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Abstract

A new bidimensional spectroelectrochemistry setup for UV-Vis absorption
measurements has been developed. The new device has been used to follow
electrochemical reactions using two different arrangements: 1) a near-normal
configuration that supplies information about the processes taking place both on the
electrode surface and in the solution adjacent to it, and 2) a long-optical-pathway
configuration based on a mobile slit that controls the position of a light beam passing
parallel and adjacent to the electrode surface providing information only about the
processes taking place in solution during the electrochemical reaction. The new setup
has been wvalidated wusing oO-tolidine, a typical reference system for
spectroelectrochemistry. The electrochemical mechanism of oxidation/reduction of
Cu(o-Va)2(H20)2 complex (0-Va = 0-Vanillin = 2-hydroxy-3-methoxybenzaldehyde)
has been studied using bidimensional UV/vis absorption spectroelectrochemistry. This
Cu(Il) complex exhibits antimutagenic, anticarcinogenic and superoxide dismutase

mimic properties.

1. Introduction

Spectroelectrochemistry (SEC) is a powerful instrumental technique that combines two
classical analytical techniques, such as electrochemistry and spectroscopy, to obtain in
situ chemical information [1-6] about the reactions taking place during an
electrochemical experiment. Usually, the electrochemical technique controls the
chemical process, while spectroscopy provides molecular information about chemical

compounds involved in the process, being complementary to the electrochemical



information. Since 1964, when Kuwana proposed this technique [7], many approaches
using different experimental setups [8—14] have been proposed to improve the quality
and significance of the spectroelectrochemical experiments, trying to shed more light on

the processes involved in the electrochemical reactions.

UV-Vis absorption spectroelectrochemistry can be performed in two different optical
configurations, taking into account the position of the light beam with respect to the
working electrode: normal [15,16] and parallel [17-19] arrangement. On the one hand,
in normal configuration the light beam goes through the diffusion layer perpendicularly
to the working electrode surface. In this case, a transmission [20,21] or a reflectance
[22,23] experimental setup can be used. On the other hand, in parallel configuration,
also known as long-optical-pathway configuration, the light beam passes parallel to the
electrode surface, with the light beam sampling the adjacent solution to the electrode
surface [19,24,25]. Each configuration provides different type of information about the
processes occurring at the electrode surface. Normal configuration mainly supplies
information about the whole diffusion layer, including the compounds adsorbed or
crystalized on the electrode surface, but also a small contribution of species in the
solution near the electrode can be obtained. However, parallel configuration only
provides information about the processes occurring in the solution close to the
electrode. Besides, this second arrangement guarantees a longer optical pathway than in
normal configuration. The main drawback of parallel configuration is the lack of
sensitivity to adsorption/crystallization phenomena taking place on the electrode

surface.

Usually, only one of these configurations is chosen depending on the chemical problem,
but in many cases both kind of information are necessary to fully understand the studied

chemical system. In this respect, bidimensional spectroelectrochemistry (BSEC) [26]



allows us to perform simultaneously measurements in the two configurations, obtaining
in only one experiment a more complete picture on the electrode processes. The main
disadvantage of BSEC is the complexity of the spectroelectrochemical cells to get
reproducible and good enough experimental results. Recently this problem has been
minimized using optical fibers, simplifying the correct alignment of the light beam and
improving the reproducibility of the experiment [27]. In this work, another setup with
specific improvements is proposed for BSEC. On one hand we use a simple three
electrode system placed in a spectrophotometric cuvette together with a reflection probe
for normal configuration measurements. On the other, we use piezoelectric positioners
to control the position of a slit that allows us to place the light beam adjacent to the
electrode at controlled distances. Thus, although parallel beam alignment is usually very
complex and troublesome, by using this new approach, previously tested with
liquid/liquid interfaces [20], the experiments can be performed in a very simple and

easy way.

Firstly, o-tolidine has been selected as reference system to prove the good performance
of this new spectroelectrochemical setup [26,28,29]. Finally, BSEC has been used to
study the electrochemical mechanism of reaction of, [Cu(0-Va)2(H20)2] complex (0-Va

= 0-vanillin = 2-hydroxy-3-methoxybenzaldehyde).

