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Abstract Based on experimental data collected from the literature, a group contri-
bution method for estimating the melting points of imidazolium-, pyridinium-, pyr-
rolidinium-, ammonium-, phosphonium-, and piperidinium-based ionic liquids (ILs)
with common anions is proposed. The method considers the contributions of ionic
groups and methylene groups, as additive parameters, and two nonadditive character-
istic geometric parameters of cations such as symmetry and flexibility. A total of 293
data points for 136 ILs were used in this study. The average relative deviation and the
average absolute deviation of the proposed model are 7.8 % and 22.6 K, respectively.
It is concluded that the proposal is useful for the prediction of the melting points for
a wide range of ILs.
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List of Symbols
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[C,mim]T n-Alkyl-3-methylimidazolium cation
[C,eim]*™  n-Alkyl-3-ethylimidazolium cation
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[C,pim]™ n-Alkyl-3-propylimidazolium cation

[C,bim] T n-Alkyl-3-butylimidazolium cation

[Ch, anim]+ n-Alkyl-3-n-alkylimidazolium cation

C,,and Cp, Ci=methyl, Co=ethyl, C3=propyl, C4=butyl, Cs=penty],
Ce=hexyl, C;=heptyl, Cg=octyl

[C,mmim] Tt n-Alkyl-2,3-dimethylimidazolium cation

[Cupyl™ n-Alkyl pyridinium cation

[C,,(dmN)py]™ n-Alkyl-4-(dimethylamino)pyridinium cation

[C,mpyr]™ n-Alkyl-1-methylpyrrolidinium cation

[C,,mpip]™ n-Alkyl-1-methylpiperidinium cation

[Am(n)n,n,n]* n,n,n,n-Tetraalkylammonium cation

[n,n,n(n)Ph]T  nnan, n-Tetraalkylphosphonium cation

Anions

[PFg]™ Hexafluorophosphate

[BF4]~ Tetrafluoroborate

[TfoN]~ Bis(trifluoromethylsulfonyl)imide
[CI]™ Chloride

[CH3COO]~ Acetate
[MeSO4]™ Methyl sulfate

[EtSO4]~ Ethyl sulfate
[CF3S0O3]~  Trifluoromethanesulfonate
[PfrN]~ Bis(perfluoroethylsulfonyl)imide

[CF3COO]~ Trifluoroacetate
[N(CN),]™ Dicyanamide
[C(CN);]~ Tricyanomethanide
[AICl4]~ Tetrachloroalluminate
[Br]™ Bromide

1 Introduction

Tonic liquids (ILs) are a class of novel solvents with very interesting properties. They
are receiving considerable attention due to their potential uses in synthesis, separations,
catalysis, electrochemistry, and much more [1,2]. ILs have a wide liquid range, which,
together with their low melting points and the possibility of tuning their physical and
chemical properties, offer opportunities for control over reactivity unobtainable with
molecular solvents [3].

Many different ILs can be generated by the combination of their cations and anions.
Since, their physical and chemical properties can be fine-tuned by combinations of
their ions, or by modifying the chemical structures of the constituent ions, they can be
tailored to specific tasks [4]. However, the number of possible combinations of cat-
ions and anions is around 10'® ILs according to Seddon [5]. The experimental work
to synthesize all of these ILs and measure their properties is considerable and not fea-
sible. Trial-and-error syntheses should be avoided to minimize costs, labor, and time.
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To incorporate this new kind of solvent into industrial applications, knowledge of their
physical and chemical properties is essential for their full potential applications. The
development of methods to predict the physical properties of unknown ILs before their
synthesis is essential and will assist the design and selection of new ILs with desired
properties for a specific task.

The normal melting point is one of the most important properties to be considered
for the design and application of ILs. In contrast to available melting-point data for
organic compounds, melting-point data for ILs is scarce. The wide liquid range shown
by ILs is determined by their low melting points governed by the structure and inter-
actions between the ions, as well as their high decomposition points [3]. The melting
point of a compound is difficult to correlate, because it is dependent upon the arrange-
ment of the molecules in the crystal lattice, as well as upon the strength of the pairwise
group interactions [6].

Even though the development of the structure—melting point relationship is not as
straightforward as it is for other properties [7], group contribution methods (GCM)
for predicting melting points of organic compounds (non-ILs) have been developed
[8—13]. The group contribution approach is a correlation between a property of a com-
pound and an additive function of the group contribution parameters which describe
the molecular structure. GCMs for property prediction of ILs have been developed
[14-16], but they do not include melting points.

