Bipolar spectroelectrochemistry.
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ABSTRACT: Bipolar electrochemistry is receiving growing attention in the last years, not only because it is an important tool for
studying electron transfer processes, but also because it is really fruitful in the development of new analytical sensors. Bipolar
electrodes show promising applications as a direct analytical tool since oxidation and reduction reactions take place simultaneously
on different parts of a single conductor. There are several electrochemical devices that provide information about electron transfer
between two immiscible electrolyte solutions, but to the best of our knowledge, this is the first time that a bipolar device is able to
record two spectroelectrochemical responses concomitantly at two different compartments. It allows deconvolving the electrochem-
ical signal into two different optical signals related to the electron transfer processes occurring at two compartments that are electri-
cally in contact. The combination of an electrochemical and two spectroscopic responses is indeed very useful, providing essential
advantages in the study of a huge variety of systems. The study of three different electrochemical systems, such as reversible redox
couples, carbon nanotubes and conducting polymers has allowed us to validate the new cell and to demonstrate the capabilities of

this technique to obtain valuable time-resolved information related to the electron transfer processes.

Bipolar electrochemistry has traditionally been limited to
industrial applications, such as metallurgy, chemical engineer-
ing and energy targets."™ During the last decade, however,
new devices have been developed and used in different
fields,”™® making bipolar electrochemistry one of the most
promising analytical tools in sensor applications."*™ The
combination of bipolar electrochemistry and electrochemilu-
minescence is particularly interesting because it is an extreme-
ly sensitive detection method. In this way, the characterization
of the electrochemiluminescence triggered by bipolar electro-
chemistry**™® has become the base for the development of
new devices, providing spectroscopic and electrochemical
information simultaneously. One of the most important points
of interest in bipolar setups is the bipolar electrode, as it exhib-
its different electrochemical behaviors: on one side of the
electrode surface an oxidation process takes place, while a
reduction process is concomitantly observed on a different part
of the same electrode. The simultaneous analysis at separate
locations of the bipolar electrode can be performed using
different setup configurations. On one hand, in the open con-
figuration the bipolar electrode is located inside of a unique
electrolyte solution. On the other hand, in the closed configu-
ration, the electrolyte solution is separated in different com-
partments, one for the anodic reaction and the other one for the
cathodic process.™*"

Electrochemistry at the interface between two immiscible
electrolyte solutions (ITIES) has become one of the most
interesting systems in electrochemistry, which is why there is
a substantial body of literature on the study of the different
processes (ion transfer, assisted ion transfer and electron trans-
fer) that take place at the liquid/liquid (LL) interface. Electro-
chemistry at ITIES is rather complicated, and bipolar electro-
chemistry is a very useful tool to test electrochemical systems
that, subsequently, can be studied by LL electrochemistry.
Although new spectroelectrochemical setups have been suc-
cessfully developed for LL interfaces,®* the improvement of
bipolar setups has been limited to electrochemical and electro-
chemiluminescence studies.*>* Bipolar electrochemistry has
been used significantly less than electrochemistry at the
ITIES, but the development of new devices should be decisive
for a number of applications. For these reasons, the main ob-
jective of this technical note is the combination of bipolar
electrochemistry with different spectroscopic techniques using
a simple, versatile and functional spectroelectrochemical de-
vice. Spectroelectrochemistry is an effective way to obtain
important information about the processes that occur at LL
interfaces.”®*° The selection of spectroscopic and electro-
chemical techniques among different spectral regions and
multiple electrochemical procedures respectively, depends on
the system studied.®*3** UV-vis absorption spectroscopy is



perhaps the most used technique in spectroelectrochemistry
and has been used for studying different types of chemical
processes.* " Developments in Raman spectroelectrochemis-
try have highlighted this technique as one of the best to char-
acterize and study different materials and processes in many
fields.®“* In the present work, most of the experiments were
performed using UV-vis absorption spectroelectrochemistry,
although Raman spectroelectrochemistry provided suitable
information in the study of particular systems, as for example,

carbon nanotubes.

One of the main highlights of the new bipolar device is its
easy assembly. This simplicity allows us a fast and simple way
for monitoring electron transfer reactions by UV-vis absorp-
tion spectroelectrochemistry or Raman spectroelectrochemis-
try. Another remarkable feature of this device is its versatility,
since it allows the use of not only a wide variety of electro-
lytes and setup geometries, but also the study of systems with
completely different electrochemical and/or optical properties.
Three electrochemical systems were selected to illustrate the
suitable performance of this new bipolar spectroelectrochemis-
try device: (1) reversible redox couples, such as different
complexes of Ru (I1I/11), Fe (/1) and Ir (IV/1), (2) the
behavior of a film of single-walled carbon nanotubes
(SWCNTSs) during charge transfer processes between the two
solutions, and (3) the electrosynthesis of a conducting poly-
mer, poly(3,4-ethylenedioxythiophene) (PEDOT).

