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Introduction

Predictive energetic tuning of quinoid
O-nucleophiles for the electrochemical capture
of carbon dioxidef

Abdulaziz W. Alherz, (2 £° Haley A. Petersen, (2 +* Nicholas R. Singstock, {2 °
Sohan N. Sur,? Charles B. Musgrave*® and Oana R. Luca () *?

The need for robust, scalable methods for the capture and storage of carbon dioxide is increasingly
pressing. Electric power-based carbon capture methods have drawn attention as a promising strategy
due to their potential to couple to renewable energy sources. Materials for the capture of CO, from air
need to overcome the challenges of parasitic reactivity with oxygen, selective removal of CO, at
415 ppm, and long-term durability in air. Quinones and their reduced forms are a promising family of
such sorbents. However, the design of robust quinone sorbents has been limited, and no systematic
study exists that unifies the relationship between reduction potential, binding free energy and the effect
of CO, concentration on the average number of CO, molecules captured. Our work addresses this
knowledge gap through a synergistic computational and experimental study of a family of
electrochemically generated quinoid molecular sorbents for CO, capture with tunable redox chemistries.
Our findings indicate that while quinones with reduction potentials positive of oxygen reduction exist, the
O-nucleophiles generated at these potentials are weak CO, binders. Using microkinetic analysis to
examine binding speciation, we identify sorbent candidates that bind one CO, molecule within a narrow
potential window positive of oxygen reduction. This behavior is calculated to occur at CO,
concentrations relevant to direct air capture. Additionally, while electron-rich quinones are found to
generally bind two CO; units per quinone dianion with little variation across CO, concentrations relevant
to carbon capture, weaker quinones generally exhibit lower stoichiometries and are more sensitive to
CO, concentration. Furthermore, we establish a linear correlation between the second reduction
potential of a quinone and the free energy of binding CO, to the quinone dianion. This correlation has
important predictive power, as it allows new molecular materials of the quinoid family to be assessed
with simple electrochemical measurements. However, based on our findings, such analyses must be
punctuated by careful considerations of reaction stoichiometry and operating concentration ranges.

storage of CO,."> While amine or aqueous sorbents of CO, are
common, they require release steps with thermal swings and

Accumulation of CO, in the atmosphere has sparked an are more often used near concentrated emission sources.>*
urgency in the development of methods for the capture and These capture mechanisms are commonly not compatible with

capture from a dilute source such as air and cannot be deployed
in a dispersed, decentralized fashion.’
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has attracted considerable attention in recent years due to its
ability to couple with renewable power sources and the mod-
ularity of electrochemical devices.® Early work by Noble and
coworkers” demonstrated that quinoid molecular sorbents can
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be used to harvest CO, from dilute streams in nitrogen. More
recently, Hatton and coworkers have demonstrated faradaic electro-
swing in an organic battery-like device in which quinones tethered
to the electrodes are able to capture CO, when reduced and release
it when oxidized.® In a related recent report, several quinones were
categorized as strong vs. medium vs. weak binders of CO,.”

In recent work from our group,'® we identified an empirical
linear correlation between the reduction potential necessary for
the generation of a nucleophile and the nucleophile’s ability to
bind CO,. Herein, we seek to extend this analysis to quinones
due to their high importance in the field of reactive carbon
capture. The equation of best fit from such a correlation can, in
principle, be used to screen new quinoid molecules and to
quickly estimate the free energy of binding of the electrogen-
erated nucleophile to CO,. This can be achieved without
CO, experiments and has a strong predictive value. We chose
a subset of commercially available quinones that include
electron poor quinones such as dichlorodicyanoquinone
(DDQ), chloranil (4ClQ), 1,4-Dichloroquinone (2CIQ), and 1,2-
dichloronaphthoquinone (2CINQ). We hypothesized that a shift
in the quinones’ reduction potentials to potentials more positive
than the reduction of oxygen would render sorbent systems
impervious to O, degradation. Known strong binders such as
reduced forms of benzoquinone (BQ), 1,5-dimethylbenzoquinone
(2MeQ), and naphthoquinone (NQ) were also included as a
comparison across a broader range of potentials. Cyclic voltam-
mograms of 1 mM solutions of these quinones in acetonitrile at
glassy carbon working electrodes are shown in Fig. 1. The
quinones all exhibit the same reactivity pattern with two succes-
sive 1e~ reduction waves. Among the quinones screened, DDQ is
most easily reduced (has the most positive reduction potential)
and NQ is the most difficult to reduce (has the most negative
reduction potential). Because species generated at more negative
reduction potentials are more nucleophilic and therefore
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Fig. 1 Cyclic voltammetry of 1 mM solutions of quinone in MeCN with
NBu4PFs under Ar at 100 mV s~1 Working electrode: glassy carbon;
counter electrode: Pt wire; reference electrode: single-junction Ag elec-
trode referenced externally vs. Fc/Fc*.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Energy Advances
stronger CO, binders,""'> we expect the quinoid dianion nucleo-
philes generated from NQ to be the strongest binder of CO, in the
series. The reduction potentials for the quinones listed above are
provided in Table 1.

