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ABSTRACT: The complexation and decomplexation of CO, with a series of quinones of different basicity during electrochemical
cycling in dimethylformamide solutions were studied systematically by cyclic voltammetry. In the absence of CO,, all quinones ex-
hibited two well-separated reduction waves. For weakly complexing quinones, a positive shift in the second reduction wave was
observed in the presence of CO,, corresponding to the dianion quinone-CO, complex formation. The peak position and peak height
of the first reduction wave was unchanged, indicating no formation of complexes between the semiquinones and CO,. The relative
heights of both reduction waves remained constant. In the case of strongly complexing quinones, the second reduction wave dis-
appeared while the peak height of the first reduction wave approximately doubled, indicating that the two electrons transferred
simultaneously at this potential. The observed voltammograms were rationalized through several equilibrium arguments. Both
weakly and strongly complexing quinones underwent either stepwise or concerted mechanisms of oxidation and CO, dissociation
depending on the sweep rate in the cyclic voltammetric experiments. Relative to stepwise oxidation, the concerted process requires
a more positive electrode potential to remove the electron from the carbonate complexes to release CO, and regenerate the qui-
none. For weakly complexing quinones, the stepwise process corresponds to oxidation of the uncomplexed dianion and accompa-
nying equilibrium shift, while for strongly complexing quinones the stepwise process would correspond to the oxidation of
mono(carbonate) dianion to the complexed semiquinone and accompanying equilibrium shift. This study provides a mechanistic
interpretation of the interactions that lead to the formation of quinone-CO, complexes required for the potential development of
an energy efficient electrochemical separation process and discusses important considerations for practical implementation of CO,

capture in the presence of oxygen with lower vapor pressure solvents.

Anthropogenic carbon dioxide (CO,) in the Earth’s atmos-
phere has been cited as a primary cause of global climate
change and threatens global public health and welfare. Carbon
Capture and Sequestration (CCS) is a necessary element of CO,
emission abatement strategies intended to meet the goals of
the Paris Climate Accord. Major CCS efforts to date have fo-
cused on the removal of CO, directly from large-scale carbon
emitters and storing it in secure geologic reservoirs. Thermal-
swing operations using aqueous base scrubbing followed by
stripping at elevated temperature have been the chemical
sorption processes most investigated over the past two dec-
ades for CO, capture.! Thermal-swing absorption systems,
however, have been unable to achieve low enough energy con-
sumption and cost for widespread deployment. Efficiency im-
provements and cost reductions are currently required for CCS
to become cost competitive with other carbon sequestration
methods, such as reforestation and soil carbon sequestration.

Electrochemically mediated separations offer a nearly iso-
thermal alternative to the thermal-swing separation strategies
typically used for CO, capture.?= The driving force in these sys-
tems is supplied by a gradient in electric potential, which can

be supplied by renewable sources and requires substantially
less energy than a thermal system as they are not limited by
the Carnot efficiency of temperature swing systems. In 1989,
Wrighton and Mizen discovered that the electrode reduction
of quinones in the presence of CO; results in bis(carbonate)
formation, and that upon oxidation the quinones and CO; are
regenerated.® The reversible reductive addition of CO, to qui-
nones was subsequently proposed by DuBois et al. as a basic
concept for electrochemical CO, concentrators.” Scovazzo et
al. demonstrated the idea in 2003 by capturing CO, from a di-
lute gas stream and concentrating the gas to atmospheric pres-
sure in a batch electrochemical cell.® Despite the encouraging
proof-of-concept demonstration under ambient conditions,
the quinone electrochemical separator reported by Scovazzo
et al. has high-energy consumption with poor efficiency. Our
recent study used a poly(1,4-anthraquinone)-carbon nanotube
composite as a solid sorbent and successfully demonstrated an
electro-swing-based CO, separation in a cyclic reactor configu-
ration.® Our group has additionally examined quinones in ionic
liquids and salt-concentrated aqueous media for CO, separa-
tions.1%1! An energy assessment of electrochemical separators
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suggests that effective control of the potential can minimize
the irreversibility associated with the process.?

Quinones are naturally occurring molecules that facilitate bi-
ological electron transfer reactions in many cellular respiration
and photosynthesis cycles. They are the classical example of
organic redox systems and their electrochemistry has been
systematically investigated. In dry, aprotic electrolyte solu-
tions, quinones show two consecutive single-electron trans-
fers, separated by about 0.7 V, which correspond to the for-
mation of semiquinones and dianion quinones, respectively.!?
The first electron transfer, associated with the quinone-sem-
iquinone pair, is generally reversible, while the semiquinone-
dianion quinone pair formation is quasi-reversible in terms of
electron transfer. In aqueous systems, the dianion quinone is
protonated readily to form hydroquinone molecules. The fas-
cinating electrochemistry of quinones in aprotic electrolytes
on the addition of proton donors has been investigated owing
to its natural occurrence in many key biological functions.4-16
Hydrogen bonding stabilization by weak proton donors shifts
positively the reduction potential of the two electron transfer
processes with a stronger shift observed on the second wave.
Strong proton donors protonate the reduced quinones as indi-
cated by the merging of the two reduction waves and, in some
cases, a new pair of reduction and oxidation waves appears at
more positive electrode potentials. Intermolecular stabiliza-
tion of proton donors by hydrogen-bonding interactions re-
sults in no loss of reversibility of the first and second electron
transfer processes, while protonation of reduced quinones re-
sults in irreversible electron transfer. Formation of the O-H
bond delocalizes the electronic charge on the oxyanions and
results in a higher energy requirement for oxidation of the pro-
tonated oxyanions, and hence higher oxidation potentials. The
reductive addition of CO, to a few quinones has been reported
previously;®”-2> however a systematic study of quinones for
their applicability in carbon capture has not been completed.
While it is also of great interest to evaluate the reductive addi-
tion of other acidic gases to quinones, such as sulfur oxides,
this falls beyond the scope of this paper.