A method currently used to estimate the melting points of ILs is the quantitative
structure—property relationship (QSPR) [4,17,18]. Another method based on ther-
modynamic considerations using computer calculations from quantum chemical and
COSMO-RS programs for predicting melting points of ILs was reported by Preiss et
al. [19]. Recently, a model based on group contributions for estimating melting points
of imidazolium and benzimidazolium ILs was developed by Huo et al. [20]. However,
this model only considers imidazolium-based ILs.

The objective of this study is to develop a group contribution model for predicting
melting points of ILs that include most of the common cations and anions in ILs. The
second objective is to extend the set of properties presented by Gardas and Coutinho
[14-16]. Accordingly, similar IL groups have been used. To develop the model, we
focused our attention on the thermodynamic concepts and experimental data trends of
ILs. We present a method for estimating the melting points of ILs, which combines the
group contribution (additive parameters) and simple geometric parameters of cations
(non-additive parameters).

2 Melting Point

The melting point of a compound represents the lower limit of the liquid range and
together with thermal stability defines the temperature window in which it can be used
as a solvent [21]. The structure of an IL directly impacts upon its properties, in par-
ticular, the melting point and the liquidus range. The liquidus range exhibited by ILs
can be much greater than that of common molecular solvents [3]. There is insufficient
understanding of the relationship between the melting point of a compound and its
chemical structure [22].
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The factors that primarily control the melting point of a compound are intermo-
lecular forces, molecular symmetry, and the conformational degrees of freedom of a
molecule [6]. For ILs, charge, size, and the distribution of charge on the constituent
ions also influence the melting point. Furthermore, within the same class of ILs, small
changes in the shape of the uncharged, covalent regions of the ions can also influence
the melting point of the salts.

Coulombic interactions, hydrogen bonding, and van der Waals interactions such as
dispersion forces are important in the formation of an IL crystalline lattice. The Cou-
lombic energy contributes to the lattice energy of ionic solids through its dependence
on (i) the product of the net ion charges, (ii) ion—ion separation, and (iii) packing
efficiency of the ions [3]. Besides being affected by charge and size, the melting
point of imidazolium ILs is affected by the following factors: electron delocalization,
H-bonding ability, the symmetry of the ions, and van der Waals interactions. Both
alkyl substitution on the cation and ion asymmetry have been shown to interfere with
the packing efficiency of ions in the crystalline lattice [3].

Trends in the melting point with respect to cation structure are observed when
melting points are plotted against the cation alkyl chain length. Holbrey and Rogers
[3] reported the variation in melting point with alkyl chain length for ILs containing
1-alkyl-3-methylimidazolium cations with several anions. A decrease in the melting
point with an increase in the alkyl chain length was observed up to n = 8, where n
is the number of carbon atoms. For n > 8§, a gradual increase in the melting point
was observed with increasing chain length. Similar trends were observed for the other
cations studied in this study.

The asymmetry and the flexibility of the cations, which are entropic factors, con-
tribute to decreasing the melting point of ILs, as was mentioned before. The decrease
in the melting point is marked between n = 1 and n = 3 and less noticeable at longer
alkyl chain lengths. However, IL melting points do not continue decreasing beyond
n = §; rather an increase in the IL melting point with longer alkyl chains is observed.
The addition of methylene groups to a linear hydrocarbon chain increases its van der
Waals interaction energy and thus its enthalpy of melting. Van der Waals interactions
between the long hydrocarbon chains have the opposite effect to the flexibility term
(entropic factor) on the melting point of ILs. Also, replacing the hydrogen atom in the
C(2) position of the imidazolium ring by a methyl group generates an increase in the
IL melting point. This can be explained by the effect of van der Waals interactions
through the methyl group [3].

