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In this article, 20 ns molecular dynamic (MD) simulations and density functional theory (DFT) were used
to investigate the absorption of CO, molecules by some functionalized 1,8-diazabicyclo[5,4,0]-udec-7-
ene (DBU)-based ILs. According to the MD results, the highest coordination number for N.--C is
observed in the case of [DBUH*][Im~], which indicates that the functionalization of the imidazole anion
by different alkyl groups decreases the interaction ability of the anion with CO, molecules. The addition
of water molecules to the ILs decreases the ability of the anion to interact with CO, because of the
hydrogen bond formation between the imidazole anions and water. Two different paths were proposed
for CO, absorption by the ILs, and the effect of alkyl groups on the kinetics and thermodynamics of the
reaction was analyzed by using the M06-2X functional at the 6-311++G(d,p) level of theory in the gas
phase and water. On the basis of the results, CO, absorption is more favorable in [DBUH*][Im™],
thermodynamically. Kinetic parameters show that the alkylation of the imidazole anion by ethyl, propyl,
iso-propyl, and phenyl groups decreases the rate of CO, absorption, because of the steric and electron-
withdrawing effect of different alkyl groups. In the presence of water molecules, the lowest activation
Gibbs energy is related to [DBUH*][Im™], which confirms the greater ability of this IL in CO, absorption.
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1. Introduction

In recent years, the atmosphere has been changed by green-
house effects. Carbon dioxide (CO,) was found to be able to
effectively increase the earth’s temperature and produce the
global warming problem."” Moreover, gaseous compounds
such as shale gas, natural gas, and biogas have CO, impurities,
which affects the cost of thermal energy sources.” In the last
decade, the CO, concentration in the atmosphere has increased
due to industrial activities.” Therefore, the purification of gases
is a significant topic investigated by different research groups.®
Amine solutions are efficient absorbents for CO, separation, but
these solvents have some limitations in industrial applications,
such as toxicity, corrosiveness, and destructive environmental
effects.””®

Ionic Liquids (ILs) have a melting point below 100 °C
containing organic cations and organic or inorganic anions,”'’
as well as outstanding properties, such as non-flammability, non-
volatility, no toxicity, and biodegradability.'>'* These properties
make them favorable for different applications in catalysis,"* bio-
chemistry, enzymes,'* chemical industries,' and green chemistry.'®
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In comparison with the amine solution, ILs have emerged as a
potential candidate for use as an absorbent in CO, capture.'” For
instance, in amino acid ILs, the presence of the amine and
carboxylate group in the anion structure provides a good capacity
for CO, absorption.'® The structure tunability of the ILs is more
than that of an amine solution, which makes them favorable for
designing diversity in the cation and anion parts for efficient
CO, capture."

A new generation of compounds based on 1-8-diazabicyclo
[5,4,0]-udec-7-ene (DBU) was discovered by Moller’s group.>°
For the first time, DBU-based compounds were used as the
catalysts by Bertrand’s group, because of their ability of nucleo-
philic attack in organic reactions.”’ DBU-based compounds
have been used in the organic synthesis of switchable ionic
liquids (SILs) as a new generation of solvents that have numerous
applications in extraction,” biochemistry,”® CO, absorption,**
and catalysis® because of their non-nucleophilic alkaline nature.

Privalova et al. studied DBU-based ILs having the alcohol
group as the SILs (ROH, R = 1-hexanol, 6-amino-1-hexanol) for
CO, absorption.*® The results show that in comparison with the
classical ILs, SILs have a high CO, absorption capacity. The
viscosity of the SILs is higher than that of classical ILs that
decreases with temperature increment. On the basis of the
obtained results, they suggested that these types of ILs can be
applied for CO, absorption in industry.

Lethesh and coworkers studied the density, viscosity, surface
tension, and thermal stability of twelve kinds of DBU-based ILs
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with chloride, bromide, and thiocyanate anions.>” The obtained
results confirm that an increase in the length of the alkyl groups
in the DBU cation increases the viscosity of the ILs. The surface
tension of these ILs is more than that of common solvents
and lower than that of imidazolium-based ILs. Based on the
experiments, they claimed that the thermal stability of the DBU-
based ILs is approximately equal to the imidazolium type.

