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Ionic liquids (ILs) as electrolytes have attracted attention because of their distinctive properties.
Numerous studies on the electrochemical stability of the ILs have been published. However, a deep
understanding of the parameters that affect the reduction stability is highly required. In this study, the
reduction potentials of five ILs including two novel ILs that contain 1,2,4-triazolium as cation were eval-
uated experimentally using cyclic voltammetry (CV) and compared with computational modeling using
Tmolex software and Conductor like Screening Model for Real Solvents (COSMO-RS). We investigate the
parameters that affect the ILs’ reduction stability such as the lowest unoccupied molecular orbital
(LUMO) energy levels of the cations and anions, as well as the effect of the molecular interaction between
them. We conclude that while using the computational method, the individual values of the LUMO of the
cations or anions without taking into consideration the molecular interaction might misguide the predic-

tion of the ILs reduction stability.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Tonic liquids (ILs) are a class of salt composed of ions that are in
a liquid state below 100 °C. This particular property has made
them largely used as solvent or electrolyte in various applications.
Notably, the use of ILs in electrochemistry continues to increase
due to their unique properties, such as in battery systems [1-5],
dye-sensitized solar cells [6-10], CO, electrochemical reduction
[11-14], and electrochemical capacitors [15-18]. In this context,
numerous research papers have been published on the stability
of ILs in terms of thermal, chemical, and electrochemical. Undeni-
ably the understanding of the parameters that affect stability is
highly required.

Abbreviations: HOMO, Highest occupied molecular orbital; LUMO, Lowest
unoccupied molecular orbital; COSMO-RS, Conductor like Screening Model for Real
Solvents.
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Generally, the electrochemical stability window of the elec-
trolyte is described as the difference between the reduction and
oxidation potentials of the electrolyte. On the other hand, the high-
est occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energy levels can be estimated using
experimental oxidation and reduction peaks through Equations
(1) and (2), respectively [19]:

EHOMO = _(E(ox)onset + 44)8\/ (1)

ELUMO = _(E(red)onset + 4.4)EV (2)

where Eyomo and Ejynmo represent the energy levels of HOMO and
LUMO in eV, Eqx(onset) and Ered(onser) correspond to the onset oxida-
tion potential and the onset reduction potential, respectively. 4.4 is
the reference energy level of ferrocene (4.4 eV under the vacuum
level), versus saturated calomel (SCE) reference electrode.

Various studies were carried out to determine the ionic liquids’
electrochemical stability window [20-24] through experimental
and theoretical methods [25-29]. However, in the literature, the
experimental individual oxidation and reduction potentials of the
constituent ions have not been reported. From the experimental
point of view, the reduction potential corresponds to the loss of
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electrons based on the total interaction of both cations and anions
in the electrolyte solution. Meanwhile, from the theoretical point
of view, the cathodic and anodic potential limits were estimated
from the quantum chemical calculation of the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) energies of individual cations and anions. In this
case, it is assumed that the cathodic limit (reduction potential) of
the majority of the ionic liquids is determined by the cation’s
reduction potential, while the oxidation of the anion is determined
by the anodic limit (oxidation potential) [30-32]. However, this
statement may not always be true according to theoretical and
experimental studies [33].

For example, the computational study conducted by Ong and
Andreussi [23] and the experimental study by Howlett [34] dis-
played that the broadly used bis(trifluoromethylsulfonyl)imide
(TFSI) anion reduces more easily than the N-propyl-N-
methylpyrrolidinium cation. It was reported that for the electrolyte
to be thermodynamically stable, the electrode electrochemical
potentials tcqhode (cathode Fermi energy) and pgnoge (@anode Fermi
energy level) must be located within the HOMO and LUMO of the
electrolyte [35]. However, recent studies showed that the actual
position of the electrochemical window is observed to be located
in the HOMO-LUMO energy gap, but not necessarily at the exact
values of the HOMO and LUMO [35,36].

Li et al. investigated the electrochemical potential windows of
33 ILs experimentally, to study the effect of cation, anions, elec-
trode material (working and reference) as well as the water con-
tent of the ionic liquids [37]. They reported that using glassy
carbon (GC) as working electrode showed the largest potential
window compared to gold (Au) and platinum (Pt) electrode, mean-
while, an increase in the water content narrows the electrochemi-
cal window for each ILs. They highlighted that the molecular
interaction between the cation and anions plays significant role
in determining the electrochemical potential windows (EPWs) of
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ILs besides the stability of cations and anions. Similarly Greaves
and Asoka [38] suggested that the molecular interactions may con-
sist of hydrogen bond interaction, hydrophilic interaction and ion-
ion interaction.

