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QSPR correlation for conductivities and
viscosities of low-temperature melting

ionic liquids

Riccardo Bini®, Marco Malvaldi®, William R. Pitner® and Cinzia Chiappe®*

In order to rationalize the physicochemical behaviour of ionic liquids (ILs), quantitative structure-property relation-
ship (QSPR) models have been derived for the conductivity and viscosity of a class of ILs based on the bis(trifluor-
omethylsulphonyl)imide anion. Data obtained at two different temperatures were analysed to assess the consistency
of the derived relationships. Satisfactory correlations were found for both properties, although the QSPR derived for
viscosity was heavily temperature dependent. ILs containing nitrile-functionalized cations could not be inserted into
satisfactory QSPR. Copyright © 2008 John Wiley & Sons, Ltd.
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INTRODUCTION

lonic liquids (ILs) are salts that are liquid at ambient temperature
and are generally composed of an organic cation (typically, a
quaternary ammonium or a functionalized imidazolium cation)
and an anion, which is usually inorganic. The study of ILs has
experienced huge growth in recent years as a promising field for
the development of new environmentally sustainable technol-
ogies. The interesting features of ILs include a negligible vapour
pressure, excellent and adjustable solvation power for organic,
inorganic and polymeric compounds, non-flammability, high
thermal and electrochemical stability. These properties make ILs a
viable alternative to organic volatile solvents and have stimulated
a great deal of interest in the use of ILs in a wide range of
applications, including chemical synthesis, separation processes,
catalysis and as electrolytic solutions for batteries and for
electrodepositions of metals.'”?

Careful choice of the anion-cation combination allows
synthesis of ILs with physical and chemical properties tailored
to a specific task.® According to Katritzky et al,' there are
approximately 10'® anion—cation combinations that can lead to
useful ILs; therefore, it is necessary to develop and employ
predictive computational tools capable of contributing to the
design of new ILs with the desired properties.

The target properties of this study were ionic conductivity and
viscosity. In solvents designed for organic reactions, viscosity
determines the kinetic regime (diffusion-controlled or activa-
tion-controlled) and, if the reaction is diffusion-controlled, is a
parameter entering directly in the kinetic constant. Even in an
activation-controlled regime, however, highly viscous media dis-
play a non-negligible dependence of the kinetics from viscosity.
Application of Kramers theory"™ is one methodology for
accounting for such effects. It is worth noting that ILs do not
fulfil the initial assumptions of Kramers theory, and, thus, a
microscopic approach, based on time-dependent response func-
tions, is necessary to quantitatively account for the incoherent
mechanical fluctuations which are the molecular origin of
viscosity. In addition, viscosity is very important as a physical

property in the application of ILs as raw materials as, for example,
lubricants or mechanical dampers.!'"]

Conductivity is also an important feature in a wide range of
chemical applications involving batteries or electrodeposition of
metals, where ILs are now considered as promising deposition
media."? Conductivity and viscosity are related phenomena;
Walden observed that for aqueous solutions of electrolytes, the
magnitude of the equivalent conductivity is inversely pro-
portional to magnitude of the viscosity."*! Much thought has
recently focused on the application of the Walden's observation
to ILs, which are pure electrolyte systems rather than aqueous
solutions. Deviations from the relationship have been used to
classify electrolytes as super-ionic, ionic and poorly ILs,™ to
explore the ‘ionicity’ of ILs"®' and to investigate ion-pair
formation.l'®

To test a possible predictive method, we have employed an
approach based on descriptors derived from molecular orbital
(MO) calculations. Such models based on quantitative struc-
ture-property relationship (QSPR) coupled with such kind of
descriptors have previously been proposed for the predicting the
melting point of ILs.®'7"22! Three recent papers have proposed
this approach for predicting viscosity and conductivity.2>2%

Although a great number of studies on the thermophysical and
transport properties of ILs have been published up to now, they
cannot be used to build up a consistent and reliable database to
be used in order to compare different systems or to perform
numerical analysis. This is due to several reasons: experimental
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data are given for different systems coming from different
sources or are measured under non-equivalent conditions. For
example, viscosities are often measured with ordinary visc-
ometers without the possibility to define the shear rate, which
are designed for low-viscosity fluids and thus have an
unacceptably high experimental uncertainty when used with
high-viscosity (and non-Newtonian) ILs. Another source of poor
reproducibility is the unknown level of impurities arising from
sample preparation and handling (e.g. halides, water), which can
strongly affect the transport properties of ILs.!2>?® Thus,
measurements performed in different laboratories on samples
prepared with different procedures containing unreported
quantities of impurities often do not match an acceptable
degree of reproducibility for constructing and testing a model.

