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Ionic liquids (ILs) have gained recognition as a potential alternative to traditional solvents due to their envi-
ronmentally friendly properties. The ease of handling and higher conductivities of aqueous solutions of ILs has
also stimulated research of these green solvents. While 1-butyl-3-methylimidazolium chloride ([C4mim]Cl) is a
commonly researched IL, it is more expensive than traditionally used solvents. Whilst [C4mim]Cl is less toxic
than many traditional solvents, it is still hazardous to both human and marine life. Betaine hydrochloride
(BetHCI) presents a cheaper, low toxicity alternative primarily due to the similar aggregation and bonding
exhibited by the pure ILs, and their aqueous solutions. This study investigates the conductivity of aqueous so-
lutions of [C4mim]Cl and BetHCl. We examined these properties across varying water content and temperature,
and with added metal salts (CuCl, and ZnCly), to develop insights into aggregation, bonding, and IL-metal in-
teractions. Fourier Transform Infrared (FTIR) spectroscopy was used to further explore aggregation and bonding.
The conductivity data displayed good agreement with Walden’s rule and the Vogel-Fulcher-Tammann (VFT)
equation. Results indicate non-linear relationships between water content and conductivity for both ILs, whereas,
near-linear relationships were found between temperature and conductivity. Different interactions were
observed between the two metal chlorides and the ILs. Gradual changes in conductivity with varying water
content, rather than a step change, suggest the formation of hydrogen bonding networks in aqueous solutions of
both [C4mim]Cl and BetHCl. The similar trends exhibited by the ILs imply the potential of BetHCl as a viable,

cost-effective alternative to traditional solvents.

1. Introduction

Tonic liquids (ILs) are salts often consisting of a bulky organic cation
and an organic or inorganic anion. Typically, they have melting points
below 100°C due to their loosely packed structures. Discovered by
Walden in 1914, the use of ILs has gained traction in the last few decades
due to their environmentally benign properties, for example low vapor
pressure, high thermal stability and absence of volatile organic com-
pounds (Walden, 1914; Seddon et al., 2000; Bailey et al., 2024; Clarke
et al. 2018; James et al. 2003; Pinkert et al., 2009; Rogers and Seddon,
2003). Due to the vast number of potential cations and anions, the
tunability and versatility of ILs make them appealing for many appli-
cations including solvent replacement, polymer and catalytic chemistry,
separations, biomass pretreatment and lubricants (Seddon et al., 2000;
Malaret et al., 2020; Visser et al., 2001; Wasserscheid and Keim, 2000;
Ye et al., 2001). Additionally, ILs have demonstrated significant po-
tential for enhancing reaction rates, yields, and selectivities (Forsyth
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et al., 2004; Garcia-Verdugo et al., 2015).

Research of aqueous solutions of ILs has been stimulated recently due
to the high conductivity values reported by several authors, in contrast
to traditional solvents (Anouti et al., 2012; Bonhote et al., 1996). Au-
thors have demonstrated that IL concentration, temperature and
chemical structure, including cation functional group, are key factors in
the conductivity of aqueous solutions of ILs (Niazi et al., 2013; Chang
et al., 2008; Bobrova et al., 2016; Widegren and Magee, 2007; Vieira
et al., 2015; Fan et al., 2022). Therefore, further investigation of their
physical properties is vital to enable large-scale deployment of ILs and to
meet environmental and economic targets. Comprehensive under-
standing of solution conductivity is essential to facilitate the large-scale
deployment of ILs, and their aqueous solutions, as conductivity directly
impacts solvent performance in many applications, such as electro-
chemical processes (Chen et al., 2022).

The low flammability, low volatility, and air and water stability of
imidazolium-based ILs has made them one of the most widely
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researched classes of IL (Tokuda et al., 2005; Huddleston et al., 2001).
This prevalence in research has made them less expensive than most ILs,
although they remain more expensive than traditional solvents. The
four-part alkyl chain and chloride anion of 1-butyl-3-methylimidazo-
lium chloride ([C4mim]Cl) has made this IL an attractive option for in-
dustry and research due to the high solubility of the IL and hydrophilic
nature of the anion (Fig. 1). The melting point of [C4mim]Cl (70°C)
makes aqueous solutions of the IL more attractive in low temperature
applications. Although, [C4mim]Cl is less toxic than traditional solvents,
the IL remains hazardous to human and marine life (Safety data sheet -
1-Butyl-3-methylimidazolium chloride’ 2025).

The bonding structures of imidazolium-based ILs, both pure and
aqueous, are the source of much disagreement. Although authors agree
that aqueous solutions of 1-alkyl-3-methylimidazolium chloride, with
varying chain length, display self-aggregation behavior, the chain length
required is a source of debate. Some authors report a critical aggregation
point in aqueous solutions of [C4mim]Cl, other authors report longer
alkyl chain lengths are required (Singh and Kumar, 2007; Blesic et al.,
2007). Several other authors report a more gradual change in bonding
structures in aqueous solutions of [C4qmim]Cl (Niazi et al., 2013; Chang
et al., 2008). These latter studies suggest the development of a hydrogen
bonding network rather than the existence of a critical aggregation
point.

Betaine hydrochloride (BetHCl) is an IL from the choline cation
group, a family of ILs well researched across a variety of industrial
sectors (Panda et al., 2018; Gadilohar and Shankarling, 2017). Many
choline-based systems are classified as deep eutectic solvents (DES),
solvents formed from a hydrogen bond donor and hydrogen bond
acceptor, which have melting points significantly lower than their
constituents (Li and Row, 2016; Paiva et al., 2014; Yeow et al., 2024).
Recent publications have shown they are a versatile alternative to ILs,
predominantly due to the ease of synthesis, availability of the compo-
nents and biodegradability of the DES (Yeow et al., 2024; Abbott et al.,
2004; Zhang et al., 2018).

The higher melting point of BetHCl (241°C) excludes it from the
traditional definition of an IL (melting temperature < 100°C). However,
recent publications have designated higher melting point salts as ionic
liquids due to their structural similarities and analogous properties
(Naserifar et al., 2023; Wang et al., 2023; Dai et al., 2024; Arkhipova
et al., 2021; Mital et al., 2022). Additionally, these newly classified ILs
often contain a functional group common in IL cations, such as imida-
zolium, phosphonium or choline (Arkhipova et al., 2021; Mital et al.,
2022). BetHCl is not a DES as its melting point is not considerably lower
than that of both its constituents (betaine = 293°C, hydrochloric acid =
-35°C for a 37 mass% aqueous solution). For these reasons, BetHCI has
been classified as an IL in this study, however, it is important to
acknowledge this categorization may be debated by those who strictly
adhere to the conventional melting point criterion. Betaine is an
oxidized derivative of choline consisting of a hydrophobic quaternary
ammonium salt head and a hydrophilic carboxylic acid tail (Fig. 1)
(Ueland, 2011). This amphoteric structure leads to self-aggregation in
the liquid phase, similar to imidazolium-based ILs (Panda et al., 2018;
Rengstl et al., 2013). Furthermore, BetHCI is not classified as hazardous

[C,mim]* Choline Betaine
CH3
HSC\ cH
HO CH3 /N+/ 3
_\_l . H,C
A T CH,
) °
/N* OH
H,C

Fig. 1. Chemical structure of 1-butyl-3-methylimidazolium ([C4mim]™),
choline, and betaine cations.
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to human or marine life, and its commercial use in pharmaceuticals has
made it less expensive than many ILs, including [C4mim]ClI (Safety data
sheet - Betaine hydrochloride 2024; Guilliams and Drake, 2020).

Despite the aprotic nature of [C4mim]Cl and protic nature of BetHCl,
it has been hypothesized that choline ILs exhibit similar bonding
structures in aqueous solutions due to the similarities in self-aggregation
behavior of pure choline and imidazolium-based ILs. Additionally, au-
thors have reported, both, IL-IL aggregation and IL-IL hydrogen bonding
in aqueous solutions of BetHCl (Nockemann et al., 2006; Amorim Da
Costa and Leite, 2001). If their bonding regimes are analogous, solvent
performance may be similar, despite the differences in protic and aprotic
structures, making BetHCI a potential alternative to the more expensive
and higher toxicity [C4mim]CL.

Corrosion studies using aqueous solutions of ILs have reported
corrosion inhibition using dilute solutions and exacerbated corrosion in
concentrated solutions (Verma et al., 2017; Zhang and Hua, 2009; Qiang
et al., 2017; Cai et al., 2011; Uerdingen et al., 2005). This difference in
behavior, with varying water content, highlights the need for further
investigation into IL-metal interactions.

