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ABSTRACT: Quinones have a capacity for high energy storage and exhibit facile R .
and reversible electrochemistry in several widely different electrolytes. They are, H'/MeCN ® ] - " -
therefore, one of the most popular compounds currently used in organic materials ~_ °°|Li/MeCN .
based electrical energy storage. Quinone electrochemistry is, however, strongly Li 05 . R ; ; '
affected by the composition of the electrolyte. This report summarizes our = o a a

systematic investigation of the redox chemistry of a series of quinones with 5.10 ° ; ot N
electron-withdrawing and electron-donating substituents in aqueous solution andin o = +A’ ) A 1) o
acetonitrile (MeCN) with tetrabutylammonium (TBA*)-, Li*-, and H'-based  -15 AT A" Ao
electrolytes. As a general trend, proton cycling, TBA™ cycling, and Li" cycling

resulted in the highest, the lowest, and intermediate redox potentials, respectively. 0% e, ® ) o o 9 o
We attribute this trend to stabilization of the reduced state, namely benzene-1,4-  we.cy C IC(CH’)\; ) [CH3| ane oo
bis(olate) (Q>7), by the different counterions. Density functional theory (DFT) ° 6 3 ! TERl

calculations showed that, in the fully reduced state, two Li* counterions

accommodated 35% of the injected electron charges while proton counterions accommodated 69% of the injected charge, thus
significantly stabilizing the reduced state. However, with the bulky TBA* as the cycling ion, this stabilization was not possible and the
reduction potential was decreased. In addition, we showed that stabilization of the counterion also affected the Coulombic
interaction between the successively injected charges, resulting in the well-known disproportionation of the semiquinone radical
intermediate state with proton cycling, while Li* and TBA" cycling generally resulted in two consecutive redox reactions. Finally, we
showed that the electrolyte strongly influences the effects of substitution with electron-donating and electron-withdrawing
substituents. A strong relationship between the redox potential and the electron-withdrawing power of the substituent was observed
in the MeCN solution. However, this relationship was completely lost in aqueous solution. The reason for the loss of the relationship
was addressed using a DFT explicit-solvent model and is discussed.

1. INTRODUCTION

The increasing demand for electrical energy storage (EES) is

properties to meet specific end-user needs through molecular
engineering.3’4

Because of its high theoretical capacity (496 mAh/g for
benzoquinone), high redox stability, fast charge transfer,
structural diversity, and compatibility with various electro-
lytes,”~” quinone is one of the most frequently used organic
redox-active components in organic matter based batteries.

currently satisfied by various types of lithium ion battery (LIB)
technologies. The development of electric vehicles and the use
of EES for stationary storage to mitigate variations in energy
production from renewable energy sources raise concerns

regarding (i) the availability of raw materials for LIBs, which
currently rely on inorganic materials (Co, Fe, Mn, Ni), (ii) the
negative environmental impact of current LIB manufacturing,
and (iii) the safety of current LIBs."” It is therefore desirable
to find alternative EES materials that can meet the require-
ments for eco-friendliness, raw material reserves, and safety, in
addition to satisfying economic and technical demands for
specific applications. Organic batteries are currently being
widely investigated because of their sustainable life cycle, the
ready availability of their building blocks, their low price, and
the seemingly endless possibilities for tuning their material

© 2020 American Chemical Society

7 ACS Publications

However, the quinone redox reaction is quite complex: it
involves two electron transfer steps that are, in most cases,
coupled to bond-breaking reactions. An understanding of how
quinone redox chemistry can be modified by chemical
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engineering, as well as by external factors such as the nature of
the cycling ion and the solvent, is a crucial requirement for the
design of high performance quinone-based battery materials.

