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Abstract 

The simultaneous measurement of potential and current variations at the interface between two 

immiscible electrolyte solutions, which were polarised using tetraalkylammonium cations as a 

common ion, is reported here. Various concentration ratios of tetramethyl-, tetraethyl-, and 

tetrapropylammonium were dissolved in both phases. Such biphasic systems were then used to 

verify that the interfacial potential difference measured fit the theoretical calculations. This 

experimental set-up was then used to probe the interfacial cocrystallisation process of 

hydrophilic and cationic caffeine with lipophilic 1-hydroxy-2-naphtoic acid (1H2N). The 

presence of caffeine in the aqueous phase led to higher current values, caused by interfacial 

charge transfer. Electrochemical noise analysis suggested that a two-step process was occurring 

at the ITIES with (i) a potential-driven nucleation with the tranfer of caffeine from the aqueous 

to the organic phase; (ii) a growth stage where the interfacial potential does no longer play a 

role. 
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Introduction 

In recent years, the liquid-liquid interface has been used as a tool to control the formation of 

different types of assemblies e.g. supramolecular[1], gold nanoparticles[2][3], phospholipids,[4] 

mesoporous silica[5], porphyrin[6][7], proteins[8] and polyamides[9]. When the interface is 

electrochemically polarised, it is a powerful tool to observe the transfer of charge (ions and/or 

electrons) by following the changes in current. These charge transfers are induced by the 

application of a Galvani potential difference across the interface[10]. The potential difference 

between two immiscible electrolyte solutions (ITIES) can be controlled by either a four-

electrode potentiostat[11] or by the dissolution of a common ion in each phase as described by 

the Nernst-like equation: 

∆𝑜
𝑤Φ =  ∆𝑜

𝑤Φ𝑖
0 +  

𝑅𝑇

𝑧𝑖𝐹
𝑙𝑛

𝑐𝑖
𝑜

𝑐𝑖
𝑤          (1) 

Where ∆𝑜
𝑤Φ – the Galvani potential difference; ∆𝑜

𝑤Φ𝑖
0– standard transfer potential of the ion i; 

zi – charge of ion i; ci – concentration in each phase.  

When ∆𝑜
𝑤Φ is imposed by a potentiostat, the concentration ration of species i is modified 

according to equation (1)[12]. In the case of the common ion approach, ∆𝑜
𝑤Φ is set by the 

concentration of a common species, i, in each phase.[13] The undeniable advantage of using 

common ion experiments is the greater possibility of approaching realistic conditions and the 

possibility of creating biomimetic systems. These are also known as ‘shake flasks’ experiments 

that enable analyses difficult to perform using a potentiostat, such as liquid-liquid extraction[14], 

the study of interfacial ion distribution[15], monitoring electrodeposition at the ITIES[16] or 

biomimetic reduction of oxygen[17]. However, when the interface is polarised by the common 

ion approach, monitoring the potential and the current associated with any chemical reactions 

is challenging. Such reactions can be followed visually[18,19] and by the use of analytical 

methods (e.g. UV-vis absorption spectroscopy).  Recently, potential changes at the ITIES 

have been monitored by open circuit potential (OCP) measurements and concentrations were 

calculated based on the Nernst-like equation shown as Eq. (1). The extraction of 

tetraalkylammonium chloride salts from an aqueous phase to the organic phase (1,2-

dichloroethane, DCE) was explained by examining the OCP at the water/DCE interface[20–22]. 

Current changes occurring in emulsions on the ITIES were also followed using 

chronoamperometry[23]. Current spikes associated with single microdroplets fusion events at 

the polarised interface were detected and quantitatively analysed. The number of ions present 
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in a single droplet was calculated directly from the charge of the corresponding spike. Yet, this 

method focused only on current analysis – a separate study of single fusion events through OCP 

was later reported.[24]  

Electrochemical noise (EN) is a method commonly used, which allows the simultaneous 

measurement of spontaneous variation of potential and current caused by corrosion events.[25,26] 

Indeed, most semi-macroscopic phenomena associated with corrosion are stochastic, which 

make their study difficult by electrochemical impedance spectroscopy or polarisation curves. 

