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Experimental and in silico insights: interaction of
dimethyl sulphoxide with 1-hexyl-2-methyl
imidazolium bromide/1-octyl-2-methyl
imidazolium bromide at different temperatures
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lonic liquids have gained attention as ‘designer solvents’ since they offer a broad spectrum of properties that
can be tuned by altering the constituentions. In this work, 1-alkyl-2-methyl imidazolium-based ionic liquids
with two different alkyl chains (alkyl = hexyl and octyl) have been synthesized and characterized. Since the
binary mixture of ionic liquids with molecular solvents can give rise to striking physicochemical properties,
the interaction of the synthesized room temperature ionic liquids, 1-hexyl-2-methyl imidazolium bromide
[HMIM][Br]/1-octyl-2-methyl imidazolium bromide [OMIM][Br] with DMSO has been examined through
density and specific conductance at T = (303.15, 308.15, 313.15 and 318.15) K under atmospheric
pressure. The obtained molar volume and excess molar volume are fitted to the Redlich—Kister
polynomial equation, and the standard deviation is noted. The positive excess molar volume at elevated
temperatures indicates volume expansion due to the mutual loss of dipolar association and differences
in the sizes and shapes of the constituent molecules. To have a better understanding of the reactivity
and efficacy of 1-hexyl-2-methyl imidazolium bromide and 1-octyl-2-methyl imidazolium bromide with
DMSO, the Becke, 3-parameter, Lee—Yang—Parr (B3LYP) correlation function of density functional theory
(DFT) has been used. The ORCA Program version 4.0 calculates the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) energy. The effective reactivities of both the
compounds that showed an energy band gap (AE), i.e., the difference between E ymo and Enomo. are

rsc.li/rsc-advances 7.147 and 8.037 kcal mol™™.

Introduction

Solvents are a broad category of chemicals that can be diluted,
dissolved, or dispersed by other substances." To produce
homogeneous conditions, they facilitate the diffusion of reac-
tants and catalysts. They also store and transmit the thermal
energy required for chemical transformations, stabilize transi-
tion states, and stop undesired side reactions through dilution.
However, common solvents used historically have undetected
limitations. Green solvents have been introduced to help reduce
the harmful effects of toxic solvents on the environment.> High
vapor pressure, flammability, toxicity, and air pollution are
disadvantages of traditional solvents.>* In several applications,
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green solvents developed by scientists have outperformed
traditional ones. Supercritical fluids, supercritical water, and
ionic liquids are alternatives that fall under the “green solvents”
category.’

Ionic liquids (ILs), often called ionic melt, liquid electrolytes,
ionic fluids, or fused salts, are a class of substances entirely
made of ions and capable of liquidity at temperatures below
100 °C.*” Unlike partially ionizable liquids like water/salt solu-
tions and molecular liquids like dichloromethane or hexane,
which contain molecules, ILs only contain cations and anions.
The generally recognized definition states that these salts have
a low vapor pressure and stay liquid below 100 °C.*° ILs are non-
flammable and non-volatile substances, making them deemed
environmentally beneficial substances. They provide improved
reaction speeds, enabling a decrease in solvent amounts during
different technological processes, resulting in cost savings and
reducing waste risk. ILs can dissolve various organic, inorganic,
and polymeric materials over a broad and wide temperature
range. They are very viscous, non-flammable, moderately non-
ionizing, and non-explosive compounds. ILs are also excellent
solvents and have biocatalytic potential. They are also becoming

RSC Adv, 2024, 14, 2453-2465 | 2453


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra07417j&domain=pdf&date_stamp=2024-01-12
http://orcid.org/0000-0001-7807-6134
http://orcid.org/0000-0002-0200-6014
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra07417j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014004

Open Access Article. Published on 12 January 2024. Downloaded on 4/7/2026 10:07:30 PM.

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

(cc)

RSC Advances

more popular as substitute lubricants. Ionic liquids have
attracted the attention of scientists due to their wide range of
applications in various fields.'™ Xu et al. have examined the
efficiency of 1-octyl-3-methylimidazolium bromide as shale
inhibitor. The hydration inhibition ability was investigated
through soaking test and hot-rolling dispersion experiment.
The inhibition ability of the ionic liquid was analyzed by FT-IR,
XRD, TGA and surface tension measurements and the results
exhibit the hydration inhibition ability was superior in
comparison to other commonly used inhibitors. This was
possible because 1-octyl-3-methylimidazolium bromide could
easily be adsorbed onto sodium montmorillonite through
electrostatic interaction and due to intercalation, water mole-
cules present inside was ejected.'” This finding was supported
by the observations of Luo et al. and Yang et al.'>** The role of
imidazolium based ILs in the electrochemical CO, reduction
reaction has also been explored. The ILs were diluted in aceto-
nitrile to reduce the viscosity and it was observed that the
anionic part of the imidazolium salts influenced the solubility
of CO, and the conductivity of the solution.*® Likewise, Li et al.
have investigated on the carboxylate functionalized zeolitic
imidazolate framework that enables the catalytic N-formylation
utilizing ambient CO,. The presence of imidazole carboxylate
species activates hydrosilane and CO, and stimulates amine to
take part in the formylation reaction. This indeed augments the
catalyst capture and exchange capacity toward ambient CO,."*

