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Abstract

This groundbreaking research rigorously investigated the CO, absorption potential of two potassium-based ionic liquids (ILS),
namely potassium benzene disulfonamide [C¢H4KNS,0,4] and potassium phthalimide [CgH;KNO;]. Driven by the urgent need
for effective carbon capture technologies to combat climate change stemming from fossil fuel combustion, this study employed
sophisticated Density Functional Theory (DFT) calculations using the M062X/6-31+G(d,p) method. The computational
approach encompassed comprehensive geometry optimization, in-depth molecular interaction analyses, precise binding energy
assessments, insightful Natural Bond Orbital (NBO) analysis, and a thorough evaluation of solvent effects. The findings
unequivocally demonstrate that both ILs exhibit tangible interactions with CO,, with binding energies ranging from -3.108 to
-0.232 kcal/mol for C¢H4KNS,0, and -3.475 to -0.219 kcal/mol for CgH4KNO,. These energies strongly suggest the viability of
these ILs for CO, capture applications, potentially requiring minimal energy for regeneration. Crucially, the research established
that potassium benzene disulfonamide [C¢H4KNS,0,4] displays superior CO, capture efficacy compared to potassium
phthalimide [CgH4KNO,]. This conclusion is robustly supported by compelling thermochemical and molecular interaction data.
NBO analysis further elucidated that CO, interaction induces alterations in the IL geometry and facilitates charge transfer
between the interacting species. Moreover, studies on cation-anion interactions revealed a stronger association between
CsH1KNS,0, and the potassium cation (K*). Investigation of isolated anion interactions with CO, echoed the preference for
[CsH4NS,0,4]. While solvent effects influenced thermochemical properties, they did not fundamentally alter the geometry of the
anion-CO, complexes. In conclusion, the computational evidence unequivocally indicates the formation of stable complexes
between the investigated IL pairs and CO, molecules. Most significantly, this study firmly establishes that CsH,KNS,0;, is a
more promising candidate for efficient CO, absorption, offering a pathway towards the development of advanced and effective
CO, capture technologies.
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1. Introduction

CO, is one of the major greenhouse gases in the quantum
world that cause significant effects on climate change [1]. The
burning of fossil fuels to produce electricity and heat em-
powered the release of large quantities of CO, into the at-
mosphere. In recent years, CO, has been found to be a major
contributor and one of the most challenging environmental
issues facing worldwide climate change [2]. This has inspired
researchers in the area of CO, capture strategy advancement.
GU T. M. [3] Studied quite a lot of readily ac

cessible CO, capture strategies through an absorption
technology, which could be used to alleviate CO, emissions.
One of the key significances under development is a new,
faster, high absorption rate for CO, and good chemical sta-
bility. Much research has been devoted to finding or designing
new solvents or materials for CO, separation through chem-
ical/physical absorption, chemical/physical adsorption,
membranes, solid adsorbents, and biomimetic approaches [4].
There are different technologies for CO, capture in the world,
although they are energy intensive, far from cost-effective,
and not attractive for large-scale applications [1].

The recent comprehensive review on high- temperature
energy cells with carbon internee studies [5] indicate that the
CO, internee strategy enhancement will continue competi-
tively in the future because CO, emigrations is adding due to
increase in energy demands for the growing artificial revolu-
tion. The discoveries and uses of special classes of ILs as
absorption paraphernalia took place a long time a gone until
the late 1990s, in the areas of electrochemistry and organic
chemistry. These have been changed suddenly as a result of an
composition published by Freemantle [6] in 1998 that re-
ported the implicit operations of ILs as a new soap for green
chemistry [7] also, the tunability parcels of ILs give an spare
degree of freedom for designing cleansers with certain spe-
cific characteristics [8]. This prolusion provides a suggestion
on the scale of the problem and the resolution to take action in
order to help unrecoverable climate change. It was first re-
ported by Blanchard et al., 1999 [9] that sizable amounts of
CO, might dissolve in imidazolium-ground ILs to facilitate
the formation of a dissolved product. This work sparked a
flurry of scientific research on the topic of CO, immersion
with ILs, which quickly expanded the body of knowledge on
this particular topic [8].

At the moment, monoethanol amine (MEA) is still thought
to be the primary detergent in waterless alkanol
amine-grounded prisoner process outcomes. due to its many
benefits over other commercially available alkanolamines,
such as its low molecular weight, strong reactivity, and in-
expensive solvent cost. Therefore, a high absorbing capacity
on a mass base, reasonable thermal stability, and thermal
declination rate [10]. The disadvantages of MEA include the
high enthalpy of response with CO, leading to a high energy
demand due to the conformation of a stable carbamate and
also the conformation of declination products with oxygen-
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containing feasts. Furthermore, amine-ground detergents'
inability to eliminate mercaptans, high vapor pres-
sure-induced vaporization losses, and superior cattiness
compared to several other alkanolamines [11] suggest the
necessity for an essential detergent system.

MEA is a basic instance in this field because of its broad
application and benefits over other alkanolamines; nonethe-
less, the anticipated shortcomings of this amine-based solvent
prompt the scientific community to discover additional es-
sential detergents for CO, immersion. CO, prisoner by ILs has
been presented as an implicit volition system due of its unique
properties. ILs, which are organic mariners that live as liquids
under room temperature and which are polar detergents with
no vapor pressure, non-flammability, high thermal stability,
fairly low density, wide temperature ranges for big liquids,
high ionic conductivity, and nonvolatile material, have been
considered for numerous operations [12]. Thus, this work is
intended to hunt for a suitable IL for CO, prisoner from stove
pipe- gas aqueducts and other point sources and probe com-
putationally using the Density functional study (DFT) system
to understand the medium of the immersion process. This is
one of the possible approaches that can be used to ameliorate
CO, prisoner technology.