Chen and coworkers synthesized 3(2H)furanones from diyne
alcohols in the presence of DBUH-based ILs as the catalyst.”®
They found that the basic ability of the imidazole anion has a
significant effect on the catalytic activity of the ILs. NMR data
and density functional theory (DFT) results indicate that the
imidazole anion functionalized by benzyl groups has the high-
est basicity and catalytic activity in comparison with other ILs.
They inferred that the benzyl group improves the performance
of the DBU-based ILs as the solvent in chemical reactions.

In particular, the IL solvents have some water impurities and
the presence of water molecules has an important effect on the
properties of ILs.>® The results indicated that the formation of a
strong hydrogen bond between the water and ILs affects the
reactivity of them.

Zhu and coworkers investigated a new generation of protic
ILs with DBU as the cation and imidazole as the anion.*® The
results show that CO, absorption proceeds in a stoichiometric
ratio of 1:1. The effects of water and anion functionalization
were investigated and the obtained results demonstrate that
the functionalization of the anion by different substitution
groups plays an important role in CO, absorption and the rate
of CO, uptake decreases in the presence of water. They examined
the recyclability and reusability of [DBUHJ[Im ] IL by absorption/
desorption diagrams. The obtained results indicate that
[DBUH|[Im ] IL maintains the ability of CO, absorption during
the recycling process with a slight weight loss, which makes them
suitable for industrial application.

The recyclability and reusability of the [DBU][Lac] ILs were
investigated in the reaction between aniline and 2-cyclohexen-
1-one.>” The obtained results indicate that this IL can be reused
in 8 cycles without any decrease in the catalytic activity.
In another study, the reaction between propargylic amine and
CO, was catalyzed by [DBUH][MIm] IL.** The obtained results
confirm that this IL can be reused for five cycles without mass
and catalytic activity loss, which makes it favorable for indus-
trial applications.

Li et al. studied the cycloaddition of CO, with the epoxide ring
in the presence of DBU-based ILs.** Different kinds of cations
were used including DBU, 1,5-diazabicyclo[4,3,0]-5-nonene (DBN),
and imidazolium. The results showed that DBU-based ILs have
better catalytic activity than other ones. The effects of tempera-
ture, pressure, and time of reaction were investigated to specify
the optimum conditions for the reaction. The obtained results
show that the best conditions are 120 K, 1 MPa, and 2.5 h. DFT
calculations were performed to investigate the hydrogen bond
interaction between the ILs and the reactant for proposing the
best mechanism of this reaction.*® On the basis of the energy
analysis, the absorption of CO, by the epoxide ring in the presence
of the ILs as the catalyst is the preferred mechanism.
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Wang et al. investigated the effect of DBU super base and
DBU-derived bromide ILs in the reaction between CO,, amine,
and epoxide.>* NMR spectroscopy and DFT calculations were
performed to investigate the mechanism of the reaction. The
results showed that DBU-based ILs and DBU super base act as
the hydrogen donors and acceptors, respectively. In other words,
DBU and DBU-based ILs are found as cooperative activators
for the substrate. Therefore, a mixture of organic solvents, such
as DBU super base and DBU-based ILs can be identified as a
synergetic catalyst for the mentioned reaction.

DFT calculations and molecular dynamic (MD) simulations
are powerful methods to examine the interaction of the IL-CO,
from the molecular viewpoint. Zhang et al reported that
guanidinium-based ILs can be used for CO, absorption.35 MD
simulations and DFT calculations were employed to investigate
the CO, absorption at different concentrations. The radial
distribution function (RDF) and coordination number (N(r))
show the closer affinity of [BF, ]| anions to CO, molecules in
comparison with the cation, which indicates that the role of the
anion is more important than that of the cation for interaction
with CO,. Also, the DFT results show that the interaction of the
anion and CHj; group of the cation is related to hydrogen bond
formation.

As discussed above, DBUH"-based ILs as the cation and
imidazole as the anion have suitable physicochemical proper-
ties that make them appropriate for use in industrial processes.
Also, the imidazole anion is a good candidate for CO, absorp-
tion because of the high basicity and the presence of two
nitrogen atoms in the chemical structure that provide a high
ability for interaction with CO,. Meanwhile, the activity of the
DBU-based IL does not change during the absorption process,
which makes them suitable for recycling and reusing in indus-
trial processes.

