in the POM electrochemistry

may assist both fundamental and applied aspects of the field.

2 Experimental Section

2.1 Reagents and Solvents

[n — BuyN],(a — [S,W;504,]) was synthesized according to a literature method [34] and
kindly provided by Professor Tadaharu Ueda. Ferrocene (Fc, 98 %, Sigma-Aldrich), Al2O3
(diameter = 0.3 pm and 0.05 pm, Buehler), acetonitrile (CH3CN, 99.9 %, Sigma-Aldrich) and
ethanol (99.5 %, Ajax Finechem) were used as obtained from the manufacturers.
Tetrabutylammonium hexafluorophosphate ([n-BusN][PF¢], 98 %, Sigma-Aldrich) was

recrystallized [14] and used as the supporting electrolyte.
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2.2 Electrochemical Instrumentation and techniques

Conventional DC voltammetric measurements were undertaken with a electrochemical
workstation (CHI-760E). FTAC voltammetric experiments were executed with home-built [35]
instrumentation using a sine wave perturbation having an amplitude (AE) of 80 mV and a
frequency (f) of 8.98 or 26.95 Hz superimposed upon the DC ramp. Frequency domain data in
the form of a power spectrum were obtained from the total current-time data by Fourier
transformation. Inverse Fourier transformation applied to the power spectrum with a
rectangular window used for band filtering was used to generate the resolved aperiodic DC

component and the AC harmonics [35-37].

Steady state voltammetry of a-[S,W;504,]*” in CH3CN (0.50 M BusNPFs) was achieved by
the GC, Au and Pt rotating disc electrodes (RDE; 3 mm diameter) using a CHI 760E
electrochemical workstation. Rotation rate of 52.4 s was applied by the BAS-M 1005
electrode rotator. Pt wire in a glass frit containing 0.50 M [rn-BusN][PF¢] in CH3CN was used

as reference electrode and Pt wire as the counter electrode.

A three-electrode electrochemical cell was used for all voltammetric experiments which were
conducted at 22+2° C. Oxygen was removed from the test solution by purging with nitrogen
for at least 10 min prior to each experiment. eDAC metal (Au and Pt) and GC (nominal
diameter = 1.0 mm) disc working electrodes were polished with aqueous Al,Os slurry before
each voltammetric experiment. Sonication for 10 tol5 seconds was used to remove polishing
residue followed by rinsing with water and acetone. Finally, the working electrodes were dried
under a flow of nitrogen. Pt wires were used as both auxiliary and quasi-reference electrodes.
The IUPAC recommended Fc”* oxidation process [38] was used to calibrate the potential of

the Pt quasi-reference electrode.
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Mass changes occurring during voltammetric experiment at gold coated quartz crystal
(electrode area (4) = 0.205 cm?, oscillation frequency = 8.0 MHz) were detected by the
electrochemical quartz crystal microbalance (EQCM) technique using CHI 400B

instrumentation.

The Randles-Sevcik equation [39] (Eqn. 1) was used to determine the effective area of the
macrodisc working electrodes via the DC peak current for oxidation of 1.0 mM Fc to Fc¢' in
CH3CN containing 0.10 M [#-BusN][PFs] as supporting electrolyte with a known diffusion
coefficient of 2.4 X 10 cm?s! for Fc [40]. In this equation, I, n, C, v T, R, F and 4 denote the
oxidation peak current, number of electrons transferred in the Fc/Fc™ process (n = 1), bulk
concentration, scan rate, absolute temperature, universal gas constant, Faraday’s constant and
electrode area, respectively. The estimated effective areas of the GC, Pt and Au electrodes
determined by this method were 8.0 X 102 cm? 8.0 X 10 cm? and 8.1 X 107 cm?

respectively.
I, = 0.4463nFA(nFDv/RT)Y%C (1)
2.3 Simulations

MECSim (Monash Electro-Chemistry Simulator) software [41] was used to simulate the
theoretical voltammetric data using the simple one-electron transfer process (Eqn. 2), where
Ox and Red are the oxidised and reduced forms of the POM, with Butler-Volmer theory for

electron transfer and mass transport by planner diffusion.

Ox+ e~ S Red (E% k% a) (2)

The parameters E° (reversible potential), k° (heterogeneous charge transfer rate constant)

at E°, a (charge transfer coefficient), D (diffusion coefficient), Ry (uncompensated resistance)
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and Cq (double layer capacitance) have to be introduced into the simulations in order to mimic
experimental data. The RuCq time constant technique available with the CHI electrochemical
workstation was employed to determine Ry. In heuristic forms of data analysis E° was assessed
from the average of the oxidation (£,°*) and reduction (E,*) peak potentials in DC cyclic
voltammetric experiments. The diffusion coefficient of a-[S,W;50¢,]*~ was estimated from
the reduction peak current associated with a-[S,W;50,,]*7/>~ at a GC electrode using the
Randles-Sevcik relationship [39] (Eqn. 1). Values found by this method are 2.9 X 10 and 6.3
X 10 cm?s!, with 0.50 and 0.10 M [#-BusN][PF] as the supporting electrolyte, respectively.
Same level of difference in diffusion coefficient was also observed with ferrocene, suggesting

that the change in viscosity is the origin of this difference.

The value of Cq1 was estimated at each potential from the fundamental harmonic AC data where

faradaic current is absent and use of the potential dependent capacitor model [42].
Calt) = co + c1E(f) + c2E(1)? + c3E(f)* + caE(1)* 3)

In this polynomial Equation 3, the nonlinearity is defined by co, c1, ¢2, ¢3, and c4 and the time
dependant potential is denoted by E(f). These coefficients were obtained at each frequency

(8.98 or 26.95 Hz).

2.4 Parameterisation

In initially used heuristic forms of parameterisation, comparisons of the AC harmonic
components of experimental and simulated data were undertaken visually by the experimenter.
Values of k° and a reported were derived from the experimentalist’s assessment of the best
match of experimental and simulated data. The computer assisted automated data analysis
protocol used after undertaking the heuristic form of parameterisation is described in detail

elsewhere [10]. This procedure was used to compare the experimental and simulated data using
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the least squares (LS) based “best fit” function given in Equation 4 to estimate E°, k° and «
values. The subscript app is now applied to the E° k° and o parameters because a simple
electron transfer scheme is used to approximate a more complete square reaction scheme where
ion-pairing is involved. [43, 44] These values are a function of supporting electrolyte
concentration. Minimum influence of non-faradaic current was achieved by employing 2" to

6™ harmonic components in this automated simulation.

S P ()2

=V [(2 en-5im )’
LS=|1- zg_zj {0 i) | /5| x 100% (4)

where f°*P(t;) and 5™ (t;) symbolize the experimental and simulated functions, respectively
and /4 and N represent the individual AC harmonic component and number of data points,

respectively.

The tedious heuristic method is used initially to provide a good estimate of parameters. This
facilitates minimisation of parameter space that needs to be searched in the data optimisation
method, ensures that physically realistic parameters are reported as the outcome form the data
optimisation method and enhances prospects of detection of systematic but subtle discrepancies
in experimental and simulated data that are more likely to be detected by visual inspection by

an experienced experimentalist than from analysis of LS values [10].
3 Results and Discussion:

3.1 DC Cyclic voltammetry of a-[S;W;50¢,]*~ at GC, Au and Pt Electrodes:

DC cyclic voltammograms starting at potentials prior to the initial reduction of a-
[S,W;5062]* up to the solvent limit were recorded in CH3;CN at a scan rate (v) of 0.100 V

s™1 at GC, Au and Pt electrodes with 0.50 M and 0.10 M [#-BusN][PFs] (see Figure 2) as the
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supporting electrolyte. The more negative solvent reduction limit at GC allows six reduction
steps to be observed, nominally (ion-pairing neglected) representing consecutive reduction of
a- [S;W15062]*" to a- [S;W1506,]°7, then to a- [S;W150621°7 , a- [S;W15062]7 5 -
[S,W;5062]187, a-[S;W,;504,]°~ and finally to a-[S;W,;504,]1% as reported previously [11].
The lower negative potential limit at the Au electrodes restricts reduction to five steps, while
the even less negative limit at Pt electrode allows only three processes to be observed. In
contrast with the simpler series of processes seen at GC (six processes with equal peak heights),
0-[S;W;g042]* voltammetric reduction processes at Au show a progressive decease in peak
currents. At Pt electrodes, even the third process is barely seen and its shape is unusual relative
to other processes. These observations indicate probable complexity accompanying o-
[S,W;504,]* reduction processes which means they may not be well-modelled by Butler-

Volmer electron transfer theory.
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Figure 2. DC cyclic voltammograms obtained at a scan rate of 0.100 V s for reduction of 2.5

mM a-[S;W;50¢,]*" in CH3CN (0.10 M [1n-BusN][PFs]) at (a) GC (b) Au and (¢) Pt electrodes.
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Table 2 summarises the mid-point potential Exn = (ES* + E5%)/2, which provisionally is
equated to EJp,, and peak-to-peak separation AEp = Eg* — E5ed values for processes in
CH3CN (0.50 and 0.10 M [n-BusN][PFs] at GC, Au and Pt electrodes. Egpp values at GC

=-0.215V,E2, , =-0.592 V, E?

electrode appear at more positive potential (E2 appl = app2 = app3 = -

1.156 'V, EQypy = -1.539 V, ES, s = -2.006 V and ES,, = -2.344 V) with the higher

concentration (0.50 M) than with the lower concentration (0.10 M) of [#-BusN][PF¢] ( E2

appl
-0.232 V, Eam,2 = -0.608 V, Egpp3 =-1.178 V, E app4 =-1.563 V, EappS =-2.046 V and
Eam,6 = -2.409 V). The same scenario also applies in most cases for the processes at Au and

Pt electrodes, but E2 ppVvalues are only independent of electrode material for processes up to IV

(see Table 2). E2

app 18 a parameter that is assumed to be thermodynamically pinned and hence

should be independent of electrode material, so yet another discrepancy with theoretical
predictions based on simple electron transfer reactions is evident. Nevertheless, the positive
E2pp shift usually found with use of 0.50 M [#-BusN][PF¢] instead of 0.10 M [n-BusN][PFe]
supporting electrolyte concentration is consistent with the presence of a stronger ion-pairing

impact with the higher electrolyte concentration as noted in other studies [10, 45].

Table 2. Summary of voltammetric parameters obtained from the reduction of 1.0 mM a-

[S,W,;504,]* in CH3CN (0.10 and 0.50 M [n-BusN][PFs]) at a scan rate of 0.100 V s™!.

5 Ez(z)ppl Ez(z)ppz Ez(z)ppS Ez(z)pp4- EOppS Egpp6 AEPl AEPZ AEP3 AEP4 AEPS AEP6
5 %22
g F° Ve vs Bt v
5 s
gec 050 0215 -0.592 -1.156 -1.539 -2.006 -2.344 0.060 0.074 0.078 0.078 0.079 0.088
0.10 0232 -0.608 -1.178 -1.563 -2.046 -2.409 0.062 0.075 0.080 0.075 0.087 0.082
Ay _0.50 -0215 -0.593 -1.159 -1.540 -2.025 ¢ 0.063 0.077 0.086 0.094 0.150 d
0.10 0232 -0.606 -1.174 -1.566 -2.083 ¢ 0.068 0.083 0.090 0.100 0.240 d
Pt 0.50 -0.218 -0.595 ¢ d ¢ ¢ 0.068 0.090 ¢ d d d
0.10  -0.233 -0.606 ¢ d ¢ d 0.070 0.100 ¢ d d d
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* Uncertainty in E, gm, i1s+5mV
b Uncertainty in AEp is + 2 mV
“Poorly defined

4 solvent breakdown interrupts the voltammetric response

As previously noted [10] the value AEp; = 60 mV obtained at v=0.100 mV s for the a-
[S,W,;504,]%/5~ process in CH3;CN (0.50 M [n-BusN][PFs]) at a GC electrode is close to the
theoretically predicted value of 56.4 mV [39] for a reversible one-electron process at 22 °C,
signifying that on this DC voltammetric time scale process I can be regarded as being reversible.
However, values of this parameter progressively increases upon more extensive reduction
(AEpy; =0.074 V, AEp3 = 0.078 V, AEpy = 0.078 V, AEps = 0.079 V and AEpg = 0.088 V).
In general, the scenario (AEpy < AEp, -+ < AEp,) also applies at Au and Pt electrodes, implying
that kgm,l > kgm,z -+ > kgppn at all electrode materials if the processes truly conform to the
Butler-Vomer model and are simple quasi-reversible reactions. Also noteworthy is the fact that
AEp values are significantly smaller at the GC electrode than at metal ones (AEp; = 0.063 V,
AEp, = 0.077 V, AEp3 = 0.086 V, AEp, = 0.094 V and AEp5 = 0.150 V at Au and AEp; =
0.068 V and AEp, = 0.090 V at Pt) which according to Butler-Volmer theory implies faster
electrode kinetics at the carbon based electrode assuming /R, drop at all electrode materials are

7=/8= and a-

comparable. Significantly, the very large AEp values at Au for the a-[S,;W;504, ]
[S,W,504,]87/° processes are indicative of a quite slow electrode kinetics if these are simple

one-electron electron transfer reactions.

In principle, studies by DC cyclic voltammetry over a wide range of potentials could be used
to assess to what extent departures from simple one-electron transfer processes occur. However,
this is extremely difficult with up to six processes to evaluate with diffusion tails between
processes making a major contribution and significant potential dependent charging current

contributions at negative potentials. Additionally, maintaining exactly the same electrode state
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for each scan rate experiment is also problematic. Thus, quantitative studies were attempted
using a single FTAC voltammetric experiment and examining the extent to which the Butler-
Vomer model is applicable, as was undertaken with the a-[S,W;504,]*7/57/% processes [10].
The advantages of the FTAC voltammetry in quantitative electrode kinetic studies has been

described in several reviews [45-48].

3.2 FTAC voltammetric parameterization of the a- [S;W,;504,]*/>~/6-/8-/9-/10-

reduction processes in CH3CN (0.50 M [n-BusN][PFs]):

The E2pp,

kgm, and a4y, values associated with processes I and IT have been established by
FTAC voltammetry [10] with results and departures form ideality and virtues of using both
experimenter based heuristic and computationally efficient data optimisation approaches
reviewed in the introduction. In this earlier study, processes I was parameterised as a separate
exercise using data obtained by collected in the potential range prior to the onset of process I
and switching the potential prior to the onset of process II. Processes I and II were also
parameterised using data generated in a single experiment by switching the potential prior to
process III. Processes I and II along with processes III, IV, V and VI at GC, processes III, IV
and V at Au and process III at Pt are now subjected to parameterisation from a single data set
collected in one experiment covering the potential range encompassing all processes displayed
in Figure 2. Initially, reduction of 2.5 mM a-[S;W;504,]*~ in CH3CN (0.50 M [n-BusN][PF¢])

is studied by FTAC voltammetry using the heuristic and automated forms of data analysis. This

high electrolyte concentration means that ion-pairing will be substantial.

In the heuristically based parameterisation exercise initially undertaken, Eg,,, values were set

at the mid-point potential values derived from DC cyclic voltammetry. An extensive series of

FTAC voltammetric simulations with systematically varied kg, and @g,, values were
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generated in their resolved DC and AC harmonic components and outcomes compared visually
with experimental results until the best possible agreement had been achieved in the opinion

of the experimenter.

A summary of the heuristic parametrisation analysis outcome for FTAC voltammetric
reduction of 2.5 mM a-[S,W;50,,]*” in CH3CN (0.50 M [n-BusN][PF¢]) over the potential
range of 0.15 V to —2.525 V for GC (six processes) and Au (five processes) and 0.15 V to
—1.375 V for Pt electrodes (three processes) is provided in Table 3. A comparison of
experimental and simulated FTAC voltammetric data based on parameters provided in this
Table are displayed in Figures 3, and S1 for GC, and Figures S2 and S3 for Au and Figure S4
for the Pt electrode. The extensive set of thermodynamically favoured cross redox reactions

and ion-pairing are neglected in this and subsequent data analysis exercises.

0

As noted in reference [10], only lower limits of k,,,,

1 could be determined at GC at the low
frequency of 8.98 Hz (Figure 3) by FTAC voltammetric method as this response lies at or the
reversible limit within experimental error. Thus, only the thermodynamic parameter Egppl is
needed to define this FTAC voltammetry. On the other hand, subsequent processes are
significantly slower than the first and can be simulated with electrode kinetic parameters that
lie well below the reversible limit, even at this low frequency. In contrast, the heuristically
estimated values of kgppl and a,p,1 at the higher frequency (shorter time scale) of 26.95 Hz
for the first process are considered reliable as they are parameterised from the “best fit”

simulations undertaken with kinetic parameters much slower than anticipated for a reversible

process (Figure S1g).

Figures 3 and S1 show the FTAC voltammetric comparison between simulated and

experimental data at GC electrode as assessed heuristically. The experimenter in this exercise,
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decided to achieve an almost perfect match for the AC harmonics on the reduction component
for all processes, but this meant that for processes III, IV, V and VI the oxidative on reverse
scan direction displayed a level of discrepancy which increased progressively towards the
higher the order of the AC harmonic. Similarly, experiment- theory comparisons of the
aperiodic DC component display progressively poorer agreement beyond processes I and II.

Effectively, this is equivalent to the experimenter deciding to bias the parameterisation to the

reduction components of the AC harmonics to give kg,,,; = =0.10, kg, = 0.080, kg, 3 =
0.053, kS, 4 = 0.041, k< = 0.012 and k2, s = 0.002 cm 5! at 8.98 Hz and k9, , = 0.10,
KO,z = 0.084, kO o = 0.057, kO, 4 = 0.045, k%, = 0.014 and k0,5 = 0.002 cm s at

26.95 Hz. A major virtue of this strategy is that the electrode kinetics for all processes are
independent of frequency as required by the Butler-Volmer model. Kinetic values for 6
process were only determined from the 1% to 3™ harmonic AC components as the current
magnitude in higher harmonics is very small. The experimenter could of course have chosen
alternative heuristic data analysis strategies and tried to fit data to the average of the reduction
and oxidation harmonic data, but this would be exceptionally tedious and experience [10]
suggested the approach taken is the most reasonable one to be adopted in the present scenario.

However, this highlights the subjectivity of the experimenter dependent outcome.