Meanwhile, Xue and Qin [39] stated that the electrochemical
window is specified by the cation as well as the anion. A less stable
ion may have an impact on the stability through the interaction
between the produced components from the decomposition with
a more stable ion (opposite charge of the ion). We find that this
viewpoint will enhance the selection process for the optimum IL
for specific applications. For instance, in CO, electrochemical
reduction, it has been reported that the activity of the ILs is due
to the low LUMO value of the cation [40,41]. Hence, in this type
of application, cations with low LUMO values are required while
maintaining the electrochemical stability of the ILs.

In this work, computational and experimental methods are
used to analyze the parameters affecting the reduction stability
of ILs. The computational study was carried out using TmoleX
and Conductor-like Screening Model for Realistic Solvents
(COSMO-RS) software. TmoleX software allows users to run the
entire workflow of a quantum chemical investigation in a user-
friendly graphical front end, from the initial building of a structure
to the visualization of the results [42]. In this study, TmoleX was
used to calculate the LUMO values of different cations and anions.
COSMO-RS software is a quantum chemical calculation tool to
compute the chemical potential differences of molecules in liquids.
The software developed by Klamt [43] has gained attention
because of its ability to predict the thermodynamic properties
and behavior of ionic liquids in a variety of applications [44-46].
In this study, COSMO-RS was used to calculate the molecular inter-
action energies for the selected ILs.

The experimental reduction potentials of five ILs composed of
imidazolium-based ILs and triazolium-based ILs as shown in
Fig. 1 were determined via cyclic voltammetry. Commercially
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Fig. 1. Molecular structures of (a) 1,4-dibutyl-1,2,4-triazolium tetrafluoroborate (BBT BF,), (b) 1,4-dibutyl-1,2,4-triazolium bis(trifluoromethylsulfonyl)imide (BBT TFSI), (c)
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM TESI), (d) 1-butyl-3-methylimidazolium tetrafluoroborate (BMIM BF,) and (e) 1-butyl-3-methylim-

idazolium glycine (BMIM Gly).
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available 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfo
nyl)imide (EMIM TFSI) was used and the remaining four ILs were
synthesized. This study is aimed to provide a plausible explanation
of how the LUMO values of the individual anions and cations, as
well as their electrostatic interactions, could affect the reduction
stability. This will optimize the usage of the computational method
in predicting the electrochemical stability since ILs are considered
as designer liquids and many combinations of cations and anions
can be achieved, which makes the experimental study of electro-
chemical stability not efficient for the selection of huge sets of ILs.

2. Materials and methods
2.1. Materials

All starting materials and chemicals used are commercially
available and used without further purification unless otherwise
stated. 1,2,4-triazole (98 % purity), methanol, sodium tetrafluorob-
orate (98 % purity), acetone, ethyl acetate, lithium bis(trifluorome
thanesulfonyl)imide (99.95 % purity) were procured from Sigma-
Aldrich. 1-bromobutane (99 % purity), and sodium methoxide
(pure, 5.4 M, 30 wt% solution in methanol) were procured from
Acros Organic. 1-ethyl-3-methylimidazolium bis(trifluoromethyl
sulfonyl)imide (EMIM TFSI), chloroform, and acetonitrile were pro-
cured from Merck. Dichloromethane was procured from Fisher
while glycine (99 % purity) was procured from Fluka Analytical.