Copper can be coordinated by ligands with therapeutic properties, often with a synergic
effect on the activity, as the metal center improves the mobility and bio availability of
the agent. The studied compound, Cu-0-Va is an antimutagenic, anticarcinogenic agent
and exhibits superoxide dismutase (SOD) mimic properties. In particular, the ligand o-
vanillin, as other related hydroxyaldehydes, has demonstrated antimutagenic and
carcinogenesis inhibitory activities and is also an antioxidant agent and scavenger of

free radicals. It has been employed in the syntheses of many active poly-functional



ligands, including those belonging to the Schiff Bases family, that form many active

copper complexes, among other metals.

In this work we report the usefulness of the new BSEC spectroelectrochemical setup
proposed to understand the complex electrochemistry of [Cu(0-Va)2(H20)2] in

dimethylsulfoxide solution.

2. Experimental

2.1. Chemicals and Materials.

0-Tolidine (Sigma-Aldrich), 0-vanillin (0-Va, Sigma-Aldrich),
tetrabuthylammonium hexafluorophosphate (TBAPFs, Merck), dimethylsulfoxide
(DMSO, Sigma-Aldrich), acetic acid (HAc, Acros) and perchloric acid (HCIO4, Acros)
are analytical grade and used as received without further purification. [Cu(0-
Va)2(H20)2] was prepared according to a reported synthesis procedure [30,31] from
equimolar amounts of 0-Va and Cu(CH3COO).. 0-Va was dissolved in methanol and
dropwise added, under continuous stirring to a 2:1 methanol:water solution of
Cu(CH3COO).. The mixture was stirred for 30 min, and the left to stand at room
temperature until bright yellowish green monocrystals were obtained. Deionized water
with a resistivity of 18 MQ cm (Milli-Q purification system, Millipore), is used to
prepare aqueous solutions. Analytical grade DMSO (Fisher Chemical) was used for
prepared nonaqueous solutions. For safety considerations, all handling and processing

were performed carefully particularly when 0-tolidine and DMSO was used.

2.2. Instrumentation

A new experimental setup (Figure 1 and Figure SI1) has been developed to perform

BSEC experiments using a mobile slit to locate the desired position of the light beam in



the parallel arrangement. The experimental setup used for BSEC measurements to
control the motion of the slit are based on previous works [18], where a detailed
description of the device can be found. In the present work, the previous liquid/liquid
interface is replaced by a solid electrode. The mobile slit device consists of a rigid block
supporting the slit and the lenses, attached to the positioner in order to transmit the
motorized actuator movement to the whole block. The slit is located between two
collimating lenses with fitted optical fibers. Normal arrangement is based on a near-
normal incident reflection spectroelectrochemical configuration (NNIRS) [32,33].
Spectroelectrochemical experiments were carried out using a PGSTAT 302N
potentiostat (Eco Chemie B.V) coupled to two QE65000 Spectrometers (Ocean Optics)
one for each configuration. The potentiostat and the two spectrometers were exactly
synchronized with an external trigger. The common end of a 200-um bifurcated fiber
(Ocean Optics) was connected to a DH-2000 Deuterium-halogen light source (Ocean
Optics). One of the fibers end of the bifurcated fiber is attached to a 450-um diameter
optical fiber (Ocean Optics) and used for parallel configuration measurements, while the
other fiber end is connected to a reflection probe (FCR-7UV200-2-1.5X1SR, Avantes)
to perform normal configuration measurements. The reflection probe is connected to the
other spectrometer. The 450-um diameter optical fiber in parallel configuration leads
the light beam from the light source to a collimating lens that is fixed to the holder
before crossing the solution. The light beam after sampling the solution in parallel
configuration is collected by a collimating lens and is conducted to the spectrometer

using a 450-pm diameter optical fiber (Ocean Optics).

The last and central part of this setup is the spectroelectrochemical cell (Figure 1). It
consist of a three-electrode system with a glassy carbon disk as working electrode

(WE), a platinum wire as auxiliary electrode (AE) and a home-made Ag/AgCl/3M KCl



reference electrode (RE). The three-electrode system is placed in a modified
commercial quartz spectrophotometric cuvette 110-QS (Hellma) to properly perform
simultaneously the experiment in the two spectroscopic configurations. Thus, the
bottom part of the quartz cuvette was cut to fill it with the corresponding solution and to
place the reflection probe and the reference and auxiliary electrodes. The WE was
placed in the cuvette hole usually used to fill the cuvette, sealing the electrode with
Teflon tape to avoid any leakage of the solution when the cuvette is placed in an
inverted position during a BSEC experiment. Next, a Suba-Seal septa with five drilled
holes is used to close the upper part of cuvette and to properly fix the reference and the
auxiliary electrode, the reflection probe, the nitrogen inlet and outlet, and to avoid any

interference with the light beam in parallel configuration.

