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Doctor of Philosophy at Virginia Commonwealth University 

Advisor: Julio C. Alvarez  

Associate Professor, Department of Chemistry 

 

 Particle Collision Electrochemistry (PCE) has gained considerable attention in 

heterogeneous catalysis, petroleum chemistry and pharmaceutical fields. The PCE 

refers to a phenomenon in which a particle strikes on an inert electrode surface as a 

consequence of its Brownian motion and produces a spike of current for the direct 

oxidation/reduction of the individual particle. This method allows us characterization of 

individual particles and in-situ study of electrochemical reactions coupled to the particle.  

Herein, emulsion droplets were studied by PCE where toluene droplets contained 

hydrophobic tetrachloro-1,4-benzoquinone (Q). This was investigated as a model 

system to study the molecular effects that arise due to hydrogen bonding reagents 

(oleic acid, acetic acid) inside and outside of the droplets. The emulsions were prepared 

by sonicating toluene-quinone solution with the water phase containing an ionic liquid to 
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provide conductivity to the droplet. Each droplet produced a current spike while colliding 

with the electrode surface that was held at a potential to reduce tetrachoro-1,4-

benzoquinone. In bulk acetonitrile and toluene, tetrachoro-1,4-benzoquinone undergoes 

a two electron reduction process to form the tetrachloro phenolate di-anion (Q2-). It was 

shown that the hydrogen bonding affinity of Q2- for acetic acid (pKa = 4.8) was higher 

than for oleic acid (pKa = 9.9) for both bulk systems (as acetic acid is stronger hydrogen 

bonding donor than oleic acid). However, the reversed trend was observed in emulsified 

toluene droplets when studied by PCE. This was attributed to the preferential partition of 

the carboxylic acids between the two phases in the emulsion. Oleic acid stays inside the 

droplets due its hydrophobic nature and hydrogen bonding with Q2- takes place inside 

the droplet. In contrast, solvation of acetic acid by the surrounding water, causes the 

hydrogen bonding with Q2- to occur significantly less inside the droplet.  

Another redox system studied by PCE was hydrophobic ferrocene (Fc) trapped in 

the toluene droplet to determine the effect of surfactant on the particle size. The 

diameter determined electrochemically was compared with Dynamic Light Scattering 

(DSL) measurements. The presence of nonionic surfactant (triton X-100) was observed 

to affect the droplet’s size easily monitored by PCE. The mediated oxidation of cysteine 

by the oxidized Fc inside the droplet was investigated at different concentrations of 

cysteine. 
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Chapter 1 

Introduction 

1.1 “In Water” and “On Water” Organic Reaction 

Generally, organic reactions have been performed in polar or nonpolar organic 

solvents. For many years, it was believed that conventional solvents had no effect on 

the rate of the reactions. For example, the rate of dimerization of cyclopentadiene only 

differs by a factor of maximally four in different organic solvents.1 But Breslow and 

coworkers in 1980 first reported significant rate acceleration of Diels-Alder reactions2 

using water as a reaction medium (Scheme 1.1). These reactions are called  “in water” 

reactions because the reactants are well solubilized in water, forming a homogeneous 

phase.  Later on, substantial rate enhancements were also observed for other types of 

organic reactions such as Aldol condensations3 and Claisen rearrangements4 when 

carried out in water. The rate accelerations were ascribed to the hydrophobic effect that 

aggregates the organic reactants to minimize the contact area with water molecules 5,6  

 

Scheme 1.1 Diels –Alder reactions of cyclopentadiene with butanone. 

 Previously Sharpless7 et. al. observed significant rate enhancements for a 

variety of reactions where water-insoluble reactants were stirred vigorously in water for 
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short period of times. These reactions were named “on water” reactions and because 

reactants are water-insoluble, a heterogeneous interface is always present. An organic-

water interface is formed in an emulsion (liquid-liquid) or a suspension (solid-liquid) 

during mixing the reactants in these reactions. In such cases, the apparent reaction rate 

was enhanced significantly. For instance, the cycloaddition of quadricyclane to dimethyl 

azodicarboxylate (Scheme 1.2 and Table 1.1)7 was completed in a few minutes when 

these liquid reactants were stirred intensely on water. In contrast, it took two days to 

complete the reaction when performing in neat (solvent free) condition. This implies that 

other factors were involved besides higher concentration of the reactants.  

 

Scheme 1.2 Reaction of quadricyclane with dimethyl azodicarboxylate. 

To date, several labs have reported on the rate-enhancing effect of water as a 

solvent medium for various organic reactions with insoluble reactants.8-18 The 

investigations suggest that several factors account for the observed rate 

accelerations.7,11 First, heterogeneity is important in the reaction mixture so that an 

interface is developed between two phases. Second, the interface must be with an 

aqueous phase because emulsions of reactants prepared in perfluorohexane showed 

only slightly higher rate than the neat reaction (Table 1.1).Third, there was a solvent 
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isotope effect on the reaction rate when the reaction was carried out in D2O instead of 

H2O.  Finally, the intrinsic charge that develops at the interface needs to be considered. 

Table 1.1 Reaction of quadricyclane with dimethyl azodicarboxylate in various solvents. 

Solvent Concentration (M) Time to completion 

Toluene 2 ˃ 120 h 

EtOAC     2 ˃ 120 h 

CH3CN     2 84 h 

CH2Cl2     2 72 h 

DMSO     2 36 h 

MeOH     2 18 h 

neat 4.53 48 h  

On D2O 4.53 45 min 

On C6F14 4.53 36 min 

On H2O 4.53 10 min 

Although extensive theoretical studies have been performed regarding “on water” 

reactions, still a variety of explanations are associated with experimental results of 

these reactions.19-21 Jung and Marcus19 have proposed that free (dangling) OH groups 

of interfacial water molecules forming H-bonding with the transition state (TS) of the 

reaction. This phenomenon stabilizes TS by lowering the activation barrier. Marcus’s 
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assumption was matched with the experimental results where dangling OH bonds 

observed at macroscopic oil-water interface.22 Conversely, Jorgensen’s theoretical21 

work contradicted with Marcus’s Model and reported certain organic reactions are 

accelerated less on the surface of the water than in bulk water. Experimental kinetic 

studies by Kumar14 as well as from Huck12 and Zhen16 also agreed with Marcus’   

assumption. However, none of these researchers considered the isotopic effects that 

were observed in Sharpless’ experiments.  Beattie11 and McErlean13 have provided 

convincing evidence for the strong D2O /H2O isotopic effects in “on-water” reactions. 

They proposed an acid-base catalysis that involves a proton transfer (PT) across the 

organic-water interface. Butler and Coyne17 also observed PT at the organic–water 

interface depending on the pKa of the reactants. In addition, H-bonding formed between 

the dangling OH groups and H-bond acceptor species on the reactants, even though 

non-reacting competitors for H-bond acceptors were present in the organic phase. 

Additionally, the water solubility of the organic reactants and the presence of organic 

cosolvents also have an impact on “on-water” reactions, as indicated by Zou and 

coworkers15, who emphasized that a degree of water  solubility of the reactants  is 

crucial to achieve the “on water” effect,  unless small amounts of organic solvents are 

added while maintaining the heterogeneity. 

Despite, all the factors mentioned, the “on-water” effect is highly susceptible to 

hydrogen bonding and/or proton transfer(s). This dissertation describes the study of 

electrochemical reduction of quinones inside droplets of toluene dispersed in water, as 

quinone electrochemistry is highly sensitive to those factors. 
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1.2 Quinone 

Quinones are one of the important and prototypical examples of organic redox 

couples. They play a crucial role in biological electron transport processes and have 

also wide applications in industry and chemical synthesis.23-25 All of which have led to 

detailed investigations of how PT and hydrogen bonding affect the thermodynamic and 

kinetics of these electrochemical quinone-hydroquinone systems.  

1.2.1 Electrochemical Reactions of Quinones  

It is well known that in an aqueous buffer solution, quinones (Q) undergo 

reduction accepting two electrons (e-) and two protons (H+) to form the hydroquinone 

(QH2) as the final product in a single voltammetric peak at a specific potential 

(Scheme1.3 a).26 The reduction of quinones in aqueous unbuffered solution leads to a 

slightly different mechanism26 because in the absence of buffer, the effective pH near 

the electrode surface changes as H+ are being consumed locally during reduction. 

Consequentially, the reduction potential shifts to more negative values as the local pH 

increases. For the unbuffered conditions when the concentration of H+ is less than the 

concentration of the quinone, then the reduction leads to the nonprotonated dianion   

(Q2-) that binds  water molecules via hydrogen (H) bonding (Scheme 1.3 b), however 

the reduction still occurs in a single voltammetric peak at a particular potential. On the 

other hand, in nonaqueous aprotic media, quinones show  two cathodic peaks 

comprising the two single-electron reductions and form the radical monoanion (Q•-) and 

dianion (Q2-) (Scheme 1.3 c).27 In this case, the two reduction (cathodic) peaks are 

generally separated by about 0.7 V.  Gupta and Linschitz 27 reported that the ratio of the 

cathodic peak current to the anodic peak current for the first redox process is close to 
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unity for different quinones (e.g. tetrachloro benzoquinone, 2,5-dichloro benzoquinone, 

2,5-dimethoxy benzoquinone). But the height of the second cathodic peak is less than 

the first one for all studied quinones, which was explained by the complexation a 

quinone molecule and its dianion (equation 1.1) 

Q + Q2−  = [QQ]2− … … … … … … (1.1) 

 

Scheme 1.3 Quinone redox reactions. 
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1.2.2 Factors Affecting the Reduction of Quinone 

The redox potential of the quinones depends on the stability of the products of 

their reduction reactions. The stabilization is determined by several factors such as 

polarity of the solvent, nature of the supporting electrolyte, inter or intramolecular          

H-bonding, the presence of acidic or basic additives, ion paring and protonation 

equilibrium.27-29 Generally the cation of the supporting electrolyte forms an ion pair with 

Q•- and Q2- while acidic additives form hydrogen bond complexes or transfer protons to 

the Q•- and Q2- , all of which may stabilize those species. H-bonding or protonation 

depends on the pKa of acid additives and basicity of reduced forms Q•- and Q2- . The 

effect of hydrogen-bonding interactions can be clearly differentiated from protonation by 

consideration of appropriate pKa values and characteristics of cyclic voltammogram 

(CV) of quinones.27 Typically, H-bonding is revealed by continuous shifts in potential 

with no change in peak height, reversibility and absence of new peaks in the CV. 

However, increasing first peak’s height at the expense of the second can be an 

indication of a disproportionation mechanism assisted by H-bonding.27 Weber30 reported 

four important criteria to study hydrogen bond systems by electrochemical techniques. 

First, either the donor and/or acceptor must be electroactive. Second, their oxidized and 

reduced forms should be chemically long-lived with electron transfer kinetics reasonably 

fast during the experimental time scale. Third, the redox couple must be able to 

significantly influence the binding between the donor and the acceptor. In many cases, 

the effects of hydrogen bonding can be distinguished from those of proton-transfer. 

The reduction mechanism of quinones can include a nine-member square 

scheme as shown in Scheme 1.4, with all the species that can be bound by hydrogen 
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bonding. This describes the series of electron transfers (horizontal arrow) and 

hydrogen-bonding interactions (vertically arrow) between a quinone (Q) species and the 

hydrogen-donor (D). In Scheme 1.4, Eobs
(Q/ Q•-) and Eobs

(QD/QD•-) are the observed half-

wave (E1/2) or peak potentials of the Q/Q•- and the hydrogen-bonded QD/QD•- redox 

couple,  respectively. 

 

Scheme 1.4 Series of electron transfers and hydrogen-bonding interactions with 

quinone. 

The 3 x 3 diagram for PT is analogous to Scheme 1.4, but D is replaced by a 

acid that can transfer a proton to the quinone species. In this work the main focus will 

be on hydrogen bonding and PT effects on the electrochemistry of quinones. An 

overview of previous literature regarding these factors are discussed in section 1.2.3. 

 



9 
 

1.2.3 Binding Studies of Quinones to Hydrogen Donor Additives  

 

Hydrogen-bonding and proton transfer are the fundamental factors for controlling 

the potentials and reaction paths in the reduction of quinones. The neutral quinone 

exhibits electron acceptor properties and the reduced dianions have strong affinity   to 

hydrogen bonding donor to form complexes. 

 Linsehitz27 systematically studied the above two factors and their corresponding 

effect on quinone reductions. This investigation surveyed a series of quinones of 

increasing basicity (chloranil to duroquinone, Scheme 1.5) with a broad range of 

reduction potentials, and examined the effect of different hydrogen donor additives on 

their electrochemistry in polar aprotic solvents. 