We present here a systematic study of quinone electro-
chemistry using cyclic voltammetry to probe the reductive ad-
dition of CO, to quinones to assist in identifying suitable redox-
active molecules for electrochemical CO, separations. The ef-
fect of CO; on the electron transfer processes was assessed for
a wide range of para-quinone structures, including benzoqui-
none, para-naphthoquinone and anthraquinone, and of ortho-
quinone structures, such as ortho-naphthoquinone.

Results and Discussion

Electrochemistry of quinones in dry aprotic electrolyte solu-
tions under an N> atmosphere

o o (0] (0] O
Cl Cl Cl Cl
cl Cl
(0] (0] (0] [¢] (@)
BQ DBQ TBQ

BQ-Cly BQ-Cl,
o o o o o]
OO OOC Qo aCy
Cl
[e] [e] [e] o o
p-NQ p-NQ-Me, p-NQ-Cl, AQ AQ-Cl
o o (0] o] o
(oN _C3H p
CaHy o-Cat7 N CqHg
H
o o [¢]
AQ-O-C3H7 AQ-COO0-C3H7 AQ-CONH-C4Hq

o o (0] o
sogicodicogheo¢
o-NQ PQ O PQ-1 O PQ-I, O
| |

Scheme 1: Molecular structures of various quinones used in this
study: p-benzoquinone (BQ), tetramethyl-p-benzoquinone (DBQ),
2,7-di-tert-butyl-p-benzoquinone (TBQ), 2,7-dichloro-p-benzoqui-
none (BQ-Clz), tetrachloro-p-benzoquinone (BQ-Cla), p-naphthoqui-
none (p-NQ), 2,3-dimethyl-p-napthoquinone (p-NQ-Mez), 2,3-di-
chloro-p-napthoquinone (p-NQ-Clz), 9,10-anthraquinone (AQ), 2-
chloro-9,10-anthraquinone (AQ-Cl), ether-derivative of 9,10-anthra-
quinone (AQ-0-CsHy), ester-derivative of 9,10-anthraquinone (AQ-
COO0-Cs3Hy), amide-derivative of 9,10-anthraquinone ((AQ-CONH-
CaHo), o-napthoquinone (0-NQ), 9,10-phenanthraquinone (PQ), 2-
iodo-9,10-phenanthraquinone (PQ-l), 2,7-diiodo-9,10-phenanthra-
quinone (PQ-12).

The molecular structures of the two classes of quinones, 1,4-
cyclohexadienediones (para-quinones) and 1,2-cyclohexa-
dienediones (ortho-quinones), used in this study are shown in
scheme 1. A series of benzoquinones, the simplest class of
para-quinones, was selected based on their increasing Lewis
basicity ranked according to BQ-Cl, < BQ-Cl, < BQ < TBQ < DBQ
as determined by the attached substituents. The electrochem-
ical properties of three para-naphthoquinones, benzoquinone
derivatives in which an aromatic benzene ring is fused to the
Cs-Cs bond, with basicity increasing in the order p-NQ-Cl, < p-
NQ < p-NQ-Me,, were assessed. Anthraquinone is another de-
rivative of benzoquinone, with two aromatic benzene rings
fused to the C;-C; and Cs-Cs bonds, respectively; three deriva-
tives were synthesized in our laboratory to enable comparison
of the electrochemistry of their carboxylation reactions with
CO, with those of the native anthraquinone, AQ. Based on their
substituent linking group, the order of increasing Lewis basicity
strength is as follows: AQ-COO-C;H; (ester linkage) < AQ-
CONH-C4Hg (amide linkage) < AQ < AQ-O-C3H; (ether linkage).
The four ortho-quinones used in our study were 0-NQ, PQ, PQ-
I and PQ-1..
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Figure 1: Cyclic voltammetry of 20mM TBQ (a) and 20mM AQ-
CONH-CsHs (b) solution of 0.1 M [n-BusN]PFs in DMF saturated with
N2 at a scan rate of 100mV/s using a platinum electrode. (c) Tabu-
lated cyclic voltammetry results of 20mM solutions of various qui-
nones shown in Scheme 1in dry 0.1 M [n-BusN]PFs DMF electrolyte
saturated with N at a scan rate of 100 mV/s. The filled symbols rep-
resented the half-wave potentials of the first electron transfer from
quinones to semiquinones and the second electron transfer, which
occurs at more negative electrode potentials, from semiquinones to
dianion-quinones. Oz undergoes quasi-reversible electron transfer
forming superoxide, O2*~, in DMF electrolyte solution. The half-wave
potential of Oz is shown.

