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I’Industrie, 17, 1951 Sion, Switzerland
§Institute of Chemistry, The Hebrew University of Jerusalem, Jerusalem 9190401, Israel

*S Supporting Information

ABSTRACT: Single-emulsion toluene oil droplets (femtoliter) containing a hydro-
phobic redox probe that are dispersed in water stochastically collide with an
ultramicroelectrode (UME). The fast-scan cyclic voltammetry (FSCV) or Fourier-
transformed sinusoidal voltammetry (FTSV) is applied: the UME was scanned with a
fast, repetitive triangular, or sinusoidal potential, and its current in time/frequency
domains were monitored. The electron transfer at the UME/oil interface is coupled with
ion transfer at the oil/water interface. Thus, the obtained transient voltammograms of a
myriad of ions were used to estimate thermodynamics of ion transfer at the toluene/
water interface. Additionally, the single-droplet voltammogram combined with finite
element simulations reveal the droplet’s size and shape distributions. Four collision
mechanisms with new physical insights were also uncovered via comprehensive analysis
of phase angle in the frequency domain, time domain FSCVs, and finite element
simulations.

Ion translocation across the biomembrane is a ubiquitous
process that plays an essential role in biology. An oil/water

(o/w) interface or the interface between two immiscible
electrolyte solutions (ITIES) is such a biomimetic interface.1

The ion transfer (IT) at the ITIES underpins a myriad of
biological (e.g., proton pump2) and industrial processes (e.g.,
phase transfer catalysis3 and hydrometallurgy4,5). Until now, IT
at an externally polarizable ITIES as a function of Galvani
potential difference (applied at the ITIES)6−10 was studied by
employing the four-electrode setup11−13 and droplet-modified
three-electrode system14−17 for macro-ITIES; micro/nano-
pipettes18−24 and/or holes,25 and their arrays,26 for micro-
and nano-ITIES; and scanning electrochemical microscopy
(SECM).27−31 Recently, we developed a novel method to study
ion transfer across the ITIES at the level of a single femtoliter
oil droplet upon its stochastic collision with an ultra-
microelectrode (UME).32 An extremely lipophilic redox
probe−rubrene (Rb) is trapped within an emulsion oil droplet.
By applying a sufficiently and constantly positive potential on
the UME, upon collision of the oil droplet on the UME,
electron transfer (ET) at the ultramicroelectrode/oil (UME/o)
interface will couple the IT at the o/w interface to maintain the
electroneutrality in the droplet. This process is monitored as a
function of time (i.e., chronoamperometry). This approach is
considered as a type of single-particle collision electro-
chemistry,33−42 which can be further classified into four
major categories: current blockage of existing redox reac-
tion,43,44 bulk electrolysis,32,45 electrocatalytic amplifica-
tion,46−51 and charge displacement.52 Single-particle collision

events normally last for a short period of time; therefore, the
majority of the literature in this field employs chronoamper-
ometry as the signal readout method.35 A limitation of
chronoamperometry is that only transient current response is
obtained without chemical/potential resolution. Fortunately,
fast-scan cyclic voltammetry (FSCV)37,50,53 and high-frequency
Fourier-transformed sinusoidal voltammetry (FTSV)51,54 have
recently been applied to single-particle collision electro-
chemistry to provide chemical/potential resolution. The
operating principles of FSCV and FTSV have been detailed
previously.50,51,55,56 Note that Compton and co-workers
employed conventional CV (10 and 100 mV s−1) rather than
FSCV to record transient electrochemistry of emulsion droplets
containing Nile Red as the photo/redox probe57 and of
individual palladium-coated carbon nanotubes using hydrogen
oxidation as the indicator reaction (CV in 50 mV s−1).58 So a
full voltammogram of a single particle has not yet been
achieved in their studies.
Herein, we establish a novel approach that combines the

