
ABSTRACT: The physicochemical and electrochemical characteristics of two 
naturally occurring quinone families were studied in the context of electrochemical 
CO2 capture. Due to their dissimilar lipophilic isoprenoid side chains and quinone 
redox centers, Vitamin K and Coenzyme Q homologues possess intrinsically 
adjustable physicochemical properties that were characterized using the Hansen 
solubility/log P lipophilicity parameters, and experimentally quantified using 
hydrophobic interaction chromatography and viscosity/diffusivity measurements, 
with an especially large polarity difference noted between Coenzymes Q 10 and Q0. 
Cyclic voltammetry experiments revealed CO2-dependent redox behavior that 
supported the proposed ECEC mechanism for complex formation between
electroreduced 1,4-naphthoquinone-/1,4-benzoquinone-derived nucleophiles and the Lewis acidic CO2, with the Coenzyme Q
adducts exhibiting less negative cathodic peak potentials than the parasitic dioxygen/superoxide half-reaction. Further investigation
of Coenzyme Q anions suggested that their CO2 complexation is potentially affected by both electronic and steric/polarity effects via
the presence and length of the side chain substituent, respectively. Inspired by the electron transport role of Coenzyme Q10 in
mitochondrial membranes, the enhanced lipophilicity of the nonpolar Coenzyme Q10 compared to the chain-less Q0 was leveraged
to facilitate the heterogeneous CO2-selective electrochemical response of a Coenzyme Q10 composite in aqueous media, thus
illustrating the potential of natural/bioinspired compounds for future redox-active applications.

INTRODUCTION
Rising carbon dioxide levels with attendant increasing
environmental temperatures pose a great threat to the
sustained well-being of the environment and human live-
lihood.1 To combat this global warming, various carbon
capture and sequestration technologies have emerged,
including adsorbent materials,2 amine scrubbing,3 carbonate
mineralization,4−7 and more recently, electrochemical ap-
proaches such as electrodialysis/electrodeionization,8,9 capaci-
tive methods,10,11 fuel cells,12,13 electrochemically modulated
complexation,14−16 pH swing via proton-coupled electron
transfer,17−23 and direct binding with redox-active Lewis
bases.24−28

The application of electrochemistry to carbon dioxide
separation has garnered significant interest,29−38 and electro-
chemical processes hold great potential in facilitating amenable
energetic requirements, compact designs, and molecular
targeting.39−42 A quintessential redox-active Lewis base that
reacts selectively and reversibly with carbon dioxide is the
quinone. As a result, this class of molecules has subsequently
been leveraged for carbon dioxide capture via the electro-
chemically mediated formation of carbonate adducts,43−56 with
their investigation as a promising set of electrosorbents also
encompassing the exploration of a plethora of different
quinones through experimental and computational

means.57−62 In contrast to the synthetic nature of many of
these substituted compounds, some quinones occur naturally
in biological processes.63

Two common families of naturally occurring quinones are
Vitamin K and Coenzyme Q, with the former arising from
animal, plant, and bacterial sources and linked to blood
coagulation,64 and the latter present in cells/membranes and
possessing antioxidant characteristics.65 Due to their redox
properties,66−68 members of these two groups are also
components in organism electron transport chains,69,70 and
their proton-coupled electron transfer capabilities in the
Vitamin K and Q cycles71,72 can be repurposed for electro-
chemical complexation with the Lewis acidic carbon dioxide.
Following the growing trend of electrochemical materials
development inspired by nature,73 the inherently designed
ability of these amphipathic vitamin and vitamin-like nutrients
to operate in their natural lipophilic membrane environ-
ments64,70 can generate possibilities for specialized biomimetic
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redox-active functionalities in energy applications74−76 and
sensing.77−79 As quinone biological activity is linked with
physicochemical properties,80 a comprehensive understanding
of relevant physicochemical and electrochemical characteristics
is thus important in aiding the crossover of these species from
biological systems to electrochemically activated carbon
capture processes.
In this work, the physicochemical and electrochemical

properties of Vitamin K and Coenzyme Q were investigated
with regard to their application toward electrochemically
mediated carbon dioxide capture. The polarities, viscosities,
and diffusivities of several homologues were quantified and
analyzed as a function of the length of their isoprenoid side
chains using predictive and experimental metrics. Homoge-
neous electrochemical characterization was performed to
analyze the behavior of Vitamin K and Coenzyme Q in the
presence of carbon dioxide and to determine the redox
potentials of the resulting quinone anion-carbon dioxide
adducts relative to the parasitic dioxygen/superoxide reaction.
Various Coenzyme Q quinones were further examined in order
to explore the influences of the tunable isoprenoid side chain
motif. The conducive effect of quinone lipophilicity on their
solubilities in aqueous environments mirrored the biological
role of Coenzyme Q10 as an electron carrier in the nonpolar
mitochondrial membrane and enabled a Coenzyme Q10-
containing redox-active interface to interact selectively with
carbon dioxide. As such, the results of this work illustrate the
potential of applying naturally occurring redox-active quinones
with naturally tunable physicochemical properties to electro-
chemical carbon dioxide capture and provide insight for the
use of future bioinspired or synthetic materials to achieve
desired functionalities in areas such as molecular targeted
separations,81−84 sensing and other stimuli-responsive applica-
tions,83−85 catalysis,86,87 and energy storage.

METHODS
All chemicals were obtained from Sigma-Aldrich unless
otherwise specified. Vitamin K1 (BioXtra, ≥99.0%, mixture of
isomers), Vitamin K2 (Menaquinone-4), Vitamin K3 (crystal-

line), 1,4-naphthoquinone (97%), Coenzyme Q10 (≥98%),
Coenzyme Q4 (≥90%), Coenzyme Q2 (≥90%), Coenzyme Q1
(Enzo Life Sciences, Inc., ≥95%), Coenzyme Q0, 1,4-
benzoquinone (reagent grade, ≥98%), nitrogen (in-house
supply), and carbon dioxide (Airgas, Bone Dry) were used as
received.
Characterization of the Vitamin K and Coenzyme Q species

was performed with a variety of methods. Hansen solubility
parameters and log P octanol−water partition coefficients were
determined by using the Molecular Modeling Pro Plus
software (Norgwyn Montgomery Software). Isocratic re-
versed-phase high-performance liquid chromatography (RP-
HPLC) was conducted using a 1260 Infinity II LC System
(Agilent) equipped with a Poroshell 120 EC-C18 column
(Agilent, 4.6 mm × 50 mm, 2.7 μm particle size) and a diode
array UV−vis detector, with pure methanol (Optima, Fisher
Scientific, LC/MS grade ≥99.9%) as the eluent and analyte
solvent. Dynamic viscosities were measured with a microVisc
small sample viscometer (RheoSense). Homogeneous cyclic
voltammetry was carried out on a VersaSTAT 3 potentiostat
(Princeton Applied Research) under quiescent conditions in 5
mL of N,N-dimethylformamide (anhydrous, 99.8%) solution
with 0.1 M tetrabutylammonium perchlorate (≥99.0%) and
1.1 mM ferrocene (98%) (as an internal standard, if required),
using ca. 20 mL cylindrical glass cell vials with a 0.5 mm
platinum wire (BASi) as the counter electrode, a silver wire
(Premion, Thermo Scientific Chemicals, 0.5 mm diameter,
99.9985% metals basis) as the pseudoreference electrode, and
an MF-2012 3.0 mm diameter glassy carbon working electrode
(BASi). Nuclear magnetic resonance (NMR) spectroscopy was
performed on an Avance NEO 500 MHz NMR spectrometer
(Bruker) equipped with a 5 mm Broadband Observation
(BBO) Prodigy cryoprobe (Bruker), using samples prepared in
CDCl3 (99.8% D + 0.05% volume basis TMS, Cambridge
Isotope Laboratories). Ultraviolet−visible (UV−vis) spectros-
copy measurements were completed on a Cary 60 spectropho-
tometer (Agilent) with a quartz cuvette. Heterogeneous cyclic
voltammetry was carried out on a VersaSTAT 3 potentiostat
(Princeton Applied Research) under quiescent conditions in

