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Electrochemical reduction of quinones in Ethaline
chosen as an example of Deep Eutectic Solvent.

Fangchen Zhen and Philippe Hapiot*

Univ Rennes, CNRS, ISCR — UMR 6226, F-35000 Rennes, France

Abstract

The electrochemical reduction of a series of substituted benzoquinone have been examined in
ethaline chosen as an example of ionic deep eutectic solvent. Experiments show the importance
of hydrogen-bonding interactions between the quinone intermediates and the solvent. The effects
are notably visible on the values of reduction potentials that much more positive in ethaline than
in a molecular solvent like acetonitrile and the small difference between the first and second
reduction potentials. The amplitude of the stabilization increases with the donor character of the
substituent. Concerning the second reduction, the peak currents are considerably smaller than
those of the first reduction and almost disappear at high scan rates (above 50 V s'!). This behavior
could be explained considering a chemical step prior to the electron transfer that becomes the
limiting step (CE mechanism). As a remarkable feature, the electron transfer kinetics remain fast

despite the hydrogen-bonding interactions (ks = 0.12 - 0.14 cm s™!).

1. Introduction

Deep Eutectic Solvents (DES) that are composed of a salt and a hydrogen bond donor have been
proposed for numerous applications in electrochemistry notably as an alternative to room
temperature ionic liquids (RTILs).!>** As RTILs, these DES could be used in electrochemistry
as electrolytic media thanks to an inherent conductivity associated to excellent solubilizing

properties. To get a better description of these solvents and their interest in electrochemistry, we



have previously examined the basic redox properties of reversible monoelectronic couples
(ferrocene/ferrocenium and ferrocyanide/ferricyanide) in some common DES based on choline
salts.>® The electron transfer kinetic rate constants, ks were compared with those in ionic liquids
and other classical organic solvents (acetonitrile and water) and found being just a little lower
than those measured in the classical solvents.>® These results contrast with observations in ionic

liquids where k; are generally largely slower (100 times lower).

In this work, we focus on redox systems where the electron transfer steps are coupled to chemical
reactions. Quinones and their substituted derivatives are well adapted for such investigations
because they associate the electron transfer to proton transfer and their electrochemical properties
are strongly affected by hydrogen bonding’-%%10 as those existing in DES. Theoretical studies
have indeed confirmed that a variety of hydrogen bonds exist between all components of the
DES.!! This also creates the possibility of numerous combinations between the electrochemical
and chemical steps as in the proton-coupled electron transfers (PCET).!? Although the redox
behavior of quinones has been studied for many decades (see for example the introduction of
reference 10 or a review in reference 13 ), few studies have been dedicated to their
electrochemical properties in solvents like ionic DES. In relation with the present work, some
investigations have concerned the reduction of quinone in ionic liquids that have been analyzed
in view of the mechanisms reported in molecular solvents taking into account the strength of the
hydrogen-bonding characteristics of the ionic liquids.!*!3:1617-18 Quinones were notably selected
as model compounds for evaluating the properties of ionic liquids as electrolytes and compared
with molecular solvents.!® Besides the basic studies, this also led to electrochemical applications

in selected ionic liquids as the CO, separation from a gas mixture.!’

In the present study, we have examined the reduction in ethaline of the quinones shown on
Scheme 1 where different substituents are introduced on the ring. This is expected to modify the
density of negative charge and basicity on the oxygen atoms and thus the stability of the

electrogenerated intermediates.'”

Cr
Ethaline: \/NJr\/\OH oH” > OH 1:2
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Scheme 1. Structures of the quinones and DES (Ethaline) studied in this work.