Commonly, voltammetric data would be analysed by switching the potential after process I to
parameterise this process, then after process II to parameterises process II knowing parameters
for process I , and then after process III etc., rather than by switching the potential at a
sufficiently negative value to encompass all six processes in one experiment. Close inspection
of Figures 3 and S1, reveals an inequality in the reduction and oxidation component peak
current magnitudes for the 0-[S,;W;504,]*7/5~ and a-[S,W,504,]° /¢~ processes which is not

accommodated by the model of electron transfer. Furthermore, this asymmetry does not exist

132



Chapter 4

when these processes I and II were examined individually by FTAC voltammetry [10] rather
than when the potential was switched after all six reduction steps had been completed. All these
subtle departures from ideality for the series of quasi-reversible process detected via visual
inspection of results as required in the heuristic form of data analysis, imply the presence of
complexity in the voltammetry which occurs even at a GC electrode at potentials more negative
than process II. Furthermore, these modelling imperfections are unlikely to be accommodated
fully by inclusion of ion-pairing in combination with very sluggish electrode kinetics which
was proposed as a plausible explanation for the asymmetry in reduction and oxidation

components found with a-[S,W;50,,]%7/6~ process at Pt electrode [10].
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Table 3. Thermodynamic and electrode kinetic parameters® derived from heuristic and automated computer based comparison of simulated and

experimental FTAC voltammetric data at GC, Au and Pt electrodes for the reduction of 2.5 mM a-[S,;W,;504,]*" in CH3CN (0.50 M [n-

BuwN][PFe]).

(a) Reversible potentials:

Simulation

EO

EO

EO

EO

EO

EO

Ry app1 app2 app3 app4 app5 app6
Electrode f(Hz) QP method Vs F
Heuristic -0.215 -0.592 -1.156 -1.539 -2.006 -2.344
8.98 225 Automated Range -0.220t0-0.210 -0.5961t0-0.585 -1.165t0-1.148 -1.543t0-1.531 -2.014t0-2.003 -2.354to -2.337
GC Est. -0.212 -0.589 -1.154 -1.537 -2.004 -2.349
Heuristic -0.215 -0.592 -1.156 -1.539 -2.006 -2.344
26.95 200 Automated Range -0.220t0-0.210 -0.599to -0.585 -1.163t0-1.148 -1.544t0-1.530 -2.013t0-2.003 -2.354to -2.337
Est. -0.212 -0.588 -1.153 -1.535 -2.008 -2.345
Heuristic -0.215 -0.593 -1.159 -1.540 -2.025 ¢
8.98 180 Range -0.224t0-0.210 -0.601 to -0.587 -1.164to-1.151 -1.548to-1.530 -2.040 to -2.015 -
Automated
Est. -0.212 -0.589 -1.158 -1.538 -2.030 -
Au Heuristic -0.215 -0.593 -1.159 -1.540 -2.025 ¢
26.95 180 Range -0.2221t0-0.207 -0.601to -0.585 -1.163to-1.152 -1.550to0-1.532 -2.035to -2.015 -
Automated
Est. -0.211 -0.588 -1.155 -1.539 -2.030 -
Heuristic -0.218 -0.593 d c e c
8.98 200 Range -0.220to0-0.214 -0.596 to -0.589 - - - -
Automated —p 0 20218 20.591 - - - -
Pt Heuristic -0.218 -0.593 d c c c
26.95 200 Range -0.220to0-0.214 -0.596 to -0.589 - - - -
Automated —p - 20219 20592 - - - -

 Other Parameters used in the simulations are: Agc = 8.0 X 107 cm? Ap, = 8.1 X107 cm?, Apy = 8.0 X107 cm?, AE =80 mV, D = 2.9 x10° cm*s”, T =

295 K, vge = 0.099 Vs, v, =0.100 Vs and vp, = 0.057 V'™, focau and pt = 8.98 and 26.95 Hz.
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®varies due to slight variability in electrode arrangement ° process is not observed due to lower negative potential limit ¢ poorly defined.

(b) Heterogeneous charge transfer kinetics:

. . 0 0 0 0 0 0
Electrode 7 (Hz) Simulation Kapp1 Kapp2 Kapps Kapps Kapps kapps
method cm 5_1
Heuristic >0.10 0.080* 0.0532 0.041 0.012 0.002°
8.98 Automated Range 0.070t0 0.140  0.045t0 0.090 0.035 to 0.065 0.030 to 0.055 0.008 t0 0.014 0.0005 to 0.0050
Ge Est. 0.10¢ 0.064¢ 0.042¢ 0.047 0.013 0.002°
Heuristic 0.10 0.0842 0.0572 0.045 0.014 0.002b
26.95 R 0.070t0 0.140  0.045t0 0.090 0.040 to 0.070 0.030 to 0.055 0.009 t0 0.019
Automated ange o 0 0 0 0 0.0005 to 0.0050
Est. 0.099 0.0604 0.0454 0.045 0.014 0.0017°
Heuristic 0.053 0.0392 0.017 0.002b 0.0004° e
8.98 Range 0.035t00.065 0.025t00.045 0.009t0 0.025  0.0006 to 0.005  0.0001 to 0.0008 --
Automated
A Est. 0.051 0.0284 0.013 0.0042° 0.0003P --
u
Heuristic 0.054 0.0392 0.015 0.002b 0.0004° e
26.95 Range 0.035t00.065 0.025t00.045 0.009 to 0.025  0.0006 to 0.005 0.0001 to 0.0008 --
Automated
Est. 0.055 0.0314 0.015 0.0044° 0.0005b --
Heuristic 0.039 0.0122 0.00001f e e e
8.98 Range 0.025t00.045 0.004t0 0.014 -- -- -- --
Automated
Pt Est. 0.036 0.0094 -- -- -- --
Heuristic 0.037 0.0112 0.00001f e e e
26.95 Range 0.033t00.042 0.004 to 0.014 - -- -- --
Automated
Est. 0.038 0.0084 - - - -

* determined from reduction component of data only °estimated from 1% to 3™ harmonic components © close to reversible limit so uncertainty substantial ¢

derived from use of all data even though asymmetry is present in reduction and oxidation components ° process is not observed due to lower negative potential

limit " poorly defined.
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(c) Charge transfer coefficients:

Simulation
Electrode f(Hz) method ®app1 ®app2 Qapp3 Aappa Qapps Qapps
Heuristic a 0.60 0.60 0.55 0.53 0.50°
8.98 Range 0.40t00.70 040t00.70 040t00.70 0.40t00.70  0.40t00.70  0.40to 0.70
Automated
GC Est. 0.58° 0.48¢ 0.544 0.414 0.51 0.48
Heuristic 0.60 0.60 0.60 0.55 0.53 0.50°
26.95 Range 0.40t00.70 040t00.70 0.40t00.70 0.40t00.70  0.40t00.70  0.40 to 0.70
Automated
Est. 0.494 0.59 0.574 0.51¢ 0.51 0.51°
Heuristic 0.60 0.60 0.47 0.50° 0.50° e
8.98 Automated Range 0.40t00.70 0.40t00.70 0.40t00.70  0.40t00.70  0.40t0 0.70 -
R womated TEdt. 0.58 0.60 041° 0.42° 0.60° E
. Heuristic 0.60 0.60 0.47 0.50° 0.50° e
26.95 Range 040t00.70 0.40t00.70  0.40t00.70  0.40t0 0.70  0.40 to 0.70 -
Automated
Est. 0.64 0.64 0.47 0.41° 0.47° ¢
Heuristic 0.57 0.50 0.50f e e e
8.98 Range 0.40t00.70  0.44 to 0.60 - - - -
Automated
- Est. 0.57 0.53 e e e e
Heuristic 0.57 0.50 0.50f e e e
26.95 Range 0.50t00.67  0.44t0 0.65 - - - -
Automated
Est. 0.56 0.52 e e e e

“too close to reversible limit to be determined ° estimated from 1% to 3™ harmonic components, © near reversible limit so uncertainty substantial ¢ all data used
¢ process is not observed due to lower negative potential limit " poorly defined.
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Table 4. Least square (LS) values obtained from the automated computer-based comparison
of simulated and experimental FTAC voltammetric data for the reduction of 2.5 mM a-

[SZW18062]4_ iIl CH}CN

LS (%) LS (%)
Electrode £ (Hz) 0.50 M [n-BuN][PFs] 0.10 M [n-BusN][PFs]
I II III v A/ VI I II III v A\ VI
e 8.98 79 63 69 87 70 53 [8 68 74 90 75 82
26.95 80 62 61 8 71 51 |8 67 76 91 74 73
Au 8.98 81 62 74 43 47 85 69 90 47 53
26.95 80 60 68 41 46 84 67 72 48 51
. 8.98 91 58 93 6l
26.95 85 55 89 60

All heuristically estimated kgpp and ag,, values at Au and Pt electrode are considered as

reliable in the context that their magnitudes lie significantly below the reversible limit, even
with the lower frequency (f = 8.98 Hz) data sets. Thus, significantly slower electrode kinetics
apply at these metal electrodes than at GC for all processes. Again, if the data analysis in the
heuristic approach is biased to obtain an excellent fit to the reduction component of the data
set, with discrepancies in the oxidation component, then parameterisation the Au electrode
gives kgppl = 0.053, kgm,z = 0.039 cm s, kgpp3 = 0.017, kgpp4 = 0.002 and kgpps =

0.0004 cm s at 8.98 Hz and kQp,q = 0.054, kpp = 0.039 cm s, kO3 = 0.015, kg =

0.002 and k°

apps = 0.0004 cm s at 26.95 Hz. Thus, all rate constants determined heuristically

are significantly smaller than those obtained at GC electrodes when calculated on the same

basis.

Consistent with this conclusion of slower kinetics at the Au electrode, it can be noted that
electrode kinetic estimations for the 4™ and 5™ processes were based solely on a comparison of
1 to 3 AC harmonic components of experimental and simulated data versus 1% to 6 at GC

electrode, because the current magnitudes of higher harmonics are too small and the 6™
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harmonic not detectable above background noise. Significant asymmetry also appears in higher
harmonic AC component data at Au electrode as at GC. Agreement between experimental and

simulated data at Au electrode is displayed in Figures S2 and S3.

Electrode kinetics at the Pt electrode (kg,,,; = 0.039, kg,,,,, = 0.012 and kJ,,,,, = 0.00001 cm

s! at 8.098 Hz and k?

app1 = 0.037, k%, =0.011and k2, =0.00001 cm s at 26.95 Hz)

app app2
(see Figure S4) are even slower than at Au electrodes. kgpp was again estimated in the heuristic
approach from the reduction component of the AC harmonics due to asymmetry as noted in

the earlier report [10].

With the computer assisted data optimisation approach, theory-experiment comparison was
confined to the 2" to 6™ harmonics where influence of background current is negligible. Unlike
the heuristic method, parameters were derived from use of all data, as in reference [10], so
parameter values estimated may differ from those estimated by heuristic analysis that
emphasise the oxidation component of the data set. However, to save substantial computational
time in estimation of up to 18 parameters, estimates of their values obtained heuristically were
still used to minimise range of the parameter space search needed in the automated data
optimisation method. Significantly, implementation of this strategy meant that up to six sets of

Egpp as well as six sets of kgm, and a ., parameter values or 18 parameter values as applies

at a GC electrode can now all be conveniently and efficiently derived in one data optimisation

exercise to give results summarised in Table 3.

Typically, the data optimisation methods are applied automatically and lead a best fit outcome
according to the model used to mimic experimental data. The outcome of a report of LS values
is not greatly informative with respect to detecting systematic errors, although strategies to

detect over and under parametrisation are available, and the method could be supported by
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machine learning [49, 50]. In this sense this method has significantly less “intelligence”
compared to the heuristic method where an experimenter can use their discretion and

judiciously modify the data analysis strategy as was done in this case.

Eq

pp values estimated for all processes are essentially independent of the parameterisation

method. In contrast, calculated kgpp and a4y, values differ when asymmetry is present in the

reduction and oxidation data sets in the higher order AC harmonics. As expected, the data
optimisation method essentially “averages” outcomes of the reduction and oxidation data sets
to produce the “best fit” to the full data set whereas in the heuristic form of analysis, data
analysis is deliberately biased to achieving the “best fit” to the reduction component of the data
set. The outcome is that automated data optimisation method accommodates the asymmetry by
fitting theory to a lower average current than for the heuristic method, and consequently

produces lower estimates of kgpp and different values of a,,, as shown in data presented in
Table 3. However, the estimated kgm, values maintain close to frequency independence. For
example, at the GC electrode, kg, = 0.064 and kJ,,3 = 0.042 cm s with a frequency of

8.98 Hz, versus kgm,z = 0.060 and kgpp3 = (0.045 cm s at 26.95 Hz. Parallel observations

are made with the modelling with Au and Pt electrodes. Attempts to mimic the asymmetry
found in experimental data in the automated parametrization exercise, but not in the heuristic
approach also leads to data analysis dependent a,,,, values. For example, at the GC electrode,
Aapp2 = 0.48, agpp3 = 0.54 at 8.98 Hz using automated data optimisation versus dgppz =

0.60, agp,p3 = 0.60 obtained heuristically.

LS values for automated computer-based comparison of simulated-experimental data (see table
4) are driven by windowing the potential (that encompasses six, five and three reduction

processes at GC, Au and Pt electrode, respectively) for each reduction process. LS values for
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reduction processes at more negative potential regions at GC and Au electrodes probe the
departure of experimental data from the theory, where data comparisons at GC show the better
agreement than Au electrode. In contrast, LS values ~ 60% for II process at Pt electrode
suggest that agreement is poor in the theory-experimental comparison, which is consistent with

previous findings [10].
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Figure 3. Heuristic comparison of simulated (red line) and experimental (blue line) AC
voltammetric data for the a-[S,W,g04,]*~/57/6=/7=/8=/9=/10= processes obtained with AE =
80mV, f=8.98 Hzand v=10.099 V s derived from reduction of 2.5 mM a-[S,W;50¢,]* in
CH3CN containing 0.50 M [#-BusN][PFs] at GC electrode. (a) DC component, (b-g) 1% to 6

harmonic components. Other parameters given in Table 3 and text.
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3.3 FTAC voltammetric parameterization of the a- [S,W;g0¢,]*/>~/6-/8-/9-/10-

reduction processes in CH3CN (0.10 M [#-BusN][PFs])

A lower concentration (0.10 M) of [n-BusN][PF¢] supporting electrolyte also was used to
investigate whether the lower impact of ion-pairing predicted to present relative to the 0.50 M

electrolyte studies described above had a significant impact [10].
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Table S. Electrode kinetic parameters® derived from heuristic and computer based automated comparison of simulated and experimental FTAC

voltammetric data at GC, Au and Pt electrodes for the reduction of 2.5 mM a-[S,W,;504,]* in CH3CN containing 0.10 M [n-BusN][PFe].

(a) Reversible potential:

Electrode f(Hz) R Simulation Eapp1 Edppa EQpps EQppa Egyps Edope
method V vs Fe*
Heuristic -0.232 -0.608 -1.178 -1.563 -2.046 -2.409
8.98 625 Automated _ Range  -0.23810-0.226 -0.61410-0.600 -1.182t0-1.170 -1.567t0-1.554 -2.050t0 -2.036 -2.414 to -2.399
GC Est. -0.233 -0.604 -1.172 -1.557 -2.040 -2.406
Heuristic -0.232 -0.608 -1.178 -1.563 -2.046 -2.409
2695 580 Automated  Range 0236100224  -0.612t0-0.599 -1.184t0-1.172 -1.569t0-1.556 -2.052t0-2.038 -2.411 to -2.394
Est. -0.230 -0.606 -1.181 -1.561 -2.044 -2.401
Heuristic -0.232 -0.606 -1.174 -1.566 -2.083 c
8.98 600 Range -0.239t0-0.225 -0.612t0-0.599 -1.180to-1.168 -1.570to-1.548 -2.093 to -2.073 -
Automated
Au Est. -0.232 -0.601 -1.174 -1.562 2.076 -
26.95 Heuristic -0.232 -0.606 -1.174 -1.566 -2.083 c
580 A Range -0.2361t0-0.223 -0.612t0-0.599 -1.180to-1.168 -1.570to-1.550 -2.093 to -2.073 -
utomated
Est. -0.230 -0.603 -1.173 -1.563 2.074 -
Heuristic -0.233 -0.606 d ¢ c c
8.98 602 Range -0.2381t0-0.228 -0.612 to -0.600 - - - -
Automated
- Est. -0.232 -0.604 - - - -
Heuristic -0.233 -0.606 d ¢ c c
26.95 552 Automated Range -0.2381t0-0.228 -0.612 to -0.600 - - - -
utomated Tt 20231 20.605 = = = =

Other Parameters used in the simulations are: Agc = 8.0 X 107 cm?, Ax, = 8.1 X107 cm?, Apy =8.0 X107 cm?, AE = 80mV, D = 6.3 x10% cm?s”, T =295

K, vge = 0.099 Vs, v, =0.100 Vs and vp, = 0.057 V's™, focauand pt = 8.98 and 26.95 Hz.
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®varies due to slight variability in electrode arrangement ° process is not observed due to lower negative potential limit ¢ poorly defined.