From scattered reports in the literature, it is evident that the
nature of the supporting electrolyte significantly affects
quinone redox chemistry. For example, in acetonitrile
(MeCN) with a tetrabutylammonium hexafluorophosphate
(TBAPF) electrolyte, quinone redox chemistry involves two
reversible one-electron redox processes centered around —0.9
and —1.7 V (vs Fc*/Fc).*” In contrast, one reversible two-
electron process is observed at —0.7 V (vs Fc*/Fc®)'” with Li*
as the cycling ion and at —0.2 V (vs Fc*/Fc®)'"'* with H' as
the cycling ion. It has been reported that adding an OH™ base
to hydroquinone (QH,) in unbuffered aqueous solution can
tune the redox peak negatively by changing the reduction
product.”> Adding QH, to benzoquinone (Q) solution or a
protonic solvent to an aprotic solvent, on the other hand,
increases the benzoquinone reduction potential, possibly
because of the formation of intermolecular hydrogen
bonds.”'>'* In an aqueous electrolyte, the accepted standard
potential for Q/QH, is 0.7 V vs a normal hydrogen electrode
(NHE) (=0.3 V vs Fc*/Fc°), but quinone redox chemistry is
heavily dependent on the pH of the solution. The dissociation
constants of the two hydroxyl groups in QH, are pK,; = 9.8
and pK,, = 11.8, and hence, below pH 9.8, the two-electron
reduction of Q is coupled to the uptake of two protons,
resulting in the dependence of the quinone formal potential
(E°’) on pH at —S9 mV/pH unit. Between pH 9.8 and pH
11.8, the product of Q reduction is QH™ and thus the E°’ is
dependent on pH at —29.5 mV/pH unit. Above pH 11.8, the
redox reaction is no longer proton-coupled; benzene-1,4-
bis(olate) (Q*7) is the reduction product and E°’ is
independent of the pH.'>"®

The development of rational design strategies for active
quinone-based electrode materials for use in various types of
cycling chemistry requires a comprehensive understanding of
the effects of the electrolyte composition on quinone
electrochemistry. In addition, as guinones are used as both
anode and cathode materials,'”"” it is also important to
understand how the E°’ of Q can be tuned by substitution on
the aromatic ring. It is well-known that quinone derivatives
with electron-withdrawing substituents on the aromatic ring
can push E° positively while electron-donating substitutions
can pull it negatively."® However, a systematic study of how
these substitution effects are affected by different cycling ions
and solvents has not previously been conducted. This paper
summarizes how a series of quinone derivatives were
synthesized and characterized in four different electrolytes. In
accordance with the literature data, we found that E°’ followed
the trend TBA* < Li* < H* in an MeCN solvent, and the E°’ of
quinone shifted positively with the substituent’s electron-
withdrawing ability. Surprisingly, the potential to shift E°’ by
substitution was largely lost in aqueous solution. As a result of
density functional theory (DFT) calculations with explicit
treatment of the surrounding water, we attributed this effect to
electron donation from solvent water molecules counteracting
the effect of substitution.

2. EXPERIMENTAL SECTION

All solvents and electrolytes were purchased from Sigma-
Aldrich and were used without further purification except for
acetonitrile (MeCN), which was dried over molecular sieves (3
A) prior to use. The listed compounds 1—4 in Figure 2b were

purchased from Sigma-Aldrich and used as received.
Compounds 5—7 were synthesized by the method described,
as previously reported.'”

2.1. Electrochemical Characterization. All electro-
chemical characterizations were conducted on an Autolab
PGSTAT302N apparatus (Ecochemie, The Netherlands) in a
three-electrode setup with a Pt wire as counter electrode and a
glassy carbon (GC) disk electrode (diameter 3 mm, BASI,
USA) as the working electrode unless specified otherwise. In
organic solutions, the reference electrode consisted of an Ag
wire immersed in a 0.01 M AgNO;/MeCN solution with 0.1
M of the relevant supporting electrolyte, which was kept in a
separate compartment. An Ag/AgCl (3 M KCI) reference
electrode was used in aqueous solution. All experiments using
the 0.1 M TBAPF,/MeCN and 0.1 M LiClO,/MeCN
electrolytes were conducted in an N,-filled glovebox. All
experiments using the 0.1 M pyridium triflate/0.1 M pyridine/
MeCN and 0.5 M H,SO,/H,0 electrodes were conducted in
N,-purged solutions, and N, pressure over the electrolyte was
sustained throughout the experiments.