Figure 1. Chemical structures of (a) Vitamin K, (b) Vitamin K1 (phytonadione), (c) Vitamin K2 (menaquinone-4), (d) Vitamin K3 (menadione),
(e) Coenzyme Q, (f) Coenzyme Q10 (ubidecarenone), (g) Coenzyme Q2, and (h) Coenzyme Q0 (2,3-dimethoxy-5-methyl-1,4-benzoquinone),
with their 1,4-naphthoquinone and 1,4-benzoquinone redox-active centers highlighted in blue and red, respectively.
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ca. 4 mL aqueous solution saturated with lithium chloride
(≥99%), using ca. 20 mL cylindrical glass cell vials with a 0.5
mm platinum wire (BASi) as the counter electrode, an RE-5B
MF-2052 Ag/AgCl (3 M NaCl) reference electrode (BASi)
(aqueous), and a Coenzyme Q10-carbon nanotube (Coenzyme
Q10@CNT) working electrode that was prepared by drop-
casting a carbon nanotube (>98%, 6−13 nm O.D. × 2.5−20
μm L) dispersion onto a piece of conductive carbon cloth
(AvCarb 1071 HCB, Fuel Cell Earth) followed by the
subsequent drop-casting of a Coenzyme Q10 solution onto
the carbon nanotube layer after it had dried under ambient
conditions. Cyclic voltammetry experiments carried out in the
presence of nitrogen and carbon dioxide were achieved by
bubbling the solution with the specified gas for at least 20 min
and then maintaining a flow of the gas above its surface prior
to the electrochemical measurement, unless otherwise
specified.
Further details regarding characterization methods can be

found in the Supporting Information.

RESULTS AND DISCUSSION
Physicochemical Properties of Vitamin K and
Coenzyme Q. The Vitamin K and Coenzyme Q classifications
each comprise a variety of compounds that differ in terms of
the length and degree of saturation of the hydrophobic and
aliphatic isoprenoid side chain connected to their redox-active
1,4-naphthoquinone (NQ) and 1,4-benzoquinone (BQ)
centers,64,65 respectively, both of which naturally provide a
degree of tunability over the physicochemical properties of the
overall molecule. The chemical structures of Vitamin K,
Vitamin K1 (phytonadione), Vitamin K2 (menaquinone-4),
Vitamin K3 (menadione), Coenzyme Q, Coenzyme Q10
(ubidecarenone), Coenzyme Q2, and Coenzyme Q0 (2,3-
dimethoxy-5-methyl-1,4-benzoquinone) are shown in Figure 1.
Vitamin K1 and Vitamin K2 possess isoprenoid chains with the
same length but different degrees of saturation, and Vitamin K3
and Coenzyme Q0 are the chain-less forms of Vitamin K and
Coenzyme Q, respectively.

Hansen Solubility Parameters. Differences between the
Vitamin K and Coenzyme Q variants were first explored using
the Hansen solubility parameters, which were originally
proposed for predicting polymer solubility but have since
been widely used in other applications.88 Each molecule was
characterized using the Hansen total solubility parameter, δt,X
(eq 1):88,89
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where δD,X/δP,X/δH,X are the dispersion/polar/hydrogen
bonding force parameters for species X. It was seen that δt,X
exhibited a negative correlation with the number of isoprene
units present in the side chain for both the 1,4-
naphthoquinone and 1,4-benzoquinone derivatives, which
suggests that the chain length affects their affinities toward
other compounds (Figure 2a). To investigate this further, the
Hansen solubility parameters were extended to the concept of
a Hansen distance between species X and a reference solvent j,
RX,j (eq 2):
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where δD,j/δP,j/δH,j are the dispersion/polar/hydrogen bonding
force parameters for solvent j. As a higher Hansen distance

predicts a lower extent of dissolution, setting water as the
reference solvent allows RX,H2O to serve as an approximate
metric for the hydrophobicity of species X. Interestingly,
although RX,H2O rose expectedly with the chain length, the
magnitude of its change was dissimilar between Vitamin K and
Coenzyme Q (Figure 2b), in contrast to the relatively uniform
trend for δt,X across both quinone types. Additionally, the value
of RX,H2O for 1,4-benzoquinone fell between that of Coenzyme
Q0 and Coenzyme Q1, despite the fact that 1,4-benzoquinone
does not possess a side chain. These observations were noted
to be even more prominent with RX,MeOH (Figure S1), and thus
imply that there may be other factors that dictate the behavior
of the studied quinones.

log P Octanol−Water Partition Coefficients. As the
nonpolar characters of Vitamin K and Coenzyme Q originate
from unbranched side chains that share a similar structure with
the straight chain octanol, their overall lipophilicities were
investigated via the log P octanol−water partition coefficient
(eq 3):91

Figure 2. (a) Hansen total solubility parameters, (b) Hansen
distances from water, and (c) log P octanol−water partition
coefficients (calculated using Moriguchi’s method with the Molecular
Modeling Pro Plus software) of various Vitamin K and Coenzyme Q
quinones vs the number of isoprenoid units present in their side
chains.
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where [X]octanol and [X]water are the equilibrium concentrations
of X in the octanol and water phases, respectively. Like RX,H2O,
values of log P acquired on a fragment basis,92 an atom basis,93

and via Moriguchi’s method94,95 all increased with the length
of the side chain, with those of the 1,4-naphthoquinone
compounds being higher than those of their 1,4-benzoquinone
complements, and Vitamin K1 also predicted to be more
lipophilic than Vitamin K2 (Figures 2c and S2). As such, the
consistency between the predicted trends of both variables
thus further supports the suitability of RX,H2O for describing the
hydrophilicities of Vitamin K and Coenzyme Q.

Experimental Polarities via RP-HPLC. In order to supple-
ment the calculated Hansen and log P parameters, the
polarities of several Vitamin K and Coenzyme Q homologues
were assessed experimentally via RP-HPLC with pure
methanol as the mobile phase (Figure 3a). As expected, the
isoprenoid chain lengths of the tested Coenzyme Q forms were
positively and nonlinearly associated with their retention times
on a C18 column, revealing a substantial 30.71 min differential
between Coenzymes Q10 and Q0 (Figure 3b) that was in line
with previous results obtained using a different mobile phase.96

However, the nature of the observed trend deviated starkly
from those predicted for the Hansen and log P parameters
(Figures 2, S1, and S2), with the incommensurately large ca.
20-fold jump from 1.39 min (Coenzyme Q4) to 31.27 min
(Coenzyme Q10) highlighting the significant influence of chain
length on the nonpolarity of Coenzyme Q. Furthermore, a
marked difference was noted between the retention times of
Vitamin K1, Vitamin K2, and Coenzyme Q4 at 4.17, 2.31, and
1.39 min, respectively, even though the three compounds share
the same 20-carbon chain length. Similarly, but more subtly,
the side chain-less Vitamin K3, 1,4-naphthoquinone, Coen-
zyme Q0, and 1,4-benzoquinone exhibited close but non-
identical retention times in the range of 0.54−0.62 min. As the
aforementioned molecules were characterized using an affinity
mechanism based on analyte polarity, these two nontrivial
discrepancies likely stemmed from the higher degree of chain
saturation in Vitamin K1 as previously observed,

97 as well as
the presence of other specific substituents bonded to the redox
center. Thus, this implies that in addition to the main effect of
the isoprenoid chain length on overall molecule retention time,
both the chemical structure of the side chain and the
composition of the redox-active moiety in the quinones also
influence their polarities.

