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microdroplet}
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Droplet evaporation and dissolution phenomena are pervasive in both natural and artificial systems,
playing crucial roles in various applications. Understanding the intricate processes involved in the evapor-
ation and dissolution of sessile droplets is of paramount importance for applications such as inkjet print-
ing, surface coating, and nanoparticle deposition, etc. In this study, we present a demonstration of
electrochemical investigation of the dissolution behaviour in sub-nL droplets down to sub-pL volume.
Droplets on an electrode have been studied for decades in the field of electrochemistry to understand
the phase transfer of ions at the oil-water interface, accelerated reaction rates in microdroplets, etc.
However, the impact of microdroplet dissolution on the redox activity of confined molecules within the
droplet has not been explored previously. As a proof-of-principle, we examine the dissolution kinetics of
1,2-dichloroethane droplets (DCE) spiked with 155 pM decamethylferrocene within an aqueous phase on
an ultramicroelectrode (r = 6.3 pm). The aqueous phase serves as an infinite sink, enabling the dissolution
of DCE droplets while also facilitating convenient electrical contact with the reference/counter electrode
(Ag/AgCl 1 M KCl). Through comprehensive voltammetric analysis, we unravel the impact of droplet dis-
solution on electrochemical response as the droplet reaches minuscule volumes. We validate our experi-
mental findings by finite element modelling, which shows deviations from the experimental results as the
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Introduction

Droplets of sub-femtoliter volumes pervade nature; however,
their physicochemical properties are strikingly unknown
because of limitations in rigorous quantitative measurements.
The past decade has witnessed growing consensus that chemi-
cal reactions proceed differently in droplets, which have the

ability to accelerate reactions by up to 10’.'”* Furthermore,

droplets play a pivotal role in diverse scientific disciplines
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TElectronic supplementary information (ESI) available: Experimental section,
optical micrograph of the Au UME, cyclic voltammogram of the stock solution of
(Cp*).Fe" in DCE used for the experiments, bulk voltammetry of (Cp*),Fe""" in
DCE in bulk, bond number calculation, raw experimental data with noise filtered
data, measurement of contact angle, geometrical description of droplet on sub-
strate, rate of dissolution of sessile droplets, calculating diffusion coefficient of
DCE in water for CCA and CCR modes, derivation of the mesh velocity in CCA
and CCR mode of dissolution, calculation of junction potential at the oil|water
interphase, details of numerical simulation, Theoretical lifetimes of droplets
and MATLAB code, voltammetry of a dissolving DCE droplet containing
(Cp*),Fe"™ in the absence of salt in the bulk phase. See DOI: https://doi.org/
10.1039/d4an00299g
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droplet accesses negligible volumes, suggesting the presence of complex dissolution modes.

encompassing both physical and biological processes. The
evaporation and dissolution of sessile droplets assumes a criti-
cal position in a wide array of industrial applications, ranging
from agrochemical spraying of plants and desalination to DNA
synthesis, evaporative lithography, inkjet printing, protein crys-
tallography, and surface patterning.® The study of dissolution
kinetics in picoliter (pL) volumes, or smaller, presents signifi-
cant challenges due to the small size of the droplets.
Accurately measuring the dissolution rates and size changes of
pL droplets requires techniques with high spatial and tem-
poral resolution. The rapid nature of the process necessitates
precise and high time resolution to capture dynamic changes
effectively. The accelerated dissolution rates observed in pL
droplets can be attributed to their high surface area-to-volume
ratio, efficient diffusion, as well as the presence of concen-
tration gradients and convective flows.® Previous reports have
emphasized the importance of droplet size in understanding
how chemistry evolves within such small volumes.” Therefore,
studying the dissolution and evaporation of droplets may hold
the key to unraveling the origins of life.®

The physics of droplet evaporation is a diffusion-limited
phenomenon, where the diffusive transport of the droplet con-
stituents in the form of vapor from the droplet into the atmo-
sphere governs the evaporation process.’ A less studied, but
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completely analogous, system is that of a liquid droplet sur-
rounded by another liquid. Herein, the dissolution process is
also diffusion-limited, involving the diffusive transport of
droplet constituents into the surrounding liquid phase. Both
processes of evaporation and dissolution of droplets are purely
diffusion-controlled and, therefore, can be explained by the
same set of equations. The theoretical framework of the dis-
solution laws can be found in the ESI pg. no. S10.1 In nature,
however, droplets are rarely static and undergo dramatic
changes as a result of evaporation or dissolution. Tracking the
changes in the volume and lifetime of evaporating droplets
depends on the mode of dissolution of the droplets. The most
simple and extensively studied models in the field of evapor-
ation and dissolution are the constant contact angle (CCA) and
constant contact radius (CCR) modes.'®'" In CCA mode, the
contact line is free to move, resulting in changes to the contact
radius over time, while the contact angle (6.) remains constant
throughout the dissolution process. Whereas, in CCR mode,
which is typically observed on rough substrates, involves a
pinned contact line and a fixed contact radius (R.) that
remains unchanged throughout the evaporation process. This
leads to a uniform wetted area on the substrate, and even-
tually, the contact angle decreases to zero. The schematic
shown in Fig. 1 describes the two extreme modes of dis-
solution i.e., CCA and CCR mode of evaporation/dissolution.
However, in reality, droplet dissolution does not occur exclu-
sively in either of these modes but typically involves a combi-
nation of these extreme modes, referred to as the “mixed
modes.” Several different kinds of mixed modes of dissolution
have been reported like the stick-slide (SS) and stick-jump (SJ)
modes.>"*'* SS mode is characterized by a sequential combi-
nation of a CCR phase followed by a CCA phase.””° In this
mode, droplets initially undergo evaporation/dissolution in
the CCR mode until a specific contact angle is reached.
Subsequently, the evaporation/dissolution process transitions
to the CCA mode while maintaining a constant contact angle.
The CCA mode may persist until the droplet is completely dis-
solved or may be followed by one or more subsequent stick-
slide cycles. Stick-jump mode involves multiple (theoretically
infinite) CCR phases separated by rapid (theoretically instan-

