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Outlook 

 

 

 

The main aim and ultimate final goal of the work carried out in this thesis is a drive 

towards a feasible system for light harvesting, which is in short, using the Sun’s 

energy to create electricity or a fuel for our energy requirements here on Earth. This 

work will see an approach using the triple phase boundary afforded by a microdroplet 

array. Although light harvesting is an ambition which has seen decades of work and 

uncountable man-hours, approaching it from the angle of utilizing the triple phase 

boundary between two immiscible liquids and a solid electrode is a new, and novel 

concept. 

 

Before any attempts towards a light harvesting technique can be made, we will need 

to have characterized and fully understood the mechanisms and nuances, both for 

dark and light processes, that are observed at the triple phase boundary. This initial 

process will start by selection of a suitable redox molecule, and exploring its 

reactivity in microdroplets under dark conditions. Once this has been achieved, an 

attempt can be made to use this knowledge, and implement it towards light 

harvesting. This will eventually include an attempt to couple photo-excited states with 

other molecules, this will be an important step if energy is ever able to be stored from 

such a system. 
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This early phase will also see the need to employ many other techniques other than 

electrochemistry in an effort to aid in the understanding and characterization of the 

triple phase boundary at microdroplets. This will include travelling to other 

laboratories in search of specialized scientific skills and apparatus, such as electron 

paramagnetic resonance, or photocurrent spectroscopy. It will also see the need to 

build new equipment needed to conduct tests such as surface tension visualization, or 

new electrochemical cells for photocurrent measurement. 

 

In summary, this report will see initial characterization of the processes, both light 

and dark, that occur within the triple phase boundary of a microdroplet for a given 

redox molecule dissolved within. Early attempts at coupling excited states with other 

molecules are also explored. Serendipity has always played a part in scientific 

discovery and the work outlined in this report was no different. The choice of oil used 

for the organic phase microdroplet deposits yielded some interesting and unexpected 

results, and has been implicated as one of the key aspects of the photoreactions that 

have been explored. 
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Chapter 1 
 

 

Introduction 
 

 

 

1.1 - Introduction to Electrochemistry  

 

Let us first consider the question, “what is electrochemistry?” 

 

Deceptively simple in nature, this question would likely require volumes to 

adequately answer, but we can start by saying that it is a division of science 

concerned with the study of the combining of electricity and chemical systems. These 

can range from the more obvious avenues such as batteries
(1)(2)(3)

 and blood glucose 

meters
(4)

, to more specialized fields such as solar cells
(5)(6)(7)

, electro-deposition
(8)(9)

, 

extraction of metals
(ni10)

, sensing devices -medical
(11)(12) 

and industrial
(13)

-, corrosion 

analysis
(14)(15)

, kinetic studies
(16)

  and water purification
(17)(18)

 to name a few.  

 
 

Essentially, electrochemistry is the study of charge transfer reactions. This charge 

transfer normally occurs as transfer of an electron between an electrode in the solid 

state, and the species that undergoes oxidation and/or reduction; this species is 

normally in the solution phase, which would typically contain an ionic species. The 

ionic species is present in order to be able to conduct charge and provide a path of 

little electrical resistance in order to allow the desired electrochemical reactions to 

take place
(19)

. The electrode can be made up of a variety of conducting materials, 

from metals -both solid
(20)

 and liquid
(21)

- carbon based  such as graphite
(22)

 or 
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diamond
(23)

 to semiconductors
(24)

. Once an oxidation or reduction takes place, there is 

an imbalance of charge, and in order for electro neutrality to be conserved a total of 

two half reactions must occur
(25)

. Generally speaking, only one of these half-reactions 

is of experimental interest and this one is said to occur at the working electrode
(25)

 

 

1.2 – Electrode Potential 

 

Let us first consider the effects that occur when a metal is exposed to an electrolyte 

under no other external influences such as application of potential. 

If we consider a metal, M, immersed in an aqueous electrolyte solution containing 

metal ions of the metal (M
z+

), an exchange will occur between the metal lattice atoms 

and ions in solution. At first, before equilibrium is established, one of these 

exchanges could occur at a faster rate than the other. For this example, let it be 

assumed that metal ions leaving the lattice occurs at a faster rate than M
z+

 entering the 

lattice 
(26) 

 

(Equation 1)
(26)

                             M    M
z+

 + ze
-           

 

 

As a result of the metal leaving, z electrons are left behind in the lattice; this builds up 

a negative charge on the metal. Proceeding with the assumption that the solution is 

the metal salt MA, the M
z+

 ions will be attracted to the interface of the metal, and 

consequently repels the A
-
 ions. As a result of the imbalance of charge at the 

interface, the solution therefore acquires a charge of opposite sign, but equal 
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magnitude and this is given the symbol qs
+
, and is defined as “the charge per unit area 

on the solution side of the interface” 
(26)

. Consequently this positive charge has the 

effect of slowing the release of M
z+

 ions from the metal and also increasing the rate at 

which M
z+

 ions enter the metal lattice; thus a dynamic equilibrium is reached 
(26)

. 

 

(Equation 2)
  
                                 M

z+
 + ze

-
    M              

 

The interface is neutral at equilibrium. This means the charge of the metal lattice and 

solution are of equal magnitude, but opposite signs 
(26)

. 

 

(Equation 3)                         qM = -qS               

 

The change in potential across the metal and solution as a result of the electron 

transfers - termed a potential difference- is given the symbol  (M, S) 
(26) 

 

(Equation 4)                          - (M, S) = M - S
             

 

In order for a value for this potential to be recorded it must be measured with 

reference to another potential interface as part of a whole circuit. A problem with this 

arises in that the other electrode necessary to provide the completed system will also 

include a potential drop, thus the voltage value will include both potential drops. One 

is generally only interested in the reaction occurring at one of the electrodes, therefore 

the system is standardized by the utilization of a reference electrode, which has a 

constant and known potential 
(26) (27)

.  As the potential of the reference is constant, we 
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can therefore correctly assign any observed changes in current to the working 

electrode -where the reaction of interested in occurs-
(27)

. 

 

The reference is given by a variety of methods, and involves the reference electrode 

being its own half-cell where the known processes can occur
(27)

. One such method is 

the standard hydrogen electrode (SHE) and by convention the potential of the system 

is taken as 0V relative to SHE. The SHE is utilized due to the fact that it is very 

consistent, and variances between different hydrogen electrodes are only in the order 

of approximately 10V
(25)

. 

 

One of the other popular reference electrodes utilized, and the one utilized throughout 

most of this report, is the saturated calomel electrode (SCE)
(25)

. The SCE uses a 

potassium chloride solution as the electrolyte of the cell, in which the reference 

reactions occur. These are between Hg(vi) (as part of the mercury(vi) chloride 

compound) and free elemental mercury
(25)

. It has a potential of 0.242V vs. SHE. 

 

 

Figure 1 - Representation of a saturated calomel reference electrode (SHE) 
(25)

. 
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The potential of the system is measured in volts (V). If the value is large, it indicates 

that a given number of electrons are able to do a large amount of electrical work, 

whereas if the value is small, a small amount of work is done by the same number of 

electrons
(26) 

(given no other variables). 

 

If the metal ions are the only source of electrical current, i.e. no current is being 

passed through the system, then the Nernst equation shows that the equilibrium 

potential is governed by the composition of the cell 
(28)

. 

 

 

(Equation 5)           E = E
0
 + (RT/zF) lna(M

z+
) 

E
0 

= Standard electrode potential 

R = Gas constant 

F = Faraday constant 

a(M
z+

) = Activity of the ion 

 

This equation is related to the Gibbs free energy of the cell potential, and can be used 

to calculate thermodynamic properties 
(28)

.  

 

The Gibbs free energy is given by
(25)

 - 

 

(Equation 6)               G = -nFE         

Where n is the stoichiometric number of electrons transferred. 
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1.3 - Application of Potential 

 

It can be seen that the G term in equation 6, can be influenced by the electrode 

potential and hence controlled by the application of potential to the system. Up until 

now we have discussed the system with no current flowing through it as a result of 

outside intervention. The reference allows one to accurately drive the working 

electrode to more negative or positive potentials than the equilibrium potential of the 

cell; this can then allow an exchange of electrons to be facilitated to redox active 

molecules at the electrode. This can proceed in both oxidative or reductive directions 

-molecules in solution can either lose or gain electrons from the metal working 

electrodes-
(27)

.  

 

1.3.1 - Fermi Levels 

 

By applying a potential to the electrode we are altering its Fermi level, and it is 

because of this that the transfer of electrons can take place so readily. A metal 

consists of an ordered array of atoms. In this lattice the electron orbitals overlap and 

this has the effect of allowing the electrons of the metal ions to move freely within the 

lattice. The electrons reside in the energy states of the metal up to a finite point that is 

referred to as a Fermi level. The act of applying a potential to the metal can either 

raise or lower this energy level 
(27)

. 

 

Let us take a generic electrochemical example to illustrate these points and how they 

influence the reactions. A reactant R is in solution, and has a highest occupied 

molecular orbital (HOMO) below the metal electrodes Fermi level, and a lowest 
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unoccupied molecular orbital (LUMO) above the metals Fermi level, this situation is 

shown in figure 2a. In order for the reactant molecule R to be reduced and gain an 

electron, the Fermi level of the metal must be at a higher energy level than that of the 

LUMO of the reactant
(27)

.  By the application of a negative potential to the metal 

(figure 2b) the metals Fermi level is increased to a point where the electron transfer is 

thermodynamically favourable. This then causes a reduction current that passes from 

the electrode to the reactant in the electrolyte, causing reduction of the R. If a more 

negative potential is applied to the metal, the rate at which the reduction of the 

reactant takes place will increase
(27)

.  

 

Figure 2 – Illustration of how application of a reductive potential can alter the Fermi 

level of an electrode and therefore facilitate electron transfer. 
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If we were to take a different scenario with a reactant that can be oxidized, then the 

application of a positive potential to the electrode would effectively lower the energy 

level of the electrons in the electrode, and thus induce a movement of electrons from 

the reactant in the solution phase to the electrode. This creates an oxidation current 

and the reactant molecule will be oxidized at the electrode surface
(29)

. 

 

The total current (I) produced as a result of this oxidation or reduction is given by 

equation 7, where A is the electrode area (cm
2
), F is the faraday constant and j is the 

flux
(27)

. Flux is a quantity that can be described as the amount of substance reacting at 

the area of the electrode per second, and thus the rate at which the electrochemical 

reaction proceeds. As such, it is ‘‘described by a rate law, not dissimilar in form from 

those commonly encountered in homogenous kinetics’’
(27)

.  This is shown in equation 

8. It is important to remember that the concentration term in equation 8 refers only to 

the surface concentration of the electro-active species; this is because the 

electrochemical reaction converts the reactive species at the electrode surface and 

thus the concentration therein becomes lower than that in the bulk solution
 (27)

. 

 

(Equation 7) 
(27)

                         i = AFj 

(Equation 8) 
(27)

             j = k0[R]0 

 

The value for current is essentially the rate of flow of electrons in the system. The SI 

unit for current is the Ampere (A) and one Amp, is given by a rate of flow of one 

coulomb per second. Coulombs are a measure of charge, and this can be used to 

measure the total number of electrons transferred in the system. One coulomb is equal 

to 6.24 x 10
18

 electrons, and Faraday’s law allows us to understand the connection 



 16 

between the amount of product formed and the charge transferred, in that 96485 

coulombs transferred will consume one mole of reactants to form one mole of 

products -assuming a one electron transfer- 
(29)

. 

 

 

1.3.2 - Overpotential 

As has been discussed earlier we know that if we apply a potential which is different 

to the equilibrium potential of the cell, we can induce a current flow and therefore 

electrolysis of the given species. The variance from the equilibrium potential as a 

result of the applied potential is termed the overpotential (η), and is given by equation 

9
  (27)

. 

 

(Equation 9)           η = E – E0 

 

The amount of electrochemically generated current as a result of overpotential is 

affected by whether the reaction is reversible or irreversible. For a reversible system 

relatively little overpotential is required to facilitate the reaction and current flows 

easily, compared to an irreversible system where comparatively more overpotential is 

needed to generate the same amount of current and make the reaction possible
(27)

. 

Reversibility of an electrochemical system is discussed in more detail in chapter 1.5.5 

(vide infra). 
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1.3.3 – Butler-Volmer Model 

 

The Butler-Volmer model is one of the most utilized models for the interpretation of 

electrode kinetics. The reaction coordinate for an electrochemical reaction, for 

example a reduction, can be viewed as two vibration parabolas (figure 3)
(29)

. 

 

Let us assume a generic oxidation for the purposes of this explanation: 

 

(Equation 10) 

O (aq)  +  e
-
        R

-
(aq) 

 

 

Figure 3 - Illustration of the reaction coordinate viewed as two parabolas showing 

the Gibbs energy of the reactants and the products. 
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The rate constant for the procession of this oxidation is given by equation 11
(29)

. 

 

(Equation 11) 

kox= Aox e (-G

 / RT) 

 

Where G is the Gibbs energy, R the gas constant, T the temperature and A is a pre-

exponential factor. The rate constant for the corresponding reduction would follow 

the same format but with its own pre-exponential factor and change in Gibbs energy. 

 

The mathematical expression for the rate constant can be re-written if the activation 

parameter is known, by substitution of the Gibbs energy term, as equation 12
(29)

. 

 

(Equation 12) 

 

kox = Aox e – [ ( + F)
2
 / 4RT ] for oxidation  

kred = Ared e – [ ( + F)
2
 / 4RT ] for reduction 

 

If we expand the square in the brackets of these equations we end up with the 

following. 

 

(Equation 13) 

(  + F ) 
2 

 = 
2
 + 2F + F

2


2   
  

2
 + 2F 
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Using equation 13, it is possible to express the rate constants -both oxidation and 

reduction-. This leads to the following expressions, which form the basis for the 

Butler-Volmer expressions
(27)(29)

. 

 

(Equation 14) 

 

 

                k0 

 

Into these equations we can introduce a new term, , known as the transfer 

coefficient, or symmetry factor. This is a measure of the shape of the parabolas. A 

value of less than 0.5 indicates a late transition state, whilst a value of more than 0.5 

indicates an early transition state, this is shown in equation 15
(29)

. 

 

(Equation 15) 
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The current obtained from one of these reactions is directly proportional to the rate 

constant for the electron transfer reaction. An expression for the current obtained is 

expressed in equation 16
(29)

. 

 

(Equation 16) 

 

 

Substituting into equation 15 for the rate constant gives equation 17. These 

expressions for current are commonly referred to as the Butler-Volmer equations
(29)

. 

 

(Equation 17) 

 

They can be combined to form the total current which is defined as equation 18 

 

(Equation 18) 
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1.4 - Interface at the Electrode Surface 

 

The interface at the electrode surface between the electrode itself, and the aqueous 

electrolyte is said to be comparable to that of a capacitor, figure 4. A capacitor can be 

defined as a circuit with a break in it consisting of two conducting plates separated by 

a dielectric material. The behaviour of a capacitor can be described by equation 19 

where q defines the charge stored across the capacitor (C), E describes the potential 

applied across the capacitor (V), and C being the capacitance which is measured in 

Farads, (F)
(27)

. 

 

(Equation 19)                            q/E = C 

 

 

 

 

Figure 4 - Illustration of a capacitor showing two charged capacitor plates that incur 

a linear potential drop between them. 
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When charge is passed through a capacitor, there is a flow of current which will 

precipitate an imbalance on the plates, consisting of an excess of electrons on one 

side and a deficit electrons on the other plate
(29)

. The interface between the electrode 

and the solution can be shown to act in a similar fashion to that of a capacitor, as 

when a potential is applied at the electrode, a charge will be present on the electrode 

with an equal but opposite charge present in solution. The charge on the metal is 

defined as qM and the charge in solution is defined as qs, vide ante. Charge density 

(
M

, C/cm
2
) is calculated by dividing the charge present by the area of the electrode. 

The charge present in the solution will exist as an excess of cations or anions 

depending on whether the charge present at the electrodes surface is composed of an 

excess or lack of electrons.  

 

This system, existing at the metal electrode | electrolyte solution, is referred to as the 

electrical double layer
(29)

.
 
It is worth noting that unlike normal capacitors, the 

capacitance of the electrical double layer is seen to vary with applied potential, 

whereas with normal capacitors, capacitance values are independent of the potential 

applied to the circuit
(29)

. 

 

1.4.1 - Helmholtz Model 

 

Helmholtz proposed the first model to describe the electrical double layer seen at the 

interface of the electrode-solution
(27)

. It is assumed that at the electrode itself, no 

electron transfer reactions occur. As a result of the increased or deficiency in charge 

on the electrode surface, a reorientation of dipoles of the molecules in the solution or 

a reorganization of the electrolyte ions at the interface itself will occur. Helmholtz 

predicted that the charge imbalance present at the electrode would be completely 
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counteracted by a single layer of counter ions situated at what is now known as the 

Outer Helmholtz Plane (OHP)
(29)

. These counter ions are assumed to have a 

monolayer of solvation present and thus can approach the electrode surface up to a 

distance as allowed by the solvation layer. For the purposes of this report, let us 

consider this distance OHP. The Helmholtz model suggests that the ions from the 

solution completely balance out the charge present on the electrodes surface. The 

potential drop between the electrode and the OHP was assumed to be linear, as the 

electrolyte layer at the OHP balances out the charge on the electrode completely
 

(27)(29)
. The Helmholtz double layer model is illustrated in figure 5

(27)
. 

 

 

Figure 5
(27)

- Illustration of the Helmholtz model for the interface between a charged 

metal electrode and the electrolyte solution 
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1.4.2 - Gouy and Chapman Model 

 

The model for the double layer proposed by Helmholtz was a simplistic one, and over 

the years from his initial proposition of the idea (in 1853)
 (27)

 revisions and new facts 

were added to the theory of the double layer. One of these was conducted by Gouy 

and Chapman, and was concerned with the effect that Brownian motion would have 

on the molecules of the solution. It was suggested that it was unlikely that the entire 

charge of the electrode would be balanced by solution ions present only at OHP.  

 

The effect of Brownian motion within the solution would scatter some of the ions at 

the OHP leading to a gradual, but consistent, potential drop away from the electrode. 

This meant that the charge in the solution is spread over a larger volume than simply 

the OHP, the area at which the potential drop occurs in the solution layer could be 

viewed as a diffuse layer
(27)

. The actual thickness of this layer, would of course vary 

with concentration of the ions in solution, but for a electrolyte concentration of ca. 

0.1M or above, the thickness would normally be in the order of approximately 100 x 

10
-10

m
(29)

. 

 

1.4.3 - Stern Model 

 

A further revision on the these two models was proposed by Stern, this essentially 

taking the ideas of both theories and combining them. Stern accepted the effect that 

Brownian motion and thermal agitation would have on the solution ions at the OHP, 

but still retained the idea from Helmholtz theory that there would be a minimum 

distance of approach due to solvation of the ions in solution. He proposed that this 

would not lead to a steady potential drop from the surface of the electrode, but rather 
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one which would contain a linear drop up to the OHP, and then a gradual potential 

drop as we move away from the electrode and into the diffusion layer
(27)

.  

 

1.4.4 - Grahame Model 

 

Yet another addition came from Grahame, and this was concerned with non-solvated 

ions present within the solution. He proposed that it was possible for a few solvated 

ions to loose their solvation shell therefore allowing these non-solvated ions to cross 

the threshold of the OHP, becoming specifically adsorbed onto the surface of the 

electrode at a closer distance. This new distance at which a non-solvated specifically 

adsorbed ion can approach is referred to as the Inner Helmholtz Plane (IHP). For the 

purposes of diagrams illustrating this, (see figure 6) the IHP is referred to as IHP. 

This leads to a potential profile which includes two linear drops - one to the IHP, then 

one to the OHP- and then a gradual potential drop across the diffusion layer
(29)

. 
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Figure 6
(27)

 - Illustration of the Graham model of the electrode | electrolyte interface 

showing the electrical double layer and extent of the diffusion layer. 
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1.6 - Diffusion  

 

Some 150 years ago, Adolf Fick was responsible for developing some of the first 

ground-breaking ideas on diffusion for species in a solution 
(30)

. He showed that 

diffusion would take place down the concentration gradient (ie. from a high 

concentration to a low concentration) and that at any point (noted as x) along this one 

dimensional diffusion layer, there would be a diffusive flux, noted as j, (mole cm
-2

s
-

1
), which is expressed in equation 20 and is known as Fick’s First Law

(31)
. 

 

(Equation 20)                                 j = -D (c / x) 

 

The value for flux corresponds to the number of moles passing through a given unit 

area in a given time, c / x denotes the concentration gradient at the point given by x. 

Finally D is the value for the diffusion coefficient (units of cm
2
s

-1
). The diffusion 

coefficient for the vast majority of solvents utilized during voltammetric processes 

has a magnitude in the region of 10
-6

  to 10
-5

 cm
2
s

-1 (31)
, although it should be noted 

that this value is temperature dependent. Another important point to note is that 

Fick’s First Law assumes that no potential gradient effects exist, thus for the example 

illustrated for the diffusion layer, the diffusing species must be neutral for this 

equation to hold true 
(31)

. 