2. Computational Detail

The Gaussian 09 software program was used to execute all
quantum chemical calculations, whereas Gauss View 5.0.9
[13] was used to build all inputs for this investigation. First,
the PM6 [14] model was used to perform semi-empirical
computations to identify the most stable structures among all
inputs. All computations were performed using the DFT [15]
technique with no symmetry restrictions, using the 631+G(d,p)
basis set [16] and the M062X [17] functional. By calculating
frequency, each optimized structure was verified to be a real
minimum. The absence of imaginary frequency in the ground
state optimized structures confirms that they coincide with
potential energy surface minima [18]. Vibrational frequency
calculations have been used to get the thermochemical data
for the partnering interactions of carbon dioxide with anions
and ILs under standard conditions. This document reports all
energies with thermal energy correction and zero point energy
included. The presented thermochemical results were not
corrected for basis set superposition errors. The binding en-
ergy, AB.E, which is the energy difference between the com-
plex’s total energy and the energy sum of each monomer that
makes up the complex using equations (1), and the enthalpy of
interaction, AH, were calculated using equations (2) [19].
Using the associated equation (3) [19], the additional ther-
modynamic parameters, such as the change in entropies, AS,
were computed.

AB.E = B.EIL — CO, — (B.EIL + B.ECO,) 1)
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AH = HIL — CO, — (HIL + HCO,) @)

AS=SIL-CO,-(SIL+SCO,) 3)

NBO analysis [20] and electrostatic implicit analysis have
also been performed at the M062X/ 6- 31 G(d, p) position to
gain a deeper appreciation of the nature of the relations be-
tween ionic ILs and their complexes with CO,. Natural bond
orbital studies have a resource-full system to anatomize in-
tramolecular and intermolecular relations. NBO analysis
stresses the part of intermolecular orbital commerce in the
complex, particularly charge transfer. This is carried out by
considering all possible relations between filled patron and
empty acceptor NBOs and estimating their energetic signifi-
cance using alternate order anxiety proposition [21]. For each
patron NBO (i) and acceptor NBO(j), the stabilization energy,
E(? equation (4) associated with electron delocalization be-
tween patron and acceptor is estimated as follow.

F(i))?
Lg-g

E® = q (4)

Where g; is the orbital occupancy, €;, €; are diagonal
elements and F;; is the off-diagonal NBO Fock matrix ele-
ments.

The solvent effect has been implicitly calculated using the
self-consistent reaction field (SCRF) method using the po-
larizable continuum model (PCM) created by Dhar and
Fahim's group [22] for the polar protic (water) and polar
aprotic (chloroform and DMSO) solvents in order to reduce
the unrealistic effect of this computational investigation. The
MO062X functional [23], which can predict interaction ener-

gies in greater agreement with experimental data than the
B3LYP functional [24], was used to calculate all inputs for
this computational investigation in gases and solvents.

3. Results and Discussions

3.1. Structural Features of CO, and Anions

CO, is a carbon conflation in which the carbon is connected
covalently to each oxygen grain by a double bond. CO, is a
white odorless gas at room temperature and pressure. In order
to determine the commerce point, the frontier molecular or-
bitals (HOMO and LUMO) and molecular electrostatic
eventuality (MESP) map of CO, were analyzed as depicted in
Figure 1. The HOMO of CO, concentrated over O- particles,
and the LUMO of CO, concentrated over C- particles. The
ESP map of the CO, patch shows that the O- particles bear
negative charges and the C- particles bear positive charges.
Therefore, the frontier molecular orbital analysis and ESP
map visualization indicate that the C- grain of CO, is read for
electrophilic commerce, whereas O- particles are read for
nucleophilic commerce. CO, is nonpolar and contains two
polar bonds that are arranged symmetrically and cancel each
other. The dipole moment of CO, is zero. The optimized
structure of CO, patch at M062X/6-31G(d,p) position in gas
phase gives its geometric parameters, analogous as the bond
angle between (O-C-0) is 180° and the bond length (C- O) of
1.169 A, which are in good agreement with the experimental
values of 180° for the angle and 1.163 A for the bond length
[25].

@)

The geometries of two anions, [Ce¢HsNS,04] and
[CsH4NO;], were optimized using the DFT method with the
MO062X functional and 6-31+G(d.p) basis set, ensuring the
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(b)
Figure 1. (a), HOMO-LUMO, (b) ESP map and (c), Optimized structures of CO, calculated at M062X/6-31+G(d,p) level in gas phase.

©

absence of imaginary frequencies in their ground states. For
the [C¢H4NS,04] anion, the bond angles between atoms (e.g.,
016,512,017 =014, S11,015=115.780 and N13, S11, 014


http://www.sciencepg.com/journal/ijctc

International Journal of Computational and Theoretical Chemistry

http://www.sciencepg.com/journal/ijctc

= N13, S12, 017 = 110.640) reflect interactions within sul-
fonate and nitrogen-sulfur-oxygen environments. For
[CsH4NO;], bond angles such as C1, C7, N13 = C2, C8, N13
= 109.690 and N13, C7, O15 = N13, C8, 014 = 128.260

suggest typical aromatic sp=hybridization and conjugative
interactions between nitrogen, carbon, and oxygen atoms.
These angles reveal structural features related to conjugation,
electronic interactions, and bond strain in the anions.