Dynamic Viscosities. Additional experiments were carried
out to measure the dynamic viscosities of homogeneous
solutions prepared by separately dissolving Vitamin K and
Coenzyme Q species in N,N-dimethylformamide (Figure 3c).
The obtained values were observed to increase with the length
of the side chain in a manner similar to the nonlinear
relationships previously reported in the literature for hydro-
carbons98 and polymers,99 and also decreased expectedly with
an elevation in solution temperature (Table S1). Although the
ca. 2-fold larger dynamic viscosity of Coenzyme Q10 relative to
the other tested molecules may be less favorable if higher
quinone concentrations are required, the 0.7−2.2 mPa·s range
of the ca. 50 mM Vitamin K/Coenzyme Q solutions was much
lower (ca. an order of magnitude or even more in some cases)
than those of the ionic liquids49 and liquid quinone-salt-diluent

Figure 3. (a) Reversed-phase high-performance liquid chromato-
grams and their associated (b) retention times (tR) and (c) dynamic
viscosities at 25 °C of various Vitamin K and Coenzyme Q quinones
vs the number of isoprenoid units present in their side chains. Results
were obtained using a C18 column and pure methanol mobile phase
with a 10 nmol quinone loading for (a) and (b), and from N,N-
dimethylformamide solutions with a ca. 50 mM quinone concen-
tration for (c).
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mixtures54 previously used for electrochemical carbon dioxide
capture in homogeneous environments. As such, the
functionality provided by Vitamin K and Coenzyme Q via
the adjustable nature of their polarities thus warrants further
examination.

Homogeneous Electrochemical Behavior of Vitamin
K and Coenzyme Q in an Aprotic Solvent. In order to
systematically evaluate the effects of the quinone moiety and
the chain length on the resulting electrochemical behavior of
the overall redox-active species, 1,4-naphthoquinone- and 1,4-
benzoquinone-derived molecules with different aliphatic chain
lengths of identical repeating unsaturated isoprene units were
selected for homogeneous testing in N,N-dimethylformamide.

Electrochemical Behavior in the Presence of Nitrogen
and Carbon Dioxide. Cyclic voltammetry experiments were
performed in both nitrogen and carbon dioxide environments
for Vitamin K2 ((2-methyl-1,4-naphthoquinone)-(iso-
prene)4), Vitamin K3 ((2-methyl-1,4-naphthoquinone)-(iso-
prene)0), Coenzyme Q10 ((2,3-dimethoxy-5-methyl-1,4-ben-
zoquinone)-(isoprene)10), and Coenzyme Q0 ((2,3-dime-
thoxy-5-methyl-1,4-benzoquinone)-(isoprene)0). In aprotic
solvents, quinones possess two redox couples corresponding
to the following cathodic half-reactions (eqs 4 and 5):100

Q e Q /+ • (4)

Q e Q/ 2+• (5)

where Q is the neutral quinone, Q−/• is the semiquinone, and
Q2− is the quinone dianion. Under nitrogen gas in N,N-
dimethylformamide, both events manifested clearly as two sets
of well-defined redox signals for all four species (Figure 4a,b).
Hydroxylic additives58,62,100−104 and the Lewis acidic carbon
dioxide43−56 have been noted to influence quinone electro-
chemistry in aprotic media, and in the case of the latter,
reduced quinones behave as nucleophiles and have been
classified as either “strongly” or “weakly” complexing depend-
ing on the proposed order of steps via which they form mono-
and diadducts.57,105,106 Accordingly, the cyclic voltammograms
of Vitamin K2, Vitamin K3, Coenzyme Q10, and Coenzyme Q0
all transitioned from the aforementioned four-peak signal to a
two-peak signal in the presence of carbon dioxide gas (Figure
4c,d and S3), with the latter indicative of concerted or closely
sequenced electron reductions. Specifically, it has been
proposed that this phenomenon is representative of an
ECEC (“electrochemical−chemical−electrochemical−chemi-
cal”) mechanism whereby the electrochemically generated
semiquinone (eq 4) first reacts with a stoichiometric amount
of carbon dioxide before further reducing to the dianion form
(eq 5) for the capture of an additional carbon dioxide molecule
(Figure 5).45,57,105,106 The observed merging of the two pairs
of peaks into a single pair for Vitamin K and Coenzyme Q is
consistent with and suggests the retention of the previously
reported “strongly” binding behavior of their corresponding
1,4-naphthoquinone and 1,4-benzoquinone anion redox
centers with carbon dioxide,46,53,57,105,106 respectively (Figure
S4). Upon reintroducing nitrogen into a carbon dioxide-
bubbled solution containing Coenzyme Q10, its two original
redox couples appeared once again (Figure S5), thus
illustrating that the neutral quinone does not react irreversibly
with carbon dioxide in the bulk solution.

Redox Potentials Relative to the Dioxygen/Superoxide
Redox Couple. In the context of carbon dioxide separation,
quinone redox properties are of particular interest and

significance due to the occurrence of parasitic dioxygen
electroreduction107 at negative potentials. As oxygen and the
formed superoxide species can interact detrimentally with
quinone anions108,109 as well as carbon dioxide,110,111

respectively, it is naturally desirable for quinone anion-carbon
dioxide adducts to possess redox potentials more positive than

Figure 4. Cyclic voltammograms in N,N-dimethylformamide of (a)
Vitamin K2 and Vitamin K3 under nitrogen, (b) Coenzyme Q10 and
Coenzyme Q0 under nitrogen, (c) Vitamin K2 under nitrogen and
carbon dioxide, and (d) Coenzyme Q10 under nitrogen and carbon
dioxide. Results were obtained with 5 mM analyte after five cycles
(scanned from 1.25 to −2 V vs Ag wire, followed by a reversal of the
scan direction to 1.25 V vs Ag wire for one complete cycle) at 0.05 V/
s in 0.1 M NBu4ClO4 under each gas and 1.1 mM ferrocene as an
internal standard. For (b) and (d), the same solution was run first
under nitrogen and then carbon dioxide.
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that of the O2/O2−/• couple.
57 To analyze this further, the

halfway potential, E1/2 (i.e., the average of the anodic peak
potential, Eox, and the cathodic peak potential, Ered),

112 of each
set of redox peaks detected in the presence of either nitrogen
or carbon dioxide during cyclic voltammetry was determined
experimentally for Vitamin K2, Vitamin K3, Coenzyme Q10,
Coenzyme Q0, 1,4-naphthoquinone, and 1,4-benzoquinone
(Figure 6a). The resulting values for Vitamin K2/K3 and