(b) Heterogeneous charge transfer kinetics:

Electrode f(Hz) Simulation k2op1 k2opa kQop3 kQopa K ops k2ope
method cms !
Heuristic >0.19 0.14° 0.058* 0.055 0.031 0.02
8.98 Automated Range 0.12t0 0.25 0.090t0 0.165 0.035 to 0.065 0.043 t0 0.068 0.023 to 0.042 0.010 to 0.030
GC Est. 0.18" 0.11¢ 0.046° 0.062 0.031 0.018
Heuristic 0.18° 0.13? 0.060 0.056 0.034 0.024
26.95 Range 0.12t0 0.25 0.090t0 0.165 0.040 to 0.070 0.043 t0 0.068 0.023 to 0.042 0.010 to 0.030
Automated
Est. 0.16¢ 0.11¢ 0.062 0.062 0.036 0.025
Heuristic 0.11 0.11° 0.024 0.0018¢ 0.00034 e
8.98 Range 0.07t0 0.16 0.07to 0.16 0.016 to 0.030 0.0007 to 0.005 0.0001 to 0.0008 --
Automated
A Est. 0.119 0.087¢ 0.026 0.00454 0.00054 --
u
Heuristic 0.11 0.11 0.020? 0.0018¢ 0.00034 e
26.95 Range 0.07t0 0.16 0.07t0 0.16 0.016 to 0.030 0.0007 to 0.005 0.0001 to 0.0008 --
Automated
Est. 0.119 0.10 0.029¢ 0.00474 0.00047¢ --
Heuristic 0.077 0.022?2 0.00001f e e e
8.98 Range 0.060to 0.095 0.012to 0.030 -- -- -- --
Automated
Pt Est. 0.075 0.017¢ -- -- -- --
Heuristic 0.075 0.0212 0.00001f e e e
26.95 Range  0.060t0 0.095 0.012to 0.030 - - - -
Automated
Est. 0.072 0.016° - - - -

* determined from reduction component of data only ° near reversible limit so uncertainty substantial ¢ derived from use of all data even though asymmetry is

present in reduction and oxidation components ¢ estimated from 1* to 3™ harmonic components © process is not observed due to lower negative potential limit *

poorly defined.
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Electrode f(Hz)

Simulation

a

a

a

a

a

a

app1l app2 app3 app4 app5 appé
method
Heuristic a 0.60 0.70 0.64 0.60 0.50
8.98 Range 0.40t00.70 0.40t00.70 0.40t00.70 0.40t00.70 0.40t0 0.70  0.40 to 0.70
Automated
GC Est. 0.64° 0.55 0.60° 0.63 0.57 0.57°
Heuristic 0.55 0.58 0.60 0.60 0.60 0.50
26.95 Range 0.40t00.70 0.40t00.70 0.40t00.70 0.40t00.70 0.40t00.70 0.40 to 0.70
Automated
Est. 0.67° 0.51¢ 0.49¢ 0.53¢ 0.43¢ 0.53
Heuristic 0.60 0.60 0.55 0.50¢ 0.50¢ e
8.98 Range 0.40t00.70 0.40t00.70 0.40t00.70 0.40t00.70 0.40 to 0.70 -
Automated
A Est. 0.57 0.65 0.57 0.42¢ 0.60¢ -
. Heuristic 0.60 0.60 0.52 0.50° 0.50° :
26.95 Range 0.40t00.70 0.40t00.70 0.40t00.70 0.40t00.70 0.40 to 0.70 -
Automated
Est. 0.64 0.60 0.59 0.41¢ 0.45¢ -
Heuristic 0.57 0.50 0.50f e e e
8.98 Range 0.40t00.70 0.44 to 0.60 - - - -
Automated
- Est. 0.60 0.55¢ - - - -
Heuristic 0.58 0.50 0.50f e e e
26.95 Automated Range 0.50t00.67 0.441to0 0.65 -- -- -- --
Est. 0.56 0.52 - - - -

2too close to reversible limit to be determined ® near reversible limit so uncertainty substantial ¢ all data used ¢ estimated from 1% to 3™ harmonic components € process is not

observed due to lower negative potential limit " poorly defined.
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Table 5 summarises the thermodynamic and electrode kinetic parameters obtained using the
same heuristic and computer supported data optimisation protocols applied above using 0.50
M [n-BusN][PF¢] as the supporting electrolyte cases. Clearly, as expected and as revealed from
comparison of data in Tables 3 and 5, the uncompensated resistance has increased with use of

the lower 0.10 M supporting electrolyte concentration. There is also a negative shift in

EZ,pwith 0.10 M of [n-BuN][PFe], EO 1 = -0.232, B, 5 = -0.608, EO 5 = -1.178, ES, 4 =
-1.563 V, Eqyps = -2.046 and EJ, 6 = -2.409 V vs Fc"* (versus g,y =-0.215V, EJ, ) = -
0.592 V, S s = -1.156 V, EO 4 = -1.539 V, E,_< = -2.006 V and E0,,¢ = -2.344 V vs

Fc”" in the case of 0.50 M [n-BusN][PFs]) were used in heuristic simulations. Agreement
between simulated and experimental data that correspond to each reduction process also is
improved as demonstrated by higher LS values (see Table 4) from automated data optimisation
results and visual inspection of heuristic comparison of experimental and simulated data shown

Figure 3 versus Figure 4 at the GC electrode. The values of k3,1, Kpp2> Kapp3s Koppas Kapps

and kgpp6 generally increase on use of the lower electrolyte concentration. For example,
kgppvalues of >0.10, 0.080, 0.053, 0.041, 0.012 and 0.002 cm s with 0.50 M electrolyte
present increase to >0.19, 0.14, 0.058, 0.055, 0.031 and 0.02 cm s™' for the six processes

detected at the GC electrode according to heuristically derived data at 8.98 Hz (see Tables 3

and 5).

Analogous electrolyte dependence is found at Au (Figures S6 and S7) and Pt electrodes (Figure
S8) to that at the GC one. For example, according the heuristic method of data analysis, the

0
Kapp1s

kapp2 and kg3 values increase from 0.053, 0.039 and 0.017 cm s to 0.11, 0.11 and
0.024 cm s™' respectively at the Au electrode using data collected at 8.98 Hz on decreasing the
supporting electrolyte concentration from 0.50 M to 0.10 M. However, it should be noted that

the 4™ and 5™ processes at this electrode are very slow and display pronounced departures from
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Butler- Volmer prediction at both concentrations of [#-BusN][PFs] in both FTAC and DC

voltammetry (Figures S2, S3, S6 and S7).

While decreased, some residual asymmetry remains in the reduction-oxidation components of
the higher order AC harmonics (see Figures 4, S5, S6, S7 and S8) obtained with 0.10 M
electrolyte concentration. This leads to smaller but nevertheless still detectable systematic
differences in electrode kinetic evaluations being detected in heuristic versus automated data

optimisation methods.
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B
a
f:x 0 (a)
= 4
2.25 | -1.50 | = -0.75 ' 0.00
Evs(Fc™ )IV

Figure 4. Heuristic comparison of simulated (red line) and experimental (blue line) AC
voltammetric data for the a-[S,W;504,]%/57/6=/7=/8=/9=/10= processes obtained with AE =
80 mV, f=8.98 Hz and v = 0.099 V s’! derived from reduction of 2.5 mM a-[S,W;50,,]*" in
CH3CN containing 0.10 M [#-BusN][PFs] at GC electrode. (a) DC component, (b-g) 1% to 6

harmonic components. Other parameters given in Table 5 and text.
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3.4. Origin of departures from the Butler- Volmer model of electron transfer

There are a series of observations that emerge from studying the electrode kinetics of up to six
well resolved processes that encompass over a 2V potential range when reduction of a-
[S,W;5062]% occurs in CH3CN containing [n-BusN][PFs] as the supporting electrolyte. These
six one electron processes can be modelled as a-[S,W;50¢,]*7/57/6=/7=/8=/9=/10= ¢lectron
transfer reactions using the Butler- Volmer relationship. Indeed, it is access to this wide
potential reduction range feature involving an overall large change in charge from 4™ to 10" that
is possible with POMs and also very informative in understanding electrode and electrolyte

dependent nuances in the voltammetry that are summarised in points (a) to (e) listed below.

(a) The heterogeneous charge transfer rate constant decreases as each electron transfer
process is encountered at a progressively more negative potentials (kgpp1> kgppz >
k33> kdppa > kapps > k3ppe )- Thus, the [S;W;504,]*7/57 process is reversible or
close to reversible while the a-[S;W,504,] °~/1°~ process is kinetically very sluggish.

(b) Non-conformance to the Butler-Volmer model progressively increases with respect to
the process order as in (a). Thus, processes I and II that are close to reversible complying
well to predictions of this model, whereas slow processes III to VI that occur at more
negative potentials display a significant level of non-ideality. However, interestingly
while the a-[S,W,;504,]%7/57/~ processes conform very well with the Butler-Volmer
model when the potential is switched immediately after the a-[S,W,504,]%7/¢~
process, the level of agreement decreases somewhat when the potential is switched at
very negative potentials after the a-[S;W;50,,] °~/1° process.

(¢) k9,p increases as the [n-BusN][PF] electrolyte concentration is decreased from 0.50

to 0.10 M.
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(d) kgpp values are highest at GC electrodes, and smallest at Pt, with values at Au being
intermediate between GC and Pt. The level of conformance with the Butler-Volmer
model also follows the order GC > Au > Pt.

(e) The non-conformance of data with the Butler-Volmer model translated into apparently

data analysis method dependent values of kg,

In principle, the fact that the level of non-conformance to the Butler-Volmer model for all
process increases significantly when the voltammetric experiment incudes the potential region
where [S;W;504,]”” and further reduced forms are generated suggests that surface
accumulation of this reduced POM or a decomposition product may lead to electrode
modification that causes electrode blockage. If indeed this does occur, then the resultant mass
change during the voltammetry can be measured by the EQCM technique via a change in the
oscillation frequency of the quartz crystal working electrode [51]. In this study, the frequency
(mass) of a gold quartz crystal working electrode was monitored during the course of a DC
cyclic voltammetric experiment (v =0.050 V s™! ) undertaken with 1.0 mM a-[S,W;504,]*" in
CH3CN (0.50 M [n-BusN][PFs]) over the potential region where five reduction processes occur

at this electrode surface (Figure 5a).

50| (a) 10

0 ~ 20
3 =

= .50 e B

-50 -

-100- T

‘ ‘ ‘ ‘ -80 : . ; ;
2.4 -1.6 -0.8 0.0 -2.4 -1.6 i 0.0
E vs(Fc¥ )V Evs(Fec™ )V

Figure 5. EQCM data obtained for the reduction of 1.0 mm a-[S,W;40¢,]*~ in CH3CN (0.50

M [1n-BusN][PF¢]) at a scan rate of 0.050 V s with an Au quartz crystal electrode over the
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potential region where five (black) a- [S;W;g04,]*7/57/67/7-/8=/9 and initial two a-
[S,W,;504,]%7/57/6~ (red) processes occur. (a) DC cyclic voltammetry (current versus

potential) and (b) change frequency (Af ) of the gold quartz crystal versus potential.

As shown in Figure 5b, a negative frequency shift consistent with a mass increase is evident as
in the study with [17-BusN]4[PW11039{Sn(CsH4)C=C(CsH4)(N3CsHi10)} ] POM [17]. This mass
increase commences at potentials corresponding to the onset of the 2™ a-[S,W,504,]%7/¢~
reduction process. The frequency change (mass increase) then continues until the a-
[S;W;504,]°7/57/4~ oxidation processes occur where frequency change a small amount of
mass loss is detected. Apparently, accumulation of a-[S,W;504,]” " itself, further reduced
forms or their decomposition products occurs at a gold electrode. Probably, the same scenario
applies at GC and Pt electrodes, but with electrode dependent characteristics. This surface
accumulation phenomenon is not included in the modelling but would explain the asymmetry
found in the reduction and oxidation AC components. Since this accumulation continues to
increase at potentials where a-[S;W;50¢,]”~ and even higher negative charge containing
species are generated, enhanced departures in experimental versus simulated data comparisons
are anticipated to progressively increase for the a-[S;W;504,]1°7/77, a-[S,Wi504,]7 /87, a-
[S;W;506,]877/°~ and a-[S,W,504,]°/*°~ processes which occur at more negative potentials

and longer times after the onset of the a-[S, W;50,,]°~/7~ process.

Results of 10 consecutive voltammetric experiments encompassing either reduction processes
I'and IT or I, IT and III at GC, Au and Pt electrodes in CH3CN (0.50 M [#-BusN][PFs]) with 1.0
mM a-[S,W;50¢,]*" are displayed in Figure 6, without polishing the electrode between
experiments. If the potential range is limited to processes I and II, then each cyclic

voltammetric experiment 1 to 10 remains essentially unchanged (Figures 6i-a, 6ii-a and 6iii-a).
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In contrast, when process III is included (see Figures 6i-b,c, 6ii-b,c and 6iii-b,c) each
experiment displays a progressively enhanced level of change from peak (liner diffusion
controlled) to sigmoidal shape (radial diffusion controlled) as occurs in the voltammetry of
metalloproteins or metalloenzymes [52-54] or with surface active diazonium modified POMs
[17] when denaturation/decomposition and consequently surface blocking occur.

(i)

(a) (b)

A
r =)
G}

09 06 -03 00 12 08 -04 00 12 08 -04 00
Evs(Fe¥*)wv Evs(Fc"*)v Evs(Fc%*)yv
) (ii)
(a) (b) (c)
< 0
=
3
09 06 -03 00 45 10 05 00 45 410 05 00
Evs(Fc¥ v Evs(Fc¥ W Evs(Fc¥ v
(iii)
1.5((a) (b) (c)
< 0.0
=
1.5
09 -06 -0.3 00 15 10 05 00 15 40 05 00
Evs(Fc¥")w Evs(Fc"*)v E vs(Fc¥ v

Figure 6. Repetitive cycling of the potential in voltammetry of 1.0 mM a-[S,W;504,]*" in
CH3CN (0.50 M [n-BusN][PFs)) at (1) GC, (ii) Au and (iii) Pt electrodes without polishing the
electrode after the first cycle. (a) and (b) represent the first two and three one-electron transfer
processes, respectively and (c) represent the 1% and 10" experiments for three one-electron

transfer processes.
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In a previous study, Richardt et al reported that only two well resolved rotating disc electrode
voltammograms were observed at a GC electrode when 1.0 mM y*-[S,W,;504,]*" is reduced
in CH3CN (0.10 M BusNCl1O4) [11]. The absence of processes at a more negative potential was
postulated due to surface blocking by accumulation of a product of the 2™ process at the higher
current densities associated with rotating disc electrode voltammetry. The 3™ process was
detectable with the addition of 5% water which was proposed to supress the product formation
from the 2" process. In contrast, RDE voltammetry in this work (CH3CN/0.50 M [n-
BusN][PFs]) with a higher electrolyte concentration and a lower POM concentration allow six
processes to be detected at a GC electrode (Figure 7a) with half wave potentials of -0.22, -0.61,
-1.16, -1.54,-2.02, -2.37 V vs Fc”* for processes I, II, III, IV, V and VI, respectively. However,
electrode blocking is more pronounced at Au and Pt electrodes, resulting in only 4 (Figure 7b)

and 2 processes (Figure 7c) instead of the 6 obtained at a GC electrode.

(a) (b) (c)
0 0-
0.
-101
« -20- <
2 E z”
= .20 2 =
-40+ 10
=30
. ‘ : . 60— . : ‘ 451 : . :
21 44 07 00 21 44 07 00 12 08 -04 00
Evs(Fc")v Evs(Fc¥*)v E vs(Fc"*)v

Figure 7. Rotating disk electrode voltammograms for the reduction of 0.25 mM a-
[S,W;5062]* in CH3CN (0.50 M [1#-BusN][PFs]) at (a) GC, (b) Au and (c) Pt electrodes,

respectively. v =0.050 V s™!, rotation rate 52.4 s™'.

Based on evidence provided from the above DC voltammetric and EQCM experiments, it is
apparent that surface accumulation and electrode blockage accompanies generation of the three

electron reduced a-[S,W;504,]”~ and further reduced forms with the order of impact on the
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subsequent voltammetry being Pt > Au > GC. As a consequence of adsorption, well defined Pt
electrode electrochemistry is restricted to first two process, with the third process being ill-
defined. The voltammetric impact at the Au electrode by surface modification is the
introduction of asymmetry in the reduction-oxidation components, which is less extreme at the

GC electrode and even more extreme in the case of the Pt electrode.

An understanding that the origin of the asymmetry in some of the voltammograms is based on
surface interaction of a product of reduction, advises that undertaking data analysis for
estimation of kgm, on the reduction component of the data set, as was done in the heuristic
form of data analysis, is justified. Thus, the experimenter biased method used in this study
generates what can be considered to be superior estimates of the electrode kinetic parameters.
Based on this conclusion, the automated data optimisation analysis approach could be restricted

to only the reduction data set to generate a new set of Egpp , kg,,,, and a .y, values that as might

be anticipated equate almost exactly with those generated via heuristic analysis. The approach
we have adopted recently [10] to parameterisation of complex problems in using a heuristic
data analysis method prior to implementation automated data optimisation methods is again
demonstrated in this study to be highly valuable. The downside is that the heuristic approach
is exceptionally tedious and time consuming for the experimenter. The challenge now is to
implement artificial intelligence/ machine learning/ pattern recognition into data optimisation
methods used in voltammetry that contain knowledge of the experimenter’s experience in as

has been implemented for simple problems [49, 50].

In POM electrochemistry, the role ion-pairing must be significant. In this study, ion pairing
between highly charged oxidised a-[S;W;504,]*" and reduced species a-[S;W;504,]" (n =
5 to 10) and cation ([n — Bu,N]*) of supporting electrolyte ([7-BusN][PF¢]) will be enhanced

the more negative the charge on the POM. Accordingly, the electron transfer process should
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be represented by a square-scheme mechanism which incorporates the coupling of ion-pairing

0

with electron transfer [10, 48]. This mechanism also provides an explanation as to why kg,

decreases with an increase in supporting electrolyte concentration as the [n- Bu,N]*
concentration is decreased from 0.50 M to 0.10 M. The combination of stronger ion pairing in
the reduced relative to oxidised for a very sluggish POM processes as in a square reaction
scheme could in its own right explain the asymmetry in reduced and oxidised components of
FTAC voltammetric data as noted in reference [10]. However, this study reveals that surface
interaction features also contribute to and may even be the dominant contributor to this
phenomenon. A positive shift in thermodynamically based Egpp also is evident (see table 2)
with the higher 0.50 M concentration of supporting electrolyte ([#-BusN][PF¢]), which is a
consequence of enhanced ion-pairing differences between oxidised and reduced forms of each
redox couple. Supporting electrolyte concentration dependence of ion pairing also has been

established in previous studies of the electrochemistry of POMs [10, 45].

The influence of the double layer region which contains a very high concentration of [#-BusN]"
at the very negative potentials where processes V and VI occur also could be an important
contributor to the increasingly sluggish electron transfer kinetics found as more electrons and
hence negative charges are added to the POM. The electrolyte concentration and potential
dependent effect are related to the point of zero charge (PZC) which in turn is electrode material
dependent [39]. In this study, kg, for all processes at all electrode materials increase when the
[n-BusN][PF¢] supporting electrolyte concentration decreased from 0.50 M to 0.10 M, because
the diminution of the ion-pairing effect that is probably magnified significantly for all reduction

processes that occur at more negative potentials than the PZC.