Figure 2. The geometric parameters for the optimized structures of (a) for [CsH4NS,04] and (b) for [CgH4NO,] anions calculated at

MO062X/6-31+G(d,p) level in gas phase.

The electrostatic potential (ESP) map of the anions
CsHsKNS,0, and CgH,KNO,, calculated at the
MO062X/6-31+G(d,p) level, reveals highly negative regions
(red areas) concentrated around the oxygen and nitrogen
atoms, indicating high electron density. These regions are
potential sites for interaction with CO,, which could be driven
by electrostatic forces between the negatively charged anions

and the partially positive carbon atom of CO,. Additionally,
the partially yellow areas on the map represent regions where
van der Waals interactions may occur, involving weaker at-
tractions between carbon and hydrogen atoms. The electron
density redistribution in these anions gives rise to a net nega-
tive charge on the oxygen and nitrogen atoms, highlighting
multiple possible interaction sites for CO,.

@)

3.2. Cation-Anions Interaction of the ILs

To determine stable conformers of the ILs, the geometries
of the K* ion and the anions (CgH4KNO, and CgH,KNS,0,)

28

(b)
Figure 3. ESP map of (a) for [C¢H4NS,0,] and (b) for [CsH4NO,] anions calculated at M062X/6-31+G(d,p) level in gas phase.

were optimized separately at the M062X/6-31+G(d,p) level.
The K" ion was then positioned around the anion geometries
to form ion pairs, with one stable conformer obtained for each
IL. Vibrational frequency calculations showed no imaginary
frequencies, confirming that the ion pairs are in their ground
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states. Electrostatic potential (ESP) maps revealed high elec-
tron density around the N and O atoms of the anions, indi-
cating the sites of strongest electrostatic interaction with K.
The maps also highlighted Van der Waals interactions (yellow

regions) between C-H atoms and the electrostatic presence of
K* (blue regions). These results demonstrate stable ion pair
formation through charge transfer and electrostatic forces.

K* CeH4KNS,0,

CgH,KNO,

Figure 4. ESP surface of ILs and the optimized geometry of ion (K™) calculated at M062X/6-31+G(d,p) level in gas phase.

The analysis compares the binding energies of two ILs,
CeH4KNS,0, and CgH,KNO,, with potassium ions (K*). The
calculated binding energies (AB.E) are -127.178 kcal/mol for
CsH4KNS,0, and -115.364 kcal/mol for CgH,KNO,, indi-
cating that CgH,KNS,O, has a stronger interaction with K*
due to its more negative aspects for binding energy. This

suggests that CsH4KNS,04 is more stable and could be more
effective for applications such as CO, loading, where strong
cation-anion interactions are desirable. From Figure 5, both
ILs show direct interactions between K* and the N/O atoms of
the anions, but the higher binding energy in C¢H4KNS,0,
suggests it has a higher potential for CO, absorption [26].

Figure 5. lonic pairs comprising a potassium ion, [K™] with two anion calculated using M062X/6-31+G(d,p) level in gas phase.

The polarity of the molecule is indicated by its dipole
moments and has a significant impact on its interactions with
CO,. The distance between the positive charge center and
the negative charge center of an IL pair decreases as the
dipole moment decreases. The molecular polarity for the
entire IL pair will be stronger if the dipole moments of the
ion pairs are larger. Similar rules were observed for AB.E.
The large negative aspects of the AB.E, the stronger the
interaction between the cation and anions. Therefore, it is
easy to form a coupled structure, which can effectively re-
duce the interaction between IL pairs, resulting in a low

29

viscosity [12].

Table 1. Selected thermochemical properties of ion-pairs at
MO062X/6-31+G(d,p) level in gas phase.

lonic liquids
Thermochemical data CeH4iKNS,0, CgH,KNO,
AB.E, kcal/ mol -127.178 -115.364
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between anion and CO,: chemisorption of CO, come to be
about in N-C carbamate bond formation, loss the linearity of
the structural model of CO,, and another structure in which
CO, is closely physisorbed but no carbamate bond formations
Dipole moment, Debye 7.2959 7.8982 occur. This indicates the two C= O bonds in CO, bend to-

wards the same direction due to the geometrical position and

natural behaviors of O- atoms in both anion and CO, molecule.
3.3. Interactions of Isolated Anion with CO, The minimal energy surface [27] was used to observe both

soluble ILs and two anions of the chemisorption mechanisms
Schemes 1 and 2 depict the interaction between CO; and  of CO, bindings in this progress report.

every selected anion, with the anion’s high-electronegative
N-atoms being the most strongly bound. The physical and
chemical interactions must be consider for the interaction

lonic liquids

Thermochemical data CsH1KNS,0, CgH,KNO,

\4
- N
o o L
\\S/ +CO, <I / C\\
N\ VN
/N co © [CeH4NS,04] - CO, physisorption
s >
o/ o o =

/O
2

N\~

[CeH4NS,04] anion \ .
/
VRS

o
\\‘o
o
[CeH4NS,04] - CO; chemisorption

Scheme 1. Physisorption and Chemisorption mechanisms of [CsH4NS,0,4] - CO, from CO, and N- interaction, structure of N-heterocyclic
[CeH4NS,04] - anion.