Potential electrochemical noise, E, represents the variation of potential around a dc potential 

value, whereas current electrochemical noise, I, is the stochastic variation of current around a 

dc current value. These variations, E and I, can be analysed in the time domain based on 

different parameters such as the shape, amplitude and frequency. Analysis can also be made in 

the frequency domain by the calculation of the power spectral density of the current and 

potential fluctuations[26]. Electrochemical noise allows thus to determine corrosion rates and to 

identify different corrosion events: e.g. (i) monitoring of the formation and destruction of 

corrosion inhibitor films[27], investigating the mechanism of formation of the lithium-based 

conversion layer[28] or analysing aqueous corrosion inhibition process[29]. Simultaneous 

measurements of potential and current fluctuation is possible thanks to a zero resistance 

ammeter[30].  

We propose here to monitor simultaneously current and potential changes associated with 

cocrystallisation events at a liquid-liquid interface polarised by a common ion dissolved in each 

phase. Polarised liquid-liquid interfaces have recently been used to produce cocrystals of 

caffeine and 1-hydroxy-2-naphthoic acid[31]. XRD analysis of the cocrystals showed two 

crystallographic phases. These phases were formed under specific conditions: there is a 

majority of phase I when the interface was positively polarised; a majority of phase II in the 

case of a non-polarised interface, this is the natural potential of the cell. We proposed the 

mechanism of cocrystallisation: in case of positive polarization, the caffeine transfers to the 

organic phase and the cocrystals are created in the organic side of the interface. However, when 

no potential is applied the cocrystals are formed in an interfacial process. In order to determine 

the role of the interfacial potential in the cocrystallisation process, simultaneous measurement 

of both potential and current at the ITIES may provide important information. The 

electrochemical cells were assembled with various concentrations of tetraalkylammonium 

cations (TAA+) in the organic and aqueous phases and the potential and current were tracked 

by the adaptation of the EN method to the ITIES. The electrochemical noise data were analysed 
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based on several parameters used in corrosion studies: the power spectral density (PSD) plots, 

the current root mean square (Irms) values of PSD of current and the low frequency noise 

impedance Rsn. This approach provides a new way to monitor and understand events at the 

ITIES.  

 

Experimental section 

Chemical reagents: The aqueous phase electrolyte was lithium chloride (LiCl, Sigma Aldrich, 

≥ 99%) and was used as received. The studied quaternary ammonium salts: 

tetrapropylammonium chloride (TPA+Cl-, Sigma-Aldrich, 98%), tetraethylammonium chloride 

(TEA+Cl-, Sigma-Aldrich, ≥ 98%) and tetramethylammonium chloride (TMA+Cl-, Sigma-

Aldrich, 98%) were dissolved in the aqueous phase electrolyte. The organic phase electrolytes 

consisting of quaternary ammonium tetrakis (4-chlorophenyl) borate (TAA+TPBCl-) salts were 

prepared via metathesis reaction of tetramethyl (TMA+Cl-), tetraethyl (TEA+Cl-) and 

tetrapropyl (TPA+Cl-) ammonium chloride and potassium tetrakis (4-chlorophenylborate) 

(KTPBCl, 98% Aldrich). The organic phase solvent was 1,2-dichloroethane (DCE, 99% Sigma-

Aldrich) and was used as received. Caffeine (laboratory reagent grade) was purchased from 

Fischer Scientific and 1-hydroxy-2-naphthoic acid (99%) from Aldrich. The pH of aqueous 

solutions was adjusted by hydrochloric acid (HCl, Honeywell, Fluka, ACS reagent, ≥ 37 %) 

and lithium hydroxide (LiOH, analytical reagent, Prolabo). Purified water with a resistivity of 

18.2 MΩ cm (Ultrapure device from Elga Purelab) was used for preparation of aqueous 

solutions. Ag/AgCl reference electrodes were made via silver wire oxidation in a FeCl3 

solution. All other reagents and solvents used were analytical reagent grade.  

Electrochemical experiments: The Electrochemical Noise (EN) technique was applied to 

measure the potential and the current synchronously. EN is usually used in the corrosion 

studies[32] however here it was applied to four-electrodes system at the liquid/liquid interface. 