It has been well established that oxidised forms of negatively charged POMs can adsorb

spontaneously at carbon, Au and Pt electrodes [55-59]. The combination of very negative
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potentials where [#n-BusN]" concentrations in the double layer region are considerably higher
than in bulk solution, extensive reduction leads to high charges on the POMs may even provide
scenarios where the solubility product is exceeded at the solution-electrode interface leading
to precipitation of POM or specific adsorption to give a chemically modified electrode which
partially blocks the electrode and alters the mass transport thereby leading to departure from
theoretical predictions based Butler-Volmer electrode kinetics and linear diffusion for POM
processes occurring at negative potentials as found in this and other studies [17]. Unfortunately,
corrections for the double layer effect were not possible as the PZC value at GC, Au and Pt
electrodes has not been established, although potentials more negative than the onset of process
11 should be more negative than the PZC and hence provide conditions favouring of a [n-BusN]"
dominated double layer region. Studies by Fawcett et al [23] on double layer at the mercury
electrode/acetonitrile  interface  demonstrated the  strong  electrolyte  cation
(tetraalkylammonium, TAA") distribution in the electrode-solution double layer interfacial
region at a far cathodic potential which is far from the PZC. As a consequence, large double
layer capacitance at more negative potential compared to minimum at or close to PZC was

evident. These findings should be relevant to our study, and the a-[S,W,g04,]°7/1°~

process
at negative potential close to the solvent limit should be influenced more by the double layer
effect compared to a-[S,W;304,]*/>~ process near to the PZC resulting the progressive

increase in complexity for processes at more negative potential than a-[S,W,;g04,]°7/6~

process.
5 Conclusion

Electron transfer kinetics for the reduction processes of a-[S,;W;504,]*~ were determined by
FTAC voltammetry using heuristic and computer-assisted automated data analysis approaches

where GC carbon electrode possessed rapid kinetics than the other two metal electrodes (e.g.,

155



Chapter 4

Au and Pt). Increased kinetic values were observed at all electrodes when the concentration of
[n-BusN][PF¢] change from 0.50 to 0.10 M, which probably is the result of availability of the
more free species (a-[S;W;504,]%7, a-[S;W,;504,]°~ or higher negative charge containing
reduced species) at lower cation concentration. Increased departure from ideality was observed
in the theory-experimental comparison when wide potential used that encompasses all six
rather than initial two processes. lon-pairing between POM (a-[S,W;504,]*7) or reduced POM
species (a-[S;W;504,]™, n =5 to 10) and cation ([n-BusN]") of the supporting electrolyte
could be more influential on reduction processes at more negative potential resulting in the
progressive asymmetry in reduced and oxidised components of FTAC voltammetric data.
Improved agreement between experimental and simulated data was observed with lower
concentration of supporting electrolyte ([#-BusN][PFs]), which is a consequence of diminished

ion-pairing demonstrated by negative Egpp shift. Results of EQCM experiments at a gold

quartz crystal electrode and 10 consecutive DC cyclic voltammetric experiments at GC, Au
and Pt electrodes demonstrate that surface accumulation of reduced species also contributes to
and may even be the dominant contributor to these non-idealities. This surface accumulation
starts at potential after 2"! process and continues to increase at higher negative charge
containing POM species, which can explain the progressive departures in experimental versus
simulated data comparison that encounter for the reduction processes at more negative
potential. Another driving factor for progressive complexity is double layer capacitance, which

would be larger at more negative potential and more influential for a-[S,W;50,,]°~/10~

process than a-[S,W;50,,]*~/>~ process near to the PZC.
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Figure S1. Heuristic comparison of simulated (red line) and experimental (blue line) AC

voltammetric data for the a-[S,W;504,]%/57/6=/7=/8=/9=/10= processes obtained with AE =

80 mV, f=26.95 Hz and v = 0.099 V s™! derived from reduction of 2.5 mM a-[S,W;g04,]*~
in CH3CN containing 0.50 M [n-BusN][PFs] at GC electrode. (a) DC component, (b-f) 1% to
5" harmonic components. (g) The 6™ harmonic for a reversible process (black line) is also

shown for comparison with the experimental one. Other parameters given in Table 3 and text.
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Figure S2. Heuristic comparison of simulated (red line) and experimental (blue line) AC
voltammetric data for the a-[S,W,;g04,]%7/57/6=/7=/8=/9= processes obtained with AE = 80
mV, f=8.98 Hz and v = 0.100 V s! derived from reduction of 2.5 mM a-[S,W,504,]*" in
CH3CN containing 0.50 M [#-BusN][PF¢] at Au electrode. (a) DC component, (b-g) 1% to 6

harmonic components. Other parameters given in Table 3 and text.
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164



Chapter 4

g(i-a) 2(ii-a)
2 2 D =
1.2 0.8 -0.4 0.0 1.2 -0.8 0.4 0.0
_ E vs(Fc*)v . Evs(Fc¥" v
« 16{(i-b) 20| (ii-b)
8 /\/\ /\ f\/\ < 10 /\ [\ - A/\
S 2 o
4/(ic) 6ii-c)
g 2 3 Mmoo Al
= 0 : = 0
2! (i-dl) 3.0/ (ii-d)
$ 1 At 15 o oA
= 0 : = 0.0l =TV et VAT T e
0.6/(i-¢) 1.0, (ii-e)
4 03 < 05 m M A m
= 00 = 0.0 v
0.30,; 0.4, i
i (ii-f)
g 0.15( L “ ﬁ < 02 ﬂh ﬁ
T 000 AN AT = 00
< 098((-g) 042/
= 0.04 <§L 0.06 “ l
= 0.00 , < 0.00
0 17 34 51
fs 0 17 e 34 51

Figure S4. Heuristic comparison of simulated (red line) and experimental (blue line) AC
voltammetric data for the a-[S;W;504,]*7/57/6~/7~ processes obtained with AE = 80 mV, f
(i) = 8.98 and (ii) = 26.95 Hz and v = 0.057 V s’ derived from reduction of 2.5 mM a-
[S,W;5062]* in CH3CN containing 0.50 M [n-BusN][PF¢] at Pt electrode. (a) DC component,

(b-g) 1% to 6™ harmonic components. Other parameters given in Table 3 and text.
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Figure S5. Heuristic comparison of simulated (red line) and experimental (blue line) AC
voltammetric data for the a-[S,W;504,]%/57/6=/7=/8=/9=/10= processes obtained with AE =
80 mV, f=26.95 Hz and v = 0.099 V s™! derived from reduction of 2.5 mM a-[S,W;g0¢,]*~
in CH3CN containing 0.10 M [1#-BusN][PFs] at GC electrode. (a) DC component, (b-f) 1% to
5" harmonic components. (g) The 6™ harmonic for a reversible process (black line) is also

shown for comparison with the experimental one. Other parameters given in Table 5 and text.
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voltammetric data for the a-[S,W;50,]*7/>7/67/7~ processes obtained with AE = 80 mV, f
(i) = 8.98 and (ii) = 26.95 Hz and v = 0.057 V s’ derived from reduction of 2.5 mM a-
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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
[PW11039{Sn(CsH4)C=C(CsH4)(N3CsH10)}]*  polyoxometalate  (KWsa[N3CaH;o]*>7¢-
processes) at glassy carbon (GC), gold (Au) and platinum (Pt) electrodes in acetonitrile (0.10
M [n-BusN][PFs]). Same data analysis protocol also has been applied to parameterise the
surface confined processes of KWVsa[-]*-grafted diazonium derivative at GC electrode. The
thermodynamics (E®) and heterogeneous electron-transfer kinetics (k° and o) 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 optimisation 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 KVs,[N3C4Hio]* and surface confined KWsa[-]*
is always significantly faster than the second. The electrode dependence order is k2> k3,>
k3, for the KVsa[N3C4Hi0]*> process. The relatively slower electrode kinetics found for
reduction of KVsa[N3C4H10]* 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
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adhering to and modifying the electrode surface following reduction of KW s,[N3CsHio]* to
KYsa[N3CsHj0]>". Kinetic and thermodynamic dispersion present in the heterogeneous KVsj[-
]+-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.

Keywords: Polyoxometalate electrochemistry, electrografting, Fourier transformed
alternating current voltammetry, electrode kinetics and thermodynamics, parameterisation,

mechanistic nuances.
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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 '* has made these anions valuable in applications of electrochemistry in
diverse fields such as electrocatalysis 7, electrosynthesis ®, biosensing °!° and energy storage
11-12 "Glassy carbon (GC) has been available as an electrode material % '*!° 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 '*'7. The main

18-20

techniques for electrode modification are largely based on electrostatic or covalent

attachment 23 21-22,

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

2325 and with spontaneously adsorbed forms 262, Relevant to this

in studies in solution phase
study, functionalization of POMs has recently been introduced to provide a reactive terminal
diazonium group that facilitates surface anchoring to the electrode 2*->%%°, In the present study,
the thermodynamics (reversible formal potentials, E° values) and electrode kinetics
(heterogeneous charge transfer rate constant k° at £° and charge transfer coefficient, a values)
of the solution soluble Keggin POM functionalized with a protected diazonium, [n-
BusN]4[PW 11039 {Sn(CcHs)C=C(C¢H4)(N3CsH10)} ] ([2-BusN]sKWVsn[N3C4Hjo], 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-BusN]s[PW11039{Sn(CsHs)C=C(CsH4)N>"}]

([n-BusN]sKVsy[N2*], (Figure 1b) which is then subsequently grafted onto the GC electrode as

KVsu[-]*-grafted (Figure S1). Thus, the thermodynamics and electrode kinetics for reduction
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of KW¥sa[-]* is evaluated according to Eqns. 3 and 4 using modelling relevant to this surface

confined material.

KWSn[N3C4H10]4_(Soln) te S KWSn[N3C4H10]5_(soln) (1)
KWSn[N3C4H10]S_(Soln) te S KWSn[N3C4H10]6_(soln) (2)
Kwsn[_]4_(grafted) tes Kwsn[_]s_(grafted) &)
Kwsn[_]s_(grafted) tes Kwsn[_]6_(grafted) (4)

(a)

Figure 1. Structural representation of (a) the precursor functionalized phosphotungstate POM
KYsa[N3CsH10]* used in solution phase electrochemical studies and (b) KWVsa[N2"]*" used for

grafting to a GC electrode via the terminal diazonium group.

Electrografting of  the related diazonium functionalized POMs
[PMo11039{Sn(C¢H4)C=C(C¢H4)N2]** 2 and [PW11039{Ge(CcH4)C=C(C¢H4)N2H) 1> 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 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 *° used for quantification. Electrode kinetic studies with the solution soluble
[PW11030{Ge(CsH4)C=C(CsHa)(N3CsH10)} ]+ (KV6e[N3C4Hi0]*) also have been undertaken

by linear sweep voltammetry which are based on comparison of the dependence of the

reduction peak potential on scan rate *'. Thus, parameterisation in these studies with solution
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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 KVs,[N3CsHi0]*
in the solution phase at GC, Au and Pt electrodes and KWVsa[-]* grafted onto a GC electrode.
This method allows all 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 KVs,[N3C4H10]*
in solution and surface confined K WVs,[-]* are estimated with FTACV by comparing theoretical
predictions based on MECSim *? 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 optimisation approach *3-*, 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.
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2. Experimental Section

2.1. Reagents and solvents. The functionalized Keggin POM, [n-
BusN]4[PW11039 {Sn(CsHs)C=C(C¢H4)(N3C4H10)} ] ([n-BusN]4KVsa[N3CsHi0]) was prepared
by a literature method *°. Ferrocene (Fc, 98%, Sigma-Aldrich), A,Os (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 ([#-BusN][PF¢], 98%, Sigma-Aldrich) and tetrabutylammonium bromide
(BusNBr, 98%, Sigma-Aldrich) were recrystallized from hot ethanol *® and isopropanol

(C3Hg0, 99.5% Merck), respectively.

2.2. Synthesis of  [n-BusN]3[PW11039{Sn(CcHs)C=C(CcHs)(N2")}]  ([n-
BusN]3KWYsa[N2*]). 40.9 mg of [n-BusN]4sKWsa[N3CsHi0] (0.010 mmol) was dissolved in 2 mL
of dried acetonitrile. 3.8 uL of trifluoroacetic acid (C:HF302, 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 BuuNBr 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 (AE = 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 *’. All voltammetric

experiments were carried out in a standard 3-electrode electrochemical cell at 22+2° C under
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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 (Al>O3, 0.3 um) slurry, washed sequentially with water
and acetone, and then dried under N,. 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 (4) of the bare electrodes with a nominal diameter of 1.0 mm
were estimated from the dependence of the peak current (I3%) for the reversible Fc”* oxidation
process on scan rate using a 1.0 mM Fc solution in CH3CN (0.10 M [r#-BusN][PF¢]) and the
Randles-Sevcik equation (Eq. 5) *® with a known diffusion coefficient (D =2.4 X 107 cm?s™)
for ferrocene *. That is, values of parameters such as number of electrons transferred (n), 4,
scan rate (v), D, bulk concentration (C), temperature (7), 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 #°. On this basis, 4 = 8.0 X 10 cm? for GC, 4 = 8.1 X

103 cm? for Auand, A = 8.0 x 1073 cm? for Pt.
I, = 0.4463nFA(nFDv/RT)Y2C (5)

The value of diffusion coefficient of K%sa[N3CsHio]* of6.3 X 107¢ cm? s was
calculated from the dependence of the peak current (I5¢%) on v and use of the Randles-Sevcik
equation ® for reduction of a 0.50 mM POM solution in CH3;CN containing 0.10 M [n-

BusN][PFs] as the supporting electrolyte.

In order to establish if spontaneous adsorption of KWVsa[N3CsHi]* 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
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solution containing 0.50 mM KWs,[N3CsHio]* and 0.10 M [n-BusN][PF¢] 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 [r-BusN][PFs] 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¥sa[N3CsHi0]*”"® processes for 0, 60, 120 or 180 s to
ascertain if POM surface confinement occurred after reduction of KYsa[N3CsHio]* to

K"sa[N3CsHi0]".

Electrochemical quartz crystal microbalance (EQCM) experiments used to detect mass
changes accompanying the voltammetry were undertaken with a 13.7 mm diameter (4 = 0.205
cm?) 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

% process *! under conditions of cyclic voltammetry

reference to the [UPAC recommended Fc
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 >
to the GC electrode surface was achieved via cyclic voltammetry (see Figure S2) of 1.0 mM of
KVsy[N2]*" in CH3CN (0.10 M [#-BusN][PF¢]) on a freshly polished GC electrodes over the
potential range of —0.3 and —1.050 V vs Fc¢”* with a scan rate of 0.100 V s™!. 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
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dried under nitrogen. This surface grafted electrode was then used as the working electrode in
subsequent voltammetric experiments in CH3;CN with 0.10 M of [#-BusN][PF¢] present as the

supporting electrolyte.

2.5. Theoretical analysis of AC voltammetry. All simulations were undertaken with
the Monash University Simulation package MECSim 2. 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 **. Simulation of the diffusionless surface
confined voltammetry of the grafted POM was undertaken as described in the literature **-4,
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°, a) parameters for each
electron transfer step, with units of k° being cm s™! and s’ for the solution soluble and grafted
cases respectively. Neither thermodynamic nor kinetic dispersion that can occur with surface

4546

confined reactions 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°, a values represent only apparent or EQ,,,,, k3,

and a .y, 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.
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The surface concentration (T') of KVs,[-]* in moles cm™ was calculated from the charge Q in

coulomb transferred during the first surface confined reduction process as given by Eqn. 6.

['=N/A=Q/nFA (6)

where N is number of moles of the electroactive species.

Modelling uncompensated resistance (Ry) via Ohm’s law required the inclusion of this
parameter in the simulations. The value of R, used assumes a simple Ru.Cqi 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 (Ca) 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

Caas in Eqn. 747

Cat) = co+ 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 co, c1,
2, ¢3, and ¢4 and the time dependant potential is designated by E(¢). 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 84

, 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 a values obtained with the best fit
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of theory to experimental data. Here, only the 2nd to 6™ 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.

S P ()?

S (reP ep-rgim )’
LS =|1- zg_z\/ {0 i) | /5| % 100% (8)

where f®P(t;) and fS5™(t;) characterize the experimental and simulated functions,
respectively, 4 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
KYsa[N3CsHi0]* over the potential range of about -0.1 to -1.7 V vs Fc¢%*. No reduction response
associated with the side chain is evident prior to the KWVs.[N3CsH0]*"* process observed at

about -1.4 V vs Fc"",

0.6-
0.0 //
3
0.6
1.8 1.2 0.6 0.0

E vs(Fc"")/V
Figure 2. DC Cyclic voltammetry of KVs,[N3C4Hj0]* in CH3CN (0.10 M [n-BusN][PFs]) at a

scan rate of 0.100 V s with a GC electrode over the potential range of about -0.10 to -1.7 V

181



Chapter 5

0/+

vs Fc”" which covers the region where grafting with the diazonium derivative (red marked

area) and the first KYs,[N3C4H;0]*"> process occur.

DC Cyclic voltammograms for a 0.50 mM KYs,[N3CsHo]* solution and the surface
confined grafted KVs,[-]* 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 KWVs.[N3CsH;o]*"> and
KYsu[N3C4H10]>"® 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, (Eb, + Erp d)/2, can be equated to the
reversible potential, E, values of -1.390 and -1.843 V vs Fc”*, respectively. These processes
also can be classified as essentially reversible or close to reversible in the electrochemical sense
since their peak-to-peak separation (E54 - ESX) values of ~60 mV, uncorrected for IR, drop,
are close to the theoretically predicted value of 56.4 mV for a reversible one-electron transfer
process at 22° C *%. The third most negative process at about -2.4 V vs Fc®* at the GC electrode

is chemically irreversible and not considered further.

Interestingly, the shapes of the processes for reduction of KV s,[N3CsH1o]* detected at
Au (Figure 31i) 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 (E54-ES¥)
separations but identical mid-point potentials relative to values of these parameters at the GC
electrode. In contrast, the second KVs,[N3CsHi0]>” 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

182



Chapter 5

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 KWVs,[-
1# and KWVsu[-]>7® reduction processes with mid-point potentials of -1.450 V and -1.922 vs
Fc%", respectively The shapes of both these diffusionless processes are symmetrical unlike
those for the diffusion-controlled solution phase reactions, as expected theoretically. The
43

germanium analogue of the tungsten, KVge[ grafted GC electrode also exhibits two well

resolved symmetrically shaped reduction processes.

2.5 2.0 1.5 1.0 20 16 1.2
E vs (Fc/Fc)IV E vs (Fc/Fc')IV

Figure 3. DC cyclic voltammetry of K¥si[N3C4H10]* at a bare (i-a) GC, (ii) Au and (iii) Pt
electrodes and (i-b) at a KWVsa[-]*-grafted GC electrode at a scan rate of 0.100 V s in CH;CN

(0.10 M [n-BusN][PFg]).

