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lonic liquids (ILs) are one of the main focuses of researchers to replace conventional solvents as
they are known as 'green’ solvents and possess many advantages. Recently, direct air capture
(DAC) of carbon dioxide (CO2) systems has become the subject of extensive scientific study, as
it causes severe effects on the environment and humans. Carbon capture is one of the techniques
that could be used to reduce CO, emissions. This study used a conductor-like screening model
for real solvents (COSMO-RS) as an initial screening tool to design and identify the performance
between anions and cations of amino acid ILs (AAILs) for CO, capture. The chosen best-
performance AAILs are Tetrabutylammonium and Tetrabutylphosphonium paired with
phenylalanine, serine, glycine, and aspartate. The results were compared with the density
functional theory (DFT) calculation and molecular modelling. Moreover, the viscosity and ionic
conductivity of the chosen AAILs were also studied. The significance of this study is to reduce
time and expenses in selecting acceptable AAILs and comparing their CO- capture performance
via COSMO-RS and DFT. It should also boost the chances of finding new task-specific ILs (TSILS).

Keywords: CO; capture; ionic liquid; amino acid ionic liquids; task-specific ionic liquids;

COSMO-RS; DFT

A variety of gases make up the Earth’s atmosphere:
oxygen, argon, water vapour, and CO; [1]. Even
though the percentage of CO; in ambient air is only
0.04%, it has a greater molar mass (MM) and density
than other gases. The MM of CO; is 44 g/mol, which
is approximately 30% higher than other air compositions.
CO will gather in low regions for short periods under
calm conditions, but it will evaporate in a few hours,
or days at most. Large CO; emissions can be harmful,
although it is short-lived. Table 1 shows the compound,
percentage, MM, and density (p) of each of the gases
present in the air.

In today's world, the temperature of the Earth
is steadily rising, which is quite risky and disturbing
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[2]. Coal, natural gas, and crude oil keep on being the
key worldwide energy sources. Consequently, large
amounts of CO, are emitted into the atmosphere,
causing the Earth's surface temperature to rise
significantly [2-6]. According to the Intergovernmental
Panel on Climate Change (IPCC), mainly due to
manmade CO; emissions, the atmospheric concentration
of CO; has dramatically grown from around 280 ppm
to more than 412 ppm [6]. Excessive CO2 emissions
contribute significantly to global warming [4,6,7],
resulting in negative climate change, glacier melting
[4,5], ecological environment degradation [6,7,], and
spread of deadly illnesses (e.g., cholera, malaria,
COVID-19) [6].

Table 1. Composition of ambient air [1].

Composition ~ Molar .
Density
Compound percentage mass (kg/m?d)
(%) (gmo)
N2 78.1% 28.0 1.25
02 20.9% 32.0 1.43
Ar 0.9% 39.96 1.69
CO; 0.04% 44.00 1.87
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CO; may be dissolved in conventional ILs
(such as, imidazolium-based ILs), which offers the
opportunity to build innovative CO, capture systems
[8]. However, these approaches have several
disadvantages, including pollution, inefficiency,
expensive costs [8], and toxicity. Commercial ILs are
also known as ‘greener’ solvents which can capture
CO; under atmospheric conditions but the solubility
of CO; in conventional ILs is limited. In TSILs, the
functional group is covalently attached to the cation or
anion (or both) which can be targeted to a specific
application. This capability allows the ILs to function
not only as a reaction medium but also as a catalyst
in some reactions. TSILs are effective alternatives
for volatile organic compounds (VOCs) in organic
synthesis. TSILs are used as catalysts or solvents in
organic processes, where they offer a less harmful
reaction medium than typical organic solvents and
the ability to be recycled without losing their high
catalytic activity. This is one of the most reported
applications of TSILs. To increase the activity and
catalytic selectivity in various chemical synthesis,
several TSILs have also been applied as solid catalyst
surface modifiers. In this context, it is valuable to note
the abundant literature that focuses on how TSILs are
used in CO; chemistry. CO; is currently a subject of
great interest as it is considered the most significant
greenhouse gas. TSILs have been employed as green
chemisorb, catalysts, or promoters for absorption,
capture, and subsequent conversion because of their
minimal volatility [9].

TSILs are commonly categorised into three
groups based on the locations of their active sites:
cation-functionalised ILs, anion-functionalised ILs,
and cation-anion dual-functionalised ILs. AAILs fall
under the category of anion-functionalised ILs [9].
AAILSs have better absorption capacity and considerable
synthesis cost. AAILs contain amino groups (-NH.)
like amines, which play a role in reacting with CO,
and enhancing CO; absorption [10,11]. Therefore,
AAILs are significantly used to capture CO; as they
have many advantages. AAs have a unique position
among biomolecules in that they may be readily
transformed into both anions and cations, and the
diversity of functional groups found in their side
chains allows for the easy insertion of chirality and a
broad range of functionalities into the ILs. In comparison
to the rest of the chiral pool, AAs are inexpensive and
abundant. Therefore, AAILs play an important role in
green and sustainable chemistry [12].

It might be difficult to choose possible ILs
from a variety of anion-cation combinations. COSMO-
RS has become an effective method for screening
solvents based on a range of fluid combination
parameters to resolve this problem [13]. Additionally,
a distinct method is used to technically describe how
the AAILs, and solutes (CO,), behave in molecular
modelling. The solubility of CO, from the optimised
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shape may be explained via hydrogen bond interaction
[14].

In this study, COSMO-RS was used in
screening 440 AAILs, which would be employed for
CO; capture application from combinations of 22
cations and 20 AA anions. This project aims to design
AAILs with a greater ability for CO, capture in a
systemic way by using COSMO-RS as an initial
screening tool and the best-performance AAILs will
be chosen to undergo molecular modelling to confirm
the results. It is also capable of reducing time and
expense in selecting acceptable AAILs.

METHODOLOGY
Structure Optimisation

The geometrical structures of cations and anions
were optimised separately using DFT implemented
by applying Becke and Perdew (BP) functional with
triple zeta valence polarised (TZVP) [15]. Therefore,
the basic set B3-LYP/ def2 TZVPD level was used,
and the files were generated using the TURBOMOLE
software (Tmolex) version 18.

COSMO-RS is used for predicting thermophysical
parameters in a wide range of systems. In COSMO-
RS calculations, ILs are considered equimolar
combinations of cations and anions [15], and the
results are considered for the pure ILs. The optimised
structures in Tmolex were saved as (.cosmo) for the
study in COSMO-RS.

Then, for the molecular modelling, the structures
of [Ls-CO, were optimised using the same basic set to
study the interaction and the files were saved as (.pse)
in Tmolex to be used in the Pymol software.

Property calculation of COSMO-RS

Table 2 shows the properties that need to be studied
in COSMO-RS and Figure 1 shows the procedure to
design AAILs with various anions and cations, as
well as to determine the CO; capture capacity of the
designed AAILs using the COSMO-RS software.
Equation 1 enables the calculation of selectivity, while
Equation 2 is employed to determine capacity, and
Equation 3 is utilised to assess the performance index
of AAILs, as detailed in Table 2. The simulation
will be conducted with 1 atm pressure and 25°C
(298.15 K) [15] in COSMOterms version 19 software
with parameterisation of TZVPD-Fine.