+CO o}

+C02 3

[CgH,NO,] anion ) C\\O

[C3H4NO,]- Cobz chemisorption

Scheme 2. The physisorption and chemisorption interaction mechanism between CO, and [CgH,NO,] anion.

The study evaluates the interaction energies (enthalpies, sults show that the [CsH4NS,04] anion has significantly more
AH) between CO, and two anions, [CeH4NS,0,] and  negative AH values, indicating a stronger and more favorable
[CgH4NOs], across different computational models. The re- interaction with CO, compared to [CgH4NO,]. This stronger

30
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interaction suggests that [C¢H4NS,O4] is more effective for
CO, absorption, aligning with high experimental CO, solu-
bility data from Shifflett and Yokozeki [26]. Thus,
[CeH4NS,04] is a more suitable candidate for CO, capture
applications.

The complexes [CgH4sNO,] -CO; (e) and [CgH4NO,] -CO,
(g) have strong exothermic interactions with CO,, making
them suitable for CO, absorption. The values of these com-
plexes have significantly more negative compared to complex
(f), suggesting better CO, chemisorption. According to
Shifflett and Yokozeki, the high solubility of CO, in ions is
due to the anion’s Lewis basicity, which facilitates charge
transfer to CO,. For the [CgHiNS,0,4]-CO, complexes,
chemisorption energies range from -39.86 to -21.77 kcal/mol,
with the most stable configurations showing energies between

-39.86 and -37.61 kcal/mol, highlighting their efficiency in
CO, capture.

The study compares the binding energies and thermody-
namic properties of different ion-CO, complexes. The
[CgH4NO,]- CO,(f) complex is energetically favorable and
less energy-demanding for CO, capture compared to other
complexes like [C5H4N8204] - CO,, [C3H4N02]' COz(e),
which require higher energy for chemisorption. Thus, chem-
ical immersion is more suitable for the CO, junking process
from the stove pipe gas streams or exhaust feasts than physical
immersion [28]. The study also shows that [CgH,NO,] and
[CeH4KNS,O4] complexes exhibit strong CO, absorption,
making them competitive for CO, capture. Thermodynamic
data, including AB.E, AH, AS, and dipole moment (dpm), are
detailed in Table 2 for further analysis.

Table 2. AB.E and AH are in kcal/ mol, AS in Cal/molk and Dipole moment in Debye of [C¢H4NS,0,] - CO, and [CgH4NO,] - CO, complexes

are presented in the gas phase at M062X/6-31+G (d, p) level.

(@) [CeH4NS,0,4]-CO, complexes AB.E
[CeHiNS,04]-CO; | (a) -37.025
[CsHaNS,0,]-CO; 11 (b) -39.274
[CeH4NS,04]-CO; 11 (C) -39.2564
[CeH4NS,04]-CO;, 1V(d) -39.26

(b) [CgH4NO,]-CO, complexes AB.E
[CgH4NO,]-COl (e) -24.186
[CgH4NO,]-CO;, 11 (f) 23.336
[CsH4NO,]-CO;, 111(g) -21.177

The dipole moment in each quantum mechanical computa-
tional data analysis for the interactions of anion and ion pairs
with CO, in the formation of their complexes was one of the
significant points to find the different types of stable minimal
energy quantum mechanical models between them chemically
bonded atoms or molecules [29]. As shown in Figure 3, in the
favorable sites, H atoms attack the high electron density atoms
of CO,. The most imaginable sites for nucleophile attack are
around H atoms of [C¢H4NS,04] and [CgH4NO,] anions,
which can be visualized clearly. Usually, H-bonds are formed
between the high electronegative O atoms of CO, and
H-atoms of each anion, but their strengths vary and the cor-
responding optimized models of complexes are stable. With
the addition of CO, to the [CgH4NO,] ion structure at Figure
6(f), the H- atoms leave the [CgH4sNO,] molecule and make a
carbamate bond with the C of CO,. The geometries of ani-

31

AH AS Dpm
-37.61 -28.863 6.42
-39.86 -30.959 8.86
-39.84 -32.124 8.28
-39.85 -31.282 8.67
AH AS Dpm
-24.77 -32.785 13.26
22.744 -36.702 9.442
-21.77 -23.228 10.9

on-CO, complexes are shown in Figure 6, in which the strong
H- bonds are formed by the shorter bond length between
atoms of Hydrogen and Oxygen [30], in [CsH4NS,0,4] -CO,
and [CgH4NO,] -CO, complexes at (b), H7... 019, (c), H7...
020 and (f), H12... 018. The corresponding bond lengths and
bond angles are 2.49 A, 2.5091 A, and 2.0594 A, and 174.684°,
174.7009°, and 120.61532°, respectively. A strong H-bond
corresponding to a stable geometrical model of complex can
be shown in Figure 6(f). However, the interaction energy of
enthalpy for complex (f) is -21.77 kcal/mol, and its interaction
shows chemisorption of CO,. The charge transfer from anions
to CO, and the change of angle formed between C and O are
included in this computational investigation in the formation
of all of the anions-CO, complexes and summarized in Table
3 as follows.
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Table 3. Bending angle (<O-C-0°% and Muliken charge distribution of both anion-CO, complexes are presented here in the gas phase at

M062X/6-31+G (d, p) level.

