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A B S T R A C T   

Various solvents have been proposed considering the importance of CO2 gas removal from the environment. Over 
the past few decades, ionic liquids (ILs) have elicited much attention due to their unique properties. In this 
regard, capturing the CO2 gas by phosphonium-based amino acid ILs (AAILs) was studied by molecular dynamics 
(MD) simulation. The effect of cation functionalization was studied. The anion was glycinate, [GLY]-, and the 
cation was tetrabutylphosphonium, [P4444]+, functionalized by different functional groups including acidic 
(− COOH), alcoholic (− OH), amine (− NН2), and ether (− OCH3). Density, absorption energy, radial distribution 
function (RDF), mean square displacement (MSD), concentration profile, free volume, and fractional free volume 
were under investigation. According to density values calculated from MD simulation, functionalized AAIL with a 
carboxylic acid group ([P4444COOH][Gly]) is the most concentrated system with the maximum interaction en
ergy between AAIL and the trapped CO2 gas equal to − 1.917 kcal.mol− 1. In addition, the lowest volume 
variation was observed through this physical absorption. RDF analysis reveals that anion interaction with CO2 
gas is the most considerable one in the case of [P4444COOH][Gly] AAIL. The CO2 uptake is 2:1 for functionalized 
AAILs that shows cation functionalization improves CO2 gas absorption capacity; each mole of [P4444COOH] 
[Gly] AAIL is capable of surrounding 2.11 mol of CO2. Finally, the gas diffusion coefficient is the lowest one in 
[P4444COOH][Gly] AAIL as the solvent-free volume is observed as a continuous channel to trap CO2 gas with the 
lowest gas diffusivity parameter.   

1. Introduction 

Greenhouse gases, including water vapor, carbon dioxide, methane, 
and nitrous oxide, are major contributors to global warming [1,2]. In the 
atmosphere, carbon dioxide assumes great significance owing to its ac
tivity in the infrared domain, its classification as a dangerous green
house gas, and the fact that it is one of the most abundant greenhouse 
gases [3–6]. Given that some of the emitted radiation is reflected by 
greenhouse gases and doubling the CO2 concentration increases its 
emission, the temperature of Earth’s surface increases by 0.9 ◦C [7]. 
According to Chaban [8], the Earth’s average temperature has increased 
by 0.08 ◦C/year over the past 12 decades. The main reason for green
house gas emissions is human activities that include burning fossil fuels, 
deforestation, and industrial processes. Production and use of fossil fuel 
sources such as oil, coal, and natural gas will continue; for this reason, it 
is necessary to take advantage of effective methods for reducing carbon 
and other pollutants [9,10]. Numerous materials including 
metal-organic frameworks, membranes, solid adsorbents, and reactive 

liquid solvents [2,11], besides the various techniques such as 
electrochemically-driven separation [12] have been proposed over the 
past 15 years to improve carbon dioxide gathering. However, capturing 
the carbon in a source such as coal-fired power plants as a promising 
way may reduce carbon dioxide [12]. Recently, the utilization of ionic 
liquids (ILs) due to high dissolution of CO2 has drawn the attention of 
many researchers [7, 13–20]. The higher efficiency of the removal 
process is attributed to their high thermal and chemical stability, as well 
as low vapor pressure. Following the removal of carbon dioxide, there is 
a need to reduce the amount of energy for IL regeneration. The adjust
able nature and designing new ILs bear great importance because cat
ions and anions form ILs with specific tasks [12, 16, 21–29]. For 
example, they are applicable in gas solubility. Anthony et al. [30] 
investigated the solubility of nine different gases in imidazolium-based 
ILs; they found that carbon dioxide has the highest solubility and the 
strongest interaction with IL. Hanioka et al. [31] used an especially 
functional IL to selectively and easily transfer carbon dioxide gas 
through a membrane. Liquid membranes showed high selectivity and 
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stability for carbon dioxide separation from gas mixtures. Luo et al. [32] 
demonstrated that reducing cation…anion interactions in ILs improves 
CO2 capturing at 30 ◦C and 1 atm. 

Various cations, including imidazolium, pyridinium, pyrrolidinium, 
sulfonium, ammonium, and phosphonium are used in IL structure; 
among these, the phosphonium-based ILs are environmentally friendly 
and easily accessible. Phosphonium-based ILs have diverse applications 
due to their structure and physicochemical properties and are adjustable 
and tunable for specific applications [14,33,34]. 

