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Excess chemical potential of thiophene in [C;MIM]
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The excess chemical potential of thiophene in imidazolium-based ionic liquids [C4mim][BF,], [C4smim][Cl],
[C4mim][Br], and [C4smim][CHsCOOQ] were determined by means of molecular dynamics in conjunction with
free energy perturbation techniques employing non-polarizable force fields at 300 K and 343.15 K. In
addition, energetic and structural analysis were performed such as: interaction energies, averaged
noncovalent interactions, radial, and combined distribution functions. The results from this work revealed
that the ionic liquids (ILs) presenting the most favorable excess chemical potentials ([C4mim][BF,l,
[C4mim][CH3COQ]) are associated with the strongest energetic interaction between the thiophene
molecule and the ionic liquid anion, and with the weakest energetic interaction between the thiophene
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In order to consider polarizability effects, not included in the
classical forcefields, ab initio molecular dynamics (AIMD) were
carried to elucidate a more representative molecular environ-
ment. The radial distribution functions (RDF) obtained from
the AIMD indicated that the thiophene molecule finds the IL
anions at closer distances than the imidazolium ring cation;
also, the ionic liquids [C,mim][BF,] and [C,mim][CH;COO]
presented more defined RDF peaks for the sulfur atom paired
with hydrogen atoms within the imidazolium ring, in compar-
ison with the thiophene-anion pair distributions, and the
inverse RDF phenomena were observed in the other two ILs.
Furthermore, the combined distribution functions signaled
a series of interactions between thiophene and IL cation,
including m-7 thiophene-cation stacking (face to face, offset
and edge to face), thiophene-alkyl chain interactions and
hydrogen bonding between thiophene and the IL anion.

The averaged noncovalent interactions determined from ab
initio molecular dynamic trajectories showed that most of the
interactions between the thiophene and IL ions are not strong;
nevertheless, these interactions, according to the thermal fluc-
tuation index, are stable throughout the entire simulation time.
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molecule and the ionic liquid cation.

. Introduction

Sulfur compounds constitute a significant source of air pollu-
tion, originating from automotive vehicle emissions, either
directly in the form of sulfur oxides (SO,) or indirectly by
poisoning the catalytic converter, impairing its performance
and avoiding the complete conversion of other contaminant
gases."” Sulfur compounds like thiols, sulfides, and thiophenes,
often present in oils, can cause corrosion, if their concentration
is larger than 0.2% in weight.® Strict regulations aimed at
reducing the amount of sulfur within fuels have been imposed
in recent decades worldwide. Therefore, the development of
new green technologies and processes is necessary to reach the
comprehensive desulfurization of oils.**

The hydrodesulfurization (HDS) method is a -catalytic
process carried at high pressure and high temperature that
converts organosulfur compounds (e.g., mercaptans, sulfides,
disulfides) to hydrogen sulfide (H,S).® Even though the HDS is
the most common and effective process to remove sulfur from
oil, it is not suitable for the removal of aromatic sulfur
compounds such as thiophene, methyl-thiophene, and diben-
zothiophene.*” Indeed, current research is focused on the
removal of sulfur compounds using low-energy processes and
green solvents.*”*

The liquid-liquid extraction of sulfur compounds at room
temperature and atmospheric pressure is considered an effi-
cient energetical alternative to replace or complement® the HDS
process. However, the solvents used in these processes can be
volatile and toxic.’ Ionic liquids (ILs) are a promising class of
solvents presenting specific physicochemical properties such as
low vapor pressure, high thermal stability, as well as wide-

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra04615b&domain=pdf&date_stamp=2021-09-01
http://orcid.org/0000-0001-7400-9233
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra04615b
https://rsc.66557.net/en/journals/journal/RA
https://rsc.66557.net/en/journals/journal/RA?issueid=RA011047

Open Access Article. Published on 02 September 2021. Downloaded on 7/23/2025 6:06:12 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

ranging ability to interact with polar and non-polar
compounds;**™** ILs are considered green solvents in various
extraction processes,"** including the extraction of sulfur
compounds like H,S' ¢ and thiophene.'” Ibrahim et al.*® pre-
sented a comprehensive review regarding the role of ILs in the
desulfurization of fuels.

Zheng et al.** evaluated the capability of low viscosity ILs
such as: tetramethyl-1-3-diaminopropane acetate, pentamethyl-
dipropylene-triamine acetate and tris(3-dimethyl-amino-propyl)
amine acetate to extract the H,S. These authors found that the
H,S solubility in aqueous-IL solutions are higher than in other
common absorbents such as aqueous solutions of methyl-
diethanolamine. Additionally, ILs can be re-used in several
absorption-desorption cycles.

Shokouhi et al.*® reported Henry's constant values for both
H,S and CO, in functionalized 1-(2-hydroxyethyl)-3-
methylimidazolium tetrafluoroborate and non-functionalized
1-ethyl-3-methylimidazolium tetrafluoroborate ILs. These
authors reported that hydrogen bonds (HBs) between H,S and
functionalized ionic liquids increased the enthalpic contribu-
tion to the H,S solubility, enhancing its extraction compared to
CO,. Similar conclusions were found by Jalili et al' that
determined both experimentally and theoretically the H,S and
CO, Henry's constant in the 1-ethyl-3-methylimidazolium tet-
rafluoroborate IL.