advantages between the methodology of studying IT at the
single-emulsion droplet,32 FSCV/FTSV,50,51 and numerical
finite element simulations via COMSOL Multiphysics to gain
new physical insights into this intriguing ET coupled IT
process. Briefly, a variety of ions at the same concentration
initially located either inside the aqueous or oil phase have been
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systematically studied, as well as a specific ion at different
concentrations in the aqueous phase. The high symmetry of the
FSCV peak currents confirms that the rubrene radical cation
(Rb+) produced in the ET reaction is strictly confined within
the oil droplet (when transferrable ions are present in either oil
or water phase). This corroborates prior results.32 We also
estimated the apparent transfer energies and the formal ion
transfer potentials of a myriad of ions at the toluene/water
interface with the linear relationship of the Gibbs transfer
energies of ions at the toluene/water interface and those at the
1,2-dichloroethane (DCE)/water interface.59 Comparison
between experimental FSCVs of the ET coupled IT processes
and the simulated ones via COMSOL Multiphysics software
has shed new light on the electrochemical reaction and collision
mechanisms. For example, droplet size and shape distributions
and new collision mechanisms were revealed by the quantitative
and high-temporal-resolution electrochemical method devel-
oped herein. The developed method is termed as “Single
Organic Droplet Collision Voltammogram via Electron Trans-
fer Coupled Ion Transfer”. Besides the proof-of-concept shown
herein, utilizing ITIES electrochemistry with low-dielectric-
constant organic phases, this method may also be applied in
electrochemistry in low-dielectric-constant media at the single-
emulsion droplet level, nanoscience,39 electrocatalysis,34

exocytosis,60,61 vesicles/liposomes,62,63 and so forth.

■ EXPERIMENTAL SECTION

Reagents and Materials. All reagents were used as
received without further purification unless otherwise men-
tioned. Rubrene (Rb, 98.5%), tetrabutylammonium chloride
(TBACl, 98%), tetrabutylammonium perchlorate (TBAClO4,
98%), tetramethylammonium hexafluorophosphate (TMAPF6,
99%), tetrabutylammonium hexafluorophosphate (TBAPF6,
99%), tetraethylammonium hexafluorophosphate (TEAPF6,
99%), and hydroxymethylferrocene (FcMeOH, 97%) were
purchased from J&K. Tetrahexylammonium hexafluorophos-
phate (THAPF6, 97%), tetrabutylammonium acetate (TBAAc,
97%) , and t r i h e x y l t e t r ade cy l pho sphon ium b i s -
(trifluoromethylsulfonyl)amide (IL−PA, also noted as
P66614NTf2,

21 see Table S1 in Supporting Information (SI),
≥97%) were purchased from Sigma-Aldrich, Energy Chemicals
and Strem Chemicals, respectively. Ferrocene (Fc, ≥ 99%),
KNO3 (analytical grade) and NaOH (analytical grade) were
obtained from Tianjin Fuchen Chemical Reagent Factory.
Toluene, isopropyl alcohol, absolute ethanol, and acetone were
obtained from Tianjin Fuyu Fine Chemical and all are of
analytical grade. The 10 μm platinum ultramicroelectrode (Pt
UME), Ag/AgCl/saturated KCl reference electrode and
platinum wire counter electrode were purchased from Shanghai
Xianren Instrument, while the 10 μm carbon fiber ultra-
microelectrode (C UME) was fabricated following the previous
report.64 All the aqueous solutions were prepared from the
Millipore water (≥18.2 MΩ·cm).

