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Highlights
1. Selective removal of H2S and COs: is essential in natural gas sweetening

2. Four azole based protic ionic liquids, viz, [DBNH][1,2,3-triaz], [DBNH][1,2,4-triaz],

[DBUH][1,2,3-triaz] and [DBUH][1,2,4-triaz] were studied

3. Density functional theory and molecular dynamics simulations were carried out to understand

absorption phenomenon

4. CO2 binds to the nitrogen of the anion and form a C-N bond, whereas H>S generates an HS”

anion

5. MD results indicate [1,2,4-triaz]- is a better anion compared to [1,2,3-triaz]



Abstract

To achieve efficient carbon capture, utilization, and storage, it is necessary to separate CO» from
the atmosphere. In an attempt to move towards selective separation of CO», some of us have shown
that ionic liquids (ILs) can be efficiently used to separate CO; and H»S from CHs and H>O. In the
present work, we perform Density Functional Theory and Molecular dynamics simulations for four
different ILs: [DBNH][1,2,3-triaz], [DBNH][1,2,4-triaz], [DBUH][1,2,3-triaz] and
[DBUH][1,2,4-triaz]. DFT calculations have unveiled the additional selective character of HzS
with respect to CO>. Whereas CO; binds to the nitrogen of the anionic moiety of the IL forming a
new C-N bond, H>S transfers a proton to one of the nitrogen atoms of the IL with the consequent
generation of a HS™ anion. Radial distribution function analysis shows the presence of hydrogen
bonds between cation and anion in neat ILs as well in presence of gases. Hydrogen bond analysis
shows higher number of hydrogen bonds in the ILs between cation and the [1,2,3-triaz] anion as
compared to [1,2,4-triaz] anion. Molecular dynamics simulations also show that these ionic liquids
have stronger interaction with CO; and H>S as compared to CHy4. Overall, our study confirms the

usage of studied ILs to efficiently capture CO; and H»S.

Keywords: CO»; Azole; H»S; Ionic liquids; density functional theory (DFT); molecular dynamics

(MD).



1. Introduction

Carbon capture, utilization, and storage (CCUS) technologies to remove carbon dioxide from the
atmosphere and combustion products of hydrocarbons are a topic of significant interest for nations
to be able to meet their climate goals and reduce the environmental impact of anthropogenic
greenhouse gases that contribute to climate change and ocean acidification. According to the
World Energy Outlook 2021 report from the International Energy Agency, coal and oil use
increased in 2021, with the subsequent annual increase in CO; emissions on record [1]. Efforts to
reduce production of CO> alone are projected to be incapable of meeting the reduction necessary
to mitigate global warming. Carbon capture is seen as a critical component of the strategy for
meeting net zero emissions targets in the Paris Agreement. Materials capable of removing CO;
from gas streams through physical absorption, chemical absorption, or through membranes exist
but inefficiency and other problems limit their use. Diluted aqueous alkanolamines such as
methanolamine are currently utilized for carbon capture, but concerns of the cost of regeneration
and solvent replacement as they evaporate (creating another environmental trouble), along with
their potential for oxidative degradation and reactivity with the carbon capture systems have led to

search for materials with more desirable properties [2, 3].

One category of promising materials for carbon capture is ionic liquids (ILs) [4-7]. Remarkably,
ILs have emerged as promising compounds for natural gas separation, solving the most common
drawbacks of organic solvents, such as the generation of pollution and the high energy

consumption [8-12]. The pioneering works of Blanchard and coworkers [5, 13] and Pomelly and



coworkers [14, 15], demonstrated that CO> and H>S are highly soluble in 1-butyl-3-methyl-
imdazolium based compounds, boosting the research of new ILs for the capture of these

undesirable gases produced during the combustion of natural gas [16, 17].

Henceforth, the CO; and H>S solubility and capture using ILs has been experimentally and
theoretically investigated. For example, Jalili and coworkers determined the solubilities of both
gases in a few imidazolium-based compounds, reporting the higher solubility of H>S with respect
to CO2[18, 19]. Molecular simulations showed that CO, maintains the linear structure after the
interaction with the tested ILs. Goel et al. and Hussain ef al. investigated the CO» absorption using
pyridinium ILs [20, 21] showing the bending and coordination of CO: to the anion due to N-C
interaction. Balchandani and coworkers studied six different aqueous blends of hybrid solvents of
3-aminopropyl triethoxysilane, = N-methyldiethanolamine, sulfolane, 1-butyl-3-methyl-
imidazolium acetate activated by 1-(2-aminoethyl) piperazine, bis-(3-aminopropyl)amine, and 2-
methyl piperazine [22], revealing that the activators can help to increase the solubility. Kelley et
al. investigated the link between the formation of aromatic liquid clathrate and CO, dissolution in
ILs, concluding that the use of anions with basic functional groups may improve the CO:

interaction [23].