With this potential ranking in hand, we proceeded to
measure and quantify the free energy of CO, binding to estab-
lish the desired correlation. At the same time, we aimed to
identify differences in reaction stoichiometry across the series,
as this is an underexplored, yet critical topic. The goal of this
work is to deliver a predictive tool for the estimation of CO,
binding energies to electrochemically generated quinoid
O-nucleophiles while carefully considering reaction stoichiometry.

Experimental determination of binding
free energies

The strength of binding of an electroactive analyte to another
species in solution can be determined electrochemically by mon-
itoring the shift in potential of the corresponding electrochemical
feature by CV. Similar analyses have been performed previously for
association of reduced quinone species with ions in solution.'>'?
Creutz and coworkers used this analysis in their assessment of
binding energies in reactions of CO, and metal centers.”® In a
related study, DuBois estimated binding constants to CO, for a
small subset of reduced quinones using electroanalytical methods
coupled to UV-Vis analysis and the Benesi-Hildebrand method.™*
Previous work by Nagaoka has also used similar methods to
investigate the binding stoichiometry of weak binders.'®

Electrochemical experiments for this study were conducted
in acetonitrile (MeCN). MeCN was selected as a model polar
aprotic solvent due to its minimal evaporation over the course of
the experiment, high electrolyte solubility and thus high
solution conductivity, and high CO, solubility. Protic solvents
or additives are known to significantly affect the electrochemical
responses of quinones due to hydrogen bonding or coupled
protonation steps;'® avoiding the use of protic solvents thus
enables the evaluation of isolated reduction and CO, binding
steps relevant to our analysis without concern of accompanying
protonation steps. Although aqueous systems offer the advan-
tages of lower volatility, low cost, and non-flammability, CO,
solubility in neutral or acidic water is limited and suffers from
the additional complication of carbonic acid equilibria. MeCN
was hence selected as the optimal solvent for the present study,
although recent work by Barlow and Yang has demonstrated the
promising benefit of hydrogen-bonding stabilization by protic
solvents of relevant quinone dianion and CO, adduct species."”

First, we define the reactions leading to the binding of CO,
by the reduced quinone, given as follows:

Qte - Q" (1)
Q +te - Q7 (2)
Q, +1C0, == (Q(CO,),)* 3)

A generic quinone, Q, first undergoes a single-electron
reduction to generate the semiquinone radical anion, Q°*~

Energy Adv., 2022, 1, 900-907 | 901
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Table 1 Experimental and DFT data for the family of quinones considered in this study
Stoichiometry DFT Experimental Experimental DFT Epeq:® DFT Ereqs’ Experimental Experimental
2— a b bc . . bd e e
Entry Q7/CO, AGhind AGpind uncertainty in AGping (\%] (\%] Erear® (V) Ereas® (V)
DDQ o 3.18 N/A N/A 0.31 —0.95 0.12 —0.69
4ClQ 1 —4.90 —3.88 0.10 —0.27 —1.48 —0.40 —1.18
2C1Q 2 —8.90 —9.42 0.15 —0.48 -1.76 —0.62 —1.43
2CINQ 1 —8.80 —5.00 0.25 —0.8 —1.91 —0.84 —1.49
BQ 2 —20.90 —-12.53 0.22 —0.83 —-2.16 —0.93 —-1.74
2MeQ 2 —22.80 —13.75 0.23 -1 —2.34 —-1.10 —1.94
NQ 2 —16.70 —12.28 0.38 —1.09 —2.28 —1.15 —1.82

¢ Stoichiometry identified using DFT calculations. b AG values in kecal mol~*. ¢ The experimental AGping was obtained using the stoichiometry
identified by DFT and corroborated through function fitting. ¢ Experimental uncertainty in AGyinq was propagated from the uncertainty in K from
the function fits. ¢ vs. Fc/Fc'. / Experiments suggest that the there is no measurable binding between the DDQ*~ dianion and CO,. ¢ The calculated

binding energy for the DDQ?" is reported for the first binding.