Figure 1. Fundamental harmonic current component obtained by FSCV at a carbon fiber UME (C UME, diameter = 10 μm) with toluene emulsion
droplets (5 mM rubrene+400 mM IL-PA) in 36.7 pM. The parameters of all the above experiments were as follows: bias potential 0.8 V vs. a Ag/
AgCl wire quasireference electrode (QRE), peak amplitude 500 mV, frequency 20 Hz (viz. 40 V/s), quiet time 2 s. (A) No salt was dissolved in both
toluene and aqueous phases (black line) and 5 mM TBACl was dissolved in the aqueous phase (red line). (B), (C) and (D) 5 mM TMAPF6, 5 mM
TBAAc, or 5 mM TBAClO4 was dissolved in the aqueous phase, respectively. (E),(F),(G) 5 mM THAPF6, 5 mM TBAPF6, or 5 mM TEAPF6 was
dissolved in the toluene phase, respectively. The acronyms of these salts were explained in the Experimental Section.
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Instrumentation. Fast-scan voltammetry experiments were
performed with a home-built instrument. Details about this
instrument can be found in our prior work.51 Note that this
instrument can generate not only sinusoidal but also triangular
potential waveforms.
All the electrochemical measurements were undertaken in a

one-compartment three-electrode glass cell housed in a Faraday
cage. A Pt wire served as the counter electrode, with an Ag/
AgCl/saturated KCl reference electrode or an Ag/AgCl wire
quasi-reference electrode, respectively. Before each electro-
chemical measurement, the Pt UME or C UME was polished
with polishing films (0.05 μm, NTT−ATADS, Japan), which
have been widely used for optical fiber polishing. Then Pt UME
and C UME were cycled from −0.215 to 1 V and −1 to 1 V vs
Ag/AgCl/saturated KCl (0.1 V/s) in 0.5 M H2SO4 under
argon, respectively. The cleanliness of UME was checked by an
optical microscope with 400× magnification. After experiments,
the tips of Pt and C UMEs were first rinsed with acetone and
isopropyl alcohol, respectively, and then rinsed with copious
Millipore water to clean the electrode surface prior to storage.
For preparation of emulsion, a JY92−2D ultrasonic processor
(Xinzhi, Ningbo, China) with a microtip probe was employed.
Preparation of the Emulsions. The procedure of

emulsion preparation followed the published literature.32

Briefly, 5 mM rubrene and 400 mM IL−PA were dissolved
in 5 mL of toluene. Then 0.1 mL of toluene (rubrene+IL−PA)
was mixed with 5 mL of water, followed by vigorous vortexing.
After that, an ultrasonicator (500 W, amplitude 40%) was
applied immediately using the pulse mode (7 s on, 3 s off, 26
cycles repeated). A variety of salts were dissolved in either the
toluene phase or the aqueous phase to investigate either the
cation transfer or anion transfer across the o/w interface,
respectively. The preparation of rubrene-encapsulated oil in
water emulsion and the following electrochemical collision
measurements should be carried out under dark to avoid
rubrene photo-oxidation.65 The droplet dispersion showed a
bimodal size distribution, as determined by dynamic light
scattering (DLS, see Figure S1 in SI), and this distribution was
found to depend on both time and salt composition (Figure S4
in SI).

■ RESULTS AND DISCUSSION
Fundamental Harmonic Current Magnitude Obtained

by FSCV. Figure 1 illustrates the fundamental harmonic
current magnitude of FSCV recorded for collision experiments
employing the emulsion of toluene encapsulating Rb and ionic
liquid, that is, IL-PA (Section 1 in SI), dispersed in water, with
and without additional ions in the oil or aqueous phase. Due to
the extremely hydrophobic structure of rubrene (see the SI in
ref 32), no spikes were seen in the current response (Figure 1A,
black line) even after applying potential up to 1.3 V. The
impurities in the commercial IL-PA were not observable in the
experimental results. A similar result was obtained with addition
of 5 mM TBACl in aqueous phase (Figure 1A, red line),
indicating that the Cl− anion was too hydrophilic to transfer
into toluene phase. It also implies that the trace Cl− dissolving
from the Ag/AgCl wire will not affect the results during all the
experiments. According to this observation, and our previous
investigation that transfer energy of rubrene cation is higher
than that for decamethylferrocenyl or 1,1′,3,3′-tetra(2-methyl-
2-nonyl)ferrocenyl cations,32 rubrene cation is expected to
transfer at similar or lower potentials than chloride. When other
less hydrophobic or hydrophilic ions were dissolved in either