Coenzyme Q10/Q0 were similar to those of their parent 1,4-
naphthoquinone and 1,4-benzoquinone molecules, respec-
tively, with the observed trends of 1,4-benzoquinone >
Coenzyme Q0 > Coenzyme Q10, and 1,4-naphthoquinone >
Vitamin K3 > Vitamin K2 matching previously obtained
Hammett substituent constant relationships between the first
quinone reduction event halfway potential (eq 4) and the σpara

parameter (Table S2),113,114 and ascribed to a general increase
in basicity from the number of electron-donating functional
g r oup s a t t a c h ed t o t h e qu i none r edo x c en -
ter.47,53,57,59,101,114−119 Under carbon dioxide, not one of the
measured E1/2 potentials was less than or equal to E1/2

O2/O2
−/•

(−1.19 V vs Fc/Fc+),107 and those of the 1,4-benzoquinone-
containing molecules remained greater than their 1,4-
naphthoquinone-containing counterparts. While the halfway
potentials of the studied quinone anion-carbon dioxide adducts
seem to suggest the suitability of their quinones as carbon
dioxide electrosorbents, additional cathodic overpotentials
from kinetic or mass transfer limitations may need to be
overcome in order for complexation to be achieved, and as
such, the cathodic peak potential, Ered, was employed

57 to
more stringently characterize the previously observed redox
events (Figure 6b). Compared to E1/2, the Ered potentials of the
carbon dioxide complexes were expectedly much closer to that
of molecular oxygen reduction, with the Ered of Vitamin K2
observed to be more negative than Ered

O2/O2
−/•

(−1.27 V vs Fc/
Fc+).107 Contrastingly, both Coenzyme Q0 and Coenzyme Q10
exhibited Ered values above Ered

O2/O2
−/•

, and as such, the properties
of Coenzyme Q were subject to additional investigation. It is
interesting to note that although Coenzyme Q0 and short-
chain Coenzyme Q homologues have been reported to react
with superoxide to yield reduced semiquinones,108,109

Coenzyme Q10 appeared to either stabilize or be in close
proximity to the O2−/• radicals,

109 which suggests a potential
benefit to the presence of its long side chain.

Effect of Side Chain on Coenzyme Q Properties. In an
effort to better understand the extent of electronic and other
effects on the electrochemical behavior of Coenzyme Q, the
variation in its properties with chain length was probed using
Coenzyme Q10, Coenzyme Q2, and Coenzyme Q0.

Redox Potentials of Coenzyme Q Anion-Carbon Dioxide
Adducts. The E1/2 of Coenzyme Q0 under carbon dioxide was
previously observed to be less negative than that of Coenzyme
Q10 (Figure 6a), which was attributed to the heightened
basicity of Coenzyme Q10 due to its additional side chain
group. As such, the redox potential of Coenzyme Q2 relative to
Coenzyme Q10 is of interest, as the two quinones possess the
same substituent, with the only difference being the number of
isoprene units present in each. Although both the halfway and
cathodic peak potentials of the three Coenzyme Q variants
were seen to be more positive than those of O2/O2−/• (Figure
S6), the halfway potential framework was selected in this case
for tracking the peaks obtained from cyclic voltammetry in
order to provide a better estimate of the standard potential as a
thermodynamic property. Interestingly, the E1/2 of the
Coenzyme Q2 anion-CO2 adduct at −0.83 V vs Fc/Fc+ was
found to lie between those of the Coenzyme Q0 and
Coenzyme Q10 anion-CO2 adducts at −0.77 and −0.86 V vs
Fc/Fc+, respectively (Figure 7a). Since the polarities of

Figure 5. Proposed ECEC mechanism for the formation of Coenzyme Q anion-carbon dioxide adducts that illustrates the “strongly” complexing
behavior observed experimentally between Vitamin K/Coenzyme Q anions and carbon dioxide.

Figure 6. (a) Halfway and (b) cathodic peak potentials of Vitamin K2,
Vitamin K3, 1,4-naphthoquinone, Coenzyme Q10, Coenzyme Q0, and
1,4-benzoquinone under nitrogen (gray, with the two points signifying
the potentials for the two redox events) and carbon dioxide (red or
blue). Results were obtained from cyclic voltammograms with 5 mM
analyte after five cycles (scanned from 1.25 to −2 V vs Ag wire,
followed by a reversal of the scan direction to 1.25 V vs Ag wire for
one complete cycle) at 0.05 V/s in 0.1 M NBu4ClO4 N,N-
dimethylformamide solution under each gas, and 1.1 mM ferrocene
as an internal standard. In all cases, the same solution was run first
under nitrogen and then carbon dioxide.
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Coenzymes Q0 and Q2 described by their RP-HPLC retention
times (Figure 3a,b) were very similar (0.56−0.76 min)
compared to the significantly larger value of Coenzyme Q10
(31.27 min), it is hypothesized that the differences in the E1/2
values of the Coenzyme Q0 and Coenzyme Q2 anion-CO2
adducts are predominantly electronic in nature, and the
differences in the E1/2 values of Coenzyme Q2 and Coenzyme
Q10 in the presence of CO2 arise from the influence of the side
chain length on Coenzyme Q anion-CO2 adduct formation.

Previous literature has indicated that the redox potential of
Coenzyme Q is affected by the orientation of its dimethoxy
groups120,121 and the rigid/flexible nature of its side chain,117

and that its biological transfer activity changes through
variation of its side chain characteristics.122

Carbonyl Carbon 13C NMR Chemical Shifts of Coenzyme
Q. As a complement to the electrochemical characterization,
13C nuclear magnetic resonance spectroscopy was also
performed on Coenzyme Q to track the tetramethylsilane
(TMS)-referenced chemical shifts of the carbonyl carbons
bonded to the redox-active oxygen centers for the intended
purpose of revealing any potential electron density changes
arising from the absence or presence of its side chain
substituent. Two individual signals were detected for each
quinone, with those of Coenzymes Q2 and Q10 sharing the
same chemical shifts at 184.8 and 183.9 ppm, but differing
slightly from those of Coenzyme Q0 at 184.4 and 184.2 ppm
(Figure 7b), thus implying that the aforementioned observed
variations in redox potential of side chain-possessing
Coenzyme Q anion-CO2 adducts may result from chain
length-influenced steric or polarity effects rather than the
inherent electronic ones seen between the anions of the side
chain-less Coenzyme Q0 and the side chain-bearing Coenzyme
Q2 in the presence of CO2. In this way, the isoprenoid side
chain can serve as a unique tool for unconventionally tuning
redox potentials through physicochemical means compared
with the more traditional approach of directly adjusting
electron density via targeted substituent addition. A similar
effect has been observed with self-assembled monolayers
composed of ferrocene-terminated straight chain alkanes and
coadsorbed alkanethiols, for which an increase in the chain
length of the nonpolar coadsorbates shifted the potentials of
the redox-active units to more positive values, and was ascribed
to a stronger stabilization of ferrocene in the more alkane-like
environment.123,124 Additionally, steric hindrance has pre-
viously been proposed to influence interactions between
quinone anions and carbon dioxide,59,60,105 and the formation
of monocarbonate instead of dicarbonate adducts between
tetrahalogenated quinone anions and carbon dioxide has been
suggested to be affected by an increased difficulty of the latter
in accessing the carbonyl oxygens due to the bulky
substituents.105