Figures 1(a) and 1(b) show typical cyclic voltammograms for
2,7-di-tert-buty-p-benzoquinone (TBQ) in dry dimethylforma-
mide (DMF) electrolyte solutions containing 0.1M [n-BusN]PFe
saturated with Ny, with the first and second half-wave poten-
tials at -1.12 V and -2.15V, respectively (figure 1(a)), and for
the amide-derivative 9,10-anthraquinone (AQ-CONH-C;Ho)
with half-wave potentials at -1.23V and -1.96V (figure 1(b)). All
potentials were measured using ferrocene as the internal ref-
erence. The first wave corresponded to the reduction of qui-
nones, Q, to form semiquinones, Q*, and the second wave re-
flected the reduction of semiquinones to dianion quinones, Q*
. The first wave was generally reversible while the second wave
was at least quasi-reversible. The normal ordering of potentials
indicated that the second electron transfer occurred with
more difficulty than did the first. This order is expected for qui-
nones in aprotic solvents because the electron transfer to the
semiquinone, which already bears a negative charge, requires
more energetic electrons to overcome electrostatic repulsions
than does the electron transfer to the neutral quinone. Figure
1(c) summarizes the redox potentials for each of the two elec-
tron transfers under the same electrolyte conditions as in Fig-
ure 1(a) and (b), for the complete set of quinones given in
scheme 1. Two consecutive single electron transfers were ob-
served in all cases, with separations in their potentials ranging
from 0.72 V to 1.03 V. No complications due to ion-pairing
were evident in this work with [n-BusN]PFs as the supporting
electrolyte. Among the para-quinones, the potential differ-
ence between the first and second electron transfers with ben-
zoquinone was larger than that with naphthoquinone, and the
potential difference window for anthraquinone was smaller
than that for naphthoquinone. Similarly, PQ showed a smaller

potential difference between the first and second electron
transfers than did o-NQ. The smaller potential differences with
larger aromatic structures is because the electric charge on the
semiquinones is more delocalized over the larger molecular
structures, and thus less energetic electrons are required for
the second electron to transfer to these larger structures.

Electrochemistry of weakly complexing quinones in the pres-
ence of CO,
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Figure 2: Cyclic voltammetry of 20mM BQ-Cls (a), 20mM BQ-Cl: (b),
and 20mM p-NQ-Cl; (c) solution of 0.1 M [n-BusN]PFs in DMF satu-
rated with N2 and CO; at a scan rate of 100mV/s using a platinum elec-
trode.

Five of the molecules investigated in this study (BQ-Cls, BQ-
Cly, p-NQ-Cl;, AQ-Cl, and AQ-COO-C;H;) were categorized as
weakly complexing quinones based on the effect their interac-
tion with CO, has on their redox properties. A quinone is de-
fined as “weakly complexing” if the corresponding semiqui-
none shows only weak interaction with CO, (small association
constant for semiquinone/CO, complex).

Figure 2 compares the cyclic voltammograms of three of
these quinones under 1 atm N; and 1 atm CO, atmospheres. In
general, when the electrolyte solution was saturated with CO,,
no significant changes were observed in either the cathodic or
the anodic waves of the first electron transfer, but the cathodic
waves of the second electron transfer were shifted positively,
and the oxidation waves exhibited unusual features. In figure
2(a), under N; atmosphere, BQ-Cl, showed two one-electron
transfer processes with the first half-wave potential at -0.39 V
and the second at -1.32 V. When CO, was introduced to the
solution, no changes were observed in the cathodic peak cur-
rent and position for the first electron transfer, but the second
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cathodic wave shifted positively. Oxidation waves in cyclic volt-
ammograms for BQ-Cl, showed rather unusual behavior. The
first oxidation wave was unusually broad with no distinct peak.
The second oxidation wave, at -0.32 V, for BQ-Cls, which indi-
cates electron subtraction from the semiquinone to form the
neutral quinone was the same for both CO,- and N,-saturated
DMF electrolyte solutions.

To understand the unusual behavior of the BQ-Cl, under a
CO, atmosphere, we evaluated the electron transfer behavior
at different sweep rates (figure 3). Figure 3 shows the cyclic
voltammograms for BQ-Cl, at sweep rates of 40mV/s, 100mV/s
and 200mV/s. At a sweep rate of 40mV/s, the voltammogram
showed one oxidation wave from the dianion quinone to form
the semiquinone with peak potential at -1.05V. As the sweep
rate increased to 100mV/s, this oxidation wave broadened. At
a sweep rate of 200mV/s, the voltammogram showed two ox-
idation waves for the dianion quinone with the first peak po-
tential at -1.05V (A) and the second peak potential at -0.77V
(B).

