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Abstract

Carbanion-based ionic liquids are proposed and utilized as the key components for the construction of five super-nucleophilic
deep eutectic solvents (SNDESs) in the paper. The super-nucleophilic nature of carbanion-based ILs is found to enable the
capture of CO2 with large absorption capacity. However, the absorption is very slow in the IL due to high viscosity. The
synergy of carbanion siting and hydrogen bonding is found to enable high and fast absorption of COg in [N2222][CH(CN)2]-
ethylimidazole (Eim), and a synergistic absorption mechanism is proposed and validated from spectroscopic analyses and
quantum calculations. The enthalpy change of CO2 absorption in [N2222][CH(CN)2]-Eim is calculated to be -39.6 kJ/mol
according to the thermodynamic model, and the moderate value implies that both absorption and desorption of CO2 in the
DES are favored and well balanced. The synergism of carbanion and hydrogen bond mediated by SNDESs provides a novel
insight into the efficient COg2 capture.

1. INTRODUCTION

Carbon dioxide (COs) is known as the main cause of global warming!-?, and the key to mitigating climate
change is to cut off or capture its emission®#. It remains a challenge to capture CO in a more effective and
energy-efficient way®, and one common thought within the industry is to develop new agents to facilitate the
process of COy capture®®. Since specific ionic liquids (ILs) were validated as ideal CO; capture agents ? in
1999, ILs have become a focused research field in gas capture because of their unique characteristics'?, such
as negligible vapor pressure!'!, wide-range temperature steadiness, low corrosiveness '2 and physicochemical
adjustability!3-15.

Davis and his coworkers reported the first example of CO4 chemisorption using amino-functionalized ILs in
their work 6. More amino-functional ILs were reported recently 7% such as imidazolium-based'®, amino
acid-based 2° and choline-based ILs 2!. ILs with oxygen-containing functional groups have also attracted
interests among the fields??, and some ILs with aldehydes and phenolic compounds as anions have been
developed successively to possess a fairly good solubility of CO, 23. To the best of our knowledge, Dai
group 2* reported the first and only example of using supernucleophilic carbanion as the interacting site
of CO2 in November 2022. Malononitrile is deprotonated to be the carbanion in their paper, and the ILs
so derived have a maximum COs uptake of 2.65 mol/kg at 298.2 K and 1.0 bar, close to the equimolar
absorption of CO5. In fact, before the publication of Dai’s paper we had also been working on carbanion-
based ILs using malononitrile as the starting material for more than four months. Even though the cations
of our carbanion-based ILs are different, a similar absorption mechanism exists as in Dai’s work. However,
the carbanion-based ILs are found to have large viscosities, especially during the absorption of COs. The
absorption of CO» is also quite slow due to the high viscosity 2*26 and the ILs after absorption turn into gel



at 1.0 bar, suggesting that the pure carbanion-based ILs are not practical as absorbents, even though they
have the excellent absorption mechanism resulting from the supernucleophilic nature of carbanion site.

As an environmental benign analogue of ILs, deep eutectic solvents (DESs) can overcome the shortcomings
of ILs due to the presence of nonionic components in DESs 2728, To date, more DESs with N and/or
O as the interacting site(s) for CO, have been reported 2%3°. Among them, Yan et al. reported that
[HDBU][Im]/ethylene glycol (EG) with a molar ratio of 7:3 had a CO4 uptake of 3.2 mol/kg at 313.2 K and
1.0 bar, and demonstrated that the absorption process in [HDBU][Im]/EG has a synergistic action of N and O
sites, producing a mixture of carbamate and carbonate products 3!. In comparison with monoethanolamine
(MEA) and ethylenediamine (EDA)32, the desorption of COz from [HDBU][Im]/EG is superior although the
absorption capacity is slightly lower. The efforts above demonstrate that DESs have their own extraordinary
features, such as negligible volatility®?, high CO, affinity®*, low viscosity %3¢, and biocompatibility 37 owing
to their unique hydrogen bonding network structure 3®. Hence the question is, can the carbanion-based ILs
be developed into carbanion-based DESs for efficient COs capture? The answer is positive.

