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How to Predict the Physical Properties of Ionic Liquids: A Volume-

Based Approach**

John M. Slattery,* Corinne Daguenet, Paul J. Dyson, Thomas J. S. Schubert, and Ingo Krossing*

Tonic liquids (ILs) have captured the imagination of a large
and steadily growing community of scientists due to their
applications as reaction media,"? in batteries and super-
capacitors,” in solar and fuel cells/ for electrochemical
deposition of metals and semiconductors,®! for protein
extraction and crystallization,” in nanoscience,” in physical
chemistry,® and many others. By choosing different combi-
nations of ions, or by modifying the chemical structures of the
constituent ions, the physical properties of an IL can be
significantly altered. However, the number of possible
modifications is huge, and one can envisage an enormous
number of salts that have the potential to form ILs—some say
as many as 102 to 10'8.1% Since the vast majority of these
have yet to be synthesized, it is imperative to develop
methods to predict the physical properties of unknown ILs in
order to facilitate the design of new materials and reduce the
need for time-consuming trial-and-error syntheses. The “Holy
Grail” is the full characterization of an unknown IL prior to
its laboratory synthesis.

Previous attempts to make quantitative predictions of the
physical properties of ILs by using quantitative structure—
property relationships (QSAR), molecular mechanics (MM)
simulations, as well as modifying older ideas, such as the
concept of “hole theory” or the “Parachor”, have had some
success.'*?! However, these methods all have significant
drawbacks which limit their application for predicting the
properties of unknown salts. These include the need for large
experimental datasets to derive correlations, time-consuming
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computational methods, or the need for at least some
experimental data from the IL under study.

We recently showed that the relatively low melting points
of ILs can be understood by a simple thermodynamic cycle
based on lattice and solvation energies.'*!l This model also
allowed the prediction of the melting points (and dielectric
constants) of ILs with good accuracy. Subsequently, we
noticed a strong relationship between the molecular volumes
V.. of ILs and their fundamental physical properties: viscosity,
conductivity, and density. Herein we describe these simple
relationships and show that it is possible for nonspecialists to
predict the physical properties of even unknown ILs with very
good accuracy from only their molecular volumes and an
anion-dependent correlation.

The molecular volume V,, (or formula-unit volume) of a
salt is a physical observable and is defined as the sum of the
ionic volumes Vi, of the constituent ions. For example, for a
binary IL V, is given by Equation (1).

Vm = Vion(A+) + Vion(Xi) (1)

The ionic volume is a measure of the size of an ion, similar
to the traditional ionic radius."”) However, ionic radii are
poorly defined and arguably not physically meaningful for
nonsymmetrical ions such as those found in many ILs. In
contrast, ionic volumes are well defined and equally valid for
symmetrical and nonsymmetrical ions. The ionic volume can
be derived from crystal structures (e.g., the CCDC Data-
base)!'! containing the ion of interest in combination with a
reference ion of known volume (see Table 1, the Supporting

Table 1: lonic volumes for ions found in this study.

lon Vion [nm’] lon Vion [nm’]

[CMIM]TE 0.1564+0.018 [C,MPyr] T 0.22140.015
[CsMIM]TE 0.178£0.028 [CsMPyr] 1 0.238+0.018
[CMIM]TE 0.196 +0.021 [CsNEt,] 'l 0.268+£0.016
[CsMIM]TE 0.21940.015 [C,NMe;] ! 0.198+0.013
[CeMIM]FE! 0.242+0.015 [SEt;]" 0.177+0.017
[C:MIM]E 0.28840.015 [MeSPh,]* 0.268 +0.015
[C,MMIM]TE! 0.22940.012 [BF.]™ 0.073 +0.009
[C(CNYMIM] T 0.167+0.013 [PFe” 0.109 40.008
[Cs(CNYMIM] T 0.19440.015 [Tfo] 0.13140.015
[C4(CN)MIM] T 0.22240.013 [TFN] 0.23240.015
[C,Py] 0.1984+0.013 [N(CN),]~ 0.08940.010

[a] [C,MIM]" =1-alkyl-3-methylimidazolium, where n is the length of the
alkyl chain. [b] [C,MMIM]" =1-butyl-2,3-dimethylimidazolium.
[C.(CNYMIM]"=[C,MIM]" with a terminal nitrile group in the longer
alkyl chain. [d] [C,Py]" =butylpyridinium. [e] [C,MPyr]" = 1-butyl-4-meth-
ylpyrrolidinium. [f] [CsMPyr]* =1-pentyl-4-methylpyrrolidinium. [g] Cs=
pentyl. [h] C,=butyl.
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Information, and references [13,17,18] for details and new
ionic volumes). Moreover, it is possible to assess V;,, and thus
V., on the basis of extrapolation of available data or simple
quantum chemical calculations of the volume for the ion in
question. Thus, it is possible to establish V,, for unknown ILs
with good accuracy prior to synthesis.