2.2. Synthesis of the ILs

2.2.1. Synthesis of 1,4-dibutyl-1,2,4-triazolium bromide (BBT Br) ionic
liquid

1,4-dibutyl-1,2,4-triazolium bromide (BBT Br) ionic liquid was
synthesized through the combination and modification of the
methods by Atkinson [47] and Belletire [48]. The proposed proce-
dure avoids the limitations of both methods such as the extreme
condition that affects the properties of the product in the first
method as well as the product loss from successive extractions in
the second method. The product loss is due to the product solubil-
ity in chloroform and partially soluble in water, while the reactants
are highly soluble in water and partially soluble in chloroform. In
this study, 3.0 g of 1,2,4-triazole (43.43 mmol) was added to
22.2 ml of methanol. Then, 7.8 g sodium methoxide (30 wt% in
methanol, 43.43 mmol) was added dropwise to the solution in an
ice bath. The reaction mixture was stirred for 10 min at room tem-
perature until all the components were completely dissolved.
Then, 6.67 g 1-bromobutane was added dropwise to the mixture
in the ice bath. The ice bath was removed and replaced with an
oil bath. After that, the reaction mixture was heated to 60 °C and
stirred at 320 rpm under reflux for 24 h, then cooled to room tem-
perature. The methanol was removed using a rotary evaporator
resulting in a yellow oil. 40 ml of chloroform was added to the
oil under reflux at 55 °C and continued to stir at 400 rpm for
24 h to extract the targeted product, followed by a cooling process
at 5 °C to precipitate the non-reacted materials. Then, the mixture
was filtered. The chloroform solvent was removed from the filtrate
using a rotary evaporator, resulting in a yellow viscous liquid
which is 1-butyl-1,2,4-triazole, (4.71 g, 88 % yield). 'H NMR for
1-butyl-1,2,4-triazole: § ppm (CDCl3) 0.883 (t, 3H),1.275 (m, 2H),
1.805 (m, 2H), 4.104 (t, 2H), 7.868 (s, 1H) and 7.984 (s, 1H).

3.57 g of 1-bromobutane (26.05 mmol) was added dropwise to
2.51 g of 1-butyl-1,2,4-triazole (20.04 mmol) in an ice bath. The ice
bath was then removed and replaced with an oil bath. The reaction
mixture was heated at 80 °C and stirred at 320 rpm for 24 h under
reflux and then cooled to room temperature, resulting in a brown-
ish gel. 20 ml of ethyl acetate was added to the gel and the mixture
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was heated at 35 °C and stirred at 400 rpm for 3 min to melt the
gel, resulting in two liquid layers, the top layer is the solvent while
the ionic liquid was at the bottom layer. Then, the remaining sol-
vent was removed from the bottom layer using a rotary evaporator,
resulting in a brown gel product of 1,4-dibutyl-1,2,4-triazolium
bromide (BBT Br) (4.7 g, 90 % yield) at room temperature. 'H
NMR for 1,4-dibutyl-1,2,4-triazolium bromide: ¢éppm (D,0)
0.866 (m, 6H), 1.286 (m, 4H), 1.853 (m, 4H), 4.263 (t, 2H), 4.363
(t, 2H), 8.831 (d, 1H), 9.799 (d, 1H).

2.2.2. Synthesis of 1,4-dibutyl-1,2,4-triazolium tetrafluoroborate (BBT
BF,)

7.01 g of sodium tetrafluoroborate (NaBF,) was dissolved in
200 ml methanol. Then, 15 g of 1,4-dibutyl-1,2,4-triazolium bro-
mide (BBT Br) was added to the solution. The mixture was stirred
at 320 rpm for 48 h at 25 °C. After that, the methanol was removed,
and 130 ml acetone was added, resulting in a solid particle which
was separated through filtration process. Then, the solvent was
removed using rotary evaporator. The mixture was washed again
using 130 ml of dichloromethane to separate the remaining impu-
rities. Solid particles were formed. The particles were removed
through filtration process and the solvent was removed from the
product using rotary evaporator. The resulting product is 1,4-
dibutyl-1,2,4-triazol-4-ium tetrafluoroborate (BBT BF;) (98 %
yield).

2.2.3. Synthesis of 1,4-dibutyl-1H-1,2,4-triazol-4-ium bis
(trifluoromethylsulfonyl)imide (BBT TFSI)

4,93 g of lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)
was dissolved in 18 ml water. Then, 3.78 g of 1,4-dibutyl-1,2,4-
triazolium bromide (BBT Br) was added to the solution. Then, the
mixture was stirred at 1000 rpm for 48 h, forming two layers.
The brown bottom layer was separated from the mixture using a
separating funnel and washed with 50 ml of water three times.
Then, the water was removed using a rotary evaporator. The result-
ing product is 1,4-dibutyl-1,2,4-triazolium bis(trifluoromethylsulfo
nyl)imide (BBT TFSI), (67 % yield).