 

Scheme 1.5 Quinones examined by Linschitz.27 

Weak hydrogen bonding agents (HBAs) (such as ethanol, 2-propanol and tert-

butyl alcohol) had marginal effect on the first electron transfer but had a substantial 

impact on the second electron transfer. In such cases, both cathodic peaks shifted 

positively with no loss of reversibility but the second peak shifted in greater extent and 

the relative heights of the waves remained constant. Determination of Keq for this 

association was not straight forward as multiple molecules of alcohol can associate with 
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the quinones and this number varies depending on the basicity of the quinone and size 

of the alcohol molecule. However, the largest effects are observed for the most basic 

quinone, duroquinone. 

When stronger HBAs, such as trifluoroethanol, were used with the same 

quinones, different types of effects are observed in the CVs. An electron-deficient 

quinone like dichlorobezoquionone, showed a shift in E1/2 corresponding to hydrogen-

bonding mainly with Q2-. On the other hand, the more basic quinone (duroquinone) 

displayed irreversibility in CV trace which was attributed to disproportionation 

mechanism of the radical monoanion (Q•-) facilitated due to strong H-bonding of Q2-.  

While stronger H-bond donors like hexafluoroisopropanol were used, different 

mechanisms were involved based on quinone basicity. Finally, strongly acidic donors 

like trifluoroacetic acid showed unambiguous protonation effects on different quinones.  

In a closely related study, this work was extended to even more basic quinones, and 

similar effects were observed. 31 

In 2003, Gonzalez’s32 group also reported the electrochemical reduction of 

several quinones in the presence of different alcohols. They observed that H-bonding 

between quinone dianion and the different alcohols governed by quinone basicity, steric 

effects, and by the number of α-hydrogen atoms present in the quinone nucleus. 

Several studies done by Smith26 and Alligrant33-34 show that the voltammetry of 

quinones and hydroquinone is very sensitive to the type of proton acceptors available in 

solution. Those studies highlight the importance of hydrogen bonding interactions 

between hydroquinone/quinone and the solvent molecules (in the case of water) and 

basic species present in the solution. Smith’s work mainly demonstrated the importance 
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of studying quinone’s electrochemical behavior in buffered and unbuffered conditions, 

that produced a comprehensive view of the roles of proton transfer and H-bonding on 

the electrochemical mechanism of these redox molecules.26 Similar investigation was 

carried out by Bunjo  and coworker35 where the reduction of 9,10-anthraquinone in 

presence of strong acid (Benzoic acid) showed the increase of first cathodic peak height 

at the expense of second cathodic peak without keeping the reversibility. This attributed 

to the well-known sequence, fast protonation of Q•-, and reduction of the more easily 

reduced HQ• radical at the same potential. Peover and Ansnagar studied the redox 

behavior of different quinone derivatives and reported the similar reduction mechanism 

in the presence of strong acids such as 2,4,6-trichlorophenol and benzoic acid. 36,37 

In chapter 2 of this dissertation below, our focus is to study the electrochemical 

reduction of tetrachlorobezoquinone in toluene-water emulsion in the presence of 

hydrogen donor additives such as oleic acid and acetic acid. This could help to 

understand the role of water on the rate enhancements observed in “on water” 

reactions. In chapter 3, redox mediation reactions were monitored across the toluene-

water interface. 

1.3 Mediation or Catalytic Reactions 

Electrochemical detection of biological species is complicated by direct oxidation 

on conventional electrodes e.g. glassy carbon and gold electrodes. Therefore, 

alternative approaches have been investigated in order to decrease the overpotentials 

for oxidation as well as minimize the surface fouling effect. One method is the indirect or 

mediated oxidation of these species by metal complexes in solution. 
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Stanbury38-39 studied the oxidation of thiols like cysteine and thioglycolic acid 

(TGA) by oxidant metal ions. The metal complexes used were [Fe(bpy)2(CN)2]+ and 

[Fe(bpy)(CN)4]- to oxidize cysteine, and [IrCl6]2- to oxidize TGA. Ferrocene and its 

derivatives were widely applied as catalysts to mediate electron transfer with species 

that show slow electron transfer, such as ascorbic acid,40 hydrogen peroxide,41 and 

sulfide42 species. Different amines43 were also investigated by the electrochemically 

generated ferrocenium ions as the catalyst (Scheme 1.6).43  

 

Scheme 1.6 Catalytic oxidation of amine by electrochemically generated ferrocenium 

ions. (Adapted from reference 43) 

In this dissertation, we investigated redox mediation in toluene-water emulsions 

for L-cysteine oxidation with ferrocenium ion as mediator using the particle collision 

electrochemistry. 

1.4 Emulsions 

An emulsion is a metastable system consisting of two immiscible liquids in which 

droplets of one liquid   is dispersed in the other, also called continuous phase. Milk is a 

common example of emulsion where fat globules are dispersed in water.  The size and 
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nature of the boundary between the dispersed and a continuous phase, that the 

"interface", plays an important role in the stability of the emulsion. 

1.4.1 Classification of Emulsions 

Emulsions are classified based on the nature of the dispersed phase44as oil-in-

water or water-in-oil (Scheme 1.7) 

Oil-in-water emulsions (O/W): These are emulsions in which oil is present as the 

dispersed phase and water as the continuous phase. For example mayonnaise, 

vinaigrette and vanishing cream etc.  

 

Scheme 1.7 Classification of emulsion. 

Water-in-oil emulsion (W/O): These are emulsions in which water forms the dispersed 

phase, and the oil acts as the dispersion medium, for instance butter and cold cream. 

Based on the size of the liquid droplets, emulsions can be categorized as:44 

i) Macroemulsions: These are kinetically stabilized emulsions with a size range of 

droplets from 0.1 μm to 5 μm, which tend to be white or milky in color because the 

Dispersed 

phase (Oil)

Continuous 

phase (Water)

Dispersed 

phase (water)

Continuous 

phase (oil)

Oil-in-water emulsion Water-in-oil emulsion



14 
 

droplet size is larger than the wavelength of light. Consequently, macroemulsions 

scatter light effectively.  

ii) Nanoemulsions: These usually have a size range between 20-100 nm and they are 

kinetically stable emulsions. These are transparent. 

iii) Microemulsions: These are thermodynamically stable emulsions that have size 

range between 5-50 nm and because the droplet size is less than the wavelength of 

visible light, they are transparent. 

1.4.2 Mechanism of Emulsion Destabilization 

From the thermodynamic point of view, emulsions are unstable because they 

have a natural tendency to separate into their liquid/liquid phases in order to reduce the 

interfacial area and minimize interfacial energy. Therefore, several complicated 

breakdown processes (Scheme 1.8) may happen during storage of emulsions like 

sedimentation or creaming, flocculation, Ostwald ripening, coalescence, and phase 

inversion.44 

Sedimentation or Creaming 

Sedimentation is the process where droplets are settled at the bottom because of 

the density difference between the droplet and the continuous phase. When the density 

of dispersed phase is higher than that of the medium, sedimentation occurs. Whereas in 

creaming process, droplets are settled at the top because the density of dispersed 

phase is lower than that of the medium.  
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Scheme 1.8 Schematic representation of the various breakdown processes in 

emulsions. 

Flocculation 

Aggregation of the droplets into large units without any change in droplets size is 

referred to flocculation. This process occurs when the attractive forces (van der Waals) 

between the droplets exceeds that of the repulsive forces resulting in a small separation 

distance between the droplets. Flocculation may be strong or weak, depending on the 

magnitude of the attractive forces involved.  

Coalescence 

Coalescence is the fusion of two or more droplets to form larger drops with 

reduced total surface area. This process significantly changes the droplet size 

distribution, which shifts to larger sizes.  Emulsions can be separated into two distinct 
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Ostwald ripening

Sedimentation

Coalescence



16 
 

liquid phases in this destabilization mechanism. To minimize this type of destabilization 

process, the repulsive forces must exceed the van der Waals interactions. 

Ostwald ripening 

In emulsions, the formation of large droplets at the expense of smaller droplets is 

known as Ostwald ripening. The smaller droplets solubilize into larger one due to the 

finite solubility of liquid phases in emulsions. As a result, the smaller droplets disappear 

with time and size distribution of droplets moves to large values. 

Phase inversion 

This is a process where disperse phase becomes the continuous phase. For 

example, in time an O/W emulsion may change to a W/O emulsion. In many cases, this 

phase inversion process proceeds through a transition state.  

1.4.3 Stability of emulsions  

Emulsion stability mainly depends on the balance between the attractive and 

repulsive forces of the droplets. According to the DLVO theory, the dispersed particles 

are subjected to two independent forces: the van der Waals forces of attraction and the 

electrostatic forces of repulsion arising from the presence of electrical double-layers at 

the particle surfaces.45 Stable emulsions are formed when the repulsive forces 

predominate over the attractive forces and keep the droplets separated. This situation 

can be achieved by adding a stabilizing agent otherwise known as surfactant or 

emulsifier. When a small quantity of surfactant is added to the solution, surfactants 

generally start to accumulate in the interfacial region thus reducing interfacial tension.46 

The structure of this interfacial layer depends not only on the composition of the 
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surfactants but also on the concentration of the surfactants and/or polymers employed. 

The selection of emulsifier is complicated and affect the formation of long-term stable 

emulsions, which is governed by the nature of emulsifier as well as the hydrophobic – 

lipophilic balance (HLB) number.44 There are three types of emulsifiers: anionic, cationic 

and amphoteric. The surface charge of the droplets is determined by the types of 

emulsifier used during emulsion preparation. On the other hand, the HLB is a system 

parameter that determines how the oil phase interacts with the surfactant. The higher 

the HLB value of a surfactant, the more hydrophilic (water soluble) it is, whereas the 

lower the HLB number, the more lipophilic (oil soluble) the surfactant. Table 1.2 gives 

the required HLB numbers to emulsify various oils. 

Table 1.2  Different HLB numbers for various oils. 

     Oil                                           W/O emulsion                              O/W emulsion 

Paraffin oil                                           4                                                     10 

Beeswax                                              5                                                       9 

Cyclohexane                                        -                                                      15 

Toluene                                                -                                                      15 

 

1.5 Single Particle Collision Electrochemistry 

Single particle collision electrochemistry is a powerful method that allows 

characterization of the electrochemical reactivity of individual nanoparticles (NPs) in a 

solution. Research on this method has been increasing significantly over the last 
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decade because of its applicability in different fields, such as medical science,47 food 

technology,48 pharmaceutics,48 and electrocatalysis.49-50 The discrete collision of NPs on 

an electrode surface due to their random motion results in oxidation or reduction of a 

single particle or electrocatalysis by the individual NP. This phenomenon is known as 

“nano-impacts” or “single particle collision”. Detection of single particles has gained 

interest to obtain a deeper insight about the behavior and the processes that are not 

available from traditional ensemble measurement techniques. Information that can be 

extracted from these experiments range from size, stability and electrocatalytic 

properties, to any electrochemical reaction that can be coupled to the collision event.  

Particles both hard (metal NPs, oxides, semiconductor) or soft (liposome, micelle, 

emulsion droplets) are amenable to being studied by this method. 

1.5.1 Type of Collisions 

In the “nano-impact” chronoamperometric method, an electrochemical current in 

the form of a spike is recorded when a single particle strikes the electrode while is held 

at a specific potential. To date, various types of measurement approaches have been 

reported in the literature, however the most common is direct and indirect electrolysis 

with or without electrocatalytic amplification. Other methods include, electrode area 

blocking52 and open-circuit potential measurements53.   

1.5.1.1 Direct Faradic Impacts 

In direct mode, a redox reaction occurs during the collision of a single particle on 

the electrode surface provided an appropriate potential is applied. Consequently, a 

spike of faradic current is observed for an individual collision when recording a 

chronoamperometric response (Scheme 1.9). For example, silver NPs can be detected 
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in citrate solution through direct electro-oxidation of the particles during collisions at the 

electrode surface (equation 1.2).49 Particle size is determined by calculating the charge 

passed per current spike. 