The potentiostat VSP-300 Biologic (Electrochemical Applications/Corrosion) was used to 

measure the electrochemical potential and current noise.  
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Figure 1: (A) Schematic representation of the electrochemical cell used for the simultaneous current and 

potential measurements. CE: counter electrode, RE: Reference electrode, o: organic phase, and w: 

aqueous phase. (B) Simultaneous potential (black) and current (red) measurement as a function of time. 

ERE(w) – ERE(o) represents the potential measured between the two reference electrodes and ECE(w) – ECE(o) 

shows the potential of 0 V (Mean ± SD: -0.00028±.00033V) imposed between the two counter 

electrodes. I is the current measured through the electrochemical cell. 

It allows the application of 0 V between the counter electrodes in the organic phase (CEo) and 

in the aqueous phase (CEw) [26]. The potential is measured between the REw and REo and the 

current between CEw and CEo (Figure 1). The electrochemical cells were placed in a grounded 

Faraday cage.  

The equilibrium potential differences at the Ag (REw’)/w, w/o, o/w’ and w’/Ag (REw) interfaces 

can be described by the corresponding Nernst equations: 

∆𝐸 = 
𝐴𝑔/𝐴𝑔𝐶𝑙

− 
𝐴𝑔/𝐴𝑔𝐶𝑙′ = ∆𝑤

𝐴𝑔/𝐴𝑔𝐶𝑙
 + ∆ 

𝑜
𝑤 − ∆ 

𝑜
𝑤′

− ∆
𝑤′
𝐴𝑔/𝐴𝑔𝐶𝑙′

    (2) 

Where the different potentials are defined as follows: 

∆𝑤
𝐴𝑔/𝐴𝑔𝐶𝑙

 =  ∆𝑤
𝐴𝑔/𝐴𝑔𝐶𝑙

0 +
𝑅𝑇

𝐹
𝑙𝑛

1

𝑐𝐶𝑙−
𝑤         (3) 

∆
𝑤′
𝐴𝑔/𝐴𝑔𝐶𝑙′

 =  ∆
𝑤′
𝐴𝑔/𝐴𝑔𝐶𝑙

0 +
𝑅𝑇

𝐹
𝑙𝑛

1

𝑐𝐶𝑙−
𝑤′         

 (4) 

∆ 
𝑜

𝑤 =  ∆ 
𝑇𝐴𝐴+
0 +

𝑜

𝑤 𝑅𝑇

𝐹
𝑙𝑛

𝑐
𝑇𝐴𝐴+
𝑜

𝑐
𝑇𝐴𝐴+
𝑤          (5) 

∆ 
𝑜

𝑤′
=  ∆ 

𝑇𝐴𝐴+
0 +

𝑜

𝑤′
𝑅𝑇

𝐹
𝑙𝑛

𝑐
𝑇𝐴𝐴+
𝑜

𝑐
𝑇𝐴𝐴+
𝑤′          (6) 
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where 𝑐𝑇𝐴𝐴+
𝑤 , 𝑐𝑇𝐴𝐴+

𝑜 , 𝑐𝑇𝐴𝐴+
𝑤′

 represents the concentration of TAA+ in the aqueous phase, organic 

phase and aqueous phase for organic reference electrode, respectively, 𝑐𝐶𝑙−
𝑤 , 𝑐𝐶𝑙−

𝑤′
 represent the 

concentration of Cl- in the aqueous phase and aqueous phase for organic reference electrode 

and ∆ 
𝑇𝐴𝐴+
𝑜′

𝑜

𝑤
 is the formal ion transfer potential difference for TAA+.  

By combining equations (2) and (3-6):  

∆𝐸 =
𝑅𝑇

𝐹
𝑙𝑛

𝑐𝐶𝑙−
𝑤′

𝑐𝐶𝑙−
𝑤 +

𝑅𝑇

𝐹
(ln

𝑐
𝑇𝐴𝐴+
𝑜

𝑐
𝑇𝐴𝐴+
𝑤 − 𝑙𝑛

𝑐
𝑇𝐴𝐴+
𝑜

𝑐
𝑇𝐴𝐴+
𝑤′ )        (7) 

To simplify this equation, if we keep [𝑐𝐶𝑙−
𝑤 = 𝑐𝐶𝑙−

𝑤′
]  and that [𝑐𝑇𝐴𝐴+

𝑜 = 𝑐𝑇𝐴𝐴+
𝑤′

] in which case the 

potential measured will depend solely on 
𝑐

𝑇𝐴𝐴+
𝑜

𝑐
𝑇𝐴𝐴+
𝑤  . 