2. General Observations
Reduction of 1,4 benzoquinone.

Cyclic voltammetry recorded on a 1 mm-diameter disk glassy carbon electrode of the reduction
in dry ethaline of 1,4-benzoquinone that represents the unsubstituted member of the series are
presented on Figure 1. Experiments were performed in a glove box and ethaline was specially
prepared to limit the presence of water that was around 2.6 102 mol L-! or lower. A low scan rates
(0.05 - 1V s71), a well-defined electrochemical process is visible at a potential in the range of -
0.53 V. The reversibility of the process increases with the scan rate passing from an almost totally
irreversible reduction at a scan rate of 0.05 V s°! to a partial reversibility around 45-50% at a scan
rate of 1 V s'!. Another peak appears in oxidation (around 0.5 V) when the reduction peak of the
benzoquinone is scanned beforehand. By comparing with an authentic sample studied in ethaline,
this peak was ascribed to the oxidation of the hydroquinone indicating that the reduction of
benzoquinone leads to the formation of the corresponding hydroquinone as in molecular protic
solvents. As other general observation, the diffusion coefficient D is estimated around 1.8 1077

cm? s7! that is in the range of what we have found for molecules of similar size in ethaline.>*
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Figure 1. Cyclic voltammograms of 3.7 10~ mol L'! of 1,4-benzoquinone in ethaline on a | mm-diameter disk glassy
carbon electrode at different scan rates : 0.05, 0.1, 0.2, 0.5 and 1 V s, Conc of water : 2.6x102 mol L™}, Temp. =
313 K.

The reduction of quinones in presence of a low amount of proton source could be described by
an ECE mechanism!%!? (electrochemical-chemical-electrochemical) where a radical anion forms
at a first step followed by a protonation and a second reduction step leading to a global 2-electron

process. 2021

Q+te > Q" E°k
Q"+H > QH &k
QH +e — QH-
QH + H" — QH,

The observed behavior in ethaline could be analyzed with this mechanism scheme, the initially
formed radical anion, Q™ reacts with a proton sources to QH" then is reduced to QH" that finally
leads the corresponding hydroquinone QH». Based on simulations using the KISSA 1D software
of the ECE mechanism, 22 we could estimate a first order rate constant k for the decay of Q™
around 0.6-0.8 s”! indicating a good stability of Q" in this media. (See the simulated curve Figure
S1 in the supporting information part). We could also examine the electron transfer kinetics by
considering the peak-to-peak potential difference AE,. At 0.1 V s’!, a value around 60 mV is

measured that is indicative of a fast electron transfer. Notice that the measurement of the electron



transfer standard rate constant, 4, is not possible from these sole experiments and requires using
higher scan rates and a special treatment of the ohmic drop. This will be developed in the

following part using a special experimental setup.

Reduction of halogen-substituted quinones in ethaline.

Figures 2 and 3 show the cyclic voltammograms of the reduction of substituted halogenated
benzoquinones recorded using the same glassy carbon electrode and scan rate (0.05 V s™) for an
easier comparison. Two reversible reductions are visible for the tetrasubstituted compounds.
These observations are similar to those reported in a molecular solvent like acetonitrile but, the
potential differences between the first and second electron transfers are much smaller than those

in acetonitrile (See supporting information section).’
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Figure 2. Cyclic voltammograms of tetra-substituted-quinone (C°= 2 10 mol L*!) in ethaline on a 1 mm-diameter
disk glassy carbon electrode and at a scan rate = 0.05 V s™'. (a) chloranil (tetrachloro-p-benzoquinone); (b)
tetrabromo-p-benzoquinone; (c) tetrachloro-o-benzoquinone, (d) tetrafluoro-p-benzoquinone. Water concentration :
1.8 102 mol L. Temp.= 313K.



Curves recorded for the reductions of mono-choro and dichloro quinones (See Figure 3) display
similar patterns but with a more negative potential and a slightly lower reversibility indicating a
higher reactivity of Q™. As another general observation, the currents at the second reduction are
considerably smaller than the current of the first reduction. Similar reports have been done in
literature regarding the reduction of quinones in molecular aprotic solvent”®!? and in ionic
liquids.'® Some explanations have been proposed generally based on the formation of non-
electroactive species after the first reduction, but the question remains largely open. (See the
discussion part below).

As seen on Figure 2d, the case of tetrafluoro benzoquinone is different. The reduction shows two
irreversible processes indicating that the stabilization of the radical anion Q™ by fluorine

substituent is not sufficient to avoid its rapid decay.
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Figure 3. Cyclic voltammograms of mono and disubstituted quinones in ethaline on a 1 mm-diameter disk glassy
carbon electrode at a scan rate of 0.05 V s\, (a) 2-chloro-p-benzoquinone (C° = 2.1 103 mol L!); (b) 2,5-dichloro-
p-benzoquinone (2.0 10 mol L!). Water concentration: 1.8 102 mol L. Temp. =313 K.

