
Stability Descriptors for (Benz)imidazolium-Based Anion Exchange
Membranes
Fabian P. Tipp, Kate Fraser, Mohammad J. Eslamibidgoli, Kourosh Malek, Steven Holdcroft,
and Michael H. Eikerling*

Cite This: Macromolecules 2024, 57, 1734−1743 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: (Benz)imidazolium-based polymers are a promising class of anion
exchange membrane materials for alkaline fuel cells and electrolyzers. This study
focuses on the alkaline stability of (benz)imidazolium-based compounds by
exploring the relationship between molecular structure and degradation rate. A
correlation analysis, using ab initio quantum chemical calculations, reveals suitable
stability descriptors for three types of compounds, namely, benzimidazoliums,
penta-substituted imidazoliums, and bis-arylimidazoliums. The strongest
correlation is found between the Gibbs free energy change of the C-2 hydroxide
attack step and the experimental stability. Notably, the activation energy and
Gibbs free energy change of the hydroxide attack on C-2 display a high
correlation. Identifying computationally efficient descriptors is a crucial
prerequisite for the screening and inverse molecular design of imidazolium-
based compounds with high alkaline stability.

■ INTRODUCTION
Sustainable and environmentally friendly energy technologies
will be crucial in supplying the global energy demand and
slowing climate change. Green hydrogen is set to play an
important role in the future energy ecosystem.1−3 However,
successful implementation of green hydrogen as an energy
carrier requires hydrogen to be produced using water
electrolyzers (WEs), powered by excess renewable energy
(e.g., solar or wind). This hydrogen can then be stored and
used on demand in fuel cells (FCs) to generate electrical
energy.
WEs and FCs can operate in acidic or alkaline environments.

While acidic WEs achieve high power densities, platinum
group metal (PGM) catalysts that do not corrode in low pH
are required.4 Utilization of significant amounts of PGMs
increases costs and poses a significant supply risk.5 Conversely,
alkaline WEs and FCs eliminate the need for PGMs.6 Yet,
finding an organic ion-conducting medium with sufficient
hydroxide ion conductivity and stability remains an open area
of research.7,8

Anion exchange membranes (AEMs) are solid polymer
electrolytes composed of positively charged groups that are
bound to a polymer matrix. For successful integration into
devices, AEMs must be synthesized to exhibit sufficient
chemical and mechanical stability along with high anion
conductivity. Incorporating these properties into AEMs
remains a critical challenge to be addressed.9−12

Quaternary ammonium (QA) ions are most commonly used
as cations in AEMs, given the comparatively simple synthesis13

along with good mechanical stability;14 however, their low
chemical stability has hindered further development.15 Various
other organic cations have emerged as a basis for AEMs
including tetraalkylammoniums,16,17 phosphoniums,18,19 piper-
idiniums,20 and guanidiniums.21 Notably, imidazoliums, bis-
arylimidazoliums, and benzimidazoliums have drawn consid-
erable attention due to their high hydroxide conductivity and
stability (Figure 1).7,22−30

Delocalization of the positive charge over the (benz)-
imidazolium ring renders the cation less susceptible to
hydroxide attack.31 However, attaining adequate alkaline
stability for integration into alkaline electrochemical devices
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Figure 1. Compounds studied in this work are based on three distinct
backbones: (a) benzimidazolium, (b) imidazolium, and (c) bis-
arylimidazolium, with the numbering scheme provided for the most
significant atoms.
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remains challenging due to the two irreversible hydroxide-
mediated degradation pathways that are shown in Figure 2: (a)
dealkylation of the N-1/N-3 substituent via a SN2 type reaction
and (b) a nucleophilic addition−elimination at C-2.32−36

The alkaline stability of (benz)imidazolium-based com-
pounds is significantly influenced by their chemical struc-
ture.22,31,37 However, directly comparing stability measure-
ments for various reported compounds across the experimental
literature is challenging for several reasons. Firstly, various
experimental techniques were used for monitoring the
degradation state such as measurement of ion exchange
capacity, 1H NMR spectroscopy, or conductivity measure-
ments.12 Secondly, chemical conditions vary widely in terms of
hydroxide concentration, solvents, degree of hydroxide
hydration, temperature, and the specifics of solvent-less
degradation tests through dynamic vapor sorption.12,38 Due
to the variability of test conditions, comparison of different
compounds can be cumbersome to perform and misleading,
and the high resource and time demand of experimental
stability tests render retesting of compounds under different
conditions impractical. Quantum chemical simulations can
circumvent this problem, as they are orders of magnitude
cheaper and faster to perform, compared to physical
experiments. However, a computational descriptor of a