In this study, we investigated the influence of water content (93-99.5
mol% H,0) and temperature (15-55 °C) on the aggregation and bonding
of aqueous solutions containing [C4mim]Cl and BetHCI. The solubility
range of BetHCl in water was found to be significantly smaller than
[C4mim]Cl, with incomplete dissolution of BetHCl at water contents
lower than 93 mol%, or 60 mass%, H,O at 25°C. To enable a true
comparison of the aqueous solutions of ILs, the concentration range was
chosen to reflect the full solubility range of BetHCl. Conductivity mea-
surements of aqueous solutions of [C4smim]Cl at lower water contents
are reported by several authors (Mao and Zhu, 2013; Yang et al., 2013;
Liu et al., 2008). Additionally, the impact of CuCly and ZnCl;, (added at
concentrations of 1000-9000 ppm), was explored. To assess these effects
and characterize changes in solution structure, measurements of solu-
tion conductivity and Fourier Transform Infrared (FTIR) spectroscopy
were conducted. By providing additional insight into the bonding
structures of aqueous solutions of ILs, this work paves the way for the
large-scale application of ILs.

2. Methodology
2.1. Solution preparation

Ionic liquids ([C4mim]Cl > 98.0 %, BetHCl > 99.0 %) were pur-
chased from Sigma Aldrich, and used as received. Aqueous solutions of
[C4mim]Cl and BetHCl with water content between 93-99.5 mol% were
prepared with deionized water (Purite HPA 30, quality = 16.0 MQ) and
incubated for 24 h at 40°C and 150 rpm to ensure full dissolution. The
purity of the ILs resulted in an uncertainty of 0.13 mol% in the aqueous
solutions of [C4mim]Cl and 0.065 mol% in aqueous solutions of BetHCl
(Supporting information). CuCly (97 %, Sigma Aldrich) or ZnCl; (97 %,
Sigma Aldrich), used as received, was then added to solutions with water
contents of 93, 96 and 99.5 mol% to reach metal salt contents of
1000-9000 ppm and incubated for a further 24 h, uncertainty is re-
ported in the supporting information. This concentration range was

Table 1

Details and compositions of IL solutions studied.
Water IL IL CuCl, ZnCl, Temperature
content content content content content (O]
(mol%) (mol%) (mass%) (ppm) (ppm)
93-99.5 7-0.5 42-4 0 0 15-55
93 7 42 1000-9000 0 25
96 4 28 1000-9000 0 25
99.5 0.5 4 1000-9000 0 25
93 7 42 0 1000-9000 25
96 4 28 0 1000-9000 25
99.5 0.5 4 0 1000-9000 25
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chosen to correlate with the observed solubility range of BetHCl in water
at 25°C. A description of all solutions studied can be found in Table 1.

2.2. Conductivity measurements

Conductivity measurements were conducted at 10°C intervals from
15-55°C for aqueous solutions of [C4qmim]Cl and BetHCIl. Measurements
were repeated at 25°C for aqueous solutions of [C4mim]Cl and BetHCI
with metal chlorides. Measurements were conducted in triplicate using
the Mettler Toledo SevenCompactDuo and InLab 731-ISM probe. The
probe was calibrated using a 12800 uS/cm calibration standard, pur-
chased from Hanna Instruments, prior to measurement. The uncertainty
of reported conductivity measurements is 0.67 mS/cm (a full description
of the calculation of uncertainty is available in the supporting infor-
mation). A jacketed vessel and water bath (Grant Instruments ecocool
150) were employed to control temperature within 0.1°C.

3. Results
3.1. Binary ILs

The conductivity of aqueous solutions of [C4mim]Cl and BetHCI
demonstrate a significant deviation from that expected of traditional
salts at all temperatures explored (15-55°C, Fig. 2). A second order
polynomial was fitted to the data in Fig. 2 to guide interpretation, a
coefficient of determination (R?) > 0.97 was calculated for each data
series. Aqueous solutions of both ILs with high water content exhibit low
conductivities. As water content decreases, conductivity increases to a
maxima. As water content decreases further, past the maxima, conduc-
tivity begins to sharply decrease. The conductivity of binary systems of
[C4mim]Cl reach a maxima at 94 mol% water, whereas, binary systems
of BetHCl reach a maxima at 95 mol% water. This indicates a reduced
number of free moving ions and implies a reduced ion mobility, possibly
due to the formation of aggregates or the development of a hydrogen
bonding network. An increase in conductivity is found with increased
temperature, with the effect amplified at lower water content.

3.2. Binary ILs with metal chlorides

Fig. 3 depicts the conductivity of aqueous solutions of [C4mim]Cl
and BetHCI with metal chlorides. A second order polynomial was fitted

Water Content (mass%)

o 7 80 90 100
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to the data in Fig. 3 to guide interpretation, a R > 0.99 was calculated
for each data series. The addition of CuCly increases conductivity in
every case, suggesting the electrolytic behavior of CuCl; in both ILs. The
conductivity of both ILs increased with the addition of ZnCl;, at high
water concentration, but decreased at low concentrations. This indicates
the possible formation of IL-zinc complexes at low water contents and
electrolytic behavior of ZnCly at high water contents. Solutions of
[C4mim]Cl with high water content and ZnCl, concentrations > 5000
ppm displayed higher conductivities than lower water content solutions.
This trend was not replicated by solutions of BetHCI, suggesting that
ZnCly; may be in excess in aqueous solutions of [C4qmim]Cl with high
water content and ZnCl; concentrations. Slight differences between the
ILs originate mainly from the increased conductivity of binary solutions
of BetHCl.

4. Discussion

The pronounced impact of water content on the conductivity of ILs is
evident in the temperature dependence of conductivity measurements.
Conductivity is significantly influenced by increasing temperature at
low water contents. As water content increases, this influence di-
minishes. Elevated temperatures increase ion diffusivity in all solutions
due to increased thermal energy. However, the greater number of ions
present in low water content solutions, results in conductivity increases
substantially larger than observed at higher water contents.

4.1. Effect of water content

The comparable conductivity trends displayed by the ILs may suggest
similar bonding structures within solutions. In micellar solutions, a step
change is observed as the critical micelle concentration is reached,
resulting in a significant change in trend. The absence of a significant
step change shown in Fig. 2, indicates a more gradual shift in trend. This
behavior appears reflective of the development of a hydrogen bonding
network as water concentration decreases and suggests a gradual shift
from mobile ions showing electrolytic behavior to a more aggregate-like
behavior. In this state, the fully solvated cations and anions begin to
favor IL-IL bonds, which could lead to the formation of large IL struc-
tures in solution. These results are in agreement with molecular dy-
namics simulation data, reported by other authors (Niazi et al., 2013;
Chang et al., 2008). Additionally, results for aqueous solutions of

Water Content (mass%)

60 70 80 90 100
b) BetHCI (aq) 15 °C
1751 25 °C
P S 35 °C
€ 1501 <>/<7 g
A I g ——
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9 751
2
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(@]
251
0 . : :
94 96 98 100
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Fig. 2. Conductivity of aqueous solutions of [C4smim]Cl (filled symbols, left) and BetHCI (open symbols, right) with varying water content. Error bars are present but
obscured by data points, quantitative uncertainty numbers can be found in Supporting information. A 2°¢ order polynomial was fitted to the data for ease of

interpretation (R% > 0.97). (») 15°C, (=) 25°C, (V) 35°C, (@ 45°C and (#) 55°C.
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Fig. 3. Conductivity of aqueous solutions of [C4mim]Cl (filled symbols, left) and BetHCl (open symbols, right) with CuCl, (top) or ZnCl, (bottom). Error bars are
present but obscured by data points, quantitative uncertainty numbers can be found in Supporting information. A 2°¢ order polynomial was fitted to the data for ease
of interpretation (R > 0.99). (%) 0 ppm of CuCl,, (e) 1000 ppm of CuCly, (m) 3000 ppm of CuCl,, (W) 5000 ppm of CuCly, (@) 7000 ppm of CuCl, and (¢) 9000
ppm of CuCl,. () 0 ppm of ZnCl,, (#) 1000 ppm of ZnCl,, (m) 3000 ppm of ZnCl,, (¥) 5000 ppm of ZnCl,, (@) 7000 ppm of ZnCl, and (#) 9000 ppm of ZnCl,.

[C4mim]Cl are analogous with experimental data reported by several
authors at ambient pressure and 25°C (Figure S1) (Yang et al., 2013;
Passos et al., 2014). Minimal differences in conductivity values are most
likely the result of differences in experimental procedure and reported
uncertainties.