To establish meaningful correlations between the physical
properties of ILs and their molecular volumes, accurate
physical data were required for a range of ILs. Only data from
highly purified ILs, synthesized by us, with experimentally
determined low contents of halide and water (typically less
than 100 ppm) were used in this work.[!*:%

The molecular volumes of a series of ILs based on
bis(trifloromethylsulfonyl)imide ([Tf,N]~) as the anion were
found to be strongly correlated (R*=0.94) with their vis-
cosities (Figure 1a, ). The viscosity of these ILs increases
exponentially with increasing V,,. Remarkably, this correla-
tion is independent of the molecular structure of the cation,
even though five different cation types (imidazolium, pyridi-
nium, pyrrolidinium, ammonium, and sulfonium cations)
were included in the dataset. When data from ILs based on
different anions were included, it became clear that the
correlations are strongly anion dependent. lonic liquids based
on fluorometalate ions ([BF,]™ and [PF,]") and dicyanamide
ions ([N(CN),]") formed separate series to those based on
[TE,N]~ ions (Figure 1a, o and e). In these cases the
correlations also appear to be independent of the cation
structure, although fewer cation types were considered. When
functionalized imidazolium fluorometalate ILs with a termi-
nal nitrile group in the longer alkyl chain, that is,
[C,(CN)MIM][MF,] ILs,?! were considered, they did not fit
with the data for other fluorometalate salts, but rather formed
a fourth distinct series (Figure 1a, m).

The viscosity correlations shown in Figure 1a give empir-
ical equations that have an Arrhenius (or perhaps more
appropriately Vogel-Fulcher-Tammann) form [Eq. (2)]%
where a is the empirical pre-exponential factor (in cP), b is
an empirical constant (in nm~?), and V,, is the molecular
volume (in nm?). Empirical constants for each series are given
in Table 2.

bV

n=ae )

For particles (here ions) in a fluid to move in response to
an applied force they must overcome the attractive (Cou-
lomb) interactions with their neighbors. Thus, for a particle to
move it must have a minimum energy E,. The probability of a
particle having energy E, is given by a Boltzmann distribution
and thus is proportional to e %%, Since the viscosity of a fluid
is inversely proportional to the mobility of the particles within
it, the viscosity is related to E, according to Equation (3).

E,/RT

noce 3)

When this is compared to Equation (2) it becomes clear
that the molecular volume of the IL is incorporated in the E,
term of Equation (3). Such a hypothesis is reasonable, since
the volume of the particles in a fluid is clearly related to the
minimum energy required for them to move. The empirical
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Figure 1. Correlations between a) molecular volume and viscosity and
b) molecular volume and conductivity, both at 20-22°C.

m [C,(CN)MIM][MF,] salts, & [MF,]” salts, @ [N(CN),]" salts, & [T,N]~
salts. A suspected outlier in the [MF,]” data is circled; this point was
not included when determining the regression line. Viscosities and
conductivities are plotted on logarithmic axes; x and y in the
regression equations are V,, and 5 or o, respectively. [MF,]™ is either
[BF4]™ or [PFe]™. The cations used for A, @, and e can be found in the
Supporting Information.

Table 2: Summary of empirical constants for T=20-22°C [see Egs. (2),
(4), and (5)].
IL anion/type a b c d g h

[TF,N]~ 0.0993 15.042 8717.4 18.447 1.4684 1.0026
IMF]~ 04715 20.617 33475 17.725 1.4684 1.0026
IN(CN),]- 03579 15.774 1011.7 15.461 1.4684 1.0026
[C,(CN)MIM][MF,] 0.0082 37.788 - - - -

equations shown in Figure 1 each contain a constant b, which
is multiplied by V. These constants contain the temperature-
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dependent part of Equation (3), which should allow one to
extrapolate these correlations to different temperature
regimes and predict the viscosities of ILs at different temper-
atures. The b constants also contain the remaining part of the
E, term, and the magnitude of this constant is related to the
strength of the intermolecular interactions in the IL. Stronger
intermolecular interactions make it more difficult for a
particle to overcome the interactions with its neighbors and
thus increase FE,.

The magnitudes of the b constants (see Table 2) help to
explain why separate series are seen for different anion types
and for the functionalized cations. In ILs containing the
relatively weakly coordinating [Tf,N]" ion, b is 15.042.%% For
the more strongly coordinating fluorometalate anions a larger
b value of 20.617 is found, and the viscosity of these ILs
increases more rapidly with increasing V. Functionalization
of the imidazolium cations leads to a b value of 37.788.
Clearly, incorporation of the Lewis basic and relatively polar
nitrile group in the cation strengthens the intermolecular
interactions in these ILs.

Similar anion-dependent correlations were found for the
conductivities of the ILs (Figure 1b).**! Good correlations
were found for the [Tf,N] ™ ILs (e) and the fluorometalate ILs
(a). Correlation for the [N(CN),]” ILs is poorer (e),
although, due to the small number of data points, it is not
clear whether this is due to an outlier or to uncertainties in the
measurements.”’