Each sample was characterized in solution, with an analyte
concentration of 0.1—5 mM, by cyclic voltammetry (CV) and
square wave voltammetry (SWV). A low quinone concen-
tration was used to avoid dimerization and precipitation, which
can affect the redox reaction.””>* A frequency of 8 Hz and an
amplitude of 20 mV were used for both the reduction and
oxidation processes in SWV. The reference electrode was
calibrated against ferrocene through CV measurement after
each set of experiments. All E° data are reported against
ferrocene (vs Fc*/Fc°), which is at 3.25 V vs Li*/Li’.

2.2. Computational Details. All quantum chemistry
calculations were performed using DFT with the hybrid
density functional B3LYP*>*° as implemented in the Jaguar
7.7 software package and at the level of the 6-311G** basis
set’””” to understand the electrochemical behavior of the
quinone derivatives. For all solvents (MeCN and H,O based),
a polarizable continuum solvation model (PCM) was used to
calculate the Mulliken charge on each atom in the optimized
geometries.”® In LiClO,/MeCN and pyridium triflate/
pyridine/MeCN, Li* and H* cations were introduced to
balance the negative charge of semiquinone (SQ®”) and
reduced Q*". No cation was included in the TBAPF,/MeCN
electrolyte, as the bulky TBA* cannot coordinate to SQ°~ or
Q*". Two methods were used for the aqueous solvent: the
PCM and explicit inclusion of solvent molecules in
conjunction with the PCM. The PCM solvation model
represents interactions between a quinone molecule and the
solvent by placing the molecule in a cavity of the solvent with a
specific dielectric constant; this method cannot predict specific
interactions with the solvent molecule. In the explicit/PCM
solvent model, four H,O molecules are introduced around the
investigated quinone molecule; this method can predict
specific quinone—H,O interactions.

3. RESULTS AND DISCUSSION

3.1. Effects of Electrolyte Cation and Solvent on the
Formal Potential (E°’) of Benzoquinone (Q). Figure 1
shows the CV and SWV responses of Q (compound 4 in
Figure 2b) characterized in the four electrolytes, TBAPFy/
MeCN, LiClO,/MeCN, pyridium triflate/pyridine/MeCN,
and H,SO,/H,0O. The E°' values for Q in the above
electrolytes were evaluated using different methods since
different conditions were required for each specific electrolyte,
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Figure 1. (a) Cyclic voltammetry and (b) square wave voltammetry
(SWV) results for 0.1 mM benzoquinone (Q) in TBAPF;/MeCN
(green), LiClO,/MeCN (red), H,SO,/H,0O (black), or a 5 mM
quinone solution in pyridium triflate/pyridine/MeCN (blue). All
measurements were conducted using a bare glassy carbon working
electrode at a scan rate of 0.1 V/s except in pyridium triflate/
pyridine/MeCN, where a scan rate of 0.01 V/s was used. SWV was
conducted at a frequency of 8 Hz.

as detailed below. In TBAPF;/MeCN and in H,SO,/H,0, E*’
was evaluated from the average value of the anodic and
cathodic peak potentials in CV and SWV. In LiClO,/MeCN,
E°" was evaluated by fitting the cathodic SWV peak. In
pyridium triflate/pyridine/MeCN, E°’ was evaluated from the
inflection point from the anodic and cathodic scans in CV and
the cathodic peak in SWV.

In the TBAPF;/MeCN electrolyte, using a scan rate of 0.1
V/s, CV showed two pairs of redox peaks centered at —0.91
and —1.71 V, respectively. Corresponding peaks were also
evident in the SWV response. The first reduction process,
centered at —0.91 V, corresponds to the redox conversion from

the quinone to the semiquinone radical (Q*~) (step 1 depicted
in Scheme 1a). The moderate peak separation (66 mV) and
the similar anodic and cathodic peak currents (iy(ed)/ip(ox) = 1)
after background current subtraction suggest that the redox
process is chemically reversible. In the second reduction
process, corresponding to the redox conversion between Q°~
and Q> (step 2 depicted in Scheme 1a), the anodic and
cathodic peak currents were also similar (iy(.ed)/ip(ox) = 1) after
background current subtraction but there was a larger peak
separation (89 mV). Using the average anodic and cathodic
peak potentials from the CV and SWV data, E°’ for the Q*7/
Q?*™ redox reaction was evaluated as —1.71 V.

