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Abstract. In this contribution we simulate the refractive index of several ion combinations yielding ionic liq-
uids. The results show that their structural tunability can be exploited to successfully design liquids with
task-specific refractive indices over a wide range of values, even higher than 2.0. Some designing clues are
provided, being charge delocalization and the presence of fluorine atoms key factors to reach ion combinations
with the highest refractive index possible.

1 Introduction

Ionic Liquids (ILs) are a wide family of liquid materi-
als exclusively composed by ions which present a set of
unique properties such as negligible vapour pressure, high
electrochemical and thermal stability or great solvation
power. However, the most important feature of ILs is that
their composing ions can be independently tailored to suit
specific applications. In this regard, ILs are starting to at-
tract attention as photonic materials since their ions can be
tailored to make them show fluorescence [1], liquid crys-
tal phases [2] or thermochromism [3]. As the number of
possible ion combinations is huge, computational simula-
tions are an excellent tool to study the properties of these
materials and identify the key mechanisms to tailor them.
In this contribution we aim to simulate the refractive index
of several combinations of IL-forming ions and to provide
some designing keys to tailor the refractive index of ILs.

2 Computational Details and Procedure

2.1 DFT Calculations Details

Polarizability and volume of the ions were calculated by
means of density functional theory (DFT) at the theory
level B3LYP/6-311++G(d,p) using the Gaussian 16 rev.
C.01 program [4]. The calculations were carried out in-
dependently for anions and cations, both in the gas phase.
The optimized structures were verified by means of a vi-
brational analysis and the polarizability was calculated at a
finite wavelength of λ = 589 nm by means of the Couple-
Perturbed Hartree-Fock Method (CPHF) [5].

2.2 From ions to ionic liquids

The polarizability of ILs, αIL was calculated as the sum of
the contributions αi of their constituent ions i: αIL =

∑
αi.
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However, their molecular volume was calculated using an
empirically obtained quadratic summation rule: VIL = a1 ·∑

Vi + a2 · (
∑

Vi)2 with a1 = 1.0189 and a2 = 3.635 ×
10−4 Å

−3
. The IL refractive index was calculated by means

of the Lorentz-Lorenz equation:

n2 − 1
n2 + 2

=
4π
3
αIL

VIL
(1)

The adimensional ratio (in cgs units), αIL/VIL, of the IL
is related to that of its constituent ions, αIL/VIL ≤ αi/Vi,
which is an indicator of the individual influence of each
ion in the refractive index of the IL.

3 Studied Ions

The considered anions are some of the most com-
monly used in ILs: tetrafluoroborate [BF4]−, trisfluo-
rotris(perfluoroethyl)phosphate [FAP]−, trifluoromethane-
sulfonate [OTf]− and thiocyanate [SCN]−. The first
two anions contain fluorine and lack of charge delocal-
ization while the last two present resonances. In the
case of [SCN]− all the bonds participate in the reso-
nance while it is not the case for [OTf]−, which also
contains fluorine atoms. Regarding the cations, three
families of cationic heterocycles of different alkyl chain
lengths were considered: 1-alkyl-1-methylpyrrolidinium
[Ckmpyrr]+, 1-alkyl-methylimidazolium, [Ckmim]+, and
1-alkylpyridinium [Ckpy]+. These families of cations dif-
fer in the number of carbons in their rings, but also in
their aromatic character. While in pyridinium the hete-
rocycle is clearly aromatic, in the imidazolium the het-
erocycle presents a more limited conjugation and it is
clearly aliphatic in pyrrolidinium. A fourth family of
cations with a conjugated chain of variable length was
taken into account to explicitly evaluate the influence of
charge de1ocalization, 1-polyenyl-3- methylimidazolium,
[uCkmim]+. The abbreviation and structure of all the con-
sidered ions are shown in Table 1.
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Table 1. IL-forming ions studied in this work

Anions Cations

[FAP]− [Ckmpyrr]+

[BF4]− [Ckmim]+

[OTf]− [Ckpy]+

[SCN]− [uCkmim]+

4 Results

4.1 Anionic Influence

The αi/Vi ratio is very different for the different anions
studied due to their large structural and compositional dif-
ferences. Table 2 shows the ratios of selected anions.

Table 2. αi/Vi ratio of selected anions.

Anion αi/Vi

[BF4]− 0.041
[FAP]− 0.050
[OTf]− 0.061
[SCN]− 0.086

Inorganic anions without electronic charge delocal-
ization and including fluorine atoms such as [BF4]− or
[FAP]− present the lowest ratios. The presence of fluo-
rine atoms in a molecule is expected to decrease its overall
polarizability since highly electronegative atoms produce
tightly bonded electronic densities which are hardly po-
larizable. As a consequence, these anions are expected to
provide low refractive index ILs. In contrast, those anions
showing resonance due to charge delocalization through-
out their π bonds such as [OTf]− or [SCN]− show higher
αi/Vi ratios. Among them, the [SCN]− anion, with all its
bonds participating in the resonance, presents the highest
one. In fact, the value of this ratio for [OTf]− is much
more moderate than for [SCN]−, since not all the bonds in
the molecule participate in the resonance and there are flu-
orine atoms in its molecular structure. Hence, among the
considered anions, the most promising candidate to yield
high refractive index ILs is the [SCN]−.

4.2 Cationic Influence

The αi/Vi ratio of the considered cations for two differ-
ent chain lengths, (k = 2) and (k = 5), is shown in Ta-
ble 3. For a fixed chain length, k = 5, the αi/Vi ratio
increases with conjugation: [Ckmpyrr]+ < [Ckmim]+ <

Table 3. αi/Vi ratio of considered cations.