Rabhi et al. measured the activity coefficients at infinite dilu-
tion (y;*) for several hydrocarbons and thiophene within ILs based
on the bis(fluorosulfonyl)imide anion in conjunction with the
methyl-pyrrolidinium and methyl-imidazolium cations; indicating
that the solubility is associated with the solute polarity and its
capacity to form HBs with the IL ions. Domanska et al® also re-
ported «;* values for extracting sulfur and nitrogen compounds
from fuels by employing ILs based in pyridinium, pyrrolidinium and
dicyanamide ions. They found that some of the solutes may present
7T interactions with the ILs.

The Henry's constant and the v;* are experimental solubility
measurements that can be converted into excess chemical potential
values (uf”*).* Several theoretical studies regarding the solubility of
sulfur compounds within ILs have been reported: for example,
Paduszynski*? used machine learning algorithms to develop new
models based on a series of descriptors, including polarizability, to
determine the v;* of several solutes within ILs; recently Yang et al.*
calculated the activity coefficients at infinite dilution using the
COSMO-SAC model for the extraction of thiophenes using 124 ionic
liquids as solvents.

Oliveira et al.>* performed molecular dynamics (MD) simu-
lations to calculate the thiophene's excess chemical potential
within the 1-butyl-3-methylimidazolium tetrafluoroborate IL; by
means of structural analysis, these authors found that thio-
phene molecule interacted mainly with the cation ring through
-1 interactions, favoring the enthalpic contribution to the
solubility process.

Revelli et al® obtained both the partition coefficient and selec-
tivities for a series of organic solutes in the following imidazolium-
based ILs: 1-ethanol-3-methylimidazolium tetrafluoroborate, 1-
ethanol-3-methylimidazolium hexafluorophosphate, 1,3-dimethyli-
midazolium dimethyl-phosphate, and 1-ethyl-3-methylimidazolium
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diethyl-phosphate. They found that the alcohol-functionalized ILs
studied exhibited high selectivities in the cyclohexane/thiophene
separation system.

Holbrey et al* studied the effect of several ILs (hexa-
fluorophosphate [PFq]™, octylsulfate [CgH;,S0,] , trifluoro-
methane-sulfonate [CF;0;S] ™, tetrafluoroborate [BF,]~, bis(tri-
fluoromethylsufonyl)imide [NTf2]", thiocyanate [SCN] , and
acetate [CH3COO] anions, paired with several imidazolium
and pyridinium cations) in the extraction of dibenzothiophene
from dodecane.

The most commonly used IL anions such as [BF,],
[CF3SO;]™ and [PFe]  are fluorinated compounds, exhibiting
high toxicities associated with the formation of fluorides,*
along with corrosion problems,® therefore, limiting their use as
solvents. Unfortunately, the search for an IL-based green
solvent for the desulfurization of oils is not a trivial task, limited
due to the many different IL combinations and their toxicity.>**°
Raj et al® studied the desulfurization of dibenzothiophene
from model oil in non-ecotoxic ester-functionalized imidazo-
lium dicyanamide ILs with different alkyl chain lengths,
employing the COSMO-RS method.** They found that the exis-
tence of large alkyl chains, aromatic rings, and ester-functional
groups within the IL cation enhanced the extraction capacity,
additionally, these ILs could be re-used during several cycles
without significant performance loss.

An accurate description of the electronic structure of sulfur-
based molecules and ILs is necessary for a correct representa-
tion of the intermolecular interactions within the solvation
process. Although, non-polarizable force fields are commonly
used in MD simulations to study solvation processes,*** the
addition of polarization effects through fluctuating charges or
Drude oscillators® improves the accuracy of the physicochem-
ical properties calculation. Riahi et al.** determined the solva-
tion free energy and diffusion coefficients of H,S in water using
polarizable force fields in agreement with experimental data;
moreover, an increase in the average dipole moment of H,S
from 0.98 D in the gas phase to 1.25 D in bulk water was noticed.
Polarizable force fields for ILs have been developed and evalu-
ated by Padua et al*® resulting in more accurate transport
properties and faster dynamics than fixed-charge models.

A different scheme to correctly represent the electronic
structure involves using ab initio molecular dynamics (AIMD).
AIMD simulations have been applied in chemical processes
involving ILs, including polarization, charge transfer, and
hydrogen bonding for limited size systems, typically less than
60 IL molecules and short simulation times in the order of tens
of picoseconds.’” AIMD simulations have been performed
recently, in the validation of classical force fields, by comparing
the RDFs between classical and AIMD simulations.*®

In 2016 Kirchner et al.*® performed AIMD simulation to study
hydrogen bonds in the ILs 1-butyl-3-methylimidazolium tri-
fluoromethanesulfonate and 1-butyl-1-methylpyrrolidinium
trifluoromethanesulfonate using the BLYP***' functional, and
the double-Z DZVP-MOLOPT-SR-GTH basis set*” in a system
comprised of 32 IL pairs with a simulation time up to 77 ps. The
strongest HB occurred between the most acidic hydrogen atom
from the cation and the oxygen atoms from the anion. In 2017

RSC Adv, 2021, 11, 29394-29406 | 29395
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Kirchner et al. also carried AIMD simulation to study the
solvation of SO, in deep eutectic solvents.*

In this work, the excess chemical potential of thiophene in
a series of imidazolium-based ILs was calculated using classical
MD simulations. The ILs studied were selected based on toxicity
effects,””***® resulting in the 1-butyl-3-methylimidazolium
[C;mim™] cation in combination with acetate [CH;COO~],
chlorine [Cl ], and bromine [Br ] anions. In addition, the tet-
rafluoroborate anion [BF, ] was also selected as a reference
system, since the [C,mim][BF,] IL has been studied extensively
in the literature***”** due to its low viscosity*® and large
commercial availability®® compared with other ILs.