The first system studied, consisted of tris(2,2'-
bipyridine)ruthenium (I1) in one compartment and potassium
hexacyanoferrate (I11/11) in the other one. This ruthenium
complex, Ru(bpy)s”*, has been previously studied in different
spectroelectrochemical configurations and is commonly used
as a model reaction at LL interfaces.”*?"%* Meanwhile, the
potassium hexacyanoferrate (I11/11) redox couple is a one-
electron, well-defined electrochemical system widely used as a
probe in aqueous solution. The study of this system allowed us
the spectroelectrochemical validation of the new device. The
versatility of this device was demonstrated using different
solvents. For that purpose, the second system analyzed con-
sisted of 1,1’-dimethylferrocene (DMFc) in 1,2-
dichlorobenzene (DCB) solution in one compartment, and
potassium hexacyanoferrate (I11/11) aqueous solution in the
other one. Furthermore, two single-walled carbon nanotubes
(SWCNT) films were used as bipolar electrode in order to
study concomitantly the charge transfer reactions between the
two solutions, and the behavior of the SWCNTSs during the
electron transfer process occurring through them. Finally, the
last system analyzed in this work involved 3,4-
ethylenedioxythiophene (EDOT) in one compartment and
hexachloroiridate (IV/I11) couple in the other one.

The main objective of this technical note is to demonstrate the
correct performance of the new bipolar spectroelectrochemical
cell, showing the capabilities and advantages of this novel
device.

EXPERIMENTAL SECTION

Fabrication of the Bipolar Spectroelectrochemistry Device.
A schematic representation of the newly-developed bipolar
cell is shown in Figures 1 and S1. It consists of three parts: (1)
support, (2) glassy carbon (GC) foil as bipolar electrode, al-
lowing the electric connection bridging the two solutions and
(3) the polytetrafluoroethylene (PTFE) built piece, which is

fabricated using a CO, laser-cutting machine. PTFE has two
compartments completely separated, and thereby, it avoids the
mixture of the two solutions and the possibility of ion and
assisted ion transfer reactions. These holes are 6 mm in depth,
and 3.5 mm in diameter at the bottom and 6.5 mm at the top,
with small volumes required. The bigger diameter allows the
placement of reference (RE) and counter (CE) electrodes
without interfering with either the optical fiber probe or the
laser pathway. RE and CE are placed horizontally, through
small holes at the side of the corresponding compartments.
Two small recesses next to each compartment are useful to
contain any solution leaked, avoiding the possible mixing of
the two solutions. Furthermore, two O-rings, one for each
compartment, are used to prevent electrolyte leakage and to
facilitate the assembly of the cell.
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Figure 1. Bipolar spectroelectrochemistry cell. Schematic view of
the disassembled cell is shown in Figure S1.

UV-vis measurements were performed introducing the optical
reflection probe perpendicular to the GC foil in the compart-
ment analyzed or two reflection probes concomitantly in the
two phases. Raman measurements were carried out using an
optical window placed on top of the PTFE piece to ensure a
clear optical path for the laser, guarantee the flatness required
to perform Raman spectroscopy measurements, and favor the
collection of Raman photons. Hence, the cell design is optimal
to place the UV-vis reflection probes in normal configuration
in one or two compartments, to ensure the flatness of the solu-
tion required for Raman measurements, to facilitate the com-
plete disassembly of the device to be cleaned, and to avoid any
solution leakage.

RESULTS AND DISCUSSION

The bipolar spectroelectrochemical cell was used to study the
electron transfer reaction that takes place at completely differ-
ent systems, such as redox couples, carbon nanotubes films
and electropolymerization processes.

Ru(bpy)s”/Fe(CNg)", Fe(CNg)*, system. In order to validate
the bipolar spectroelectrochemical cell, reversible redox cou-
ples were chosen. The composition used in the spectroelectro-
chemical cell, Ag(s) | AgCl (s) | 0.5 mM Ru(bpy)s>* + 0.5 M
KCI (aq) || 25 mM Fe(CNg)* + 25 mM Fe(CNg)* + 0.5 M
KNO; (aq) | AgCI(s) | Ag (s), prevents coupled reactions as
oxygen or proton transfer processes. Electron transfer process
was studied by cyclic voltammetry (CV), scanning the poten-
tial from -0.55 V to -0.90 V and back to -0.55 V at a scan rate