the toluene droplets or the continuous aqueous phase,
respectively, clear current spikes were observed marking the
event of “ET coupled IT” during single-emulsion droplet
collision electrochemical measurements (Figure 1B−G).32 This
implies that the transfer of other ions, rather than Rb+ or the
cation of IL-PA,21 across the o/w boundary facilitates redox
reaction of rubrene at UME/o interface. Note that some
current signals last a long period of time in the late stage in
Figure 1C,E,F. This observation could be due to the ET
coupled IT of coalesced (i.e., bigger) droplets colliding on the
microelectrode. It is seen clearly in Figures S4 and S5 in SI that
the emulsion droplets can grow larger at longer time scales.
These ions have intermediate lipophilicity/hydrophilicity so
that they can cross the o/w interface with a relatively low ion
transfer potential within the obtainable potential window.
However, the hydrophilicity and lipophilicity of these different
ions and the mechanism of the droplet collisions remain
unclear. This can be evaluated by the time-domain voltam-
metric analysis of FSCV and finite element simulations.

Time-Domain Background-Subtracted FSCV. The
application of FSCV allows acquisition of CV for each single-
collision event by means of background subtraction which is
illustrated in Figure 2A. Briefly, in panel “I” of Figure 2A, an
abrupt current signal (533.7 to 535 s) attributed to a single-
emulsion droplet collision event is superimposed on the
background current (532 to 533.5 s). Then the current from
532 to 533.5 s is taken as the background and can be subtracted
to get the net collision signal (panel “II” in Figure 2A).
Accordingly, a recovered time-domain CV of the collision event
starting at 533.7 s is obtained and shown in panel “III” of Figure
2A. Using this approach, CVs and peak/half-wave potentials of
some ions transfer were recorded and shown in Figures 2B and
2C, respectively. It should be stressed that the CVs in Figure 2B
are only exemplary, and CV characteristics vary with the size,
collision contact angle and/or collision time of toluene droplets
(cf. Figures S3−S5 in SI).

Ion Distributions and Thermodynamic Analysis. The
initial distribution of ions between aqueous and organic phases
can be calculated as detailed in Section 2 in the SI, showing that
all the salts except THAPF6 will primarily reside in the aqueous
phase. However, the low solubility of some of the salts like
TEAPF6 and TBAPF6 in the aqueous phase, as well as the
presence of 400 mM of the surface-active IL-PA in the toluene
phase might complicate the issue.
From the thermodynamic calculations, only the transfer of

PF6
−, THA+, ClO4

−, and Ac− can take place, as PF6
− salts with

TMA+, TEA+ and TBA+ cations are preferably distributed in the
aqueous phase (Tables S1 and S2 in the SI). The half-wave
potentials E1/2 obtained with TEAPF6, TBAPF6, and TMAPF6
in the FSCV are rather similar (Figure 2C), indicating that the
signal is indeed due to transfer of PF6

−. However, the peak
current distributions shown in Figure S3 in SI do not exactly
follow the equilibrium concentrations in Table S2. For example,
the TMAPF6, TBAAc and TBAClO4 should have 50 times
higher concentration of the transferring anion than the
solutions with TEAPF6 and TBAPF6, but currents of similar
or lower magnitude are obtained (Figure S3 in SI). This
indicates that the droplet size distribution is affected by salts,
and this observation was confirmed by DLS studies (Figure S4
in SI). Finite element (FE) simulations via COMSOL (vide
infra) show that a collision by a droplet with a diameter below 1
μm results in an FSCV peak current of less than 100 pA, and
hence, small droplets are difficult to observe by electro-
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chemistry. The size distribution of larger droplets is
qualitatively in accordance with the peak current distribution
(Figures S3 and S4). Additionally, the partitioning of ions can
be complicated by the surface-active IL-PA, as illustrated
recently by interfacial dissociation of salts composed of a
hydrophilic and a hydrophobic ion.66 The anion of the IL-PA
has a higher Galvani transfer potential than that of ClO4