 

Fick’s Second Law delves into more detail, and considers what effect time will have 

on the concentrations of the diffusing species at point x. A way to visualize this is to 

imagine a stationary rectangular block within the solution with a width of x. One can 

imagine a diffusing flux passing through this block in the plane of x 
(30)

. 
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Figure 7 - Illustration of principles of Fick’s second law, considering the effect of 

time upon the diffusion of a species through x. 

 

 

If this idea is followed through mathematically, the expression for Fick’s Second Law 

is eventually reached (for one dimension), as shown in equation 21
(30)

 

 

(Equation 21)       (c/t) = D (d
2
c/dx

2
) 

 

It is possible to calculate the diffusion coefficient in a given system. Cottrell first 

considered this in 1902
(30)

 with a potential step experiment. This is where we start an 

electrochemistry experiment with the electrode immersed in solution at a potential at 

which no charge transfer occurs. The potential is then instantly stepped to a potential 

well above the value at which the given species in solution will start to undergo 

oxidation/reduction. The oxidative or reductive process will occur at a very fast rate 

and thus the concentration at the electrode surface can be said to be zero. This will 

incur a diffusion layer through which fresh reactant from the bulk will need to diffuse 

through in order to reach the electrode. Cottrell devised an equation (equation 22) 

which showed that the current would fall during a potential step experiment in a 
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relationship that was inversely proportional to the square root of the time
(30)

. This 

relationship breaks down somewhat in the first few milliseconds of a potential step 

experiment, as the current at this stage is dominated by the fast electron transfer step. 

At this stage no diffusion needs to occur due to the plentiful supply of reactant at the 

electrode surface.  In this equation, I refers to the current, A the electrode area, c
*
 the 

concentration of the solution
(30)

. 

 

(Equation 22)         I = (nFADc
*
)/t 

 

In a potential step experiment as is described above, when the potential is driven to 

such a value that the concentration of the reactant species at or near the electrode 

surface falls to zero, the current reaches a limited value, as defined by the diffusion of 

the species shown in the Cottrell equation This limiting value is referred to as the 

limiting current
(30)

. An equation to describe the limiting current is shown as equation 

23
(27)

, where IL is the limiting current, d is the diffusion layer thickness and A the 

electrode area.  

 

(Equation 23)         IL = (DBFA[B]bulk) / d 

 

Nersnt was able to calculate a value for the diffusion layer thickness by extrapolation 

of the linear region of the diffusion layer thickness until this value reached the value 

of the bulk concentration. This is illustrated in figure 8
(31)

. 
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Figure 8 – Illustration of the Nernst Diffusion layer model 

 

Nernst’s model for the diffusion layer thickness is a basic one, as it assumes that the 

‘stagnant zone’ of the diffusion layer and the well mixed bulk of the solution occur as 

two separate entities with a sharp transition between them, when in actual fact these 

are seen to merge into each other in a progressive fashion
(31)

. Nevertheless, this model 

can be used to calculate an estimate for the amount of flux approaching the electrode 

surface
(27)

. This is shown in equation 24
(27)

 

 

(Equation 24)               jd = DB ([B]bulk – [B]0) / d 
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1.6.1 - Forcing Diffusion  

 

We have covered various aspects of voltammetry at stationary electrodes, and how 

the transport of fresh reactant to the electrode surface is perpetuated by diffusion 

through a concentration gradient set up by a diffusion layer. It is however, possible 

through convection -in this case forced- to minimize or almost completely remove the 

diffusion layer. For this type of effect a deliberate stirring or agitation of the 

electrolyte solution is performed in order to dominate the effects of mass transport 

through diffusion, and overwhelm these with forced convection. The term 

overwhelm, instead of replace, is deliberately used, as there will always be some mass 

transport diffusion type effects at very close distances to the electrode
(31)

. 

 

There are many ways to induce this forced convection, either by movement of the 

electrode itself or by inducing a movement in the electrolyte solution; these are 

known as hydrodynamic electrodes
(27)

. One of the most popular examples for 

illustrating this is the rotating disc electrode, but others include sono-voltammtery
(32)

 

and channel flow voltammetry
(31)

. Because the effects that are forcing these 

convections are controlled by the user (rotation speed and channel flow rate) the rates 

of convection can be altered, which will in turn alter the rate of mass transport to the 

electrode surface. This can provide diverse reaction timescales and give kinetic and 

mechanistic insights into the system. It also avoids problems that might occur at 

stationary electrodes in experiments such as running a very fast scan rate, which can 

create charging of the double layer capacitance, therefore resulting in warping of the 

data 
(31)

. 
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The rotating disc electrode set-up is simple, and incorporates an electrode immersed 

in solution, where the electrode is capable of being rotated along the axis of its length. 

Normally the rotation rate would be up to approximately 50Hz
(31)

. The diagram 

shown as figure 9 illustrates how the rotating disc creates a laminar hydrodynamic 

flow over the electrode surface. 

 

 

 

 

Figure 9- Schematic representation of a rotating disc hydrodynamic electrode. The 

rotation of the electrode causes a drawing up of the solution towards the disc and is 

then pushed outwards along the electrode surface. The flow of the solution is laminar. 
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1.5 – Electrochemical Cells and Voltammetry 

 

There are two types of cell in which charge transfer reactions occur, one is the 

galvanic cell and the second is the electrolytic cell. In a galvanic cell, when the 

electrodes are connected by a conductor, the electrochemical reaction proceeds 

spontaneously. This type of cell is, for example, utilized when converting stored 

chemical energy directly to electricity
(29)

. The focus of this introduction will be 

concerned with the electrolytic cell. For this type of cell there is an application of 

potential at values greater than the open circuit potential (vide ante)
(29)

.  

 

Electrolytic experiments are normally conducted in a fashion that would normally 

consist of a three-electrode system, although this does not always have to be the case, 

and some alternatives are discussed in later chapters. The three electrodes consist of 

the working electrode (WE), counter electrode (CE) and reference electrode (RE) and 

these are immersed in an aqueous solution phase of conducting electrolyte
 (28)

. Some 

other electrolytes are utilized in more specialized systems
(28a)

, but for the purposes of 

this introduction we will consider an aqueous electrolyte. 
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Figure 10 - A representation of a typical electrochemical cell, where WE, RE and CE 

refer to the  working electrode, reference electrode and counter electrode respectively 

 

Working electrodes must be chosen with the intended experiment in mind, as 

different materials have different properties, and one must select the working 

electrode that will best match the intended work. Such properties can include: what 

the range of useful potentials are, purity of the material, if anything will be 

immobilized on the surface and what solvent will be used in the experiment
(25)(31)

. 

The potential range to be used also influences other factors such as the stability of the 

supporting electrolyte under the desired conditions, solvent decomposition, and the 

possibility of electrode dissolution taking place 
(25)

.  
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1.5.1 - Cyclic Voltammetry 

 

A very common method of electrochemical analysis is cyclic voltammetry. This is a 

technique that involves recording the current response of the system as a function of 

applied potential. This is a powerful analytical technique as it provides a large amount 

of data on a given system; from electron transfer data to kinetic processes occurring, 

and diffusion coefficients
 (29)

. A linear sweep experiment is half of a cyclic 

voltammetry experiment. It begins at a starting potential E1 (this is normally chosen 

at a potential which does not incur a reduction or oxidation current for the species 

being studied) and ends at potential E2. At this point we will have arrived at a 

potential where electron transfer will occur rapidly for the system. Moving across the 

two potentials is undertaken over a set length of time, and this can be varied to suit 

the needs of the experiment and is referred to as the scan (or sweep) rate 
(25)

.
 

 

 

Figure 11 – Graph showing change in potential with time during a linear sweep 

voltammetry experiment. 
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Cyclic Voltammetry introduces a backwards sweep along the potential that was 

traversed in linear sweep voltammetry. After the potential reaches E2, it is then swept 

back to the starting potential, at the same rate as was used to traverse the forward 

direction. Figure 12 shows how potential varies with time under Cyclic Voltammetry.  

 

 

Figure 12- Graph illustrating how potential varies with time during a cyclic 

voltammetry experiment. 

 

 

Figure 13 - A typical cyclic voltammogram of a reversible oxidation process. The 

values for the peak currents for both the oxidation and reduction (Ipc and Ipa 

respectively) are highlighted as well as the corresponding potential value at which 

these occur, Epc and Epa. 
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Figure 13 shows a typical cyclic voltammetry plot of current vs. potential for a 

reversible system. This is referred to as a voltammogram. There are many factors 

which influence the observed current
(29)

, and an understanding of these is essential in 

order to be able to understand and interpret a cyclic voltammogram.  

 

Typically there are three main
(29)

 processes that will control the observed current 

during a such an electrochemical experiment: 

 

Mass Transport – This is the transfer of the reacting material from the bulk of the 

solution to the electrode surface. There are three modes of mass transport, diffusion, 

migration and convection 
(27)

. 

Electron Transfer – The transfer of electrons from the electrode to the molecule in 

solution or vice versa. This is a fast process 
(29)

. 

Surface processes – This can include such processes as adsorption, desorption or 

other effects such as crystallisation or electrodeposition
(29)

  

 

Figure 14 is an illustration of some of these processes, where a molecule of reactant, 

O, approaches the electrode surface via diffusion (a mass transport process) until it 

reaches the electrode, at which point it is reduced by an electron transfer reaction. The 

product R then discuses away from the electrode.  
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Figure 14 – Illustration of a reactant approaching and diffusing to an electrode 

surface, where it then undergoes a reduction. The product then diffuses away from 

the electrode. 

 

 

1.5.2 The Shape of a Typical Reversible Cyclic Voltammogram for an Electrode in 

Solution 

 

In order to show how these processes affect the voltammetry and the recorded 

voltammograms, we will review and go though the typical cyclic voltammogram 

shown earlier in figure 13, and explain why the trace recorded for current vs potential 

occurs in the way it does. 

 

We start on the left at the potential marked E1, (the starting potential is not at a value 

which is capable of inducing electron transfer for the system being studied). As the 

potential is swept to more positive values we will start to approach the oxidation 

potential of the species being studied. At this point electron transfer from the species 

will start to occur. The rate constant of the electron transfer step will depend on the 

potential applied; a more positive potential will induce a higher oxidation current 

which in turn will mean a faster electron transfer
(29)

.  As species X is oxidised to X
+
, 
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the electron transfer is detected as a measurable increase in current at the electrode, 

which is plotted on the voltammogram. There is a rise in current as we go to more 

positive potentials due to the fact that more positive potentials precipitate a faster 

electron transfer, which is measured as a larger current. This rise in current will 

eventually reach a peak, and then start to decline, this peak is labelled ipc in figure 13. 

Before this peak, the mechanism is under kinetic control, the limiting factor at this 

point is how quickly the electron transfer step can occur, and this is a fast process. 

 

1.5.3 The Diffusion Layer 

 

Diffusion control is responsible for the effect which causes a drop in the current as 

seen in the typical cyclic voltammogram, and hence a peak. This is a part of the mass 

transport effects that were outlined earlier and is one of the factors responsible for 

controlling the currents we observed
(29)

. If we take the oxidative current example, 

when the positive potentials are high enough, all of species X near the electrode 

surface is quickly oxidized resulting in no X being present at the surface of the 

electrode, thus setting up a concentration gradient moving away from the electrode. 

At the electrode surface, the concentration of X is zero, and as we move away from 

the electrode surface, the concentration starts to increase until it eventually reaches 

the original bulk concentration of species X. This creates a diffusion layer, and this 

layer will become larger as more time passes with the applied potential
(29)

, this is 

illustrated in figure 15. The diffusion layer will eventually reach a maximum size, but 

cannot grow indefinitely (due to the inevitable mixing effects that will occur within 

the solution), thus an equilibrium is reached, balanced by the amount of mixing that 

the solution experiences
(27)

. 
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Figure 15– Graphical illustration showing the growth of the diffusion layer as a 

result of time 

 

 

Once the potential has reached E2, it is returned back to the starting value of E1. 

Provided that the reaction is reversible, an inverted (negative) current peak, (labelled 

in figure 13 as ipa), is seen in the opposite direction, which corresponds to X
+
 being 

reduced back to the starting species X. A similar fall from the peak height will be 

observed as the current tends towards zero; this is due to the same reasons outlined 

for the oxidative process 
(25)

.  
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1.5.4 Effect of Scan Rate 

 

Thus far we have only looked at a single scan rate, the typical cyclic voltammogram 

for a reversible species as shown earlier in figure 13 will change as a result of varying 

the scan rate. Varying scan rate simply means varying the speed at which the 

potential is swept from E1, to E2 and then back again. A faster scan rate means going 

through the cycle at a faster rate. Performing the experiment at a faster scan rate has 

an impact on the voltammograms recorded, and this is seen as an increase in peak 

height for the signals observed- i.e. a higher current-
(29)(31)

. This is illustrated in figure 

16
(29)(31)

. 

 

 

Figure 16 - Illustration of how increasing scan rate affects cyclic voltammetry scans 
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This effect of increasing peak current can be attributed to the growth and size of the 

diffusion layer. The longer a scan takes to run, the more time the diffusion layer has 

to grow into the bulk, and therefore the larger the size of the diffusion layer. A large 

diffusion layer as a consequence of a slow scan rate will mean that the flux to the 

electrode surface will be considerably smaller than the flux to the electrode surface 

during a fast scan rate, which would only produce a comparatively small diffusion 

layer. The current that is observed during a voltammetry experiment is proportional to 

flux (vide ante, equation 7), therefore slow scan rates cause large diffusion layers, 

meaning shallower concentration gradients. These is turn lead to less flux to the 

electrode surface, which in turn corresponds to smaller peak currents for the current 

voltage curves that are obtained
(27)

.  

 

1.5.5 Electrochemical Reversibility 

 

It should be noted that the positions of all the peaks along the potential axis in figure 

16 do not change as a result of increasing scan rate, only the peak height is seen to 

increase. This is typical of a reversible system. A reversible system is one that has 

fast electron transfer kinetics, and the corresponding cyclic voltammograms have well 

defined characteristics. The peak to peak separation of such a system is 59mV, it has 

no peak position change as a result of increasing scan rate, only an increase in the 

peak height which is proportional to the square root of scan rate, and finally the 

magnitude of both the forward and back peak are equal 
(29)(31)

. If the electron transfer 

kinetics are slow in comparison, more over potential will be required in order to 

facilitate electron transfer. This is termed an irreversible electron transfer reaction. 

The increase in current as a result of oxidation will be observed at higher potential 
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values than those observed for a reversible system. This is illustrated in figure 17
(27)

. 

 

 

Figure 17 – Illustration of cyclic voltammograms obtained for reversible, quasi-

irreversible, and irreversible electron transfer reactions. 

 

 

 

The term quasi-irreversible refers to an electron transfer reaction which is neither 

limiting case, but somewhere in between. In these cases both the mass transport and 

the electron transfer rates will affect the surface concentration of the species at the 

electrode surface, and hence the observed voltammogram. For processes that are not 

reversible the peak height does not increase as a function of the square root of scan 

rate, and also we see that the peak positions are dependent on the scan rate, which is 

not observed for reversible systems
(31)

. 
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1.5.6 - Surface Attached Reversible Electrochemical Signals 

 

Up until now, only the voltammetry of a species in solution reacting at an electrode 

surface has been considered. When a species is specifically adsorbed onto the surface 

of an electrode it will profoundly change the voltammetric signals obtained. In this 

section we will consider the voltammetry of a species that is adsorbed onto the 

surface, undergoes reduction, stays adsorbed on the surface, and then undergoes re-

oxidation. A typical cyclic voltammogram for a reversible one-electron transfer 

where both reduced and oxidized forms remain on the surface is shown in figure 18. 

The first thing which is immediately obvious as a difference from the voltammograms 

that have been explored thus far is the symmetrical nature of the reduction and 

oxidation peaks(
31)

. 

 

 

Figure 18 – Typical cyclic voltammogram for a reversible one-electron transfer 

where both reduced and oxidised materials are surface adsorbed. 
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The current is seen to drop back down to zero quite soon after the reversible potential. 

This occurs because, as a surface adsorbed species, there is a limited quantity 

available on the surface that can undergo reduction, and once this has been converted 

to the products there is simply no more which can undergo reduction. Due to the fact 

that there is no diffusion hysteresis for this reaction, it is therefore governed by the 

electron transfer kinetics of the reaction. This is why the reduction and oxidation 

peaks both overlap and are symmetrical about the zero current axis. The peaks will 

only remain symmetrical as long as the surface adsorption is stable.  For this type of 

system, as there is a finite quality of material on the surface, the area of the 

voltammograms peak can be used to calculate the charge and hence provide a 

quantitative analysis for the amount of material on the surface 
(27) (31)

. 

 

 

1.7 – Identifying Chemical Reactions by Voltammetry 

 

The final section of this introduction to voltammetry deals with any chemical 

reactions or steps that may occur alongside the Faradaic electron transfer processes 

within a given electrochemical experiment. These types of reactions are often known 

as EC mechanisms, where E refers to an electrochemical redox process, and C to a 

chemical reaction step that occurs after the electrochemical process. These types of 

reaction, for example, can occur when the electrochemical process generates an 

unstable product which then goes on to react in a chemical reaction
(31)

. Depending on 

how unstable the generated product is and the rate constant of its decay via the 

chemical step, one can try to outrun this chemical step by increasing scan rate (such 

as when running a cyclic voltammetry experiment)
(27)(31)

.  
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EC would refer to a system where no more electrochemical steps occur after the 

chemical reaction, however these are possible depending on what product was yielded 

from the chemical step. If another electrochemical reduction/oxidation is possible, the 

mechanism would be referred to as an ECE mechanism
(31)

. 

 

 

1.7.1 The EC Mechanism  

A good example of an EC mechanism would be the electrochemical oxidation of 1,4-

aminophenol (figure 19)
(31)

. This molecule undergoes a two-electron oxidation 

forming the quinone imine, which then in turn undergoes a chemical hydrolysis 

reaction where it forms benzoquinone. The final generated species does not undergo 

oxidation or reduction at the potentials utilized for voltammetry of the original 

aminophenol species. We therefore see an irreversible voltammogram for the cyclic 

voltammetry experiment
(29)(31)

. 

 

Figure 19
(31)

 – Example mechanism for a EC process. 
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In the case where an EC mechanism occurs during a cyclic voltammetry experiment, 

and where the product of the chemical step is not able to be reduced or oxidized at the 

potential window of the experiment, the rate constant for the chemical step will 

determine whether it is visible at the scan rate being run. Faster scan rates may be 

able to ‘outrun’ the chemical reaction and one would be able to see a reversible signal 

for the voltammogram
(31)

. At intermediate speeds (relative to the speed of the 

chemical step) the reversible signal for the reduction would be of a lesser magnitude 

than the oxidation, as the scan rate is not fast enough to completely outrun the 

chemical step, nor is the rate constant high enough to consume the material before the 

potential can begin to start reducing it again
(31)

. Finally, at slow scan rates, the 

chemical step occurs at a fast enough rate to consume all the material from the 

electrochemical oxidation, and thus there is nothing left to reduce electrochemically 

so we see an irreversible voltammetry signal.  

 

An illustration of how scan rate would affect the visibility of the chemical step for an 

EC reaction is shown in figure 20 
(31)

; it should be noted that the peak height in the 

voltammograms will increase with scan rate, although this is not illustrated in the 

figure as it is the ratios and relative magnitudes between the oxidative and reductive 

peaks that are of interest for the purposes of this figure. 
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Figure 20
(31)

 -  Illustration of how scan rate would affect the visibility of a chemical 

step in a voltammogram, for the purposes of this figure, the magnitudes of the 

currents across the different scan rates have been shown as equal in order to view the 

information more easily. (A) slow (B) intermediate (C) fast scan rate 
 

 

 

1.7.2 The ECE Mechanism 

 

An ECE mechanism proceeds in a slightly different fashion. This is when the 

chemical reaction yields a product which is then able to be electrochemically 

reduced/oxidised within the given potential window. This will often yield a product 

which can be reduced back one step, but not back to the original starting material as 

the chemical step has precluded this. A generic reaction scheme for an ECE process is 

given below 
(31)

. 

 

A + e
-
  B 

B  C 

C + e
-
  D 
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Assuming that the rate constant for the process B  C is fast enough to allow 

complete oxidation of C, we would see two oxidations followed by only one 

reduction current corresponding to the reduction of D. An illustration of the produced 

voltammogram is shown in figure 21
(31)

. 

 

 

Figure 21
(31)

 – Illustration of a voltammogram for an ECE process with k1 of the 

chemical conversion occurring at a rate fast enough to completely convert the B to C. 

Note there is no back peak for the reduction of B 
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1.8 - Liquid | Liquid and Triple Phase Boundary Electrochemistry 

 

 

Thus far, the scope of this introduction has been limited to solid electrodes, however 

there are many other types of electrodes that can be utilized in voltammetric study. 

The ones employed in this report utilize liquid oils to form microdroplets on 

electrodes. The following section is concerned with some of the background 

information dealing with liquid | liquid interfaces as well as triple phase boundaries.  