The ability of ILs to absorb gases like carbon dioxide and hydrogen sulfide make them materials
of interest for carbon capture and natural gas sweetening. The low volatility of ILs compared to
alkanolamines leads to much lower evaporation, decreasing the costs of solvent replacement in
CCUS and reduced environmental impact. Properties of ILs are highly tunable by selection of
cation-anion pairs for specific properties. One example 1is glycol-bonded 1,8-
diazabicyclo[5.4.0Jundec-7-ene ([DBU-PEG]*"), a dication that by distributing the ion valence

over a large area is able to ca. double the solubility of CO;in a mixture with



bis(trifluoromethylsulfonyl)imide (Tf2N") as compared to that of [EMIM][Tf2N] and
[EMIM][B(CN)4], known for their high CO; solubility [24]. Various strategies have been
employed to find ILs with more desirable properties for CO; capture, including amino acid ILs

(AAILSs) [25-29], amine-functionalized ILs [30, 31], and phosphonium-based ILs [29, 32-34].

Another class of ILs being investigated is protic ionic liquids (PILs) [35-41]. These ILs often have
a facile synthesis of a neutralization reaction achieved by stirring the acid and base together. Very
recently, Zhang et al. selectively separated H>S and CO; from CH4in a series of azole-based PILs
consisting of cations of 1,5-diazabicyclo[4,3,0] non-5-ene [DBNH]* and 1,8-diazabicyclo[5,4,0]
undec-7-ene [DBUH]* in combination with the anions 1,2,4-1H-triazole [1,2,4-triaz]” and 1,2,3-
1H-triazole [1,2,3-triaz]” PILs [42]. They show that the solubility of H>S is 20-30 times higher than
those in conventional ILs, drastically increasing the selectivity with respect to CHa. Selectivity for
H>S and CO»> over CH4 by these PILs indicates efficacy for natural gas sweetening. Motivated by
these results, here we have envisaged ab initio static and molecular dynamic calculations on
[DBNH][triaz] and [DBUH][triaz], where triaz = [1,2,3-triaz], [1,2,4-triaz], structures displayed
in Scheme 1 to systematically investigate the interaction of these protic ILs with H»S, CO,, CHa,

and H>O for CCUS applicability.
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Scheme 1. Ionic liquids under study (s = saturated).

2. Computational details

2.1. Quantum Mechanical Calculations

Gaussian 16 package was applied for conducting molecular modelling simulations [43]. The
geometry optimizations were performed using M06-2X, i.e. the hybrid GGA functional of Truhlar
and coworkers [44, 45], combined with the 6-311+G(d) basis set [46, 47]. The geometry
optimizations were carried out without symmetry constraints, and the characterization of the
stationary points was performed by analytical frequency calculations. The effect of the solvent was
surveyed according to the polarizable continuum model (PCM) [48, 49], considering ethanol as
the solvent.

2.2. Steric maps

Steric maps and free buried volume, % Vgur, of the designed catalysts were obtained using the

SambVca2 package of Cavallo and coworkers [50, 51].
2.3. Molecular Dynamics

2.3.1. Force Field Parametrization

To simulate the cationic and anionic moieties of the IL, the Generalized Amber force field (GAFF)
was used [52]. Optimized structures using Density Functional Theory (DFT) were used to fit the
restrained electrostatic potential (RESP). The electrostatic potential was constructed using the
Merz-Kollman method at the HF/6-31G(d) level of theory, and the electrostatic potential energy

surface was generated using a multiconfigurational two-stage RESP fitting. Finally, the



Antechamber program was used to do RESP charge estimates for the cations and anionic parts of

the ILs.

2.3.2. Molecular Dynamics Simulations for neat ILs

The initial configurations of the IL mixture were generated by packing 2400 pairs of cations and
anions using the Packmol program [53]. Molecular dynamics (MD) simulations setup is shown in
Table S1. Methodology is similar to our previous articles [54-56]. All the MD simulations reported
in this study was carried out using GROMACS 2019 simulation program [57]. After energy
minimization, a standard protocol that includes the equilibration simulations were performed for
I ns each using NVT and NPT ensembles. Simulated annealing was carried out to increase the
temperature from O to 600 K. The mixture was cooled to 343 K in 50 K decrements. Further, 10
ns NPT simulation was carried out using pressure of 160 bar. Final equilibration was carried out
for 10 ns using the velocity-rescaling thermostat with a coupling time of 0.1 ps and temperature of
343 K. Pressure was maintained to 1 atm, Parrinello—Rahman barostat [58] with a coupling time
of 2 ps. Further, the equilibrated system was used for production simulation of 100 ns using NPT
ensemble. A time step of 1 fs was used to integrate the equations of motion based on the leapfrog
algorithm. The electrostatic interactions beyond 1.2 nm were evaluated for by Particle-Mesh-
Ewald (PME) method [59]. In order to mimic the bulk behavior, standard Periodic boundary
conditions (PBCs) in all directions were used, and the Linear Constraint Solver (LINCS) algorithm

[60] was employed to constraint the hydrogen bonds.

2.3.3. MD simulation of ILs in presence of gases

In addition, effect of flue gases such as CO2, CH4, and H>S were also studied using MD simulations

by GROMACS package (Table S1). All the simulation parameters (algorithm, ensemble, step size



etc.) were similar as reported for neat ILs simulation. Analysis was carried out using Gromacs

tools. Visualization was carried out using VMD program [61].