The presence of water molecules has an important effect on
the interaction of ILs with CO, molecules. Also, it is indicated
that the charge distribution in the imidazole ring can affect the
interaction ability of CO, with imidazole anions. Therefore,
the investigation on the effect of substitution groups and the
presence of water molecules is important, especially from the
molecular viewpoint that provides important data for industrial
applications.

Herein, MD simulations and DFT calculations are performed
on the eight types of DBU-based ILs consisting of DBU" as the
cation and eight functionalized imidazoles as the anions to
examine the ability of these ILs for CO, absorption. This study
is of interest from the molecular engineering viewpoint for
designing new ILs having tunable properties. The structures of
the studied DBU-based ILs are shown in Scheme 1.

2. Theoretical methods
2.1. Molecular dynamics simulations

Molecular dynamic simulations were performed to investigate
the defined systems including ILs, CO,, and water molecules by
using AMBER 12.%° The atomic charges of different atoms were
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Scheme 1 The structures of DBU-based ILs with eight imidazole groups (Met = methyl, Et = ethyl, Pr = propyl, iPr= iso-propyl, Ph = phenyl), CO,, and

water molecules.

calculated by using the CHelpG method for cations and anions
of the ILs, CO,, and H,0O molecules at the MO06-2X/
6-311++G(d,p) level of theory.>” The General Amber Force Field
(GAFF) was used to construct the force field parameters by
using the antechamber program.*® To investigate the type and
strength of the interactions between the DBU-based ILs and
CO, molecules, a cubic box with 40 A dimensions was designed
by using the PACKMOL program, which is composed of 150 ion
pairs of the ILs and 150 CO, molecules.*®

In the first step of the simulation, energy minimization was
applied in 20000 steps to obtain the optimized structure in
terms of energy and reduces unfavorable contacts. After this
step, all structures in the NVT ensemble were heated from
0 to 300.0 K and 400 ps (according to experimental data).
The equilibration step was performed without any positional
restraints for 1 ns in the NPT ensemble in a pressure of 1 bar
and a temperature of 300.0 K. Finally, the results of the
equilibration step were used for 20 ns simulations in an NPT
ensemble (the product stage) with 2 fs time step.

To investigate the effect of water, 150 water molecules were
added explicitly in a cubic box of DBU-based ILs. Minimization,
heating, equilibration, and production steps were performed
under the same conditions for various DBU-based ILs, in the
presence of water. The temperature and pressure in the NPT
ensemble were controlled by using the Langevin thermostat
with a collision frequency of 2 ps~* and a relaxation time of
1 ps, respectively.*>*" The SHAKE constraints were applied
including hydrogen bonds with 2 fs time step.*” The long-range
electrostatic interactions were applied by using the Particle Mesh
Ewald (PME) method and dispersion interaction was evaluated in
a space cut-off of 8 A.**

2.2. DFT calculations

The DFT method was applied to investigate the CO, absorption
by DBU-based ILs by using the Guassian09 program.** The
MO06-2X functional with the 6-311++G(d,p) basis set was used
to optimize the reactants, products, and transition state (TS)
structures.”>*® The zero-point vibrational energy (ZPVEs) was
considered for the stationary states. The vibrational frequency
analysis confirmed the reactant and product structures with the
real frequencies and TS structures with one imaginary frequency.

This journal is © the Owner Societies 2020

The synchronous transit-guided quasi-Newton (STQN) was employed
to locate the TS structure and intrinsic reaction coordinate calcula-
tions were used to confirm the stationary point connection.*’

Water molecules as the solvent affect the thermodynamics
and kinetics of CO, absorption. Therefore, the solvent effects
were investigated by the conductor-like polarizable continuum
model (CPCM).*®*°

Natural bond orbital (NBO) analysis was applied to evaluate
the charge transfer between the anion of the DBU-based-ILs
and CO, in the reactants, products, and TS structure. This
analysis was suggested by Reed et al. for evaluating donor-
acceptor interactions through the second-order perturbation
energies, E(2), especially in the TS structure.*

To examine the bond critical points (BCPs) of the reactant,
product, and TS structures, topological properties were calculated
by Bader’s quantum theory of atoms in molecules (QTAIM).>*
These parameters include the electron density (p(r)), kinetic
energy density (K(r)), potential energy density (V(r)), electron
location function (ELF), and localized orbital locator (LOL) that
were calculated by Multiwfn 3.1.%>