The reported maxima in conductivity at water contents of 94 and 95
mol% for solutions of [C4mim]Cl and BetHCI, respectively, may be
indicative of the solution progressively being dominated by growing IL-
IL hydrogen bonding networks in solution as water content decreases. At
high water contents, the limited concentration of ions in solution are
free moving, leading to a marked increase in conductivity compared to
that of pure water. As water content decreases, a higher concentration of
ions are present, increasing conductivity. At the same time, the
hydrogen bonding network between the ions is believed to be increasing
in strength, restricting the free movement of the new ions. When the
concentration reaches the observed maxima, the hydrogen bonding
network appears to begin to dominate the solution and aggregate-like
behavior is observed. As water content decreases further, the
hydrogen bonding network reduces both the number of free moving ions
and their ability to move through the solution.

Despite the proposed similar bonding regimes, solutions of BetHCI
display consistently higher conductivities than solutions of [C4mim]Cl.
The asymmetrical [C4mim]™ cation, with its longer alkyl chain and
bulky imidazolium ring, reduces the ion diffusivity more than the
smaller BetH" cation. The effect of alkyl chain length on conductivity of
aqueous solutions of [C,mim]Cl can be found in Figure S2 (Mao and
Zhu, 2013; Alopina et al., 2017; Alopina et al., 2023). Similarly, a
comparison of the effect of bulky anions, using experimental data re-
ported by other authors, is presented in Figure S3 (Chaudhary et al.,
2014; Stoppa et al., 2009; Andanson et al., 2014).

Walden’s rule is an empirically derived relation that suggests that the
product of the molar conductivity (A) and dynamic viscosity () is
constant for a solute with varying solution concentration, as given by
Equation 1 (Walden, 1906). It was originally based on the properties of
dilute aqueous solutions, but has since been applied to the properties of
non-aqueous electrolyte solutions, molten salts and ILs, however limi-
tations in the application of Walden’s rule to pure and aqueous solutions
of ILs have been reported (Pereiro et al., 2012; Adams and Laidler, 1968;
Ueno et al., 2010; Yoshizawa et al., 2003; Angell et al., 2007).
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A = constant (%) (€8]

Fig. 4 shows a Walden plot of aqueous solutions of [C4mim]Cl and
BetHCl with varying water content. The experimental dynamic viscosity
data measured and methodology used are presented in the Supporting
information (Reviakine et al., 2011). The diagonal line in Fig. 4 repre-
sents the behavior of a 0.01 mol/L aqueous solution of KCl, where the
ions are known to be fully dissociated, with equal mobility (Angell et al.,
2007). The deviation from the ideal line (AW) is described as the vertical
distance measured from the ideal line to the data point of the aqueous
solution of IL. The deviation can be used to calculate the ionicity, a
quantitative measure of ion dissociation, Equation 2 (Thawarkar et al.,
2016; Wang et al., 2020).

Tonicity (%) = 107" x 100 )

Table 2 presents the deviation and ionicity data of aqueous solutions
of the ILs at water contents of 93 mol%. The AW and ionicity data are
reported in full in Table S7.

Fig. 4 and Table 2 show that aqueous solutions of [C4mim]Cl show
larger deviations from the ideal behavior, while aqueous solutions of
BetHCI show good agreement with the reference line. Aqueous solutions
of [C4mim]Cl show lower ionicity, indicating that ion pairing may be
present. These results may show that the ions in [C4mim]Cl are not fully
dissociated in aqueous solutions, due to the formation of hydrogen
bonding networks, ion pairing and other ion interactions. Interestingly,
the Walden plot of aqueous solutions of [C4qmim]Cl and BetHC] show
greater agreement than would be expected when comparing a protic and
aprotic IL, respectively. Thawarkar et al. report that protic and aprotic
ILs occupy distinct areas of the Walden plot, with protic ILs recorded
near the origin and aprotic ILs observed further from the origin
(Thawarkar et al., 2016). This result is not replicated in this study, with
aqueous solutions of the aprotic [C4mim]Cl displaying conductivity and
viscosity results closer to the origin. This may indicate that aqueous
solutions of [C4mim]Cl and BetHCI show greater similarities than their
aprotic and protic structures suggests. Although Table 2 indicates that
BetHCI in aqueous solution may display greater ion dissociation, the
Walden rule has important limitations that must be considered.

The most commonly cited limitation of the use of the Walden rule
with ILs, and their aqueous solutions, is that it does not consider ion size
(MacFarlane et al., 2009; De Sarkar et al., 2020). Increases in ion size,
such as increasing alkyl chain length, can introduce new intermolecular
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Table 2
Walden rule deviations (AW) and ionicity of aqueous solutions of [C4mim]Cl
and BetHCI at water content of 93 mol%.

Temperature (°C) AW (S.cmz/mol) Ionicity (%)

[C4qmim]Cl BetHCl [C4mim]Cl BetHCl
15 0.130 0.027 74.15 94.03
25 0.156 0.057 69.90 87.73
35 0.173 0.055 67.21 88.12
45 0.163 0.066 68.68 85.90
55 0.178 0.113 66.45 77.13

interactions that can significantly influence the dynamic viscosity, in
turn affecting the relationship between conductivity and viscosity.
Additionally, it has been shown that large differences in the size of the
anion and cation can introduce unbalanced coulombic interactions,
increasing AW and decreasing ionicity (Wang et al., 2020). Macfarlane
et al. report that some ILs with strong electrostatic bonding, such as
hydrogen bonding, can exhibit very small deviations from the reference
line, despite low ion dissociation, due to the ions in solution being
influenced equally by neighboring ions (MacFarlane et al., 2009).
Therefore, the combined impact of ion size, cation-anion size disparity,
and the influence of neighboring ions are likely to impact the AW and
ionicity of the aqueous solutions of [C4smim]Cl and BetHCI, potentially
obscuring ion pairing or viscosity-governed effects seen in strong elec-
trolytes. Finally, the use of 0.01 mol/L aqueous solution of KClI as the
ideal Walden line has been critically challenged, potentially limiting the
accuracy of the Walden rule in describing the behavior of aqueous so-
lutions of ILs (Schreiner et al., 2010). These factors limit the findings of
the Walden rule for aqueous solutions of [C4mim]Cl and BetHCL.
Attenuated Total Reflectance (ATR) FTIR spectra were obtained in
the range of 800-4000 em. Fig. 5 displays the FTIR spectra of aqueous
solutions of [C4qmim]Cl and BetHCl in the hydrogen bonding region
(2400-4000 cm) (the full spectra can be found in the supporting in-
formation). Below wavenumbers of approximately 2400 cm™, the
spectra display clear differences due to the differences in the chemical
structures of the ILs. Greater similarities can be seen when examining
the broad O-H peak (2800 — 3700 cm’l), however some differences due
to chemical structure remain. As water content decreases, aqueous so-
lutions of [C4mim]Cl and BetHCl demonstrate a decrease in O-H peak
intensity and a peak shift to higher wavenumbers. This may be due to the
disruption of water-water hydrogen bonds and the formation of IL-water

?EJ 2.4 b) BetHCl (aq)

g_ 2.2

4 %0

= A
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5 1.8 '
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Fig. 4. Walden plot of aqueous solutions of [C4mim]Cl (filled symbols, left) and BetHCI (open symbols, right) with a 0.01 mol/L aqueous solution of KCl as reference

(solid line). (#) 15°C, (=) 25°C, (V) 35°C, (@) 45°C and (@) 55°C.
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Fig. 5. ATR-FTIR spectra of aqueous solutions of [C4qmim]Cl (top) and BetHCI (bottom) at 25°C and wavenumbers 2400-4000 cm™’. For each spectrum obtained, a

total of 64 scans were recorded at a resolution of 4 cm™.

and IL-IL hydrogen bonds (Ren et al., 2019; Pensini et al., 2024). As
water content decreases in aqueous solutions of [C4mim]Cl, C-H peaks
are seen at 3100-3200 cm™ and 2700-3100 cm™ due to C-H stretching
in the imidazolium ring and the aliphatic alkyl chain in the imidazolium
cation, respectively (Li and Kobayashi, 2016). Additionally, Fig. 5 shows
a broadening of the O-H peak in aqueous solutions of BetHCl with
decreasing water content due to the addition of the carboxylic acid
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functional group of the betaine cation, as seen in pure BetHCI (Pensini
et al., 2024). The trends observed in Fig. 2 and the peaks displayed in
Fig. 5 may suggest that the formation of hydrogen bonding networks
occurs in aqueous solutions of [C4mim]Cl and BetHCl as water content
decreases.
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Fig. 6. Conductivity of aqueous solutions of [C4mim]Cl (filled symbols, left) and BetHCl (open symbols, right) with varying temperature and
Vogel-Fulcher-Tammann fitting (R? > 0.98). Error bars are present but obscured by data points, quantitative uncertainty numbers can be found in Supporting
information. (e) 93 mol%, (m) 94 mol%, (¥) 95 mol%, (@) 96 mol%, (&) 97 mol%, (@) 98 mol%, (%) 99 mol% and (A) 99.5 mol%.
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4.2. Effect of temperature

Fig. 6 shows an equivalent trend for both ILs across the examined
temperature range, with the maxima remaining consistent for each IL.
This result is unexpected, given the known temperature dependence of
hydrogen bonding. Elevated temperatures increase thermal energy in
solutions, which in turn disrupts the electrostatic attraction of hydrogen
bonds. This disruption is evident from the larger change in conductivity
between water contents of 93-97 mol%, at high temperatures. It is,
therefore, possible that subtle variations in the maxima occur between
the examined data points as temperature increases. The Vogel-Fulcher-
Tammann (VFT) equation is used to express the effect of temperature
on the conductivity of the aqueous solutions of ILs in Fig. 6 (Equation 3)
(Vogel, 1921; Fulcher, 1925; Tammann and Hesse, 1926).