The behavior of weakly complexing quinones like BQ-Cl, can
be rationalized through the series of equilibrium reactions out-
lined in Scheme 2a. At the first reduction potential (E;), qui-
none is converted to the semiquinone radical anion. For
weakly complexing quinones in the presence of CO,, this spe-
cies would only weakly interact with CO,, causing only a minor
shift in the second reduction potential compared to that with-
out CO,. The emergence of two oxidation waves at high scan
rates suggests a stronger interaction between the dianion and
CO,, and the existence of two mechanisms for the conversion
between semiquinone and CO,/quinone dianion complexes.
Scheme 2a labels these as a stepwise and concerted process.

Generally, the electrochemical oxidation of a quinone/CO,
dianion complex would occur at a more positive potential than
the oxidation of dianion quinone alone, caused by the extra
energy input needed to break the C-O bond. For the stepwise
process, as we begin to scan the electrode potential towards
the positive direction, dianion BQ-Cl, will undergo oxidation at
the electrode surface first, which decreases the concentration
of dianion BQ-Cl, within the diffuse layer. In accord with Le
Chatelier’s principle, more dianion BQ-Cl,/CO, complex would
then dissociate to form more dianion BQ-Cl, and CO,. At
40mV/s, the sweep rate of the electrode potential was suffi-
ciently slow to allow the major fraction of dianion BQ-Cl,/CO,
complex to dissociate and release CO,, and to undergo a one-
electron oxidation. The concerted process would be observed
when the sweep rate becomes too fast for mono(carbonate)
dianion BQ-Cl; to dissociate and keep pace with potential
changes (e.g., at 200mV/s). In this case, a significant concen-
tration of dianion BQ-Cl,/CO, complex would be present within
the diffuse layer, resulting in an additional oxidation wave at a
higher oxidation. At a sweep rate of 200mV/s, the second oxi-
dation wave at -0.77V (labeled as B in Figure 3c) corresponds
to the one-electron oxidation of dianion BQ-Cls/CO, complex
to generate semiquinone and CO,. The oxidation of the bis(car-
bonate) dianion quinone would also be possible, but for
weakly complexing quinones the fraction of bis(carbonate) di-
anion in solution would be small and thus we anticipate that

only oxidation of the mono(carbonate) would be observed.
This mechanistic explanation is largely in line with past
work,®?! but we acknowledge other mechanisms could ex-
plain the observed behaviors.
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Scheme 2: Proposed mechanism interactions of CO. with weakly (a)
and strongly (b) complexing quinones during the electrochemical re-
duction and oxidation processes.

The association constant for the complexation between CO,
and dianion BQ-Cl, was calculated from the positive shift of the
half-wave potential of the second-electron transfer when CO,
was introduced to the solution using the equation

exp(FAE : j -1
RT /e
K
b,co, n
[co,]

where F is the Faraday constant, R is the ideal gas constant, T

is the temperature, AEi is the shift in the half-wave po-
/e

tentials when CO; is introduced to the system, [CO;] is the con-
centration of dissolved CO,, and n is the number of moles of
CO; per mole of reduced quinones. Assuming one CO, is in-
volved in the process, this analysis gives a value of 6.61x10°M"
! for the CO, association constant.
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Figure 3: Cyclic voltammetry of 10mM BQ-Cls solutions of 0.1 M [n-BusN]PFs in DMF saturated with CO at sweep
rates of 40 mV/s, 100 mV/s and 200 mV/s using a platinum electrode. Arrows highlight observed oxidation waves.

Similarly, BQ-Cl, and p-NQ-Cl, underwent two one-electron
transfers under an N, atmosphere, with a positive shift in the
second electron transfer potential under CO, (figure 2(b) and
2(c)). The CO; association constants with the BQ-Cl, and p-NQ-
Cl, dianions are 8.18x10°M™* and 7.32x10*M, respectively.
The variations in the CO; association constants for BQ-Cl,, BQ-
Cly and p-NQ-Cl, are due to the resonance stabilization of the
oxyanion through the inductive effects of functional groups
conjugated to the quinoid ring-structures. A greater stabiliza-
tion of the oxyanion lowers its nucleophilic reactivity towards
CO; addition and decreases the CO, association constant. The
decrease in CO; binding constant for p-NQ-Cl, over the BQ-Cl,
dianion, for instance, was due mainly to the resonance stabili-
zation through electron delocalization within the aromatic
phenyl groups fused to the quinone ring-structure, consistent
with the effect of resonance stabilization on the basicity of ar-
omatic oxide anions observed in phenol and 1-naphthol mole-
cules. In a dilute aqueous solution, the protonated phenol, the
phenoxide anion (pKy = 3.11), is more basic than the proto-
nated 1-naphthol (pK, = 3.66).2* In organic solvents, the
strength of an oxyanion Lewis base is reflected in its hydrogen-
bonding power. The observations of Ahmed et al. that the ox-
yanions of naphthoquinones are weaker hydrogen-bonding ac-
ceptors than those of benzoquinones also support our experi-
mental results showing weaker CO, binding to fused ring sub-
stituted quinones.? The lower CO, binding constant for BQ-Cl,
as compared to BQ-Cl; is predominantly due to the electron-
withdrawing character of the chlorine side groups; replace-
ment of the two hydrogen atoms of BQ-Cl, with two chlorine
atoms allows for greater stabilization of the dianion BQ-Cl, and
a decrease in the nucleophilicity of this anion toward CO,. The
asymmetry of BQ-Cl, may also contribute to this difference.