All the experiments were performed in a semiinfinite diffusion regime. Actually, this is
the most used diffusion regime in electrochemistry. Although thin-layer cells are
commonly used in spectroelectrochemistry to obtain formal potentials and number of
electrons of redox couples, time resolved spectroelectrochemistry is more useful to
follow diffusive processes, providing molecular information on the reactants and/or

products involved in the electron transfer process.

Absorbance data from all spectroelectrochemical experiments were calculated taking as

reference spectrum the one at the starting potential of each individual experiment.

Mass spectrometry experiments were carried out using a Micromass AutoSpec

(WATERS).

2.3. Computational methods

The geometry of all the species under study were optimized using the B3LYP hybrid

density functional [34, 35]. The cc-pVDZ [35] basis set was used for H and C, whereas



the aug-cc-pVDZ [35,36] basis set was utilized for O. On the other hand, the cc-pVDZ-
PP [37,38] basis set, which includes a pseudopotential to represent inner electrons up to
the 2p sub-shell, was used for Cu.

To facilitate the comparison of theoretical results with experimental data, geometry
optimizations and calculation of properties were performed including solvent effects

(DMSO) through the Polarizable Continuum Model [39,40].

The Hessian matrix of the total energy with respect to the nuclear coordinates of every
molecule was calculated at the same level of theory and was diagonalized to verify
whether they are local minima or saddle points on the corresponding potential energy
surfaces.

The electronic spectra of all the species in DMSO were calculated using the time
dependent density functional theory (TDDFT) [41]. All the calculations were carried out

with the Gaussian 09 package [42].

3. Results and discussion

3.1. Validation

The experimental setup for BSEC measurements (Figure 1 and Figure SI1) was
validated  using  oO-tolidine. = This  well-known  reference  system  for
spectroelectrochemistry was chosen because it exhibits a fast two electron transfer and a
large molar absorption coefficient in water, ¢ = 60670 M™! cm! at 438 nm [43]. Figure 2
shows a validation experiment carried out by cyclic voltammetry, scanning the potential
between +0.45 V and +0.80 V at 0.005 V s”! in a 10* M o-tolidine, 0.5 M HAc and 1 M
HCIO4 aqueous solution. Figure 2.a, shows the corresponding cyclic voltammogram

(CV) obtained during electroxidation of 0-tolidine, with an anodic peak emerging at



+0.645 V that is related to the electrogeneration of 0-tolidinium cation, and a reversible
cathodic peak at +0.610 V that is related to the reduction of this cation to 0-tolidine. The
evolution of the spectra with time (potential) in normal and parallel configuration,
obtained during the electrochemical reaction, is shown in the supporting information
(Figures S12.a, and SI2.b). In both figures the corresponding contour plots of these 3D
images are overlapped to a better understanding of absorbance changes. In the two
configurations, a characteristic maximum of absorbance at 438 nm due to the generation
of o-tolidinium cation can be observed. In the backward scan, this band decreases in
intensity due to the regeneration of 0-tolidine. The main differences between the spectra
in the two spectrophotometric arrangements is the absorbance value, higher in parallel
configuration due to the longer optical path-way compared with that in normal
configuration. This fact makes more sensitive the parallel arrangement for studying
electrochemical processes in which only soluble compounds are involved. Figure 2.b
and 2.c shows the voltabsorptograms (VA) at 438 nm obtained in normal and parallel
configuration, respectively. VA in normal configuration at the maximum of absorption,
Figure 2.b, shows an increase of absorbance during the oxidation of 0-tolidine due to
the generation of 0-tolidinium cation, and the subsequent decrease during the reversible
reduction of the cation to 0-tolidine .On the other hand, VA at 438 nm in parallel
configuration, Figure 2.c, shows the same behavior but the amount of 0-tolidine that is
observed is much higher because of the longer optical-pathway. These results indicate
the suitable implementation of parallel configuration in the spectroelectrochemical setup

proposed.

