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Tuning the reduction potential of quinones
by controlling the effects of hydrogen bonding,
protonation and proton-coupled electron transfer
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An all-organic cell comprising 2,3-dimethyl-1,4-napthoquinone
and pyrano[3,2-flchromene as electroactive elements exhibited a
good combination of large cell voltage and stability of the reduced
quinone upon the addition of diethyl malonate (a weak organic
acid), as compared to the addition of trifluoroethanol (which led to
a high cell potential but low stability via strong hydrogen bonding
interactions) and the addition of trifluoroacetic acid (which led to a
lower cell potential but high stability through proton transfer).

The utility of electricity as a low carbon form of energy when
obtained through renewable energy sources has fuelled tremendous
interest in the development of efficient electrical energy storage
devices, where work is aimed at improving cell voltage and stability,
energy density and round-trip efficiency, and suppressing capacity
fading, among other factors."® Organic compounds are useful in
providing a large range of cell voltages because their chemical and
redox properties can be easily modified via functionalization. A fully
organic redox flow battery (RFB) can thus be prepared together with
an organic solvent, organic supporting electrolyte and non-metallic
electrodes. The major drawbacks of molecularly based RFBs,
however, are the generation of radicals and other highly reactive
charged species that may compromise the stability and, con-
sequently, lifetime of the battery.

Quinone and pyranochromene compounds are useful for this
purpose. Firstly, both exhibit simple electrochemical behaviour
in organic solvents. In an aprotic organic solvent like CH;CN, 2,3-
dimethyl-1,4-napthoquinone (VKA), an analogue of vitamin Kj,
typically undergoes two one-electron reduction reactions (i.e. EE
mechanism where E represents an electron-transfer step) to first give
the radical anion (VKA® ") at —1.22 V vs. Fe/Fe” (E°Y®) and subse-
quently the aromatic dianion (VKA?™) at —1.76 V vs. Fc/Fe* (E*4?)
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Fig. 1 Cyclic voltammograms of 2 mM VKA and VEA with 0.2 M nBuyNPF¢
as the supporting electrolyte in CH3CN (a) only, and with (b) 200 mM TFE,
(c) 400 mM DEM and (d) 100 mM TFA. The voltammograms were recorded
on a 1 mm diameter planar disk glassy carbon working electrode at a scan
rate of 0.L Vst at 25+ 2 °C.

(Fig. 1a, red trace).” > An analogue of vitamin E, pyrano[3,2-f]-

chromene (VEA), on the other hand, only undergoes a one-
electron oxidation reaction to its radical cation (VEA®") at +0.45 V
vs. Fe/Fe' (E™W) (Fig. 1a, blue trace).'® The structures of both
compounds are shown in Scheme 1.

Secondly, the electron-transfer processes of both compounds
show good chemical reversibility on the timescale of cyclic
voltammetry experiments (seconds) and so enables them to
potentially serve as electroactive compounds in batteries, to which
the theoretical maximum cell voltage obtainable is 2.21 V (from
Eeetl = Ecathode — Eanode = E™W — E*4@)), The stability of the cell in
pure CH;CN, which is typically measured on the scale of days and
months for RFBs, is however quite poor owing to the high
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Scheme 1 2,3-Dimethyl-1,4-napthoquinone (left) and pyranol3,2-flchro-
mene (right).

reactivity of the dianion VKA®~ (likely due to reactions with trace
oxygen or water). Cell stability under electrolysis timescales
(>minutes) can nevertheless be improved through stabilization
of VKA*~ and VKA®~ by purely hydrogen bonding with trifluoro-
ethanol (TFE) (Fig. 1b) or purely protonation from trifluoroacetic
acid (TFA) (Fig. 1d), or possibly a combination of both (hydrogen
bonding and proton transfer) with diethyl malonate (DEM)
(Fig. 1c), which facilitates the reduction of VKA and shifts the
reduction potentials to less negative values. The oxidation of VEA
appears to be unaffected by the addition of TFE, DEM and TFA
(i.e. no change in EW) so indicating that VEA and VEA®" are less
affected by hydrogen-bonding and proton-transfer reactions.

