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Abstract

Efficient CO2 capture by ionic liquids need a thorough understanding of underlying

mechanisms of CO2 interaction with ionic liquids, especially when it involves chemisorp-

tion. In this work we have systematically investigated the mechanism of CO2 capture by

1,3 di-substituted imidazolium acetate ionic liquids using Density Functional Theory.

Solvent effects are analyzed using QM/MM and QM/QM approaches with the help

of molecular dynamics simulations and ONIOM methods. Investigation of different

stepwise mechanisms show that CO2 could be involved in the first step of the reaction

mechanism, also a new two-step mechanism is proposed. The final stabilization step

is analyzed and pointed out to be responsible for important experimentally-observed

features of the reaction.

Introduction

Room-temperature ionic liquids (RTILs) are salts that are liquid below 100 ◦C. They are

largely comprised of ions and short-lived ion pairs, and possess some very attractive charac-

teristics such as negligible vapor pressure, wide electrochemical window, and good thermal

stability. These interesting properties have promoted them in a wide variety of applications,

and among them using RTILs for gas separation has gained more and more attention in

recent years, particularly in the area of CO2 capture for climate change mitigation.

For most RTILs which were studied as media for CO2 capture, anions of RTILs play a

central role.1,2 Acidic CO2 is captured by interacting with the basic anion through phys-

ical interaction (physisorption of CO2). While in 2005, to explain the absorption of CO2

in 1-butyl-3-methylimidazolium acetate (BMIM+Ac−), Maginn3 proposed that a possible

chemical reaction might occur between BMIM+ cation and CO2 molecule in which the im-

idazolium cation is carboxylated by CO2. A possible mechanism was proposed as well, in

which the proton at the C(2) position of the imidazolium ring (atom numbering scheme refers

to Figure 1) is abstracted by the acetate ion to form a carbene species in first step, followed
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by a reaction between CO2 and carbene (Scheme I, Figure 1). However, this chemisorption

mechanism was critisized by Shiflett et al. since the presence of produced acetic acid could

not be detected,4 although they agreed the formation of a 1 CO2:2 IL molecular complex in

the solution.

Figure 1: Possible mechanism schemes for the carboxylation of imidazolium acetate by CO2.

In 2011 Gurau et al. reported a crystalline product after introducing CO2 into RTIL 1-

ethyl-3-methylimidazolium acetate (EMIM+Ac−).5 The single-crystal X-ray structure of this

solid product clearly showed the formation of 1-ethyl-3-methylimidazolium-2-carboxylate. In

2012 Besnard et al. reported their investigations of the reaction between EMIM+Ac− and

CO2 in a series of publications.6–8 Through their excellent work the formation of carboxylate

(1-butyl-3-methylimidazolium-2-carboxylate) was put in evidence clearly via Raman, IR, and

NMR spectroscopies. They noted that the presence of acetic acid was only detected after

the introduction of CO2, and since the formation of carbene in dense phase is questionable,

it was concluded the triggering of this reaction is CO2, and a different reactive scheme

was proposed, in which CO2 is involved in the first step to avoid the formation of carbene

(Scheme II, Figure 1). After Besnard et al.’s work the occurence of carboxylation reaction

between imidazolium cation and CO2 in these systems is clear. Soon Shiflett et al. agreed

the chemisorption mechanism and reported another supporting example in which 1-ethyl-3-
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ethylimidazolium acetate (EEIM+Ac−) was carboxylated by CO2.
9

Although now it is clear that imidazolium acetate-based RTILs attract CO2 via chemisorp-

tion reaction, different imidazolium acetate-based RTILs present quite different experimental

observations.5,6,9 The reaction mechanism should be elucidated in more detail to understand

the chemisorption process. In this work, DFT methods were employed to further investigate

the chemisorption reaction mechanism.

Calculation Details

DFT calculations were performed using the Gaussian 0910 and Firefly11 program at PBE0/cc-

pVTZ12–15 and B3LYP-D3/6-31+G(d,p)16–20 levels. All geometries were fully optimized, fol-

lowed by analytical frequency calculations to ensure that no imaginary components existed

for minima and only one negative frequency for transition states. Transition states were

further characterized by mimicking the unique imaginary frequency to confirm their relax-

ations to correct corresponding local minima. The basis set superposition error (BSSE)21

was corrected for all interaction calculations using the counterpoise method.22,23

To address the solvent effects, we developed a method by combining quantum mechanics

(QM) and classical molecular mechanics (MM). The QM/MM schemes includes four steps.