A summary of AE, (EP — Erped) and E° values determined by DC cyclic voltammetry
for dissolved KVsn[N3CsHio]* and grafted KWsn[-]* are provided in Table 1 and compared
with those for related polyoxomolybdate [PMo1O39{Sn(CsHs)C=C(CsHa)(N3CsH10)} ]+

(KMOg,[N3C4H10]*) ? and polyoxotungstate KV ge[N3C4H10]* * compounds.
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Table 1. Summary of DC cyclic voltammetric data obtained at a scan rate of 0.100 V s!

in CH3CN (0.10 M [n-BusN][PFs)).

0 0 0 0
POM type Electrode Eapp1 Eapp2 Eappr _ Eappz  AEp1  AEp
V vs SCE V vs F¢¥* 2 mV

Bare-GC 21390 -1.843 63 67

Bare-Au 21400 -1.94° 103 310°
KYsa[NsCsHio]*  “Bare-Pt 1.400 © d 310 ¢ d

Grafted-GC

1450 -1.922 13 37

(KYsa[-]%)

Bare-GC 20.990  -1.460 21300 -1.770 6545 6545
KV Ge[N3CaHo]* fred-

Crafted-GC ;010 -1500  -1310  -1.800 30 60

(K%e[-]7)

Bare-GC 20.500  -0.920 0810 -1230 - —
KMg,[N3CaHio]* fted-

Grafted-GC ) <+, d -0.860 a 72°¢ d

(K™sa[-17)

“Converted to Fc”" scale **° when required

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

¢ Approximate value

4111 defined

*y<0.3Vs!

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

data in Table 1. The AE,; value of 63 + 2 mV at a GC electrode for the K"sa[N3CaHio]*">

reduction processes in solution phase at a scan rate of 0.100 V s™! approaches the theoretically

predicted value for AE}, of 56.4 mV for a reversible one-electron process. The difference may

be attributed to the presence of a small amount of Ohmic /R, drop, so that on this DC time scale

this process may be regarded as reversible, within experimental error. AE,, is slightly larger

for the second process (AEpZ =6712 mV) implying that kY > k9 and that the second

process is quasi-reversible rather than reversible. The much larger AE, values for the KWsa[-]*

’3- process at Au and Pt than at GC electrodes implies that k2. > k3, > kJ,.
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The D value of 6.3 X 107¢ cm? s! for [KWVsa[N3CsH10]* was estimated from the DC
voltammetric peak reduction current for the KWVss[N3CaHi]*> 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 X 10° cm? 7! 3.

The first reduction process at the KVs,[-]*-grafted GC electrode in contact with CH;CN

(0.10 M [n-BusN][PF¢]) has a AE,; value of 13 £2 mV at a scan rate of 0.100 V s”! which

differs slightly from the value of zero predicted theoretically for a reversible process °!. On
the other hand, the much larger value of AE},, of 3712 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 KM°s,[N3C4H10]* in solution phase and for the KMOs,[-]* 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 >2. The potentials for the germanium analogues of the tin derivatives in both solution
and surface confined (grafted electrode) phases are considered to be similar when uncertainties

0% gcale are taken into account. This

in conversion of literature data reported vs SCE to the Fc
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 EJ and Ej are very similar for all compounds in both

solution soluble and grafted cases, again as might be expected.
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In three experiments undertaken in this study, the POM surface coverage, I', was
estimated from the charge calculated from DC voltammetric experiments to be 6.2 x 10711,
8.8 X 107! and 10 x 107! mol cm™ which approaches the value estimated for a monolayer

_]4— 2

of immobilized polyoxomolybdate analogue, KMs,[ on a GC electrode, although it is

noted that multilayer formation could arise by aryl radicals reacting with already grafted aryls

53

3.2. FTACYV voltammetric characterization of the K™ s,[N3CsH19]*>7% processes.
E° k° and a 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?

app » kgpp and @y, since they neglect ion-pairing and are regarded as apparent

values (see above).

]*- process in acetonitrile

The kg, and agy,, values associated with the K%Vsi[N3CsHio
containing 0.10 M [#-BusN][PF¢] at the bare GC electrode were initially determined using
heuristic form of data analysis of the FTACV data obtained with 0.20 mM KW s,[N3C4Hio]*.
In this exercise, Efl’pp = -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 kgp,,, and @gp, 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 KV s,[N3CsHo]*
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
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simulated data for the third 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 @y, 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 k3, and @gy,.

The values of kgm, and ag)p, 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
KWsa[N3CsHio]*, the heuristically estimated k3, value of 0.058 cm s and @y, 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 KWso[N3C4Hio]*- process, obtained with (i) 0.20 and (ii) 0.50 mM
KVsa[N3C4H10]* in CH3CN (0.10 M [n-BusN][PFs]) at a bare GC electrode. AE =80 mV, f=
9.02 Hz and vo20 mm = 0.078 V 57! and vo.50mm = 0.075 V 5!, (a) DC component, (b to g) 1! to
6™ harmonic components where parameters used in the simulations are given in Table 2, (i-g)
comparison of experimental data with that for the 6 harmonic component simulated for a

reversible process (black).
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Heuristic electrode kinetic parameterisation using a higher concentration (0.50 mm) of
K¥an [N3CsHi0]* 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 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 /R, drop has been correctly modelled.

Table 2. Electrode kinetic parameters” derived from heuristic and computer-based
comparison of simulated and experimental FTACYV data at 9.02 Hz at a bare GC, Au and

Pt electrode for the KWs,[N3C4Hi10]*> processin CH3CN (0.10 M [n-BusN][PFg)).

[}
B  Conc Simulation R, E? 0 1 o
5 M) method (@ VysFor e OMSD o Gay o LS%
m
Heuristic -1.390 0.058 © 0.50
0.20 Automated 510 Range -1.395t0 -1.385  0.040 t0 0.095  0.40 t0 0.70
GC Estimated -1.390 0.0754¢ 0.42 84
Heuristic -1.390 0.056° 0.50
0.50 Automated 599 Range -1.397 to -1.385  0.045t00.095 0.40 to 0.70
Estimated -1.391 0.0754¢ 0.42 87
Heuristic -1.390 0.016 0.50
Au  0.20 Automated 521 Range -1.396 to -1.387  0.005 t0 0.030  0.40 to 0.70
Estimated -1.394 0.014 0.43 75
Heuristic -1.390 0.009 to
Pt 0.20 511 0.031° o
) Automated Range -1.395t0 -1.386  0.002 t0 0.040  0.40 to 0.70
Estimated -1.394 0.022 0.43 69

* Other parameters used in the simulations are: Agc = 8.0 X 107 cm?, Aaw = 8.1 X 107 cm?, Ap, = 8.0 X
102 ecm?, AE=80mV, D =6.3 x10° cm?s™”, T=295 K, vo20mm=0.078 V s and vo.50 mm= 0.075 V ™!

with GC electrode, vauanapi = 0.078 V 57!, £=9.02 Hz.
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®vary due to slight difference in electrode arrangement in cell.
“determined from analysis of the reduction component of data only.
dderived from use of all data even though asymmetry is present in reduction and oxidation components.

¢ apparently harmonic dependent kinetics.

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, E2,,, =-1.395 to -

app

1.385V, kgm, = 0.040 to 0.095 cm s, Agpp = 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 KWs,[N3C4H1o]* obtained by FTACYV 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 2" to 6™
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 Egpp, kgpp and Agpy,

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 a,, value of about 0.42

which is a result of the attempting to mimic the asymmetry, whereas an g, value of 0.50 is
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deduced via heuristic analysis by confining data analysis solely to the reduction component.
Furthermore, the automated method provides a slightly larger value of k3, of around 0.075
relative to the value of 0.058 c¢cm s 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 ag,, value
of close to 0.50 via this approach is intrinsically satisfying for the K%s,[N3C4H10]*"> 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.

Both of the KV s,[N3C4H10]*>"® 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¥s,[N3C4Hj0]* are
summarized in Table 3. Any influence of the cross redox reaction given in eqn. 9 was neglected
in this modelling since this reaction adds complication in the simulation unless artificial

intelligent include in the modelling.
KWsn[N3(CaHi0)]*™ + KWsn[N3(C4H1)]®™ S 2 KWgn[N3(C4Hy )] )

Clearly, the second KYs,[N3CsH;o]*"® process is kinetically slower than first

KYsa[N3C4Hio]* process (e.g. k3pps = 0.056 cm s versus k3, = 0.020 cm s™! 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 AEp, =
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67 mV > AEp; = 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.

kO

app for the solution soluble Ge analogue of the Sn derivative at a GC electrode in

CH3;CN has been reported * to be 0.064 cm s’ (Qapp assumed to be 0.50) for the

KYe[N3CsHi0]*" process via analysis of a plot of reduction peak potential versus scan rate
obtained under conditions of linear sweep voltammetry >* and hence similar to that for the

KYsu[N3CqH10]** process.

The kg, value for the K¥sa[N3C4Hi0]*" process is about three times slower than that

for the a-[SaW1sOs2]*"> process at a GC electrode under the same conditions >°. The long
diazonium chain in the structure of KV s,[N3CsH10]* 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 a-[S2W1sO0s2]* 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 KV sa[N3C4H10]*>® process, obtained with (i) 0.20 mM and (ii) 0.50

mM KYsn[N3CsHjo]* in CH3CN (0.10 M [n-BusN][PFq]) at a bare GC electrode. AE =80 mV,

f=9.02 Hz and vo20mm = 0.071 V s and vo.s0mm= 0.080 V 5!, (a) DC component, (b-g) 1% to

6™ harmonic components.
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Table 3. Electrode kinetic parameters” 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 KWs,[N3C4Hi10]** and KVsa[N3CsH10]>'% processesin CH;CN (0.10 M

[n-BusN][PFs)).

Conc  Simulation  Ru Et(l)ppl EgppZ kgppl kgppz @ @ LS
(mM)  method  (Q)P V vs Fc¥* cms’! appl - Tappz o

Heuristic -1.390 -1.843  0.056° 0.020° 0.50 0.50

Range -1.395  -1.847  0.040 0.005 0.40 0.40

510

0.20 Automated to - to - to to to to

utomate 1.386  1.840  0.095  0.045 0.70 0.70
Estimated -1.387 -1.845 0.071¢  0.023¢ 042 042 81

Heuristic -1.390 -1.843  0.056° 0.016° 0.50 0.50

Range -1.395  -1.847  0.040 0.005 0.40 0.40

0.50 599 to - to - to to to to

Automated

1.386  1.839  0.085 0.045 0.70  0.70
Estimated  -1.387 -1.846  0.072¢  0.018¢ 043 043 80

Other parameters used in the simulations are: Agc = 8.0 X 10° cm?, 4E=80mV, D =6.3 x10° cm?s’
' T=295K, vo20mm=0.071 Vs vos0mm=0.080 Vs, f=9.02 Hz.

®vary due to slight differences in the electrode arrangement.

“determined from reduction component of data only

4 derived from use of all data.

FTACYV studies on the KWVsa[N3(C4H10)]*"* process at Au and Pt metal electrodes also
were undertaken. As stated above, the electrode material dependence predicted on basis of
peak-to-peak separations obtained in DC cyclic voltammetry (Table 1) is k2. > k3, > k2.,
as reported with other POMs 2°. 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
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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.

Assuming the Butler-Volmer model is valid, the kinetics at GC (kg,,; = 0.058 cms™)

are faster than at Au (kgm,1 =0.016 cm s™!) 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

0

app1 —0.013 cm s!) in Figure S6ii based on heuristic

is provided for the third harmonic (k

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 are observed at the Pt
electrode (shown in Figure S61) 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

0% process at boron diamond electrodes when sp? graphite

predictions as also noted with the Fc
impurity provided complexity in the response 3. Differences in experimental and theoretical

data based on the Butler-Volmer model with mass transport by linear diffusion at Pt are so
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profound that parameterisation on this basis is not highly significant. Clearly, the voltammetry
of KWVsa[N3(CsH10)]*"*~ and KWVsa[N3(CsH10)]>”® processes are more complex than predicted at

all electrodes used, with the extent of non-ideality being in the order Pt > Au > GC.

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
KYsa[N3CsH0]* at GC, Au and Pt electrodes. One possible explanation for the anomalous
behaviour is that reduction of KWVs,[N3C4H10]* to KVsa[N3C4H10]* 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 KWsa[N3CsHio]* or KWsa[N3C4Hio]> 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 >°. Accordingly, the frequency (mass) change of a gold crystal working
electrode was monitored during DC cyclic voltammetry undertaken in CH3CN (0.10 M [n-
BusN][PF¢]) with and without 0.50 mM KWs,[N3(CsH10)]* at a scan rate of 0.050 V s! over
the potential range covering the region where grafting (Figure 6i-b) occurs with the diazonium
derivative KWs,[N2"]*" at a GC electrode (see above) as well as the first KV sy[N3(CsHi0)]*>
process (Figure 6i-a). Although we have not prepared a grafted Au electrode in this study,
Gooding et al 3" 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 s,[N3C4H0]* at a scan rate of 0.050 V s! with
an Au quartz crystal electrode over the potential range covering the region where grafting (b)
occurs with diazonium derivative and the first KV s,[N3CsH10]*”* process (a) occurs. (i) cyclic
voltammetry (current versus potential) and (ii) frequency versus potential. (----) 0.50 mM
KYsy[N3C4Hj0]* in CH3CN (0.10 M [#-BusN][PF¢]). (----) 0.10 M [n-BusN][PFs]. Af = 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-
BusN][PF¢]) in the presence and absence of 0.50 mM of KVs,[N3CsHio]. As shown in Figure
611, the frequency of oscillation of the Au coated quartz crystal remains constant in the absence
of KVsu[N3CsHjo]*. In contrast, with 0.50 mM KYs,[N3C4Hjo]* present, and as shown in

Figure 6ii-a the frequency decreased (mass increased) significantly at potentials more negative
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than the onset of the KVs,[N3C4H10]*"* process and continued to decrease upon reversing the
scan direction until reduction of KW¥s,[N3CsH10]* ceased. Prior to the onset of reduction of
KYsa[N3CsH10]* minimal frequency (mass) change is detected (Figure 6ii-b). Clearly,
irreversible surface attachment of a KWs,[N3C4Hio]* 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
KYsa[N3CsH10]> reduction product, larger departures in simulated data are expected the more
negative the potential or the longer the time since the onset of the KVs,[N3C4H10]*"* 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 . 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
KYsa[N3CsHi0]* 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-
BusN][PFs]) solution. No well-defined, surface confined symmetrically shaped, diffusionless
voltammetry of adsorbed KV s,[N3CsHio]* is evident, as occurs with other POMs ®!, 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 KWs,[N3C4H0]*.

In order to seek evidence for product interaction with the surface, the electrode potential
for a 0.50 mM KWVsu[N3C4H10]* solution was held at -1.750 V vs Fc”* for 0, 60, 120, and 180

seconds at the GC, Au and Pt electrodes before commencing cyclic voltammetry. At this
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potential KVs,[N3CsHi0]* is reduced to KV s,[N3C4Hi0]> under bulk electrolysis conditions. If
surface confined KV s,[N3C4H10]>" accumulated then stripping current would be expected as
occurs in stripping voltammetry ®2. However as shown in Figure 7, no stripping oxidative

responses are found at any electrode surface.

(a) FeiEct (b) Fe/Fet (c) Fe/Fe*

KWSnms-M—

KWy, 4-5- KWgnm*/5-
2] Fc*/Fc Fc'IFc Fc*/Fc
15 10 -05 0.0 05 15 1.0 -05 0.0 05 15| 1.0 -05 0.0 0.5
E vs(Fe")yv E vs(Fc')/V E vs(Fe"*)/V
0.5
(d) (e) KW, iS4

...... 1st Cycle
05 ~  J 2nd cycle

1.6 1.4 1.2 1.0

E vs(F™)/V K gnin®’*

Figure 7. Cyclic voltammetry of 0.50 mM K ¥s,[N3C4H10]* in CH3CN (0.10 M [#-BusN][PFs])
at a scan rate of 0.050 V s! with (a) GC, (b) Au and (c) Pt electrode ((e) magnified CV of
KYsa[N3CsH10]*"* 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 (AEjgec = 156 mV, AEgq gec =
200 mV, AE50sec = 219 mV and AE;gpsec = 221 mV), the mid-point potential shifts
positively (Efsec = -1.408, Eff sec = -1.382, E1% sec = -1.370 and Ef§gsec = -1.363 V).
Furthermore, the shape of the KVs,[N3C4H0]*’> process changes to a more sigmodal one and

the background or charging current increases significantly. The KVsa[N3C4H10]*> process was
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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

KVsu[N3C4H10]*"* 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 KWVs,[N3C4H 0]’ 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 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 KVs,[N3C4Hi0]> 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
KWsa[N3CsH10]> 7 process at Au and Pt electrodes in particular are far more distorted that the
initial K% sa[N3C4H10]*"> 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
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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.

0.3,
0.0
<
=
-0.3{
16 14 12 1.0 16 14 12 1.0 16 14 12 10
E vs(Fc")/V E vs(Fe")/v E vs(Feyv
0.3,
(d) (e) (f)
0.0
<
=
0.3
16 14 12 10 16 14 12 10 16 14 12 10

E vs(F )V T Evs(FOM)V E vs(Fe")/V

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), () and (f) represent the

1t and 10™ experiments at GC, Au and Pt electrodes, respectively.

3.4. FTACYV voltammetric characterization of the grafted K"sa[-]*"5/% 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) also was applied
to FTACV data obtained with the KVs,[-]* 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 34 66-%%_ The initial simulations used

to mimic experimental data for the first reduction process obtained with a KVs,[-]*-grafted GC
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electrode in contact with CH3CN (0.10 M [n-BusN][PF¢]) solution via heuristic data analysis

assumed the values of E?

app = -1.450 V (mid-point potential of DC experiment), with R, =518

Qand I' =8.8 X 107! mol cm™ being known parameters. The outcome of this exercise is shown
in Figure 9i. As for the solution phase studies with KV s,[N3C4H10]*, simulation-experiment
agreement with the second and higher harmonics is good, but background current estimation
for the DC 1is poor. Values for kgpp and agy,, estimated heuristically with this close to
monolayer surface coverage were 40 s and 0.46 respectively for this first KWs,[-]*> process.
As for the solution soluble scenario described above, estimated kg,,,, and a,y, 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 kgpp and an ag,p,

value of 0.50 (Figure 9i-g).
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Figure 9. “Best fit” heuristic comparison of simulated (red) and experimental (blue) FTAC
voltammetric data obtained for the first reduction process at a KVsa[-]*-grafted GC electrode
in contact with CH3CN (0.10 M [#-BusN][PFs]). (i) T = 8.8 x 107! mol cm™ and (ii) I' = 6.2 X
10 mol cm™, AE=80mV, f=9.02 Hz, vi=0.082 V s! and v; =0.052 V s™'. (a) DC component,
(b-g) 1° to 6™ 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).