Amino acid ionic liquids (AAILs) have potential benefits and appli
cations in gas capturing [13, 35–38]. Functionalized AAILs are a new 
generation of ILs with a high absorption capacity in the CO2 capture 
process. Low viscosity, high resistance to degradation and oxidation, 
and high biodegradability are the unique properties that make them 
superior to other ILs [4,28,39]. This class of ILs react with CO2 and are 
economically viable due to the use of amino acid raw materials [40]. 
Noorani et al. [2] synthesized AAILs with 1-butyl-4-methyl pyridinium 
cation for carbon dioxide absorption and found that the main reason for 
the higher carbon adsorption capacity in AAILs is the availability of 
more amine groups. Zhang et al. [41] have synthesized AAILs based on 
phosphonium cation and observed that the CO2 uptake capacity is 50% 
mol. Kasahara et al. [42] have synthesized several phosphonium-based 
AAILs that can easily transfer carbon dioxide. Among them, 
phosphonium-based AAIL with proline anion has the best permeability 
of carbon dioxide and selectivity of carbon dioxide to nitrogen. Not only 
experimental methods as mentioned above, but also computational 
chemistry [12, 28, 43–45] and theoretical methods [23,46,47] have 
been applied to consider the ability of various cations and anions in ILs 
as well as AAILs for capturing acidic gases, especially CO2. Shaikh et al. 
[14] have examined two AAILs [P4444][Gly] and [P1111][Gly] for CO2 
uptake. Free volume and fractional free volume are higher in [P4444] 
[Gly] compared to [P1111][Gly] which promote CO2 uptake. Tong et al. 
[13] have performed molecular dynamics (MD) simulations and quan
tum calculations of 12 AAILs based on phosphonium cation with anions’ 
glycine, proline, imidazole, lysine, and aspartic acid to improve CO2 

uptake. Data analysis from calculations based on density functional 
theory (DFT) and results of radial distribution function (RDF) indicated 
the stable adsorption sites of AAILs for CO2 gas absorption. Li and co
workers [48] have studied the effect of CO2 gas absorption by trihexyl 
(tetradecyl)phosphonium imidazolate on IL viscosity change by MD 
simulation and have found that an asymmetric anion affects the IL vis
cosity and dynamics. 

Kang and coworkers [49] have synthesized dual amino group func
tionalized imidazolium AAILs and studied the CO2 absorption mecha
nism to evaluate cation and anion effects on the AAIL absorbents. Zhang 
et al. [50] have synthesized AAILs functionalized by amine group and 
found that (3-aminopropyl)tributylphosphonium aminoethanoic acid 
salt, [P4444NH2][Gly], enjoys the largest free volume and thereby the 
lowest liquid density; as a result, the absorption of CO2 was 1 mol CO2 
per mol IL, which is also true in the case of tetrabutylammonium gly
cinate ([N4444][GLY]) [51]. According to these studies, here, 
bio-renewable AAILs with non-toxic [52] and more thermal stable alkyl 
chains were selected because of their appreciated ability for gas ab
sorption and lubrication [13,53]; the AAIL’s cation is tetrabutylphos
phonium ([P4444]+) and glycinate anion ([Gly]-). The cation of AAILs 
was functionalized and studied by different functional groups. RDF, 
coordination number, concentration profile, mean square displacement 
(MSD), free volume, and fractional free volume are investigated. In fact, 
by examining these properties, the effect of adding a functional group 
into the cation is investigated for CO2 absorption. The foundation for 
such simulations is a molecular understanding of CO2 physical absorp
tion by these AAILs to explore the effect of the functional group of the 
cation alkyl chain on the gas capturing. Though many researchers have 
studied the absorption of acid gases both experimentally and theoreti
cally, as mentioned above, the gas absorption by AAILs is still obscure. 
Consequently, various structural factors affecting the absorption of CO2 
are discussed based on the present results. 

Fig. 1. The structure of cation and anion in the target AAILs. The red color represents the oxygen atom, blue is the nitrogen atom, purple is the phosphorus atom, 
dark gray stands for the carbon atom, and white is the hydrogen atom. 
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2. Simulation details 

Every simulation was performed at a temperature of 298 K and a 
pressure of 1.01325 × 105 Pa, equivalent to 1 atm. The structure of each 
ion pair of AAIL was first optimized by quantum computing at the 
computational level of B3LYP/6–311 + +G(d,p); after ensuring the 
stable structure and minimum energy, the partial atomic charges were 
computed at the same computational level by the CHELPG method using 
Gaussian09 [54]. The resulting structure containing the calculated 
atomic partial charges was entered into Materials Studio software 
version 2017 [55,56] to perform molecular dynamics simulation. 
Moreover, a simulation cell with a density of 1.00 g.cm− 3 containing 50 
pairs of ions was prepared from AAILs at ambient temperature and the 
force field for this system was selected COMPASS [57,58]. Energy 
minimization and geometric optimization of each simulation cell were 
continued up to the energy convergence tolerance equal to 2 × 10− 5 

kcal.mol− 1, the displacement was 1 × 10− 5 Å, and the force was equal to 
0.001 kcal.mol− 1.Å− 1. Therefore, the simulation cell was ready to 
perform the MD simulation in an isothermal-isobaric ensemble, NPT, at 
the target temperature and pressure. The Maxwell-Boltzmann velocity 
distribution at 298 K was used to establish the random velocity of each 
atom at the beginning of the simulation. The velocity Verlet integration 
algorithm, the Andersen thermostat [59] for controlling the tempera
ture, the Berendsen barostat for the pressure [60], and 1000,000 steps 
with a time step of 1 fs were applied for all simulations. After 1 ns of the 
simulation, it was ensured that the system has found its correct density; 
the energy, temperature, pressure, and volume of the simulation cell are 
fixed; as a result, the simulations were performed for one another 
nanosecond (1 ns) in canonical ensemble with constant particle number, 
volume, and temperature (NVT). To collect data and perform analyses 
for the results of the simulation and remove the effects of external 
constraints (thermostat and barostat), the simulation was continued in 
an isolated simulation cell, microcanonical ensemble (NVE), with the 
number of particles, volume, and energy being constant for another 1 ns. 
Long-range corrections were made at all stages of atomic simulation; the 
cut-off radius of non-bonding interactions was 15.5 Å. For modeling 
electrostatic interactions, the Ewald summation method with an 

