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-RS studies on dicationic ionic
liquids (DILs) as potential candidates for CO2

capture: the effects of alkyl side chain length and
symmetry in cations†

Mehrangiz Torkzadeh and Majid Moosavi *

A few studies on CO2 capture using dicationic ionic liquids (DILs) show that they are more promising

absorbents for CO2 capture than monocationic ILs (MILs). Ion–ion, ion–CO2 and DIL molecule–CO2

interactions are important for understanding the performance–structure–property relationships for the

rational design of DILs for CO2 capture applications. However, the role of these interactions in

determining CO2 solubility in DILs is unclear. In this study, we used DFT methods to understand these

interactions in three selected DILs)considering the effects of alkyl side chain length and symmetry in

cations (by exploring different aspects, such as the electronic and geometrical structures, topological

properties and the strength and nature of interactions, charge transfer, etc. The results showed that the

most suitable solvent for CO2 is the symmetric DIL with a longer side chain length, i.e. [Bis(mim)C5-(C4)2]

[NTf2]2. In addition, we used the COSMO-RS calculations to obtain the macroscopic solubility of CO2 in

the studied DILs, which was in good agreement with the DFT results. Gas selectivity results calculated

using COSMO-RS theory indicated that the selectivity of CO2 from H2, CO and CH4 gases decreases

slightly with increasing the length of side alkyl chains.
1. Introduction

The burning of fossil fuels for production of electricity and heat
is the most important source of greenhouse gas emissions,
especially carbon dioxide (CO2), which causes climate changes
and global warming. Consequently, various scientic efforts
have been made to capture CO2 and protect the environment
from its dangerous effects. In the last decade, several methods
have been developed for CO2 capture, for example adsorption,1

absorption,2 membrane separation3 and electrochemical sepa-
ration.4 At present, industries use aqueous amine solutions
f Chemistry, University of Isfahan, Isfahan
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because of their high tendency to adsorb gas, specically for
CO2 capture. However, these solvents have disadvantages such
as high volatility, poor stability, high cost, high energy demand
for regeneration, corrosion of equipment, environmental
damage associated with amines, etc.5,6 During the past years,
ionic liquids (ILs), composed of inorganic/organic anions and
organic cations, have been receiving more attention as potential
alternatives to conventional amine solutions due to their
desirable properties such as negligible vapor pressure, high
thermal stability, ne gas solubility and so on.7,8 They can be
designed and assembled by altering the structure of their
cations and anions to develop functional ILs for selective and
effective CO2 capture.9 Dicationic ionic liquids (DILs) are
a special class of ILs composed of a doubly charged cation
which have two singly charged constituents linked by an alkyl
chain paired with two anions.10 It is found that DILs possess
wider liquid range, higher melting point, and better thermal
stability compared to conventional monocationic ILs (MILs).
The physicochemical properties of DILs are more tunable than
the corresponding MILs due to the higher combinations of
anions and cations.11 From the structural point of view, addi-
tional variability of DILs arise from the nature of the cation or
from the type and length of their linkage chain. Therefore, DILs
present several advantages over traditional MILs in their
applications as solvents,12 lubricants,13 and separation media,14

etc. Although, a noticeable quantity of experimental and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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theoretical works has been invested in studying CO2 capture
using ILs, most of them have focused on conventional imida-
zolium-,15,16 pyridium-17 and phosphonium-based MILs18 and
DILs have received very little attention of researchers. Few
studies on CO2 capture using DILs show that they are more
promising absorbents for CO2 capture than MILs.19–22 Zhang
et al.19 showed that the CO2 absorption capacities of six DILs,
including four amino acid-functionalized DILs (AADILs) and
two traditional DILs (T-DILs), were enhanced heavily compared
to MILs. Hojniak et al.20 reported that DILs-incorporated
membranes showed the increased CO2/N2 selectivity and
adsorption capability compared to MILs-incorporated
membrane, which was attributed to the increased CO2 interac-
tion sites in DILs. Similarly, Zhang et al.22 observed the
enhanced CO2 capture by imidazolate-based DILs, ([Bis(mim)
C2]-[Im]2) and ([Bis(mim)C4]-[Im]2) in which the CO2 capture by
DILs is twice that of their MIL analogues. Therefore, the broader
and deeper knowledge of structural and electronic properties of
ions of DILs is important for designing new DILs for CO2

capture.
Theoretical studies are a powerful tool in the insight of

nanoscopic features in controlling CO2 absorption by ILs.23–27

The computational studies of gas phase structure of ILs–CO2

systems are of great importance, since the ionic interactions in
ILs are oen strong to maintain gas-phase structure in liquid
phase as well.28 On the other hand, charge distributions are
important in describing the structural and dynamical proper-
ties in liquid phase, and the partial atomic charges in the force
elds of molecular dynamics (MD) simulations of liquid phase
are obtained using electronic density and molecular electro-
static potential in gas phase.29 Quantum mechanical methods
have proven capable in characterizing IL-CO2 systems,
providing valuable information on various aspects such as
structural changes, charge transfer, intermolecular hydrogen
bonding, etc.30–34 The quantum studies on large systems con-
taining large numbers of ions and CO2 molecules are not
possible due to computational constraints. However, studies on
anion–cation and ion–CO2 pairs and the analysis of the short-
range interactions in these systems are useful and provide
valuable information about these systems. In general, in
previous quantum studies on MILs–CO2 systems, the interac-
tions have been calculated from placing CO2 molecules around
individual ions or IL molecules.35–37 In summary, for common
MILs, the CO2 solubility depends more on the cation–anion
interactions rather than the CO2–anion or CO2–cation interac-
tions. However, the correlations are more complicated for DILs,
which deserve much further analyses.

Although, several studies have been investigated the prop-
erties of pure DILs by quantum methods,38–48 to the best of our
knowledge, no research has been performed on the structural
and electronic properties of DILs in the presence of CO2 gas
using quantum mechanical methods. Therefore, in this work,
in order to identify the main sites effective in CO2 capture, the
structures of three selected DILs (considering the effects of alkyl
side chain length and symmetry in cations) in the absence and
presence of CO2 are investigated. For each system, the interac-
tion sites, the electronic and geometrical structures, topological
© 2022 The Author(s). Published by the Royal Society of Chemistry
properties and the strength and nature of intercations, charge
transfer, etc. have been explored. Furthermore, some previous
studies, have been also shown that COSMOthermX49 is able to
predict the solubility of a gas in the ILs.50–52 Therefore, at the
end of this work, the predicted gas absorption in the studied
DILs is determined using COSMOthermX based on the
absorption isotherms and the results compared with the cor-
responding quantum mechanical ndings.

2. Computational details
2.1 Quantum mechanical calculations

At rst, in order to investigate the molecular structure and
cation–anion interactions in the selected DILs, one charge-
neutral DIL molecule consisting of one cation and two anions
(ion triplet) was further investigated by density functional
theory (DFT) calculations. The structures of the selected cations
and anions along with the labeling of the atoms are shown in
Fig. 1. Since the size of a cation in a DIL is large, one DIL
molecule (one cation and two anions) may has hundreds of
relatively stable congurations. As a result, to nd the most
stable conformation for each DIL, each DIL was simulated in
a big simulation box for 2 ns using NVT ensemble at 298 K. The
conformations obtained from simulations were optimized
using M06-2X functional and the cc-pVDZ basis set53,54 with
Gaussian 09 package.55 Also, the presence of true minima was
conrmed by the absence of imaginary frequencies in the
calculated vibrational spectra. Recently, researchers have used
the M06-2X functional to investigate the physicochemical
properties of ILs. M06-2X has been shown remarkable success
in predicting reliable structures of the complexes56 and
describes the non-covalent interactions better than density
functional which are commonly used.