The first step is to obtain a liquid phase of 100 ion pairs of ionic liquid molecules at 298

K using molecular dynamics (MD) simulations. The MD simulations were conducted using a

parallel version of Gromacs 4.5.4.24 All simulations were conducted in the isothermal-isobaric

ensemble (NPT) at 1 bar using a Nosé-Hoover thermostat25,26 and an isotropic Parrinello-

Rahman barostat27 with relaxation times of 1 and 5 ps, respectively. During the simulation a

fully relaxed model and a time step of 1.5 fs were used. The force field for cation is taken from

Lopes et al.,28 and anion from the OPLS force field.29 The simulations employed periodic

boundary conditions in cubic boxes, and run at a time scale of 30 ns, with 10 ns equilibration

and 20 ns production. In the production phase, we calculated the densities of ionic liquids.
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The simulated density is 1.120 g/cm3, compared well to the experimental density30 of 1.101

g/cm3. By this comparison we confirmed in this step that the MD simulations are capable

of finding a reasonable number of solvent molecules in a finite volume in liquid state.

The second step is to obtain a reasonable solvation environment for each species (reactant,

transition state, and product). For each species optimized in the gas phase QM calculations,

100 pairs of surrounding ILs were added respectively to build MD structures. MD simulations

were run at 298 K using these structures. The simulation setup is the same as the first step,

except that simulations were run in the canonical ensemble (NVT). During the simulations,

central QM structures were fixed and only 100 pairs of cations and anions were allowed to

move. The MD simulations were run for 10 ns equilibrium and 20 ns production respectively

for each structure built from the three species (reactant, transition state, and product).

The third step is to extract solvated structures from MD simulations. A solvated structure

includes the central QM species and nine closest neighbor ionic liquid pairs. Since the radial

distribution function from MD simulation showed a coordination number of 7 for cation and

anion (Figure S3), nine closest IL pairs are considered enough to include the first solvation

shell and provide a reasonable solvation environment for the central QM species for further

calculations. To account for a reasonable sampling, eight solvated structures were extracted

randomly from MD simulations’ 20 ns production session for further investigation.

In final step, ONIOM calculations31 were carried out for each solvated structure. In these

calculations, the nine ionic liquid solvent molecules were fixed and treated at relative low

computational level. The central species, which were QM optimized structures in gas phase,

were optimized again in QM level with the nine solvent molecules around. In this way the

reaction energy profiles were rebuilt in solvation environment. The results were averaged for

the eight solvated structures to account for sampling in liquid state.

5
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Results and Discussion

Carboxylation Reaction Scheme

To investigate carbene formation scheme (Scheme I, Figure 1), DFT calculations were per-

formed at PBE0/cc-pVTZ level (results at other levels are quite similar and provided in Table

S1 of Supporting Information) for five different imidazolium acetate-based RTILs which have

been reported experimentally studied (Figure 1). The calculations showed low energy barri-

ers for both carbene formation and subsequent carboxylation: the barriers are about 3 and

7 kJ/mol, respectively. (Detailed data are presented in Tables 1 and 2). These low energy

barriers suggest that the mechanism proposed by Maginn seems quite feasible.

Table 1: Calculated energies a,b for species involved in the carbene formation
step in Figure 1.

Relative Energies
Ionic Liquids Cation· · · Transition Carbene· · ·

Acetate State Acetic Acid
DMIM+Ac− 3.5 5.8 0
EMIM+Ac− 2.6 5.4 0
PMIM+Ac− 2.0 5.1 0
BMIM+Ac− 0.4 5.0 0
EEIM+Ac− 1.6 5.1 0

a Energies in units of kJ/mol, and relative to products. b Calculated at PBE0/cc-pVTZ
level.

Table 2: Calculated energies a,b for species involved in the carboxylation of the
carbene depicted in Figure 1.

Relative Energies
Ionic Liquids CO2· · · Transition Carboxylate

Carbene State
DMIM+Ac− 32.8 40.8 0
EMIM+Ac− 36.6 43.9 0
PMIM+Ac− 37.4 44.3 0
BMIM+Ac− 37.7 44.5 0
EEIM+Ac− 39.8 46.5 0

a Energies in unit of kJ/mol, and relative to products. b Calculated at PBE0/cc-pVTZ
level.
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However, this two-step mechanism was not without critics,4 for the reason that the

stability of a carbene in a dense phase is questionable, and that experimentally the presence

of acetic acid was only detected after the introduction of CO2 into the IL.8 (Hypothetically,

if the proton is abstracted from the cation by the anion in step 1, this should be possible

without the presence of the CO2.)

