Journal of Solution Chemistry (2024) 53:538-551
https://doi.org/10.1007/510953-023-01285-0

®

Check for
updates

Tetraalkylammonium Chlorides as Melting Point Depressants
of lonic Liquids

Ménia A. R. Martins"23 . Dinis O. Abranches’ - Liliana P. Silva' - Sim&o P. Pinho?3 -
Joao A. P. Coutinho'

Received: 31 January 2023 / Accepted: 27 March 2023 / Published online: 11 May 2023
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2023

Abstract

With the (re)advent of eutectic mixtures within the field of deep eutectic solvents, special
attention has been given to the measurement of solid-liquid equilibrium (SLE) phase dia-
grams, supported by the relevant information they can provide on the molecular interactions
and melting temperature depression of any given system. As such, this work investigates the
SLE phase diagrams of mixtures between ionic liquids and tetraalkylammonium chlorides
(methyl, ethyl, and propyl), with the goal of decreasing the melting temperature of ionic lig-
uids and ammonium salts, thus, expanding their application scope. Results show that tetraal-
kylammonium salts exhibit negative deviations from thermodynamic ideality when mixed
with ionic liquids, which are increased by increasing their alkyl chain length and are inter-
preted in terms of anion exchange mechanisms. In turn, this nonideality contributes greatly
to depression of the melting point of the ionic liquids examined. Overall, this work dem-
onstrates that the correct combination of tetraalkylammonium/ILs anions and cations can
lead to significant melting point depressions in both species, thus creating new ionic liquid
mixtures using an approach akin to that used to form deep eutectic solvents.

Keywords Solid-liquid equilibrium - Deep eutectic solvents - Ammonium salts -
Thermodynamic ideality - Ionic liquids - Phase diagrams

1 Introduction

Solid-liquid equilibrium (SLE) phase diagrams play a critical role in the design of a wide

variety of unit operations in industrial processes [1, 2]. For example, they help explain why
the inner core of Earth is solid or, in a more practical sense, the applicability of steel in our
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daily lives, since its use is based on a peculiarity of the iron-carbon SLE phase diagram [3].
They are especially relevant in pharmaceutical sciences to understand the thermodynamic
stability and metastability of drugs, and in separation processes to define feasible operation
conditions. As Hume-Rothery [4] stated, “Phase diagrams are the beginning of wisdom-not
the end of it”, meaning that phase diagrams should be used as a starting point to design a
certain solvent or material, and to optimize a given process by adjusting operational vari-
ables, to attain the desired properties [3].

In the past 20 years, there has been a tremendous interest in the topic of deep eutectic
solvents (DESs) [5-8]. Up to date (January 3, 2023), 51,531 results are available in the
Web of Science Core Collection for the term ‘eutectic’. Among those, around 20% (9044
results) correspond to ‘deep eutectic solvents’. Eutectic systems are characterized by a
melting temperature depression, and the minimum temperature value when melting occurs
without phase separation is called eutectic point [1]. Given this, DESs are just eutectic
mixtures with a ‘deep’ character, i.e., mixtures that present significant negative deviations
from thermodynamic ideality, caused by the formation of strong intermolecular interac-
tions [5]. As such, to properly classify and design DESs, their SLE phase diagrams must
be measured and compared against their thermodynamic ideal counterparts [5, 9]. Unfortu-
nately, this is time consuming and often overlooked in the literature. Additionally, to build
thermodynamic ideal SLE phase diagrams, the melting temperature and enthalpy of the
pure compounds are necessary [5]. Since many compounds degrade upon melting [10, 11],
as for example the widely used and studied choline chloride [12], this task becomes even
more difficult.

Yet, more important than assigning the correct term to what one can simply call “mix-
ture” [8, 13], is the information found in an SLE phase diagram. For instance, Bruinhorst
et al. [14] used SLE phase diagrams to determine the extractants liquid range, aiming to
extract volatile fatty acids from aqueous solutions. From another perspective, the solubili-
ties of active pharmaceutical ingredients (APIs) in natural edible oils were investigated
using SLE phase diagrams to aid the development of lipid-based formulations by increas-
ing APIs water solubility and bioavailability [15].