Aer exploring DILs in pure state, their interaction with CO2

was studied by considering isolated ions–CO2 and DIL–CO2

systems. For this purpose, in the second step, aer the separate
optimization of ions and CO2 molecule, the cation–CO2, anion–
CO2 and DIL–CO2 complexes were optimized at the same
theoretical level of the optimization of pure DILs (i.e. M06-2X/
cc-pVDZ). For each complex, different orientations of CO2 in
interaction with isolated ions and DILs were considered and the
most stable structures have been chosen to carry out further
calculations. The total electronic energies for all the studied
systems were corrected using Grimme's DFT-gCP-D3 correction
method in which empirical dispersion correction (D3) has been
developed by Grimme57 and also the basis set superposition
error (BSSE)58 corrections were applied. Charge transfer in all
systems was calculated by charges from the electrostatic
potential using a grid-based method (CHELPG)59 and natural
bonding orbital (NBO) methods at the same theoretical level.
Furthermore, to gain further insight into the nature of inter-
actions within the studied systems, NBO analysis has been
carried out.60 In order to analyze bond critical point (BCP) data
in the studied systems, the quantum theory of atoms in mole-
cules (QTAIM)61 was done using AIM2000 package.62 HOMO–
LUMO band gap of all systems were calculated using MultiWFN
program.63 Moreover, for identication of non-covalent
RSC Adv., 2022, 12, 35418–35435 | 35419
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Fig. 1 Structures of [Bis(mim)C5]
2+, [N111-C5-mim]2+, [Bis(mim)C5-(C4)2]

2+ cations and [NTf2]
− anion along with their atomic labeling schemes.
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interactions (NCIs), the reduced density gradient (RDG) was
calculated using NCIPLOT program64 and RDG plots were
generated through the visual molecular dynamics program
(VMD).65
2.2 COSMO-RS theory calculations

It has been veried experimentally that the conductor-like
screening model for real solvents (COSMO-RS) theory is a reli-
able solubility prediction method for ILs systems that combines
statistical thermodynamics and quantum chemical calcula-
tions.49 Therefore, to obtain the solubility of CO2 in DILs
35420 | RSC Adv., 2022, 12, 35418–35435
macroscopically, COSMO-RS theory of molecular thermody-
namics was used to get macroscopic gas solubility data. In this
work, BP functional and TZVP basis set from Turbomole
program66 were used for COSMO calculations. Then, the
generated COSMO les were imported into COSMOtherm
program67 to compute CO2 solubility in the studied DILs.

3. Results and discussion
3.1 DFT calculations

3.1.1 Pure DILs (ion triplet). The possible interaction sites
around cations and anions can be characterized from charge
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Calculated ESP maps (isovalue = 0.0004) of (a) isolated ions and (b) the studied DILs at M06-2X/ccpVDZ level of theory.
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distribution obtained by electrostatic potential (ESP) maps.68

The ESP maps help to better visualize the charged regions in
species. Fig. 2(a) shows the ESP maps calculated for isolated
cations and anions at M06-2X/ccpVDZ level of theory, where the
blue-colored surfaces signify positive electrostatic potential and
red-colored surfaces represent negative ones. The color codes of
© 2022 The Author(s). Published by the Royal Society of Chemistry
these maps for the ions are in the range of −0.200 to 0.200 a.u
for [NTf2]

− anion, −0.264 to 0.264 a.u, −0.268 to 0.268 a.u and
−0.262 to 0.262 a.u for [Bis(mim)C5]

2+, [N111-C5-mim]2+ and
[Bis(mim)C5-(C4)2]

2+ cations, respectively. From ESP values, it
can be found that the electron accepting property of [N111-C5-
mim]2+ cation is greater than other ones. As it can be seen, all
RSC Adv., 2022, 12, 35418–35435 | 35421
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Fig. 3 Optimized structures of (a) [Bis(mim)C5][NTf2]2, (b) [N111-C5-
mim][NTf2]2 and (c) [Bis(mim)C5-(C4)2][NTf2]2 at M06-2x/cc-pVDZ
level of theory. Broken lines show hydrogen bonding interactions
(distances are in Å).
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regions around cations have positive electrostatic potential. The
intensity of colors indicates that due to the high potential (dark
blue), imidazolium ring and ammonium head group of cations
are favorable for interactions with the oxygen and nitrogen
atoms of anions (dark red). On the other hand, positive charges
in free cation are localized on the H atoms of imidazolium
rings, and methyl groups of ammonium head. Fig. 2(b) shows
the calculated ESPmaps of the studied DILs with a combination
of red, green, blue, and yellow colors. The color codes of these
maps for DILs are in the range between −0.079 to 0.079 a.u,
−0.090 to 0.090 a.u and −0.074 to 0.074 a.u for [Bis(mim)C5]
[NTf2]2, [N111-C5-mim][NTf2]2 and [Bis(mim)C5-(C4)2][NTf2]2,
respectively. From ESP values, it seems that the conguration of
[N111-C5-mim][NTf2]2 is more stable than the other two
symmetric DILs.

The possible congurations of anions around cation have
many effects on hydrogen bondings, interaction energies and
physicochemical properties of DILs.45 The most stable struc-
tures obtained for the studied DILs have been represented in
Fig. 3. It can be found that in all these structures, there exist
multiple hydrogen bonds between the cations and the anions,
which play an important role for stabilizing the DILs. As it can
be seen, in all three structures, the linkage chain entangles in
order to maximize the interactions of the two heads of DILs with
two anions. Compared with asymmetric [N111-C5-mim][NTf2]2,
in two symmetric DILs, the middle chain folding is more and
two imidazolium rings are almost parallel to each other. Bodo
et al.39 and Sun et al.38 showed that the stability of ion pairs
increase as two imidazolium rings become more compact for
[Cndmim][NTf2]2 with n = 3, 9 and for [C3(mim)2]Br2 DILs,
respectively. Also, Soltanabadi and Bahrami47 showed that the
two rings bend towards each other and two halides are placed in
the middle of two rings for imidazolium-based DILs. This
situation allows the halide anions to have better interaction
with special sites of cation. As it can be seen in Fig. 3, the
minimum observed distance in the studied DILs is between the
anion atoms and the HR (HR′) atoms of the rings which is in
agreement with the observed results for imidazolium based
MILs,69 DILs70 and tricationic ILs (TILs).71 The minimum
distances between the oxygen atoms of anions and HR (HR′)
atoms are 2.19, 2.18 and 2.23 Å for [Bis(mim)C5][NTf2]2, [N111-
C5-mim][NTf2]2 and [Bis(mim)C5-(C4)2][NTf2]2, respectively.

Interaction energy (DEint) is one of the most powerful tools
for estimating the strength of non-covalent interactions, which
is dened as difference between electron energy of DIL mole-
cule and sum of the energies of cation and anion species:

DEint = EDIL − (EC + 2EA) (1)

The values of interaction energies, and also BSSE and D3
corrections for the most stable structures observed in studied
DILs (Fig. 3) are reported in Table 1. According to this table, the
trend of interaction energy values (with corrections) is as
follows: [N111-C5-mim][NTf2]2 > [Bis(mim)C5][NTf2]2 > [Bis(mim)
C5-(C4)2][NTf2]2. It seems that in asymmetric DIL [N111-C5-mim]
[NTf2]2, by replacing a imidazolium group with the ammonium
group, the interaction energy between the cations and anions
35422 | RSC Adv., 2022, 12, 35418–35435
increases due to the more localized charge in the ammonium
group. Similarly, Fernandes et al.72 showed that aromatic-based
ILs (pyridinium- and imidazolium-based) due to charge delo-
calization in aromatic rings have lower relative interaction
strength values compared with their saturated counterparts
(pyrrolidinium- and piperidinium-based). Also, by increasing
“side” chain length in [Bis(mim)C5-(C4)2][NTf2]2, the interaction
energy decreases. A similar trend of decrease of interaction
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Interaction energies (DEint in kcal mol−1), empirical dispersion
(D3), and basis set superposition errors (BSSEs in kcal mol−1) for the
studied DILs. DEc is the interaction energy corrected by D3 and BSSE