3. Results and discussion

3.1. Density Functional Theory results

Scheme 1 shows the structure of the cations and the anions used in this study. DFT calculations
were first performed in order to calculate the binding energies of CO, H>S, H>O, and CH4 with
different ILs that were experimentally investigated [42], [DBNH][triaz] and [DBUH]([triaz]. In
addition, a newly modeled/proposed saturated [1,2,3-triaz] was also explored for the sake of
comparison. In the saturated triazoles, one of the double bonds have been hydrogenated (see

Scheme 1).

Starting from the analysis with [DBUH][1,2,4-triaz] (see Table 1), a thermodynamically
unfavorable binding/coupling between the [DBUH][1,2,4-triaz] and H>O, H>S, CO», and CH4 were
observed with the binding energies of 2.9, 4.6, 5.5, and 8.1 kcal/mol, respectively. The calculated
results seem to be in good agreement with the experimental results [42] where methane is never
competitive and selectively absorbed on the studied ILs with the other studied gases/agents.
Furthermore, the interaction with water (which was not studied experimentally) was investigated
for a qualitative comparison of the studied gases with a relatively higher polarity. Our simulations
clearly certifies that water generates a more binding effect in comparison to other studied gases.
However, these results overlook an additional stabilization that would be missing for CO; and H>S,

as both not only have non-covalent interactions with the IL (see Figure S1 for the NClplots, with
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no significant differences with the different gases in the current study), but they modify their
structure as the nitrogen in the anionic unit is able to form a covalent bond with the carbon of CO»
and also to capture a proton from the H>S. These two types of interactions are favorable by 3.2 and
6.0 kcal/mol, respectively, with respect to the adduct structures with simply non-covalent
interactions, which are weak with respect to any covalent/ionic bond that might be formed.
Nevertheless, looking at data in Table 2 one can see that after the formation of the N-C bond still
the interaction is unfavorable for CO> (except for [1,2,3-triaz]” [DBUH]* and [DBNH]"), whereas
in agreement with experiments [42] it is favorable for H»S for the unsaturated triazoles [1,2,3-
triaz] and [1,2,4-triaz] with both [DBUH]* and [DBNH]* cationic counterparts [62], except for the

IL [DBUH][1,2,3-triaz] that is endergonic by 0.6 kcal/mol.

Table 1. Binding Gibbs energies (in kcal/mol) of adduct structures of the gases (CH4, H2O, CO»,

and H»S) on ionic liquids (s = saturated).

AGging (ethanol) Gas

CH4 HO CO. H,S
[DBUH][1,2,3-triaz] 8.8 14 7.3 5.8
[DBUH][1,2,3s-triaz] 8.1 2.0 6.2 2
[DBUH][1,2,4-triaz] 8.1 2.9 5.5 4.6
[DBNH][1,2,3-triaz] 8.0 1.2 4.6 5.3
[DBNH][1,2,3s-triaz] 7.1 1.9 4.6 5.4
[DBNH][1,2,4-triaz] 7.2 2.5 5.1 3.6

2Complex is not formed in this case.

Moving to kinetics (see Table 2), the energy barrier of CO2 insertion in [DBUH][1,2,4-triaz] would
also give an indication that its absorbtion is more difficult than that of H>S by 3.7 kcal/mol (9.0
kcal/mol for CO2 and 5.3 kcal/mol for H»S). Looking at Table 2, similar results are obtained for
the other ILs under study, pointing towards difficult absorption of CO2 compared to H>S. It is worth
to remark that the 10.1 kcal/mol released with the saturated [1,2,3s-triaz]” must be compensated by

the fact that the formation of the corresponding IL is unfavorable by exactly 10.1
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kcal/mol (to be compared with the favorable values of -4.3 and -2.1 kcal/mol for [1,2,3-triaz]"and
[1,2,4-triaz]", respectively), consequently making the overall process thermoneutral. The latter

values is calculated from the two neutral counterparts, separately.

Focusing on the analysis of the cationic part of the ILs from [DBUH]* and [DBNH]"*, qualitatively
there are no differences, but quantitatively. Thus, the energy barriers for the absorption of CO>
increase significantly for [DBNH]* in comparison to [DBUH]*. In particular, for both the [1,2,3-
triaz]” and [1,2,4-triaz] triazoles, the energy barriers increase by about 4.0 kcal/mol, but still
maintaining the endergonic character of the interaction. On the other hand, for H>S, the energy
barriers hardly change, and a decrease in the exergonicity of the reaction is observed when going
from from [DBUH]* to [DBNH]*. However, for [DBNH]* the interaction with H»S is favorable

for both types of triazoles, compared to [DBUH][1,2,3-triaz] that was endergonic by 0.6 kcal/mol.

