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ABSTRACT

UV-vis spectroelectrochemistry is assessed as a tool for the diagnosis and quantitative
in situ investigation of the incidence of comproportionation in multi-electron transfer processes.
Thus, the sensitivity of the limiting current chronoabsorptometric signals related to the different
redox states to the comproportionation kinetics is studied theoretically for different working
modes (normal and parallel light beam arrangements) and mass transport regimes (from semi-
infinite to thin layer diffusion).

The theoretical results are applied to the spectroelectrochemical study of the two-
electron reduction of the anthraquinone-2-sulfonate in alkaline aqueous solution, tuning the
thermodynamic favourability of the comproportionation reaction through the electrolyte
cation. The quantitative analysis of the experimental results reveals the occurrence of
comproportionation in the three media examined, showing different kinetics depending on the

cationic species in solution.



Anthraquinones (AQs) and other quinone derivatives are of great interest given their
role in a myriad of applications: production of hydrogen peroxide'?, energy storage devices>®,

710 photocatalysis!!, wastewater treatment??,

anticancer, antibacterial or antimalarial agents
pest management®,... In these contexts, understanding and even controlling the
electrochemical behaviour of AQs is crucial. For example, the toxicity of AQs has been ascribed,
among other factors, to the formation of the singly-reduced form (semiquinone radical) that
reduces oxygen to superoxide radicals!*. The predominant product of the AQ_(electro)reduction
is determined by the AQ chemical structure and also by the medium that stabilizes distinctly the
different redox forms via hydrogen bonding, protonation, ion pairing, complexation,...*>,
Assuming that such processes are fast enough, equilibrium conditions can be presumed and the
electro-reduction mechanism addressed as an ‘apparent’ EE mechanism with conditional values

of the formal potentials dependent on the solution composition'”:

AQ+e —=AQ", E "

AQ" +e &==AQ”", E}

An additional relevant aspect to be considered (as in any electrochemical system involving

multiple electron transfers and redox couples’®?°) is the impact of comproportionation-

disproportionation (COMP-DISP) reactions in solution?'~%4;

kcomp _
AQ+AQ” ——= 2AQ° (2)

disp

The extent of COMP-DISP will be defined by the difference between the apparent formal

Thus, COMP will dominate when the

app ~ ~2,app  “lapp’

FAEY , , ,
potentials: K =exp| ———=2 | with AE® =E% —E°
RT
formal potentials follow the “normal ordering” (i.e., E°_ <E° AE® <0), while DISP will

2,app 1,app’ app

prevail in the situation of so-called “inverted ordering” (E;  >E{ , AEY >0) .

Voltammetric techniques are generally very powerful in the investigation of the redox
mechanisms and activity of chemical compounds. Nevertheless, there are some aspects where
they are unable to provide accurate information, or even information at all. Within the present
context, it is well known that the voltammetry of diffusion-only multi-electron transfers is no%
or scarcely?”? sensitive to COMP-DISP processes since the “average oxidation state” in solution
is not altered®. In order to overcome this limitation, voltammetry in weakly supported media
has been applied?, on the basis of the different mass transport by migration of the different

redox forms in (1)-(2) as long as they are differently charged. Alternatively, in this work the use

of UV-vis spectroelectrochemistry (SEC) is investigated. SEC can provide in situ and real-time



direct evidence of the formation or consumption of chemical species and so assist the
unambiguous elucidation of intricate electrochemical mechanisms3®32, Within the present
context, as the concentration profiles of the redox forms are affected by the DISP-COMP
reactions (see below and 2°33), the species-sensitive absorbance signal can enable us to reveal
and characterize COMP-DISP processes under diffusion-only conditions and with direct access
to the species concentrations, which can make the modelling, interpretation of results and data
analysis more simple, conclusive and accurate. This is examined theoretically in the first part of
the manuscript for a generic two-electron transfer under different mass transport conditions
and SEC arrangements; thus, the parallel and normal light beam modes are examined (see Figure
S1), where the former is generally more advantageous since it enables the use of opaque
electrodes, as well as higher absorbance signals. With regard to the electrochemical method,
the simplest potential-controlled perturbation is considered: limiting current
chronoamperometry. As discussed below, this allows for the reduction of the number of
unknown parameters and of experimental uncertainty with respect to voltammetric techniques.
In the second part, the electro-reduction of anthraquinone-2-sulfonate in alkaline aqueous

media is studied experimentally in the presence of different electrolyte cations, which enables
us to tune readily the AE:,;p -value . In all cases, the analysis and fitting of the experimental UV-

vis absorbance signal clearly indicate the formation of the semiquinone intermediate via rapid
comproportionation in solution. The results set the ground for the SEC study of transient and
product species in multi-electron transfers, which can offer high capabilities given the wide
variety of techniques available (EPR/ESR, Raman scattering, NMR, luminescence,...)**¢ as well

as the real-time, local, in situ/operando information of the system.