taneous) jump phases.’*™*>??
CCA Mode CCR Mode
Dissolution 4 Dissolution

2

6. (Constant) R,

Fig. 1 Schematic depicting various modes of droplet dissolution:
Constant Contact Radius Mode (CCR) and Constant Contact Angle
Mode (CCA).
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Significant efforts have been dedicated in the field of
electrochemistry, particularly in the study of droplets on an elec-
trode in a bi-phasic system. These scenarios include instances
where an oil droplet is placed on an electrode submerged in a
bulk aqueous phase (or vice versa) or in the form of an oil-water
emulsion where oil/water droplets stochastically collide with the
electrode surface.>>> Over the decades, electrochemistry has
played a crucial role in investigating the redox activity of mole-
cules confined within these droplets, elucidating the mecha-
nisms of phase transfer of ions across the oil-water interface,
and enabling the parsing out of partitioning kinetics, Gibbs free
energy for the transfer of ions across the liquid|liquid interface,
accelerated reaction rates in tiny microdroplets, etc.'”>>>*26730
However, the impact of microdroplet dissolution on the redox
activity of confined molecules within the droplet has not been
explored previously. In this study, we present an electrochemical
methodology for a thorough analysis of effect of dissolution of
oil droplets down to sub-pL volume on the redox activity of con-
fined molecules in the droplet. To validate the concept, we
monitor the dissolution of a droplet composed of 1,2-dichlor-
oethane (DCE) on a gold ultramicroelectrode (UME) in a
aqueous bulk phase. The voltammetry of decamethylferrocene
((Cp*),Fe™) undergoes significant changes as the DCE droplet
dissolves. The voltammetry transition from an initial sigmoid
(indicating bulk-like condition) to duck-shaped intermediates to
a pair of bell-shaped voltammograms as the droplet dissolves
with time. Using numerical simulations, we comprehensively
capture the voltammetric evolution during the dissolution of
the droplet. Accurate modeling of droplet dissolution requires a
comprehensive understanding and integration of the pertinent
physical mechanisms that govern the evaporation process occur-
ring from the droplet’s free surface into the surrounding atmo-
sphere. Previous studies have revealed that droplets do not
undergo dissolution through extreme modes, such as CCA or
CCR. Instead, they exhibit a more intricate mode of dissolution,
such as SS or S] modes, when they are dissolving/evaporating on
smooth substrates like glass.>’ However, the numerical model
proposed in this work is based on the use of extreme modes of
dissolution to predict the geometry of the droplet dissolving on
a Au UME. The Au UME comprises an exposed Au disk with a
radius of 6.3 pm, enclosed within a glass sheath. The dis-
solution mode of the droplet is segmented into two stages:
initially, it follows the CCA mode on the glass sheath, which is
succeeded by the CCR mode as the three-phase contact bound-
ary approaches the Au/glass interface. The simulation results,
which rely on these simplified dissolution modes, can accurately
capture the intricate changes observed on the voltammogram as
the droplet dissolves over time in the CCA phase, and some dis-
crepancies are observed in the CCR phase as the droplet
shrinks to negligible volumes. This work establishes a
platform for studying the dissolution of microdroplets using
electrochemistry, offering advantages over conventional
measurement tools like dynamic light scattering, atomic force
microscopy, and optical microscopy in terms of temporal resolu-
tion, cost-effectiveness, quantitative precision, and overall
convenience.

This journal is © The Royal Society of Chemistry 2024
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Results & discussion

The setup used to simultaneously monitor the optical and
electrochemical responses of a sub-nL droplet is shown in
Fig. 2. A 6.3 um radius (see optical micrograph Fig. S1%) disk
gold electrode is held vertically inside a Teflon cell filled with
~3 mL of 10 mM NaClO, aqueous solution. A micro-injection
system composed of a micropipette filled with (Cp*),Fe’™ in
DCE, a XYZ micro-positioner and a compressor is used to dis-
pense DCE above the center of gold micro-disk. The camera
positioned above the cell allows both alignment of the micro-
pipette with the gold micro-disk and monitoring of the droplet
size as a function of time. Bright field optical micrograph of
the surface of the electrode are acquired in reflectance with
diffuse white light illumination. The electrochemical measure-
ment is performed in a two-electrode configuration with the
reference/counter electrode located in a separate reservoir con-
taining 1 M KCI. This reservoir is connected to the cell via an
agarose salt bridge. The electrochemical reactions inside the
droplet are shown within the red frame in Fig. 2. The cyclic vol-
tammogram recorded for the stock solution of (Cp*),Fe’™
used in the preparation of oil droplets reveals that the DCE
phase initially contains a total of 155 pM of [(Cp*),Fe” +
(Cp*),Fe™], as determined through electrochemical measure-
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ments (see Fig. S21). The chemical structure of (Cp*),Fe” is
shown in the red dotted frame in Fig. 2. This molecule was
chosen because it is particularly insoluble in water and
expected to partition strongly in the DCE droplet. This mole-
cule can be reversibly oxidized, with n = 1 electron, to
(Cp*),Fe™. A typical cyclic voltammogram of (Cp*),Fe” in bulk
DCE is shown in Fig. S3.7 As the potential is swept positively
the oxidation of (Cp*),Fe"" occurs at the surface of the gold
electrode (yellow color in Fig. 2). Electro-neutrality inside the
droplet is maintained by transfer of ClO,” anions from the
water phase into the DCE droplet.*>*