accuracy of 0.0001 kcal.mol− 1 was used. In this study, the effect of 
functional groups including carboxylic acid, − COOH, hydroxyl, − OH, 
methoxy, − OCH3, and amine, − NH2, on the alkyl chain of phosphonium 
cation was under investigation; each one is symbolized by [P4444COOH] 
[Gly], [P4444OH][Gly], [P4444OCH3][Gly], and [P4444NH2][Gly], 
respectively. Noticeably, the functional group was added to the end of 
one of the butyl chains of cation. The structure of cations and anion of 
AAILs studied here are illustrated in Fig. 1. 

All the above steps were repeated to simulate the mixed system 
(system containing 50 ion pairs of AAIL and 10 molecules of CO2). First, 
the gas was optimized at the same level of theory applied for AAILs, the 
atomic charges were computed by the CHELPG method at B3LYP/ 
6–311 + +G(d,p) level of theory, and then the gas molecules were 
randomly positioned in the simulation cell. The same procedure of the 
pure AAIL system was applied in the MD section by performing a 3 ns 
MD simulation to let the gas be distributed between AAIL ion pairs. 

To be sure that the density of each bulk system has converged to the 
real value at the temperature and pressure under study, the NPT 
ensemble was applied. Then, the volume was considered to be constant 
to control the temperature of the system; this step was performed in NVT 
ensemble. If the system is in the stationary state with the temperature 
and density constant at mild conditions, all forces are removed and the 
system is considered to be isolated, i.e., NVE ensemble. The same pro
cedure has been applied previously by other researchers [61–67]. The 
corresponding simulation time was selected based on the lowest fluc
tuation in properties such as density, temperature, and potential energy. 
The following figures show the trend of these properties in simulation 
through the last 1 ns of MD simulation. 

According to the literature [8, 65, 68–77], it can be found that the 
most widely used ab initio quantum mechanical (AIQM) approach to 
find the stationary state of an ion pair is DFT that utilizes the Becke’s 
three-parameter with Vosko et al.’s local correlation part, abbreviated as 
B3LYP. To make it more understandable a summary of the 
phosphonium-based ILs selected and the methods applied are given in 
Table 1. 

From the other side of view, among the non-polarizable, non-reactive 
force fields, the AMBER force field parameter sets have been developed 

Table 1 
A summary of the computational studies on phosphonium-based ILs.  

Cation name Anion name Level of 
computation 

Force 
field 

Software Ref. 

methoxy(triethyl(methoxymethyl)phosphonium and 
triethyl(2-methoxyethyl)phosphonium 

bis(trifluoromethylsulfonyl)imide B3LYP/6–31 +G(d) AMBER AIQM: Gaussian 
MD: M.DynaMix 

[65] 

trihexyl(tetradecyl)phosphonium bis(trifluoromethylsulfonyl)imide B3LYP/6–31 +G(d) AMBER AIQM: Gaussian 
MD: MDynaMix 

[68] 

tetrabutylphosphonium trifluoroacetate, acetate, and hexafluorophosphate B3LYP/6–31 +G* AMBER AIQM: Gaussian 
MD: GROMACS 

[69] 

tetrabutylphosphonium 2-cyanopyrrolide B3LYP/ 
6–311 + +G* * 

- AIQM: GAMESS [8] 

tetrabutylphosphonium glycine, alanine, serine, lysine, leucine, isoleucine, 
phenylalanine, proline, methionine, aspartic acid, 
glutamic acid, glutamine, and taurine 

B3LYP/ 
6–311 +G* * 

AMBER AIQM: Gaussian 
MD: M.DynaMix 

[70] 

tributyl(2-ethylhexyl)phosphonium, trioctyl(2- 
ethylhexyl)phosphonium, and trioctyl(undecyl) 
phosphonium 

bromide B3LYP/6–31 G(d,p) - AIQM: Gaussian [71] 

tetrabutylphosphonium 4-(methoxycarbonyl)phenol B3LYP-D3BJ/ 
6–311 + +G(d,p) 

- AIQM: VASP [72] 

trihexyl(tetradecyl)phosphonium chloride and bistrifluoro(sulfonyl)imide B3LYP/ 
6–311 + +G* * 

- AIQM: Gaussian [73] 

trihexyl(tetradecyl)phosphonium lysine B3LYP/6–31 + G* - AIQM: Gaussian [74] 
tetraalkylphosphonium, tributyl(octyl)phosphonium, 

tributyl(tetradecyl)phosphonium, and trihexyl 
(tetradecyl)phosphonium 

bis(mandelato)borat, bis(malonato)borate, bis(oxalato) 
borate, and bis(salicylato)borate 

B3LYP/ 
6–311 + +G(d) 

AMBER AIQM: Gaussian 
MD: M.Dynamix 

[75] 

trihexyl(tetradecyl)phosphonium prolinate and methioninate B3LYP/ 
6–311 G+ +(d,p) 

