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In an attempt to develop predictive tools for the determination of new ionic liquid solvents, QSPR models
for the melting points of 126 structurally diverse pyridinium bromides in the temperature range 30-200°C
were developed with the CODESSA program. Six- and two-descriptor equations with squared correlation
coefficients (R2) of 0.788 and 0.713, respectively, are reported for the melting temperatures. The models
illustrate the importance of information content indices, total entropy, and the average nucleophilic reactivity
index for an N atom.

INTRODUCTION

Ionic liquids (IL) are a class of novel compounds that are
composed entirely of ions, melt at relatively low tempera-
tures, and may be thought to resemble molten metallic ionic
melts such as NaCl at 800°C. In contrast to the molten salts,
certain IL are moisture stable, have miniscule volatility, and
are water immiscible, all characteristics of a unique class of
potentially environmentally benign solvents.1-3 When con-
sidered as a new type of solvent, many IL are highly
solvating and noncoordinating which also broadens their
scope of applications to include catalysis and synthesis4 and
hence the designation “alternative reaction media”.4-6

As solvents, IL are capable of dissolving a myriad of
materials, ranging from rocks and coal components1 to spent
nuclear fuel cladding.7,8 As the extracting phase in liquid/
liquid separations, the underlying chemical and physical
properties of RTIL result in solute partitioning behavior that
is similar to that observed utilizing traditional organic
solvents.9,10 Choosing the “best” IL for a particular applica-
tion is currently problematic; the cation identity (imidazo-
lium, pyridinium, quaternary ammonium, phosphonium),
number of alkyl groups attached to the ring, type of
substituents (methyl, methoxy, ethyl, propyl, isopropyl), and
anion identity all contribute to the observed chemical and
physical properties (e.g., melting point, viscosity, hydropho-
bicity, and water content).10,11 Given the large number of
possible IL, QSPR can be a valuable tool toward modeling
and understanding IL systems and anticipating their physical
properties.

Ionic liquids (ILs) may be defined as materials which
incorporate at least one organic ion in an ion pair and are
liquid at temperatures of∼150 °C or lower.12 The ILs are

used in electrochemistry,13 biochemistry,14 and as solvents
for synthesis and catalysis.4,15-17 ILs have many useful
properties4,18 with benefits described as follows: (i) They
are good solvents for a wide range of both inorganic and
organic materials and allow unusual combinations of reagents
to be brought into the same phase.8,19 (ii) They are often
composed of poorly coordinating ions, so they have the
potential to be highly polar, yet noncoordinating solvents
exhibiting solvatochromatic properties rendering them similar
to short chain alcohols.10 (iii) They are immiscible with many
organic solvents and many cations combined with anions
such as PF6- and N(SO2CF3)2

- can sustain a biphasic system
where the IL is the extracting phase instead of a traditional
organic solvent.9,20,21(iv) They have relatively low viscosity,
high thermal stability, and a wide temperature range for the
liquid phase which encompasses that for water and am-
monia.1 (v) Many ionic liquids are nonvolatile and hence
may be used in high-vacuum systems.

Combined, these properties are significant for the consid-
eration of IL as a new class potentially “green” solvents. In
particular, the nonvolatile nature of many IL22,23 could
eliminate problems associated with the use of traditional
volatile organic solvents which may pose health, fire, and
environmental hazards.24 It must be understood, however,
that all of the risks associated with utilizing IL as solvents
are not yet known. Toxicity, economic, and environmental
impact data are still needed for classes of IL, and research
in these areas is currently in progress worldwide. Nonethe-
less, if it were possible to predict melting points and physical
properties of new IL, detailed and expensive analyses of the
safety, health, and environmental hazards could be concen-
trated on only a few of the most promising IL.

Melting point models have been previously developed for
some organic compound data sets.25 In our group, a QSPR
model was developed for the melting points of a large set
of mono- and disubstituted benzenes (443 compounds).26 The
most significant parameter in the model was the hydrogen
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bonding descriptor(HDSA2, atom-charge-related descriptor
based on the Zefirov’s electronegativity equalization scheme),
but quantum chemical descriptors were also found to be of
significant utility. A four-parameter model has been devel-
oped by P. Gramatica et al. to predict the melting points
(range: 16.5-310.0°C) of polychlorinated biphenyls using
WHIM descriptors.27 The model derived includes size
variables (nondirectionalAm and Tu, directional L2V and
symmetry variableG1p).

The current work aims to develop QSPR models for the
explanation and prediction of the melting points of IL.
Successful development of such models will lead to more
rapid development and testing of many new potentially
environmentally benign designer solvents.