Cation αi/Vi (k = 2) αi/Vi (k = 5)
[Ckmpyrr]+ 0.066 0.067
[Ckmim]+ 0.070 0.070
[Ckpy]+ 0.074 0.073
[uCkmim]+ 0.076 0.100

[Ckpy]+ < [uCkmim]+. Hence, higher refractive indices
are expected for ILs with more extensive regions of con-
jugation. This is an unequivocal evidence of the large in-
fluence of charge delocalization in the polarizability of IL-
forming ions. With respect to the side chain variation, its
elongation produces different effects in heterocycles bear-
ing alkyl chains or conjugated chains. When an alkyl
chain is varied, it produces small changes in the αi/Vi ra-
tio, which could be used to finely tune the refractive index
of derived ILs. However, when this variation is done in
a polyenyl conjugated chain, the effect on polarizability
is much more drastic than that observed in saturated alkyl
chains. In order to shed more light on this, we show in
Fig. 1 the polarizability as a function of the chain length
for both [Ckmim]+ and [uCkmim]+ families, which only
differ in the conjugated character of their chains.
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Figure 1. Electronic polarizability of [Ckmim]+ (◦) and
[uCkmim]+ (□) cation families as function of the chain length.

The figure reveals that polarizability is a linear func-
tion of the saturated chain length but a supra-linear func-
tion of the conjugated one. According to theory [6], po-
larizability is proportional to L4, the fourth power of the
physical extension where electrons are allowed to move.
In the saturated case, electrons are highly localized in the
σ bonds of each −CH2− unit. Hence, adding new units
to the alkyl chain produces a linear increase of polariz-
ability since the contribution of the −CH2− unit is k times
independently added to that of the imidazolium heterocy-
cle. On the other hand, in the case of the conjugated un-
saturated chain, the electrons of each =CH2− unit partic-
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ipate in the charge delocalization that takes place all over
the conjugated π bonds of the side chain. Thus, in this
case, with each new bond added to the side chain, the
effective length where electrons are allowed to move in
the molecule is enlarged (L), producing the observed non-
linear increase of polarizability. According to this phe-
nomenology, the most suitable cations to produce ILs with
high refractive index are those that present large aromatic-
ity in their heterocycles, such as [Ckpy]+, or in their side
chains, such as those belonging to the [uCkmim]+ family.

4.3 Ionic Liquids

The refractive index of the combination of all the anions
with those cations of chain length k = 2 and k = 5 are
shown in Table 4. With only the considered ionic species,
it is possible to synthesize ILs with refractive indices rang-
ing from 1.36 to 1.69. The lowest values correspond to
combinations of ions lacking of charge delocalization and
containing fluorine atoms. On the other hand, the highest
refractive indices belong to combinations where both ions
present charge delocalization and lack of fluorine.

Table 4. Refractive index of ILs with cations bearing side
chains of length k = 2 (first value) and k = 5 (second value).

Anions
Cations [FAP]− [BF4]− [OTf]− [SCN]−

[Ckmpyrr]+ 1.36–1.37 1.39–1.41 1.43–1.43 1.50–1.49
[Ckmim]+ 1.37–1.38 1.40–1.42 1.44–1.45 1.52–1.51
[Ckpy]+ 1.38–1.39 1.42–1.45 1.46–1.47 1.54–1.53
[uCkmim]+ 1.39–1.46 1.44–1.59 1.47–1.60 1.55–1.69

As shown in the Table, the presence of delocalized
charge regions and avoiding fluorine atoms are the key
features to produce ILs with very high refractive index.
In this regard, it is possible to perform extrapolations
based on our calculations to predict the evolution of the
refractive index as a function of the side chain length
of the most promising cations, [Ckpy]+ and [uCkmim]+

together with the most promising anion [SCN]−. Fig. 2
shows the evolution of [Ckpy][SCN] and [uCkmim][SCN]
families of ILs as a function of the chain length from
k = 2 to k = 16. At the shortest chain lengths, k = 0, 1,
the [Ckpy][SCN] family yields higher refractive indices
than [uCkmim][SCN] one, which is a consequence of
the higher aromaticity of the pyridinium heterocycle
in comparison with imidazolium. However, when in-
creasing the chain length, the refractive index of the
[Ckpy][SCN] family decreases while the refractive index
of [uCkmim][SCN] monotically increases. In the case of
[Ckpy][SCN] the low polarizability of the alkyl chain in
comparison with that of the pyridinium heterocycle and
the thiocyanate anion is the cause of the overall decreasing
of the refractive index. On the other hand, as conjugated
chains non-linearly increase their polarizability with their
length, increasing the side chain in [uCkmim][SCN] leads
to an overall increasing of refractive index, which reaches

the threshold of 2.0 with k = 11.
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Figure 2. Refractive index extrapolation of [Ckpy][SCN] (⋄) and
[uCkmim][SCN] (▽) families of ILs as function of the cation side
chain length.

5 Conclusions

ILs are materials with an inherent large degree of tunabil-
ity and potential applications in photonics. Wise selection
of IL’s constituents provides refractive index fluids cover-
ing a wide range of refractive indices, from 1.36 to 1.69.
Charge delocalization and presence of fluorine atoms are
key aspects to produce combinations in both upper and
lower limits of the previous range. According to our cal-
culations, increasing the degree of charge delocalization
in cations could provide ILs with refractive indices higher
than 2.0, such as in [SCN][uCkmim].
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