To go into more detail and understand the different results obtained for [DBUH]* and [DBNH]",
we analyzed the protonation capability of these two bases. The protonation of [DBN] was found
to be less favorable than that of [DBU] by 1.5 kcal/mol. This explains why [DBUH]* has more
CO; capture power, and obviously, even more of breaking H>S, getting one of its protons. On the
other hand, triazole analysis leads to much higher quantitative differences. Thus, deprotonation of
[1,2,3-triaz] is 2.3 kcal/mol easier than that of [1,2,4-triaz]. It is interesting to note that the saturated
conformation [1,2,3s-triaz] involves a higher cost of 17.0 kcal/mol than that [1,2,3-triaz]. And
already together, the union of the two corresponding neutral units implies a stabilization of 2.1
kcal/mol by [DBUH][1,2,4-triaz] and 4.3 kcal/mol by [DBUH][1,2,3-triaz]; while the saturated
form of the latter is reversed, and a disadvantageous conformation would be reached by 10.1

kcal/mol.
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Table 2. Relative Gibbs energies (in kcal/mol) of the interaction of CO2, and H>S on ionic liquids

(s = saturated).

Gging (ethanol) Gas
COz HZS

.coordinat.ion TS product .coordination TS product

intermediate intermediate
[DBUH][1,2,3-triaz] 7.3 9.2 6.4 5.8 5.4 0.6
[DBUH][1,2,3s-triaz] 6.2 8.2 -10.1 -2 -a -10.1
[DBUH][1,2,4-triaz] 5.5 9.0 2.3 4.6 53 -14
[DBNH][1,2,3-triaz] 4.6 12.8 2.7 5.3 5.3 -0.9
[DBNH][1,2,3s-triaz] 4.6 7.6 -12.5 54 - -8.7
[DBNH][1,2,4-triaz] 5.1 12.9 2.9 3.6 4.0 -04
2Not located in the PES.

Focusing then already the efforts with the two agents more susceptible to interact with the ILs, i.e.
CO2 and HsS, to screen again if CO, thermodynamically will be or not inserted into the anionic
triazole moiety, only the anionic triazole moiety was evaluated in Table 3. The coordination of
COzto [1,2,3-triaz] leads to a destabilization of 0.8 kcal/mol, while if the saturated version is used
there is a stabilization of 15.4 kcal/mol, but here it would be necessary to subtract the
destabilization to form the IL first, that is, the 10.1 kcal/mol (vide supra), and therefore it would
still be favorable by 5.3 kcal/mol. On the other hand, with [1,2,4-triaz] there is a stabilization of
1.6 kcal/mol. Taking this into account, the cost of forming the IL from the neutral counterparts, in
all the three cases, the interaction of CO2 would be favorable by 3.5, 5.3 and 3.7 kcal/mol for the
[1,2,3-triaz]", modeled saturated [1,2,3s-triaz] and [1,2,4-triaz]", respectively. Thus, in all cases the
COz insertion would be feasible thermodynamically. From the IL already formed, kinetically the
interaction would not be a problem as it involves a Gibbs energy barrier of 8.0, 5.1 and 7.0 kcal/mol
for the triazoles [1,2,3-triaz]", modeled [1,2,3s-triaz]", and [1,2,4-triaz], respectively. To state that
before forming the C-N bond, there is a coordination intermediate, i.e. CO2 would form a relatively

unstable adduct with the IL (4-5 kcal/mol over the separated species). With H>S, an
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adduct is also found, almost isoenergetic with CO». But there is a difference that is, in the next
step, because although the kinetic cost of the formation of the N-C bond and formation of the HS
anion is similar, thermodynamically this rupture by the triazoles releases an energy of 3.6 and 4.8
kcal/mol for the triazoles [1,2,3-triaz]” and [1,2,4-triaz]", respectively, while with the saturated
[1,2,3s-triaz]", the H>S rupture is so favored that we have been able to locate neither the
corresponding coordination intermediate nor the transition state. This is in agreement with the fact
that with all the homologous ILs (Table 2) the transition states could not be located either, and

with [DBUH]* even the initial coordination intermediate collapsed to the final product.

Table 3. Relative Gibbs energies (in kcal/mol) of the interaction of CO», and H>S on the anionic

triazoles (s = saturated, - = not located).

Gaind (ethanol) Gas
CO, H»S

coordination coordination

intermediate TS product intermediate TS product
[1,2,3-triaz] 4.8 8.0 0.8 5.0 5.2 -3.6
[1,2,3s-triaz] 43 5.1 -15.4 -2 -4 -16.4
[1,2,4-triaz] 4.6 7.0 -1.6 5.0 5.1 -4.8

2Not located in the PES.
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Figure 1. Transition states of the CO» binding for anions A: [1,2,3-triaz]” and B: [1,2,3s-triaz]

D

[1,2,3-triaz]", C: [1,2,4-triaz] and D: of the H>S proton transfer for [1,2,3-triaz] (selected distances

given in A, labelling for the nitrogen atoms of the triazoles: [1,2,3-triaz]” (above) [1,2,4-triaz]

(below)).