 

We see liquid | liquid interfaces and droplets occurring quite often both in nature and 

in man made products and also arising within biological systems. Cells can be 

considered vesicles, and these themselves contain other tiny droplets, or vesicles. The 

surface of these is composed of a lipid-bilayer membrane, they are enclosed by a 

fluid, and normally filled with another fluid, hence forming the liquid | liquid 

boundary
(33)

. Knowledge of how these boundaries work, and their processes, has been 

essential in various medical applications such as the creation of artificial vesicles 

which are employed in the transfer of drugs to cells 
(33)

 or an understanding of events 

like proton pumping 
(34)

. In another example, biosensors require an understanding of 

how membranes bind to different substrates
(35)

. An ability to mimic the 

photosynthetic process that occurs within plant cells and harvest light energy has been 

a driving force in energy research. Much of the work so far has concentrated on semi-

conductors but recent work has looked into various bio-inspired systems including 

photo-electrochemical devices 
(36)

.  
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1.8.1 – Four-Electrode Cell 

 

Electrochemistry conducted using liquid | liquid boundaries, is not a new technique 

and its origins can be traced back to work carried out by Nernst and Riesenfeld in the 

early 1900’s 
(37)

, but it was not until much later on in the late 1960’s 
(38)

 that the 

development of the four-electrode electrochemical cell (figure 22) opened the door to 

truly better understand the processes that occur between two immiscible phases. The 

four-electrode electrochemical cell involved a reference electrode and a working 

electrode placed in each phase. The interface could then be polarised by the 

electrodes and this allowed for the exploration of many avenues, from biological 

applications such as drug transfer and reactions exploring lipophilicity within cells 

(39)
, to electro-analysis 

(40)
, ion transfer 

(41) 
 and sensing applications 

(42).
 

 

 

 

Figure 22 - Schematic representation of a four electrode electrochemical cell 

showing the phase boundary between two immiscible liquids 
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The four-electrode cell was, however, not without its difficulties. The two phases 

both needed to have an intentionally added salt, both of which needed to be capable 

of dissolving effectively in the specific environment of either the aqueous or organic 

phases. Both salts had to be carefully selected in order to effectively facilitate the 

polarization of the interface, and it was not always easy to find a suitable candidate 

(43).
 The nature of the interface itself was also difficult to describe adequately, with 

questions over whether the interface was better described as sharp or diffuse being 

raised. Subsequently, we now know that the answer to this question is dependant on 

the time scale that one observes the interface for
(44)

. Experimental methods such as 

capillary wave experiments conducted using neutrons or X-rays
(44)(45)

 have been 

applied to the interface between two immiscible liquids, but thus far a complete 

portrayal of the interface has not been possible, and the current models are based on 

computer simulations and models utilizing molecular dynamic simulations
(44)(46)

. 

 

When this interface was successfully polarized, surface tension experiments and 

capacitance data showed that the potential was distributed between the two back to 

back diffuse layers
(47)(48)

. It was suggested that the space-charged regions did not 

interact with each other, and other publications show that the thickness of the 

interface actually becomes smaller as polarization increases 
(49)

. Although these types 

of systems had their disadvantages and unknowns, one significant advantage they had 

over standard solid metal electrodes was the interfacial dynamics, and this could be 

used to probe the diverse and varied range of charge transfer reactions that can be 

induced such as ion transfer (vide infra), assisted ion transfer and electron transfer 
(44)

. 
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1.8.2 - Towards Triple Phase Systems 

 

With the boundary between two liquids proven to be of scientific interest, new 

directions were taken from the four-electrode system. One of these new novel 

systems was employed by Scholz et al
(50)

 and provided an evolution of liquid | liquid 

chemistry which overcame several of the problematic issues of the four electrode cell 

mentioned. The first key difference was that with this work there were three phases, 

instead of two. Using an aqueous electrolyte, modification of a solid electrode surface 

with a single droplet of organic electro-active media allowed the experiments to do 

away with the problematic four electrode system, and simply trade this for a simpler 

three electrode set up.  

 

As long as the droplet was small enough in size, one could omit the need to have a 

salt present within the organic phase, neatly circumventing the afore mentioned issues 

of finding a suitable salt for the four-electrode set ups and also adding the cost saving 

advantage of only utilizing a very small amount of the organic media
(50)

.  When 

immersed in the aqueous electrolyte, the boundary at the oil droplet’s edge and the 

electrode -providing that the edges of the droplet did not completely obscure the 

electrode surface- creates a triple phase boundary that allows for the facilitation of the 

electrochemical reactions. This is shown schematically in figure 23. 
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Figure 23 – Schematic representation of an electrochemical set up for a liquid | 

liquid | solid triple phase boundary utilizing a single electro active droplet. 

 

 

1.8.3 – Microdroplets 

 

Further work in this field by Marken et al led to a new method of creating these triple 

phase boundaries in biphasic media, and involved the creation of an array of random 

microdroplets on an electrode surface. Using this technique, the individual droplets 

created were in the order of femtolitres in volume with a total deposition volume in 

the order of nanolitres
(51)

. The approach by Marken et al also involved not necessarily 

having an electrochemically active oil phase, but instead could employ an 

electrochemically inert oil, and dissolve electrochemically active compounds within. 

These microdroplets carried some advantages over the single droplet triple phase 

systems. If using single droplets in the three-electrode system (as shown in figure 23), 

care must be taken in order to avoid large capacitive currents which could overwhelm 

the desired signal as a result of a large area of bare electrode not being covered by the 

organic media. Another advantage of the microdroplet array is that they have a 

significantly increased active triple phase boundary area, allowing for larger currents 

to be observed. The miniaturization of the system compared to previous work also 
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allows glimpses into understanding biological processes, for example those that occur 

within cells 
(52)

.  

 

An elegantly simple method of microdroplet deposition is provided by Marken 
(53)

, 

and involves depositing oils containing an electrochemically active molecule 

dissolved within, onto an electrode surface. This is accomplished with the aid of a 

volatile liquid to facilitate the transfer. This is the method that is used throughout the 

work outlined in this report. It involves taking a solution of the electrochemically 

active molecule in the oil and dissolving it in a volatile solvent such as acetonitrile or 

ethanol, this whole mix is referred to as the ‘deposition mixture’. An aliquot of the 

deposition mixture containing the oil, electrochemically active molecule, and carrier 

solvent is pipetted onto the electrode surface. As evaporation of the solvent takes 

place, an random array of microdroplets if left behind
(53)

. 

  

Various methods exist for the stabilization and deposition of an array of 

microdroplets. These range from using mercury droplets, and employing an 

electrochemically induced nucleation of the mercury to facilitate the droplets
 (54)

, to 

using electrochemical reductions at an electrode surface of a species present in the 

electrolyte to deposit the microdroplets 
(55)

. The surface upon which a microdroplet 

array is employed upon has also seen a diverse range of options, there have been 

studies conducted on electrodes which are highly porous to maximize the triple phase 

area 
(56)

, or even lithographically modified surfaces 
(57)

. Another interesting and novel 

approach to using droplets was employed by utilization of a hanging oil droplet in 

conjunction with a wire electrode, which pierced the droplet. This acted as a means to 

control the triple phase boundary area 
(58)(59)

. It is important to note that the size of the 
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triple phase boundary area in any of these systems will affect the observed current 

during electrochemical analysis. In the case of Marken style droplets, studies have 

shown that smaller droplets (and hence larger triple phase boundary area) lead to 

increased currents being observed
(60)

. 

 

 

1.8.4 - Ion Transfer 

 

One important thing to note is that whenever electron transfer occurs at an 

unsupported oil in the liquid | liquid | solid interface, simultaneous transfer of a 

counter ion will happen in order to conserve charge neutrality
(61)

. This has been 

exploited in a vast range of different systems ranging from electro-synthetic projects 

(62)
, electrochemical sensing 

(62)
  to biphasic-electro luminescence

(63)
. This ion transfer 

is illustrated in the diagram figure 24. In a droplet of electrochemically inactive oil 

containing a redox active molecule, reduction of the redox active molecule will 

impart a movement of cations from the aqueous phase into the organic oil 

microdroplet in order to maintain electro neutrality
(64)

. The cation transferred will 

depend on what is present in the aqueous electrolyte used, and which cation is 

transferred can have an impact on the redox processes that occur within the 

microdroplet. It is therefore important to understand which ion transfers will occur for 

a given system
(64)

. 
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Figure 24 – Schematic representation of reductions of species within the organic 

droplet followed by transfer of cation from the aqueous phase in order to maintain 

electroneutrality.  

 

 

1.8.5 Other Approaches to the Voltammetry of the Triple Phase Boundary 

 

Thus far, a simple evolutionary timeline has been outlined for how the triple phase 

methods employed in this report evolved. There are however many other methods, 

strategies and equally novel processes that utilize the triple phase boundary for 

electrochemical study.  

 

One of these other methods builds on the development of a novel and easily made 

junction electrode with a well-determined, customisable gap size in the order of 

micrometer to sub-micrometer in size
(65)

. These are created by growing two separate 

gold hemispherical electrodes in close proximity
(66)

: the potentiostat is then 

programmed to cut off automatically at a pre-set current value which determines 

junction size. One part of the junction -the generator- can induce electrochemical 

reactions, and the collector can be used to both characterize the junction and 

information on the electrochemically active species
(67)

. Instead of just using the 
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junction in a homogeneous solution to perform the electrochemistry, a droplet of an 

electrochemically active, water-immiscible liquid is deposited onto the junction 

where it creates a triple phase boundary with incorporation the junction itself into 

this. Oxidation can be induced at the generator electrode, which will be coupled with 

anion exchange from the aqueous phase. A driving force is set up between the 

generator and collector electrodes, finally resulting in expulsion of the anion at the 

collector electrode site. This system set-up can yield information on rates of transport 

of the anion and oxidized form of redox system through the electrode gap 
(68)

.  

 

 

 

Figure 25 
(68)

 – Schematic representation of a paired gold junction electrode, with 

electrochemically active, water immiscible liquid deposited and immobilized in the 

junction.  

 

 

Another good example of triple phase electrochemistry, and approached in a 

completely different way to the work done on the junction systems, is microfluidic 

reactors for electro-synthesis
(69)

. Microfluidic reactors are of interest as they can 

potentially be a clean synthetic approach, minimizing waste, cost and issues such as 

contamination 
(70, 71, 72)

. Recent approaches have seen attempts to omit the role of the 

supporting electrolyte in the organic phase, and this has led to several experimental 

methods 
(73, 74)

. These include a method which sees a parallel, immiscible, two-phase 
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flow system of organic media and supporting electrolyte; the flow channel 

incorporates an area of a working electrode over which both the aqueous phase and 

the organic phase flow, hence creating the triple phase boundary 
(75)

.  

 

 

 
 

 

Figure 26 – 
(76)

 Schematic representation of a two-phase flow microfluidic system. 

 

 

Synthetic methods are not limited to flow systems, and other novel approaches 

utilizing sonication have been employed towards the goal of synthesis. An oil 

containing electrochemically active molecules of interest for synthesis can be placed 

on an electrode surface and exposed to ultrasound. This has the effect of breaking up 

the droplet of oil and creating an acoustic emulsification 
(77)

. This effect is caused by 

the ultrasound breaking up the single droplet and creating a dynamic emulsion of 

droplets with a high triple phase boundary area. Studies have shown that these 

emulsions can have droplet sizes in the range of 1m, with relatively tight standard 

deviation
(78)

. 
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Other types of biphasic systems have been employed by other groups and do not 

necessarily strive towards synthesis, but can be more analytical in nature, such as one 

employed by Fisher et al. This system did not see a continuous flow of each phase 

across an electrode, but rather utilized a pulsing system whereby droplets of one 

phase were created within the other phase and both flowed down a channel. These 

then passed over the working electrode in pulses. This triple phase boundary 

electrochemical process has been proposed for use as a substitute to optical imaging 

when characterizing moving droplets in a channel 
(79)

. 

 

So far we have outlined a variety of methods for examining and exploiting the liquid | 

liquid | electrode triple phase boundary. For the sake of completeness, it would be 

remiss not to briefly mention other triple phase approaches that have been employed. 

Solid | liquid electrolyte | solid electrode boundaries have been utilized in 

electrodeposition experiments, where various types of nano-structures have been 

grown successfully
(80)

, as well as solid deposits of electroactive, yet insulating 

molecules undergoing isomerization reactions as a result of electrochemical redox 

processes
(81)

. The gas phase has also been utilized in triple phase studies with an 

interesting approach being reported utilizing plasma in a gas (plasma) | liquid 

electrolyte | solid electrode system
(82)(83)

. Another variation on the triple phase 

boundary is the gas | solid electrolyte | solid electrode. This provides an interesting 

and useful variation, allowing for implementation in areas we might not consider 

‘traditional’ electrochemical environments, with applications in sensing
(84) 

and 

catalysis
(85)

 being reported.   
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1.9 - Photo-Electrochemical Reactions at the Triple Phase Boundary 

 

Perhaps a good place to start for the final section of the introduction is simply to ask, 

why are we interested in photo-electrochemical reactions at the triple phase 

boundary? 

 

1.9.1 Light Harvesting 

Photo processes are of particular interest and relevance at present with the need for 

renewable energy sources becoming a growing concern. The most commonly used 

energy source based on solar energy is the standard silicon photovoltaic cell; this 

consists of a direct conversion of solar energy into electricity. These systems typically 

have an efficiency (solar to current conversion) of approximately 20%. A promising 

contender is the dye-sensitized solar cell, this is a comparatively recent development 

and has not been implemented in large-scale use, however it is a system that shows 

great promise with average efficiencies of approximately 10% being reported 
(85a)

. 

Another method that has attracted interest is light harvesting 
(86)

.  

 

The term light harvesting has been popularised in recent years and essentially denotes 

utilizing the Sun’s energy to drive a reaction that will ultimately create a fuel. This is 

in contrast to standard solar cells employed in general use, in that the power comes 

from storage of the energy into a chemical bond rather than direct conversion into 

current. This has several advantages: Humanity’s energy requirements are vast, and 

any global energy replacement would have to be based on a dense power source (such 

as chemical bonds) and the corresponding breaking of these bonds to release energy. 

Also storage of the energy obtained via chemical bonds would mean that the power 

source is able to be used when and where it is needed, being harvested in locations 
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around the globe with good solar energy reception to be transported elsewhere for 

use
(87)

. So, in essence, this type of work is similar to creating an artificial form of 

photosynthesis. This is a hugely complicated task, and although working models have 

been achieved they have always been plagued by problems such as degradation of the 

materials within the system, difficulties in synthesis of component molecule and poor 

quantum yields
(87)(88)

. 

 

The overwhelming majority of the work in this field is based on semi conductors and 

utilization of a solid | liquid interface
(86)

. This report will however, will be concerned 

with the possibility of light harvesting from a triple phase liquid | liquid | solid 

interface, achieved through a random microdroplet array.  

 

The liquid | liquid interface has been identified as a potentially good route to explore 

the possibility of light harvesting as it mimics factors in natural photosynthetic 

process environments. It could therefore produce a feasible bio-mimetic model for 

light harvesting due to a similarity in design of a cell membrane to the liquid | liquid 

interfaces
(89)(90)

. It has only been recently however, that pioneering work performed 

by Wadhawan et al, has focused on photo-reactions at microdroplets This work saw 

some initial non-illuminated experiments done with microdroplets incorporating 

vitamin K1, where changes in pH of the buffer system were shown to have radically 

altered the mechanism, and production of hydrogen being reported as a result of the 

voltammetry carried out
(91)

. This vein of pursuit was later expanded upon with the 

first work seen performing illuminated reactions on these types of triple phase 

boundaries 
(92)(93)

. It was shown that the photo reactions which were occurring were 
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indeed related to the triple phase boundary as well as introducing some of the first 

preliminary understandings of the ion transfers that occur for these droplets.  

 

As has been discussed in previous sections of this report, electron transfer reactions 

within microdroplets are coupled to an ion-transfer step as well. This type of process 

has similarities to the natural photosynthetic system where we see hydrogen ion 

transfer coupled to electron transfer
(87)

, as well as aspects of its physical structure 

mimicking those seen in nature.  A system which has a resemblance to natural 

processes is a desirable avenue to pursue, as it has been noted in previous reviews 

regarding artificial photosynthesises, that a man made system based on the 

foundations of what we have already observed in nature has the advantage of starting 

from initial ideas that have already been shown to work in practice
(87)

.  The ion 

transfer step which is coupled to electron-transfer allows for an added element of 

control as well as the potential addition of a wide range of electrochemical processes 

which could be implemented towards the goal of light harvesting
(94)

. Also 

microdroplet systems allow for control of the triple phase boundary size; smaller 

droplets will inherently lead to larger triple phase boundary areas, and it has been 

shown that these are linked to the extent of the photo process observed
(95) (96)

.  The 

microdroplet approach will also not require a supporting electrolyte for the organic 

phase, and thus cuts out any issues one might face in selecting and/or synthesizing an 

appropriate salt
(97)

.   

 

These factors make the microdroplet approach and utilization of the triple phase 

boundary, coupled with photo-electrochemical reactions an attractive prospect for 

novel testing of a light harvesting system. It is hoped that in this report some of the 
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first tentative steps can be made towards finding whether photo-electrochemical 

reactions at microdroplets could be a useful, feasible approach towards the ultimate 

goal of light harvesting or photo-electrosynthetic systems.  

 

The first experimental chapter will look at characterizing and understanding the 

chemical and electrochemical reactions, both dark and illuminated, that occur for 

microdroplet arrays of 4-(3-Phenylpropyl)pyridine (PPP) with rhodamine b dissolved 

within. 
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Chapter 2 

 

Resolving Triple Phase Boundary Voltammetry of 

Rhodamine B in PPP Microdroplets 
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2.1 - Abstract 

 

The voltammetry of rhodamine b base (rhodamine b) in microdroplets of 4-(3-

phenylpropyl)pyridine (PPP), deposited onto a basal plane pyrolytic graphite 

electrode immersed in aqueous electrolyte was studied in both illuminated and dark 

conditions. Under dark conditions, rhodamine b showed a two-electron reduction to 

leuco-rhodamine b occurring in two separate one-electron steps. The re-oxidation 

back to rhodamine b. instead occurred as a single consecutive two-electron process. 

The first reduction step was seen to occur as a one-electron transfer coupled to a 

sodium ion transfer. In contrast the second reduction was seen to be a one-electron 

one-proton transfer. The one-electron reduced species was also shown to undergo a 

chemical reaction step. This occurs as a disproportionation reaction and computer 

simulations show this to have a rate constant of 3 mol
-1

dm
3
s

-1
. 

 

When light was shone onto the sample of rhodamine b in PPP, a photo-catalytic 

oxidation process was facilitated, this light driven process was shown to replace the 

consecutive two-electron oxidation that was observed in the dark scans. This was 

seen in the voltammetric responses under illuminated conditions as a one-volt 

negative shift from the original two-electron oxidation to ca –0.85V. An insight into 

the mechanisms of these reactions was done via comparison with a similar molecule, 

rhodamine b octadecyl, and also computer simulations using Digisim 2.0. This photo 

process was seen to occur as a photo induced conproportionation reaction, and was 

shown to have a rate constant of kdis = 0.7 / [rhodamine b *]s
-1

 (at pH 12, [rhodamine 

b *] represents the steady state concentration of the rhodamine b photo-excited state).  
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2.2 - Introduction and Previous Work 

 

Rhodamine b is a well-used fluorescent dye molecule with an excited state being 

induced from an absorption maximum of 550nm; this has a lifetime of approximately 

2ns, and produces an emission in the region of 580nm. The normal excited state of 

rhodamine b is a singlet, although intersystem crossing to a triplet has been reported 

for rhodamine b in aqueous media
(98)

. Further studies have also implicated the 

addition of base in order to help facilitate intersystem crossing to a triplet
(99)

, with 

some showing rhodamine b to undergo electron transfer reactions in a triplet state
(100)

. 

Conversion to triplet states, is however, usual behaviour rhodamine b is normally 

seen to remain a singlet with the quantum yields for intersystem crossing remaining 

quite low
(101)

.  

 

Figure 2.1 – Structure of rhodamine b 

 

 

The fluorescent properties of rhodamine b are exploited in a variety of uses, ranging 

from fluorescent pH sensors
(102)

 and other chemiluminescent devices for sensing 

techniques
(103)

. It also has applications within dye sensitised solar cells
(104)

, as a laser 

dye
(105)

, and as probes for structural information on large molecules such as DNA 

(106)
. 
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Rhodamine b has been used in photoelectrochemical reactions before, with some 

interesting and relevant work being reported on the electron transfer to film electrodes 

of SnO2. Rhodamine b was seen to undergo a reduction to a radical anion, where it 

was then seen to complex with a molecule of the oxidized form of rhodamine b. A 

disproportionation reaction was expected between the two but not observed in the 

aqueous basic conditions in the experiment, most likely due to the association that the 

two molecules underwent
(107)

.  This disproportionation reaction was shown to play an 

important role in the studies of this chapter. 

 

Rhodamine B has also been employed at a liquid | liquid interface before, with studies 

at the dichloroethane and water interface showing the behaviour of rhodamine b 

family molecules adsorbing to the surface of the interface being potential 

dependant
(108)

. Rhodamine b has also seen studies within energy producing systems as 

a sensitizer within a solar cell for injection of electrons into semiconductors 
(109)

. 