3.2. Study the electrochemical mechanism of oxidation/reduction of Cu-0-Va



The behavior of the optical and electrical responses, shown above, indicates that high
quality spectroelectrochemical measurements can be performed using this new BSEC
setup. The electrochemical reaction mechanism of the Cu-0-Va is much more complex
than that of o-tolidine, and this BSEC setup would help to shed more light on this
reaction mechanism. For this purpose, cyclic voltammetry experiments were performed
using a wide potential window in order to obtain a whole picture of the redox processes
in which Cu-0-Va is involved. Solutions were accurately purged by passing a dry N2
stream for 300 s before each experiment. Based on previous experiments, a potential
window from -0.70 to +1.30 V was selected, fixing the starting and ending potential at
0.00 V where different electrochemical process took place. Using this potential window,
two voltammetric cycles at 0.010 V s™! were performed in a 10~ M Cu-0-Va and 0.1 M
TBAPFs DMSO solution. The spectroelectrochemistry responses are summarized in

Figure 3.

The CV of the first potential cycle (Figure 3.a, blue line) exhibits an ill-defined
reduction process around -0.50 V and a clear irreversible oxidation peak at +1.18 V.
Spectroscopic results provide complementary and very suitable information about the
processes taking place during this reaction. Comparison of full spectra, shown as
contour plots in normal and parallel configuration, Figures 3.b and 3.c respectively,
indicates a different behaviour in the two configurations. A representation of the current
respect to time/potential has been added at the left of the contour plot for an easier
understanding of the absorption bands. In the first cycle, the spectra in normal
configuration (Figure 3.b, blue line in E-I plot) show two main absorption bands. The
first one band is observed at 475 nm around -0.70 V and the second one emerges at 510
nm around +1.30 V. Analysing the spectra in parallel configuration obtained during the

first potential cycle (Figure 3.c, blue line in E-I plot), only the absorption band at 510
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nm is observed. Figure 3.d shows the VA at 510 nm obtained during the first cycle for
both configurations. As can be observed, during the reduction process, the absorbance
in Ax at 510 nm is significantly higher than the absorbance in Ap at the same
wavelength although the optical path-length is longer in parallel than in normal
configuration. Thus, different processes are observed in the two configurations. These
differences can be explained in terms of an electrodeposition process taking place on the
electrode surface. Therefore, we can conclude that during the cathodic scan at potentials
lower than -0.45 V, the reduction from Cu(Il) to Cu(0) is taking place, while the
reduction to Cu(]) is not observed because no absorption bands are observed in parallel
configuration related to these processes. If the reduction reaction took place only in

solution, Ap should be higher than An because of the difference of the optical pathways.

During the anodic scan, the CV (Figure 3.a, blue line) does not show any defined
oxidation peak due to the oxidation of Cu(0), but Ax around 475 nm in the contour plot
(Figure 3.b) shows a very small decrease of An at 0.00 V that could be related to a very
small oxidation of Cu(0). At more positive potentials, +1.18 V, an irreversible peak is
observed both in the CV and the VA at 510 nm (blue line in Figure 3.a and Figure 3.d),
due to the oxidation of the Cu-0-Va. In this case, Ap at 510 nm is higher than Ax
(Figure 3.d) indicating that this process is taking place only in solution. A similar
behaviour is observed in a pure 0-Va solution, ascribing this oxidation peak to the
oxidation of the 0-Va ligand, as has been reported in previous works [44]. The
calculated spectrum of the oxidized form of the free ligand 0-Va shows a band at 520
nm, similar to that obtained experimentally, indicating a good correlation between
experimental and theoretical data. Finally, it should be mentioned that at the end of the
first potential scan, a reduction peak is observed around 0.00 V in the voltammogram,

but any change in the spectral signals is observed.
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Inspecting spectroelectrochemical responses during the second potential cycle a more
complete map of the electrochemical reaction can be obtained. Two additional reduction
peaks are observed during the second scan in the CV (Figure 3.a, red line). The first one
at 0.00 and the second one at -0.30 V, together with the ill-defined peak around -0.50 V,
previously observed in the first cycle. During this second cycle, in the backward scan
the reoxidation of Cu(0) at +0.05 V is clearly detected together with a post-peak
shoulder that could be related to the reduction peak appearing at 0.00 V. Also, the
oxidation peak of the 0-Va ligand of the copper complex is observed in the two cycles.
Moreover, in the second cycle contour plots of spectral responses (Figures 3.b and 3.c)
show some relevant changes compared with the first cycle. The more significant change
is appreciated in spectra evolution in normal configuration (Figure 3.b) where a very
broad band around 720 nm is observed at potentials lower than 0.00 V. This absorption
band disappears at potential higher than 0.00 V. However, this absorption band at 720
nm is not observed in the spectra registered in parallel configuration. Therefore, this
broad band peaking at 720 nm has to be ascribed to the generation of Cu(0) on the
electrode, with the metal being subsequently redissolved, as can be deduced from the

sharp peak in the voltammogram at +0.05 V.