Complexes

(@) [CeH4NS,0,4]-CO; | (a)
[CeHaNS,0,]-CO; 11 (b)
[C6H4NS;0,]-CO, 111(c)
[CeHaNS,0,]-CO; IV (d)

(®”) [CgH4NO,]-CO; 1 (e)
[CsH4NO,]-CO;, 11 ()
[CsHNO,]-CO;, 11 (g)

Charge distribution

-1.465
-1.481
-1.481
-1.639
-0.68

-0.579
-0.689

Bending angle

174777
174.684
174.70091
175.818
138.37007
120.61532
177.29593

Figure 6. The optimized structures of [CgH;NO,]-CO, and [CsH4NS,04]-CO, complexes in gas phase calculated at M062X/6-31+G (d, p)

level.
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The ESP map of [C¢H;NS,0,] -CO; and [CgH4NO,] -CO,
complexes are shown in Figure 7. It can be easily shown that
the ESP surface sites close to the molecular interactions were
affected by the stereo structure and the charge density distri-
bution. The highly negative regions (red area) in the ESP
surface of both anions and CO, were found away from one
another and showed high activity around the high abundance
of electron-rich parts of atoms present in the anions-CO,

(d)

complex. In contrast, the highly positive regions (yellow area)
in each part of the anions- CO, complexes were localized on
the hydrocarbon bonds, which could be considered a possible
site for nucleophilic attack of the C-atom in the CO, molecule.
The C- atom in CO, attacking the N13, H12, and all parts of
the O atoms of each anion were determined by ESP analysis,
which coincides with the following quantum chemical analy-
sis of this computational study.

Figure 7. The ESP map of [CgHsNO,]-CO, and [CsH4NS,04]-CO, complexes in the gas phase calculated at M062X/6-31+G (d, p) level.

3.4. Interaction of IL Pair with CO,

The capacity of absorption of CO, in the ILs was note-
worthy for further study. This may possibly be related to the
computational interactions between ILs and CO, molecules.

CgH,KNS,04 and CO, interaction

In this work, based on related previous power-driven reports
[31] and the DFT-based optimized geometries, the two in-
teraction mechanisms (Scheme 3 and 4) were proposed to
show the formation of ILs-CO, complexes. Mechanisms of IL
with CO, interactions are shown in Schemes 3 and 4 below.

CgH,KNS,0, - CO, complex

Scheme 3. The interaction mechanism between C¢H4KNS,0, and CO.,.
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] 0

| i ﬂ

\ ) ¢ 0
K 0’ \

7 i ] =
Ci\o ﬁ C/
0 ¢
CgH,KNO, and CO, interaction CgH,KNO, - CO, complex

Scheme 4. The interaction mechanism between CgH4sKNO, with CO,.

The interaction of two IL, CgH,KNO, and C¢H,KNS,0,  The IL-CO, complexes were also optimized to study the in-
with CO, were investigated using quantum chemical calcula-  teractions, and thermochemical data, including binding ener-
tions. The geometries of ILs were optimized at the  gies and other relevant parameters, were compiled in Table 4.
M062X/6-31+G (d,p) level, and vibrational frequency analy-  This study provides insights into the roles of CO; in the ab-
sis confirmed stable structures with no imaginary frequencies. sorption process by these ILs.

Figure 8. Optimized minimum energy structural IL-CO, complexes are calculated at M062X/6-31+G(d,p) level in gas.
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The interaction between ILs and CO, were studied by first
optimizing the geometry of each component individually
using the M062X/6-31+G(d,p) level of theory. CO, was then
placed in high electron density regions around the optimized
IL structure, and the IL- CO, complexes were calculated using

Gaussian 09 software. Six stable geometries of IL- CO,
complexes were obtained, confirmed by the absence of im-
aginary frequencies. Electrostatic potential (ESP) maps of
these complexes were generated, revealing additional binding
sites where IL- CO, interactions may occur.

Figure 9. The ESP map of CgH;KNS,04-CO, and CgH,KNO,-CO, complexes calculated at M062X/6-31+G(d,p) level in gas phase.

Table 4. Geometrical parameters and thermochemical data for the minimum energy structural 1Ls-CO, conformers at M062X/6-31+G(d,p)

level in gas phase.

Thermodynamic values CsH1KNS,0, -CO, Conformer

(a) (b)
C-0,A 1.1544 1.1561
<0-Cc-0,° 176.53 179.92
Relative energy, kcal mol™ 1.0000 0.000
AB.E, kcal mol™ -25.989 -21.585
AH, kcal mol™® -26.5813 -22.177
AS, cal molk* -27.406 -21.497
Dpm, Debye 6.44 8.07

The interaction between ILs and CO,, specifically involv-

ing potassium ion, results in the formation of carbamate bonds.

Computational calculations using Gaussian software show
that the formation of these bonds is energetically favorable,

CgH,KNO, -CO, Conformer

() (d) © ®
1.165 1.155 1.156 117
177.13 175.45 179.93 1745
1.000 1.000 1.000 0.000
-23.58 -26.15 -21.42 -25.85
-24.172 -26.74 -22.01 -26.44
-28.88 -28.00 -20.22 -25.18
6.93 7.15 9.05 7.04
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with exothermic enthalpy changes (AH). The ion pair
CeH4KNS,04 exhibits lower AH, indicating it is more effi-
cient for CO, absorption and regeneration compared to
CgH4KNO,, making it a potentially environmentally friendly
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option for CO, chemisorption. The interaction leads to a
bending of CO,'s typical linear structure, with the O-C-O
bond angle adjusting based on the specific 1L-CO, complex
formed. The study also evaluates the ion pairing energy
(AB.EIL-CO,), further demonstrating the stability of the ion
pair.