The AAILs demonstrating the most effective
performance in CO; capture will be selected for
further investigation of viscosity and ionic conductivity
at various temperatures using the COSMO-RS
approach. This analysis will be closely linked to the
overall performance of the AAILSs.
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Table 2. Properties that need to be studied in COSMO-RS.

PROPERTIES DEFINITION

3D representation of charge polarisation just on the surface of

Sigma Surface molecules [16].

Sigma Profile Reflects the polarity of the tested compound [16].

Estimated as the total sigma profile of all the components [17].

Sigma Potential Identifies the hydrophobic or hydrophilic characteristic.

Activity coefficient Related to the solubilising power of ILs [17].
Henry Constant Related to gas solubility [13].
Solvation Energy The amount of energy needed to dissolve a solute in a solvent [13].

Related to gas solubility/ interaction potential of ILs with 2 specific

Selectivi gases [18]. .
electivity © _ ( © / © ) IL (Equatlon 1)
o ¥ cod! nooron
Capacity Absorption capability of gas [15].
C*=(1mp)t (Equation 2)
Performance Index Assesses the performance and efficacy of any solvent in

accomplishing the absorption [15].

PI = §%coan2 or 02) X C¥co2) (Equation 3)
Flow of COSMO-RS
COSMOthermX Turbomole
Start
Select a compound | Add compound to
from the database N database
Found all Uf_e the Compound
compounds? Wizard to generate
: COSMO files
Construct the structure
Select settings for in Turbomole software

property calculations
I
Add

‘ Record the data ‘

Figure 1. Flow chart of the property calculation with COSMO-RS software.
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Start

|
Optimize the structure of
chosen anion, and cation and
record the total interaction
energy
1

Optimize the structure of ILs-
CO:z by finding the interaction
bond (dotted line) between
anion-CO: and adjust the
length of cation-anion too.

Record the potential energy
of ILs-CO: and calculate the
interaction energy using
Equation 5 and 6 provided in

section 3.12
1

ILs-CO: file needs to be

saved as (.pse) file
I

End
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Start

Name the cation, anion and

solute (CO:) in the ILs- CO2

structure
|

In the wizard menu, click
measurement and find the
bond length between cation-
anion, and anion-CO2
|
‘ Save the file or picture ‘
|

Repeat the steps for other
ILs

End

Figure 2. Flow chart of DFT.

Flow Chart of Density Functional Theory and
Molecular Modelling

The best-performance AAILs from the COSMO-RS
were chosen to study the interaction energy of anions,
cations, and ILs-CO; using the Tmolex software (DFT
calculation) and bond length using the Pymol software
(molecular modelling). Figure 2 shows the procedure
to study the interaction energy and bond length of
ILs-CO».

Designation of AAILs

Based on the associations above, we proposed a
few amine candidates as prospective CO, capture

possibilities. The Practical Handbook of Biochemistry
and Molecular Biology contains a comprehensive
list of over 300 AAs. However, Table 3 highlights
only the 20 AAs utilised to create AAILs in this
project. The type of the R substituent is the main
difference between most of the AAs. The common
AAs are therefore categorised based on these R
groups. AAs having non-polar substituents are said
to be hydrophobic (water-hating). On the other
hand, AAs with polar substituents are hydrophilic
(water-loving). The other AAs contain substituents
that carry either negative or positive charges in an
aqueous solution at neutral pH and are consequently
highly hydrophilic [19].

Table 3. Twenty common anions used for AAIL design in this study.

ANIONS
Structure Name Abbr. MM (g/mol)
Glycinate GLY 74.02
Alaninate ALA 88.09
Valinate VAL 116.14
Leucinate LEU 130.17
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Isoleucinate ILE 130.17
NH,
N o
Q......m< Prolinate PRO 114.12
o o
OM ™~ Methioninate MET 148.20
]
Phenylalaninate PHE 164.18
H N o
0
Qj/\)ko Tryptophanate TRP 203.22
HN NH
NH;
: (0] .
Serinate SER 104.09
OH O
NN Threoninate THR 118.11
o
HO- 0
Tyrosinate TYR 180.18
HN o
NH,
’/\’/O Cysteinate CYS 120.15
HS O
o]
o . e Asparaginate ASN 131.11
%H; (¢}
e
o ° Glutaminate GLN 145.14
Aspartate ASP 132.10
Glutamate GLU 146.12
Lysinate LYS 145.18

Argininate ARG 173.19
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HIS 154.15

AA cations can be categorised into a few
categories. Table 4 illustrates the cations used to
design AAILs in this project. Phosphonium, ammonium
and choline were chosen because they are the most
common cations utilised in TSILs. Moreover,
phosphonium and ammonium have a good CO»
capture ability by chemisorption with long chain
structures [20]. Choline cation is being focused on by
many researchers nowadays as it is low in toxicity,
anti-corrosion, and has higher CO; absorption

capability when reacting with AA anions [21,22].
Furthermore, the imidazolium absorption capacity of
CO; is equimolar or less, according to the traditional
cation, functionalised cation, and di-cation functionality
[23]. Pyridinium is less expensive than imidazolium,
and by increasing the number of alkyl chains, CO,
absorption will increase [24]. The pyrrolidinium
functional group was chosen because it is much
less poisonous than the imidazolium functional
group [25].

Table 4. Cations used for AAIL design in this study.

CATIONS
Group Structure Name Abbr. MW (g/mol)
Tetra-butyl
\_\/gpj plio?phgn};um Paasa 259.00
Trihexyl(tetradecyl)
Phosphonium T/—/—& J—H phosphonium Pee614 484.21
W
vﬁ 4§ 3-am1nopfopy1—tr1butyl aPasss 26042
o L/ipb\ phosphonium
Choline HO \N+\ Choline CH 104.17
9
— [-Bthyl-3- EMIM 111.17
\ N methylimidazolium
N
= 1-Butyl-3-
/N\/:\N\j methylimidazolium BMIM 139.22
~N
Imidazolium /NQ 11r;11;1c§::zyo11-13u- r;nethyl- HMIM 167.27
\VAVAVS
/T 1-Octyl-3 hyl
/j 1-Decyl-3 hyl
4 LDt ey
AVAYAVAYS
Ammonium —N*— Tetramethylammonium Ny 74.14
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\/wj Tetrabutylammonium Naasaq 242.28
AN
HJ—?} f/J Trlhc?xyl(tetradecyl)am Negers 466.00
monium
N
/S~
N -Ethyl-1-methyl- EMPYRR 114.21
AN pyrrolidinium
VAN 1-Butyl-1-methyl- BMPYRR 142.26
\ pyrrolidinium
! 1-Hexyl-1-methyl-
Pyrrolidinium G“/\R pyrrolidinium HMPYRR 170.31
G% 1-Octyl-1-methyl- OMPYRR 198.28
pyrrolidinium
G"'\ I-Decyl-1-methyl- CioPYRR 226.25
pyrrolidinium
\ / N*J 1-Ethyl-pyridinium EPY 108.07
N
| 1-Butyl-pyridinium BPY 136.21
e
\
Pyridinium | 1-Hexyl-pyridinium HPY 164.27
INNN
\
1-Octyl-pyridinium OPY 192.32
ANV
\
1-Decyl-pyridinium CioPY 220.21
ANV
RESULTS & DISCUSSION

This study aimed to investigate the CO, capture
capacity of 440 AAILs by exploring the reactions
of 22 cations, including phosphonium, choline,
imidazolium, ammonium, pyrrolidinium, and pyridinium
with varying numbers of alkyl chains and in combination
with 20 AA anions, using COSMO-RS. A total of 7
properties were studied in COSMO-RS, which were o-
surface, o-profile and o-potential, the ideal activity
coefficient, Henry constant, Gibbs free energy, CO»
capacity, CO; selectivity, and performance index for
all the 440 ILs. The chosen best-performance AAILSs
underwent a viscosity and ionic conductivity study in
COSMO-RS. Moreover, interaction energy and bond
distance were studied using the Tmolex and Pymol
softwares.