Previous experimental and electronic structure calculations
reported in the literature, suggested that the extraction of
aromatic sulfur compounds in ILs, is related to m-stacking
interactions between rings and sulfur-hydrogen interactions
with the cation's alkyl chain.** Therefore, structural analysis
regarding the thiophene-IL interactions such as: radial pair
distributions (RDF), combined distribution functions (CDF),
and averaged noncovalent interactions (aNCI), were performed.

lI. Computational methodology

In this work, the following classical force fields (FF) were
employed: the all-atom virtual site OPLS FF for imidazolium-
based ionic liquids (OPLS-VSIL FF) was selected for the
[Cymim][Cl], [Cymim][BF,], and [Cymim][Br] ILs. The OPLS-VSIL
FF, developed by Acevedo et al.,*” includes a virtual charge site
to improve the charge distribution within the imidazolium ring
and non-bonded terms parametrized based on free energies of
hydration, resulting in accurate physicochemical and transport
properties for the pure IL. Unfortunately, the OPLS-VSIL FF does
not include the [C,mim][CH3;COO] IL, and instead, the revisited
OPLS-2009-IL all-atom FF developed by Acevedo et al. in 2017
was used.**** Finally, for the thiophene molecule (solute) the
TRAPPE-EH® FF developed by Rai et al., was used for most of
the parameters, while the bending angles and dihedral
parameters were taken from Caleman.*® This combined FF was
validated against the vapor-liquid coexistence curve and the
enthalpy of vaporization in excellent agreement.

Excess chemical potential

The excess Gibbs free energy was calculated by transferring one
solute molecule into a solvent box (corresponding to the infinite
dilution limit) through free energy perturbation (FEP) MD
simulations® in conjunction with the Bennett's acceptance
ratio method (BAR).*®

The FEP-MD simulations were performed with the GRO-
MACS* software package. A cubic simulation box containing
400 IL pairs and one thiophene molecule was built using the
Packmol® package; periodic boundary conditions were applied,
a cut-off distance of 18 A was used for the non-bonded inter-
actions, and the particle mesh ewald® algorithm for electro-
statics. The time step for the MD simulations was 2 fs, and all
covalent hydrogen bonds were restricted using the LINCS
algorithm.®® For all thiophene-IL systems, 5000 minimization
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steps were initially applied to remove any bad contacts between
molecules, followed by a 2 ns NPT equilibration step, and a 10
ns production step. The temperature and pressure were kept
constant at 300 K (or 343.15 K) and 1 bar by using the v-rescale
thermostat® and Berendsen barostat;** these baths have been
used by Acevedo et al*>** for the determination of accurate
thermodynamic and transport properties in ILs.

The molecular coordinates extracted from the last MD snapshot
from the production run were inputted to the free energy MD
calculations, using a leap-frog stochastic dynamics integrator.> The
FEP-MD simulations involve alchemical transformations (unphysical
molecular structure changes) via a perturbation parameter (1) along
a pathway comprising the solute creation or annihilation inside the
solvent box, by using thirty intermediate simulation windows. The
coulombic and van der Waals (vdW) interactions were coupled
independently in order to adjust the molecular interactions between
solvent and solute along the pathway.* To avoid singularities at the
ends of the pathway, as interparticle distances approach zero (r = 0),
the vdW interactions used the soft-core potential (Vi) as imple-
mented within the GROMACS software as shown in eqn (1).®

Vie(r) = (1 = VA (ra) + AVE(rp);
1)

1 1
ra = (aoA(’AP + r")g; g = (oarB6(1 -+ r%)®

where 1 is the free energy perturbation parameter, V* and V®
represent the van der Waals potentials in state A (A = 0, solvent
box without solute molecule) and state B (A = 1, one solute
molecule is created within the solvent box), « is the soft-core
parameter (alpha), P is the soft-core A power, ¢ is radius of the
interaction for atoms with forcefield parameters less than this
specified value; the parameter values used in this work for the
soft-core potential were: & = 0.5, power = 1 and ¢ = 3 A.*7

Each simulation window was equilibrated for 2 ns, followed
by 4 to 14 ns of production step. The free energy results were
obtained through the BAR algorithm, the alchemical analysis
python tool®® and the pymbar python tool.”

Structural analysis

The RDFs and CDFs were extracted from the last 30 ns of a 50 ns
classical MD trajectories at 300 K using the TRAVIS software””*
and compared with those obtained from AIMD simulations.
Additionally, coordination numbers (N.oora) Were calculated by
integrating the area under the first RDF peak up to its first
minimum, using the TRAVIS software.