Ag (nanoparticle) − e−  → Ag+    … … … … … … (1.2) 

1.5.1.2 Indirect Faradic impacts 

In indirect electrolysis mode, an electroactive species that shows sluggish 

electron-transfer kinetics at a suitable potential produces a small current transient.  But 

the enhancement of current may occur if a nanoparticle interacts with the electrode 

allows oxidation or reduction of the particular electroactive species via electro-catalysis 

(Scheme 1.9 B). In 2007, Bard and co-workers took advantage of electrocatalytic 

amplification while individual platinum NPs in aqueous solution collided at an 

ultramicroelectrode (UME) and observed the amplified current as Pt NPs catalyzed the 

reduction of H+ and H2O2.54 They reported that the resulting current-time profile is 

directly related to particle size, residence time of particle at electrode and the nature of 

particle interaction with the electrode surface. 
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Scheme 1.9 Basic form of nano-impact collision. (A) Direct method and (b) Indirect 

method. 

1.6 Nano-Impact Collision to Emulsions 

Collisions of colloidal semiconductor particles e.g. SnO2 and TiO2 on the surface 

of electrodes were first reported by Heyrovsky in 1995.55,56 Later on, a large number of 

publications came out primarily on hard particles based on particle-impact 

electrochemistry. Recently the Compton group and several others have investigated the 

collision of various types of metallic NPs ( Au,57 Ni,58 Cu59), oxides (IrO2,60 CeO2,61 

SiO2
62) and organic hard particles (polystyrene,63 indigo64) by utilizing the same basic 

concepts, that is, the direct or indirect method. 

Up to now, most single particle collision experiments have been concentrated on 

hard particles. Last couple of years, some researchers extended this approach to soft 
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particles such as liposomes50, vesicles65,66 and emulsions.52 Like hard particles, it is 

possible to study soft particles and more specifically the redox active components 

trapped inside these particles by “nano-impact” collision electrochemistry. Recently, 

Compton and co-workers investigated the direct collision of vitamin C encapsulated 

liposome in neutral buffer solution.50 Single liposome components were characterized 

by the current spikes in real time as it collides with an electrode. Thereafter, Ewing’s 

group examined the electrochemistry of nanometer-sized vesicles containing 

catecholamine hormone.65 A peak or spike is attributed to oxidation of catecholamine 

when each vesicle bursts on the electrode surface. However, it was found by Bard and 

coworkers, that redox contents (potassium ferrocyanide) inside the vesicle were not 

oxidized during the collision unless a nonionic surfactant like triton X-100 was present 

inside the vesicle.66 In addition to this, a cetyltrimethylammonium bromide (CTAB) 

micelle was detected via oxidation of bromide by Toh and Compton in 2015.67 They 

observed that the concentration of CTAB plays a significant role on the number of 

spikes observed in a “nano-impact” experiment. More recently, Bard’s group studied 

emulsion oil droplets (e.g., toluene,52 benzene,68 cyclohexane68) as electrochemical 

reactors containing hydrophobic molecules such as ferrocene (Fc), decamethyl-

ferrocene, rubrene and others. These oil droplets dispersed in an aqueous phase strike 

on the surface of electrode because of Brownian motion. As a result, the redox 

molecules inside each droplet undergo an oxidation or reduction reaction at a specific 

potential and each collision produces a current spike. In addition, Cheng and Compton 

used Vitamin B12 nanodroplets to mediate the reduction of dioxygen and proposed a 

mechanism for dioxygen reduction.69 Nowadays, it is assumed that soft particles like 
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emulsion droplets could be an alternative for hard particle because of their wide 

applications and environmental friendliness. 

1.7 Emulsions Preparation 

Typically oil in water emulsions (O/W) can be prepared by homogenizing an oil 

phase and an aqueous phase together in the presence of a surfactant or an emulsifier 

(e.g., triton X-100, sodium lauryl sulfate and span 80).70,71 To prepare a stable emulsion 

system, different types of homogenizers can be used, including high shear mixers, high 

pressure homogenizers, colloid mills and ultrasonic homogenizers depending on the 

characteristics of the materials being homogenized (e.g., product viscosity, interfacial 

tension, shear sensitivity) and the desired emulsion properties such as droplet 

concentration, droplet size distribution. The desired droplet characteristics can be tuned 

by careful selection of homogenizer type, homogenizer operating conditions, and 

surfactants. For instance, droplet size of emulsions produced by high-pressure 

homogenizers can be decreased by increasing the pressure of the homogenization. The 

electrical charge on the droplets surface can be also controlled by choosing an 

appropriately charged emulsifier, which may be positive, neutral or negative. 

In this thesis, the toluene/water emulsions were prepared52 by following the 

literature method with slight modification. In a typical preparation, 5 mM of 

tetrachlorobezoquionone (TCBQ) was added to 355 μL of toluene in a vial, followed by 

the addition of 145 μL of ionic liquid (400 mM) to form a homogeneous mixture. 

Afterward, 100 μL of this toluene mixture was added to 5 mL of degassed deionized Milli 

pure water. Finally, the content of the vial was mixed vigorously for 20 s in a vortex 

mixer and sonicated for 5 min at room temperature. An emulsion was formed (Scheme 
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1.10) and showed stability up to 6 h. Here, the ionic liquid (IL) served as both supporting 

electrolyte and emulsifier.  

 

Scheme 1.10 Preparation of toluene-water emulsion. 

The size of emulsion droplets was characterized by Dynamic Light Scattering 

(DLS) measurements. The concentration of the toluene (TCBQ + IL) emulsion droplets 

was calculated from the total toluene (TCBQ + IL) volume (0.1 mL) divided by the 

average emulsion droplet (diameter 1439 nm) volume (1.56 fL). Accordingly, the molar 

concentration of emulsion droplets used for collision experiments was 21.2 pM. All 

particle collisions measurements were finished within 1 h.  
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Other toluene emulsions were prepared following the same procedure including 

oleic acid, acetic acid and ferrocene. More details are discussed in chapter 2 and 

chapter 3. 

1.8 Preparation of Ultramicroelectrodes (UMEs)  

Ultramicroelectrodes are defined as electrodes whose critical dimension is in the 

micrometer range typically smaller than 25 μm.72,73 They have several advantages, 

including small size, high sensitivity, small current (pA to nA), steady state response, 

low double layer charging current and small ohmic resistance.72,73 The fabrication of 

high quality UMEs is a challenging and time consuming process that requires 

experimental skill and patience. 

UMEs were prepared based on the general procedure developed in our 

laboratory based on previous literature. The fabrication involves several steps as shown 

in Scheme 1.11. First, borosilicate glass capillaries (around 15 cm long) with a conical 

shape at one end were cleaned by sonication in ethanol followed by water and dried in 

an oven (100 ºC) for 2 h. About 1 cm length of electroactive materials (Au, Pt and C 

fiber) wire was connected to a large copper wire using conductive Ag epoxy (epo-teck 

H20E, parts A and parts B).  The epoxy was cured around 100 ºC overnight in an oven. 

Next, the micrometer wire (electrode) was inserted carefully into a clean capillary by 

using a tweezer. The capillary is slowly sealed on the metal wire (Au and Pt) using a 

Nickel – Chromium resistor at 800 ºC. A DC power supply is applied with 7.56 A and 

8.77 V to increase the temperature up to 800 ºC. The other end of the electrode was 

sealed with Torr Seal epoxy (1:2 ratio) and dried in the oven for 10 minutes. The 
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electrode was then gently wet polished for 10 to 30 seconds on 600 grit sandpaper and 

then polished with 0.05 μm alumina with distilled water on micro-cloth pads. 

 

 

Scheme 1.11 Different steps for the preparation of UME. 

 

A similar procedure was employed to prepare the C-fiber electrode except for the 

sealing step.  This electrode was sealed by using a mixture of epoxy and hardener 

instead of a heated coil. During sealing process, the capillary with C-fiber was placed 

into a mixture of 15% (w/w) m-Phenylenediamine in eponTM resin 820 at 75 ºC for 1 min. 

Next, the capillary was kept in an oven at 140 ºC for 12 h for complete sealing.  

Cyclic voltammetry and chronoamperometry were the electrochemical methods 

applied in all the studies discussed herein. DLS and zeta potential measurements were 

performed to determine size and charge of the emulsions respectively. The next section 

of this section describes the fundamentals of cyclic voltammetry, chronoamperometry, 

DLS and zeta potential measurements.  
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1.9 Experimental Methods 

 1.9.1 Cyclic Voltammetry (CV) 

Cyclic Voltammetry has been widely applied in nearly every branch of science to 

study a broad range of reactions. This is a simple and very popular electroanalytical 

technique used in the study of the electroactive species such as organometallic 

complexes (e.g. ferrocene), organic complexes (e.g. quinone, trolox), biomolecules 

(proteins), metals and semiconductors. This method has proven very useful in obtaining 

information about the redox potential of analytes, the number of electrons involved in an 

electrochemical reaction, reversibility of a charge transfer reaction and finally the rate of 

the electron transfer between the redox species in solution and a working electrode. 

Cyclic voltammetry studies were carried out using a potentiostat (CH 

Instruments, Austin, TX) equipped with a standard three-electrode cell placed in a 

faradic cage as shown in Scheme 1.12. The cell contains the analyte solution and the 

charge transfer reactions take place at the surface of a working electrode. In CV, a 

working electrode immersed in a quiescent solution is subjected to a linear sweep of 

potential in a cyclic manner while measuring the resulting current. During the 

voltammetric scan, the potential of the working electrode is measured with respect to 

the reference electrode and the current is measured with respect to the counter or 

auxiliary electrode. Indeed, the counter electrode completes a circuit with the working 

electrode and maintain the flow the electrons (current) generated by the applied 

potential to the working electrode. 
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Scheme 1.12 Typical three electrode cell. 

 

Figure 1.1 shows a typical cyclic voltammogram of 1.0 mM Ru(NH3)6
3+ in an 

aqueous solution of 0.1 M KCl and the arrows represent the direction of the forward and 

reverse scans. In CV, there is no faradic current observed from 0.2 V (vs Ag/AgCl) to 

around 0.05 V (vs Ag/AgCl) as no electron transfer occurs between the glassy carbon 

working electrode and Ru(NH3)6
3+ in solution. Any measured current within this region is 

known as nonfaradaic or charging current. In the forward scan (+0.20 V → -0.50 V), the 

peak at -0.203 V is called cathodic peak, due to the one electron reduction of 

Ru(NH3)6
3+ to Ru(NH3)6

2+ at the electrode surface. The decrease of the reduction 

current past -0.203 V occurs because the concentration of Ru(NH3)6
3+ species at the 

electrode surface approaches zero and the reduction process becomes limited by 

diffusion of this species from the bulk of the solution. The peak potential in the reverse 

scan, at -0.136 V referred to as the anodic peak corresponds to the oxidation of 

Ru(NH3)6
2+ to Ru(NH3)6

3+. Similar to the reduction process, the oxidation current of 
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Ru(NH3)6
2+ reaches to a maximum when the concentration of  Ru(NH3)6

2+ near the 

electrode is depleted and the oxidation process becomes limited by diffusion of 

Ru(NH3)6
2+  towards the electrode surface. 

 

Figure 1.1 Cyclic voltammogram of 1.0 mM Ru(NH3)6
3+ in 0.1 M KCl at 0.1 V/s. 

Voltammetry performed at a glassy carbon electrode  and Ag/ AgCl/ 1.0 M KCl was the 
reference electrode. 

In summary, from the above voltammogram several remarks can be made about 

the redox couple Ru(NH3)6
3+/ Ru(NH3)6

2+ : (1) the ratio between the cathodic current 

and anodic current is almost 1, (2) the cathodic and anodic peak separation is about 60 

mV, that indicates electron transfer is first and the redox couple is electrochemically 

reversible. 

A steady-state voltammogram was recorded to examine the radius of prepared 

electrodes in 0.1 M KCl aqueous solution of 1.0 mM ferocenemethanol (FcMeOH) at 
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scan rate 10 mV/s.  Figure 1.2 shows the voltammogram of prepared C-fiber electrode. 

The radius of the electrode was calculated by using equation 1.3.  

𝑖𝑠𝑠 = 4𝑛𝐹𝐷𝑟𝐶 … … … … … … (1.3) 

Where, the following abbreviations are used:  iss =  steady-state current in Ampere, n = 

number of electrons,  F =  Faraday’s constant (96487 C/mole e-), D = diffusion 

coefficient of ferocenemethanol (7.8 x 10-6 cm2/s),74 C = concentration in mole/cm3, r = 

radius of the C- fiber UME (μm). 