System DEint D3 DEBSSE DEc

“Entangled” conguration
[Bis(mim)C5][NTf2]2 −253.22 −6.67 29.08 −230.81
[N111-C5-mim][NTf2]2 −254.47 −6.40 26.40 −234.47
[Bis(mim)C5-(C4)2][NTf2]2 −248.41 −9.17 33.47 −224.11

“Stretched” conguration
[Bis(mim)C5][NTf2]2 −224.10 −5.87 43.10 −186.87
[N111-C5-mim][NTf2]2 −229.22 −5.43 39.10 −195.55
[Bis(mim)C5-(C4)2][NTf2]2 −208.03 −5.86 36.40 −177.49
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energies with increasing the length of “linkage” alkyl chain
between rings in DILs has been reported.70

In Table 1, the interaction energies of the most stable
stretched structures have been also tabulated. As it can be seen,
the structures with a “stretched” conguration of the linkage
chain have higher energies than the “entangled” structures. The
“stretched” congurations of [Bis(mim)C5][NTf2]2, [N111-C5-
mim][NTf2]2 and [Bis(mim)C5-(C4)2][NTf2]2 have about 43.94,
38.92, 46.62 kcal mol−1 higher than the entangled ones,
respectively. Similarly, Bodo et al.39 reported that the energy of
“stretched” chain structure is about 40 kcal mol−1 higher than
the “entangled” one for [C9dmim][NTf2]2. In general, the
calculated interaction energies between cation and two anions
in the studied DILs are much higher than reported interaction
energies between ion pairs in MILs.73,74 This can be due to the
stronger coulombic anion–cation attractions in DILs compared
to the interaction between ions in MILs which is responsible for
higher thermal stability andmelting point in DILs. This result is
in agreement with those obtained by Soltanabadi and Bahrami
for TILs.47 They reported that the interaction energies of TILs
are more than three times of their corresponding MILs. Also,
Farmanzadeh et al.40 reported the following trend for the
interaction energies in comparison among several MILs and
DILs with halide anions: C6(mim)2Cl2 > C6(mim)2Br2 >
C6(mim)2I2 > C6(mim)Cl > C6(mim)Br > C6(mim)I.

The frontier molecular orbitals including the lowest unoc-
cupied molecular orbital (LUMO) and the highest occupied
molecular orbital (HOMO) are key factors in chemical stability
of a system.75 Generally, LUMO as an electron acceptor
Table 2 Energies of HOMO and LUMO, HOMO–LUMO energy gap (Egap
DILs calculated at M06-2X/ccpVDZ level

System EHOMO/eV ELUMO

[Bis(mim)C5]
2+ −13.24 −6.92

[N111-C5-mim]2+ −13.54 −6.92
[Bis(mim)C5-(C4)2]

2+ −12.93 −6.67
[NTf2]

− −3.90 3.54
[Bis(mim)C5][NTf2]2 −7.16 −1.17
[N111-C5-mim][NTf2]2 −7.21 −1.29
[Bis(mim)C5-(C4)2][NTf2]2 −7.28 −0.94

© 2022 The Author(s). Published by the Royal Society of Chemistry
represents the ability of molecule to capture an electron;
whereas HOMO represents the ability of molecules to donate an
electron. The electronic properties of a chemical species may be
described in terms of global quantum molecular descriptors
such as HOMO–LUMO gap (DEgap), chemical hardness (h) and
chemical potential (m) which are calculated as:76

h ¼ ðELUMO � EHOMOÞ
2

(2)

m ¼ ðEHOMO þ ELUMOÞ
2

(3)

The calculated values of the HOMO, LUMO energies, DEgap, h
and m for the isolated cations, anions and the studied DILs have
been reported in Table 2. The magnitude of band gaps (DEgap)
implies the strength of interactions in an IL, that is, stronger
interactions between cations and anions lead to a further
reduction in energy gap. As it can be seen, the HOMO–LUMO
energy gap follows the order of [N111-C5-mim][NTf2]2 (−5.91 eV)
< [Bis(mim)C5][NTf2]2 (−5.99 eV) < [Bis(mim)C5-(C4)2][NTf2]2
(−6.33 eV) which is in agreement with trend of interaction
energies. Chemical hardness is a measure of inhibition of
charge transfer to the molecule, and species with less polariz-
ability have higher hardness values. Considering chemical
hardness, if a molecule has a large DEgap, it is a hard molecule,
and if it has a smallDEgap, it is a somolecule. Also, the stability
of a molecule can be related to its hardness, as a small DEgap
leads to high chemical reactivity.

According to the values in Table 2, the calculated chemical
hardness has the trend [N111-C5-mim][NTf2]2 < [Bis(mim)C5]
[NTf2]2 < [Bis(mim)C5-(C4)2][NTf2]2 for the studied DILs.
Furthermore, electronic chemical potential describes tendency
of the electron to escape from a stable system. The observed
trend for the chemical potential of DILs is the reverse of the
chemical hardness trend. Therefore, it is plausible to say that
with increasing symmetry and increasing side chain length of
cations, the stability of DILs increases. The spatial distribution
of frontier molecular orbitals is important in describing elec-
trical properties of ILs. Thus, spatial distribution of HOMO and
LUMO for isolated cation, anions and the studied DILs are
visualized in Fig. S1† and 4, respectively. From these gures, it
can be seen that HOMOs are mainly concentrated on two
anions, while LUMOs are mainly located on the imidazolium
rings of cations. Thus, the charge transfer can be occurred from
), chemical hardness (h) and chemical potential (m) of isolated ions and

/eV Egap/eV h/eV m/eV

−6.31 3.16 −10.08
−6.62 3.31 −10.23
−6.25 3.13 −9.80
−7.44 3.72 −0.18
−5.99 2.99 −4.16
−5.91 2.96 −4.25
−6.33 3.17 −4.11

RSC Adv., 2022, 12, 35418–35435 | 35423
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Fig. 4 Calculated spatial distribution of HOMO and LUMO for DILs at M06-2X/ccpVDZ level.
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HOMO of [NTf2] anion to the LUMO of the imidazolium rings in
all DILs.

As seen in Fig. 3, there are several intermolecular interac-
tions between cations and anions. The nature of these interac-
tions in DILs may be analyzed by Bader's topological QTAIM
analysis using topological parameters such as electron density
(r(r)), Laplacian of electron density (V2r(r)), kinetic energy
density (G(r)), potential energy density (V(r)), the total energy
density (H(r)) (where H(r) = G(r) + V(r)) and −(G(r)/V(r)) ratio at
bond critical point (BCP) between the cation and anions of
DILs. The topological graphics of the lowest energy structures of
studied GDILs have been shown in Fig. S2.† Also, the values of
mentioned parameters at M06-2X/ccpvDZ level have been
summarized in Table S1.† The hydrogen bonding is character-
ized from r(r) values in the range of 0.002–0.035 a.u and with
35424 | RSC Adv., 2022, 12, 35418–35435
corresponding V2r(r) in the range of 0.024–0.139 a.u. For all of
the studied DILs, values of r(r) and V2r(r) are in the mentioned
ranges. r(r) is used to describe the strength of a bond, the
stronger the bond, the larger the value of r(r). As it can be seen,
interaction of oxygens of anions with HR (or HR′) atoms of the
rings is stronger than interaction with the rest of hydrogens and
there are at least two interactions between the HR (or HR′)
atoms and the anions in DILs. The hydrogen bonds in ILs are
classied as medium and weak (V2r(r) > 0, and H(r) > 0) and
strong (V2r(r) > 0, and H(r) < 0) in nature. Therefore, according
to the values in the table, hydrogen interactions in studied DILs
are oen of the type of weak and medium interactions. In
asymmetric [N111-C5-mim][NTf2]2 DIL, total electron density
(
P

r(r)) at all critical points of the bond is higher than the other
two symmetric DILs. Also, increasing the side chain length in
© 2022 The Author(s). Published by the Royal Society of Chemistry
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[Bis(mim)C5-(C4)2][NTf2]2 DIL reduces the electron density in
the system which is in agreement with the results of interaction
energies. The −(G(r)/V(r)) ratio serves as a useful descriptor for
separation of various interactions in ILs.77 As it can be seen, the
−(G(r)/V(r)) ratio turns out to be between 0.99 a.u and 1.27 a.u,
which suggests that the studied DILs are stabilized by van der
Waals (vdW) and weak hydrogen bonding interactions. It has
been shown that hydrogen bond interactions may not reveal its
signature with the emergence of BCP. Extension of the QTAIM
theory introduces the G(r) component corresponding to Smin