In order to identify the hydrogen bonds in the molecular
systems, a geometric criterion was adopted for the classical MD
simulations, where the distance between the hydrogen atom and
the acceptor must be less than or equal to 2.5 A, and the donor-
hydrogen-acceptor angle is situated within the 135° < § < 180°
range.”® For the case of the AIMD simulations the hydrogen
bonds were identified according to the noncovalent interaction
(NCI) index based on the electron density p, its reduced density
gradient (s), and the sign of the second eigenvalue of the elec-
tronic density Hessian matrix sign(2,). The hydrogen bonds are
characterized by a negative value of sign(4,)p, and can be iden-
tified in the —0.05 < sign(4,)p < —0.005 a.u. interval.””

© 2021 The Author(s). Published by the Royal Society of Chemistry
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AIMD simulations in the NPT ensemble were performed with
the QUICKSTEP”® module within the CP2K™ package. The AIMD
boxes were build using atomic coordinates extracted from
classical MD equilibrated systems; the AIMD boxes encom-
passed the 30 IL pairs closest to the thiophene molecule and
were further equilibrated for another 6 ns using classical MD,
and the final configurations were used as starting point for the
AIMD simulations.

The AIMD simulations were equilibrated for 10 ps followed by
17-25 ps of production step, depending on the thiophene-IL
system: 17.5 ps for the [C,;mim][Cl], 19.7 ps for [C;mim][Br], 21.3 ps
for [C;mim][CH;COO] and 25.1 ps for the [C;mim][BF,] IL. A time
step of 0.5 fs was used, and the temperature and pressure were
controlled at 300 K and 1 bar, using the Nosé-Hoover chain ther-
mostat®** and the Martyna barostat.* The level of theory comprised
the BLYP**** functional, double-Z DZVP-MOLOPT-SR-GTH basis,*
GTH-BLYP pseudopotential,**®* and the empirical dispersion
correction (D3) scheme along with Beckee-Johnson damping func-
tion.**®” A density CUTOFF of 1000 Ry with a multigrid number 5
(NGRID 5) REL_CUTOFF value of 70, and the electron density
smoothing (NN10_SMOOTH) and its derivative (NN10) were used.”
Similar parameters have been used successfully by Kirchner et al. to
study hydrogen bond formation in ILs* and the extraction of sulfur
dioxide via deep eutectic solvent.”

A separate 1 ps NVT AIMD simulation was performed by
freezing the thiophene molecule, and the promolecular electron
density was obtained with the multiwFN® package in order to
determine the aNCI””* between the thiophene molecule and the
ILs.

The interaction energies between the thiophene molecule
and the ILs ions derived from a 10 ns classical MD trajectory at
300 K were also determined.

[1l. Results

Excess chemical potential

The excess chemical potential values calculated for the thio-
phene-IL systems in this work, along with available experi-
mental data*® or theoretical estimations, are presented in
Table 1.

The experimental excess chemical potential value for thiophene
in the [Cymim][BF,] IL is —3.890 kcal mol " at 300 K. Paduszynski
et al.** estimated values corresponding to —3.945 kcal mol " at 300
K and —3.356 keal mol ™" at 343.15 K. The uf** obtained in this work
were —3.663 + 0.084 kecal mol ' at 300 K and —2.815 +
0.050 keal mol ™" at 343.15 K, in reasonable agreement with exper-
imental data at 300 K.

The calculated excess chemical potential values of thiophene
within the [Csmim][Cl] IL, were —3.253 =+ 0.055 kcal mol " at
300 K and —2.536 & 0.067 kcal mol ™" at 343.15 K, in compar-
ison with the values of —3.842 kcal mol " at 300 K and
—3.203 keal mol " at 343.15 K obtained by Paduszynski.??

In the case of the [Csmim][Br] IL, uf*“ values of —3.303 =+
0.081 and —2.770 + 0.045 keal mol~" were calculated at 300 K
and 343.15 K, respectively, compared with —3.561 kcal mol " at
300 K and —2.757 kcal mol ™" at 343.15 K, obtained by Padus-
zynski,* in reasonable agreement.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table1 Calculated excess chemical potential values uf > (kcal mol™?)
for thiophene within ILs in this work along with experimental and
theoretical values from the literature®

[Cymim][BF,]

Model/T (K) OPLS-VSIL Paduszynski” exptl®
300 —3.663 + 0.084 —3.945 —3.890
343.15 —2.815 + 0.050 —3.356

[Cymim][CI]

Model/T (K) OPLS-VSIL Paduszynski® exptl
300 —3.253 4+ 0.055 —3.842

343.15 —2.536 + 0.067 —3.203

[Camim][Br]

Model/T (K) OPLS-VSIL Paduszynski” exptl
300 —3.303 + 0.081 —3.561

343.15 —2.770 + 0.045 —2.757

[C4mim][CH;COO0]

Model/T (K) 0.8-OPLS-2009IL Paduszynski® exptl
300 —3.774 + 0.086 —3.954

343.15 —2.818 + 0.048 —3.139

?The v{° values were converted into u{"* using experimental density

values®* for ILs and the vapor pressure of thiophene.” ? Obtained
from theoretical estimations of activity coefficients.”? © Determined
from experimental activity coefficients."®

Finally, a calculated wf>* value of —3.774 + 0.086 kcal mol " at
300 K and —2.818 = 0.048 kcal mol ™" at 343.15 K were obtained for
the thiophene-[{C,;mim][CH;COO] system, in reasonable agreement
with the value of —3.954 kcal mol™" at 300 K and the value
of —3.139 kcal mol ™" at 343.15 K estimated by Paduszynski*