∆𝐸 =
𝑅𝑇

𝐹
ln

𝑐
𝑇𝐴𝐴+
𝑜

𝑐
𝑇𝐴𝐴+
𝑤            (8) 

This is true if[20]:  

∆ 𝜙𝑇𝐴𝐴+
0′

𝑜
𝑤 − ∆ 𝜙𝐶𝑙−

0′
≫  

𝑅𝑇

𝐹
𝑙𝑛[4

𝑐
𝑇𝐴𝐴+
𝑤

𝑐
𝑇𝐴𝐴+
𝑜 (1 +

𝑐
𝑇𝐴𝐴+
𝑤

𝑐
𝑇𝐴𝐴+
𝑜 )]𝑜

𝑤        (9) 

Based on the above-mentioned equations (Eq. 7-9) the four-electrode cell comprising 

liquid/liquid interface was prepared according to Scheme 1: 

Scheme 1: Description of the electrochemical cells used 

Electrochemical 

cell: 
Ref 1: (w) (o) (w’) Ref 2: Information: 

1 Ag/AgCl 

1 mM 

TAACl 

9 mM 

LiCl 

x mM 

TAATPBCl 

x mM 

TAACl 

(10 – x) 

mM LiCl 

AgCl/Ag 
x = 0.1, 0.5, 1, 

5, 10 

       

2 Ag/AgCl 

X 

0.01 mM 

TMACl 

Y  

10 mM 

TMATPBCl 

10 mM 

TMACl 

10 mM 

LiCl 

AgCl/Ag 

X = -, Caff 

SAT 

Y = -, 1H2N 
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9.995 mM 

LiCl 

9.995 mM 

HCl 

       

3 Ag/AgCl 

X mM 

Caff 

x mM 

TMACl 

10-(x/2) 

mM LiCl 

10-(x/2) 

mM HCl 

10 mM 

1H2N 

y mM 

TMATPBCl 

Y mM 

TMACl 

20 – y mM 

LiCl 

AgCl/Ag 

 

X = 40, SAT 

x = 0.01, 0.1, 

1, 10 

y = 0.01, 0.1, 

1, 10 

 

The volumes of the aqueous (w) and organic (o) phases were both 2.5 mL. The surface area of 

the interface was 1.13 cm2. The delay between the preparation of the cells and the start of the 

experiment was 45 s. The same time was kept in each experiment to allow comparison between 

experiments. The measurements were carried out for 60 min to allow the electrochemical cell 

to reach equilibrium. The change in potential and current is a result of ions transferring at the 

liquid/liquid interface and allows changes on the interface to be followed during the 

establishment of equilibrium at this interface. The potential and the current were recorded at 

room temperature every 0.01 s, sufficiently frequent to observe current and potential spikes. 

Since EN has been employed to monitor the type of corrosion and find the corrosion rate, in 

this work we have used similar parameters to explain the processes taking place at the phase 

interface. The recorded experimental potential and current data were then used to analyse the 

electrochemical noise via Microsoft Excel.[33] Power spectral density (PSD) in the frequency 

domain is used to predict the corrosion mechanism and can be used to compare processes taking 

place at the ITIES. Our data have a large number of points and repeated signals, so PSD plots 

can be calculated using Fast Fourier Transform (FFT).  

Before the results could be analysed, the baseline had to be removed. This was done using 

Origin® software and the polynomial removal procedure. To do this, we constructed graphs of 
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potential or current over time, adding the trend line that provides the best fit to the data. The 

results were divided into ten sections of 20 seconds each, consisting of exactly 2048 points. In 

these time sections, PSDE and PSDI in the frequency domains were calculated. In this work, the 

equation 10 is used to calculate the PSD: 

𝑃𝑆𝐷𝑥(𝑓) = |𝑋𝑇(𝑓)|2 = [𝑅𝑒(𝑋𝑇(𝑓))]
2

+ [𝐼𝑚(𝑋𝑇(𝑓))]
2
      (10) 

Where 𝑋𝑇(𝑓) is the Fourier transform of x(t), 𝑇 is the experimental time, Re and Im correspond 

to real and imaginary part, respectively and the number 2 means that only positive frequencies 

are concerned.[33]  

Root mean square current (Irms) was calculated using Eq. (11) as the ratio of standard deviation 

of current PSD (PSDI).  

