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Selective unidirectional transport of barium ions between droplets in a water-in-chloroform emulsion is

demonstrated. Gold nanoparticles (GNPs) modified with a thiolated crown ether act as barium ion

complexing shuttles that carry the ions from one population of droplets (source) to another (target). This

process is driven by a steep barium ion concentration gradient between source and target droplets. The

concentration of barium ions in the target droplets is kept low at all times by the precipitation of insoluble

barium sulfate. A potential role of electrostatically coupled secondary processes that maintain the

electroneutrality of the emulsion droplets is discussed. Charging of the GNP metal cores by electron

transfer in the presence of the Fe(II)/Fe(III) redox couple appears to affect the partitioning of the GNPs

between the water droplets and the chloroform phase. Processes have been monitored and studied by

optical microscopy, Raman spectroscopy, cryogenic scanning electron microscopy (cryo-SEM) and zeta

potential. The shuttle action of the GNPs has further been demonstrated electrochemically in amodel system.
Introduction

In living cells, the energy carrier ATP is formed by mechanisti-
cally coupling a downhill ux of ions with the uphill phos-
phorylation of ADP. The driving force is the steep proton
concentration gradient across the inner mitochondrial
membrane. Such molecular scale processes that are sustained
far from chemical equilibrium are not limited to biological
systems. Signicant advances have been made in the creation of
molecular motors and other machinery, where nanoscale
motion is coupled to a spontaneous chemical reaction that
provides the driving force.1–16 The architectural and organiza-
tional sophistication of these supramolecular approaches
notwithstanding, what matters conceptually is that the result
can be viewed as a dynamic process rather than a static product.
Hence, it is worthwhile to consider also very simple chemical
reactions as a source of energy. Batteries and fuel cells are the
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most prominent examples of such systems, where a chemical
reaction results in the ow of electric current. The reactants are
kept apart in macroscopic containers to prevent decoupling
from the generation of current by direct and uncontrolled
electron transfer. This concept of trapping a reaction away from
equilibrium by compartmentalization10,11,17–23 is a principle
batteries and biological systems have in common. On the
microscopic scale, this represents a signicant challenge, which
living organisms meet by their cellular and subcellular organi-
zation. Here, we demonstrate the use of surfactant-stabilized
emulsion droplets as microscale compartments that house
reactive species and keep them apart from each other until
a transport mechanism is provided, which allows the reaction to
proceed. The precipitation of barium sulfate has been chosen as
a simple model reaction as it can provide the system with
a strong thermodynamic driving force and is readily monitored
with minimum experimental effort. Ion transport between the
emulsion droplets occurs via crown ether modied gold nano-
particles (GNPs) that complex barium ions and act as shuttles.
Charge neutral transport of ion-pairs assisted by similar cation-
complexing macrocycles is well established in phase transfer
catalysis.24
Results and discussion

Two different water-in-chloroform emulsions were prepared by
vigorously shaking a small volume of water with a larger one of
chloroform in the presence of the nonionic surfactant Span80
© 2021 The Author(s). Published by the Royal Society of Chemistry
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as standard stabilizer.25 The emulsions formed opaque layers
oating on top of the clear chloroform phases (Fig. ESI1†). This
implies that the water/chloroform ratio within the emulsion
layer is self-selected and cannot be adjusted at will. Inspection
by optical microscopy revealed densely packed stable water
droplets within a continuous chloroform matrix. The aqueous
component of one emulsion contained barium chloride, and
that of the other potassium sulfate and the uorescent dye
calcein as a label. Then, both emulsions were carefully
combined, and samples were inspected by optical microscopy.
Fig. 1a shows a typical micrograph of such a mixture (images
obtained within 10 minutes of mixing). The two different pop-
ulations of droplets can easily be distinguished by the presence
of the dye in one of them. No changes were observed even aer
several days, and the droplet size distributions remained the
same (Fig. ESI2†). This suggests that the different droplets do
not merge or otherwise exchange signicant portions of
liquid.26,27 Likewise, there is no indication of barium sulfate
precipitation, neither by optical microscopy (Fig. 1a) nor in the
Raman spectrum (Fig. 1b) of the emulsion conrming that
there is no signicant exchange of ions between the different
droplets. The experiment was then repeated with adding either
4 or 7 nm gold nanoparticles (GNPs) modied with a barium ion
complexing 18-crown-6-CH2-SH ligand28 to either of the
aqueous phases before making the emulsions. Crown-ethers
have been used before to functionalize nanoparticles of up to
ca. 40 nm in size and to modulate their dispersibility and phase
transfer between water and oil.28–35 When shaking the emulsion,
Fig. 1 (a) Optical micrographs of the emulsion in the absence of GNPs
precipitates. Droplets containing sulfate are fluorescently labelled (gre
microscopy confirms that the precipitate is BaSO4 and that no detectable
BaSO4 crystals at the surface of a shock-frozen emulsion droplet (see ESI6
transport from a source droplet (blue) to a sulfate containing target drop