In this paper, a promising energy-efficient CO5 capture system is proposed using carbanion-based ILs for
the construction of DESs. The essence of our strategy is to exploit the supernucleophilic nature of carbanion
for siting and attaching to COs, and the rich hydrogen bonding network in the DESs for easy stabling and
decomposing of DES-CO, adducts, so that fast and high absorption/desorption of COz can be realized in
an energy-saving manner.

2. EXPERIMENTAL AND METHODOLOGY
2.1 Materials

CO2 (99.99 mol%) was purchased from Nanjing Chuangda Gas Co., Ltd, China. Tetraethylammonium
hydroxide ([Na2222][OH], 25 wt% in methanol), Tetramethylammonium hydroxide ([Ny111][OH], 25 wt% in
methanol), malononitrile (CHz(CN)2, 99 wt%), and methanol (99.5 wt%) were supplied from Aladdin Chem-
ical Reagent Co., Ltd. Ethylene glycol, (EG, 99 wt%), imidazole (Im, 99 wt%), 1-Ethylimidazole (Eim, 99
wt%), dimethyl2-(2-aminoethoxy)ethanol (DMEE, 99wt%), Tetramethylene sulfone (SUL, 99 wt%),were pur-
chased from Shanghai Macklin Biochemical Co., Ltd. All the chemicals were used directly without further
purification.

2.2 Synthesis of SNDESs and Characterization

The [Nagg2a][CH(CN)2] and [N1111][CH(CN),] were synthesised by a two-step method. Initially, a 25 wt%
methanolic solution of malononitrile (1.5 equiv) was gradually added to a 25 wt % methanolic solution of
[N2222][OH] (1 equiv) under ice bath conditions and stirred for 1 h. The temperature was then raised to 323.2
K and stirring continued for an additional 8 hours. The orange-red liquid was obtained by spin evaporation
at 323.2 K for 0.5 h, and the orange-red liquid along with excess ether was placed in a separatory funnel. The
lower liquid layer was extracted by spin evaporation to yield a reddish-brown liquid, which was characterized
by NMR and FT-IR to confirm the formation of the desired product, [N2222][CH(CN)s]. The preparation of
[N1111][CH(CN)s] was carried out as above.

Five DESS, ll’lChldlIlg [NQQQQ] [CH(CN)Q}—EG (11), [NQQQQHCH(CN)Q]—IIH (11), [NQQQQHCH(CN)Q] -SUL (11),
[NQQQQ][CH(CN)Q]—DMEE (11) and [N2222] [CH(CN)Q}—EHH (11) [NQQQQ][CH(CN)Q] was mixed with each of
the five HBDs at a molar ratio of 1:1 at 323.2 K until homogeneous liquids were obtained. The viscosities
of five DESs based on [Ngg92][CH(CN)3] were measured on a Brookfield LVDV-IT + Pro viscometer from
303.27333.2 K with a relative deviation of 1%.

2.3 Evaluation of SNDESs

The CO4 loading of SNDESs was determined by dual-vessel absorption system as shown in Figure S1 . The
enthalpy change of system was estimated according to a previously used method, which is explained in the
Supporting Information . Gaussian 09 program was performed to elucidate the molecular interaction be-
tween SNDESs and CO,. All the geometries were fully optimized by the B3LYP method based on the density



functional theory (DFT) including the dispersion corrections using the Empirical Dispersion=GD3BJ key-
word. The influence of the solvent was investigated in the condensed phase using the Polarizable Continuum
Model (PCM) with a dielectric constant of 24.55 at the B3LYP/6-311++g(d,p) level?.

