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ABSTRACT
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A simple method based on homologous series for data selection and estimation of the
normal melting temperature of ionic liquids is proposed. As known, the values of
physicochemical properties of compounds having either homologous cations or anions
follow a regular smooth pattern, a characteristic that can help in determining the presence
of outliers in a set of experimental data. This characteristic of regular smooth pattern also
facilitates the calculation of properties of a given substance by knowing the same property
for another substance that has the same cation or anion. A selected database of melting
temperature data of ionic liquids available in the literature was constructed and used for
determining the melting temperature of those substances for which homology was
possible to be applied. The results show that the values determined for the normal melting
temperature are accurate enough for engineering calculations and that the melting
temperature can be predicted with average uncertainty similar to some experimental
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1. Introduction

The special properties of ionic liquids (ILs), such as very
low vapor pressure, large liquidus range, high thermal
stability, high ionic conductivity, and large electrochemical
window, among others, make these fluids of special
interest for several applications. Additionally, since thou-
sand of combinations between cations and anions can be
done, ionic liquids can be designed for almost any specific
use [1]. Although the first room temperature ionic liquid
was discovered more than a century ago, it has been during
the last 20years that these extraordinary fluids have
attracted the attention of the scientific community [2].

Current studies onionicliquids cover a variety of subjects
such as electrochemistry, separation science, chemical
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synthesis, catalysis and pharmaceuticals, The use of ILs as
thermal fluids, lubricants, catalysts and solvents, and their
application to biomass processing, biphasic chemical
processes, photovoltaic cells, fuel cell electrolytes, synthesis
of inorganic nanomaterials, extraction of organic com-
pounds, enzymatic reactions, separation of inorganic
materials, and many others, are being continuously
discussed in the literature and new advances appear every
day [3-9]. Classic books such as those of Wypych [10],
Wasserscheid and Welton [11] and Koel [12] contain
abundant information about properties, uses and applica-
tions of ionic liquids. Also of the many recent papers
describing the multiple applications of ionic liquids the
recent review of Giernoth [13] provides an overview of the
wide variety of applications of ILs beyond their use as
solvents and discusses the task-specific characteristic of
ionic liquids. Also, Aparicio et al. [ 14] present a good account
on thermophysical properties of pure ionic liquids. These
authors analyze the type of thermophysical properties data
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Notation

Symbols

R? Coefficient of determination

T Melting temperature

% AT, % deviation between correlated and
experimental melting temperature

|%AT;,|  Absolute % deviation between
correlated and experimental melting
temperature

Téal Calculated melting temperature

TP Experimental melting temperature

[X][Y] ITonic liquids having [X] as the cation

and [Y] as the anion

Abbreviations

IL, ILs Ionic liquid and ionic liquids
T [X1[Y] Melting temperature of ionic
liquid [X][Y]

for ionic liquids available in the open literature and the
importance of such properties for industrial purposes.
From the industrial point of view, a fundamental
understanding of the chemical, physical and thermody-
namic properties of ILs should be known before their
optimum industrial application. For instance, knowledge
of some basic properties is useful in the area of fluid
property estimation, thermodynamic property calcula-
tions, and phase equilibrium, among others. Several
correlations for the density or the heat capacity make
use of the critical properties, correlations for the viscosity
make use of the density, vapor pressure correlations make
use of heat of vaporization, and sublimation pressures
make use of melting temperature [15]. This last property,
the melting temperature, is of interest in this article.
The melting temperature (T;;;) of organic and inorganic
substances is a fundamental physical property and has
found wide use in chemical identification, purification, and
the calculation of other physicochemical properties. In the
absence of experimental data, the melting point has to be
estimated [16]. Several empirical and semi empirical
methods have been used to predict the normal melting
point. Among these, group contribution method and neural
networks have been employed [16-20]. Although these
represent important approaches that should continue being
discussed at present there is no general method applicable
to any fluid. On the one hand, for neural network
applications one needs a reasonable amount of data and a
clear picture of the influence of certain properties on that
one of interest. In some cases, both requirements are not
fulfilled for ionic liquids. On the other hand, group
contribution methods were developed for simple sub-
stances, mainly hydrocarbons, and its extension to predict
properties of ionic liquids is not clear yet. It seems that the
way in which molecules are broken into groups is quite

different in ionic liquids and most probably the equations
that define a property in the group contribution method
must be reformulated [21]. Computer simulation and
computational chemistry have also been employed and
some few applications have been published [22,23].