Reductions of quinones with strong withdrawing or donor substituents. To complete the study,
we have examined the electrochemistry of other quinones in ethaline bearing strong withdrawing
substituent or donor substituents. Figure 4 shows the cyclic voltammetry of the reduction of 2,3-
dichloro-5,6-dicyano-p-benzoquinone in ethaline at low scan rate. Analysis of the peak current
and taking the first reduction of chloranil as a le” standard shows that the reduction is mono-
electronic. It corresponds to the reversible formation of the radical anion in ethaline as expected

from a good stabilization of the electrogenerated Q™ by the two cyano groups. A more surprising



observation is the quasi-absence of a second reduction process. In fact, a second process is
actually visible around -0.5 V but its peak current is much smaller (it is only 25 % of the first
reduction) similar to the above observations that second peak currents are considerably smaller
in ethaline. Another broad intermediate process is also visible between the two peaks (in the 0.1

V potential zone) that may be due to the carbon electrode as proposed previously. !
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Figure 4. Cyclic voltammogram on 1 mm diameter glassy carbon electrode of 2.1 102 L! 2,3-dichloro-5,6-dicyano-
p-benzoquinone on a 1 mm-diameter disk glassy carbon electrode in ethaline at 313 K at scan rate of 0.05 V s\,

Water concentration : 1.8 102> mol L .

As seen on Figure 5, reductions of dimethyl-substituted and tetramethyl-quinone (duroquinone)
also display sort of reversible cyclic voltammograms. However, the analysis of the peak current
intensity shows a global stoichiometry of 2¢” taking the reduction of chloranil as a 1e” standard.
The reduction peak currents characterized by their half peak width (E,-E,2) are much thinner
with Ep-Ep2 = 38 mV (corresponding to the simultaneous transfer of 2-electron process, theory
28 mV) than peak currents of the other quinones with E,-E,» ~ 63-65 mV.?>>* Contrarily to the
reduction of benzoquinone, the reversibility does not increase with the scan rate and the return
peaks takes a more plateau shape when the scan rate is increased with the appearance of new
peaks (See Figure S2 in the supplementarily material part or the reference 2°). Such behavior
could be explained by the same general ECE mechanism when the chemical steps are fast and
partially at the equilibrium. In the framework of the (ECE);ey mechanism, increasing the scan rate
makes the equilibrium less reversible and thus the global reversibility of the process decreases.
This leads to a more irreversible process and appearance of new peaks due to the direct

reoxidation of intermediates in the ECE mechanism.?!
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Figure 5. Cyclic voltammetry of the reduction of quinones with donor groups in ethaline on a 1 mm-diameter disk
glassy carbon electrode. Solution of (a) 2.3 107 mol L' dimethylquinone and (b) 2.1 102 mol L! duroquinone in
ethaline. Temp: 313 K. Scan rate 0.05 V s Water concentration: 1.8 102 mol L.

3. Results and Discussions.
Diffusion coefficients of quinones in Ethaline.

The characteristics of the quinones reductions in ethaline are reported in Table 1. The derived
diffusion coefficients, D, were calculated from the first peak current 7, considering the prevailing

kinetics control.2%2!1:23 For the reversible 1-electron system, they were derived using the relation

for a reversible monoelectronic process : I = 0.446 FSC*\/D \/% where F'is the Faraday constant,
p

S the electrode surface area, C the initial concentration of the redox couple, R the gas constant, v
the scan rate and 7 the absolute temperature. For the fully bielectronic couple (2,5-dimethyl-p-
benzoquinone and duroquinone), to take into account the thinner peak of an (ECE);ey mechanism

we considered the equation for the simultaneous transfer of 2 electrons, n=2 and [ =0.446
p

nFSCND %FTV. 2021 Finally, the relation for the ECixE mechanism, I =0.496 nFSC\ND \/g was
P

used for the analysis of the benzoquinone voltammogram (n=2).2%?! The diffusion coefficients in
ethaline of the different quinones are all in the 1.5 - 2 10”7 cm? s7! range. They are two orders
smaller than in those in a molecular solvent like acetonitrile reflecting the higher viscosities of
ethaline.>® In that sense, the mass transport of quinones in ethaline does not reveal a special

behavior compared to other redox molecules like ferrocene.