(equivalent to BCP in QTAIM theory) that is directly propor-
tional to the electron density mobility in BCP. Thus, G(r)
component offers certain advantages over conventional method
used to probe the electron density properties and is useful to
characterize the hydrogen bondings. Saleh et al.78 demonstrated
that there is a correlation between OH stretching frequencies
and the G(r) in substituted amino alcohols that have intra-
molecular hydrogen bonds. Lane et al.79 showed that the
strength of intermolecular hydrogen bonds which reect in
frequency down (red) shi of the OH-stretching vibration can be
estimate with G(r) component. A plot of G(r) as a function of
Fig. 5 (a) Kinetic energy density, G(r), as a function of interaction
energies and (b) EHB as a function of G(r).

© 2022 The Author(s). Published by the Royal Society of Chemistry
interaction energies has been shown in Fig. 5(a) turns out to be
almost linear. Espinosa et al.80 showed that hydrogen bond
energy (EHB) can be estimated from V(r) at the corresponding
BCP, through EHB = −0.5 V(r) which a larger energy indicates
a stronger bond. A plot of EHB as a function of G(r) displayed in
Fig. 5(b) turns out to be linear. As it can be seen, the asymmetric
[N111-C5-mim][NTf2]2 possesses stronger cation–NTf2 binding.

Charge transfer is the process in which a fraction of electron
charge is transferred within a molecule or between different
molecules. Generally, the charge is transferred from the HOMO
to LUMO orbitals. In this section, NBO and CHELPG methods
have been used to study charge transfer in the studied DILs. The
results of both methods have been reported in Table S2.†
According to this table, in both methods, the charge transfer for
DILs has the following trend: [N111-C5-mim][NTf2]2 > [Bis(mim)
C5][NTf2]2 > [Bis(mim)C5-(C4)2][NTf2] which is in agreement
with decreasing the HOMO–LUMO energy gap from [Bis(mim)
C5-(C4)2][NTf2]2 to [N111-C5-mim][NTf2]2 reported in Table 2.

In DILs, multiple hydrogen bonds are able to form. For
example, an anion can interact simultaneously with two
hydrogens which both of them can belong to alkyl chains or one
hydrogen belongs to the alkyl chains and one hydrogen belongs
to the ring. The NBO analysis (according to second order
perturbation theory) has been extensively employed in studying
hydrogen bonding.77 The NBO analysis of DILs considering
second-order perturbation energy (E(2)), the energy difference
between donor and acceptor (DEij), and Fock matrix element
between donor and acceptor (Fij) has been reported in Table
S3.† E(2) describes the strength of interactions between anti-
bonding orbitals (BD*) of C–H bonds of cations and lone pair
electrons (LP) of N, F and O atoms of anion. Strong hydrogen
bonding in the studied DILs, are characterized by large E(2)
values which are produced by low DEij and large Fij. The E(2)
values in Table S3† show that there is a high stabilization energy
corresponding to charge transfers between oxygen atoms of
anions and HR atoms of rings. The trend for these strong
hydrogen bonds follows the order of [N111-C5-mim][NTf2]2 >
[Bis(mim)C5][NTf2]2 > [Bis(mim)C5-(C4)2][NTf2]2, which is in
agreement with the trend of AIM and interaction energies. In
the studied DILs, alkyl chains bend and more atoms of alkyl
chains are able to form hydrogen bonds (see Fig. 3). Besides the
strong hydrogen bonds forming between HR atoms of the rings
and anions, some of the weaker hydrogen bonds with lower
E(2), which form between the hydrogens of alkyl chains and
anions, are shown in Table S3.†

3.1.2 Isolated ion–CO2 and ion triplet (DIL molecule)–CO2

interactions. To understand the relation between the change of
structure and the performance of CO2 absorption, the stable
absorption sites of ions and DILs must be clearly identied. In
order to nd the most stable structures of isolated ion–CO2 and
DIL–CO2 complexes, the CO2 molecule was placed in several
different positions around ions and DILs molecules. Then, the
mentioned complexes were optimized at the same theoretical
level with the pure state (M06-2X/cc-pVDZ). Fig. S3 and S4† show
some more stable structures of the ion–CO2 and DIL–CO2

complexes, respectively. The interaction energy (DEint) is
dened as difference between total energy of the relaxed
RSC Adv., 2022, 12, 35418–35435 | 35425
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Fig. 6 Most stable structures of isolated ion–CO2 complexes at M06-2X/ccpVDZ level. Broken lines show the most important intermolecular
interactions (distances are in Å).
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complex (Ecomplex) and sum of the energies of the isolated ion or
DIL molecule and CO2 molecule (Eion or DIL and ECO2

, respec-
tively), were calculated using the following equation:

DEint = Ecomplexes − (Eion or DIL + ECO2
) (4)

The values of interaction energies, BSSE and D3 corrections
for the structures shown in Fig. S3 and S4† have been reported
in Table 5. Fig. 6 and 7 show the most stable structures for ion–
CO2 and DIL–CO2 complexes, respectively, which were selected
according to the values of interaction energies for further
analyses. Due to the presence of two different heads in the
asymmetric cation, for [N111-C5-mim]2+–CO2 and [N111-C5-mim]
[NTf2]2–CO2 complexes, two stable structures were considered
to investigate the differences between two heads in the perfor-
mance of CO2 absorption.

As it can be seen in Fig. 6, based on intermolecular cation–
CO2 distances, the most stable sites for CO2 absorption in the
symmetric cations are mainly the co-absorbing position by HR
hydrogen in imidazolium ring and methylene group attached to
35426 | RSC Adv., 2022, 12, 35418–35435
the ring. This result is consistent with previous studies on the
interaction of imidazolium-based MILs with CO2 molecules.81

However, in the asymmetric [N111-C5-mim]2+ cation, the most
stable structure is related to the placement of the CO2 molecule
in front of the ammonium head (structure no. 3 in Fig. S3†)
probably due to the more localized charge in the ammonium
group. As it can be seen, for [NTf2] anion, the most stable sites
for CO2 absorption are nitrogen and oxygen atoms of anion.
Comparing the interactions of anions and cations with the CO2

molecule shows that, with the exception of the structure in
which the CO2 molecule interacts with the asymmetric cation
from the ammonium head, the interaction energy of the anion–
CO2 is higher than that for the cation–CO2. It can be said that
the main intermolecular interactions of anion–CO2 are due to
the strong electrostatic interactions, while for cation–CO2 are
the weak hydrogen bonds.