−, PF6
−,

or Ac− (Table S1 in SI),21 so the IL-PA will not significantly
affect the distribution of salts by its partition into the aqueous
phase. It is seen from Table S1 that the lipophilicity of anions
follows the order: NTf2

− > PF6
− > ClO4

− > Ac−. The

experimental trend is in good agreement with that obtained at
the DCE/w interface: ion transfer potential of Ac− is higher
than ClO4

− and much higher than that of PF6
−,67 albeit there is

a big difference in the ion solvation environment between DCE
and toluene.68

Larger peak-to-peak separation observed with TEAPF6,
TBAPF6, and THAPF6 is because of the ohmic voltage (iR)
drop in the less conductive aqueous phase (TEAPF6 and
TBAPF6 are not very soluble in the aqueous phase, while
THAPF6 is present mostly in the organic phase). This effect is
evidenced from Figure 2C, where the peak potential difference
for all these cases is larger than that for other salts. Also, the iR
drop can change during the experiment as insertion of salts into
the aqueous solution will dramatically increase the conductivity.
TEAPF6, TBAPF6, and THAPF6 are only slightly soluble in
aqueous phase, and thus, this effect will be small and is limited
by the salt precipitation. On the contrary, the presence of a
large amount of supporting electrolyte (i.e., IL-PA) in the
toluene phase will not change the conductivity of the organic
phase noticeably for salts of TMAPF6, TBAAc, and TBAClO4.
The ratios between the oxidative and reductive peak currents
for each salt were nearly equal to 1 (Table S3 in SI), indicating
that the overall ET coupled IT process was reversible, and Rb/
Rb+ was encapsulated strictly in toluene droplets. In addition,
the narrow range of potential distribution demonstrated in
Figure 2C implied that the quasi-reference electrode of Ag/
AgCl wire could be stable in both water and oil phases at least
within the time scale (1000 s) of electrochemical collision
measurements.

Finite Element Simulations. FE simulations (Section 5 in
SI for further details) of the FSCV with 5 mM TBAAc in the
aqueous phase were done to understand better the ET-IT
process. The droplet on the UME surface was approximated as
a polar cap of a sphere with the same volume as the original
spherical droplet. Both droplet radius rd and the ratio of polar
cap height h to rd were varied to obtain reasonable agreement
with the experimental FSCV, with rd = 2 μm and h = 1.4 rd, as
shown in Figure 2D. This experimental FSCV shows a collision
with a rather large droplet, as the nominal currents for 5 mM
TBAAc are considerably lower (Figure S3B in SI), reflecting
expected modal radius from the DLS measurements (Figure S1
in SI). However, the droplet will change its shape as a function
of the electrode potential due to electrowetting onto the UME
surface,51 making more accurate simulations very challenging.
However, the simulation showed that iR drop in the toluene
solution is negligible and that both the entire UME surface in
contact with the droplet and the droplet surface with aqueous
phase are electrochemically active even though current density
is higher at the three-phase boundary (Figure S8 in SI), which
agrees partially with previous speculation.32

To investigate the effect of the droplet shape on the
voltammetry, the cap height was varied while keeping the
droplet radius constant at 2 μm. The results are shown in
Figure 3. In these simulations, the diffusion coefficient of Rb in
aqueous and toluene, Daq and Dorg were taken as 2 × 10−6 cm2

s−1 and 3 × 10−6 cm2 s−1 respectively,32 while all the k0 values
were set as 0.01 cm s−1. Note that a smaller volume of the
aqueous phase was used in the model to reduce the
computational time to ca. 3 h. The purpose of this strategy is
to capture the voltammetric trend using the model, as in all
cases the reaction is limited by diffusion of Rb inside the
toluene droplets. Smaller values of h result in a larger radius of
the interface between toluene and underlying UME (i.e., larger