𝐼𝑟𝑚𝑠 = √
∑ 𝑃𝑆𝐷𝐼

𝑛
𝑖

𝑛
           (11) 

Where n was the number of experimental data points.  

The low frequency noise impedance (Rsn) was determined as the ratio of the standard deviations 

of experimental potential (δE) and current (δI) after the baseline removal (Eq. 12) .[25,28]
 

𝑅𝑠𝑛 = |
𝑃𝑆𝐷𝐸(𝑓)

𝑃𝑆𝐷𝐼(𝑓)
|

1

2          (12) 

Where𝑃𝑆𝐷𝐸(𝑓) and 𝑃𝑆𝐷𝐼(𝑓) are the power spectral density of the potential ∆E, and the current 

density (I), respectively, in the frequency domain 𝑓. 

Results and Discussion 

Measurement of the potential difference:  

A first series of experiments was designed to check that the potential measured is consistent 

with the potential expected from equation (8). Several configurations of electrochemical cell 

(1) were prepared with the different ratio of tetralkylammonium (TAA+) in organic and aqueous 

phase.  
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Figure 2: Change of potential as a function of time in the various configurations according to cell 1 

Table 1. TMA+ (∙∙∙), TEA+ (---) and TPA+ (──). The presented ratio corresponds to 
𝑐

𝑇𝐴𝐴+
𝑜

𝑐
𝑇𝐴𝐴+
𝑤  ratio. 

In these experiments, the interface is polarised by the distribution of a common TAA+ ion 

between the two immiscible phases. The measurements were performed for 1 hour to allow the 

partition of ions to reach equilibrium at the liquid/liquid interface. The measurements were 

started right after the electrochemical cells where prepared. The comparison of the change of 

the potentials in time for three TAA+ (TMA+, TEA+ and TPA+) and various ratios of 

concentration in organic and in aqueous phase is shown in Figure 2. The potential is stable in 

time and its value decreases with the 
𝑐

𝑇𝐴𝐴+
𝑜

𝑐
𝑇𝐴𝐴+
𝑤  ratio. Similar results were obtained for the three 

ions, TMA+, TEA+ and TPA+, which indicated that the transfer is not based on the formal 

transfer potential, but on the ratio of concentration of TAA+ in each phase, as expected from 

equation (8).  
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Figure 3: Equilibrium potential dependences on the ratio of common ion in organic and aqueous phases 
𝑐

𝑇𝐴𝐴+
𝑜

𝑐
𝑇𝐴𝐴+
𝑤  . TMA+ (●), TEA+ (■) and TPA+ (▼). Dashed line represents theoretical data calculated according 

to Eq. (8). When not visible, error bars are smaller than symbols. 

 

In Figure 3, we see the dependence of the potential on the ratio of the concentrations in the 

organic and aqueous phases. The dashed line and crosses represent the theoretical calculations 

based on Eq. (9). We see that the three cations, TMA+, TEA+ and TPA+, fit into the theoretical 

calculations. When the ratio is 1:1, the potential is around 0 V (Mean±SD: 3.3±0.06mV, 

6.4±0.02mV, 2.39±0.02mV for TMA+, TEA+ and TPA+ respectively). This confirms 

compliance with theoretical assumptions. The potential is positive when there is the excess of 

the ion in the organic phase and it takes negative values when the concentration in the aqueous 

phase is higher than in the organic phase. The potentials for the cells built with these three 

quaternary ammonium salts are very close to the theoretical values calculated (Figure 3) 

confirming that this method is suitable to monitor the changes of potential at the ITIES. The 

difference between the theoretical calculations (based on the Eq. 8) and experimental results 
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might originate from the moisture content of the TAACl salts or impurities from the self-

prepared TAATPBCl salts or small difference in the reference electrodes.  