In the LiClO,/MeCN electrolyte, a scan rate of 0.1 V/s was
used to conduct the CV measurements. The cathodic scan
exhibited a broad reduction peak, and the anodic scan
exhibited a sharp peak at —0.61 V and a following peak at
—0.53 V. SWV also exhibited a broadened reduction peak and
a sharp anodic peak. The sharp anodic peak seen in the CV is
attributed to a surface peak originating from insoluble lithium
benzene-1,4-bis(olate) (Li,Q) salt deposited on the electrode
surface upon reduction. This interpretation was verified by
pretreatment at —1.05 V followed by a cathodic SWV sweep
which gave a corresponding reductive surface peak centered at
—0.85 V that increased with pretreatment time (Figure S1). It
was also confirmed by the disappearance of the reductive
surface peak centered at —0.85 V after pretreatment at 0.75 V
where insoluble Li,Q was fully transformed to soluble Q. As
the anodic sweep is obscured by surface deposition, E°" was
estimated from the reduction scan in SWV. A close inspection
of the SWV response showed that the peak was composed of
two overlapping peaks (Figure S2). By fitting the response to
two Gaussian curves, E°’ values for the two redox conversions
were estimated as —0.63 and —0.70 V. We interpreted the two
peaks as the two successive one-electron reductions of Q to
Li,Q depicted in Scheme 1b, and hence, the approximate E°’
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Figure 2. (a) Square wave voltammetry (SWV) of 0.1 mM quinone derivatives in TBAPF,/MeCN (green), LiClO,/MeCN (red), and H,SO,/
H,0 (black), and S mM quinone derivatives in pyridium triflate/pyridine/MeCN (blue). SWV was conducted at a frequency of 8 Hz. All the
working electrodes were bare glassy carbon electrodes. (b) Structure of the quinone-based compounds. (c) E°’ versus substituents on the quinone
aromatic ring in different electrolytes. Black solid square is E°" in H,SO,/H,0O, blue solid square is E°" in pyridium triflate/pyridine/MeCN, and
red solid square and hollow square are E°’ of the first and second reductions in LiClO,/MeCN, respectively. Green solid square and hollow square

are E°’ of first and second reductions in TBAPF;/MeCN, respectively.
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Scheme 1. Quinone Redox Reactions in (a) TBAPF;/MeCN, (b) LiClO,/MeCN, and (c) H*-Containing MeCN or H,O
Solution in a Polarizable Continuum Model with a Corresponding Solvent Cage”
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values for these reactions were —0.63 and —0.70 V,
respectively. Compared to the value for TBAPFs;/MeCN, E°*’
shifted positively by 0.28 and 1.01 V for the first and second
reductions, respectively, suggesting that the lithium ion
significantly stabilized the reduced states. It is also worth
noting that the separation between the two E°’ values in the
Li*-based electrolyte (0.07 V) was much smaller than the
separation in the TBA'-based electrolyte (0.80 V), suggesting
that the Li,Q state was stabilized to a greater extent than the
radical state (LiQ®). The reason for this is addressed in section
33.L

As stated in the Introduction, quinone reduction is coupled
to proton uptake in aqueous solution. This was also evident in
organic solvents when pyridinium/pyridine acid—base couples
were in the electrolyte. As the solvent in the pyridium triflate/
pyridine/MeCN electrolyte was the same as that in the
experiments discussed above, the effect of the cycling ion on
quinone redox chemistry could be studied in isolation from
solvent effects. The quinone redox process in the pyridium
triflate/pyridine/MeCN electrolyte was, however, kinetically
slow, with a large peak split of 320 mV at 0.1 V/s (Figure S3).
This is not surprising, as the overall reaction, going from Q to
QH,, requires the encounter of one quinone with two
pyridinium ions as well as the transfer of two electrons and
two protons. Therefore, a slow scan rate of 0.01 V/s was used
for CV measurement to suppress any kinetic effects. In this
case, the current showed a sigmoidal response and we
interpreted the inflection point of the sigmoidal curve as the
E°" of the redox reaction. Only one inflection was observed,
and hence the reaction corresponds to the well-known 2e/2H"
redox conversion going from the fully oxidized state (Q) to the