Figure 2. (A) Schematic depiction of the method for background
subtraction in FSCV. (I) The raw current−time (i−t) profile of an
emulsion droplet collision signal obtained by FSCV. (II) The same i−t
profile after background (532 to 533.5 s) subtraction. (III) Example of
the recovered time-domain CV of a collision signal at the moment of
533.7 s after background subtraction. The frequency of the excited
triangular potential wave was 20 Hz. (B) Example of the recovered
CVs of electron transfer coupled with different kinds of ions transfer
during emulsion droplets colliding on the C UME recorded by FSCV.
(C) The range (i.e., error) bar chart of peak and half-wave potentials
of obtained collision signals from Figure 2B. (D) Comparison of the
simulated CV (black curve) with the experimental one (blue curve,
Ac−/TBAAc in panel B).
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re). However, smaller values of h are not reasonable as parts of
the droplet will reside outside the active electrode surface
(Note that UME radius is 5 μm). In this case both o/w
interface and UME/o interface have similar areas, and the
electrochemical response resembles the thin-layer cell.69,70 The
peak current decreases with increasing h, while the peak
separation increases. The current decreases sharply with h
increasing from 1.8 to 1.9 rd, because the available electrode
area for the ET reaction decreases abruptly. For the very small
UME/o interface with h = 1.9 rd, the current needs to be
multiplied by a factor of 10 for the features to be visible (green
vs navy blue colored curves in Figure 3A). The FSCVs,
normalized by the oxidative peak current (to better distinguish
the trends), are shown in Figure 3B.
The effect of the droplet size was also investigated by FE

simulations, with parameters described in Table S5 in SI, and
the results are shown in Figure 4. As the droplet size gets
smaller, the voltammetry starts to resemble the thin-layer
cell,69,70 as diffusion of the redox mediator is confined to a
smaller space.
The simulated voltammograms of different droplet sizes

(Figure 4) show that smaller droplets should feature thin-layer
type behavior, if the shape of the droplets remains unchanged.
The comparison of the exemplary experimental voltammo-
grams of different peak currents (Figure S5 in SI) with the
simulated curves reveals that experimental curves show shapes
typical for processes limited by linear diffusion. This indicates
that the small currents likely result from an impact of relatively
large droplet with high value of h (i.e., h ≥ 1.9 rd, refer to

Figures 3 and 4). Therefore, the peak current histograms
(Figure S3 in SI) reflect not only the size distribution but also
the shape distribution upon collision, and more detailed
analysis is complicated by the time-dependent size distribution
(Figure S4 in SI). Qualitative agreement between experiment
and simulation is obtained with rd = 2 μm and h = 1.4 rd as
shown in Figure 2D. Note that the experimental reduction peak
current is lower with respect to the simulated one, and the
experimental reduction peak potential is shifted negatively.
Better fit between experiments and simulations could be
obtained by increasing both the droplet radius and the droplet
height. Inclusion of the effect of the ionic association into the
1D model shows similar behaviors on the FSCV (Figures S18
and S19, SI). Better agreement with the experimental data is
expected by fine-tuning of the standard rate constants and
charge transfer coefficients of the ion and electron transfer
reactions.
The effect of the standard rate constants for both ion transfer

and electron transfer reactions were investigated, as shown in
Figures S12 and S13 in SI. With rd = 2 μm and h = 1.4 rd the
simulated FSCV is more sensitive to the electron-transfer
parameters: decreasing the standard rate constant results in
decreasing peak current and wider peak separation. Decreasing
the standard rate constant for the ion transfer reaction does not
significantly affect the peak current but increases the peak
separation, especially at low values of kIT

0 < 0.01 cm s−1.
Modifying the charge transfer coefficient of the ion transfer
reaction did not show any effects (data not shown), while
oxidation peak currents decreased and reduction peak currents
increased for low values of αET (Figure S14 in SI). Further
discussion is available in the Section 5 in the SI. Note that an
additional peak appears at ca. 1100 mV in the forward scan in

Figure 3. (A) Effect of the droplet cap height on the simulated FSCV.
The current for the droplet h = 1.9 rd was multiplied by 10 to make the
features visible (green vs. navy blue curve). rd = 2 μm (B) FSCVs
normalized by the oxidation peak current for better visualization and
comparison.