50
o
secy
< < o /L
ES E A
5 & 30 20 1.0
5 S
o o
under C , -50 —
>
Potential (V) Potential (V) Q
50 50 g
PR o
oo v,
=}
< < ! S
2 o] 2 0] o
5 g -30 2.0 1.0 3
3 3 =)
~
-50 50
under CO, <
2 o
-+
Potential (V) Potential (V) 3
(1)
© 50 8 50 g—
k 5
< < °
2 A o] 2 0 Q
£ 30 Jo~ /T0 £ 30 2. 10 o
- N =}
50 50 3
under N under CO =
2 2 (¢]
Potential (V) Potential (V)
50 . 50
z AN o 2 o Q
2 30 £.0 1.0 2 30 20 1.0
= £
8 g
g -50 3 -50
der N der CO
under N, 100 under C , -100

Potential (V)

Potential (V) v

Figure 4: Cyclic voltammetry of AQ-Cl (a), AQ-COO-CsH7 (b), AQ
(c) and AQ-O-CsHy (d,) solutions of 0.1 M [n-BusN]PFs in DMF sat-
urated with either N (black waves) or CO; (red waves) at a scan
rate of 100mV/s using a platinum electrode.

Fusion of the aromatic phenyl group to the quinone ring
showed less of an effect on the resonance stabilization of the
oxyanions than did conjugation of the electron-withdrawing
groups to the quinone-ring structure. Thus, replacement of the
electron-withdrawing groups with fused aromatic phenyl
groups increases the CO, association constant, as demon-
strated for the anthraquinone derivatives, AQ-Cl and AQ-COO-
CsH;, which we categorized as weakly complexing quinones
(figure 4(a) and 4(b)). The first CO; association constants of AQ-
Cl and AQ-COO-CsH; were 2.35x10°M™* and 7.78x10’M, re-
spectively. Among the weakly complexing quinones investi-
gated, AQ-COO-C3H; showed the highest CO, association con-
stants.



Electrochemistry of strongly complexing quinones in the
presence of CO;

Addition of CO, to quinones that interact strongly with the
CO; led to very different cyclic voltammetric waves than those
discussed for weakly complexing quinones. Eleven compounds
from the list of quinones in scheme 1 were categorized as
strongly complexing quinones; these were BQ, p-NQ, AQ, AQ-
0-CsH7, 0-NQ, PQ, DBQ, TBQ, p-NQ-Me,, PQ-1 and PQ-l,. In the
discussions that follow, we focus on the first six compounds as
these quinones presented unique cyclic voltammograms over
the complete interaction range.

The anthraquinone derivative, AQ-COO-C3H;, showed the
strongest CO, association constant among the group of weakly
complexing quinones. The electron-withdrawing nature of the
carbonyl group (C=0) of the ester linkage lowers the Lewis ba-
sicity of the oxyanion, which limits its association constant with
CO.. Replacing the ester linkage with any electron-releasing
substituent results in an increase in the CO, association con-
stant. The electrochemical behavior of two anthraquinone de-
rivatives with two opposite inductive effects, AQ-COO-C;sH;
and AQ-0-C3H;, was compared with that of the original anthra-
quinone molecules, AQ, for which the inductive effect of the
hydrogen is between that of the carbonyl and the ether link-
ages (figure 4).

In dry DMF electrolyte saturated with N,, cyclic voltammo-
grams of AQ-COO-C;H;, AQ and AQ-0-C3H; showed two one-
electron transfer waves, which were separated by about 0.7V
(figure 4(b), (c) and (d)). As with other weakly complexing qui-
nones, there was no change in the peak current and position
of the first reduction wave for AQ-COO-CsH; when the electro-
lyte solution was saturated with CO, but the second reduction
wave was shifted positively (figure 4(b)). With both hydrogen
and the ether linkage, the CO, association constant was ex-
pected to be stronger than with the ester linkage, and accord-
ingly we observed larger positive shifts of the second reduction
waves for AQ and AQ-0O-CzHy (figure 4(c) and (d)). The positive
shift of the second reduction wave was accompanied by an in-
crease in the first cathodic current. The second reduction wave
was almost lost in the case of AQ (figure 4(c)) and only a shoul-
der was observed in the case of AQ-O-C3H5 (figure 4(d)). The
first cathodic peak current of AQ increased from 56pA to 70
UA, while the cathodic peak current for AQ-O-C;sH; increased
from 56 pA to 83pA. Only one oxidation wave was observed in
the voltammograms of AQ and AQ-O-CsH7 with the current of
the oxidation wave under CO; higher than that under N,.

For these strongly complexing quinones, the ECE mechanism
proposed initially by Mizen and Wrighton is operative.’ We la-
bel this process the stepwise mechanism in Scheme 2b. The
mechanism of the carbonate formation is initially by a one-
electron reduction of the neutral quinone to form a semiqui-
none that then complexes with CO,. These intermediate com-
plexes immediately undergo the second one-electron reduc-
tion in close proximity to the electrode surface to form the
mono(carbonate) of the dianion quinone, which can subse-
quently complex with another CO, to yield quinone bis(car-
bonate). The CO; association constants for AQ and AQ-O-Cs;H;

could not be obtained from cyclic voltammograms because we
were not able to deduce the half-wave potential of the second
electron transfer. The only conclusion was thus that the CO,
association constants for AQ and AQ-O-CsH; are greater than
the association constant of about 108 M for AQ-COO-C;H.