 
 

Figure 1.2 Steady-state voltammogram of 1.0 mM FcMeOH in 0.1 M KCl at 10 mV/s. 
Voltammetry performed at C-fiber electrode and Ag/AgCl was the reference electrode. 
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1.9.2 Cyclic Voltammetry of Ultramicroelectrode 

Cyclic voltammograms obtained with ultramicroelectrode differ significantly from 

those of conventional macroelectrodes in normal experimental time scales. For an 

ultramicroelectrode, the shape of CV is sigmoidal which is almost similar to the S-

shaped voltammograms obtained rotating disk electrodes. The voltammograms are 

controlled by the rate of mass transport (diffusion).72,75 Mass transport at an UME takes 

place in a hemispherical fashion (radial diffusion) at lower scan rates. Indeed, the radial 

diffusion increases the mass transport at UME surface. Consequently, current density is 

increased at UME surface compared to macroelectrodes experiencing planer diffusion. 

As a result, it produces a steady state S-shaped voltammograms. However, at higher 

scan rates, the peak shaped voltammograms are obtained. For a spherical electrode, 

current is given by75 

𝑖 =
𝑛𝐹𝐴𝐶𝐷1/2

𝑡1/2𝜋1/2
  +  

𝑛𝐹𝐴𝐷𝐶

𝑟
… … … … … … (1.4) 

Where n = number of electron transferred, F = Faraday’s constant, A = geometric 

electrode area, D = diffusion coefficient and C = concentration of redox species. 

In equation 1.4, the first term dominates at short times, whereas second term 

dominates at long times. 

(i) Short times: At short times, the diffusion layer is thin compared to electrode radius 

and the spherical electrode seems to be planer to a redox molecule at the edge of 

diffusion layer. As a result, mass transport is carried out by mainly by planer diffusion.75 



31 
 

At short times, the term in equations 1.4 becomes significantly larger than the second 

one. The current response follows the Cottrell equation. 

𝑖 =
𝑛𝐹𝐴𝐶𝐷1/2

𝑡1/2𝜋1/2
… … … … … … … (1.5) 

(ii) Long times: At longer times, the diffusion layer becomes much larger than electrode 

radius. The spherical electrode seems to be radial or spherical to a redox molecule at 

the edge of diffusion layer. As a result, mass transport process is dominated by radial or 

spherical diffusion process.75 At longer time scales, the contribution from the first term in 

equation 1.4 appears to a very negligible at a certain point. Consequently time 

independent steady state current is achieved which is given equation 1.6. At long 

experimental timescales, the steady state response is developed as the rate of 

electrolysis is equal to diffusion rate of the redox molecules to the electrode surface. 

𝑖 =
𝑛𝐹𝐴𝐷𝐶

𝑟
… … … … … … (1.6) 

The steady state currents response generated at ultramicroelectrode are also 

dependent on their geometry. For example, the steady state current for a disk UME is 

given by  

𝑖 = 4𝑛𝐹𝐷𝐶𝑟 … … … … … … (1.7)  
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1.9.3 Chronoamperometry (CA) and Amperometric i-t curve (i-t) 

Chronoamperometry is an electrochemical technique where a potential pulse is 

applied to the working electrode while current is measured versus time. During CA 

experiments, either single potential step or multiple potential steps are used based on 

experimental design. A typical double potential step chronoamperometry is shown in 

Scheme 1.13 ((a) potential waveform and (b) current response). In double step 

experiments, there generally is a potential (E1) chosen where no faradic process occurs. 

The potential is then moved to a particular value (E2) that certain enough to oxidize or 

reduce a redox species at the electrode surface and held that potential for certain time 

period which is called as pulse width (Scheme 1.13). After completing the first step, the 

potential is returned to its initial applied potential at a specific pulse width to complete 

the second step. 

 

Scheme 1.13 Double potential step chronoamperometry. (a) Typical waveform and (b) 

Current response. 
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On the other hand, chronoamperometry relies on recording the current (i) as a 

function of time (t) after setting the potential at a selected value. The resulting response 

is sometimes called an amperometric i-t curve. The Scheme 1.14 represents the 

potential waveform applied as a function of time and the current sampling interval.  

 

 

Scheme 1.14 A typical waveform of amperometric i-t curve technique. 

In amperometric i-t technique, the data sampling is determined according to the 

length of the experiment. The longer the experiment, the longer the sampling interval 

should be. Consequently, a longer sampling interval results in more signal averaging 

and less noise. In both techniques, the current response is followed by Cottrell 

equation75 shown below- 

𝑖(𝑡) =  
𝑛𝐹𝐴𝐷1/2 𝐶

𝜋1/2𝑡1/2
… … … … … … (1.8) 
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1.9.4 Single Counter Software 

The “Signal Counter” program (Center for Marine and Environmental Research, 

Zagreb, Croatia) was used for spike identification, spike height determination and spike 

area integration. The integration results charge in coulombs for individual spike. The 

average charge was calculated at a certain potential by the summation of the charge for 

all spike divided by total spikes. The current was also determined at a specific potential 

from the height of the individual spike. The average current was calculated by adding 

the charge for all spike divided by total number of spike. At each potential, sample was 

analyzed three times and all three electrochemical data were was used to calculate both 

average charge and current. During data analysis, the electrochemical date file (bin) 

was uploaded to the software for analysis and the software usually detects the spike 

automatically. OriginPro8.5.1 was applied for electrochemical data analysis. Figure 1.3 

shows the spikes in single counter software. 

Assuming diffusion as dominant mode of mass transport, the droplet collision 

frequency (fd) was calculated by using equation 1.9 where Dd = the droplet’s diffusion 

coefficient,  Cd = droplet concentration, re = electrode radius  and (re) NA = Avogadro’s 

number. Around 200 spikes were considered to measure the experimental collision 

frequency.  

    𝑓𝑑 = 4𝐷𝑑𝐶𝑑𝑟𝑒𝑁𝐴          … …. … … ... … (1.9) 
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Figure 1.3 i-t curve of toluene water emulsion with tetrachlorobenzoquinone in the 
toluene phase at potential -0.5 V vs Ag/AgCl. The 185 spikes shown during 100 ms 
interval were detected using Signal Counter software. 
 
 
1.9.5 Dynamic Light Scattering (DLS) 

 
DLS is a technique that can be used to assess useful information about 

hydrodynamic size, size distribution and diffusion coefficients of emulsion droplets or 

nanoparticle without destroying the structure of emulsion droplets or NPs.76,77 A stable 

emulsion system or NPs is required for best results during  measurements  in a DLS 

instrument.  DLS utilizes a monochromatic light source to probe the emulsion droplets 

and records the time variation of the intensity of the light scattered by diffusing the 

droplets or particles into a continuous phase as that shown in Scheme 1.15.76,77 In a 

DLS measurement, the time analysis is carried out with a correlator which constructs 
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the time autocorrelation function, G(τ) of the scattered intensity according to equation 

1.10, where I = intensity, t =  the time and τ = the delay time  or lag time.  

G(τ) =  
⟨𝐼(𝑡). 𝐼(𝑡 + τ)⟩

⟨𝐼(𝑡)2⟩
… … … … … … (1.10) 

This function is then used to measure the diffusion coefficient of the droplets. The 

intensity of scattered light at certain angles over time is related to the diffusion of the 

droplets in dispersion medium. Therefore, it is necessary to know the viscosity, 

refractive index, and temperature of the system being analyzed to effectively 

characterize droplets or particles using DLS. The hydrodynamic diameter and size 

distribution in terms of polydispersity index (PDI) values are calculated from the 

measured diffusion coefficients.77 In equation 1.11, the magnitude of the scattering 

wave (q) is calculated using the range of scattering angles (θ), wavelength of the 

incident light (λ), and refractive index of the dispersant (n). 

𝑞 = (
4𝜋𝑛

𝜆
) 𝑠𝑖𝑛 (

𝜃

2
) … … … … … … (1.11)                                                    
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Scheme 1.15 Variation of intensity of different particles in DLS. 

The hydrodynamic radius (r) is calculated using the Stokes-Einstein equation 

shown in equation 1.12 where the following abbreviations are used: kB = Boltzmann 

constant, T = temperature in kelvin, η = viscosity of the medium and r = hydrodynamic 

radius of an emulsion droplet. Thus it can be seen that the hydrodynamic radius is 

directly related to the diffusion coefficient (D). 

𝐷 =
𝑇𝐾𝐵

6𝜋𝜂𝑟
… … … … … … (1.12) 

Next, the size distribution is calculated, in terms of the PDI, using the average 

decay rate (⟨Γ ⟩) and the variance of the decay rate distribution (μ2) (equation 1.13).76  

𝑃𝐷𝐼 =  
𝜇2

⟨𝛤⟩2
… … … … … … (1.13) 
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An absolute monodisperse sample is highly improbable, therefore the correlation 

function calculated ⟨Γ⟩ and q values can be used to obtain an average hydrodynamic 

radius (equation 1.14).76 which is known as Z-average value. Depending on the 

instrument used, a weighted function can be used to calculate the summation of all 

possible decay rates for each droplet to determine a size distribution. The DLS data can 

be presented based on the number, volume, or intensity of droplets.  

𝑟 =  
𝑘𝐵𝑇

6𝜋𝑛⟨𝛤⟩
 𝑞2 … … … … … … (1.14) 

In this study, A Malvern Zetasizer Nano-ZS (Malvern Instruments, U.K.) equipped 

with He-Ne laser (wavelength = 633 nm) was used to record the hydrodynamic 

diameter, polydispersity index of all emulsion samples. As an example, Figure 1.4 

shows a DLS measurement data of the toluene droplets loaded tetrachlorobezoquinone 

in water. The measurements data of other emulsions studied are given in chapter 2 and 

3. All measurements were carried out into disposal plastic cuvettes at 20 ºC without any 

dilution of prepared emulsions. Instrument was calibrated by 200 nm polystyrene 

standard sample before every measurement. To measure the size of the droplets, 2.5 

mL volume of each sample was transferred to a plastic cuvette and DLS was run 5 

times with each run containing 12 measurements. Three different samples of each 

emulsion were run for the size measurement studies.   
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Figure 1.4 Size distributions of toluene droplets emulsion from DLS. 

1.9.6 Zeta Potential  
 

Zeta potential (ZP) is one of the basic characterization tools to identify and 

measure the charge of colloidal dispersions such as NPs and emulsions. The 

magnitude of the zeta potential gives an indication of the stability of the colloidal system. 

Particles or emulsions with ZP values of ± 0-10 mV, ± 10-20 mV, ± 20-30 mV and ± 30 

mV are considered as unstable, relatively stable, moderately stable and highly stable 

respectively.77  

The ZP, also known as electrokinetic potential is a potential that exists very near 

the surface of colloidal particles moving in a liquid under an electric field 

(electrophoresis). When a charged particle is dispersed in a liquid, two layers are 

developed on its surface (Scheme 1.16). The inner region called the Stern layer, where 

the counter ions are strongly bound and an outer region (diffuse layer) consists of both 

negative and positives charges which are less firmly attached. Within this diffuse layer, 
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there is a plane which acts as a boundary between the moving particles and the layer of 

dispersant medium around it while electrophoresis happens. This plane is known as 

slipping plane and the potential exits at this plane is called the zeta potential (ζ) 

(Scheme 1.16). 

 

Scheme 1.16 A negatively charged particle suspended in a liquid with various notional 
regions around it. 
 

This measurement is not a direct process. It is determined by measuring the 

electrophoretic mobility of charged particles under an external applied electrical field 

and then substituting into the Henry’s equation. The electrophoretic mobility (μe)77 is 

calculated as- 

𝜇𝑒 =
𝑉

𝐸
… … … … … … (1.15) 
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where,  V = particle velocity (μm/s), E = electric field strength (Volt/cm). Then the ZP of 

the particles can be obtained by using Henry’s77 equation 1.16. 

𝜇𝑒  =
2𝜀ζf(𝐾a)

3𝜂
… … … … … … (1.16) 

where, ζ = zeta potential,   ε = dielectric constant, η = viscosity and f(Ka) =  Henry’s 

function. Two values are generally used as approximations for the f(Ka) determination - 

either 1.5 or 1.0 depending on the size of the particles and concentration of salts in 

aqueous solution. 

During this work, zeta potential analyses were performed with a Malvern 

Zetasizer Nano-ZS instrument. Scheme 1.17 illustrates a typical set up of ZP 

measurements by electrophoretic light scattering. Like the typical DLS system, ZP 

measurement system comprises six main components. For ZP measurements, this light 

source (laser beam) is split to provide incident and reference beam. The incident beam 

is directed towards the sample cell and the reference beam is modulated to determine 

the Doppler effect. When an external electric field is applied to the cell, movement of the 

colloidal particles in measurement volume changes the frequency of the incident light 

that is proportional to the particle speed. A detector sends this information to a digital 

signal processor (correlator). This information is then passed to a computer, where the 

Zetasizer software creates a frequency spectrum from which the electrophoretic mobility 

and finally the zeta potential information is calculated. An attenuator is used to control 

the intensity of scattered light from the particles. In addition, compensation optics is 

installed within the scattering beam path to maintain the alignment of the scattering 

beams. 
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Scheme 1.17 A schematic diagram of the instrumentation of zeta potential 
measurement by electrophoretic light scattering. 
 