From Table 1, it can be observed that the most favorable
uf* for thiophene molecule at 300 K and 343.15 K occurs in the
[C;mim][CH;COO] and [C,mim]BF,] ILs, considered as
possible solvents for the extraction of thiophene, in particular,
the [C,mim][CH;COO] IL presents less toxic effects in compar-
ison with the other ILs.**

IV. Structural analysis
Radial distribution functions

Fig. 1 displays the atomic labels used in this work. The RDFs
involving the thiophene sulfur atom (Spo) paired with hydrogen
atoms (H; ,3) from the IL cation and the RDFs involving hydrogen
atoms within the thiophene molecule (Hyyo) paired with anion
atoms, like fluorine (F;_,), chlorine (Cl), bromine (Br), and oxygen
(O4,2) are shown in Fig. 2 and 3 for the [C,mim][Cl] and [Cymim]
[CH;COO] ILs respectively. Finally, the close molecular environ-
ments around thiophene within ILs are shown in Fig. 4. The RDFs
and molecular environments for the [C,;mim][BF,] and [C;mim][Br]
ILs can be found in Fig. S2-S4 in the ESI} section (ESI).

RSC Adv, 2021, 11, 29394-29406 | 29397
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(a)
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Hit0 Hsrt10

HQTIO H4TIO

Fig.1 Atomic labels for (a) thiophene, (b) 1-butyl-3-methylimidazolium ([C,mim]*) cation, (c) tetrafluoroborate ([BF4] ) anion, (d) chloride ([ClI ")
anion, (e) bromide ([Br]7) anion, and (f) acetate ((CHzCOQ]") anion.

In general, as observed in Fig. 2 and S2,7 the hydrogen atoms Fig. 2a displays the Hro—Cl RDF determined by AIMD
within the thiophene molecule find the negative atoms from the = simulations for the thiophene-[C,;mim][Cl] system; the first
anion (i.e., Hyo to F, CI ™, Br~ or O) at distances smaller than 3.1  peak presents an intensity of 1.80 (g(r)) at a distance of 2.82 A,
A, in either AIMD or MD simulations.

2.5, 1.5,
MD MD
2+
T 15} Il
% 5
El =05
0.5
0 L Y U 0 SRR D D S
01 23456 7 8 9 10 01 23 456 78 910
r, [4] r,[4]

Fig. 2 Radial distribution functions between thiophene atoms paired with atoms from the IL ions (a) AIMD simulations in the [C4mim][Cl] IL, (b)
MD simulations in the [C4mim][Cl] IL, (c) AIMD simulations in the [C4smim][CHzCOQ] IL, (d) MD simulations in the [Csmim][CHzCOQ] IL. The solid blue line
corresponds to the Sypo—anion interaction, the solid red line refers to the Syo—H; interaction, and the dashed red line to the Syio—H, 3 interaction.
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Fig. 3 Radial distribution functions between hydrogen atoms (H;q_15) from the IL cation side chains paired with the thiophene sulfur atom (Sto) obtained from
AIMD and classical MD. (a) AIMD simulations in the [C;mim][Cl IL, (o) MD simulations in the [C4mim][Cl] IL, (c) AIMD simulations in the [C4mim][CHzCOQ] IL and
(d) MD simulations in the [C4mim][CHzCOO] IL. The blue line corresponds to Stio—Hio-_12 interactions, and the black line represents Stio—Hsz_15 interactions.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

the integration of the g(r) up to the first minimum located at The Stio-H; RDF presents a peak intensity of 1.72 at 4.12 A,
around 4.15 A gives a Neoora Of 1.16, in accordance with the while the first Stio-Ha 3 RDF peak has an intensity of 2.43 at 4.58
molecular environment displayed in Fig. 4a. A within the ATMD simulations shown in Fig. 2a. On the other
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Fig. 4 Close molecular environment for the thiophene molecule within the ILs extracted from AIMD simulations. (a) [C4mim][Cl] IL and (b)
[C4mim][CH3zCOO] IL. The molecular representations were obtained with the VMD program;®® and all distances are measured in angstroms.
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hand, classical MD simulations for the thiophene-[C,mim][Cl]
system showed the absence of well-defined RDFs peaks at short
distances for the Stio-H, , ; pair, as seen in Fig. 2b, therefore,
no HBs were identified.

AIMD simulations corresponding to the thiophene-[C,mim]
[CH;COO0] system showed a defined peak at 2.42 A for the Hyyo-
O, RDF in Fig. 2c. The N¢oora Was 1.05, signaling that each
hydrogen atom from thiophene interacted with one oxygen
atom from the acetate anion, as observed within the close
molecular environment in Fig. 4b. On the contrary, the first
Hrio-O; » RDF peak located at 2.78 A by means of MD simula-
tions is narrow in shape, giving rise to a N.oorq Of 0.51 displayed
in Fig. 2d. Interestingly, the RDF for both Stio-H; and Stio-Hs 3
pairs, obtained from AIMD simulations, showed that the Stio
atom interacted primarily with the H; hydrogen atom, in
contrast with the MD simulations, that do not present a defined
structure for these same interactions, as noticed by the absence
of HBs in both MD and AIMD RDFs.