compound’s alkaline stability is required for an effective
quantum chemical assessment of AEM candidate materials.
Identifying stability descriptors of imidazolium-based

compounds with ab initio quantum chemical calculations will
enable highly efficient computational screening of such
compounds and thus furnish the path towards inverse
molecular design. Even when only considering a penta-
substituted imidazolium with a set of 20 possible substituents,
millions of different structures are possible; preselecting based
on computationally predicted stability can greatly reduce the
search space of AEM materials.
An approach to assess alkaline stability with ab initio

quantum mechanical simulations involves calculation of the
hydroxide-induced degradation reaction energetics. Through
these studies, it has been determined that the nucleophilic
addition−elimination at C-2 is the main degradation pathway,
and that the choice of substituents impacts the energy barriers
associated with this pathway.32,39 Further systematic efforts are
needed to unravel correlations between the theoretical
energetics of relevant degradation pathways and experimental
stability data. Prior investigations have focused on the LUMO
energy of compounds, where a qualitative relationship between
higher LUMO energy and higher alkaline stability has been
reported.35,40 Additionally, the LUMO isosurface has been
utilized, with a higher LUMO localization at the imidazolium
ring promoting a hydroxide attack and therefore faster
degradation.41

Different strategies to influence the stability of imidazolium-
based compounds through adjustments to the molecular
structure are reported in the literature.31,34,40,42,43 Increasing
the steric hindrance around electrophilic sites on imidazolium
has been shown to be a viable approach for limiting hydroxide
attacks. This can be achieved not only through substitution at
the C-2 position but also through substitution at the
surrounding N-1 and N-3 sites.23,26,35,43 It has been reported
that a higher LUMO energy decreases the degradation rate as

Figure 2. Two irreversible degradation pathways of imidazolium-
based compounds, a dealkylation of the N-1/N-3 substituent (a) and
a ring-opening nucleophilic addition−elimination at C-2 (b).32

Figure 3. Compounds investigated in this study along with their half-lives in an ultradry KOH solution of DMSO/crown ether at room
temperature, as reported by Fan et al.22
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it hinders the nucleophilic hydroxide attack.40 Substituting
with electron-donating groups can achieve a high LUMO
level.35

Stabilization of the cationic charge has also been exploited to
inhibit degradation, as it decreases the electrophilicity of the
compound and increases the LUMO energy.40 This stabiliza-
tion is achievable through appropriate substitutions at the
imidazolium ring, such as with methyl groups, which stabilize
the charge through σ−π hyperconjugation.34,40

Altough several individual factors have been identified for
predicting alkaline stability of these compounds, they are not
yet reliable enough for large-scale scanning of novel AEM
molecular compounds, and a need remains for precise and
cost-effective computational descriptors that are thoroughly
validated against experimental stability measurements. Identi-
fying such descriptors has not yet been addressed, most likely
due to the difficulty in collecting sufficient data for families of
materials to measure their stability under alkaline conditions.
This work identifies suitable alkaline stability descriptors for

imidazolium model compounds to improve the screening
process of potential AEM materials. Identifying specific
stability descriptors will enable high-throughput screening
and the inverse molecular design of imidazolium-based
materials. We utilized the experimental results by Fan et
al.,22 which tested the alkaline stability of 11 imidazolium-
based compounds, as shown in Figure 3. Experimental values
for the compounds’ half-life were measured in an ultradry
solution of 0.5 M KOH in DMSO/crown ether with a
hydroxide hydration level λ = 1 at room temperature.