3 Model Development

The following six cations were considered in this study to establish the model:
imidazolium [Im], pyridinium [Py], pyrrolidinium [Pyr], alkyl ammonium [Am],
alkyl phosphonium [Ph], and piperidinium [Pip]. Together with these cations, the
following 14 anions were considered: hexafluorophosphate [PFg]™, tetrafluoro-
borate [BF4]™, bis(trifluoromethylsulfonyl)imide [Tf,N]~, chloride [CI]™, acetate
[CH3COO]™, methyl sulfate [MeSOq4]", ethyl sulfate [EtSO4]", trifluorometh-
anesulfonate [CF3SO3]~, bis(perfluoroethylsulfonyl)imide [Pf;N]~, trifluoroacetate
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Fig. 1 Building blocks or parent cation groups of ILs studied, where R = R’ = CH3 in heterocyclic rings
and R; = Ry = R3 = R4 = CH3 in ammonium and phosphonium

Table 1 Cations of ILs that can

be formed from the cation Cation Number of carbon atoms in alkyl chain
parents in this model [Cpy Cpyim] ny =1-8and np =14
[C,mmim] n=1-8
[C,.Py] n=1-6
[Cn(dmN)Py] n=1-6
[CpmPyr] n=1-6
[Am(ny), no, n3, ngl np = 1-8andny = n3 =nyg = 1-8
[n1,n2, n3, (n4)Ph) ng =1-14andn| =ny =n3 = 1-6
[C,mPip] n=1-8

[CF3COO0]™, dicyanamide [N(CN),] ™, tricyanomethanide [C(CN)3]™, tetrachloro-
alluminate [AICl4]™, and bromide [Br]™. In this method, ILs can be generated by
combining anions and cations. Each of the 14 anions listed above is considered as a
group. Cations are generated from the seven cations shown in Fig. 1. These will be
called parent cations. Additional cations are formed by adding methylene groups.

In the model developed, the ionic structure of the ILs is considered, to generate
the corresponding IL. Besides adding CH» groups to the alkyl chain attached to the
nitrogen atom of parent cations, it is also possible to extend the range of new ILs.
Figure 1 shows the building block cations of ILs (parent cations) considered in
this study; these are 1,3-dimethylimidazolium, 1,2,3-trimethylimidazolium, 1,1-dim-
ethylpyrrolidinium, 1,1-dimethylpiperidinium, 1-methylpyridinium, tetramethylam-
monium, and tetramethylphosphonium. In addition, Table 1 shows all the cations that
can be formed from the cation parents for this model. The second column in Table 1
shows the possible combinations considering the alkyl chain length of the cations used
in this study.

A cation can be generated from the parent cation by adding methylene groups (CH»)
to the alkyl chain attached to the nitrogen or to the phosphorus atom of the cation.
So, it is possible to obtain cations with longer alkyl chains. Therefore, a wide range
of ILs can be created combining cations (cation parent, adding methylene groups)
and anions. For example, 1-butyl-3-methylimidazolium, [C4mim]™, is composed of
one 1,3-dimethylimidazolium (parent cation) plus three CH, groups. Thus, to build
1-hexyl-3-methylimidazolium tetrafluoroborate, [Cemim][BF4], one 1,3-dimethylim-
idazolium is needed plus five CH, groups and one BF, anion.
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Other examples concerning the generation of ILs, starting from their groups are
shown below:
For the generation of the following cations:

[C4Py]™, three CH, groups plus one 1-methylpyridinium are needed.
[C4mPyr] ™", three CHy groups plus one 1,1-dimethylpyrrolidinium are needed.
[Am(4)111]™, three CH, groups plus one tetramethylammonium are needed.

All cations generated above can be combined with the different anions included in
this study.

The developed model makes use of the theoretical dependence of the enthalpy and
the entropy of melting upon the structure of a compound. The estimation of melting
points of organic compounds based on a thermodynamic approach was previously
developed by Yalkowsky et al. [12,13,23,24]. When the transition temperature is
reached, that is, when the phases are in equilibrium, the free energy of transition is
equal to zero. Thereby, the melting point is related to the enthalpy (A Hy,) and entropy
(A Sy) of melting by the following relationship:

AH,
Tm = —0—.
ASp

ey

These thermodynamic properties, A Hy, and A Sy,, show different dependences upon
structure. Therefore, to build the model for the melting point, models for the enthalpy
and the entropy of melting are considered.

The enthalpy of transition is assumed to be dependent upon the interactions between
the molecular fragments and is equal to the summation of the group values. The
enthalpy of melting A Hy, can be therefore calculated by the following relationship:

AHy, = Znimi (2)

In Eq. 2, n; is the occurrence of the group i in the compound, and m; is the contribution
of the group i to the enthalpy of melting.