According to the values of energies reported in Table S4,† in
symmetric DIL–CO2 complexes, the most stable structure is
obtained from the orientation of the CO2 molecule on top of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Most stable structures of DIL–CO2 complexes at M06-2X/ccpVDZ level. Broken lines show the most important intermolecular inter-
actions (distances are in Å).
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HR hydrogen of ring, and the interaction energy decreases as
the CO2 molecule moves away from the ring. In the [N111-C5-
mim][NTf2]2–CO2 complexes, the most stable structure is
related to the placement of the CO2 molecule in the vicinity of
the ammonium head. In the [N111-C5-mim]2+–CO2 complexes,
Table 3 Charge transfer calculated in the studied ion–CO2 and DIL–CO
deviation (f is O–C–O angle in CO2 molecule)

System

Ion–CO2 complexes
[Bis(mim)C5]

2+–CO2

[N111-C5-mim]2+–CO2 Imidazolium head
Ammonium head

[Bis(mim)C5-(C4)2]
2+–CO2

[NTf2]
−–CO2

DIL–CO2 complexes
[Bis(mim)C5][NTf2]2–CO2

[N111-C5-mim][NTf2]2–CO2 Imidazolium head
Ammonium head

[Bis(mim)C5-(C4)2][NTf2]2–CO2

© 2022 The Author(s). Published by the Royal Society of Chemistry
we saw that the most stable structure is formed by the orien-
tation of one of the oxygen atoms of CO2 in front of the
ammonium head. However, in [N111-C5-mim][NTf2]2–CO2

complex due to the presence of anion, CO2 molecule is oriented
in the ammonium head in such a way that it has the most
2 complexes using CHELPG and NBO methods. Df = 180 − f angle

Charge transfer

Df/degCHELPG NBO

0.048 0.011 0.26
0.050 0.012 0.18
0.053 0.014 0.04
0.030 0.011 0.19

−0.063 −0.018 4.77

−0.033 −0.0039 2.88
−0.019 −0.0023 2.3
−0.023 −0.0037 2.69
−0.038 −0.0039 3.13

RSC Adv., 2022, 12, 35418–35435 | 35427
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interaction with the anion and cation at the same time and
presents a more accurate picture of reality.

The trend of interaction energies for DIL–CO2 complexes is
as follows: [N111-C5-mim][NTf2]2–CO2 < [Bis(mim)C5][NTf2]2–
CO2 < [Bis(mim)C5-(C4)2][NTf2]2–CO2 which is the reverse of the
trend of interaction energies for pure DILs. It seems that with
decreasing interaction energy between anions and cations, the
CO2 capture in DILs increases. This result is in agreement with
the studies of Babarao et al.82 and Gupta et al.83 on MILs–CO2

systems. They showed that CO2 solubility is governed by the
binding energy of cation–anion rather than anion–CO2.

In Table 3, the values of charge transfer in ion–CO2 and DIL–
CO2 complexes with NBO and CHELPG methods have been re-
ported. As it can be seen, the CHELPG method predicts higher
values of charge transfer, and as expected in cation–CO2

complexes the charge transfer is from the CO2 molecule to
cations and in the anion–CO2 complex the charge transfer is
from anion to CO2 molecule. Charge transfer calculated by both
methods indicates higher charge transfer in the anion–CO2

complex compared to cation–CO2, which shows stronger elec-
trostatic interactions in this complex. Also, in both methods,
the asymmetric cation–CO2 complex shows higher charge
transfer compared to the two symmetric cations. Another
interesting feature presented in Table 3 is the bending of O–C–O
angle in the CO2 molecule for anion–CO2 system, which is
signicant compared to cation–CO2 complexes.

In DIL–CO2 complexes, the negative charge of CO2 molecule
shows that more charge from the anion has been transferred to
CO2 molecule. According to the results presented in the table,
charge transfer by both CHELPG and NBO methods for DIL–
CO2 complexes obeys the following order: [N111-C5-mim]
[NTf2]2–CO2 < [Bis(mim)C5][NTf2]2–CO2 < [Bis(mim)C5-(C4)2]
[NTf2]2–CO2

This trend is in agreement with interaction energies reported
in Table S4.† In some studies, the bending of O–C–O angle is
considered as a criterion of the tendency to adsorb CO2 in the
ILs.27,32 By comparing the values of the angle deviation for CO2

molecules in different DIL–CO2 complexes, it seems that the
interactions between CO2 molecule and the studied DILs have
an enhanced tendency as side chains extend.
Table 4 Energies of LUMO and HOMO, HOMO–LUMO energy gap (Egap
DIL–CO2 complexes calculated at M06-2X/ccpVDZ level

System EHOMO/e

Ion–CO2 complexes
[Bis(mim)C5]

2+–CO2 −13.10
[N111-C5-mim]2+–CO2 Imidazolium head −13.31

Ammonium head −13.48
[Bis(mim)C5-(C4)2]

2+–CO2 −12.81
[NTf2]

−–CO2 −3.22

DIL–CO2 complexes
[Bis(mim)C5][NTf2]2–CO2 −7.15
[N111-C5-mim][NTf2]2–CO2 Imidazolium head −7.25

Ammonium head −7.29
[Bis(mim)C5-(C4)2][NTf2]2–CO2 −7.20

35428 | RSC Adv., 2022, 12, 35418–35435
The values of the HOMO, LUMO energies, DEgap, h and m

calculated for systems containing CO2 have been listed in
Table 4. Comparing the values of DEgap in Table 2 and its values
in this table (aer interaction with CO2), it is observed that the
DEgap of anion–CO2 complexes decreases from 7.44 eV to
6.57 eV, but no signicant change is observed in the cation–CO2

complexes. It can be said that the magnitude of the decrease in
the DEgap is due to the increase in the strength of the interac-
tions between the anion and CO2, and stronger interactions
between the orbitals lead to a more stable anion–CO2 complex.
For DIL–CO2 complexes, the [Bis(mim)C5-(C4)2][NTf2]2–CO2

system has the smallest energy gap compared to other systems
which is in agreement with interaction energy and charge
transfer results. Fig. S5† shows the spatial distribution of
HOMO and LUMO orbitals for studied complexes. As it can be
seen, similar to pure DILs, the HOMO orbitals are mainly
located on two anions, while the LUMO orbitals for all systems
are mainly located on the imidazolium rings.

In Table 5, the NBO analysis for studied complexes con-
taining CO2 molecules has been reported. In the case of cation–
CO2 complexes, interactions are characterized with charge
transfer from one of the lone pairs of oxygen atoms in CO2

molecule to anti-bonding orbitals in the C–H bonds of cations
and in the case of anion–CO2 complexes, interactions are
characterized with charge transfer from nitrogen and oxygen
atoms to the anti-bonding orbital in CO2 molecules. As
mentioned before, the larger value of E(2) indicates the stronger
interaction, whichmay result from a lower DEij or a larger Fij (i.e.
better symmetry between the electron donor and electron
acceptor). In agreement with previous results, the largest value
of E(2) in cations arises from the charge transfer of CO2 mole-
cule to anti-bonding orbitals in C–HR bond of the rings. The
trend of E(2) for this charge transfer in cation–CO2 complexes is
as follows: > [Bis(mim)C5]

2+–CO2 [N111-C5-mim]2+–CO2 > [Bis(-
mim)C5-(C4)2]

2+–CO2

The larger E(2) value in the [N111-C5-mim]2+–CO2 arises from
larger Fij value, which shows strong donor–acceptor symmetry
in this complex. Also, the stronger interaction energy and more
charge transfer in anion–CO2 complexes with respect to cation–
CO2 complexes (see Tables S4† and 3, respectively) can be
explained based on larger E(2) values which in turn arises from
), chemical hardness (h) and chemical potential (m) of the ion–CO2 and

V ELUMO/eV Egap/eV h/eV m/eV

−6.83 −6.27 3.13 −9.96
−6.66 −6.65 3.32 −9.98
−6.87 −6.61 3.30 −10.17
−6.59 −6.22 3.11 −9.70
3.35 −6.57 3.28 0.06