Previous work has shown this molecule to be highly photoactive, and it is employed 

in this report at the triple phase boundary in PPP microdroplets as a first glimpse into 

photoreactions occurring in these microphase systems. 

 

In this study rhodamine b will be employed within PPP microdroplets, and the 

electrochemical and chemical reactions that take place both in dark and illuminated 

conditions will be explored.   
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2.3 – Experimental 

 

2.3.1 - Reagents  

Rhodamine b (Aldrich 97%), rhodamine octadecylester perchlorate (Aldrich 98%), 

tetra-N-butylammonium hexaflourophosphate, (Aldrich 99%), 4-(3-

Phenylpropyl)pyridine (PPP) (Aldrich 97%), sodium hydroxide (Aldrich >97%) and 

phosphoric acid ( Fisher Scientific, 85 wt%) were used as received from the supplier 

without further purification. A Thermo Scientific purification device was used for 

providing filtered, demineralised water with a resistivity of >18.2 MΩ cm. Laboratory 

temperature conditions were 20
o
C ± 2

o
C 

 

2.3.2 - Instrumentation  

An Ivium technologies ‘compactstat’ potentiostat (v1.725) was used for all 

voltammetric measurements and experiments. A standard three-electrode 

electrochemical cell was used, employing a quartz glass optical window which was 

used as necessary when light needed to be shone onto the sample. The working 

electrode consisted of a basal plane pyrolytic graphite electrode (bppg) and had a 

diameter of 4.9mm, this was mounted in a Teflon sheath. A different cell was also 

constructed (figure 2.2) for the purpose of photo measurements consisting of a 

rectangular design and a channel cut into the top and covered with a quartz window. 

The bppg electrode could be inserted from the bottom until it was flush with the cut 

channel, and therefore the electrode could be illuminated from the top through the 

quartz glass window. This system also employed a flow of electrolyte across the 

surface of the electrode, ca 5 ul min
-1

, this flow served to circumvent any thermal 

effects that the light may have had on the voltammetric responses. Both 

electrochemical cells also consisted of a platinum counter electrode and used a 
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saturated calomel (SCE REF401, Radiometer) reference electrode with a quartz glass 

optical window.  

 

 

 

Figure 2.2 – Photographic image, and schematic representation of the photo-

electrochemical flow cell constructed 

 

For a white light source, a Fiber-Lite high intensity halogen bulb (MI-150, Dollan-

Jenner Industries) was employed. This was shown to have an intensity of 

approximately 60 mWcm
-2

 at the location of the electrode, (light intensity 

measurements conducted with an optical power meter, PM100A, Thorlabs 

Instruments). Pulsing of light was achieved by using a rotating sector blade. 

Photocurrent spectra were conducted using a monochromatic light source provided by 

a tungsten lamp, and grating monochromator for specifying the wavelength. This was 
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pulsed at a frequency of 6Hz, and a lock in amplifier (Stanford Research Systems) 

was used as a means for detecting the photocurrent. UV Visible spectroscopy was 

conducted using a Perkin-Elmer Lambda 35 spectrometer. 

 

 

2.3.3 - Electrode Preparation Procedure 

 

A random microdroplet array of PPP droplets containing rhodamine B base on a bppg 

electrode was achieved by creating a deposition mixture consisting of rhodamine b, 

PPP and acetonitrile in quantities of approximately 1-10mg, 80mg and 10ml 

respectively. An aliquot of this solution, normally between 1-10ul was pipetted onto 

the electrode surface. As the acetonitrile evaporated off at room temperature, a 

random array of PPP microdroplets was left behind on the electrode surface; this was 

normally a volume of 10-100nL of PPP containing rhodamine with a concentration of 

ca 0.28M. The surface of the electrode could be regenerated for a fresh deposit after 

experiments simply by polishing on fine silicon carbide paper. 
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2.4 - Voltammetry of Rhodamine b - Dark Processes 

 

For the purposes of this work, rhodamine b was immobilized in microdroplets of 4-

(3-phenylpropyl)pyridine (PPP). Due to the rhodamine b’s observed ability to be 

quite soluble in aqueous solutions, a high concentration (0.5M) pH 12 phosphate 

buffer was used for the electrolyte. This helped promote relatively stable signals and 

hindered the ability for rhodamine b to leach out of the droplets. It should be noted 

that the mechanism for this promoted stability of the rhodamine in the droplets is as 

yet unknown. The phosphate buffer solutions used for the outlined experiments were 

made by utilizing a 0.5M solution of phosphoric acid, and then adding NaOH as 

needed to achieve the desired pH.  

 

 

2.4.1 – Peak Identification and Effect of Deposition Volume 

 

Before attempts at voltammetry under illuminated conditions could be attempted, a 

thorough understanding of the dark voltammetric process of rhodamine b in PPP 

microdroplets needed to be understood. Using a solution of 0.28 M rhodamine b in 

PPP immersed in pH 12 phosphate buffer, the following voltemmetric signals (figure 

2.3) were obtained. The first reduction peak (labelled in the voltammogram as P1)  of 

rhodamine b base was seen to occur at a potential of approximately –1.1V vs. SCE. If 

we scanned further negative, the second reduction (P2) could be seen at a potential of 

approximately –1.4V vs. SCE. The consecutive oxidation (P3) was seen at +0.4V vs. 

SCE. These processes are shown in figure 2.3 showing typical cyclic voltammograms 

for rhodamine b base in PPP microdroplets.  
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Figure 2.3  

(A) Typical cyclic voltammograms at a scan rate of 0.1Vs
-1

 for reduction and 

oxidation of 0.28 rhodamine B immobilized in microdroplets of PPP deposited onto a 

4.9mm graphite disc, immersed in pH 12, 0.5M phosphate buffer solution. The 

amount of PPP deposited was varied with volumes of  (i) 4nL, (ii) 32nL, (iii) 64nL 

(B)- Plot of peak currents P1 and P3 vs deposition amounts of the 0.28M rhodamine 

in PPP solution 

 

 

 

Analysis of the area under the voltammetric peaks for rhodamine b in PPP yielded 

information on the charge, and this in turn was used to calculate the number of moles 

of electrons that had been transferred for any given reduction or oxidation.  Slow scan 

rates had to be employed in order to ensure that all the rhodamine b molecules had 

indeed been electrochemically converted. The oxidation peak, having the flattest base 

line, was used as this provided the most accurate results. A 0.05V/s scan rate used on 

a 4nL deposit, (which corresponds to 4x10
-9

mols of rhodamine b present on the 

electrode) showed 7.67x10
-4

 moles of electrons, suggesting that there were 1.98 times 

the number of electrons compared to rhodamine b. This confirmed a consecutive two-

electron oxidation process. A suggestion for why the experimental number is slightly 

less than two is because the rhodamine b was not completely stable in the oil and thus 
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some leaching into the buffer solution occurs. This had the effect of lowering the 

amount of rhodamine b in the oil compared to the initial concentration. 

 

Experiments were conducted in order to see what effects varying the total deposition 

volume of rhodamine b in PPP would have on the cyclic voltammograms (figure 2.3). 

Depositing larger amounts of PPP onto the surface of the electrode would lead to 

aggregation, and thus result in larger droplet sizes. A larger droplet size would have 

impacted the size of the total triple phase boundary available for electrochemical 

reactions. It should be noted that by varying the amount deposited we did not vary the 

concentration of the rhodamine b present per given amount of PPP, simply the total 

amount deposited of the rhodamine b / PPP solution.  

 

It was seen that the peak shapes changed as a result of the increasing amounts of PPP 

on the surface. The current value for the peak height of the signals was shown to 

increase linearly with the amount deposited, which was to be expected as a result of a 

greater amount of rhodamine b present on the electrode surface. The signals were also 

shown to broaden. The reason for this can be assigned to the fact that as the droplet 

became larger, there would have to be longer conversion times as a result of a 

decrease in the relative mass transport, and greater rhodamine b present in the bulk of 

the droplet. 
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2.4.2 - Effect of Scan Rate 

Studies on the effect of scan rate were also conducted and these are illustrated in 

figure 2.4. A linear increase in peak height as a function of scan rate was observed, 

until approximately 0.3Vs
-1

 at which point the linear correlation started to fail and 

veered downwards to more negative values. This can be explained as a result of 

incomplete electrolysis of the rhodamine b -the scan rate was simply too fast to have 

successfully reduced all the rhodamine b present within the droplet-. 

 

 

Figure 2.4   

(A) Cyclic voltammograms for reduction of 0.28M rhodamine b, immobilized in PPP 

microdroplets, 16nL, deposited onto a 4.9mm graphite disc, immersed in 0.5M pH12 

phosphate buffer. Scan rates were varied at (i)0.05, (ii) 0.1, (iii) 0.3, (iv) 0.4 and (v) 

0.5Vs
-1

  

(B) Plot of peak current P1 and P3 vs scan rate 

 

 

The experiments in which scan rate was varied yielded some interesting information 

on the reduction processes. The second reduction peak (P2) was seen to get smaller 

(figure 2.4) as scan rate was lowered and then to disappear completely at scan rates of 

approximately 0.005V/s. Also the reduction process P1 was seen to become more 

reversible at faster scan rates, with a small oxidation peak having formed at 

approximately –0.1V vs. SCE. This was investigated further, and it was found that 
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when the scan was repeated over a smaller potential window – only encompassing the 

first reduction- the small oxidation signal at –0.1 vs. SCE was seen to become fully 

reversible (vide infra).  

 

The fact that the second reduction became smaller, and then completely disappeared 

as a result of lowering scan rate suggested a chemical step was taking place, which 

overtook the electrochemical steps at the slower scan rates. Slower scan rates meant 

more time for the chemical step to continue before the second electrochemical 

reduction took place. It is suggested that this chemical step is a disproportionation 

reaction (vide infra). Two molecules of the one-electron reduced rhodamine b, 

reacted together to form one molecule of the oxidized rhodamine b, and one molecule 

of the two-electron reduced species. 

 

 

2.4.3 - Chemical Step - Disproportionation Reaction  

 

It was observed that if the second reduction was not allowed to fully complete, the 

reduction process P1 became more reversible, this was seen as a small oxidation at 

approximately -0.95V. When this was further investigated by completely missing out 

the second reduction by using a smaller potential window, (figure 2.5), P1 was seen 

to become a fully reversible back peak countering the one-electron reduction. In turn 

the consecutive oxidation, P3, was seen to become smaller as a result of the reversible 

signal seen for P1. 
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Figure 2.5  

(A) Cyclic voltammograms for reduction of rhodamine b, 0.28M, immobilized in PPP 

microdroplets, 8nL, deposited onto a 4.9mm graphite disc, immersed in 0.5M pH12 

phosphate buffer at scan rates of (i) 0.005, (ii) 0.01 and  (iii) 0.05 Vs
-1

  

(B) Digisim 2.0 simulation for the reduction of rhodamine at the same scan rates as 

above,  modelled as a thin film without diffusion limitation (assuming sufficiently high 

diffusion coefficients). The assumed simplified mechanism is given by A + e = B (P1), 

B + B = C + A, C = D + e (P3), D = F + e (P3), where a disproportionation step is 

assumed with kdis = 3 mol
-1

dm
3
s

-1
.  

 

 

As was stated previously, P2 is seen to get smaller as scan rate is slowed down (figure 

2.4 and 2.5), this suggests that a chemical reaction step was occurring which was 

outrunning the slow scan rate. This is thought to be a disproportionation reaction of 

the one-electron reduced species. Probing of the chemical reversibility of P1 –via 

scan rate dependence- could be used to help ascertain the reaction process.   

 

Digisim 2.0 was also employed to corroborate findings of the mechanism for this 

chemical step. Figure 2.5B shows the simulated findings that correlate very well with 

the experimental data, with overall shapes of the peaks -particularly P1- closely 

reproduced. The only significant deviation from the experimental data was the 
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broader aspect of P3. By using the ratio of Ipeak
ox

 / Ipeak
red

 for the process P1, a 

sensitive measure was employed for determining whether it was indeed a second 

order disproportionation reaction. The plot of this in figure 2.6C follows this theory 

(vide infra equation 2.4), with a kdis (at pH 12) of 3mol
-1

dm
3
s

-1
. 

 

 

Figure 2.6 

(A) Plot of the ratio of peak currents (figure 2.5) Ipeak
ox

 / Ipeak
red

 for process P1 versus 

the scan rate. Simulation data is shown as a dashed line and experimental data points 

as dots.  

(B) Plot of the experimental (dots) and simulated (line) peak currents for process 1 

versus rhodamine B concentration for the reduction of rhodamine B in PPP 

(deposition volume 16 nL) immersed in 0.5 M phosphate buffer solution pH 12 

 

In order to further confirm the disproportionation process, probing the effect that 

concentration had on the voltammetric signals was needed. Figure 2.6D shows a plot 

of the peak current of both the oxidation (P1
ox

) and the reduction (P1
red

) as a function 

of changing concentration. The increasing reaction rate at higher concentrations was 

confirmed by the behaviour of P1 therefore confirming the theorized 

disproportionation reaction. 
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2.4.4 - Suggested Mechanisms 

 

As a result of the triple phase boundary reaction conditions, the redox process is 

associated with a corresponding ion transfer process. Due to the fact that the 

reversible response of P1 is unchanged by varying the pH of the electrolyte over a 

value of 10 and above (vide infra), this suggests that the process is a one-electron 

one-sodium ion transfer, see (equation 2.1).  

  

(Equation 2.1) 

 

 

 

 

It is seen that the peak current of P2 (relative to P1) becomes larger at faster scan 

rates where it eventually reaches a similar peak height magnitude to process P1, and 

smaller at slower scan rates. This is indicative of a one-electron one-proton transfer, 

see equation 2.2. 

 

 

(Equation 2.2) 
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Equation 2.3 shows the mechanism for the overall oxidation seen at ~1.1V. The 

integration of the oxidation peak P3 corresponds to the P1 + P2 peak integration, 

illustrating a two electron oxidation. 

 

(Equation 2.3) 

 

 

 

 

 

The disproportionation reactions mechanism scheme is shown below in equation 2.4. 

It involves two molecules of the one-electron reduced rhodamine b, reacting together 

in a chemical step to form one molecule of the leuco-rhodamine (two-electron 

reduced species) and one molecule of the oxidized rhodamine b starting material (vide 

infra).  

 

(Equation 2.4) 
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2.4.5 - Effect of pH 

 

Thus far, the disproportionation reaction has only been explored at a constant pH 12. 

In other cases the rate of such disproportionation reactions has been linked with 

availability of protons, therefore studies were carried out probing the effect that pH 

had on the system. The proposed mechanism for the disproportionation reaction 

(equation 2.4) also included a proton transfer; therefore one would expect a degree of 

change to be observed in the voltammetry of the disproportionation reaction as the pH 

is varied. 

 

The pH variance experiments showed that above a value of ca pH 10, processes P1 

and P3 remained in roughly the same positions along the potential scale. This 

insensitivity to proton concentration is reflected in the mechanism shown in equations 

2.1 and 2.3 where the electron transfer was accompanied by transfer of a sodium ion. 

However, below pH 10 a clear change was seen as a shift of the voltammetric signals 

towards more positive potentials. Another interesting observation in the more acidic 

range is that the second reduction peak, P2, was seen to merge with P1, and seems to 

become a single two-electron process. 
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Figure 2.7 

 

(A) Cyclic voltammograms at a scan rate of 0.1 Vs
-1

 for the reduction of 0.28 M 

rhodamine B base immobilised in microdroplets of PPP, 40 nL, deposited onto a 

4.9mm graphite disc, immersed in 0.5 M phosphate buffer solution at (i) pH 2, (ii) pH 

4, (iii) pH 12, and (iv) pH 14. 

(B) Plot of the peak potentials for the reduction peak P1 and the oxidation peak P3 of 

rhodamine b at conditions listed above versus pH.  

 

 

The disproportionation reaction was also seen to undergo change as a result of a 

change in pH. As seen in figure 2.7, the peak P3 is seen to get larger as a result of 

increasing pH. This means that the chemical step, in the form of the 

disproportionation reaction, was loosing ground to the electrochemical step at higher 

pH’s. Further examination of how pH affects the disproportionation reaction was 

done by looking at the ratios of reduction peaks P1 and P2 and seeing how these were 

affected across the pH range.  
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The ratio parameter was taken as Ipeak, P2/Ipeak, P1. This process worked as a sensitive 

measure for looking at the progress for the disproportionation reaction, due to the fact 

that, as long as a constant scan rate was maintained, the ratios of peaks P1 and P2 will 

only change depending on how fast the chemical step is proceeding. If at a certain pH 

the chemical disproportionation reaction was proceeding faster, then the second 

reduction peak, P2, would be seen to get smaller as a result of the chemical reaction 

‘using up’ the available one-electron reduced material before it can be reduced. This 

would therefore make the value for our disproportionation ratio parameter of Ipeak, 

P2/Ipeak, P1 become smaller. The graph constructed of Ipeak,P2/Ipeak, P1 plotted against pH, 

is illustrated in figure 2.8. As the number for the ratio approaches zero, the slower the 

disproportionation reaction. The graph clearly indicates a trend in that as we 

progressed to ever more alkaline environments, the disproportionation reaction 

slowed.  

 

This observation of the activity of the disproportionation reaction as a function of pH 

would suggest that the chemical step is linked to proton transfer as part of the 

mechanism, and thus would fit with the suggested scheme for this reaction shown in 

equation 2.4. It is has not yet been made clear in what way the rhodamine b facilitates 

this proton transfer, but it is thought to involve the carboxylate functional group 

which acts as a facilitator/counter ion to the proton. This was explored in experiments 

involving a sister compound to rhodamine b, (vide infra). 
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Figure 2.8 - Plot of the ratio of peak currents Ipeak
red

(P2) / Ipeak
red

(P1) for processes 

P1 and P2 vs pH, at experimental conditions equal to those stated in figure 2.7 

 

 

 

2.5- Voltammetry of Rhodamine Octadecylester Perchlorate, Dark Processes 

 

Rhodamine octadecylester perchlorate was used in order to further ascertain the 

mechanisms proposed for rhodamine b more fully. Its structure is shown in figure 2.9, 

and is identical to rhodamine b, save for replacing (and hence protecting) the 

carboxylate group with a long alkyl chain. The effects of hydrophobicity and 

determination of whether the carboxylate group played a part in the facilitation of 

proton transfer were explored by comparing results obtained for the rhodamine 

octadecylester system, to those already obtained for rhodamine b. 
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Figure 2.9 – Structure of rhodamine octadecyl perchlorate 

 

 

The cyclic voltammograms shown in figure 2.10 show the reduction and re-oxidation 

of the rhodamine octadecylester. The resulting CVs were almost identical to those 

observed for the rhodamine b system, both in terms of positions and magnitude, with 

the processes P1, P2 and P3 being easily identified. This would seem to indicate very 

similar mechanisms occurring for the electrochemical reduction/oxidations in both 

systems. However, it should be noted that addition of NBu4PF6 as a supporting 

electrolyte directly into the organic phase was found to be necessary in order to 

significantly enhance the voltammetry signals. The effect of adding electrolyte is 

shown in figure 2.10A. The addition of the NBu4PF6 improved the ionic conductivity 

of the organic phase and thus will have aided in the electron transfers that take place. 

It is not fully understood why the addition of adding electrolyte enhanced the signals 

so significantly.  
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Figure 2.10  

(A) Cyclic voltammograms at a scan rate 0.1 Vs
-1

 for the reduction and re-oxidation 

of 32mM rhodamine b octadecyl ester immobilised in PPP microdroplets, 62 nL, in 

0.5 M phosphate buffer solution pH 12 (i) without and (ii) with 0.1 M NBu4PF6 added 

into the organic phase.  

(B) Cyclic voltammograms (scan rate 0.1 Vs
-1

) for the reduction and re-oxidation of 

32mM rhodamine b octadecyl ester immobilised in PPP (deposition volume 62nL nL, 

with 0.1 M NBu4PF6) in 0.5 M phosphate buffer solution pH 12 recorded over (i) a 

small and (ii) a wider potential window.  

(C) Cyclic voltammograms (scan rates (i) 0.05Vs
-1

      (ii) 0.1Vs            (iii) 0.5Vs
-1

)      

for the reduction and re-oxidation of 032m M rhodamine b octadecyl ester 

immobilised in PPP (deposition volume 62nl nL, with 0.1 M NBu4PF6) in 0.5 M 

phosphate buffer solution pH 12. 
 

 

Figures 2.10B and C show cyclic voltammetry scans using the same potential window 

as was used on the rhodamine b system (see figures 2.4 and 2.5 for equivalent 

rhodamine b voltammograms). These include encompassing the whole range of 

processes (P1, P2 and P3), and also just encompassing the first reduction, (P1, and 

returning for re-oxidation). When a smaller potential window was used for the cyclic 

voltammetry on rhodamine octadecylester, it could be seen that process P1 was fully 

reversible, which is exactly what was seen previously in this report for rhodamine b. 
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One key difference between the two systems is shown in figure 2.10C. When cyclic 

scans were conducted with a potential window large enough to allow both P1 and P2 

to occur, we see that the ratios of these two peaks remained constant, even throughout 

the slower scan rates. In contrast to this, the rhodamine b system showed the second 

reduction peak, P2, getting smaller at slower scan rates as a result of the chemical 

step, in the form of the disproportionation reaction. The evidence from the rhodamine 

octadecylester voltammograms would suggest that since the reduction peak ratios of 

P1 and P2 remain contrast throughout the scan rates, then the disproportionation 

reaction was not occurring, or if it was, occurring imperceptibly slowly at the studied 

scan rates. There are several suggested possibilities as to why this may be the case. 