- AIQM: Gaussian [76] 

tetraethylphosphonium phenolate, 4-nitrophenolate, and 4-methoxyphenolate B3LYP/6–311 +G 
(d,p)  

AIQM: Gaussian 
MD: CPMD 

[77] 

n-alkylpyridinium chloride, bromide, and dicyanamide RHF/6–31 G(d) OPLS- 
AA 

AIQM: Gaussian 
MD: DL_POLY 

[78]  
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for the widest range of phosphonium ILs cation-anion pairs. COMPASS 
that stands for Condensed-phase Optimized Molecular Potentials for 
Atomistic Simulation Studies is the force field of choice underlying 
materials science applications of the BIOVIA brand as well as supporting 
many classical applications within Materials Studio. Considering these 
references, it is highlighted that the selected AIQM has great effect on 
the ion pair structure that is applied as an initial configuration for MD. In 
addition, whatever force field is more accurate, the results of MD 
simulation are in accurate agreement with the experiment. As an 
instance, the deviation error for computed density of [P4444][Gly] at 
ambient conditions is lower than results reported by Liu et al. [65]; the 
current results can be validated. Liu et al. [65] have shown that the error 
in predicting density is greater than 5% in the case of [P2,2,2,1O1][Tf2N] 
and [P2,2,2,2O1][Tf2N]. 

It should be notified that the current study was performed at a single 
temperature and pressure since the effect of temperature and gas pres
sure on absorption process are not the main points here. Furthermore, as 
previous studies [32,72,76,77,79,80] have performed at ambient and 

normal temperature and pressure, the current study has also performed 
the same. The most important point is that it is important to capture 
pollutant gases at not harsh conditions. 

Another doubt that is come to the mind is that the procedure for 
adding the CO2 molecules is arbitrary; consequently, the effect of the 
CO2 molecules starting location of the gas as well as the simulation time 
are needed to be under study. Outstandingly, the initial locations of the 
CO2 gas molecules do not play a critical role in macroscopic properties 
that are independent of the structure and atomic position. In addition, if 
the system has converged from the structure point of view, the atoms 
have found their stable positions and the coordination numbers will not 
change by another longer time simulation. As a result, the absorption 
energy, absorption capacitance, and density will be constant if someone 
continues the simulation or changes the initial location of the CO2 
molecules. The same observation has been checked previously for 
simulation time [81]. 

Fig. 2. The instance (black line) and average variation (red line) of a) Enon-bonded, b) Epot., c) T, and d) ρ with simulation time for [P4444][Gly] at last 1 ns 
of simulation. 
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3. Results and discussion 

To be sure the equilibration has occurred, the variation of non- 
bonded energy, potential energy, temperature, and density with simu
lation time was under consideration. See Fig. 2 for more details. 

According to Fig. 2, it can be received that the fluctuations are 
around average values of ρ, T, Enon-bonded, and Epot.. As the fluctuation is 
lower than 

̅̅̅̅̅̅̅̅̅
N− 1

√
[81], the simulation time can be acceptable. It is 

shown that the Epot. fluctuation is less and the relative error between the 
average values and instantaneous values are less than 0.03 and tem
perature fluctuates around 298 K with a not considerable variance. Be
sides the selection of initial structures taken from an accurate AIQM 

Table 2 
Density, absorption energy, and volume variation concerning the pure state in 
the systems containing gas and AAIL studied at 298 K.  

AAIL ρ (g.cm− 3) Eabs. (kcal.mol− 1) ΔV (Å3) 

[P4444][Gly]  0.959 -1.704  537.135 
[P4444NH2][Gly]  0.997 -1.785  664.001 
[P4444COOH][Gly]  1.041 -1.917  206.977 
[P4444OH][Gly]  1.018 -1.834  331.507 
[P4444OCH3][Gly]  0.989 -1.751  888.242  

Fig. 3. Different RDFs for the system containing AAIL and CO2 gas at 298 K a) anion-anion, b) cation-cation, c) cation-anion, d) CO2-CO2, e) CO2-anion, and f) CO2- 
cation. The indented part in a), b), and c) corresponds to the magnified first peak of RDF. 
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method, the accuracy in computing the atomic charges, and the small 
deviations in molar densities in comparison to experiment shed light on 
the consistencies in the simulations. 

The thermophysical properties such density values of the AAILs at 
298 K and 1 atm were calculated. The density of studied pure non- 
functionalized AAIL ([P4444][Gly]) is 0.952 g.cm− 3 that is in excellent 
agreement with the corresponding experimental value, 0.960 g.cm− 3 

[13] and confirms that carefully chosen conditions are acceptable. In 
addition, Zhou et al. [70] have simulated AAILs based on amino acid 
anion by AMBER force field at the same temperature and pressure, the 
density calculated is 0.954 g.cm− 3. ReaxFF has been applied by Zhang 
et al. [79] and the density value is 0.976 g.cm− 3 at 300 K which is 
greater than its corresponding experimental value. Generalized AMBER 
force field (GAFF) has been applied to find the density of [P4444][Gly] 
AAIL [14]; it was found that at 300 K the density is equal to 0.993 g. 
cm− 3. All these results reveal that the current simulation is in excellent 
agreement with the experimental and theoretical density values. In the 
case of mixture systems containing 50 AAILs and 10 CO2 gas molecules, 
the density values are reported in Table 2. Zhang et al. [79] have re
ported a density of 1.000 g.cm− 3 in the case of a 16.7 mol% mixture of 
CO2 and [P4444][Gly] AAIL that agrees well with increasing the density 
due to the absorbed gas interaction with this AAIL. 