−1.09 −6.05 3.03 −4.12
−0.87 −6.34 3.19 −4.06
−0.96 −6.33 3.16 −4.12
−1.25 −5.94 2.97 −4.22

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 5 NBO analysis of studied ion–CO2 and DIL–CO2 complexes calculated at M06-2x/cc-pVDZ level

System Donor NBO(I) Acceptor NBO (j)
E(2)/kJ
mol−1 DEij/a.u Fij/a.u

Ion–CO2 complexes
[Bis(mim)C5]

2+–CO2 LP(1) O in CO2 BD*(1) C–HR 7.78 1.38 0.045
LP(1) O in CO2 BD*(1) C–H1 3.51 1.38 0.03

[N111-C5-mim]2+–CO2 LP(1) O in CO2 BD*(1) C–HR 11.40 1.36 0.057
Imidazolium head LP(1) O in CO2 BD*(1) C–HS 4.06 1.38 0.036
Ammonium head LP(1) O in CO2 BD*(1) C–H13 5.61 1.37 0.038

LP(1) O in CO2 BD*(1) C–H15 5.85 1.37 0.039
LP(1) O in CO2 BD*(1) C–H18 5.77 1.37 0.039

[Bis(mim)C5-(C4)2]
2+–CO2 LP(1) O in CO2 BD*(1) C–HR 9.66 1.37 0.05

LP(1) O in CO2 BD*(1) C–H1 4.35 1.37 0.034
[NTf2]

−–CO2 LP(1) N in [NTf2]
− BD*(3) C–O in CO2 11.51 0.58 0.036

LP(2) O1
′ in [NTf2]

− BD*(3) C–O in CO2 6.61 0.41 0.024

DIL–CO2 complexes
[Bis(mim)C5][NTf2]2–CO2 LP(1) O in CO2 BD*(1) CR–HR 3.68 1.39 0.031

LP(2) O in CO2 BD*(1) CR–HR 4.85 0.90 0.032
LP(1) O1

′ in [NTf2]
− BD*(3) C–O in CO2 5.61 0.99 0.035

LP(3) O1
′ in [NTf2]

− BD*(3) C–O in CO2 5.86 0.45 0.023
[N111-C5-mim][NTf2]2–CO2 LP(2) O in CO2 BD*(1) CR–HR 1.13 0.9 0.015

LP(3) O in CO2 BD*(1) C1–H1 1.09 0.9 0.015
Imidazolium head LP(1) O1

′ in [NTf2]
− BD*(3) C–O in CO2 5.61 0.98 0.034

LP(2) O1
′ in [NTf2]

− BD*(3) C–O in CO2 4.64 0.44 0.021
Ammonium head LP(1) O in CO2 BD*(1) CN1–H11 4.48 1.37 0.038

LP(2) O in CO2 BD*(1) C4–H7 4.02 0.91 0.031
LP(1) O1

′ in [NTf2]
− BD*(3) C–O in CO2 4.69 0.98 0.032

LP(3) O1
′ in [NTf2]

− BD*(3) C–O in CO2 5.69 0.74 0.025
[Bis(mim)C5-(C4)2][NTf2]2–CO2 LP(1) O in CO2 BD*(1) CR–HR 3.81 1.39 0.032

LP(2) O in CO2 BD*(1) CR–HR 5.35 0.9 0.033
LP(1) O1 in [NTf2]

− BD*(2) C–O in CO2 3.68 0.98 0.028
LP(1) O1 in [NTf2]

− BD*(3) C–O in CO2 3.30 1.00 0.027
LP(1) O1 in [NTf2]

− BD*(3) C–O in CO2 4.93 0.98 0.030
LP(2) O1

′ in [NTf2]
− BD*(3) C–O in CO2 4.48 0.46 0.021
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low DEij coupled with suitable donor–acceptor symmetry and
lead to more effective interactions for anions than cations.

For DIL–CO2 complexes, the largest E(2) in all systems arises
from the charge transfer of the anions in DILs to CO2molecules.
Compared to cations, anions have a stronger interaction with
CO2 molecules which is in agreement with previous results.
Furthermore, according to E(2) values, the strongest interac-
tions in the cations of all DILs (including imidazolium head for
asymmetric DIL) are due to the charge transfer from CO2

molecule to anti-bonding orbitals in C–HR bond of the rings.
The trend of the E(2) (charge transfer from CO2 molecule to C–
HR bond) for cations of DILs in the presence of anions is as
follows:

[N111-C5-mim]2+–CO2 < [Bis(mim)C5]
2+–CO2 < [Bis(mim)C5-

(C4)2]
2+–CO2. The different trend of E(2) for isolated cations and

for cations in the presence of anions can be attributed to the
effect of the interaction energy between cations and anions on
CO2 capture. The weaker interaction energy between the anions
and cations, the stronger interaction of CO2 molecule with
cation. It should be noted that since the interaction energy of
cation–anion in MILs is lower than that of DILs, it is expected
that MILs have higher gas solubility. While, experimental
studies show the opposite.19,20,22 In fact, in addition to the
interaction energy between ions, other factors such as the
© 2022 The Author(s). Published by the Royal Society of Chemistry
number of interaction sites, free volume fraction, types of ions,
etc. are effective in the amount of CO2 absorption by ILs and
should be taken into consideration.84,85

RDG isosurfaces and 2D scatter plots for studied complexes
have been displayed in Fig. 8 and S6.†Non-covalent interactions
(NCIs) such as hydrogen bonding, vdW interactions and steric
effects can be evaluated using RDG analysis. RDG plots can be
provided information about the type and strength of interac-
tions in IL–CO2 systems.86 The sign of l2 (second eigenvalues of
the electron-density of Hessian matrix) and electron density r(r)
value determine the type and strength of the interactions,
respectively, where negative and positive sign (l2) values
describe the attractive and repulsive interactions, respectively.
In 2D scatter RDG plots, spikes in large negative values of sign
(l2)*r (r > 0, l2 < 0) are indicative of hydrogen bond interactions,
whereas the spikes located at large positive values sign (l2)*r (r
> 0, l2 > 0) are the steric effects. In addition, spikes situated at
sign (l2)*r values approach zero (r ∼ 0, l2 ∼ 0) indicate very
weak vdW interactions. Also, the colored RDG isosurfaces can
be used for qualitative understanding of the nature and the
strength of NCIs. The blue, red, and green regions are used for
hydrogen bondings, strong repulsion interactions, and attrac-
tive vdW interactions, respectively.
RSC Adv., 2022, 12, 35418–35435 | 35429
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In 2D scatter plots for symmetric cation–CO2 complexes
(Fig. 8(a) and (c)), two spikes at about −0.01 a.u. and −0.12 a.u.
related to the interaction of oxygen of CO2molecule with H1 and
Fig. 8 Color-filled RDG isosurfaces and scatter graphs of RDG for (a) [Bis(m
and (d) [NTf2]

−–CO2. Green and red colors denote vdW interactions and s

35430 | RSC Adv., 2022, 12, 35418–35435
HR atoms of cations, respectively. For the asymmetric cation–
CO2 complex (Fig. 8(b)), a strong single spike at −0.01 a.u.
indicates the interaction of oxygen of CO2 molecule with methyl
im)C5]
2+–CO2, (b) [N111-C5-mim]2+–CO2, (c) [Bis(mim)C5-(C4)2]

2+–CO2

teric contributions, respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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groups at the ammonium head of cation. Furthermore, it is
observed that in areas close to zero, the number of spikes and
their intensity for anion–CO2 system increase compared to the
cation–CO2 systems, which indicates an increase in vdW inter-
actions in the anion–CO2 system. In the RDG isosurfaces, the
extension of green region shows the local character of an
interaction. A larger size of green region for asymmetric cation
shows that CO2 has stronger interactions with the ammonium
head of the asymmetric cation than the imidazolium head
which is in agreement with the previous analyses. In RDG iso-
surfaces of DIL–CO2 complexes (Fig. S6†), the green areas are
formed more between anion and CO2, which indicates the
greater contribution of anions in interaction with CO2 mole-
cules. Also, for asymmetric DIL–CO22 system (Fig. S6(b) and
(c)†), the size of green region between CO2 and DIL is less than
the other two symmetric DILs–CO2 systems (Fig. S6(a) and (d)†).
Comparing the scatter plots, it can be seen that in the [Bis(mim)
C5-(C4)2][NTf2]2–CO2 system, a strong spike in −0.03 a.u. indi-
cates the existence of stronger hydrogen bond interactions and
the more tendency of this DIL for interaction with CO2 mole-
cule. In general, the green region between DILs and CO2
Table 6 The parameters of QTAIM calculations in ion–CO2 and DIL–CO

Structure BCP r(r) (a.u.)
P

r(r) (a.u.)