3. Results and discussion
3.1. MD simulation results

3.1.1 The interaction of CO, with imidazole anions. The
interaction of the anion-CO, during 20 ns simulations was
analyzed. The experimental and theoretical results indicate that
the anion has an important role in CO, absorption.*° The radial
distribution function (RDF) diagrams describe the probability
of finding, g(r), and the separated distance, rmayx, between two
atoms that are used to understand the ability of interaction at
the special site.>® In the interaction between the anion, cation,
and CO, molecules, the lower r,,,, represents the closer affinity
of the anion or cation to CO, and their stronger interaction.®
The RDF diagrams for N1- - -C6 and N3- - -C6 interactions in the
anion-CO, are shown in Fig. 1. Also, the RDF diagram for
N4---C6 interaction between the cation-CO,, during 20 ns MD
simulations, is shown in Fig. S1 (ESIt). According to the
obtained results, the r,,.x value between N1---C6 and N3---C6
is 3.35 A in different imidazole anions, which is shorter than
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Fig. 1 The calculated RDF for the interaction of N1.--C6 and N3. - -C6 between the anion and CO, after 20 ns MD simulations (for atom numbering see

Scheme 1).

that of N4.--C6 interaction (in the range of 5.55 to 6.25 A)
confirming the effective interaction between CO, and imida-

zole anions.

Phys. Chem. Chem. Phys.

The first coordination number, N(r), is the area under the
first RDF peak used to examine the average number of specific
atoms around the central sites. This parameter is useful for
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comparison between the strength of the interactions, especially
in the cases having equal 7,,,ax. The coordination number diagram
is depicted in Fig. 2. Also, the g(r)max and N(r) values of the

N1---C6 and N3---C6 interactions are represented in Table 1.
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It was claimed by Zhang et al. that the strength of the
interaction between CO, and the imidazole anion is improved
by increasing the N(r) value.*® According to Table 1, in the case
of [DBUH*][Im ], the highest values of N(r) for the N1---C6 and
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Fig. 2 The coordination number (N(r)) for the interaction of N1.--C6 and N3.--C6 between the anion and CO, after 20 ns MD simulations (for atom
numbering see Scheme 1).
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Table 1 The theoretical value of g(f)max and N(rmax in different DBU-
based ILs for N1.--C6 and N3 --C6 interactions

8Mmax  N(r)

8Mmax  N(r)

Compound N1.--C6 N1---C6 N3---C6 N3---Cé6
[DBUH|[Im ] 1.78 2.14 1.74 2.08
[DBUH'|[4-MeIm ] 1.78 2.00 1.52 1.57
[DBUH'][2-MeIm ] 1.48 1.55 1.61 1.68
[DBUH'][2-EtIm ] 1.18 1.17 1.55 1.59
[DBUH'][2-Prim | 1.71 1.64 1.38 1.42
[DBUH|[2-iPrIm ] 1.39 1.37 1.25 1.22
[DBUH'][2-Et-4-MeIm ]  1.18 1.25 1.76 1.73
[DBUH'][2-PhIm ] 1.66 1.53 1.57 1.48

N3---C6 interactions are 2.14 and 2.08, respectively, which
indicates the strongest interaction between CO, and the unsub-
stituted imidazole anion. In the case of other ILs, the N(r) value
for N1---C6 and N3---C6 interaction decreases in the presence
of methyl, ethyl, propyl, iso-propyl, and phenyl groups in
comparison with [DBUH'][Im ]. These results show that the
strength of the interactions between CO, and the imidazole
anion decreases by the substitution of the anion by different
alkyl groups.

The N(r) value for the N1.--C6 interaction in the case of
[DBUH'][2-MeIm ] is lower than [DBUH'][4-MeIm ], which
indicates that the substitution at the R, position by alkyl groups
decreases the strength of the interaction greater than that of R,.
Also, multi-substitution in the case of [DBUH'][2-Et-4-MeIm ]
decreases the strength of interaction in comparison with
[DBUH'|[Im~]. [DBUH'][2-PhIm~] has a lower N(r) than
[DBUH'][Im]. This result demonstrates that the electron-
withdrawing groups decrease the charge density of N1 and N3
atoms of the imidazole anion, which reduces the interaction
ability of these atoms with CO, molecules.