The concept of homologous series has also been used to
correlate melting point data of organic compounds, but
still the method is of limiting applicability due to the form
in which it has been applied and also due to other inherent
limitations as discussed later in this paper [24]. Zhao and
Yalkowsky [16] applied a combined approach of group
contribution and nonadditive molecular parameters to
estimate the melting points of aliphatic compounds. In that
study, a similar combined approach is applied to predict
the melting points for a database of more complex organic
compounds [25].

For ionic liquids, very little progress has been made and
very few methods have been used for the estimation of
melting points. Katritzky et al. [26] discussed a variety of
melting point correlation and prediction methods. In
particular they analyzed the capabilities of the CODESSA
program (Quantitative Structure/Activity Relationships) for
correlating the melting points of imidazolium bromides and
benzimidazolium bromides. The descriptors they used for
describing these types of ionic liquids were based on the size
and electrostatic interactions in the cations. Similar studies
have been presented by several other authors [27-30], used
a recursive neural network (RNN) to predict the melting
points of several pyridinium-based ionic liquids (ILs).
According to the authors, the adopted representation of
molecular structures captures some significant topological
aspects and chemical functionalities of the IL molecules.
Huo et al. [31] presented a group contribution method for
predicting melting points of imidazolium and benzimida-
zolium ionic liquids. More recently, Preiss et al. [32]
calculated the melting points of crystalline ionic liquids
from the ratio of the fusion enthalpy and entropy at the
melting point where solid and liquid phases are in
equilibrium. The method relies on simple calculations
feasible with standard quantum chemical program codes.

2. Melting temperature

Melting happens when the molecules or ions fall out of
their crystal structures, and become disordered liquid. This
should not be confused with glass transition which is the
change that happens from solid state to amorphous solid,
but even crystalline solids may have some amorphous
portion. This is why the same sample of ILs may have both
a glass transition temperature and a melting temperature.
Freezing point has the same meaning as melting point but
an opposite process [2]. The melting process of ILs is
governed by van der Waals forces and electrostatic
interaction forces, and the impact of the two forces plays
different roles for different kinds of ILs [33].

The liquidus ranges exhibited by ionic liquids can be
much greater that those found in common molecular
solvents. These ranges go from the melting or glass
transition temperature to the decomposition temperature,
which is usually before vaporization. Water, for example,
at 1atm. has a liquidus range of 100°C (0 to 100 °C),
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refrigerant 134a has 74.8 °C (from —101 to —26.2 °C), and
ammonia has only 44.5°C (from —78 to —33.5°C). The
liquidus range of ionic liquids can be of several hundreds
degrees although it is difficult to set an exact range. This
because normal boiling temperatures of ionic liquids are
unknown (although some estimation methods are avail-
able), and the experimental values of normal melting
temperature reported in the literature may differ by
several degrees. Holbrey and Rogers [2] mention several
reasons for the great differences between melting tem-
peratures of ionic liquids reported in the literature:

cooling from the liquid state causes glass formation at

low temperatures since solidification kinetics is slow;

e on cooling from the liquid, the low-temperature region is
not usually bounded by the phase diagram liquidus line;

o this region is extended down to a lower temperature
limit imposed by the glass transition temperature;

o solidification (glass) temperatures recorded on cooling
are not true measures and represent kinetic transitions;

o formation of metastable glasses is common in molten
salts;

e in many cases, heating from the glassy state yields an
exothermic transition associated with sample crystalli-
zation, followed by subsequent melting;

e in some cases there is evidence of multiple solid-solid

transitions, either crystal-crystal polymorphism or

formation of plastic crystal phases.