The outcome from a second experiment- simulation exercise with a lower, presumably

sub-monolayer coverage, (I' = 6.2 X 10'! mol cm™) is displayed in Figure 9ii and gave
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0

opp =385 and @y, =0.46. Again, good theory-experiment

heuristically estimated values of k
agreement was achieved for the second and higher harmonic components that are essentially
devoid of background current ®* 7% with relatively poorer agreement for the DC component
again attributed to limitations in modelling of the background current for a KWVsa[-]*-grafted
GC electrode. Many POMs 7'"7°  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 KWsu[-]*-grafted GC electrode in CH;CN (0.10 M [n-
BusN][PFs]). In this data optimisation approach, and as with solution phase studies with

KYsa[N3CsHi0]*, E,fl’pp 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. Parameters® derived from the heuristic and computer-based comparison of
simulated and experimental FTACV data at 9.02 Hz at KWs,[]*-grafted GC electrode for

the KYsu[-]* process in CH3CN (0.10 M [n-BusN][PFg]).

r Simulation R, E? 0 1
(x 10" mol cm™) method  (Q)° V vs IIJ:ZOH kapp (57) Aapp I;/?
Heuristic -1.450 40 0.46
8.81 Automated 518 Range -1.455 to -1.446 25 to 50 0.40 t0 0.70
Estimated -1.451 41 0.48 82
Heuristic -1.450 38 0.46
6.2 Autormated 585 Range -1.455 to -1.446 251045 0.40 to 0.65
Estimated -1.448 35 0.48 84

*Other parameters used in the simulations are: Agc = 8.0 X 103 em?, AE=80mV, T=295K, vi=0.082

Vs, vi=0.052 Vs and f=9.02 Hz. "vary due to slight difference in electrode arrangement in cell.
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Analysis of both the first and second processes at the KVs,[-]*-grafted GC electrode

simultaneously in one experiment and with I' = 10 x 107!! mol cm?, (see Figure 10) gave the

0 —

app2 = 18 s7) is kinetically slower than

results summarized in Table 5. The second process (k

first (kgm,1 =37 s!) 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 AEp, =37 mV > AEp; = 13 mV (Table 1).
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Figure 10. “Best fit” heuristic comparison of simulated (red) and experimental (blue) FTAC
voltammetric data for the reduction of a KVs,[-]*-grafted GC electrode in contact with CH;CN
(0.10 M [1n-BusN][PF4]).T =10 X 10" mol cm, AE =80 mV, f=9.02 Hz and v =0.086 V s~

!, (a) DC component, (b-g). Other parameters used in simulations are given in Table 5.
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Table 5: Parameters® derived from the heuristic and computer based comparison of
simulated and experimental FTACYV data at 9.02 Hz at KWs,[-]*-grafted ([' =10 x 10"
mol cm™?) GC electrode for the KYsu[-]** and KWsua[-]37% processes in CH;CN (0.10 M

[n-BusN][PFs)).

Simulation Ec(l)ppl Et(l)ppZ kgppl kgppz - Qappa LS %
method V vs Fe¥* g1 pp pp
Heuristic 1450 -1.920 37 18 045  0.46
Range  -1454t0 -1.924t0 040t 0.40 to
Automated 1445 1914 101060 St035 o000 g 90
Estimated 1447 -1.915 40 16 048 0.49 77

Other parameters used in the simulations are: Agc = 8.0 X 107 cm?, AE=80 mV, T=295 K, v=0.086

Vs, £=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 Eg,,

kapp and agp, existing and
associated with variability of the distances of the POM redox active framework from the GC

surface 479,
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In a DC cyclic voltammetric studies of KVge[-]* and KM, [-]* to a GC electrode,

123 used the Laviron method 3! derived from so-called trumpet plots of

Proust and Kanoufi et a
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 kg, values of 800 (KVce[-]**) and 500 s (KMs;

[-]*3). The second process in these studies was even more 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,

4

the second process for reduction for grafted KVsn[-]* mimics behaviour expected for a quasi-

reversible process with kgpp slightly less than about 20 s! 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 7

, 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 7’ 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
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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 evident that not only do all

the parameters such as E;’pp, kgpp and @,p, estimated as well as the model itself will usually

contain unknown levels of uncertainty. Ultimately, sophisticated forms of Bayesian ("® 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 KWVsa[N3CsH10]* at GC, Au and Pt electrodes and the surface confined diazonium
derivative KVsa[-]* grafted onto a GC electrode have been derived from FTACV experiments
in CH3;CN containing 0.10 M of [#-BusN][PFs] as the supporting electrolyte. Both

experimenter-based heuristic and computer aided data optimisation approaches have been used
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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
KVsu[N3(CsHi0)]*> 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 E2,,, values for the KVsa[N3C4Hi0]*>" process are independent of electrode

material as required theoretically and that k9, ,¢c > ko ppau >k 3pppe With a being close to 0.50

at all electrodes. The same electrode material dependency on kg,,,, has been reported for other
POMs such as a-[SaW1sOe2]* #° and [SVW11040]*” . The impact of accumulated material
from decomposition of KVs,[N3C4Ho]’- following the initial electron transfer step has such a
profound effect on the second KW sa[N3C4H10]>"® process that parameterisation of Au and Pt
electrode data was not attempted. However, at GC, parameterisation remained viable and
revealed that kgppz for the second process is significantly less than kgpplfor the first. This
same order, k3yp; > kappz » also applies to reduction of grafted KYsi[-]*. 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 KYs,[N3CsHio]* may be due to the long organic chain

209



Chapter 5

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 K¥s,[N3C4Hio]* and the
surface confined K Vs[-]* derivative are similar. The thermodynamics for the POMs are mostly

controlled by the transition metal in the core framework. Thus, very similar Eg,,,values are

found when either Sn or Ge side chains are attached to W based frameworks while much less

negative Egy,, values are found with Mo-functionalized POMs.
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Figure S1. Schematic representation of electrochemical grafting of KVs,[N>"]* onto a GC

electrode.
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containing 0.10 M [n-BusN][PFs]. v=0.100 V s'.
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Figure S3. Estimation of background capacitance current from fundamental harmonic of the

FTACYV experiment. (a) Selection of points (i, ii, iii and iv) where no faradaic current is present.

(b) background current estimated by fourth order polynomial fit.
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Figure S8. Grafted KVs,[-]* ideal monolayer (a) and multilayer (b) on a GC electrode surface.
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ABSTRACT

One electron reduced [Zn"'CIVV1,05.C1]%, [Cul(MeCN)VV1,03:CI]*,
[Co'(MeCN)VV1,03,CI]* and two electron reduced [Fe'CIVV1,03.CI1]* were characterized by
electrochemistry and electron paramagnetic resonance (EPR) and visible-near infrared (Vis-
NIR) spectroscopy. Controlled potential reductive bulk electrolysis has been used to generate
the one electron reduced species of [Zn''CIVVY20:CI]*, [Cu(MeCN)VV,05.Cl]* and
[Co"(MeCN)VV1,03,CI]* and the two electron reduced species of [Fe'CIVY12,032C1]* in high
yield which were confirmed by RDE voltammetry at a GC electrode and insitu Vis-NIR
spectroscopy. EPR data obtained at liquid nitrogen temperature of frozen glasses suggest that
electron density of two electron reduced [Fe™CIVVY1203Cl]* and one electron reduced
[Cu"(MeCN)VV1,032C1]* resides on the Fe and Cu in Fe"""'and Fe'"" and Cu'""based process,
respectively. On the other hand, the electron is delocalised onto the V framework upon one
electron reduction of [Zn""CIVV1,05,CI]*. In the case of [Co(MeCN)VV120:Cl]*, at least
some of the added electron resides on V, but requires EPR spectrum at liquid helium (4 K)

temperature to clarify if electron density also resides on the Co atom.

Keywords: Transition metal functionalized polyoxometalates, bulk electrolysis,

spectroelectrochemistry, electron paramagnetic resonance.
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1. Introduction:

The electrochemistry of the metal oxygen clusters known as polyoxometalates (POMs) is
exceptionally rich and has been investigated [ 1-6] extensively in the field of both fundamental
and applied science [1, 7-9] due to their extensive range of redox potentials [10, 11] and the
higher degree of electronic adaptability. Reduced species are also of fundamental and applied
interest as they can act as reductive electro-catalysts [12-15]. The so-called Keggin POM [16]
represented by the formula [XMi2040]™ where M and X represent addenda atom and
heteroatom, respectively is widely found with vanadium (V), molybdenum (VI), and tungsten
(VI) addenda atoms and phosphorus, sulphur and halide heteroatoms [17-19]. Different
orientations of the {M303} building blocks in the Kegging structure (see Figure 1a) give the
five different Keggin isomers [20] designated as a, B, v, 6 and € forms. Furthermore, numerous
structural variations leading to significant changes in redox chemistry, catalytic activity and
other properties have been achieved by replacing one or more addenda atoms with another
metal [21, 22]. In voltammetric experiments, POMs based on VY, Mo"! or WY! almost
invariable contain a series of well-defined usually reversible reduction (VY'V, MoV, WVI'V),
If the replacement metal atom (e.g., Fe') in a vanadium POM framework is redox active, then
ambiguity may exist when reduction occurs, as to whether the Fe' or VV metal atoms are
reduced to Fe'' or V!V respectively. Alternatively, of course the electron could be delocalised

over all or part of the POM framework, making specific assignment of redox levels of particular

metal atoms inappropriate.

The issue of assignment of redox levels in POM electrochemistry has arisen in a recent debate
related to reduction of an Fe(Il) functionalized vanadium based Keggin type POM. In their
initial report, it was proposed [23] on the basis of experimental voltammetric and EPR evidence

and density functional theory (DFT) support that the two initial reversible one electron
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reduction processes were iron based. Sproules then suggested that this results should be
reinterpreted [24]. He proposed both these processes were vanadium rather than iron based, a
conclusion that was challenged [25] on the basis that there were imperfections in the version
of DFT he relied upon for his assignments and misunderstanding in his re-analysis of the EPR

data.

In the conclusion of the rejoinder to Sproules publication [24], it was concluded that additional
work was still needed to provide improved clarity on the assignment of the reduction processes
with respect to changes in metal redox levels. In order to achieve this goal, attention is now
given to voltammetric and EPR studies on related vanadate POMs, where metal atoms that are
either electroinactive (e.g. Zn(Il)) or electroactive (Cu(Il)) are substituted into the vanadium
Keggin POM. The concept behind this new study is for example that it is implausible that
Zn(II) could be reduced to Zn(I) implying that the initial reduction process for this substituted
POM should be vanadium based. In contrast, Cu(Il) can be easily reduced to Cu(I), implying
initial reduction for this POM is more likely to be associated with Cu'"! rather than V¥V

electrochemistry.

The [n-BwsN]" salt of the dodecavanadate chloride-templated cluster, (DMA)2[V1203.CI]*
represented as {VV12} (Figure 1a) (DMA= dimethylamonium [(CH3).NHz]") acts as precursor
for the synthesis of a family of vanadium POMs substituted by a transition metal. Two metal
binding sites in this cluster are selectively blocked by DMA placeholder cations [22]. The
mono-functionalized vanadate oxide cluster [n-BusN]o(DMA)[{TM(L)}V"V120::Cl] (L =
ligand; CI or CH3CN) (Figure 1) again as [n-BusN]" salts are obtained [22] by replacing only
one of the DMA cations from the dodecavanadate cluster. Selective incorporation of Zn(II) or
Fe(I1I) into the dodecavanadate [21], (DMA)2[VV1205,CI]* structure occurs by replacing one

DMA placeholder cation to give the zinc(Il) and iron(IIl) functionalized species [23] [n-
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BwN]3(DMA)[Zn"CIVY120:2C1]  {Zn'VVi5}  and  [#-BusN]3(DMA)[Fe'C1VY1,03,Cl]
{Fe"™VV15}, respectively (Figure 1b) where chloride acts as a ligand. Analogously, replacement
of one DMA placeholder cation with Cu(ll) and Co(Il) gives [n-
BusN]2(DMA)[Cu'(MeCN)VY1,05,Cl] {Cu'VVi2}, [n-BusN]2(DMA)
[Co"(MeCN)VV1203,C1] {Co"™VVi2}, (Figures Ic and d), respectively, where acetonitrile

(MeCN) acts as a ligand.

Figure 1. The metal-functionalized vanadates {(TM)VVi2} (TM= Cu(Il), Co(Il), Fe(II),
Zn(II)) obtained by replacing one DMA cation in (a) {V"12} with a transition-metal cation TM,
giving {Fe"VV1, and Zn"V"V1, (b)} (b, ligand CI"), {Cu'VV12(c)} and {Co"VVi2(d)} (c and d,
ligand CH3CN). Colour Scheme; V teal, O red, Cl large green, N blue, C small black, H small

light grey, Cu large magenta, Co large yellow, Fe and Zn large maroon.

The group of transition metal (e.g., Cu, Co, Zn) functionalized vanadium POMs synthesized
from the precursor, (DMA)2[VV1205,CIJ*" are now subjected to electrochemical experiments
using transient cyclic and steady state voltammetry along with bulk electrolysis to generate
one-electron reduced species for Zn(II), Cu(Il) and Co(II) and two-electron reduced species for

Fe(IIl) functionalized vanadium POM accompanied by visible-near infrared (Vis-NIR) and
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electron paramagnetic resonance (EPR) spectroscopic characterisation. Cyclic voltammetry
[26] was used to establish the reversible potentials of the electron transfer processes undertaken
in the reduction of [V¥1205CI]>, [Cul{(MeCN)VV1,05.CI]*, [Co(MeCN)V"V1,03,CI]* and
[Zn"CIVY1,05,CI]* in acetonitrile (0.10 M [1n-Bu4][PFs]) where the charges provided by the
DMA" placeholder cation is removed so charges on the POM framework are readily compared.
Steady-state voltammetry at a rotating disc electrode (RDE) was introduced to establish yields
of the reduced species produced by bulk electrolysis. Vis-NIR and EPR spectroscopic
characterization before and after the one electron reduction of Zn?>*, Cu?>* and Co*"
functionalized vanadium POMs by bulk electrolysis was used to examine the degree of
delocalization of the electron on the reduced transition metal functionalized POM framework.
Studies with the Fe(III) derivative [n-BusN]3(DMA)[Fe'CIV"1,05,Cl], or with the placeholder
cation removed to reveal the charge on the framework represented as [Fe'"C1V"Y1,03,CI]*, have
also been repeated to confirm that previous findings [23] are reproducible with a newly

synthesised sample.

2. Experimental section:

2.1. Reagents and Solvents

[7-BusN]3(DMA),[VY12,03:Cl], [n-BwN]3(DMA)[Zn"CIVY1,03,Cl], [n-
BwN]3(DMA)[Fe'CIVY1,05:Cl], [n-BuN]2(DMA)[Cu"(MeCN)VVY205.Cl] and [n-
BwN]2(DMA) [Co'(MeCN)VV1,03,Cl] were synthesised according to literature methods [21,
22] and provided by Professor Carsten Streb (Ulm University, Germany). Ferrocene (Fc, 98%,
Sigma-Aldrich), Al,O3 (Buehler), acetonitrile (CH3CN, 99.9%, Sigma-Aldrich) and ethanol
(99%, Merck) were used as received from the manufacturer. Tetrabutylammonium
hexafluorophosphate ([n-Bus][PFs]) was purchased from Sigma-Aldrich and recrystallized

from hot ethanol [27].
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2.2. Electrochemical Instrumentation

Cyclic voltammetric experiments were undertaken with a CHI 760E electrochemical
workstation. All experiments were executed at 22+2° C in a 3-electrode electrochemical cell
(1.5 ml Eppendorf centrifuge tube). Oxygen was removed by purging with N for at least 10
minutes before each measurement. A glassy carbon (GC) disk with a nominal diameter of 1.0
mm, (eDAQ) was employed as the working electrode and was polished with an aqueous Al,O;
slurry (0.3 um), rinsed sequentially with water and acetone, and then dried under N>, prior to
use. Platinum (Pt) wires were used as both the reference and auxiliary electrode. The effective
electroactive areas (A4) of the macrodisk working electrode was determined from the peak
current for oxidation of 1.0 mM Fc to F¢' in CH3CN (0.10 M [n-Bus][PFs]) and use of Randles-
Sevcik relationship [26] (see Eqn. 1) with a known diffusion coefficient (D) of 2.4 X 10> cm?

s~ for Fc under the conditions used [28].

1
I, = 0.4463nFA("FDV/ ) 2 (1)

In this Equation, I, n, C, and A denote the oxidation peak current, number of electrons
transferred (n = 1), bulk solution concentration, and electrode area, respectively. The

determined area of the GC electrode was 8.0 X 1073 cm?.

2.2.1 Bulk electrolysis:

One  electron  reduced  [Zn''CIVV,05.CI]*, [Cu(MeCN)VV12,05:CI]*  and
[Co"(MeCN)VV1,03,CI]* and two electron reduced [Fe™'CIVV1,03,C1]* species were obtained
by bulk electrolysis of 10 mL of 1.0 mM solutions of the POM in CH3CN (0.10M [#-Bug][PFs])
in an H-shaped electrolysis cell with coulometric monitoring using the same instrumentation
as for the voltammetry. Large surface area glassy carbon (GC) plate and Pt-gauze were used as

the working and auxiliary electrodes respectively and separated from each other by a fine
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porosity glass frit in the H-Cell. Ag wire in contact with CH3CN (0.10 M [n-Bus][PFs])
contained in a salt bridge was used as the reference electrode and placed in the same

compartment as the working electrode.