The Hyo-F RDF obtained by means of MD simulations for
the thiophene-[C,mim][BF,] system presented a peak located at
2.75 A with an intensity of 0.92, and a Norq Of 1.63, as shown in
Fig. S2b.T The same Hpo-F RDF obtained from AIMD simula-
tions presented a slightly closer peak at a distance of 2.58 A,
with a smaller intensity of 0.70 and a lower N,orq Value of 1.29,
as seen in Fig. S2a.t There exist significant differences between
MD and AIMD simulations, with respect to the Syio-Hjs 3
interactions, presenting only well-defined peaks the AIMD
simulations (Fig. S2a and bt).

The RDFs for the Stio-H; and Spio-H,; interactions in the
thiophene-[C;mim][Br] system do not present well-defined
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peaks at short distances, as shown in Fig. S2d} corresponding
to classical MD simulations. Results from AIMD simulations
located two RDF Syio-H; peaks at 3.48 and 4.38 A along with
a non-defined RDF peak for the S1o-H, 3 interaction, a Neoorq Of
0.88 was obtained for the Hpo-Br RDF.

In order to explore the role played by butyl and methyl chains
within the IL cation, RDFs corresponding to the Stio-Hig-15
pairs were determined and shown in Fig. 3 and S3.1 In the MD
simulations, the Stio-Hj0-12 RDFs presented higher intensities
compared to the St;o—Hj3_15 interactions.

RDFs corresponding to the thiophene-[C,mim][Cl] system,
for Stio—Hio-15 atoms obtained by AIMD simulations, are dis-
played in Fig. 3a; the sulfur atom found the H;; 45 atoms at
a distance of 3.25 A while the Spo-H;o_q, interactions presented
no well-defined structure at the same distance; this is in
contrast to the RDFs obtained by classical MD simulations
shown in Fig. 3b, where the St;0-Hj;_15 interactions presented
one peak at 4.49 A, while the RDF for the Sy;o-Hyg_12 atoms
displayed two peaks of 1.78 and 1.84 intensity values, located at
3.49 A and 4.64 A distances. The AIMD molecular conforma-
tions showed that the H;,_,, atoms interacted primarily with
the [Cl]” anion, limiting their interaction within the thiophene
atoms.

A preference for the Sto-Hig-12 over the Srio-Hjz 15 inter-
actions is observed in the RDFs corresponding to the thio-
phene-[C,mim][CH;COO] system, signaled by two peaks with
intensity values of 2.2 at distances of 3.22 A and 4.52 A in AIMD
simulations and a peak of 1.58 intensity at 4.71 A from classical
MD simulations, as seen in Fig. 3c and d. Analogous behavior
was observed for the RDFs corresponding to the thiophene-
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Fig. 5 Combined distribution functions (CDFs) for two distances, the first distance involves thiophene—cation interactions and the second
distance comprises thiophene—anion interactions (a) thiophene in [C4mim][Cl] IL and (b) thiophene in the [C4mim][CHsCOQ] IL. The corre-
sponding RDFs are also displayed at the top and right side of each figure. The number of occurrences was normalized.
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[C4mim][BF,] system determined from AIMD simulations
shown in Fig. S3a,t where two peaks are located at 3.18 A and
4.68 A with intensity values of 1.70 and 2.07 for the Hjo 1,
interactions, and one RDF peak was found at 4.52 A regarding
MD simulations.

Finally, RDFs for the thiophene-[C;mim][Br] system, ob-
tained by AIMD simulations, presented a peak for the Syio-Hj3-
15 interactions at 3.25 A with an intensity value of 1.70 inter-
action, diminishing at larger distances, in contrast with the
Stio-Hio-12 RDF presenting a peak located at 4.48 A with an
intensity of 1.90, displayed in Fig. S3c.T

In order to investigate the effect of the temperature in the
structural analysis, RDFs were also calculated at 343.15 K and
displayed in Fig. S5-S8 in the ESI section. As it can be noticed
in Fig. S5 till S8,f the location of the peaks at 300 K do not
change at 343.15 K for all the interactions, however, most of the
peak intensities at 343.15 K are lower than those at 300 K.
However, while [C,mim][CH;COO] interacts more strongly with
Stio—Hio-12 Over Stio-His-15 at 300 K, when the temperature is
increased to 343.15 K the Sp;o atoms encounters both Hyy 15
and H,3 45 at similar distances and peak intensities; these same
trend was observed in the [C;mim][BF,] IL.

Combined distribution functions (CDFs)

CDFs were calculated by means of classical MD simulations, in
order to gain more insight regarding key solute-solvent inter-
actions such as m-stacking interactions, including face-to-face,
offset or edge-to-face configurations and hydrogen bond
formation. CDFs for the thiophene-[C;mim][Cl] and thio-
phene-[C,mim][CH;COO] systems are shown in Fig. 5 and 6,
the CDFs for the other two ILs can be found in the ESI{ section.