Table 1. Electrochemical parameters for the reduction of quinones in Ethaline at 313K.

Quinone E'YV  AE'YmV EV D/em’s’ n
2,3-Dichloro-5,6-dicyano-p-benzoquinone 0.20 60 -0.56 1.7x107 1
Tetrachloro-o-benzoquinone -0.16 83 -0.29 2.2x107 1
2,3,5,6-Tetrachloro-p-benzoquinone -0.24 58 -0.44 2.0x107 1
(Chloranil)

2,3,5,6-Tetrabromo-p-benzoquinone -0.26 62 -0.46 1.6x107 1
2,3,5,6-Tetrafluoro-p-benzoquinone -0.33 - - 1.5x107 1
2-chloro-p-benzoquinone -0.46 65 - 2.0x107 1
2,5-Dichloro-p-benzoquinone -0.38 64 - 1.5x107 1
p-Benzoquinone -0.53 62 - 1.8x107 2
2,5-Dimethyl-p-benzoquinone -0.72 - - 1.6x107 2
2,3,5,6-Tetramethyl-p-benzoquinone -0.85 - - 2.2x107 2
(Duroquinone)

E', :Peak potentials of the first reduction E?, : Peak potentials of the second reduction peak. AE' * Peak to peak
difference of the fist reduction measured at 0.05 V s! from reversible or partially reversible voltammograms. All

potentials are measured versus the Fc*/Fc couple in ethaline.

Reduction potentials in ethaline. Comparison with data in acetonitrile.

We could compare the redox potentials of Table 1 in ethaline with those measured in acetonitrile
containing 0.1 mol L' NBusPFs as supporting electrolyte. Reduction potentials reflect the
interactions of the quinone and of its radical anion with the electrolyte solvent.”#%!0 In an ionic
liquid or in a DES like ethaline, the supporting electrolyte that is also the solvent, could
participate in ion-pairing or H-bonding interactions with the reduced quinone forms, whereas the
polarity of the solvent also affects the solvation energies.!>!® Rigorously, such correlation would
require the measurement of the thermodynamic data, i.e. the standard potentials £° that could

only be derived from a reversible voltammogram.?%-3!

If the reduction of quinones in acetonitrile
presents reversible processes, only few of the studied quinone reductions were found to be totally
reversible in ethaline. Our comparison on Figure 6 was thus based on the peak potential variations

E,, but covers a large change in the reduction power that is much higher than 1 V. Even if different

kinetics controls could prevail in the ECE mechanism that may introduce deviations between E,
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and E°, we could expect detecting a general trend from such correlation. Indeed, a good linear
variation is observed with a slope of 0.71 (R=0.987). It shows that the reduction potentials vary
similarly in both solvents and the effect of the substitution is higher in acetonitrile than in ethaline.
It is also noticeable that the reduction of all studied quinones is easier in ethaline than in
acetonitrile. An easier reduction is indicative of a better stabilization of Q™ by ethaline than by
acetonitrile confirming the occurrence of H-donor associations.” Passing from a withdrawing
group to a donor group increases the negative charge density on the oxygen atoms of the quinone
and thus favors the interaction with the electrolyte/solvent. A better stabilization by the solvent
is thus expected to present slope that is smaller than unity as it is observed in our correlation.
Presence of water is also an important parameter as it could also affect the value of the potential
notably by the formation of hydrogen-bonding.>?® However, the quantity of residual water in
acetonitrile containing an ammonium salt as electrolyte is much higher than in our measurements

in ethaline.