3.2 RESULTS AND DISCUSSION
3.1 CO; Capture Performance and Regeneration

The equilibrium absorption of CO5 in carbanion-based ILs and DESs was first investigated as a function of
partial pressure and is shown in Figure la(the detailed solubility data are given in Table S1 ). The same
methodology as in our previous work was used for the measurements??4%4!. In general, the basicity of a
species has a positive influence on its uptake of CO5. Due to the fact that [CH(CN)s]™ is the supernucleophilic
anion with high basicity (pKa=11)2%, the two ILs, [Na22][CH(CN)3] and [Nj111][CH(CN)3], are endowed
with high absorption capacities as expected (3.44 and 3.07 mol/kg at 303.2 K and 1.0 bar, respectively).
[N2222][CH(CN)2] has an apparently larger uptake of COg than [Nj311][CH(CN)2], primarily due to the
fact that the larger spatial structure of [Nagg2]™ cation provides more free volume for the accommodation
of CO,.*?However, when an even larger cation such as [Pgg14] is used, the absolute absorption of CO,
in [Pges14][CH(CN)2] decreases to 2.65 mol/kg 2%, even though equimolar absorption (a relative value) is
approximately realized. It demonstrates that the cation has also an important influence on the absorption
of COy in the carbanion-based ILs, and that [Na290] T is better than [Pgge14]™ and [N1111]" in improving the
absolute solubility.

In comparison with the carbanion-based ILs, the five carbanion-based DESs behave quite differently in the
absorption of COg, and the nonionic components paired with [Na222][CH(CN)q] in the DESs play the key
roles. l-ethylimidazole (Eim), as the hydrogen-bond acceptor (HBD) of weak basicity (pKa=7.1), enables the
best absorption of COsz in [Na222][CH(CN)s]-Eim (3.06 mol/kg at 1.0 bar and 303.2 K), whereas imidazole
(Im), as the species of both acidity and basicity, behaves the worst in absorbing COs into [Nagas] [CH(CN),]-
Im (2.19 mol/kg). 2-(2-dimethylamino-ethoxy)-ethanol (DMEE) is the tertiary amine (pKa==8.95) that can
assist [Na222][CH(CN)2] to absorb COq satisfactorily (2.77 mol/kg), better than the two neutral species,
ethylene glycol (EG) and sulfolane (SUL), in the absorption (2.59 and 2.50 mol/kg). The uptakes of COx
in the five DESs follows the order of Eim>DMEE> EG>SUL>Im that cannot be interpreted only from the
basicity of the nonionic components.
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In general, the presence of nonionic components in the DESs usually leads to the decrease in the solubility
of CO4 due to the dilution effect, e.g., the uptake of COy (3.44 mol/kg) in pure [Naooo][CH(CN)s] at 1.0
bar is larger than those in the five DESs (2.19 to 3.06 mol/kg). However, when the partial pressure is lower
than 0.15 bar, it is interestingly noted that the absolute absorption of COgin [Na222][CH(CN)s]-Eim is even
slightly larger than that in pure [Nag22][CH(CN)s]. In addition, when the partial pressure exceeds 0.2 bar,
the absorption of COy in [Nagao][CH(CN)s]-Eim levels off with the pressure, in contrary to the continuing
absorption behavior of the pure IL. The two facts above imply that [Naggo] [CH(CN)s], as the main absorbent
in the DES, can react more efficiently with COg at low pressures (<0.15 bar) under the assistance of Eim. It
is deduced that the efficient chemical absorption at low pressures may be due to the cooperative interactions
among [Nagoo][CH(CN)z], CO3, and Eim, that requires careful investigation. It should be also pointed out



that the DES [Ngg25][CH(CN)s]-Eim is particularly suitable for the capture of CO5 from flue gas due to its
efficient chemical absorption at low partial pressures 32.

FIGURE 1. (a) SOlubﬂity of COQ n [1\11111][0H(CI\I)2}7 [NQQQQ][CH(CN)Q] and [NQQQQHCH(CN)Q]—baSGd
DESs as a function of pressure at 303.2 K; (b) Dynamic absorption of CO2 under 1.0 bar of initial pressure and
303.2 K; (¢) Five consecutive cycles of COzabsorption/desorption in [Nag22][CH(CN)s] and [Nagga] [CH(CN),]-
Eim (absorption under 1.0 bar and 303.2 K, and desorption under 0.025 bar and 353.2 K).