2.2.2 Steady State Voltammetry:

Both the parent transition metal functionalized POMs and the one electron reduced species
were studied by steady state voltammetry at a GC (3mm diameter) rotating disk electrode.
Rotation rates of 52.4, 105, 157, 209, 262 and 314 s™! were maintained by the BAS-M 1005
electrode rotator and experiments undertaken in conjunction with the electrochemical
workstation as for the transient voltammetry. Ag wire in a glass frit containing 0.10 M [n-
Bus][PFs] in CH3CN was used as reference electrode and Pt wire as the counter electrode. This
form voltammetry is independent of potential and scan direction and so can readily differentiate
between reduction and oxidation process which is difficult to achieve by transient cyclic

voltammetry [29].
2.2.3 Vis-NIR Spectroelectrochemistry:

The in situ Vis-NIR spectroelectrochemistry was performed in an Oriel Instaspec II linear diode
array detector (LDA) in combination with the CHI 760E electrochemical workstation used in
other electrochemically based experiments. In most visible-near infrared
spectroelectrochemical experiments, Visible-near infrared light passes through the solution. In
these experiments, light reflected from a platinum disk working electrode (3 mm diameter)
surface was detected as shown in the schematic representation displayed in Figure 2. Ag wire
(2 mm diameter) and a platinum ring were used as pseudo-reference and counter electrodes,
respectively, and experiments conducted in an airtight SEC cell (details described in reference

[30]) where nitrogen pressure can be easily maintained.
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Figure 2. Schematic representation of the experimental arrangement used for Visible-near

infrared spectroelectrochemical experiments. Concept taken from reference. [26]

2.2.4 EPR spectroscopy:

EPR spectra were measured with a Bruker EleXys E 500 continuous wave X band spectrometer
controlled by Linux-based XEPR software and use of a standard cylindrical cavity (ER
4102ST). Liquid nitrogen was used to maintain the sample temperature at 77 K. Samples were
frozen to liquid nitrogen temperature in the EPR sample tube before it was inserted into the
EPR cavity. A microwave frequency counter (EIP 548 A) was used to measure the microwave
frequency. The g-values were estimated by calibration with reference to the F* line in CaO (g
=2.0001 £0.0001) [31]. Spectra were detected as the absorption and simulated with the
Sophe-Xepr View software [32]. Uncertainties in the g-values calculation were assessed as +
0.002. One electron reduced [Zn'CIVV,03:CI]*,  [Cu(MeCN)VV,03:CIJ*,
[Co"(MeCN)VV1,03,CI1]* and two electron reduced [Fe™CIVV,0:Cl]* species were

prepared by controlled potential bulk electrolysis.
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3. Results and Discussion:
3.1 Cyclic voltammetry of transition metal functionalized vanadium POMs:

Figure 3 displays DC cyclic voltammograms for the one electron reduction of 0.5 mM
[VV1203:C1)>,  [Fe'CIVV1,05:Cl%,  [Zn"CIVY1205:Cl]*, [Cu(MeCN)VV1,05,CIJ*" and
[Co"(MeCN)VV1,03,CI]* in CH3;CN (0.10 M [1n-Bu4][PFs]) obtained at a GC electrode using
a scan rate of 0.100 V s™'. For the all vanadium POM, this reduction has to be vanadium based.
Thus the initial well-defined process shown in Figure 3a with a mid-point potential, Ey, of -
0.542 V vs Fc”" calculated from the average of the reduction and oxidation peak
potentials, (E5®Y + ES¥)/2, and equated to the reversible formal potential, E°, must involve

reduction of VV. The peak-to-peak separation (E5®9 - ESX) or AE,, value of 78 mV and the unity

magnitude ratio of reduction and oxidation peak currents imply that this is a chemically and

VV/IV

electrochemically reversible one electron reduction process (Eqn. 2).

% 5— - . rylv 6—
[VY1203,CI]°" + e = [V'V1,05,Cl] (2
0.8/(a) 0.5/ ® 0.4/(c)
0.0 < 00 0.0
0.8 el -0.
1.6 i 0.8
0.8 0.6 0.4 “02 04 06 08 03 01 01
E vs(Fc"*)v E vs(Fc"*)yv E vs(Fc"*)v
0.4
(d) 0.4{(e)
0.0 0.0
2 s
= 0.4 = -0.4
0.8
0.8 : ; ; : :
0.2 0.0 0.2 0.3 0.1 0.1
Evs(Fc"* v E vs(Fc”* v
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Figure 3. Cyclic voltammograms obtained at a scan rate of 0.100 V s™! for the first one electron
reduction of 0.5 mM (a) [VV12032Cl1]>", (b) [Fe'CIVY1,05.Cl1]*, (c) [Zn"'CIVY1,05.Cl]*, (d)
[Cu(MeCN)V"V1203:CI]* and () [Co"(MeCN)VV1203:CI]*" in CH3CN (0.10 M [#-Bus][PF¢))

at GC electrode.

Figure 3b shows that the cyclic voltammogram for the one-electron reduction of
[Fe"'CIVY12032C1]* is well-defined and chemically reversible with EY = 0.44 V and AE,; =
75 mV. According to the previous work from this laboratory, this reaction converts Fe(III) to
Fe(II) to give the analogues of the Zn(II), Cu(Il) and Co(II) POMs. A further two one electron
transfer process are observed at more negative potentials (Figure S1a) as reported in reference

[23].

[ZnC1V1203:C1]* in principle also provides an example of a POM where it is anticipated that
any initial reversible one electron reduction process should be VYV based. It is highly unlikely
that Zn" can be be reduced to Zn'. Reduction to the zinc metallic state is difficult and, in any

case, would give rise to a two electron rather than one electron reduction process.

Figure 4. Structure of zinc functionalized vanadium [Zn"'C1V"V1,05,Cl]* POM with a DMA"
placeholder [21] (left) and representation of location of Zn relative to POM framework (right) .

Zinc is coloured deep brown, Oxygen red and Vanadium teal.
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As shown in the Figure 4, in the structure of [Zn'CIVY1203Cl]*, the centrally situated
heteroatom Zn has four surroundings oxygen ligands. The chloride ligand sits above a POM
cage framework constructed form 12 octahedral MOs-units linked to one another by
neighbouring oxygen atoms with the placeholder located below the POM framework. The Zn**
functionalized POM differs from the Cu** and Co?" functionalized POMs considered below
because chloride acts as ligand rather than MeCN. This means that the charge on the Zn** POM
is more negative by one unit than for the [Cu'(MeCN)VV,05CI]* and
[Co"(MeCN)VV1,03,CI]* POMs, but not as negatively charged as [V'1203.C1]>. The charge

can have a significant impact on the E° value.

The cyclic voltmmogram (Figure 3c), as for [Fe'CIVY120:Cl]* gives a well-defined
chemically reversible process with an E° value of -0.123 V vs Fc”* derived from (E5ed +
Ep*)/2. The AE,, value of 93 mV is consistent with a quasi-reversible one-electron reduction
process. Scanning the potential to more negative values reveals a second one-electron reduction
process (see Figure S1b) with E° and AE, values of -0.67 V vs Fc” and 105 mV respectively.

A series of complex processes are evident at even more negative potentials.

In the case of [Cu"'(MeCN)VV120::Cl1]*, both the Cu" and VY metal centres are in principle
electroactive and could be reduced to Cu' or Cu(metal) and V!V respectively. In contrast with
[Zn"CIVV1,05,Cl]*, [Cu(MeCN)VV1,03,CI1]* has a lower charge, which is likely to facilitate
reduction. Figure 3d displays a cyclic voltammogram for [Cu{(MeCN)VV,03,CI1]* for the

initial well-defined quasi-reversible one electron process with E® and AE, values of -0.101 V

vs Fc”"and 81 mV (scan rate of 100 mV s!), respectively.

The current magnitude of the 2™ process (Figure Slc) is silghtly smaller than the first which

followed by a series of more complex processes in the very negative potential region as applies
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for all POMs. The voltammetry of [Cu(MeCN)V",03,Cl]* does not define the redox level of

the Cu and V metals in the reduced forms.

[Co"(MeCN)VV1,03,Cl1]* has the same formal charge and a similar structure to that

[Cu''(MeCN)VV1,03,CI]*. However, while Co(I) is a known redox state [33], it is far less

VV/ v 11

accessible electrochemically than Cu' so a process is more likely than Co™". The cyclic
voltammogram for [Co"MeCN)VV,05,CI]* shown in Figure 3e exhibits the now familiar
initial well-defined quasi-reversible one electron reduction process which in this case has an

E° value of -0.144 V vs Fc”* (AE, = 78 mV), along with a series of complex reduction

processes at more negative potentials.

In summary, under conditions of cyclic votammetry at a GC electrode, all POMs examined
showed chemically reversible one electron charge transfer processes at a GC electrode with a
scan rate of 100 mV s’'. At more negative potentials, the degree of complexity varies with the
identity of the POM. The peak currents for first process for all POMs are linearly dependent
with v!? over the scan rate range of 0.05 to 1.0 V s™! (Figure S2), indicating that the mass
transport process is diffusion control. D values calculated from the slopes of these liner plots
and use of the Randles-Sevcik equation (see Eqn. 1) are 4.0 X 10, 3.1 x 10, 4.0 x 10, 5.7
X 10% and 6.0 X 10° for [VV120:CI]>, [Fe'CIVY,05CI]*, [Zn''CIVY,05CI]*?,
[Cu(MeCN)VV1,03:CIP"* and [Co"(MeCN)VV1205,CI]*"*, respectively. However, this
equation strictly only applies to a reversible process rather than quasi-reversible ones as found
for the POMs of interest in this study. Accordingly, D values are probably slightly

underestimated. Table 1 summarises the voltammetric data for all compounds.
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Table 1. Summary of voltammetric parameters obtained from the reduction of 0.5 mM
[VV120::C1]%, [Fe'CIVY12,05:CI)*, [Zn''CIVV1205C1]*, [Cul(MeCN)VV12,05,CI]*" and

[Co'(MeCN)VV1,03,CI]* in CH3CN (0.10 M [n-Bus][PF¢]) at a scan rate of 0.100 V s\,

oM EQ,p(1%, 2. ...n™)  AER(1%,2™....n®) D’

V2 vs F¢”* mV® cm? s’
[VY1,03,CI]" -0.542, ¢ 78, ¢ 4.0x 10
[Fe"'CIVY1,05,Cl]* 0.44,0.02, ¢ 75, 83, ¢ 3.1 x10°
[Zn"CIVY1,05C1]* -0.123,-0.670 93, 105, ¢ 4.0x10°
[Cu"(MeCN)VV,0:,CI]*  -0.101, € 81, ¢ 5.7 % 10°
[Co"(MeCN)VV,0:,CI]"  -0.144, ¢ 78, ¢ 6.0 x 10°

* Uncertainty in Eg,,, is + 5 mV

® Uncertainty in AEp is + 2 mV
¢ further processes present at more negative potentials region
d calculated from the from the slop of the graph (I/pA vs v!’2, see Figure S2) by using Randles-

Sevcik equation

3.2 Bulk electrolysis for the one electron [Zn"'CIVY1,03,Cl]*, [Cu"(MeCN)VY1205:ClJ*
and [Co"(MeCN)VV1205:Cl]>* and two one electron [Fe™CIVY20::Cl]* reduction

processes:

Whilst, the initial one electron reduction processes are chemically reversible on the cyclic
voltammetric timescale, this may not be the case under the much longer experimental times
used in exhaustive controlled potential electrolysis undertaken to obtain bulk concentrations of
the one electron reduced transition metal functionalized vanadium POMs. Constant potentials
of -0.25, -0.20 and -0.23 V vs Fc”"and 0.15 V vs Fc”* were applied to synthesize the one
electron reduced [Zn"CIVY1,05CI]*, [Cu(MeCN)VV1203Cl]J* and
[Co"(MeCN)VV1,03,CI]* and two electron reduced [Fe™CIVV,05,CI]*, respectively. In all

cases, the charge calculated by coulometric analysis [34] of the current-time data and use of
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Faraday’s law was 0.95 +/- 0.05 C and hence close to the theoretical value predicted for a one
electron reduction process. The solution colour changed from initially light yellow to yellowish
green, deep yellow to yellowish green and yellow to yellowish green at the conclusion of
exhaustive reductive bulk electrolysis of [Zn"'CIVV1,05.CI]*, [Cu'(MeCN)VV1203:CI]* and

[Co"(MeCN)VV1203:Cl]*" respectively.

3.3 Rotating disc electrode voltammograms of POMs before and after bulk electrolysis:

Figure 5 shows the steady state voltammograms obtained at a GC rotating disc electrode (RDE)
using a rotation rate of 157.08 s™! for 0.10mM [Zn"'CIVV1203:C1]*, [Cu"(MeCN)V"1,03:C1]*
and [Co"(MeCN)VV1,032CI]* in CH3CN (0.10 M [1n-Bu4][PFs]) before and after one electron
bulk electrolysis. For, [Zn""CIVV12,03,C1]* and [Co"(MeCN)V"Y1,05,Cl]* almost full chemical
reversibility is achieved on the bulk electrolysis timescale as the limiting current magnitudes
for reduction, /1, which is negative before bulk electrolysis and that for oxidation current which
is positive after bulk electrolysis are almost the same (= 90%). Furthermore, the potentials at
11/2 or so called half-wave potentials, E1/2, are similar for oxidation after and reduction before
bulk electrolysis as expected for a close to reversible process. In the case of
[Cu"'(MeCN)VV1,03,CI]* only about 63% of product is stable on this timescale as noted by
the magnitude of the /v value after bulk electrolysis being only about half that before bulk
electrolysis. Consistent with this conclusion, essentially 100% of both [Zn"'C1V"1,03,C1]* and
[Co"(MeCN)VV1,03,Cl]* could be recovered by bulk oxidative electrolysis of the initially one-

electron reduced POM, but only about 60% of [Cu(MeCN)VV1,05,CI]*.
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Figure S. Steady state voltammogram obtained by rotating disc electrode voltammetry prior to
(blue) and after one electron bulk reductive electrolysis of (a) [Zn"'CIVY12,0::Cl]*, (b)
[Cu"MeCN)VV1203:CIJ* and (¢) [Co'(MeCN)VV1,03,CI]*. Scan rate = 0.02 V. Rotation rate

=157.08 s”!, POM concentration = 0.1 mM.

Plots of I vs o' for the reduction of all POMs were linear over the rotation rate range of 52—

314 s! as predicted by the Levich equation [28] confirming mass transport-controlled reactions
are occurring in the limiting current region [29]. The slopes of these plots and use of the Levich
equation gave diffusion coefficient values of 4.5 x 10, 5.5 x 10 and 6.1 X 107 (see Table
2) for [Zn"CIVVY,05:CI*", [Cu'(MeCN)VVY12035:C1]** and [Co'(MeCN)VV1,05,CI*"*,
respectively which are consistent with the values that obtained by linear sweep voltammetry

and Randles-Sevcik equation. The RDE data are summarised in Table 2.

Table 2. Summary of RDE voltammetric data obtained from reduction of 0.1 mM
[Zn"CIVY1,05:Cl]*, [Cu(MeCN)VV1203:C1J*" and [Co"(MeCN)VV1,05,C1]* in CH3CN (0.10

M [n-Bus][PFs]) at a scan rate of 0.02 V s™' and rotation rate of 157.08 s!.

Ep(red) Eip(ox) Iu(red) Ii(ox)  (Iu(ox)/ I.(red)) Db

POM 2 ol
Ve vs Feo* nA % recovery cm” s
[ZHHCIVV12032C1]4' -0.115 -0.11 -3.5 3.1 88 4.5 % 10'6
[Cu(MeCN)VV,05,CIP-  -0.09 -0.09 -4.1 2.6 63 5.5% 10
[Co"(MeCN)VV1,05,CIP-  -0.135 -0.13 -3.8 34 93 6.1 x 10°
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* Uncertainty in Eq 5 is = SmV

® calculated from the from the slop of a plot of Ii./pA vs o' (see Figure S3) and use Levich

equation

3.4 In situ Visible-near infra-red (Vis-NIR) spectroelectrochemistry of the one electron
reduction of [Zn"CIVY1,03,Cl]*, [Cu"'(MeCN)VV1203:C1]* and

[Co"(MeCN)VV120::Cl]*:

The Vis-NIR spectral changes observed during the electrochemical reduction of the transition
metal functionalized POMs are shown in Figure 6. As noted in the bulk electrolysis section
presented above, colour changes accompanying the one electron reduction detected visually
were minor. Consequently, and as expected, absorbances in the visible region of the spectrum
are small as are changes accompanying reductions. In case of [Zn"'CIV"1,03,C1]*’*", absorption
in the visible and near infrared region (Figure 6a) increases slightly due to enhanced d-d metal
to ligand transition [35]. The spectral changes accompanying reduction of
[Cu'(MeCN)VV1,03,CI]* and [Co (MeCN)VV1,03:Cl]*" are far more substantial. One electron
reduction of [Cu'(MeCN)V"1,03,CI]* generates a band in the visible region at 622 nm (Figure
6b) and one in the near infra-red region at 1060 nm (with a shoulder at lower wavelengths). All
bands diminish/increase in intensity during the course of the one electron reduction, with an
isosbestic points detected at 646 and 960 nm. Reduction of [Co"((MeCN)V"1,03:CI]*" also
generates a band in the near infrared region of 1060 nm as with [Cu{(MeCN)VV,05,CI]*" and
again a shoulder is present at lower wavelengths as are isosbestic points at 658 and 937 nm. In
all cases, changes are reversible as when the potential is switched to oxidation, original

spectrum of the POM is recovered.
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Figure 6. In situ spectroelectrochemical experiments displaying the Vis-NIR spectral changes
accompanying the one electron reduction of 1.0 mM (a) [Zn"CIVV,05:CIJ*,
[Cu''(MeCN)VV1,03:CI]* and [Co"(MeCN)VV1205,Cl1]* in CH3CN (0.10 M [n-Bu4][PFq]).
Blue (----) and red (----) represent the initial and last absorption spectrum, respectively. Arrow

sign stand for the direction of absorption band.

3.5 EPR spectroscopic characterization of the one electron reduced [Zn"CIVY1,03::CI]*,
[Cu"(MeCN)VY1,03:Cl]* and [Co"(MeCN)VY1;03:Cl]* and two electron reduced
[Fe'CIVY1203:C1]* POMs:

EPR spectra were obtained on one and two electron reduced POMs prepared as in the bulk
electrolysis experiments at a GC electrode in CH3CN (0.1M [n-Bus][PF¢]) described above.
However, these solutions were transferred to an EPR tube and then frozen in liquid nitrogen.
Hence, the EPR spectra were recorded on glass samples at 77K rather than in solution phase at
22 9C used for other measurements. In principle, analysis of the EPR spectra may provide

knowledge as to where the electron resides on the reduced POM.
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The EPR spectra obtained at 77 K from frozen glasses of the two electron reduced
[Fe™CIVV1205,Cl]* and one electron reduced [Zn"CIVY1203.CI]*, [Cu{(MeCN)VV1,05,CI]*

and [Co"(MeCN)VV1,03,CI]* are shown in Figures 7-10, respectively.