EXPERIMENTAL SECTION

Spectroelectrochemical experimental measurements were carried out with a SPELEC
UV-vis instrument (200-900 nm, Metrohm-DropSens) in parallel mode under thin-layer diffusion
conditions (see Scheme 1). For this, two bare optical fibers (100 um core size, numerical
aperture=0.22, Ocean Optics) were aligned and glued on the surface of the 4 mm-diameter gold
working electrode of a screen-printed electrode 220BT (Metrohm-DropSens), which includes a
gold auxiliary electrode and a silver pseudo-reference electrode (Figure S3). The alignment of
the fibers was carried out by hand, searching for the maximum number of counts registered
with the SPELEC instrument; subsequently, the alignment was confirmed from optical
microscope images (Figure S3). Then, one of the fibers was connected to the light source of the
SPELEC instrument and the other fiber to its spectrometer. The distance between the ends of
the two optical fibers, which defines the length of the optical path (£ ), was determined from
images obtained with a Leica Z6 Apo macroscope and analyzed with Imagel) software:

(=0.63 mm (see Figure S3).
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Scheme 1. Schematic of the working cell employed for the SEC experiments.

The fiber-modified screen-printed device was placed in a TRANSCELL (Metrohm-
DropSens), 40 uL solution was dropped covering the surface of the three electrodes and,
subsequently, a glass plate was placed on top and fixed by the top cover of the cell so ensuring
a well-defined, uniform and reproducible thin-layer domain (see Figure S4). The distance
between the thickness of the diffusion domain (d) and the distance between the electrode
surface and the light beam (xo) were determined from the fitting of simulated and experimental

the diffusion-controlled chronoamperometric SEC signal at 420 nm 3’ accompanying the electro-



oxidation of 3.7 mM ferrocyanide in a 1 M KNOs aqueous solution, as a model system (see Figure
S5, and Section S4 for the details of the numerical simulation). The values obtained were
d=175pum and x, =50 um.

All SEC measurements were performed at room temperature, and the spectra
registered were filtered using the standard Savitzky—Golay filter of the instrument (10 points
and 1 degree polynomial), which was confirmed not to distort the features of the raw signal. In
the case of the AQ solutions, atmospheric oxygen was removed by thorough bubbling of argon
(Premier, Carburos Metalicos, 99,9992%) and subsequent potentiostatic electrolysis of O, traces
prior to measurements, maintaining an Ar flux over the electrode system throughout the

experiments (see Figure S4).



RESULTS AND DISCUSSION
Simulated UV-vis SEC spectroelectrochemistry

The SEC of a generic two-electron transfer

— o'
A+e =B ,E

B+e =C ,E (3)

2,app

k.

comp _ FAEgpp : 0" _ g0 o'
A+C——2B ,K=exp TRy with AE E E

. app — “2,app  “lapp
disp

under diffusive mass transport is investigated theoretically (simulation details discussed in
Section S3). A variety of situations can be envisaged, primarily depending on whether COMP or
DISP is thermodynamically favourable, and on the relative absorptivity of the different
electroactive species and the thickness of the diffusion domain. Among the multiple techniques
available, limiting current chronoamperometry (CA) will be here considered where the applied

potential, E, is notably more negative than E7  and E; 5o that species A is electro-reduced

to G, its interfacial concentration is null and species B is not generated at the electrode. The
corresponding SEC-CA response is independent of the specific kinetics of the two electron
transfers and of the specific value of the applied potential (provided that E is negative enough).
This is very advantageous in the present context since it enables us to reduce the number of
unknown parameters, and the system’s response is independent of the exact applied potential
(as long as it is negative enough) providing high tolerance to uncertainties associated to the use

of pseudo-reference electrodes. A typical width of the light beam of w = 100 um is considered.