The dynamic absorption of COs in the ILs and DESs is also investigated under 1.0 bar of initial pressure,
303.2 K, and constant gas-liquid area (Figure 1b, the detailed solubility data are given in Table S2
). Impressively, the three Eim-, DMEE-, and SUL-based DESs, absorb COy quite faster (<20 min to
reach absorption equilibrium) than the pure IL [Naggs][CH(CN)3] (>70 min to reach equilibrium), and
other two EG- and Im-based DESs (>50 min to reach equilibrium). In particular, the initial apparent
absorption rate constant, K , in [N2222][CH(CN)2]-Eim is calculated to be the largest, about 9 times of that
in [Na220][CH(CN)3] (2.35 vs. 0.26 min™!, see Table S3 ), and about 18% and 56% larger than those in
[N2222][CH(CN)3]-DMEE and [Nagg2][CH(CN)3]-SUL, respectively (2.35 vs. 1.99 and 1.5 min!). It indicates
again that the cooperative chemical interactions exist in [Nagg2][CH(CN)3]-Eim-CO,. It is reasonable to
postulate that Eim as a special hydrogen bond acceptor (HBA) can stabilize the system by extending the
hydrogen bond network of the DES to include COs.

In fact, the absorption rate is greatly influenced by the solubility of COs and the viscosity of absorbents. The
larger solubility of CO5 can provide a better concentration difference to drive the dynamic absorption, and
this can be used to explain the absorption rates in the DESs decreasing in the order of Eim>DMEE>SUL>Im
(3.06, 2.77, 2.50, and 2.19 mol/kg corresponding to K values of 2.35, 1.99, 1.5 and 0.42 min™!). However,
when the solubilities of COsz in [Naa2][CH(CN)3]-SUL and [Na222][CH(CN)o]-EG differ very little (2.50
vs. 2.59 mol/kg), the larger absorption rate in the former DES than that in the latter (1.50 vs. 0.61
min™!) has to be attributed to the smaller viscosity of the former DES (16.8 vs. 21.0 mPa-s). It should be
particularly pointed out that the influence of viscosity on the rate prevails mainly during the absorption.
At the beginning of the absorption, the pure IL and all DESs have in general small viscosities ranging from
27.6 to 12.7 mPa-s (see Table S3 ). However, the viscosity in the pure IL [Nag22][CH(CN)s] increases very
fast during the absorption so that a very high viscosity value (5023 mPa-s at 303.2 K) is obtained at the end
of the absorption (see Table S4 ). Even though the elevation of temperature can dramatically lower the
solution viscosities (Figure S2 and Table S4 ), the fast increase in the viscosity during the absorption is
still a problem, i.e., the viscosity rises still from 13.6 to 575.6 mPa-s at the temperature as high as 333.2 K.
This is why the absorption rate in [Na222][CH(CN),] is the lowest in comparison with those in all DESs, even
though [N2222][CH(CN)3] has the largest solubility of COs. In contrary, the viscosities of [Nagoo|[CH(CN)2]-
Eim before and after absorption are 12.7 and only 115.7 mPa-s at 303.2 K,and 5.5 and only 24.4 mPa*s
at 333.2 K (Table S4 ), justifying the fastest absorption rate in [Nag22][CH(CN)z]-Eim due to the lowest
viscosity.

Multiple cycles of CO2 absorption (under 1.0 bar and 303.2 K) and desorption (under 0.025 bar and 353.2
K) in [Nag2o][CH(CN)o] and [Nag22][CH(CN),]-Eim are investigated as examples to show the reversibility or
recyclability of the absorbents (Figure 1c, the detailed data are given inTable S5 ). Since the viscosity of
[N229o | [CH(CN)4] after absorbing COj is as high as 5023 mPa*s, the desorption of COs is difficult, and the
regeneration efficiency decreases gradually with the number of cycles, so that the absorption capacity after
5 cycles is only about 80% of its original value. As a comparison, the regeneration of [Nagao][CH(CN)s]-Eim
is much easy, and the absorption capacity in each cycle keeps nearly constant at about 92% of the primitive.
The majority of 8% of capacity loss occurs in the first cycle, mainly due to the incomplete desorption of COq
under the given conditions. In general, [N2222][CH(CN)2]-Eim has high regeneration efficiency and excellent
reversibility, much better than the pure IL.