© 2021 The Author(s). Published by the Royal Society of Chemistry
the chloroform sublayers immediately adopted a reddish brown
(4 nm GNPs) or pink (7 nm GNPs) color, which we attribute to
the transfer of some GNPs to the chloroform phase (see
Fig. ESI1†). Note that the as prepared GNPs are not directly
dispersible in chloroform and hence always had to be added to
the aqueous phases before making the emulsions.

Aer combining the emulsions in the presence of GNPs, the
immediate formation of a precipitate was now observed but
limited strictly to the calcein-labelled droplets containing the
sulfate (Fig. 1a right). See also the attached movie which shows
the onset and progress of this precipitation (and additional
micrographs of precipitation in droplets in Fig. ESI3 and ESI5†).
These processes appear to reach completion aer about 10
minutes. Longer observations of the systems (up to several days)
show no further formation of precipitate, nor coalescence of
droplets. Raman spectroscopy conrmed the presence of
barium sulfate, which was also imaged by cryo-ESEM of emul-
sions (Fig. 1c). Apart from the barium sulfate peak, the Raman
spectrum of the sample shows a few additional very small
signals, which may be due to enhancement by the GNPs.
Control experiments with crown ether alone or with GNPs not
modied with crown ether (PEG stabilized) did not lead to the
formation of a precipitate. We interpret our observations as the
transport of barium ions by the crown ether modied GNPs
from one type of droplets (source) to another (target) followed by
precipitation as sulfate (Fig. 1d). Given the relatively low
concentration of the GNPs in the nanomolar range, it can be
inferred that they need to go back and forth between the
(left) and in their presence (right). White tags point at barium sulfate
en). Images were obtained within 10 minutes of mixing. (b) Raman
amount of it is formed in the absence of GNPs. (c) Cryo-ESEM image of
† for details andmore images). (d) Schematic of GNP-mediated barium
let (green).
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Fig. 2 Cyclic voltammetry of a phospholipid bilayer membrane separating two aqueous compartments both containing a 45 mM aqueous
solution of BaCl2 in the presence of barium-complexing GNPs (black line) and in their absence (red line). The near symmetric current increase in
the presence of the GNPs indicates membrane transport of charged carrier particles as illustrated in the image. These experiments confirm the
ability of the GNPs to mediate barium ion transfer across surfactant boundaries, either by crossing, or by flipping between the two sides of the
membrane.
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different droplet types many times to account for the amount of
precipitate observed. Their ability to do this is further sup-
ported by the observation that a precipitate is formed in the
target droplets regardless to which aqueous phase the GNPs had
initially been added. Transport is likely to occur mainly across
the surfactant boundary between adjacent water droplets, while
GNPs that have transferred into the chloroform phase and
diffused away from the emulsion can no longer participate in
this process. Preliminary experiments with other highly insol-
uble systems such as silver chloride indicated difficulties to trap
the reaction away from equilibrium since some reactants were
able to partition between water and chloroform also in the
absence of a specic transport mechanism. We have previously
reported the transfer of a number of different GNPs across
phospholipid mono- and bilayer membranes and also noted
their ability to carry across ionic charge.35–38 Drawing on this
experience, we have conducted an electrochemical experiment
that independently conrms barium ion transport across such
a hydrophobic boundary between two aqueous compartments.