■ METHODOLOGY
Ab initio quantum chemical calculations were performed using
the ORCA 5.0.3 quantum chemistry package44 with the 6-
311G(d,p)45,46 basis set. DFT-level calculations were done
with the B3LYP47,48 functional. All DFT calculations employed
a simulated water solvation environment using the conductor-
like polarizable continuum model49 with the standard
parameters for water. For each compound, the following
procedure was excecuted. The SMILES representation of the
(benz)imidazolium cation without counterion was converted
into a 3D structure using version 2022.9.4 of RDKIT.50 To
ensure that the calculations are performed with a reasonable
conformer structure, a conformer scan was performed using
version 2.12 of CREST51,52 using the “--quick” parameter

preset, and the lowest energy conformer was selected for
further use. The conformer scan was conducted in an implicit
water solvation environment using the analytical linearized
Poisson−Boltzmann (ALPB) model. A hydroxide ion was
placed close to the (benz)imidazolium cation, and a geometry
optimization at the DFT level was performed. The hydroxide
was initially positioned roughly 5 ånstroms above the plane of
the imidazolium ring. The resulting structure was used as the
reference structure for all calculated energetics. Starting from
the reference structure, the products and intermediates of the
degradation pathways were manually created, and a DFT-level
geometry optimization was performed. The geometry-
optimized degradation product/intermediate and reference
structure were used to identify the transition state of the
corresponding reaction step using the nudged elastic band
method53 at the DFT level. For each obtained structure, a
frequency analysis was carried out, and it was ensured that all
transition states possess only a single imaginary frequency
along the reaction coordinate and that all other structures do
not possess any imaginary frequencies. The Gibbs free energy
of each structure is then computed based on the frequency
analysis. A single-point DLPNO−CCSD(T)54 calculation was
done for each optimized structure, and the obtained electronic
energy was used to replace that obtained by DFT in the
contributions to the Gibbs free energy.

■ RESULTS
Energetics. Table 1 shows calculated values of the Gibbs

free energy change for the 11 studied compounds along the
two competing irreversible hydroxide attack pathways, as
shown in Figure 2. The first mechanism is SN2 dealkylation via
hydroxide attack of the N1/N3 substituent (a in Figure 2).
The second mechanism is the ring-opening pathway (b in
Figure 2), which involves an initial attack of the hydroxide at
the C-2 position (first step of b in Figure 2) followed by an
opening of the (benz)imidazolium ring (second step of b in
Figure 2). The corresponding experimental half-lives in an
ultradry KOH solution of DMSO/crown ether at room
temperature are also provided in Table 1, as reported by Fan
et al.22

Calculated activation energies for hydroxide attack on C-2
(first step of b in Figure 2) range from 1.34 to 20.44 kcal/mol,
revealing that this pathway is strongly influenced by the
molecular structure of the compound. In contrast, the

Table 1. Gibbs Free Energy Values of the Dealkylation (a in Figure 2) and the Nucleophilic Addition−Elimination Reaction (b
in Figure 2) of the Studied Compound along with the Experimental Half-Lives in an Ultradry KOH Solution of DMSO/Crown
Ether at Room Temperature22a

molecule
ΔG(a)

(kcal/mol)
ΔG‡(a)

(kcal/mol) ΔG(b first step) (kcal/mol) ΔG‡(b first step) (kcal/mol)
ΔG(b)

(kcal/mol)
experimental half-life

(h)22

1 −33.38 25.01 −26.30 1.34 -31.93 0
2 −31.58 25.20 −14.96 9.72 −30.53 0
3 −32.39 25.65 −15.89 15.04 −29.12 0.8
4 −30.96 26.62 −11.62 5.56 −22.24 0
5 −29.12 27.51 −2.10 15.28 −19.46 18.5
6 −33.86 23.61 −1.98 12.74 −21.45 40.1
7 −29.16 29.08 0.47 16.09 −20.17 59.8
8 −30.53 24.12 0.65 15.80 −22.11 40.2
9 −32.09 28.56 2.36 18.00 −20.52 49.6
10 −28.47 30.42 7.02 20.44 −15.08 119.9
11 −29.15 29.77 6.26 19.02 −14.88 82.7

aThe highest and lowest energies for each reaction step are in bold. The corresponding molecular structure is depicted in Figure 3.
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activation energies of dealkylation (a in Figure 2), which span
from 23.61 to 30.42 kcal/mol, indicate that the molecular
structure has a limited impact on the activation barrier across
all studied molecules. The higher activation barrier for
dealkylation implies that this process is not the dominant
degradation pathway for the studied compounds. The lower
activation barrier for the C-2 hydroxide attack singles out this
pathway as the dominant degradation mechanism under the
studied conditions.
Plotting ΔG‡ vs ΔG of the C-2 hydroxide attack in Figure 4a