In the chemisorption between the O atom in CO, and the K
atom for both ILs, compared to 180° of the pure CO, molecule,
the angle of O=C=0 was the bending degree of O=C=0 from
180° to 176.53° (a), 179.92° (b) and 177.13° (c), and the bond
length between C and O was extended from 1.1544 A (a) to
1.1561 A (b) and 1.1565 A (c) all in the optimized structures
of CsH;KNS,04- CO, complexes, respectively. In the same
way, the angle of O=C=0 was bent to 175.45° (d), 179.93° (e),
and 174.5° (f) with extended bond lengths of 1.155 A (d),
1.156 A (e), and 1.17 A () in CgH,KNO, - CO, complexes,
respectively. All 1L-CO, complexes were calculated at the

3.5. NBO Analysis

MO062X/6-31+G(d,p) level of theory in the absence of imag-
inary frequency. Consequently, complexes (b), (c), and (e) are
capable of absorbing CO, molecules at the three major pos-
sible sites due to the observation of lower AH, which is shown
in Figure 8. The interaction of CO, with CgH;KNS,0, is more
favorable at a lower AH value relative to CgHsKNO,. This
computational investigation result of the angle of bending
CO, in the interaction with both IL optimized geometry of (b),
(c), and (e) are better than more recent work such as the
phenolic IL with CO, experimental observations to 177° re-
ported by Vafaeezadeh and his co-workers [32]. The opti-
mized structures in Figure 8 also suggest that the [K] cation
and [C¢H4NS,04] anion in the ion pair have active sites for
CO, absorption. It was found that the [K] cation and
[CsH4NS,04] anion were the main active sites for the loading
of CO,.

Table 5. The main second order perturbation stabilization energy, E(2) (Kcal/mol) of accepter and donor in CgH4KNO,, CO,/CgH4KNO,,
CeH4KNS,0, and CO,/C¢H4KNS,0, complexes calculated at M062X/ 6-31+G(d, p) level in the gas phase as follow.

Species Donor (i) Accepter(j) E2(kcal/mol) Ej-Ei/a.u
LP1(N13) BD*1(C2-C8) 11.45 1.24
LP2(014) BD*1(C2-C8) 25.88 1.12
CLHAKNO, LP2(014) BD*1(C8-N13) 24.20 1.23
LP2(014) BD*1(C8-N13) 24.20 1.23
LP2(O 14) BD*1(C8-N13) 24.20 1.23
LP2(015) BD*1(C7-N13) 32.00 1.16
LP2(014) BD*1(C2-C8) 26.15 1.12
LP2(014) BD*1(C8-N13) 2451 1.23
CO,/CgH,KNO, LP2(015) BD*1(C1-C7) 28.81 1.09
LP2(015) BD*1(C7-N13) 31.88 1.16
LP3(015) BD*2(C7-N13) 266.99 0.42
LP2(N13) BD*1(S11-015) 18.54 0.62
LP2(014) BD*1(511-015) 30.66 0.66
LP3(014) BD*1(C2-S11) 22.13 0.54
LP2(015) BD*1(S11-N13) 22.69 0.63
LP3(015) BD*1(C2-511) 20.46 0.56
CeH4KNS,0,
LP2(016) BD*1(S12-N13) 22.70 0.63
LP3(016) BD*1(C1-512) 20.47 0.56
LP2(017) BD*1(S12-016) 30.66 0.66
LP3(017) BD*1(C1-512) 22.12 0.54
LP3(017) BD*1(S12-N13) 21.52 0.60
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Species Donor (i) Accepter(j) E2(kcal/mol) Ej-Ei/a.u
LP2(014) BD*1(S11-015) 33.06 0.96
LP3(014) BD*1(C2-S11) 24.37 0.80
LP3(014) BD*1(S11-N13) 23.38 0.87
LP2(015) BD*1(S11-N13) 25.39 0.90
LP3(015) BD*1(C2-S11) 22.66 0.82

CO/CeHKNS,0, LP2(016) BD*1(S12-N13) 25.72 0.90
LP3(016) BD*1(C1-S12) 22.22 0.82
LP2(017) BD*1(S12-016) 32.40 0.96
LP3(017) BD*1(C1-S12) 26.73 0.80
LP3(017) BD*1(S12-N13) 20.09 0.87

LP3 (O 14) —BD* 2 (C 8 - N 13)
E(2) = 182.86 kcal mol!

LP2(017)—BD*1(S12-016)
E(2)=30.66 kcal mol!

LP2(014)—BD*1(S11-015)
E(2)=33.06 kcal mol!

Figure 10. The schematic graphs of the charge transfer occurring from the lone-pairs to the anti-bonding orbital based on the

NBO analysis at M062X/6-31+G(d,p) level.