 

Simultaneous measurement of potential and current:  

In the next part of the study, along with the well-defined solutions which comply with theory 

(Figures 2 and 3), we set up the electrochemical cell with saturated solution of caffeine as the 

aqueous phase and 1-hydroxy-2-naphthoic acid to the organic phase, according to 

electrochemical cell 2.  
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Figure 4: Variation of (a) potential and (b) current as a function of time for the various electrochemical 

cell 2 configurations. 
𝑐

𝑇𝑀𝐴+
𝑜

𝑐
𝑇𝑀𝐴+
𝑤 =  

10 𝑚𝑀

0.01 𝑚𝑀
  . Blank: absence of Caff and 1H2N (──), 1H2N: absence of 

Caff and presence of 1H2N (──), Caff: presence of Caff and absence of 1H2N (──), and Caff/1H2N: 

presence of Caff and 1H2N (──). Dotted lines represent the times for which Irms and the low frequency 

noise impedance were calculated. 
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In Figure 4a, we observe the differences between four experiments: blank (black line, both 

caffeine and 1H2N are absent from the cell), when only 1H2N was present in the cell (green 

line), when only caffeine is present in the cell (blue line), and finally when both are present (red 

line). For the blank electrochemical cell, the potential difference is lower than expected by 

theory. This might be due to experimental conditions, which do not verify the conditions of 

Eq.(9). The potential signals exhibit a gradual decrease in all cases. In the Caff/1H2N 

configuration, we are able to follow the potential changes in the potential during the 

cocrystallisation process. At this ratio of 
𝑐

𝑇𝑀𝐴+
𝑜

𝑐
𝑇𝑀𝐴+
𝑤  = 

10 𝑚𝑀

0.01 𝑚𝑀
 and saturated concentration of caffeine 

we could establish positive potential for the transfer of caffeine. The conditions are sufficient 

to transfer the caffeine and the formation of cocrystals at the interface is observed. The presence 

of caffeine has a significant effect on potential. At pH 2, caffeine is present in its cationic 

form[34] so it is being exchanged with TMA+ present in the organic phase. The drop in the 

potential indicate the transfer of caffeine from aqueous phase to the DCE and lowering of the 

ratio
𝑐

𝑇𝑀𝐴+
𝑜

𝑐
𝑇𝑀𝐴+
𝑤 . The potential in the presence of caffeine (red and blue line) is noisier and 

corresponds to the exchange of cations (Caff+ and TMA+) which takes place at the ITIES. The 

potential of the cell with the presence of only 1H2N comparing with blank is lower due to the 

presence of H+ and the facilitated proton transfer. The results shown in Figure 4 are carried out 

according to Table 1 of cell 2. Here, the pH is equal to 2 and was fixed by adding 10 mM HCl. 

Potential variation is concomitant with changes in current, as shown to Figure 4b. The current 

signals is close to zero for the cells where there is no caffeine, which indicates that no ion 

transfer is occurring at the ITIES. It can be seen that there is no difference when 1H2N is absent 

(Figure 4b, black line) and present in the system (green line) which confirms that the 1H2N is 

not transferring at ITIES[31]. However, when caffeine is present in the aqueous phase, a high 

initial value for current is observed followed by a significant drop with time. The cocrystals are 

created after 1 minute, which corresponds to the change in current (Figure 4b red line). This 

higher current value is attributed to the transfer of caffeine from the aqueous to the organic 

phase. In the cell with both caffeine and 1H2N present (Fig 4b red line), the current decreases 

over time. The slope is sharp at the beginning and gradually decreases after 900 s until 2000 s, 

until it reaches a plateau.  
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Figure 5: Equilibrium potential based on the ratio 
𝑐

𝑇𝑀𝐴+
𝑜

𝑐
𝑇𝑀𝐴+
𝑤  of electrochemical cell 3 and Caff = 40 mM 

prepared in the presence of caffeine and 1H2N in the range of time 3000-3600 s. The error bars are 

shorter than the size of the symbols. The ratio was change by varying the concentration of𝑐𝑇𝑀𝐴+
𝑜 . 𝑐𝑇𝑀𝐴+

𝑜 = 

0.01 mM (▼), 𝑐𝑇𝑀𝐴+
𝑜 = 0.1 mM (♦), 𝑐𝑇𝑀𝐴+

𝑜 = 1 mM (■), 𝑐𝑇𝑀𝐴+
𝑜 = 10 mM (●).  