indicates a Bell−Evans−Polanyi type correlation.55,56 While

primarily the activation energy ΔG‡ of the dominant
degradation pathway determines the degradation rate, using
this correlation, ΔG can also be used instead. The advantage is
that ΔG is much less expensive to compute in comparison to
ΔG‡, especially when calculations are ought to be automatized
for a high-throughput scan of materials. Additionally, ΔG of
the C-2 hydroxide attack appears to be correlated with ΔG of
the full ring-opening degradation pathway, as depicted in
Figure 4b. A favorable C-2 hydroxide attack therefore predicts
a thermodynamically stable degradation product.
Figure 5 shows the Gibbs free energy profile of the studied

degradation pathways for three selected molecules 1, 5, and 10,
from each class. The lower activation barrier for the C-2
hydroxide attack in comparison to the dealkylation can be
observed, along with the greater range of ΔG‡ values of the

former compared to ΔG‡ values of the later. The free energy
diagrams for all compounds are included in the Supporting
Information (Figures S1−S3).
To verify the predictive ability of ΔG of the C-2 hydroxide

attack for the experimental half-lives, the two values are plotted
against each other in Figure 6a. The natural logarithm of the
experimental half-life was calculated and correlated against ΔG
of the C-2 hydroxide attack to obtain a linear correlation with a
coefficient of determination R2 of 0.943 (Figure 6b). For the
energetics of the dealkylation pathway, a significant correlation
with the alkaline stability could not be observed. The
coefficient of determination between the natural logarithm of
the experimental half-lifes and ΔG (a in Figure 2) is 0.195. The
scatter plot is reported in the Supporting Information (Figure
S4).
Electronic Properties. While obtaining ΔG of a given

reaction is computationally less expensive than calculating the
corresponding ΔG‡, it may still be too costly to compute for
more than a few hundred compounds. The calculation of
electronic properties such as orbital energies or distributions
could be much more efficient, making a stability descriptor
constructed from them very valuable for searching a sizable
part of the vast chemical space of possible imidazolium-based
AEM materials. One stability descriptor based on electronic
properties of the imidazolium compounds proposed in the
literature is the LUMO energy, with a higher LUMO energy
corresponding to more stable compounds.34,35,40,57 The
correlation between LUMO energy and experimental stability
of a given compound could not be reproduced for the
imidazoliums investigated in this work as can be seen in Figure
S5 in the Supporting Information.
It has been reported previously that the LUMO energy may

not be sufficient as a lone indicator of alkaline stability and a
more in-depth analysis of the LUMO must be performed. One
additional aspect to consider is the LUMO isosurface, with a
LUMO distribution localized on the imidazolium ring leading
to lower stability by promoting a hydroxide attack.41 For a
computational stability descriptor that can be automatically
generated for a given compound, analyzing a LUMO isosurface
is impractical because the generated images generally require
manual interpretation or advanced techniques such as machine
learning. For this reason, we propose quantitatively assessing
the LUMO distribution through frontier molecular orbital
population analysis (FMOPA), which computes the fraction of
LUMO that is localized on each atom of a given molecule. As
hydroxide attacks the C-2 position, the fraction of LUMO that
is localized on C-2 may be an indicator of the degree to which
the LUMO distribution promotes the ring-opening degrada-
tion pathway, at least for cases in which the LUMO energy is
not high enough to strongly inhibit the reaction.
In Table 2, the LUMO distribution, LUMO fraction on C-2,

and the LUMO energy are reported for three selected
compounds, and the full table with all studied compounds is
given in the Supporting Information (Table S3). For the
benzimidazolium (molecule 1, exp. half-life ≈0 h), the LUMO
is distributed along the C-2 substituent and the benzimidazo-
lium ring. However, over 25% of the LUMO is localized on the
C-2 atom, and the LUMO energy is the lowest of the three
compounds, leading to a fast degradation by enabling a
hydroxide attack. The LUMO of the more stable imidazolium
(molecule 6, exp half-life 40.1 h) is localized to roughly the
same degree on the C-2 atom as it is for molecule 1. However,
the LUMO energy is significantly higher than that of molecule