Let us consider first the situation where comproportionation is thermodynamically

favourable, for example, AE:,;p =-200 mV. The change in the parallel-mode absorbance with

respect to its initial value (AA, =A (t)—A (t =0) with A (t=0)=¢, (c, ) is shown in Figure 1 at
wavelengths where the predominant photoactive species is A (Figs. 1A and 1D), B (Figs. 1B and
1E) or C (Figs. 1C and 1F) under thin-layer (d =150 um, Figs. 1A-1C) or semi-infinite (Figs. 1D-
1F) diffusion conditions; other situations in terms of absorptivity of the different redox species
are given in Figure S7. The concentration profiles of the three species are shown in Figure 2 in
the absence (Figs 2A-2C) and presence (Figs 2D-2F) of COMP, where small values of

T =tD, /d” correspond to semi-infinite diffusion and thin-layer effects are more apparent as

Tis larger.

Regardless of the diffusion regime and of the COMP kinetics (kcomp), When the main
absorbing species is the reactant (A) or product (C) of the electrode reaction, AA, decreases or

increases with time, respectively, in a monotonous way towards the value corresponding to the

7



bulk electrolysis of A to C, AA, =(ec —g,){c, (see Fig. 2). Such value is attained in tens of

seconds under thin-layer conditions (Figs. 1A and 1C) while, in general, it requires atypically long
times in the case of semi-infinite diffusion (Figs. 1D and 1F). Regarding the influence of the COMP
kinetics, as kcomp is faster, species A and C are consumed more rapidly in the solution-phase

COMP reaction (compare Figs. 2A vs 2D and 2C vs 2F). As a result, for a given intermediate time
value, AA, decreases as kcomp is larger (Figs. 1A, 1C, 1D and 1F) up to the limit of very fast COMP
kinetics (kcomp>10° M™st in Figs. 1 and 2) where the occurrence of the COMP reaction is limited
by the availability of species A (Fig. 2D).

At a wavelength where the absorbance is primarily associated to the intermediate
species B (Figs. 1B and 1E), the AA, -time response can show a more complex behaviour. Thus,
in the absence of COMP (black line in Figs. 1B and 1E), species B is not generated at the applied
potential considered either electrochemically or chemically (see Fig. 2B) and any change in AA,
is only due to the decrease of the concentration of A and the increase of the concentration of C;

therefore, in Figs. 1B and 1E, where it is considered that €. > €, , there is a continuous increase

of AA,.

When COMP takes place, species B is produced chemically in solution and,
simultaneously, it is fully reduced at the electrode surface (E<<E§"app ). As aresult of the interplay
between these two opposing processes, the amount of species B in solution initially increases
when ‘soft’ thin-layer or semi-infinite conditions hold (Figs. 2B and 2E for T< 0.1); this gives rise

to the corresponding increase of AA, (Figs. 1B and 1E) since the medium is more absorbing (

g5 > €. >¢€, ). As thin layer effects are more significant (larger T in Figs. 2B and 2E) and/or the

COMP kinetics is faster (larger kcomp in Figs. 1B and 1E), the depletion of species A limits the

COMP reaction so that the electrolysis of Bdominates and its concentration decreases with time.
Consequently, the AA, -value shows a maximum that is more apparent and appears earlier as

the COMP reaction is faster up to reaching the limit of very fast kinetics (kcomp>10° M*s™ under
the conditions of Figure 1). As shown in Figure S8B, the characteristic maximum that reveals the
incidence of COMP is enhanced under strong thin layer conditions where concentration changes

are more notable since the diffusion of species B away from the electrode is constrained. For

the same reason, in all cases (Fig. S8A-S8C) the AA, -value reaches the bulk electrolysis limit

(AA, =(gc —€,)Lc, ) earlier as the thickness of the diffusion layer is decreased.



In Figure S9, the influence of AEg;p on the thin-layer AA,-time responses in the presence

of COMP-DISP is shown; the responses in the absence of COMP-DISP (grey dashed line) are also
plotted for comparison. As the AESAP -value is more positive, the COMP reaction is
thermodynamically less favourable (Eg. (3)) so that the effects discussed above are less
significant, eventually vanishing for very positive AEZ;p (black line). Note that the DISP reaction
does not affect the signal in limiting current CA given that, at the applied potential considered,
the formation of species B is not thermodynamically favourable, either electrochemically or
chemically.

