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Abstract: The vapor pressures, pv, of three ionic compounds used as starting materials of
deep eutectic systems, namely, tetrabutylammonium bromide (TBA-Br), tetrabutylammo-
nium trifluoromethanesulfonate (TBA-TFO), and tetrabutylammonium bis(trifluoromethan-
esulfonyl)imide (TBA-NTF2), were measured using isothermal thermogravimetry. TBA-Br
displays large values of pv, reaching ≈700 Pa at 170 ◦C. TBA-NTF2 is the less volatile
liquid, with a vapor pressure of ≈1 Pa at 240 ◦C, while TBA-TFO has a slightly higher value
of pv, of about 3 Pa at the same temperature. The values of pv for the NTF2-containing
ionic compound are comparable to those of ionic liquids containing the same anion. The
obtained mean vaporization enthalpy, ∆Hvap, for TBA-Br and TBA-TFO (≈170 kJ mol−1) is
higher than for TBA-NTF2 (≈145 kJ mol−1). The obtained vaporization enthalpy values
fall within the typical range observed for ionic liquids.

Keywords: ionic liquids; vapor pressure; thermal analysis; tetrabutylammonium; bromide;
trifluoromethanesulfonate; bis(trifluoromethanesulfonyl)imide

1. Introduction
Ionic liquids (ILs) are a class of materials composed exclusively of ions and exhibiting

melting points lower than 100 ◦C [1]. Many of them are liquid around room tempera-
ture and below. ILs can be obtained by combining a large variety of ions with different
physico-chemical properties, and, therefore, the properties of the ILs can be finely tailored
and adapted to desired requirements for various applications [2]. Despite difficulties in
generalization, the experimental studies of the last 20 years have pointed out that, usually,
ILs have some common properties, such as high thermal stability, low flammability, and
low volatility, certainly lower than that of largely used organic solvents [1]. For this rea-
son, ILs have found applications as solvents for the synthesis of new compounds [3,4], as
extractant media [5,6], or as lubricants [7,8]. Moreover, most ionic liquids and their decom-
position products are not flammable and, therefore, are considered as safe components of
electrolytes for batteries, especially lithium batteries, that possess high energy densities
and could, in principle, be prone to reach high temperatures in case of malfunctioning [9].
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Volatility is strictly linked to the vapor pressure, pv, of liquids, which is certainly
an important physical quantity to be considered for applications. In the case of ILs, in
2005, Paulechka et al. first measured the vapor pressure of 1-butyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide (BMI-NTF2) in the temperature range 185–250 ◦C [10].
This work was an important milestone, as no quantification of the vapor pressure of ionic
liquids was available before, and ILs were generically considered to be non-volatile. The
paper by Paulechka et al. opened the way to a large investigation of the vapor pressure
of ILs in the subsequent years. A series of 1-alkyl-3-methylimidazolium NTF2 ILs were
investigated, and it was pointed out that pv increases as the length of the alkyl chain
decreases [11–13]. It was also shown that the vapor pressure of the series of 1-alkyl-3-
methylimidazolium hexafluorophosphate ILs with various lengths of the alkyl chain is
lower than in the corresponding ILs containing NTF2 as the anion [11]. ILs with other
anions were investigated, and it was shown that pv decreases in the order Br (bromide) > di-
cyanamide > tetrafluoroborate > NTF2 > hexafluorophosphate > trifluoromethanesulfonate
(TFO) [14]. More recently, dication ionic liquids (DILs) were also studied concerning
their vapor pressure [15,16]. DILs are ILs in which a single cation has a double positive
charge and is coordinated to two anions. Usually, DILs have higher melting points of
monocation ILs, but they are more thermally stable [15]. Meanwhile, studies on the va-
por pressure of ILs were also extended to liquids containing less usual anions, such as
tetrafluoroborate [17], methanesulfonate [18], alanine or threonine [19], taurine [20], or
nonafluorobutane-1-sulfonate [21]. An important thermodynamic quantity is vaporization
enthalpy, which can be obtained from the temperature dependence of the vaporization
pressure. The typical values of the vaporization enthalpy of ionic liquids range between
100 and 200 kJ mol−1 [11–13,15,22].

In the last few years, to extend the liquid range of solvents to even lower temperatures
and in search of more eco-friendly materials, eutectic systems were explored. These systems
are particularly intriguing since one can obtain a liquid phase from solid components by
mixing them. In some cases, a depression of the melting point of the mixtures with respect
to the ideal thermodynamic behavior was observed and, in these cases, the obtained
mixtures are indicated as Deep Eutectic Systems (DESs) [23]. DESs are classified according
to the chemical structure of their precursor components and fall into different categories.
The first three include mixtures of quaternary ammonium salts or ionic liquids with a metal
chloride, a metal chloride hydrate, or a hydrogen bond donor, respectively. The vapor
pressure of DESs is much less investigated than that of ILs. Many reports, instead, deal with
the vaporization of binary mixtures of ILs with solvents: not surprisingly, the vaporization
of mixtures mainly depends on the most volatile component [24,25].