of 0.025 V s (green line in Figure 2b). Initially, as the
Ru(bpy)s”* was just present in the reduced form, only the
Ru(bpy)s>* could be oxidized to Ru(bpy);>* during the forward
scan while the reduction of Fe(CNg)* to Fe(CNg)* occurred in
the other compartment. UV-vis absorption spectroelectro-
chemistry allowed us to study the redox reactions that took
place in the two compartments simultaneously. In all experi-
ments, the reference spectrum was taken before applying the
potential to the cell. Figure 2a displays the UV-vis spectra in
the Ru(ll) solution. The integration time for UV-vis absorp-
tiometric spectra was 100 ms, which indicates the high time-
resolved data acquisition offered by this bipolar setup.
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Figure 2. (a) UV-vis spectra evolution recorded in the
Ru(bpy)s2*/Ru(bpy);>* compartment (integration time 100 ms)
during the forward (fs) and backward (bs) scans. (b) Comparison
between CV (green line) and derivative voltabsorptogram at 450
nm (blue line).

Three main bands are observed at 310, 385 and 450 nm, relat-
ed to the redox reaction of Ru(bpy)s>* (Figure 2a). Figure S2a
illustrates the evolution of the band at 450 nm with potential.
The absorbance at 450 nm decreases during the oxidation of
Ru(bpy)s** to Ru(bpy)s*, reaching the minimum value just
before the reduction of the Ru(bpy)s>* starts. Finally, the ab-
sorbance recovers similar values to the initial absorbance.
Evolution of absorbance at 385 nm with potential shows the

same behavior than the band at 450 nm, both bands relating to
the consumption of Ru(bpy);>". However, the voltabsorp-
togram at 310 nm (Figure S2b) shows significant differences
respect to 450and 385 nm bands. The absorbance at 310 nm
increases during the forward scan and decreases during the
backward one, indicating that is related to the electrogenera-
tion of Ru(bpy);>".The high time-resolved data acquisition
allows us to perform the derivative of absorbance with respect
to time. The blue line in Figure 2b displays the derivative of
absorbance at 450 nm and, as can be observed, it matches
exactly the CV (green line, Figure 2b), showing one peak at -
0.77 V during the forward scan and another at -0.70 V during
the backward scan. The good agreement of the behavior of the
derivative of absorbance with potential at 450 nm (blue line,
Figure 2b) and the CV (green line, Figure 2b) demonstrates
that the electrochemical peaks are only related to the redox
couple Ru(bpy);>"/Ru(bpy)s** and consequently, no secondary
compounds are formed. In the case of the Fe(CNg)*/Fe(CNg)™
solution (Figure S3a), two bands are observed at 310 and 420
nm, related to the ferricyanide that is consumed during the
redox process. Figure S3b shows the similarity between the
derivative of absorbance at 420 nm (blue line) and the CV
(green line), indicating that the spectroscopic response also
reproduces the electrochemical behavior. Hence, the bipolar
spectroelectrochemistry device has been validated using two
reversible redox couples, providing very good results.

DMFc/Fe(CNg)*, Fe(CNg)*, system. A second system,
formed by Fe(CNg)*/Fe(CNg)* in aqueous solution in one
compartment and DMFc in DCB in the other one, was studied
to demonstrate the versatility of the new bipolar device using
different solvents. The results displayed in Figure S4 show the
high similarity between the CV and the spectroscopic changes
related, in this case, to DMFc oxidation. Furthermore, the
bipolar electrode was modified transferring a SWCNT film to
each compartment of the GC foil. In this case, Raman spectro-
electrochemistry was selected to monitor the behavior of the
SWCNTs during the electrochemical process, where doping
and de-doping of SWCNT films were observed simultaneous-
ly with the oxidation of DMFc (Figure S5). The results shown
in Figures S4 and S5 demonstrate the good performance of the
bipolar device for non-aqueous solvents and its versatility with
respect to different spectroscopic techniques.

EDOT / IrCI¢¥, IrCls> system. In addition to reversible redox
couples, systems of different nature were also studied. In the
last example and, as proof of concept, the electropolymeriza-
tion of EDOT was performed using the following composition
of the bipolar cell: Ag(s) | AgClI (s) | 0.01 EDOT + 0.1 M LiCl
(aq) || 1 mM IrClg+ 0.1 mM IrCl"+ 0.1 M LiCl (aq) |
AgCI(s) | Ag (s). EDOT electropolymerization was carried out
by CV, scanning the potential from -0.90 V to +1.30V and
back to -0.90 V five times at a scan rate of 0.250 Vs™ (Figure
3a). Figure 3b illustrates the UV-vis spectra recorded in the
EDOT compartment. Different absorption bands are observed
at 550, 650 and 750 nm, whose evolution with potential show
different behavior during the EDOT electropolymerization.
Absorbance at 550 and 650 nm increases slightly at potentials
higher than +0.50 V, when the monomer and the electrogener-
ated polymer are oxidized (Figures S6a and S6b). However,
the most significant change of the absorbance takes place at
potentials lower than +0.50 V, during the backward scan,
when the neutral polymer is formed; bands centered at 550 and