A series of optical micrographs recorded during a typical
experiment is shown in Fig. 3(a). The time, ¢, is referenced at 0
s when the DCE droplet is injected onto the gold micro-disk.
The bright spot at the center of the first micrograph (¢t = —0.5
s, in Fig. 3(a)) is the surface of the gold disk electrode, in
absence of the DCE droplet. A red solid circle was placed on all
the micrographs to show the position of the electrode. The
electrode is surrounded by a glass sheath. The micropipette
can be seen on the right of the gold disk on the first micro-
graph. The injection of the droplet is performed between the
first and second optical micrographs in Fig. 3(a). The injection
is completed within about 1 s. A movie of the entire experi-
ment showing the shrinking of the droplet is provided in ESIf

Pressure Controller

<«— p-injector + Micropipet

f_ XYZ

Positioner

clo‘j mss;‘/uuon | %

Cp\'{‘cl"/

e (Cp*),Fe®

| D 10 mM NaClOgin Water [] Glass Sheath

Rubber Stopper I:l Cp* in 1,2-Dichloroethane I:l Gold Electrode

Fig. 2 Cross sectional schematic of the setup used to visualize droplet dissolution while simultaneously recording their electrochemical response.
A 6.3 um radius gold microelectrode is held vertically in a Teflon cell (grey color) containing about 3 mL of 10 mM NaClO4 aqueous solution (light
blue color). The gold micro disk is imaged with the camera positioned above the cell. The microinjection system is used to deliver about 0.55 nL of
155 pM (Cp*),Fe™ in DCE just on top of the gold micro disk. The resulting DCE droplet is shown in green on the scheme. The electrochemical
response is measured in a two-electrode configuration with a Ag/AgCl in 1 M KClI reference/counter electrode placed in a separate container and
connected to the Teflon cell via a salt bridge. The reactions occurring inside the droplet during an anodic potential sweep are shown inside the red
dotted frame. The chemical structure of the reduced form of redox molecule, (Cp*),Fe", is provided on the right. The DCE constantly dissolves into
the water phase (wavy arrows) while the (Cp*),Fe!" cannot escape the droplet and gets oxidized at the surface of the microelectrode. Charge
balance inside the droplet is maintained by the transfer of ClO,4~ across the water|DCE interface.
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Fig. 3 (a) Optical micrographs recorded during the dissolution of a 51 um radius droplet containing 155 uM of (Cp*),Fe" in a 10 mM NaClO,
aqueous bulk phase. The solid red line incrusted in the micrographs indicates the position of the gold-disk electrode. The scale bar is 10 pm. (b)
Side-view schematic of the droplet sitting on the electrode. (c) Side-view optical micrograph of a DCE droplet on a glass surface and immersed in
water. The scale bar represents 10 pm. (d) Apparent droplet’s radius as a function of time measured from the optical micrographs in (a). The data
points shown in red represent the apparent radius of the droplet measured using the acquired micrographs. The solid blue curve represents a poly-
nomial fit used to obtain a smooth representation of the data points. (e) Normal velocity of the water|DCE as a function of the inverse of the dro-
plet's radius. The solid navy curve is a linear fit on the data, slope = —2.4 + 0.003 cm? s™%, R? = 0.992. (f) Potential ramp applied during the dis-
solution of the droplet shown in (a). The colored segments in the potential ramp function correspond to the colored segments of the voltammo-
gram in (g)—(j). Panels (g)—(j) show cyclic voltammograms recorded simultaneously with the optical micrographs during the dissolution of the DCE
droplet at a scan rate of 0.2 V s™. The color code used for the cyclic voltammograms matches the color code in (f). The points on the cyclic voltam-
mogram indicate the exact time when the frames in (a) were taken. The voltammograms were smoothed using adjacent weighted averaging with 19
points per window and a Savitzky—Golay algorithm with 32 points per window, and a periodic boundary condition. See Fig. S4} for an overlay of
experimentally obtained CV and noise filtered CV of the purple curve in (h).

(optical micrographs on the left side of Movie S1}). The series
of micrograph shows that the DCE droplet shrinks and even-
tually completely dissolves into the water phase within 241 + 2
s. The error value was determined based on error in time
associated with the injection time and complete dissolution of
the droplet. The initial apparent radius of the droplet is 51 +
3 um (second micrograph in Fig. 3(a)). The geometrical
relation between the apparent droplet radius R, contact radius
R. and contact angle 6. is shown in Fig. 3(b). For micron-sized
droplets surface tension is stronger than gravitational forces
(bond number = 2.98 x 10~*, see ESI pg. no. S61) and thus the
droplet always keeps a spherical curvature. Independent
contact angle measurements for DCE droplets sitting on glass
and immersed in water (see side-view optical micrograph
Fig. 3(c)) provides a value of 6. = 149 + 3° (details about the
measurement are provided in ESI pg. no. S8 and Fig. S51). For

3942 | Analyst, 2024, 149, 3939-3950

6. > 90°, the apparent radius corresponds to the actual radius
of the droplet as shown in Fig. 3(b). The values of R. and the
volume of the droplet, V, can be calculated using basic geo-
metric relation provided in ESI pg. no. S9.1 For an initial value
of R = 51 pm and 6. = 149°, we estimate R. = 26 um and V =
0.55 nL.