In this context, we recently investigated some eutectic systems involving quaternary
ammonium salts, composed of the tetrabutylammonium cation and different anions, such
as bromide (Br) or trifluoromethanesulfonate (TFO), combined with maleic, fumaric or
octanoic acid, or octanoic alcohol [26–28]. We could evidence by DFT calculations and in-
frared spectroscopy measurements the changes in the interactions between the constituents
of the ionic couple or among the acid molecules after mixing them. Mainly, the strong
hydrogen bond network present in the acids is largely suppressed, and new weaker hydro-
gen bonds form between acid molecules and the ionic couple, in agreement with similar
investigations in other DESs. At the same time, the ionic couple becomes less bound, and
the ions interact with the acid molecules [26,27].

In the past few years, several methods have been used to investigate the vapor pressure
and the vaporization enthalpy of ionic compounds and, in particular, of ILs. The most used
are: (1) isothermal thermogravimetry, similarly to those here reported, which derives pv

from the mass loss measured at fixed temperature by a thermogravimetric apparatus [14];
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(2) the Knudsen effusion apparatus, which measures the mass loss of samples through
an orifice by a quartz crystal microbalance [29]. The latter method can measure pv in the
range between 0.01 and 1 Pa, while thermogravimetric measures are more accurate for
higher pressures (and therefore for higher temperatures). In some sporadic cases, AC-chip
calorimetry was also exploited to derive the vapor pressures of ILs, such as 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide [30].

Given their large use in eutectic systems, we measured the vapor pressure of tetrabutylam-
monium bromide and tetrabutylammonium trifluoromethanesulfonate; moreover, we com-
pared these values with those of tetrabutylammonium bis(trifluoromethanesulfonyl)imide,
which was previously investigated [31], and that we measured again in the present work
for confirmation. The vaporization enthalpy of the three ionic samples was derived. All
investigations were based on isothermal treatments in a thermogravimetric system, as
largely used for the derivation of the vapor pressure [14,15,22].

2. Materials and Methods
2.1. Materials

Tetrabutylammonium trifluoromethanesulfonate (TBA-TFO, CAS No.: 35895-70-6)
and tetrabutylammonium bis(trifluoromethanesulfonyl)imide (TBA-NTF2, CAS No.:
210230-40-3) were purchased from Sigma Aldrich (Darmstadt, Germany), while tetrabuty-
lammonium bromide (TBA-Br, CAS No.: 1643-19-2) was obtained from TCI (Zwijndrecht,
Belgium). All samples had a purity ≥ 99% (see Table 1). The geometry and chemical
composition of the ions making up the materials used in this study or those ones used for
comparison are reported in Figure 1. It must be noted that in a large portion of the litera-
ture, the TFSI or TFSA acronyms for the bis(trifluoromethanesulfonyl)imide are adopted,
especially in the field of electrochemistry [32–34]. These specific ionic compounds have
some interesting properties concerning their safety. Indeed, TBABr has been reported to be
environmentally friendly, operationally simple, non-corrosive, and easily recyclable [35].

Figure 1. Schematic representation of the cations and anions composing the ILs cited in the main
text. Dark grey, light grey, purple, light red, yellow, green, and dark red spheres represent carbon,
hydrogen, nitrogen, oxygen, sulfur, fluorine, and bromine atoms, respectively.
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Table 1. Name, source, acronyms, purity, and CAS number of the materials used in the study.

Name Source Acronym Purity (Mass %) CAS No.

tetrabutylammonium
trifluoromethanesulfonate Sigma Aldrich TBA-TFO 99.0 35895-70-6

tetrabutylammonium
bis(trifluoromethanesulfonyl)imide Sigma Aldrich TBA-NTF2 99.0 210230-40-3

tetrabutylammonium bromide TCI TBA-Br 99.0 1643-19-2

2.2. Thermal Analysis and Vapor Pressure Calculation Procedure

Concomitant TGA and DTA measurements were conducted with a Setaram Setsys
Evolution 1200 instrument (Caluire-et-Cuire, France). A protective helium atmosphere
with a flux of 60 mL min−1 was maintained during the measures. A first type of experiment
was conducted in scanning mode, that is, continuously increasing the sample temperature.
We used a scanning rate of 10 ◦C min−1 on specimens with a typical mass of 15 mg to
evaluate the thermal stability of the samples and their melting points. In this way, we were
able to define the liquid ranges of samples where no massive decomposition occurred, and
then we conducted isothermal experiments in this defined range to measure the vapor
pressure of the liquid phase. The isothermal experiments were conducted on specimens
with an initial mass of about 50 mg to measure the time evolution of the mass loss due
to the vaporization. The temperature of the sample was increased by steps and the mass
variation as a function of time was recorded at each step. Indeed, at each temperature, the
mass loss increased linearly with time and the slope, kT, of this mass variation vs. time (t)
at each temperature, T, was fitted by a linear regression:

kT = dm/dt (1)

According to the previous literature, the vapor pressure, pv, is related to kT by the
equation [14]

ln pv (bar) = a ln kT + b (2)

where a and b are coefficients that can be determined by a calibration of the TGA appa-
ratus used for the specific measurements. In our case, we previously calibrated our TGA
apparatus by means of glycerol, a liquid material with a well-characterized and docu-
mented pv [36]. Indeed, in a previous paper of our group [22], we measured the time
dependence of the mass loss of glycerol at various temperatures and fitted these lines by
a linear regression that provided kT,glycerol. For glycerol, the vapor pressure values are
well known [36], and Equation (2) was used to calculate the parameters a and b of the
thermogravimetric apparatus. As we previously reported, the coefficients a and b for our
apparatus are 1.05 ± 0.02 and −3.77 ± 0.05, respectively [22]. These figures were used
in the present paper to calculate the pv values of the ionic compounds containing TBA,
applying Equation (1), where the kT values are obtained from the isothermal measures
here reported.