Overall, the obtained results indicate that the steric hindrance
of the alkyl groups and electron-withdrawing effects of the phenyl
groups are important factors that decrease the ability of CO,
interaction with the anion in comparison with [DBUH][Im].
These results are in agreement with the experimental data, which
demonstrate that [DBUH'[Im ] has the highest capacity of CO,
uptake that decreases by the alkyl substitution of the anion.*

3.1.2 The effect of water on the anion-CO, interaction.
On the basis of the experimental data,*® the CO, absorption
capacity of the DBU-based ILs significantly decreases in the
presence of water. Therefore, to examine the effect of water on
the interactions between the imidazole anion and CO,, 20 ns
MD simulations were performed in the presence of 150 water
molecules. The RDF diagrams for the interactions of N1 and N3
atoms of the imidazole with the C6 atom of CO, are depicted
in Fig. S2 (ESIt). The coordination number in the presence of
water molecules, N(7), for anion-CO, interactions was calcu-
lated and shown in Fig. S3 (ESIT). Also, theoretical values of
Tmax N(7), and g(r)max are represented for the N1.--Cé6 and
N3---C6 interactions in Table S1 (ESI¥).

According to Table S1 (ESIt), g(")max and N(r) values of the
N1---C6 and N3---C6 interactions in the presence of water are
lower than that of pure ILs, implying that the ability of
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interactions between the anion-CO, decreases in the presence
of water molecules, in agreement with the experimental data.>
On the basis of the results, the maximum value of N(r) is related
to [DBUH'][Im ] and the alkyl substitution on the imidazole
anion reduces N(r). According to this result, the substitution
of alkyl groups at the R; and R, positions decreases the ability
of interaction between the anion-CO, in comparison with
[DBUH'][Im™].

To have a better insight into the effect of water, the RDFs
for interactions between the O and H atoms of water mole-
cules with N1 and N3 atoms of the imidazole anions were
analyzed and represented in Fig. 3. The g(7)max and r,ax values
are represented in Table S2 (ESIt). According to Fig. 3, the
strong interactions are related to N1---H11, N3---H11, and
010- - -H9 pairs.

Three kinds of hydrogen bonds were proposed by Steiner
and Jeffry including the strong H-bond (covalent) with the bond
distance of 1.2-1.5 A, moderate H-bond with the bond distance
of 1.5-2.2 A, and weak H-bond with the bond length greater
than 2.2 A.>® In the case of N1-H11 and N3-H11 interactions,
the first sharp peak at 1.85 A confirms the moderate hydrogen
bond formation with electrostatic nature. On the basis of
the results, the presence of the water molecule decreases the
capacity of CO, absorption of DBU-based ILs because of the
moderate hydrogen bond formation between the anion and water
molecules. According to the Steiner and Jeffry data, the strong,
moderate, and weak H-bond angle are greater than 170°, 130° and
90°, respectively. The average H-bond angles are listed in Table S3
(ESIt). These results show that the average H-bond angles between
the imidazole anion and water molecules are in the range of
160-162° in different DBU-based ILs, confirming the moderate
H-bond formation in the presence of water molecules.

The experimental results indicate that water remarkably
affects the rate of CO, absorption by the [DBUH|[Im] IL,
which is confirmed by the hydrogen bond formation between
water molecules and imidazole anions through the MD simulations.
This type of H-bond formation may be the main factor that
decreases the ability of anions to interact with CO, molecules.

3.2. DFT results

3.2.1 Mechanism insight. The interaction between the
nitrogen atoms of the DBUH' and CO, was inhibited thermo-
dynamically because of a positive charge of DBUH" and super
basicity of DBU. But two nitrogen atoms of the imidazole anion
have a high possibility of interaction with CO, because of their
negative electronic charge, which is stabilized by the resonance
effect.>**® The carbamate formation was confirmed by IR
spectroscopic and "*C-NMR analyses showing the N-C bond
formation (two peaks at 1700 cm ™' and 163.5 ppm, respectively).
Therefore, we proposed a stoichiometric ratio of 1:1 for the
absorption mechanism by the DBU-based ILs (Scheme 2), in
which carbamate is the main product confirmed by Zhou,
experimentally.*°

3.2.2 Structural analysis. In the mechanism study, we
anticipate the strong interaction between the C atom of CO,
and N atoms of the imidazole anion. This process is conducted

This journal is © the Owner Societies 2020


https://doi.org/10.1039/d0cp03612a

Published on 15 August 2020. Downloaded by Lomonosov Moscow State University on 9/3/2020 3:13:53 PM.