13612

fully protonated, doubly reduced QH, state. Also SWV
measurement showed only one redox peak, suggesting that
the semiquinone radical state depicted in Scheme Ic is
unstable with respect to disproportionation. E°/, as evaluated
from the average inflection point during anodic and cathodic
sweeps in both CV and SWV, was —0.33 V. Compared to Li*
cycling, proton cycling showed a positive shift of the E/,
suggesting that the proton further stabilized the quinone
reduced state. The inversion of the E°’ for the first and second
reductions suggests, again, that the fully reduced state was
stabilized to a greater extent than the semiquinone state. When
comparing the quinone E°’ for TBA* and Li" cycling with that
for proton cycling, it is important to note that in the latter case
E°’ depends on the proton source; i.e., it has been shown that
the quinone E°’ depends linearly on the pK, of the exact
pyridinium ion used with a —$9 mV/pK, correlation.""

A scan rate of 0.1 V/s was used to conduct the CV
measurement in the H,SO,/H,0 electrolyte. As with the
pyridium triflate/pyridine/MeCN electrolyte, only one pair of
redox peaks (0.29 V/0.23 V), separated by 56 mV, was
observed. Although the peak separation between the anodic
and cathodic peaks was somewhat bigger than the theoretical
value (28 mV), the similar anodic and cathodic peak currents
suggests a chemically reversible redox reaction. Also, SWV
showed only one redox peak during anodic and cathodic
sweeps and we interpreted the redox peak as originating from
the 2e/2H* redox conversion between Q and QH,, in
agreement with a previous study.”” E°’ was evaluated as 0.26
V from the average peak potential of both CV and SWV
measurements. The reported data for a standard quinone redox
potential in aqueous acid electrolyte is 0.69 V vs NHE,
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suggesting an E°’ of 0.67 V vs NHE in 0.5 M H,SO,/H,0
electrolyte (pH 0.3). The corresponding E°’ values are 0.48 V
(vs Ag/AgCl) and 0.26 V (vs Fc*/Fc®), in excellent agreement
with the experiment results presented here.

To conclude with respect to the effects of cycling ion and
solvent, we first note that the E°’ of an unsubstituted quinone
spanned a voltage range of almost 2 V and hence note that
quinone electrochemistry is heavily dependent on the cycling
ion and the solvent. The cycling ion effect was the most
prominent, and we have shown that the E°’ increased gradually
in the order TBA" < Li* < H'. As, in all cases, the energy of the
oxidized state Q was the same, this relationship was the result
of the stabilizing effect of the coordination ions; Li* and H*
coordinated with the reduced quinone state while TBA* did
not. We also conclude that this stabilization effect for the fully
reduced state was significantly stronger than for the
intermediate radical state, resulting in a decreased separation
between the first and second reductions with Li* and a
potential inversion for proton cycling.

3.2. Substituent Effects on the E°’ of Q. In order to
study the effects of substitution on quinone redox chemistry
and to investigate how these substitution effects might vary
with the cycling ions, we characterized a series of quinone
derivatives 1—7 (Figure 2b) using electron-withdrawing and
electron-donating groups in the same electrolytes with SWV
(Figure 2a) and CV (Figures S4—S7.). The experimental E®’
was obtained using the same methods as above and is shown in
Table S1. Figure 2c shows the effects of substitution in the
different electrolytes, presenting the E°’ values for different
compounds against substitution. The compounds are ordered
by the substituent’s electron-withdrawing power (increasing
from bottom to top in Figure 2a and from left to right in Figure
2c). Although the inductive effect of —F is stronger than that of
—CF;, we ranked the electron-withdrawing ability of —CF;
higher because of the electron-donating property of —F
through the resonance effect.’”'