2.3. Infrared Spectroscopy

To avoid possible spurious contribution from water absorbed in the samples, the
specimens were heated at 100 ◦C for 2 h in the TGA apparatus before the measurements.
Infrared spectroscopy measurements confirmed the absence of OH stretching vibrational
bands (Figure 2) after the thermal treatment. Indeed, in the spectral region between 2500
and 3700 cm−1, one can observe only bands below 3000 cm−1, which are attributable to the
CH stretching vibrations, while possible OH stretching bands, which should be centered
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above 3100 cm−1, are completely absent. Infrared absorbance spectra were collected on
a Bruker Alpha instrument (Billerica, MA, United States of America) equipped with an
Attenuated Total Reflectance (ATR) accessory. The spectral resolution was fixed at 4 cm−1,
and 256 scans were mediated for each spectrum.

2800 3000 3200 3400 3600 3800

 TBA-Br
 TBA-TFO
 TBA-NTF2

ab
so

rb
an

ce

wavenumber (cm-1)

Figure 2. Infrared absorbance of the three investigated ILs in the region of the CH (below 3000 cm−1)
and OH stretching bands (above 3100 cm−1). The spectra are vertically displaced for clarity.

3. Results and Discussion
3.1. Decomposition and Melting Points by Thermal Analysis

The thermal decomposition temperatures and the melting points of the three com-
pounds were evaluated by thermogravimetric measures performed in scanning mode.

Figure 3a displays the TGA curves of the three samples. The specimens display
a 2% mass loss around 195, 316, and 364 ◦C, respectively (Table 2) for TBA-Br, TBA-
TFO, and TBA-NTF2. In view of these figures, the thermal stability follows the expected
order: TBA-Br < TBA-TFO < TBA-NTF2. The previous values will be considered in the
following as the decomposition temperatures, Td. Above Td, a massive decomposition
occurs, which completes around 300, 396, and 446 ◦C for TBA-Br, TBA-TFO, and TBA-NTF2.
It is interesting to note that the decomposition occurs in a single step for TBA-TFO and
TBA-NTF2, while it involves two steps for TBA-Br.

Table 2. Measured melting points, Tm, and decomposition temperatures, Td, of the three samples.

Sample Tm (◦C) Td (◦C)

TBA-Br 120 195
TBA-TFO 115 316

TBA-NTF2 93 364
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Figure 3. TGA (a) and DTA (b) traces of the three investigated samples.

In the concomitant DTA measurements (Figure 3b), one can observe the endothermic
peaks centered above 200 ◦C which are due to the decomposition of the samples. Moreover,
all specimens show endothermic peaks due to melting, which are centered around Tm = 120,
115, and 93 ◦C for TBA-Br, TBA-TFO, and TBA-NTF2, respectively (Table 2). These peaks
are preceded by a small endothermic peak around 100 ◦C in TBA-Br and a well-visible
endothermic peak around 58 ◦C in TBA-TFO. These additional processes were attributed
to solid–solid phase transition in TBA-Br [26] and TBA-TFO [27]. The melting points are in
good agreement with the values reported by Sigma-Aldrich and TCI. In view of the values
of Tm, only TBA-NTF2 is strictly speaking an ionic liquid; TBA-Br and TBA-TFO should be
considered as ionic solids, despite their melting points being only a few degrees above 100 ◦C.

3.2. Vapor Pressure Determination

To obtain the vapor pressure of the samples, isothermal treatments at different temper-
atures were performed. Figure 4 reports the time evolution of the relative mass variation
for the three samples at various temperatures within the liquidity range, that is, above Tm

and below Td. As expected, for all samples, the mass loss increases as the temperature
increases. For all samples and temperatures, the time dependence is well described by a
straight line. A fit by a linear regression provided the kT values (see lines in Figure 4) is
used in Equation (1) to calculate the vapor pressure. To transform the kT values into the
absolute values of the vapor pressure, we used the calibration of our thermogravimetric
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apparatus previously obtained by glycerol, reported in Ref. [22]. The derived pv values are
reported in Tables 3–5 as data and in Figure 5 in graphical form. The uncertainties on pv

values are calculated from the statistical errors on the slopes of the best-fit lines of Figure 4,
but the corresponding error bars are smaller than the symbol dimension in Figure 5.
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Figure 4. Time dependence of the mass variation curves measured by isothermal treatments at
different temperatures for the three samples (colored curves) and best-fit lines (black solid lines).

Table 3. Calculated vapor pressure values of TBA-Br.

Temperature/◦C Vapor Pressure/Pa

130 (6.6 ± 0.1)
140 (3.5 ± 0.1) × 10
150 (1.15 ± 0.05) × 102

160 (3.1 ± 0.1) × 102

170 (7.1 ± 0.1) × 102
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Table 4. Calculated vapor pressure values of TBA-TFO.

Temperature/◦C Vapor Pressure/Pa

200 (3.02 ± 0.06) × 10−1

220 (6.9 ± 0.1) × 10−1

240 (3.1 ± 0.1)
260 (1.65 ± 0.06) × 10
280 (9.3 ± 0.4) × 10
300 (4.6 ± 0.2) × 102

Table 5. Calculated vapor pressure values of TBA-NTF2.