The NBO analysis was sustained by showing the minimum
energy structures of CgH;KNO,, CsH;KNS,04 and the best
selected geometry of IL- CO, conformers in gas phase from
Figure 8(a) and (d) above by using M062X/6- 31+G(d, p)
level. In order to define the charge transfer taking place from
the ion pairs to the anti-bonding orbital, the main do-
nor-accepter orbitals are shown in Figure 10. The main sec-
ond-order perturbation stabilization energy, E(2) (kcal/mol),
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of accepter and donor in two ILs and ILs - CO, and the data of
NBO in relation to these discussions are shown in Table 5.
The advanced the numerical value E(2), the better the inter-
face strength between the donor and acceptor atoms in a
molecule. As shown in Table 5, for CgH4;KNO,, E(2) of LP3
(0O14) — BD* 2 (C8- N13) is 182.86 kcal/mol, and it indicates
the existence of a very strong interaction between the orbitals
of LP 3(014) and BD*2 (C7-015). At the same time, the
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E(2)s of LP 2 (015) — BD*1 (C7-N13) and LP 2 (O15) —
BD*1 (C1-C7) are 32.00 and 28.78 kcal/mol, respectively. It
suggests that the increasing order interactions between the
donors and accepters are LP 2 (O15) — BD* 1 (C1-C7) <LP
2 (015) — BD*1 (C7-N13) <LP3 (0O14) — BD* 2 (C8-N13).
In CO,/CgH,KNO, complexes, the E(2)s of LP 3 (O15) —
BD* 2 (C7 - N13) are 266.99 kcal/mol, which shows an ex-
tremely strong interaction between the orbitals of LP 2 (O15)
— BD*1 (C7 - N13). For the CgHsKNS,0,, E(2) of LP 2 (014)
— BD* 1 (S11-015)and LP 2 (O17) — BD* 1 (S12 - O16)
are 30.66 kcal/mol, and it shows better interaction between
the orbital’s of LP2 (O14) and BD* 1 (S11 - O15), LP2 (O17)
and BD* 1 (S12-N13) than the other donor-accepter orbital’s
of atoms in this ionic pair. Generally, the values of E(2)s are
large and strong orbital interactions in CO,/CgH;KNO, com-
plexes than CgH4KNO,, CsH4KNS,0, and CO,/CgH4KNS,04.
All types of this computational analysis are carried out by

investigating all possible interactions, donor NBO (i) and
acceptor NBO (j), stabilization energy E(2) connected with
delocalization, or two electron stabilizations [30].

3.6. Solvent Effect on Interactions of IL...CO,
Complexes

The solvent effects were considered to minimize potential
biases in the quantum chemical computations. Using the PCM
model [22], all species and complexes were re-optimized at
the M062X/6-31+G(d,p) level in the presence of three sol-
vents—water, DMSO, and chloroform. Unlike the gas-phase
calculations, solvent inclusion did not significantly alter the
geometry of the anion-CO, complexes. However, the ther-
mochemical properties of the species and complexes were
notably affected by the solvents, as revealed by the quantum
chemical calculations [32].

Table 6. Solvents effect on anion- CO, complexes thermochemical data in unit of Kcal/mol for AH, AB.E, and Cal/ molk for AS at

M062X/6-31+G(d,p) level.

(a) [CgH4NO,] - CO, complexes

Chloroform DMSO Water

AH AB.E AS AH AB.E AS AH AB.E AS
| -7.26 -6.67 -35.1 -8.08 -7.19 -35.55 -8.13 -7.54 -35.54
1 13.74 14.3 -36.21 14.47 15.06 -36.43 14.48 15.07 -36.35
11 -1.73 -1.139 -24.04 -1.51 -0.92 -23.09 -1.5 -0.913 -22.63
(b) [CsH4NS,04] - CO, complexes

Chloroform DMSO Water

AH AB.E AS AH AB.E AS AH AB.E AS
I -3.01 -2.42 -29.53 -2.7 -2.11 -26.51 -2.69 -2.10 -26.25
1 -3.8 -3.21 -29.33 -3.04 -2.45 -27.69 -3.009 -2.41 -27.74
" -3.81 -3.22 -27.099 -3.003 -2.41 -27.99 -2.97 -2.377 -28.13
v -3.22 -2.634 -29.84 -2.94 -2.35 -29.12 -2.94 -2.35 -29.17

The effect of three solvents on the geometry, binding energies, and interactions of ion pairs in the gas phases of IL-CO,
complexes has been re-optimized. Table 7 provides a summary of the thermochemical information about CgH;KNO, and
CeH4KNS,0,4 ILs in terms of AH, AB.E (kcal/ mol), and AS (cal /molk).

Table 7. The thermodynamic data for CgH,KNO, and C¢H,KNS,0, ILs in the presence of selected solvents at M062X/6-31+G(d,p) level.

Chloroform DMSO Water

ILs AH AB.E AS AH AB.E AS AH AB.E AS
C¢H4KNS,0, -28.11 -20.7 -26.5 -8.806 -8.21 -25.46 -7.91 -7.32 -25.48
CgH,KNO, -30.04 -29.45 -24.0 -9.69 -9.10 -23.11 -8.78 -8.19 -23.05
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Quantum chemical computations show that solvent effects
can significantly alter molecular interactions compared to
gas-phase data. Chloroform exhibits stronger bonding and
greater stability for ion-pair interactions (—26.59 cal/mol-K)
compared to water (—25.48 cal/mol-K) and DMSO (—25.46

cal/mol K). This suggests chloroform better stabilizes certain
cation-anion pairs. Water, however, remains a preferred sol-
vent for ILs due to its ability to lower energy requirements for
CO, absorption and IL regeneration, likely due to its polarity
and hydrogen bonding capabilities.