2.2.4. Synthesis of 1-butyl-3-methylimidazolium bromide (BMIM Br)

21.0 g of 1-bromobutane 99 % was added dropwise to 10.7 g of
1-methyl imidazole in the ice bath. Then, the mixture was heated
at 70 °C and stirred at 320 rpm for 28 h under reflux. The mixture
was then cooled to room temperature. 80 ml of ethyl acetate was
added to the mixture and stirred at 400 rpm at 35 °C for 30 min
to avoid the crystallization of reaction components at room tem-
perature. The solvent was removed using a rotary evaporator,
resulting in 1-butyl-3-methylimidazolium bromide (BMIM Br),
(93 % yield) as a yellow viscous liquid. 'H NMR for of 1-butyl-3-
methylimidazolium bromide (BMIM Br) é ppm (D,0) 0.835 (¢,
3H), 1.227 (m, 2H), 1.768(m, 2H), 3.813 (s, 3H), 4.119 (t, 2H),
7.353(d, 1H), 7.404(d, 1H), 8.646 (s, 1H).

2.2.5. Synthesis of 1-butyl-3-methylimidazolium tetrafluoroborate
(BMIM BF,)

8.26 g of sodium tetrafluoroborate (NaBF4)was dissolved in
250 ml of methanol, followed by the addition of 15.03 g of 1-
butyl-3-methylimidazolium bromide (BMIM Br). The mixture
was stirred at 320 rpm for 48 h at 25 °C. The methanol was
removed using rotary evaporator. After that, 130 ml of dichloro-
methane was added to the mixture, resulting in a solid particle
which was separated through filtration process. The washing pro-
cess was repeated three times, until no more solid particles forma-
tion. The solvent was removed from the product using rotary
evaporator. The resulting product is 1-butyl-3-
methylimidazolium tetrafluoroborate (BMIM BF4), 77.04 % yield).
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2.2.6. Synthesis of 1-butyl-3-methylimidazolium glycine (BMIM Gly)

10 g of (BMIM Br) was dissolved in 35 ml of water. The solution
was then poured to 41 g of AMBERLITE IRA400CL OH- resin in the
anion exchange column, resulting to 1-butyl-3-
methylimidazolium hydroxide (BMIM OH) in water. The (BMIM
OH) solution was mixed with glycine solution (2 M) ata 1:1.1 M
ratio. The mixture was stirred at 500 rpm at room temperature
for 12 h. Then, the water was removed using a rotary evaporator.
After that, the mixture was mixed with a methanol/acetonitrile
mixture (1:4 vol ratio). The precipitated glycine was then filtered
out, and the washing process was repeated two times. Then, the
solvents were removed using a rotary evaporator, resulting in a
yellow liquid of 1-butyl-3-methylimidazolium glycine (BMIM
Gly), (5122 % yield. 1H NMR for of 1-butyl-3-
methylimidazolium glycine & ppm (DMSO) 0.890 (t, 3H), 1.244
(m, 2H), 1.777 (m, 2H), 2.788 (s, 2H), 3.918 (s, 3H), 4.234 (t,2H),
7.863 (d, 1H), 7.929 (d, 1H), 9.991 (s, 1H).

2.3. Structure confirmation of ionic liquids

2.3.1. Proton nuclear magnetic resonance ('"H NMR)

The structures of the synthesized ionic liquids were confirmed
via proton nuclear magnetic resonance (1H NMR) using Bruker
AVANCE III 500 MHz. Deuterated dimethylsulfoxide (DMSO) and
deuterium oxide (D,0) were used as solvents. The analysis was
done using Topspin software.

2.3.2. Fourier transform infrared spectroscopy (FTIR)

Various functional groups were detected by Fourier transform
infrared spectroscopy-attenuated total reflectance (FTIR-ATR)
using ThermoNicolet iS5 by Thermo Fisher Scientific (Waltham,
Massachusetts, USA) in the range of 4000 to 400 cm-1 under 64
scanning.

2.3.3. Ion chromatography (IC)

Ion chromatography (IC) was used to measure the concentra-
tions of bromides anions. Na,COs (1 mmol/L) /NaHCO3 (4 mmol/
L) mixture was used as the eluent on Metrosep A Supp 4-250/4.0
column within an acceptable run-time (30 min) and 1.000 ml/
min flow rate.