Besides the inherent differences of the experimental
procedure (differential scanning calorimetry, DSC; cold-
stage polarizing microscopy, NMR; and X-ray scattering),
other factors such as the occurrence of any of the
undesirable phenomena indicated above, and probably
impurities of the samples before the experiments or
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contamination during the experiments add more uncer-
tainty to the values reported in the literature.

3. Properties of homologous series

In chemistry, a homologous series is a series of organic
compounds with a similar general formula, having similar
physicochemical properties due to the presence of the
same functional groups. The n-alkanes and the n-alkanols,
for instance, form homologous series. The properties of the
compounds of a series present in many cases a regular and
smooth change as the molecular size, molecular mass or
other basic properties, change. Fig. 1 shows this smooth
regular change of several properties as the number of carbon
increases in the n-alkanes and n-alkanols chains. What is
interesting to observe is that of the various properties
represented in Fig. 1 (normal boiling temperature, normal
melting temperature, normal heat of vaporization, and
molecular mass), the melting temperature is the only one
that does not follow a smooth monotonous increasing
pattern. The melting temperature decreases as the length of
the chain increases to then increase again. All the other
properties increase with the chain length. This fact is
another demonstration of the difficulties found for the
estimation of the melting temperature, as discussed above.

Based on this same concept of homologous series, the
concept of homologous compounds seems more interest-
ing in some applications. Karapetyants [34] used this
concept in what he called “comparative calculations” to
determine several properties of solids and liquids. What
the author actually did was relating a given property of
compounds that have either the same cation or the same
anion. He gave examples for the entropy of formation and
the Gibbs free energy of formation. What is interesting about
this approach is its extension to estimate the melting
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Fig. 1. Change of several properties of n-alkanes as a function of the number of carbon in the n-alkane and n-alkanol chain. From bottom to top lines: (&)
molecular weight, () melting temperature, (@) heat of vaporization and (A) normal boiling temperature.



696 J.0. Valderrama, R.E. Rojas/C. R. Chimie 15 (2012) 693-699

3500
*

x
D 2500 A
=
"6 £ 4
3 o
£ J
= 1500

500 T T

500 1500 2500 3500

Tm(K) of CaX

1800

*

1600 4

1400 4

Tm(K) of BaX

1200 4
*

1000 T T T T
500 700 900 1100 1300 1500

Tm(K) of PbX

Fig. 2. The melting temperature of homologous inorganic compounds MgX-vs-CaX compound. BaX-vs-PbX compound.

temperature of organic compounds and then exploring its
application to ionic liquids. Fig. 2 shows the variation of the
melting temperature of several homologous inorganic
compounds, as suggested by Karapetyants [34]. In Fig. 3,
similar plots are presented for organic compounds: T,, of n-
alkanes versus T, of n-alkanols chains and T, of n-alkanes
versus T, of n-alkenes. As seen in the figure, the comparative
calculation described by Karapetyans [34] is well fulfilled in
all these cases, with relatively low deviations.

This concept can be extended to predict the melting
temperature of ionic liquids for which no accurate
methods exist. To do this, melting temperatures for ionic
liquids have been collected from the literature and
subjected to a first analysis to eliminate doubtful data.
This is a necessary step since melting temperature data
reported in the literature present great discrepancies and
the elimination of doubtful or erroneous data is not a trivial
matter in many cases. In fact for some substances several
values of melting temperature are found in the literature,
sometimes differing for several degrees [35,36].

To visualize the discrepancies in the reported values of
T, the Fig. 4 shows available melting temperature data for
the series [xmim]|[PFg] and [xmim][BF4]. The great
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differences in T, for [C4mim][PFgs] and for [C;omim][BF4]
(x=4 and x = 10, respectively) are clearly seen. It should be
also noticed that the shape of the curves are similar to that
of organic compound presented in Fig. 1, although the
decreasing of the melting temperature as the chain length
increases is more notorious for ionic liquids. All this makes
it necessary to analyze the data as described below. In
doing this, the concepts of homologous series and
homologous compounds are used.