DATA AND COMPUTATIONAL METHODS

The training set for the study was created from the data
available from the Beilstein database.28 For many com-
pounds, the Beilstein database contains several entries for
the melting temperature from different literature sources. The
agreement between those data entries was used to estimate
the reliability of the data.

The following methodology was used to prepare the
training set. The temperature range from 0 to 200°C was
divided into 10 degree subintervals, and a search for
pyridinium bromides in the Beilstein database28 was per-
formed for each of those subintervals. A maximum of 10
compounds was selected in each of the subintervals. The
compounds with a lower molecular weight were preferred
in the selection to minimize the computation time necessary
for semiempirical calculations. After excluding duplicate
structures from the whole collected data set, the final set of
126 compounds (Table S1) was produced. Within this data
set, 32 compounds had several data entries for the melting
temperature. In those cases the most recent data entry was
used. In most cases, the entries originating from different
literature sources were reasonably close showing differences
less than 10°C. In only three cases the melting temperatures
differed by more than 50°C.

The bromide ions were removed in all cases and then the
cationic part was optimized using MM+ method of Hyper-
chem.29 Final optimizations were performed with MOPAC
using the AM1 semiempirical method. AM1 force calcula-
tions were also performed to produce thermodynamic
parameters. These calculation results gave us the ability to
perform QSPR analysis using CODESSA software package.30

The CODESSA (Comprehensive Descriptors for Structural
and Statistical Analysis) program computes the descriptor
pool of about 500 descriptors including various constitutional,
topological, geometrical, electrostatic, quantum chemical, and
thermodynamic descriptors. CODESSA has been successfully
employed in QSPR studies of many physical properties
including boiling points, critical temperatures, vapor pres-
sures, and densities of structurally diverse organic compounds
and melting points of some narrow classes of organic
compounds.31 The CODESSA software package includes a
tool for effective descriptor generation and several statistical
methods for the development of QSPR equations.

Descriptors were calculated for all compounds and also
for fragments obtained by removing the pyridinium ring from
the cation. The fragment descriptors are further denoted as

having the prefix f. Next, the resulted descriptor matrices
were analyzed using the CODESSA internal statistical
engine.

RESULTS AND DISCUSSION

The CODESSA heuristic method32 of selection of the
“best” regression model was applied to the complete set of
126 structures. The heuristic method for descriptor selection
proceeds with a preselection of descriptors by eliminating
sequentially descriptors which do not match any of the
following criteria: (i) FisherF-criterion greater than one unit;
(ii) R2 value less than a value defined at the start (by default
0.01); (iii) Student’st-criterion less than that defined (by
default 0.1); and (iv) duplicate descriptors having a higher
squared intercorrelation coefficient than a predetermined level
(usually 0.8), retaining the descriptor with higherR2 with
reference to the property.

The remaining descriptors are then listed in decreasing
order of the correlation coefficients when used in a global
search for two-parameter correlations. Each significant two-
parameter correlation byF-criterion is recursively expanded
to ann-parameter correlation until the normalizedF-criterion
remains greater than the startup value. The topN correlations
by R2 as well asF-criterion are saved.

The heuristic correlations performed for the whole set
provide the optimal equations for different numbers of
descriptors in the range of 1-11. The descriptors involved
in these correlations are listed in Table S2 in order of their
statistical significance according tot-test. Plots ofR2 and
R2

cV values against the number of descriptors, given in Figure
1, provide guidance regarding the number of descriptors to
retain in the model. Figure 1 reveals that most of the increase
in the R2 value was obtained in the first two models. The
best two-parameter model hasR2 ) 0.713,s ) 26.4 K and
contains four outliers according to 95% confidence limit
(structures 93, 120, 121, and 123 in Table S1). The next
step was studying intercorrelations between descriptors
starting from the nine-descriptor model, whereR2 levels off

Figure 1. Plot of R2 and cross-validatedR2 against the number of
descriptors.

Table 1. Correlation Coefficients of Descriptors with the
Remaining Descriptors in the Six-Descriptor Model

descriptor R2

f-average complementary information content (order 0) 0.399
average nucleophilic reactivity index for a N atom 0.062
average information content (order 2) 0.320
lowest normal mode vibrational frequency 0.277
f-relative number of rings 0.191
min. Coulombic interaction for a C-H bond 0.180
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andR2
cV is maximized. To this end, a multilinear least-squares

analysis was performed for each descriptor with respect to
the rest of the descriptors in nine-, eight-, seven- and six-
parameter models. The analysis showed that the six-
parameter equation was the first model where allR2 values
remained below 0.5. TheseR2 values are given in Table 1.
The correlation coefficients for the descriptors in two- and
six-parameter models are given in Table 2. The best
correlation with six descriptors hasR2 ) 0.788,F ) 73.24,
ands ) 23.0 K. The melting temperatures predicted by the
six-parameter equation are included in Table S1, and the
corresponding correlation chart is given in Figure 2. Six data
points in this model lie outside the range of(2 s (95%
confidence limit) from the predicted value (structures 31,
47, 59, 93, 96, 120, and 122).