These experiments were followed by the series of experiment with various ratio of  
𝑐

𝑇𝑀𝐴+
𝑜

𝑐
𝑇𝑀𝐴+
𝑤  when 

aqueous solution of caffeine and organic solution of 1H2N were placed together according to 

electrochemical cell 3. We can observe in Figure 5 that the potential values become higher 

when we increase the ratio 
𝑐

𝑇𝑀𝐴+
𝑜

𝑐
𝑇𝑀𝐴+
𝑤 . With a lower ratio, less caffeine is transferred into the organic 

phase and less TMA+ ions transfer to the aqueous phase due to the obtained distribution at the 

ITIES. It is remarkable that the values of potential are similar for the same ratio
𝑐

𝑇𝑀𝐴+
𝑜

𝑐
𝑇𝑀𝐴+
𝑤 . This is 

because the changes in the potential do not depend on the concentration of TMA+ in the organic 

phase (𝑐𝑇𝑀𝐴+
𝑜 ) but solely on the ratio 

𝑐
𝑇𝑀𝐴+
𝑜

𝑐
𝑇𝑀𝐴+
𝑤  as indicated in Eq. (8).  
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Figure 6 shows the Irms (calculated from the results shown in Figure 4b) for the different 

experimental conditions at various times. For these experiments, the interface is polarised 

positively. When no caffeine is present (green and black curves on Figure 6), Irms values are 

below 0.005 µA for the whole duration of the experiment, suggesting that no interfacial charge 

transfer is occurring. When caffeine is present in the aqueous phase, Irms values are higher, 

whether 1H2N is present (red curve) or not (blue curve) in the organic phase. In the presence 

of 1H2N, Irms values decrease faster with time. Indeed, after 1250 s, the Irms values reach the 

same level as for the control experiments, while it takes 3000 s in the absence of 1H2N. As a 

control experiment, the current and potential were measured in the presence of both caffeine 

and 1H2N but when the interfacial potential is negative (Figure S1), which is unfavourable to 

the formation of caffeine:1H2N cocrystals.[31] Irms values in these experimental conditions are 

similar to the ones observed in the absence of caffeine confirming that the high Irms values are 

linked to caffeine charge transfer, when the interface potential is positive.  

 

Figure 6: Root mean square of PSDI. Experimental conditions were: absence of Caff and 1H2N (▼); 

absence of Caff and presence of 1H2N (■); presence of Caff and absence of 1H2N (●); presence of Caff 
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and 1H2N (▲ and ∆). Full symbols represent data collected with positive interfacial potential. Interface 

potential was negative for hollow symbols. 
𝑐

𝑇𝑀𝐴+
𝑜

𝑐
𝑇𝑀𝐴+
𝑤 =  1000 

When the experimental conditions for cocrystallisation are met, the low frequency noise 

impedance decreases within first 1000 s, which can be attributed to the creation of the complex 

Caff/1H2N (Fig 7 red line) and low current noise. After 1000 s, the Rsn flattens, which may be 

related to the absorption of Caff:1H2N complex at the ITIES. In contrast to a cell in which the 

complex is not formed (Fig. 7 blue line), the change in the Rsn is not significant during the 

course of an experiment.  

 

Figure 7: The low frequency noise impedance calculated for electrochemical cell 2 in the absence (●) 

and in the presence (▲) of 1H2N. Caffeine is present for both experiments. 



17 
 

 

Figure 8: PSD spectra of electrochemical current (PSDI) recorded in the cell (left) in the absence and 

(right) in the presence of 1H2N (electrochemical cell 3) calculated from different times. 

 

Figure 8 presents the comparison of PSDI as the function of frequency in the absence and in the 

presence of 1H2N; caffeine is present in both experiments. In the absence of 1H2N, the PSDI 

values are high and for the times: 200, 365 and 900 s they reach values of 1.2 × 10-4 µA2 Hz-1 

and the signal decreased at 1850s. In the presence of both caffeine and 1H2N, cocrystals are 

formed at the ITIES. The PSDI values when cocrystals are formed are one order of magnitude 

lower (4 × 10-5 µA2 Hz-1) from the beginning of the experiment and is no longer visible after 

900 s. Most of the current is cumulated in the region around 1 Hz. However, PSDI for the 

formation of crystals appear at slightly lower frequencies than in the sole presence of caffeine. 