The cyclic voltammetry data presented in Fig. 2 show the
effect of the presence of modied GNPs on barium ion transfer
across an articial phospholipid bilayer membrane separating
two identical aqueous solutions of barium chloride. The
signicantly increased conductance of the membrane when
crown ethermodied GNPs are present conrms that they act as
ion transporters. GNPs modied with different sized crowns act
as membrane transporters for different ions including
protons.38 Crown ethers or GNPs alone do not show this effect.
Here, the driving force is the externally applied potential across
the membrane, while in the emulsion system it is the steep
barium concentration gradient between source and target
droplets, which is sustained by the precipitation of barium
sulfate in the target droplets. We cannot rule out in either of the
two systems that the transporter GNPs remain attached to the
surfactant layer/membrane and ip between adjacent
compartments rather than undergo full transfer. In the emul-
sion, continuous transfer of barium ions from source to target
droplets cannot occur as the only process, since, unlike the
electrochemical case, the charge separation associated with it
3138 | Nanoscale Adv., 2021, 3, 3136–3144
has to be compensated internally to maintain electroneutrality
of the system. A proposal of how this may happen is schemat-
ically illustrated in Fig. 3.

We suggest that this is achieved by concomitant transport of
other cations from target to source droplets as the GNPs are
going back and forth between different droplets. A range of
different sulfates have been used in the target droplets without
notably affecting the overall process (ESI3†). Cations that form
no, or weak complexes, with the crown ether such as Li+, K+, Cs+

or Mg2+, can electrostatically replace the barium ions that have
been removed from the ligand shell of the GNPs by precipita-
tion.34 Signicant co-transport of anionic species to maintain
electroneutrality is unlikely since this would lead to the
precipitation of barium sulfate also in the source droplets (by
gradual ingress of sulfate), which is not observed. A range of
different barium salts (Cl�, NO3

�, ClO4
� and acetate) had no

noticeable effect on the overall process observed (Fig. ESI8†),
and the potential role of anions has not been investigated
further. For a detailed quantitative discussion of the complex-
ation equilibria in both source and target droplets and their
interplay with the electrostatic charging of the GNPs see section
ESI4.† In principle, the charge separation associated with the
unidirectional transport of barium ions could also remain
uncompensated and lead instead to capacitive charging of the
emulsion droplets. If we assume the formation of a small cube
of barium sulfate of only 5 mm length, this would require the
transport of approximately 2.5 � 10�12 moles of barium ions
with a total charge of 5 � 10�7 As. In a typical emulsion droplet
of 150 mm diameter and an interfacial capacitance of 1–10 mF
cm�2 (high estimate) this would lead to an interfacial potential
on the order of 100–1000 V, which is unrealistic since ion
transport would be electrostatically impeded as soon as
a potential of a few tens of millivolts is established. Simply
treating the water droplet as a conducting sphere within
a dielectric matrix of chloroform leads to yet higher estimates of
electrostatic potential.39,40 It can therefore be concluded that
uncompensated transport of barium ions cannot account for
the formation of the precipitates observed.
© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 3 Proposed mechanism of electroneutral transport of barium ions across the surfactant boundary from source to target droplets. Note that
the replacement of barium ions may occur both by complexation and by electrostatic association of alternative cations (here potassium) within
the ligand shell of the GNPs. The zeta-potential values given refer to separate measurements that emulate the conditions in the emulsion
droplets (see text).

Table 1 All possible combinations of Fe(II) and/or Fe(III) present as
anionic hexacyanoferrate complex in the aqueous droplets, and
resultant percentage of target droplets containing BaSO4 precipitates.
Std. deviation represents 3 repeats. Bold text represents samples with
higher values than sample 1 (no redox additives), italic lower