From a theoretical point of view, several works were reported that aimed to understand
structure—property relationships for eutectic mixtures [10, 16, 17]. On one hand, mixtures
of choline chloride ([Ch]Cl) with different ionic liquids (ILs) were shown to form simple
eutectics with quasi-ideal liquid phases [12], which is a common pattern, since from the
excess properties point of view, IL mixtures behave approximately as ideal [18, 19]. On
the other hand, when mixed with organic halide salts, [Ch]Cl shows positive deviations
from ideality, preventing its use to lower the melting points of these mixtures [20]. How-
ever, it has been shown that the combination of different tetraalkylammonium salts leads
to significant melting point depressions and strong negative deviations from ideality, an
unexpected phenomenon for mixtures of salts containing very similar tetraalkylammonium
cations ([Nx,x,x,x]+) [11, 20]. Those were reported to be related to a synergetic share of the
chloride ions by their delocalization from the larger cation to the smaller one [11]. The
chloride-donating capacity of [N, . ] causes negative deviations from ideality, and may
therefore be useful for lowering the melting point of ionic liquids.

In this context, SLE phase diagrams were experimentally measured in the full composi-
tion range for eutectic mixtures composed of tetramethylammonium chloride, tetraethylam-
monium chloride, or tetrapropylammonium chloride, and the following ILs: choline acetate,
1-ethyl-3-methylimidazolium chloride, 1-(2-hydroxyethyl)-3-methylimidazolium chloride,
B-methylcholine chloride, or benzyldimethyl(2-hydroxyethyl)ammonium chloride. The
results are analysed in terms of deviations from thermodynamic ideality—relating them to
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the different families of compounds used, and studying the impact of the increasing chain
length of the ammonium salt cation ([N, ; ; ;17 to [N 33 3]). This allows to understand bet-
ter the melting behaviour of such mixtures, how to decrease their melting temperature, and
enhance their liquid phase domain. Overall, the goal of this work is to extend the range of
ionic liquids by formation of eutectic mixtures using an approach akin to that used for the
preparation of deep eutectic solvents, by understanding the molecular interactions between
its components.

2 Experimental

2.1 Chemicals

The name, abbreviation, supplier, purity (as declared by the supplier), and CAS number for
all compounds used in this work are listed in Table 1, along with their chemical structures.

All compounds were placed into a vacuum chamber (0.1 Pa) at room temperature for sev-
eral days to remove water and any other impurities. The water content was determined after

Table 1T Ammonium salts and ILs description (purity and CAS) and chemical structure

Tetramethylammonium chloride, [N, ; ; ;]CI

N Acquired from Sigma-Aldrich; wt% =97; CAS 75-57-0
| cr
/ Tetraethylammonium chloride, [N, ,,]CI
/\Nv Acquired from Alfa Aesar; wt% =98; CAS 56-34-8
_/
cr
Tetrapropylammonium chloride, [N ; 35]Cl
Acquired from Alfa Aesar; wt% =98; CAS 5810-42-4
\/\w\/\
/—/ cr
o Choline acetate, [Ch][Ac]
o d )J\ Acquired from Iolitec; wt% >99; CAS 14586-35-7
HO/\/ \ o
/ﬁ 1-ethyl-3-methylimidazolium chloride, [C,mim]Cl
——N Acquired from Iolitec; wt% =98; CAS 65039-09-0
\ N ) )
o \/ \/
= 1-(2-hydroxyethyl)-3-methylimidazolium chloride, [C,OHmim]Cl
/N’\ Acquired from Iolitec; wt% =99; CAS 61755-34-8
cl N S Nom
‘ OH B-Methylcholine chloride, [MeCh]CI
>N»\)\ Acquired from TCI; wt% > 98; CAS 2382-43-6
ol
Benzyldimethyl(2-hydroxyethyl)ammonium chloride, [BzCh]CIl
\ / Acquired from Aldrich; wt% >97; CAS 7221-40-1
N
o >N
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Table 2 Experimental melting properties of the ammonium salts and ionic liquids investigated in this work

Chemicals T, (K) A,k (kI'mol™h)

[Ny,1CI 612.9 [22]*

[Ny,,,ICl 535.4 [20]*

[N3355]Cl 503.1 [22]*

[Ch][Ac] 355.8%*; 362.6 [12]; 324.2 [23]; 345.2 [24]; 335.0 [25] 15.09%*

[C,mim]Cl 359.9%*; 350.4 [12]; 354.0 [26]; 361.8 [27]; 353.1 [26] 13.86%*; 11.57
[26]; 15.35
[27]

[C,OHmim]Cl1 359.5%*; 358.9 [12]; 359.1 [27]; 335.2 [28] 22.77%*

[MeCh]Cl1 442.0 [20]*; 438.8 [12] 6.72 [20]*

[BzCh]Cl 346.7%*; 351.4 [12] 13.90%*

*Measured in this work by DSC

*Used in the SLE phase diagrams and activity coefficients calculations

drying with a Metrohm 831 Karl-Fischer coulometer (analyte Hydranal Coulomat AG from
Riedel-de-Haén), proving to be lower than 600 ppm for all the investigated compounds.