In the TBAPF;/MeCN electrolyte, all quinone derivatives
showed two individual one-electron processes and both redox
peaks shifted positively with electron-withdrawing substitu-
tions (Figure 2a, green). To be more specific, for the
—2C(CHj;); substitution to the —2CF; substitution, the E°’
of the first reduction process gradually shifted from —1.10 to
—0.37 V, and the E°’ of the second reduction process shifted
from —1.88 to —1.31 V. Hence, we conclude that the first
redox process is more sensitive to substitution, with a 0.73 V
difference between the —2C(CHj),-substituted compound and
the —2CF;-substituted compound, while the second redox
process only shifted by 0.57 V. The same general trend was
observed in the LiClO,/MeCN electrolyte. That is, E°’ shifted
toward a higher potential as the electron-withdrawing nature of
the substituents increased, and E°’ for the first reduction was
more affected than E°’ for the second reduction. However, the
dependence was weaker than that in the TBAPF;/MeCN
electrolyte. Going from a —2C(CHj,); substitution to a —2CF,
substitution, positive shifts of 0.55 and 0.31 V were observed
for the first and second reductions, respectively; this was a
smaller shift than in the TBAPF;/MeCN electrolyte (0.73 and
0.57 V). It was notable that, while the two redox processes
were well separated with electron-withdrawing substituents,
the weaker dependence of the second reduction brought about
a potential inversion with less-electron-withdrawing substitu-
ents, i.e, substituents with electron-withdrawing power less
than hydrogen (—CH;, —C(CHj;)3, and —2C(CHs;)5). For this

reason, quinone derivatives with electron-donating groups
showed only one reduction peak, the unsubstituted quinone
exhibited two slightly separated reduction peaks at —0.70 and
—0.64 V, and the two reduction peaks were distinctively
separated (—0.52 and —0.28 V) with —2CF; substitution.

In the protonic pyridium triflate/pyridine/MeCN electro-
Iyte, all the quinone derivatives exhibited only one redox
process in SWV and CV (Figure S6). E° also shifted positively
upon electron-withdrawing substitution, as with the LiClO,/
MeCN and TBAPF;/MeCN electolytes. Regarding the
substitution effect on E°’, from —2C(CHj,); substitution to
—2CF; substitution, E°” was positively shifted by 0.47 V. This
value was a bit lower than those in TBAPF,/MeCN and
LiClO,/MeCN. This was especially apparent for the —2CF;-
substituted quinone, where the E°' of the first reduction
showed very limited dependence on the cycling ion, as Q/
QH,, Q/QLi* and Q/Q’™ had almost the same E°’, suggesting
that counterion stabilization becomes less important as the
electron density of the quinone is reduced.

In the aqueous H,SO,/H,0 electrolyte, all the characterized
quinone derivatives showed only one redox process in SWV
and CV (Figure S7), suggesting that the semiquinone radical
was also unstable with respect to disproportionation for all the
quinone derivatives investigated in this electrolyte. Interest-
ingly, and somewhat unexpectedly, E°’ in aqueous solution was
almost invariant to substitution (Figure 2¢). As a similar
invariance to substitution was not observed with proton
cycling in the MeCN solution, i.e., in the protonic pyridium
triflate/pyridine/MeCN electrolyte, we conclude that this
breakdown of the Hammett substitution correlation is related
to specific solvent interactions rather than the cycling ion. The
origin of this interaction is addressed below through quantum
chemical calculations by inclusion of explicit solvent molecules
(section 3.3.2).