(@
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The CDF displayed in Fig. 5 corresponds to the combination of
two distances, the first distance between the thiophene center-of-
ring (COR) and the cation COR (dcor-cor) and the second
distance (dcor-com) involving the thiophene COR and the anion
center-of-mass. In general, the interactions of thiophene with the IL
anions frequently occurs within a narrow range of distances, while
the interaction of thiophene with the IL cation occurs within a wide
range of distances; in the thiophene-[{C,mim][Cl] system, the largest
number of interaction occurrences are found within circular regions
at door-cor distances spanning from 6 to 20 A as seen in Fig. 5a. For
the [C,mim][Br] IL, the larger interaction occurrences are located at
5.1 A for deor-cor, and 4.9 A for the door_com distance, as shown in
Fig. S9b.}

Interestingly, in both CDFs corresponding to thiophene-
[Csmim][CH;COO] and thiophene-[C,;mim][BF,] systems, the
thiophene-anion interaction comprised high occurrences
within a range of 5 to 6.0 A, as seen in Fig. 5b and S9a.t

The CDFs displayed in Fig. 6 and S10,} correspond to the thio-
phene-IL cation centers-of-rings (COR) distances in conjunction
with the angle formed between the normal vector of the thiophene
ring plane and the COR-COR distance. As observed, the COR-COR
average distance occurred within a 3.4-5 A distance range. The
preferred angles are closer to 0° and 180°, suggestive of face-to-face
or offset m-stacking interactions between the thiophene molecule
and the imidazolium ring, in agreement with studies by Oliveira
et al* for the thiophene-[C;mim][BF,] system. In addition, the
thiophene-{C,mim]|[CH;COO] system displayed two high interac-
tion occurrence regions at angles close to 0° and close to 180°,
within a distance of 6 A.

The CDFs corresponding to the [Cl]”, [BF,]” and [Br]"
anions, presented high COR-COR angle distribution occur-
rence at the edges of 0° and 180° within 3.4 to 4.5 A distances, as
observed in Fig. 6a and S10.f Nevertheless, CDFs for the
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Fig. 6 Combined distribution functions (CDF) for the center-of-ring (COR) angle 6 and distance d between thiophene and the IL cations for (a)
[Camim][Cl] IL and (b) [C4mim][CH3COO] IL. The number of occurrences was normalized.
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[C4mim][CH;COO] IL, displayed additional higher thiophene-
cation interaction occurrences in the range of 45-135° within 6-
7.5 A, sampling a larger conformational space, also including
edge-to-face m-stacking interactions between rings.

To further study the formation of HBs between thiophene
and ILs, two additional CDFs were calculated involving two
distances; the first CDF monitors the interactions between
hydrogen atoms within the thiophene molecule (Hyo) paired
with negative atoms from the IL anions, and the second CDF
corresponds to interactions between the sulfur atom (Stio)
paired with hydrogen atoms from the IL cation (H;, H,, and Hj).
These CDFs are displayed in Fig. S11 till S14 in the ESI section.t

It can be observed from Fig. Sila,f that the interactions
involving Hy o 2110-Cl, and Hiro 41i0—-Cl atoms are concentrated in
five small regions with high number of occurrences that span from
2.7 A to 7.2 A in both axis directions. In contrast, for the same
[C,smim][CI] IL, the Styo-H, 55 interactions with high occurrence are
concentrated in a single region with coordinates (4.6 A, 4.2 A) as
seen in Fig. S12a.f For the thiophene-[C,mim][CH;COO] system
shown in Fig. S11b,t it was observed that hydrogen atoms within
thiophene interacted with the oxygen atoms from the IL anion
spanning a high occurrence wide-region from 2.4 A to 7.2 A along
both axis directions. The Sro-H, 53 interactions, presented a high
number of occurrences in a region centered at coordinates (3.2 A,
6.7 A), as displayed in Fig. S12b.1

The CDF for the thiophene-[C,;mim]|BF,] system shown in
Fig. S13a,} is very similar to the CDF displayed by the [C,mim)]
[CH,COO] IL in Fig. S1la;f besides, the Spo-H, 3 interactions
presented high occurrence regions, centered at (2.9 A, 6.5 A) as
shown in Fig. S14a.} Finally, for the thiophene-|C,mim]|[Br] system,
the interactions involving the Hyyo hydrogen atoms and [Br|~ anion
(Fig. S13bt) appeared within five concentrated regions that span
from 2.8 A to 7.2 A in both axis directions, in similitude with the
CDF displayed for the thiophene-{C,mim][Cl] system. Concerning
the Stio-H; 3 interactions, a region with high occurrences centered
at (2.9 A, 6.5 A) was observed in Fig. S14b.t

Interaction energies

The interaction energies (E,;,) between the thiophene molecules
and ILs ions were also calculated from classical MD simulations
and displayed in Fig. 7. The strongest interaction in magnitude
occurred between the thiophene molecule and the IL cations,
with the largest negative value of —9.83 kcal mol ' corre-
sponding to the [C;mim][CI] IL and a value of —9.58 kcal mol "
for the [Cymim][Br] IL, as seen in Fig. 7a. On the other hand, the
interaction energies between the thiophene molecule and the IL
anion displayed the following trend in magnitude: [C,mim][Cl]
< [Cymim][Br] < [Cymim][BF,] < [C,mim][CH;COOQ]. Interest-
ingly, the strongest thiophene-anion interactions corresponded
to the IL with the most favorable excess chemical potential
([C4mim][CH3COQ]), while the strongest thiophene-cation
interactions corresponded to the IL with the most unfavorable
chemical potential ([C,mim][Br]).

Interactions energies between IL ions were also calculated,
and the smallest value in magnitude corresponded to the
[Cymim][BF,] and [C,;mim][Br] ILs as observed in Fig. 7b.
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Averaged noncovalent interactions (aNCI)

The calculated aNCI for thiophene-[C,mim][Cl] and thiophene-
[Csmim][CH;COO] systems by means of AIMD simulations are
displayed in Fig. 8; the aNCI analysis for the other two ILs can be
found in the ESIT section.