It should be clarified that the ‘ionic liquids’ term herein applied means a low melting
salt where the liquid is solely composed of ions, relaxing the ‘lower than 100 °C’ con-
straint—as recommended by Tom Welton in 2018 [21].

2.2 Preparation of the Eutectic Mixtures

The SLE phase diagrams were built through the measurement of the melting temperatures
of the binary mixtures of an ammonium salt and an ionic liquid, in the composition range
(0.0 to 1.0), at mole fraction intervals of 0.1. The individual components were initially
weighed at room temperature inside a dry-argon glovebox using an analytical balance Kern
ALS 220-4 N (repeatability of 0.2 mg). Still inside the glovebox, the powders were melted
under stirring and moderate heating (temperature increased approximately every 10 °C till
the visual melting of the samples), following recrystallization and homogenization with
the aid of a mortar and pestle. The powder was then used to fill glass capillaries and the
melting temperature measured with an automatic glass capillary device model M-565 from
Buchi (temperature resolution of 0.1 K). Each point was pre-scanned by performing a fast
run at 5 K-min~!, followed by triplicate measurements at 0.2 K-min~'. The selected melt-
ing temperature corresponds to the disappearance of the last solid crystal.

Pure component melting properties (temperature and enthalpy) were taken from the
literature or measured in this work by differential scanning calorimetry (DSC) - Table 2.
To do so, samples were sealed in aluminium pans (inside the dry-argon glovebox) and
measured in a Hitachi DSC7000X model working at atmospheric pressure, following 3

Fig. 1 SLE phase diagrams (left panel) and activity coefficients (right panel) of: [Ch][Ac], [C,mim]CI, »
[C,OHmim]Cl, [MeCh]Cl, or [BzCh]Cl; and: circles, [N;;;;]Cl; diamonds, [N,,,,]Cl; and triangles,
[N3533]CL Symbols and dashed lines, correspond to the experimental data and solubility curve (yl.‘ =1),
respectively
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Fig. 1 (continued)

repeating cooling-heating cycles at 5 K-min™! (cooling) and 2 K-min~! (heating). Thermal
transitions were taken as the peak temperature. The equipment was previously calibrated
with more than ten highly pure standards as described elsewhere [20].

Note that the methodologies and equipment described above have been previously
applied to the measurement of SLE phase diagrams and validated against literature values
[11, 20].

3 Results and Discussion
3.1 Pure Components Melting Properties

Table 2 presents the experimental melting properties, temperature and enthalpy, of the
ammonium salts and ionic liquids herein investigated, either measured by us (thermograms
displayed in Figure S1 of SI) or taken from the literature. Data predicted or estimated
were not considered. All compounds are solid at room temperature and, among the ILs,
the occurrence of a solid—solid transition was only reported for [MeCh]Cl (7}, =425.02 K,
A, h=9.60 kJ-mol~! [10]), where a endothermic transition before the melting temperature

trs'
is observed by DSC [10]. In this case, and as will be explained ahead, no inflections were
observed in the experimental SLE diagrams investigated, and therefore the [MeCh]Cl S-S
transition is neglected.

When comparing the values measured through DSC with data from the literature, it is
possible to see slight variations in the thermal events, owing to differences in the heating
rates, methodologies, and purification methods applied. At this point, it is essential to recall
the hygroscopic character of both ammonium salts and hydrophilic ILs, and the impact that
water content may have on their melting properties [29]. It is thus of utmost importance to
properly purify the compounds under study by removing free water, and carefully handling
them (in neat conditions) in the subsequent laboratory activities. Therefore, great care was
taken in this work to dry the compounds before use, and to prepare all mixtures inside a
glove box.

As expressed in the literature, [N ;;,]Cl, [N;,,,]Cl, and [Nj 5 ; ;]CI decompose upon
melting, which prevents the accurate experimental measurement of their melting enthalp-
ies [10, 30]. The data available [22, 31] were measured through DSC or estimated from
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experimental SLE phase diagrams by modelling the non-ideality of the liquid phase using
equations of state. However, they are somewhat scattered and inconsistent between differ-
ent sources. Additionally, one or more solid—solid transitions were observed in fast DSC
scans. Nonetheless, the corresponding enthalpy is small and unlikely to impact the phase
behaviour of the studied ammonium salts. This was described in detail by Bruinhorst et al.
[30] for [N, ,,]Cl, that found four endothermic S-S transitions at the first heating cycle of
this ammonium salt, but only one of those transitions was observed in the following ones.