Diffusivities of Coenzyme Q. As the ability of a solute to
diffuse in an electrolyte medium is relevant to homogeneous
electrochemical applications, the diffusivities of Coenzymes
Q10, Q2, and Q0 were also evaluated via successive cyclic
voltammetry conducted with varying scan rates. Specifically,
the first reduction event observed in the cyclic voltammograms
corresponding to semiquinone generation (eq 4) was used to
estimate the apparent diffusion coefficient,125,126 D, of the
quinone by fitting its experimentally determined cathodic peak
currents at different scan rates to the Randles−Sevcik equation
(eq 6):127
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where ip is the peak current, A is the surface area of the
electrode, Co* is the concentration of the quinone in solution,
nelec is the number of electrons transferred in the redox
reaction, F is Faraday’s constant, ν is the scan rate, R is the gas
constant, and T is the temperature. This technique was
selected over the pulsed-field gradient nuclear magnetic

Figure 7. (a) Halfway potentials under carbon dioxide, (b) carbonyl
carbon 13C nuclear magnetic resonance spectra, and (c) Randles−
Sevcik plots under nitrogen for Coenzyme Q10, Coenzyme Q2, and
Coenzyme Q0. Results in (a) and (c) were obtained from cyclic
voltammograms with ca. 1 mM analyte after five cycles (scanned from
1.25 to −2 V vs Ag wire, followed by a reversal of the scan direction to
1.25 V vs Ag wire for one complete cycle) at 0.05 V/s for (a), and two
cycles (scanned from 0.5 to −2 V vs Ag wire, followed by a reversal of
the scan direction to 0.5 V vs Ag wire for one complete cycle) at each
scan rate for (c) in 0.1 M NBu4ClO4 N,N-dimethylformamide
solution, and 1.1 mM ferrocene as an internal standard in the case of
(a). For (a), the same solution was bubbled first with nitrogen for at
least 10 min and then with carbon dioxide for at least 20 min,
followed by gas flow above its surface before the electrochemical
experiment was performed. For (b), solutions were prepared at a
concentration of ca. 40 mM quinone in TMS-containing CDCl3.

https://pubs.acs.org/doi/10.1021/acs.jpcc.4c04154?fig=fig7&ref=pdf
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resonance spectroscopy method due to its assessment of
diffusion in the boundary layer at an electrode surface as
opposed to self-diffusion in the bulk phase,128 and is thus more
pertinent in the context of the electrochemically mediated
formation of quinone anion-carbon dioxide adducts. The
apparent diffusion coefficients of Coenzyme Q10, Coenzyme
Q2, and Coenzyme Q0 were subsequently determined to be 3,
4, and 5 × 10−10 m2/s, respectively, and appeared to correlate
with the number of isoprenoid units in the Coenzyme Q side
chain, with the linear relationships between the cathodic peak
current and square root of the scan rate (Figure 7c) matching
previous electrochemical studies of other Coenzyme Q

derivatives.117 As the calculated values were of the same
order of magnitude and noted to be very similar to those of the
side chain-free 1,4-benzoquinone, 1,4-naphthoquinone, and
9,10-anthraquinone from the literature,129 there does not seem
to be a significant drawback with the use of the longer
Coenzyme Q10 in terms of diffusivity.

Heterogeneous Electrochemical Activation of Coen-
zyme Q10. In addition to studying the homogeneous behavior
of Coenzyme Q, the investigation of its heterogeneous
operation as a redox-active interface is also of value in
establishing and providing insight with regard to an alternative

Figure 8. (a) Schematics depicting the interfacial function of Coenzyme Q10 in biological processes such as the first step of the mitochondrial
electron transport chain (left), and proposed electrochemical processes such as electrochemically mediated carbon dioxide separation (right). (b)
UV−vis spectra of water containing ca. 2 μmol of Coenzyme Q10 (red) and Coenzyme Q0 (black) per mL after being passed through 0.22 μm
syringe filters and diluted twofold, and (c) cyclic voltammograms in water saturated with lithium chloride of Coenzyme Q10@CNT under nitrogen
and carbon dioxide. For (c), results were obtained after five cycles (scanned from open circuit voltage to 0.8 V vs Ag/AgCl for the zeroth cycle,
followed by a reversal of the scan direction to −0.8 V vs Ag/AgCl and finally to 0.8 V vs Ag/AgCl for one complete cycle) at 0.1 V/s under each gas
with the same solution run first under nitrogen and then carbon dioxide, and the solution was bubbled with nitrogen/carbon dioxide for at least 10
min, followed by gas flow above its surface before the electrochemical experiment was performed.

https://pubs.acs.org/doi/10.1021/acs.jpcc.4c04154?fig=fig8&ref=pdf
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potential configuration for electrochemical carbon dioxide
separation.

Biomimetic Coenzyme Q10 Interface for Electrochemical
Carbon Dioxide Adduct Formation. The especially notable
difference in polarity between Coenzyme Q10 and Coenzyme
Q0 afforded by the length of their side chains and previously
observed through RP-HPLC (Figure 3a,b) naturally suggests
that a polar environment would be suitable for the
heterogeneous activation of the lipophilic Coenzyme Q10 due
to its inclination to be strongly adsorbed at an electrode
interface. In fact, such an arrangement draws inspiration from
the first step of the naturally occurring mitochondrial electron
transport chain, during which the reduction of Coenzyme Q10
in the nonpolar inner mitochondrial membrane with electrons
released from the oxidation of reduced nicotinamide adenine
dinucleotide (NADH) in the polar mitochondrial matrix is
catalyzed by a reductase enzyme.130−132 This interfacial redox-
active biological process can be analogously transferred to a
heterogeneous electrochemical framework (Figure 8a), with
two key differences being the direct reduction of Coenzyme
Q10 with electrons from an external power source instead of
NADH and the reaction of the Coenzyme Q10 anions with
carbon dioxide instead of protons.

Electrochemical Solvent Selection. For the purpose of
determining a suitable polar environment, four common
electrochemical solvents (water, methanol, acetonitrile, and
dimethyl sulfoxide) were screened in terms of properties
pertinent to solvent suitability for electrochemical carbon
dioxide separation (Table S3). Like their N,N-dimethylforma-
mide counterpart used for homogeneous electrochemical
characterization, the higher relative permittivities133 and
boiling points133 of water and dimethyl sulfoxide were deemed
desirable due to their enhanced ease of polarization for
electrochemical processes and lower volatilities for reduced
solvent loss29 from carbon dioxide mass transfer to the liquid
phase via gas sparging, respectively. While water is an attractive
solvent with regard to safety, cost efficiency, and natural
abundance,51,134 its protic nature enables pH changes that
affect carbon dioxide dissolution and speciation, as well as
quinone reduction,100,115,135−140 all of which can then
consequently interfere with quinone anion-carbon dioxide
adduct formation. As such, in order to minimize any
convoluting pH-swing effects and maintain the advantages of
an aqueous medium, a saturated lithium chloride water-in-salt
formulation was employed to significantly reduce the amount
of free water in the solution. The high solubility of lithium
chloride (ca. 2.8 mol H2O/mol Li+) renders it a suitable
analogue of lithium bis(trifluoromethanesulfonyl)imide (LiTF-
SI),141 the latter of which has previously been used as a
superconcentrated electrolyte that significantly extends the
aqueous electrochemical stability window by suppressing
parasitic water splitting reactions, exhibits higher resistance
to evaporative losses, and stabilizes the quinone anion-carbon
dioxide adduct at higher lithium molalities.51,142 Compared to
LiTFSI salt-in-water concentrations below 5 molal, the
drastically lower water-to-salt ratio for LiTFSI water-in-salt
concentrations above 20 molal has been reported to result in
both a lower fraction of free water molecules that are not
bound to any Li+ cations, as well as a stronger interaction
between the Li+ and TFSI− ions, with the primary solvation
sheath of each Li+ cation possessing fewer water molecules and
more TFSI− anions.142 Solubility experiments of Coenzyme Q
in water revealed negligible and full dissolution of Coenzyme