Quinones with electron-releasing substituent groups at-
tached to their rings are expected to have stronger CO, associ-
ation constants. Based on their molecular structures, the oxy-
anions of BQ and p-NQ should have CO, association constants
higher than those of both AQ and AQ-O-Cz;H;. With the concept
of resonance stabilization and its effects on the basicity of ar-
omatic oxyanions described previously, the basicity of p-NQ
oxyanion is expected to be between those of BQ and AQ. With
no fused aromatic phenyl ring, the BQ oxyanion is the strong-
est Lewis base among these three quinones.
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Figure 5: Cyclic voltammetry of BQ (a), p-NQ (b), and o-NQ (c) solu-
tions of 0.1 M [n-BusN]PFs in DMF saturated with either N2 (grey
waves) or CO; (red waves) at a scan rate of 100mV/s using a platinum
electrode.

Two well-separated electrochemical waves were observed for
BQ and p-NQ solutions under an N, environment (figure 5(a)
and (b), grey lines). In the presence of CO, these quinones
showed a significant increase in the peak current of the first
electron transfer, attributed to two consecutive electron trans-
fers at this reduction wave potential, and the disappearance of
the reduction wave of the second electron transfer (figure 5(a)
and (b), red lines), according to the ECE mechanism.

Quinones exist in two isomeric forms, 1,4-cyclohexadienedi-
one (para-quinone) and 1,2-cyclohexadienedione (ortho-qui-
none). In dilute aqueous solution, the deprotonated hydroqui-
none (pKy = 3.65) is more basic than the deprotonated catechol
(pKp = 4.15); therefore we expect that dianions of ortho-qui-
nones will be less basic than those of para-quinones.?? As
shown in figure 5(c), the reduction potential of 0-NQ is slightly
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more positive than that of p-NQ. For 0-NQ, the potential sepa-
ration between the two reduction peaks under N, is about 0.89
V, slightly wider than that of p-NQ, 0.87 V. The larger potential
separation with ortho-quinones is because, due to their close
proximity, the two oxyanions in C; and C; positions experience
larger electrostatic repulsion.
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Figure 6: Cyclic voltammetry of 10mM o-NQ in 0.1 M [n-BusN]PFs
DMF electrolyte saturated with CO. at sweep rates of 40 mV/s, 100
mV/s and 200 mV/s using a platinum electrode. Arrows highlight ob-
served oxidation waves.

AQ and its derivatives in the presence of CO, only exhibited
an oxidation wave that coincided with the single reduction
wave (figure 4) at 100 mV/s. As opposed to the voltammo-
grams for AQ and AQ derivatives, those for BQ, p-NQ, and o-
NQ revealed two oxidation waves at 100 mV/s in the presence
of CO, (figure 5, red lines), corresponding to two different oxi-
dation mechanisms at the two oxidation potentials. At lower
concentration (4 mM, left panels), the first wave that coincides
with the single reduction wave is reduced in size. We attribute
the first oxidation wave to oxidation of mono(carbonate) qui-
none dianion, and the second, which occurred at a less nega-
tive potential, to the oxidation of bis(carbonate) quinone dian-
ion. Scheme 2b labels these as stepwise and concerted mecha-
nisms, respectively. An equilibrium would exist between the
mono(carbonate) dianion and the bis(carbonate) dianion. As
the electrode potential is swept to less negative values, the
mono(carbonate) dianion would first be oxidized, shifting the
equilibrium to release CO, and generate additional mono(car-
bonate) which would subsequently be oxidized. At low qui-
none concentration, the CO, would be in excess and bis(car-
bonate) dianion would primarily exist. For stronger binding
quinones, the equilibrium would also be driven towards the
bis(carbonate) form. The oxidation of uncomplexed dianion
would also be possible, but with sufficient CO, this species

should contribute only minimally to the observed voltammo-
gram. These arguments are consistent with the trends be-
tween BQ, p-NQ, and o-NQ in figure 5, where o-NQ would have
the lowest binding strength and thus exhibits a larger wave as-
sociated with oxidation of the mono(carbonate) quinone. Var-
ying the scan rate for o-NQ (figure 6) demonstrated the emer-
gence of a second oxidation wave at higher potential (labeled
B in Figure 6c¢), which would occur if the equilibrium described
did not have time to fully equilibrate before a potential ener-
getic enough to oxidize the bis(carbonate) was reached. We
note that some groups have noted the potential for additional
side reactions with BQ given the possibility of addition to the
neighboring carbons,?? and that alternative mechanistic inter-
pretations may be possible.

Considerations on practical implementation of capture with
quinones
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Figure 7: Tabulated cyclic voltammetric results of 20mM solution of
various quinones shown in Scheme 1 in dry 0.1 M [n-BusN]PFs DMF
electrolyte saturated with either N2 (red symbol) or COz (blue symbol)
at a scan rate of 100 mV/s. The filled symbols represented the half-
wave potentials of the first electron transfer from quinones to semiqui-
nones and the second electron transfer, which occurs at more negative
electrode potential, from semiquinones to dianion-quinones.