In our previous works, a deep investigation on the possible degradation of ammonium
salts with short alkyl chain lengths, when mixed with different species, was carried out
through 'H and '*C-NMR [10, 11]. For [N, ,,,]Cl+urea, no decomposition was observed
close to the system melting temperature [10]. Yet, the analogue bromide-based system
shows complete decomposition. Its extent depends on the heating rate applied. In this
sense, the reader should be aware that, depending on the ammonium salts and conditions
used, partial decomposition of the mixture may happen upon melting, and in those cases
the reported temperatures should be seen as guides, as the decomposition will affect the
thermodynamic equilibrium.

3.2 SLE Phase Diagrams

The SLE phase diagrams of the ammonium salt+ionic liquid systems exhibit simple pro-
files characterized by a single eutectic point, as depicted in Fig. 1. Experimental SLE data
for these systems are listed in Table S1 of the Supporting Information (SI), along with the
activity coefficients calculated using the melting properties listed in Table 2 (marked with
an asterisk), using [32]:

AVHO 1 1 AnwsH (1 1
In (x;7;) = ; (T__?>+ R T T M

m m,trs

where x; and y; are the mole fraction and activity coefficient of compound i, respec-
tively, T is the melting temperature (K) of the mixture, R is the universal gas constant
(8.314 J'mol K1), T, and A H are the melting temperature (K) and enthalpy (J ‘mol™!)

Fig.2 Activity coefficients at 1.6
X wom st = 0.3, as a function OIN11,1n]Cl 0 [N2,2,2,2]C1 0 [N3,3,3,3]C1
ammonium sal o 48

X 14
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0.3

12 — |

1.0

08 |
0.6 -

04

yx(ammonium salt)

0.2
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of component i, and T, s and A, H are the thermal transitions temperatures (K) and
enthalpies (J-mol™") of the solid—solid transitions of the component i.

Equation 1 assumes a simple eutectic-type liquid mixture, and that the pure compounds
are immiscible in the solid phase [32]. Moreover, it neglects the difference between the
molar heat capacity of compound i in the liquid and solid states [33]. The second term is
used only in systems that present solid—solid transitions, and only valid when T < T} .
In the case of ideal liquid phase behavior, the liquid phase activity coefficient is equal to
one, y = 1, and the SLE phase diagram can be predicted using only pure component prop-
erties (Fig. 1).

The systems studied in this work exhibit significant melting temperature depressions
when compared to the melting temperature of both pure compounds, although these are
less significant for the ILs that present already a lower melting point. The eutectic tempera-
tures of the mixtures are always higher than room temperature (298.15 K), being the clos-
est observed for the system [Comim]Cl+[Nj;353]Cl (X,nmonium saie=0-300, T=312.4 K).
The eutectic compositions vary in the range of ammonium salt molar fraction [0.28-0.41],
without any particular trend. The highest experimental melting temperature depression
is observed for [Ch][Ac]+I[N;;;ICL where T, ammonium saty— Imixure=286.5 K at
Xammonium salt = 0-284. This very promising result allows the development of novel mixtures
of ammonium salts and ILs to be used in chemical processes and product development.

As stated before, [MeCh]Cl presents a solid—solid transition at 425.02 K
(A, h=9.60 kJ'mol™! [10]). However, when observing the IL-rich side of the [N, ]
Cl+[MeCh]Cl phase diagrams, no shift in slope can be seen-Figure S2 of SI. This is due
to the metastability of the compound that, similarly to what is observed in [Ch]CI [10], has
an impact on the SLE phase diagram depending on solid phase. Based on this, the [MeCh]

C1 S-S transition is neglected in the assessment of the nonideality of its systems.
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Fig.3 Activity coefficients of the investigated mixtures composed of ILs and: circles, [N;;;,]Cl; dia-
monds, [N,,,,]Cl; and triangles, [N; ;3 ;]Cl. The ammonium salts ideal solubility curves were calculated
using the melting enthalpies obtained by the PC-SAFT equation of state [31]. Dashed lines represent ther-
modynamic ideality (y=1)
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3.3 Nonideality Assessment

The phase diagrams modelling was performed using Eq. 1 assuming and ideal liquid
phase (dashed lines in Fig. 1), aiming at inferring the deviations from ideality. Figure 1
shows that all the investigated ionic liquids present deviations from thermodynamic ideal-
ity when mixed with tetraalkylammonium chlorides. At this point it should be highlighted
that, besides the enthalpic energetic contributions, the excess entropy also plays a role in
the deviations from ideality. This means that, besides analyzing favorable and unfavorable
interactions, one should also take into consideration entropic effects, especially when there
are substantial differences in the shape and size of the compounds. Inhere, the entropic
contribution was not quantified due to the lack of trustable melting properties data for
the ammonium salts. However, one can expect an increase of such contribution with the
increase alkyl chain length of the ammonium salts.