One possibility is that the steric bulk of this species was hindering the ability for the 

molecules to approach and react with one another; and that the one-electron reduced 

species for rhodamine octadecylester is relatively stable under bi-phasic conditions.  

 

Another possible reason for the disproportionation reaction not occurring is the 

carboxylic group present within the rhodamine b system, it is this functional group 

which is likely to be responsible for facilitating the transfer of protons from the 

aqueous phase, as needed for the disproportionation reaction. With the octadecylester 

group in place of this carboxylic group the transfer may simply be non-existent, and 

hence no evidence of a disproportionation reaction was recorded for this system. 
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2.6 -  Photo-Electrochemical Processes for Rhodamine B Base. 

 

 

We have already outlined how light driven processes occurring at interfaces between 

two immiscible liquids could be of importance towards the goal of light harvesting 

(110)
. With a reasonable understanding of the dark electrochemical processes of 

rhodamine b, it is possible to move on to examine the effect that light would have on 

the system. 

 

A cell was also constructed in order to proceed with the photo measurements, with a 

rectangular design and a channel cut into the top. This channel was covered with a 

quartz window. Plastic tubing entered from either side to feed in and out of the 

channel, and it was in these tubes that the reference and counter electrode were also 

situated to allow connection with the working electrode. The bppg working electrode 

could be inserted from the bottom until it was flush with the cut channel, the electrode 

was then illuminated from the top through the quartz glass window (figure 2.11). This 

system also employed a flow of electrolyte across the surface of the electrode, at 

around a value of approximately 5 ml min
-1

, this flow served to circumvent any 

thermal effects that the light may have had on the voltammetric responses. 

 

 

Figure 2.11- Schematic representation of the Photo-electrochemical flow cell 

constructed. 

 



 89 

The light was pulsed as this allowed a clear characterisation of any photocurrents that 

may have been observed. It also served to allow information on the response time of 

the photocurrents to be determined. Under illuminated conditions, microdroplets of 

rhodamine b in PPP showed a clear change when compared to voltammograms that 

had been run under dark conditions. The resulting voltammograms showed a new 

oxidation peak taking place (figure 2.12). This new photo-induced oxidation was seen 

at approximately -0.85V vs. SCE. It is also important to note that as a result of the 

new photo-induced oxidation, the oxidation we previously observed for leuco-

rhodamine, P3, was seen to disappear. It was interesting to note that this new photo 

oxidation was seen at the same potential to the reversible oxidation of the one-

electron reduced rhodamine b species (P1). Because of this and other evidence (vide 

infra) it has been suggested that the mechanism involved in the photo process is the 

result of another chemical step, this time in the form of a conproportionation reaction. 

This step is thought to form the one-electron reduced species, which was then 

electrochemically oxidized back to the starting species. 

 

 

Figure 2.12 - Comparative CV’s showing photocatalysed oxidation (seen at 

approximately  -0.8V) and a regular voltammogram of rhodamine b base at the same 

scan rate. 64nl deposit, 0.28M rhodamine:PPP,  0.01V/s 

 



 90 

2.6.1 - Photocurrent Spectroscopy 

 

In order to gain further details about the photo-induced oxidation that was observed, 

experiments utilizing photocurrent spectroscopy were carried out. These involed 

conducting chrono-amperometry scans as a function of wavelength with the incident 

monochromatic light chopped by a rotating sector blade; a lock-in amplifier was then 

employed to detect both the presence and magnitude of any pulsed currents that 

occurred at that frequency.  

 

A graph could then be constructed plotting the magnitude of the observed 

photocurrents against the incident wavelength of the chopped light. Figure 2.13 

shows the results of the photocurrent spectroscopy where a clear absorption at 550nm 

was seen. When we compare this with values in the literature
 (104)

 as well as UV-

visible measurements conducted with rhodamine b in PPP, it shows that the species 

which undergoes photo-excitation is the oxidized form of rhodamine b. This species 

is still present within the droplets, as the scan rates are slow enough to allow the 

disproportionation reaction to take place, which creates the starting species along with 

the two-electron reduced species. 
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Figure 2.13 

(A) Photocurrent spectroscopy spectrum for the photo-induced oxidation of 

rhodamine b, immobilized in PPP microdroplets on a graphite disc inmmersed in 

0.5M pH 12 phosphate buffer. 

(B) UV/Vis spectra of a rhodamine b / PPP solution shown both before (i) and after 

(ii) contact and equilibration with phosphate buffer, 0.5M pH 12  
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2.6.2 – Photo Induced Conproportionation Reaction 

 

 

Using the data gathered, a scheme for the photo-induced oxidation mechanism is 

proposed. It is suggested that a conproportionation chemical step reaction takes place 

between the photo-excited starting species and the two-electron reduced species, 

leuco-rhodamine b. One mole of each reacted together in a chemical reaction step 

forming two moles of the one-electron reduced species.  

 

The proposed mechanism for this is illustrated in equation 2.5. As it is the one-

electron reduced species that is formed as a result of the photo-excitation and 

subsequent chemical conproportionation step, it is now clear why we observe the 

photo-oxidation response, as a reversible signal for the process P1 –as P1 corresponds 

to a one-electron reduced species-.  

 

 

 (Equation 2.5) 

 

 
 

 

 

 

 



 93 

2.6.3 - Effect of pH on the Photo Processes 

 

The effect that pH has on the photo-induced oxidation was also studied, this is shown 

in figure 2.14. The data shows that the optimum pH range for the conproportionation 

reaction to take place is basic conditions above pH 10. A suggested rational for this is 

that at pH ranges of 10 and above, there may a competing mechanism in the form of 

the disproportionation reaction. The presence of protons as a result of a more acidic 

environment would have caused the disproportionation reaction to occur more 

quickly relative to the conproportionation reaction, and thus be responsible for the 

loss of the photo-induced mechanism, due to less one-electron reduced material being 

present. 

 

 

Figure 2.14 - Cyclic voltammograms for reduction of 0.28M rhodamine b at a scan 

rate of 0.01 Vs
-1

 immobilised in PPP microdroplets, 64 nL on a 4.9mm graphite disc 

immersed in 0.5 M phosphate buffer solution  

 

 

 



 94 

2.7 - Computer Simulation Corroboration of Proposed Mechanisms 

 

2.7.1 - Effect of Light Intensity 

 

In order to further study the proposed mechanism, experiments were conducted 

studying the photo-effect, and the influence that scan rate and light intensity had upon 

it. Computer simulations of these experiments were then executed using the proposed 

mechanism for the conproportionation reaction and then compared to experimental 

values.  

 

Variation of light intensity showed a clear effect (figure 2.15) on the photo-induced 

oxidation. As the light source was dimmed, the peak corresponding to the photo-

process weakened significantly, as well as gradually shifting to more positive 

potentials, until dark conditions were approached, when only the original consecutive 

two-electron oxidation, P3, was observed.  

 

The mechanism for the conproportionation reaction was programmed into a DigiSim 

computer simulation, and the photo-excited state formation was modelled as a 

reversible pre-equilibrium. The multiplication value of the equilibrium constant, 

rhodamine b concentration, and the ‘concentration’ of photons gives the steady-state 

concentration of the photo-excited state. When compared to the experimental results, 

good correlation was shown between the experimental data and the simulated 

voltammograms (figure 2.15), thus providing corroborating evidence for the proposed 

mechanisms for the photo electrochemistry. The simulation allowed an estimate of 

the rate constant for the chemical step at a value of kdis = kcon =  3 mol
-1

 dm
3
 s

-1. 
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Figure 2.15 –  (Experimental data) Cyclic voltammograms conducted at 0.01V/s for a 

40nL deposit  of 0.28M rhodamine b immobilized  in PPP on a graphite disc 

immersed in pH 12 0.5M phosphate buffer. 

(i) Full light intensity,  (ii) 30% light intensity,    (iii) Dark 

 

(Simulated Data) Digism 2.0 simulation for the reduction of rhodamine B 0.28 M at 

same scan rates and deposition values as experimental in a thin film without diffusion 

limitation (assuming sufficiently high diffusion coefficients). The assumed simplified 

mechanism is given by A + e = B (P1), B + B = C + A, C = D + e (P3), D = F + e 

(P3), A + P = G (photo excitation), G + C = B ( conproportionation) where a 

disproportionation step is assumed with kdis = 3 mol
-1

dm
3
s

-1
.  
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2.7.2 - Effect of Scan rate 

The effect that scan rate had on the photo-electrochemical process was also explored 

in cyclic voltammetry experiments, and these results compared with simulated data 

(using the same parameters as before for the conproportionation reaction). As the 

scan rate becomes faster, the voltammetry will start to outrun the photo-

electrochemical process, and thus the original consecutive two-electron oxidation 

peak starts to become apparent again. This causes the photo-induced oxidation to 

become weaker, and it was seen to move to more positive potentials and merge with 

the original two-electron consecutive oxidation P3 peak.  

 

Once again simulated data using the proposed mechanisms for the conproportionation 

and disproportionation reactions show a good fit with the experimental data,  

corroborating the suggested schemes. The results for scan rate variance on the photo-

electrochemical process is shown in figure 2.16.  

 

 

Figure 2.16 - Cyclic voltammograms at scan rates of (i) 0.001 (ii) 0.001 and (ii) 

0.05V/s for the reduction of 0.28M rhodamine b in microdroplets of PPP, 40 nL, 

deposited onto a 4.9mm graphite disc, immersed in 0.5M pH 12 phosphate buffer. 

Distortion in first reduction peak of (iii) is artefact of pump noise. Simulated data as 

in figure 2.15 (vide ante). 
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2.8 - Photo-Electrochemical Processes for Rhodamine Octadecylester 

Perchlorate 

 

The rhodamine octadecylester was also explored for photo activity, however it 

displayed no photo-electrochemical reactions, nor showed any evidence of the dark 

process disproportionation reaction as was seen for the rhodamine b system. It was 

noted earlier that the absence of the carboxylate functional group was likely 

responsible for the fact that rhodamine octadecylester was not observed to undergo 

disproportionation reactions, and it is this which is likely to be the cause of the 

observed lack in photo-electrochemical activity for the rhodamine octadecylester 

system.  

  

2.9 - Summary 

 

The work carried out in this section has shown that rhodamine B immobilized in PPP  

under illumination will undergo a distinct photo-electrochemical process. A chemical 

step which occurs in dark conditions was shown to be a disproportionation reaction 

forming leuco-rhodamine b, occurring between two molecules of the one-electron 

reduced rhodamine b, and was shown to have a rate constant of kdis = 3 mol
-1

 dm
3 
s

-1
.   

 

Under illumination, a photo-electrochemical process is seen to occur in the form of a 

photo-induced excited state which takes part in a conproportionation reaction. This 

ultimately photo-catalyses the original consecutive two-electron oxidation, and a new 

peak is observed at the reversible potential of P1. The dynamic nature of the triple 

phase boundary area, in which ion exchange occurs in tandem with the electron 

exchange as a result of the voltammetry, means that the balance between protons and 
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other cations in the aqueous phase can play an important role in determining which 

steps of a process will predominate over others. 

 

This research has so far yielded a good understanding of the photo reactions that 

occur for rhodamine b base immobilised in PPP microdroplets. The next step would 

be to use this understanding in order to couple the photo processes that occur within 

the microdroplets to other reactions, for example in order to attempt to harvest the 

energy from light. 
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Chapter 3 

 

Triple Phase Boundary Photovoltammetry of 

Pentoxyresorufin in PPP Microdroplets 
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3.1 - Abstract 

 

The voltammetry of pentoxyresorufin in microdroplets of 4-(3-phenylpropyl)pyridine 

(PPP) immersed in an aqueous electrolyte is studied, both in the dark, and in the 

presence of light. In the dark, pentoxyresorufin undergoes a two-electron reduction to 

leuco-pentoxyresorufin. Changes in pH affect this two-electron reduction due to 

change in proton concentration, but also in that changes occur to the electrolyte | PPP 

interfacial tension. When voltammetric measurements are conducted with 

pentoxyresorufin in the presence of light, no net significant photocurrent responses 

are revealed, however certain transient signals which are observed seem to be 

suggestive of distinct electron and hole charge carries. This is later confirmed via 

EPR, suggesting the formation of a long-lived radical intermediate as a result of the 

illumination. 

 

The pentoxyresorufin voltammetric responses are also investigated with a co-reactant, 

duroquinone. In PPP microdroplets, duroquinone is shown to have a two-electron 

two-proton reduction to duroquinol, again no photocurrents are observed for this 

system. A mixture of pentoxyresorufin and duroquinone in PPP microdroplets yields 

a different result; the pentoxyresorufin acts as a photo-catalyst for the oxidation of 

duroquinol back to duroquinone. Wavelength-resolved photo-voltammetry distinctly 

indicates the pentoxyresorufin as the photo-excited intermediate. A photo-

electrochemical mechanism is proposed based on the presumption of a long lived, 

photo excited intermediate in the PPP phase, evidence also suggests that this 

intermediate exists as an exciplex of resorufin and PPP. 
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3.2 – Introduction and Previous Work 

 

Resorufin pentylether is part of a family of dye molecules that are used as a tool for 

the study of the reactivity and kinetics
(112)

 of enzymes. In a recent electrochemical 

study, a sibling of pentoxyresorufin –methoxyresorufin- was employed as a probe for 

the activity of enzyme P450
(113)

; this study has shown it to undergo a reversible two-

electron transfer (at pH 7.4) centred at a mid-point potential of approximately –0.26V 

vs. Ag/AgCl (3M KCl). 

 

Resorufin was chosen for this study due to its highly hydrophobic nature, and 

therefore stability within PPP microdroplets immobilized on a graphite surface. This 

study shows interesting effects on the organic phase as a result of pH. Photoreactions 

are induced with the utilization of a co-reactant molecule, duroquinone, which is 

employed as an internal quencher. The photoreaction between these two molecules 

with the microdroplet is the first step towards solidifying an idea utilizing a 

quinone/quinol system in tandem with photoexcited resorufin towards the goal of 

light harvesting. 

 

 

Figure 3.1 – Structure of pentoxyresorufin 
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In this chapter Electron Paramagnetic Resonance (EPR) is used as an analytical 

technique to shed light on the products that arise as part of the illuminated reactions. 

This technique uses microwave spectroscopy in the presence of a magnetic field to 

detect unpaired electrons in molecules. This is a very powerful technique when 

radicals and reaction intermediates need to be investigated
(114)

. 

 

Electron posses two spin states; these are either +1/2 or –1/2. When introduced to a 

magnetic field, these states can absorb energy and jump to higher energy spin states, 

this gap corresponds to values within the microwave range for the typical fields as 

used by typical x-band EPR spectromenters
(27)

. 

 

3.3 – Experimental 

 

 

3.3.1 - Reagents 

Pentoxyresorufin (Aldrich), duroquinone (Lancaster >98%), 4-(3-

Phenylpropyl)pyridine (PPP) (Aldrich 97%), sodium hydroxide (Aldrich >97%) and 

phosphoric acid ( Fisher Scientific, 85 wt%) were used as received from the supplier 

without further purification. A Thermo Scientific purification device was used for 

providing filtered, demineralised water with a resistivity of >18.2 MΩ cm. Laboratory 

temperature conditions were 20
o
C ± 2

o
C 
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3.3.2 - Instrumentation  

 

An Ivium technologies ‘compactstat’ potentiostat (v1.725) was used for all 

voltammetric measurements and experiments. A standard three-electrode 

electrochemical cell was used, employing a quartz glass optical which was used as 

necessary for any photo measurement. The working electrode consisted of a basal 

plane pyrolytic graphite electrode (bppg) and had a diameter of 4.9mm, this was 

mounted in a Teflon sheath. A cell was also constructed with a rectangular design and 

a channel cut into the top and covered with a quartz window. The bppg electrode 

could be inserted from the bottom until it was flush with the cut channel, and 

therefore the electrode could be illuminated from the top through the quartz glass 

window whilst employing a flow of electrolyte over the electrode surface. This flow 

was approximately 5 ml min
-1

, and served to circumvent any thermal effects that the 

light may have had on the voltammetric responses. Both electrochemical cells also 

consisted of a platinum counter electrode and used a saturated calomel (SCE REF401, 

Radiometer) reference electrode. 

 

Light was provided from a variety of sources. For a white light source a Fiber-Lite 

high intensity halogen bulb (MI-150, Dollan-Jenner Industries) was employed. This 

was shown to have an intensity of approximately 60 mWcm
-2

 at the location of the 

electrode, (light intensity measurements conducted with an optical power meter, 

PM100A, Thorlabs Instruments). Photo-voltammetric action spectra were obtained by 

use of monochromatic mounted LED’s (Thorlabs Instruments) with wavelengths of 

405, 455, 530, 590, 625, 660 and 735 nm. Each mounted LED was tested using an 

optical power meter ( PM100A, Thorlabs Instruments) and calibrated to ensure an 



 104 

equal power output of 2.4 mWcm
-2

 using the LED power supply ( LED – Driver, 

LEDD1B, Thorlabs Instruments). Pulsing of light was achieved by using a rotating 

sector blade design mounted between the light source and the cell. 

 

UV Visible spectroscopy was conducted using a Cary 50 Probe UV-Vis 

Spectrophotometer from Varian Inc. Electron Paramagnetic Resonance (EPR) spectra 

were obtained using a Brucker Biospin X- Band spectrometer (E500, X-Band) which 

utilized a nitrogen gas flow system for temperature regulation. 

 

 

3.3.3 - Electrode Preparation Procedure 

 

A random microdroplet array of PPP containing pentoxyresorufin 

(and/or/duroquinone) on a bppg electrode was achieved by creating a deposition 

mixture with acetonitrile as the carrier solvent (6 to 10ml).  This contained ca. 0.1 – 2 

mg of the electro-active compound (pentoxyresorufin and/or duroquinone) and 

approximately 80mg of PPP. An aliquot of the entire deposition mixture (normally 

between 1-10ul) was deposited onto the electrode surface. As the acetonitrile 

evaporated off, a random array of PPP microdroplets was left behind on the electrode 

surface. 
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3.4 - Voltammetry of Pentoxyresorufin 

 

Following the electrode preparation procedures outlined (vide ante), a random array 

of PPP microdroplets containing pentoxyresorufin was deposited onto a 4.9mm 

graphite disc and employed as the working electrode in a standard three electrode 

electrochemical cell.  The electrolyte used was 0.1M phosphate buffer with the pH 

tuned by addition of sodium hydroxide. Basic cyclic voltammetry scans at pH 6 

showed one reduction peak followed by one oxidation peak, this was shown to have a 

mid point occurring at approximately –0.1V vs SCE (figure 3.2).  

 

 

 

Figure 3.2 – Cyclic voltammogram of 90mM resorufin in PPP (39nL) deposited onto 

a 4.9mm graphite disc and immersed in 0.1M pH6 phosphate buffer at a scan rate of 

100mVs
-1

. 
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3.4.1 – Effect of Deposition Volume 

 

 

Analysis of the area under the peak, corresponding to the charge, was utilized to 

ascertain the number of electrons transferred. By conducting multiple experiments 

where the amount of the acetonitrile mixture deposited was varied, it was possible to 

construct a graph of charge (from area under peak) vs deposition volume of PPP. This 

yielded a graph (figure 3.3) which indicated a two-electron process for both the 

reduction and oxidation peaks, this was also in concurrence with previous literature 

reports that have utilized resorufin
(113)

. The graph of amount deposited vs deposition 

volume of PPP veered off the expected line for a two-electron process as the higher 

deposition volumes were approached. This was due to the fact that as the droplets of 

PPP became ever larger, the electrolysis process took longer for full conversion of the 

pentoxyresorufin within the droplet, and hence veered away from what we would 

have expected to see for the two-electron process. 

 

 

 

Figure 3.3 – Graph showing plot of area under peak for cyclic voltammograms of 

pentoxyresorufin in PPP 90mM, deposited onto a 4.9mm diameter graphite disc, 

immersed in pH 6 phosphate buffer, 0.l M,  0.01Vs
-1

,  vs deposition volume. Dashed 

line shows the theory line for a two-electron reduction. 
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3.4.2 – Effect of Scan Rate 

 

Variation of scan rate was also explored; a 39nL deposit of PPP, containing 90mM 

pentoxyresorufin was immobilized on the surface of the electrode. A scan rate range 

of 1mVs
-1

 to 100mVs
-1

 was explored and adapted into a graph, using the area under 

the reduction peak vs. scan rate (figure 3.4). The plot resolved is near linear with a 

gradient of 0.979. This is consistent with complete conversion of the resorufin. 