(eqn (1)). The radical anion then undergoes reduction to the
dianion, Q*>~ (eqn (2)), which then binds n CO, molecules, as
represented in eqn (3). The two reversible single-electron
reduction features associated with eqn (1) and (2) are well
known for quinones in aprotic solvents in the absence of
electrophiles such as CO,.'>'®' Furthermore, we posit that
CO, binding (eqn (3)) occurs primarily after the second
reduction due to the observed lack of a shift in the potential
of the first reduction for all quinones studied herein. Although
previous studies have found evidence for binding of CO, to the
semiquinone radical anion,* the contribution of these species
to CO, binding is negligible relative to that of the dianion, and
thus is not expected to significantly affect the calculated values
for the free energy of CO, binding. Due to spectrochemical
evidence for stepwise CO, binding to reduced quinones spe-
cies, we propose that stepwise addition is most likely."* As
such, experimental K values describe a single CO, addition
reaction (in the case of n = 1) or the sum of two stepwise CO,
additions that sum to eqn (3) (in the case of n = 2).

Next, we consider the equilibria and Nernstian relationships
governing the reactions and the electrochemical potentials at
which they are observed. The half-wave potential for a given
redox couple is given by the Nernst equation, eqn (4):

5=~ (o) 2

Here E, is the observed half-wave potential, E| is the
2 . . 2.,
standard half-wave potential, R is the gas constant, T is the

temperature in Kelvin, z is the number of electrons transferred
in the redox process, F is the Faraday constant, [Red] is the
concentration of the reduced species, and [Ox] is the concen-
tration of the oxidized species.

Because CO, binding is both observed electrochemically and
predicted by DFT to occur after the second reduction (described
by eqn (2), the number of electrons transferred is one (i.e. z = 1).
Additionally, the reduced species is Q* (i.e. [Red] = [Q*"]) and
the oxidized species is Q*~ (i.e. [Ox] =[Q* ]). As Q*~ binds CO,,
the ratio [Red]/[Ox] inside the logarithmic term of eqn (4)
decreases. Thus, if the reaction in eqn (3) described by equili-
brium constant K occurs sufficiently rapidly for the timescale of
the CV, we expect to see a shift in half-wave potential AE; upon

2
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introduction of CO, that increases in magnitude with stronger
binding to CO,. This shift in potential is described by eqn (5):

() e

The relationships between the concentrations of the oxi-
dized and reduced species are described by eqn (6)-(8). At
equilibrium,

[(Q(Coz)n)zf]

K= @ Tcor ©

and therefore,
[(Q(CO,),)* "] = KIQ*][CO,]". )

Additionally, at the half-wave potential, the starting oxidized
species is half-converted, and so

[Q* 1= Q"]+ [(QCO)M)*]- (8)

If the coupled chemical step reaches equilibrium on the
timescale of the CV, by combining eqn (7) and (8), we find that

[Q*] = (K[CO.]" + 1)[Q*"]. ©)
Substituting eqn (9) into eqn (5) and rearranging, we obtain
AE, = %muqcoz]m) (10)

2

With eqn (10) in hand, values for AE; and [CO,] were calculated
for each quinone for CVs taken undeztr 5%, 30%, and 100% CO,
(Fig. 2). Dissolved CO, concentrations were calculated using a
Henry’s Law method and the local barometric pressure at the
time of data collection (see ESIt for details).*'

AFE, for each data point was obtained by taking the differ-

ence between the half-wave potential for the second quinone

reduction under Ar and the corresponding value under CO,.

Because the quinone reductions in the presence of CO, are not

electrochemically reversible, the typical method of determining

E| (namely, averaging the potentials at which the peak cathodic
2

and anodic currents occur for the feature) is not applicable.

