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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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2. Paul, D. K.; Alvarez, J. C. Single Particle Collisions – A Pathfinder to Understand the 
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