 

 

 

Figure 3.4  

(A) Cyclic voltammograms for variation of scan rate of pentoxyresorufin 90mM in                 

PPP microdroplets (39nL), deposited onto a 4.9mm graphite disc, immersed in 0.1M 

pH6 phosphate buffer, scan rates (i) 5, (ii) 10, (iii) 50 and (iv) 100mVs
-1

 

(B) Plot of area under reduction peak vs ln scan rate  
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3.4.3 – Effect of pH 

 

 

The effect of pH on the voltammetry of pentoxyresorufin in PPP microdroplets was 

also examined and yielded some surprising results. Using a concentration of 23mM 

pentoxyresorufin in PPP (140nL), the effects of altering the pH of the phosphate 

buffer over a range of 2-12 were explored. Figure 3.5 shows three voltammograms 

within this pH range. 

 

 

 

Figure 3.5 – Cyclic voltammograms of 23mM pentoxyresorufin in 140nL PPP, at a 

scan rate of 50mVs
-1

, deposited onto a 4.9mm graphite disc and immersed in 0.1M 

phosphate buffer of (i) pH4, (ii) pH8 and (iii) ph12. 

 

 

 

One thing that becomes apparent when looking at figure 3.5 is a shift of the mid point 

potential as a result of variance of the pH, which clearly indicates proton 

involvement. Another interesting observation is the voltammogram at pH 12, where 

the peak to peak separation is higher when compared to the voltammograms at the 

more acidic conditions. This was an unexpected result, and thus further explored to 

ascertain the reasons behind the observations. A graph was therefore constructed in 
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which pH was plotted against mid point potential (figure 3.6). On this graph, the 

values of the reduction and oxidation peaks are also plotted in order to give a 

perspective on the peak to peak separation as well.  The line produced from the plot 

of pH vs mid point potential had a sharp change in gradient, this is indicative of a 

change in mechanism, and splits the pH region into two distinct zones, with the 

change occurring at approximately pH 8. 

 

 

 

 

 

Figure 3.6 – Plot of pH vs mid point potential, Emid, for cyclic voltammograms of 

23mM pentoxyresorufin in 140nL PPP, at a scan rate of 50mVs
-1

, deposited onto a 

4.9mm graphite disc and immersed in 0.1M phosphate buffer. The values of the 

reduction and oxidation peak, Ep, red, Ep, ox, are also illustrated on this graph in order 

to give a sense of peak to peak separation. 
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3.4.4 - Proposed Mechanisms 

 

These mechanism zones are shown on the graph and are named ‘Mechanism A’ and 

‘Mechanism B’. These correspond to the pH regions of approximately 2 to 8 and 8 to 

12 respectively. If we examine the gradient of the two regions we see that the pH 

range of mechanism B, corresponding to the more basic region, has a gradient of 

60mV per pH unit. This is consistent with a transfer of two-protons from the aqueous 

electrolyte for every two-electrons transferred as a result of the voltammetry.  

 

Mechanism A, corresponding to the more acidic region, had a gradient of 30mV per 

pH unit. This is indicative of a two-electron one-proton process, and is in contrast to 

mechanism b, where we saw a two-electron two-proton system. Curiously, the more 

acidic conditions showed a lower number of protons being transferred per electron. 

This result seemed counter-intuitive to what one would expect and therefore further 

experiments were devised in order to ascertain a reason for this result. A proposed 

mechanism for the reductions is shown as Mechanisms A and B. 

(Mechanism A) 

 

 

(Mechanism B) 
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3.4.5 - PPP | Electrolyte Interface Experiments 

 

A preliminary experiment exploring the unexpected change in proton involvement for 

the two mechanisms involved taking a few millilitres of PPP and putting this in a 

sample vial containing different pH’s of 0.1M phosphate buffer. The result of this is 

shown in figure 3.7. The PPP reacted in two distinct ways depending on which pH 

zone it was placed in contact with. 

 

 

 

Figure 3.7 – Photographs of PPP mixed with aqueous electrolyte, 0.1M phosphate 

buffer at pH4 and pH 10 

 

 

When immersed in 0.1M pH 10 phosphate buffer -corresponding to mechanism B- 

the PPP floated on the surface of the buffer, and seemed to display a repulsion 

towards the glass walls of the vial. If the vial was picked up and tilted, the ‘mass’ of 

PPP would tip with gravity but seem to resist contact with the glass and slide off the 

vial wall as opposed to sticking to it. This was in sharp contrast to what was observed 

with the PPP in contact with acidic pH4 phosphate buffer. In this case the PPP had a 

clearer appearance and also readily stuck the vial walls. 
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This clearly indicates that the PPP has different surface interactions depending on the 

pH of the phosphate buffer it is exposed to. In order to further explore this effect, 

another experiment was devised to probe the effects that the different pH’s of 

phosphate buffer had on the PPP surface tension 
(115)

. This involved lens angle 

measurements. A container with glass walls was created in order to photograph the 

results, and filled with phosphate buffer. A drop of PPP was deposited onto the 

phosphate buffer surface, where it floated. The contact angle that the droplet created 

was then measured. This was repeated across a range of pH values and a graph was 

constructed plotting pH vs lens angle. This is illustrated in figure 3.8. 

 

 

 

Figure 3.8 - Plot of approximate lens angle of PPP droplets floating on 0.1M 

phosphate buffer at different pH values. 
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Again, a distinct change in pattern could be seen as we crossed the pH range. Here we 

see lens angles of approximately the same values as we proceed from a pH of 2 to ca 

8, but then a change occurred and the lens angles started to become larger. It is 

interesting to note that the point at which the change in pattern is seen on the graph 

occurs at approximately pH 8. This was at the same point in the pH range where we 

first saw a change in mechanism as a function of pH illustrated in figure 3.6. 

 

From the data gathered it is suggested that protonation of the PPP surface is likely to 

occur at values at and below approximately pH 8, creating a positively charged 

surface. We can compare the pH value at which this occurs to the pKA of a similar 

molecule, 4-methylpyridine, pKA = 6.02.  This explains the affinity of the PPP 

surface to the glass surface. This also explains the change in mechanism using fewer 

protons for the acidic conditions that we observed for ‘Mechanism A’ as well as the 

observed change in peak to peak separation. The fact that the PPP surface is charged 

as a result of the protonation means that the anionic reduction product created in 

‘Mechanism A’ (shown in equation 5) can be stabilized by this protonated interface. 

Also the smaller peak to peak separation observed for ‘Mechanism A’ is indicative of 

a surface process, which again points towards the presence of a charged liquid | liquid 

interface stabilizing the reduction product as a result of the PPP surface protonation. 

 

 

 

 

 

 

 



 114 

3.4.6 - Photo-electrochemistry of Pentoxyresorufin 

 

Figure 3.9 shows two cyclic voltammograms of 23mM pentoxyresorufin in PPP 

microdroplets (140nL) immersed in 0.1M pH 8 phosphate buffer. One trace is in the 

dark, and the other is in the presence of pulsed light. The light was chopped to a 

frequency of approximately 1s on, 1s off, and had a power rating of ca. 60mWcm
-1

 at 

the electrode surface. In the presence of pulsed light a difference in the trace for the 

cyclic voltammogram was observed, but there was no net photocurrent detection, 

therefore the light had no overall effect on the path of the reaction. The transient 

photocurrent signals that were observed could be a result of a radical pair formation 

as a result of illumination between the PPP and the pentoxyresorufin (vide infra). 

Literature shows that in electronic light emitting polymer devices known as OLED’s, 

poly-pyridine family molecules are shown to act as “electron transporting and hole 

blocking components” 
(116)

 

 

Figure 3.9 - Cyclic voltammograms for the reduction of 23mM resorufin at a scan 

rate of 50mVs
-1

 in 140 nL PPP deposited onto a 4.9-mm-diameter graphite disk and 

immersed in 0.1M phosphate buffer at pH 8. The first cycle was recorded in the dark, 

and the second cycle was recorded with pulsed light (1 s on, 1 s off, ca. 60mWcm
-2

). 
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3.5 - Voltammetry of Duroquinone  

Duroquinone was chosen as a reaction partner for pentoxyresorufin on the assumption 

that the duroquinone / duroquinol system would provide a suitable partner for coupled 

electron / proton transfer with pentoxyresorufin. It is also readily dissolvable in PPP, 

and does not leach out into the aqueous phase.  

 

3.5.1 - Effect of Scan Rate 

Figure 3.10 shows a typical set of duroquinone cyclic voltammetry scans over a 

selection of scan rates. It shows a single step reduction followed by a single step 

oxidation. Both occur at potentials that do not obstruct and overlap with the peaks 

observed for the pentoxyresorufin system. Figure 3.10 also shows a plot of log area 

under the reduction peak vs. log scan rate; this plot shows a line with gradient value 

of near one, which is suggestive of a near complete electrolysis of the duroquinone 

within the droplets. Analysis of the area under the peak is indicative of a two-electron 

reduction and oxidation. 

 

Figure 3.10  

(A)Cyclic voltammograms for reduction of 36mM duroquinone in PPP microdroplets, 

200nL, deposited onto a graphite disc immersed in 0.1M pH4 phosphate buffer at 

scan rates (i) 10, (ii) 50, (iii)100 and (iv) 200mVs
-1

 (B) Plot of natural log area under 

peak vs. natural log scan rate.  
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3.5.2 - Effect of pH 

 

 

Investigations into the effect that pH has on the reduction of duroquinone showed no 

deviation in trend at pH 8 as was seen in the resorufin system when a graph plotting 

mid point potential vs. pH was produced (figure 3.11). As the graph shows a gradient 

of 50mVs
-1

, it can therefore be assumed that the duroquinone reduction and re-

oxidation process followed a two-electron two-proton mechanism across the pH range 

tested. However, it should be noted that the figure produced for the gradient is sub-

Nerstian in value, and slightly below the expected value for a two-electron two-

proton system. This most probably indicates that there is some liquid | liquid interface 

contribution, but is predominantly still in agreement with a two-electron two-proton 

reduction. The proposed mechanism is shown in equation 3.1. 

 

 

Figure 3.11 - Plot of the mid point potentials, EP mid, for 36mM duroquinone in PPP 

microdroplets (200nL) deposited onto a graphite disc immersed in 0.1M phosphate 

buffer at a scan rate of 50mVs
-1

. The values for the peak potentials Ep, red  and Ep, ox at 

each cyclic voltammogram are also shown. 
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(Equation 3.1) 

 

 

 

Investigations into the effect of light on duroquinone was also conducted and it was 

shown that duroquinone showed no photo activity. In the cyclic voltammogram of 

duroquinone (36mM in PPP microdroplets, 200nL, in 0.1M pH4 phosphate buffer) 

under illumination of pulsed light shown in figure 3.12, it can be seen that no photo-

currents occurred. There is, however, some thermal effect of the illumination visible 

in the voltammogram. 

 

 

 

Figure 3.12  - Cyclic voltammogram of 35mM duroquinone in 200nL PPP 

microdroplets deposited onto a graphite disc, immersed in 0.1M pH4 phosphate 

buffer at a scan rate of 50mVs
-1

. Pulsed light shone on sample at an approximate 

frequency of 1s on, 1s off at ca. 60 mWs
-1

. 
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3.6 – Dark Voltammetry of Pentoxyresorufin with Duroquinone as co-reactant 

 

Figure 3.13 shows a cyclic voltammogram, without illumination, for reduction of 

pentoxyresorufin and duroquinone immobilized in PPP microdroplets. Two separate 

reduction peaks were seen, followed by two separate oxidation peaks. The position 

and magnitude of these peaks were in line with where one would expect to see the 

reduction and re-oxidation of pentoxyresorufin and duroquinone. The two species 

seemed to undergo separate processes without interference from each other; it is 

therefore assumed that they proceed autonomously of one another.  

 

 

 

Figure 3.13 - Cyclic voltammogram conducted at a scan rate of 50mVs
-1

 showing 

reduction and re-oxidation of pentoxyresorufin and duroquinone, 23mM and 40mM 

respectively, immobilized in PPP microdroplets, 200nL, deposited onto a 4.9mm 

graphite disc, immersed in 0.1M pH 8 phosphate buffer. 
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3.7 -  Photo-Electrochemistry of  Resorufin And Duroquinone 

 

In the presence of light, a distinct change was observed when compared to the cyclic 

voltammograms recorded for dark scans; this is illustrated in figure 3.14. The peak 

for the oxidation of duroquinone is clearly seen to shift position towards more 

negative values, where it is seen to merge and combine with the oxidation peak for 

pentoxyresorufin. The reduction peaks for both species remain appear to remain 

unchanged.  

 

 

Figure 3.14 – Cyclic voltammograms conducted at a scan rate of 50mVs
-1

 showing 

reduction and re-oxidation of pentoxyresorufin and duroquinone, 23mM and 40mM 

respectively, immobilized in PPP microdroplets, 200nL, deposited onto a 4.9mm 

graphite disc, immersed in 0.1M pH4 phosphate buffer, (i) in the dark and (ii) with 

pulsed light illumination, ca. 60mWcm
-1

 at an approximate frequency of 1s on 1s off. 
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3.7.1 - Effect of Light Intensity 

 

Cyclic voltammetry experiments were conducted in which the intensity of the light 

was varied and the effect on the duroquinone oxidation was noted, these are shown in 

figure 3.15. It can be seen that the shifting of the duroquinone oxidation process 

towards that of pentoxyresorufin occurred in a gradual fashion as the light intensity 

increased, rather that as a sudden shift.  

 

  

 

Figure 3.15 – Cyclic voltammograms conducted at a scan rate of 50mVs
-1

 showing 

reduction and re-oxidation of pentoxyresorufin and duroquinone, 23mM and 40mM 

respectively, immobilized in PPP microdroplets, 200nL, deposited onto a 4.9mm 

graphite disc, immersed in 0.1M Ph8 phosphate buffer, at a constant illumination of 

(i) 0% dark, (ii) 7% and (ii) 23% (where 100% illumination consists of a value of 

60mWcm
-1

 at the electrode). 

 

 

3.7.2 – Effect of pH 

Variation of pH was also examined in order to see what effect this had on the 

oxidation of duroquinone in the presence of light, this was used to aid in 

determination of the mechanism for the shift of the duroquinone peak. A selection of 

voltammograms from these experiments is shown in figure 3.16. It can be seen that 

although the shape of the separate voltammograms for pentoxyresorufin and 
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duroquinone changed as a result of pH, the photo effect that was observed as a result 

of illumination did not appear to change in terms of magnitude or direction. It can 

therefore be assumed that the mechanism responsible for the photo induced process, 

proceeded independently of pH. 

 

 

 

 

Figure 3.16 - Cyclic voltammograms conducted at a scan rate of 50mVs
-1

 showing 

reduction and re-oxidation of pentoxyresorufin and duroquinone, 23mM and 40mM 

respectively, immobilized in PPP microdroplets, 140nL, deposited onto a 4.9mm 

graphite disc, immersed in 0.1M phosphate buffer. 
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3.7.3 – Photo Activity as a Function of Wavelength  

 

The effect that wavelength has on the shift of the duroquinone oxidation peak was 

also examined; these cyclic voltammetry experiments were conducted using high 

powered, monochromatic, mounted LED’s. A selection of cyclic voltammograms 

from these experiments is shown in figure 3.17. It can be seen that the duroquinone 

oxidation process in the absence of light occurred at approximately +0.1V vs. SCE. 

Under illumination, this process shifted to a potential of approximately –0.1V vs. 

SCE.  

 

The strength of the photo-effect that duroquinone underwent was measured as a 

function of these two potentials. An action parameter devised for determining this is 

defined as I1/I2, where I1 is the photo-oxidation which occurred at -0.1V vs. SCE, and 

I2 the potential at which duroquinone undergoes its normal, dark oxidation: +0.1V vs. 

SCE. This action parameter measurement was conducted for each studied 

wavelength, and therefore shows how effective each wavelength was at stimulating 

the photo-effect we observed for the oxidation of duroquinone under white light 

conditions. The action parameter results are shown in figure 3.17. 
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Figure 3.17 - (A, B, C) Cyclic voltammograms conducted at a scan rate of 50mVs
-1

 for 

the reduction of resorufin and duroquinone, 23mM and 40mM respectively, in PPP 

microdroplets, 14nL, immersed in 0.1M pH 8 phosphate buffer, illuminated at 

wavelengths of 455, 530 and 625nm at a power rating of 2.4mWcm
-1

. (D)(i) Graph 

showing a plot of action parameter (I1 / I2,
 
current at –0.1V vs. SCE divided by current 

at +0.1V vs. SCE under illumination) as a defining factor for the strength of the photo-

effect. (ii) Absorption spectrum of 90mM pentoxyresorufin in PPP vs. wavelength.  
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3.7.4 - Proposed Mechanisms 

 

The wavelength resolved action parameter data collected on the effect of illumination 

yielded a plot that bears a significant resemblance to the absorption spectrum of 

pentoxyresorufin in PPP. This would suggest that it was the pentoxyresorufin that 

was the photo excited intermediate. Using the information gathered, a scheme 

(equation 3.2) for the photo-induced effect is proposed based on a pentoxyresorufin 

photo-excited intermediate. 

 

(Equation 3.2) 

     

 

 

The exact nature of the photo-excited intermediate could not yet be fully resolved 

using the experimental data thus far gathered, but it is thought to be intrinsically 

linked to the PPP solvent, perhaps as a charged separated ion pair, or an exciplex. 

Further exploration of the possibilities of the radical intermediate was conducted with 

electron paramagnetic resonance (EPR).   
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3.8 – Exploration of Excited State Using Electron Paramagnetic Resonance  

 

A 1mM solution of pentoxyresorufin in PPP was prepared for EPR examination. 

Without illumination of the sample, no radical activity was observed; however, upon 

illumination with a 60mWcm
-1

 halogen white light source, spectra immediately 

became apparent and were able to be recorded. Once the light source had been 

deactivated, the signal at once disappeared on a faster than second timescale. Other 

experiments were conducted using samples containing just resorufin or just PPP but 

interestingly, neither of these showed any radical photo activity, whether in the dark 

or under illumination.  

 

It was therefore shown that, in order for any signal to be observed the 

pentoxyresorufin and PPP needed to be together, there is a need for the presence of 

both of them together in order for the photo-excited radical intermediate to be 

observed.  

 

A selection of the EPR spectra recorded are shown in figure 3.18. At room 

temperature, the spectra observed do not have useful hyperfine coupling information 

due to solvent broadening that occurred as a result of the PPP’s high viscosity. 

Recording EPR spectra for the sample at a higher temperature (figure 3.18B) 

circumvented this problem, and allowed hyperfine detail to become visible. With this 

information, a simulation (WINSIMFONIA) was attempted using a photo-excited 

system consisting of both pentoxyresorufin and PPP. The EPR spectra simulation was 

run using coupling assigned to two nitrogens, two methylene protons and 10 aromatic 

protons, and is shown in figure 3.18C. It can clearly be seen that the simulated data 
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bares a similar resemblance to the experimental data obtained, lending some credence 

to the theory of a pentoxyresorufin – PPP pair being responsible for the photo-excited 

state.  

 

 

 

Figure 3.18 – EPR spectra conducted at 9.4466 GHz of a sample of 1mM 

pentoxyresorufin in PPP at temperatures of (A) 20
o
C and (B) 40

o
C,  illuminated by a 

halogen white light source at ca 60mWcm
-1

. (C) Simulated EPR spectra with 

hyperfine coupling to 
14

N (a = 8G), 
14

N (a = 0.42G), 2 x 
1
H (a = 3G) and 10 x 

1
H (a 

= 0.52G) using a 0.4G modulation.  

 

 

The photo-voltammetric effects outlined in this report plainly show some interesting 

photo-activity that occurred within the PPP microdroplets. There are several aspects 

of what has been outlined which require further investigation in order to fully 
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understand and resolve. We have an understanding of some of the properties of the 

photo-excited state, however a full understanding of the interactions between the 

pentoxyresorufin and the PPP still needs to be achieved, in order to fully understand 

the contributing role that the PPP plays. The one-electron reaction intermediates also 

require further understanding before we can proceed forward from the tentative 

mechanism scheme proposed. 

 

A half field signal seen in an EPR trace is indicative of a triplet. For this system an 

experiment at a temperature of 4K was attempted in order to see whether a half field 

signal existed. Such a signal was observed and hence tentatively assigned the excited 

molecule of the pentoxyresorufin / PPP system a triplet state. This result, was 

however, not confirmed by re-running the experiment in a different quartz cell to 

ascertain whether the observed half field signal was indeed a triplet, or an artefact of 

imperfections in the quartz cell. 

 

 

3.9 - Summary 

 

Studies of the effect that pH has on the pentoxyresorufin system immobilized in PPP 

microdroplets have shown a very interesting transition that is observed as a result of a 

switch that occurs from a bulk process in the microdroplet, to one that occurs at the 

surface instead. A two-electron two-proton mechanism having a wide peak-to-peak 

separation denotes the bulk process, whilst the surface process is composed of a two-

electron, one-proton scheme with a small peak-to-peak separation. Results indicate 

that it is a protonation of the PPP microdroplet surface that is the cause of these 
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observations, and other cases may exist where this process could have a profound 

impact on mechanism and rates. 