Instead, the inflection point of the feature was taken as an

approximate E; by finding the zero-point of the smoothed
2

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ya00114d

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 26 1401. Downloaded on 24/11/1404 11:28:32 ..

(cc)

View Article Online

Paper Energy Advances
0.54
o]
0.1 4
0.4 -
< e
Predicted by DFT &
\E/ S 0.34 verified by fit
-
£ 00 =
= < 0.2- RT 1) N
5 : AE = —In(K[CO,]" + 1)
o F |
—— BQ Under Ar x value (calculated from pressure &
——BQ Under 5% CO2 0.1+ y value % CO, gas used in experiment)
-0.1 1 ——BQ Under 30% CO (found experimentally)
——BQ Under 100% CO, 0.0
-25 2.0 -1.5 -1.0 -0.5 00 05 1.0 15 20 0.0 0.1 02

Potential (V vs. Fc/Fc*

[CO, (M)

Fig. 2 Left: Cyclic voltammograms of benzoquinone (BQ) under Ar, 5% CO,, 30% CO, and 100% CO, taken with a scan rate of 1000 mV s~*. Right:
Estimation of CO, binding thermodynamics from plots of potential shifts AE vs. CO, concentration [CO;] through the electrochemical titration of CO,

and function fitting of egn (10).

second derivative of the curve, as the inflection point has been
previously demonstrated to be a good approximation of E;.**
2

For quinones with extremely large K values for CO, binding
(NQ, BQ, and 2MeQ), the peak separation between the first and
second reduction features in the CVs becomes minimal. The
merging of the two redox waves in the presence of CO, renders
the inflection point of the second wave difficult to obtain. In
these cases, the potential shift for the peak of the feature AE,, is
taken as an approximation of AE% . Therefore, the potential

values at which the peak current was observed under Ar and
under CO, were compared to obtain the potential difference.

This approximation (AEp ~ AE, ) was tested and found to be
2

reliable for quinones for which both AE, and AE) values were
2

readily obtainable. Because separation of the reduction features
requires a faster scan rate, these three quinones were given less
time to equilibrate with their respective CO, adducts over the
time course of the CV. Therefore, the K values obtained for
these three quinones should be taken as an inherent under-
estimate (whereas the obtained AG is an overestimate, ie. less
negative than the true value).

Once values for [CO,] and AE; (or AE,) were obtained for
each data point, a plot of [CO,] vs. 2AEl was constructed for each

2

quinone. A user-defined fit function in Origin 2019b was used
to determine a best-fit curve with free parameter K based upon
eqn (10). The value of n in this equation was defined for each
quinone on the basis of DFT results for the favorability of the
first and second CO, binding events. In the case of quinones
with ambiguous DFT binding free energies, n values were
determined by comparison of experimental fits with n = 1
and n = 2. Finally, with K values determined for each quinone,
the free energy of CO, binding, AGping, Was calculated using the
well-known relationship given by eqn (11).

© 2022 The Author(s). Published by the Royal Society of Chemistry

AGbind = —RTIH(K)

(11)

Data obtained from experiment was compared with DFT-
computed results and is summarized in Table 1.

Results and discussion

The doubly reduced forms of 2MeQ, NQ and BQ, the three
electron-rich quinones in the list, bind CO, strongly. They were
all found to bind two CO, units, consistent with literature
precedent.>® Not only are they strong binders of CO,, but the
kinetics of the process are predicted by DFT to be fast with
barriers of only 2.4, 4.4, and 5.6 kcal mol ', respectively, for the
first CO, binding (Table 2). The second CO, binding event is
similarly rapid for all three quinones, with barriers of 3.2, 6.1,
and 5.1 kcal mol ™', respectively. In fact, the binding of these
quinones is so strong and rapid that in order to observe
two separate reduction features by CV, scan rates of 300 to
1000 mV s~ were required. The systematic underestimate of
binding strength is corroborated by the DFT-computed values of
AGhping, which are more negative than the experimental values
by a larger margin than that of the electron-poor quinones.
For the electron-poor quinones in the series, 2CINQ, 2CIQ,
and 4CIQ, the calculated free energies of binding are in close
agreement with the experimental values. A peculiar observation
about 2CIQ is that although it falls in the electron-poor cate-
gory, it binds two equivalents of CO,. This observation is
corroborated experimentally, with fit functions utilizing two
equivalents of CO, (n = 2) yielding better fit results (Fig. S2.4
and S2.5, ESIY). The final electron-poor quinone, DDQ, was
found experimentally to exhibit minimal binding to CO,, with-
out observable shift in E,.q, (Fig. S2.8, ESIT), which is consis-
tent with the unfavorable endergonic free energy predicted by
DFT. Although in principle a fraction of DDQ may bind CO, at
high concentrations due to the relatively small positive value of the