The entropy of transition is a measure of the changes in molecular translational,
rotational, and conformational freedom that accompany a phase transition. The entropy
of melting A Sy, is mainly determined by the change in rotational and conformational
freedom [12].

Dannenfelser et al. [24] found that the change in rotational freedom of a molecule
is related to its rotational symmetry number, whereas the change in conformational
freedom of a molecule is related to the molecular flexibility number. The estimation
of the entropy of melting of organic compounds defined by Dannenfelser et al. [24]
was adapted here for ILs to give the following simplified equation:

ASy =a+o.+cte 3)
where o is a new symmetry parameter defined for the cation, and the parameter t. is

related to the cation flexibility. The o, symmetry parameter is determined by fitting the
experimental melting-point values, and t. is deduced from a very simple calculation,
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such as the number of methylene groups (CH») present in the alkyl chain of the cation
of the IL minus 1.

Accordingly, the model to estimate the melting point of ILs has been defined as
follows:

ZniATm,i
i

Th=—"—- 4
m a—+oc+cte @

where n; is the number of groups of type i in the molecule, and ATy, ; is the contri-
bution of group i to the melting temperature.

The group contributions (A Ty, ), symmetry of cation (o¢), and a and ¢ parameters
of the model were estimated from a simultaneous optimization of the entire database,
minimizing the objective function W described in

N, Z ni AT, 2
W = T 5
; a4+ oe + et m,lit ( )
B i
Here, N, represents the number of available data points for all ILs studied, and Tp 1i¢
represents the experimental values of melting points [25-29].
A total of 293 data points for 136 ILs based on imidazolium, pyridinium, pyrro-
lidinium, phosphonium, ammonium, and piperidinium cations with common anions
were used in this study.

4 Data Assessment

It is difficult to know the true melting-point value for a particular IL in a set of data
reported in the literature from different authors. Usually, experimental data available
in the literature show discrepancies in experimental melting-point values. Impurities
affect the melting point of a compound. The differences among the melting-point val-
ues of an IL could be due to impurities like water and/or halogen ions present in IL
samples. Although, the IL can be present in a high purity state, the IL melting point
is difficult to define, because the thermal behavior of many ILs is relatively complex.
So, Holbrey and Rogers [3] suggest that thermodynamic data should be collected in
the heating mode to obtain reproducible results. The dispersion of data reported for
example for [C4mim][PF¢] shown in Table 2 may be due to the level of purity of the
samples of the IL or to the method used to determine the melting point.

Experimental melting-point data for ILs found in the literature show differences
depending on the sources. For example, the melting point for [C4mpyr][Tf2N] and
[Csmim][CI] have been reported by different authors. The standard deviation of the
data reported and the range between the maximum and minimum values of melting
points of both compounds are 6.51K, 18.60K and 51.25K, 94.26 K, respectively.
Therefore, before using the melting-point values found in the literature, it is clearly
necessary to make a selection of the data to develop the group contribution-based
model for the prediction of melting points of ILs.
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Table 2 RD of melting points

for [C4mim][PFg], reported by Tm () RD (%) Ref. median

different authors All data After deleting data
283.1 [25] 1.81 1.47
276.43 [25] —0.59 —0.92
277.15 [25] —0.33 —0.66
284.1 [25] 2.17 1.83
283.1[25] 1.81 1.47
280.03 [25] 0.70 0.37
279 [26] 0.33 0.00

RD(%) =
212.15[30,31 —23.71 -

(Tm,lit - Tm,median) / L ]

Tin,median % 100, where Ty jj¢ is 265.15 [27] —4.65 —4.96

the melting point reported in the  277.15 [27] —0.33 —0.66

llterzilture and Tm,med?an is the 265.15 [27] 465 _496

median value of melting points

in the data set 283.15 [27] 1.83 1.49

An exhaustive selection of data points was carried out to develop the predictive
model for melting points of ILs. It was found that some experimental melting-point
data collected from the literature are very different from a particular set of data for an
IL. For example, as will be shown below for [C4mim][PFg] in Table 2, the value of
212.15K [30,31] is distant from the rest. So this value appears to deviate markedly
from the other members of the data for specific ILs. Therefore, to eliminate a data point
from a set of data, the relative deviation (RD) was calculated for each point using the
median as a reference in the set. Table 2 shows the experimental data of melting points
reported by different authors [25-27,30,31], and the RD (%), for [C4mim][PF¢]. It is
clear that the data point at 212.15 K has a significant deviation from the median value
(278.08 K), and therefore it was eliminated from the set of data.