Ion–CO2 complexes
[Bis(mim)C5]

2+–CO2 b1 O1–HR 0.0124 0.0219
b2 O1–H1 0.0095

[N111-C5-mim]2+–CO2 b1 O1–HR 0.0132 0.0225
Imidazolium head b2 O1–HS1 0.0093
Ammonium head b1 O1–H13 0.0102 0.0312

b2 O1–H15 0.0107
b3 O1–H18 0.0103

[Bis(mim)C5-(C4)2]
2+–CO2 b1 O1–HR 0.0130 0.0221

b2 O1–H1 0.0091
[NTf2]

−–CO2 b1 C–N 0.0120 0.0292
b2 C–O1

′ 0.0127
b3 O1–F1

′ 0.0045

DIL–CO2 complexes
[Bis(mim)C5][NTf2]2–CO2 b1 O1–HR 0.0131 0.0571

b2 O1–H1 0.0035
b3 C–O1 0.0089
b4 C–O1 0.0144
b5 O2–F2

′ 0.0100
b6 O2–F1

′ 0.0072
[N111-C5-mim][NTf2]2–CO2 b1 O1–HR 0.0082 0.0345

b2 O1–H1 0.0069
Imidazolium head b3 C–O1 0.0143

b4 O2–F1 0.0051
Ammonium head b1 O1–H11 0.0094 0.0429

b2 O1–H7 0.0088
b3 O1–N 0.0039
b4 C–O1

′ 0.0133
b5 O2–F1

′ 0.0075
[Bis(mim)C5-(C4)2][NTf2]2–CO2 b1 O1–HR 0.0132 0.0580

b2 C–O1 0.0119
b3 C–O1

′ 0.0121
b4 O2–F2

′ 0.0111
b5 O2–F1

′ 0.0097

© 2022 The Author(s). Published by the Royal Society of Chemistry
indicates that vdW interactions are driving force to CO2 capture
in DILs.

The AIM analysis of isolated ion–CO2 and DIL–CO2 interac-
tions has been reported in Table 6 and Fig. S7 and S8,†
respectively. As it can be seen, according to the values of r(r), in
all systems, the interactions of oxygens of CO2 molecules with
HR atoms of rings are stronger than other hydrogens. In DIL–
CO2 complexes, the number of interactions between the CO2

molecules and the anions is more than that for cations, and CO2

molecules interact with the anions through the oxygen and
uorine atoms. In accordance with the results of previous
analyses, the trend of

P
r(r) at BCPs between DILs and CO2

molecules is as follows: [N111-C5-mim][NTf2]2–CO2 < [Bis(mim)
C5][NTf2]2–CO2 < [Bis(mim)C5-(C4)2][NTf2]2–CO2

Which indicates that DILs with symmetric cation and
a longer side alkyl chain are more desirable for interaction with
CO2 molecules. Whereas in isolated ion–CO2 systems,

P
r(r) for

[N111-C5-mim]2+–CO2 is more and the replacement of the
ammonium group has a greater effect on the interaction with
CO2 molecule compared to increasing the length of side alkyl
chain. Therefore, the results indicate the important effect of
2 complexes

V2r(r) (a.u.) G(r) (a.u.) V(r) (a.u.) H(r) (a.u.) −(G(r)/V(r))

0.0436 0.0102 −0.0094 0.0008 1.0851
0.0344 0.0079 −0.0072 0.0007 1.0972
0.0482 0.0111 −0.0101 0.0009 1.0990
0.0316 0.0074 −0.0069 0.0005 1.0725
0.0351 0.0082 −0.0077 0.0005 1.0649
0.0366 0.0086 −0.0081 0.0005 1.0618
0.0356 0.0084 −0.0078 0.0006 1.0769
0.0466 0.0108 −0.0099 0.0009 1.0909
0.0299 0.0068 −0.0061 0.0007 1.114
0.0470 0.0101 −0.0084 0.0017 1.2024
0.0521 0.0115 −0.0099 0.0015 1.1616
0.0251 0.0052 −0.0041 0.0011 1.2683

0.0446 0.0105 −0.0099 0.0006 1.0606
0.0154 0.0030 −0.0022 0.0008 1.3636
0.0411 0.0085 −0.0066 0.0018 1.2878
0.0626 0.0139 −0.0121 0.0018 1.1487
0.0451 0.0105 −0.0097 0.0008 1.0824
0.0338 0.0074 −0.0064 0.0009 1.1562
0.0289 0.0065 −0.0058 0.0007 1.1206
0.0295 0.0061 −0.0047 0.0013 1.2978
0.0636 0.0139 −0.0119 0.0019 1.1680
0.0271 0.0057 −0.0047 0.0010 1.2127
0.0353 0.0080 −0.0072 0.0008 1.1111
0.0278 0.0066 −0.0063 0.0003 1.0476
0.0166 0.0034 −0.0027 0.0007 1.2592
0.0562 0.0124 −0.0107 0.0017 1.1588
0.0368 0.0077 −0.0061 0.0015 1.2622
0.0454 0.0107 −0.0099 0.0007 1.0808
0.0543 0.0116 −0.0096 0.0019 1.2083
0.0522 0.0113 −0.0096 0.0017 1.1770
0.0439 0.0102 −0.0093 0.0008 1.0967
0.0424 0.0081 −0.0056 0.0025 1.4464

RSC Adv., 2022, 12, 35418–35435 | 35431
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Fig. 9 (a) CO2 solubility in the studied DILs at 1 bar and at different
temperatures. (b) CO2 solubility in DILs at 303.15 K and at different
pressures calculated by COSMO-RS theory.
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anion in the interaction of CO2 with cations of DILs, which
cannot be ignored.

3.2 COSMO-RS calculations

3.2.1 COSMO-RS analysis of CO2 solubility in the studied
DILs. In this section, from molecular thermodynamics point of
view, the CO2 solubility data in the studied DILs were obtained
by COSMO-RS theory employing DFT calculations at the level of
BP/TZVP. Fig. 9(a) shows the solubility of CO2 in the studied
DILs at a pressure of 1 bar and at different temperatures. As
expected, the solubility of CO2 decreases with increasing
temperature. Also, at each temperature, the solubility of CO2 in
the DILs has the following trend: [N111-C5-mim][NTf2]2 < [Bis(-
mim)C5][NTf2]2< [Bis(mim)C5-(C4)2][NTf2]2. As it can be seen,
symmetric DILs tend to accommodate a little more CO2 mole-
cules and the solubility of CO2 slightly increases as side alkyl
chains of DILs extend longer, which accords with the quantum
results in previous sections. Payagala et al.87 reported the trend
of the densities of these DILs as [Bis(mim)C5][NTf2]2
(1.57 g cm−3) > [N111-C5-mim][NTf2]2 (1.54 g cm−3) > [Bis(mim)
C5-(C4)2][NTf2]2 (1.44 g cm−3) at 303.15 K. Also, they reported
that the viscosity of these systems decreases as [N111-C5-mim]
[NTf2]2 (292.60 mPa s) > [Bis(mim)C5][NTf2]2 (186.83 mPa s) >
[Bis(mim)C5-(C4)2][NTf2]2 (145.44 mPa s) at 323.15 K which is in
agreement with the trend of interaction energies of pure DILs.
In comparison among these three DILs, the density and
viscosity of [Bis(mim)C5-(C4)2][NTf2]2 is the lowest and it has the
largest free volume. Indeed, a longer side alkyl chain increases
the free volume in DILs, providing more available space for CO2

absorption. As it can be seen, by replacing an imidazolium head
of the symmetric [Bis(mim)C5]