Surface Charge Density/ ¢ -Surface

When DFT and COSMO-RS are used together, the
appropriate electrostatics can be predicted with good
accuracy. A DFT/COSMO-RS calculation gives us the
total energy of a molecule in the self-consistent state
in the conductor and the polarisation charge density,
which even the conductor puts on the cavity to
determine the electric field of the molecule [26]. It
uses quantum chemical calculations to provide a
3D image of charge polarisation on the surface of
molecules [16]. This polarisation charge density is a
great way to describe the polarity on the surface of a
molecule [26]. Various thermodynamic properties of
molecules are determined using this polarisation
charge density, which is represented in the graphical
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function known as charge o-profile and o-potential
later [16]. ILs with a lower molecular size will have
a greater charge density and polarity, leading to
increased solubility [15]. Representation of surface
charge density/c-surface of the glutaminate molecule
as an example is given in Figure 3. Green represents
neutral, blue represents positive, and red represents
negative charges on the molecule.

To make it clear, glutaminate molecules have a
blue colour on the NH» bond, which is electropositive,
red on the oxygen bond, which is electronegative, and
green along the surface of the chain, which indicates
neutrality. Moreover, all the o-surface of cations and
AA anions with minimum conformers were studied
and are included in the supplementary data. By
rotating one carbon atom along the connection
connecting to other carbon atoms, isomers can exist
in a variety of forms known as conformers. The
minimum conformer is zero and is known as the most
stable conformer which requires less energy and does

HoN ; o

0] 0
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not have any steric hindrance or steric repulsion
between the hydrogen bonds.

¢ -Profile

In general, o-profile emphasises the studied molecule's
polarity. c-profile and o-potential comprise three
major regions: hydrogen bond donor (H-D), non-
polar, and hydrogen bond acceptor (H-A). The non-
polar part is represented by the o-value range -0.1
to 0.1 e.nm?, s-values less than -0.1 describe the
hydrogen bond donor region, while c-values greater
than +0.1 describe the hydrogen bond acceptor zone.
The specific charge distribution on the molecule
surface is related to the o-profile. As the length of the
alkyl chain increases, both the c-peak values and
non-polarity also increase accordingly [16], which
will contribute significantly to the enhanced CO;
absorption tendency. Representations of the o-profile
of the anions and cations used for AAIL screening
are illustrated in Figures 4 and 5.

Highly electronegative
Electronegative
Partially electronegative
Neutral

Partially electropositive
Electropositive

Highly electropositive

Figure 3. 2D structure and surface charge density of glutaminate with colour indication.

Mon-polar

18.0
16.0
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12.0

10.0
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8.0
6.0
4.0
2.0
0.0

ole/nmn2]

—Alaninate
Aspartate
= Glutaminate
m—|soleucinate
m——Methioninate
Serinate
m—Tyrosinate

m— A rgininate
—Cysteinate
—Glycinate
| cucinate
Phenylalaninate
Threoninate
Valinate

Asparaginate
= Glutamate
— Histidinate
m— | ysinate

Prolinate

Tryptophanate

Figure 4. o-profile of 20 AA anions studied in screening of AAILs.
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Figure 5. o-profile of 22 cations studied in screening of AAILSs.

The more non-polar (longer chain) cations
react well with the highly polar (short chain) and more
electronegative anions. Most of the anions are polar
and the cations are highly non-polar. The anions,
which are more electronegative, will attract well with
H-A molecules, which in this case are electropositive
cations. On the other hand, the electropositive cations
could react the with H-D molecules, which in this case
is O, an electronegative atom with a lone pair. This
ionic interaction helps to form AAILs.

¢ -Potential

A system's reactivity to a surface of polarity is
measured by o-potential, which focuses on how
cations interact with AA-based anions [26]. In o -
potential, the non-polar part (c-value range -0.1 to
0.1 e. nm-?) represents whether ILs are hydrophobic
or hydrophilic. If p(o) is less than zero (u(o) <0), it
is a hydrophilic interaction, and if p(c) is more than
zero (w(o) >0), it is a hydrophobic interaction [14,26].

Figure 6 illustrates the o-potential of [Peesi4]
with twenty AA-based anions. The results below
show that [Pgss14] had increasing interaction as a H-
D. [Psss14]’s interaction with twenty AA-based anions
had larger negative-potentials (u(o)) value (¢ <-0.1
e/nm”2), indicating a higher ability of the ILs to react
with the H-D compound. The (p(o)) values were
slightly positive in the region of positive potential
screening charge density (¢ > +0.1 e/nm™), reflecting
the absence of H-A surfaces in the ILs. These suggest
that the intramolecular interaction between the specific
cation and anions in the H-A was slightly weak,
therefore it had a greater interaction with the H-D,
and it was a more favourable interaction through

hydrophilic [27]. This phenomenon contributes to
the stronger interaction of the (OH) functional group
in [Pess14] as a H-D with twenty AA-based anions,
influenced by both the chemical structure and
functional groups. The longer alkyl chains in [Pess14]
cation provided a larger surface area for interactions,
while the functional groups facilitated hydrogen
bonding with AA-based anions to form ILs.

Additionally, if (n(o)) is negative in both
negative and positive screening charge densities
(u(o)< 0), it indicates that the ILs may interact with
both H-D and H-A molecules [16,27]. Whereas, if o-
potential values are positive (i(c)> 0) in both negative
and positive screening charge densities, it indicates
that these ILs do not engage in polar interactions and
prefer hydrophobic interactions [28]. All the other
figures of o-potential of the cations with twenty AA-
based anions were studied and the results are included
in the supplementary data. To conclude, all the
AAILs are hydrophilic, which like water and can
dissolve in water as well.

Henry’s Constant

Based on the properties studied in COSMO-RS, the
results below are the illustration of the prediction for
the top 5 cations in CO; capture with 20 AA anions.
All the other predicted AAIL results are included in
the supplementary data.