0= 0,6Xp <T:BTO> 3)

Where ¢ is ionic conductivity and T is temperature in kelvin. ¢,,, B
and T, are adjustable parameters, where o, is conductivity at infinite
temperature, B is the pseudoactivitation energy and T, is the Vogel
temperature (Green et al., 2011; Rault, 2000). The values of o, B, Ty
and R? are listed in Table S8.

Marginally higher R? values were calculated for aqueous solutions of
BetHClI, this may be due to the smaller, more symmetrical cation (Yadav
and Pandey, 2014). However, while the R? values indicate a good
quality fit using the VFT equation for all concentrations of the aqueous
solutions of ILs, there is no consistent change of ¢, B and Ty across the
concentration range for either IL. This is likely due to the limited tem-
perature range of the data. Thus, a larger temperature range should be
explored, a higher compositional resolution may be required, or alter-
natively a concentration based model may be more appropriate for these
solutions.

4.3. Effect of metal chlorides

Fig. 3 details similarities between the ILs with the addition of CuCly
or ZnCl,. Slight variations in trend were observed due to the differing
maxima in Fig. 2. The conductivity of BetHCI solutions remained higher
than [C4mim]Cl solutions in every instance, likely due to ion size and
shape. The restriction of ion diffusivity results in a lowered conductivity,
as found with the binary ILs.

The addition of CuCl, appeared to have a comparable effect on bi-
nary solutions of both ILs. At low water contents, the IL hydrogen
bonding network is believed to be highly developed and may greatly
limit diffusivity, which could explain the negligible increase in con-
ductivity. As water content increases, the hydrogen bonding network is
suggested to decrease in size and strength, thereby allowing greater ion
diffusivity and increasing conductivity. The observed pattern is consis-
tent with the expected electrolytic behavior of CuCl, when added to
aqueous solutions of [C4smim]Cl and BetHCI at all water contents in this
study.

The suggested electrolytic behavior of CuCl, is supported by the
observed colour change of solutions. All solutions of binary ILs were
clear. A colour change to green was seen with the addition of all con-
centrations of CuCl; to 93 mol% water solutions of both ILs, indicating
the formation of [CuCl4]2' complexes (Sasmal et al., 2013). Solutions
with water content of 99.5 mol% water were blue in colour, demon-
strating the presence of [Cu(HZO)G]2+ complexes (Naskar et al., 2002).
96 mol% water solutions were blue-green, indicating a mix of both
[CuCl4]2' and [Cu(H20)6]2+ complexes were present (Sasmal et al.,
2013; Naskar et al., 2002).

Differences between the behavior of CuCl, and ZnCl, in aqueous ILs
are observed. The metal-water interactions are likely to remain consis-
tent, which is reflected in the potential formation of small [ZnCl,] 2 and
[Zn(H20)6] 2+ complexes (Maeda et al., 1996). However, the formation
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of larger IL-Zn complexes is also a well documented possibility. Several
authors have reported the formation of [C4mim][ZnCl3] and [C4mim]
[ZnyCls] complexes in aqueous solutions of [C4mim]Cl with ZnCly (Xu
and Zhang, 2017; Zhang and Wei, 2008; Wang et al., 2014). Addition-
ally, Qu et al and Xiao-Ming et al have demonstrated the existence of
dichlorobis(betaine)zinc(I) monohydrate complexes in aqueous solu-
tions of BetHCI with ZnCl, (Qu et al., 2023; Xiao-Ming and Mak, 1991).

Aqueous solutions of both ILs with water content of 93 mol% dis-
played a small increase in conductivity upon the addition of a low
concentration of ZnCly, likely reflecting the electrolytic behavior of the
Zn" and Cl ions. However, as the concentration of ZnCl, increased, the
conductivity decreased. This may suggest the potential formation of
larger IL-Zn complexes, which could limit diffusivity and the number of
available, charge carrying, free ions.

As water content increases to 96 mol%, differences between the ILs
emerge, likely due to the strength of bonding in solution and the stoi-
chiometry of the proposed IL-Zn complexes. The addition of ZnCl, to
[C4mim]Cl reduces the conductivity in every case explored. This result
would be consistent with the formation of IL-Zn complexes, favored over
the IL-IL hydrogen bonds present in the binary solutions, as well as the
smaller [ZnCl4]2' and [Zn(HzO)G]2+ complexes formed in ternary solu-
tions. Aqueous solutions of BetHCl at water contents of 96 mol%
demonstrate the same trend shown at 93 mol%. This is likely due to the
stronger IL-IL hydrogen bonds present in aqueous solutions of BetHCl
requiring higher ZnCl, concentrations for dissolution than [C4mim]Cl
IL-IL hydrogen bonds. In both [C4mim][ZnCl3] and [C4mim][ZnyCls]
complexes, one [C4mim]Cl molecule is required, whilst two BetHCl
molecules are required to form one dichlorobis(betaine)zinc(II) mono-
hydrate complex. Consequently, ZnCl, may be in excess in solutions of
BetHCI at 96 mol%, but not in equivalent solutions of [C4mim]Cl. Excess
ZnCl, ions would form [ZnCly] % and [Zn(H20)6]2+ complexes, signifi-
cantly smaller complexes than IL-Zn complexes, with greater mobility,
creating a further increase in conductivity, similar to the trend seen in
Fig. 3.

The addition of ZnCl, to aqueous solutions of both ILs with water
contents of 99.5 mol% had a significant impact on the conductivity. The
low molar concentration and limited number of IL ions present likely
prevent the formation of IL-IL bonding networks and greatly limit po-
tential IL-Zn complexation. Therefore, the addition of ZnCl, most likely
results in the formation of [ZnCl4] 2 and [Zn(H50)6] 2+ complexes. These
smaller complexes combined with the limited number of ions in the
binary solutions would allow for the greatest increase in conductivity
upon the addition of ZnCl.

The conductivity of 99.5 mol% water content solutions of [C4mim]Cl
with ZnCl, concentrations > 5000 ppm are higher than the corre-
sponding solutions with water content of 96 mol%. This trend is not
replicated by BetHCI solutions or [C4mim]Cl with CuCl,. This trend is
possibly a result of the higher ZnCl; concentration leading to an excess
of the metal salt in solution, potentially creating a heterogeneous solu-
tion. Researchers must consider this trend during process design and
determine if it is replicated in other IL solutions with high concentra-
tions of metal salts. As this trend is not replicated by aqueous solutions of
BetHC], these results provide initial evidence that BetHCl may not be a
suitable alternative to [C4mim]Cl in all applications.

5. Conclusions

In this study, the bonding structures of aqueous solutions of [C4mim]
Cl and BetHCI with and without metal chlorides have been investigated
using conductivity and FTIR measurements. Water content and cation
size appear to be the preeminent factors affecting the conductivity of
aqueous solutions of ILs. Although the conductivity of ILs can vary
significantly, the conductivity of aqueous solutions of [C4mim]Cl and
BetHCl demonstrate clear similarities. While conductivity values for
aqueous solutions of BetHCl were higher than [C4mim]Cl, the same
trend was exhibited by both ILs. A gradual change in conductivity with
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changing water content was observed, which suggests the gradual for-
mation of a hydrogen bonding network rather than the existence of a
critical aggregation point. These findings were supported by FTIR
spectra which showed changes in hydrogen bonding as water content
decreased. The results in this study are helpful for informing the
development of the large-scale application of ILs. This work contributes
to the existing body of knowledge by providing additional insight into
the bonding structures of aqueous solutions of imidazolium and choline-
based ILs, with and without metal salts, as well as expanding the known
physical property data of ILs. However, this study is limited by the small
scope of the dataset. Future research should aim to extend this dataset,
to include similar ILs, which may help to ensure successful large-scale
deployment of ILs across several industrial sectors. Future research
should also focus on a more expansive study of IL-metal interactions by
exploring wider metal salt and IL concentration ranges, as well as the use
of further analytical techniques, such as spectroscopy, to examine the
potential formation of IL-metal complexes. Future studies would further
benefit from a wider examination, and comparison, of the physical
properties of other protic and aprotic ILs. By enabling the enhanced
understanding of aqueous solutions of [C4mim]Cl and BetHCl, as well as
IL-metal interactions in aqueous solutions, this work helps to pave the
way for the industrial use of aqueous solutions of ILs. Additionally, it
points toward the possibility that higher industrial impact may be ob-
tained by directing research efforts to explore the potential of similar
ILs.