Imidazolium-based ILs have received much attention and
reporting even though different cation and counter-anion
combinations can be used in ILs. The nitrogen-rich hetero-
atom compound-based ILs have a low melting point, good
chemical stability, and excellent ionization performance."”
Because of the stable positive charge in the aromatic ring, which
serves as an adaptable cation framework for the ILs, using
imidazolium as a cation structure is a fascinating molecular
strategy. The imidazolium ring typically includes two N atoms
connected by the methylene group. As a result, the imidazole
ring's two nitrogen atoms are classified as N1 (amino nitrogen)
donors and N3 (imino nitrogen) acceptors, respectively.** The
imidazole ring is quaternized with organic substituents,
particularly alkyl, aryl, and tertiary nitrogen (N3), to produce
imidazolium-based ILs with a permanent positive charge. By
doing so, the imidazole ring can take and donate protons
during substitution processes. Additionally, secondary amine
(N1) undergoes various reactions that support its amphoteric
behaviors (accepts and donates protons) and adjustable imi-
dazolium characteristics. As a result, imidazolium-based ILs
have a wide range of practical uses, including as catalysts,"
sensors,”® adsorption,*** and biomass pre-treatment.>® Due to
their almost nonexistent vapor pressure and ionic makeup, ILs
can be helpful in various applications.”*** They have signifi-
cantly impacted the chemical industry due to their perceived
status as “designer” or alternative “green” solvents. The ILs can
be solvated to a different extent by the solvents due to the
presence of various types of interactions such as ionic,
hydrogen bonds, w-m, and van der Waals forces. Specifically in
non-aqueous solutions, ionic interactions are more dominant
due to the partial association of oppositely charged ions to form
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ion pairs. So, solvation is one of the critical factors in deter-
mining the rate of physicochemical processes in solution. Chu
and coworkers have demonstrated 2-substituted imidazolium
IL as a solvent for the Baylis-Hillman reaction (2-methyl imid-
azole). It has been shown that 2-methyl-substituted positions
are rationally acidic and mainly synthesized by alkylation
reactions.”*® Shekaari et al. have reported on density, speed of
sound and electrical conductance of 1-hexyl-3-methyl-
imidazolium bromide in aqueous medium at different
temperatures. The derived properties like apparent molar
volume and isentropic compressibility have been calculated for
different temperatures using the density and speed of sound.
The calculated thermophysical properties reflect that interac-
tion between IL and water decreases with increase in tempera-
ture.”” On the other hand, Dash et al have examined the
thermophysical measurements of aqueous solution of 1-hexyl-3-
methyl-imidazolium bromide at 298.15 K and 0.1 MPa. The
negative excess molar volume at this temperature indicates the
compactness of the solution resulting from attractive interac-
tion between the unlike components due to hydrogen
bonding.”® The density, viscosity, and conductivity of 1-butyl-3-
methylimidazolium bromide in water, methanol, ethanol, and
acetonitrile have been measured at room temperature. The
density decreases with rise in temperature and conductivity
showed increasing trend.” Recently, the solubility of ILs in
polar solvents like dimethyl sulphoxide (DMSO), dimethylace-
tamide (DMA), dimethylformamide (DMF) have gained
adequate attention due to their increasing dissolving rates and
low costs at different temperatures compared to pure ILs.>**' It
has been reported that the solution of 1-butyl-3-
methylimidazolium acetate in DMSO, DMF and DMA can effi-
ciently dissolve cellulose at room temperature. DMSO has been
considered as the most appropriate co-solvent for ILs for dis-
solving cellulose.** Therefore binary mixtures of ionic liquids
with DMSO are increasingly used for varied sectors.***
Amphiphilic molecule like DMSO contains a hydrophilic sulf-
oxide group with two hydrophobic methyl groups. It is endowed
with two vital properties; it is soluble in water and possesses the
potential to dissolve varied lipophilic compounds. The hydro-
philic groups mainly form hydrogen bonds, and hydrophobic
moieties tend to self-aggregate. To understand the usefulness of
the solvent, the knowledge of the molecular interaction mech-
anisms, particularly the structure-making and breaking asso-
ciations and interstitial accommodation, is essential to
understand the ion-ion and ion-solvent interactions that exist
in the binary mixtures.