An alternative mechanism (Scheme II, Figure 1) to account for these observation is that

in which CO2 directly reacts with the cation. There is a possibility that the reaction could

proceed via a concerted, single-step mechanism. In a concerted reaction, the processes of

proton transfer (from the imidazolium cation to the acetate anion) and CO2 bonding (to the

imidazolium ring) would happen at the same time. A great deal of effort was spent trying

to locate such a transition state. No transition state related to the concerted reaction could

be found from our efforts. From collision theory it is well known that the probability of an

elementary reaction which simultaneously involves three chemical species (here they refer to

a cation, an anion, and a CO2 molecule) is negligible. However, we were able to successfully

locate a transition state for a direct reaction between CO2 and EMIM+. The intrinsic

reaction coordinate (IRC) calculation from the transition state shows that the associated

energy barrier is around 300 kJ/mol (see Figure 2). A similar result (an energy barrier

of 303 kJ/mol, Figure S1 in Supporting Information) was achieved while an acetate anion

was placed beside EMIM+, showing a simple stabilization from the anion is not enough to

lower the energy barrier of this reaction scheme. To account the effects from more solvent

molecules, a bigger sphere of influence must be considered.

Solvent Effects

With method described in Computational Details section, the reaction energy profile of both

Scheme I and II for Emim+Ac− were rebuilt to investigate the influence from solvent effects

for reaction mechanism.

For step one (carbene formation) of Scheme I, the surrounding solvent molecules were

7
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Figure 2: Energy profile for a direct reaction between EMIM+ and CO2.

first treated at different calculation levels (Table 3) to observe the validity of the method.

Full QM calculations for both central species and surrounding solvent molecules at PBE0/6-

31+G(d,p) level showed a dramatic change of reaction energy profile from the one in gas

phase. In gas phase, the product (carbene-acid) is slightly favored than reactant (cation-

anion) by 2.6 kJ/mol, with an energy barrier of 5.4 kJ/mol (Table 1). However, the full

QM calculations using solvation structures showed there is no reaction at all: the transition

state of the reaction disappears (for solvated structures, “transition state” structure is always

more stable than carbene form), and the reactant (cation-anion) becomes much more stable

than product (carbene-acid) by 32.1 kJ/mol (Table 3). Since the presence of carbenes in

neat imidazolium acetate-based RTILs has not been directly detected in any spectroscopic

method, full QM calculations using solvation model seems to correctly account for the solvent

effect which stabilizes the cation-anion form significantly.

While full QM calculations are too expensive for further investigations in this study,

ONIOM calculations31 were affordable and expected to deliver similar results as full QM

calculations. In ONIOM calculations, the central species (where reaction occurs) were still

treated at QM level, while the surrounding solvent molecules were treated at relatively

low computational level (Table 3) to reduce computational cost. It was found the reac-

8
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tion energy profiles are similar to gas phase energy profile when solvent molecules were

treated at Molecular Mechanics level, showing carbene-acid form is more stable than cation-

anion form. Turning on electronic embedding to include interactions at QM level makes not

much difference. However, while solvent molecules were treated at Quantum Mechanics level

(RHF/STO-3G or RHF/3-31G), the results are close to full QM calculations. The result

of ONIOM(PBE0/cc-pVTZ:RHF/3-21G) calculations is almost the same as full PBE0/6-

31+G(d,p) calculations. Although ONIOM(QM/MM) failed to produce solvent effects in

ionic liquids as showed above, ONIOM(QM/QM) is capable of accounting for the solvent

effect. The rest of the solvated model ONIOM calculations in this study were carried out at

ONIOM(PBE0/cc-pVTZ:RHF/3-21G) level.

Table 3: Calculated reaction energy changes a,b for Emim+Ac− → Carbene+HAc
in solvated model by ONIOM and QM methods.