The EPR spectra of the parent and two electrons reduced [Fe"™'CIVY,03,C1]* are similar to
that reported in previous work [23] (see Figure 7) which were associated to the electrons being

localized on to Fe atom rather than V framework to give Fe'' and then Fe' centres.

(a) Parent-{FeVi2} (b) 2 electron reduced-{FeVi:}
100 110 120 130 140 60 180 300 450
B/mT B/mT

Figure 7. EPR spectrum of (a) 1 mM parent [Fe"C1V"V1,03,CI]* and (c) two electron reduced
[Fe"'CIVY1,05,Cl]* in frozen CH3CN (0.10 M [1#-Bu4][PF¢]) solution at 77 K. Spectrometer
settings: microwave frequency 9.4473 and 9.4501 GHz for parent and two electron reduced

species; microwave power 5.024 mW; modulation amplitude 0.4 mT.

The EPR spectrum of one electron reduced all vanadium POM [VV1203,C1]> has been reported
[23] and also is included in Figure 8. This POM has a high degree of symmetry with DMA"
groups in both capping positions (see Figure 1a). Furthermore, this POM reduction process has

VYWV one and hence provides a reference EPR spectrum for assignment in reduced

to be a
transition metal substituted POMs that are of interest in this publication. However, the electron

need not be, and probably is not localised on just a one of the twelve vanadium sites available

in this POM framework. The experimental EPR spectrum of the one-electron reduced
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[VV1205,C1]> POM (Figure 8a), now conveniently represented as [VV1iV!VO5Cl]® is
described in reference [23] as a single broad V'Y resonance at ca. 345 mT (g =1.963). Hyperfine
features would be expected to be generated from the hyperfine structure as a result of the
interaction between unpaired electron and 'V nucleus (/ = 7/2; 99.2 % abundance), but this is
not observed. The lack of hyperfine was postulated in reference [23] to be indicative of the
possible delocalization of unpaired electron which resides on a number of V sites. Moreover,
parameters that used in the simulation shown in Figure 8a, especially isotropic hyperfine
interaction is comparable with 84 x 10 cm™ that assessed for the V!V ion in the [PVMo11040]*,

which suggest that delocalization of unpaired electron occurs over about three V sites. [36].

Reduction of [Zn"'CIVV12032Cl1]*, as for [VV12032C1]* should be vanadium based, to give what
could be described as [Zn""CIVY; V!V 03,Cl1]>". However, this POM has a significantly lower
level of symmetry that for the all vanadium POM. Now, a zinc atom coordinated to oxygen
and chloride lies in one capping position and a DMA" in the other. From a purely electrostatic
perspective, the electron could on average reside near the Zn>* positively charged region. Thus,
the presence of the Zn*>" metal could perturb the EPR spectrum, even though the electron
remains fully located on the vanadium POM framework. A different distribution over the V
framework is indicated as the g-value is 1.974 compared to the 1.963 for the 1-electron reduced
[VV1203:CI]*". A presented radical type signal also is superimposed on the broad line which
have a g-value close to 2.003 [37]. However, this signal with a very narrow line width only
represents around 1 % of the unpaired spins generated by reduction of [Zn'CIVV;,05,C1]* and

probably represents an impurity.
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(a) 1 electron reduced-{V 12} (b) 1 electron reduced-{ZnV 45}
300 350 400 450 280 320 360 400
B/ImT BImT

Figure 8. EPR spectrum of one electron reduced (a) [VV12032C1]° and (b) [Zn"'CIVV1,05,CI]*
POM in frozen CH3CN (0.10 M [n-Bu4][PF¢]) at 77 K. Experimental spectrum (black): (a)
microwave frequency 9.4905 GHz; microwave power 5.024 mW; modulation amplitude 0.5
mT and (b) microwave frequency 9.3241 GHz; microwave power 1.002 mW; modulation
amplitude 0.4 mT. Simulated spectrum (red): (a) g-factor 1.978; (b) Lorentzian line shape

width 100 X 10 cm™!; isotropic g-factor 1.963; isotropic hyperfine interaction 32 X 10 cm™.

In the case of [Cu'(MeCN)VV,05,Cl]*, the one-electron reduction process could be

associated with Cu or VYV

redox chemistry. EPR simulations are of course dependent on the
model used to mimic the experimental data. Thus, it is noted that while reasonably good
agreement between experimental and simulated EPR data could be obtained by modelling with
a single [Cu(MeCN)VV1,05,CI]* species, significantly superior agreement was achieved by
assuming the presence of Cu' in two structurally similar sites of POM in an axial environment.
The two g-values provided for this POM in the Table 3 prior to reduction correspond to the

Cu'" in two sites. A comparison of the EPR spectrum obtained from of a 1.0 mM solution of

[Cu"(MeCN)VV1,03,CI]* in CH3CN (0.10 M [1-Bus][PFs)) frozen to 77 K with simulated EPR
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spectra based on the presence of two similar Cu"" sites is displayed in Figure 9. Simulations of

the EPR spectra gave the spin Hamiltonian parameters listed in Table 3.

Parent-{CuV2}

240 280 320 360
BImT

Figure 9. EPR spectrum of 1 mM parent [Cu"(MeCN)V"12032Cl1]* in frozen CH3CN (0.10 M
[7-Bus][PF¢]) solution at 77 K. Experimental spectrum (black): microwave frequency 9.3277
GHz; microwave power 1.002 mW; modulation amplitude 0.4 mT. Simulated spectrum

(red): simulation parameters provided in the table 3.

Table 3. Cu" Spin Hamiltonian parameters obtained for 1.0 mM [Cu'(MeCN)VV1,0:CI]*

frozen solution in CH3CN (0.10 M [n-Bus][PF¢]). Hyperfine interaction parameters (A) are X

10* cm’!; linewidths (0) in G.

Species gl g Ay A, O
[Cu"(MeCN)V"1,05,Cl]* (site-1) 2400 2070 140 10 30
[Cu"(MeCN)V"1,05,CI] (site-2) 2415 2070 118 10 30

The values of g| and A| are consistent with coordination by four oxygen atoms [38]. The

relative concentration of site 1 was estimated to be 20% greater than that of site 2.
The EPR spectrum of the 1.0 mM solution of [Cu(MeCN)VV1203.CI]* in CH;CN, when
frozen to 77 K after a one-electron reduction, also exhibited a weak resonance at g = 2.070,

attributable to the perpendicular features of the same Cu spectrum as exhibited by the
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unreduced solution. However, this resonance only had 3% of the intensity of that observed with
the unreduced solution. This spectrum is consistent with a residual concentration of
[Cu'(MeCN)VV1,03,CI]* remaining from slightly incomplete bulk electrolysis. Significantly,
there was no evidence for an EPR resonance attributable to V!V as was observed with frozen

solutions of one-electron reduced [Zn"CIVV1,03,CI]*.

(a) CHsCN _ -
(without {CoV1s}) (b) Parent-{CoV2z}) (c) 1 electron reduced-{CoV12})

0 100 200 300 400 0 150 300 450 0 150 300 450
B/mT B/mT B/mT
Figure 10. EPR spectrum of (a) CH3CN (b) 1 mM [Co"(MeCN)VV1203:CI]*" and (c) one
electron reduced [Co"(MeCN)VV1203:CI]* in frozen CH3CN (0.10 M [1#-Bu4][PFs]) solution
at 77 K. Spectrometer settings: microwave frequency 9.451 GHz; microwave power 5.024

mW; modulation amplitude 0.4 mT.

With one electron reduction of [Co"(MeCN)VV1,05,CI]* it is possible that a formally Co™
reduction process occurs, but it is far more likely that the process will be VYV, The EPR
spectrtum is shown in Figure 10c. Frozen solutions of unreduced 1.0 mM
[Co"(MeCN)VV1,03,ClI]* at 77 K gave the EPR spectrum shown in Figure 10b which are
similar to that for the cavity with CH3CN (0.1 M [n-BusN][PF¢]) given in Figure 10a. This
response implies that [Co(MeCN)VV1,03,CI]* is EPR silent at 77 K. In principle, an EPR
feature for high spin Co(II) could be present, but typically, this requires much lower
temperatures than 77K for detection [39]. For the one electron reduced

[Co"(MeCN)VV1,03,Cl]* a broad resonance, with a g-value of 1.961 is found, which lies close
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to that of g = 1.963 found for the one-electron reduced [VV1203.CI]>- [23]. Interestingly, the
intensity of this EPR signal is very weak and just above the cavity background signal (Figure
10a) obtained for CH3CN (0.10 M [n-Bus][PFs]). It is also of much lower intensity compared
to the VIV EPR spectra obtained from one electron reduced [VV12032CI]> or [ZnC1V1,0:CI]*
noting that at least 90% of the one electron reduced [Co"(MeCN)VV,05.CI]* was formed by
bulk electrolysis prior to freezing to 77 K for EPR experiments. However, while there is
evidence for a V!V EPR resonance at 77 K, also resonances attributable to Co'" or Co' was
detected. Experiments at liquid helium (4 K) temperatures are needed to clarify the

interpretation of the EPR spectrum for one electron reduced [Co"(Men)VV120:.CI]*".

4. Conclusion:

Under transient voltammetric conditions (scan rate of 100 mV s) the transition metal
functionalised vanadium POM:s, [Fe"'CIVV1,03,Cl]*, [Zn"CIVY1,05,Cl]*,
[Cu'(MeCN)VV1,03,CI]* and [Co"(MeCN)VV1,05,Cl1]* give well-defined quasi-reversible
one-electron reduction reactions at a GC electrode in CH3CN (0.10 M [n-Bus][PF¢]) can be
reduced in a series of steps. The fact that these initial processes are all well separated from
those at more negative potential allows the generation of the one electron reduced species of
these POMs by controlled potential bulk electrolysis yields are = 90% for Zn and Co
containing POMs and 63% for the Cu one as confirmed by RDE voltammetry at a GC electrode.
Insitu  Vis-NIR Spectroelectrochemistry shows simple change upon reduction of
[Zn"CIVV1205,CI]* and [Cu’(MeCN)VV1,05,CI]* and formation of intervalence basis with
reduction of [Co(MeCN)VV1,03,CI]*". EPR spectra also were obtained from oxidized and one
electron reduced form of [Zn"CIVV1205Cl]*, [Cu(MeCN)VV,0:,CI]*  and
[Co"(MeCN)VV1,03:CI]* and two electron reduced [Fe™CIVV,03,CI]* generated by bulk

electrolysis in CH3CN (0.10 M [n-Bus][PFs]) and then frozen to the glass state at 77 K. EPR
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spectrum of the two electron reduced [FeCIVVYi205,CI]* implies that Fe! is reduced

sequentially to Fe" and then to Fe'. The EPR data suggest that the electron on reduced
[Cu"(MeCN)VV1203,Cl1]* resides on Cu in this Cu”'based process. In contrast, the electron is
delocalised onto the V framework following the one electron reduction of [Zn"'CIVV1,05,CI]*
as it must with one electron reduced [VV12032CI]>". In the case of the one-electron reduced
[Co"(MeCN)VV1,03,CI]*, EPR data imply that some of the electron density is located on the
V framework. However, the intensity of the EPR signal is much suppressed relative to one
electron reduced [Zn"CIVV1,03,Cl]* and [VV12032C1]>- POMs for similar concentrations. EPR

spectra at liquid helium (4 K) temperature are needed for further clarification.
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Figure S1. Cyclic voltammograms obtained at a scan rate of 0.100 V s! for the reduction
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

Nanosized oxoanion POM clusters constructed from high valent transition metals (e.g.
vanadium, tungsten and molybdenum) are used in various fields such as materials science,
capacitors, medicine, solar energy and catalysis. Access to quantitative electrochemical POM
studies that enhance the understanding of electron transfer kinetics can facilitate further
practical POM uses. In this study, the electron transfer kinetics associated with several Dawson
and Keggin POMs have been examined by DC, FTAC voltammetry as well as other methods.
Results in combination with EPR, Vis-NIR and EQCM experiments helped to clarify nuances

in the kinetic findings.

Features such as enhanced ability to resolve the impact of electrode kinetics and
uncompensated resistant (Ru) and higher kinetic sensitivity make the FTACV technique

superior to the widely used DC voltammetry in quantitative electrode kinetics POM studies.

FTAC voltammetric experimental data have been compared with simulated data to determine
the electrode kinetic parameters. Initial estimates of kinetic parameters (E°, k° and «) by a
heuristic approach could introduce experimenter bias as simulation parameters are changed
manually with the best fit decided by the experimenter. However, these manual estimates help
to set the ranges of variables that are used in the computer-assisted data optimisation approach
and provide parameters that are free of experimenter bias. In general, kinetic parameters
obtained by both approaches are similar unless there are departures from the ideality in theory-
experiment comparisons. Findings suggest that electron transfer kinetics at GC electrode is

faster than with Au and Pt metal electrodes, and the rate of the first a-[S;Wi3062]*">" process
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is always faster than that of the second a-[S2W1s062]>" process in CH3CN (0.50 M [n-

BusN][PFg)).

Without great care, the automated data analysis approach can provide false parameter values,
such as where the kinetic estimation nears the reversible limit. In other cases where reduction
and oxidation components are not symmetrical, which is readily detected in the heuristic
method, automated estimates can be substantially different from the heuristic estimates as these
are derived solely from the reduction component. Non-conformance with the Butler-Volmer
model of electron transfer arises in the electrode kinetic parameterisation of the a-[S2W1sOe2]*
/5-6- process especially at Pt electrodes. This can be explained by the combination of slow
electrode kinetics and ion-pairing between the electrolyte cation and highly negatively charged

POMs, a-[S2WisO062]* or reduced species a-[SaW1sOs2]>. Surface modification also may

account for this anomalistic behaviour.

Several electrode kinetic nuances were detected when a BDD electrode also was employed to

parameterise the thermodynamics and electrode kinetics associated with the a-[S2W1sOe2]*""

/6 ]5—/6—

" processes. An unusual kinetic pattern where the second o-[S2WisOe2 process is

apparently kinetically faster than the first a-[SaW1sOe2]*">"

process and harmonic dependent
kinetics also are revealed with BDD. These non-idealities are removed upon removal of the sp?
carbon-rich exposed edge of the BDD electrode. On the other hand, concentration dependent

electrode kinetics at BDD electrode is attributed to the limited charge carrier density associated

with BDD.

o-[S2W15062]%77/81- at a more negative potentials also have been parameterised, and again
departures from the theoretical predictions of the Butler-Volmer model of electron transfer are

detected; this may be the consequence of the enhanced impact of ion-pairing and electrode

255



Chapter 7

material dependent surface interactions. Additionally, the influence of a double layer on

processes at very negative potentials was more substantial.

The electrochemistry of dissolved KWsa[N3C4H1o]* along with its surface confined diazonium
derivative KVs,[-]* and non-idealities associated with parameterisation also have been
detected by FTAC voltammetry. The relatively slow electron transfer kinetics associated with
KYsu[N3CaH10]*57 processes compared to a-[SaW1sOe2]*">¢ processes in the solution phase
(CH3CN/0.10 M [n-BusN][PFs]) may be due to the extended diazonium chain that restrains the
approach of the active monomeric POM to the electrode surface. A series of conventional DC
voltammetric experiments without polishing the electrode and EQCM measurements at a gold
quartz crystal electrode reveal that the source of non-ideality may originate from the electrode
surface accumulation of an unidentified product that accompanies the first KWVs,[N3CsHo]*"*
reduction process. Nuances associated with surface-confined voltammetry may arise due to

thermodynamic and kinetic dispersion resulting from heterogeneity in the grafted GC electrode

surface.

EPR and visible-near IR spectroscopy combined with conventional DC cyclic voltammetry
have been used to characterise the one-electron reduced Zn(II), Cu(Il) and Co(Il)
functionalized vanadium POMs as well as the two electron reduced Fe"" derivatives. EPR data
suggest that electrons added to [Fe"™'CIVY1,032CI]* and [Cu"(MeCN)VV1205,CI]* reside on
the Fe and Cu' centre, respectively. On the other hand, the reduction of the Zn derivative leads
to electron transfer on the V framework. The very similar g-value of 1.961 for one-electron
reduced [Co(MeCN)VV1,05,CI]* compared to g-value = 1.963 reported for the one-electron
reduced [VV1203:CI]> suggests that at least some of the electron density resides on the V

framework. However, the intensity of the EPR signal is much lower than for the one electron
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reduced [Zn""CIVY,05,CI]* and [VV1205.Cl1]>- POMs; hence, some electron density may also

reside on Co as well.

7.2 Future Work

In Chapters 2 to 5, the MECSim simulation software package has been used to analyse the
FTAC voltammetric data by adopting the Butler-Volmer model for the electron transfer
processes. However, departures from theory are detected. Therefore, including ion-pairing
phenomena into the theoretical data analysis, may qualitatively express the asymmetry in
reduction and oxidation AC components, as POM may adsorb on the electrode surface
specifically with KVsi[N3C4H1o]*. This better modelling explains the non-conformance to the
Butler-Volmer model and can provide a better understanding of thermodynamics, electrode

kinetics, and mechanistic nuances associated with POM electrochemistry.

In FTAC voltammetric data analysis, both experimenter-based heuristic and computer-assisted
automated data analysis approaches have been used to parameterise the electrode kinetics and
ensure chemically sensible values are reported. The automated method can unknowingly
generate physically unreliable parameter values when for example a process is near a reversible
limit. A future challenge is to avoid over parameterisation by the introduction of Bayesian

interference or any other more sophisticated statistical method.

In Chapter 6, absorption spectroscopy covering the visible-near infrared region was employed
in conjunction with insitu bulk electrolysis of Fe(III), Zn(II), Cu(Il) and Co(II) functionalized
vanadium POMs. Further experiments are needed in the ultra-violet (UV) region where other
absorption bands may be present. EPR spectroscopic measurements of one electron reduced
[Co"(Men)VV1,03,Cl1]* at liquid helium (4 K) temperature may also clarify where the added

electrons reside in this POM.
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