According to the table, [P4444COOH][Gly] AAIL experiences the 
highest density corresponding to the most concentrated system, the 

highest gas absorption energy per each ion pair of AAIL 
(

Eabs 

=
EAAIL+CO2 − EAAIL

NAAIL

)
, and the lowest volume variation 

(ΔV = VAAIL+CO2 − VAAIL) due to the gas absorption. Computing the sys
tem volume before and after absorption can be a metric to differentiate 
target AAILs in their ability of absorb CO2 gas since is a sign of gas 
distribution in the simulation box. These results can shed light on 
[P4444COOH][Gly] ability to enjoy the strongest interaction with 
captured gas. It is worth to mention that E values in Eabs. are total 
intermolecular energies including van der Waals energy and electro
static terms. The results demonstrate that cation functionalization by 
electron-withdrawing functional groups improves the gas capturing by 
AAIL. To explore a molecular deep insight into the system and to 
investigate the molecular behavior of each AAIL, the RDFs between the 
center of mass of cation, anion, and CO2 gas were evaluated and 
analyzed for the mixed system containing AAIL and carbon dioxide gas. 
Fig. 3 displays the different pair correlation functions between the 
species of the system containing cation, anion, and captured CO2 gas. 

Among all the pair correlations, the interaction of anions with each 
other is the strongest because of the hydrogen bond between anions; in 
addition, according to the figure, anion plays the main role in gas ab
sorption. The interaction between all species is affected by the cation 
functional group and is the lowest in the case of non-functionalized AAIL 
while is the strongest in the case of [P4444OCH3][Gly] AAIL. It seems 
that the bulkiness of the functional group has a direct relationship with 
the strength of the interaction between the anions. The position of the 
peaks shows that adding a functional group to the cation does not 
change the interaction position of the anions although the anion-anion 
interaction experiences a change in strength. In the case of cation- 
cation interaction, Fig. 3b, the peak location is at 2.60 Å which is 
0.4 Å away from the anion-anion interaction location. Moreover, the 
pair correlation contains two branched peaks followed by a short and 

wide one. The presence of the second coordination layer in the RDF 
between cations confirms that there is no aggregation of the cations due 
to their large size and relatively symmetrical structure of the cation. This 
lack of accumulation can indicate the orientation of cations. The in
tensity order of RDF peaks does not variate significantly with the 
alteration of the functional group and interactions are weakened by the 
addition of a functional group. The weakest cation-cation interaction is 
observed in the case of [P4444COOH][Gly] AAIL. Considering cation- 
anion interaction, Fig. 3c, it can be found that non-functionalized 
AAIL, [P4444][Gly], enjoys the strongest cation-anion interaction while 
the same one is the most insignificant in the case of [P4444COOH][Gly]. 
In summary, the interaction of anions with each other is stronger than 
cations with each other and cations with anions. Based on Fig. 3d, due to 
the greater movement of gas molecules and their irregular movement, 
the RDF dependency on position experiences more fluctuations. The 
presence of the second and third peaks in the structural analysis con
firms that the gas molecules are scattered inside the simulation cell. The 
interaction of carbon dioxide gases with each other in the AAIL con
taining the amine functional group ([P4444NH2][Gly]) is the strongest 
and in the case of [P4444OH][Gly] is the weakest. The position and in
tensity of the CO2-CO2 RDF peaks show that [P4444COOH][Gly] AAIL 
can perfectly dissolve the gas molecules as a green liquid solvent. From 
the other side of view, the difference between the first and second layers 
of CO2 trapped molecules into [P4444COOH][Gly] AAIL, in which mol
ecules interact as pairs and quad molecules, is approximately 4 Å while 
in the case of [P4444NH2][Gly], one sharp and narrow peak exists. This 
observation confirms that CO2 gas molecules do not accumulate and 
physically interact with each other; therefore, these all studied AAILs 
can dissolve this gas to some extent. According to Fig. 3e, the strength of 
interactions between gas and anion follows [P4444COOH][Gly] 
> [P4444OH][Gly] > [P4444NH2][Gly] > [P4444OCH3][Gly] > [P4444] 
[Gly] trend; the average distance between anion and CO2 gas is 3.44 Å 
and this value between CO2 gases is 3.80 Å that indicates a closer dis
tance between anion and CO2 gas compared to the CO2 gas molecules. 
Therefore, [P4444COOH][Gly] AAIL has the highest ability to absorb CO2 
gas which is also in accordance with the cation-anion pair correlation 
function. As [P4444][Gly] has the strongest interaction between cation 
and anion, its tendency towards CO2 gas is the most ignorable. There
fore, due to the weak interaction between the cation and the anion, 
[P4444COOH][Gly] AAIL has the greatest ability to absorb CO2 gas, e.g., 
a strong interaction between anion and CO2 gas is observed. Based on 
Fig. 3f, the RDF between CO2 gas and the center of mass of the cation 
observes insignificant intensity as well as being at a further distance. The 
closest distance between cation and CO2 gas is larger than 4 Å; conse
quently, the interaction between the gas and cation is insignificant 
compared to an anion and captured gas. It can be concluded that the 
anion-CO2 strength is greater than the cation-CO2 interaction, i.e., AAIL 
functions by its anion to carry out gas absorption. 