Figure 4. (A) Effect of the droplet size on the simulated FSCV, h = 1.4
rd. (B) Simulated FSCVs normalized by the oxidation peak current.
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panel “I” of Figure 2A, and the current increases exponentially
at an even higher potential limit in Figure 2B. This might be
caused by onset of oxidation of trace impurities in the IL-PA
(≥97%) in toluene and oxidation of water or IL-PA,
respectively. Further investigation is required to understand
this process in detail and will be addressed in our future work.
Emulsion Droplets Collision Mechanism. The i−t

profile of the FSCV in panel “II” of Figure 2A shows that
current decreases after some cycles. As both ET and IT
reactions are reversible, and nothing is consumed in the
reaction, FSCV should reach a steady-state and stay there
indefinitely. The gradually decreased current response might be
due to three reasons: ① something decomposes and blocks the
electrode surface; ② the droplet detaches and moves into the
bulk; or ③ the droplet moves away from the middle part of the
UME surface toward the insulating sheath. Because multiple
collisions are observed (Figure 1), electrode fouling seems
unlikely. Based on simulations (Figure 3), the droplet will
initially wet the electrode surface reasonably well, with h ≈ 1 to
1.5 rd. However, after some potential cycles, the droplet will
move away from the UME surface, with increasing h values, and
will finally leave completely. This scenario has been observed
previously.51 It is also very likely that the droplet will move
from the center of the UME toward the insulating sheath due
to the edge effect of the UME.71 Note that some parts of the
droplet may remain in contact with the electrochemically active
UME surface, as being evidenced from the residual current at
535 s in Figure 2A II.
TBAAc concentration effect including association and/or

precipitation on the FSCV was investigated by both experi-
ments and simulations, as detailed in Section 6 of the SI.
Association and precipitation between Rb+ and Ac− could
partially explain the discrepancy between the experimental CV
and the simulated one in Figure 2D. As the ion transfer
potentials of ClO4

− and Ac− could not be distinguished from
each other in experimental FSCV (Figure 2B), we applied
second-order harmonic frequency domain analysis of FSCV to
investigate the collision response (Section 7 in SI). The non-
Faradaic background component of voltammogram was linear
in nature and mainly distributed in the fundamental excitation
frequency and odd harmonics,55 and thus, the exploitation of
the second-order harmonic was justified, to obtain a higher
signal-to-noise (S/N) ratio.72 This was corroborated by the
observations of ClO4

− and Ac− transfer presented herein, which
showed clear differentiation in the phase angles of the second-
order harmonic analysis (Figure S20 in SI). The results above
illustrated the impressive detection selectivity and sensitivity of
harmonic voltammetry in the frequency domain.
Besides studying ion transfer, the interaction between the

droplet and the UME during collision was also investigated by
FTSV experiments in conjunction with FSCVs (Figure 2) and
FE simulations (Section 5 in SI). In our previous work, we have
summarized four collision modes, which are differentiated by
their phase angle.51 Here we revealed some new interaction
behaviors (cases II, III, and IV in Figure 5) by a comprehensive
analysis of phase angle, current evolution in multiple CVs, and
the FE simulations. In case I of Figure 5A where 5 mM
TBAClO4 is in aqueous solution, a toluene droplet with trapped
rubrene collides with the UME surface directly and then “ET
coupled IT” occurs. The current suddenly increases and then
slightly decreases to a quasi-constant level shown in the first
row of “Response” column, due to the fast steady-state diffusion
of Rb within the tiny droplet. This Faradaic process is