 

In this thesis, plastic zeta cells were used for the ZP measurements of the 

emulsions. The zeta cell had inbuilt gold plated copper electrode and cell was loaded 

with around 1 mL of emulsion sample to conduct the measurement for every run. Before 

every measurement, the cell was prewashed with ethanol and water to remove any 

contaminants. 

1.10 Thesis Goal 

Two different aims are pursued in this dissertation: the first one entails 

investigating factors that control chemical reactivity for reactions occurring in organic-

water heterogeneous systems like emulsions and suspensions, that mimic the 
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conditions in which “on-water” catalysis has been observed. The second aim is to 

demonstrate that mechanistic information can be extracted for reactions occurring at the 

organic-water interface in emulsions, using particle collision electrochemistry. To 

address these aims, the quinone tetrachlorobezoquinone was selected as a model 

compound because its susceptibility to hydrogen bonding and proton transfer can be 

monitored electrochemically by adding hydrogen bonding donors and acids that partition 

selectively between the phases of emulsions. Another system investigated in this work 

is the electrochemical mediated oxidation of water-soluble cysteine with ferrocene 

trapped inside organic droplets. 

The long term goal of this project is to use Particle Collision Electrochemistry for 

ascertaining mechanistic cues of organic reactions occurring in microheterogeneous 

systems (emulsions, suspensions and heterogeneous catalysts) that can be useful in 

designing better catalysts and improving chemical reactivity. The main advantage of this 

newly developed electrochemical technique is the ability to obtain single and ensemble 

average information under in-situ conditions if the collision event is judiciously coupled 

to a chemical reaction of interest.  
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Chapter 2 

Reversal of Hydrogen Bonding Equilibria due to Micro-Confinement of 

Immiscible Phases in Toluene-Water Emulsions Studied by Particle 

Collision Electrochemistry 
 

Abstract: This work describes a reversal of hydrogen bonding affinity driven by 

micro-compartmentalization of polydisperse toluene droplets (0.4 to 4.0 µm) in water. 

When no heterogeneous water phase is present in toluene, the phenolate dianion 

(TCBQ2-) generated electrochemically by reduction of tetrachloro-1,4-benzoquinone 

(TCBQ), shows higher degree of hydrogen bonding with acetic acid (pKa = 4.8) than 

oleic acid (pKa = 9.9). Such result, which was easily confirmed by monitoring the 

positive shift (easier to reduce) on the redox potential of TCBQ, is consistent with 

previous literature and the pKa of the mono- (8.0) and di-protonated (5.8) hydroquinone 

(TCBQH2). In contrast, when the reduction takes place inside toluene droplets 

dispersed in water, the reverse scenario is observed. That is, the weak H-donor, oleic 

acid produces a larger positive potential shift than acetic acid, because of their opposite 

preference to partition between toluene and water. This outcome is revealed by 

studying the electrochemical response of the toluene droplets loaded with TCBQ using 

Particle Collision Electrochemistry (PCE). The effect could play a role in aqueous micro-

heterogenous systems involving other chemical reactions. PCE is an approach that 

allows interrogation of single microscopic particles in Brownian motion colliding with an 

ultramicroelectrode, and can render unique information if the collision encounter is 

judiciously coupled to a chemical event. This work aims to illustrate a subtle, yet 

consequential effect that emerges from micro-confinement of immiscible phases, as well 
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as the mechanistic information that can be extracted at the organic-water interface by 

using PCE. 

2.1 Introduction 

In some cases, the role of water in increasing the rate of organic chemical 

reactions has been demonstrated as to be caused by the hydrophobic effect,1,2 but in 

others, it has defied unified consensus.3 For instance, the term “on-water” catalysis was 

coined to describe the remarkable rate enhancement observed for reactions of insoluble 

organic compounds in aqueous suspensions and emulsions.3 Such an effect, seemingly 

originated from the organic-water phase boundary, has been confirmed in succeeding 

reports, even though a variety of explanations have been put forward.4-17 For example, 

trans-phase hydrogen bonding with water dangling OH groups to stabilize organic 

transition states,8,13 proton transfer across the interface coupled with acid-base 

catalysis,4,14 water and cosolvent solubility,11,15 and finally, hydrodynamic effects.7 

Similarly, in heterogeneous catalysis, despite elusive mechanistic understanding, the 

crucial role of water has been collectively recognized18-22 in technologically relevant 

reactions like carbon monoxide oxidation,20 alcohol oxidation,21 Fischer-Tropsch,22 and 

others.18 These examples show that the role of water in organic reactions is highly 

nuanced and complex. Herein, we report a case of hydrogen bonding affinity driven by 

the phase immiscibility in aqueous emulsions of toluene droplets, that is completely 

reversed in homogeneous toluene when only adventitious water is present. The effect is 

uncovered by studying the electrochemical reduction of tetrachloro-1,4-benzoquinone 

(TCBQ) to TCBQ2- inside the droplets (Scheme 2.1) employing Particle Collision 
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Electrochemistry (PCE).23-31 This latter is a methodology recently developed for 

characterization of microscopic particles in solution as they collide with the surface of an 

ultramicroelectrode (UME) by virtue of Brownian motion.32 The quality of PCE to 

interrogate discrete collisions of particles, providing single particle information, have 

inspired fundamental studies leading to the sub-field single entity electrochemistry,32-33 

which now has compiled investigations on a wide variety of particles34-38 including 

DNA,34 viruses,35  blood cells,36 cancer cells,37 nanoparticles,38 vesicles39 and emulsion 

droplets.25 The goal of this work is two-fold, first, to uncover chemical effects derived 

from micro-confinement of organic immiscible phases in water, and second, to show 

how PCE can be used to characterize such effects. 

Scheme 2.1 PCE of toluene droplets in water. 

Given the low polarity of toluene, for this work, the ionic liquid 

trihexyltetradecylphosphonium bis(trifluoromethylsulfonyl)amide (ILPA) was added to 

improve ion conduction and emulsification of the droplets (Scheme 2.1).25 The study 

also included size and zeta potential (η) measurements by Dynamic Light Scattering 
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(DLS), as well as cyclic voltammetry of TCBQ in homogeneous toluene. Considering the 

well-documented affinity of quinone anions for hydrogen bonding in aprotic solvents,40-48 

particularly with alcohols,40 water,41,42 and carboxylic acids,45,47 we selected acetic and 

oleic acid (RCOOH) as hydrogen bonding donors (HD) because they display contrasting 

levels of hydrophobicity. Likewise, TCBQ was chosen because its hydrogen bonding 

with alcohols and acids has been electrochemically characterized in several aprotic 

solvents.40  

Electrochemistry is one of the best methods to determine hydrogen bonding 

because it offers better sensitivity than UV-Vis spectroscopy,44,48 it can handle both 

paramagnetic and diamagnetic species, unlike NMR spectroscopy;45,46 and at high 

concentration (>> 1 mM), the signal is not overwhelmed by a large excess of H or OH, 

as it would be for 1H NMR and IR spectroscopy. Typically, in aprotic media, a neutral 

quinone like TCBQ undergoes two consecutive one-electron transfers, to yield the 

radical anion TCBQ•- at potential E1, succeeded by the dianion TCBQ2- produced at a 

more negative potential E2. Incremental addition of HD species prompts a shift in E1 

and/or E2 towards less negative potentials (easier to reduce), depending on the pKa of 

the conjugate acids TCBQH• and TCBQH2 with respect to HD.40 The separation E1-2 

is also determined by the polarity of the solvent 40 and the supporting.49 

2.2 Experimental Section 

2.2.1 Reagents and Materials 

Tetrachloro-1,4-benzoquinone (TCBQ, Aldrich, 99.0%), 

trihexyltetradecylphosphonium bis(trifluoromethylsulfonyl)amide (ILPA, Sigma-Aldrich, 
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≥95.0%), tetrabutylammonium perchlorate (TBAP, Fluka, ≥99.0%), oleic acid (Alfa 

Aesar, 90.0%), acetic acid (Sigma-Aldrich, ≥97.7%), ferrocenemethanol (Fisher, 

97.0%), potassium chloride (KCl, Fisher, 99.99%), Silver (Ag) Epoxy (Epoxy 

technology), EponTM resin 820 (Miller-stephenson), m-phenylenediamine (Aldrich, 

99.0%), acetonitrile (Acros, 99.9%), ethanol (Fisher, 99.5%) and 2-propanol (Sigma-

Aldrich, ≥99.7%) were all used as received. Toluene (Fisher, ≥99.9%) was distilled prior 

to use. Carbon fiber was generously donated by Prof. Maryanne M Collinson. 

Borosilicate glass capillary was obtained from Kansas State University, (Manhattan, 

KS).  Millipore water (18.2 MΩ.cm) was used throughout the experiments. 

2.2.2 Instrumentation   

All electrochemical measurements were carried out using a potentiostat CHI 

model 660C (CH Instruments, Austin, TX) equipped with a standard three-electrode cell 

placed in a faradic cage.  For voltrammetric measurements experiment in acetonitrile, a 

glassy carbon macroelectrode (3 mm diameter) was used as the working electrode, a Pt 

wire as the counter electrode and a silver (Ag) wire coated with silver chloride served as 

the quasi-reference electrode (QRE). Before each voltammetric experiment, the glassy 

carbon macroelectrode was polished with 0.05 μm alumina mixed with water and rinsed 

with acetonitrile followed by drying with nitrogen. In Particle Collision experiments, the 

working electrode was a 4.3 μm radius carbon fiber-UME.  A 0.5 mm diameter Pt - wire 

was used as the counter electrode and the reference electrode was Ag/AgCl/1 M KCl. 

All working solutions were deaerated by bubbling nitrogen for 15 mins prior to 

performing the experiments and nitrogen atmosphere was maintained inside the cell 

during the experimental period.   A vortex model Genie 2 (Fisher, Waltham MA) and an 
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ultrasonic bath model Branson 1510 were employed to prepare the emulsions. The 

dynamic light scattering (DLS) experiments were performed into a disposal plastic 

cuvette using a Zetasizer Nano ZS instrument (Malvern, Westborough, MA). Zeta 

potential measurements were also carried out in the same instrument.  Three different 

samples were run for the measurement of both size and zeta potential. The “Signal 

Counter” program (Center for Marine and Environmental Research, Zagreb, Coroatia) 

was used for spike identification and individual spike area calculation. 

2.2.3 Preparation of Carbon Fiber Ultramicroelectrode (C-UME) 

C-UME was prepared based on the general procedure developed in our 

laboratory according to the previous literature.50 At the beginning, glass capillaries were 

cleaned by sonication in ethanol followed by water and dried in an oven (100 ºC) for 2 h. 

1 cm length of carbon fiber was connected to a copper wire using conductive Ag epoxy 

(epo-teck H20E, parts A and parts B), which was subsequently cured around 100 ºC 

overnight in an oven. EponTM resin 820 was mixed 15% (w/w) m-phenylenediamine 

hardener and heated upto 75 ºC. The fiber was then inserted carefully into a clean 

capillary and dipped  into the mixture for 1 min. Next, the capillary was kept in an oven 

at 140 ºC for 12 h for complete sealing. The other end of the electrode was sealed with 

Torr Seal epoxy (1:2 ratio) and dried in oven for 10 minutes. Finally the electrode was 

then gently wet polished for 10 to 30 seconds on 600 grit sandpaper and then polished 

with 0.05 μm alumina with distilled water on microcloth pads. A steady-state 

voltammogram was recorded to examine the radius of prepared electrodes in 0.1 M KCl 

aqueous solution of 1.0 mM ferocenemethanol at scan rate 10 mV/s.  The radius of the 
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electrode was calculated by using equation 2.1. The calculated radius of the prepared 

C-UME was 4.3 µm.   

𝑖ss = 4𝑛𝐹𝐷𝑟𝐶 … … … … … … (2.1) 

where iss =  steady-state current in ampere, n = number of electrons,   F =  

Faraday’s constant (96487 C/mole e-), D = diffusion coefficient of ferrocenemethanol 

(7.8 x 10-6 cm2/s)50, C = concentration in mole/cm3, r = radius of the C- fiber UME (μm). 

