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Abstract

In-situ Raman spectroscopy is implemented for the first time to monitor dynamic
charge transfer processes at polarisable interfaces between two immiscible electrolyte
solutions (ITIES) in real time. A custom-designed new electrochemical cell is described
which allows probing the Raman signals of ferroin ions as a function of the potential
applied across the water|1,2-dichlorobenzene (DCB) interface. This approach is also

used for investigating the heterogeneous electron transfer reaction involving



dimethylferrocene in DCB and potassium hexacyanoferrate (ll/lll) in the aqueous
phase. The evolution of the Raman signals during potentiodynamic measurements is

recorded in real-time with a resolution of a few seconds.
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1. Introduction

In-situ spectroscopic techniques have revealed a wealth of information about the
structure and reaction mechanisms taking place at polarisable interfaces between two
immiscible electrolyte solutions (ITIES) [1]. The complexity of probing interfacial
processes lies on the buried nature of these interfaces, requiring the coupling of
spectroscopic signals with potential perturbations [2—-6], or the use of non-linear optical
techniques [7-9]. Although Raman spectroscopy has already been used to probe
interfacial confined species, the majority of the work has been carried out in the
absence of external polarisation [10,11]. More recently, Raman responses as a
function of the Galvani potential difference across the ITIES have been reported under
stationary conditions [12,13]. In this report, we described the first in-situ Raman studies
at the polaraisable ITIES under potentiodynamic conditions in real time. A purposely
built low-volume four-electrode cell is presented which enables monitoring Raman
responses associated with ion transfer and heterogeneous electron transfer across the
water|1,2-dichlorobenzene (DCB) interface. A clear correlation between spectroscopic
and electrochemical responses is shown, demonstrating a high level of sensitivity and

time-resolution.

2. Material and methods



All reagents employed were analytical grade or higher. The organic phase
supporting electrolyte was bis(triphenylphosphoranylidene) ammonium
tetrakis(pentafluoro) phenylborate (BTPPATPBF4) [14]. In order to facilitate the use of
low volumes, DCB electrolyte solution was gelled employing high molecular weight
polyvinylchloride (PVC) following the methodology reported in [15]. The aqueous
electrolyte solutions were prepared using high purity de-ionised water (MilliQ gradient

A10 system, Millipore).

Electrochemical measurements were carried out at room temperature using an
AUTOLAB PGSTAT20 potentiostat (Eco Chemie Autolab) in four-electrode mode. The
potential scale in this work corresponds to the potential difference between the
reference electrode in the aqueous phase (so-called sensor electrode) and the
reference electrode in the organic phase (A¢ = Erefwater - Ereforganic). R@aman spectra were
obtained using a Confocal Raman Voyage (BWTEK). A laser wavelength of 532 nm
with a power of 15 mW was employed to obtain the spectra, using a 20x objective.
Further details about the dynamic spectroelectrochemical Raman system have been
previously reported [16,17]. An XYZ piezoelectric positioner (Newport 271) controlled
by a Newport motion controller (Newport, ESP 301) was used to focus the laser beam

with micrometric resolution.
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Figure.1. Schematic design of the 4-electrode cell for dynamic Raman spectroelectrochemistry,
featuring: the organic gel compartment (1), O-ring (2), the aqueous electrolyte compartment

(3), and quartz window (4).

A schematic representation of the polytetrafluoroethylene (PTFE) built 4-electrode
cell is shown in Figure 1. The organic phase compartment (1) was 7 mm in depth and 3
mm in diameter, while the aqueous electrolyte compartment (3) consisted of a
cylindrical hole of 6 mm diameter and 6 mm long. The O-ring (2) was used to prevent
electrolyte leakage while the reference and counter electrodes in both phases were
placed through small holes at the side of the corresponding compartments. This
configuration ensured a clear optical path for the laser through the quartz window (4)

on top of the cell.

3. Results and Discussion



3.1. [Fe(phen)s]** transfer across the water|DCB interface.

The spectroelectrochemical cell composition used was: Ag (s) | AgCl (s) | 1 mM
BTPPACI + 10 mM LiCl (aq) | 18 mM BTPPATPBF,, + 2% (w/w) PVC (DCB/THF, 50%)
|| 25 mM [Fe(phen)s]** + 0.1 M LiCl (aq) | AgCl (s) | Ag (s); where the double bar
denotes the polarisable interface. Two consecutive linear sweep voltammograms
recorded at 0.005 V s, focusing the laser in the aqueous and in the organic phases,
are displayed in Figure 2a. The current peak located at A¢ ~ +0.30 V is associated with
the transfer of [Fe(phen)s]** from the aqueous to the organic electrolyte. Characteristic
Raman spectra recorded during the potential cycle while the laser is focused in the
aqueous side of the interface are shown in Figure 2b. The two intense Raman peaks at
1457 and 1517 cm™ correspond to in-plane stretching vibration of the phenanthroline
ring [18]. Figure 2c shows a similar set of spectra but focusing the laser in the organic
side of the interface. The results clearly show that as the potential is swept positively,
the intensity of the Raman responses decreases in the aqueous side of the interface

while concomitantly increasing in the organic side.