Energy Adv., 2022,1, 900-907 | 903
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Table 2 DFT-computed thermodynamic and kinetic data obtained using
the MN15/6-311+G(d,p) level of theory coupled with the SMD solvation
model to account for acetonitrile solvent effects. AGiqa is the free energy
of binding the first and second CO, molecules. Binding and Release
AG® are the activation free energies for the forward and reverse reactions,
respectively, as depicted in Scheme 1. All energies are reported in
kcal mol™*

AGping Release AG*

Molecule 1st CO, 2nd CO, AGiutar 1st CO, 2nd CO, 1st CO, 2nd CO,

Binding AG*

DDQ 3.1 113 14.4 7.8 12.8 4.7 1.5
4ClQ —4.9 4.5 -0.5 5.1 8.3 10.0 3.8
2ClQ —-9.8 0.9 -89 4.1 6.8 13.9 5.9
2CINQ —8.8 1.8 —-7.0 4.9 8.2 13.7 6.3
BQ —-15.1 5.8 —20.9 5.6 5.1 20.7 10.9
2MeQ —-16.8 —5.9 —22.8 2.4 3.2 19.3 9.1
NQ -13.7 -2.9 —16.7 4.4 6.1 18.2 9.0

free energy of binding, our results indicate that binding was too
weak under experimental conditions to quantify even with n = 1.

Finally, the CO, binding behavior of 4ClQ is of particular
interest. With a second reduction potential of —1.18 V vs. Fc/Fc"
in dry acetonitrile (positive of the observed reduction potential
of O, in dry acetonitrile, —1.23 V vs. Fc/Fc"),%° 4CIQ is the only
quinone studied which avoids O, reduction while still exhibit-
ing CO, binding as predicted by DFT and observed experimen-
tally (Table 1 and Fig. S2.6, ESIT). Although the binding free
energy of 4CIQ is not as strong as that of the electron-rich
quinones, this suggests that quinones with reduction poten-
tials similar to 4ClQ may be in an optimal range for applica-
tions in which complete scrubbing of CO, is not required. CV
can be used to identify quinones of desired AGping through the
correlation between their second reduction potential and CO,
binding strength, as presented in Fig. 3.

DFT and MK model

Our calculations, summarized in Table 2, indicate that 2ClQ
and 2CINQ are moderate CO, binders, with favorable binding
of 1 CO, and thermoneutral binding of the subsequent CO,.
DDQ and 4ClQ are weak binders as they have less favorable
binding of the first CO, and endergonic binding of the second
CO,, accompanied by slightly larger activation free energies.
Lastly, BQ, NQ and 2MeQ are predicted to be very strong
binders, with sequential exergonic CO, binding steps and small
forward reaction barriers. As such, we expect them to consis-
tently bind 2 CO, molecules, in agreement with experiment.
Next, we built a microkinetic model based on DFT-computed
thermodynamics (AGhinq) and kinetics (AGﬁmd) to calculate the
weighted stoichiometry of CO, molecules per sorbent molecule.
This analysis is performed by solving for equilibrium concen-
trations of A [Q*7], B [Q(CO,)*7], and C [(Q(CO,),)*"], for the
reactions displayed in Scheme 1 and described in eqn (12)-(20).
Equilibrium concentrations are obtained by solving a system
of differential equations describing the rates of formation and
degradation of each complex, as described by eqn (12)-(14).

d[A]

T = —In =+ r (12)

904 | Energy Adv., 2022,1, 900-907
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AGy,q=19.1+20.7*E,
R*= 0.93
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Fig. 3 Linear correlation between the DFT-calculated free energy of CO,
binding and the experimental second reduction potential of the family of
quinones in Fig. 1. The dashed line indicates the approximate potential of
O, reduction in dry acetonitrile for comparison.

