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ABSTRACT: Several groups have reported on the curious chemistry and reaction
acceleration in confined volumes. These complex multiphase systems most closely
resemble natural processes, and new measurement tools are necessary to probe chemistry
in such environments. Generally, electrochemiluminescence (ECL) reports on processes
immediately near (within a few micrometers) the electrode surface. Here, we introduce
through-space ECL, reporting on dynamics of processes far away (100s of ym) from the
electrode surface. We achieved this by collecting reflected ECL light. During the
heterogeneous oxidation of C,0,> in an aqueous phase adjacent to a 1,2-dichlorethane
droplet, CO, accumulates in the 1,2-dichloroethane droplet. Upon buildup, we
demonstrate that a CO, bubble forms in the nonaqueous phase and is surprisingly
trapped at the waterl1,2-dichloroethane interface and continues to grow. The co-oxidation
of tris(bipyridine )ruthenium(II) in the aqueous phase lights up the electrode surface and
reflects off the edges of the bubble, revealing the bubble growth over time even when the
bubble is fractions of a millimeter from the surface. We extend our results to quantifying
bubble forces at the water—oil interface at remote distances from the electrode surface.

Bl INTRODUCTION

Unique physicochemical properties and unexpected geometries
are present in the multiphase environment, causing reactions
to proceed in previously unexpected ways."”” These multiphase
environments exhibit interfaces like the liquidlliquid interface
that have become of great interest to a broad community in
science. An example of this broad interest in multiphase
environments is Zwicker and colleagues’ work to model mitosis
in early protocells’ and P granules behaving as liquids.”
Additionally, new physiochemical phenomena are still being
discovered. For instance, our group recently showed that when
neighboring droplets fuse, microcompartments form.” Such
environments also have been implicated in the curious
chemistry and reaction acceleration. Zare and co-workers
have shown the ease of reducing carbon dioxide,® nitrogen,7
and the §eneration of strong reducing agents in micro-
droplets.”” Cooks and co-workers have also shown the
immense reaction acceleration microdroplets can provide
along with creating an environment for abiotic synthesis of
peptide isomers.'” Our group has also shown using stochastic
nanoelectrochemistry that enzymatic rates can be enhanced by
orders of magnitude in such environments."' This truth of
nature regarding curious chemistry at phase boundaries
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places.

Electrochemiluminescence (ECL) is a surface-confined, light
emission process in which a redox reaction gives rise to the
emission of photons without the need for incident light for
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excitation.'” The principle is as follows: If a luminophore is
oxidized and a radical species donates an electron energetically
enough, the electron has a probability of reaching an excited
state in the luminophore. The excited state can then relax,
generating a photon. ECL is used in a variety of applications
from Dbiology,"” sensing devices,'* and phase boundary
determination.">'®

Since ECL is a surface-confined (a few micrometers)
process, it is uniquely well-suited to examine multiple
interfaces at one time.'” ECL is surface-confined because of
the lifetimes of the electrogenerated excited-state species and
radicals and can be used to map the liquidlliquid and liquid|
solid interfaces in multiphase systems. As an example, previous
work from our group has shown that one can selectively emit
photons from one phase in an emulsion.'®"®

Combining this electrochemical technique with an optical
microscope allows us to selectively image light coming from
specific phases to gain correlated electrochemical and optical
information across interfaces.'® However, the surface-confined
nature of the ECL is a great limitation. One can imagine the
benefits of using ECL to image processes rather far away from
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the electrode surface. Here, we develop a new method to use
ECL through space while also answering important questions
regarding multiphase microenvironments. As a model system,
we drive the simultaneous oxidation of tris(bipyridine)-
ruthenium(II) in the presence of oxalate’” on an electrode
on which droplets of 1,2-dichloroethane are adsorbed. The
oxidation of oxalate creates carbon dioxide (CO,). Because
CO, is much more soluble in 1,2-dichloroethane than in water,
carbon capture occurs in the nonaqueous phase.”'>* The
CO,, captured within the nonaqueous phase, nucleates and
forms a bubble, which eventually detaches from the electrode
and is surprisingly trapped at the waterloil interface, 100s of
um from the surface of the electrode. The reflected light
reveals the bubble size and the violent moment when the
bubble departs the nonaqueous phase. These results lay a
foundation to use ECL in three dimensions and to learn
important physicochemical properties of multiphase systems.
Figure 1A shows a schematic representation of the
experimental setup. A transparent indium tin oxide (ITO)
electrode is used as the working electrode such that fresh
emulsions can be imaged (Figure 1B). The previously
established ECL mechanism for a tris(bipyridine)ruthenium-
(I1) ([Ru(bpy);]**) and sodium oxalate coreactant is shown
below in Figure 1B.” In this reaction, [Ru(bpy);]** is oxidized
to [Ru(bpy);]**. Simultaneously, the oxalate anion coreactant
([C,0,]*7) is oxidized to [C,0,]°". This radical anion then
decomposes to one molecule of carbon dioxide and its radical
anion ([CO,]*”), which behaves as a strong reducing agent.
The [CO,]* reacts with [Ru(bpy);]** to form an excited state
[Ru(bpy);]*** and a molecule of carbon dioxide. The
[Ru(bpy);]*** radiatively relaxes and emits a photon.