Consequently, from the spectra in normal configuration we can deduce that two
different processes occur on the electrode surface. First, the deposition of nuclei of
Cu(0) on the glassy carbon electrode during the first cycle (band at 475 nm, around -
0.50 V), and next, during the second cycle, the deposition of Cu(0) on Cu(0) nuclei
yielding a Cu(0) film (band at 720 nm)con. On the other hand, in parallel configuration
only the oxidation in solution of the ligand of the Cu-0-Va complex is observed (band at

510 nm, around +1.10 V). It is noteworthy that there is not any clear absorption band

12



either in normal or parallel configuration related to the reduction peak appreciated

around 0.00 V.

In the previous experiment the concentration of Cu-0-Va was too high to observe
spectral changes below 475 nm, therefore we decide to decrease this value to 5-10* M.
In addition, the preceding study was performed starting the experiment through the
cathodic direction. To determine if this experimental condition controls the
spectroelectrochemical behaviour explained above, now we present a similar
experiment but scanning first the potential through anodic values. Thus, we carried out a
cyclic voltammetry in a DMSO solution 5-10* M Cu-0-Va and 0.1 M TBAPFs,
scanning the potential at 0.01 V s! from +0.60 V to +1.20 V and back to -0.70 V,

finishing at the starting potential, +0.60 V.

Figure 4 shows the three spectroelectrochemical responses obtained during this
experiment. The CV (Figure 4.a) in this case only shows the irreversible oxidation peak
at +1.10 V, the reduction peak at 0.00 V, another ill-defined peak around -0.50 V and
the oxidation peak at +0.05 V. As in the former experiment, the sharp stripping
oxidation peak at +0.05 V is overlapped with a less intense diffusive peak. The
evolution of the spectra in normal configuration with the potential applied (Figure 4.b)
confirms that the copper complex is oxidized at +1.10 V, as can be deduced from the
band evolving at 510 nm. Additionally, a narrow and well-defined absorption band
emerges at 425 nm at potentials where no electrochemical reaction is taking place. This
experimental result must be explained as a charge redistribution within the complex of
the oxidized Cu-0-Va complex, as will be explained bellow, that is subsequently
reduced at 0.00 V. Contour plot of spectra in parallel configuration (Figure 4.c)
confirms this hypothesis because both bands, 510 nm and 425 nm, are also observed

indicating that both processes, oxidation of the complex and the following charge
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redistribution, take place in solution. The main difference appreciated between the two
optical responses is observed in the cathodic region. As in the experiment shown in
Figure 4, the electrodeposition of Cu(0) is only observed in normal arrangement (Figure
4.b), yielding a Cu(0) film on the electrode that is redissolved around +0.05 V , as

evidenced by the sharp peak in the backward scan of the CV (Figure 4.a).

The reduction peak at 0.00 V is attributed in the bibliography to a quasi-reversible
electron transfer process [30] for the redox couple Cu'/Cul. Joining this assignment to
our results, we can suggest that the pristine Cu-0-Va complex can only be reduced
directly to Cu(0) (first cycle in Figure 4) that implies the breakdown of the complex.
However, when the Cu-0-Va complex is oxidized, it takes place over the phenolic
oxygen of the ligand. The new complex right after, can be reduced from Cu(II) to Cu(I).
The absence of the reduction peak at -0.30 V in this experiment, indicates that the
presence of this peak in the second cycle of the CV in the previous experiment (Figure
3.a) should be related to the reduction of free Cu(Il) generated during the reoxidation in

this second scan of the Cu(0) nuclei, that were deposited in the first scan.