Temperature/◦C Vapor Pressure/Pa

240 (1.20 ± 0.05)
260 (2.82 ± 0.06)
280 (9.4 ± 0.2)
300 (2.79 ± 0.08) × 10
320 (1.28 ± 0.05) × 102

1.7 1.8 1.9 2.0 2.1 2.2 2.3 2.4 2.5
0.1

1

10

100

1000

 TBA-Br
 TBA-TFO
 TBA-NTF2
 N1113-NTF2
 N1114-FSI

P
v /

 P
a

1000 T-1 / K-1

Figure 5. Calculated vapor pressure of the three investigated samples compared to the values of
N1113-NTF2 and N1114-FSI reported in [22].

The lowest values of the vapor pressure (Figure 5, Tables 3–5) are observed for TBA-
NTF2; the values calculated for TBA-TFO are higher by no more than one order of mag-
nitude, depending on the specific temperature. The highest pv values are obtained for
TBA-Br, which exceed those obtained for TBA-NTF2 and TBA-TFO by many orders of
magnitude. The pv values here obtained for TBA-NTF2 are close to those reported by Liu
et al. in a recent publication [31].

One can note in Figure 5 that the vapor pressure of TBA-NTF2 is similar to that previ-
ously measured for N-trimethyl-N-propylammonium-NTF2 (N1113-NTF2) [22], an ionic
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liquid with the same anion and with a cation which is based on a quaternary ammonium
with shorter alkyl chains compared to TBA-NTF2 (the structure of the cations is reported in
Figure 1). This comparison is interesting because the previous literature pointed out that
the vapor pressure of ionic liquids with the NTF2 anion and quaternary ammonium cations
decreases as the length of the alkyl chain increases [11–13]. However, these results mainly
considered cations in which three of the alkyl chains consisted of methyl groups, and only
the length of the fourth alkyl chain was varied. In the presently investigated cation, all
alkyl chains have a length of four carbon atoms.

The vapor pressure of TBA-TFO is intermediate between the values of N1113-NTF2
and those of N-trimethyl-N-butylammonium -bis(fluorosulfonyl)imide (N1114-FSI) [22],
which contains the FSI anion that seems to be particularly volatile. Ionic liquids or solids
containing the TFO anion have been much less investigated than those containing halides
or NTF2. Absolute vapor pressures and vaporization enthalpies of a series of ILs containing
the imidazolium cation were measured by using a quartz crystal microbalance at 100 ◦C
and they were found in the range of 0.01–0.1 Pa [37]. The measures were extended to 200 ◦C
in refs. [38,39].

TBA-Br is the more volatile sample, even though it was measured at much lower
temperatures than the other two samples here investigated. Indeed, previous literature
also pointed out that ionic liquids containing halide anions are much more volatile than
ILs with the same cation and bulkier anions, such as NTF2 or TFO [14,40]. To the best of
our knowledge, the vapor pressure of TBABr has not previously been measured; only pv

of mixtures of TBABr with water or acetonitrile or water and acetonitrile are available in
the temperature range between 25 and 50 ◦C [41]. The vapor pressure values of TBABr are
comparable to, but higher than, those reported for ionic liquids with the same anion and
imidazolium-based cations. C2C1Im-Br was reported to display a pv of 0.47 (27) Pa at 130
(175) ◦C, while C4C1Im-Br showed values of 8 (453) Pa at 149 (194 ◦C) [42].

3.3. Calculation of the Vaporization Enthalpy

Figure 6 displays the natural logarithm of the calculated pv of the three investigated
samples as a function of the inverse of the absolute temperature. The slope of the graph is
the mean enthalpy of vaporization in the investigated temperature range, ∆Hvap. From a
linear fit of the data, we obtained the vaporization enthalpy, as reported in Table 6. The
uncertainties were calculated from the fit. TBA-Br and TBA-TFO display the highest values
that are of the order of ≈170 kJ mol−1, while ∆Hvap for TBA-NTF2 is ≈145 kJ mol−1.
All these values are similar to those of most ionic liquids reported in the literature until
now [11–13,15,21,22], which span the range between 120 and 200 kJ mol−1. In particular,
∆Hvap here derived for TBA-NTF2 is consistent with the value of 144.2 kJ mol−1 reported
by Liu et al. for the same compound [31]. The other two ionic solids were not previously
investigated in terms of their vaporization enthalpy. It can be noted that ∆Hvap of a series
of ionic liquids with the Br anion and imidazolium-based cations increased with the length
of the alkyl chain, varying from 136.5 ± 1.5 kJ mol−1 for C2C1Im-Br to 160.8 ± 1.2 kJ mol−1

for C10C1Im-Br and 229 ± 9 kJ mol−1 for C18C1Im-Br [42]. The same phenomenology
was reported for the series of ionic liquids with the trifluoromethanesulfonate anion and
imidazolium cations with various lengths of the alkyl chain [37–39]. In this case, ∆Hvap

increased from 126.4 ± 1.0 kJ mol−1 for C2C1Im-TFO to 149.5 ± 1.0 kJ mol−1 for C10C1Im-
TFO and 161.8 ± 1.0 kJ mol−1 for C14C1Im-TFO [37]. For the presently investigated
TFO-containing sample, the vaporization enthalpy is similar to that of the samples with the
longest alkyl chain reported in Ref. [37].
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Figure 6. Logarithm of the vapor pressure calculated (symbols) for the three specimens as a function
of the inverse of the absolute temperature and best-fit lines to obtain the evaporation enthalpy.