In this study, the criterion used to select data for melting points was to accept
data points in a set of data having a RD (%) <10 %, using the median as a refer-
ence. Data points with RD (%) >10 % were eliminated. After previous selection of
those data points, all the other data points found in the literature were included in the
multiple regression analysis to find the group contribution, symmetry, and adjustable
parameters.

5 Results and Discussion

Table 3 shows the group contribution parameters and the groups of the model for melt-
ing points of ILs, while Table 4 shows the estimated value of the symmetry parameter,
o, of the model for each cation studied. The cation flexibility parameter, 7. is the sum
of the number of methylene (CH) groups minus one, of each alkyl chain attached to
nitrogen or phosphorus atoms in the respective cation. That is,

o= Y (n(CHyx — 1) (©)

k

where n(CH» ) is the number of methylene groups in alkyl chain k.

@ Springer



42

Int J Thermophys (2012) 33:34—46

Table 3 Group contribution
parameters for melting points of
ILs

Table 4 Assigned symmetry
parameter o¢ for each type of
cation studied for the model

Species ATm
Cations

1,3-Dimethylimidazolium (+) 114.481
1,2,3-Trimethylimidazolium (+) 134.466
1-Methylpyridinium (+) 119.250
1,1-Dimethylpyrrolidinium (+) 137.736
Tetramethyl ammonium (+) 533.952
Tetramethyl phosphonium (+) 572.219
1,1-Dimethylpiperidinium (+) 156.418
Group

CH» —1.463
Dimethyl amino 37.189
Anions

PF.~ 16.746
BF,~ —0.479
THN™ —0.966
Cl™ 35.852
CH3COO0™ 1.384
MeSO, —0.501
EtSO,~ —14.560
CF3S05~ 6.348
Br~ 33.219
CF3CO0™ —1.809
N(CN),~ —14.083
C(CN)y~ —3.369
AlCl,~ 4.714
PfoN™ —3.202
Type of cation oc Value
R =R’ (Im, Pyr, Pip) 0.265

R # R’ (Im, Pyr, Pip) 0.317

R or R and dimethylamino in C(4) (Py) 0.265
R1=R2=R3=R4 (Am and Ph) 1.301

R1 =R2 = R3 # R4 (Am and Ph) 1.532

Table 5 shows some examples of calculated flexibility values 7. and symmetry
parameters o for some cations studied.
The values of the adjustable parameters a and ¢ obtained for the model are 0.100

and 0.012, respectively.
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Table 5 Calculated flexibility

and assigned symmetry L te oc

parameters for cations of ILs [1,1,1,1Ph][Tf,N] 0 1.301
[4,4,4,14Ph][Cl1] 18 1.532
[C3mPip][Tf,N] 1 0.317
[CgmPip][BF4] 6 0.317
[Am(1)111][Tf,N] 0 1.301
[Am(6)444][Tf,N] 10 1.532
[Am(1)888][BF4] 18 1.532
[Am(8)888][Tf,N] 24 1.301
[C1mpyr][TfrN] 0 0.265
[Csmpyr][TfoN] 3 0.317
[Cepyl[TfaN] 4 0.265
[C4(dmN)py][Br] 2 0.265
[C1mim][Tf,N] 0 0.265
[Cemim][ T N] 4 0.317
[Commim][TfN] 4 0.317
[C1mmim][Cl] 0 0.265

6 Accuracy of the New Model

The accuracy of the model was checked from an examination of the average relative
deviation (ARD) and the average absolute deviation (AAD). They were determined
from Egs. 7 and 8, respectively, with 293 data points for 136 ILs. The ARD of the
model is 7.8 %, and the AAD is 22.6 K.

ARD = I/NZ }Tm,est - Tm,lit|/Tm,lit x 100 @)

AAD = I/N (Z |Tm,est - Tm,lit|) (8)

In these equations, N is the number of data points, T, ¢s¢ (K) is the estimated melt-
ing-point value of an IL, and Ty, ji¢ (K) is the literature value melting point of an
IL.