Ep in Ethaline

T

-0.4 0.0 0.4

1.2 0.8
Ep in ACN

Figure 6. Variation of the peak potentials for the first reduction of the quinone in ethaline versus values in acetonitrile

+ 0.1 mol L' NBu4PFs). Potentials are measured versus the Ferrocene/Ferrocenium couple at 0.05 V s7!. In ethaline
at 313 K, in acetonitrile 293 K.
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We could also consider the potential difference between the first and the second reduction. In a
molecular solvent like acetonitrile containing a quaternary ammonium salt as supporting
electrolyte, the two reductions of a quinone derivative are generally separated by about 0.7 V
(See supplementary Section for the studied quinones). As seen in Table 1 in ethaline, with the
exception of 2,3-dichloro-5,6-dicyano-p-benzoquinone, the potential differences between the
first and the second transfers are only 0.2-0.3 V. This falls in line with a higher stabilization of

the charged species by the solvent and confirms the occurrence of strong H-bonding interactions.’

Electron transfer kinetics of the quinone reduction in ethaline.

Electron transfer rate constant 4 is another important parameter besides the reduction potentials
for detecting the presence of a specific solvation. In the framework of the Marcus theory, the
standard rate constant corrected by the effect of the double layer for an adiabatic electron transfer

is given by:?7-28

o _ Ko (465, 1z AGE, + AGY
s = 7 \anrT) P RT

where K, is the equilibrium constant for a precursor complex and 7 is the longitudinal relaxation
time that is the relaxation time of the solvent normalized by the ratio of the static & and high
frequency &, relative permittivities, AGH,, AG, are the standard Gibbs activation energy of the
outer sphere and inner sphere contributions. AG}; reflects the change of solvation between the
neutral quinone and the produced radical anion. In this part, we focus on the electrochemical
properties of the tetra-bromo and tetra-chloro quinones that present the simplest patterns. Such
investigations in a DES are quite challenging as they require using high scan rates.® The main
difficulties arise both from the higher resistivity and the lower viscosity of a DES like ethaline.
Higher resistivity results in higher residual ohmic drop that make unusable the curves recorded
at high scan rates for a quantitative analysis. About higher viscosity, it also means lower diffusion
coefficients. Because D are smaller, the measurement of the standard rate for a given ks constant

requires using much higher scan rates in ethaline as the determining kinetics parameter A is
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k
A=—2 RT . /A should be lower than 1 for allowing the determination (& is the transfer

Jp N aFy

coefficient). Experiments in ethaline require a special setup in which the ohmic drop could be

effectively compensated.?®-** Fast scan rate voltammograms using a 1 mm-diameter disk glassy
carbon electrode are shown on Figures 7 and 8. Use of the positive feedback compensation

explain the extra-noise that is visible on these curves.
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Figure 7. High scan rate cyclic Voltammetry of 2 10~ mol L' chloranil solution in ethaline on a I mm-diameter
disk glassy carbon electrode. Scan rates (a) 0.5 (b) 5 (c) 50 (d) 200 V s’'. Temp. = 303 K. Concentration of
water: 2.8 102 mol L.
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Figure 8. High scan rate cyclic voltammetry of 2.0 10~ mol L™! tetrabromo-p-benzoquinone solution in ethaline
on a 1 mm-diameter disk glassy carbon electrode. Scan rates : (a) 0.2 (b) 2 (c) 20 (d) 200 V s! Temp. = 303 K.

Concentration of water: 2.8 102 mol L.

The value of the standard rate charge transfer constant k; were derived from the variation of the
peak-to-peak potential with the scan rate following previously described procedures.>?%?! Figure
9 shows the experimental AE), versus log of the scan rate for the first reduction as the fit with the
theoretical variations. The adjustment between experimental and calculated variations provides

2 For both quinones, AE, does not

a unique determination the experimental parameter ky/D
considerably vary for most of the low scan rates range and only increases for the highest scan
rates. This is indicative of a high value of parameter k/D’” that could be measured as 230 and
295 s°! for the first reduction of chloranil and tetra-bromo-p-benzoquinone respectively. Taking
into account the D values, we derived ks values of 0.12 cm s™! for the reduction of chloranil and
0.14 c¢m s! for the reduction of tetra-bromoquinone. These values are higher than the charge
transfer rates for a couple like ferri/ferrocyanide in the same conditions (2 102 cm s'!) but remain

slower than the transfer rate of a fast system like the ferrocene/ferrocenium couple,® a ranking

that is similar to what is expected in a classical molecular solvent like acetonitrile.