Table 6. Calculated vaporization enthalpy of the investigated ionic compounds.

Sample Vaporization Enthalpy/kJ mol−1

TBA-Br 172 ± 11
TBA-TFO 170 ± 12

TBA-NTF2 146 ± 11

The present results can be useful for a comprehensive understanding of the tetrabuty-
lammonium salts also in view of their applications. In fact, in the last few years, many
uses of these compounds have been proposed, especially in the field of energy storage.
As an example, TBATFO has been used as an additive to extend the anodic stability in
magnesium batteries [43], to form a stable solid–electrolyte interphase in lithium–sulfur
batteries [44], and in the electrolytes of sodium–oxygen batteries [45]. Moreover, tetrabuty-
lammonium bromide was used for the production of high-quality perovskite films with
enhanced crystallinity and a smooth surface for applications in solar cells [46,47].

From a conceptual point of view, the determination of the vapor pressure provides
a valuable contribution in several fields. Indeed, a relation between the vaporization
enthalpy and the viscosity of ionic liquids based on Eyring’s theory has been proposed
for selected ionic liquids [48]. Moreover, vaporization enthalpy is useful to derive the
sublimation enthalpy and the cohesive properties, thanks to the complementarity with DFT
calculations [49]. Finally, some preliminary vapor pressure values should be included in
the PC-SAFT parametrization of ionic liquids [50].

4. Conclusions
The thermal stability of tetrabutylammonium cation-based ionic compounds increases

from 195 to 316 and 364 ◦C when the anion changes from Br to TFO and NTF2. Their
melting points follow the opposite trend as they pass from 120, to 115 and 93 ◦C for TBA-Br,
TBA-TFO, and TBA-NTF2, respectively. The highest values of the vapor pressure are found
for TBA-Br, which reaches a value of ≈700 Pa at 170 ◦C. On the contrary, TBA-NTF2 and
TBA-TFO have a pv of the order of 1 Pa even at 240 ◦C. The vaporization enthalpy is higher
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for TBA-Br and TBA-TFO (≈170 kJ mol−1) and lower for TBA-NTF2 (≈145 kJ mol−1).
These values are consistent with those previously found for other ionic salts.

Author Contributions: Conceptualization, A.P. and O.P.; methodology, A.P.; validation, I.F.; formal
analysis, I.F., F.T., A.P. and O.P.; investigation, I.F., F.T., A.P. and O.P.; resources, S.D.M., F.R. and F.T.;
data curation, I.F.; writing—original draft preparation, A.P.; writing—review and editing, all authors;
visualization, I.F. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: The authors wish to thank Sergio Brutti for the use of the Bruker Alpha in-
frared spectrometer.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Lei, Z.; Chen, B.; Koo, Y.M.; MacFarlane, D.R. Introduction: Ionic Liquids. Chem. Rev. 2017, 117, 6633–6635. [CrossRef]
2. Izgorodina, E.I.; Seeger, Z.L.; Scarborough, D.A.L.; Tan, S.Y.S. Quantum Chemical Methods for the Prediction of Energetic,

Physical, and Spectroscopic Properties of Ionic Liquids. Chem. Rev. 2017, 117, 6696–6754. [CrossRef]
3. Sharma, S.; Sharma, P.; Budhalakoti, B.; Kumar, A.; Singh, K.; Kamboj, R.K.; Bhatrola, K. Exploring the Impact of Ionic Liquids on

Pyrazole Derivatives Synthesis: A Critical Review. ChemistrySelect 2024, 9, e202401925. [CrossRef]
4. Dhiman, D.; Alhammadi, M.; Kim, H.; Umapathi, R.; Suk Huh, Y.; Venkatesu, P. Designer Solvents for Pharmaceutics: Role of

Ionic Liquids/Deep Eutectic Solvents in Pharmaceutical Formulations. Adv. Therap. 2024, 7, 2400090. [CrossRef]
5. El-Shaheny, R.; El Hamd, M.A.; El-Enany, N.; Alshehri, S.; El-Maghrabey, M. Insights on the utility of ionic liquids for greener

recovery of gold and silver from water, wastes, and ores. J. Mol. Liq. 2024, 414, 126034. [CrossRef]
6. Tuncay, G.; Yuksekdag, A.; Kose Mutlu, B.; Koyuncu, I. A review of greener approaches for rare earth elements recovery from

mineral wastes. Environ. Pollut. 2024, 357, 124379. [CrossRef]
7. Amiril, S.A.S.; Rahim, E.A.; Syahrullail, S. A review on ionic liquids as sustainable lubricants in manufacturing and engineering:

Recent research, performance, and applications. J. Clean. Prod. 2017, 168, 1571–1589. [CrossRef]
8. Waheed, S.; Ahmed, A.; Abid, M.; Mufti, R.A.; Ferreira, F.; Bashir, M.N.; Shah, A.U.R.; Jafry, A.T.; Zulkifti, N.W.; Fattah, I.M.R.

Ionic liquids as lubricants: An overview of recent developments. J. Mol. Struc. 2024, 1301, 137307. [CrossRef]
9. Appetecchi, G.B.; Montanino, M.; Passerini, S. Ionic liquid-based electrolytes for high-energy, safer lithium batteries. In Ionic

Liquids: Science and Applications; Visser, A.E., Bridges, N.J., Rogers, R.D., Eds.; ACS Symposium Series; ACS Publications:
Washington, DC, USA, 2012; Volume 1117, pp. 67–128.