View Article Online

PCCP Paper
10 14
e — ST | Tl eSO sy e N1-H11
oL i [DBUH|[Im] =~~~ N ol [DBUH'|[4-Melm] —-_-. e
st & —e 010-H9 :‘. ----- 010-H9
7+ 0 10 i
6 F 1 1
= ! 8T Iy
w0 % o
41 6 :=
3+ ] 4 |=
] 1y
2t 2 A
(1) I j"f\‘ --_‘x:ii.f,:"l'-“‘“““.'""’," 0 A":"f\‘\j-':‘-",“x:-':,-'—“"".""" . . .
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
r(A) r(A)
10 N1-H 12 NI1-H11
i 12- q === 1-H11 . eeee x
9 ;  [DBUH2-Melm]  Z777 N3.HI1 }(1) [ [DBUH|[2-Eflm7]  ==--- N3-HI1
3 010-H9 ol & T eee- 010-H9
T F n g | l:
n 1]
10 7T i
=251 0 B6r W
0 4 f " 51
3L i) 3f i
2T :"‘nl" M\ 2t E I
| d =N - LA WA WA Uy
A —— I
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
1(A) (&)
10 9
I APdm] === NLHIL (0 |l s
, é [PREEFtm] L 2 N3-HII st [DBUH*|[2-iPrim] ~ " N
o g S  eeee
: h 0O10-H9 7} .= ----- 010-H9
61 u
6 F [ ] 1]
' ~5t I
=251 E "
T4 L ! o0 4 ¢ |:
3 L ] 3 F '.‘I
:n N :"l
AT > Lo "\. -
Lp o NW-EAGR Seemm=a 1t =\\£c___'&,.;~\"__>.=-_-
0 el 1 1 1 1 1 1 O ) 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 0 4 6 8 10 12 14 16
r(A) r(A)
14 9
g o Nt@mm?r oot === N1-H11
DBUH*|[2-Et-4MeIm] ----- NI-HI1 I o
2 | 3 [DBUH2-Et-4Melm] ----- il ® ! [DBUH+][2-PhIm-]  ____. N3-H1I
" - 7 B s 010-H9
wmh o s 010-H9 ]
iy 61
~8r - K
QDG r :0: C\D4 B .‘J
" 3t W
41 W N .
:*. ,\| 2t .|l| n
2 r ¥ 1 - =‘I| l”\/‘ 2= N a
0 1 1 1 1 1 1

r(A)

8
r(A)

Fig. 3 The calculated RDF for interaction between the functionalized imidazole anion and water molecules after 20 ns MD simulation between
010---H9, N3---H11, and N1.--H11 atoms in the presence of water molecules.

by the nucleophile attack of the lone pair electrons of N1 and
N3 atoms to the C atom of CO,. The optimized structure of the
reactants, TSs, and product in [DBUH'][Im ] IL in the proposed
paths are shown in Fig. 4 including the atom numbering.

This journal is © the Owner Societies 2020

According to the bond length changes during the CO,
absorption, Table S4 (ESIt), the bond formation of N1.--C6
and N3- - -C6 at the TSs is confirmed, yielding carbamate anions
as the final product. At the TS structures, the difference in the
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Scheme 2 The proposed mechanism for CO, absorption with imidazole
anion of DBU-ILs.

bond length of the N1- - -C6 and N3- - -C6 interactions, especially
in the case of [DBUH'][2-MeIm |, [DBUH'][2-EtIm ], and
[DBUH'][2-Et-4MeIm ], indicates that the steric effect of alkyl
groups remarkably affects the interaction between CO, and the
imidazole anion. The CPCM method as an implicit solvent
model is not adequate to show the solvent effect on the critical
bond at the TSs.