To find out the difference between [DBUH]* and [DBNH]* when dealing with CO, the
corresponding ILs with the different triazoles, steric maps in Figure 2 unveil that when the IL
includes [1,2,3-triaz], before the interaction with CO», the % Vpuris 44.7 % for [DBNH][1,2,3-
triaz] and 49.3 % for [DBUH][1,2,3-triaz]. Whereas in the transition state of the CO; insertion the
%V ur decreases from 39.0 for [DBNH][1,2,3-triaz] to 30.2 % for [DBUH][1,2,3-triaz], thus it
shows the opposite behavior, comparing the two cationic moieties. This inversion comes fromthe
fact that the steric hindrance of [DBNH]* is more pronounced than the one of [DBUH]* in the
transition state that defines the kinetics. And this is the reason that forces that the nature of the
transition state to be different. Looking at Figures 3A and 3B, it is clear that when the CO- interacts

with the anionic nitrogen the protonated base does not interact with the anionic nitrogen N1, but
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via the nitrogen in alpha N2. And since [DBNH]" is smaller than [DBUH]", it can tilt and it can
allocate in a closer region to the entering carbon dioxide, but this means an increase of the energy
barrier. On the other hand, the triazole ring [1,2,3-triaz] in [DBUH][1,2,3-triaz] might be more
nucleophilic than for [DBNH][1,2,-triaz] to facilitate the interaction with CO», but the NBO charge
on N2 nearly identical, with values of -0.442 and -0.444, respectively, thus electronically the
differences are not significant. Finally, the nature of the transition stated for the H>S substrate is
closer to the initial coordination intermediate (see Figure 3C), but with the H-transfer from H»S to

the triazole ring.
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Figure 2. Steric maps of A: [DBNH][1,2,3-triaz], C: [DBUH][1,2,3-triaz] and for the transition
state of the CO> insertion with C: [DBNH][1,2,3-triaz] and D: [DBUH][1,2,3-triaz] (xy plane,
placed 2.0 A above the plane including the linking N atom of the triazole and the N of the base
that is protonated; z axis includes the carbon atom of CO»; with a radius of 3.5 A and the isocontour

curves of the steric maps are given in A).

M
2.119

Figure 3. Transition states of the COz insertion for A: [DBNH][1,2,3-triaz], B: [DBUH][1,2,3-

triaz], and C: of the H»S insertion for [DBUH][1,2,3-triaz] (selected distances given in A).

3.2. Molecular dynamics
3.2.1. Validation of force field:
The chosen force—field parameters strongly impact the outcome of MD simulation, and hence,

their validation is absolutely essential. One standard way available in literature for validating the
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chosen force-field parameters is to compare the experimentally calculated density of molecule with
the predicted density calculated by MD simulations. In this work, the prediction of densities of the
neat ILs were carried out using MD simulations. Number of molecules used in MD simulation and
final box size is shown in Table S1 and results corresponding to computed molecular densities
from MD simulations are reported in Table 4. Remarkably, only a small difference of less than 5%
has been observed between experimentally measured density [42] and predicted density using MD
simulations, which clearly indicate the reliability of the chosen force field in our MD simulation
studies and for the systems under investigation.

Table 4: Density obtained from MD simulations and experiments at 343 K of the investigated

systems

Complex Molecular Density (gm/cm?)
Simulations Experimental®

[DBUH][1,2,3-triaz] 1.12 £0.3 1.085

[DBUH][1,2,4-triaz] 1.11 £0.1 1.095

[DBNH][1,2,3-triaz] 1.16 0.4 1.105

[DBNH][1,2,4-triaz] 1.17+0.4 1.115

“Experimental densities were taken from Ref. [42]

3.2.2. Self-Diffusion Coefficient of neat ILs and ILs in presence of flue gases

The microscopic dynamics of ILs plays a critical role in determining the rheological properties of
such compounds. The dynamics in fluids is governed by two closely related properties: atomic
diffusion and viscosity. While the atomic diffusion coefficient describes single-particle diffusive

transport, the viscosity describes the macroscopic transport of momentum by the collective motion
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of the particles. It is well known that the self-diffusion coefficient is inversely proportional to the
viscosity [63]. Self-diffusion coefficient in neat ILs is comparable in respective cations and anions
of the investigated system. Further, no significant difference was observed in diffusion coefficient
for cations and anion in neat ILs. In contrast, MD simulations of ILs in the presence of gases such
as CO», HoS, and CHy4 clearly revealed the notable difference in the predicted diffusion coefficients.
The cation and anion in IL [DBNH][1,2,3-triaz] show relatively higher diffusion coefficient both
in the case of neat ILs as well as the IL simulated in presence of different gases, see Table 5. In
addition, in all the cases diffusion coefficient for H>S is higher than that of CO; and CH4in all the

studied ILs, see Table 5. The trend of diffusion coefficient for gases in all ILs is H>S > CO» > CHa.

Table 5. Self-diffusion coefficients (x10~’ cm?/s) of the respective ions in complexes of neat ionic

liquids and in presence of gases”

[1,2,3-
[DBNHYV/[D
Complex/ions triaz]/[1,2,4- [CO2] [H>S] [CH4]
BUH]
triaz]
Neat Ionic Liquids

[DBNH][1,2,3-triaz] 0.03* 0.01? - - -
[DBNH][1,2,4-triaz] 0.01* 0.012 - - -
[DBUH][1,2,3-triaz] 0.01* 0.012 - - -
[DBUH][1,2,4-triaz] 0.02¢ 0.01? - - -

In presence of gases
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[DBNH][1,2,3-triaz] 6.37 +0.1 6.37+0.1 19.39£0.2 24.64 £0.2 10.87 £0.2

[DBNH][1,2,4-triaz] 0.33% 0.29% 9.28% 11.812 5.70
[DBUH][1,2,3-triaz] 0.21* 0.18% 8.64% 11.87% 4.86°
[DBUH][1,2,4-triaz] 0.17% 0.15% 6.22° 8.84% 5.11%

%standard errors close to zero are not shown.