10. Paulechka, Y.U.; Zaitsau, D.H.; Kabo, G.J.; Strechan, A.A. Vapor pressure and thermal stability of ionic liquid 1-butyl-3-
methylimidazolium Bis(trifluoromethylsulfonyl)amide. Thermochim. Acta 2005, 439, 158–160. [CrossRef]

11. Zaitsau, D.H.; Kabo, G.J.; Strechan, A.A.; Paulechka, Y.U.; Tschersich, A.; Verevkin, S.P.; Heintz, A. Experimental Vapor Pressures
of 1-Alkyl-3-methylimidazoliumBis(trifluoromethylsulfonyl)imides and a Correlation Scheme for Estimation of Vaporization
Enthalpies of Ionic Liquids. J. Phys. Chem. A 2006, 110, 7303–7306. [CrossRef]

12. Rocha, M.A.A.; Lima, C.F.R.A.C.; Gomes, L.R.; Schröder, B.; Coutinho, J.A.P.; Marrucho, I.M.; Esperança, J.M.; Rebelo, L.P.N.;
Shimizu, K.; Lopes, J.N.; et al. High-Accuracy Vapor Pressure Data of the Extended [CnC1im][Ntf2] Ionic Liquid Series: Trend
Changes and Structural Shifts. J. Phys. Chem. B 2011, 115, 10919–10926. [CrossRef]

13. Rocha, M.A.A.; Coutinho, J.A.P.; Santos, L.M.N.B.F. Vapor pressures of 1,3-dialkylimidazolium bis(trifluoromethylsulfonyl)imide
ionic liquids with long alkyl chains. J. Chem. Phys. 2014, 141, 134502. [CrossRef]

14. Ravula, S.; Larm, N.E.; Mottaleb, M.A.; Heitz, M.P.; Baker, G.A. Vapour pressure mapping of ionic liquids and low-volatility
fluids using graded isothermal thermogravimetric analysis. ChemEngineering 2019, 3, 42. [CrossRef]

15. Paolone, A.; Haddad, B.; Villemin, D.; Boumediene, M.; Fetouhi, B.; Assenine, M.A. Thermal decomposition, low temperature
phase transitions and vapor pressure of less common ionic liquids based on the bis(trifuoromethanesulfonyl)imide anion.
Materials 2022, 15, 5255. [CrossRef]

16. Ferdeghini, C.; Guazzelli, L.; Pomelli, C.S.; Ciccioli, A.; Brunetti, B.; Mezzetta, A.; Vecchio Ciprioti, S. Synthesis, thermal behavior
and kinetic study of N-morpholinium dicationic ionic liquids by thermogravimetry. J. Mol. Liq. 2021, 332, 115662. [CrossRef]

https://doi.org/10.1021/acs.chemrev.7b00246
https://doi.org/10.1021/acs.chemrev.6b00528
https://doi.org/10.1002/slct.202401925
https://doi.org/10.1002/adtp.202400090
https://doi.org/10.1016/j.molliq.2024.126034
https://doi.org/10.1016/j.envpol.2024.124379
https://doi.org/10.1016/j.jclepro.2017.03.197
https://doi.org/10.1016/j.molstruc.2023.137307
https://doi.org/10.1016/j.tca.2005.08.035
https://doi.org/10.1021/jp060896f
https://doi.org/10.1021/jp2049316
https://doi.org/10.1063/1.4896704
https://doi.org/10.3390/chemengineering3020042
https://doi.org/10.3390/ma15155255
https://doi.org/10.1016/j.molliq.2021.115662


Appl. Sci. 2025, 15, 6040 12 of 13

17. Dunaev, A.M.; Motalov, V.B.; Kudin, L.S.; Zhabanov, Y.A.; Aleksandriiskii, V.V.; Govorov, D. Evaporation thermodynamics of
1-butyl-3-methylimidazolium tetrafluoroborate ionic liquid. J. Mol. Liq. 2023, 380, 121626. [CrossRef]

18. Bi, W.; Liu, S.; Rong, X.; Ma, G.; Luo, J. Vapor Pressure and Enthalpy of Vaporization of Guanidinium Methanesulfonate as a
Phase Change Material for Thermal Energy Storage. Materials 2024, 7, 2582. [CrossRef]

19. Wu, J.; Wei, N.; Chen, X.; Zhang, R.; Chen, X.; Tong, J. Determination of vapor pressure, evaporation enthalpy and polarity of
imidazolium-based ionic liquids. J. Therm. Anal. Calorim. 2024, 149, 5511–5522. [CrossRef]

20. Wu, J.; Wei, N.; Xuan, Y.; Chen, X.; Tong, J. Thermodynamic Properties of Ether-Functionalized Ionic Liquids [COC4mim][Tau]. J.
Chem. Eng. Data 2024, 69, 1805–1813. [CrossRef]

21. Barulli, L.; Mezzetta, A.; Brunetti, B.; Guazzelli, L.; Vecchio Ciprioti, S.; Ciccioli, A. Evaporation thermodynamics of the
tetraoctylphosphonium bis(trifluoromethansulfonyl)imide ([P8888]NTf2) and tetraoctylphosphonium nonafluorobutane-1-
sulfonate ([P8888]NFBS) ionic liquids. J. Mol. Liq. 2021, 333, 115892. [CrossRef]