 

Pentoxyresorufin in microdroplets of 4-(3-Phenylpropyl)pyridine (PPP) are shown to 

undergo a photo-excitation, in which the excited species was shown to react with 

duroquinol. This process was not affected by pH, and hence the photo process 

proceeded independently of any changes in pH. EPR studies detected a radical 

intermediate, and studies show that it is likely composed of a pentoxyresorufin-PPP 

pair, though thus far it has not been possible to fully understand and characterize the 

behaviour that pentoxyresorufin and PPP exhibit in combination under illumination. 

This is an important aspect of the system to understand as the PPP clearly plays a 

very important role, and a thorough understand of it would be beneficial in employing 

it in future systems 

 

A future target would be to use what has been learned throughout this work and drive 

it towards having a system which sees a charge transfer driven by energy absorbed 

from light at the liquid | liquid interface. An example of this could be a system 

composed of a water-soluble quinone and oil soluble quinol derivative with a 

reversible potential at a more positive value. This would see the oxidized quinone  

partition into the aqueous phase. This sort of system would hopefully provide a light 

harvesting process producing energy from illuminated microdroplets.  
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Chapter 4 

 

 

Driven Liquid | Liquid | Electrode Anion Transfer 

into 4-(3-Phenylpropyl)-Pyridine 

 

 

 

 

 
Contents 

 

4.1  Abstract         130 

4.2 Introduction         131 

4.3 Experimental         132 

   4.3.1  Chemicals        133 

    4.3.2  Instrumentation        133 

    4.3.3  Electrode Preparation Procedure      133 

 

4.4  Ion Transfer Voltammetry for the TPPMn System in  

            PPP microdroplets        136 

  4.4.1  Ion Transfer with Sodium Bicarbonate Electrolyte   139 

   4.4.2   Ion Transfer with Potassium Fluoride Electrolyte   141 

 

4.5 Ion Transfer Voltammetry at Mesoporous ITO Electrodes   144 

    4.5.1  Spectroelectrochemical Measurements     148 

 

4.6  Summary         150 

 

 

 

 

 

 

 

Published - Spectroelectrochemical Investigation of TPPMn(III/II)-Driven Liquid | 

Liquid | Electrode Triple Phase Boundary Anion Transfer into 4-(3-Phenylpropyl)-

Pyridine: ClO4-, CO3H-, Cl-, and F- ” in Electroanalysis , 2012, 24, 2, 246-253  

 

 

 



 130 

4.1 – Abstract 

 
 

 

Electrochemically driven ion transfer chemistry of perchlorate, fluoride, chloride and 

bicarbonate is investigated for a system of tetraphenylporphyrin-Mn (III) chloride  

(TPPMn) dissolved in microdroplets of PPP. Perchlorate and chloride transfer is 

shown to be a simpler process; however, effects observed for bicarbonate and fluoride 

are more complex. For the case of a sodium bicarbonate electrolyte, results seem to 

implicate a combination of HCO3
-
 and CO3

2-
 transfer. In order to more fully explore 

these ion transfers, an in situ UV/Vis spectro-electrochemical experimental set-up 

was developed using mesoporous ITO conducting film electrodes. This set-up 

showed that the fluoride ion was seen to associate with the TPPMn(III)
+
. It is also 

shown that vacuum heating allows improved ITO conductivity and allows for a viable 

transparent electrode for voltammetric ion-transfer studies. 
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4.2 - Introduction 

 

Ion transfer processes at microdroplet deposits
 (117) 

provide a useful methodology for 

the examination of ion transfer coupled to electron transfer
(118)

. Both cation transfer 

(119)
 and anion transfer

(120)
 processes have been observed in the literature, and from 

these, facilitated transfer systems have been developed; an example would be as seen 

for a-hydroxy-carboxylates facilitated by boronic acids
 (121) 

. 

 

In previous studies new types of porous and mesoporous electrodes have been 

developed in order to increase the extent of the triple phase boundary region, and 

therefore, the efficiency of ion-transfer processes. A variety of these types of surfaces 

have been suggested, such as porous metal
(122)

 and carbon surfaces
(123)

. Tin-doped 

indium oxide (ITO) nano-particles have been shown to make conductive mesoporous 

films when deposited onto ITO glass slide electrodes
(124)

. This effectively creates a 

transparent electrode, which was utilized for the UV/Vis spectroelectrochemical 

measurements.  

 

Coupling UV/Vis with electrochemical techniques is useful as it can provide 

information on reaction intermediates. Voltammetric responses can sometimes be 

interpreted as more than one mechanism, so coupling with another technique such as 

in-situ UV/Vis can provide complementary data to the voltammetric analysis 
(114)

.  

Scholz has previously used this technique for triple phase boundary characterization 

as a method for proving the assumption of progressive activation of the working 

electrode
(125)

. 
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This report focuses on the transfer of a variety of anions, some of which have been 

shown to undergo simple transfers such as perchlorate, chloride, fluoride; and those 

which exhibit a more complex transfer reaction, such as those seen for a solution of 

bicarbonate leading to bicarbonate and carbonate transfer. The in situ 

spectroelectrochemical method is employed to discern the ion-transfer mechanism 

and to start to develop a new electro-analytical tool. This method could be of benefit 

for a wider range of systems consisting of liquid | liquid interfaces with immobilized 

oils and ion transfer. 

 

Previous voltammetric reports have shown that for the TPPMn redox system 

dissolved within 4-(3-Phenylpropyl)pyridine (PPP), highly nucleophilic anions are 

likely to undergo an axial coordination with TPPMn
(126)

. Weak facilitation was shown 

for ions such as cyanate, as this was described as likely due to coordination with 

Mn(III). Voltammetric techniques for these types of observations have their 

limitations, and it is hoped that the spectroelectrochemical technique discussed in this 

chapter will be able to provide more detailed information on the system, with insights 

into ligand exchange and coordination to the metal centre, as well as the kinetics of 

triple phase boundary reactions. 
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4.3 – Experimental 

4.3.1 – Chemicals 

The reagents 4-(3-phenylpropyl)-pyridine (Aldrich, 97%), tetraphenylporphyrin-Mn 

(III) chloride  (TPPMn) (Aldrich 95%), ITO nanoparticles (diameter ca. 20 nm, 

dispersion in water, Nanophase Technologies Corp. USA), phosphoric acid (Fischer 

Scientific, 85% wt), sodium hydroxide (Aldrich >97%), methanol (Aldrich) were 

used without further purification.  Filtered and demineralised water was taken from a 

Thermo Scientific purification system with resistivity not less than 18.2 MOhm cm. 

Experiments were conducted at a temperature of 20 ± 2
o
C. 

 

4.3.2 – Instrumentation 

An Ivium Technologies ‘Compactsta’ ‘potentiostat (release v1.725) was used as the 

potentiostat for electrochemical experiments. A standard three electrode cell was used 

with the working electrode consisted of a basal plane pyrolytic graphite (bppg) 

electrode with a diameter of 4.9 mm (mounted in Teflon®) and used in conjunction 

with a platinum wire counter electrode and a KCl - saturated calomel reference 

electrode (SCE, REF401, Radiometer). Spectro-electrochemical experiments were 

conducted with a mesoporous ITO coated ITO working electrode, platinum wire 

counter electrode, and a Dri-Ref reference electrode (World Precision Instruments). 

The UV/visible spectroscopy was carried out on a Cary 50 Probe UV-Vis 

spectrophotometer (Varian Inc.). 
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4.3.3 - Electrode Preparation Procedures 

 

The deposition of random microdroplet arrays was achieved by evaporation of an 

acetonitrile solution containing TPPMnCl and PPP (typically 4mg and 80 mg 

respectively in 6 ml of acetonitrile) onto a freshly polished bppg electrode. Room 

temperature evaporation of the acetonitrile resulted in a random array of PPP 

microdroplets on the graphite electrode surface. The final volume of PPP varied with 

deposition volume but is typically 10 nL on a 4.9 mm diameter disc. The electrode 

surface was renewed by removing the top layer of graphite by polishing on P1000 

silicon carbide polishing paper. 

 

The mesoporous ITO coated electrode was prepared by first cleaning (sonication of 

the ITO in an ethanol/water solution and then heating in air for one hour at 500
o
C), 

the ITO was then heated for two hours in a vacuum furnace (500
o
C). Once cooled, 

this ITO was dipped into a solution of ITO nanoparticles in methanol (commercial 

ITO nanoparticle solution was evaporated close to dryness and then re-dispersed in 

methanol). After removal from the solution and drying, the dip and dry step was 

repeated. Finally, the mesoporous ITO electrode was again heated in a vacuum 

furnace at 500
o
C for 2 hours. Figure 4.1 shows SEM images taken of the modified 

ITO surfaces. A reasonably uniform particulate coating is clearly visible. This coating 

is approximately 80 nm thick for a two-step coating 
(127) 

and opaque; however, 

coloured oil deposits on this substrate give well-defined UV/Vis absorbance spectral 

data. 
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Figure 4.1 - SEM images (showing lower (A), and higher (B) resolution) of a film of 

approximately 80 nm thickness composed of ITO nanoparticle of ca. 20 nm diameter. 
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4.4 - Ion transfer Voltammetry for the TPPMn System in PPP                                                                                

Microdroplets 

 

The voltammetric responses for TPPMn reduction and re-oxidation and coupled anion 

transfer were first studied with a 70nL deposit of TPPMn in PPP on a 4.9mm graphite 

disc immersed in a 0.1M solution of the given anion being studied. These were 

sodium perchlorate, sodium bicarbonate, potassium fluoride and sodium chloride. The 

cyclic voltammograms for these experiments are shown in figure 4.2. Also displayed 

is a selection of voltammograms for each ion transfer conducted over a range of scan 

rates. 

 

 
Figure 4.2 

(A) Cyclic voltammograms at a scan rate of 50mVs
-1

 for the reduction and re-

oxidation of 18 mM TPPMn(III) in  PPP microdroplets, 70 nL, deposited on a 4.9 mm 

diameter graphite disc, immersed in 0.1 M aqueous solution of (i) KF, (ii)NaCl, (iii) 

NaHCO3, and (iv) NaClO4  

(B-E) Effect of scan rate (5, 10, 30, 50, 75, 100 mVs
-1

) on voltammetric responses for 

transfer of ClO4
-
, Cl

-
, HCO3

-
, and F

-
, respectively. 
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For the perchlorate system, ClO4
-
 (shown in figure 4.2 A and B), we see a simple 

transfer into the organic phase from the aqueous electrolyte where Nerstian 

conditions prevail. For this a mid-point potential of -0.3V vs. SCE is observed (where 

Emid =  ½ (Ep
ox

 + Ep
red

)). From figure 4.2 B we can see that at slower scan rates the 

reduction and oxidation peaks are seen to get closer together; this increasing 

symmetry is in line with what one would expect of thin layer electrolysis and 

complete conversion of the electroactive material within the deposit. A proposed 

mechanism for the reduction of TPPMn with perchlorate ion transfer is shown in 

equation 4.1. 

 

(Equation 4.1) 

Mn(II)(org) + ClO4
-
(aq)         Mn(III)

+
(org)  +  ClO4

-
(org)  +  e

- 

 

A range of scan rates for the sodium chloride electrolyte system, using a 0.1M 

solution, is illustrated in figure 4.2 C. This shows transfer of a chlorine anion with the 

voltammograms showing a midpoint potential of 0 V vs. SCE, it is shown to be a 

reversible system. It is worth noting the small reduction shoulder that occurs at 

approximately –0.2V vs. SCE, most probably indicating some form of weak 

interaction with the Mn centre, but the predominant process is described in equation 

4.2. 

 

(Equation 4.2) 

Mn(II)(org) + Cl
-
(aq)         Mn(III)

+
(org)  +  Cl

-
(org)  +  e

-
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Figure 4.2 D shows the voltammograms for a range of scan rates for redox 

voltammetry of TPPMn in a 0.1M Sodium Bicarbonate (NaHCO3) electrolyte, with a 

pH of approximately 8.4. This system has a more complicated ion transfer, as there 

are two processes that are possible. The process corresponding to transfer of 

bicarbonate is shown in equation 4.3 and is seen at a potential of approximately –

0.08V vs SCE. This process is dominating at slower scan rates. The other process 

seems to take over at higher scan rates, and corresponds to the transfer/expulsion of a 

proton from the organic phase into the aqueous phase as a result of oxidation; this 

process is seen at 0.07V vs. SCE, and the proposed mechanism for it is shown in 

equation 4.4. This is discussed in further detail in chapter 4.4.1. 

 

(Equation 4.3) 

Mn(II)(org) + HCO3
-
(aq)         Mn(III)

+
(org)  +  HCO3

-
(org)  +  e

-
        

 

(Equation 4.4) 

Mn(II)(org) + HCO3
-
(org)    Mn(III)

+
(org)  +  CO3

2-
(org) + H

+
(aq)  +  e

-
   

 

The final ion transfer that is studied in this section is fluoride, as part of a 0.1M 

solution of KF. This shows a mid point potential of 0.07V vs. SCE and upon initial 

observations the transfer of the fluoride seems to be a simple process very similar to 

that observed for the chloride transfer, however this was later shown to be a more 

complex case, and is further examined in chapter 4.4.2.  

 

(Equation 4.5) 

Mn(II)(org) + F
-
(aq)           Mn(III)

+
(org)  +  F

-
(org)  +  e

-
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4.4.1 – Ion Transfer with Sodium Bicarbonate Electrolyte  

 

We noted that the sodium bicarbonate solution resulted in a less than straightforward 

ion transfer, with two competing processes occurring. We have already inferred that 

scan rate seems to play a part in which ion transfer takes place, with bicarbonate 

transfer into the oil dominating at slower scan rate. However, there are other factors 

which heavily influence the chemistry taking place and these were further explored. 

Figure 4.3 shows how exploration of two other factors, (deposition volume and the 

pH of the sodium bicarbonate solution) affect the voltammetric signals of TPPMn.  

 

 

Figure 4.3 - Cyclic voltammograms at a scan rate of 50 mVs
-1

 for the reduction of 

18mM TPPMn deposited in PPP microdroplets, 70 nL, deposited on a 4.9 mm 

diameter graphite disc immersed in 0.1 M aqueous electrolyte solution.  

(A) Comparison of current responses for the carbonate transfer at pH (i) 11.1, (ii) 

10.4, (iii) 8.4, and (iv) 6.8. 

(B) Voltammograms illustrating how deposition volume of PPP affects observed 

carbonate transfer at pH 8.4 with deposition volume (i) 7nL, (ii) 35nL, (iii) 70nL, and 

(iv) 140nL. 
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Small deposition volumes, and hence smaller droplets, show a complete domination 

of the more negative reduction process, corresponding to the transfer of bicarbonate 

from the aqueous phase into the organic phase. This would seem to indicate that 

under the conditions of small deposition volumes the bicarbonate transfer can go to 

completion, without competition from the energetically unfavourable second process 

occurring.  

 

The pH is also seen to have a profound and somewhat unexpected effect on the 

voltammetry. Alteration of the pH of the sodium bicarbonate solution to more acidic 

conditions was achieved by the bubbling of CO2 into it. At more alkaline conditions, 

in the range of pH 8-11, we see the double peak indicating both processes are 

occurring. However at acidic conditions only one peak is observed, corresponding to 

the bicarbonate transfer we saw dominating at slower scan rates and smaller 

deposition volumes. These voltammograms over a range of pH’s showed the very 

unexpected result of seeing a shift in mid point potential as the pH range was 

traversed; this would seem to indicate that the process occurring under acidic 

conditions is a more difficult transfer. Acidic conditions would mean a lower 

concentration of HCO3
-
, however this alone does not explain this definite shift to 

more positive potentials. It is proposed that a considerable solubility of the H2CO3, 

and absence of the carbonate transfer within the PPP phase, allows for a change in 

mechanism towards that of the proton expulsion, as shown in equation 4.6. 

 

(Equation 4.6) 

2 Mn(II)(org) + H2CO3(org)    2 Mn(III)
+

(org)  + CO3
2-

(org) + 2 H
+

(aq)  +  2 e
-
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4.4.2 – Ion Transfer with Potassium Fluoride Electrolyte  

 

It was alluded to earlier, that the fluoride system underwent a more complicated ion 

transfer, prompting further observation in order to more fully understand the process. 

It was noted over the course of the initial experimentation with this system that even 

slight variations in the conditions led to different voltammograms being observed.  

 

In order to more fully observe these effects, a set of experiments was devised 

whereby the cyclic scans were not started until a 300s pre-equilibration time at the 

starting potential had been completed. These voltammograms were also recorded 

starting at both a positive potential and a negative potential. The resulting cyclic 

voltammograms from these experiments are shown in figure 4.4. 
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Figure 4.4 - Cyclic voltammograms  at scan rates of  (A,F) 10, (B,G) 50, (C,H) 200, 

and (D,I) 500  mVs
-1

 for 18 mM TPPMn(II) in PPP microdroplets,  70 nL, deposited 

onto a 4.9 mm diameter graphite electrode, immersed in aqueous 0.1 M KF 

electrolyte solution. For (A-E) the start potential is negative and for (F-J) the start 

potential is positive. In (E,J) a Digisim simulation output is shown, this is shown for 

the first cycle at scan rates of (i) 500, (ii) 200, (iii) 50, and (iv) 10 mVs
-1

,  the 

computer model is  for a thin film case 
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Looking at the voltammograms shown in figure 4.4, A to D show scans that start at a 

negative potential, whilst F to I show scans started from a positive potential. In both 

sets of cases, the scans were only started after a 300 second equilibration time at the 

starting potential. It can be seen that two distinct processes emerged. One occurred 

(P1) at approximately 0.07V vs SCE, corresponding to the initial fluoride transfer 

shown in equation 4.5. The other process, (P2), was seen to occur at approximately –

0.18V vs SCE, and corresponded to the proposed process outline in equation 4.7, 

involving a cation transfer. This new process arising with the fluoride system was 

seen to be particularly prevalent as a result of starting and holding at a positive 

potential and hence creating a ‘pre-oxidized state’ of the TPPMn within the oil 

droplets at the electrode surface.  

 

(Equation 4.7) 

 

Mn(II)F
-
(org) + Na

+
(org)           Mn(III)F(org)  +   Na

+
(aq)  +  e

-
       

 

The voltammograms of these experiments starting at different potentials show five 

cycles. Over the course of these cycles it can be seen that a slow conversion is taking 

place towards a dynamic steady state. At the slower scan rates, 10mVs
-1

, the 

responses seen in the voltammograms start to become impossible to tell apart. 

 

As a means to confirm and corroborate the proposed mechanism for the rather more 

complex case of the fluoride transfer, DigiSim computer simulations of the system 

were attempted. As was the case when last utilized, a thin layer diffusion (1m) case 

was assumed, and the diffusion coefficient was set at 10
-8

cm
2
s

-1
 in order to attempt to 
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replicate the onset of diffusion control at the faster scan rates. From the 

voltammograms illustrated in figure 4.4, particularly those at higher scan rates, it is 

assumed that the equilibrium constant for the complexation of the fluoride to the 

TPPMn(III)
+
 had to be quite high, and that for the complexation of the fluoride to the 

TPPMn(II) had to be fairly low. These were defined in the simulations as KMn(III) = 

2000mol
-1

dm
3
 and KMn(II) = 0.08 mol

-1
dm

3
 respectively.  

 

For the simulation, the individual rate constants were manipulated in order to 

satisfactorily reproduce the observed experimental data. In particular it was important 

to reproduce the ratio of the peaks observed at the faster scan rates as well as the 

observed fact that the signals obtained were seen to merge at slower scan rates. The 

rate constants which were seen to best fit the experimental data were kMn(III)ass = 100 

mol
-1

 dm
3
 s

-1
, kMn(III)dis = 0.05 s

-1
 and kMn(II)ass = 0.1 mol

-1
 dm

3
 s

-1
 and kMn(II)dis =       

1.2 s
-1

. The simulated data is shown as part of the earlier figure 4.4, parts E and J.  

 

4.5 - Ion Transfer Voltammetry at Mesoporous ITO electrodes 

 

The utilization of a spectroelectrochemical set-up -that is being able to run UV-Vis 

spectra as a function of potential- was envisaged as a process to allow additional 

insights into the mechanism that occur as a result of charge transfer. In the case of 

these experiments interesting observations were made of the changes within the 

ligand sphere of the Mn centre. A set up based on a transparent ITO electrode 

modified with a thin film of ITO nanoparticles was used to allow for UV/Vis 

measurements to be recorded whilst conducting voltammetry. This film was slightly 

opaque, but allowed for enough light to pass to see through with the naked eye. This 
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film was also optimal for the deposition of PPP microdroplets, allowing even 

distribution and an extension of the triple phase boundary area. 

 

Figure 4.5 shows a typical cyclic voltammogram for a 70nL deposit of PPP with 

18mM TPPMn, which would normally spread over approximately 1cm
2
 of the ITO 

nanoparticle electrode. The electrode was immersed in 0.1M sodium perchlorate. 

From the figure, it can be seen that the reduction and re-oxidation peaks observed are 

in line for what was observed on the graphite electrodes and were consistent with a 

perchlorate transfer as seen in equation 4.1.  