Q10 and Coenzyme Q0, respectively, as evidenced by visual
inspection and UV−vis spectroscopy (Figures 8b and S7).
Furthermore, these observations corresponded well with the
Coenzyme Q-water Hansen distances, RQ,H2O, calculated using
eq 2, which predict a lower propensity of Coenzyme Q10 to
dissolve in water compared to Coenzyme Q0 as a result of
RQ10,H2O being noticeably greater than RQ0,H2O (Table S3), thus
illustrating the utility and versatility of the side chain motif.
Although the Coenzyme Q-dimethyl sulfoxide pairing also
yielded the same trends in dissolution and Hansen distances
(Table S3), it was noted that Coenzyme Q10 was highly
dispersible and slightly soluble in the dimethyl sulfoxide
environment (Figures S8 and S9). As such, the aforementioned
results thus precluded the need for electrochemical tests
involving Coenzyme Q0 and dimethyl sulfoxide.

Heterogeneous Electrochemical Response of Coenzyme
Q10 to Nitrogen and Carbon Dioxide in Water-in-Salt Media.
As a proof-of-concept, Coenzyme Q10 was deposited on a
conductive carbon nanotube (CNT) layer to yield a
heterogeneous Coenzyme Q10@CNT interface for electro-
chemical activation. The presence of Coenzyme Q10 in the
Coenzyme Q10@CNT electrode was evident based on the
single set of oxidation and reduction peaks observed from
cyclic voltammetry in saturated lithium chloride solution.
Accordingly, quinones are expected to undergo an overall two-
electron reduction in aqueous media that is facilitated by
proton transfer and/or hydrogen bonding,100,102 as opposed to
the two sequential one-electron reductions previously observed
in the aprotic N,N-dimethylformamide under nitrogen. Upon
electrochemically cycling Coenzyme Q10@CNT in the
presence of nitrogen followed by carbon dioxide, a prominent
shift in the anodic peak signal of the cyclic voltammogram to
more positive potentials was noted (Figure 8c), with the
resulting reduced ease of oxidation suggesting preferential
quinone anion-carbon dioxide adduct formation and matching
previous studies of selective interactions between quinone
anions and carbon dioxide in lithium-based water-in-salt
media.51 In this way, the Coenzyme Q10@CNT interface
illustrates that the electron-accepting and lipophilic properties
of Coenzyme Q can be repurposed and extended to
heterogeneous carbon dioxide binding. These results also
support that the hydrophobicity and high molecular weight of
Coenzyme Q10 innately facilitate its heterogeneous function-
alization at or in solid electrode surfaces,143,144 self-assembled
monolayers,145,146 phospholipid membranes,147,148 and carbo-
naceous scaffolds,149,150 in contrast to other more conventional
approaches such as polymerization or covalent bonding that
may require further chemical design.

CONCLUSIONS
A variety of Vitamin K and Coenzyme Q homologues were
explored for relevance to electrochemical carbon dioxide
separation in terms of their physicochemical and electro-
chemical behavior. The isoprenoid side chain of these
compounds provided an innate method for tuning their
physicochemical properties, which were subsequently assessed
through Hansen solubility and log P lipophilicity parameters,
RP-HPLC, and viscosity and diffusivity measurements. In the
presence of carbon dioxide, the electrochemical responses of
Vitamin K and Coenzyme Q supported a previously reported
ECEC reaction mechanism, with Coenzyme Q further
displaying desirable cathodic peak potentials that were more



positive than that of the parasitic oxygen reduction reaction to
superoxide. Additional investigation of several Coenzyme Q
variants suggested that the presence and length of their side
chains may affect Coenzyme Q anion-CO2 adduct formation
via electronic and steric/polarity effects, respectively. Lastly,
the lipophilicity of Coenzyme Q10 was leveraged for its use as a
biomimetic interface for electrochemical interaction with
carbon dioxide in aqueous media as Coenzyme Q10@CNT,
which illustrated its inherent advantage over the water-soluble
Coenzyme Q0 in a heterogeneous configuration. The ability of
the naturally occurring Vitamin K and Coenzyme Q quinone
families to manifest the influence of both physicochemical and
redox-active properties within a single molecule may offer
useful insight for the future application of naturally occurring
or nature-inspired species in the electrochemical separation of
carbon dioxide and/or other analytes, with potential extension
to other fields such as catalysis, sensing, and energy storage.
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(96) Jemiota-Rzeminśka, M.; Latowski, D.; Strzałka, K. Incorpo-
ration of plastoquinone and ubiquinone into liposome membranes

https://doi.org/10.1021/acs.jpcc.1c09415?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c09415?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c04044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c04044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.2c03752?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.2c03752?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.2c03752?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.2c03129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.2c03129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.2c03129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.2c03463?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.2c03463?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.3c03321?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.3c03321?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.3c03321?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S8755-9668(86)80030-8
https://doi.org/10.1016/S8755-9668(86)80030-8
https://doi.org/10.1093/nutrit/nuab061
https://doi.org/10.1093/nutrit/nuab061
https://doi.org/10.1016/j.bbamem.2003.11.012
https://doi.org/10.1016/j.bbamem.2003.11.012
https://doi.org/10.1149/2.1471714jes
https://doi.org/10.1149/2.1471714jes
https://doi.org/10.1007/s10008-016-3230-7
https://doi.org/10.1007/s10008-016-3230-7
https://doi.org/10.1146/annurev.nu.04.070184.001433
https://doi.org/10.1016/S0098-2997(97)00016-2
https://doi.org/10.1111/j.1538-7836.2005.01419.x
https://doi.org/10.3109/10409239409086800
https://doi.org/10.3109/10409239409086800
https://doi.org/10.1002/aenm.201601709
https://doi.org/10.1002/aenm.201601709
https://doi.org/10.1016/j.elecom.2005.04.015
https://doi.org/10.1016/j.elecom.2005.04.015
https://doi.org/10.1002/adma.201705571
https://doi.org/10.1002/adma.201705571
https://doi.org/10.1039/C8TA03921F
https://doi.org/10.1039/C8TA03921F
https://doi.org/10.1016/j.bioelechem.2012.03.009
https://doi.org/10.1016/j.bioelechem.2012.03.009
https://doi.org/10.1016/j.bioelechem.2012.03.009
https://doi.org/10.1016/j.talanta.2013.03.038
https://doi.org/10.1016/j.talanta.2013.03.038
https://doi.org/10.1016/j.bios.2018.04.052
https://doi.org/10.1016/j.bios.2018.04.052
https://doi.org/10.1016/0891-5849(89)90126-3
https://doi.org/10.1016/0891-5849(89)90126-3
https://doi.org/10.1002/adfm.201910363
https://doi.org/10.1002/adfm.201910363
https://doi.org/10.1002/adfm.201910363
https://doi.org/10.1021/acsami.1c21466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c21466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.2c02674?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.2c02674?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.3c09321?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.3c09321?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.3c09321?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.3c06140?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.3c06140?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.estlett.7b00059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.estlett.7b00059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cej.2020.127354
https://doi.org/10.1016/j.cej.2020.127354
https://doi.org/10.1021/acsomega.7b01102?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.7b01102?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci00063a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci00063a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci00063a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci00063a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci00063a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1248/cpb.40.127
https://doi.org/10.1248/cpb.42.976
https://doi.org/10.1248/cpb.42.976
https://doi.org/10.1016/S0009-3084(00)00227-9
https://doi.org/10.1016/S0009-3084(00)00227-9