Upon close examination of the optical micrographs in
Fig. 3(a), it is apparent that the gold disk electrode remains
entirely covered by the DCE droplet until complete dissolution.
Additional insights into the dissolution dynamics, including
the three-phase boundary surrounding the Au UME through-
out the entire dissolution process, can be observed in Movie
S1.f Thus, we concluded that the three-phase boundary must
stop moving at the gold|glass interface, where both difference
in surface tension between those two materials (glass|gold
interface) and topographic defects may act as pinning centers

This journal is © The Royal Society of Chemistry 2024
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thereby, allowing the remaining of the dissolution must occur
in CCR mode.” Fig. 3(d) shows the radius of the droplet
measured from the optical micrographs in Fig. 3(a) as a func-
tion of time shown by the red points and the navy curve is a fit
to the point. Fig. 3(e) shows the normal velocity of the water|
DCE boundary computed from differentiation of the fit (blue
curve) in Fig. 3(d). The velocity (magnitude) increases from
0.14 pm s~ " up to 0.25 um s~ " as the droplet radius drops from
51 pm to 15 pm."> The velocity is plotted as a function of 1/R.
The red curve is a linear adjustment of the diffusion-limited
model of dissolution in CCA mode for a spherical sessile
droplet (see details in ESI pg. no S11 and S12 for the slope
value and diffusion coefficient calculationt). An excellent
agreement is obtained between ¢ = 0 s and ¢ = 207 s. This last
time (207 s, at which the we transition from a CCA mode to
CCR mode of dissolution) corresponds to a droplet radius of
15 pm and a contact radius of 8 um where the droplet is forced
to switch from CCA to CCR mode. Note that the complete dis-
solution of the droplet takes ~241 s but Fig. 3(d) and (e)
accounts for only the first mode of dissolution i.e., CCA. For a
diffusion-limited dissolution process the eqn (S10)f estab-
lishes a link between the slope of the curve and the diffusion
coefficient of DCE in water for CCA mode of dissolution. We
obtain a value of Dpcg = 4.5 x 10~° cm? s™%. The obtained value
is consistent with the values of Dpcg in water, 5-10 x 10™° cm?
s™!, reported in the literature.*>°

During the entire course of dissolution the potential of the
UME is continuously scanned at a scan rate of 0.2 V s
between —0.35 V and 0.2 V as shown in Fig. 3(f). This potential
window is approximately centered around the apparent stan-
dard potential of the redox couple (Cp*),Fe"/(Cp*),Fe™ in bulk
DCE, E'® = —0.10 V (see Fig. S31). The duration of one cyclic
voltammogram is 5.5 s. A total of 45 cyclic voltammograms are
recorded during the experiment in Fig. 3, where the 45™ vol-
tammogram marks the complete dissolution of the droplet.
The colored points and segments in Fig. 3(g)—(j) correspond to
the time when the optical micrographs in Fig. 3(a) were
recorded. Recording of the micrographs and the voltammo-
grams is started before injection of the droplet to measure a
baseline current response. The injection appears as a sudden
increase of current as shown by the green voltammogram in
Fig. 3(g). Complete dissolution of the DCE droplet (~242 s)
appears as a sudden decrease of current as shown by the light
green voltammogram in Fig. 3(j). The voltammograms
recorded after 242 s (cyan curve in Fig. 3(j)) shows only
charge/discharge of the electrochemical double layer and no
detectable redox activity. Interestingly, the shape and intensity
of the voltammograms constantly evolve as a function of
droplet size, transitioning from an initial sigmoidal shape
with anodic and cathodic current plateaus near 0.15/—0.1 nA
(dark blue cyclic voltammograms in Fig. 3(g)) to duck-shaped
intermediates and finally to a Gaussian-shaped pair of peaks
reaching about +10 nA close to the complete dissolution of the
DCE droplet (light green cyclic voltammograms in Fig. 3(j)).
The correlation between the variation of the response in vol-
tammetry and the reduction of the droplet size was observed

This journal is © The Royal Society of Chemistry 2024
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for several tens of droplets and is reproducible. Movie S17
(155 uM (Cp*),Fe'; raw data with no noise filter of the data
shown in Fig. 3) and Movie S2f (initial concentration
(Cp*),Fe™™ was 1 mM) shows a side-by-side evolution of the
voltammetric response and droplet size as a function of time
for two completely independent experiments. The nuanced
variations in the voltammograms result from the dynamic
changes in the concentration of (Cp*),Fe™™ molecules con-
fined within the droplet as it gradually shrinks over time.
Consequently, we observe a sigmoid-shaped voltammogram
when the droplet size is relatively large, resembling bulk-like
conditions.>” However, as the concentration depletes in the
proximity of the electrode, the voltammograms transition from
a sigmoid shape to exhibit a peaking behavior. As the droplet
further reduces in size to tiny volumes, a transition into a thin-
layer regime occurs, where all the redox molecules within the
droplet can be probed when the size of the droplet and the
diffusive field are similar. This transition leads to the emer-
gence of a bell-shaped pair of peaks. Quantitative insight and
understand the intricate changes in voltammetry in the dissol-
ving droplet was obtained using numerical simulation.

A 2D-axial time-dependent simulation was used to rep-
resent the voltammetric experiment. Diffusion of the (Cp*),Fe"
and (Cp*),Fe™ species inside the droplet was simulated by
solving Fick’s second law with a commercial Finite-Element
Method package (COMSOL Multiphysics). The flux of redox
species at the electrode boundary was described using the
Butler-Volmer formalism for electron transfer rate. The
current at the microelectrode was calculated by integrating the
flux of species over the entire surface of the electrode. The
simulation incorporated finite redox kinetics (ko = 0.01 m s~ )
for the redox couple, (Cp*),Fe"/(Cp*),Fe™. Dissolution of the
DCE droplet was modeled using a deforming mesh and an
Arbitrary Lagrangian-Eulerian method. The rate of defor-
mation of the mesh is set by the rate of dissolution of the DCE
into water. The mesh was deformed using simple geometric
relationships (eqn (S18), (519), (S25) and (S27) in ESI pg. no.
S13 and S14t) that allows us to preserve the spherical geometry
of the droplet and simultaneous account for the dissolution
modes i.e., CCA mode on the glass sheath and CCR mode as
the three-phase boundary gets pinned at the Au|glass bound-
ary (see ESI pg. no. S13 and S147 for the detailed derivation of
mesh velocities).