B RESULTS AND DISCUSSION

The applied voltage to the system is +1.5 V, and an example of
the resultant chronoamperometry is given in Figure SI.
Previous work has shown that this applied voltage results in
the greatest ECL intensity.'” During the bubble growth phase,
a spot of photons starts in the focal plane, as shown in Figure
2, and gradually becomes an out-of-focus ring as the bubble
grows larger. This signal is what we term “through-space ECL”
since it has an intermediate reflection step between the
emission of photons and detection in the microscope system.
An oil-in-water emulsion represents an ensemble of oil
microdroplets in a continuous aqueous phase, all showing
multiple orders of magnitude more solubility for CO,
compared with the continuous water phase. To make this
emulsion, 300 uL of the DCE phase was loaded into 5 mL of
the aqueous phase and ultrasonicated (see the Materials and
Methods section for complete description).'” Thus, the
relatively large volume of DCE present in droplets at the
electrode surface can act as a pump and reservoir for this CO,
produced by the ECL reaction in the continuous aqueous
phase. The nonaqueous droplets are effectively acting as small
volumes for carbon capture.

In Figure 2, image 1 (49595 s) is imaged before the
appearance of a large CO, bubble at the waterl1,2-dichloro-
ethane interface. Panel 2 shows the arrival of the CO, bubble
at the apex of the interface (496.95 s). Through the rest of the
experiment, the growth of the bubble can be viewed along with
the coalescence of different DCE droplets. A fluorescence
image is taken at 523.87 s to show the difference between the
smaller DCE droplets that are bright yellow (no CO, bubble
present) and the larger DCE droplet that is mostly taken up by
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Figure 1. (A) Top schematic showing the coupled optoelectrochem-
ical experimental setup. A computer controls the microscope and
potentiostat. A glassy carbon rod is used as a counter electrode, Ag/
AgCl with a salt bridge composes the reference electrode, and an
optical transparent ITO electrode is the working electrode. An
EMCCD camera images the ECL microscopy, and a CMOS camera
images the bright-field microscopy. The path of the bright-field (blue)
and ECL signal (orange) is also shown from their origin and detector,
with a dichroic mirror being able to direct the light path to a specific
detector. (B) Bottom schematic showing the mechanism of the
oxidative oxalate coreactant ECL pathway.”’ The cation luminophore
([Ru(bpy);]**) and oxalate anion coreactant ([C,0,]*") are oxidized.
The newly formed radical anion ([C,04]*”) decomposes to carbon
dioxide and its radical anion ([CO,]*”). This radical anion acts as a
strong reducing agent with the previously oxidized luminophore
cation ([Ru(bpy);]**). This reaction produces an excited-state
luminophore ([Ru(bpy);]***), which undergoes radiative relaxation
to emit a photon along with a molecule of carbon dioxide.

the CO, bubble. The use of both techniques (ECL and
fluorescence) can be a powerful mapping tool to understand
complex chemistry in multiphase environments. The result that
the bubble is somehow trapped at the water|1.2-dichloroethane
interface is surprising but can be explained by relative surface
tensions in multiphase systems and bubble buoyancy (vide
infra).

To further investigate this “through-space ECL” signal,
specifically at the beginning of the nucleation (such as in panel
2 of Figure 2), a 15 uL droplet of DCE was placed on the
surface of an ITO electrode by hand with a pipet. The purpose
and goal of this experiment (Figure 3) were to eliminate events
such as droplet coalescence, which could potentially interfere
with the observation of the CO, bubble.