Figure 4. Scatter plot of ΔG of the C-2 hydroxide attack against ΔG‡

of the C-2 hydroxide attack (a) and ΔG of the full ring-opening
degradation pathway (b). The number in each marker of the plot
corresponds to the molecule number it represents.
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1, inhibiting hydroxide attack. The most stable of the studied
compounds is a bis-arylimidazolium (molecule 10, half-life
119.9 h), which possesses a lower LUMO energy than
molecule 6 does. However, only 8% of the LUMO is localized
on each C-2 atom, which may strongly inhibit the C-2
hydroxide attack.
The product of LUMO energy and LUMO fraction localized

on C-2 can be calculated to combine both values into one
stability descriptor. This descriptor correlates moderately well
with ΔG of the C-2 hydroxide attack, as depicted in Figure 7.
The moderate correlation with an R2 of 0.733 is expected, as
only electronic and no steric effects are included. However, the
descriptor is computationally very efficient and may aid in a
coarse scan of potential compounds; e.g., the relative stabilities
of benzimidazolium, imidazolium, and bis-arylimidazolium
were correctly predicted.

■ DISCUSSION
The identified electronic and energetic descriptors enable a
high-throughput scan to find imidazolium-based compounds
with high alkaline stability. This is our current work in progress
and will be published in the near future. Additionally, the
descriptors support the understanding of the intricate relation-
ship between the chemical structure and alkaline stability. One
aspect of interest is whether differences in alkaline stability
between different compounds stem from electronic or steric
effects. For the studied systems, it is difficult to separate the
two effects, as both are intertwined. An illustrative example is
the difference between studied molecules 1 and 2, which were
chosen as they present the smallest compounds and as they
differ only in their C-2 substituent with the prior possessing a
phenyl group and the later a mesityl group. This difference in
C-2 substituent leads to molecule 2 having an ΔG of the C-2
hydroxide attack that is about 11 kcal higher than that of
molecule 1. While the absolute values are so low (−26.30 and

Figure 5. Gibbs free energy profile of the dealkylation (a in Figure 2) and the nucleophilic addition−elimination reaction (b in Figure 2) of three
selected studied compounds.
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−14.96 kcal/mol for molecules 1 and 2, respectively) that their
alkaline stability was too low to measure in the harsh stability
test conditions referenced in Figure 3, the two compounds
were also studied by Fan et al.22 under milder conditions (3 M
NaOD/D2O/CD3OD at 80 °C) and a significantly higher
stability for molecule 2 was observed (half-life of <0.1 and 436
h for molecules 1 and 2, respectively). When comparing the

two compounds, differences in ΔG and alkaline stability can be
explained based on increased steric demand of the mesityl
group over the phenyl group. Especially, the area around the
C-2 atom is occupied by the two ortho methyl groups of the
mesityl substituent, thereby sterically shielding it from
hydroxide attack. One noteworthy aspect is that the direct
steric interference between the substituents and the attacking
hydroxide is not the only relevant steric contribution that
occurs. During the C-2 hydroxide attack, the C-2 atom
transforms from a planar sp2 hybridization into the tetragonal
sp3 hybridization, thereby pushing the C-2 substituent toward
the imidazolium ring and creating steric strain in the product
structure as can be seen in Figure 8.
Different degrees of steric strain are, however, not the only

aspect contributing to differences in alkaline stability. The
three methyl groups of the mesityl group exhibit a pronounced
impact on the geometry of the cation, leading to the plane of
the mesityl’s phenyl ring being orthogonal to the plane of the
imidazolium ring (dihedral angle of about 90°). The phenyl
ring of molecule 1 on the other hand is tilted, leading to a
dihedral angle between the phenyl and imidazolium plane of
about 60°. This nonorthogonality of the C-2 substituent of

Figure 6. Scatter plot of ΔG of the C-2 hydroxide attack and the
experimental half-life (a: unmodified; b: its natural logarithm) in an
ultradry KOH solution of DMSO/crown ether at room temperature
as reported by Fan et al.22 The number in each marker of the plot
corresponds to the molecule number it represents.

Table 2. Molecular Structures of Three Selected Compounds and Their LUMO Energy along with the Fraction of the LUMO
Localized on C-2 As Determined by Frontier Molecular Population Analysis

Figure 7. Scatter plot of the product of the LUMO energy and the
LUMO fraction localized on C-2 versus the experimental half-life in
an ultradry KOH solution of DMSO/crown ether at room
temperature as reported by Fan et al.22 The number in each marker
of the plot corresponds to the molecule number it represents.
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molecule 1 is likely due to an interaction between the aromatic
systems of the phenyl and the imidazolium ring, which in turn
has an impact on the electronic structure of the cation. The
significant difference in LUMO energy between molecules 1
and 2 (about −43 and −36 kcal/mol, respectively) is in part
attributable to this difference in dihedral angle and also
influences the C-2 hydroxide attack and, therefore, alkaline
stability through this manner.
One aspect of the alkaline stability of imidazolium-based

compounds highlighted by the identified energetic descriptor is
the steric effect of the C-4 and C-5 substituents. While these
two substituents generally do not directly sterically interfere
with the attacking hydroxide, they can destabilize the C-2
hydroxide attack product. This effect can be seen by examining
the structure of the C-2 hydroxide attack product of molecule
5 in Figure 9.