 

An interesting observation from the ITO nanoparticle electrode was obtained as a 

result of heating as a pre-treatment. The voltammetric responses were seen to 

improve when the electrode was vacuum heated at 500
0
C for two hours. A 

comparison of the voltammetric responses from the electrode is shown in figure 4.5, 

where parts (i) and (ii) corresponded to identical experimental conditions, with the 

sole difference that (i) was heat treated in air at 500
0
C and (ii) was vacuum heat 

treated at 500
0
C. One obvious difference observed between the voltammograms 

obtained for a graphite electrode and those obtained for the ITO nanoparticle 

electrode was that the peak to peak separation seen for the ITO electrode was larger 

when compared to that of graphite. The vacuum treated ITO electrode did show less 

peak to peak separation but was still higher than those observed for graphite. This 

may be as a result of slower electron transfer for the ITO electrode triple phase 

boundary. 
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Figure 4.5 - Cyclic voltammograms at a scan rate of 50 mVs
-1

 for the oxidation of 18 

mM TPPMn in PPP microdroplets, 70 nL, deposited onto a mesoporous ITO coated 

ITO electrode, and immersed in aqueous 0.1 M NaClO4 electrolyte solution.  

(A) Comparison of current responses for the mesoporous ITO film electrode heat 

treated at 500 
o
C in air (i) and heat treated at 500 

o
C under vacuum (ii). (B) Effect of 

the PPP deposition volume (i) 8 nL, (ii) 18 nL, (iii) 35 nL, (iv) 70 nL, (v) 140 nL, (vi) 

280 nL, and (vii) 560 nL.  

 

 

Another effect explored whilst using the ITO nanoparticle electrode was the effect of 

deposition volume. The voltammetric signals obtained as a result of a variety of 

deposition volumes is illustrated in figure 4.5 B. It was seen from this that a linear 

increase of peak current with the deposition volume was observed for volumes of up 

to 70nL, but the relationship breaks down after this. This is most likely due to the 

abundance of PPP that floods the mesoporous surface, hence leading to a decrease in 

available triple phase boundary area.  
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Shown in figure 4.6 are the typical cyclic voltammograms for the reduction and re-

oxidation of TPPMn on an ITO nanoparticle electrode immersed in the same four 

0.1M electrolytes that were used for the graphite ion transfer experiments.  

 

Figure 4.6 - Cyclic voltammograms at a scan rate of 50 mVs
-1

 for oxidation of 36 mM 

TPPMn in PPP microdroplets, 45 nL, deposited onto a mesoporous ITO electrode, 

immersed in aqueous 0.1 M electrolyte solution: (A) NaClO4, (B) NaCl  (C) NACO3H 

pH 8.4, and (D) KF 

 

 

It can be seen from the experimental data from the mesoporous ITO, that the 

distortions on the voltammograms have an adverse effect on any quantitative 

extrapolations that one might be able to make from these. It is, however, still clear 

from the data obtained that the characteristics of the ion transfers we observed on 

graphite are still prevalent. 
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4.5.1 – Spectroelectrochemical Experiments 

 

The mesoporous ITO nanoparticle electrodes were placed in a standard cuvette for 

conducting the spectroelectrochemical experiments. The results of the in-situ UV/Vis 

measurements as a function of potential are illustrated in figure 4.7. These show the 

optical absorbance of the TPPMn in PPP (144mM in 45nL) at the ITO nanoparticle 

electrode immersed in 0.1M electrolyte. In order to effectively obtain an absorbance 

scan from the UV/Vis spectrometer, the potential was stepped in approximately 0.1V 

intervals across the potential range, and held at each potential for 60 seconds. 

 

For the reduced form of TPPMn immersed in the perchlorate, chloride and 

bicarbonate systems, a single well-defined absorption is seen at 440nm with an 

extension coefficient of 140000mol
-1

 dm
3
 cm

-1
. This figure was obtained from the 

assumption of a concentration of 0.144 mol dm
-3

 and a path length of 0.45m. This is 

consistent with the soret band and hence the dark green colour of the TPPMn 
(128). 

As 

the potential tended towards more positive values the absorption band too shifted, 

until it reached a new value of 473nm ( e = 48000 mol
-1

 dm
3
 s

-1
 ). This was attributed 

to the TPPMn (III) species with two axial ligands. 

 

The case of the potassium fluoride electrolyte is slightly different and its oxidized 

species saw an absorbance at 435nm (e = 50000 mol-1 dm3 s-1 ). This was attributed 

to the coordination of fluoride to the Mn centre, as was shown for equation 4.7. 
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Figure 4.7 - UV/Vis data for in situ spectro-electrochemical oxidation of 45 nL of 144 

mM TPPMn(II) in PPP immobilised onto a mesoporous ITO film electrode and 

immersed in aqueous 0.1 M electrolyte in a 1 cm path length cuvette. The potential 

was stepped in 60 s intervals: (A) ClO4
-
, (i) -0.5, (ii) -0.4, (iii) -0.3, (iv) -0.2, and (v) 

0.0 V vs. SCE; (B) Cl
-
, (i) -0.4, (ii) -0.3, (iii) -0.1, (iv) 0.1, (v) 0.2, and (vi) 0.3 V vs. 

SCE; (C) HCO3
-
, (i) –0.4, (ii) –0.3, (iii) –0.2, (iv) –0.1, (v) 0.0, (vi) 0.1, and (vii) 0.2 V 

vs. SCE; (D) F
-
, (i) -0.4, (ii) -0.3, (iii) -0.2, (iv) -0.1, (v) 0.0, (vi) 0.1, (vii) 0.2, and 

(viii) 0.3 V vs. SCE; (E) comparison of the fully oxidised cases for (i) ClO4
-
, (ii) Cl

-
, 

(iii) HCO3
-
, and (iv) F

-
.  

 

 

 

 

 

 

 



 150 

4.6 - Summary 

 

It has been shown that anion transfer for ClO4
-
, Cl

-
, and HCO3

-
 from the aqueous 

electrolyte phase into PPP microdroplets can be driven by the TPPMn(iii/ii) redox 

system. Some of these systems are more reversible than others, with Cl
-
 and ClO4

-
 

being close to reversible systems. The case for HCO3
-
 is slightly different and a 

second process corresponding to the expulsion of a proton arises; this is therefore a 

net process of CO3
-
 transfer. A mesoporous thin film ITO nanoparticle electrode was 

employed in spectroelectrochemical measurements. This electrode was optically 

transparent and could therefore be used to obtain data on the UV/Vis absorption of 

the TPPMn as a function of potential. Using this method, the potassium fluoride 

electrolyte system proved to behave in a different fashion to the others, showing a 

direct complexation of a fluoride anion to the Mn metal centre. This preliminary work 

with the ITO nanoparticle electrode illustrates its potential in other uses where 

mechanistic aspects of ion transfer need to be more fully understood. This type of 

system could also be used as a spectroelectrochemical sensor- one of similar design 

(129) 
is a TPPMn based sensor for the detection of perchlorate using chromomeric ion 

transfer reactions to operate. 
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Chapter 5 

 

 

Electrochemical Bicarbonate and Carbonate Capture 

Facilitated by Boronic Acids 

 

 

 

 

 
Contents  

 

5.1  Abstract         152 

 

5.2 Introduction         152 

 

5.3 Experimental         153 

     
    4.3.1 Chemicals           153 

     4.3.2  Instrumentation        153 

     4.3.3  Electrode Preparation Procedure      154 

 

5.4  Voltammetry of TPPMn in Sodium Bicarbonate Solution   155 
  
    5.4.1  Facilitation of Ion Transfer with Napthylboronic Acid   157 

 

5.5 Summary         161 

     

 

  

 

 

 

 

Published - “Liquid|Liquid Electrochemical Bicarbonate and Carbonate Capture 

Facilitated by Boronic Acids ” in Chemical Communications, 2011, 47, 43, 12002-

12004 



 152 

5.1 - Abstract 

For a tetraphenylporphyrin-Mn (III) chloride (TPPMn) system dissolved within 

microdroplets of 4-(3-phenylpropylpyridine) (PPP), reversible transfer of bicarbonate 

and carbonate across the liquid | liquid interface is driven electrochemically and 

shown to be facilitated across a wide pH range by the utilization of 2-napthylboronic 

acid. The bicarbonate transfer was shown to have a potential of –0.08V vs. SCE and a 

binding constant of KAB = 10
2
 mol

-1
 dm

-3
, whilst the carbonate dianion was seen to 

have a transfer potential of 0.07V vs SCE and a binding constant  KAB2 = 2 x 10
10

 

mol
–2

 dm
6
. 

 

5.2 - Introduction 

We have seen how at the triple phase boundary of microdroplets in an aqueous 

electrolyte there is an ion transfer accompanying the transfer of electrons
(130)

. This 

has been shown to be useful for such applications as sensing
(131)

, and in medical 

applications such as screening and product development
(132)

. Recent studies have 

shown that voltammetric techniques can be utilized to study facilitated transfer; this is 

when the ion transfer process is paired with a complexation in the microdroplet 

organic phase
(133,134)

. A range of facilitated ion transfer is known from the 

literature
(135)

, and for this study boronic acid is used. Boronic acid has been used in 

previous studies as a facilitator for a wide range of transfers
(136)

, from sugars and 

diols
(137)

 to some more complicated molecules such as -aminocarboxylatesand-

hydroxycarboxylates
(136)

. In this report, the napthylboronic acid was utilized for the 

complexation to the carbonate dianion, and the results obtained for the system were 

analysed, resulting in quantitative results. 
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The redox system dissolved within the microdroplets that underwent electrochemical 

reduction and oxidation was tetraphenylporphyrin-Mn(III) chloride (TPPMn). 

Previous work in this field utilizing this molecule has shown transfer of a variety of 

ions including nitrate, perchlorate and thiocyanate
(138)

, and a range of 

carboxylates
(139)

. 

 

5.3 – Experimental 

5.3.1 - Chemicals 

The reagents 4-(3-phenylpropyl)-pyridine (Aldrich, 97%), tetraphenylporphyrin-Mn 

(III) chloride  (TPPMn) (Aldrich 95%), Napthylboronic acid, phosphoric acid 

(Fischer Scientific, 85% wt), sodium hydroxide (Aldrich >97%), were used without 

further purification.  Filtered and demineralised water was taken from a Thermo 

Scientific purification system with resistivity not less than 18.2 MOhm cm. 

Experiments were conducted at a temperature of 20 ± 2
o
C. 

 

5.3.2 -  Instrumentation 

An Ivium Technologies Compactstat potentiostat (release v1.725) was used as the 

potentiostat for electrochemical experiments. A standard three electrode cell was used 

with the working electrode consisting of a basal plane pyrolytic graphite (bppg) 

electrode with a diameter of 4.9 mm (mounted in Teflon
®
) and used in conjunction 

with a platinum wire counter electrode and a KCl - saturated calomel reference 

electrode (SCE, REF401, Radiometer).  
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5.3.3 - Electrode Preparation Procedures 

 

The deposition of random microdroplet arrays was achieved by evaporation of an 

acetonitrile solution containing TPPMnCl and PPP (typically 4 mg and 6 mg 

respectively in 6 ml of acetonitrile) onto a freshly polished bppg electrode. Room 

temperature evaporation of the acetonitrile resulted in a random array of PPP 

microdroplets on the graphite electrode surface. The final volume of PPP varied with 

deposition volume (typically 10 nL on a 4.9 mm diameter disc). The electrode surface 

was renewed by removing the top layer of graphite by polishing on P1000 silicon 

carbide polishing paper. 
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5.4 – Voltammetry of TPPMn in Sodium Bicarbonate Solution 

 

An 80mM solution of TPPMn in PPP was prepared and deposited onto a graphite disc 

and then  immersed in a solution of 0.1M sodium bicarbonate (NaHCO3). Figure 5.1 

shows a typical cyclic voltammogram for TPPMn for this system and showed two 

processes occurring. One occurred with a mid-point potential of approximately –

0.08V vs. SCE and was consistent with bicarbonate transfer from the aqueous phase 

to the organic phase, as shown in equation 5.1. 

 

 

Figure 5.1 - Cyclic voltammograms at a scan rate of 50 mVs
-1

 for 80 mM TPPMn(III) 

in PPP, 70nL,deposited onto a graphite disc, immersed in 0.1 M carbonate solution 

(NaHCO3
-
) at pH 6.  

 

 

(Equation 5.1) 

 

Mn(II)(org) + HCO3
-
 (aq)      Mn(III)(org) + HCO3

-
 (org)   + e 
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A second process would be seen to occur at more positive potential with a mid point 

of 0.07  vs. SCE. This process corresponded to an expulsion of a proton from the 

organic phase. 

 

(Equation 5.2) 

 

Mn(II)(org) + HCO3
-
 (org)      Mn(III)(org) + CO3

-
 (org)  + H

+
(aq) + e 

 

These two mechanisms together create a net process of carbonate dianion tranfer 

(equation 5.3). The second process, which entails the expulsion of a proton from the 

organic phase is an energetically unfavourable process and hence will only be seen 

when it is able to successfully compete with the first process -this occurs at high scan 

rates and larger droplet sizes-. It is proposed that due to the larger droplet sizes, and 

hence decreased triple phase boundary (as a result of aggregation of the droplets), the 

less energetically favourable expulsion of a proton occurs, as the electrochemical 

reactions are simply less effective. At slow scan rates however, there is sufficient 

time for the most energetically favourable process to dominate.  

 

(Equation 5.3) 

2 Mn(II)(org) + H2CO3(org)    2 Mn(III)
+

(org)  + CO3
2-

(org) + 2 H
+

(aq)  +  2 e
- 
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5.4.1 – Facilitation of Ion Transfer with Napthylboronic Acid 

 

Addition of the 2-napthylboronic acid as a facilitator caused a few interesting 

observations in the voltammograms. Figure 5.2 shows cyclic voltammograms of 

TPPMn with increasing amounts of the boronic acid added into the PPP droplets 

alongside the TPPMn.  

 

Figure 5.2- Cyclic voltammograms at a scan rate 50 mVs
-1

 for 80mM TPPMn  in 

PPP, 70nL, immersed in 0.1 M carbonate solution (i-iv) at pH 9.9 with (i) 0, (ii) 0.35, 

(iii) 0.85, and (iv) 2.5 mol dm
-3

 2-naphthylboronic acid (NBA) added   

 

The voltammograms showed a very clear and distinct shift of the mid point potentials 

as a function of increasing napthylboronic acid concentration, indicating a 

complexation of the bicarbonate by the napthylboronic acid. The proposed 

mechanism for this is shown in equation 5.4 as well as the mathematical expression 

(Equation 5.5)  for the shift in mid point potential. 

 

(Equation 5.4) 

Mn(II)org + HCO3
-
(aq) + NBA(org)    Mn(III)

+
(org) + (NBA)HCO3

-
(org) + e

-
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(Equation 5.5) 

  midrev Eaq
F

RTc

F

RT
EE 








  )](A[ln

2
ln' 00

2/1  
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)]oil(B[)]oil(A[/1 ttABKX  
 

 

 

 

 

 

For the above equations the terms [A
-
(oil)] and [B

-
(oil)] are defined as the total and 

known concentration of the anion and boronic acid respectively in the PPP oil phase; 

these are known from the initial make-up of the deposition mixture. The initial 

concentration of TPPMn is defined by the term c0. E
0
’ is the formal potential for the 

redox system, this includes the contribution that arises from the organic | aqueous 

phase boundary. F is the Faraday constant, R the gas constant and T the temperature. 

 

 

The shift observed for the mid point potential as a function of napthylboronic acid 

concentration is compared to the theoretical values for a mono anion transfer of 

HCO3
-
. This is illustrated in figure 5.3 with the theory values shown as the solid lines 

on the graph with the experimental values illustrated as the data points. Three values 

)]oil(B[)]oil(A[

)]oil(AB[








ABK
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of binding constants were selected for the theory lines, (iii) corresponds to KAB = 10 

mnol
-1

 dm
3
, (iv) to KAB = 100 mol

-1 
dm

3
, and finally (v) to KAB = 1000 mol

-1
 dm

3
. A 

good correlation with the experimentally obtained data points is shown when utilizing 

a binding constant of 100 mol
-1

 dm
3
, and thus provides a good value for the 

interaction of the HCO3
-
 anion with the napthylboronic acid in the organic PPP 

microdroplets. 

 

 

Figure 5.3 - Plot of Emid potentials versus NBA concentration for (i) pH 9.9 and 
(ii) pH 6. Theory lines for KAB = (iii) 10 (iv) 100, (v) 1000 mol

-1
dm

3
. 

 

 

It is worth noting that a deviation from the good fit with this binding constant was 

seen when higher concentrations (0.5M and above) were utilized within the PPP 

microdroplets. This was seen as a further shift to more negative potentials. A net 

double complexation was proposed for the amalgamation of the data from the CO3
2-

 

and HCO3
-
, this is shown in equation 5.6. 
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(equation 5.6) 

 

2 Mn(II)(org) + CO3
2-

(aq) + 2NBA (org)    ↔    2 Mn(III)
+

(org) + (NBA)2CO3
2-

(org) + 2e
- 

 

 

Analysing this net double complexation through a spreadsheet is possible, however 

requires the use of Matlab in order to solve the cubic equation that arises.  

Elimination of the cubic term for [Bt(oil)] >> 2[A
2-

t(oil)] allows for the approximate 

mathematical expression for the mid point potential shift to be expressed.  

 

 

(Equation 5.7) 

 

Where  
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Using the experimentally derived data points from the facilitated transfer of carbonate 

(as shown in equation 5.7, using an assumed transfer potential for the CO3
2-

 of 0.07V 

vs SCE  which is consistent with other di-anionic carboxylate transfers) 
(140)

 a value 

for the binding constant is estimated as KAB2 = 2 x 10
10

 mol
-2

 dm
6
. This shows a much 

stronger binding of this dianion when compared to that of the mono-anion. The 

second binding constant can be derived as 2 x 10
10

 / 100  = 2x 10
8
 mol

-1
 dm

3
. This 

can be compared with the bascisity in water KB1 = 10
6.3

 mol
-1

 dm
2
 and KB2 = 10

10.3
 

mol
-1

 dm
2
 and KB1 x KB2 = 10

16.6 
mol

-2
 dm

6
 for carbonate in water

(141)
. 

 

 

5.5 - Summary 

 

This work has shown, and quantified, the facilitated reversible ion transfer of 

bicarbonate and carbonate using napthylboronic acid as the facilitator. This 

facilitation occurs strongly in the pH ranges of 6 to 11. Using this premise one can 

envision future work based on boronic acid containing membranes which would be 

able to sift out bicarbonates and carbonates from systems. For a more biological 

application of this within lipophilic systems, synthesis of the boronic acid derivative 

would need to be performed in order to create more suitable molecular structures. 

 

 

 

 

 



 162 

 

Final Comments 

 
 

 

 

The first two experimental chapters of this report yielded interesting and important 

information of microdroplets and the photo-electrochemical reactions that occur 

within. Characterization of how processes occur within the droplets for both dark and 

illuminated conditions were explored for rhodamine b and pentoxyresorufin. This 

also yielded information on the various chemical steps that occur within the droplets 

such as the disproportionation of rhodamine b, or the photo catalysis of 

duroquinone’s oxidation by pentoxyresorufin. Using a variety of techniques, some of 

these chemical steps were able to be fully characterized also providing quantitative 

data on the rate constants.   

 

Perhaps one of the most surprising results from these chapters was the role that the 

PPP played within the system. Initially it was assumed that the PPP acted as merely a 

bystander, simply being the solvent for the droplets. Evidence from both the 

rhodamine b and pentoxyresorufin systems however, clearly implicated the PPP as an 

active player in the photoreactions, with EPR evidence tentatively suggesting an 

excited pair between the pentoxyresorufin and the PPP. This has implications for 

other work in this field, as the ability to switch on photo reactions (as we have 

observed PPP to do), could be very useful in any light themed liquid | liquid research. 

It was also found that the PPP surface could be protonated, which led to changes in 

mechanism for the voltammetry of pentoxyresorufin dissolved within. This could be 
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utilized if one wanted a further element of control over what reactions and ion 

exchanges took place across the liquid | liquid interface. 

 

Throughout the research conducted for this report, various alternative methods have 

been applied to help discern and account for the data produced, for example utilizing 

surface tension to investigate PPP surface effects, later attributed to protonation. One 

of the most useful to be utilized however was in situ UV/Vis of the microdroplet 

arrays whilst conducting voltammetry as a method for gaining further information on 

ion exchange and other such processes. When paired with an ITO nanoparticle 

electrode, a powerful tool is created for any triple phase work where additional 

information is required on mechanistic aspects on ion transfer that voltammetry on its 

own simply cannot provide. 

 

A firm platform has been built with this work, however more needs to be done in 

future in order to drive this vein of research forward. A full and thorough 

understanding of the pentoxyresorufin / PPP excited pair effect that was observed 

would be essential and once understood in more detail, this could hopefully be used 

to further the research, perhaps even pointing in the direction of other solvents and 

oils which can facilitate photoreactions. With an understanding of the mechanism that 

caused the observed effect of the photoexcited pair, one can also envisage more 

experimental control over how photoreactions take place and the possibility to tune a 

system to desired specifications. 
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