To determine the solubility of CO2 gas in each AAIL, the number of 
gases around cations and anions should be compared with the number of 
cations and anions placed next to each other and the CO2 gases. Ac
cording to the RDF and the closest distance between each pair, the po
sition of the first peak (rmin), the coordination number (CN) can be 
calculated: 

CN = 4π ρ
∫ rmin

0
r2g(r)dr (1) 

The CN values of anion-cation, anion-CO2, and gas-gas were inves
tigated and are reported in Table 3. 

The number of anions around the cations is greatest in the case of 
[P4444][Gly] AAIL with a value of about 4 while [P4444COOH][Gly] 
AAIL involves 3 cations around each anion that demonstrates [P4444] 
[Gly] AAIL is not enthusiastic about gas dissolution and the lowest 
anion-gas CN accompanies this fact. The strongest absorption ability in 
[P4444COOH][Gly] AAIL can be related to its highest CN between anion 
and CO2 gas. As the cation-anion interaction is weaker if AAIL is 

Table 3 
CN values for simulated systems at 298 K.  

AAIL Anion-CO2 CO2-CO2 Cation-Anion 

[P4444][Gly]  1.52  0.24  3.55 
[P4444NH2][Gly]  1.81  1.60  3.50 
[P4444COOH][Gly]  2.11  0.94  3.07 
[P4444OH][Gly]  1.90  1.64  3.28 
[P4444OCH3][Gly]  1.58  0.22  3.08  
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functionalized, the more space can be provided between cation and 
anion; consequently, adding a functional group to the cation alkyl chain 
causes more gases to be surrounded by AAIL. Due to the presence of 2 
CO2 gas molecules around each anion of AAIL, it can be expressed that 
the solubility of CO2 gas in these AAILs is 1:2, e.g., two molecules of CO2 
gas are dissolved by each ion pair. Zhang et al. [41] have also applied 
AAILs based on phosphonium cation and the same ratio of gas absorp
tion to AAIL was found if there is no water present in the system. 
However, the crucial point of the present study is that cation 

functionality, though the cation has the second role in gas absorption by 
AAIL, enhances solvent ability in gas dissolution and the maximum 
CO2/AAIL ratio is achieved. In other words, cation functionalization 
improves CO2 gas absorption by AAIL. This difference in gas absorption 
through cation functionalization is in accordance with the difference in 
the local structure and its effect on different CO2 absorption mechanisms 
[80]. 

Interestingly, the AIQM results including HOMO-LUMO gap (Eg), 
electronegativity (χ), hardness (η), and second order perturbation en
ergy (E2) between cation and anion computed at B3LYP/6–311 + +g(d, 
p) level of theory show the highest values for [P4444OCH3][Gly] AAIL 
that related to its stability and reactivity. In addition, the mentioned 
AAIL has the lowest electrical chemical potential (μ = -χ) in accordance 
to the other target AAILs. Table 4 outlines these AIQM characteristics for 
all studied AAILs. However, the values of electrophilicity do not show 
any correlation. 

The next question is how the absorbed gases are distributed in a 
special direction, such as the x direction. To have a look at cation, anion, 
and CO2 gas distribution, the relative concentration profile is examined; 
see Fig. 4 for more details. 

According to the cation concentration profile, Fig. 4a, [P4444][Gly] 
AAIL has three broad and long peaks with the same changes and two 

Table 4 
AIQM results computed at B3LYP/6–311 + +g(d,p) level of theory for AAILs.  

AAIL Eg (eV) χ (a.u.) η (a.u.) Electrophilicity 
(a.u.) 

E2 (kcal. 
mol− 1) 

[P4444][Gly]  4.0872  0.1094  0.0751  0.0797  8.960 
[P4444COOH] 

[Gly]  
4.0706  0.1082  0.0748  0.0783  8.250 

[P4444OCH3] 
[Gly]  

4.1587  0.1099  0.0764  0.0790  8.990 

[P4444OH] 
[Gly]  

4.0888  0.1086  0.0751  0.0785  8.250 

[P4444NH2] 
[Gly]  