Due to the high complexity degree of the studied mixtures, this section starts by exam-
ining the activity coefficients of the ionic liquids at a fixed mole fraction, x; =0.3
(Fig. 2).

Figure 2 reveals that [BzCh]Cl presents positive deviations (activity coefficients larger
than one), implying that the interactions in the mixture are less favourable than those
present in the liquid phase of the pure ILs. On the other side, [Ch][Ac], and [MeCh]Cl
show the opposite behaviour, i.e., negative deviations from ideality (y<1) when mixed
with [N} ;1,]Cl, [N;;,,]Cl, or [N;353]Cl, which means that the interaction in the mix-
tures are more intense than those stablished in the liquid phase of the pure IL. [C,OHmim]
Cl, and [C,mim]Cl display positive deviations from thermodynamic ideality when mixed
with [N ; ;4]Cl, and [N, , , ,ICl, and negative deviations when mixed with [Nj ; ; ;]CI. Fig-
ure 2 shows that this is true for most of the ILs investigated, increasing the length of the
[N,...]" chain reduces the activity coefficient of the second component.

Considering the previous paragraph, a clear behavioral pattern emerges: regardless
of whether the ionic liquid deviations are positive or negative, increasing the alkyl chain
length of the tetraalkylammonium cation leads to a decrease of the activity coefficient of
the ionic liquid. A similar behaviour was previously observed for mixtures of ammonium-
based cations and bromide or chloride anions [10, 11], and was related to the extension
of the anion transfer. Longer chains around the cation work as a shield to its positive
charge, leading to weaker [N, .]""Cl interactions, leaving the chloride more free to be
transferred to the second component. Given that the chloride-donating ability of tetraal-
kylammonium chloride salts also increases with the alkyl chain length of the cation [11],
the results reported in Fig. 2 suggest that (i) anion transfer governs the thermodynamic
behaviour of the systems studied in this work and (ii) chloride-donating agents are good
choices to be used as melting temperature depressants of the ionic liquids herein inves-
tigated. Moreover, regarding point (i), it is also important to note the role played by the
cation of the ionic liquid. Taking the [N, ;]Cl-based systems, the activity coefficients
of the ionic liquids decrease in the following order: [BzCh]CI < [C,OHmim]Cl < [C,mim]
Cl<[MeCh]CI<[Ch][Ac]. A similar ranking is also seen for the [N, ,,,]Cl- and [Nj 5 5 5]
Cl-based systems, and perfectly aligns with the size of the cation of the ionic liquid. In
other words, it is easier to donate chlorides to ionic liquids with smaller cations and induce
negative deviations from ideality, while larger cations such as [BzCh]" are less prone to
receive chlorides (or can even reverse the chloride transfer direction), leading to positive
deviations from ideality.

ammonium salt
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Fig.4 Activity coefficients of the investigated mixtures composed of ILs and: filled circles, [N, ,]Cl;
filled diamonds, [N, ,,,]Cl; filled triangles, [N; ;;3]Cl; and open circles, [Ch]CI [12, 20]. Dashed lines
represent thermodynamic ideality (y=1)

Aiming at qualitatively exploring the ammonium salt-rich side, the [N, ] activity
coefficients were calculated using the melting enthalpies predicted through PC-SAFT equa-
tion of state [31], and are represented in Fig. 3. However, note that the ideal SLE curves
and activity coefficients of the ammonium chloride salts are not displayed in Fig. 1 due to
the uncertainty associated with the properties of these pure compounds, in particular with
the melting enthalpy [10, 30]. Nevertheless, estimations were attempted using the melting
enthalpies available in the literature—Table S2 [22, 31]. Figure S3 shows the experimental
SLE phase diagrams measured in this work, along with the ammonium salts ideal solu-
bility lines, calculated using the different melting enthalpies available (Table S2). These
results demonstrate that the tetraalkylammonium chloride salts present negative deviations
from thermodynamic ideality when mixed with the investigated ILs, when considering any
of the melting enthalpies available in literature. The only exception is the system [MeCh]
CI+[N, ;,]Cl, that displays an ideal behaviour when assuming the lowest enthalpy value
available (A, h=8.47 kJ-mol™"), estimated using COSMO-RS to assess the liquid phase
non-ideality [31].