The Henry’s constant of each AAIL has been
recorded to study the relationship between Henry’s
constant with CO, solubility and absorption capacity.
The minimum value of the Henry’s constant is 2.0
Mpa, which can increase the solubility of CO; in ILs.
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If the Henry’s constant value decreases, the solubility high solubility of CO, [28]. According to the results
of CO; gas increases. The longer alkyl chain of the below, [Pessia] and [Nessia] have the lowest Henry’s

cation with more carbon chain length will lead to the constant values.
o
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£ Non-pola E _5
2] 400.0 . i ' T
4 : : : B &
T 2000 : ! : E _'E
~ oo i " H -
< OmB T NG NTER AT S RN
E-Mﬂ rfqncq#n:::ﬂ-—--—-nnnmmmn
- | i 1
£ E -woe ! | | c
£ | = 1 | 1 EF o
g | 2 -eo0e : : : % B
= i L]
3|3 woo | | i g g
> 3 ! ] : ]
I | E-1000.0 1 ! i £ c
1 i ' =
!
1200.0 i ' !
1 ' '
-1400.0 ' — '
alefnm*2]
— allaninate argininate asparaginate
— anpartate m—cysteinate — |t arETE
m— pluta minate — gy inate — histidinate
— | obEUcinate e A L E m— hycinate
miethionnate phenylalaninate prodinate
serinate threoninate — fryptophanate
s— fyrosinate it

Figure 6. o-potentials of [Pesss14] with twenty AA-based anions.
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Figure 7. Henry’s constants of CO; in top 5 cations with 20 AA-based anions at T=298.15 K and P=1 bar.
*The AAILs identified with red circles represent the top performers in CO; capture as determined by this study.
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Figure 8. Activity Coefficients of CO; in top 5 cations with 20 AA-based anions at T=298.15 K and P=1 bar.
*The AAILs identified with red circles represent the top performers in CO; capture as determined by this study.
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Activity Coefficient

The activity coefficient is proportional to the solubility
and interaction of unrelated substances. The lower the
activity coefficient of a solute in a solvent, the higher
the tendency of the solvent to interact with and absorb
the solute [27]. According to the results in Figure 8,
[Psssi4] and [Nessi4] have the lowest activity coefficient.
For CO, solubility, especially in complex environments
like AAILs, understanding and considering activity
coefficients is essential for accurately predicting
and describing the solubility behaviour of CO,.
The standard state of CO, in activity coefficient is 1
bar (atmospheric condition).

Gibbs Free Energy and Gibbs Solvation Free
Energy

Gibbs free energy indicates the stability of ILs. The
more negative the value, the more stable the ILs.
According to the results in Figure 9, [Pesssi4] and
[Ness14] have the most negative Gibbs free energy
and Gibbs solvation free energy. The more stable
ILs indicate that the interaction between cation-anion
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will be weak, and the bond length will be longer so
that more CO; can be captured by the ILs. Longer
alkyl chains can provide additional van der Waals
forces and hydrophobic interactions, leading to
increased stability.

Gibbs free solvation energy is the amount of
energy needed to dissolve CO; in a solvent [13]. The
lower the solvation free energy and activity coefficient,
the more effective the IL is for CO; extraction from
other gases since it requires less energy. The negative
solvation energy of the ammonium-based cation was
greater than that of the other cations [13].

According to Henry’s constant, activity
coefficient, Gibbs free energy and Gibbs solvation
energy, [Pessi4] and [Nessi4] cations show the best
results in terms of capturing CO,, which is tabulated
in Figure 10. Then, followed by [Nasas4] and [Paga4]
cations. Even though the [aP4443] cation has better
Gibbs energy and solvation energy compared to [P4444]
and [Nasas], it shows the highest value in terms of
Henry’s constant and activity coefficient according to
the results above.

—d— NE6614

J LYS MET PHE PRO y THR

TRP TYR VAL

ANION

Figure 9. The Gibbs free energy of ILs in top 5 cations with 20 AA-based anions at T=298.15 K and P=1 bar.
*The AAILSs identified with red circles represent the top performers in CO, capture as determined by this study.
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Figure 10. The Gibbs free solvation energy of CO; in top 5 cations with 20 AA-based anions at T=298.15 K
and P=1 bar.
*The AAILs identified with red circles represent the top performers in CO; capture as determined by this study.
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The Gibbs free solvation energy measures the
energy change associated with the process of solvating
one mole of a substance in a particular solvent. The
Gibbs free solvation energy (AGsor) is defined by
Equation 4 below:
AGsoly = AHsov—T ASsolv (Equation 4)

e AHy is the enthalpy change of solvation
(positive if energy is absorbed, negative if
energy is released).

e AS, is the entropy change of solvation.

e T is the absolute temperature, 298.15 K.

If AGsoly 1s negative, it indicates a spontaneous
and energetically favourable solvation process. The
Gibbs solvation energy of -90 kcal/mol suggests that
when CO; dissolves in AAIL, it releases a significant
amount of energy, making the process favourable.

CO: Capacity

Figures 11, 12 and 13 show the CO> capacity, which
is defined as the absorption capability of CO> in ILs.
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Capacity also determines the number of ILs needed for
the removal of CO» by extraction [15]. The higher the
capacity, the fewer ILs are needed to remove CO; and
the better the CO, capture capacity.

Hence, [Pessi4] and [Ness14] have the better Henry
constant, activity coefficient, Gibbs free energy, and
capacity compared to any other ILs. Henry constant,
activity coefficient, and Gibbs free energy should be
directly proportional to each other.

Selectivity

Selectivity was calculated in terms of CO; /N, and
CO2/0,. The higher the selectivity, the better ILs
performance or gas solubility [18]. Figures 14 and 15
show that [Pees14] and [Nees14] have the lowest
selectivity as their absorption capacity is higher in all
the gases (CO,, N», and O»), which means they absorb
all gas components including CO,, N> and O,. But
[Ps444] and [Nassasa] show better selectivity as the
capacity of CO; is higher than the other 2 gases
(N2 and O3), which is good as we targeted to
capture COs.

Figure 11. CO; capacity in infinite dilution of CO, in top 5 cations with 20 AA-based anions at T=298.15
K and P=I bar.
*The AAILs identified with red circles represent the top performers in CO, capture as determined by this study.

CAPACITY IN INFINITE DILUTION
w

Figure 12. CO; capacity in infinite dilution of N> in top 5 cations with 20 AA-based anions at T=298.15 K
and P=1 bar.
*The AAILs identified with red circles represent the top performers in CO; capture as determined by this study.
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Figure 13. CO; capacity in infinite dilution of O, in top 5
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Molecular Screening of Amino Acid lonic
Liquids in CO2 Capture via COSMO-RS
and DFT

LEU LYE ME

cations with 20 AA-based anions at T=298.15 K and

THHE PRO SER THA TRE TYR VA

*The AAILs identified with red circles represent the top performers in CO, capture as determined by this study.

The chain length of the cations, such as
[Psss14] and [Nees14], in ILs influences their selectivity
for CO; capture. ILs with longer alkyl chains tend to
have increased hydrophobicity and reduced polarity
[29]. As a result, they exhibit weaker interactions with
polar molecules like CO», N, and O,. This weaker
interaction leads to lower selectivity, as these ILs may
absorb all gas components indiscriminately, rather
than prioritising CO, capture.

——Pa4a4 = PE6641

SELECTIVITY

*—2aP4443

Conversely, reference [13] states that ILs with
shorter alkyl chains typically have higher polarity and
stronger interactions with polar molecules. This
increased polarity enables them to selectively absorb
CO; over other gases, like N2 and O,. Therefore, ILs
with shorter alkyl chains, such as [Pa44] and [Nas44],
demonstrate better selectivity for CO» capture.