4.0259  0.1071  0.0740  0.0776  5.240  

Fig. 4. Concentration profile of a) cation, b) anion, and c) CO2 concerning x direction at 298 K.  
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Fig. 5. Graphical representation of simulation cell; a) [P4444][Gly] AAIL, b) [P4444NH2][Gly] AAIL, c) [P4444COOH][Gly] AAIL, d) [P4444OH][Gly] AAIL, and e) 
[P4444OCH3][Gly] AAIL. Gas atoms are shown as green spheres, cations are shown as lines, and anions are shown as CPK, i.e., ball and stick. 
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shorter peaks while these are converted to three broad peaks in 
[P4444COOH][Gly] AAIL. The peaks are not located at a fixed distance 
from each other, i.e., the cations do not have the same distribution and 
are located at different distances from each other in the x direction. 
Therefore, it can be said that due to the presence of CO2 gas as well as the 
functional group, cation profile concentration in the x direction changes 
and follows a non-uniform trend in cases where there is the most 
interaction between the gas and the AAIL. In the case of [P4444][Gly] 
AAIL, one long and wide peak besides three short peaks are observed if 
the anion concentration profile is under consideration. Fig. 4b shows 
that the anions enjoy a higher concentration and follow a non-uniform 
distribution in the x direction because the peaks are not at the same 
distance from each other. Therefore, [P4444][Gly] AAIL witnesses a non- 
uniform distribution of anions in a specific direction, e.g., the x direc
tion. The anion concentration profile of [P4444COOH][Gly] AAIL dem
onstrates the least fluctuations in comparison with the other target 
AAILs and follows a relatively uniform distribution in the x direction 

because of its significant interaction with CO2 gas. The presence of peaks 
at the same distances from each other, see Fig. 4c, in [P4444COOH][Gly] 
AAIL confirms that the gas has dissolved and the physical absorption 
process of the gas has occurred. Since the interaction of the anion with 
the gas is the strongest, the gas is expected to be observed wherever the 
anion is present; therefore, five different peaks are seen in the gas con
centration profile which is a sign of gas distribution inside the AAIL. A 
graphical representation of the last orientation of CO2 into the AAIL is 
shown in Fig. 5 which confirms the above discussion. As Fig. 5 shows, all 
studied AAILs can spread CO2 gas inside free spaces of green solvent and 
in the case of [P4444COOH][Gly] AAIL, the gas is surrounded by anions. 
Considering other AAILs, it can be found that the distribution of anion 
around the cation or its accumulation without the presence of gas can 
also be seen in some areas of the simulation cell. 

The squared displacement |ri(t) − ri(0) |2 of N molecules in the 
simulation is used to determine the MSD at a time, t, of the simulated 
system. MSD is defined as [13,82]: 

MSDi(t) =
〈
|ri(t) − ri(0) |2

〉
=

1
N

∑N

i=1
|ri(t) − ri(0) |2 (2)  

where N and |ri(t) − ri(0) | stand for the particle number and the dislo
cation of the ith particle at the running t, respectively. Fig. 6 shows the 
variation of MSD of the center of mass of AAIL ion pairs with a functional 
group in the alkyl cation chain at the final 1 ns of MD simulation. MSD 
value for functionalized AAIL with carboxylic acid group indicates the 
lowest mobility and AAIL containing methoxy group has the highest 
mobility in accordance to the computed AIQM results. The reason for 
this change in MSD values is that the size of the anion is smaller than the 
cation; in other words, the cation is bulkier than the anion and the anion 
is more mobile. Due to the lowest mobility of [P4444COOH]+ and [Gly]-, 
it is expected that the strongest interaction with CO2 gas is also observed 
in [P4444COOH][Gly] AAIL. 

The variation of MSD with time as an initial value is applied to 
determine not only the diffusivity parameter [83] or β exponent [66] but 
also the diffusion coefficient of the system; if β =

dlogMSD
dlogt = 1, the system 

is in the diffusive regime and the MSD changes linearly with the simu
lation time; as a consequence, the diffusion coefficient can be calculated 
by Einstein’s relation [84]. In cases where β < 1, MSD has a linear 
relationship with tα. In most cases, α is a number smaller than one and 
equal to 0.5 and in such a situation, the system is in the sub-diffusive 
regime. In cases where MSD∝tα and β > 1, the system is in the 

Fig. 6. Time dependence of MSD at the final 1 ns of simulation at 298 K a) 
anion and b) cation. 

Table 5 
Values of diffusion coefficients (D) of cation, anion, and CO2 gas (D×10− 12 m2/s), R2, standard error (SE) of estimation, and gas diffusivity parameter (β).   

Cation Anion CO2 

AAILs D R2 SE D R2 SE D R2 SE β 

[P4444][Gly]  7.22  0.96  0.24  5.14  0.93  0.23  41.88  0.58  5.83  0.47 
[P4444NH2][Gly]  4.98  0.97  0.14  5.96  0.98  0.15  74.41  0.97  2.24  0.69 
[P4444COOH][Gly]  1.75  0.98  0.09  1.62  0.74  0.16  9.67  0.77  0.86  0.24 
[P4444OH][Gly]  3.94  0.91  0.09  2.77  0.80  0.23  17.76  0.91  0.93  0.50 
[P4444OCH3][Gly]  9.53  0.99  0.13  10.49  0.99  0.16  68.13  0.98  1.76  0.68  

Table 6 
Values of the total, free, and occupied volume in Å3 for pure AAIL at 298 K.  

AAIL Total 
volume 

Free 
volume 

Occupied 
volume 

Free volume 
fraction 

[P4444][Gly] 29,088.11 4283.55 24,804.56  0.15 
[P4444NH2] 

[Gly] 
29,088.72 3399.88 25,688.84  0.12 

[P4444COOH] 
[Gly] 

30,612.30 4278.02 26,334.28  0.14 

[P4444OH][Gly] 28,899.02 3789.04 25,109.98  0.13 
[P4444OCH3] 

[Gly] 
30,359.14 3784.81 26,574.33  0.12  
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super-diffusive regime. The self-diffusion coefficient is determined 
based on the MSD of each ion in the diffusive regime using Einstein’s 
equation [13,85]. 