% =(ri+rs) —(ra+r3) (13)
% =r3—rg (14)

The forward reactions describing the binding of the 1st and
2nd CO, molecules are treated as bimolecular reactions. The
rates r; and rs, respectively, depend on the concentrations of
the quinone complex as well as that of solvated CO,:

13
r =k [A] [COz] = vexp (—%) [A] [COz] (15)

i
ry = ks[BJICO,] = p(—,fiT> [B][CO,] (16)

On the other hand, the reverse reactions describing CO, release
are unimolecular as the reactant in this case decomposes into a
dianion quinone and a solvated CO,. Rates of CO, release are
thus not dependent on solvated CO, concentrations:

i
r2 = ka[B] = vexp (—%) [B] (17)

i
e = kalC] = vexp (ﬁi) C] (18)

Finally, to maintain a mass balance, we assume the sum of
concentrations of A, B and C, is always equivalent to the
concentration of starting material Q>~, which for this study is
set to 0.001 M to match experimental conditions.

[A] + [B] + [C] = 0.001 M (19)

Section S3 of the ESIt provides further details on this system of
differential equations. Equilibrium concentrations are then

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Overall reaction equilibrium between A, B, and C.

analyzed using eqn (20) to determine the weighted stoichiome-
try of CO, molecules captured at equilibrium, where the ratio

% yields a value between 0 and 2.

CO, 0-[A]+1:[B]+2[C]
Q= [Al+[B]+[C]

(20)

. . CO, . . .
Fig. 4 demonstrates the ratio —— for all 7 quinones investi-

Q

gated at 4 varying concentrations of solvated CO,, ranging from
107> M to 0.3 M. In agreement with experiment (Table 1), our
model predicts that BQ, NQ, and 2MeQ are very strong
CO, binders, averaging a 2:1 stoichiometry of CO, per Q*~
dianion across experimentally relevant concentrations of CO,

a) [CO,l=1X%X105M
= 1.994 1.995
Z -

E
2
S
2
w2
o
=)
Q
DDQ 4CIQ 2CIQ 2CINQ BQ 2MeQ NQ
Molecule
0) [CO,] =0.03 M

2.000 2.000 2.000

COZ/QZ_ Stoichiometry

=
>
I

DDQ 4CIQ 2CIQ 2CINQ BQ 2MeQ
Molecule

NQ

Fig. 4 CO, stoichiometry relative to Q®~ evaluated using eqn (20) at (a) [CO,] =
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+CO,
13,AGS, AGE™™

T, AGercgelease
-COo,

(0.01 M < [CO,] < 0.3 M). This results from sequentially
exergonic CO, binding thermodynamics and small reaction
barriers, as shown in Table 2. The moderate binders - 2ClQ

and 2CINQ - also have a weighted % stoichiometry closer to

2:1 at high CO, concentrations, although the stoichiometry
drops at smaller [CO,] values. This indicates that moderate
binders favor the binding of only one CO, molecule at lower
concentrations, as expected from computed AGyp;nq values that
are exergonic for the 1st CO, binding step and only slightly
more positive than thermoneutral for the second CO, binding

step. 4C1Q maintains a —— 2 ratio of ~1 that increases gradually

Q-

as the CO, saturation limit is approached, as depicted in

b) [CO,] = 0.001 M

2.000 2.000 1.993

vy
]
1

o
.
fl

COZ/QZ_ Stoichiometry

DDQ 4CIQ 2CIQ 2CINQ BQ 2MeQ NQ
Molecule

d) [CO,]=03M

1985 1.935 2.000 2.000 2.000

COZ/QZ_ Stoichiometry

DDQ 4CIQ 2CIQ 2CINQ BQ 2MeQ NQ
Molecule

107> M, (b) [CO,] = 0.001 M, (c) [CO,] = 0.03 M, and (d) [CO,] = 0.3 M,

assuming the starting concentration for [Q27] = 0.001 M. The model is representative of the dataset obtained using the MN15/6-311+G(d,p) level of
theory with acetonitrile solvation as described by the SMD implicit solvent model.2”73° 0.3 M of CO; is the saturation limit in acetonitrile.?* 3 classes of
binders can be specified based on this data — strong binders (Q, NQ, and 2MeQ), moderate binders (2CINQ and 2ClQ), and weak binders (4ClQ and
DDQ). Strong binders are generally insensitive to [CO,] across 5 orders of magnitude, as they consistently bind 2 CO, molecules. Moderate and weak
binders are sensitive to CO, concentrations, as moderate binders produce a stoichiometry range of 1 to 2 and weaker binders a stoichiometry range of

0 to 1 across the examined range of CO, concentrations.
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Fig. 5 CO, stoichiometry relative to Q?~ as a function of CO, concen-
tration in logarithmic scale. Stoichiometry values are obtained by solving
the system of differential equations (eqn (12)-(20)) at varying CO, con-
centrations. CO, concentrations in our analyses span 8 orders of magni-
tude, ranging from 1078 M to 0.3 M. The vertical dashed grey line
represents atmospheric concentration of ~400 ppm.