—— 4444

e NG6614

Figure 14. The selectivity of CO2/N; in top 5 cations with 20 AA-based anions at T=298.15 K and P=1 bar.
*The AAILs identified with red circles represent the top performers in CO, capture as determined by this study.
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Figure 15. The selectivity of CO2/O; in top 5 cations with 20 AA-based anions at T=298.15 K and P=lar.
*The AAILs identified with red circles represent the top performers in CO; capture as determined by this study.
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Figure 16. Results of performance index of CO»/N, with the capacity of CO; for top 5 cations with 20 amino
acid-based anions.
*The AAILs identified with red circles represent the top performers in CO, capture as determined by this study.

Figure 17. Results of performance index of CO,/O, with capacity of CO; for top 5 cations with 20 amino
acid-based anions.
*The AAILSs identified with red circles represent the top performers in CO, capture as determined by this study.

Performance Index

Figures 16 and 17 show the performance index (PI),
which assesses the performance and efficacy of any
solvent in accomplishing the absorption or extraction
of CO,. PI is the product of any solvent's selectivity
and capacity at infinite dilution [15]. The higher the
PI, the higher the performance of ILs. [Pgec14] and
[Ness14] have the highest performance index compared
to others.

Chosen ILs with High Performance in CO:

The trendline for all the cations with 20 amino acid
anions looks the same but when observed closely, the
results of the anions vary slightly with various cations.
Usually for carbon capture, the important properties
that need to be taken into consideration are the Henry
constant, activity coefficient, and PI. PI is the key
point which helps to choose the best-performance ILs.
For gas capture application, it is important to choose
the ILs based on the Henry constant as well. From the
results above, the cations of [Pesss14] and [Nessi4] had
the highest performance compared to all the other
cations, but for this study, [Ps4s4] and [Naass] with the
second highest performance were chosen because of
low cost to synthesis compared to [Pesssi4] and [Nees14]-

Hence, the top 8 ILs consist of 2 cations ([Ps444] and
[N4444]) and 4 anions (Aspartate [ASP], Glycinate
[GLY], Serinate [SER] and Phenylalaninate [PHE]),
with better-predicted results in CO; capture.
The ILs were chosen based on PI and the results
were compared with Henry’s constant and activity
coefficient to finalise the ideal best performance ILs
in CO; capture.

Single sites in ILs can yield up to a 1:1
stoichiometry absorption capacity. While multiple
sites might not even result in doubled capacity. The
efficiency of a site may be reduced when numerous
sites share a single negative charge. Moreover, due to
the complicated interactions in ILs, even if two sites
are independent or each has a negative charge, the
absorption capacity may not double [8]. Therefore, it
is obvious from the results that the anions with only
one active site, [ASP], [GLY], [SER], and [PHE],
performed better than those with more active sites.

Protonation constant (pKa) is an important
physiochemical characteristic for AAs that aids in
the analysis of reaction processes and molecular
structures in aqueous solutions. The AAs had high pKa
values ranging from 8 to 10, like normal alkanol amine
solutions (which have NH, and OH). This suggests
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that the presence of the main amine group in
AA solutions enabled it to react with CO, with
considerable chemical reactivity. pH indicates the
acidity or basicity of a solution, whereas pKa measures
the strength of an acid or a base (tendency to dissociate
in an aqueous solution). Because of the diverse
chemical forms of AAs, variation in pH value may
affect adsorbent performance. The adsorbents produced
at pH 5 had greater adsorption capabilities than those
made at pH 7. When reacting with acidic CO»
molecules, alkaline pH is generally preferred. AAs
are made up of amino groups, primarily amine
(-NH>) and carboxyl (- COOH) groups with a general
R-side chain in the structure, which aids in CO;
capture by chemical adsorption (chemisorption) [30].
Table 5 shows the molecular weights and pKa values
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of 20 AAs which have been highlighted in a previous
article [30].

A lower MW amine-modified CO, adsorbent
displayed a somewhat greater CO, absorption than
a high MW adsorbent. Due to equivalent amino
functional groups that contribute to high adsorption
capacity, a similar trend is predicted for AA-based
adsorbents. This statement is also supported by
reference [31] which summarise that the reduced
CO; adsorption capacity observed in an amine with
a large molecular weight is likely attributed to the
presence of fewer active adsorption sites in the
sample. As a result, among the 20 basic AAs, [GLY]
with the lowest MW (75.07 g/mol) is estimated to
be the best in capturing CO; [30].

Table 5. Molecular weights and pKa values of 20 basic amino acids [30].

Amino Acid ﬁ(‘);,eg/l::;)gelght, pKa
Alanine 89.1 10.01, 9.87
Arginine 174.2 12.48,9.04
Asparagine 132.12 8.80
Aspartic acid 133.11 10.16, 9.60
Cysteine 121.16 8.18
Glutamic acid 147.13 9.97,9.67
Glutamine 146.15 9.13
Glycine 75.07 9.77,9.78
Histidine 155.16 9.33
Isoleucine 131.18 9.68
Leucine 131.18 9.75
Lysine 146.19 10.67, 8.95
Methionine 149.21 9.2,9.21
Phenylalanine 165.19 9.29,9.31
Proline 115.13 10.76, 10.6
Serine 105.09 9.15
Threonine 119.12 9.12
Tryptophan 204.23 9.39
Tyrosine 181.19 9.11

Valine 117.15 9.72
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Figure 18. Sigma profiles for 4 chosen anions.
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Figure 19. Sigma profiles for 2 chosen cations.

The stronger the polarity, the greater the CO»
capture. On the other hand, acidic AAs include
carboxyl groups in their side chains and have low pKa
values that tend to lose protons, resulting in a negative
charge. These AAs are [ASP] and glutamic acid
[GLU] [30]. To summarise, [GLY] and [PHE] are in a
non-polar group, but [ASP] and [SER] are in a polar
group. According to the sigma profile, [GLY], [ASP],
and [SER] are less non-polar (higher polarity) and
tend to absorb more CO,. Except for [PHE], all the
other 3 chosen anions are more electronegative
(which will highly react with hydrogen acceptors).
[PHE] has better performance because it has a
low pKa value and a longer chain of anion which
tends to absorb more CO,. Figures 18 and 19 below
illustrate the sigma profiles of the chosen anions
and cations.

The selection of [P4s44] and [Na4s4] cations was
based on considerations of cost-effectiveness and
selectivity. Although [Pses14] and [Nessi14] demonstrate
higher CO, capture capacity, but their higher cost and
poor selectivity render them less favourable options
for this study. On the other hand, increasing the alkyl
chain of phosphonium also causes a slightly poisonous
effect on marine bacteria [32]. Therefore, the third
and fourth highest performance cations were chosen
from the COSMO-RS result, which were [N4444]
and [P4444].

From the sigma profile, more polar and
electronegative AA anions paired with highly non-
polar and increasing alkyl chain cations showed better
performance in CO; capture [17]. The anion and
cation would be further apart because of the increasing
length of the alkyl chain. According to the COSMO-
RS findings, ILs with longer alkyl chains exhibit
more negative Gibbs free energy, which indicates
greater stability and enhanced solubility for CO..
This phenomenon arises because when the anion and
cation are situated farther apart, their interaction
decreases, resulting in more available free volume
within the ILs [14]. Therefore, it is easy for CO to
be inserted into the free volume (free space).