The ECL reaction was initiated within a single pipet droplet
submerged in water on the surface of an ITO electrode (Figure
3A). At 142.20 s in the middle of the DCE droplet, a signal
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Figure 2. Nucleation and growth of CO, gas bubble is marked by an expanding ring of light. At 495.95 s, the images show no bubble. The next
image (496.95 s) shows the nucleation of the CO, bubble marked by a small purple ring. At 496.59 s, the bubble grew, which is shown by a more
intense and expanding ring of light. At 497.23 s, DCE droplet coalescence occurs and the ring of light (CO, bubble) continues to grow. The image
labeled with 522.59 s shows a much larger ring. Then, fluorescence was taken of the system while the ECL reaction was still running. The scale bar
is 300 pm.

Figure 3. (A) ECL images within a large droplet of 1,2-dichloroethane pipetted onto an ITO electrode and submerged in water. 52.32 s shows no
bubble reflection present. At 142.20 s, bubble nucleation starts. It then grows through the rest of the experiment. Images were taken with an
EMCCD camera. (B) ITO focus level transmitted light bright-field before ECL. (C) Fluorescence at the ITO level before bubble formation and
ECL. (D) Fluorescence at the ITO level after bubble nucleation. (E) Transmitted light bright-field at the bubble focus level. (B—E) Images taken
with a CMOS camera. (F) Profile view of the pipetted DCE droplet and formed gas bubble. The image was acquired using a CMOS camera. To
note, the CO, bubble was continually growing after the ECL reaction was stopped. The profile view (F) was taken first, then the fluorescence (D),
and then finally the transmitted light bright-field (E) with gaps of multiple minutes between them as cameras were changed and the height of the
focal plane was adjusted. In panel E, the white streak in the black appearing CO, bubble is the reflection from the light above. All the scale bars are
500 pm.

appeared and grew in size and intensity through the rest of the reflection of the transmitted light source as a white streak
300 s experiment. Figure 3B,C shows transmitted light bright- through the bubble. Additionally, shortly after the ECL
field and fluorescence microscopy of the droplet, respectively, reaction concluded, a profile view image of the DCE droplet
before the CO, bubbles’ appearance. To show the change in was taken (Figure 3F).
the system after ECL concluded, fluorescence at the level of Having now more critically established the geometry of the
the ITO electrode was imaged (Figure 3D). A dark, relatively large CO, bubbles present in this confined multiphase system,
diffuse circle can be observed, showing a decrease in the we can construct a model. Figure 4 shows a schematic with the
[Ru(bpy),]** fluorescence intensity. The objective was moved different pathways in which CO, bubbles can be trapped in the
upward in the z direction to raise the focal plane to the height confined organic microenvironment. CO, molecules are
of the maximum circumference of the DCE droplet (Figure produced by the decomposition of radical oxalate into CO,
3E). This shows a very symmetrical CO, bubble with a and CO,"7, with the later eventually being oxidized to produce
709 https://doi.org/10.1021/jacs.3¢10505
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Figure 4. Scheme of the CO, bubble formation. The radical oxalate
anion is produced through oxidation on the surface of the ITO
electrode. This species then decomposes into carbon dioxide and its
radical anion (blue arrow). This CO, has multiple pathways in which
it can proceed. Following the orange arrow, the CO, can nucleate and
then grow along the ITO surface in the aqueous phase. This bubble
can then dislodge from the ITO electrode when the buoyancy force is
great enough. The purple arrow shows the transport of the CO,
molecules into the organic phase. Then, nucleation can occur along
the surface of the ITO electrode. Also diagrammatically depicted is a
dynamic physiochemical event such as bubble merging. These smaller
bubbles will continue to grow, and when they gain a sufficient size,
they can detach, due to the buoyancy force, and merge with the larger
bubble above. Meanwhile, in following the green arrow, the CO,
molecules can join the large bubble trapped at the interface.

another CO, molecule (Figure 1). Specifically, there are a few
different pathways for the CO, molecule to go. First, there can
be a nucleation event at the electrode surface in the aqueous
phase (orange arrow). This bubble on the ITO surface can
detach due to the buoyancy force exerted and be transported
into the atmosphere above the electrochemical cell. This would
be the same pathway for CO, bubbles if there was no 1,2-
dichloroethane present (Figure S2). Conversely, when DCE
droplets are present on the surface of the ITO electrode, the
CO, molecules can be transported into the organic phase and
nucleate bubbles along the electrode surface (Figure 4, purple
arrows, and Figure S3). These bubbles can undergo
physiochemical events like merging. When the force of
buoyancy is great enough to overcome the surface tension at
the electrodelelectrolyte interface, the CO, bubble will leave
and be trapped at the apex of the organiclaqueous interface, as
shown on a single droplet in Figure 3. We can observe bubble
growth at both the electrodelelectrolyte and waterl1,2-
dichloroethane interfaces (Figure S3).