Hydrogen bonding between VKA and TFE results in the
gradual shifting of the reduction processes E*‘®) and g
towards more positive values; this occurs over a wide concen-
tration range and is dependent on the extent of the interaction
(see Fig. 2a)."”*! The shifts in E®) are greater than those of
E™4M which result in the formation of a single two-electron
reduction process when sufficient amounts of TFE are present
(ca. 50 equivalents), through the merger of the individual one-
electron reduction reactions, that converts VKA directly into
VKA>". Despite the noticeable changes in the cyclic voltammograms,
the EE reduction mechanism remains unaffected by hydrogen
bonding. These shifts in reduction potential of quinones in organic
solvents have been studied extensively during the addition of
water, which also undergoes relatively strong hydrogen-bonding
interactions with the semiquinones and especially dianions.'*™2°
The series of possible consecutive electron-transfer and hydrogen-
bonding reactions associated with the chemically reversible
transformation between VKA and its hydrogen-bonded dianion,
[VKA(TFE),]>~, can be more accurately described by the electro-
chemical “square-scheme” mechanism shown in Scheme 2,
where the electron-transfer reactions are drawn horizontally and
the hydrogen-bonding reactions are given vertically. Scheme 2
can be extended vertically to include more hydrogen-bonding
interactions.

Protonation can be viewed as an extreme case of hydrogen
bonding where the interaction between the hydrogen donor
and hydrogen acceptor is so strong that the hydrogen nuclei is
completely transferred. The addition of small amounts of TFA
to the VKA containing solution resulted in an immediate large
shift in the E4® and E"4®) processes (Fig. 2b), which is due to
strong hydrogen bonding with VKA and protonation of the
reduced forms. The dihydroquinone VKAH, is obtained as the
final product, to which the overall two-electron two-proton
reduction may proceed either through the ECEC or ECCE
pathway. The other distinctions of protonation compared to
hydrogen bonding (where there is no transfer of protons to the
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Fig. 2 Cyclic voltammograms of 2 mM VKA/0.2 M nBu4NPFg in CH3CN
recorded with a 1 mm diameter planar disk glassy carbon working
electrode at 0.1V s~ at 25 + 2 °C at different concentrations of (a) TFE,
(b) TFA and (c) DEM.

reduced quinone) are the occurrence of the reduction of VKA at
potentials that are significantly more positive (¢f Fig. 1b and d),
with lower concentrations of the acid, a marked increase in the
E™? to E™ separation as well as slowed heterogeneous electron-
transfer rates (see Fig. 2b).>*** The electrochemical “square-
scheme” in Scheme 3, which is analogous to Scheme 2, shows
the sequence of electron-transfer (drawn horizontally) and
proton-transfer (given vertically) reactions that VKA can undergo
during its chemically reversible transformation into VKAH, in the
presence of high amounts of acid. No change in the UV-vis
spectra of the starting material was observed in the absence
and presence of up to 5 M TFA, suggesting that the VKA does not
undergo immediate protonation with acid (Fig. S1 in the ESIY).

This journal is © The Royal Society of Chemistry 2019
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Scheme 2 Electrochemical “square-scheme” mechanism for the reduction
of VKA with hydrogen bonding to TFE. R = CH,CFs.
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Scheme 3  Electrochemical “square-scheme” mechanism for the reduction
of VKA with proton-transfer reactions.

The cyclic voltammograms in Fig. 1 and approximate Ej
values of 1.56, 1.18 and 0.61 V obtained in the presence of TFE,
DEM and TFA, respectively, (where E e = E°®) — E) indicate
that hydrogen bonding between VKA and TFE gives the largest
cell potential by ca. 950 mV more than that obtained through
protonation by TFA. The hydrogen-bonded dianion [VKA(TFE),]*~
was however found to be less stable than VKAH,, and so under-
mines the applicability of TFE for use in an all-organic battery. The
stabilities of VKA and its reduced products, [VKA(TFE),]>~ and
VKAH,, were determined through a comparison of the peak
reduction currents from the cyclic voltammograms as well as

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a—c) Coulometric data for the reductive controlled potential
electrolysis of 2 mM VKA/0.2 M nBusNPFg in CH3CN in the presence of
(a) 200 mM TFE, (b) 100 mM TFA and (c) and 400 mM DEM. The i vs. t and
no. of electrons transferred vs. t plots are shown in red and blue,
respectively. (d—f) Corresponding cyclic voltammograms recorded with a
1 mm diameter planar disk glassy carbon working electrode at 0.1V s™* at
25 + 2 °C before the bulk reduction of VKA (red) and after the bulk
oxidation of reduced VKA (i.e. hydrogen-bonded VKAZ~ or VKAH,) (black)
in the presence of (d) 200 mM TFE, (¢) 100 mM TFA and (f) and 400 mM
DEM.