Large green iso-surfaces were observed in all ILs, corre-
sponding to vdW and hydrogen bond interactions with elec-
tronic densities in the 0.0 to 0.04 a.u. range, as displayed in
Fig. 8a, d, S15a, and S15d.7

The thermal fluctuation index (TFI) was also calculated,
defined as the ratio between the standard deviation of the
electron density and the averaged electronic density.*® This
index, monitors the stability of the noncovalent interactions
within the AIMD simulations, displayed in Fig. 8b, e, S15b, and
S15e;T small fluctuation values correspond to stable interac-
tions (blue color) slightly affected by the thermal motion, while
larger fluctuation values are associated with unstable interac-
tions (red color), and green surfaces correspond to intermediate
fluctuation values. All systems presented stable interactions
between IL ions and thiophene, represented as blue and green
TFI surfaces.

Large aNCI green surfaces surrounded the thiophene atoms
within the [C,mim][Cl] IL, while HBs appeared with electronic

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Averaged noncovalent interactions between the thiophene molecule and ILs, (a) aNCl surface, (b) TFl index, and (c) reduced electronic
density gradient (s) vs. density plot in the thiophene—[C,mim][Cl] system; (d) aNClI surface, (e) TFl index and (f) reduced electronic density
gradient (s) vs. density plot in the thiophene—[C,mim][CH3zCOOQ] system. The aNCl iso-surfaces correspond to s = 0.4 a.u., and are colored on
a BGR scale of —0.04 < p < 0.04 a.u.; TFl iso-surfaces are colored on a BGR scale within the 0 to 1.5 range.

densities in the range 0.005 to 0.04 a.u. as seen in Fig. 8a and c.
The HB between the Cl-Hpo atoms appeared at the bottom of
the thiophene molecule, the [Cl]™ anion fluctuated between two
different Hyo atoms giving rise to an extended green aNCI
surface and extended TFI surface (Fig. 8a and b); also, a large

© 2021 The Author(s). Published by the Royal Society of Chemistry

green aNCI surface parallel to the ring plane situated at the left
of the thiophene molecule appeared, corresponding to a -
stacking interaction.

For the thiophene-[C,mim][CH;COO] system, small circular
aNCI surfaces were present around the Hyo atoms with
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electronic density values between 0.005 and 0.03 a.u. as seen in
Fig. 8d and f. Additionally, a green aNCI surface parallel to the
thiophene ring was observed (7 interaction).

Hydrogen bonds involving Hpo-Br atoms with electronic
densities in the 0.005 to 0.025 a.u. range, appeared in the
[C4mim][Br] IL; these HBs are weaker than those found in the
other ILs systems, seen in Fig. S15d-f;t additionally, a vdW
surface parallel to the thiophene ring was observed. Finally,
within the [C;mim][BF,] IL, due to the tetrahedral arrangement
of the four fluorine atoms, the [BF,]” anion can form two HBs
with the same Hp;o atom; therefore, two circular aNCI surfaces
close to each other were present; also a vdW surface parallel to
the thiophene ring, corresponding to a thiophene-butyl inter-
action was observed in Fig. S15a-c.t

5. Conclusions

In this work, excess chemical potentials for thiophene in four
imidazolium-based ionic liquids were calculated using classical
molecular dynamics simulations at two temperatures, 300 K
and 343.15 K. The u;”® at 300 K and 343.15 K within these ILs
showed the following trend in terms of the thiophene extraction
capacity: [C;mim][CH;COO] > [C,mim][BF,] > [Cymim][Br] >
[Csmim][Cl]. The strongest energetic interactions between the
thiophene molecule and the ionic liquid anion, in combination
with the weakest energetic interactions between the thiophene
molecule and the ionic liquid cation, were found in ILs pre-
senting the most favorable excess chemical potentials.

The RDFs determined at 300 K employing MD and AIMD
simulations showed that the thiophene molecule interacts with
the IL anions at smaller distances compared with the IL cation.
The RDFs analysis for the classical MD trajectories at 343.15 K,
revealed that both the location of the Stio-Hy 53, Stio-Hio-15
peaks and the Hrpo-anion interactions are conserved, with
lower intensity values.

The AIMD simulations revealed the formation of HBs involving
hydrogen atoms within the thiophene molecule paired with atoms
from the IL anion, displayed as small circular aNCI surfaces with
electronic densities in the 0.015 to 0.04 a.u. range.

The CDFs displayed m-stacking interactions between thio-
phene and the IL cation in the majority of the ILs studied; these
combined distributions for the [C;mim][BF,], [Cymim][Br] and
[C4mim][C]] ILs showed both the thiophene ring and the imi-
dazolium ring in parallel conformations at distances of 3.4 to
4.5 A (face-to-face or offset w-stacking). In contrast, with the
[Cmim][CH3CO0] IL where the m-stacking interactions
appeared at larger distances of 4.5 to 6 A and presented more
conformations, including interactions involving the thiophene
ring and the butyl chain from the IL cation.

The aNCI analysis showed large green iso-surfaces correspond-
ing primarily to vdW-type interactions between the thiophene
molecule and ILs, as well as some weak to medium strength
hydrogen bonds between the thiophene molecule and the IL ions.
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