22. Cimini, A.; Palumbo, O.; Simonetti, E.; De Francesco, M.; Appetecchi, G.B.; Fantini, S.; Lin, R.; Falgayrat, A.; Paolone, A.
Decomposition temperatures and vapour pressures of selected ionic liquids for electrochemical applications. J. Therm. Anal.
Calorim. 2020, 142, 1791–1797. [CrossRef]

23. Hansen, B.B.; Spittle, S.; Chen, B.; Poe, D.; Zhang, Y.; Klein, J.M.; Horton, A.; Adhikari, L.; Zelovich, T.; Doherty, B.W.; et al. Deep
eutectic solvents: A review of fundamentals and applications. Chem. Rev. 2021, 121, 1232–1285. [CrossRef]

24. Zohra Sari-Ali, B.F.; Mokbel, I.; Mutelet, F.; Khelidj, O.; Jose, J.; Bahadur, I.; Mohammad, F.; Negadi, L. Isothermal vapor–liquid
equilibria of binary mixtures containing (methanol, or propan-1-ol, or water, or acetonitrile) and 1-ethyl-3-methylimidazolium
thiocynate ionic liquid: Measurements and modeling. J. Mol. Liq. 2024, 399, 124433. [CrossRef]

25. Zhang, Z.; Hou, K.; Fang, L.; Wang, S.; Liu, X.; He, M. Vapor-liquid equilibrium measurements of ionic liquid [DEME][TFSI] with
different hydrofluorocarbon refrigerants R152a, R32, and R143a. Fluid Phase Equilibria 2024, 579, 114022. [CrossRef]

26. Di Muzio, S.; Trequattrini, F.; Palumbo, O.; Roy, P.; Brubach, J.B.; Paolone, A. An Eutectic Mixture in the Tetrabutylammonium
Bromide-Octanol System: Macroscopic and Microscopic Points of View. ChemPhysChem 2024, 5, e202400219. [CrossRef]

27. Di Muzio, S.; Ramondo, F.; Palumbo, O.; Trequattrini, F.; Roy, P.; Brubach, J.B.; Paolone, A. Conformational geometry matters: The
case of the eutectic systems of tetrabutylammonium triflate with fumaric or maleic acid. Molecules 2024, 29, 5093. [CrossRef]

28. Bracchini, G.A.; Di Muzio, S.; Trequattrini, F.; Palumbo, O.; Paolone, A.; Ramondo, F. Fatty acid and alcohol based low melting
mixtures: The role of intermolecular interactions by DFT and infrared spectroscopy. J. Mol. Liq. 2025, 417, 126590. [CrossRef]

29. Santos, L.M.N.B.F.; Lobo Ferreira, A.I.M.C.; Štejfa, V.; Rodrigues, A.S.M.C.; Rocha, M.A.A.; Torres, M.C.; Tavares, F.M.S.;
Carpinteiro, F.S. Development of the Knudsen effusion methodology for vapour pressuremeasurements of low volatile liquids
and solids based on a quartz crystalmicrobalance. J. Chem. Thermodyn. 2018, 126, 171–186. [CrossRef]

30. Ahrenberg, M.; Beck, M.; Neise, C.; Keßler, O.; Kragl, U.; Verevkinc, S.P.; Schick, K. Vapor pressure of ionic liquids at low
temperatures from AC-chip-calorimetry. Phys. Chem. Chem. Phys. 2016, 18, 21381-90. [CrossRef]

31. Liu, S.; Wei, R.; Ma, G.; Li, A.; Conrade, O.; Luo, J. The cohesive properties and pyrolysis mechanism ofan aprotic ionic liquid
tetrabutylammonium bis(trifluoromethanesulfonyl)imide. Soft Matter 2023, 19, 6458–6467. [CrossRef]

32. Vishweswariah, K.; Madikere Raghunatha Reddy, A.K.; Zaghib, K. Beyond Organic Electrolytes: An Analysis of Ionic Liquids for
Advanced Lithium Rechargeable Batteries. Batteries 2024, 10, 436. [CrossRef]

33. Tang, X.; Lv, S.; Jiang, K.; Zhou, G.; Liu, X. Recent development of ionic liquid-based electrolytes in lithium-ion batteries. J. Power
Sources 2022, 542, 231792. [CrossRef]

34. Rana, S.; Thakur, R.C.; Dosanjh, H.S. Ionic liquids as battery electrolytes for lithium ion batteries: Recent advances and future
prospects. Solid State Ion. 2023, 400, 116340. [CrossRef]

35. Chary, M.V.; Keerthysri, N.C.; Vupallapati, S.V.N.; Lingaiah, N.; Kantevari, S. Tetrabutylammoniumbromide (TBAB) in Iso-
propanol: An Efficient, Novel, Neutral and Recyclable Catalytic System for the Synthesis of 2,4,5-Trisubstitutedimidazoles. Catal.
Commun. 2008, 9, 2013. [CrossRef]

36. Cammenga, H.K.; Schulze, F.W.; Theuerl, W. Vapor pressure and evaporation coefficient of glycerol. J. Chem. Eng. Data 1977, 22,
131–134. [CrossRef]

37. Zaitsau, D.H.; Yermalayeu, A.V.; Emel’yanenko, V.N.; Verevkin, S.P. Thermodynamics of imidazolium-based ionic liquids
containing the trifluoromethanesulfonate anion. Chem. Eng. Technol. 2018, 41, 1604–1612. [CrossRef]

38. Miranda, C.F.P.; Lobo Ferreira, A.I.M.C.; Santos, L.M.N.B.F. C2 methylation effect on the cohesive interaction of trifluoromethane-
sulfonate alkylimidazolium ionic liquid. J. Mol. Liq. 2022, 353, 118772. [CrossRef]

39. Silva, R.M.A.; Lobo Ferreira, A.I.M.C.; Santos, L.M.N.B.F. On the Thermodynamic Properties and Nanostructuration of the
1-Alkyl-3-Methylimidazolium Trifluoromethanesulfonate Series. Available online: https://ssrn.com/abstract=5211652 (accessed
on 24 May 2025).