650 nm are related to neutral PEDOT. On the other hand, the
absorbance at 750 nm increases from +0.30 V onwards during
the forward scan, when doped PEDOT is formed, and decreas-
es when the neutral PEDOT is electrogenerated during the
backward scan (Figure S6¢c). UV-vis spectra of the IrCle®
NIrCl¢~ compartment (Figure 3c), obtained simultaneously,
show several bands centered at 265, 300, 430, 488 and 580
nm. All these bands display identical evolution with potential.
Thus, the evolution of the band at 430 nm shown in Figure S7
can be considered as representative of the IrCls> bands. Figure
S7 shows that the absorbance does not change until a potential
of 0.00 V is reached. At higher potentials, the intensity of this
band decreases not only to the positive vertex but also until the
potential returns to 0.00 V in the backward scan. Thereby, it is
clear that the reduction of Ir(IV) to Ir(I1l) and the electropoly-
merization of EDOT at positive potentials are simultaneous
processes.
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Figure 3. (a) CV of the electropolymerization of EDOT. The
potential was scanned from -0.90 V to +1.30 V and back to -0.90
V five times at a scan rate of 0.250 V s™. UV-vis spectra recorded
in (b) the EDOT compartment (integration time 25 ms) and in (c)
the IrCl¢%/IrClg> compartment (integration time 150 ms).

In order to control the electropolymerization of EDOT from
the iridium compartment, the concentration of IrCIGZ' and
IrCl> were halved. Electrosynthesis of PEDOT was also
performed by CV (5 cycles) at a scan rate of 0.250 V s, alt-
hough in this case a more positive potential was required
(+1.50 V) to carry out the polymerization. UV-vis spectra of
the EDOT compartment show the same PEDOT bands at 550,
650 and 750 nm than in the previous experiment using a high-
er concentration (Figure 3b). Figure 4 displays the comparison
of the evolution of the band at 650 nm for the two different
concentrations of the IrClg>/IrCl* couple. As can be observed,
the absorbance values are lower when the concentration of the
IrCls*/IrCl¢" couple decreases. The electropolymerization of
EDOT can be controlled by changing the concentration of the
redox couple presents in the other compartment. A lower
amount of PEDOT was electrosynthesized when the concen-
tration of the IrCls>/IrClg* couple was decreased. These exper-
iments demonstrate that using this new setup, the electropoly-
merization process can be controlled in two different ways: (1)
by adjusting the potential during the scan, and (2) by limiting
the current intensity with the concentration of the reversible
couple. This two-way control of the polymerization process
should be very useful to optimize the type of polymer generat-
ed on the electrode, taking advantage of both, potentiostaic
and galvanostatic electropolymerization.
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Figure 4. Comparison between the voltabsorptogram at 650 nm
using different concentrations of the IrClg*/IrClg® couple: 0.05
mM IrClg¥/0.5 mM IrClg® (blue line), and 0.1 mM IrClg¥/1 mM
IrCls® (red line).

CONCLUSIONS

Recent works on bipolar electrochemistry, along with the
development of new devices, make this technique one of the
most attractive tools not only for analysis but also for material
science. Although bipolar electrochemistry is not frequently
used, the recent increase of interest during the last decade
seems to bring back to life this powerful technique. The cou-
pling of bipolar electrochemistry and spectroscopy provides
the advantages of both techniques and furthermore, offers
exceptional analytical possibilities. In this technical note, a
novel and easy-to-use bipolar device has been fabricated, that
has allowed us to study charge transfer processes that take
places between two compartments completely separated. Tra-
ditionally, the study of the interface formed between two im-
miscible electrolyte solutions has been performed using devic-
es in which the two compartments are in direct contact. How-
ever, these setups enable the coupling of ion, assisted ion and
electron transfers, and also secondary complex reactions,
making distinguishing the contribution of each reaction diffi-
cult. The new device presented in this work allows the elimi-
nation of ion and assisted ion transfer contributions and it
ensures only electron transfer processes. Different systems
were selected to illustrate the suitable performance of the new
bipolar device, obtaining good and interesting results in all of
them. The new bipolar device allows us, in a fast and simple
way, to monitor the electron transfer at different compartments
using spectroelectrochemistry. According to the results pre-
sented in this work, this novel bipolar spectroelectrochemistry
device shows a number of highly interesting issues that invite
further studies of charge transfer reactions in a wide range of
analytical applications.
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