In this case, the anion is the one that captures
COs,. Hence, the CO; insertion into the free volume
tends to have higher interaction with the NH»
functional group in the anion due to the presence of a
lone pair [33]. This is why the longest-chain cation has
the highest CO, capture or solubility compared to the
short-chain cations. Figure 20 shows the mechanism
of CO; capture by the anion (serinate). In the initial
reaction pathway, an anion of AAILs reacts with CO,
to generate a zwitterionic intermediate. Subsequently,
in the second step, this zwitterion undergoes proton
transfer to yield carbamate products [34].

Thus, the chosen 2 cations would be paired
with all 4 anions to produce the respective ILs as
shown in Table 6.

Viscosity and Ionic Conductivity

Viscosity and ionic conductivity were also predicted
using COSMO-RS. Chain pliability, van der Waals
interaction potency, and the tendency for hydrogen
bond formation all affect viscosity. The quantity
and mobility of charge carriers are the primary
determinants of conductivity. The poor conductivities
of the ILs might be attributed to the charge carriers'
limited movement, which is induced by a high number
of hydrogen-bonding interactions [35].

The longer chain of the cation causes an
increase in the number of van der Waals (weak)
interactions and an increase in the number of hydrogen
bond interactions leads to higher viscosity and
decreasing rate of ion mobility of the salts, which
leads to decreasing ionic conductivity [35,36]. The
increasing chain length of the AA anion also will
increase the viscosity [37]. According to the literature,
AAILs with longer alkyl chains, such as [Ps4s4] and
[N4444], exhibit high viscosity and low conductivity
at ambient temperature. Both cations have longer
flexible chains and high molecular weight. Chiral
AAILSs exhibit low ionic conductivities, low ion
mobility, higher viscosities, and higher melting points.
The viscosity of AAILs limits many of their possible
uses for fluid and electrolyte materials [36].
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Figure 20. Mechanism of CO; capture by an anion [34].

Table 6. Selected high-performance ILs from COSMO-RS.

CATIONS

ANIONS

Tetrabutylphosphonium

Phenylalanine
Aspartic acid
Glycine
Serine

Tetrabutylammonium

Phenylalanine
Aspartic acid
Glycine
Serine

The geometry of AA anions also has a
significant impact on the viscosity of AAILs [35,38].
The viscosity of anions will increase with more
complicated structures. Viscosity determines electric
conductivity [38]. Especially in the case of AAs as
anions, the majority of them contain functional groups
such as carboxyl, hydroxyl, and so on. This means
that there is some intra- and intermolecular interactions.
In other words, the addition of functional groups
such as an H-bonding donor or acceptor enhances
viscosity while decreasing ionic conductivity via
intra/intermolecular interactions [36].

According to the COSMO-RS results, the
viscosity increases in the order of: [SER] <[ASP]
<[GLY] <[PHE]. Figure 21 shows the viscosity of the
AAILs. Supposedly, according to the experimental
results of previous works summarised in Table 7, the
increasing viscosity should be in the order of: [GLY]
<[SER] <[PHE] <[ASP]. The discrepancies observed
between the results obtained from COSMO-RS
simulations and experimental data from previous studies
can be attributed to the limitations of the COSMO-
RS software. Unlike experimental measurements,
COSMO-RS simulations do not fully account for
the interactions between the cation and anion ILs.
Therefore, the viscosity and ionic conductivity results
obtained from COSMO-RS should be regarded as
indicative rather than definitive, as the simulations
primarily focus on the molecular structure. Table 7 in
this study includes the reported optimal viscosity

range from previous research, providing valuable
context for interpreting the results.

Due to the fact that [Asp] has two carboxyl
groups in the alkyl chain, the effect of the carboxyl
group (-COOH) insertion is substantially greater than
that of the amino and hydroxy groups (-OH). When
ions have the capability of having ion-ion interactions
via hydrogen bonding along with electrostatic force,
their solution characteristics are poorer than those of
ions with no functional groups [39]. [ASP] is more
viscous compared to [SER] because the carboxylic
group is more acidic and stronger compared to the
hydroxyl group as it has strong intermolecular forces
and hydrogen bonding interactions [14]. [ASP] contains
a (COOH) group which is hydrophilic, and it can
promote hydrogen bonding interactions with
surrounding molecules which increases the viscosity
by enhancing intermolecular forces.

[PHE] showed the second highest viscosity
due to the bigger size of the anion and the possibility
of pi-pi interaction with the aromatic ring, which
causes the high viscosity [36]. The aromatic ring in
[PHE] is hydrophobic and tends to decrease the ability
of a molecule to form a strong hydrogen bonding with
another molecule, even if it has a stronger van der
Waals interaction.

Besides that, the lowest viscosity was found
in [GLY] [39]. In terms of solubility, [GLY] has higher
CO; solubility due to smaller MW [30]. This is due to
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the smaller molecular weight and a simple molecular
structure. [SER] is more viscous compared to [GLY]
due to the presence of a (-OH) bond in the alkyl chain
which also has higher hydrogen bond interactions than
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[GLY]. Therefore, the ionic conductivity would be in
an increasing order of: [ASP] <[PHE] <[SER]
<[GLY]. Higher viscosity would also lead to low
diffusion of CO; into the AAILs.
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Figure 21. Predicted viscosity of (A) [P4s44] and (B) [Naaas]); predicted ionic conductivity of (C) [P4sss] and (D)
[Naaasa] (with [PHE], [ASP], [SER] and [GLY]).

Table 7. Predicted results from COSMO-RS and results from previous works and experiments.

Viscosity from

Predicted ionic Predicted . K at
AAILs conductivity at 25°C viscosity at 25°C P reV102u Ssovcvor a
(mS/cm) (mPa.s) (mPa.s)
0.275 419.89 734.20 [35],
[P4444][SER] 902 [39]
[Pasas][ASP] 0.230 441.42 7437 [39]
0.176 720.54 232.85[35],
[P4444][GLY] 415 [39]
0.040 1603.59
[P4444][PHE] 927 [39]
0.284 42411
[Na444][SER] -
[Nasss[ASP] 0.237 450.34 )
.1 217.
[N4444][GLY] 0.183 72778 -
0.041 1635.98

[Na4a4][PHE]
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From the results above, it can be summarised
that if the viscosity increases, the ionic conductivity
will decrease due to low ion mobility. Table 7 shows
the predicted viscosity and ionic conductivity results
from COSMO-RS and the experimental viscosity
results from previous works. The predicted results of
[Pa4s4s] and [Nasas] are more or less the same.

Density Functional Theory (DFT)

The usual benefit of ILs over other solvents is their
extremely low vapour pressure and chemical
composition, which may be modified to make
them more effective for particular purposes. Both
physisorption and chemisorption may be used by ILs
to absorb CO», with the latter method frequently
having a higher performance. By including amino
groups in their molecular components, the ILs
can achieve CO chemisorption by allowing their
interaction with CO, to produce carbamates or
carbamic acids [33].

Both CO»-anion and cation-anion interactions
have a significant impact on the solubility of CO, in
physisorption. IL and CO; interact non-covalently
through electrostatic and van der Waals interactions,
which are the basis for physisorption. The benefit of
physisorption is that, due to the comparatively low
absorption enthalpy, less energy is needed during the
desorption process. However, the absorption capacity
can be restricted by the CO; solubility. Although
physisorption may be enough for CO, separation, the
absorption capacity at atmospheric pressure remains
limited for sorbent applications, which led to the
development of TSILs for CO, chemisorption [40].