The simulation was conducted in two phases, considering
the extreme modes of dissolution, i.e., CCA and CCR. In the
first part, a CCA mode of dissolution was utilized, where the
radius of the droplet changed with time, and the contact angle
was fixed at 150°. Throughout this phase, the simulation para-
meterized the movement of the oil/water interface based on
the measured radius values obtained from optics. The CCA
mode was applied until the three-phase boundary reached the
Au/glass interface and became pinned. Following this, the
CCR mode was employed to depict droplet shrinking, account-
ing for changing contact angles and maintaining a fixed
contact radius. It’s essential to note that the only input para-
meter utilized in the entire simulation is the adjustment of the

Analyst, 2024,149, 3939-3950 | 3943
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droplet geometry, specifically the droplet radius, against
optical measurements in the first part of the simulation (CCA
phase). In the absence of any partitioning of ferrocenyl species
across the oil|water interface, the (Cp*),Fe’" and (Cp*),Fe™
species were confined during the dissolution of the droplet.
This was done by adding a flux of both species directed toward
the droplet and proportional to the velocity of the boundary
and local concentration of species as the water| DCE boundary
moves with time (shrinking of the droplet). The resistance of
the solution and the intake of perchlorate ions inside the
droplet was modeled by incorporating concentration-depen-
dent ohmic drop and junction potential loss, respectively (see
ESIT for the details of calculation for junction potential). After,
it was ensured that the mass of ferrocenyl species was con-
served in the droplet, a slow partition of the redox species
from the DCE droplet to the bulk water phase was included in
the model using a first order kinetic (vide infra). Details about
the conservation of ferrocenyl species and slow partitioning
are provided in ESI (pg. no. S16-19).f The detailed COMSOL
report is provided in the ESL.{

Fig. 4 shows experimental (continuous lines) and simulated
(dashed lines) cyclic voltammograms with normalized
(Cp*),Fe™ concentration (colormap) and flux (arrows) profiles
at the time indicated by the marked point on the voltammo-
grams. The concentration of (Cp*),Fe'™ (C,,) is normalized by
the total concentration (Cia) Of ferrocenyl species and thus
represents the ratio of oxidized form inside the droplet. The
first and second columns show simulations during the CCA
and CCR modes, respectively. An excellent agreement is
obtained between the experiment and the simulation from the
initial time until 236 s, when the volume of the droplet has
shrunk from an initial volume of 0.55 nL to 0.5 pL. The simu-
lation captures the appearance of peaks on the sigmoidal vol-
tammograms as the droplet shrinks. A thin-layer regime with a
bell-shaped voltammogram was also predicted when the size
of the electrode and that of the diffusive field are similar.
Movie S3 in ESIT shows side-by-side the voltammetry and con-
centration profile at all the times. At the beginning of the
experiment (Fig. 3(a)) the droplet is about ten times larger
than the electrode and the concentration gradient is primarily
localized at the vicinity of the electrode and is barely reaching
the water| DCE boundary. The voltammogram is thus adopting
the sigmoidal shape typically measured in bulk for UMEs.>” It
is nonetheless important to recognize that the voltammogram
is sensitive to the change of volume of the droplet (and con-
centration). The smaller the droplet and the larger the current
of both the anodic and cathodic plateaus/peaks. This can be
easily understood with mass conservation. For a given amount
of redox molecules trapped in the droplet, reducing the
volume of this latter will inversely increase the average concen-
tration of the former. The flux profiles shows a diffusional flux
of both species starting from the water|DCE interface toward
the center of the doplet (see flux lines in Fig. 4(a)-(c)). This
flux is always positive and leads to an increase in concen-
tration of the species. The increase in the total concentration
of redox species (Cyora;) during the dissolution of the droplet is
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mentioned in the Fig. 4 caption. On the other hand the flux of
(Cp*),Fe™ near the electrode can be either positive or negative
depending on the potential of the electrode with respect to the
apparent standard potential of the redox couple. However, it
clear from CCR panel of Fig. 4 that there is a significant devi-
ation between the simulated and experimental voltammo-
grams in terms of the position and intensity of the redox
peaks as the droplet shrinks to tiny volumes (Fig. 4(d)-(f)). We
believe these discrepancies arise due to the simplistic assump-
tions in the formulation of the model like existence of extreme
modes of dissolution, especially during the CCR phase.
Moreover, in this work, it was assumed that diffusion is solely
responsible as the transport mechanism of redox-active mole-
cules. This assumption holds true when the concentration is
low and sufficient supporting electrolyte is present, represent-
ing a scenario when the droplet is large. However, as the con-
centration ramps up, electromigration may also influence the
transport phenomena, which hasn’t been accounted for and
may correlate with the discrepancies in the simulation results
in the CCR mode. These difference may give rise to incon-
gruencies between simulation and experiment in the cyclic vol-
tammetry, especially when the droplet is smaller. However, it
is crucial to emphasize on the fact that electrochemistry is sen-
sitive to the volume changes at that scale. Further investigation
into the complex modes of dissolution during the final
moments of the droplet and incorporation of more complex
electromigration phenomenon in the simulation represents a
future avenue of our work.