3.3. DFT Calculation. 3.3.1. Charge Delocalization upon
Reduction. DFT calculations were performed to understand
the effect of cycling ions and substitution on quinone redox
chemistry. We first addressed the effect of cycling ions;
specifically, we investigated the experimentally observed
changes from two sequential redox reactions with TBA" as
the cycling ion to a 2e/2H" redox reaction with proton cycling
and an intermediate situation with Li* as the cycling ion.
Intuitively, this effect should be related to variations in the
Coulombic interaction of the first and second injected charges.
To assess this hypothesis computationally, we calculated the
Mulliken charges for all atoms in the different redox states with
different charge-balancing ions for the reduced states (Scheme
1) for the unsubstituted quinone (Tables $2—S4). In order to
estimate the interaction of the injected charges, we first
calculated the change in net charge going from the fully
oxidized state to the semiquinone radical state. With TBA" we
assumed that no counterions balanced the negative charge as
the bulky TBA* has limited access to redox sites on quinone,
and hence the net charge of the semiquinone was —1 in this
case. From the Mulliken charges, it is clear that this charge is
evenly spread, with each of the two oxygens accommodating
17.5% of the injected charge while the remaining 65% was
accommodated by the benzene ring. The same situation was
seen during the second reduction, now with each of the oxygen
atoms accommodating 19% of the injected charge and the
benzene ring accommodating 62% of the charge. It is thus clear
that the two charges occupy the same positions.
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With Li* as cycling ion, the situation was surprisingly similar.
In the energy-minimized structure for the semiquinone radical,
the lithium ion coordinated with one of the oxygen atoms, as
expected. This oxygen accommodated 16.7% of the injected
charge. Somewhat surprisingly, the change in charge on the
second oxygen was quite similar, corresponding to 13% of the
charge injected. Also in this case the charge was thus rather
evenly spread over the molecule rather than being localized
around the binding site of the lithium ion. The difference in
separation between the redox peaks corresponding to the first
and second reductions with TBA* and Li" cycling was, instead,
traced to the charge accommodated by the lithium ion itself.
During the first reduction, the additional lithium ion
accommodated 26% of the injected charge, leaving only 44%
of the charge to the benzene ring as compared to 65% with
TBA". During the second reduction, the second lithium ion
accommodated 35% of the injected charge while the benzene
ring and the two oxygen atoms only took 35 and 21%,
respectively. The remaining 9% was accommodated by the first
lithium ion. As a significant fraction of the first and second
charges was accommodated by separate lithium ions, the
Coulombic interaction between the injected charges should be
lower for lithium cycling than for TBA" cycling. In order to
reach a qualitative estimation of the Coulombic interaction
between the first and second injected charges, the change in
charge experienced by each atom was calculated for the first
and second reductions, as depicted in Tables S2—S4. The
charge change associated with the first reduction provides a
simple means for estimating the probability of finding the
injected electron at a certain position (or atom) in the
molecule, while the charge change associated with the second
reduction estimates the position of the second injected
electron. Intuitively, the Coulombic interaction between the
first and second injected charges should be highest when the
two charges occupy the same position. An interaction term was
therefore calculated by multiplying the change in charge for the
first and second reductions of each atom and creating a sum of
interaction terms for the entire molecule. The interaction
terms thus evaluated were 0.11 for TBA" cycling and 0.07 for
Li" cycling, showing that the Coulombic interaction between
the first and second charges is significantly reduced with Li* as
the charge-balancing ion, and thus accounting for the reduced
separation between the first and second E°’ values with Li".

With protons as cycling ions, the interaction term was
further reduced to 0.01. Again, the reduced interaction
between successive charges could be accounted for by the
charge accommodation at the cycling ion site. For the first
reduction, the proton accommodated 67% of the injected
charge, and the second proton accommodated 69% of the
injected charge during the second reduction, thus significantly
reducing the Coulombic interaction between successive
charges. The benzene ring and the two oxygen atoms only
accommodated, on average, 25 and 4%, respectively. A
somewhat surprising result from the charge distribution
analysis was that, in the radical state, with proton cycling,
the oxygen atom without a coordinating proton accommo-
dated more charge (12%) than the hydroxide oxygen (1%).
This is in contrast to the case with Li* where the Li-
coordinating oxygen became more electron-rich than the
noncoordinating oxygen. We propose that the uncompensated
oxygen charge in the radical state contributes to instability of
the intermediate redox state, resulting in disproportionation of

the semiquinone, in accord with the observed one-step 2e/2H*
process.

When examining the substituted quinones, we found that
electron-withdrawing substituents tended to increase the
interaction term while electron-donating substituents de-
creased the interaction term, irrespective of the cycling ions
(Figure 3). (Note that all atoms, including the substituents,
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Figure 3. Interaction terms for substituted quinones with TBA*
(green), Li* (red), and H* cycling (blue). The substituents are
arranged according to their electron-withdrawing power. Solid lines
are guides for the eye.

were included in the interaction term.) This trend is in
accordance with the observation that the separation between
the first and second reduction redox peaks increased with the
substituent’s electron-withdrawing power. In the case of
lithium ion cycling, the effect of this general trend was that
the overall reaction changed from a simultaneous 2e/2Li"
reduction, with electron-donating substituents, to two
sequential le/1Li" reductions, with electron-withdrawing
substituents (Figure 2).