As mentioned before, the C-2 hydroxide attack pushes the
C-2 substituent toward the plane of the imidazolium through a
change in the C-2 hybridization from sp2 to sp3. The steric
strain from this structural change is enhanced by C-4 and C-5
substituents that protrude out of the imidazolium plane like
the phenyl groups of molecule 5. This effect again emphasizes
the complex structure−stability relationship of imidazolium-
based compounds.
One significant electronic effect is noticeable among the bis-

arylimidazolium moieties (molecules 10−14). They possess
the highest stability of the studied compounds while having
comparable steric demands at the C-2 site to molecule 6. This
increased stability may be explained by their electronic
structure, specifically their LUMO. The symmetric structure
with two imidazolium groups leads to a distribution of the
LUMO across the two imidazolium groups and a localization
toward the central aryl group. Thereby, the LUMO is generally

significantly less localized on the C-2 atom, leading to a
decreased susceptibility toward hydroxide attack.
As this discussion for a limited number of molecules

suggests, the relationship between the chemical structure and
the alkaline stability is complex. Both electronic and steric
effects are of relevance and must be considered for a sufficient
understanding, especially as both effects may be intertwined.
The benefit of an energetic descriptor such as ΔG of the C-2
hydroxide attack is that both steric and electronic effects and
their interaction are intrinsically included. While a high-
throughput scan of imidazolium-based compounds would be
ideal to identify candidates with high alkaline stability, some
qualitative trends toward alkaline stability could be identified
from the molecules studied so far. One noteworthy aspect is
that the steric demand of the C-4/C-5 substituents is also
responsible for an increase in alkaline stability. Substitution at
C-4/C-5 with sterically demanding groups that protrude out of
the plane of the imidazolium ring may lead to an increase in
stability, e.g., through 2,6-dimethylphenyl or mesityl. Addi-
tionally, the high alkaline stability of the bis-arylimidazolium
compounds (molecules 10−14) was identified to likely stem
from a diversion of the LUMO distribution away from the C-2
attack site. Additional stabilization might be possible through
additional diversion, e.g., through a tris-arylimidazolium.

■ CONCLUSIONS
In this work, the electronic properties and energetics of the
alkaline degradation pathways of (benz)imidazolium com-
pounds were studied through quantum chemical computations.
The calculated values were compared regarding experimental
alkaline stability measurements by Fan et al. to identify suitable
computational stability descriptors. This analysis yielded a
computationally affordable strategy for assessing the alkaline
stability of imidazolium compounds. It was found that ΔG of
the C-2 hydroxide attack is a strong predictor for the alkaline
stability in an ultradry alkaline environment. Additionally, in
this work, the often-reported relationship between LUMO
energy and alkaline stability could not be reproduced, implying
that aspects such as degradation energetics or orbital
distribution are more accurate stability predictors than the
LUMO energy alone. A quantification method of the LUMO
distribution was suggested by calculating the LUMO fraction
localized on the C-2 atom. Utilizing these descriptors allows
for a comprehensive investigation of the complex relationship
between the chemical structure and alkaline stability of
imidazolium-based compounds through qualitative structural
analysis and high-throughput computations of potential
molecules.

■ ASSOCIATED CONTENT
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Gibbs free energy profile of the dealkylation and the
nucleophilic addition−elimination reaction of the
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nucleophilic addition−elimination reaction of the
studied compounds that are based on imidazolium;
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Figure 8. Optimized molecular structure of molecule 1 (left) and 2
(right) as the plain cation (top) and after a C-2 hydroxide attack
(bottom).

Figure 9. Illustration of the C-2 hydroxide attack product structure of
molecule 5. The figure highlights the proximity between the C-4/C-5
substituents with the C-2 substituent; the closest proximity is marked
by a red double arrow and equals 2.70 Å.
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