3.2.3 Energy analysis. Theoretical thermodynamic and
kinetic parameters during the CO, absorption by the DBU-
based ILs were calculated and represented in Table 2. The potential
energy diagram (PED) for paths A and B in [DBUH'J[Im ] ILs are
represented in Fig. 5 in the gas phase and water (the PED for other
DBU-based ILs are represented in Fig. S4, ESIT).

Thermodynamic studies indicate that paths A and B are
unfavorable for [DBUH'][2-PhIm ] and [DBUH'][2-Et-4MeIm ],
respectively (AG > 0), while in other ILs, CO, is absorbed

Reactant
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chemically and the process is exothermic. The lowest AG™
value is observed in the case of [DBUH'][Im ] in the gas phase.
The presence of the methyl group at the R, and R, positions in
the cases of [DBUH'][4-MeIm ] and [DBUH'][2-MeIm~] does
not show a significant change in AG”. On the other hand, on
the functionalization of the imidazole anion by ethyl, propyl,
and phenyl groups, the energy barrier of the reaction increases,
which shows that the steric effect of alkyl groups decreases the
interaction ability of the anion with CO, molecules. The highest
energy barrier is related to [DBUH'][2-PhIm~], in which the
electron-withdrawing effect of the phenyl groups decreases the
electronic charges on the N1 and N3 atoms that weakens
the strength of N3.-.C6 interaction in comparison with
[DBUH'|[Im]. In the presence of water, CO, absorption by
[DBUH'][Im ] is more favorable than other DBU-based ILs
from the thermodynamics and kinetics points of view. Alkyl
groups represent the same behavior in the gas phase.

Overall, the DFT results indicate that [DBUH'][Im™] is the
preferred candidate for CO, absorption in comparison with
other ILs, and the alkyl groups on the anion decrease the ability
of CO, uptake. All DFT results are in agreement with the MD
simulations and experiments.*°

3.2.4 NBO analysis. The stabilization energy, E(2), provides
information about the interaction of donor-acceptor orbitals in
the reactants and TSs in the CO, absorption process. This
analysis provides a better insight into the strength of N1.--C6
and N3---C6 bond interactions. The stabilization energies of
these interactions for different DBU-based ILs are listed in
Table S5 (ESIf). On the basis of the obtained results, in all
cases, the higher stabilization energies are related to the lone
pair electrons of N atoms of the imidazole anions and the
antibonding orbital of the C-O bonds. These interactions
include lIp N1 — w* C6-08 and lp N3 — n* C6-08, which
confirms the N- - -C bond formation between the DBU-based ILs
and CO,.

The presence of a methyl group at the R, and R, positions
of [DBUH'][2-MeIm~] and [DBUH'][4-MeIm ] does not have a

Product

Fig. 4 The optimized structures of the reactants, TSs, and product in [DBUH*][Im~] in the proposed paths of the mechanism.
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Table 2 Thermodynamic and kinetic parameters of the CO, absorption by different DBU-based ILs in the gas phase and water (kJ mol™?, As in J mol™*
K™
IL Path AG” AG AH AS AG,” AG,, AH,, AS,,
[DBUH'|[Im ] A 13.50 —38.82 —52.24 —45.04 5.68 —54.63 —64.40 —32.80
B 7.61 —33.65 —41.34 —25.77 6.87 —52.58 —54.64 —6.92
[DBUH'][4-MeIm ] A 13.60 —39.99 —51.24 —37.75 7.88 —46.17 —52.48 —21.17
B 7.13 —36.83 —41.18 —14.58 10.10 —51.32 —55.04 —12.50
[DBUH*|[2-MeIm ] A 14.73 —35.46 —47.48 —40.27 6.63 —46.79 ~52.61 -19.85
B 9.94 —34.79 —43.03 —27.64 7.54 —58.82 —57.85 3.24
[DBUH'][2-EtIm ] A 21.59 —21.54 -33.31 —39.47 22.65 —39.43 —53.30 —46.51
B 11.52 —26.16 —40.67 —48.66 23.06 —33.82 —50.88 —57.23
[DBUH*][Z-PrIm*] A 16.38 —40.10 —52.53 —41.66 10.97 —42.31 —47.04 —15.88
B 9.06 —20.23 —-31.67 —38.32 16.05 —-37.21 —49.78 —42.17
[DBUH*][Z-iPrIm’] A 16.38 —29.74 —43.53 —46.26 11.89 —-31.93 —46.78 —49.80
B 17.47 —45.35 —54.55 —31.92 20.45 —62.15 —71.96 —32.91
[DBUH'][2-Et-4-MeIm ] A 19.20 —24.56 —35.76 —37.54 20.43 —42.93 —55.49 —42.11
B — 2.54 —15.67 —59.08 26.74 —19.09 —37.44 —61.54
[DBUH'][2-PhIm] A — 28.27 16.77 —38.57 — 11.35 0.814 35.32
B 37.02 —7.57 —18.04 —-35.13 29.56 —16.36 —33.81 —58.54
& -~ [DBUH"][Inr]-Path A calculated and depicted in Fig. S5 (ESIT). According to this figure,
-3 e eSS the bond formation between N1---C6 and N3---C6 is confirmed.
5 -T2 \
e Y ---- [DBUH*][Im]-Path B
N ‘\ \ - -o-[DBUH"][In] in water-Path A .
S 4. Conclusion
é ‘\\ ‘\:\ [DBUH'][Im"] in water-Path B
g® A joint MD simulation and QM study was performed on the
. LR S possibility of CO, absorption by DBU-based ILs. The anionic parts
N e-eee of these ILs are different in the alkyl groups as the substituent.
45 3 .
) To show the effect of water molecules as the co-solvent in CO,
55 Reaction proceeding o-e-oo-0 absorption, the implicit solvent model was applied in QM calcula-