3.3.2. Quinone—Solvent Interaction. From the above
discussion, it is clear that the cycling ion has a profound
effect on quinone electrochemistry. However, the difference in
behavior between the H,SO,/H,O electrolyte and the
protonic pyridium triflate/pyridine/MeCN electrolyte suggests
that the solvent also affects quinone electrochemistry. In
particular, we found the invariance of E° with substitution as
observed in water to be of particular interest as it affects the
way we think about potential tuning in general. From an
aprotic organic electrolyte to an aqueous electrolyte, the
situation becomes complex due to the strong polarity of the
H,O solvent.”” Smith’s group found that the E°' of the Q*~/
Q*" redox couple in a TBAPF¢/DMF electrolyte shifted
positively to a large extent with the addition of water, while the
E°" of the Q/Q"™ redox couple moved positively only slightly,
and they concluded that solvent water hydrogen bonding had a
greater effect on the E°’ of the redox reaction of Q*7/Q”™ than
on that of Q/Q*"."* To investigate the specific solvent—
quinone interactions, we conducted explicit solvent model
calculations by explicitly including four H,O molecules in the
solvent cage in the PCM (Scheme 2). Comparing the lowest
unoccupied molecular orbitals (LUMOs) of the oxidized
quinone and semiquinone, which are considered to be related
to the first and second reduction potentials,” respectively, we
noted that the LUMO energies were less dependent on
substitution with explicit water molecules included (Figure 4a),
indicating that the quinone—solvent water interaction
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Scheme 2. Structure of Quinone in a Neutral State in an
Explicit Implicit Solvent Model with Four Explicit
Molecules Introduced”
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Figure 4. (a) Lowest unoccupied molecular orbital (LUMO) energy
of quinone derivatives with and without explicit H,O molecules in the
solvent cage. (b) Average Mulliken charge of H,0-10 and H,0-22
molecules at neutral state; H,O is named after the O number.

dampened the effect of substitution. In the quinone oxidized
state, the water molecules located close to the carbonyl groups
(H,0-10 and H,0-22) donated electron density to the
quinone molecule, as was evidenced by the positive net charge
of these water molecules (Figure 4b), while the other two
water molecules (H,0-9 and H,0-19) did not. We averaged
the net Mulliken charge of H,0-10 and H,0-22 and found
that the average value increased with electron-withdrawing
substitution, suggesting that the solvent electron-donating
effect would increase with electron-withdrawing substitution.
This effect would compensate for the electron-withdrawing
effect of the substitutions and make E°’ less sensitive to
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substitutions and could thus explain the breakdown of E°’
dependence on electron-withdrawing substitution.

4. CONCLUSION

In this work, a series of quinone derivatives, substituted with
electron-withdrawing and electron-donating substituents, were
synthesized and characterized electrochemically (in TBAPF/
MeCN, LiClO,/MeCN, pyridium triflate/pyridine/MeCN,
and H,SO,/H,0) and computationally (using DFT calcu-
lations). We have shown that quinone electrochemistry is
heavily dependent on the charge-balancing ions. In TBAPF,/
MeCN, all quinone derivatives showed two well-separated one-
electron reductions. Li" cycling positively shifted the E°’ value
compared to the corresponding value observed in TBAPF¢/
MeCN. The separation between the first and second
reductions was also significantly reduced in the Li'-based
electrolyte, and for quinones with electron-donating sub-
stituents, a potential inversion between the first and second
reductions was observed. H" cycling positively shifted the E°’
even further, and in all cases, the semiquinone intermediate
state was unstable with respect to disproportionation. In
addition, we have shown that the sensitivity to E°’ tuning by
substituting the quinone ring with electron-withdrawing/-
donating substituents was heavily dependent on the nature of
the cycling ion as well as on the solvent. In particular, while
there was a clear and direct correlation between E°’ and the
electron-withdrawing power of the substituent in an MeCN
solution, the correlation was completely lost in aqueous
solution. The indifference to substitution, which severely
restricts the possibility of tuning the E°’ of quinone in aqueous
electrolytes, was traced to a counterbalancing electron
donation from surrounding water molecules, effectively
canceling out any electron-donating/-withdrawing effects of
the substituents.
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