In this perspective, in the first section, we initially present
the thermophysical properties of the two synthesized 2-
methylimidazolium-based ionic liquids and the mixture of ILs
with DMSO.%¢ At atmospheric pressure, density and specific
conductance were recorded for both systems in the range of
303.15 to 318.15 K. Using the density measurements, the molar
volumes of the binary mixtures at different temperatures were
calculated. The excess values were calculated and fitted to the
Redlich-Kister polynomial. To add novelty to this work and gain
more insight into the orientation of the molecules after the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Lists of chemicals used in the study
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Chemicals Purity Molecular formula Molecular mass (g mol ) Density (g cm?) CAS no. Source
2-Methylimidazole 99% C4HgN, 82.10 1.09 693-98-1 Sigma-Aldrich
1-Bromohexane 99% CH;(CH,)sBr 165.08 1.18 111-25-1 Loba Chemie
1-Bromooctane 98% CH;3(CH,),Br 193.12 1.112 111-83-1 Loba Chemie
Chloroform =99% CHCly 119.38 1.474 67-66-3 Merck
Acetone =99% CH3;COCH; 58.08 0.784 67-64-1 Merck
DMSO =99% (CH3)ZSO 78.13 1.101 67-68-5 Merck
interaction, quantum chemical calculations applied in [Br] were mixed with DMSO based on volume with a calculated

modeling simulation studies have been performed.

Experimental

Materials

The chemicals used in the study are listed in Table 1. All the
chemicals were used as such without further purification.

Methods

Synthesis. In a round bottom flask fitted, 0.01 mol of 2-
methylimidazole was taken, and to it 0.02 mol of bromo alkanes
(bromo hexane and bromo octane) were added with chloroform.
The round bottom flask was fitted with a condenser and stirred
for 6 h at 70 °C. The temperature was maintained to get the best
result. The solution was left undisturbed overnight, and the
obtained liquid was brownish-yellow viscous®” (Fig. 1). The IR
studies were taken for the obtained IL.

Characterisation and thermophysical measurements

The FTIR spectra were recorded using Shimadzu IR-
Spectrometer (FTIR 8201) within the 4000-400 cm™". For ther-
mophysical measurements, the required quantity of the
synthesized ILs; 1-hexyl-2-methyl imidazolium bromide
[HMIM][Br] and 1-octyl-2-methyl imidazolium bromide [OMIM]

Chloroform

precision of +1 x 10~ * in mole fraction. The binary mixtures’
mole fraction was calculated using the density and volume
values. The density was recorded at T'= 303.15, 308.15, 313.15
and 318.15 K with the help of a pycnometer and Citizen digital
balance (CY 320C). It was calibrated using double distilled
water. A Japanese conductivity meter made by Horiba Laqua
called the F74 was used to evaluate the conductance of the
binary mixtures and pure components. The uncertainties were
estimated to be 0.1% for concentration and 1% for conductivity,
respectively.

Data analysis

The molar volumes (Vj,) of the binary mixture of 1-hexyl-
2methylimidazolium bromide [HMIM][Br]/1-octyl-
2methylimidazolium bromide [OMIM][Br] with DMSO have
been calculated using the density (p;,) data recorded at T =
(303.15, 308.15, 313.15 and 318.15) K, given in eqn (1)

Vie = (X1M; + XoM>)lpy» (1)

where X;, X,, M;, and M, represent the mole fraction and
molecular mass of DMSO and [HMIM]|[Br]/[OMIM][Br] respec-
tively and p;, is the density of the binary mixture of ILs and
DMSO.

The excess molar volume V%, is calculated using eqn (2)

HN

Stirred for 6hrs at 70°C

Fig. 1 Synthesis of 1-alkyl-2-methyl imidazolium bromide (where R = hexyl and octyl).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Via = Vis — (ViX, + V2Xo) (2)

where V; and V, are the molar volumes of the DMSO and
[HMIM][Br]/[OMIM][Br] respectively.

The values of the excess properties are correlated by using
the Redlich-Kister polynomial using eqn (3)

Vh=XX,) Bi(2X,—1) 3)
i=0
where, B; is the fitting coefficient and m represents the order of
the polynomial equation.
The standard deviations, o(V%,) have been reported using the
following expression (4)

a(V) = [V irexp = Visea) 0 — m)]"? )

where, n symbolizes the experimental data points and m is the
number of coefficients respectively.