2.2.4 Emulsions Preparation 

The toluene/water emulsions were prepared25 by following the literature method 

with slight modification. In a typical preparation, 5 mM of TCBQ was added to 355 μL of 

toluene in a vial, followed by the addition of 145 μL of ILPA (0.4 M) to form a 

homogeneous mixture. Afterwards, 100 μL of this toluene mixture were added to 5 mL 

of degassed deionized Milli pure water. Finally the content of the vial was mixed 

vigorously for 20 s in a vortex mixer and sonicated for 5 min at room temperature. An 

emulsion was formed and showed stability up to 6 h. Here, ionic liquid served as both 

supporting electrolyte and emulsifier. Two different sizes of emulsion droplets (diameter 

257.6 nm and 1439 nm) were observed at DLS measurement. The concentration of the 

toluene (TCBQ + ILPA) emulsion droplets was calculated from the total toluene (TCBQ 

+ ILPA) volume (0.1 mL) divided by the average emulsion droplet (diameter 1439 nm) 

volume (1.56 fL). Accordingly, the molar concentration of the emulsion droplets was 

21.2 pM as used for the electrochemical collisions experiments. Details calculation is 

shown in supporting information.  All particle collisions measurements were finished 

within 1 h.  
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Other toluene emulsions were prepared following the same procedure including 

oleic acid and acetic acid. In both cases, DLS data showed two different sizes of 

emulsion droplets (264.5 nm, 1478 nm with oleic acid and 286.3 nm, 1485 nm with 

acetic acid). The concentration of the toluene (TCBQ + ILPA) emulsion droplets with 

oleic acid and acetic acid were also calculated from the total toluene (TCBQ + ILPA) 

volume (0.1 mL) divided by the average emulsion droplet and concentrations were 19.6 

pM and 19.3 pM respectively. Emulsions with additives (acetic and oleic acid) were also 

stable up to 6 h (Scheme 2.2) 

 

Scheme 2.2 Photograph of emulsions at different time intervals. (A) toluene (5 
mM TCBQ + 400 mM ILPA)/water emulsion, (B) toluene (5 mM TCBQ + 400 mM 
ILPA)/water emulsion with 50 mM oleic acid and (C) toluene (5 mM TCBQ + 400 mM 
ILPA)/water emulsion with 50 mM acetic acid. 
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2.3 Results and Discussion 

2.3.1 Effect of Hydrogen bonding on Reduction of TCBQ in Bulk Toluene  

Figure 2.1 shows the cyclic voltammograms (CV) for 5 mM of TCBQ and 0.4 M of 

ILPA in homogenous toluene, and in the presence of equal concentration of the HD 

molecules. The three CVs show the typical response for a UME of radius 4.3 µm, with a 

current that initially rises at 0.2 V and reaches a plateau at ~-0.3 V when the current 

becomes limited by diffusion.51 Despite the aprotic character of toluene, the reduction of 

pristine TCBQ appears as a single 2e--wave equation 2.2 centered at E ≈ -0.18 V.  

 

Figure 2.1 CV response for 5.0mM TCBQ and 0.4 M ILPA in toluene with a C-UME (4.5 
µm radius). Scan rate 20 mV/s. 
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This is attributed to the low polarity40 of toluene as well as the preferential stabilization 

of the dianion TCBQ2- by ion pairing with the cation of ILPA.49 Both HD additives display 

higher current plateaus than TCBQ alone and a displacement of E towards positive 

potentials (easier reduction), due to hydrogen bonding (equation 2.3) and/or protonation 

of the dianion.[10] The small current shoulder between 0.2 and 0.0 V is ascribed to the 

first electron reduction that produces the radical monoanion TCBQ•-, which now appears 

marginally, due to hydrogen bonding. This assignment is congruent with the two 1e--

waves observed upon incremental additions of ethanol as hydrogen bonding kicks in 

and polarity of the toluene mixture increases (Figure 2.2). Accordingly, the hydrogen  

 

Figure 2.2 Cyclic voltammograms of TCBQ and 0.4 M ILPA at different concentrations 

of ethanol in toluene on C UME (radius 4.3 μm). Scan rate = 20 mV/s. 
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bonding equilibrium of ethanol with TCBQ2- (KHB = 6.3 x 103) and TCBQ•- in acetonitrile 

has been reported previously.40 In any case however, for homogeneous toluene, acetic 

acid furnishes a larger positive shift of E and a higher current than oleic acid. The latter 

effect is attributed to disproportionation of the radical monoanion, 2TCBQ•- = TCBQ + 

TCBQ2-, assisted by hydrogen bonding of TCBQ2-, so that the more TCBQ2-(HD)x 

complex is produced, the more TCBQ is available to reduce.40  

 
 
          TCBQ  +   2 e-                    TCBQ2-... … … … … … …   (2.2) 
 
 
                   TCBQ2- + xHD                     TCBQ2-(HD)x  KHB>>1… …  (2.3)       
 
 

                        𝐸 = 𝐸𝑓 +
0.059

2
(𝑙𝑜𝑔𝐾𝐻𝐵 + 𝑙𝑜𝑔[𝐻𝐷]𝑥 − 𝑙𝑜𝑔

[𝑇𝐶𝐵𝑄2−(𝐻𝐷)𝑥]

[𝑇𝐶𝐵𝑄]
)... … (2.4) 

 
 

The shift of E in Figure 2.1 can be qualitatively explained by substituting the 

hydrogen boding equilibrium, KHB, into the Nernst expression for equation 2.2 to obtain 

equation 2.4,51 where Ef is the formal potential for reaction 2.2. Despite the 

oversimplified description, equation 2.4 shows that, by increasing the concentration of 

HD or the equilibrium constant KHB, a positive shift in E is expected. The same rationale 

can be applied to a protonation equilibrium provided it occurs subsequent to the 

electron transfer.40 Accordingly, protonation and hydrogen bonding of quinones in 

aprotic media, produce similar effects on CVs and can be distinguished when 

considering pKa values40 and/or using 1H NMR45,46.  
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Table 2.1 Aqueous pKa values for species in this work. 

Species TCBQH2
[a] TCBQH-[a] Acetic Oleic[b] 

pKa 5.8 8.0 4.8 9.9 

 

[a] Ref 52, [b] Ref 53 

Given the pKa values for TCBQ52 and oleic acid53 (Table 2.1), the dominant 

contribution for this pair, should be hydrogen bonding because proton transfer (PT) to 

TCBQ2- and TCBQ•-, is disfavored thermodynamically. The measured pKa of long-chain 

carboxylic acids has been found to vary from 6.5 to 9.0 as the chain length increases 

from C8 to C16.54 This effect, which is due to inter-chain interactions, favors chain 

aggregation thus reducing ionization of the COOH group to render a relative high pKa of 

oleic acid.53 For the pair acetic-TCBQ, some level of PT is expected, yet, experimentally 

it is found that protonation of quinone mono and dianions is significantly hindered as 

solvent polarity decreases.40 Consequentially, we attribute the effects in Figure 2.1, 

mostly to hydrogen bonding with some contribution of protonation in the case of acetic 

acid. This would explain the similarity in the magnitude of the shift observed with both 

acids at the same concentration. Cyclic voltammograms were also performed for 5 mM 

of TCBQ in acetonitrile and toluene in the presence of different concentrations of acetic 

acid, oleic acid (Appendix). Shifting of E was observed to positive direction (easy to 

reduce) as increasing the concentration of both acetic acid and oleic acid. 
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2.3.2 Particle Collision Electrochemistry of the Toluene/water Emulsion Droplets 

The toluene droplets were studied using PCE by stepping the potential of a 

carbon UME to a value negative enough to drive the reduction of TCBQ. At this point, 

electron transfer between the droplet contents and the UME can occur through the point 

of contact during random collisions.25,26 Such stochastic encounters appear as current 

(i) spikes (see below) superimposed on the charging baseline of the UME recorded as a 

function of time (t). Assuming diffusion as dominant mode of mass transport, the droplet 

collision frequency (fd) depends on the droplet’s diffusion coefficient (Dd), its 

concentration (Cd) and the electrode radius (re) in accordance to equation 2.5, where NA 

= Avogadro’s number. 25,26 

    𝑓𝑑 = 4𝐷𝑑𝐶𝑑𝑟𝑒𝑁𝐴  … … … … … … (2.5)   

The size of the droplet exerts its influence on fd through Dd conforming to the 

Stokes-Einstein equation 2.6.25,26  

    𝐷𝑑 =
𝑘𝐵𝑇

6𝜋𝜂𝑟𝑑
… … … … … … (2.6)  

where kB is the Boltzmann constant, T is the absolute temperature, η is the viscosity of 

water at 25 ºC and rd is the radius of the droplet. 

The dwell time of the collisions, which is also affected by droplet size, determines 

the width and height of the current spikes, also controlled by the concentration of TCBQ. 

However, if solubility precludes ion partition to maintain neutrality within the droplet in 

response to electrolysis, the spike height may be partially or totally curtailed.23,31 That is, 

despite collisions, spikes will not appear if the interphase crossing of ions to balance 

electron transfer in the droplet is blocked.23,31 Notwithstanding this caveat, each spike 
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has a time-dependent current response, ispike(t), with a peak current (ip) that decays 

exponentially following the bulk electrolysis model of a femto or zeptoliter reactor 

(equation 2.7).25,26 This equation presupposes that the electron transfer from inside the 

droplet at the imposed potential occurs at such a rate that is limited by diffusion. In this 

case, ref is the effective contact radius in the collision, DTCBQ is the diffusion coefficient of 

TCBQ in toluene and V is the droplet volume.25,26  

𝑖𝑠𝑝𝑖𝑘𝑒(𝑡) = 𝑖𝑝𝑒
−(

4𝑟𝑒𝑓𝐷𝑇𝐶𝐵𝑄

𝑉
)𝑡

… … … … … … (2.7) 

Figure 2.3 displays i-t curves recorded for 1000 s at -0.5 V vs Ag/AgCl of 

aqueous emulsions of toluene droplets loaded with TCBQ and ILPA in the same 

conditions of Figure 2.1: no additive, 50 mM of acetic acid, and 50 mM of oleic acid. In 

the presence of the latter, ispike shows on average the highest values, whereas droplets 

with no additive have the smallest spikes. Control experiments without TCBQ in the 

toluene droplets show no spikes in Figure 2.4. 
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Figure 2.3 i-t curves for toluene droplets (5.0 mM TCBQ, 0.4 M ILPA) in water. A) No 

additive, B) 50 mM acetic acid, C) 50 mM oleic acid. 
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Figure 2.4  i-t curves for  toluene droplets ( without TCBQ, 0.4 M ILPA), with 50 mM 

acetic acid and with 50 mM oleic acid with C- UME (radius 4.3 μm) at  -0.5 V versus 

Ag/AgCl. 

0 200 400 600 800 1000

B

C

Time / s

200 pA

A



68 
 

To confirm that the variation in ispike is driven mostly by chemical effects rather 

than particle size and polydispersity, the average droplet diameter from size 

distributions obtained by DLS was determined thrice for each condition in Figure 2.3 

(Table 2.2 and Figure 2.5). All droplets regardless of additive had an average diameter 

of 1.4 µm and a similar polydispersity index (PDI), which is a parameter of the size 

distribution rendered by the DLS instrument (Table 2.2 and Figure 2.5) This similarity is 

further validated by examining the experimental collision frequency, fd, which ranges 

from 0.10 to 0.07 Hz (Table 2.2) and agrees well with the theoretical value (0.07 Hz) 

calculated using equation 2.5. The average value of ζ is -11 ± 5 mV when no acid is 

added and -9 ± 5 mV with acetic acid (Appendix). However, for the emulsion with oleic 

acid, (ζ) reaches -30 ± 6 mV, thus revealing some level of acid deprotonation driven by 

phase separation and despite the low apparent pH (Table 2.2). This result is consistent 

with the negative electrophoretic mobility observed in hexadecane droplets when loaded 

with oleic acid observed at pH 3-4.55 Appropriately, during DLS measurements, TCBQ is 

in its neutral most hydrophobic state, which has negligible affinity for hydrogen bonding. 