studied by HPLC analysis.: The effect of side chain length and redox
state of quinone. Chem. Phys. Lipids 2001, 110 (1), 85−94.
(97) Suhara, Y.; Kamao, M.; Tsugawa, N.; Okano, T. Method for the
Determination of Vitamin K Homologues in Human Plasma Using
High-Performance Liquid Chromatography-Tandem Mass Spectrom-
etry. Anal. Chem. 2005, 77 (3), 757−763.
(98) Korsten, H. Viscosity of liquid hydrocarbons and their mixtures.
AIChE J. 2001, 47 (2), 453−462.
(99) Dobrynin, A. V.; Sayko, R.; Colby, R. H. Viscosity of Polymer
Solutions and Molecular Weight Characterization. ACS Macro Lett.
2023, 12 (6), 773−779.
(100) Quan, M.; Sanchez, D.; Wasylkiw, M. F.; Smith, D. K.
Voltammetry of Quinones in Unbuffered Aqueous Solution:
Reassessing the Roles of Proton Transfer and Hydrogen Bonding in
the Aqueous Electrochemistry of Quinones. J. Am. Chem. Soc. 2007,
129 (42), 12847−12856.
(101) Gupta, N.; Linschitz, H. Hydrogen-Bonding and Protonation
Effects in Electrochemistry of Quinones in Aprotic Solvents. J. Am.
Chem. Soc. 1997, 119 (27), 6384−6391.
(102) Hui, Y.; Chng, E. L. K.; Chng, C. Y. L.; Poh, H. L.; Webster,
R. D. Hydrogen-Bonding Interactions between Water and the One-
and Two-Electron-Reduced Forms of Vitamin K1: Applying Quinone
Electrochemistry To Determine the Moisture Content of Non-
Aqueous Solvents. J. Am. Chem. Soc. 2009, 131 (4), 1523−1534.
(103) Staley, R. P.-A.; Lopez, E. M.; Clare, L. A.; Smith, D. K.
Kinetic Stabilization of Quinone Dianions via Hydrogen Bonding by
Water in Aprotic Solvents. J. Phys. Chem. C 2015, 119 (35), 20319−
20327.
(104) Yin, W.; Grimaud, A.; Azcarate, I.; Yang, C.; Tarascon, J.-M.
Electrochemical Reduction of CO2 Mediated by Quinone Deriva-
tives: Implication for Li−CO2 Battery. J. Phys. Chem. C 2018, 122
(12), 6546−6554.
(105) Nagaoka, T.; Nishii, N.; Fujii, K.; Ogura, K. Mechanisms of
reductive addition of CO2 to quinones in acetonitrile. J. Electroanal.
Chem. 1992, 322 (1), 383−389.
(106) Namazian, M.; Zare, H. R.; Yousofian-Varzaneh, H.
Electrochemical behavior of tetrafluoro-p-benzoquinone at the
presence of carbon dioxide: Experimental and theoretical studies.
Electrochim. Acta 2016, 196, 692−698.
(107) Vasudevan, D.; Wendt, H. Electroreduction of oxygen in
aprotic media. J. Electroanal. Chem. 1995, 392 (1), 69−74.
(108) Petrucci, R.; Giorgini, E.; Damiani, E.; Carloni, P.; Marrosu,
G.; Trazza, A.; Littarru, G. P.; Greci, L. A study on the interactions
between coenzyme Q0 and superoxide anion. Could ubiquinones
mimic superoxide dismutase (SOD)? Res. Chem. Intermed. 2000, 26
(3), 269−282.
(109) Samoilova, R. I.; Crofts, A. R.; Dikanov, S. A. Reaction of
Superoxide Radical with Quinone Molecules. J. Phys. Chem. A 2011,
115 (42), 11589−11593.
(110) Roberts, J. L., Jr.; Calderwood, T. S.; Sawyer, D. T.
Nucleophilic oxygenation of carbon dioxide by superoxide ion in
aprotic media to form the peroxydicarbonate(2-) ion species. J. Am.
Chem. Soc. 1984, 106 (17), 4667−4670.
(111) Wadhawan, J. D.; Welford, P. J.; Maisonhaute, E.; Climent, V.;
Lawrence, N. S.; Compton, R. G.; McPeak, H. B.; Hahn, C. E. W.
Microelectrode Studies of the Reaction of Superoxide with Carbon
Dioxide in Dimethyl Sulfoxide. J. Phys. Chem. B 2001, 105 (43),
10659−10668.
(112) Elgrishi, N.; Rountree, K. J.; McCarthy, B. D.; Rountree, E. S.;
Eisenhart, T. T.; Dempsey, J. L. A Practical Beginner’s Guide to
Cyclic Voltammetry. J. Chem. Educ. 2018, 95 (2), 197−206.
(113) Hansch, C.; Leo, A.; Taft, R. W. A survey of Hammett
substituent constants and resonance and field parameters. Chem. Rev.
1991, 91 (2), 165−195.
(114) Prince, R. C.; Dutton, P. L.; Bruce, J. M. Electrochemistry of
ubiquinones: Menaquinones and plastoquinones in aprotic solvents.
FEBS Lett. 1983, 160 (1), 273−276.