CRediT authorship contribution statement

Georgina Moss: Writing — review & editing, Writing — original draft,
Visualization, Software, Methodology, Investigation, Formal analysis,
Data curation, Conceptualization. Kyra L.S. Campbell: Writing — re-
view & editing, Validation, Supervision, Resources, Project adminis-
tration, Methodology, Funding acquisition, Conceptualization.
Jonathan R. Howse: Writing — review & editing, Visualization, Vali-
dation, Supervision.

Declaration of competing interest
All authors declare no conflict of interest.

Acknowledgements

This work was funded by an EPSRC Doctoral Training Partnership
(DTP) Scholarship.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.jil.2026.100191.

Data availability
Data will be made available on request.

References

Abbott, A.P., Boothby, D., Capper, G., Davies, D.L., Rasheed, R.K., 2004. Deep eutectic
solvents formed between choline chloride and carboxylic acids: versatile alternatives
to ionic liquids. J. Am. Chem. Soc. 126 (29), 9142-9147. https://doi.org/10.1021/
ja048266j. July.

Adams, W.A,, Laidler, K.J., 1968. Electrical conductivities of quaternary ammonium salts
in acetone.: Part I. Pressure and temperature effects. Can. J. Chem. 46 (12),
1977-1988. https://doi.org/10.1139/v68-328. June.

Alopina, E.V., Safonova, E.A., Pukinsky, I.B., Smirnova, N.A., 2017. Correction to
“Liquid-Liquid equilibria in aqueous mixtures of alkylmethylimidazolium glutamate
with potassium carbonate and some physicochemical properties of aqueous [C ,
mim][Glu] (n = 4, 6, 8) Solutions”. J. Chem. Eng. Data 62 (2), 885. https://doi.org/
10.1021/acs.jced.6b00906. —885Feb.

Journal of Ionic Liquids 6 (2026) 100191

Alopina, E.V., Makarov, D.M., Safonova, E.A., 2023. Volumetric properties and
aggregation behavior of aqueous solutions of novel 1-Decyl-3-methylimidazolium-
based amino acid ionic liquids. J. Solut. Chem. 52 (3), 288-303. https://doi.org/
10.1007/510953-022-01232-5. Mar.

Amorim Da Costa, A., Leite, J.E.S., 2001. Molecular association of betaine and betaine
hydrochloride in aqueous solutions — a study by Raman spectroscopy. Biochim.
Biophys. Acta BBA - Gen. Subj. 1525 (1-2), 161-166. https://doi.org/10.1016/
S0304-4165(00)00183-5. Feb.

Andanson, J.-M., Traikia, M., Husson, P., 2014. Ionic association and interactions in
aqueous methylsulfate alkyl-imidazolium-based ionic liquids. J. Chem. Thermodyn.
77, 214-221. https://doi.org/10.1016/j.jct.2014.01.031. Oct.

Angell, C.A., Byrne, N., Belieres, J.-P., 2007. Parallel developments in aprotic and protic
ionic liquids: physical chemistry and applications. Acc. Chem. Res. 40 (11),
1228-1236. https://doi.org/10.1021/ar7001842. Nov.

Anouti, M., Jacquemin, J., Porion, P., 2012. Transport properties investigation of
aqueous protic ionic liquid solutions through conductivity, viscosity, and NMR self-
diffusion measurements. J. Phys. Chem. B 116 (14), 4228-4238. https://doi.org/
10.1021/jp3010844. Apr.

Arkhipova, D.M., et al., 2021. Tri-tert-butyl(n-alkyl)phosphonium ionic liquids:
structure, properties and application as hybrid catalyst nanomaterials. Sustainability
13 (17), 9862. https://doi.org/10.3390/sul3179862. Jan.

Bailey, J., Byrne, E.L., Goodrich, P., Kavanagh, P., Swadzba-Kwasny, M., 2024. Protic
ionic liquids for sustainable uses. Green Chem. 26 (3), 1092-1131. https://doi.org/
10.1039/D3GC03297C. Feb.

Blesic, M., Marques, M.H., Plechkova, N.V., Seddon, K.R., Rebelo, L.P.N., Lopes, A.,
2007. Self-aggregation of ionic liquids: micelle formation in aqueous solution. Green
Chem 9 (5), 481-490. https://doi.org/10.1039/B615406A. May.

Bobrova, L.S., Danilov, F.I., Protsenko, V.S., 2016. Effects of temperature and water
content on physicochemical properties of ionic liquids containing CrCl3-xH20 and
choline chloride. J. Mol. Liq. 223, 48-53. https://doi.org/10.1016/].
molliq.2016.08.027. Nov.

Bonhote, P., Dias, A.-P., Papageorgiou, N., Kalyanasundaram, K., Gratzel, M., 1996.
Hydrophobic, highly conductive ambient-temperature molten salts. Inorg. Chem. 35
(5), 1168-1178. https://doi.org/10.1021/ic951325x%. Jan.

Cai, M., Liang, Y., Zhou, F., Liu, W., 2011. Tribological properties of novel imidazolium
ionic liquids bearing benzotriazole group as the antiwear/anticorrosion additive in
poly(ethylene glycol) and polyurea grease for steel/steel contacts. ACS Appl. Mater.
Interfaces 3 (12), 4580-4592. https://doi.org/10.1021/am200826b. Dec.

Chang, H.-C., et al., 2008. Structural organization in aqueous solutions of 1-Butyl-3-
methylimidazolium halides: a high-pressure infrared spectroscopic study on ionic
liquids. J. Phys. Chem. B 112 (14), 4351-4356. https://doi.org/10.1021/jp0773482.
Apr.

Chaudhary, G.R., Bansal, S., Mehta, S.K., Ahluwalia, A.S., 2014. Thermophysical and
spectroscopic studies of pure 1-Butyl-3-methylimidazolium tetrafluoroborate and its
aqueous mixtures. J. Solut. Chem. 43 (2), 340-359. https://doi.org/10.1007/
$10953-014-0137-8. Feb.

Chen, Y., et al., 2022. Effect of organic solvents on the conductivity of polyethylene
glycol-based deep eutectic solvents. J. Mol. Liq. 346, 117038. https://doi.org/
10.1016/j.molliq.2021.117038. Jan.

Clarke, C.J., Tu, W.-C., Levers, O., Brohl, A., Hallett, J.P., Jan. 2018. Green and
sustainable solvents in chemical processes. Chem. Rev. 118 (2), 747-800. https://
doi.org/10.1021/acs.chemrev.7b00571.

Dai, Z., Wang, L., Lu, X., Ji, X., 2024. Melting points of ionic liquids: review and
evaluation. Green Energy Environ. 9 (12), 1802-1811. https://doi.org/10.1016/j.
gee.2024.01.009. Dec.

De Sarkar, S., Mitra, S., Ghosh, S.K., 2020. Relating the physical properties of aqueous
solutions of ionic liquids with their chemical structures. Eur. Phys. J. E 43 (8), 55.
https://doi.org/10.1140/epje/i2020-11974-7. Aug.

Fan, J.-P., Yuan, C., Lai, X.-H., Xie, C.-F., Chen, H.-P., Peng, H.-L., 2022. Density,
viscosity and electrical conductivity of four amino acid based ionic liquids derived
from I-Histidine, 1-Lysine, 1-Serine, and Glycine. J. Mol. Liq. 364, 119944. https://
doi.org/10.1016/j.molliq.2022.119944. Oct.

Forsyth, S.A., Pringle, J.M., MacFarlane, D.R., 2004. Ionic liquids—an overview. Aust. J.
Chem. 57 (2), 113-119. https://doi.org/10.1071/ch03231.

Fulcher, G.S., 1925. Analysis of recent measurements of the viscosity of glasses. J. Am.
Ceram. Soc. 8 (6), 339-355. https://doi.org/10.1111/j.1151-2916.1925.tb16731.x.

Gadilohar, B.L., Shankarling, G.S., 2017. Choline based ionic liquids and their
applications in organic transformation. J. Mol. Liq. 227, 234-261. https://doi.org/
10.1016/j.molliq.2016.11.136. Feb.