D = lim
t→∞

1
6

dMSD
dt

(3) 

The values of the diffusion coefficients of the center of mass of cation, 
anion, and CO2 gas were computed by using the MD simulations at the 
production stage of MD, i.e., performing the simulation in the NVE 
ensemble by finding the slope of the MSD straight line against simula
tion time. Noticeably, the values of cation and anion self-diffusion co
efficient values at pure [P4444][Gly] AAIL are in good agreement with 

Fig. 7. Free volume of pure AAILs at 298 K a) [P4444][Gly], b) [P4444NH2][Gly], c) [P4444COOH][Gly], d) [P4444OH][Gly] and e) [P4444OCH3][Gly]. The gray color 
shows the occupied volume and blue color shows the free volume. 
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Shaikh et al. [14] simulation results at 300 K by GAFF. The value of R2, 
which measures the closeness to a straight line, is also reported in 
Table 5 along with the diffusion coefficient values and the standard error 
of the fitting. 

As it is clear from Table 5, the values of cation and anion diffusion 
coefficients depend on the cation functionality and [P4444COOH][Gly] 
has the lowest diffusion coefficient. In all cases, R2 is greater than 0.91 
and the standard error of estimation is very low. These both confirm the 
diffusive regime of mobility, i.e., a β value of 1. Nevertheless, the anion 
of [P4444COOH][Gly] AAIL, as well as the gas diffusivity, do not follow 
the Fickian diffusivity that is related to gas capturing by AAIL; in other 
words, [P4444COOH][Gly] can enjoy the greatest solubility of the gas. 
The values of dissolved gas β in all studied AAILs are less than one that 
reveals the behavior of gas is a sub-diffusive behavior; therefore, the 
diffusion of gas inside the AAIL is not completely uniform, i.e., a physical 
absorption has occurred. It can be seen that the largest deviation from 
one for β parameter is observed in [P4444COOH][Gly] AAIL, which is due 
to the greater dissolution of the gas in the above-mentioned AAIL. 

Free volume acts as a channel path for gas molecules to pass through 
the AAIL; it is placed where atoms are not present and there is a space 
between species of the system. The free volume is obtained using the 
Connolly surface. Atoms are represented by hard spheres with specific 
van der Waals radii. The Connolly surface is calculated when the probe 
molecule rotates on the van der Waals surface, and free volume is 
defined as the volume on the Connolly surface without atoms [86]. The 
free volume includes a volume that is not accessible to probe. The free 
volume and the occupied volume were calculated directly with the help 
of Materials Studio software and using the atom volumes and surfaces 
tool Module. The free volume values for all types of pure goal AAILs are 
reported in Table 6. 

Even though numerically, the highest free volume is related to 
[P4444][Gly] AAIL and after that, it is related to [P4444COOH][Gly] 
AAIL, as the graphic representation of free volume (Fig. 7) shows, the 
free volumes in [P4444][Gly] AAIL are isolated islands that are far from 
each other. From the other side of view, [P4444COOH][Gly] AAIL con
tains continuous free channels that allow the gas molecules to pass 
through the AAIL. The amount of free and occupied volumes demon
strates if the AAIL has continuous free channels. The occupied volume at 
the presence of CO2 gas is 25,308.69 Å3 for a system containing [P4444] 
[Gly]+CO2 at 298 K while it is 27,089.91 Å3 for a system containing 
[P4444OCH3][Gly]+CO2 at the same condition that is the lowest varia
tion in occupied volume through gas capturing. 

4. Conclusions 

Phosphonium-based AAILs with glycinate as counter ion were 
considered for CO2 gas trapping. The cation was functionalized by 
different functional groups and by MD simulation the effect of cation 
functionalization on CO2 gas absorption was investigated for the first 
time as the authors are aware. AAIL with a carboxylic functional group 
([P4444COOH][Gly]) has the highest density and absorption energy as 
cation-anion interaction is the least. In addition, the volume difference 
between pure AAIL and its mixture state is the lowest one which in
dicates carbon dioxide gas interacts strongly with the above-mentioned 
AAIL. The trend of anion-cation, cation-CO2, and anion-CO2 pair cor
relation functions reveals that the strongest interaction between ion pair 
of AAIL inhibits the considerable interaction between AAIL and CO2, as a 
result, CO2 gas absorption occurs through anion species with an ab
sorption energy of − 1.917 kcal.mol− 1. Gas-anion pair distribution 
function in accordance with the absorption energy is the most significant 
one in [P4444COOH][Gly] AAIL. Moreover, the anion-gas coordination 
number displays that each ion pair has a capacity of 2 CO2 molecules to 
be absorbed. Not only does the gas concentration profile exhibit that 
[P4444COOH][Gly] AAIL enjoys gas solubility but also both cation and 
anion have the lowest mobility values due to the interaction with the 
captured gas. The free volume for [P4444COOH][Gly] AAIL is 

considerable as well as constructing continuous channels that lead to the 
possibility of gas considerable absorption. Finally, it can be summarized 
that withdrawing functional groups in cation structure improves CO2 
gas absorption capacity. 
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