characterized with a phase angle of 20°. Case II illustrates a
toluene droplet colliding onto another oil droplet/film formed
by preceding collisions and then fusing with the droplet/film.
This collision mechanism is implied by the second current step
with the same phase angle of 20° superimposed onto the first
current step, as depicted in the second row of “Response”
column. Case III was revealed by the gradual decrease of the
current with multiple potential scans in panel “II” of Figure 2A
and FE simulations (Figure 3): the redox-active droplet first
collides with the UME surface and then either detaches
gradually from the UME or moves away from the UME center
to the edge, resulting in partial contact between the droplet and
the glass sheath. The latter was implied by the residual current
remaining at 535 s in Figure 2A II, as has been discussed before.
The faster current decay and the gradual change of phase angle
from 20° to 30° in the third row of “Response” column further
corroborate these behaviors. Interestingly, we also observed a
response characterized by a sudden stepwise current decrease,
inducing a phase angle of about −150°. This scenario is
visualized in case IV in Figure 5. It occurs when a toluene
droplet without the redox probe collides with the oil droplet/
film. This phenomenon is confirmed by another independent
experiment shown in Figure S21 in SI. The drastic difference in
contact angle between cases I−III and IV is derived from the
different collision stages: early stage for case I−III and later
stage for case IV where a toluene film has been formed by
preceding collisions.51 The frequency/time domain analyses in
combination with FE simulations have shed new light on the
collision mechanism of emulsion droplets.

■ CONCLUSIONS
In conclusion, FSCV/FTSV, characterized with high temporal
and potential resolution, has been successfully applied in
conjunction with the FE simulations to study single-emulsion
droplet collision electrochemistry with the process of “ET
coupled IT”. The thermodynamics of ion transfer (i.e.,

Figure 5. Four collision modes revealed by FTSV. Under the
condition of 5 mM TBAClO4 in aqueous phase, (I) A toluene droplet
containing 5 mM rubrene collided with the UME surface directly and
then attached to it after rubrene electrolysis. (II) A toluene droplet
containing 5 mM rubrene collided with another attached droplet/film
formed by preceding collisions, and then fused with the droplet/film.
(III) A toluene droplet containing 5 mM rubrene collided with the
UME and then either detached gradually from the UME or moved
away from the UME center to the edge, resulting in the partial contact
between the droplet and the glass sheath. (IV) A toluene droplet
without contents (no rubrene) collided with the toluene film, and then
fuses with the film. The first-order harmonic magnitude () after
background subtraction, and the phase angle (○) induced by the
collision events of the four cases are shown in the “Response” column.
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hydrophilicity/lipophilicity of ions) at the soft interface
between water and toluene of very low dielectric constant has
been estimated via single-emulsion droplet collision electro-
chemistry. Emulsion droplet size and shape distributions upon
collision have also been uncovered by comparison between
experiments and simulations. This cannot be addressed easily
using other methods and extends earlier works using sampled
current voltammetry, which requires additional experimental
time and has the risk of potential drift.32 Some new physical
insights were also revealed herein: for example, it is the iR drop
in the aqueous phase where few dissociated ions are present for
the salts of TEA+, or TBA+, or THA+ with their common anion
PF6

−, leading to a larger peak-to-peak separation than that for
TBAClO4, TBAAc, and TMAPF6. Finally, the mechanisms with
three new collision modes have been investigated in detail by
applying time/frequency-domain analysis and FE FSCV
simulations. Herein, the methodology of “Single Organic
Droplet Collision Voltammogram via Electron Transfer
Coupled Ion Transfer” has been established and which can
be applied in the future to a broader range of complicated
(electro)chemical problems such as phase transfer catalysis in
organic chemistry, colloidal and nano science, ion sensors,
microfluidics, biochemical processes like vesicle-based drug
delivery and exocytosis, and so forth.
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