In the following, correlations will be presented on a data set
collected from ILs synthesized and characterized in the same
laboratory, and not taken from literature; only few such studies
has currently employed this methodology, and this on a
necessarily limited data set.l?’*”

METHODS

Synthesis and characterization

The synthesis of the ILs used for this research follow well-
established protocols.?® All chemicals were used as supplied
without further purification. The general procedure for IL
synthesis was as follows: a haloalkane (1.1 mol) and an organic
base (1.0 mol) were combined with 150 ml acetonitrile and stirred
under reflux at 80 °C for up to 10 days. The solution was cooled to
room temperature and the resulting halide salt was crystal-
lized through the addition of ethyl acetate, isolated by filtration,
rinsed with further washings of ethyl acetate and dried under
reduced pressure (ca. 1mbar) at 60°C for 24h. A portion of
the isolated halide salt (0.5 mol) was then dissolved in 150 ml
of deionized water, to which was added an aqueous solution of
HIN(SO,CF3),] (0.6 mol). After mixing the resulting two-phase
mixture for 1h, 100ml of dichloromethane was added, and
the organic and aqueous phases were separated. The organic
phase was washed with deionized water and then dried under
vacuum to remove both the dichloromethane and residual water
to yield the IL.

The identity of each IL was confirmed with TH NMR spec-
troscopy and ESI mass spectroscopy. Halide content was
determined by ionic chromatography using a Metrohm system
equipped with a model 820 IC separation center, a 819 IC detector
and a Metrosepp A Supp 5 column; the eluent was an aqueous
mixture containing 3.2 x 103 mol L Na,COs, 1.0 x 10 3mol L™
NaHCO; and 5% acetonitrile. Water content was determined
coulometrically using a Metrohm model 831 KF Coulometer with
CombiCoulomat fritless Karl-Fischer reagent. All reported
viscosity, density, and conductivity values are for ILs containing
less than 500 ppm water and less than 100 ppm halide.

Viscosity measurements were performed with an Anton Paar
model SVM 3000 Stabinger Viscometer. Conductivity measure-
ments were carried out using a Knick model Konduktometer
703 conductivity meter equipped with a model ZU6985
conductivity cell; the sample cell was placed in a Binder model
MK 53 climate control box, which controlled the temperature to
+0.1°C. The ILs synthesized, together with values of viscosity,
density and conductivity are reported in Table 1.

Calculations

All ab initio quantum mechanical calculations have been perfor-
med with Gaussian 03.2! The cations were optimized at the
DFT level with the B3LYP functional. Vibrational frequencies
were calculated for all cations using the same level of theory as
the optimizations. Partial atomic charges, unless specified
otherwise in the description of electrostatic properties, were
calculated using the Natural Bond Orbital method as imple-
mented in Gaussian.

The program CODESSA version 2.7.5%% was employed to derive
correlations between each descriptor and the conductivity and
viscosity data in order to derive the QSPRs and to calculate the
statistics for the same relationships. For each QSPR the correlation
coefficient (r), the Fisher significance parameter (F), the cross-
validated correlation coefficient calculated using a leave-one-out
method (R2cv) and the corrected mean square error (s2) were
determined. CODESSA's heuristic method was used to obtain
viscosity and conductivity QSPRs. Before derivation of QSPRs, the
method selects descriptors that correlate poorly with the
property data, ill-defined descriptors for some compounds and
descriptors intercorrelating with other descriptors; these selected
descriptors are discarded for the calculations of QSPRs.

CODESSA divides the descriptors into classes: constitutional,
topological, geometrical, electrostatic, quantum mechanical and
thermodynamic. Of these classes, constitutional, topological and
geometrical descriptors are usually not among the best descrip-
tors and their chemical implications appears often unclear, and
are unhelpful in the rationalization of the experimental behaviour
on the basis of QSPRs. For these reasons, in the following
calculations only the electrostatic, quantum mechanical and
thermodynamic descriptors have been used. The starting
descriptor pool consisted of 250-254 descriptors, depending
on the nature of the molecule. With the heuristic method,
elimination of ill-defined, inter-correlated and poorly correlated
descriptors led to a set of about 120 descriptors.

RESULTS AND DISCUSSION

The properties analysed are viscosity and conductivity of 33 ILs
based on imidazolium, pyridium, piperidinium and morpholi-
nium cations, bearing linear alkyl or oxyalkyl chains. Data were
collected at two different temperatures (293 and 353K, respec-
tively), in order to assess if the temperature region at which the
correlations are performed can affect the best descriptor set used
and the correlations founded. For each data set, we performed
correlations for a growing number of descriptors in the range
from 1 to 8. Plots of R2 and R2cv values against the number of
descriptors, together with analysis of the relative importance of
further descriptors in the QSPRs, can provide some indications
about the number of descriptors adequate to describe the model.