3.2.3. Radial Distribution Functions (RDFs) for Neat ILs

To discuss the formation of H-bonds in ILs, RDF analysis of neat ILs was carried out considering
the distance of the H atoms of the anion to the only N atom (N1) of the cation and the distance of
the H atoms of the cation to three different N atoms of anion viz. N1, N2, and N3 atoms for the
chosen ILs under study (see atom numbering in Figures 1 and S1). This analysis could give an
indication of the structure of ILs by analyzing the distribution of ions around each other and their
coordination environments. From Figures 4A and 4B, it seems evident that N1 atom of[DBNH]",
does not form hydrogen bond with [1,2,3-triaz] ~and [1,2,4-triaz]” which is also clear from the
observed maximum peak at a distance of 0.5 nm. From Figure 4C, a sharp peak observed at a
distance of 0.3 nm between N1 atom of [DBUH]* with N1 atom of [1,2-3-triaz]", clearly indicates
the presence of a strong H-bonding between these two atoms. Similarly, the presence of a sharp
peak at a distance of 0.3 nm in Figure 4D clearly indicates the formation of H-bonding interaction
between the N1 atom of [DBUH]* with N2 atom of [1,2,4-triaz]". From the observations described
above we can conclude the presence of a strong H-bonding interaction between cation [DBUH]*

and anions[triaz]). In contrast, from the RDF analysis from plots (see Figure 4A, B), it is also clear
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that no H-bonding interaction is present in between [DBNH]* and anions[triaz]). Finally, we also

plotted the RDFs of cation-cation, cation-anion and anion-anion, and their respective coordination

number, see Figure S2. As it is evident from Figure S2 for cation-anion interaction, there is a sharp

solvation shell. The first largest peak for cation-anion was observed at 0.45 (0.48) nm, and the

second and third peaks at 0.63 (0.62) and 1.04 (1.09) nm, for [DBNH][1,2,3-triaz] ((DBUH][1,2,3-

triaz]) respectively. Similarly, in case of [DBNH][1,2,4-triaz] ([DBUH][1,2,4-triaz]), the first

largest peak was observed at 0.51 (0.54) nm, and the second and third peaks at 0.63 (0.62) and 0.9

(1.13) nm respectively. Not surprisingly, it can be seen that cation-anion interaction strength seems

to be higher than cation-cation and anion-anion interactions, see Figure S2. RDFs for cation-cation

and anion-anion interaction shows the first peak at 0.73 nm and 0.76 nm respectively.

10

a(n

10

g(r)

= N1[DBNH]-N1[1,2,3-triaz]
“N1[DBNH]-N2[1,2,3-triaz]
— N1[DBNH]-N3[1,2,3-triaz]

0.0

0.2 0.4 0.6 0.8 1.0
r(nm)

— N1[DBUH]-N1[1,2,3-triaz]
— N1[DBUH]-N2[1,2,3-triaz]
— N1[DBUH]-N3[1,2,3-triaz]

6 0.8 1.0

0.2 0.4 0.
r(nm)

10

a(n

10

a(n

——N1[DBNH]-N1[1,2,4-triaz]
——N1[DBNH]-N2[1,2,4-triaz]
— N1[DBNH]-N3[1,2,4-triaz]

0.0

0.2 0.4 0.6 0.8 1.0
r(nm)

— N1[DBUH]-N1[1,2,4-triaz]
— N1[DBUH]-N2[1,2,4-triaz]
— N1[DBUH]-N3[1,2,4-triaz]

0.0

6 0.8 1.0

0.2 0.4 0.
r(nm)

Figure 4. Radial distribution functions (RDFs, g(r)), indicating interionic distances between cation
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and anion (r). A: RDFs for N1 atom of [DBNH]* with N1, N2 and N3 atoms of [1,2,3-triaz; B:
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RDFs for N1 atom of [DBNH]* with N1, N2 and N3 atom of anion [1,2,4-triaz]; C: RDFs for N1
atom of [DBUH]" with N1, N2, N3 atoms of [1,2-3-triaz]"; D: RDFs for N1 atom of [DBNH]* with
N1, N2, and N3 atoms of [1,2,4-triaz]".

3.2.4. RDF analysis for ILs in presence of flue gases

After adding the mixture of gases (CO2, H>S, and CHa) in ILs, the RDFs between center of mass

(COM) of cation/anion with that of O atom of CO», S atom of H»S, and C atom of CH4 were

analyzed to study the selectivity of chosen ILs for gases under study (see Figure 5).
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Figure 5. Radial distribution functions (RDFs), and their corresponding coordination numbers,

indicating interionic distances between centroid of cation [DBNH]" and anion [triaz] with that of

chosen atom of flue gases. Atom O is used for COa, S is used for H>S and C is used for CH4 to
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calculate RDFs. Centroid of cation is used in RDFs. The bottom panel (C and D) shows

corresponding number integrals (n(r)) of the RDFs, which indicate the coordination numbers.