The systems with [C,mim]Cl (+[N;; ;;]Cl or [N;,,,]Cl), [C;OHmim]Cl (+[N; ;]
Cl or [N;,,,ICD, and [BzCh]Cl, show an asymmetric thermodynamic behavior, with
inverted deviations comparatively to ideality. This further supports the idea that, in those
systems, chloride transfer may be occurring from the ionic liquid to the ammonium salt.
In the systems containing [C,mim]Cl, the deviations are very dependent on the size of the
ammonium alkyl chain, following the trend: [Nj3;3]Cl1>[N,;,,]CI>[N;;ICl. The
ammonium salt chain length impact is less visible in [N, JCI+[BzCh]Cl, where the
benzyl moiety leads to positive deviations in the ionic liquid-rich side. In all cases, the ILs
positive deviations are dampened by the ammonium salt alkyl chain length increase, and
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even become negative in the case of [C,mim]Cl/[C,OHmim]Cl+[Nj ;;3]Cl, as already
observed in Fig. 2.

Examining now the ionic liquids with smaller cations, the ammonium salts can induce
strong negative deviations from ideality in [Ch][Ac] and [MeCh]Cl—Fig. 3. Those mix-
tures are characterized by different ion types, and therefore, large steric effects, different
ion sizes, and charge densities can interfere with the system organization [18]. Starting
with the previously reported [N, , . JCI+[Ch]CI [20], strong positive deviations to ideality
are observed in the choline chloride-rich side, with very similar magnitudes in the three
ammonium salts herein reported. Interestingly, introducing a methyl group in the choline
cation shifts the behavior, and leads to negative deviation in the [MeCh]Cl-rich side. Simi-
larly, the replacement of chloride by acetate leads to a negative deviation from thermody-
namic ideality. Those mixtures can be classified as type I DES-analogous ionic liquid mix-
tures due to the substantial depressions on the melting points face to the pure components
and the anion transfer from the ammonium salt to the ionic liquid [30].

By replacing the quaternary ammonium salts, [N} ;,]Cl, [N;;,,]Cl or [Nj;;;]Cl,
with [Ch]CI, most of the systems herein evaluated and taken by the literature [12], present
a quasi-ideal behavior—Fig. 4. This, again, further supports the chloride transfer mecha-
nism discussed above, with [Ch]Cl, owing to the smaller size of its cation and its strong
OH-CI interaction, being unable to function as a chloride-donating agent. However, close
to the eutectic point, deviations from ideality are more pronounced. As Fernandez et al.
[12] explained, the temperature decrease induces the strengthening of the hydrogen bond-
ing interactions, dominant in these systems. On the ammonium salt-rich side, the positive
or near-ideal behaviour observed for [Ch]Cl in comparison with the [N, . ]CI. It corrobo-
rates that the presence of hydroxyethyl group in the cholinium cation strengthens the inter-
actions in the pure substance in the form of OH—CI cation and anion interactions [34], or
OH-OH cation—cation hydrogen bonding [35, 36]. On the other hand, alkylammonium-
cations do not establish or participate in any specific interactions, being fully available to
interact with the other compound. An exception is the mixture [Ch]Cl+[MeCh]Cl, where
positive deviations are observed on both sides of the phase diagram [20].

4 Conclusions

In this work, a comprehensive study on the SLE phase diagrams of binary mixtures
involving tetraalkylammonium chlorides and six different ionic liquids was carried out.
Results shows that the ammonium salts/ILs anions and cations play a pivotal role in the
formation of eutectic systems, and that their judicious selection can lead to significant
melting point depressions. The tetraalkylammonium salts investigated display negative
deviations from thermodynamic ideality, while the ionic liquid behavior depends on
their structure: [C,mim]Cl, [C,OHmim]Cl, and [BzCh]Cl present positive deviations,
while [Ch][Ac] and [MeCh]CI show negative deviations from ideality. In general, an
increase in the ammonium salt alkyl chain length induces negative deviations from the
thermodynamic ideality. This study discloses relevant knowledge on the design of novel
ionic liquids formed by eutectic mixtures that may enlarge their liquid window using an
approach similar to that used to prepare deep eutectic solvents.
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