2.7126

Figure 11. Solvents effect on the geometries of (a-c) and (d-f) complexes of CgH,KNS,0, and CgH,KNO, with CO, were calculated by po-

larized continuum model (PCM) at M062X/6-31+G(d,p) level.

The study investigates the interaction between CO, and two
ILs, CgH4sKNS,O4 and CgH,KNO,, focusing on their interac-
tion energies in both gas and solvent phases. The K* cation in
both ILs shows a strong interaction with CO,, especially in
Ce¢H4KNS,0,. Interaction energies calculated using the Po-
larizable Continuum Model (PCM) are between -3.69 and
-0.049 kcal/mol in the solvent phase, which is lower than the
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gas-phase values (-22.177 and -22.01 kcal/mol). The results
are reasonable agree with —16.8 kJ/mol or -4.019 kcal mol™ of
[NH,emim][BF4]-CO, system reported by Wu et al., [33].
CeH4KNS,0, interacts slightly more strongly with CO, than
CgH4KNO; in solution. These results are consistent with prior
studies, suggesting competitive absorption behavior of CO,
with both ILs.
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Table 8. Solvent effects on IL- CO, complexes thermochemical data in unit Kcal/ mol for AH, AB.E and Cal/molK for AS at M062X/6-31+G(d,p)

level.
Chloroform DMSO
AH AB.E AS AH

©) -3.69 -3.108 -24.98 -3.05
(b) -0.82 -0.232 -21.40 -0.049
(c) -3.51 -2.922 -26.40 -2.828
(d) -4.06 -3.475 -27.39 -3.23
(e) -0.811 -0.219 -19.12 0.075
(4] -2.809 -2.218 -22.83 -1.65

The study uses DFT to compute the binding energies of
ILs-CO, complexes, with results ranging from -3.475 to
-0.219 kcal/mol, in good agreement with experimental data
from Tilvet et al [34] (binding energy of -2.7 kcal/mol). The
binding energy is influenced by the solvent, with chloroform
found to be the most effective for reducing binding energy and
facilitating CO, absorption. The interaction between the
electrophilic potassium ion (K) and the nucleophilic oxygen
(O) of CO, is analyzed, showing that shorter bond lengths
indicate stronger interactions. The strongest interactions occur
in the dIL and bIL conformers, while strong hydrogen bond-
ing is observed in the cIL conformer. Overall, the study
demonstrates that DFT calculations effectively predict
IL-CO, binding and interaction strengths.

4. Conclusion

In this work, for C¢H,KNS,0, and CgH,KNO, IL-based
CO, absorption has been examined with the objective of
clarifying phases to analyze and report the absorption process
by using the DFT method of mixed M062X and 6-31+G(d,p)
levels, which leads to the design of more effective IL absor-
bents. The calculated binding energies are in the range of
3.108 kcal/mol to-0.232 kcal/mol for C¢H4KNS,0, and-3.475
kcal/mol to-0.219 kcal/mol for CgH,KNO, for the preferred
complexes in the presence of solvents. These results imply the
existence of interaction between the CO, and the IL pair. The
IL can absorb CO, effectively, and the energy consumption
for its regeneration is low. The interaction between CO, and
IL pairs of both ILs causes a change in their some geometrical
parameters. The NBO analysis predicts the transferred
charges between the ion pair and CO, in terms of determining
the second-order perturbation stabilization energies. In this
computational investigation, it would be beneficial to con-
sider ILs in which carbamate bond formation occurs but are
energetically costly and not environmentally friendly for an
absorption process. In this case, all of the systems were

Water

AB.E AS AH AB.E AS

-2.465 -26.63 -3.02 -2.435 -26.66
0.542 -18.62 0.025 0.618 -20.56
-2.235 -25.97 -2.81 -2.221 -26.89
-2.644 -27.19 -3.19 -2.605 -28.79
0.668 -19.65 0.11 0.703 -19.62
-1.063 -22.84 -1.6 -1.014 -23.17
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studied under the solvent effect (i.e., chloroform, DMSO, and
water) to reduce unrealistic effects in this computational in-
vestigation. From the interactions of none of the ILs (ani-
on-CO, complexes), [CgH4NO,]-COy(1), [CeH4NS,04]-CO,
(1), and [C¢H4NS,04]-CO, (111) complexes were a realistic
replacement for CsH;KNS,04 and CgH,KNO, solvents in the
selected solvent phase system in this study due to higher
chemisorption of CO,. Overall, our calculations indicate the
existence of these stable complexes between the IL pairs and
CO, molecules. C¢H4KNS,0, IL is more suitable for absorp-
tion of CO,.

Abbreviations

DFT Density Functional Theory

DMSO  Dimethyl Sulfoxide

E2 Second-Order Perturbation Stabilization
Energies

ESP Electrostatic Potential

HOMO  Highest Occupied Molecular Orbital

ILs lonic Liquids

LUMO  Lowest Unoccupied Molecular Orbital

MEA Monoethanol Amine

MESP Molecular Electrostatic Potential

NBO Natural Bond Orbital

PCM Polarizable Continuum Model

SCRF Self-Consistent Reaction Field
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