This is due to the complex formation causing the changes at the ITIES which hold caffeine 

transfer. The signal fades out more rapidly (385 s) upon cocrystal formation as the caffeine 

enters into a reaction with 1H2N and their adsorption at ITIES. In contrast, in the absence of 

1H2N, caffeine continues to transfer to the organic phase as the signal becomes less intense 

after 1870 s. The PSD spectrum of electrochemical current is much less intense (1 × 10-6 µA2 
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Hz-1) when a negative potential is applied, although both Caff and 1H2N (Figure S2) are present 

in the cell. In such conditions, no formation of cocrystals occurred suggesting that caffeine 

transfer is responsible for the PSD current. 

Caffeine is a weak base with a pKa of 10.4[35], so it is in cationic form in the acidic conditions 

(pH = 2) at which the cocrystallisation process occurs.[31] As control experiments, experiments 

were carried out at pH values of 6 and 11. Caffeine transfers at ∆ 𝜙𝐶𝑎𝑓𝑓𝑒𝑖𝑛𝑒
0 = 0.390 𝑉𝑜

𝑤  at pH 2 

as shown by the transfer peak observed (Figure S3). However, caffeine transfer was not 

observed for pH 6 and 11 as it could be masked by the transfer of background electrolyte. 

Electrochemical noise was also measured at pH 6 and 11 and the PSDI at various pHs are shown 

in Figure S4 for the time period 900 - 920 s. At pH 2 and 6, power spectra showed noise with a 

frequency in the 0.1-10 Hz, whereas the PSD signal was significantly lower at pH 11 in the 

same frequency region. These observations are consistent with the fact that cocrystals were 

collected in electrochemical cells at pH 2 and 6 and not at pH 11. 

Electrochemical noise analysis shows that, when both caffeine and 1H2N are initially present, 

interfacial processes of charge transfer are occuring in the first 1000 s of the experiment. During 

this period, caffeine is transferred across the interface and forms complexes with 1H2N in the 

organic phase, which then lead to the adsorption of cocrystals at the interface. After 1000 s, 

electrochemical noise analysis indicates that interfacial charge transfers have ceased, 

suggesting the cocrystallisation is a two-step process with (i) a potential-driven nucleation with 

the tranfer of caffeine from the aqueous to the organic phase; (ii) a growth stage where the 

interfacial potential does no longer play a role.  

 

Conclusion  

The potential for the designed electrochemical cells with various ratio of concentration of 

tetraalkylammonium salts in organic and aqueous phase was monitored. It was found to be in 

good agreement with the theoretical values based on the Nernst-like equation. The results were 

similar for three ions: tetramethylammonium, tetraethylammonium and tetrapropylammonium, 

which indicated that the potential values depend uniquely on the ratio 
𝑐

𝑇𝐴𝐴+
𝑜

𝑐
𝑇𝐴𝐴+
𝑤  . Thus, by varying 

the ratio of concentrations of the selected ion in the organic and aqueous phases, we were able 

to obtain suitable potential values to drive the cocrystallisation process. Addition of caffeine 

and 1-hydroxy-2-naphthoic acid to these well-defined electrochemical cells allowed to monitor 
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the potential and current at the ITIES. Analysis of the electrochemical current noise showed a 

clear difference between cells in which cocrystals are formed and those in which 

cocrystallisation is hindered, either by a negative potential or by a change in pH. Caffeine 

transfer and cocrystal formation generate different signals with current maxima at frequencies 

in the 0.1 – 1 Hz range. The EC method is a powerful tool to follow the changes occurring at 

ITIES in common ion experiments by simultaneous measurement of potential and current.  
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TOC Entry 

 

The potential and the current are monitored simulatenously during the cocrystallisation of caffeine 

and 1H2N at interface between two immiscible electrolyte solutions polarised by a common ion. 

Electrochemical noise analysis can offer new insights to charge transfer at the ITIES. 
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