The conductivity of the ILs decreases exponentially with
increasing V,, [Eq. (4)] where ¢ and d are empirical constants
of best fit (in mScm™ and nm™, respectively). Empirical
constants for each series are given in Table 2. This exponential
relationship can also be understood in terms of ion mobility,
as conductivity is proportional to the mobility of charge
carriers in the fluid and thus it has an inverse form relative to
the viscosity equation [Eq. (2)].

o=cen (4)

All ion volumes V., used herein were derived from the
unit-cell volumes V., of X-ray crystal structures. Since the
density of a solid is directly related to the volume and
contents of the unit cell, it is reasonable to estimate the
density of a solid IL directly from the volumes of the ions
involved. However, as most of the applications of ILs involve
the salt in the liquid state, it is more useful to estimate the
density of the IL. This was possible by using the good
correlation between V, and the experimentally determined
densities p of the above ILs (see the Supporting Information).
These correlations are anion-dependent. However, when the
molar mass M, of the ILs was taken into account and V,, was
plotted against the molar concentration of the ILs (given by
©/M,, in moldm ) a correlation involving all salts, except the
nitrile-functionalized ILs, was found (Figure 2).

The molar concentration of these ILs is related to V,,, by a
power series, which leads to the relationship between V, and
the density of an IL (in gdm~*) shown in Equation (5) with M,

p=MygV./, ()
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Figure 2. Correlation between molecular volume and molar concentra-
tion at 20-22°C. All ILs, except the nitrile-functionalized fluorometalate
ILs, are included.

being the molar mass; g and 4 are empirical constants of best
fit (g in moldm™ and & is dimensionless), and are listed in
Table 2. This relationship is especially useful, as it incorpo-
rates nearly all of the salts that were studied and suggests that
this correlation is applicable to a wide variety of ILs.
However, the molar concentrations of the nitrile-functional-
ized salts do not fit with the data from the other salts. It is
likely that functionalization significantly changes the inter-
molecular interactions in the IL, an effect that is also seen in
the viscosity data, and that this strongly affects the density
changes that occur in the salts with temperature changes and
during phase transitions. Note that a very recent independent
study also relates the densities of ILs with the ionic volumes
of their constituent ions.”"!

During this work we found only two ILs that did not fit the
correlations described above ([SMePh,|[Tf,N] and [C,NMe;]-
[T£,N]). The reasons for this are not entirely clear and are still
under investigation. It may be due to improper measurements
of their physical properties. However, at this point we
reiterate that the above correlations work well for a variety
of IL cation types with the usual aliphatic residues; these
represent a large proportion of known and potential ILs.

To predict the physical properties of an unknown IL using
Equations (2), (4), and (5) one must establish V, for the IL
from the sum of the V,,, values for the constituent ions. An
explicit instruction of how this can easily be achieved is
deposited in the Supporting Information. The derived V,,
value of the unknown IL must then be substituted into
Equations (2), (4), and (5) by using the correct empirical
constants from Table 1, and this leads to very good estimates
for the viscosities, conductivities, or densities of unknown ILs,
provided that they incorporate anions for which constants
have been established. Currently the anions for the IL in
question can be [N(CN),]”, [BF,]”, [PF¢]", and [N-
(SO,CF;),]; further work intended to broaden this range is
in progress. This procedure is remarkably simple and when
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applied to the 23 ILs investigated in this study, the predicted
physical properties are in excellent agreement with the
experimentally determined values (Figure 3; for plots of
conductivity and density, see the Supporting Information).
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Figure 3. Experimental versus predicted viscosities for all ionic liquids
in the current study.

The experimental and predicted viscosities, conductivities,
and densities are highly correlated in all cases (R*=0.9976,
0.9871, and 0.9702, respectively) and the standard error of the
estimate (s.) statistics, which give an estimate of the average
absolute error of the predictions, are also very good (26 cP,
0.2mScm™!, and 27 gdm ™ respectively). As the viscosity data
covers a very large range of values (from 17 to 2181 cP) the s,
value is not a good estimate of the error in the predictions at
the extremes of this range. In this case the average of the
percentage errors for the predictions (9 %) may also be used
to assess the accuracy of the predictions.

The predictions herein show that these empirical relation-
ships are powerful tools which enable the prediction of
fundamental physical properties of ILs for some of the most
common anion types. However, a final caveat must be taken
into account: the above correlations were derived from highly
pure ILs that are liquid at the temperature at which measure-
ments were made (20-22°C). They are not applicable to
impure ILs or materials that have significant long-range order
at this temperature, that is, liquid-crystalline or solid phases.
For example, [C,MIM][PF¢] melts at 58.3°C (synthesized and
measured in the Dyson laboratory). If the above equations
are used to predict the properties of this solid salt (V,,=
0.265 nm®) under ambient conditions they predict a fairly
fluid material (7 = 111 cP), which is clearly not the case. Thus,
when investigating previously unknown ILs it may be useful
to combine this technique with a method to predict the
melting point of the IL.I'*>"]

Extrapolation of the V, correlations to different temper-
ature regimes is in progress by analysis of temperature-
dependent physical data for a variety of ILs. Moreover, we are
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currently assessing other physical properties of ILs in depend-
ence on V,,, for example, surface tension, refractive index, and
heat capacity.
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