Procedures/Data: All other relevant characterization data, orig-
inal spectra, etc., are provided in the Supporting Information.

2.4. Reduction peak measurement

In this study, the reduction peak for all selected ILs at the poten-
tial range of —2.5 to 0 V was measured via cyclic voltammetry (CV)
using EIS510 multichannel EIS system (WonATech Co.ltd). The
experiment was done at a 10 mV/s scan rate, and 5 A limiting cur-
rent. Glassy carbon was used as the counter electrode, platinum
wire as the working electrode, and saturated calomel electrode
(SCE) as the reference electrode.

2.5. Evaluation of HOMO and LUMO values using TmoleX software

To extract the LUMO and HOMO values of the anions and
cations of the ILs, Tmolex simulation software was employed based
on the density functional theory (DFT) using triple-zeta valence
with polarization (TZVP) parametrization.

2.6. Evaluation of molecular interaction using COSMO-RS software

In this study, COSMO-RS was used to predict the interaction
energies of the different ILs. Along with the analysis, the COSMO-
RS related theory and the corresponding importance of the simu-
lated properties were already discussed by the developer [49,50].
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3. Results and discussion

The reduction potentials of 1,4-dibutyl-1,2,4-triazolium
tetrafluoroborate (BBT BF,) and 1,4-dibutyl-1,2,4-triazolium bis(tri
fluoromethylsulfonyl)imide (BBT TFSI) were determined to study
the effects of anions as shown in Fig. 2. On the other hand, the
HOMO/LUMO values of the ILs calculated computationally are
shown in Fig. 3. From Fig. 2, it can be observed that BBT TFSI is
more stable in terms of reduction compared to BBT BF,. The reduc-
tion potential was —1.65 V for BBT BF, and —1.93 V for BBT TFSIL.
These results suggest that BBT BF4 has a lower LUMO value based
on the calculation using Equation (2) of —2.75 eV versus —2.47 eV
for BBT TFSI, as shown in Table 1. However, the computational cal-
culation of HOMO/LUMO values shown in Fig. 3 depicts a conflict-
ing result where the LUMO value for TFSI anion is significantly
lower. Thus, the trend shown for the predicted LUMO anions values
by computational method is not reliable to sufficiently draw a con-
clusion on the reduction stability.

Pekka and Hubert [36] developed thermodynamic model to
estimate the electrochemical stability of the electrolyte, based on
redox potentials and Fermi level of the electron inside the solution.
They reported that the redox potentials are correlated to the differ-
ence in Gibbs free energy between the reactants and the product.
While the redox potentials in some circumstances show strong
correlation with HOMO energies. The deviation of the calculated
energy levels was explained by the influence of electrolytes and
other molecules in the system.

Hence, there could be another parameter affecting the stability
of ILs, which is probably the molecular interaction as suggested by
Xue [39] and Zhao [3]. Recent studies are carried out to investigate
the effects of molecular interaction on ILs stability [51,52].
Muraledharan [51] reported that amino acid-based dicationic ionic
liquids showed wider electrochemical window than monocationic
ionic liquids due to the strong interaction and higher binding
energy between cation-anion in the dicationic ionic liquids.

To provide further clarification on this hypothesis, COSMO-RS
was used to study the molecular interaction energies (MIE). MIE
mainly consist of hydrogen bond interaction (Eyz), electrostatic or
misfit interaction (Epis:), and van der Waals forces (E,;,) [53,54].
The interaction energies generated by COSMO-RS are functions of
the screening charges of two interacting surface segments
0,0 O Oacceptors Tdonor @S Shown in the following equations [54]:

Enisie(0.0") = Ggg (@' /2) * (0 + ')’ (3)
Eyp = aefr Cypmin(0; min (0; G gonor + On)MaX(0; Oacceptor — ) (4)