Finally, once the apex of the organic—aqueous interface has
a CO, bubble present, it can act as a reservoir for dissolved
CO, molecules (Figure 4, green arrow). Throughout the
experiments, the CO, bubble trapped at the waterll,2-
dichloroethane interface continuously grows, most likely
pointing to a combination of pathways. When the force of
buoyancy becomes greater than the surface tension present at
the waterl1,2-dichloroethane interface, the bubble will leave,
often causing a reorganization event for the DCE droplet
(Figure S4).

Using Image], the lifetime diameters of CO, bubbles were
tracked for a selected 1,2-dichloroethane droplet over an hour-
long experiment (Figure SA,B). This through-space ECL signal
allows us to approximate the buoyancy force acting upon the
bubble by measuring the diameter of the ring of light. Full
assumptions and equations for calculating the bubble buoyancy
force are given below. The force of buoyancy (Fg) for an object
can be calculated by multiplying the density of fluid (p), the
displaced volume (V), and the acceleration due to gravity (9.81
mes™2).
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Figure S. (A) Assuming a spherical shape, the buoyancy force of the
CO, bubble in the selected droplet during the hour-long experiment
was calculated at the organiclaqueous interface. The internal diameter
of the light ring was measured using Image]. Seen between 0 and 1000
s is the nucleation, growth, and eventual expulsion of the first CO,
bubble. After 1000 s is the nucleation and growth of the second CO,
bubble in the same DCE droplet. (B) The second graph shows a
closer view over 50 s of this nucleation and growth of the CO, bubble.

Fy=pVg (1)

At the interface, assuming that the total volume displaced in
the 1,2-dichlorethane (Vpcp) and water (V) phase is equal,
and assuming a sphere shape for the CO, bubble, the two
displaced volume elements, by phase, can be represented as V;
for 1/2 of a sphere.

Vtotal = Vwater + VDCE (2)
Vwater = VDCE (3)
z total — Vx (4)
1{4 (d)3 T 3
i = = el iy - 4
213 \2 12 (5)

Given that the CO, bubble is at an interface, there will be
two separate density components between the two phases that
can be represented with eq 6. The densities of p, ., and ppcg
are 0.997 and 1.245 gecm?, respectively.”>*°

= pwater + pDCE (6)

By combining egs 1, 5, and 6, with the given assumptions,
we can form eq 7.
_
12

psyst em

FB 6la(lowater + pDCE)

(7)
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Equation 7 reveals a direct connection between the
buoyancy force of a CO, bubble at an interface (Fg) with
the measured diameter (d) of the bubble through through-
space ECL.

From 0 to 544 s, a CO, bubble grows until it gets ejected
from the 1,2-dichloroethane droplet and reorganizes at the
electrode surface (Figure S6). At 1037 s, droplet nucleation
occurs quickly, followed by rapid growth through 1041 s. After
the rapid growth, slow growth continues through the rest of
the experiment. This shows an important characteristic of this
system in which the 1,2-dichloroethane droplets can have
multiple bubble nucleation throughout the lifetime. While not
examined in Figure 4, 1,2-dichloroethane droplets with CO,
bubbles can also coalesce and exhibit bubble coalescence as
well (Figure SS). Like the reorganization, there tends to be a
large increase in the ECL signal after the DCE droplets
coalesce, allowing for a fresh ITO surface to be exposed; thus,
mass transport of the coreactant and luminophore occurs more
readily following the convection currents of the moving
interface.