3.2 Mechanism Analysis
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To look into the different underlying mechanism of COsabsorption in [Nagas][CH(CN)s]-Eim from that in
the pure IL, NMR and FTIR analyses are done and given inFigures 2, 3 and S3-S5 . It can be seen from
Figure 2Athat a new signal appears at 173.9 ppm (peak 10*) after CO5 chemisorption, and the signals of
two carbons in the anion [CH(CN)s]™ shift downfield from -0.0002 to 31.5 ppm (peak 4*) and upfield from
133.3 to 123.6 ppm (peak 3*), respectively. Such signal changes in the DES are nearly the same as those
in the pure IL (Figures S3 and S4 ), both indicating the formation of a new species, [C(CN)3]-COOH,
from the adduction of COy with the anion,['*l However, the carbon signals in Eim all shift upfield after
COsabsorption, especially the three aromatic carbons of Eim (peaks 7* to 9*). In addition, it is shown in
'H NMR (Figure 2B ) that hydrogens 5* to 9* are also all shift upfield. In particular, hydrogen 7* has the
tendency of forming two adjacent signal peaks. All the observations above implies the active participation
of Eim in the reaction of COg with [Nag22][CH(CN)sz]. It is deduced that Eim participates the reaction
probably via forming hydrogen bonds with [CH(CN);]-COs adduct, since the acidic hydrogen 7 and its
adjacent alkaline nitrogen of Eim are hydrogen bond donor and acceptor, respectively. It is interestingly
noted that a weak peak appears at 3.3 ppm in the 'H-NMR spectra of samples after CO, absorption. It
should be assigned to the hydrogen in [CH(CN)s]", due to the fact that the signal peak 2 masks peak 3 in
the fresh [Nag22][CH(CN)z]-Eim and the hydrogen in the samples in use or after use is detectable again as
a weak signal when peak 2 moves slightly its location. The conclusion is also supported indirectly from the
13C NMR of [Na292][CH(CN)3]-Eim, where no impurity carbon signals are visible even after 5 cycles of use.

FIGURE 2. (A) 13C NMR spectra (CDCl; in capillary tubes, 101 MHz) of [Naga2][CH(CN)s] before and
after CO4 absorption; (B) *H NMR spectra (CDClj3 in capillary tubes, 400 MHz) of [Nagas][CH(CN)s]-Eim
before and after CO5 absorption.

In FTIR spectra (Figure 3 ), two characteristic peaks at 1621 cm™ and 1286 cm™* are dramatically strength-
ened after the saturation of COs, evidenced as the stretching vibrations of C=0 and C-O groups in the species
[C(CN)2]-COOH. The two peaks exist also in the FTIR of fresh sample as very weak signals, primarily due
to the slight uptake of CO4 from the air during the offline FTIR analysis. The existence of COOH group can
also be evidenced from the two broad and weak peaks at 2700 to 2500 cm™* that originate from the frequency
combination of C=0 stretching with O-H bending and the frequency doubling of C-O stretching. Another
very important information is the two peaks of -C[?]N that shift from 2104 to 2160 cm™ and from 2156 to
2195 cm™'after the absorption of CO,. There is also a peak at 2077 cm™! disappearing after COgabsorption,
probably due to the fade of C=C=N stretching when COs is inserted into the anion [CH(CN)z]|. The FTIR
analysis above is in consistence with the NMR results, confirming the formation of [C(CN)3]-COOH.
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FIGURE 3. FTIR spectra of [Na2222][CH(CN)2]-Eim before and after CO5 absorption
3.3 Thermodynamics and Enthalpy Change Estimation.

The enthalpy change, AH | is investigated from the effect of temperature on the absorption of CO; in
[N2222] [CH(CN)s]-Eim and [Nag2o][CH(CN)s]. The solubility of CO2 in the DES or in the IL is determined
and found to decrease with the increasing temperature (Figure 4a, b, the detailed solubility data are given
in Table S6-7 ), in consistence with the fact that the chemical absorption of CO is exothermic 4344,
With the assumption of equimolar reaction of COs with the DES or IL (supported by the NMR and FTIR
results), a reactive phase equilibrium model (RPEM) is developed to fit the experimental solubility of CO4
(see Supporting Information for model derivation). The model represents the experimental data quite
well (see lines in Figure 4a, b ), and AH is calculated to be -39.6 kJ/mol in the DES and -41.8 kJ/mol
in the IL (Figure S6 ). The experimental enthalpy change of -41.8 kJ/mol in [Nagao][CH(CN)s] is slightly
more negative than the theoretical value of -35.33 kJ/mol in [Pgge14][CH(CN)3] calculated by Dai’s group
(141 due to the differences in the cation of IL and also in the methodology of calculation. Nevertheless, the
enthalpy changes both in the DES and IL are moderate, favoring both the absorption and desorption of
COs.
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FIGURE 4. Absorption of CO3 in (a) [Naggo][CH(CN)2] and (b) [Na222][CH(CN),]-Eim at different tem-
peratures.