AE(Cation»anion): E(cation-anion ion pair) — [E(cation) + E(anion) ]

AE(Ls-c02) = E (1L5-c02 ion pair) — [Ecation) T E(anion) T E(co2)]
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In chemisorption, the basicity of the anion may
be utilised to modify the reactivity with CO,, and the
cation can be modified to increase the stability of the
IL. Functionalised anions were developed to increase
the absorption capacity. A 1:1 stoichiometry for the
AAILSs’ absorption is possible. Carbamic acid is
created when CO; and AAs combine. A previously
published article mentions that tethering an amine
group to the cation favours the formation of
zwitterion, a carbamate product, whereas tethering an
amine group to the anion results in the formation of
carbamic acid, involving only one amine group, due to
the instability of the formation of a dianion [40].

A more negative value indicates that the
Interaction energy (IE) is higher. When the IE between
CO»-ILs is higher (strong attraction), the IE between
cation-anion should be lower (weak attraction).
Theoretically, the lower IE between the cation-anion
shows that the distance between the cation-anion is
longer, more free volume is present and the solubility
of gas will be higher [14]. Therefore, more CO;can be
captured by the ILs, and it shows a higher IE between
COs-ILs. In simpler terms, phosphonium-based ILs
exhibit slightly higher IE compared to ammonium-
based ILs, although the differences between the two
are minimal. But other factors also need to be taken
into consideration as they can affect the result. Table 8
summarise the interaction energy and the bond length
of phosphonium and ammonium-based ILs.

The interaction energy (IE) of ILs-CO, was
predicted based on Equation 5 and the interaction
energy (IE) of cation-anion was predicted based on
Equation 6 [35].

(Equation 5)

(Equation 6)

Table 8. Interaction energy and bond length of phosphonium and ammonium-based ILs.

Interaction energy, IE

(kcal mol™) Tlile lt)}? n? The length of
Entry AAILs ength o anion- CO,
Cation-anion ILs-CO» cation-anion (A)
(Eq5) (Eq6) )

1 [Pasas] [GLY] 0.072 20.139 6.6 1.9
2 [Passs] [SER] 0.001 -1.193 6.2 22
3 [Paass][PHE] -0.006 20.061 6.0 22
4 [Passs][ASP] -1.016 -1.144 5.7 2.7
5 [Nasas] [GLY] 0.065 20.132 6.1 2.0
6 [Naaa] [SER] 0.000 -0.075 5.8 22
7 [Nasss][PHE] -0.001 -0.141 5.0 2.4
8 [Nasas[ASP] -1.004 1132 43 28
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Interaction energy was calculated using potential
energy generated during structure optimisation using
the Turbomole software and bond length was determined
in the Pymol software. According to a previously
published article, [BMIM][GLY] has a larger or
stronger interaction energy than [BMIM][VAL]. They
emphasised that this behaviour may be caused by the
[BMIM][VAL] having a longer alkyl chain, which
increases the steric barrier towards CO, sorption. The
formation of carbamic acid occurs when CO, gas is
absorbed onto the nitrogen atom (N) within the AA
chain, leading to the sorption of CO; onto AAILs.
Carboxylate anions present in AAILs possess a high
attraction for the cation's hydrogen atom [41]. As the
N and O atoms in these IL anions have no direct
connections to the hydrogen atoms, intermolecular
hydrogen bond interaction is considerably reduced,
which also reduces viscosity. Due to the complete use
of the electronegative N and O atoms for CO;
absorption, these ILs exhibit significant absorption
capabilities [42].

Another approach to conceptually explains
the behaviour of ILs and solutes is molecular modelling.
Using the DFT approach, all 8 ILs and ILs-gas
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complexes were optimised. The most stable AAIL
structures are shown in Figures 22 and 23. The
solubility of CO; can be described by hydrogen bond
interaction using the optimised geometry. As can be
seen, hydrogen bonds formed between the P+, N+ or
H atom of the cations and (-COO) group of the AA
anions. CO; formed bonds with the (-NH) group of AA
anions. Covalent bonds with atoms like C, N, and P
that are less electronegative could be categorised
as hydrogen bond donors. Additionally, to form
hydrogen bonds, the proton donor must be slightly
polar to allow for the formation of a direct contact that
is equivalent to hydrogen bonds. As a result, it may be
said that any covalent bond between (-COO) groups
of AA anions and hydrogen in the cations forms
a hydrogen bond [14,43,44,45]. Normally, the
interaction between cation-anion in DFT will follow
the H-bond interaction. More electronegative atoms in
an anion (-COO) will interact with electropositive
atoms in the cation. In this study, the sequence of
hydrogen bond strength decreases (bond length
cation-anion increases) in the order of [Pa4444]
[ASP] < [P44a4][PHE]< [P4444][SER] <[P1444][GLY];

followed by [N4444][ASP]< [N4saaa][PHE]< [Nuas44]
[SER]< [Nasss][GLY].

(A) [Pa4as] [ASP] (bond length in A of cation-anion, 5.7)

(B) [Paaaa] [PHE] (bond length in A of cation-anion, 6.0)
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Q
(C) [P4aaa] [SER] (bond length in A of cation-anion, 6.2)

o
(F) [Na444] [PHE] (bond length in A of cation-anion, 5.0)
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(H) [Naa4] [GLY] (bond length in A of cation-anion, 6.1)

Figure 22. Optimised structures of 8 AAIL (cation + anion) complexes, which are (A) [P44a4] [ASP], (B) [Pasas] [PHE],
(C) [Paaaa] [SER], (D) [Paaas] [GLY], (E) [Nuaaaa] [ASP], (F) [Naaasa] [PHE], (G) [Naaaa] [SER], and (H) [Naaas] [GLY].
* Bond between (P*) or (N*) atom in cation attached with (COO") group in anion.

(A) [Pa444] [ASP]-CO; (bond length in A of anion-CO», 2.7)
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(E) [Na4a4] [ASP]-CO; (bond length in A of anion-CO,, 2.8)
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(H) [Naas] [GLY]-CO, (bond length in A of 2.0)

Figure 23. Optimised structures of 8 AAIL (cation + anion + CO,) complexes, which are (A) [Ps4ss] [ASP]-CO», (B)
[Paa4s] [PHE] -COy, (C) [Pasas] [SER] -CO2, (D) [Pasas] [GLY] -COy, (E) [Naaaa] [ASP] -COy, (F) [Nasaa] [PHE] -COo, (G)
[N4444] [SER] —COz, and (H) [N4444] [GLY] -CO».

* Bond between hydrogen attached to NH» group in anion with oxygen attached in CO, molecule.
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Table 9. Henry constant and Gibbs free energy results.

AAILs Henry Gibbs free
constant energy
(bar)

[Na444] 22.3 71.5
[PHE]

[Na444] 22.0 66.8
[ASP]

[Na444] 21.7 66.3
[SER]

[Na444] 21.2 70.2
[GLY]

[Pa4a4] 21.6 70.3
[PHE]

[Pa4a4] 21.1 65.7
[ASP]

[Pagaa] 21.0 65.1
[SER]

[Pagaa] 20.5 69.0
[GLY]

*Henry constant- low value

indicates higher CO, solubility.