In silico analysis

Retrieval of compounds. The structures of (a) 1-hexyl-2-
methyl imidazolium bromide (b) 1-octyl-2-methyl imidazolium
bromide, and (c) dimethyl sulfoxide was drawn using Chem-
Draw20.0 software. The structures were converted to.pdb
format, using Chen3D 20.0 software, the preferred format for
various in silico analyses.

In silico combinatorial chemistry

Combinatorial chemistry is the sum of repetitive and covalent
coupling of different “building blocks” to represent a spectrum
of structurally different molecules called as chemical library. In
the current arena, computational tools play a pivotal role in
Combinatorial chemistry through combinatorial drugs, which
is the preferred aegis of the pharmaceutical sector. It is well
known that solvent and thermal effect play a crucial role in
understanding the properties of a drug metabolism. Taking
together the above concerns, the compounds [HMIM][Br] and
[OMIM][Br] interacted with the solvent dimethyl sulfoxide
through an In silico approach (Schrodinger Release 2022-4:
Maestro, Schrédinger, LLC, New York, NY, 2022).

Density functional theory (DFT) for quantum chemical
calculation

Quantum computation studies were performed with the help of
density functional theory (DFT) to investigate the reactivity and
efficiency of the compounds. The reactivity of [HMIM][Br] and
[OMIM][Br] were analyzed using the Becke, 3-parameter, Lee-
Yang-Parr (B3LYP) correlation function of DFT. The DFT anal-
ysis was performed using the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) energy. The ORCA Program version 4.0 was used for
calculation of energy of orbitals. The electronic energy, frontier
HOMOs, LUMOs, gap energy, and dipole moment were
measured for the potential drugs. The following eqn (5) was
used for calculation of DFT.
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E= minn{ J Viuetel (F)n(F )7 + Fn(F )]} (5)
where, {Vhucei + nrfn = trial density and F = universal

functional.

Molecular dynamics (MD) simulations

Molecular dynamics (MD) is a sophisticated computational tool
for envisaging and analyzing the physical movements of atoms
and molecules in macromolecular structure-to-functions.*® The
mode of binding, the specificity of the substrate, and the
dynamic behaviour can be clearly explained. The atoms and
molecules are allowed to interact in a set time. This clearly
illustrates the system's dynamic “evolution”.*® The MD protocol
includes minimization, heating, equilibration, and produc-
tion.* The OPLS4 force field was used for minimization, and
topology and atomic coordinates were obtained automatically,
followed by the addition of ILs to the DMSO solvent model
orthorhombic box (15 x 15 x 10 A).* The Particle Mesh Ewald
(PME) boundary condition has been used to ensure that no
solute atoms occurred within 10 A distance of the border. The
entire system was simulated at 303.15 and 318.15 K for 100 ns
using the NPT ensemble, and the structural alterations and
dynamic behaviour were investigated using root mean square
deviation (RMSD) and root mean square fluctuation (RMSF)
graphs. The RMSF method is used to find the flexible region.*

Results and discussion
FTIR analysis

To validate the synthesis of [HMIM][Br] and [OMIM][Br], an
active group investigation of ILs using FT-IR data was used
(Fig. 2). Several discernible peaks provided evidence for an
imidazolium ring, including N-H stretching at 3397.96 cm ',
C=C at 1601.51 cm %, and C=N at 1617.98 cm™'. Peaks ob-
tained at 1378.85 cm™ ', 3063.37 cm™ ', and 1117.55 cm™ " sup-
ported the existence of an imidazolium ring. Aliphatic C-H

stretch signals were also discovered at 2928.35 cm ™', pointing

—— [AMIM][Br— [OMIM][Br]

N-H StretChing
C=N Stretching

C-H Stretching

N-H Strefching C=N Stretching

Transmittance (%)

C—\H\Stretching
117 717 71T 7T 1T 7T 1T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'1)

Fig. 2 FTIR spectrum of pure [HMIM][Br] (in blue) and [OMIM][Br] (in
red).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Density of pure [HMIM][Br] and [OMIM][Br]*

Density (g cm?)

Temperature

(K) [HMIM][Br] [OMIM][Br]
303.15 1.2621 1.2074
308.15 1.2602 1.2072
313.15 1.2591 1.2068
318.15 1.2583 1.2064

¢ Standard uncertainties (0.68 level of confidence) for 7= 0.001 K, U(c)p
=0.0001 g cm™>.

to the presence of alkyl chain groups.**** Numerous earlier
studies revealed that the absence of the C-Br stretching absor-
bance band in the IR spectra for the absorption of single-
element anions Br was caused by the synthesis of the imida-
zolium salt and the lack of bond vibration.*>*

Density measurements

The density of pure [HMIM][Br] and [OMIM][Br] has been
measured at T = 303.15, 308.15, 313.15, and 318.15 K and
presented in Table 2.