Method Energy Change
PBE0/cc-pVTZ:UFF -2.3
PBE0/cc-pVTZ:UFFE

c -8.5
PBE0/cc-pVTZ:Dreiding -1.7
PBE0/cc-pVTZ:DreidingE

c -7.8
PBE0/cc-pVTZ:RHF/STO-3G 41.8
PBE0/cc-pVTZ:RHF/3-21G 32.7
PBE0/6-31+G(d,p) 32.1

a Energy in unit of kJ/mol. b Each energy change is an average from calculations of eight
solvated structures (Table S4 in Supporting Information). c Subscript E donates electronic

embedding.

Although these calculations indicate the carbene form is not favored energetically in

solution, we should not conclude carbene is not accessible in neat imidazolium acetate-based

RTILs. Indeed, although the presence of carbenes in imidazolium acetate-based RTILs

has never been directly detected in any spectroscopy method, it was believed they were

accessible.32,33 Ab initio molecular dynamic simulations also showed that the presence of

carbenes in pure EMIM+Ac− is inherent,34 and adding CO2 to ILs facilitates the accident

of carbenes formation.35

In another side, by using the solvated structures, we found the energy profile of Scheme

9
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II change significantly: the energy barrier drops from 300 kJ/mol to 96 kJ/mol (Figure S3 in

Supporting Information). This huge change implies the solvent effects could help the direct

reaction between CO2 and cation. A more interestingly observation is that structures similar

to transition state in Scheme II (Figure 2) is not stable in gas phase (can only be saddle

point but not minimum). However, we found they can be stable (as energy minimum) with

the solvent molecules aside in our solvated structures (Figure 3). Since both the reaction

mechanisms proposed in the literature (Scheme I and II) has their own limitations, we

propose a more probable mechanism (Scheme III, Figure 4) which is an outcome of our

solvated model calculations. For this new mechanism scheme, a two-step reaction profile

was successfully built and confirmed with Emim+Ac−, with energy barriers of 66 kJ/mol

for first step and 6 kJ/mol for second step respectively (Figure S5 and S6 in Supporting

Information). Although the energy barrier (66 kJ/mol) seems still high, considering that

carbene formation is no longer a reaction in solvated model, and our model only estimates

the solvent effects with nine solvent molecules, this energy barrier should be further lowered

in a real system and the mechanism is more feasible than carbene formation mechanism.

According to our calculations, both the steps of Scheme III are exothermic processes with

energy releases of 177 kJ/mol and 186 kJ/mol for first and second step respectively (Figure

S5 and S6 in Supporting Information), which can provide the energy to overcome the reaction

barrier. The surrounding solvent molecules help to stabilize the resulting structure in first

step, and remove hydrogen atom from the structure in second step.

Stabilization After Carboxylation

A careful review of reported experimental results brings up one interesting question. It is

well known that in many RTILs, the nature of anion plays a central role for solubility of CO2

via physical interactions between anions and CO2,
1,2 and there is every reason to expect CO2

to interact with the acetate ion in imidazolium acetate-based RTILs. Molecular dynamics

simulations36 predicted the existence of CO2-acetate complexes, and the binding energy be-

10
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Figure 3: Intermediate structure in our proposed mechanism (Figure 4). It is not stable in
gas phase, but stable in solvated model. The surrounding solvent molecules are not shown
for clarity.

Figure 4: A new possible reaction mechanism scheme (Scheme III) for the carboxylation of
imidazolium acetate by CO2.
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tween CO2 and the acetate ion were estimated to be -44 kJ/mol by ab initio calculations.36,37

Thus it is worth investigating whether competition between the anion (physisorption) and

the cation (chemisorption) plays a role in CO2 capture in imidazolium acetate ILs.

Ab initio calculations reveal that the CO2 is near-linear in the lowest-energy acetate-CO2

complex.37 (However, CO2 that has formed a carboxylate with the cation is, of course, highly

distorted from linearity.) A characteristic feature of linear CO2 in Raman spectra is the

presence of Fermi dyad peaks, which have been observed with diluted CO2 in many organic

and ionic liquids.38,39 The presence of uncomplexed or weakly-complexed linear or near-linear

CO2, therefore, should be accompanied by the observation of the Fermi dyad signature.

Interestingly, for CO2 in imidazolium acetate-based RTILs, the Fermi dyad signature is not

initially observed and can only be observed after the mole fraction of CO2 reaches about 1/3.7

This observation can be explained if we assume that while the CO2 is diluted, all the CO2

reacts to form a carboxylate (and becomes non-linear). After the 2:1 IL:CO2 stoichiometry

has been reached, additional CO2 molecules remain uncomplexed or form weak complexes

with the anion, and the Fermi dyad is observed. So the interesting question is why the

carboxylation reaction appears to occur with a 2:1 IL:(CO2) ratio while reaction mechanism

suggests one CO2 requires only one IL molecule to form the carboxylate.