Despite the simplistic assumptions and discrepancies in
the predictions based on simulation in the CCR phase, the
model allows us to determine several geometrical and electro-
chemical parameters like contact radius, contact angle,
volume of the droplet, concentration of (Cp*),Fe'/(Cp*),Fe™
species, charge, partitioning kinetics of(Cp*),Fe'/(Cp*),Fe™
species, junction potential loss at a moving oil|water interface
etc. as a function of time, which are not directly accessible
from the experimental results. In CCA and CCR mode of dis-
solution, the velocity of the water|DCE interface was tracked
based on the contact radius and contact angle, respectively.
These quantities are plotted in Fig. 5(a) left and right Y-axis,
respectively. The contact radius was calculated based on the
micrographs recorded during the dissolution of the droplet
(Fig. 3(e) and eqn (S5)f) and directly fed into the simulation
allowing us to predict correctly the cyclic voltammograms
during the entire CCA dissolution mode. It is crucial to note
that this is the only free parameter introduced into the simu-
lation to model the geometry of the dissolving droplet in the
CCA phase. Note that after 207 s, the contact radius does not
change due to pinning of the contact line at the Au|glass inter-
face. Thus, the radius of the droplet as a function of time
could also be an adjustable parameter of the simulation used
to determine the kinetics of the droplet dissolution without
the need of the optical measurement. In fact, in our experi-
mental setup, the contact angle could not be measured directly
from top-view optical observation. Therefore, to accurately
predict the electrochemical signal during the CCR mode of dis-

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Comparison of experimental (continuous lines) and simulated (dashed lines) cyclic voltammograms during the dissolution of a DCE droplet.
The color profiles represents the ratio [(Cp*), Fe"'1/(I(Cp*), Fe'l + [(Cp*), Fe"'), which is denoted as Cox/Ciota fOr the sake of clarity. The arrows
describe the flux of (Cp*),Fe"". The concentration profiles and fluxes are taken at the time indicated by a circle on the voltammogram. The panels (a),
(b), (c), (d), (e) and (f) correspond to the 6™ (t = 29 s, Ciota = 0.197 mM), 17" (t = 92 s, Ciotal = 0.373 mM), 26" (t = 139 s, Cioar = 0.719 mM) 38" (t =
208 s, Crotal = 4.76 MM), 415 (t = 223 s, Cioral = 8.22 mM), 43" (t = 235 s, Cioral = 98 MM) cyclic voltammograms, respectively. The parameters of the
simulation are: initial concentration of redox couple 155 pM, initial Ox/Red ratio 20/80, diffusion coefficients of (Cp*),Fe' and (Cp*),Fe'" in DCE are
8.8 x 107® and 5.3 x 107® cm? s7%, respectively, radius of electrode 6.3 um, standard apparent potential —0.04 V, standard rate constant for electron
transfer (ko = 0.01 m s™) and symmetry coefficient (« = 0.5), first order rate of loss for (Cp*),Fe"" and (Cp*),Fe", 1.20 x 107 cm s™* and 0.08 x 107
cm s7L. The initial serial resistance is set at 0.1 Gohm. The transition from CCA to CCR mode is set for a contact radius of 8 ym near the gold|glass

interface.

solution, a manual adjustment based on the contact angle as a
function of time was conducted in our simulation to reproduce
correctly the electrochemical signal during the CCR mode of
dissolution (contact angle remains constant (149°) during the
CCA mode ie., from ¢ = 0 s to 207 s). When referring to manual
adjustments, we mean an informed input based on the theore-
tical equations used to model the dynamics of droplet dis-
solution. While the contact angle drops from 149° to 120° at an
increasing rate, a constant rate of ~16° s~ is observed between
125° and 65°. This linear behavior is expected in CCR mode." It
is crucial to realise that a total of 44 voltammograms were
experimentally recorded before the complete dissolution of the
droplet. The numerical simulation was performed until the 43™
voltammogram due to our inability to account for the complex
mechanisms associated with the complete dissolution of the
droplet on the 44™ voltammogram. Therefore, despite Fig. 5(a)
shows the final contact angle as 65°, in reality the droplet

This journal is © The Royal Society of Chemistry 2024

accesses contact angles approaching zero degrees during the
final moments of its lifetime. A comparison of the theta vs. time
used to capture the droplet geometry in the CCR phase is shown
in Fig. 5(a) with a model for diffusion-limited dissolution of
sessile droplet in CCR mode gives a value of Dpcg = 3 x 107°
em” s~ (see details in ESI pg. no. S11 and S127). This value of is
in agreement with the reported values in the literature.’>>® Note
that there is a significant difference in the calculated value of
Dpcg in water during the CCA and CCR phase. This discrepancy
may be attributed to our inability to capture the electro-
chemistry during the CCR phase due to the simplistic assump-
tion that the droplets dissolve in pure modes of dissolution, or
the error in the measurement of the initial droplet radius. The
equations used (eqn (S10) and (S13)f) to determine the
diffusion coefficient are highly sensitive to the initial radius,
and even a small error in initial radius manifests as a significant
change in diffusion coefficients.

Analyst, 2024,149, 3939-3950 | 3945
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Fig. 5 (a) Contact radius (left Y axis) and contact angle (right Y axis)
used for the simulation of a DCE droplet dissolution in (b) simulated
volume of the droplet as a function of time. (c) Simulated concentration
of (Cp*), Fe'" (left axis) denoted as C,y and total concentration of redox
active species (right axis) denoted as Ciota during the dissolution of the
droplet. The vertical dotted line represents the transition from CCA to
CCR mode.