Sample
number

Additive in
source
droplet

Additive in
target
droplet

Proportion of target
droplets in which BaSO4 is
visible

1 None None 12 � 3%
2 None Fe(II) 27 � 3%
3 None Fe(III) 13 � 4%
4 Fe(II) None 3 � 4%
5 Fe(II) Fe(II) 16 � 2%
6 Fe(II) Fe(III) 2 � 2%
7 Fe(III) None 18 � 3%
8 Fe(III) Fe(II) 48 � 5%
9 Fe(III) Fe(III) 14 � 3%
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To understand better the role of GNP charge, measurements
of the zeta potential of various aqueous dispersions of GNPs
were conducted emulating the conditions that prevail within
the emulsion droplets. In the absence of complexing ions, the
zeta-potential of the as prepared GNPs is slightly negative,
around �10 mV. Upon addition of just a small amount of BaCl2
(1 mM) to simulate the environment of the source droplets, it
increases to around 20 mV indicating strong complexation.
Aer adding the same amount of K2SO4 (target droplet), as ex-
pected, barium sulfate precipitates. Aer removing the precip-
itate by centrifugation, the zeta-potential was still 19 mV,
indicating that the exchange of Ba2+ with K+ has no signicant
effect on the overall amount of charge residing on a particle.
This supports the assumption that additional cations not
directly complexed by the crown can also contribute to keeping
the charge of the GNPs constant, as suggested in Fig. 3. It also
supports our notion of how barium ion transport in this system
is charge compensated. Notably, under the conditions of the
emulsion experiments, the GNPs always carry a signicant
amount of net charge (positive zeta potential), which helps to
retain them within the water droplet phase of the emulsion. In
a separate experiment, using a two-phase water/chloroform
system, it is shown that complexation of cations, which
makes the crown-ether more hydrophobic,34,35,41 causes the
GNPs to partition between both phases and also to settle at the
phase boundary (Fig. ESI11†). Such phase transfer is favored
when their zeta potential is close to zero. As shown below, this
reduces the amount of barium sulfate formed. Thus, the cations
have two opposing effects, (I) complexation, making the GNPs
more hydrophobic, and (II) charging, making them more
hydrophilic.
© 2021 The Author(s). Published by the Royal Society of Chemistry
The cation exchange in the ligand shell of the GNPs can, in
principle, be accompanied by electron transfer to or from the
metallic core of the GNPs. This is of interest since it may open
opportunities of mechanistically coupling simple ionic
charging processes with electron transfer reactions using the
metal particle as an electron pool.42 It is well established that
even small GNPs (1.5 nm) can be charged by removal or addi-
tion of electrons.43 Hence, electronic charging of 7 nm GNPs
should readily proceed in the presence of a suitable redox
couple, and it may be possible to either assist, or suppress the
formation of barium sulfate depending on how the GNPs are
charged. The results obtained for additions of the Fe(II)/Fe(III)
redox couple in the form of the anionic complex potassium
Nanoscale Adv., 2021, 3, 3136–3144 | 3139



Fig. 4 Discussion of key results from Table 1. All microscope images were obtained after 10 minutes of mixing, and no further precipitation was
observed. The presence of a redox couple influences the degree of barium ion transport by regulating the zeta-potential of the GNPs. Zeta
potentials were separately determined in aqueous dispersions emulating the conditions of the source (d) and the target (e) droplets by sequential
additions of salt (as indicated). Fe(II) in the source droplets leads to virtually uncharged particles (a and f) which reside preferentially in the
chloroform phase and contribute less to the process. Hence, no or only very little, precipitation of barium sulfate is observed. Conversely, Fe(II) in
the target droplets (b, g, sample 2) charges the particles negatively and reduces their tendency to escape into the chloroform phase. Finally, Fe(III)
in the source droplets (c, g, sample 8) helps to remove negative electronic charge from the particles, which then become positively charged
through exchange of potassium against barium ions and are therefore again prevented from escaping into the chloroform phase.

Nanoscale Advances Paper
ferro/ferri cyanide, are summarized in Table 1. All microscope
images were obtained aer 10 minutes of mixing when no
further change was observed.