As shown in Figure S10, the influence of the COMP reaction on the chronoamperometric
SEC signal is qualitatively the same in the parallel and normal modes, including the appearance

of the maximum when the intermediate is the most absorbing form. Hence, the main difference
between the two working modes is the smaller magnitude of the AA_ -values in the normal-

beam arrangement for the generally smaller optical path length. This can lead to problems of
optical sensitivity that could be addressed with larger diffusion domains and longer electrolysis

(see Figure S11).

According to all the above, it can be concluded that the AA,-times response at a

wavelength (primarily) associated to species B is the most appropriate for the analysis of COMP

since it shows a distinctive maximum, especially under thin-layer conditions, highly sensitive to
keomp. The AA,—time response related to the consumption of A also shows notable sensitivity to
COMP in any diffusion regime and in both parallel- and normal-beam arrangements. On the
other hand, the AA, signal related to the generation of the product C is the least informative

and sensitive.



(A)
gx=10* Mlecm? = 2g, = 2¢g,

0.0

-0.2 A

AA 0.4 1 Keomp (M's™)= >10° 10* 107 107 0

time / s

(D)

gx=10* Mlecm? = 2g; = 2¢,
0.0 1

-0.2 4

AA, 0.4

k. (M's")=

comp

0.6 -

-0.8 4

-1.0 4

time / s

(B)
gg = 10* Mlem? = 2¢g. =4g,

25~ >10°

0 10 20 30 40
time / s

(E)

gp = 10* Mlecm? = 2¢g. =4g,

25 - >10° k. (M's)=

comp

2.0

1.5 1

1.0 4

0.5 A

0.0 + . . . .
0 10 20 30 40
time / s

0.6 1

0.4 4

0.2 4

(C)

€c=10* Mlcm? = 2¢g, =4g,

1k, M's™)y=0 10% 10° 10* >10°

0.0

0.8

0.6 4

04 4

0.2

0.0

time / s

(F)

— 104 M-1rm-1l = -
.= 10" M*cm™ = 2¢g; =4¢g,
M'sy=0 10% 10° 10* >10°

10 20 30 40
time / s

Figure 1. Absorbance-time signals as a function of the COMP kinetics in parallel SEC mode under (A-C) thin-layer (d =150 um) or (D-F) semi-infinite diffusion. ¢ =0.1cm,

Xy =25pum, AE:pp =-200mV, ¢, =1mM, D, =D, =D, =10"° cm’ /s, T =298 K. & -values indicated on each graph.
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Figure 2. Dimensionless concentration profiles of the EE mechanism in limiting current CA with (A-C) no COMP or (D-F) very fast COMP. D, =D, =D, =10"° cm’ /s, T = 298
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3.2. Experimental study
Chronoabsorptometric experiments were conducted under limiting current conditions

(E =-0.85V (vs SCE), see Figure S2) for the electroreduction of anthraquinone-2-sulfonate in
three different media: KOH, TMAOH or TBAOH aqueous alkaline solutions (pH > 13). Under such
conditions, the different redox forms are deprotonated (pK.'s < 11 38) and their ion pairing with
the distinct electrolyte cation (K*, TMA* or TBA*) leads to different values of AESLP :-177 mVin
TBAOH, -35 mV in TMAOH and -25 mV in KOH. Hence, the comproportionation reaction (2) is
thermodynamically more favourable in the TBAOH solution.

With regard to the SEC arrangement, the parallel mode was preferred given that it
usually offers higher optical sensitivity than the normal mode (see Figures S9A-C vs S9D-F) for
the longer optical path length and, also, it enables the use of ‘opaque’ electrodes that offered
better electrochemical responses.

Figure 3A shows the evolution of a representative spectra with time, where the

spectrum of the initial solution has been taken as a reference (i.e., AA, =A (t)—A,(t=0)). At

A=330nm, AA, decreases monotonously with time and reaches a constant negative value

after ca. 30 s (see also Fig. S5B). As discussed above, this behaviour points out that the reactant

AQ2S is the main absorbing species at 330 nm, in agreement with its UV-vis spectrum (Figure
$12 and *®¥). Additionally, two maxima can be identified at A = 430 and 500 nm. At 430 nm, AA,

increases continuously with time as corresponds to a wavelength where the absorbance of the

fully reduced species AQ2S* is higher than that of the reactant and intermediate. On the other
hand, at 500 nm the AA,-time plot shows a maximum (see also Fig. S5D) that is consistent with
the incidence of the COMP reaction (2) with the intermediate AQ2S™" being the most absorbing
species. The latter is also in agreement with the literature where it is found that the intermediate

species absorbs approximately twice as much as the fully reduced form at 500 nm 3,