Garcia-Verdugo, E., Altava, B., Burguete, M., Lozano, P., Luis, S.V., 2015. Ionic liquids
and continuous flow processes: a good marriage to design sustainable processes.
Green Chem. 17 (5), 2693-2713. https://doi.org/10.1039/C4GCO2388A.

Green, M.D, et al., 2011. Alkyl-Substituted N-vinylimidazolium polymerized ionic
liquids: thermal properties and ionic conductivities. Macromol. Chem. Phys. 212
(23), 2522-2528. https://doi.org/10.1002/macp.201100389.

Guilliams, T.G., Drake, L.E., 2020. Meal-Time supplementation with betaine HCI for
functional hypochlorhydria: what is the evidence? Integr. Med. Clin. J. 19 (1),
32-36. Feb.

Huddleston, J.G., Visser, A.E., Reichert, W.M., Willauer, H.D., Broker, G.A., Rogers, R.D.,
2001. Characterization and comparison of hydrophilic and hydrophobic room
temperature ionic liquids incorporating the imidazolium cation. Green Chem. 3 (4),
156-164. https://doi.org/10.1039/B103275P. Jan.

James, J., Davis, H., Fox, P.A., May 2003. From curiosities to commodities: ionic liquids
begin the transition. Chem. Commun. (11), 1209-1212. https://doi.org/10.1039/
B212788A.


https://doi.org/10.1016/j.jil.2026.100191
https://doi.org/10.1021/ja048266j
https://doi.org/10.1021/ja048266j
https://doi.org/10.1139/v68-328
https://doi.org/10.1021/acs.jced.6b00906
https://doi.org/10.1021/acs.jced.6b00906
https://doi.org/10.1007/s10953-022-01232-5
https://doi.org/10.1007/s10953-022-01232-5
https://doi.org/10.1016/S0304-4165(00)00183-5
https://doi.org/10.1016/S0304-4165(00)00183-5
https://doi.org/10.1016/j.jct.2014.01.031
https://doi.org/10.1021/ar7001842
https://doi.org/10.1021/jp3010844
https://doi.org/10.1021/jp3010844
https://doi.org/10.3390/su13179862
https://doi.org/10.1039/D3GC03297C
https://doi.org/10.1039/D3GC03297C
https://doi.org/10.1039/B615406A
https://doi.org/10.1016/j.molliq.2016.08.027
https://doi.org/10.1016/j.molliq.2016.08.027
https://doi.org/10.1021/ic951325x
https://doi.org/10.1021/am200826b
https://doi.org/10.1021/jp0773482
https://doi.org/10.1007/s10953-014-0137-8
https://doi.org/10.1007/s10953-014-0137-8
https://doi.org/10.1016/j.molliq.2021.117038
https://doi.org/10.1016/j.molliq.2021.117038
https://doi.org/10.1021/acs.chemrev.7b00571
https://doi.org/10.1021/acs.chemrev.7b00571
https://doi.org/10.1016/j.gee.2024.01.009
https://doi.org/10.1016/j.gee.2024.01.009
https://doi.org/10.1140/epje/i2020-11974-7
https://doi.org/10.1016/j.molliq.2022.119944
https://doi.org/10.1016/j.molliq.2022.119944
https://doi.org/10.1071/ch03231
https://doi.org/10.1111/j.1151-2916.1925.tb16731.x
https://doi.org/10.1016/j.molliq.2016.11.136
https://doi.org/10.1016/j.molliq.2016.11.136
https://doi.org/10.1039/C4GC02388A
https://doi.org/10.1002/macp.201100389
http://refhub.elsevier.com/S2772-4220(26)00005-4/sbref0043
http://refhub.elsevier.com/S2772-4220(26)00005-4/sbref0043
http://refhub.elsevier.com/S2772-4220(26)00005-4/sbref0043
https://doi.org/10.1039/B103275P
https://doi.org/10.1039/B212788A
https://doi.org/10.1039/B212788A

G. Moss et al.

Li, K., Kobayashi, T., 2016. A FT-IR spectroscopic study of ultrasound effect on aqueous
imidazole based ionic liquids having different counter ions. Ultrason. Sonochem. 28,
39-46. https://doi.org/10.1016/j.ultsonch.2015.06.030. Jan.

Li, X., Row, K.H., 2016. Development of deep eutectic solvents applied in extraction and
separation. J. Sep. Sci. 39 (18), 3505-3520. https://doi.org/10.1002/
jss¢.201600633.

Liu, W., Cheng, L., Zhang, Y., Wang, H., Yu, M., 2008. The physical properties of aqueous
solution of room-temperature ionic liquids based on imidazolium: Database and
evaluation. J. Mol. Liq. 140 (1), 68-72. https://doi.org/10.1016/j.
molliq.2008.01.008. Apr.

MacFarlane, D.R., Forsyth, M., Izgorodina, E.I., Abbott, A.P., Annat, G., Fraser, K., 2009.
On the concept of ionicity in ionic liquids. Phys. Chem. Chem. Phys. 11 (25), 4962.
https://doi.org/10.1039/b900201d.

Maeda, M., Ito, T., Hori, M., Johansson, G., 1996. The structure of zinc chloride
complexes in aqueous solution. Z. Fiir Naturforschung A 51 (1-2), 63-70. https://
doi.org/10.1515/zna-1996-1-210. Feb.

Malaret, F., Hallett, J., Campbell, K.S., 2020. Oxidative ionothermal synthesis for micro
and macro Zn-based materials. Mater. Adv. 1 (9), 3597-3604. https://doi.org/
10.1039/DOMAO00660B. Dec.

Mao, G., Zhu, A., 2013. The aggregation behavior of short chain hydrophilic Ionic
Liquids in Aqueous solutions. Iran. J. Chem. Chem. Eng. 32 (1), 77-82. https://doi.
org/10.30492/ijcce.2013.5907.

Mital, D.K., Nancarrow, P., Ibrahim, T.H., Abdel Jabbar, N., Khamis, M.I., 2022. Ionic
liquid melting points: structure-property analysis and new hybrid group
contribution model. Ind. Eng. Chem. Res. 61 (13), 4683-4706. https://doi.org/
10.1021/acs.iecr.1c04292. Apr.

Naserifar, S., Koschella, A., Heinze, T., Bernin, D., Hasani, M., 2023. Investigation of
cellulose dissolution in morpholinium-based solvents: impact of solvent structural
features on cellulose dissolution. RSC Adv 13 (27), 18639-18650. https://doi.org/
10.1039/D3RA03370H.

Naskar, J.P., Chowdhury, S., Drew, M.G.B., Datta, D., 2002. Chemistry of the copper(I)-
water bond. Some new observations’. New J. Chem. 26 (1), 170-175. https://doi.
org/10.1039/B105443K. Jan.

Niazi, A.A., Rabideau, B.D., Ismail, A.E., 2013. Effects of water concentration on the
structural and diffusion properties of imidazolium-based ionic liquid-water
mixtures. J. Phys. Chem. B 117 (5), 1378-1388. https://doi.org/10.1021/
jp3080496. Feb.

Nockemann, P., et al., 2006. Task-specific ionic liquid for solubilizing metal oxides.

J. Phys. Chem. B 110 (42), 20978-20992. https://doi.org/10.1021/jp0642995. Oct.

Paiva, A., Craveiro, R., Aroso, L., Martins, M., Reis, R.L., Duarte, A.R.C., 2014. Natural
deep eutectic solvents — solvents for the 21st century. ACS Sustain. Chem. Eng. 2 (5),
1063-1071. https://doi.org/10.1021/s¢500096j. May.

Panda, S., Kundu, K., Basaiahgari, A., Singh, A.P., Senapati, S., Gardas, R.L., 2018.
Aggregation behaviour of biocompatible choline carboxylate ionic liquids and their
interactions with biomolecules through experimental and theoretical investigations.
New J. Chem. 42 (9), 7105-7118. https://doi.org/10.1039/C8NJ00336J. Apr.

Passos, H., et al., 2014. Vapor-Liquid Equilibria of Water + Alkylimidazolium-Based
Ionic Liquids: measurements and perturbed-chain statistical associating fluid theory
modeling. Ind. Eng. Chem. Res. 53 (9), 3737-3748. https://doi.org/10.1021/
ie4041093. Mar.

Pensini, E., Marangoni, A.G., Bartokova, B., 2024. Comparison between acetonitrile-
water separation by betaine and betaine hydrochloride. Colloids Surf. Physicochem.
Eng. Asp. 700, 134804. https://doi.org/10.1016/j.colsurfa.2024.134804. Nov.