We were inspired by the reported crystal structure of the solid products from the CO2-

EMIM+Ac− reaction.5 The crystal structure shows that the products of the carboxylation

step, which are carboxylate and acetic acid, interact with a cation and an anion of the ionic

liquid respectively to form a large complex. The interactions between the fragments of this

large complex could provide sufficient stabilization to stop the chemisorption process. To

investigate these interactions, we optimized similar complexes for the five ILs studied in

this work. Each complex contains an imidazolium cation, an acetate anion, a carboxylate

and an acetic acid. The optimized minimum energy structure for the complex formed by

EMIM+Ac− is shown in Figure 5 as an example. Significant interactions between different

fragments of the complex are listed in Table 4.
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Figure 5: A complex containing an EMIM+ cation, an imidazolium-2-carboxylate, an acetate
anion, and an acetic acid molecule optimized at the PBE0/cc-pVTZ level.

Figure 6: Stabilization of the carboxylation reaction products by an imidazolium-acetate ion
pair

Table 4: Interactions between different fragments in imidazolium acetate stabi-
lization step a,b,c

Ionic liquids Interactions
Eint Cation+ · · ·Carboxylate Ac− · · ·HAc

DMIM + Ac − -623.5 -141.2 -180.9
EMIM + Ac − -614.6 -137.1 -178.7
PMIM + Ac − -610.6 -135.2 -177.9
BMIM + Ac − -611.0 -134.4 -179.5
EEIM + Ac − -605.8 -132.0 -178.7

a Energy in unit of kJ/mol. b BSSE correction is considered. c Calculated at
PBE0/cc-pVTZ level.
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As shown in Figure 6, the stabilization step involves the establishment of two strong

interactions. One is an interaction between the carboxylate and a cation and the other is

an interaction between the acetic acid and the acetate anion. These interacting pairs are

arranged to form a large complex. The interaction energy (Eint), therefore may be calculated

as energy gained from the formation of the complex:

Eint = Ecomplex − (Ecarbox + EHAc + EEMIM+ + EAc−)

where Ecomplex, Ecarbox, EHAc, EEMIM+ , and EAc− are the total energies of the

complex, the carboxylate, acetic acid, the EMIM+ cation, and the acetate anion respectively.

To form the complex, each CO2 molecule requires an ion pair to react with and another

ion pair to stabilize the products. Once the mole fraction of CO2 reaches 1/3, no more

free ion pairs are available to stabilize the carboxylation products and the chemisorption

stops, which is in accordance with the reported experimental results.7 Therefore, with the

stabilization energy gained in this step, it can be the key to control the whole process of the

chemisorption reaction.

Summary

In this work, we investigated the CO2 capture mechanism of 1,3 di-alkyl imidazolium acetate

based ionic liquids using DFT and ONIOM calculations. The two existing mechanisms were

investigated and compared in both gas phase and solvated phase. A new two-step reac-

tion mechanism that overcomes the limitations of the reported mechanisms was proposed.

We also demonstrated qualitatively that the stabilization step can account for important,

experimentally-observed features of the reaction of CO2 with cations in imidazolium-based

ILs. However, although these calculations provide extremely valuable insight into the mech-

anism of CO2 absorption, there are questions that still remain. From our calculated data it

is difficult to rationalize certain experimental observations, for example the state of the final
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complex (for EMIM+Ac− it is solid, while for BMIM+Ac− and EEIM+Ac− it is liquid) or

the reversibility of CO2 capture (reported as reversible for EEIM+Ac− and irreversible for

BMIM+Ac−).5,6,9 While we have carried out these calculations on a series of ILs, (see tables

1, 2, 4), our results do not clarify the underlying differences in the reaction of CO2 with this

series of ILs. We believe the stabilization step needs a further study, probably via molecu-

lar dynamics simulations, to consider larger influence of bulk system, and the study could

provide a full understanding of the experimental observations. Any further study aiming

at tuning the reaction rate or assessing the reversibility of the reaction of CO2 with imida-

zolium acetate-based ILs should include the proposed new mechanism and a description of

the stabilization step described herein.
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