It is evident that the presence of the redox couple has an
effect on the formation of barium sulfate, but the correlations
found cannot be explained straightforwardly by assuming that
the electronic charging of the metal cores facilitates the
exchange of ionic charge in the ligand shell. In fact, the trends
observed are opposite of what would be expected if this were the
3140 | Nanoscale Adv., 2021, 3, 3136–3144
case. For example, the presence of Fe(II) in the source droplets
and Fe(III) in the target droplets (sample 6) should facilitate
barium ion transport by maintaining electroneutrality in both
droplet types through coupled electron transfer. Instead,
barium sulfate formation is almost completely suppressed.
There is thus no indication that coupled electron transfer
assists the ion exchange processes in any way. Instead, it
appears to be the interplay between net charge and hydropho-
bicity of the GNPs that moderates their ability to transport
© 2021 The Author(s). Published by the Royal Society of Chemistry
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barium ions from source to target droplets as illustrated in
Fig. 4.

The complexing of the ligand shell with barium ions in the
source droplets has two opposing effects. As mentioned before,
it increases the hydrophobicity of the crown ether ligand,34,35,41

but it also increases the net charge of the GNPs making them
more dispersible in water. The presence of Fe(II) (samples 4, 5
and 6) can bring down the zeta potential of the particles close to
zero (Fig. 4d) by electron transfer from the iron complex to the
metallic GNP core and can result in less formation of barium
sulfate precipitate (samples 4 and 6). This may be related to
a charge-regulated change in the partitioning of GNPs between
chloroform and water. On the other hand, in the target droplets,
along with loss of barium ions and partial complexation of
potassium ions, Fe(II) charges the particles negatively (Fig. 4e)
by electron transfer, which helps the retention of the GNPs
within the aqueous part of the emulsion (samples 2 and 8). It
also enhances the electrostatic association of cations (e.g. K+)
with the GNPs, which assists the maintenance of electro-
neutrality of the emulsion (see Fig. 4g). Fe(III) in general appears
to play a less signicant role. Its presence in the source droplets
seems to assist positive charging of the particles and thereby
helps to prevent the irreversible loss of particles into the chlo-
roform. Unfortunately, zeta potential measurements in the
presence of Fe(III) were impeded by GNP aggregation under
these conditions.

Generally, zeta potentials close to zero seem to suppress the
formation of barium sulfate, while positive and negative values
signicantly away from zero enhance it. These observations
support the notion that the GNPs predominantly shuttle the
barium ions across the surfactant boundaries between two
contacting water droplets, while near charge neutral, more
hydrophobic GNPs are washed out into the chloroform phase
and appear to be lost for this process.
Experimental section/methods
Gold nanoparticle synthesis

Tri-sodium citrate, potassium carbonate, tannic acid, HAuCl4,
KCl, NaCl and LiCl were all used as purchased from Sigma
Aldrich. 18-Crown-6-CH2-SH was used as purchased from Pro-
Chimia. Details of gold nanoparticle (GNP) synthesis can be
found in our previous publication.34 In short, monodisperse
GNPs were prepared using a modied citrate reduction method
with the addition of tannic-acid,44 resulting in particles with
high stability in aqueous media.
Synthesis of 4 nm Au seeds

Potassium carbonate (150 mM, 1 ml) and tannic acid (2.5 mM,
0.1 ml) were added to an aqueous solution of tri-sodium citrate
(2.2 mM, 150 ml) and heated to 70 �C under vigorous stirring.
Then, tetrachloroauric acid (HAuCl4) (25 mM, 1 ml) was rapidly
injected under vigorous stirring. The reaction mixture imme-
diately darkened and gradually turned clear and light orange
over a period of 10 min, indicating the formation of well
dispersed Au seeds.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Growth of seeds to 7 nm GNPs

15 minutes aer the injection of HAuCl4, 55 ml of the seed
solution was removed. To the remainder, tri-sodium citrate
(2.2 mM, 55 ml) was added under vigorous stirring and heated
again to 70 �C. Then, HAuCl4 (25 mM, 0.5 ml) was rapidly
injected under vigorous stirring. The mixture initially turned
purple and then gradually changed to orange/red. Aer 15
minutes a second injection of HAuCl4 (25 mM, 0.5 ml) was
carried out under vigorous stirring, and the solution was again
le for 15 minutes. This step was repeated once more to yield
the desired size of 7 nm conrmed by TEM and DLS.