Figure 5 shows the interaction between cation/anion with CO», H>S, and CHs. In all the cases,
based on the observed peak value of RDF, interaction between H>S and anion is highest, followed
by COz. The weakest interaction was observed between CH4 and the interacting cation/anion. A
similar trend is observed with the interaction of gases with the cations, however, peak value is
much lower as compared to anions. In case of [DBNH]*[1,2,3-triaz]", first sharp peak is observed
at 0.34 nm for interaction between[1,2,3-triaz]” and H>S. Similarly, for CO,, first sharp peak was
observed at 0.36 nm between [1,2,3-triaz]” and CO» and in case of CH4, a broad peak was observed
at a distance of 0.4 nm between [1,2,3-triaz]” and CH4. Finally, it is interesting to note that similar
trend was observed for the interactions of [DBUH]*[1,2,3-triaz]” with the studied CO,, H>S, and
CHs gases as evident from the calculated RDF plots and similar peak distances between the anions
and gases (Figure 6). In case of [DBUH]"[1,2,4-triaz]", first peak was observed at 0.33 nm for
interaction between [1,2,4-triaz]” and H»S. Similarly, for CO,, first sharp peak was observed at
0.34 nm and in case of CH4, a broad peak was observed at a distance of 0.4 nm. Interaction of

cation with flue gases shows RDFs in the order of CH4 < CO»= H>S.
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Figure 6. Radial distribution functions (RDFs), and their corresponding coordination numbers,
indicating interionic distances between centroid of cation [DBUH]" and anion [triaz] with that of
chosen atom of flue gases. Atom O is used for CO2, S is used for H>S and C is used for CH4 to
calculate RDFs. Centroid of Cation is used in RDFs. The bottom panel (C and D) shows

corresponding number integrals (n(r)) of the RDFs, which indicate the coordination numbers.

3.2.5. Interaction Energy of Cations and Anions in Neat ILs

We further analyzed interaction energy between cation and anion in neat ILs and ILs in presence
of gases. Total interaction energy is decomposed into two components with the first one being
Coulombic component responsible for electrostatic interactions and the other one is the Lennard
Jones (LJ) component which is mainly responsible for long range van der Waals interactions. Table

6 shows Coulombic and LJ interaction energy components between cation and anion in neat ILs
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and in presence of gases. In neat ILs, Coulombic and LJ interaction energy is more favorable in
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[DBNH]*[1,2,3-triaz]” as compared to [DBNH]*[1,2,4-triaz]". A similar trend was observed for
[DBUH]* which shows higher interaction energy with [1,2,3-triaz]” compared to the interaction
between [DBUH]" and [1,2,4-triz]". In neat ILs, not surprisingly, due to electrostatic interactions
between cations and anions the calculated Coulombic component contributes to ~ >80% of
calculated interaction energy component for all the studied systems and <20% contribution comes

from the LJ interaction energy component.

3.2.6. Reduction in Interaction Energy of Cations and Anions of ILs in presence of flue gases
Looking at the interaction energy numbers from Table 6, it is clear that the overall interaction
energy between cation and anion is decreased in presence of gases, except for [DBNH]*[1,2,4-
triaz]", (where the cation-anion distance is larger In case of 0.51 nm in [DBNH][1,2,4-triaz] vs. 0.44 nm
in [DBNH][1,2,3-triaz], which may explain the lower interaction energy of [DBNH][1,2,4-triaz] in neat ILs)
where the overall interaction energy component in ILs is greater in presence of mixture gases as
compared to near ILs. In particular, the Coulombic component of interaction energy increases with

a simultaneous decrease in LJ component of interaction energy.

One possible explanation for the reduced interaction energy between respective cation/anion pairs
in neat [DBNH]*[1,2,4-triaz] is the due to favorable interaction of these respective cations and
anions with the gases present in the system. Similar to the observations in neat ILs, the ILs in
presence of gases tend to have greater interaction energy due to the favorable electrostatic
component as evident from the high numbers calculated for the Coulumbic component compared
to the LJ interaction energy component. While ILs in presence of gases shows favorable
Coulombic interaction in [DBNH][1,2,4-triaz] as compared to [DBNH]*[1,2,3-triaz], LIJ
interaction energy is more favorable in [DBNH]*[1,2,3-triaz]” as compared to [DBNH]*[1,2,4-

triaz]".
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Table 6. Average interaction energy between ions in neat ionic liquids and in presence of gases.

Complex/ions [DBNH]*/[DBUH]*-[1,2,3-triaz]/[1,2,4-triaz]
Coulombic Coulombic
LJ (kcal/mol) LJ (kcal/mol)
(kcal/mol) (kcal/mol)
Neat Ionic In presence of
Liquids gases
[DBNH]'[1,2,3-triaz] -27670.92%+13 -24387.22+19 -105164.55+96 -20885.06x36
[DBNH]*[1,2,4-triaz] -79939.14+23 -22575.17%£38 -109337.60£103 -20323.75%43
[DBUH]'[1,2,3-triaz] -108325.41+41 -25123.35%+13 -99268.27+98 -21847.61+48
[DBUH]'[1,2,4-triaz] -111606.96+103 -23698.88+18 -102840.93%+112 -20648.13155