Eyiw = aeff(fvdw + T}/dw) (5)

where a5 is the effective contact area between two surface seg-
ments, oHB is the cutoff for hydrogen-bonding, o is an interaction
parameter; Cyp is the hydrogen-bond strength; 7,4 and 7, are
element-specific adjustable van der Waals interaction parameter.
The COSMO sigma surfaces for the selected cations and anions
of the ILs is shown in Fig. 4 and the molecular interaction energy
values are listed in Table 2. The sigma surface provides visualiza-
tion of the charge distribution on the surface of the cation and
anion respectively. The blue region shows an underlying positive
charge brought by the hydrogen of the BBT and imidazolium rings,
the green represents the neutralization nature, yellow part for par-
tial electronegativity, while the red part represents a strong elec-
tronegativity. The result shows that the total interaction energies
of BBT TFSI is higher than that in BBT BF4 as shown in Table 2. It
can be deduced that the strong attraction force between BBT and
TFSI obstructs the flow of reduction’s electrons toward the cation
which enhances the stability. Moreover, the strong repulsion force
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Reduction peaks of BBT - based ILs in the range of (0 t0o -2.5) V
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Fig. 2. Comparison of BBT BF, and BBT TFSI in terms of the reduction peaks.
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Fig. 3. HOMO-LUMO values for BF, and TFSI anions using Tmolex.

Table 1

Experimental reduction potential, calculated LUMO values and LUMO values from computational methods.

IL Name Experimental Reduction peak (V) Calculated LUMO value (eV) LUMO value for the LUMO value for the
Eiumo = —(Ereq + 4.4) eV cation (eV) using Tmolex anion (eV) using Tmolex

BBT BF,4 -1.65 -2.75 -2.3675 1.3069

BBT TFSI -1.93 —-2.47 —2.3675 —1.2798

BMIM Gly —2.06 -2.34 -1.7779 0.2353

BMIM BF,4 -1.70 -2.70 -1.7779 1.3069

EMIM TEFSI -2.22 -2.18 -1.7643 -1.2798

between TFSI anion (negative charge) and the reduction’s electrons
also enhance the stability. To further validate the assumption, the
reduction potentials of 1-butyl-3-methylimidazolium tetrafluorob-
orate (BMIM BF;) and 1-butyl-3-methylimidazolium glycine
(BMIM Gly) were also compared as shown in Fig. 5. From Fig. 5,
it can be observed that BMIM Gly is more stable compared to
BMIM BF4;, where the reduction peak is —2.06 V for BMIM Gly
while it is —1.70 V for BMIM BF,, which indicates that BMIM BF,
has a lower LUMO value. This is opposite to the results obtained
from the computational prediction of LUMO energy levels as
depicted in Fig. 6.

By analyzing Table 2 it can be observed that the total interac-
tion energies of BMIM Gly are higher than BMIM BF,, which is also
consistent with the results obtained by TFSI anion. It can be noted
that the effect of the anions on the electrochemical stability against
reduction is mainly through molecular interaction energies since
the anion is not highly affected by the reduction electron due to
the repulsion force. However, these interaction energies affect
the stability of IL since they affect the cations-anions interaction
which impedes the reduction’s electrons. Recent studies reported
that although ILs have lower LUMO values when compared to
organic solvents/electrolytes, they have strong resistance against
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GLY TFSI BFa4

Fig. 4. Sigma surface for selected cations and anions using COSMO-RS. The colour is used to determine the charge distribution of the molecule, accordingly; green colour
represents the neutral nature, red colour represents the strong electronegativity, yellow colour represents a partial negative charge, and the blue colour represents a positive
charge area. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Misfit (H_MF) energies, hydrogen bond interaction (H_HB), van der Waals forces (H_vdw), and total interaction energies in kcal.mol-1 generated by COSMO-RS.
IL Name H_MF (kcal.mol~ ) H_HB H_vdw Total interaction energies (kcal.mol ")
(kcal.mol ™) (kcal.mol 1)
BBT BF,4 7.4 -3.271 —14.438 —10.309
BBT TFSI 7.777 -1.348 -18.623 -12.194
BMIM Gly 12.78 -9.709 -14.276 -11.205
BMIM BE,4 6.805 —2.836 —-12.165 -8.196
EMIM TFSI 6.426 —1.098 —14.643 -9.315