The interplay between the signals in the aqueous and organic phases is clearly
visualised in Figures 2d and 2e. Little changes in the Raman intensity are observed at
potentials more negative than 0.00 V. These results also demonstrate that the cathodic
current at negative A¢ are associated with the transfer of supporting ionic species in the
background electrolyte (most probably CI from water to DCB). Figure 2f correlates the
faradaic charge obtained from integration of the linear sweep voltammetry and the
Raman intensity variation (Alraman) at 1457 cm™’ registered when the laser was focused
on the organic phase. From the slope of the trend in Figure 2f, it can be estimated that
Raman responses are capable of detecting changes in the interfacial population of

[Fe(phen)s]** close to 4.6x10™° mol/Raman intensity unit.
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Figure. 2. (a) Linear sweep voltammograms recorded at 0.005 V s” starting from A¢=-0.30 V.

Two consecutive cycles were recorded in order to measure Raman spectra with the laser
focused in the aqueous and organic sides of the interface. (b) Selected Raman spectra
recorded in real-time, integration time: 2.8 s, at various potentials with the laser focused in the

aqueous and (c) organic side of the interface. (d) Evolution of the Raman intensity at 1457 cm™
and (e) 1517 cm’” during the potential cycle. (f) Raman intensity variation (Alraman) at 1457 cm’

! from the organic side as a function of the faradaic charge.

3.2. Heterogeneous electron transfer reaction.



A second test case investigated is the heterogeneous electron transfer between
hexacyanoferrate (lll) and DMFC. The spectroelectrochemical cell composition used
was: Ag(s) | AgCl (s) | 1 mM BTPPACI + 10 mM LiCl (aq) | 5 mM BTPPATPBF, + 25
mM DMFc + 2% (w/w) PVC (DCB/THF, 50%) || 25 mM K4Fe(CN)s] + 25 mM
Ks[Fe(CN)e] + 0.1 M LiCl (aq) | AgCI(s) | Ag (s). The Raman spectra shown in Figure 3a
feature hexacyanoferrate (Il) bands at 2055 and 2093 cm™, as well as a band at 2132
cm” associated with hexacyanoferrate (lll). These bands correspond to the C=N
stretching vibration which is sensitive to the oxidation state of Fe [19,20]. At A¢ < +0.30
V, the intensity of the Raman signals is weakly dependent on the potential difference
between the two reference electrodes. As A¢ is increased above +0.30 V, a clear
increase in the intensity of the bands associated with hexacyanoferrate (ll) is observed
concomitantly with a decrease of the hexacyanoferrate (lll) response (Figure 3b).
These changes in the Raman signal are indicative of the heterogeneous electron
transfer response involving DMFC in the organic solution. Figure 3c also shows a direct
relationship between the band at 2132 cm™ and the faradaic charge associated with
the oxidation of DMFC. In this experiment Raman responses are capable of detecting
changes in the interfacial population of hexacyanoferrate (Ill) close to 1.9x10”
mol/Raman intensity unit. The spectral response was much more sensitive for the ion
transfer experiment using [Fe(phen)s]** than for the electron transfer reaction using
hexacyanoferrate. [Fe(phen)s]** shows an absorption band peak at 505 nm, whereas
hexacyanoferrate (lll) absorbs at 420 nm. Thus, in the ion transfer experiment

resonance Raman is taking place, improving the sensitivity of the technique.
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Figure.3. (a) Raman spectra obtained focusing the laser in the aqueous side of the interface
while sweeping the A¢ at 0.001 V s, (b) Evolution of the bands at 2055, 2093 and 2132 cm™”

as a function of A, integration time: 12.8 s. (c¢) Algaman at 2132 cm™, corresponding to

hexacyanoferrate (lll), as a function of the faradaic charge associated with the heterogeneous

electron transfer process.

4. Conclusions

A new Raman spectroelectrochemical cell has been developed that allows studying
ion and heterogeneous electron transfer at polarisable ITIES in-situ and in
potentiodynamic conditions. By carefully positioning the focal point of the excitation
laser, the depletion of the ion probe at the aqueous side of the interface and the
corresponding accumulation in the organic side can be detected in real time.
Furthermore, we were able to detect changes in the C=N stretching vibration of

hexacyanoferrate (lI/lll) during the heterogeneous electron transfer from DMFC. This



exquisite spectral-temporal resolution can be exploited in more complicated systems

featuring partially solvated species as well as nanoparticle decorated ITIES.
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