4. Data selection

A study of Zhang et al. [36] provides information of
literature sources of several properties of ionic liquids
available in the open literature. The authors give melting
temperature values for 445 ionic liquids while the
Dortmund Data Bank [37] provides (as March 2011)
melting temperature data for over 400 ILs. The Ilonic
Liquids Database [38] has melting temperatures for 86
ionic liquids while Merck database has 192 values. The
most recent compilation of properties of ionic liquids is
that of Zhang et al. [35] who provide melting point data for
975 ionic liquids. All data reported in the literature has
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Fig. 3. Melting temperature of homologous organic compounds. n-alkanes-vs-alkanols and alkanes-vs-alkenes.
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Fig. 4. Values of normal melting temperature from different literature sources of [xmim][PFs] and [xmim][BF,4] for x = ethyl, propyl, butyl, hexyl, octyl,
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been collected to form a database of 1165 values of melting
temperature for 953 ionic liquids.

The original set of 1165 data points was reduced and
elimination of data was made in the following situations:

o data that do not have a clear tendency in an homologous
series;

e data that according to other sources are liquids at the
given melting temperature;

e data given as a range instead of a single point;

o when only two data are available and they differ for more
than 10K.

These cases are clarified and explained in what follows.

Of the 1165 original values, 18 values corresponded to
the higher limit of a range for the solid phase. For instance
Tsunashima and Sugiya [39] reported a value for T,
as < 223.15K for [P2228][Ntf,], meaning that the melting
temperature is a value below 223.15 K but no specific value
is provided. Similarly, for 86 ILs, ranges of temperature
instead of specific values for the melting temperature of ILs
are reported. For instance, Pringle et al. [40] reported the
range 313.15 to 328.15K (AT,,=15K) for the melting
temperature of N,N-dimethylpyrrolidinium bis(methyl-
sulfonyl)imide. Also, Mikkola et al. [41] reported the range
324.15 to 339.15K (AT, = 15 K) for the melting tempera-
ture of N,N,N-trioctyl-N-methylammonium hexafluoro-
phosphate. All these types of uncertain data cannot be used
in correlation or prediction models.

Also for 136 ionic liquids some authors report liquid
densities at temperatures higher than the reported melting
temperature. In these cases, one could trust the density
value and assume that the ionic liquid is in the liquid state,
or trust the melting temperature and assume that the
density is wrong. In this work, values showing this
inconsistency were not considered. For instance, for
methylimidazolium hexafluorophosphate, Ohno and
Yoshizawa [42] reported T,,=389.15K while Gu and

Brennecke [43] gave a density value of 1.0316 g/cm®
at 298.15K. For hydrocinnamyl-3-methylimidazolium
bis[(trifluoromethyl)sulfonyl]imide, Sergei and Dzyuba
[44] reported T,,=321.15K while the same authors gave
a density value of 1.455 g/cm® at 298.15 K. Finally, there
were 393 repeated values in the original set of 1165 and
those not following a clear pattern in homologous families
were 98. The several criteria used for selecting data
reduced the original 1165 values available in the literature
to a consistent database of 671 values of melting
temperature, one for each of the 671 ionic liquids of all
types. The Table given as supplementary material provides
the selected values of melting temperature for these 671
ionic liquids. To the best of the authors’ knowledge, this is
the most comprehensive and truthful database of melting
temperature data available in the open literature. This does
not mean that some values given in the Table could be
corrected in the future, when more accurate techniques or
a more clear definition of the experimental melting
temperature of ionic liquids become available.

Of the selected 671 data, the type of ionic liquid that has
more values of melting temperature is that including the
anion hexafluorophosphate [PFg]. Therefore this type of
ionic liquid is taken as reference to compare the melting
temperatures of other ionic liquids using the concept of
homologous substances. However, the selection of [ X][PFs]
as the reference fluid is not compulsory. Any ionic liquid
can be taken as reference fluid for homologation. The only
requirement is that there are three values of T, for that
reference substance so a reasonable relation between T, of
the reference fluid and that of the ionic liquid of interest
can be found.