Table 2.2 Measured parameters for emulsions of TCBQ-Toluene in water 

Additive Size / µm[a] ζ / mV[a] fd / Hz[b] PDI[a] pH 

None 1.4 ± 0.5 -11± 5 0.10 ± 0.07 0.473 3.72 ± 0.03 

Acetic 1.4 ± 0.6 -9 ± 5 0.07 ± 0.01 0.483 3.33 ± 0.03 

Oleic 1.4 ± 0.6 -30 ± 6 0.07 ± 0.03 0.476 3.49 ± 0.04 

   [a] DLS, [b] i-t curve 
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Figure 2.5 DLS measurements for emulsions A) no additives, B) 50 mM acetic acid and 

C) 50 mM oleic acid. 
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It is possible to determine the average current per droplet, iavg, from each i-t 

curve of 1000 s recorded for an emulsion. Figure 2.6 shows plots of iavg as a function of 

applied potential at the same concentration of additives as in Figure 2.1, so that every 

iavg point is in turn the mean value from three i-t curves recorded at the same condition. 

The error bars are standard deviations of iavg divided by the square root of spikes tallied 

from each i-t curve. Though not perfectly matched, each set of points resembles the 

steady state shape of the CVs obtained for TCBQ in homogeneous toluene (Figure 2.1).  

 

Figure 2.6 Average current per droplet (iavg) as a function of potential. 
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emulsions. Between 0.3 and 0.2 V, no charge transfer occurs, but as negative potentials 

are surveyed, both iavg and qavg start rising indicating an increase in the reduction of 

TCBQ, until a leveling off appears at ~-0.4 V when the current and charge reach a 

plateau. The values of iavg and qavg for droplets without additive, display the same profile 

as the other two, but the scale of the graph makes it appear flat (Figure 2.8). The 

increase in iavg and qavg in the presence of acids, is interpreted as a positive in E 

equation 2.4 driven by hydrogen bonding, which translates into a higher current at same 

applied potential as observed in homogeneous toluene (Figure 2.1). 

 

Figure 2.7 Average charge per droplet (qavg) as a function of potential. 
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Figure 2.8 Average charge per droplet as a function of potential. The inset shows a CV 
response for 5.0 mM and 0.4 M ILPA in toluene with a C-UME at scan rate 20 mV/s. 
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other words, the water solvation of acetic acid prevails over the hydrogen bonding with 

TCBQ2- inside the toluene phase.   

2.4 Conclusion 

In summary, a few points emerge from this effort to extract mechanistic data from 

the organic-water interface using PCE in emulsions. First, besides providing single 

droplet characterization, PCE is also able to render ensemble average information 

about chemical effects across the interfacial boundary and despite droplet 

polydispersity. Therefore, PCE should be able to expand the scope of electrochemistry 

to obtain mechanistic and reactivity information in immiscible heterogeneous systems, 

for which other approaches may come up short. Finally, chemical effects driven by 

phase segregation such as the one described here, are commonplace in heterogeneous 

systems in which differences of polarity between phases exist, and thus ought to be 

considered in “on water” reactions and heterogeneous catalysis.  
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2.6 Appendix 

Calculation for Concentration of Emulsion Droplets loaded with TCBQ 

          Average droplet volume = 
4

3
 𝜋𝑟3 

                                                    = 
4

3
 𝑋 

22

7
 𝑋 (719.3 𝑋 10−9)3  m3  

                                       = 1.560 X 10-18 m3 

                                       = 1.560 X 10-18 X 1000 L    

                                       = 1.560 X10-15 L 

Volume of toluene used = 0.1 mL 

                                       = 0.1 X 10-3 L                         

Number of droplets = (0.1 X 10-3 L) / (1.560 X10-15 L) 

                                 = 6.410 X 1010  

Moles of droplets   = (6.410 X 1010) / (6.023 X 1023) 

                               = 1.06 X 10-13 mol 

Total water used    = 5 mL 

                               = 5 X 10-3 L 

Concentration of emulsion droplets = (1.06 X 10-13) /( 5 X 10-3)  M 

                                                        =  21.2 pM 
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Total Concentration of TCBQ based on Average Droplet Size of Emulsion 

Average charge at -0.4 V = 1.87 pC    [From Figure 2.7]  

Moles = charge / nF 

          =   (1.87 X 10-12) / (96487 X 2) 

          = 9.69 X 10-18 mol   

Average droplet volume = 
4

3
 𝜋𝑟3 

                                                    = 
4

3
 𝑋 

22

7
 𝑋 (719.3 𝑋 10−9)3  m3  

                                       = 1.560 X 10-18 m3 

                                       = 1.560 X 10-18 X 1000 L    

                                       = 1.560 X10-15 L 

Concentration of TCBQ = 9.69 X 10-18 mol  /  1.560 X10-15 L 

                                       = 6.20 mM 
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Figure 1A Cyclic voltammograms of TCBQ and 100 mM TBAP at different 

concentrations of acetic acid in CH3CN on glassy carbon (dia. 3 mm) electrode. Scan 

rate = 100 mV/s. 

.  

Figure 1B Cyclic voltammograms of TCBQ and 100 mM TBAP at different 

concentrations of oleic acid in CH3CN on glassy carbon (dia. 3 mm) electrode. Scan 

rate = 100 mV/s. 
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Figure 2A Cyclic voltammograms of TCBQ and 0.4 M ILPA at different concentrations 

of acetic acid in toluene on C UME (radius 4.3 μm). Scan rate = 20 mV/s. 

 

Figure 2B Cyclic voltammograms of TCBQ and 0.4 M ILPA at different concentrations 

of oleic acid in toluene on C-UME (radius 4.3 μm). Scan rate = 20 mV/s. 
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Figure 3 Zeta potential measurement data for emulsions (A) only TCBQ (no additives), 

(B) with 50 mM acetic acid and (C) with 50 mM oleic acid. 
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Figure 4A  Amperometric i-t curves of TCBQ emulsion droplet on C UME (radius 4.3 

µm) at different potentials versus Ag/AgCl. 
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Figure 4B  Amperometric i-t curves of TCBQ emulsion droplet  with 50 mM acetic acid 

on C fiber UME (radius 4.3 µm) at different potentials versus Ag/AgCl. 
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Figure 4C Amperometric i-t curves of TCBQ emulsion droplet with 50 mM oleic acid on 

C UME (radius 4.3 µm) at different potentials versus Ag/AgCl. 
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Chapter 3 

Study the Effects of Electrolyte and Surfactant on Emulsion Droplets Size 

and Stability by Monitoring Electrochemical reactions 

3.1 Introduction 

Emulsions tend to minimize stability by separating the phases. Research on 

emulsion stability has been growing fast over the last decade because of the dynamic 

nature of the liquid-liquid interface. Several groups have worked with different types of 

electrolytes and surfactants to investigate the effect on the emulsions stability and 

size.1-6 Burgess1 and Saunder2 studied the effect of NaCl and MgSO4 on water/oil 

emulsions and observed that emulsion droplet size increased due to “salting out” effect 

and retardation of surfactant adsorption at water-oil interface. In contrast, experimental 

work by Solans3 indicated that droplet size decreases by varying electrolyte 

concentration with the development of osmotic gradient and reduction of oil-water 

interfacial tension. In addition to the electrolyte effect, the nature of surfactants4 

exhibited critical control over the emulsion size. Goloub4 reported that cationic 

surfactants have more influence on decreasing droplet size compared to nonionic and 

anionic ones. Contradictory findings were observed by Li,5 who found that nonionic 

surfactants have more impact than the anionic surfactants on droplet size. The chemical 

structure of surfactants also showed an important role on the electrochemistry of some 

electroactive molecules. For example, anionic surfactants strongly interact with 

Os(bpy)3
2+, thus reducing the intensity of its oxidation peak.6 On the other hand, cationic 
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surfactants interact weakly whereas nonionic surfactants have no interaction with 

Os(bpy)3
2+. 

The details above illustrate that the role of electrolyte and surfactant in controlling 

size and stability of emulsion droplets is more nuanced and complicated. Moreover, 

interactions between surfactant molecules and electroactive species are still not 

completely understood in emulsion droplet systems. For instance, it is not known how 

the species inside and outside the droplet in emulsion systems, affect the 

electrochemical properties of trapped redox molecules and stability of emulsions. To 

address this problem, it is important to develop a model system for a better 

understanding of the basic research across the oil-water interface. The gathered 

knowledge could be employed for applications in food industry, petroleum chemistry, 

and biosensors.   

In this work, our goal is to understand the factors that control the size and 

stability of emulsion droplets by electrochemical interrogation using the particle collision 

method. Herein, toluene droplets containing ferrocene (Fc) are used as a model for the 

systematic study of variables that impact interfacial tension at the oil-water interface. In 

addition, we also investigate the mediated oxidation of L-cysteine by the oxidized Fc 

inside the droplet. Here the goal is to prove that Fc inside the toluene droplet can act as 

a rely of electrons for a species outside (cysteine) that cannot be solubilized in the 

droplet.  Direct oxidation of cysteine is very slow at most conventional electrodes7-9 and 

requires high overpotential at which electron transfer process can occur.  
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3.2 Experimental Section 

3.2.1 Reagents and Materials 

Ferrocene (Fluka, 98%), tetrabutylammonium hexafluorophosphate (Aldrich, 

98%). sodium chloride (NaCl, Aldrich, 99.9%), trihexyltetradecylphosphonium 

bis(trifluoromethylsulfonyl)amide (IL, Sigma-Aldrich, ≥95.0%), L-cysteine (Aldrich, 97%), 

acetonitrile (Acros, 99.9%), toluene (Fisher, 99.5%), triton X-100 (Sigma) were used as 

received without further purification. All working solutions were made up using water of 

resistivity 18.2 MΩ cm (Millipore). 

3.2.2 Instrumentation 

All electrochemical measurements were performed at room temperature using a 

potentiostat CHI model 660C (CH Instruments, Austin, TX) equipped with a standard 

three-electrode cell placed in a faradic cage. A nitrogen atmosphere was maintained 

inside the electrochemical cell during experiments. 

For voltammetric measurements, the working electrode was a gold (Au) 

microdisk of 25 μm - diameter, otherwise known as an ultramicroelectrode (UME). A Pt 

wire was used as a counter electrode and a silver (Ag) wire coated with silver chloride 

served as a quasi-reference electrode (QRE) in all experiments. Before each 

voltammetric experiment, Au UME was polished with 0.05 μm alumina mixed with 

deionized water (DI) on a cleaning pad (Lake Bluff, Illinois) and rinsed with DI water 

between experiments. All working solutions were deoxygenated with nitrogen. The 

same working, counter and reference electrodes were used as mentioned earlier for 

particle collisions electrochemistry experiments. 



92 
 

3.2.3 Emulsions Preparation 

The toluene/water emulsions were prepared by using similar procedure that 

described in chapter 1. During the preparation, 20 mM (1.9 mg) ferrocene and 400 mM 

(145 μL) ionic liquid were mixed into 355 μL of toluene in a vial. After that, 100 μL of this 

toluene mixture were transferred to 5 mL of DI water. Finally, the solution was mixed 

vigorously for 20 s in a vortex mixer (Vortex Genie 2TM, Fisher, Waltham MA) and 

sonicated for 5 min at room temperature. As prepared emulsion showed stability up to 

16 h. Here, ionic liquid served as both supporting electrolyte and emulsifier. 

Other toluene emulsions were also prepared with sodium chloride (NaCl), 

surfactant (triton X-100) and without ionic liquid. Like NaCl, triton X-100 was dissolved 

into water during emulsion preparation. 

3.2.4 Droplet Size Measurement 

The size of emulsion droplets were measured by  Dynamic Light Scattering 

(DLS) instrument (Zetasizer Nano ZS, Malvern Instrument, Malvern, U.K.) at a 

scattering angle of 173 º with each measurement being an average of 12 runs. The light 

source was a laser beam operating at 633 nm.  Around 2.5 mL volume of each sample 

was used to DLS measurements. 

3.3 Results and Discussion 

3.3.1 Electrochemical oxidation of Ferrocene  

Cyclic voltammetry was carried out to demonstrate the electrochemical oxidation 

of 5 mM Fc on a 25 μm Au electrode in acetonitrile solution containing 0.1 M 

tetrabutylammonium hexafluorophosphate (TBAPF6) that served as supporting 
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electrolyte. Voltammogram shows a sigmoidal wave for one electron electrochemical 

oxidation of ferrocene molecule (Figure 3.1) at a scan rate of 20 mV/s. From the starting 

potential of zero, the oxidation of Fc starts at approximately +0.2 V versus  Ag QRE and 

exhibits a steady state current of around +0.45 V that agreed with previous report.1 In 

order to ensure complete oxidation of Fc to Fc+, we had applied a constant potential of 

+0.5 V to study the single collision experiments.  

 

Figure 3.1 CV of 5 mM Fc and 0.1 M TBAPF6 in acetonitrile on Au UME (dia. 25 μm) at 
a scan rate 20 mV/s.  