2+ cation with a trimethylammo-
nium group, the electrostatic attraction between anion and
cation increases due to the localized charged density on the
nitrogen of quaternary amine and the viscosity of [N111-C5-mim]
[NTf2]2 increases. Also, by increasing the length of side alkyl
chain in cations, the strength of vdW interactions increase,
while the dispersion of the charge centers weakens the elec-
trostatic attractions between anion and cation. It seems that the
weakening of electrostatic interactions is dominant and the
viscosity of [Bis(mim)C5-(C4)2][NTf2]2 decreases. Similarly, Su
et al.88 showed that CO2 solubility increases as alkyl chains of
quaternary ammonium mono cationic ILs (QAMILs) extend at
the same temperature and pressure. In industry, CO2 absorp-
tion at high pressure is common; therefore, the solubility of CO2

at pressures up to 10 bar was also calculated. According to
Fig. 9(b), it can be seen that high pressures signicantly
improve CO2 absorption by DILs. The solubility of CO2 in the
studied DILs at 10 bar is approximately 7 times higher than that
under ambient pressure, which shows the potential industrial
application of DILs in pressure swing adsorption (PSA) of CO2.

3.2.2 Selectivity of CO2 from CO, H2 and CH4 in the studied
DILs. The solubility of a gas in a liquid at innite dilution can be
measured by Henry's law constant, which is calculated using the
following equation:

KH ¼ RTr

M
exp

�
DGsol

RT

�
(5)
35432 | RSC Adv., 2022, 12, 35418–35435
whereDGsol is the free energy of solvation, r is the density andM
is the molecular mass of pure DIL. Henry's constant is directly
proportional to gas solubility. In Fig. 10(a), the changes of the
Henry's constant of CO2 gas with temperature in the studied
DILs have been shown. As the temperature increases from
303.15 to 373.15 K, Henry's constant changes from about 60 bar
to 200 bar, which shows that high temperature conditions are
not suitable for the better physical absorption. The values of
Henry's constant show that the most suitable solvent for CO2 is
the symmetric DIL [Bis(mim)C5-(C4)2][NTf2]2 with a longer side
chain length.

Separation of CO2 from gas mixture is very common and
necessary in the chemical industry. For example, in the
production of natural gas, in addition to the main component
CH4, in most cases CO2 is also present in the mixed gas. The
presence of CO2 reduces the combustion efficiency of natural
gas and can cause pipeline corrosion.89 Therefore, separation of
CO2 from some gases is very important. In this work, in order to
investigate the effect of side chain length and symmetry in
cations on gas separation, in Fig. 10(b), the selectivities of CO2/
CO, CO2/CH4 and CO2/H2 mixtures were calculated using
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) Henry's constant versus temperature for the studied DILs.
(b) Selectivity of CO2 from CO, H2 and CH4 in the studied DILs at
303.15 K calculated by COSMO-RS theory.
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COSMO-RS theory. The ideal gas selectivity, Sm/n, can be ob-
tained by eqn (6):90

Sm=n ¼ Hm

Hn

(6)

where Sm/n is the selectivity of gas n to gasm, and Hm and Hn are
constants of Henry's law of gas m and n, respectively. As it can
be seen, in all DILs, the trend of selectivity is as follows: CO2/H2

> CO2/CO > CO2/CH4. Apparently, the selectivity of CO2 from the
other three gases decreases slightly with increasing the length
of side alkyl chain. Therefore, if we want to achieve optimal
separation of CO2 from CO, H2 and CH4 at the same time, it is
better to consider short side chains for DILs. For the asym-
metric [N111-C5-mim][NTf2]2, the selectivity of CO2/CH4 and
CO2/CO mixtures slightly increases compared to the symmetric
[Bis(mim)C5][NTf2]2 and for selectivity of CO2/H2 mixture
decreases slightly. Su et al.88 for ammonium-based MILs, re-
ported a decrease in selectivity of CO2 from CO and CH4 and an
increase in the selectivity of CO2 from H2 by increasing the
length of side chains.
© 2022 The Author(s). Published by the Royal Society of Chemistry
4. Conclusion

In summary, we have investigated three selected DILs (consid-
ering the effects of alkyl side chain length and symmetry in
cations) in the absence and presence of CO2 using quantum
mechanical methods. The results showed that for all three
structures, the linkage chain entangles in order to maximize
interactions of two heads of DILs with two anions. The trend of
interaction energy values was as follows: [N111-C5-mim][NTf2]2 >
[Bis(mim)C5][NTf2]2 > [Bis(mim)C5-(C4)2][NTf2]2. It seems that
in asymmetric DIL [N111-C5-mim][NTf2]2, by replacing a imida-
zolium group with the ammonium one, the interaction energy
between the cations and anions increases due to the more
localized charge in the ammonium group. Furthermore, AIM
and NBO analyses for all three DILs, in addition to conrming
the trend of interaction energies, showed that interaction of
oxygens of anions with HR (or HR′) atoms of the rings is
stronger than interaction with the rest of hydrogens.

In ion–CO2 complexes, it was observed that the most stable
sites for CO2 absorption in the symmetric cations are mainly the
co-absorbing positions by HR hydrogen in the imidazolium ring
and methylene group attached to the ring. However, in the
asymmetric [N111-C5-mim]2+ cation, the most stable structure is
related to the placement of CO2 molecule in front of the
ammonium head probably due to the more localized charge in
the ammonium group. The results of charge transfer values,
O–C–O angle deviations in the CO2 molecule, AIM and NBO
showed that, with the exception of the structure in which the
CO2 molecule interacts with the asymmetric cation from the
ammonium head, the tendency of the anions to CO2 is more
than cations. It can be said that the intermolecular interactions
of the anion–CO2 are due to the strong electrostatic interac-
tions, while for cation–CO2 are the weak hydrogen bonds.

For DIL–CO2 complexes, the trend of interaction energies was
as follows: [N111-C5-mim][NTf2]2–CO2 < [Bis(mim)C5][NTf2]2–CO2

< [Bis(mim)C5-(C4)2][NTf2]2–CO2 which is the reverse of the trend
of interaction energies for pure DILs. It seems that with
decreasing the interaction energy between ions, the CO2 capture
in DILs increases. The results of NBO and AIM analyses indicated
that DIL with symmetric cation and longer side chain is more
favorable for CO2 absorption which was in agreement with the
results of interaction energies and charge transfers. Moreover,
the green regions between DILs and CO2 showed that the vdW
interactions are driving force to CO2 capture in DILs.

COSMO-RS results indicated that the solubility of CO2 in the
DILs has the following trend: [N111-C5-mim][NTf2]2 < [Bis(mim)C5]
[NTf2]2 < [Bis(mim)C5-(C4)2][NTf2]2. Indeed, both symmetric DILs
tend to accommodate a little more CO2 molecules and the solu-
bility of CO2 slightly increases as side alkyl chains of a DIL extends
longer, which is in agreement with quantum results. Also, results
showed that the selectivity of CO2 from H2, CO and CH4 gases
decreases slightly with increasing the length of side alkyl chains.
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