UV-vis spectra (see Fig. S2 in the ESI{ for TFA and DEM)
recorded at the start and upon completion of the controlled
potential electrolysis experiments. The voltammetric peak currents
for [VKA(TFE),]>~ recorded immediately after the electrolysis were
noticeably smaller than prior to electrolysis as shown in Fig. 3d.
However, for VKAH,, the voltammetric peak currents showed a
negligible change over the course of the electrolysis experiments
(Fig. 3e). The applied potential needed for exhaustive reduction of
VKA decreased in the presence of the additives in the order TFA <
DEM < TFE, and this potential decrease can be correlated to
improving the stability of the reduced quinone via the lowered
reactivity of the product (the exact applied potentials and experi-
mental details of the electrolysis are given in the ESL).

For the experiments with DEM, the electrochemical reduction
of VKA appears to show features of hydrogen bonding at low
(<10 mM) concentrations of DEM (ie. two one-electron
reduction behaviour with £ shifted, yet no change in the
chemical reversibility of both processes) as well as protonation
at high (>20 mM) concentrations of DEM (i.e. a single
reduction process accompanied by a broad reverse oxidation
peak) (Fig. 2c). Since DEM is a weak acid and does not fully
dissociate in CH;3CN, it is likely that the reduction of VKA in the
presence of DEM involves a combination of proton-coupled

Chem. Commun., 2019, 55, 2277-2280 | 2279


https://doi.org/10.1039/c8cc09188a

Published on 30 January 2019. Downloaded by Fail Open on 5/7/2025 3:22:49 PM.

Communication

NN

N\
I . VKA(DEM)?~

VKA
+ \
o \\ NN
o x N\ N
r 5, N \VKA(DEM)}’

VKA(DEM)'~

VKA
o, / \
Y \
\ \ " VKA(DEM), ™

—
g
z

o
/

Wy, VKADEM)
0@/’
S0 N\
0, N\
P\

VKA(DEM),

Scheme 4 Electrochemical "wedge-scheme” mechanism for the reduction
of VKA with hydrogen bonding and proton-transfer reactions with DEM.

electron transfer (PCET)**° and hydrogen bonding through a
“wedge-scheme” type (Scheme 4)*" mechanism. In the PCET
pathway, the proton and electron may be transferred concertedly
(that would be represented in Scheme 3 by a series of diagonal
arrows) or in a stepwise fashion.

The “wedge-scheme” mechanism in Scheme 4 may be
viewed as an intermediate scenario lying between Schemes 2
and 3 where both hydrogen bonding (blue reaction arrows) and
protonation (red reaction arrows) simultaneously occur, with
hydrogen bonding favoured at lower concentrations of DEM and
with the neutral VKA, while protonation supersedes at higher
concentrations of DEM and preferentially involves the dianion
VKA®>". A direct transformation between the protonated and
hydrogen-bonded states may also occur via equilibrium proton-
transfer reactions (represented by the green reaction arrows).
The exact pathway undertaken in the “wedge-scheme” mechanism
is highly dependent on the combination of the basicity of the
quinone, acidity of the hydrogen donor, their concentrations as
well as type of solvent used. Most importantly, the addition of
easily controlled amounts of DEM allowed the potential of the
two-electron reduction of the quinone to be optimised, so that a
larger E .y value (i.e. about two times that obtained with TFA)
and excellent compound stability were achieved (voltammo-
grams and UV-vis spectra recorded before bulk electrolysis
and after complete discharge did not show any unexpected
changes over a 24 hour period; see Fig. S3 in the ESIf).

The results of this study show that the nature and amount of
the additive is critical in determining the reduction mechanism
as well as for achieving a combination of good stability and
large cell potential for organic solvent based RFBs that utilize
quinones as the anolyte. Work is presently ongoing in our
laboratory to develop an all-organic RFB for commercial use.
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