New cyclic voltammetric experiments with a more diluted solution were performed to
demonstrate with certainty the reduction of the oxidized Cu(Il)-complex to Cu(I)-
complex . In this case, the experiment was done reaching a vertex potential in the
cathodic direction where the generation of Cu(0) is avoided. Cyclic voltammetry
experiments were carried out between -0.10V and +1.25 V, potential window wide
enough to promote the reduction from Cu(Il) to Cu(I), but not to yield to Cu(0). The
spectroelectrochemistry results of this experiment are summarized in Figure 5. For
comparison with the results shown above in Figures 4 and 5, two experiments were
performed, both working with 10* M Cu-0-Va and 0.1 M TBAPFs DMSO solutions,

scanning the potential at 0.005 V s!. The first experiment starts through the cathodic

14



direction (Figure SI3) while the second one is carried out through the anodic direction
(Figure 5). In the first case (Figure SI6), two consecutive scans were performed from
+0.50 V to -0.10 V and back to +1.20 V, ending the experiment at the starting potential,
+0.50 V. The first scan in the CV (Figure SI16) shows that during the cathodic scan the
reduction of Cu(Il) to Cu(I) does not occur, demonstrating, as it was stated above, that

the Cu-0-Va complex is not reduced to Cu(l).

Figure 5 shows the spectroelectrochemical responses obtained in the second experiment
scanning the potential from +0.50 V to +1.20 V and back to -0.10 V, ending the
experiment at the starting potential, +0.50 V. Both processes, the oxidation of the Cu-0-
Va complex around +1.10 V, and the reversible process related to the Cu(II)/Cu(I)
couple are clearly observed in the CV (Figure 5.a). The same behavior can be observed
in the second scan performed, starting the experiment through the cathodic direction
(Figure SI6), indicating that it is necessary to oxidize first the Cu-0-Va complex to
appreciate the reversible process assigned to Cu/IT)/Cu(I) couple. It is remarkable that in
this experiment, the contour plots registered in normal (Figure 5.b) and parallel (Figure
5.c) configuration provide exactly the same information, indicating that the two
processes take place in solution. The main difference in both plots is the net absorbance
values obtained in the two configurations. Absorbance values are higher in parallel
arrangement than in normal arrangement because of the difference in the two optical

pathways.

Cu-0-Va complex is oxidized around +1.10 V, emerging a band around 510 nm related
to this oxidation process. This band decreases in the backward scan due to a charge
redistribution within the complex because no electrochemical changes are observed in
the CV between +1.00 V and +0.40 V. In this potential region, the evolution of three

different absorption bands is observed, one decreasing centered at 415 nm and another

15



two increasing at 270 nm and 340 nm. These three absorption bands have to be ascribed
to the chemical generation of the new Cu(Il) complex that is next reduced to Cu(l)
around +0.06 V, as indicated the CV (Figure 5.a). This last electrochemical process can
be observed spectroscopically at 285 nm (Figures 5.b and 5.c). This band decreases
during the reduction of Cu(Il) to Cu(l) and increases reversibly at the end of the scan
when the initial potential is reached. Therefore, it can be undoubtedly assigned to this
reversible process. Moreover, a last BSEC experiment was carried out right after the
experiment showed in Figure 5. In this case a cyclic voltammetry between +0.30 V and
-0.10 V at 0.005 V s! was performed. The comparison between the CV and the DCVA
at 285 nm (Figure 6) evidences that both signals are related exactly with the same

process, in this case, the reversible reduction of Cu(Il)/Cu(I) complex.

The most intriguing point of these results is related to the new complex generated in
solution. As it was explained above, changes in the spectra can be ascribed to a shifting
of the position of the absorption bands of the complex during the oxidation process and
the subsequent chemical reaction. A first hypothesis was related to the dissociation of
the Cu-0-Va complex to generate a new copper complex only with solvent molecules as
ligands. To study this hypothesis, a spectroelectrochemical experiment was performed
in a DMSO solution with 10* M Cu?" and 0.1 M TBAPFs, scanning the potential
between +0.30 and -0.10 V at 0.005 V s'. Figure SI7 compares the contour plots in
parallel configuration of this experiment (Figure SI7.a) with that performed under
exactly the same experimental conditions with the oxidized Cu-0-Va complex (Figure
SI7.b). From these results we can concluded that in both cases the Cu(II)/Cu(l)
reversible reduction takes place. However, this reaction does not occur in the same
spectral region. While the Cu?>* DMSO solution has an absorption band at 305 nm

(Figure SI7.a), the new complex shows a band at 285 nm (Figure SI7.b) related to this

16



reduction. Therefore, the dissociation of the Cu-0-Va complex should be discarded. In
an attempt to identify the new complex formed during the oxidation, an exhaustive
electrolysis of a Cu-0-Va solution was performed, applying a potential of +1.75 V
during 600 s at 150 uL of DMSO solution 0.013 M Cu-0-Va and 0.1 M TBAPFs. Next,
the reaction product of this electrolysis was analysed by mass spectrometry (Figure
SI8). All the samples yield a mass corresponding to the 0-Va ligand, without mass

modification.