 

3.3.2 Collision Experiments of Fc Emulsion Droplets 

Amperometric i-t curves were recorded to monitor the collision of Fc droplets on 

Au UME at the applied potential of +0.5 V.  Figure 3.2 shows many spikes type of 

current which were attributed to the electrolysis of Fc inside the droplets. It is presumed 
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water to maintain charge neutrality. In reality, each current spike represents individual 

droplet collision on the electrode surface. The number of current spikes is also 

associated with diffusion of emulsion droplets to the Au UME as shown in Figure 3.2. 

The diffusion coefficient of a spherical emulsion droplet (Dems) was calculated by the 

Stokes−Einstein equation 3.1. 

𝐷𝑒𝑚𝑠  =
𝑘𝐵𝑇

6𝜋𝜂𝑟𝑒𝑚𝑠
 … … … … … … … (3.1) 

Where, kB  = Boltzmann constant, T = temperature in kelvin,  η = viscosity of water at 25 

°C (8.90 X 10-4 Pa.s),  and  rems =  radius of an emulsion droplet. By using this equation, 

the diffusion coefficient was 4.8 × 10−9 cm2/s for a 1200 nm diameter emulsion droplet, 

which is comparable to previously reported value (8.2 × 10−9 cm2/s for 600 nm diameter 

emulsion droplet).10 

Furthermore, droplet size of the emulsion can also be estimated from the current 

time (i-t) curve. The amount of charge transferred during electrolysis of Fc in each 

droplet was determined by integrating individual current spike versus time.  The droplet 

diameter (ddrop) was calculated using equation 3.2.10 

𝑑𝑑𝑟𝑜𝑝 = 2 √
3𝑄

4𝜋𝐹𝑛𝐶𝑟𝑒𝑑𝑜𝑥

3

  … … … … … … (3.2) 

Where, Q = integrated charge in coulomb, F = Faraday’s constant (96487 C/mole e), n 

= number of electrons involved in redox reaction (1 e-) and Credox = concentration of 

redox molecules in dispersed phase (20 mM). It was assumed that all spherical toluene 

droplets contain 20 mM of Fc and all the Fc molecules in each droplet were completely  
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Figure 3.2 (A) Amperometric i-t curve for single collision events of toluene droplet 
loaded with Fc at 25 μm Au UME. UME potential vs Ag QRE: +0.5 V. (B, C) represents 
magnified i-t curves at different time intervals. 
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electrolyzed during single collision event. The droplet size distribution is presented in 

Figure 3.3. The size dispersity ranges from 800 to 6000 nm, indicating polydispersity of 

the droplets. Average diameter of droplet was around 1600 nm. Due to the variation in 

experimental conditions (such as sonication power and sonication time), a deviation in 

the result was observed from Bard’s group.10 DLS experiments were performed to 

compare the experimental size distribution data. In DLS, two peaks were observed for 

sizes of droplets and the values were 285 nm and 2085 nm. The discrepancy between 

electrochemical and DLS values can be ascribed to the difference in operating principle 

(charge transfer vs light scattering) of these methods  and polydispersity of emulsions.11 

Although the droplets size distribution was not homogeneous, the emulsion showed 

stability up to 16 h, after which a white sedimentation started to form at the bottom of 

the vial. 

 

Figure 3.3 Droplet size distributions from equation 3.2. 
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Figure 3.4 Droplet size distributions of emulsions by DLS. 

3.3.3 Effect of the Electrolyte on Toluene-Water Emulsion Droplets 

The influence of the electrolyte, NaCl was investigated on the physical properties 

of emulsions.  In this study, emulsions were prepared as described earlier except 0.1 M 

NaCl aqueous solution was used as a continuous phase instead of neat water. Figure 

3.5 shows current-time (i-t) curve for collision experiments of the emulsion droplets in 

the presence of NaCl that was recorded under same experimental conditions. The 

corresponding size distribution of emulsion droplets was obtained by applying equation 

3.2 (Figure 3.6). The result exhibits a broad size distribution ranging from 1500 to 9000 

nm in the presence of NaCl. This was expected due to the presence of higher 

concentration of NaCl.1,12 The larger size droplets were observed as a result of 

increased interfacial tension during emulsification. 
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Figure 3.5 i-t curve of emulsion droplets (20 mM Fc + 400 mM IL + 0.1 M NaCl) collided 
on 25 µm Au UME vs Ag QRE: +0.5 V. 

 

 

Figure 3.6 Electrochemical size distributions of emulsion droplets (20 mM Fc + 400 mM 
IL + 0.1 M NaCl). 
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time, an amperometric i-t curve was recorded after 1 h under similar experimental 

conditions and no spike was observed at that time (Figure 3.7). This result implies that 

the stability of the emulsion was less than 1 h.  This phenomenon can be explained by 

previously measured zeta potential data that showed negative charge on the surface10 

of the droplet. This negative charge caused an electrostatic interaction between the 

droplet and positive ion of the electrolyte resulting in aggregation of emulsion droplets.  

Further studies are needed to understand the influence of other electrolytes such as KCl 

to tune the size and increase the stability of droplets.  

 

Figure 3.7 (A) Amperometric  i-t curve of emulsion droplets (20 mM Fc + 400 mM IL + 
0.1 M NaCl) after 1 h on 25 µm Au UME vs Ag QRE: +0.5 V and (B) Stability of 
emulsion  as a function of time.  
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amperometric studies. It is clearly shown that no spike was found on the i-t curve 

although both emulsions were stable for 2 days. Similar finding was observed in 3.8 B 

even the concentration of Fc was increased from 20 to 40 mM. These results suggest 

that the ionic liquid plays an important role to observe spike on collision experiments.  

 

 

Figure 3.8 i-t curve of emulsion droplets without ionic liquid (A) at 20 mM of ferrocene in 
different concentration of triton X-100 and (B) at 40 mM of ferrocene in presence of 0.4 
mM triton X-100. 
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To investigate the role of the ionic liquid, several emulsions were prepared by 

using various concentrations of IL in the presence of 0.4 mM triton X-100. The collision 

study was monitored for emulsion droplets containing Fc to observe the current spikes 

that are shown in Figure 3.9. The number of collisions were insignificant at the minimum 

concentration of IL (300 mM) whereas at the higher concentration (400 mM), a collision 

frequency of 0.22 Hz was observed (Figure 3.10). This implies that the ionic liquid acts 

as an emulsifier and a supporting electrolyte to ensure enough conductivity. 

In the present study, one target was to control the size and stability of emulsion 

droplets that should be observed with the surfactant introduction in aqueous phase 

during emulsion preparation. Figure 3.10 represents the chronoamperometric i-t curve 

recorded for emulsion droplets in the presence of triton X-100 (0.4 mM) along with 400 

mM ionic liquid and the droplet size distribution is presented in Figure 3.10D. Promising 

results were obtained at 0.4 mM of triton X-100 incorporation in water. In this case, both 

the droplets size (800 to 1200 nm) and distribution became smaller and narrower, 

respectively compared to that of using only ionic liquid. This indicates that surfactant 

reduced the surface tension on the toluene-water droplet interface. This fact may be 

explained either by coadsorption of the surfactant and ionic liquid or complete removal 

of the ionic liquid on the droplet surface. Additional studies are required to understand 

this phenomenon. 
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Figure 3.9 Amperometric i-t curve of emulsion droplets (20 mM Fc + 0.4 mM triton X-
100) at (A) 300 mM IL and (B) 350 mM IL. 
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electrolysis process. These observations are in good agreement with previous work 

done by Lebègue and Bard who observed the effect of triton X-100 on vesicle collisions 

at Pt UME surface.5 However, this electrolysis mechanism is not completely understood 

yet and seems more complicated. More research is needed for mechanistic study of the 

Fc oxidation in the presence of the surfactant. 

 

Figure 3.10 (A) Amperometric i-t curve for single collision of toluene droplets loaded 
with Fc in presence of triton X-100 at 25 μm Au UME. UME potential vs Ag QRE: +0.5 
V. (B, C) represents magnified i-t curves at different time intervals. (D) Droplet size 
distribution from equation 3.2. 
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3.3.5 Collision Experiments of the Toluene (Fc + IL)/water Emulsion Droplets 

3.3.5.1 Electrochemical oxidation of L-cysteine in 0.1M NaCl aqueous solution 

Cyclic voltammetry was employed for investigating the electrochemical oxidation 

of L-cysteine on a 25 μm Au electrode in 0.1 M aqueous solution of NaCl. 

Electrochemical oxidation of cysteine starts around +0.5 V shown in voltammogram 

(Figure 3.11) at a scan rate of 10 mV/s. This implies that direct oxidation of cysteine is 

sluggish due to slow electron transfer process on electrode surface. Hence, if we apply 

a potential around +0.5 V, we can selectively oxidize Fc inside the toluene droplets 

during the collision experiments.  
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Figure 3.11 CV of 5 mM L-cysteine in 0.1 M NaCl aqueous solution on Au UME (dia. 25 
μm) at a scan rate 10 mV/s.  
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3.3.5.2 Collision Experiments of the Toluene (Fc + IL)/water Emulsion Droplets in 

the presence of L-cysteine 

Amperometric i-t curve was measured to monitor the collision of Fc droplets on 

Au UME at the applied potential of +0.5 V at different concentrations of cysteine 

solution. During i-t curve measurement, different concentrations of cysteine solutions 

(50 μM, 100 μM, 300 μM, 500 μM) were injected into the emulsion at an interval of 200 

s. Figure 3.12 shows with increasing the concentration of cysteine, number of spikes 

which were attributed to the electrolysis of Fc inside the droplets were decreasing. No 

spikes were observed at 500 μM of cysteine. To understand this phenomenon, further 

investigation is ongoing.  

 

Figure 3.12 Amperometric i-t curve for single collision of toluene droplets loaded with 
Fc in the presence of different concentrations of L-cysteine on 25 μm Au UME. The 
UME potential was +0.5 V vs Ag QRE. 
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3.4 Conclusion 

We investigated the electrochemical oxidation of Fc in the toluene emulsion 

droplets by particle collisions electrochemistry. We observed that droplet size was 

increased in the presence of NaCl in aqueous phase and the stability of the emulsion 

was decreased. Although the stability of emulsions were increased due to the presence 

of the surfactant, triton X-100, but no oxidative spikes were observed without ionic liquid 

in particle collisions experiments. This result concluded that ionic liquid plays a critical 

role to observe spikes in the experiments. Both surfactant and ionic liquid may have 

combined effects to reduce the droplets size while surfactant was dissolved into water. 

We further extended our study to investigate mediated oxidation of cysteine by 

electrochemically generated Fc+ in the emulsion droplets. The i-t curve exhibited that 

individual collision responses were becoming less with increasing the concentration of 

cysteine. A systematic study is needed to understand this phenomenon clearly.  
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Chapter 4 

Conclusion and Future Work 

In this dissertation, a new approach was demonstrated to study hydrogen 

bonding through heterogeneous toluene-water interface using Particle Collision 

Electrochemistry. It was observed that strong hydrogen bonding donor (acetic acid) 

has more mpact on hydrogen bonding with tetrachloro phenolate di-anion (TCBQ2-) than 

weaker one (oleic acid) in bulk acetonitrile and toluene. However, the reversed trend 

was observed in toluene droplets containing TCBQ when studied by PCE. This 

suggested that hydrogen bonding takes place notably inside the droplets between 

TCBQ2- and oleic acid whereas acetic acid and TCBQ2- form significantly less hydrogen 

bonding inside the droplets due to their opposite preferential partition between the two 

phases in the emulsion. We believe that this  unique procedure and the experimental 

studies reported here will help to understand the mechanism of diverse organic 

reactions occurring in microheterogeneous systems. In the future, the other factors will 

be investigated that control the chemical reactivity for reactions occuring in organic-

water heteogeneous systems to understand the “on-water”catalysis mechanism. For 

this purpose, hydrophilc strong acid (hydrochloric acid) will be introduced into outside of 

the droplets (aqueous phase) and the effect will be will be studied by monitoring the 

electrochemistry across the droplet interface. Similarly, effect of hydrophobic strong acid 

(perfluorooctanoic acid) will be studied on quinonone reduction by introducing the acid 

inside the nonpolar toluene emulsion droplets. Futhermore, emulsions of toluene 

droplets  will be prepared in perflurocarbons solvents  to understand the influenece of 
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water on quinonone reduction behavior. Finally different oraganic reactions will be 

performed on emulsions droplet systems. 
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