BMIM- based reductions peaks in the range of (0t0-2.5) V

0
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Voltage (V) vs SCE
=———BMIM BF4 —BMIM GLY
Fig. 5. Comparison between (BMIM BF,4) and (BMIM Gly) in term of reduction peaks.
the reduction, and this is due to their capability to produce better To study the effect of cation on the reduction resistance of the

film formation at higher potential due to molecular interaction ILs, the reduction potentials of 1,4-dibutyl-1,2,4-triazol-4-ium
[55,56]. It can be noted that for ILs having similar cation but of dif- tetrafluoroborate (BBT BF,;) and 1-butyl-3-methylimidazolium
ferent anions, the stability of the ionic liquids cannot be evaluated tetrafluoroborate (BMIM BF,) are compared as shown in Fig. 7.
using LUMO values only without considering the molecular inter- On the other hand, the computational HOMO/LUMO values of
action energies. BBT and BMIM are shown in Fig. 8. Fig. 7 shows that BBT BF, has



S. Abdalmageed Saadaldeen Mohammed, Wan Zaireen Nisa Yahya, Mohamad Azmi Bustam et al.

eV

Fig.

Journal of Molecular Liquids 359 (2022) 119219

HOMO-LUMO values for BF4 and GLY anions
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Fig. 6. HOMO-LUMO values for BF, and Glycine anions using Tmolex.
Reduction peaks of BF4- based ILs in the range of (0 t0o-2.5) V
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Fig. 7. Comparison between BBT BF, and BMIM BF, in terms of reduction peaks.

HOMO-LUMO values for BMIM and BBT

o BBT. -2.3675
BMIM. -1.7779
BMIM, -6.9105
° BBT. -7.7755
L]

cations type
@ HOMO (ev) ®LUMO (ev)

. HOMO-LUMO values for BMIM and BBT cations using Tmolex.

a slightly less reduction stability compared to BMIM BF,. The
reduction potential for BBT BF,4 is —1.65 V while it is —1.70 V for
BMIM BF,4, which indicates that BBT BF, has a slightly lower LUMO
value. A similar trend is observed in the computational study as
shown in Fig. 8.

Another comparison between reduction peaks for 1-ethyl-3-
methylimidazolium  bis(trifluoromethylsulfonyl)imide (EMIM
TFSI) and 1,4-dibutyl-1,2,4-triazol-4-ium bis(trifluoromethylsulfo
nyl)imide (BBT TFSI) is performed as shown in Fig. 9. From Fig. 9,
it can be observed that BBT TFSI showed a lower reduction peak
compared to EMIM TFSI. The reduction potential for BBT TFSI is
—1.93 V while it is —2.22 V for EMIM TFSI, indicating that BBT
has a lower LUMO value than EMIM. A similar trend is observed
in the computational study in Fig. 10. The experiment shows that
the reduction stability of ILs having the same anion but of different
cations mainly depends on the LUMO values of the cations, since
the cations are more exposed to the reduction’s electrons due to
the attraction force. Moreover, when comparing the cations, it
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Reduction peaks of TFSI- based ILs in the range of (0 to -2.5)V
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Fig. 9. Comparison between BBT TFSI and EMIM TFSI in terms of reduction peaks.
HOMO-LUMO values for EMIM and BBT cations
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Fig. 10. HOMO-LUMO values for EMIM and BBT cations using Tmolex.

shows that the triazolium ILs are more easily reduced as compared
to the imidazolium ILs. This can be explained by the presence of
the additional electronegative nitrogen on the triazolium ring
which introduces a small localized negative charge on the mole-
cule as observed by the small red region in the COSMO-surface
(cf. Fig. 4), thus lowering the LUMO values [57].

4. Conclusion

In conclusion, based on our experimental and computational
studies of reduction potentials, the LUMO values of the ionic lig-
uids are predominantly determined by the cation since it is closer
to the reduction’s electrons due to the attraction force. However,
the effect of anions will influence the reduction potential in the
case of a strong molecular interaction of the constituent ions.
The strong repulsion force between the anion and the electrode
enhances the stability of ILs toward the reduction. Moreover, the
strong attraction force between the cation and anion stabilizes
the reduction reaction since the anion behaves as a shield for the

cation which increases the resistance towards reduction at the
electrode. It can be concluded that for ILs having the same anion
but of different cations, TmoleX software is useful to predict their
reduction stability through the LUMO values of the cations. How-
ever, for the ILs having the same cation but of different anions,
the reduction stability of the ionic liquid cannot be predicted using
LUMO values only without considering the molecular interaction.
This study will pave the way on targeting new types of stable ILs
with relatively low LUMO values of cations and anions. Moreover,
this study provides a perspective to enhance the use of computa-
tional method to predict the stability of ILs toward reduction.
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