The relative deviations of the correlation of the melting points of the ILs for the
studied cations and anions are shown in Tables 6 and 7. It was observed that ILs based
on 1-alkyl-1-methylpiperidinium [C,,mPip] cations and others based on dicyanamide
[N(CN),] anions exhibited the highest ARD (%). These were 18.20 % and 15.93 %,
respectively. Similarly, the ARD of ILs composed of 1-alkyl-1-methylpyrrolidinium
[Cnmpyr] cations and others based on tetrafluoroborate [BF4] anions were also high.
The ARD were 11.41 % and 12.93 %, respectively.

In particular, experimental data for the melting points of ILs based on piperidini-
um, ethyl sulfate, tricyanomethanide, and tetrachloroalluminate ions are scarce. So
the model was developed using minimal data for these types of IL. It is expected that
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Table 6 Average relative

deviation of calculated melting Cation Temperature range (K) Data points ARD (%)
points for ILs studied, based on ¢ ¢ imp+a  399.45-190.15 154 6.91
imidazolium, pyridinium,
pyrrolidinium, ammonium, [C,mmim]* 462.15-235.15 23 6.00
ph(?sphonium, and piperidinium [Cy py]+ 378.00-273.00 8 2.33
cations [Cn(dmN)py]™  495.00-310.00 3 8.45
[Cmpyr] T 410.10-218.15 30 11.41
[Am(n)n,nn]t  409.50-230.15 57 9.16
[C,mPip]* 419.15-273.15 5 18.20
4 Withnp up to 4 [n, n, n, (n)Ph]T  423.00-286.15 13 6.23
g:\l/)ilaetizn lg‘ziﬁlezgglr\felting Anion Temperature range (K)  Data points ~ ARD (%)
;’I‘l’ii(‘)‘;ss for ILs based on listed [TfyN]~ 423.00-233.15 125 8.07
[BF4]™ 419.15-190.15 36 12.93
[CH3COO]~  354.15-250.15 6 7.61
[MeSO4]~ 308.90-253.15 6 3.64
[EtSO4]~ 236.29 1 0.00
[CF3SO3]~  382.15-235.15 18 9.02
[Br]™ 495.00-303.15 14 4.58
[CF3CO0]~  332.15-233.15 6 421
[N(CN), 1~ 388.15-218.15 10 15.93
[C(CN)31~ 263.15 1 0.00
[AICI4]~ 282.15-263.15 3 0.71
[PfN]~ 356.15-266.1 5 3.28
[PFg]~ 351.15-212.15 31 6.42
[Cl]~ 462.15-264.15 31 3.63

more experimental melting-point data will be available in the literature which could
be used to improve the accuracy of the model for these compounds in the future.

Nevertheless, Fig. 2 shows that the calculated melting points of ILs based on
imidazolium, pyridinium, pyrrolidinium, piperidinium, ammonium, and phospho-
nium cations with anions, such as [Tf;N], [BF4], [CH3COO], [MeSOy4], [EtSO4],
[CF3S03], [Br], [CF3COO], [N(CN),], [C(CN)3], [AICl4], [Pf2N], [PFe], and [Cl]
display an acceptable correlation with the literature melting points, if it is consid-
ered that the literature data for melting points of ILs usually show a considerable
deviation between data reported by different authors. The model is capable of predict-
ing the melting point of all the possible combinations of the types of cations shown in
Table 1 with the anions mentioned previously.

7 Conclusions

A group contribution model has been developed to predict the melting points of imi-
dazolium-, pyridinium-, pyrrolidinium-, ammonium-, phosphonium-, and piperidini-
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Fig. 2 Plot of literature versus calculated melting points for all 293 data points of 136 studied ILs

um-based ILs with common anions. The proposed model considers the contributions
of ionic groups and methylene groups as additive parameters and two simple non-addi-
tive characteristic geometric parameters of cations such as symmetry and flexibility.
The average relative deviation of the model is 7.8 %, and the average absolute
deviation is 22.6 K. 293 Data points for 136 ILs were used in this study. The accuracy
of the method developed is within the expected margins, as reported experimental
melting-point data have similar deviations. The proposed model can be used for the
prediction of melting points of a wide range of ILs, and for the design of these com-
pounds using computer-aided molecular design (CAMD) methods, for their multiple
applications. In addition, the model developed for the estimation of the melting points
of ILs has advantages over other methods reported in the literature in that it is appli-
cable to a wide range of ILs, and is relatively straightforward, fast, and easy to use.
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