Fig. 5 The potential energy diagram of CO, absorption by [DBUH*I[Im"]
in the gas phase and water.

significant effect on Ip N1 — 7n* C6-08 and Ip N3 — n* C6-08
interactions. The stabilization energy analyses of the
[DBUH'][2-EtIm ], [DBUH'][2-PrIm ] and [DBUH'][2-iPrIm ]
ILs indicate that the presence of propyl and iso-propyl groups
decreases the donor-acceptor interaction energy at the TS
structures that may be related to the steric effects of the alkyl
groups. The lowest stabilization energy of Ip N3 — n* C6-0O7
and lIp N3 — n* C6-08 is found in [DBUH'][2-PhIm ], which
indicates the lowest charge transfer in comparison with other
ILs, according to the thermodynamic and kinetic results.

3.2.5 QTAIM analysis. To investigate the nature of the
anion-CO, interactions, topological parameters at the bond
critical points (BCPs) of the N1---C6 and N3---C6 for the
reactant and TS structures were calculated in the gas phase
model by using the QTAIM analysis and represented in Table S6
(ESIT). On the basis of the obtained results, the electron density
of N1 --C6 and N3- - -C6 BCP in TSs A and B is more than that of
the reactants, which indicates the bond formation between
these atoms during the reaction. The theoretical ratio of the
kinetic energy density to the potential energy density (—G/V) is
an indicator of the bond type. The analysis of the —G/V ratio
shows that the N- - -C bond at the TS has a covalence character.
To describe the strength of the bond formed at the TSs
quantitatively and qualitatively, ELF and LOL parameters were

This journal is © the Owner Societies 2020

tions. 20 ns MD simulations in the system consisting of DBU-
based ILs and CO, molecules indicate that [DBUH']Im ] has the
highest ability of CO, absorption. On the basis of the obtained
results, it was confirmed that ethyl, propyl, iso-propyl, and phenyl
substituent groups decrease the strength of the N- - -C interactions.
On the basis of the N(r) values, [DBUH'[Im] is the preferred
candidate for CO, absorption. Moreover, water molecules decrease
the ability of the anion to interact with CO,, due to the H-bond
formation with the N atoms of the imidazole anion, which is in
agreement with the experimental data. DFT calculations on the
CO, absorption show that the presence of ethyl, propyl, iso-propyl,
and phenyl groups on the anion increases the activation Gibbs
energy of the reaction. This means that the steric and inductive
effects of the alkyl groups remarkably affect the thermodynamics
and kinetics of the CO, uptake. Also, the presence of water
molecules has a significant effect on the kinetics of the reaction
and increases the energy barrier of the N---C interaction in
comparison with the gas phase, especially in the case of alkylated
imidazole anions. A good agreement between the MD simulations
and QM results with the experimental results indicates that the
computational modeling is of interest because it is complementary
to the experimental method to design new efficient ILs for
industrial processes.
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