The particles were coated with thiolated crown ether (18-
crown-6-CH2-SH) followed by the removal of excess ligand and
salts by repeated centrifugation (14 600 rpm, 60 min, 3 �C and
13 000 rpm, 60 min, 3 �C). PEG stabilized control particles were
prepared as reported earlier.45
Emulsion preparation

All samples were prepared by gently combining two emulsions,
one containing the source and the other the target droplets. Both
were water-in-chloroform emulsions, each prepared in a 1 to 4
ratio and stabilized by the surfactant Span80 (2% w/w in
CHCl3). Emulsication was carried out by vigorous shaking,
typically aer pipetting 100 ml of the aqueous solution to 400 ml
of the chloroform phase. The concentration of each salt (BaCl2,
K2SO4, K4[Fe(CN)6] and K3[Fe(CN)6]) present in the aqueous
phase was 25 mM. The sulfate-containing droplets also con-
tained 1 mM calcein as a uorescent label, which is not soluble
in the organic phase. For all experiments involving GNPs, an
initial concentration of 17 nM (in the water droplets) was used.
Zeta-potential measurements

Zeta-potentials were measured with a Malvern Zetasizer (NANO
ZSP). Samples were prepared in Eppendorf tubes (volume 0.5
ml) and transferred for measurement to a disposable capillary-
cell (DTS1070). The temperature was set to 25 �C and samples
were allowed to equilibrate for 5 minutes. Standard deviation
values are based on ve measurements.
Optical microscopy

To prevent the evaporation of the chloroform phase, emulsion
samples (100 ml) were placed on cavity soda-lime glass slides
protected by glass cover slips. A Brunel SP300F microscope
equipped with a CCD camera (UCMOS 5100 KPA) and a Hg-arc
lamp for uorescence excitation was used. For consistency
between different samples, all optical (white light intensity and
lters) and digital (camera integration time, gain and temper-
ature adjustment) parameters were kept constant. A pinhole
was used to adjust the amount of white light needed for the
appropriate illumination at different magnications. Results
presented in Table 1 are based on analyzing at least 20 repre-
sentative images of each sample, each containing between 50
and 100 droplets, with 2 repeat measurements of each sample.
This was done by manually counting the calcein-labelled target
Nanoscale Adv., 2021, 3, 3136–3144 | 3141
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droplets and detecting the presence of BaSO4 precipitates using
ImageJ soware.
Raman microscopy

Samples (100 ml) were inspected on cavity soda-lime glass slides
under glass cover-slips. Raman spectra were recorded with
a Renishaw inVia Confocal Raman microscope with excitation
wavelength of 532 nm at 100% power and 50� objective lens.
The baseline of each spectrum was corrected using WiRE 4.4
soware (Renishaw). BaSO4 peaks were identied from
literature.46
Electron microscopy

Samples were inspected with an environmental SEM (FEI
Quanta 250) capable of operating under fully hydrated condi-
tions. By controlling the water vapor pressure (up to 2700 Pa) in
the chamber and the sample holder temperature (from �20 �C
to 60 �C), the relative humidity around the sample can be set in
the range from 0 to 100%. For cryo-SEM, 5 ml emulsion samples
were shock-frozen by dripping them directly into liquid
nitrogen. The solid samples were collected, quickly placed on
the pre-cooled ESEM sample holder (set to �15 �C) and gently
crushed using a pair of tweezers (Fig. ESI12†). At this temper-
ature, the continuous chloroform phase rapidly evaporates, but
the aqueous emulsion droplets remain frozen and can be
examined in the ESEM in low-vacuum mode. By keeping the
chamber pressure at around 200 Pa, the relative humidity was
maintained just below 100% so that individual droplets could
be imaged for up to 20 minutes before they would have
sublimed completely. Note that successful imaging requires
ne tuning of the ESEM conditions. When the humidity is too
high, ice crystals form on the sample surface (Fig. ESI12†). On
the other hand, when it is too low, the frozen water droplets
sublime too quickly, and their structural integrity is compro-
mised (Fig. ESI12†). The exact imaging conditions vary slightly
from sample to sample as they all have slightly different shapes
and thermal contact with the cooled sample holder.
Cyclic voltammetry