As a first aspect, all data points pertaining to nitrile-
functionalized ILs in the original data set were obvious outliers,
falling well outside the 95% confidence limit. This is not
surprising: recent reports®"’ have indicated that this class of
compounds displays rather peculiar properties (such as extre-
mely high viscosity) independent from the aromatic or aliphatic
head group of the cation. To improve the quality of the
correlation, all of the data pertaining to the nitrile-functionalized
ILs have been discarded from the data set in the actual QSPR
calculations presented.
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Table 3. Correlations of conductivity at T=353K by the heuristic method

#D R2 R2cv F X+ DX t-Test Descriptor

1 0.7572 0.7158 77.95 1.0332e + 00 1.4100e + 00 0.7328 Intercept
1.1854e + 02 1.3426e + 01 8.8291 Principal moment of inertia A

2 0.8716 0.8366 81.46 8.7727e + 00 1.1824e + 00 74192 Intercept
2.4313e +03 1.9978e + 02 12.1694 Principal moment of inertia A
—1.3310e+02 2.211e 401 —6.0178 Maximum partial charge (Qmax)

3 0.9000 0.8610 68.97 9.8919e + 00 1.1527e + 00 8.5816 Intercept
2.2095e + 03 1.9997e + 02 11.0493 Principal moment of inertia A
—1.2174e + 02 2.043e 401 —5.9584 Maximum partial charge (Qmax)
—7.0256e +01 2.751e + 01 —2.5538 Maximum 1-electron reactive index

for a C atom

4 0.9388 0.9112 84.33 4.1767e 401 7.7859e 4 00 5.3644 Intercept
1.2168e + 03 2.8636e + 02 4.2491 Principal moment of inertia A
—1.3417e 402 2.071e 401 —6.4785 Maximum partial charge (Qmax)
5.8154e +01 1.2471e +01 46633 HA dependent HDSA-1/TMSA
—2.0287e + 02 4.834e 401 —4.1961 FPSA-3 fractional PPSA

and, subsequently, to form stable ion pairs that do not contribute
to electric conduction. As has been recently argued by
Watanabe,®233! the degree of ionicity is of capital importance
in the conductivity of ILs and of their mixtures with polar solvents.
The principal moment of inertia is related to the length of the
substituent alkyl chain, regardless of the kind of functional
groups present on the chain. It is not unrealistic that long chains
affect the cation’s ability to coordinate anions and, therefore, to
form ionic pairs of partially ‘correlated’ anions and cations.>* The
correlation chart for conductivity at 293K in the four-descriptors
model, which was judged to be satisfying, is reported in Fig. 3.

It is notable that the correlations found for the higher
temperature are essentially of the same nature, and that the two
main contributions to the correlations are from the same
descriptors reported for the data sets related to 293 K. This is
equivalent to saying that the analysis of conductivity gives
reliable correlations regardless of temperature. The correlation
for conductivity at 353 K in the three-descriptors model (Fig. 4) is
nevertheless much more satisfying than its four-descriptors
counterpart at lower temperatures, displaying an R2=0.900

&) w =
T T T

Experimental Conductivity (mS/cm)

2 3
Calculated Conductivity (mS/cm)

Figure 3. Calculated versus experimental conductivities at 293K in the
four-descriptors model

which is quite higher that the value of R2 =0.8174 obtained with
four-descriptors model at lower temperature.

Viscosity

The main correlations of viscosity at 293 and 353 K are reported in
Tables 4 and 5, respectively. Here, as in the conductivity analysis,
the quality of correlation improves with increased temperature.
When the results obtained at the two different temperatures are
compared, the important descriptors and correlations obtained
in this analysis differ even qualitatively; this is significantly
different from the case for conductivity, where the correlating
factors were essentially of the same nature.