Table 7 shows interaction energy data for the different anions with flue gases (Table S2 contains

the same values for cations). It is interesting to note that the while the L] component of interaction

energy is dominating between anion with that of CO2 and CHa, the coulombic interaction

component is instead dominant between anion and H»S. Similar trend was observed between

interactions of cation with flue gases. In addition, LJ interaction component is more dominant for

[DBNH][triaz] than for [DBUH]*[triaz] molecules.
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Table 7: Average interaction energy between anion with CO2, H2S and CH4
CO: H2S CH4

Complex/Anion Coulombic Coulombic Coulombic

(kcal/mol) LJ (kcal/mol) (kcal/mol) LJ (kcal/mol) (kcal/mol) LJ (kcal/mol)
[DBNH][1,2,3-triaz] -1110.25+3 -2423.11x6 -6914.75+5 -624.71£2 -54.41+4 -455.81+33
[DBNH][1,2,4-triaz] -1281.41+3 -2467.88+4 -7703.43+8 -459.30+1 -71.36+4 -509.98+31
[DBUH][1,2,3-triaz] -1154.64+4 -2129.7543 -6738.53+8 -488.60+1 -64.67+4 -537.04+36
[DBUH][1,2,4-triaz] -1318.57+6 -2172.57+4 -7291.21+3 -355.79+1 -82.27+45 -595.63+36

3.2.5. Hydrogen Bond Analysis between Cations and Anions in Neat Ils and ILs in presence of

flue gases
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Figure 7: Hydrogen bond analysis between cation and anion in A: Neat ionic Liquids and in B:

presence of gases.

Similar to RDFs analysis shown in Figure 6, hydrogen bond (H-bond) analysis shows more number

of hydrogen bonds in [DBNH]* and [DBUH]" with [1,2-3-triaz]". H-bonds of both [DBNH] and

[DBUH] cations with [1,2-4-triaz] is much lower than [1,2,3-triaz]. It is well known from literature

studies that the number of H-bonds are generally connected with the viscosity of ILs [30]. Thus,

from the H-bond analysis, see Figure 7 indicates that cation with [1,2,3-triaz]” could have more
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viscosity as compared to ILs pairs with [1,2,4-triaz]. In other words, [DBNH]*[1,2,4-triaz]
/[DBUH]*[1,2,4-triaz]” is more suitable for CO> and H>S absorption as compared to
[DBNH]*[1,2,3-triaz]/[DBUH]*[1,2,3-triaz]". The analysis of the calculated H-bonds, RDFs, self-
diffusion coefficients, interaction energy analysis clearly indicates the promising absorption
possessed by [DBNH][1,2,3-triaz]/[DBUH][1,2,3-triaz] ILs for both CO; and H>S thusexplaining

the selectivity of these gases. These results are in well agreement with the experimental findings.

4. Conclusions

To screen the role of simple azole based ionic liquids as fixating agents of H>S and more
importantly CO» has been discussed by means of DFT calculations, as well as molecular dynamics
simulations. DFT studies were able to confirm the weak interaction of CH4 with the ILs, whereas
the stronger interaction with the CO; and HoS adsorptions was found, which acquires higher
importance for natural gas purification. In addition, the mechanism of the interaction was unveiled,
finding out that for the latter gas a proton is transferred to the anion triazole. With no different
electronically in terms of nucleophilicity, steric maps seem to confirm that the sterics play a clear
role in the transition states the CO> insertion, which explains why the ILs with the cationic
counterpart for DBN is more kinetically demanding that for DBU by roughly 3 kcal/mol for the
unsaturated triazoles. MD simulation analysis revealed that the diffusion coefficients for H>S and
CO2 gases are greater than that of CHa4 in all the ILs, indicating the selectivity of ILs for HoS and
CO, gases. Further, RDF analysis of ILs in presence of flue gases revealed a strong interaction
between both cation and anion with H>S and CO» as compared to CHs. Finally, the interaction
energy between cation and anion was calculated and compared to the difference in interaction

pattern after adding the gases. Overall, MD simulation Interaction energy analysis for the neat ILs
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revealed that the dominant contribution of Interaction from the Coulombic component (~80%)
while ~20% contribution comes from the LJ interaction energy component for all the studied
systems. Further, a reduction in interaction energy of cations and anions of ILs was observed in
presence of flue gases except for [DBNH]*[1,2,4-triaz]". Finally, the H-bonding analysis points the
more suitability of [DBNH]*[1,2,4-triaz] /[DBUH]*[1,2,4-triaz]" for CO, and H,S absorption.
Overall, the analysis of the calculated self-diffusion coefficients, RDFs, interaction energy analysis
and H-bonding analysis indicates the promising absorption possessed by [DBNH][1,2,4-
triaz]/[DBUH][1,2,4-triaz] ILs for both CO> and HaS thus explaining the selectivity of these gases.
Finally, it is interesting to note that the DFT and MD simulation results are in very well agreement
with experimental data clearly indicting the usage of azole based protic ILs with [1,2,4-triaz] as
an anion shows better activity and a promising material for natural gas purification. Even though
the kinetics are somewhat similar or slightly worse than for [1,2,4-triaz]", the thermodynamicsare

significantly better.
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