Pereiro, A.B., et al., 2012. Inorganic salts in purely ionic liquid media: the development
of high ionicity ionic liquids (HIILs). Chem. Commun. 48 (30), 3656-3658. https://
doi.org/10.1039/C2CC30374D. Mar.

Pinkert, A., Marsh, K.N., Pang, S., Staiger, M.P., 2009. Ionic liquids and their interaction
with cellulose. Chem. Rev. 109 (12), 6712-6728. https://doi.org/10.1021/
cr9001947. Dec.

Qiang, Y., Zhang, S., Guo, L., Zheng, X., Xiang, B., Chen, S., 2017. Experimental and
theoretical studies of four allyl imidazolium-based ionic liquids as green inhibitors
for copper corrosion in sulfuric acid. Corros. Sci. 119, 68-78. https://doi.org/
10.1016/j.corsci.2017.02.021. May.

Qu, S., Hadjittofis, E., Malaret, F., Hallett, J., Smith, R., Campbell, K.S., 2023. Controlling
simonkolleite crystallisation via metallic Zn oxidation in a betaine hydrochloride
solution. Nanoscale Adv 5 (9), 2437-2452. https://doi.org/10.1039/D3NA00108C.
May.

Rault, J., 2000. Origin of the Vogel-Fulcher-Tammann law in glass-forming materials:
the o—p bifurcation. J. Non-Cryst. Solids 271 (3), 177-217. https://doi.org/10.1016/
$0022-3093(00)00099-5. July.

Ren, F., et al., 2019. Dissolution of maize starch in aqueous ionic liquids: the role of alkyl
chain length of cation and water:ionic liquid ratio. ACS Sustain. Chem. Eng. 7 (7),
6898-6905. https://doi.org/10.1021/acssuschemeng.8b06432. Apr.

Rengstl, D., Diat, O., Klein, R., Kunz, W., 2013. Influence of chain length and double
bond on the aqueous behavior of choline carboxylate soaps. Langmuir 29 (8),
2506-2519. https://doi.org/10.1021/1a304431c. Feb.

Reviakine, 1., Johannsmann, D., Richter, R.P., 2011. Hearing what you cannot see and
visualizing what you hear: interpreting quartz crystal microbalance data from
solvated interfaces. Anal. Chem. 83 (23), 8838-8848. https://doi.org/10.1021/
ac201778h. Dec.

Rogers, R.D., Seddon, K.R., 2003. Ionic liquids-solvents of the future? Science 302
(5646), 792-793. https://doi.org/10.1126/science.1090313. Oct.

Safety data sheet - 1-Butyl-3-methylimidazolium chloride’, 2025. Sigma-Aldric. Aug. 26.
https://www.sigmaaldrich.com/GB/en/sds/aldrich/94128.

Journal of Ionic Liquids 6 (2026) 100191

Safety data sheet - Betaine hydrochloride, 2024. Sigma-Aldrich. July 13Accessed: Oct.
21, 2025. [Online]. Available. https://www.sigmaaldrich.com/GB/en/sds/si
gma/b3501.

Sasmal, A., et al., 2013. Reversible switching of the electronic ground state in a
pentacoordinated Cu(II) complex. Chem. Commun. 49 (71), 7806-7808. https://doi.
org/10.1039/C3CC44276D. Aug.

Schreiner, C., Zugmann, S., Hartl, R., Gores, H.J., 2010. Fractional walden rule for ionic
liquids: examples from recent measurements and a critique of the so-called ideal KCl
line for the walden plot. J. Chem. Eng. Data 55 (5), 1784-1788. https://doi.org/
10.1021/je900878]. May.

Seddon, K.R., Stark, A., Torres, M.-J., 2000. Influence of chloride, water, and organic
solvents on the physical properties of ionic liquids. Pure Appl. Chem. 72 (12),
2275-2287. https://doi.org/10.1351/pac200072122275. Jan.

Singh, T., Kumar, A., 2007. Aggregation behavior of ionic liquids in aqueous solutions:
effect of alkyl chain length, cations, and anions’. J. Phys. Chem. B 111 (27),
7843-7851. https://doi.org/10.1021/jp0726889. July.

Stoppa, A., Hunger, J., Buchner, R., 2009. Conductivities of binary mixtures of ionic
liquids with polar solvents. J. Chem. Eng. Data 54 (2), 472-479. https://doi.org/
10.1021/je800468h. Feb.

Tammann, G., Hesse, W., 1926. Die Abhangigkeit der Viscositdt von der Temperatur bie
unterkiihlten Fliissigkeiten. Z. Fiir Anorg. Allg. Chem. 156 (1), 245-257. https://doi.
org/10.1002/zaac.19261560121.

Thawarkar, S., Khupse, N.D., Kumar, A., 2016. Comparative investigation of the ionicity
of aprotic and protic ionic liquids in molecular solvents by using conductometry and
NMR spectroscopy. ChemPhysChem 17 (7), 1006-1017. https://doi.org/10.1002/
cphc.201501156.

Tokuda, H., Hayamizu, K., Ishii, K., Susan, Md.A.B.H., Watanabe, M., 2005.
Physicochemical properties and structures of room temperature ionic liquids. 2.
Variation of alkyl chain length in imidazolium cation. J. Phys. Chem. B 109 (13),
6103-6110. https://doi.org/10.1021/jp044626d. Apr.

Ueland, P.M., 2011. Choline and betaine in health and disease. J. Inherit. Metab. Dis. 34
(1), 3-15. https://doi.org/10.1007/s10545-010-9088-4.

Ueno, K., Tokuda, H., Watanabe, M., 2010. Ionicity in ionic liquids: correlation with
ionic structure and physicochemical properties. Phys. Chem. Chem. Phys. 12 (8),
1649-1658. https://doi.org/10.1039/B921462N. Feb.

Uerdingen, M., Treber, C., Balser, M., Schmitt, G., Werner, C., 2005. Corrosion behaviour
of ionic liquids. Green Chem 7 (5), 321-325. https://doi.org/10.1039/B419320M.
May.

Verma, C., Ebenso, E.E., Quraishi, M.A., 2017. Ionic liquids as green and sustainable
corrosion inhibitors for metals and alloys: An overview. J. Mol. Liq. 233, 403-414.
https://doi.org/10.1016/j.molliq.2017.02.111. May.

Vieira, N.S.M., et al., 2015. A thermophysical and structural characterization of ionic
liquids with alkyl and perfluoroalkyl side chains. RSC Adv 5 (80), 65337-65350.
https://doi.org/10.1039/C5RA13869H.

Visser, A.E., et al., 2001. Task-specific ionic liquids for the extraction of metal ions from
aqueous solutions. Chem. Commun. (1), 135-136. https://doi.org/10.1039/
B008041L. Jan.

Vogel, H., 1921. The temperature dependence of the viscosity of liquids. Phys. Z.

Walden, P., 1906. Uber organische Losungs- und Ionisierungsmittel: II. Teil: Innere
Reibung und deren Zusammenhang mit dem Leitvermogen. Z. Fiir Phys. Chem. 55
(1), 207-249. https://doi.org/10.1515/zpch-1906-5511. Mar.

Walden, P., 1914. Uber die Molekulargrosse und elektrische Leitfahigkeit einiger
geschmolzener Salze. Bull. Académie Impériale Sci. St-Pétersbourg 8 (6), 405-422.

Wang, F., Xu, C., Li, Z., Xia, C., Chen, J., 2014. Mechanism and origins of
enantioselectivity for [BMIMI]CI ionic liquids and ZnCI2 co-catalyzed coupling
reaction of CO2 with epoxides. J. Mol. Catal. Chem. 385, 133-140. https://doi.org/
10.1016/j.molcata.2014.01.024. Apr.

Wang, Y., et al., 2020. Ionicity of deep eutectic solvents by Walden plot and pulsed field
gradient nuclear magnetic resonance (PFG-NMR). Phys. Chem. Chem. Phys. 22 (44),
25760-25768. https://doi.org/10.1039/DOCP0O1431A.

Wang, S.-L., Yuan, W.-L., Zhao, Y., Cheng, K.-L., Tao, G.-H., He, L., 2023. Low-melting
multicharge ionic liquids with [Ln(NO3)s]®~ (Ln = Ho-Lu): structural, electrostatic,
thermochemical, and fluorescence properties’. Dalton Trans. 52 (26), 8975-8985.
https://doi.org/10.1039/D3DT00937H.

Wasserscheid, P., Keim, W., 2000. Ionic liquids—new “solutions” for transition metal
catalysis. Angew. Chem. Int. Ed. 39 (21), 3772-3789. https://doi.org/10.1002/
1521-3773(20001103)39:21%3C3772::AID-ANIE3772%3E3.0.CO;2-5.