B CONCLUSIONS

In this article, we have demonstrated that ECL can be used to
examine entities, such as CO, bubbles, that are located far
away (remotely) from the electrode surface. While it has been
established that ECL emission occurs only within a few
micrometers of the electrode surface, the light path can be
altered by reflection and/or refraction off phase boundaries
(such as the gaslliquid interface). We have termed this signal
“through-space ECL” since it is fundamentally different from
the emission at the electrode surface due to the intermediate
reflection step. Through-space ECL offers a change to the
status quo paradigm of ECL since three-dimensional geometric
information about an environment can now be extracted from
a pseudo-two-dimensional process. To examine this phenom-
enon, we used oxalate that decomposes to two CO, molecules
via a strong reducing agent. Since CO, is much more soluble in
the organic phase (1,2-dichloroethane) than in the aqueous
phase, the organic droplets act as a reservoir for the CO,. This
leads to bubble nucleation and growth initially at the electrodel
electrolyte interface, where bubbles coalesce, and then to
bubble entrapment at the waterll,2-dichloroethane interface.
Our analyses reveal the buoyancy force exerted on the bubble
trapped at the liquidlliquid phase boundary.

Recently, phase boundary reactivity has been implicated in
driving curious chemistry, such as the generation of
unfavorable species”’ *° and reaction acceleration.'"?"*
New measurement tools are necessary to elucidate such
fundamental tenets of nature. Our presented technique was
designed to probe such phase boundaries, and we have come
across the rather interesting observation, and the topic of the
current article, that microbubbles generated in the micro-
environment get trapped at liquidlliquid phase boundaries far
away from the electrode. We also show that this is a general
phenomenon (see Supporting Information Figure S7). The
same technique could also be used for other through-space
ECL studies, such as imaging single cells,* phase boundaries
within cells, and bead-based assays.’* The presented technique
yields unique information regarding interfacial chemistry and
offers new spectroelectrochemical tools to study the curious
chemistry of phase boundary reactivity.
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B MATERIALS AND METHODS

Tetrabutylammonium perchlorate (99%), 1,2-dichloroethane
(99.8%), and sodium oxalate (99%) were purchased from Sigma-
Aldrich. Tris(bipyridine)ruthenium(II) chloride hexahydrate ([Ru-
(bpy);][Cl,]#6H,0, 98%) was purchased from Acros Organics and
was kept under argon. All chemicals were used without further
purification steps, unless noted otherwise.

The emulsion was prepared based on and adapted from a
previously published methodology.'® In a 20 mL scintillation vial,
an aliquot containing 300 yL of dichloroethane containing 100 mM
tetrabutylammonium perchlorate (TBAP) was added to S mL of
ultrapure water (>18.20 MQ-cm, Thermo Scientific) containing 10
mM tris(bipyridine)ruthenium(II) chloride hexahydrate and S0 mM
sodium oxalate. The solution was ultrasonicated (S00 W, 40%
amplitude) on a pulsing method constructed by S on S s off for 10
total cycles.

The microscope and imaging system were composed of a Leica
DMi8 microscope (Leica Microsystems, Germany) equipped with a
pE-300lite light source (CoolLED, United Kingdom). Fluorescence
was taken with the Y3 filter (Leica Microsystems, Germany) that has
an excitation of 532—558 nm, a dichroic mirror at 565 nm, and an
emission of 570—640 nm. The objective used was SX with a
numerical aperture of 0.12. Two cameras were used: a complementary
metal-oxide semiconductor camera (Orca-Quest gC-MOS C15550-
20UP from Hamamatsu, Hamamatsu, Japan) and an EMCCD iXon
897 camera (Andor Technology Ltd., Belfast, UK) set at a 100 ms
exposure time, a 10 MHz quality mode, a 4.22 us shift speed, and a
temperature of —75 °C, resulting in a frame rate of 0.321 s. All images
were analyzed using Image]. All optical acquisitions were conducted
through the LAS X software (Leica Microsystems, Germany).

A CHI 920D scanning electrochemical microscope (CH Instru-
ments, Austin, TX) was used to perform the electrochemical
experiments. The reference electrode (CH Instruments, Austin, TX)
was composed of an Ag/AgCl (1 M KCl) electrode and a salt bridge
composed of agarose and 1 M KClI in a glass pipet to protect the
reference electrode from exposure to nonaqueous solvents like DCE.
The ITO working electrode (Huany Co., China) was cut into square
pieces approximately 25 mm X 25 mm. The resulting ITO pieces
were epoxied onto circular glass tubes with an approximate radius of
19 mm and a height of 20 mm. A glassy carbon rod (r = 1.5 mm, L =
10 cm, CH Instruments, Austin, TX) was used as the counter
electrode and was submerged approximately 1.5 cm into solution. The
emulsion was then decanted into the cell.
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