The electrochemical set-up for charge transport measurements
across phospholipid bilayer membranes was constructed
following the methods described by Tsona et al.47 and Bayley
et al.48 Briey, a 3D-printed cell equipped with an Ag/AgCl
electrode was lled with electrolyte solution (45 mM BaCl2 in
Milli-Q water, 300 ml). Then, 100 ml of a solution of the phos-
pholipid asolectin in decane (25 mg ml�1) was pipetted on top
of it to form an interfacial monolayer. A droplet (3.5 ml) of
electrolyte was then suspended on a further Ag/AgCl electrode
coated with an agarose electrolyte gel, and slowly lowered with
a micro-manipulator through the decane layer, until the two
monolayers formed at each boundary between the aqueous and
organic phases contacted to create a bilayer membrane. The
area of this membrane was approximately 2.8 � 10�2 cm2.
Membrane conductance and capacitance were measured by
cyclic voltammetry.
3142 | Nanoscale Adv., 2021, 3, 3136–3144
The membrane capacitances measured were approximately
10 nF, which corresponds to 0.36 mF cm�2. This compares very
well with literature values.49 Adding the 7 nm (166 nM) 18-
crown-6-functionalised GNPs on both sides of the membrane
doubled the electrical conductivity (from 2.2 � 10�8 S cm�2 to
4.4 � 10�8 S cm�2). At 60 mV and �60 mV, the currents
generated aer adding the particles were 29 pA and 35 pA,
respectively. We attribute this slight asymmetry to deviations of
the non-polarizable Ag/AgCl electrodes from ideal behaviors.
These currents correspond to an ion transfer rate across the
membrane of 3.6 � 108 and 4.4 � 108 Ba2+ ions per s, respec-
tively. This order of magnitude of ionic transport is realistic
when assuming that each GNP carries 10 to 100 ions across the
membrane each second, which would require that about 106 to
107 GNPs are involved in this process. These particles would
take up a total area that is roughly four orders of magnitude
smaller than that of the membrane and could therefore easily
be accommodated at any time without compromising the
membrane's structural identity.

Conclusion

We have shown that segregation of ionic reactants by micro-
scale compartmentalization in emulsion droplets can arrest
a simple chemical process away from equilibrium. The addition
of a nanoscale shuttle, independently tested by electrochemical
membrane transport, unlocks the system by bringing the reac-
tants together. Our main focus here has been on directional ion
transport from droplets containing barium ions to those con-
taining sulfate. The resulting precipitation of highly insoluble
barium sulfate in the target droplets is the overall driving force
of the transport process. Electroneutrality demands the pres-
ence of secondary processes that compensate for the charge
separation associated with ion transport. These have not yet
been identied and could involve ion exchange as well as elec-
tron transfer reactions. Charging the metal cores by an added
redox couple has been shown to inuence the effectivity of the
GNPs as ion transporters within the emulsion by regulating the
partitioning of the particles between the water and chloroform
phases. We suggest that direct transfer of GNPs between adja-
cent droplets is the predominant transport mechanism, while
GNPs once dispersed in the chloroform phase may be washed
out and no longer contribute. Future improvements of our
system will aim to create emulsions with no excess continuous
phase, so that the GNPs cannot diffuse away from the water
droplets and potentially remain amenable as ion transporters.
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Q. He, C. J. Kiely, M. Brust and C. Viñas, Mercaptocarborane-
Capped Gold Nanoparticles: Electron Pools and Ion Traps
with Switchable Hydrophilicity, J. Am. Chem. Soc., 2012,
134(1), 212.

43 R. W. Murray, Nanoelectrochemistry: Metal Nanoparticles,
Nanoelectrodes, and Nanopores, Chem. Rev., 2008, 108,
2688.

44 J. Piella, N. G. Bastus and V. Puntes, Size-Controlled
Synthesis of Sub-10-nanometer Citrate-Stabilized Gold
Nanoparticles and Related Optical Properties, Chem.
Mater., 2016, 4, 1066.
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