At the lower temperature (293K), the most important
descriptor appears to be the fractional negative surface area
FNSA-3 Fractional PNSA (PNSA-3/TMSA) [Quantum-Chemical PC]
and the maximum 1-electron reactive index for a C atom. The first
descriptor is a measurement of the negatively charged surface
area accessible to the surrounding molecules, while the second is
a Fukui function designed specifically to describe chemical

25 T T T T

- - ]
(=] i (=1
T T T

Experimental Conductivity (mS/cm)

%
I

0 . \ . | . | . 1
0 5 10 20 25

15
Calculated Conductivity (mS/cm)

Figure 4. Calculated versus experimental conductivities at 353K in the
three-descriptors model
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Table 4. Correlations of viscosity at T=293 K by the heuristic method

#D R2 R2cv F X+DX t-Test Descriptor
1 0.5652 0.4107 35.10 —2.1524e + 03 4.1658e + 02 —5.1669 Intercept
2.9054e + 01 4.9039%e + 00 5.9247  DPSA-3 difference in CPSAs
2 0.7081 0.5870 31.54 7.8235e + 01 89379 + 01 0.8753 Intercept
—2.2911e+ 04 3.0480e +03  —7.5168  Avg. nucleophilic reactive index for a O atom
—1.5355e+03 2.2089e +02  —6.9517  Minimum net charge for a O atom
3 0.7842 0.6352 30.29 2.0173e + 03 7.6003e + 02 2.6542 Intercept
—1.2457e + 04 2.0231e 4+ 03 —6.1574 FNSA-3 fractional PNSA
1.3351e + 04 2.6852e + 03 49721 Maximum 1-electron reactive index for a C atom
—2.1173e+03 7.0137e +02  —3.0188  No. of occ. electronic levels/# of atoms
4 0.8755 0.7647 42.18 —7.1852e + 01 2.9694e + 02 —0.2420 Intercept
—1.4507e + 04 1.6351e 403 —8.8726 FNSA-3 fractional PNSA
1.0005e + 04 2.2353e 03 44759  Maximum 1-electron reactive index for a C atom
2.9155e + 02 6.3130e + 01 46182 FPSA-2 fractional PPSA
—3.7319e — 01 8.7371e—02  —4.2714  Highest normal mode vib. frequency

Table 5. Correlations of viscosity at T=353 K by the heuristic method

#D R2 R2cv F X+ DX t-Test Descriptor
1 0.6191 0.5478 4388 —4.5057e+01 9.4166e + 00 —4.7849 Intercept
7.3432e — 01 1.1085e — 01 6.6245 DPSA-3 difference in CPSAs
2 0.8345 0.7665 65.54 1.4347e 4+ 01 2.5491e + 00 5.6281 Intercept
—1.9461e + 02 2.4518e + 01 —7.9376 Maximum electrophilic reactive index for a N atom
—4.1512e + 01 6.2565e 4- 00 —6.6351 FNSA-2 fractional PNSA
3 0.8982 0.8577 7349  4.1532e 401 6.5614e 400 6.3297 Intercept
—1.7823e+ 02 2.011e 4 01 —8.8623 Maximum electrophilic reactive index for a N atom
—7.9424e — 01 8.8380e — 02 —8.9867 PNSA-3 atomic charge weighted PNSA
—1.7107e + 01 4.073e 4+ 00 —4.1991 Maximum atomic orbital electronic population
4 0.9460 0.9287 105.1 5.5026e + 01 5.8181e 400 94577 Intercept
—1.6570e+02 1.5039e+01 —11.017 Maximum electrophilic reactive index for a N atom
—1.2079e 4 00 1.0245e-01 —11.790 PNSA-3 atomic charge weighted PNSA
—1.2950e + 02 2.0614e + 01 —6.2821  Polarity parameter (Qmax—Qmin)
—7.1295e — 03 1.4367e — 03 —4.9626  Highest normal mode vib. frequency

reactions; both these descriptors can be thought to account for
cation-anion interactions. Since the mobility (and thus the
viscosity) of an IL is ruled by a slow ion-exchange mechanism,>%
which is dependent on the interaction strength, the presence of
such descriptors appears physically reasonable. Nevertheless, the
correlation obtained (Fig. 5) is rather poor: although for the
four-descriptor model the R2 is satisfying (0.8755), a visual
inspection of the correlation chart reveals an unsatisfactory
correlation, particularly in the low-viscosity area. A possible
explanation for this may be the inhomogeneous distribution of
viscosity values in the data set, as a consequence of the fact that
morpholinium-based ILs display a viscosity quite higher (about 1
order of magnitude) with respect to the other ILs of the data set.
As appears by inspection of Fig. 5, the data set is somewhat
spreaded in two regions of low (non-morpholinium) and high
(morpholinium) viscosity. The correlation obtained thus matches
these two macroregions with different viscosity values, but fails in
describing in detail the behaviour of viscosity.