The systematic study presented in this work indicates a range
of potential quinones for application in selective CO, concen-
tration from dilute gas and should serve as a useful reference
for many future studies. There are a number of potential issues
to consider in practical applications, however. First is the pos-
sibility of parasitic reactions between reduced quinones and
oxygen. In a dry DMF electrolyte solution, O, showed a quasi-
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reversible electron transfer to form the superoxide with a half-
wave potential of -1.3 V.?6 For CO, electrochemical concentra-
tors, this reaction will decrease the overall efficiency of the
process. The peak potentials of the reduction waves under N,
and CO, for the various quinone structures studied are summa-
rized in figure 7, relative to the reduction potential of O,.

The weakly complexing quinones showed CO, association
constants in the range of 10> M! to 10’M, and could poten-
tially be used for CO, separation; however, during the CO, cap-
ture step, these quinones need to be activated electrochemi-
cally to form dianion quinones with electrode potentials rang-
ing from-1.32 Vto-1.96 V. With this range of activation poten-
tials, the formation of superoxide along with the generation of
the dianion quinones on the electrode is unavoidable if oxygen
is present. Therefore, the weakly complexing quinones are not
suitable candidates for CO, separation from dilute gas efflu-
ents that contain O,. While the two reduction waves and larger
negative electrode potentials required for the carboxylation of
weakly-complexing quinones mitigate against their use as
complexing agents in CO, capture applications, this is not the
case for the strongly complexing quinones, which exhibited ad-
equate redox characteristics for the effective separation of CO,
from gas mixtures in the presence of O,. During the capture
step, these compounds can be activated electrochemically to
form semiquinones with electrode potentials ranging from -
0.87 Vto-1.07 V, and can subsequently capture a second CO,,
as previously discussed. These potentials are more positive
than the -1.3V at which the undesirable superoxide anion
forms on the electrode.

This discussion applies to DMF, though similar considera-
tions will also be necessary for other solvents. DMF has a large
vapor pressure and would not be practical for implementation
at scale. Instead, solvents with a low vapor pressure including
ionic liquids that we have previously reported on would be
necessary.'% As discussed in this prior work, the chosen solvent
requires low viscosity, a high resistance to foam or mist for-
mation, a relatively low solubility of CO, to limit carry over, and
a large quinone solubility.

The development of electrochemical CO, separation strate-
gies for the next generation capture facilities at fossil fuel burn-
ing facilities, cement plants, or steel plants must consider the
effects of other components in the flue gas emissions, espe-
cially those of the acidic gases such as sulfur and nitric oxides.
It should also be noted that other degradation mechanisms
may be possible with oxygen. The effects of such flue gas com-
ponents on the electrochemistry and stability of quinones is an
active area of research.

Conclusion

A comprehensive potentiometric assessment of the effects
of interactions of CO, with quinones in dry DMF electrolyte so-
lutions under reducing and oxidizing conditions was per-
formed. In N3 saturated aprotic electrolyte solutions, the qui-
nones undergo two consecutive electron transfers with the
first electron transfer exhibiting reversible, and the second
quasi-reversible behavior. Under a CO, saturated environ-
ment, the carboxylation of the dianion quinones to form C-O

covalent bonds induces irreversibility in the second electron
transfer at the sweep rates used. The thermodynamic associa-
tion constants of CO, with different quinones vary with their
molecular structures; two different classes of quinones were
identified, i.e. weakly- and strongly-complexing quinones. For
the weakly complexing quinones, BQ-Cls;, BQ-Cly, p-NQ-Cly, AQ-
COO0-CsH7; and AQ-CONH-C4Hq, two well-separated reduction
waves were observed in CO; saturated aprotic electrolyte so-
lutions with no change in the position of the first reduction
peak and a positive shift of the second reduction peak. Two
anodic current peaks were observed for the dissociation of the
dianion quinone-CO, complexes, corresponding to step-wise
oxidation and concerted oxidation of these complexes. For the
strongly-complexing quinones, BQ, TBQ, DBQ, p-NQ, p-NQ-
Me,, AQ, AQ-0O-C3H;, 0-NQ and PQ, the voltammograms fea-
tured an increase in the first reduction peak current and the
disappearance of the second reduction and oxidation waves. It
was inferred that their semiquinones associated with CO, to
form intermediate complexes that subsequently experienced
the second electron transfer at the same or almost the same
reduction potential as that at which the first electron trans-
ferred. For BQ, p-NQ, and o-NQ, two anodic peak currents
were observed and identified as being due to the oxidations of
the mono(carbonate) and bis(carbonate), respectively, of the
dianion quinone-CO, complexes. The potentials of the second
anodic peak current were dependent on the quinone molecu-
lar structure and quinone concentration. Overall, the correla-
tion between quinone structure and the association constant
for its binding with CO, was assessed, and the possible mecha-
nisms of the oxidations of the dianion quinone-CO, complexes
were inferred.