The densities of the binary mixture of the ILs with DMSO
recorded in the temperature range of 303.15-318.15 K at 5 K
intervals have been represented in (Fig. 3). From the plots, it is
evident that the density of the binary mixture of ILs with DMSO
increases with the increase in mole fractions of [HMIM][Br] and
[OMIM][Br]. This is because the densities of ILs are more than
the solvent DMSO. But with the temperature rise, it is observed
that the density of the binary mixture decreases with an increase
in the mole fraction of the ILs.

Molar volume

The derived properties, such as molar volumes, were calculated
using density values (p;,) of the binary mixtures of [HMIM][Br]/
[OMIM][Br] in DMSO at different temperatures. As the density
decreases with an increase in the mole fraction of [HMIM][Br]
and [OMIM][Br], the molar volume of the binary mixture

02 03 04 05 06 07 08 09 1

116
-}
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Table 3 Representation of molar volumes (Vy,) of binary mixture of
[HMIM][Br]/[OMIM][Br] in DMSO at different temperatures”

Vi, (em® mol ™)

X, 303.15 K 308.15 K 313.15 K 318.15 K
[HMIM][Br]

0.267 106.041 106.601 107.269 107.587
0.327 113.280 114.215 115.049 115.438
0.422 124.765 126.883 127.533 127.860
0.594 145.568 148.475 149.595 149.972
0.700 158.248 161.502 162.571 162.841
0.900 182.986 184.748 185.343 185.642
[OMIM][Br]

0.236 109.078 109.655 110.924 111.221
0.292 117.611 118.442 119.793 120.217
0.383 131.908 132.706 134.214 134.685
0.557 158.914 160.024 161.649 162.348
0.700 181.684 182.482 183.770 184.319
0.900 212.337 213.223 214.117 214.477

¢ Standard uncertainties (0.68 level of confidence) for T = 0.001 K, U(c)p
=0.0001 g cm™>.

increases. This behavior is justified because density and volume
are inversely related.”* With the temperature rise, the molar
volume displays an increasing trend due to the mutual loss of
dipolar association and the constituent molecules’ differences
in shape and size (Table 3).

Excess properties

The mixture's molecular environment is altered by adding more
of a component, dramatically changing the forces between
different molecules, and affecting the thermodynamic charac-
teristics of the binary liquid system.” The easiest way to
describe the departure from ideality in a liquid mixture is
through the excess thermodynamic properties. The experi-
mental density data of the binary mixtures were used to
compute the excess molar volume values [sz). The standard
deviation values and coefficients that were obtained after the
experimental data were fitted into the Redlich-Kister

122

1.2 1

1.18 1

1.14 4

02 03 04 05 06 07 08 09 1

Fig. 3 Plot of variation of density with different mole fractions of (A) [HMIM][Br] and (B) [OMIM][Br] at T = (#303.15, l308.15, A313.15 and

@®318.15) K.
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Table 4 List of coefficients and standard deviation values of [HMIM]

[Br] and [OMIM][Br] at T = 303.15, 308.15, 313.15 and 318.15 K

Temp. (K) By B, B, B; 14
[HMIM][Br]

303.15 0.889 —7.150 0.541 0.018 0.017
308.15 10.007 6.444 —5.45 0.011 0.002
313.15 12.728 —9.492 —4.320 —0.051 0.094
318.15 12.186 9.997 —5.183 0.095 0.116
[OoMIM][Br]

303.15 —11.543 6.886 —2.925 0.001 0.181
308.15 3.632 3.483 4.752 9.807 0.466
313.15 8.893 4.207 7.121 —0.047 0.490
318.15 10.624 5.902 5.968 —0.064 0.401

polynomial are displayed in Table 4. The excess characteristics
are estimated using the Redlich-Kister fitting coefficients. Fig. 4
represents the excess molar volume for the binary mixture of
[HMIM][Br] and DMSO at T = 303.15, 308.15 K, 313.15 K, and
318.15 K. At 303.15 K, the excess tends to be positive, and after
that, a negative trend follows. But at higher temperatures, there
is a positive trend at all mole fractions of [HMIM][Br]. Two
competing causes have led to this. Volume expansion is carried
on by mutual loss of dipolar association and differences in the
sizes and shapes of the constituent molecules. Dipole-induced
interactions between polar and dissimilar molecules bring on
volume contraction. The experiment results indicate that the
latter effect predominated in the binary mixture, supporting the
idea that structural factors cause mixtures to expand relative to
pure components. The variation in V%, for binary combinations