Fig. 4d. DDQ is mostly unreactive, however higher concentra-
tions of CO, push the 1st CO, binding step forward to some

in a value of C—Of:0.615 at the

QZ

extent, resulting

saturation limit.
To further illustrate the dependence of the calculated

. o CO,y .
weighted stoichiometry o on CO, concentrations, we plot

% as a function of log[CO,], as shown in Fig. 5. This enables
the analysis of the dependence [CO,] over the span of 8 orders
of magnitude for all 7 quinones in our study. We find that the
weighted stoichiometry of strong binders falls for [CO,] < 107> M.
This suggests that their efficiency as sorbents is indepen-
dent of CO, concentration at atmospheric concentrations
(415 ppm) or higher. The moderate binders - 2ClQ and
2CINQ - are strongly dependent on CO, concentration at high
values ([CO,] > 10~* M), whereas at lower CO, concentrations

they exhibit a % stoichiometry value of 1. As such, unlike the

strong binders, the carbon capture efficiency of the moderate
binder quinones benefit from higher CO, concentrations. 4ClQ
appears to be only dependent on [CO,] at extremely low or
extremely high concentrations. DDQ is generally unreactive
unless the solvent is saturated with CO,.

Conclusions

As previously observed for a family of C-nucleophiles,'® we now
report a linear correlation between the potential required to
generate quinone dianions and their free energy of CO, binding.
Unlike the relatively simple electrogenerated C-nucleophiles of
our previous report, the doubly reduced quinones exhibit vari-
able stoichiometric coefficients when binding to CO,. This

906 | Energy Adv, 2022,1,900-907

View Article Online

Paper

observation has direct implications for the development of O,-
impervious quinone molecular sorbents, where maximal CO,
loading is sought. Our findings suggest that CO,-reactive qui-
none dianions can in fact be generated at potentials more
positive than oxygen reduction. However, in some cases, such
dianions have a binding stoichiometry of 1:1 rather than the
previously observed stoichiometry CO,/Q>~ of 2:1 for well-
studied, electron-rich quinones such as NQ. This experimental
observation is corroborated by DFT-computed thermodynamics
and kinetics. The calculations inform a microkinetic model and
validate the variability in quinone behavior at different concen-
trations of CO,. Moderate and weak CO, binders exhibit CO,/
Q”" stoichiometries that vary between 0 and 2, depending on
CO, concentration, whereas strong binders are not as sensitive
to CO, concentrations and maintain a COZ/QZ’ stoichiometry of
2:1 across CO, concentrations for [CO,] > 10 ppm. The
sensitivity of chemical equilibrium to CO, concentration
indicates that strong quinones do not require higher CO,
concentrations to bind 2 CO, molecules, whereas moderate
binders (e.g. 2CINQ and 2ClQ, whose values for AGp,q fall
between —5 and —10 kcal mol™!) benefit from higher CO,
concentrations as their weighted stoichiometries increase sub-
stantially from ~1:1 at atmospheric concentrations to ~2:1
near the saturation limit. Synergistic theoretical and experi-
mental results indicate that one quinone studied, 4ClQ, exhibits
reduction potentials positive of O,/O,  while still binding CO,
sufficiently strongly for an average of one CO, bound per
quinone even at low CO, concentrations. Combined with careful
consideration of the lower CO, capacity of 1:1 stoichiometry
and the predictive ability of the correlation, this observation
could allow for facile identification of other O,-impervious
quinones capable of binding CO,. Using simple electrochemical
measurements, the correlation between reduction potential and
CO, binding strength can be used to predict carbon capture
performance of new molecular materials in the quinoid family.
Based on our findings, binding stoichiometry varies depending
on assay conditions.
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