Combining all the results or information obtained, a plausible mechanism of CO; absorption in
[N2222][CH(CN)s]-Eim is proposed and schematically given in Figure 5 (the detailed data are given in Table
S8 ). The mechanism is expressed as the synergy of carbanion siting for the insertion of CO5 and hydrogen
bonding for the stabilization of [CH(CN)2]-COz-Eim complex. To further verify the mechanism, theoreti-
cal calculations are performed using the density functional theory (DFT) at the B3LYP/6-311++G(d, p)
level. 447 Tt is indicated from the optimized configurations (Figure 5b ) that [C(CN)3]-COOH is produced
via the insertion of COs into the carbanion site followed by the hydrogen transfer from the carbanion site
to the oxygen site of CO; in the first stage. The central carbon of carbanion undergoes structural changes
from sp? to sp® and finally back to sp?hybridization, and the carbon of COj; is also hybridized from sp to
sp? in this stage, same as the finding by Dai and his coworker?*. However, due to the existence of Eim in the
DES, [C(CN)3]-COOH can be further stabilized through the formation of hydrogen bonding with Eim in the
second stage (Figure 5¢ ). A quasi-six-membered ring in the same plane is generated with the assistance
of two intramolecular hydrogen bonds (bond lengths of Hgin-Oco2 and H-Ngiy, are 2.55 and 1.66 A). The
enthalpy change for the carbanion siting of COs in the first stage is -29.6 kJ/mol, while the value under the
synergy of carbanion siting and hydrogen binding is as negative as -68.3 kJ/mol. The energy change due to
the formation of two intramolecular hydrogen bonds in the second stage is thus calculated to be -38.7 kJ /mol
from the two data above, close to the value of -39.6 kJ/mol calculated from the experimental solubility of



CO;. The synergistic mechanism of carbanion siting and hydrogen bonding reveals the feasibility of efficient
CO; capture using carbanion-based DESs.
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FIGURE 5. (a) Synergistic mechanism of carbanion siting and hydrogen bonding for CO5 absorption in
[N2222][CH(CN)s]-Eim; (b) Optimized configuration of carbanion-COs adduct; (¢) Optimized configuration
of carbanion-CO»-Eim complex.

4. DATA AVAILABILITY AND REPRODUCIBILITY STATEMENT

The numerical data from Figures 1 and 4 are tabulated in the Supplementary Materials. Numerical data
for the FTIR spectra from Figures 4 and source data of NMR for Figures 2 are available as .zip file in the
Supplementary Material. For Gaussian calculations, these input files include complete information on the
B3LYP/6-311++G (d, p) level and other simulation settings that were used in our Gaussian calculations.

Absolute deviation tabulated in Supplementary Materials from Figures 1la-1b and 4 show the spread of data
observed in triplicate measurements, where independent samples were tested for each measurement.

5. CONCLUSIONS

A series of carbanion-based ILs and DESs are developed successfully in the paper for efficient capture of COs.
The super-nucleophilic nature of carbanion favors the direct insertion of COsz to form carbanion-COs adduct
and enable high absorption capacities of ILs and DESs. In comparison with the pure ILs, the SNDESs are
additionally featured with much low viscosity, fast absorption of COs, excellent recyclability, and abundant
hydrogen bond interactions for the energy reduction during the absorption. In particular, the carbanion
siting and hydrogen bonding can function synergistically in the absorption of COs in [Nogoo][CH(CN),]-Eim,
and the new absorption mechanism is verified from spectroscopic analyses together with thermodynamic
and quantum calculations. The achievements made in this work provide an alternative design strategy of
SNDESSs, and the SNDESs are believed to have great potential in the applications of COs capture.
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