The quantitative analysis of the COMP reaction in the electro-reduction of AQ2S™ was

performed by fitting the simulated and experimental AA_ vs time responses at 500 nm with &,
€c and keomp as adjustable parameters; the two former mainly affect the magnitude of AA,, while
the latter determines the AA_-time pattern. As can be seen in Figures 3B-3D, in the three media

investigated, the experimental AA_ -time plot (blue circles) shows a maximum at ca. 20-30 s,

which is more notorious as COMP is thermodynamically more favourable, that is,
TBAOH > TMAOH > KOH. In all cases, a satisfactory agreement is reached between the

experimental and simulated (red line) curves with the values indicated in Table 1. The values

12



obtained for keomp point out that the comproportionation of AQ2S and AQ2S°” is significant and
fast in all the aqueous media investigated, as also reported in acetonitrile °. Moreover, the
COMP kinetics is found to be dependent on the cationic species in solution, following the same
order as that found for the ion pairing with the electrolyte cation !¢, which would enhance the
second-order kinetics between like-charged species (AQ2S and AQ2S°”) somehow in analogy

to a kinetic salt effect.
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Figure 3. (A) Experimental AA, vs A spectra during a thin-layer CA-SEC experiment with a 0.35 mM AQ2S™ 0.2 M TBAOH solution. (B-D) Experimental (blue circles) and best-

fit simulated (red line) AA, vs time responses at A = 500 nm corresponding to 0.35 mM AQ2S" solutions with different electrolytes (indicated on each graph). The theoretical

response predicted in the absence of COMP (i.e., kcomp = 0 M1}, grey dashed line) and for very fast COMP (grey dotted line) are also plotted for comparison; the latter
overlaps with the red line in Fig. 3B. The error bars correspond to the standard deviation of three independent experiments.
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Table 1. Parameters corresponding to the best-fit simulations in Figure 3.

€c/10% (M*cm?) g8/ &c Keomp (Ms71) Root mean
square error
TBAOH
a4 | 215 | >105 | 3.6x10%
TMAOH
35 | 205 | 3x10*° | 1.1x0°?
KOH
35 | 18 | 600 | 24x10°

e The values of xo, €, d and D values were determined as detailed in the Experimental Section and in Section S1; the
diffusion coefficients of the reduced species were assumed to be equal to that obtained for the reactant AQ2S'.

° AE;’;p as determined from the cyclic voltammetry under conventional semi-infinite diffusion conditions: -177 mV
in TBAOH, -35 mV in TMAOH and -25 mV in KOH (Section S1.2).

e £a =0 MsT according to the UV-vis spectrum of AQ2S in aqueous alkaline solution (Figure S12 and 38).
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CONCLUSIONS

UV-vis spectroelectrochemistry allows for the detection and characterization of
comproportionation (COMP) in multi-electron transfers. Taking into account the interplay of
diffusive mass transport, chemical and electrochemical phenomena, the patterns of the parallel-
mode UV-vis spectroelectrochemical signal in the simplest potential-controlled technique of
limiting current chronoamperometry (CA) have been theoretically described. The absorbance-
time response at wavelengths where the intermediate is the main absorbing species is found to
be particularly convenient since it shows a characteristic non-monotonous behaviour when
comproportionation takes place, allowing for the quantitative study of the COMP kinetics.

The parallel-mode, thin-layer CA spectroelectrochemical method has been applied
successfully to the experimental study of the two-electron reduction of anthraquinone-2-
sulfonate in different alkaline agueous media, tuning the extent of the COMP reaction through
the ion pairing with the base cation. In all the cases investigated, the fitting of the theoretical
and experimental SEC signals reveals the formation of the semiquinone intermediate in solution
by the (very) fast COMP of the anthraquinone with its doubly-reduced form. Such reaction is

found to be favoured, both thermodynamically and kinetically, by ion pairing media.

SUPPORTING INFORMATION
Experimental details, simulations details, different influences on the spectroelectrochemical

responses in normal and parallel modes, experimental UV-vis spectrum of AQ2S".
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