Fig. 5(b) and (c) shows the volume and concentration of
(Cp*),Fe'™ species in the droplet as a function of time. The
volume of the droplet was calculated based on the eqn (S3)}
and geometrical parameters shown in Fig. 5(a). We emphasize
the power of electrochemistry in being able to track the
volume reduction across 3 orders of magnitude, requiring a
log-scale. The volume decreases faster with time. A change of
rate is seen at ~207 s (vertical dotted black line) when the tran-
sition from CCA to CCR mode occurs. The effect of change in
volume is evident on the concentration of ferrocenyl species
confined in the droplet, as shown in Fig. 5(c). The total con-
centration is raising from an initial 155 pM up to almost
100 mM. This change of concentration by almost 3 orders of
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magnitude corresponds to the accumulation of the redox
species as the volume shrinks. The C,, ([(Cp*),Fe™]), shown in
blue on Fig. 5(c) is oscillatory in nature due to the nature of
the voltage sweep. However, the overall concentration (Ciotar)
increases with time (solid red curve of Fig. 5(c)). Note that
during CCR mode of dissolution, the oscillation in the Coy
curves touches the Cio ([(Cp*)oFe™ ]+ [(Cp*).Fe"]) curve
shown in red. This is because the dimensions of electrode and
diffusive fields are similar, thereby exhibiting thin-layer behav-
iour. In such a condition, all the redox molecules confined in
the droplet can respond to the voltage sweep. This shows the
ability of the methodology detailed in this work to be used as
a sensing modality based on enrichment in analyte concen-
tration in the dissolving droplet and represents another future
avenue of our work. Nonetheless, it is interesting to ask: what
is the minimum volume that can lead to a detectable electro-
chemical signal, or, in other words, when does the electro-
chemistry shut down? To answer this question, we draw our
attention to the lifetime of the droplet.

Table 1 shows the lifetime of droplets measured using
electrochemistry, optics and dissolution law (see pg. S20 in
ESIT for the lifetime calculations using dissolution laws). The
electrochemistry lifetime represents the time difference when
the current rises above the baseline (at the injection point)
and drops back to the baseline. The optical lifetime is deter-
mined by observing intensity contrast at injection until no
variation in intensity (above baseline) is discernible in the
micrographs. The theoretical lifetime of the droplet is deter-
mined using MATLAB, as shown in eqn (S33) and (S34) in the
ESI pg. no. S20 and S21.7 The last column is the theoretical
lifetime based on the physico-chemical parameters found in
the literature, the initial size of the droplet, and a diffusion-
limited model. Experiments with two different initial concen-
trations of ferrocenyl compounds and different initial radii of
the droplet are reported in Table 1. The experimental lifetimes
are always shorter than the theoretical lifetime (between
3-25%, depending on the initial size of the droplet). These
differences primarily arise from the use of extreme modes for
dissolution to describe the shrinking volume of DCE droplets.
In addition, the electrochemical lifetime is always longer than
the optical lifetime during a point in the droplet’s life where
the volume is changing most quickly. While a longer theore-

Table 1 Comparison of the lifetime of the droplets using optical
measurement (Toptics), electrochemistry (7ecnem) and the dissolution
laws (Tineory) s a function of initial radius of the droplet (R) and total
initial concentration of the (Cp*),Fe™ and (Cp*),Fe!" ([(Cp*),Fe™ +
(Cp*)2Fe™] = [Crotal) in DCE droplets

[Ctotal] (mM) Ri (Hm) 'Eoptics (S) fechem (S) 'Etheory (S)
1 37 137 140 145
1 38 139 141 152
0.1 39 151 154 161
0.1 42 173 179 186
0.1 48 235 245 274
0.1 55 241 250 320
0.1 58 290 298 355

This journal is © The Royal Society of Chemistry 2024
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tical lifetime may reflect our incapacity to observe the very last
moment of the droplet dissolution (also error on initial size
plus other phenomena like convection), it appears that electro-
chemistry allows tracking the dissolution process further than
optical microscopy under our experimental conditions. In fact,
the electrochemical signal grows larger as the droplet shrinks
and concentrates the redox species. We hypothesize that the
maximum concentrations must be limited by the solubility
limit of the species. Beyond that concentration, the species are
expected to precipitate. However, it must be noted that the
time at which the solubility limit is reached is convoluted with
the final volume that the droplet may access before complete
dissolution. We measured the limit of solubility of (Cp*),Fe"
in DCE to be around 125 mM. In the simulation results shown
in Fig. 4, this limit is reached for a final volume of 0.5 pL.
Moreover, we observed the presence of insoluble deposits at
the electrode surface after the complete dissolution of the
droplet across multiple experiments involving the use of
higher initial concentration of (Cp*),Fe"" species (see Movie
$2+) in the DCE droplet.*”

We now examine other electrochemical quantities inform-
ing about the size of the droplet. Fig. 6(a) shows the charge (Q)
calculated by integrating the area under the current of the
cyclic voltammograms. The charge increases and presents
oscillations that are also increasing in amplitude. Both the
average charge and the amplitude of the oscillation tends
toward a constant value between the 41°-42™ cycles at about
220 s. The amplitude of the oscillation reaches a maximum of

(a)

(b) {0.06 s
10.00 &

S

0.06 3

J012 ©

0 50 100 150 200 250
Time (s)