Therefore, and taking into account that the copper metallic centre is not free after the
irreversible Cu-0-Va oxidation, as it has been deduced from BSEC experiments, and
considering that the ligand of the oxidized Cu-0-Va has not suffered any decomposition,
as has been inferred from the mass spectrometry data, we have to assume that oxidized
0-Va is still acting as ligand in the new complex. The shifting of the absorption bands
related to this process suggests changes and, consequently, a reorganization of the
complex structure after its irreversible oxidation. The new complex acquires a new
configuration that favours the electrogeneration of the Cu(l) complex, which is not
possible from the pristine Cu-0-Va complex. A scheme of the electrochemical reaction

involving the complex species is shown in the Supporting Information, Scheme S1.

TDDFT calculations of the suggested products of the electrochemical reactions were
carried out to aid in the assignment of the band that evolves in the absorption spectra,

thus shedding more light on the mechanism of those reactions.

The calculated and experimental electronic spectra of Cu-0-Va in DMSO have been
previously compared [30]. Experimental spectrum exhibits four absorption bands that
were assigned with the help of the calculations. The ones centered at 266 and 410 nm

are assigned to intra-ligand transition, whereas the band with maximum at 338 nm is
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assigned to a charge transfer ligand-to-metal transition. The much less intense band at
712 nm is due to the characteristic d-d transition in the complex The concentrations
employed in the BSEC experiments are much lower than needed to follow the evolution
of this last band.

Calculations, including geometry optimization, have been carried out for the oxidized
and reduced complex species. Electronic spectra were calculated in both cases
considering the redox process with no change in the original geometry of the pristine
complex and also considering the optimized geometry. The redox processes can be
analyzed in two steps; the first involving the electron transfer at fixed geometry and the
second considering the relaxation of the geometry.

In the oxidation process slight changes of geometry are predicted after relaxation of the
system. Nevertheless, as a consequence of changes in the charge distribution of the
oxidized ligands, some spectral changes were observed in the calculated spectra. In
Figure SI9 spectra of the initial complex and oxidized complexes considering both fixed
and optimized geometry are compared. It can be observed that a new band appears in
the electron transfer step at approximately 417 nm (oscillator strength of 0.0922). After
relaxation of the geometry, that band shifts to 438 nm, but its intensity decreases more
than 6 times, its oscillator strength being 0.0151. This fact can explain the behavior of
the experimental signal at 415 nm. Molecular orbitals (MO) involved in those
transitions are mainly located at the phenolic oxygen atoms and the copper ion, with
minor contributions from oxygen atoms of HC=O groups and carbon atoms belonging

to the rings. This could be described as a L+M — L transition.

According to the experimental observations during the whole process, absorbance at
340 nm and at 270 nm continuously increases. Interestingly, calculated spectrum of

oxidized, fixed-geometry complex shows a band around 330 nm (oscillator strength of
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0.1589), which remains almost at the same position, 336 nm after geometry relaxation,
but exhibiting a considerably larger oscillator strength of 0.2617. Also, three calculated
transitions around 290 nm are found for the oxidized species at fixed geometry
(oscillator strengths of 0.0296, 0.0285 and 0.0266, respectively). On the other hand, a
dominating transition at 251 nm is found when the geometry of the complex is
optimized. This transition presents larger oscillator strength of 0.4980. However, it
should be noted that it is predicted at a lower wavelength than the solvent cut-off, which
occurs at 260 nm, thus it would be absent in the experimental spectrum. The MO’s
involved in those transitions are mainly located both on the phenolic oxygen atoms and
on the aromatic rings, with minor contributions from the HC=O groups. The transitions

could be described as L — L ones.