0.6 - £ N R?=0.9846

=
now
s

e
N

<

0.4 0.6 0.8 1
X,

View Article Online

Paper

is shown in (Fig. 5) based on the mole fraction of [OMIM][Br]. In
comparison to [HMIM][Br], the Vi, values are negative at all
mole fractions of [OMIM][Br], indicating the indirect influence
of the H-bond formed by the neighboring functional group
S=O0 with hydrogen present in the alkyl chain. This observation
was in coherence with the findings of Dash et al. where negative
excess volume was noted at 298.15 K for solution of 1-hexyl-3-
methylimidazolium bromide in water due to hydrogen
bonding that resulted in compactness of the system.*

In this study, the VE, values are affected by several variables,
including geometric, chemical, and physical aspects. It is clear
from the detailed examination that the molecular interaction
between the [HMIM]|[Br]/[OMIM][Br] + DMSO is more dominant
in case [OMIM][Br] at 303.15 K due to greater chain length of the
alkyl group. Due to the absence of a dipolar connection at high
temperatures, Vi, values suggest that the interactions between
the binary mixture's constituents are not selective.

Conductivity measurements

The measurement of the conductivity of ILs gives information
about the ionic interactions in the liquid mixtures. Due to the
viscous nature of ionic liquids, the conductivity tends to remain
low. The conductivity of pure IL is influenced by the presence of
cosolvent. The increase or decrease of conductivity relies on the
nature of the solvent and the extent of dissociation of IL into
ions.*® The conductivity of neat [HMIM][Br]| and [OMIM][Br] at T
= 303.15, 308.15, 313.15, and 318.15 K have been recorded and
presented in Table 5.

Fig. 6 represent the variation of specific conductivity of the
binary mixtures of [HMIM][Br]/[OMIM]|[Br] and DMSO. It is
observed that at low mole fraction of ILs, the specific

A\

R>=0.9981
1.5 3

N
h oW
ot s oy
.

E
Viz

=
h oW

M
s

=
n o=
F
N

N

N

<
~

Fig.4 Representation of V&, of [HMIM][Br] in DMSO at T = (4 303.15 (A), l308.15 (B), A 313.15 (C) and @318.15 (D)) K. The solid lines represent
the Redlich—Kister correlations and dotted lines denote the experimental values.
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conductivity value is high but gradually decreases as the
concentration increases. This clearly indicates that smaller ions
can move more easily than the larger ions. On the other hand, it

Table 5 Representation of specific conductivity of pure [HMIM][Br]
and [OMIM][Br] at different temperatures

Specific conductivity (k), S em™*

Temperatures
in K [HMIM][Br] [OMIM][Br]
303.15 K 1.013 1.141
308.15 K 1.159 1.205
313.15 K 1.216 1.425
318.15 K 1.330 1.625

10

8 -

6 -

4
4 4
1A
025 035 045 055 0.65 075 085 0.95

X,

is detected that as the temperature increases the conductivity of
[HMIM]/[OMIM] in DMSO increases. This observation is well
supported by the expansion in volume and positive excess molar
volumes. This finding showed similar trend as reported for 1-
butyl-3-methylimidazolium bromide in water where the
conductivity increased with rise in temperature.*

Quantum chemical calculation

Quantum chemical calculations applied in modelling simulation
studies can be used for investigating frontier molecular charac-
teristics. Considering the importance of the structure and reac-
tivity of compounds, we carried out DFT simulations for [HMIM]
[Br] and [OMIM][Br] using ORCA Programme (version 4.0) to
understand its geometry and orientation (Table 6).

10

02 03 04 05 06 07 08 09 1

X,

0

Fig. 6 Plot of specific conductivity of (A) [HMIM][Br] and (B) [OMIM][Br] in DMSO at T = (4 303.15, l308.15, A313.15 and @ 318.15) K.
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Table 6 Electronic energy, energy in atomic unit of highest occupied molecular orbital (HOMO), lowest unoccupied molecular orbital (LUMO),

gap energy and dipole moment of the compounds DFT

Pubchem compound Electronic GAP energy (AE) Dipole moment
ID Compound energy (eV) Erumo (keal mol™) Epnomo (keal mol ™) (keal mol ™) (Debye)
ChemDraw [HMIM][Br]  —83547.243  1.349 ~5.798 7.147 25.60293
ChemDraw [OMIM][Br] —85670.505 1.778 —6.259 8.037 21.97936

The effective reactivity for both the compounds which
showed band energy gap (AE), i.e. the difference between E;ymo
and Eyomo, Was 7.147 and 8.037 kcal mol " (Fig. 7A-D).