40. Brunetti, B.; Ciccioli, A.; Gigli, G.; Lapi, A.; Simonetti, G.; Toto, E.; Vecchio Ciprioti, S. Evaporation/Decomposition Behavior of
1-Butyl-3-Methylimidazolium Chloride (BMImCL) Investigated through Effusion and Thermal Analysis Techniques. Thermo 2023,
3, 248–259. [CrossRef]

https://doi.org/10.1016/j.molliq.2023.121626
https://doi.org/10.3390/ma17112582
https://doi.org/10.1007/s10973-024-13107-6
https://doi.org/10.1021/acs.jced.3c00640
https://doi.org/10.1016/j.molliq.2021.115892
https://doi.org/10.1007/s10973-020-10334-5
https://doi.org/10.1021/acs.chemrev.0c00385
https://doi.org/10.1016/j.molliq.2024.124433
https://doi.org/10.1016/j.fluid.2023.114022
https://doi.org/10.1002/cphc.202400219
https://doi.org/10.3390/molecules29215093
https://doi.org/10.1016/j.molliq.2024.126590
https://doi.org/10.1016/j.jct.2018.07.004
https://doi.org/10.1039/C6CP01948J
https://doi.org/10.1039/D3SM00614J
https://doi.org/10.3390/batteries10120436
https://doi.org/10.1016/j.jpowsour.2022.231792
https://doi.org/10.1016/j.ssi.2023.116340
https://doi.org/10.1016/j.catcom.2008.03.037
https://doi.org/10.1021/je60073a004
https://doi.org/10.1002/ceat.201700454
https://doi.org/10.1016/j.molliq.2022.118772
https://ssrn.com/abstract=5211652
https://doi.org/10.3390/thermo3020015


Appl. Sci. 2025, 15, 6040 13 of 13

41. Kurzin, A.V.; Evdokimov, A.N.; Antipina, V.B.; Pavlova, O.S. Vapor pressures for the acetonitrile + tetrabutylammonium bromide,
water + tetrabutylammonium bromide, and acetonitrile + water + tetrabutylammonium bromide systems. J. Chem. Eng. Data
2009, 54, 1049–1051. [CrossRef]

42. Zaitsau, D.H.; Siewert, R.; Pimerzin, A.A.; Bülow, M.; Held, C.; Loor, M.; Schulz, S.; Verevkin, S.P. From volatility to solubility:
Thermodynamics of imidazolium-based ionic liquids containing chloride and bromide anions. J. Mol. Liq. 2021, 323, 114998.
[CrossRef]

43. Chinnadurai, D.; Li, Y.; Zhang, C.; Yang, G.; Lieu, W.Y.; Kumar, S.; Xing, Z.; Liu, W.; She, Z.W. Chloride-Free Electrolyte Based on
Tetrabutylammonium Triflate Additive for Extended Anodic Stability in Magnesium Batteries. Nano Lett. 2023, 23, 11233–11242.
[CrossRef] [PubMed]

44. Lin, Q.; Xiao, J.; Ng, Z.S.; Zhang, X.; Chen, W.; Wang, T.; Hu, J.; Su, Y.; Zhang, Y. Dual-Interface Regulation for High-Performance
Magnesium–Sulfur Batteries. Adv. Funct. Mater. 2025, 2506192. [CrossRef]

45. Ruiz de Larramendi, I.; Lozano, I.; Enterría, M.; Cid, R.; Echeverría, M.; Rodríguez Peña, S.; Carrasco, J.; Manzano, H.; Beobide,
G.; Landa-Medrano, I.; et al. Unveiling the Role of Tetrabutylammonium and Cesium Bulky Cations in Enhancing Na-O2 Battery
Performance. Adv. Energy Mater. 2022, 12, 2102834. [CrossRef]

46. Poli, I.; Eslava, S.; Cameron, P. Tetrabutylammonium cations for moisture-resistant and semitransparent perovskite solar cells. J.
Mater. Chem. A 2017, 5, 22325. [CrossRef]

47. Jin, S.; Wei, Y.; Rong, B.; Fang, Y.; Zhao, Y.; Guo, Q.; Huang, Y.; Fan, L.; Wu, J. Improving perovskite solar cells photovoltaic
performance using tetrabutylammonium salt as additive. J. Power Sourc. 2020, 450, 227623. [CrossRef]

48. Bonsa, A.-M.; Paschek, D.; Zaitsau, D.H.; Emel’yanenko, V.N.; Verevkin, S.P.; Ludwig, R. The Relation between Vaporization
Enthalpies and Viscosities: Eyring’s Theory Applied to Selected Ionic Liquids. ChemPhysChem 2017, 18, 1242–1246. [CrossRef]
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