It is nevertheless known that the modelling of viscosity through a
descriptor-based QSPR is usually a hard work, and that often this
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Figure 5. Calculated versus experimental viscosities at 293K in the
four-descriptors model
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Figure 6. Calculated versus experimental viscosities at 353K in the
three-descriptors model. This figure is available in colour online at
www.interscience.wiley.com/journal/poc

property shows nonlinear behaviour. Actually, elimination of the
six highest viscosity data points and analysis of the subsequently
reduced data set gave qualitatively similar results: this indicates
that the inhomogeneity of data set may not be the only factor
affecting the quality of the obtained relationship.

A much better correlation set is obtained at the higher
temperature (353 K); here, the most important descriptors in all
the correlation sets are the FNSA-3 Fractional PNSA (PNSA-3/
TMSA) [Quantum-Chemical PC] and the maximum electrophilic
reactivity index for a N atom (Fig. 6). As with the former, we
interpreted these two descriptors as a measure of the strength
of the cation-anion interaction; we note, however, that the
descriptors obtained are different from the ones given by
the analysis of the lower temperature data. The quality of the
correlation obtained here is satisfying; with a three-descriptor
model (one less descriptor than for the lower temperature), the
R2 obtained is 0.8982 and the quality of the fit is visually
convincing.

A possible reason for the striking difference between the two
temperatures may be the fact that complex fluids near to the
super-cooling regime or glass-transition temperature often
exhibit non-Newtonian behaviour; that is, the viscosity is a
function of the shear rate at which it is measured; some ILs have
been found to display such behaviour®®! As a consequence,
comparing the viscosity of a Newtonian and of a non-Newtonian
liquid measured at the same shear rate may be seen as
comparing two different properties, since the mobility of
supercooled and simple liquids is ruled by different phenomena.
Comparison of data acquired at elevated temperatures may thus
act to eliminate or reduce such differences.

CONCLUSIONS

We have presented QSPR for the conductivity and viscosity of a
class of ILs specifically designed for electrochemical applications.
Satisfactory correlations have been obtained after elimination
from the data set of the data pertaining to nitrile-functionalized
cations, which probably exhibit specific interactions not captur-
ed by the set of descriptors selected. All the correlations
improved when calculated with the data measured at the higher
temperature. With respect to viscosity, qualitatively different
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correlations were found between the analyses at two different
temperatures. The origin of such discrepancies cannot be
assessed definitely: we note, however, that the non-Newtonian
behaviour of some ILs at room temperature is expected to
contribute. Viscosity and conductivity, although correlated in
their molecular origin, are described with different accuracy;
while conductivity turns out to be a property which is well
described by a QSPR approach, viscosity appears to be quite
more difficult to rationalize. We have to keep in mind, however,
that viscosity is generally speaking a quite difficult property to be
modelled or predicted. The problems encountered here in
modelling the viscosity behaviour by the QSPR approach are then
not surprising.

In this sense, due to the very nature of the properties that are
modelled, some bulk properties are efficiently described by QSPR
approach in molecular and ILs, while for other properties
(typically transport properties) there is room for considerable
improvement.

The most important descriptors founded in correlation of both
properties are, in principle, a measurement of interaction
between ions; this appears physically sound, as the mobility
and ability to transport electric charge are intimately connected
to the degree of ionic association and the interaction potentials
between ions.

From our results, and the studies already presented in the
literature, it is our opinion that such numerical approach can find
its application in discriminating amongst different classes of ILs
(e.g. imidazolium, pyridinium) or to optimize and modulate
properties among the same class; nevertheless, its power as a
general predictive tool for the whole set of possible ILs appears to
be questionable, on the basis of the complexity of correlations
obtained for the large and heterogeneous data sets found in the
literature.

As explained in the text, we utilized only general electrostatic,
thermodynamic, and quantum-chemical descriptors. A possible
way to improve the reliability and predictive power of QSPR
methods, when applied to ILs, may be to design and test new
kind of dedicated descriptors on the basis of what suggested
from experiments and chemical knowledge.

As a final remark, we stress that it is common practice to collect
experimental data sets for the physico-chemical properties of ILs
from reviews or collection of articles, thus obtaining a data set of
properties measured in different conditions on ILs synthesized
with differing and often unknown degrees of purity. As already
stressed in the Section Introduction, it is known that properties of
ILs depend heavily on the degree of purity which cannot always
be easily controlled. The measured properties for the same IL can
thus vary to a non-negligible extent if measured in different
situations: we note, as an example, that the values found in the
literature for the viscosity of [bmim][Tf,N] (52 mPas®® and
57.6 mPas®’) differs noticeably (17 and 11%) from the one
measured by us (64 mPa s) at nominally the same conditions. It is
therefore advisable to perform correlations on data sets obtained
under the same conditions, since experimental variation aspect
can deeply affect the results.
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