The lower the gap energy, the higher the reactivity. [HMIM]
[Br] displayed the most remarkable reactivity compared to
[OMIM][Br] based on its lowest band energy gap, which was
calculated to be 7.147 keal mol .

Trajectory analysis of MD simulations

In the current investigation, we employed the MD simulations
for two compounds immersed in DMSO under different
temperatures. The interaction studies were Holo1: [HMIM|[Br]
interacting with DMSO at 303.15 K, Holo2: [HMIM][Br] inter-
acting at 318.15 K, Holo3: [OMIM][Br] interacting with DMSO at
303.15 K and Holo4: [OMIM][Br] interacting with DMSO at
318.15 K using Desmond suit (Schrodinger Release 2022-4:
Maestro, Schrédinger, LLC, New York, NY, 2022) in order to
understand the dynamic behaviour, mode of binding and
inhibitor specificity in all the four systems. A 100 ns MD
simulation was used to assess structural rearrangements as well
as the stability of such combinations. The RMSD profile of the
backbone atoms, at 100 ns, was used to determine the dynamic
stability of all the systems (Holo1-Holo4) (Fig. 8A-D).

1-hexyl-2methyl imidazolium bromide (LUMO)

c
[

1-octyl-2methyl imidazolium bromide (LUMO)

The backbone RMSD graph of Holo1: [HMIM][Br] interacting
with DMSO at 303.15 K, depicted a consistent instability
throughout the MD simulation time compared to Holo2:
[HMIM][Br] interacting with DMSO at 318.15 K, which revealed
a comparative stable trajectory after 70 ns of MD simulation,
during 100 ns of simulation time frame. In Holo1 state the
RMSD reflected value between ~0.1 to ~1.8 A, from 0 to 100 ns
of MD simulations whereas Holo2 state depicted the RMSD
value between ~0.3 to ~1.8 A. The RMSD graph of Holol
revealed slightly higher deviations compared to Holo2. This
depicts that the temperature may play a vital role in the inter-
action of compound [HMIM][Br] with DMSO solvent and can
assist in stabilizing and destabilizing through changing its
conformation compared to Holo1l. Similarly, RMSD of Holo3:
[OMIM][Br] interacting with DMSO at 303.15 K revealed a stable
trajectory after 90 ns of MD simulation, during 100 ns of
simulation time frame compared to Holo4. In the Holo3 state,
the RMSD reflected a value between ~0.4 to ~2.0 A, from 90 to
100 ns of MD simulations, whereas the Holo4 state depicted the
RMSD value between ~0.8 to ~1.6 A from 30 to 50 ns but after
50 ns of MDS there were deviations. The RMSD graph of Holo3
revealed slightly higher deviations compared to Holo4. This
depicts that the temperature may play a key role in interaction

1-hexyl-2methyl imidazolium bromide (HOMO)

1-octyl-2methyl imidazolium bromide (HOMO)

Fig. 7 LUMO and HOMO plots of [HMIM][Br] (A and B) and [OMIM][Br] (C and D) which exhibited higher reactivity. Red colour indicates the
positive electron density and the negative electron density in represented in blue colour.
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DMSO at 303.15 K. (B) Backbone-RMSD of [HMIM][Br]-DMSO at 318.15 K. (C) Backbone-RMSD of [OMIM][Br]-DMSO at 303.15 K. (D) Backbone-

RMSD of [OMIM][Br]-DMSO at 318.15 K.

of compound [OMIM][Br] interacting with DMSO solvent at
318.15 K can assist in stabilizing and destabilizing through
changing its conformation when compared to Holo3.

The RMSD finding was further corroborated by RMSF to
monitor the fluctuation of atoms. The mobility of different
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atoms was observed in both the states through RMSF plots
(Fig. 9A-D).

Overall, the Holo3 and Holo4 state showed more fluctuations
than the Holo1 and Holo2 state which are depicted in peaks of
the RMSF graph, demonstrating the simulation's constrained
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Fig. 9 Conformational stability of Apo and Holo states recorded throughout 100 nanoseconds of MDS. Ca-RMSF profile of (A) [HMIM][Br]-
DMSO at 303.15 K, (B) [HMIM]-DMSO at 318.15 K, (C) [OMIM][Br]-DMSO at 303.15 K, (D) [OMIM][Br]-DMSO at 318.15 K.
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Fig. 10 MD simulations of 100 nanoseconds for solvent accessible surface analysis (SASA); (A) [HMIM][Br]-DMSO at 303.15 K, (B) [HMIM][Br]-
DMSO at 318.15 K, (C) [OMIM][Br]-DMSO at 303.15 K, (D) [OMIM][Br]-DMSO at 318.15 K.

motions. The overall compactness for all the states during the
simulation of 100 ns was explained using properties such as
radius of gyration (rGyr), as shown in (Fig. 10A-D).