14

0.20 1 0.20 1

(b)

0.15- 0.15-
Q
Y 0.101 0.104
n
n
0.054 0.05

-2 -1 0 1 2 3 4 -2 -1 0 1 2 3 4
log (v) log (v)

Figure 9. Variation of the peak potential AE, with the scan rate. (a) Reduction of chloranil in Ethaline. (b)
Reduction of tetrabromo-p-benzoquinone in ethaline. Temp.: 303 K. Working electrode is a 1 mm-diameter disk
glassy carbon electrode. Lines are the theoretical behavior assuming a Buttler-Volmer Law and a transfer

coefficient o equal to 0.5.°

Second reduction of quinones in ethaline.

As noticed above, for all the studied quinones, the peak current of the second reduction in ethaline
is considerably smaller than the one of the first reduction, the difference depending on the
structure of the quinone and substituents. Similar observations were reported in numerous
publications (see for examples references 7,8,10 and the references therein) for the reduction of
substituted quinones in molecular solvents and in imidazolium based ionic liquids.'® A simple
explanation could be a difference of diffusion coefficients between the radical anion Q™ and the
neutral quinone Q resulting of a second smaller peak. Such explanation does not sound for a
molecular solvent or in ethaline where the diffusion coefficients present negligible variations
with the charge of the molecule.>® Notice that because of the occurrence of homogeneous
electron transfer reactions and the ensuing coupling of diffusional pathways, this will also result
in a loss of reversibility of the voltammogram,®! which is not visible in our results. Instead,
different explanations considering some forms of dimerization of Q™ were proposed in the
literature to explain the voltammetry. Among the possible mechanisms, the reaction between the
neutral quinone Q and the dianion Q?* yielding an electro inactive dimeric product [Q2]*" was
proposed for explaining the lower currents.”® These assumptions were then latter discussed.

Some inconsistencies with a proposed dimerization mechanism when changing the concentration
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of quinone were spotted and a different mechanism involving the association of Q™ with the OH
present on the surface of a glassy carbon electrode was proposed.!® To bring some additional
highlights on this puzzling phenomenon, we could focus on the evolution of the second process
on the voltammograms of Figures 6 and 7 (reductions of chloranil and tetrabromobenzoquinone
in ethaline). At low scan rate (Figure 2a,b), the second peak is reversible and smaller than the
first process as reported before. When the scan rate is increased, the second peak becomes
broader and more unsymmetric, the return peak current being larger than the forward peak current.
For the highest scan rate, the second peak becomes almost not visible. This observation appears
incompatible with the hypothesis of the formation of a non-electroactive species (as a dimer) in
a competitive manner as the reverse effect with the scan rate is expected.® On the contrary, the
behavior observed in ethaline is understandable in the framework of a CE mechanism where a
chemical step precedes the second electron transfer. Based on the above observations, it is likely
that such chemical step be a specific interaction with the media notably by hydrogen-bonding or
with a low amount of proton donor in the literature leading to the more reducible Q™ (sol).”’ If it
is difficult to clearly identify the nature of ‘sol’, we have not observed considerable changes of
the voltammograms when the amount of water was doubled.

The CE mechanism is characterized by a large a variety of possible voltammograms shapes

depending on competition between diffusion and the homogeneous preceding reaction that is

RT (k4 +k_)

characterized by its equilibrium constant K, and a kinetics parameter A = with k+

and k. being the forward and return kinetics rate constants of the preceding chemical step:?!
Q+e-_>Q.- anks
Q"¢ Q(sol) K,k k(1)
Q™ (sol) +¢ — Q*(sol) E°, ks (2)
We performed simulations of the voltammograms?? assuming this mechanism (See Figure 10,
notice that background currents are not introduced in the simulated curves). These simulations

support the hypothesis of a CE mechanism by reproducing the general trend with a kinetics

parameter K(k+ + k.)"? in the range of 30 s .
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Figure 10. High scan rates cyclic Voltammetry of the reduction of chloranil in ethaline. Simulation of the
experiments of Figure 7 using KISSA-1D software. Scan rate : 0.5 (b) 5 (c) 50 (d) 200 (See text for details and
supplementary section for parameters used in the simulation).