The Fig. 5 shows the melting temperatures of [X][BF,4],
[X][CT], [X][1], [X][Br] in which [X] represent different types
of cations, versus the melting temperatures of [X][PFsg].
Plots of this type are made for all ionic liquids for which
values of melting temperatures for three or more ionic
liquids were available and all figures were of similar form.
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The relatively low dispersion of data around the straight
line plotted in Fig. 5 could be ascribed to the inaccuracy of
the homologation concept when it is applied to ILs and/or
to the inaccuracies of the melting temperature data as
discussed in the preceding section.

5. Results and discussion

For all cases considered in this study, the linear model
seems to be reasonable for a first estimation. Table 1 shows

[X][CIO4] by knowing the melting temperature of their
homologous [X][PFs].

The Table also shows three statistical parameters that
according to the authors are the most representative of the
accuracy of the method, as discussed by Valderrama and
Alvarez [45]. These parameters are: the relative average
deviation, the absolute average deviation and the maxi-
mum absolute deviation. These are listed in columns 5 to 7
of Table 1 and are defined as:

100 JL T — TP

the models for estimating the melting temperature of BAT, = N =P (1)
[X][BE4], [X][CI], [XI[], [XI[TFPB], [X][Br], [X][NOs] and = T
Table 1
Models for estimating the melting temperature of several ionic liquids of the type [X][Y] by knowing the melting temperature T°,, of [X][PFs].
IL Type of ILs N Model for T, for [X][Y] R? %AT |%AT | |%AT | max
[X][BF4] Imidazolium 21 T [X][BF4] = —6.1963 +0.9455 x T°p, 0.979 0.31 3.7 8.1
Ammonium
Pyridinium
[X]Ic Imidazolium 9 T [X][Cl] =136.75 +0.648 x T°;, 0.969 0.03 2.0 4.1
Ammonium
Pyridinium
X011 Imidazolium 5 T [X][1] = —219.78 + 1.5747 x T°p, 0.976 0.03 3.6 5.5
Ammonium
Thiazolium
[X][TFPB] Methylimidazolium 3 T, [X][TFPB] = 240.49 + 0.5349 x T°p, 0.996 <0.01 0.2 0.3
[X][Br] Imidazolium 7 Ty [X][Br] =55.935 +0.8344 x T°p, 0.935 0.07 2.4 47
Ammonium
Morpholinium
Triazolium
[X][NOs] Imidazolium 4 T [X][NO3]=132.91 +0.5654 x T°p, 0.984 0.01 0.9 1.5
Imidazolidine
Morpholinium
[X][Cl04] Imidazolium 3 Tin [X][ClO4] = 686.66 — 0.8947 x T°;, 0.952 0.01 0.7 1.0
Ammonium

Morpholinium
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100 LT — T3P
(o AT | = == 3| y™ (2)
N =l ° |
Teal — TR
|% AT ;| max = Max value of 100 x [W} (3)
m

The term R2, the coefficient of determination, is a
statistical parameter normally used for linear models and
provides a measure of how well the variables under study
are likely to be predicted, being 1.0 the best expected value
for a linear correlation [46]. As seen in Table 1, the three
statistical parameters indicate that the correlations are
acceptable for engineering calculations. Relative devia-
tions are below 1%, absolute deviations are below 3.7%, and
maximum deviation is 8.1%. The value of R? is higher than
0.93 for all cases.

6. Conclusions

Literature data on melting temperature of ionic liquids
have been analyzed to construct a database of recom-
mended values. The several criteria used for selecting
melting temperature data reduced the original 1165 values
available in the literature to a consistent database of 671
values. The ionic liquids containing hexaflurophosphate as
the anion have been selected as the reference fluid for
estimating the melting temperature of various types of
ionic liquids. A method based on the homologous
substance concept for estimating the melting temperature
has been presented and linear models were found for seven
families of ILs. The estimation method is considered to give
reasonable values of the normal melting temperature for
engineering calculations.
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Appendix A. Supplementary data

Additional Supporting Information includes a table contain-
ing the selected melting temperatures for 671 ionic liquids. The
full name of the ionic liquids, its global formula and its molecular
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further work, this paper must be cited. This information is
available free of charge via the Internet. Supplementary data
associated with this article can be found, in the online version, at
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