The radius of gyration (rGyr) equals its principal moment of
inertia. The fluctuation graphs of rGyr vs. simulation duration
show that Holo1 showed decrease in gyration during 90 to 100
ns of MD simulations. In case of Holo2 the rGyr remains
constantly fluctuated over the simulation procedure. The 1-
hexyl-2-methyl imidazolium bromide interacting with DMSO at
303.15 K rGyr variation ranging from ~3.0 to ~3.7 A during 90 to
100 ns time frame, and ~2.9 to ~3.7 during 90 to 100 ns time
frame in Holo2. Holo3 depicted rGyr values ~3.1 to ~4.4 A
throughout the MD simulation time frame. Holo4 depicted rGyr
values ~3.2 to ~4.4 A during 90 to 100 ns time frame. Taking to
gather all the rGyr values Holo1 indicated more compact than
Holo2 state and other states, representing that the value of rGyr

is inversely proportional to compactness and vice versa.’* These
consequences of rGyr are well supported by RMSF analysis. The
frequency of the interactions between ILs and DMSO is directly
proportional to the visible surface area. SASA's illustration
(Fig. 11A-D).

Mainly in the Holo states, the available solvent surface was
reduced. The findings of SASA revealed that the Holo1: [HMIM]
[Br] interacting with DMSO at 303.15 K, can alter the hydro-
philic and hydrophobic interaction areas, which might poten-
tially affect the orientations. During 55 ns to 75 ns MD
simulation, the SASA graph of Holol reflected a buried stat
represented SASA with ~380 to ~430 A% The Holo2 state rep-
resented SASA with ~400 to ~430 A%, during 30 to 50 ns of MD
simulation time frame. In case of Holo3 and Holo4 the SASA
value was ~440 A* to ~480 A% during 50 to 70 ns and ~425 A to
~480 A% during 60 to 80 ns of time frame. The results of SASA
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Fig. 11 MD simulations of 100 nanoseconds for solvent accessible surface analysis (SASA); (A) [HMIM][Br]-DMSO at 303.15 K, (B) [HMIM][Br]-
DMSO at 318.15 K, (C) [OMIM][Br]-DMSO at 303.15 K, (D) [OMIM][Br]-DMSO at 318.15 K.
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[OMIM][Br|-DMSO at 318.15 K. The images were generated by PyMol tool.

depict that temperature plays a key role in orientation change
during the interaction of compound and solvent. This may be
the reason for getting different time frames for buried regions
in other Holo states. This suggests that the atoms of Holo states
may shift from the accessible to the buried region may produce
an orientational change.

Post MDS analysis

During MD simulations, the intra and inter molecular atomic
bonds of the Holo states were plotted using Schrédinger Release
2022-4 (Fig. 12A-D). Simulation of all the Holo states revealed
variable bonding during the simulation. The post MD simula-
tion analysis of revealed change in the atomic arrangement in
Holo states. Compared to Holo1, and Holo3, Holo2 and Holo4
were found to have comparatively more compactness.

Conclusions

Density and conductivity measurements of [HMIM][Br] and
[OMIM][Br] in DMSO have been reported at temperatures T =
(303.15, 308.15, 313.15 and 318.15) K. The molar volume and
excess molar volume evaluated using density data correlated
well with the Redlich-Kister polynomial. The parameters indi-
cate that the interaction between [HMIM][Br]/[OMIM][Br] and
DMSO decrease with increase in temperature from 303.15 to

© 2024 The Author(s). Published by the Royal Society of Chemistry

318.15 K. This observation was in coherence with similar
systems reported in literature. The negative excess molar
volume for the binary mixtures at 303.15 K for all mole fractions
of [OMIM][Br] indicates the formation of hydrogen bonds
between the S=O0 and alkyl chain. However, there is a loss of
dipolar connection between the components as the temperature
rises. The conductivity of the ILs increases with temperature
indicating non-specific interaction between the ILs and DMSO.
The energy difference between the LUMO and HOMO of the
systems has been calculated using DFT. The MD simulation
studies reveal that temperature play a vital role in orientation
change during the interaction of ionic liquids with the solvent.
This suggests that the atoms of Holo states may shift from
accessible to buried region and may result in orientational
change. Overall, both experimental and computational results
will undeniably provide appreciated and exceptional knowledge
on molecular interactions between ILs and DMSO which have
been the spotlight of chemical research in the last decade.
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