4. Conclusion

The redox behavior of quinone in ethaline that is strongly dependent of the quinone nature,
display many similarities with what is observed in a solvent like acetonitrile but with some
notable differences as lower reduction potentials or small potential differences between the first
and the second charge transfer. The reduction potentials vary in a similar manner with the
substituent in acetonitrile and in ethaline but the amplitude of the variation is lower in ethaline
(slope =0.71). These observations reflect the effect of H-bonding in ethaline resulting in the
stabilization of the electrogenerated quinone intermediates. As an important feature for
applications, the first electron transfer kinetics remain fast in ethaline despite the strong
stabilization of the quinone intermediate. The second electron transfer shows also the interactions
with the DES resulting in a CE mechanism that makes the second reduction much easier but with

some kinetics limitations.
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Experimental section

Chemicals and materials. All quinones were commercially available from Sigma-Aldrich and
used as received without further purification unless specified. p-Benzoquinone was purified via
reduced pressure sublimation using a cold finger sublimation apparatus before experiments. 2,3-
Dichloro-5,6-dicyano-p-benzoquinone (DDQ) was recrystallized from chloroform before use.
Ethaline was prepared by mixing the dried choline chloride (ChCl) and anhydrous ethylene
glycol (EG) (ChCI:EG mole ratio 1:2) into a round flask in an argon-filled glovebox and then
heated at 333.15 K until a homogeneous liquid was formed. Choline chloride was previously
recrystallized from anhydrous ethanol and then dried in a Schlenk line under high vacuum for 90

hours to remove the water.

Electrochemical Measurements. Cyclic voltammetry experiments were done using a
conventional three electrode cell, with glassy carbon working electrode (1 mm-diameter disk
sealed in a glass tube), platinum grid counter electrode, and Pt/polypyrrole quasi-reference
electrode using a SP-50 potentiostat from Biologic Instrument. The Pt/polypyrrole quasi-
reference electrode was made according an adaptation of the published procedure’ . In a solution
containing 0.01 mol L' pyrrole and 0.1 mol L' NBusPFs in acetonitrile, PPy film is
electropolymerized onto Pt wire with a platinum grid as counter electrode and saturated calomel
electrode (SCE) as reference electrode in the condition of sweeping the potential at 0.1 V/s over

the potential range -0.6-1.2 V for 50 cycles and stop at 0.4 V.

Quinone in ethaline solutions and cyclic voltammetry at low scan rate were made in an argon-
filled glovebox, with O> and H>O both below 0.5 ppm. The Pt/PPy reference electrode was
immersed no less than 15 min in the solution before measurements at 313+2 K (40 degree
centigrade). Ferrocene (Fc) was directly added to the solution at the end of the experiments and
used as a calibrating redox couple to provide an absolute potential reference. All potentials in the
text are reported versus the half-wave potential of Fc'/Fc couple. The half-wave potential of
Fc*/Fc couple versus a SCE electrode measured in ethaline was found to be 0.335 V/SCE. value

Based on repetitive measurements, errors on potential values are estimated as + 10 mV. The water
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amounts were measured using a Karl Fisher Coulometer (831KF Coulometer — Metrohm and
using Hydranal® Coulomat E solution from Fluka) before each experiment and are in the range

0f 330~350 ppm (1.8-1.9 102 mol L!).

For fast scan rate cyclic voltammetry in ethaline (Figures 7 and 8), cyclic voltammetry
experiments were done outside the glovebox at 303K and using a home-made potentiostat
equipped with ohmic drop compensation.® Ethaline was injected into a well-sealed cell in
glovebox and then taken outside for the experiments. For typical experiments, water amount

measured in the cell at the beginning of the experiment was 500 ppm, 2.8 102 mol L! of water.

Quinone reductions in acetonitrile (+ 0.1 mol L' NBusPFe) were studied outside the glovebox at
room temperature (293 K) using the same electrodes (excepting the saturated calomel electrode
(SCE) as reference electrode) using an Autolab PGSTAT 302N (Metrohm). The water amount
measured in acetonitrile, but before adding the supporting electrolyte, was around 500 ppm,

2.8%x102 mol L.

All calculation of cyclic voltammetry were done using the Kissa 1D package developed by C.

Amatore and 1. Svir using the default parameters.?
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