Regarding the reduced species, the optimized geometry for the Cu(l) complex
significantly differs from the initial one, with a distorted tetrahedral environment around
the copper ion. This structural change is probably slower than the electrochemical
process. The absorption spectrum calculated when the geometry of the complex remains
fixed shows a strong absorption around 250 nm with a shoulder at 283 nm, see Figure.
SI10. That shoulder shifts to 254 nm when the complex geometry becomes optimized, a
wavelength that is lower than the solvent cut-off of 260 nm. These findings are
consistent with the observed behavior of the experimental band at 285 nm. The MO’s
involved in the transitions at 283 nm and 254 nm for fixed-geometry complex and
optimized-geometry complex, respectively, are located at the phenolic oxygen atoms
and the copper ion and are delocalized on the aromatic rings, giving place to a L+M —
L transition. Calculated transitions around 250 nm involve MOQO’s that are mainly
delocalized on the aromatic rings. These transitions could be described as L — L

transitions.
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Conclusions

A new bidimensional spectroelectrochemistry device has been developed. BSEC has
demonstrated to be highly useful to unravel the electrochemical mechanism of
oxidation/reduction of Cu(o-Va)2(H20)2. This multiresponse technique has provided
compelling information related to processes taking place both in solution and on the
electrode surface. Summarizing, Cu-0-Va complex cannot be directly reduced to Cu(I)
complex. This reduction reaction involves the electrodeposition of Cu(0) on the
electrode surface. On the other hand, oxidation of Cu-0-Va implies oxidation of the o-
Va ligand, yielding a new Cu(Il) complex that suffers some kind of structural change
respect to the pristine Cu-0-Va. Once this new Cu(Il)-0-Va complex has been generated,
the reversible reduction Cu(Il)/Cu(I) occurs. The new device should be a significant
advance in spectroelectrochemistry that could lead to new and interesting future
applications, particularly, those in which adsorption and/or crystallization processes

take place.
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Figure captions

Figure 1 Scheme of the spectroelectrochemical cell. (1) Suba-Seal septa, (2) auxiliary
electrode, (3) reference electrode, (4) working electrode, (5) reflection probe, (6) N2

inlet, (7) N2 outlet.

Figure 2 (a) Cyclic voltammogram, (b) derivative cyclic voltabsorptogram in normal
configuration at 438 nm, (c) derivative cyclic voltabsorptogram in parallel configuration
at 438 nm. Potential was scanned from +0.45 V to +0.80 V at 0.005 V s'! ina 10* M o-

tolidine, 0.5 M HAc and 1 M HCIO4 aqueous solution.

Figure 3. (a) Cyclic voltammogram and contour plots of absorbance evolution with
time (potential) in (b) normal and (c) parallel configuration during the two potential
cycles. For a better understanding of the contour plots, the corresponding 3D plots of
absorbance evolution with potential are shown in the supporting info, Figure SI3. (d)
Voltabsorptograms at 510 nm in normal and parallel configuration during the first
potential cycle. Two potential cycles from 0.00 V to -0.70 V and back to +1.30 V,
ending the experiment at 0.00 V, scanning the potential at 0.01 V s!. Experiment

performed in 10 M Cu-0-Va and 0.1 M TBAPFs DMSO solution.

Figure 4. (a) Cyclic voltammogram and contour plots of absorbance evolution with
time (potential) in (b) normal and (c) parallel configuration. For a better understanding
of the contour plots, the corresponding 3D plots of absorbance evolution with potential
are shown in the supporting info, Figure SI4. One potential cycle from +0.60 V to +1.30
V and back to -0.70 V, ending the experiment at +0.60 V, scanning the potential at 0.01

V s'!. Experiment performed in 5:10* M Cu-0-Va and 0.1 M TBAPFs DMSO solution.

Figure 5. (a) Cyclic voltammogram and contour plots of absorbance evolution with

time (potential) in (b) normal and (c) parallel configuration. For a better understanding
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of the contour plots, the corresponding 3D plots of absorbance evolution with potential
are shown in the supporting info, Figures SI5. One potential cycle from +0.50 V to
+1.25 V and back to -0.10 V, ending the experiment at +0.50 V, scanning the potential
at 0.005 V s*'. Experiment performed in 10* M Cu-0-Va and 0.1 M TBAPFs DMSO

solution.

Figure 6. Cyclic voltammogram (green line) and derivative voltabsorptogram in
parallel configuration (blue line). Potential was scanned from+0.30 V to -0.10 V at

0.005 V s'in 10* M Cu-0-Va in 0.1 M TBAPFs DMSO solution.
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Figure 3
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Figure 5
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