(115) Bauscher, M.; Maentele, W. Electrochemical and infrared-
spectroscopic characterization of redox reactions of p-quinones. J.
Phys. Chem. 1992, 96 (26), 11101−11108.
(116) Nasiri, H. R.; Panisch, R.; Madej, M. G.; Bats, J. W.; Lancaster,
C. R. D.; Schwalbe, H. The correlation of cathodic peak potentials of
vitamin K3 derivatives and their calculated electron affinities: The role
of hydrogen bonding and conformational changes. Biochim. Biophys.
Acta 2009, 1787 (6), 601−608.
(117) Ma, W.; Zhou, H.; Ying, Y.-L.; Li, D.-W.; Chen, G.-R.; Long,
Y.-T.; Chen, H.-Y. In situ spectroeletrochemistry and cytotoxic
activities of natural ubiquinone analogues. Tetrahedron 2011, 67 (33),
5990−6000.
(118) El-Hout, S. I.; Suzuki, H.; El-Sheikh, S. M.; Hassan, H. M. A.;
Harraz, F. A.; Ibrahim, I. A.; El-Sharkawy, E. A.; Tsujimura, S.;
Holzinger, M.; Nishina, Y. Tuning the redox potential of vitamin K3
derivatives by oxidative functionalization using a Ag(i)/GO catalyst.
Chem. Commun. 2017, 53 (63), 8890−8893.
(119) Prince, R. C.; Dutton, P. L.; Gunner, M. R. The aprotic
electrochemistry of quinones. Biochim. Biophys. Acta 2022, 1863 (6),
No. 148558.
(120) Prince, R. C.; Halbert, T. R.; Upton, T. H. Structural
Influences on the Electrochemistry of Ubiquinone. In Advances in
Membrane Biochemistry and Bioenergetics; Kim, C. H.; Tedeschi, H.;
Diwan, J. J.; Salerno, J. C., Eds.; Springer US, 1987; pp 469−478.
(121) Burie, J.-R.; Boullais, C.; Nonella, M.; Mioskowski, C.;
Nabedryk, E.; Breton, J. Importance of the Conformation of Methoxy
Groups on the Vibrational and Electrochemical Properties of
Ubiquinones. J. Phys. Chem. B 1997, 101 (33), 6607−6617.
(122) Yu, C.; Gu, L.; Lin, Y.; Yu, L. Effect of alkyl side chain
variation on the electron-transfer activity of ubiquinone derivatives.
Biochemistry 1985, 24 (15), 3897−3902.
(123) Rowe, G. K.; Creager, S. E. Redox and ion-pairing
thermodynamics in self-assembled monolayers. Langmuir 1991, 7
(10), 2307−2312.
(124) Rowe, G. K.; Creager, S. E. Interfacial Solvation and Double-
Layer Effects on Redox Reactions in Organized Assemblies. J. Phys.
Chem. 1994, 98 (21), 5500−5507.
(125) Batchelor-McAuley, C.; Li, Q.; Dapin, S. M.; Compton, R. G.
Voltammetric Characterization of DNA Intercalators across the Full
pH Range: Anthraquinone-2,6-disulfonate and Anthraquinone-2-
sulfonate. J. Phys. Chem. B 2010, 114 (11), 4094−4100.
(126) Wilhelmsen, C. O.; Kristensen, S. B.; Nolte, O.; Volodin, I. A.;
Christiansen, J. V.; Isbrandt, T.; Sørensen, T.; Petersen, C.;
Sondergaard, T. E.; Lehmann Nielsen, K.; et al. Demonstrating the
Use of a Fungal Synthesized Quinone in a Redox Flow Battery.
Batteries Supercaps 2023, 6 (1), No. e202200365.
(127) Bard, A. J.; Faulkner, L. R. Electrochemical Methods:
Fundamentals and Applications, 2nd ed.; John Wiley & Sons, Inc.,
2000.
(128) Shen, X.; Sinclair, N.; Wainright, J.; Imel, A.; Barth, B.;
Zawodzinski, T.; Savinell, R. F. A Study of Ferrocene Diffusion in
Toluene/Tween 20/1-Butanol/Water Microemulsions for Redox
Flow Battery Applications. J. Electrochem. Soc. 2021, 168 (6),
No. 060539.
(129) Ding, Y.; Li, Y.; Yu, G. Exploring Bio-inspired Quinone-Based
Organic Redox Flow Batteries: A Combined Experimental and
Computational Study. Chem 2016, 1 (5), 790−801.
(130) Lenaz, G.; Fato, R.; Formiggini, G.; Genova, M. L. The role of
Coenzyme Q in mitochondrial electron transport. Mitochondrion
2007, 7, S8−S33.
(131) Zu, Y.; Shannon, R. J.; Hirst, J. Reversible, Electrochemical
Interconversion of NADH and NAD+ by the Catalytic (Iλ)
Subcomplex of Mitochondrial NADH:Ubiquinone Oxidoreductase
(Complex I). J. Am. Chem. Soc. 2003, 125 (20), 6020−6021.
(132) Ma, W.; Li, D.-W.; Sutherland, T. C.; Li, Y.; Long, Y.-T.;
Chen, H.-Y. Reversible Redox of NADH and NAD+ at a Hybrid Lipid
Bilayer Membrane Using Ubiquinone. J. Am. Chem. Soc. 2011, 133
(32), 12366−12369.

https://doi.org/10.1016/S0009-3084(00)00227-9
https://doi.org/10.1016/S0009-3084(00)00227-9
https://doi.org/10.1021/ac0489667?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac0489667?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac0489667?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac0489667?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/aic.690470222
https://doi.org/10.1021/acsmacrolett.3c00219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.3c00219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0743083?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0743083?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0743083?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja970028j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja970028j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja8080428?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja8080428?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja8080428?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja8080428?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b06323?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b06323?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b00109?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b00109?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0022-0728(92)80090-Q
https://doi.org/10.1016/0022-0728(92)80090-Q
https://doi.org/10.1016/j.electacta.2016.02.159
https://doi.org/10.1016/j.electacta.2016.02.159
https://doi.org/10.1016/0022-0728(95)04044-O
https://doi.org/10.1016/0022-0728(95)04044-O
https://doi.org/10.1163/156856700X00778
https://doi.org/10.1163/156856700X00778
https://doi.org/10.1163/156856700X00778
https://doi.org/10.1021/jp204891n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp204891n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00329a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00329a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp012160i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp012160i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.7b00361?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.7b00361?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00002a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00002a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0014-5793(83)80981-8
https://doi.org/10.1016/0014-5793(83)80981-8
https://doi.org/10.1021/j100205a087?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100205a087?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bbabio.2009.02.013
https://doi.org/10.1016/j.bbabio.2009.02.013
https://doi.org/10.1016/j.bbabio.2009.02.013
https://doi.org/10.1016/j.tet.2011.06.026
https://doi.org/10.1016/j.tet.2011.06.026
https://doi.org/10.1039/C7CC03910G
https://doi.org/10.1039/C7CC03910G
https://doi.org/10.1016/j.bbabio.2022.148558
https://doi.org/10.1016/j.bbabio.2022.148558
https://doi.org/10.1021/jp970640x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp970640x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp970640x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00336a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00336a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la00058a055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la00058a055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100072a017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100072a017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp1008187?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp1008187?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp1008187?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/batt.202200365
https://doi.org/10.1002/batt.202200365
https://doi.org/10.1149/1945-7111/ac0b26
https://doi.org/10.1149/1945-7111/ac0b26
https://doi.org/10.1149/1945-7111/ac0b26
https://doi.org/10.1016/j.chempr.2016.09.004
https://doi.org/10.1016/j.chempr.2016.09.004
https://doi.org/10.1016/j.chempr.2016.09.004
https://doi.org/10.1016/j.mito.2007.03.009
https://doi.org/10.1016/j.mito.2007.03.009
https://doi.org/10.1021/ja0343961?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0343961?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0343961?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0343961?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja204014s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja204014s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(133) Haynes, W. M. CRC Handbook of Chemistry and Physics, 91st
ed.; Taylor & Francis Group, 2010.
(134) Zhou, F.; Hearne, Z.; Li, C.-J. Water�the greenest solvent
overall. Curr. Opin. Green Sustainable Chem. 2019, 18, 118−123.
(135) Moret, V.; Pinamonti, S.; Fornasari, E. Polarographic study on
the redox potential of ubiquinones. Biochim. Biophys. Acta 1961, 54
(2), 381−383.
(136) Ksenzhek, O. S.; Petrova, S. A.; Kolodyazhny, M. V. 452 �
Redox properties of ubiquinones in aqueous solutions. Bioelectrochem.
Bioenerg. 1982, 9 (2), 167−174.
(137) Petrova, S. A.; Ksenzhek, O. S.; Koiodyazhnyi, M. V. Redox
properties of naturally occurring naphthoquinones: Vitamin K2(20)
and lapachol. Russ. J. Electrochem. 2000, 36 (7), 767−772.
(138) Wain, A. J.; Wadhawan, J. D.; Compton, R. G. Electro-
chemical Studies of Vitamin K1 Microdroplets: Electrocatalytic
Hydrogen Evolution. ChemPhysChem 2003, 4 (9), 974−982.
(139) Gulaboski, R.; Bogeski, I.; Kokoskarova, P.; Haeri, H. H.;
Mitrev, S.; Stefova, M.; Stanoeva, J. P.; Markovski, V.; Mircěski, V.;
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