Fig. 6 (a) Charge obtained by integrating the area under the experi-
mental cyclic voltammograms. (b) experimental half-wave potential
(E1/2, shown in orange) and simulated apparent standard potential cor-
rected from the junction potential loss (E'°, shown in violet) during the
course of the droplet dissolution.
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Qmax = 6.4 nC. The oscillations are cause by the cyclic potential
ramp centered around the standard potential drawing alterna-
tively anodic and cathodic currents. As the droplet shrinks,
more of the volume can be probed during a single cyclic vol-
tammogram. In the last three cycles all the volume is probed
corresponding to the thin layer regime observed on the cyclic
voltammograms in Fig. 3(j), 4(e) and (f). Thus, the maximum
charge is proportional to the total content of (Cp*),Fe™™
inside the droplet. The electrochemical response is expected to
reach a thin layer regime when the height of the droplet obeys
h = +/2DAE/v, where AE/v represents the duration of one
potential sweep and thus the time during which oxidized/
reduced species can explore the droplet by diffusion.*® Under
our experimental condition, a value of 4 = 50 pm is calculated.
Using Fig. 6(a), we deduce that the droplet height is approxi-
mately 50 um at 220 s, in agreement with the full numerical
simulation shown in Fig. 4(e). Once h < /2DAE /v mass trans-
port is much faster than the time scale of the experiment. The
voltammetric response resembles a pure thin-layer behavior
bringing no information on the size of the droplet. In order to
gain temporal resolution and track the dissolution of smaller
droplet the scan rate can be increased. Another important
piece of information brought by Fig. 6(a) is the total amount,
Neot, Of (Cp*),Fe™ and (Cp*),Fe" species detected inside the
droplet. According to Faraday’s law the charge detected in the
droplet Qmax = nFNy, where F is the Fraday’s constant (96 485
C mol™). In our case we measured Ny = 66 fmol while based
on the initial concentration (155 uM) and volume of (0.55 nM)
we expect 83 fmol. The difference indicates that 20% of the
redox species were “lost” during the experiment. This loss is
included in our simulation by using a first-order kinetic of
transfer through the water|DCE interface. The first-order rate
constants for (Cp*),Fe™ and (Cp*),Fe" species are 1.20 x 10™°
cm s~ and 0.08 x 10~° cm s™", respectively. A larger value for
(Cp*),Fe™ than (Cp*),Fe" is necessary to conserve the pro-
portions of the anodic and cathodic peak in voltammetry. We
hypothesize that the positively charged (Cp*),Fe'™ is more
soluble in water than the neutral (Cp*),Fe" species.

Fig. 6(b) shows the half-wave potential, E;,, (orange
symbols, left axis) measured for all the 44 cyclic voltammo-
grams recorded during the dissolution of the droplet. E,,, was
identified to the inflexion point for sigmoidal voltammograms
and the average value of the peak potentials when pairs of
anodic and cathodic peaks are appearing. The value of E;,
shifts by +140 mV over the course of the experiment. We
explain this shift as a result of junction potential at the water|
DCE interface. Fig. 6(b) shows on the right Y-axis, the value of
the simulated apparent standard potential corrected for the
junction potential. The junction potential is computed assum-
ing that perchlorate anions are the only ionic species crossing
the interface to compensate the charge caused by the oxidation
of (Cp*),Fe" to (Cp*),Fe™ (see ESI pg. no. S16-S19 for detailed
discussiont). We observed that in absence of counterion the
electrochemical response disappears after few cyclic voltam-
mograms suggesting that (Cp*),Fe™ is forced to leave the
droplet to maintain electroneutrality (see Fig. S121). The
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electrochemical model describes correctly the average increase
(more positive) of the apparent standard potential as the
droplet shrinks.

The oscillations in the model are caused by the continuous
fluctuation of the concentration of (Cp*),Fe'™. The experi-
mental E;,, values are not “instantaneous” measurements but
rather a convolution of the potential shift over the duration
(5.5 s) of an entire voltammogram. Thus, they do not display
oscillations. The junction potential is expected to shift by
60 mV per decade of variation of perchlorate (and thus
(Cp*),Fe™) concentration inside the droplet. Based on
Fig. 5(c), the total concentration is raising from an initial
155 pM up to almost 100 mM. This change of concentration by
almost 3 orders of magnitude corresponds to the accumu-
lation of the redox as the volume shrinks. This variation of
concentration by three decades is correctly describing the
potential shift from 0 s up to 236 s. Beyond this time extreme
concentrations are reached and the shift of potential cannot
be correctly predicted based by solely on the transfer of per-
chlorate ions (see Fig. 4(f)). We hypothesize that other ions
(Na* and (Cp*),Fe™) could start transferring at the interface
and other reactions such as ion pairing and precipitation may
displace the equilibrium.

Conclusion

In conclusion, this pioneering study investigates the dis-
solution behavior of sub-nL volume DCE droplets down to sub-
pL volumes using electrochemistry. The comprehensive
electrochemical analysis enables us to quantify the rate of
droplet dissolution based on intricate changes observed in the
nature of voltammograms, transitioning from sigmoid to
“peaky” to thin-layer profiles. Additionally, this study sheds
light on the ultimate fate of the droplet, allowing us to probe
volume changes down to the sub-pL range and accurately track
droplet lifetimes. The experimental findings are supported by
numerical simulation. In principle, this methodology can be
scaled to track the dissolution kinetics of nanodroplets by uti-
lizing nanometer-sized electrodes. Furthermore, this study
establishes a platform for testing wetting theories at the nano-
meter scale. The developed methodology surpasses other con-
ventionally used measurement techniques like optics in terms
of temporal resolution, cost, quantitative ability, and conven-
ience. In a broader sense, this work contributes to the growing
field of evaporating/ dissolving droplets, with application
ranging from biosensing to microfluidic devices.>*™*' Future
research can delve into further understanding of complex dis-
solution phenomena and explore tailored strategies for under-
standing droplet dissolution behavior below the diffraction
limit of light.
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