*@Gibbs free energy- low value indicates less stability of the AAILs.

Table 9 presents the Henry constant reflecting
the solubility of CO, and the Gibbs free energy
indicating the stability of the selected eight AAILSs.

The solubility of gas in AAILs relies on their
free volume and size, which impacts the physical
absorption. Smaller ILs exhibit stronger CO, absorption
due to their greater free volume. Hydrophilic ILs like
serinate, glycinate, and aspartate, with small sizes and
extra functional groups on the anions, show high CO,
selectivity (CO2/N) [46]. Henry's law constant
(H) indicates physical absorption, while reaction
equilibrium constant (Kx) signifies chemical absorption
[47]. A high Henry constant value indicates that an
AAIL favours chemisorption over physisorption in
CO; capture [41,47].

In the results above, [GLY] exhibits the lowest
Henry constant, indicating higher CO» solubility, while
[PHE] shows the highest, suggesting lower CO;
solubility. However, [PHE] contributes more to
chemisorption due to the higher Henry constant value.
This aligns with findings from a previous study [14],
which noted that larger anions lead to increased
viscosity, resulting in stronger interactions between
the anion and the cation. Specifically, [PHE] has
higher viscosity, while [GLY] has a lower viscosity,
indicating higher ion mobility and CO; capture ability.
Complex molecules with higher molecular weights
and functional groups exhibit lower CO, capture
ability due to increased electrostatic, hydrogen
bonding, and van der Waals interactions, leading to
lower ion mobility and free volume. Despite [P4s4s
(PHE] exhibiting low CO; solubility, experimental
results from a previous study showed that [Pa4sa4y]

[ASP] has the highest viscosity (7437 mPa.s), followed
by [P4444][] [PHE] (927 mPa.s), [P4444][][SER] (902
mPa.s), and [Pasas)][GLY] (415 mPa.s), as presented
in Table 7.

[P4444][ASP] exhibits the strongest cation-
anion interaction (-1.016 kcal mol!) with a shorter
bond length (5.7 A), leading to reduced free volume,
less stable, and able to capture less CO,. Despite a
higher Henry constant indicating lower CO; solubility,
[P4444][ASP] highly contributes to physisorption due
to the higher ILs-CO; interaction energy (-1.144 kcal
mol!) and higher viscosity from hydrogen and
electrostatic interactions.

In contrast, [P4sss][PHE] shows a weaker
cation-anion interaction (-0.006 kcal mol!) and longer
bond length (6.0 A), resulting in higher free volume
and lower viscosity. Despite having the highest
Henry constant among the ILs, [P4][PHE] favours
chemisorption due to the lowest ILs-CO; interaction
energy (-0.061 kcal mol™"). This aligns with prior
findings indicating that longer alkyl chains enhance
CO: solubility and higher Henry constants favour
chemisorption [28, 41, 47]. Thus, [P4sss][PHE] is the
most stable among the four anions.

[P4444][SER] exhibits a lower cation-anion
interaction energy (0.001 kcal mol!) and a longer
bond length (6.2 A) compared to [Psas][PHE]. With
higher free volume and a strong ILs-CO; interaction
(-1.193 kcal mol™), it favours physisorption and has
the second lowest Henry constant value. This indicates
good CO; capture ability due to the shorter alkyl
chain and (OH) functional group, promoting hydrogen
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bonding with cations, water, and CO,. Consequently,
[SER] is the least stable out of all the four anions.
Conversely, [P444][GLY] displays the lowest cation-
anion interaction energy (0.072 kcal mol™') and the
longest bond length (6.6 A) among the AAILs. It
exhibits higher CO; solubility (lowest Henry constant),
is more favourable towards chemisorption, and lack of
functional groups results in lower viscosity, higher ion
mobility, and CO; capture [28,41,47]. This suggests
that [P4444][GLY] is the second most stable AAIL.
Reference [48] stated that the interaction between
[GLY] and CO; forms strong intermolecular complexes,
involving intramolecular proton transfer from the -
NH, moiety of [GLY] to the carboxylate O atom. The
longer side chain in [Pas4] provides greater free
volume, enhancing CO» absorption. However, water
presence in ILs may reduce electrostatic interaction
due to increased anion-water interaction, thereby
decreasing interaction between the cation and anion.

[Naa44] generally exhibits higher viscosity and
lower ion mobility compared to [Ps4s4]. This is due to
nitrogen's higher electronegativity, which limits strong
electrostatic interactions with anions and CO,. On the
other hand, [Pas44] with phosphorus having lower
electronegativity and higher polarisability shows
more evenly distributed electron density, enhancing
interactions with anions and CO,. The explanation
regarding bond length and cation-anion interaction is
the same as mentioned before. The only difference
here is [Na444] [SER] has the lowest ILs-CO;
interaction (-0.075 kcal mol™!) compared to other
AAILs which may contribute to chemisorption due to
the (OH) group attached in the anion chain and the
higher electronegative which can lead to stronger
chemical bonding interactions with the CO,. This
stronger chemical bonding can drive the reaction to
chemisorption. But [Na4s] [GLY] and [Nasss] [PHE]
have slightly higher ILs-CO; interaction of -0.132 kcal
mol! and -0.141 kcal mol!, respectively. Finally,
[Na4s44] [ASP] has the highest ILs-CO; interaction
(-1.132 kcal mol!), which is more favourable to
physisorption.

CONCLUSION

The COSMO-RS approach can be utilised as an initial
screening tool to identify the performance between an
anion and a cation in the formation of new ILs. This
study is anticipated to provide the first screening tool
for systematically evaluating potential AAILs for
direct capture of CO, by utilising the COSMO-RS
computational study. The performance of AAILs in
terms of absorption of CO; will be predicted from
the COSMO-RS simulation. The study also covered
the DFT and molecular modelling of AAILs. The
significance of this study is that it should be capable
of reducing time and expense in determining acceptable
AAILs, particularly from many possibilities. It should
also boost the chances of finding and exploring new
TSILs. To summarise, 8 best performance AAILs
(2 cations paired with 4 AA anions) in CO; capture

Molecular Screening of Amino Acid lonic
Liquids in CO2 Capture via COSMO-RS
and DFT

from COSMO-RS results were further analysed for
their interaction energy in DFT calculations and
bond length in molecular modelling using the Tmolex
and Pymol softwares. The 8 AAILs were chosen
based on 2 important parameters, which were PI and
Henry constant, as the study mainly covered CO;
capture. The AAILs are [Passs] paired with [ASP],
[GLY], [PHE], and [SER] with Henry constant
values of 21.1, 20.5, 21.6 and 21.0, and [Nas44]
paired with [ASP], [GLY], [PHE], and [SER] with
Henry constant values of 22.0, 21.2, 22.3 and 21.7,
respectively. The integration of COSMO-RS, DFT,
and molecular modelling provides a comprehensive
approach to identifying and analyse promising AAILs
for CO, capture. By combining computational
simulations and theoretical calculations, this study
streamlines the selection process, saving time,
and resources while increasing the potential for
discovering novel TSILs with enhanced CO, capture
capabilities.
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