The most significant descriptor in most of the models of
Table S2 is the zeroth order average complementary infor-

mation content (0CIC). This descriptor and the second-

order average information content2IC describe the connec-
tivity and branching in a molecule and can be related to
molecular shape and symmetry. The relative number of rings
in the fragments can also be related to molecular shape. The

negative regression coefficients for0CIC and 2IC reflect
the fact that cations with lower symmetry have weaker
coordination ability that leads to lower melting temperatures.
The second most significant descriptor in both two- and six-
descriptor models is the average nucleophilic reactivity index
for an N atom. This descriptor is likely connected to
electrostatic intermolecular interactions including multipole
interactions involving nitrogen atom of the pyridinium ring.
The lowest normal mode vibrational frequency can be
associated with the flexibility of the molecule. The most

significant descriptor in the two-parameter model, the total
entropy per atom, can be related to an increase in the
conformational and rotational degrees of freedom for the
molecules in the liquid phase.

VALIDATION

To validate the six-descriptor equation developed for the
prediction of melting temperatures, the whole set of com-
pounds was divided into three subsets A, B, and C. Structures
1, 4, 7, etc. in Table S1 formed subset A, structures 2, 5, 8,
etc. formed subset B, and structures 3, 6, 9, etc. formed subset
C. Correlation models were obtained for the subsets A+B,
A+C, and B+C. The resulting new correlation models were
used in turn to predict the melting temperatures for subsets
C, B, and A, respectively. Correlation coefficients and
standard errors of fit and prediction are presented in Table
3. The correlation chart of the validation showing the
summary of all three predictions is given in Figure 3.

CONCLUSIONS

A six-descriptor equation with a reasonably good correla-
tion has been developed for the prediction of the melting
temperatures of pyridinium bromides based on the correlation
analysis of the melting point data for a diverse set of 126
compounds. The following descriptors appeared to be the
most significant contributors to the model: (i) two informa-

Table 2. Two- and Six-Parameter Correlations of Melting Points of Pyridinium Bromides by the Heuristic Method

#P R2 R2
cv F X + ∆X t-test name of the descriptor

2 0.7125 0.7002 151.16 0 -(1.91( 0.20)‚102 -9.6301 intercept
1 (6.74( 0.45)‚10 15.0260 total entropy (300 K)/# of atoms
2 (2.84( 0.42)‚103 6.8270 average nucleophilic reactivity index for a N atom

6 0.7883 0.7624 73.24 0 (8.25( 1.50)‚102 5.5036 intercept
1 -4.79( 0.29 -16.6574 f-average complementary information content (order 0)
2 (2.21( 0.37)‚102 5.9478 average nucleophilic reactivity index for a N atom
3 -4.48( 0.81 -5.5184 average information content (order 2)
4 -(3.69( 0.87)‚102 -4.2365 lowest normal mode vibrational frequency
5 -(1.60( 0.40)‚101 -4.0163 f-relative number of rings
6 -(1.15( 0.39)‚101 -2.9450 min. Coulombic interaction for a C-H bond

Figure 2. Calculated vs experimental melting temperatures for the
set of 126 pyridinium bromides in the six-descriptor model.

Table 3. Validation of the Six-Descriptor Melting Temperature
Correlation Equation

subset trainingR2
standard

training error predictionR2
standard

prediction error

A+B 0.8002 23.71 0.7570 24.05
A+C 0.7857 23.29 0.7785 25.53
B+C 0.7905 22.55 0.7691 27.10

Figure 3. Cross-validation plot for the six-descriptor model.
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tion content indices reflecting the coordination ability of a
cation, (ii) the average nucleophilic reactivity index for an
N atom related to electrostatic intermolecular interactions,
and (iii) total entropy per atom related to the difference in
conformational and rotational degrees of freedom in solid
and liquid phases.

Because of the dominating role of the cation in determining
the properties of ionic liquids, the developed models can help
to screen candidate lead compounds in search for new
potential ILs or to suggest directions for new lead molecules.
The technique used in this work can be extended by
developing models for different sufficiently narrow classes
of cations commonly occurring in known ionic liquids, such
as pyridinium, phosphonium, and ammonium cations.
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