Optimization of the electrode potentials at which the qui-
nones are activated to complex with CO, (reduction) and deac-
tivated to release the CO, (oxidation) is important for the de-
sign and operation of energy-efficient CO, electrochemical
separators for potential use on the gaseous emissions from
fossil fuel-fired facilities and other industrial sources such as
the steel and cement industries, and from mobile sources such
as vehicles, boats and trains, as well as in the reduction of CO,
concentrations directly from the ambient air or from confined
spaces such as buildings, submarines, and spacecraft. We
have identified a number of quinoidal compounds that have
the desired operational ranges and whose reduction potentials
are sufficiently more positive than that of oxygen so that the
formation of the undesirable superoxide anion can be avoided
during the electrochemical swing operations. Other acidic
gases such as sulfur and nitrogen oxides are also often present
in the emissions, albeit in trace quantities relative to the CO,,
and their impact on the effectiveness of any process using
these systems must be considered in the design and imple-
mentation of new separation technologies. This work should
inform the future rational design of electrochemical CO; sepa-
rators.



Experimental section

Materials: p-benzoquinone (BQ), tetramethyl-p-benzoqui-
none (DBQ), 2,7-di-tert-butyl-p-benzoquinone (TBQ), 2,7-di-
chloro-p-benzoquinone (BQ-Cl,), tetrachloro-p-benzoquinone
(BQ-Cly), 2,3-dimethyl-p-napthoquinone (p-NQ-Me;), anhy-
drous dimethylformamide (DMF), tetrabutylammonium hex-
afluorophosphate ([n-BusN]PF¢), potassium permanganate
(KMnQy), glacial acetic acid (AcOH), acetic anhydride (Ac;0),
sodium sulfite (Na,SOs), ammonium carbonate (NH4COs), sul-
phuric acid, diiodine, toluene, methanol, 1-bromopropane, bu-
tylamine were purchased from Sigma-Aldrich®. p-napthoqui-
none (p-NQ), 2,3-dichloro-p-napthoquinone (p-NQ-Cl,), 9,10-
anthraquinone (AQ), 2-chloro-9,10-anthraquinone (AQ-Cl), o-
napthoquinone (0-NQ), 9,10-phenanthraquinone (PQ), 2-hy-
droxy-9,10-anthraquinone (AQ-OH), 2-carboxylic acid-9,10-an-
traquinone (AQ-COOH) were purchased from TCl America. All
chemicals were used as received without purification.

Synthesis of ether-derivative of 9,10-anthraquinone (AQ-O-
C3H7): AQ-OH and 1-bromopropane, together with sodium hy-
droxide were stirred in DMF at 80°C until TLC indicated full con-
version, about 1 h. The reaction mixture was cooled and fil-
trated, the solid was with acetone. The amount of DMF was
reduced by partial evaporation and the concentrated solution
was precipitated in a 1N HCI solution. The product was ex-
tracted with dichloromethane. Pure product was obtained af-
ter recrystallization from methanol.

Synthesis of ester-derivative of 9,10-anthraquinone (AQ-
COO0-C;H7): AQ-COOH and 1-bromopropane, together with so-
dium hydroxide were stirred in DMF at 80°C until TLC indicated
full conversion, about 1 h. The reaction mixture was cooled
and filtrated, the solid was with acetone. The amount of DMF
was reduced by partial evaporation and the concentrated so-
lution was precipitated in a 1N HCl solution. The product was
extracted with dichloromethane. Pure product was obtained
after recrystallization from methanol.

Synthesis of 2-iodo-9,10-phenanthraquinone (PQ-1) and 2,7-
diiodo-9,10-phenanthraquinone (PQ-1;): The procedure was
modified and optimized from the previous work by Lulinski P.
and Skulski L.?” Powdered KMnO, was suspended in a mixture
of AcOH with Ac,0 cooled under ice bath. Diiodine was added,
and concentrated sulphuric acid was slowly added drop-
wise with stirring and keeping the temperature below 5°C.
PQ was added, and the whole was stirred for 6 h at 50°C. The
reaction mixture was poured, with stirring, into ice-water
containing the previously dissolved Na2SOs and (NH4)2COs.
The solid products were collected by filtration, washed well
with deionized water until the washing were colorless and
neutral, and air-dried. The products were separated with
column chromatography with mixture of toluene and ethyl
acetate as the mobile phase.

Electrochemical experiment: Cyclic voltammetry measure-
ments were carried out with a standard three-electrode cell
using an VersaSTAT 3 potentiostat with Versa studio software
from Princeton applied research. Electrochemical measure-
ments were conducted in a glass cell, thermostated at defined
temperatures. The platinum-working electrode was purchased

from BASi corporate. Platinum wire served as the counter elec-
trode and Ag/AgCl wire served as the reference electrode. Fer-
rocene was used as the internal standard. DMF containing
0.1 M [n-BusN]PFs was used as an electrolyte. The solution was
carefully deoxygenated with nitrogen with gentle stirring for
30 min and the nitrogen atmosphere was maintained during
the electrochemical experiments. To test the electrochemical
behavior of quinones under CO,, the electrolyte was bubbled
with 100% CO, for 30 min before testing.
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