Widegren, J.A., Magee, J.W., 2007. Density, viscosity, speed of sound, and electrolytic
conductivity for the ionic liquid 1-Hexyl-3-methylimidazolium Bis
(trifluoromethylsulfonyl)imide and Its mixtures with water. J. Chem. Eng. Data 52
(6), 2331-2338. https://doi.org/10.1021/je700329a. Nov.

Xiao-Ming, C., Mak, T.C.W., 1991. Metal-betaine interactions VII. Crystal and molecular
structures of aquadichloro(pyridine betaine)zinc(Il), dichlorobis(pyridine betaine)
zinc(II) and dichlorobis(betaine)zinc(II) monohydrate. Inorganica Chim. Acta 182
(2), 139-144. https://doi.org/10.1016/50020-1693(00)90147-6. Apr.

Xu, H., Zhang, D., 2017. Viscosities and Conductivities of [BMIM]Zn(Ac)Cl(x = 0,1, 2,3;
y = 3,2, 1,0) Ionic Liquids at Different Temperatures. J. Chem. 2017 (1), 7428097.
https://doi.org/10.1155/2017/7428097.

Yadav, A., Pandey, S., 2014. Densities and viscosities of (choline chloride + urea) deep
eutectic solvent and its aqueous mixtures in the temperature range 293.15 K to
363.15 K. J. Chem. Eng. Data 59 (7), 2221-2229. https://doi.org/10.1021/
je5001796.

Yang, Q., et al., 2013. The effect of molecular solvents on the viscosity, conductivity and
ionicity of mixtures containing chloride anion-based ionic liquid. J. Ind. Eng. Chem.
19 (5), 1708-1714. https://doi.org/10.1016/j.jiec.2013.02.010. Sept.


https://doi.org/10.1016/j.ultsonch.2015.06.030
https://doi.org/10.1002/jssc.201600633
https://doi.org/10.1002/jssc.201600633
https://doi.org/10.1016/j.molliq.2008.01.008
https://doi.org/10.1016/j.molliq.2008.01.008
https://doi.org/10.1039/b900201d
https://doi.org/10.1515/zna-1996-1-210
https://doi.org/10.1515/zna-1996-1-210
https://doi.org/10.1039/D0MA00660B
https://doi.org/10.1039/D0MA00660B
https://doi.org/10.30492/ijcce.2013.5907
https://doi.org/10.30492/ijcce.2013.5907
https://doi.org/10.1021/acs.iecr.1c04292
https://doi.org/10.1021/acs.iecr.1c04292
https://doi.org/10.1039/D3RA03370H
https://doi.org/10.1039/D3RA03370H
https://doi.org/10.1039/B105443K
https://doi.org/10.1039/B105443K
https://doi.org/10.1021/jp3080496
https://doi.org/10.1021/jp3080496
https://doi.org/10.1021/jp0642995
https://doi.org/10.1021/sc500096j
https://doi.org/10.1039/C8NJ00336J
https://doi.org/10.1021/ie4041093
https://doi.org/10.1021/ie4041093
https://doi.org/10.1016/j.colsurfa.2024.134804
https://doi.org/10.1039/C2CC30374D
https://doi.org/10.1039/C2CC30374D
https://doi.org/10.1021/cr9001947
https://doi.org/10.1021/cr9001947
https://doi.org/10.1016/j.corsci.2017.02.021
https://doi.org/10.1016/j.corsci.2017.02.021
https://doi.org/10.1039/D3NA00108C
https://doi.org/10.1016/S0022-3093(00)00099-5
https://doi.org/10.1016/S0022-3093(00)00099-5
https://doi.org/10.1021/acssuschemeng.8b06432
https://doi.org/10.1021/la304431c
https://doi.org/10.1021/ac201778h
https://doi.org/10.1021/ac201778h
https://doi.org/10.1126/science.1090313
https://www.sigmaaldrich.com/GB/en/sds/aldrich/94128
https://www.sigmaaldrich.com/GB/en/sds/sigma/b3501
https://www.sigmaaldrich.com/GB/en/sds/sigma/b3501
https://doi.org/10.1039/C3CC44276D
https://doi.org/10.1039/C3CC44276D
https://doi.org/10.1021/je900878j
https://doi.org/10.1021/je900878j
https://doi.org/10.1351/pac200072122275
https://doi.org/10.1021/jp0726889
https://doi.org/10.1021/je800468h
https://doi.org/10.1021/je800468h
https://doi.org/10.1002/zaac.19261560121
https://doi.org/10.1002/zaac.19261560121
https://doi.org/10.1002/cphc.201501156
https://doi.org/10.1002/cphc.201501156
https://doi.org/10.1021/jp044626d
https://doi.org/10.1007/s10545-010-9088-4
https://doi.org/10.1039/B921462N
https://doi.org/10.1039/B419320M
https://doi.org/10.1016/j.molliq.2017.02.111
https://doi.org/10.1039/C5RA13869H
https://doi.org/10.1039/B008041L
https://doi.org/10.1039/B008041L
http://refhub.elsevier.com/S2772-4220(26)00005-4/sbref0075
https://doi.org/10.1515/zpch-1906-5511
http://refhub.elsevier.com/S2772-4220(26)00005-4/sbref0001
http://refhub.elsevier.com/S2772-4220(26)00005-4/sbref0001
https://doi.org/10.1016/j.molcata.2014.01.024
https://doi.org/10.1016/j.molcata.2014.01.024
https://doi.org/10.1039/D0CP01431A
https://doi.org/10.1039/D3DT00937H
https://doi.org/10.1002/1521-3773(20001103)39:21&percnt;3C3772::AID-ANIE3772&percnt;3E3.0.CO;2-5
https://doi.org/10.1002/1521-3773(20001103)39:21&percnt;3C3772::AID-ANIE3772&percnt;3E3.0.CO;2-5
https://doi.org/10.1021/je700329a
https://doi.org/10.1016/S0020-1693(00)90147-6
https://doi.org/10.1155/2017/7428097
https://doi.org/10.1021/je5001796
https://doi.org/10.1021/je5001796
https://doi.org/10.1016/j.jiec.2013.02.010

G. Moss et al.

Ye, C., Liu, W., Chen, Y., Yu, L., 2001. Room-temperature ionic liquids: a novel versatile
lubricant. Chem. Commun. (21), 2244-2245. https://doi.org/10.1039/B106935G.
Oct.

Yeow, A.T.H., et al., 2024. A comprehensive review on the physicochemical properties of
deep eutectic solvents. Results Chem 7, 101378. https://doi.org/10.1016/j.
rechem.2024.101378. Jan.

Yoshizawa, M., Xu, W., Angell, C.A., 2003. Ionic liquids by proton transfer: vapor
pressure, conductivity, and the relevance of ApKa from aqueous solutions’. J. Am.
Chem. Soc. 125 (50), 15411-15419. https://doi.org/10.1021/ja035783d. Dec.

10

Journal of Ionic Liquids 6 (2026) 100191

Zhang, Q.B., Hua, Y.X., 2009. Corrosion inhibition of mild steel by alkylimidazolium
ionic liquids in hydrochloric acid. Electrochimica Acta 54 (6), 1881-1887. https://
doi.org/10.1016/j.electacta.2008.10.025. Feb.

Zhang, Q.-G., Wei, Y., 2008. Study on properties of ionic liquid based on ZnCl2 with 1-
butyl-3-methylimidazolium chloride. J. Chem. Thermodyn. 40 (4), 640-644.
https://doi.org/10.1016/j.jct.2007.11.003. Apr.

Zhang, Y., Ji, X., Lu, X., 2018. Choline-based deep eutectic solvents for CO2 separation:
review and thermodynamic analysis. Renew. Sustain. Energy Rev. 97, 436-455.
https://doi.org/10.1016/j.rser.2018.08.007. Dec.


https://doi.org/10.1039/B106935G
https://doi.org/10.1016/j.rechem.2024.101378
https://doi.org/10.1016/j.rechem.2024.101378
https://doi.org/10.1021/ja035783d
https://doi.org/10.1016/j.electacta.2008.10.025
https://doi.org/10.1016/j.electacta.2008.10.025
https://doi.org/10.1016/j.jct.2007.11.003
https://doi.org/10.1016/j.rser.2018.08.007

	Conductivity and bonding structures of aqueous solutions of imidazolium and choline ionic liquids
	1 Introduction
	2 Methodology
	2.1 Solution preparation
	2.2 Conductivity measurements

	3 Results
	3.1 Binary ILs
	3.2 Binary ILs with metal chlorides

	4 Discussion
	4.1 Effect of water content
	4.2 Effect of temperature
	4.3 Effect of metal chlorides

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Supplementary materials
	Data availability
	References


