
Tailoring refractive index dispersion in ionic liquids: The influence of 
charge delocalization in cations

Carlos Damián Rodríguez-Fernández a,*, Alejandro Doval b, Yago Arosa b,  
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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Molecular polarizability density governs 
the magnitude of refractive index.

• Aromaticity determines the refractive 
index dispersion.

• Aliphatic cations and alkyl chains have 
weak influence in dispersion.

• Aromatic cations produce high refrac
tive index dispersion at short 
wavelengths.

• Absorption bands related to π orbitals 
explain the dispersion in aromatic 
cations.
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A B S T R A C T

In this work, we study the contributions that different molecular blocks have in the wavelength-dependence of 
the refractive index in ionic liquids. The ionic liquids chosen for this work are combinations of the bis(tri
fluoromethylsulfonyl)imide anion with cations based on four different heterocycles with different extents of 
charge delocalization. The analysis is performed in terms of the experimental electronic polarizability, which is 
obtained by combining measurements of refractive index curves and densities via the Lorentz-Lorenz equation. 
Exploiting the additivity of electronic polarizability in ionic liquids, the contribution of the anion and the het
erocycles of the cations is separated from that of the alkyl chains. Our results show important differences in these 
contributions, revealing a key influence of the charge delocalization in the cationic rings on the behavior of the 
refractive index dispersion. The understanding of how different parts of ionic liquids affect their refractive index 
dependence on wavelength would allow to gain precise control of this magnitude, enabling the development of 
customized optical materials for diverse applications in photonics and sensing technologies.
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1. Introduction

Ionic liquids (ILs) have gained significant attention in recent years 
due to their unique properties and wide-ranging applications in various 
fields. These versatile fluids, composed entirely of ions, exhibit fasci
nating characteristics such as low volatility, exceptional solvation abil
ity, and high thermal and electrochemical stabilities [1–4]. Their 
composition can be easily tuned to obtain liquids with task-specific 
properties of interest in different research fields. For instance, in the 
fields of optics and photonics, ILs can be designed to present highly 
efficient luminescence [5–7], to tailor the response of photonic crystals 
[8,9], or to maximize their nonlinear optical response [10–13], among 
others.

Regarding optical properties, refractive index, n, is the cornerstone 
for the development of optical applications in most photonic devices. In 
this context, ILs with different refractive indices have been used in 
variable focal lenses [14–17], liquid-filled waveguides [18,19], im
mersion liquids [20,21], or for sensing technologies, particularly in the 
design of optical sensors and biosensors [22,23]. However, ILs not only 
offer the possibility of designing the refractive index, but also its 
dependence on wavelength, the refractive index dispersion, ∂n/∂λ.

Several works have dealt with the relation of refractive index at a 

single wavelength (usually nD, λ = 589 nm) and the chemical compo
sition of ILs [24–28]. Most of these approaches are based on using the 
Lorentz-Lorenz equation to transform their density and refractive index 
into electronic polarizability, since it is linearizable in terms of molec
ular blocks [29–33]. However, it is possible to expand this single- 
wavelength formalism to explicitly consider dispersion, a path to un
derstand how the molecular blocks building ILs affect the wavelength 
dependence of electronic polarizability, and, in the last instance, 
refractive index curves.

In this paper, we study the way in which different constituent blocks 
of ILs affect their refractive index and refractive index dispersion, by 
analyzing their associated electronic polarizability and electronic 
polarizability dispersion. For this purpose, we measured the density and 
the refractive index of eleven ILs, all of them based on combinations of 
the bis(trifluoromethylsulfonyl)imide anion with heterocyclic cations 
presenting different extents of charge delocalization (aromaticity) in 
their rings. The measurement of refractive index dispersion was per
formed on a wide spectral range, from 320 nm to 1700 nm, using 
Refractive Index Spectroscopy by Broadband Interference (RISBI) 
[34,35], a white light interferometry-based technique [36,37].

Table 1 
ILs studied in this work together with their abbreviation, structure, CAS number and their nominal purity provided by the supplier.

Compound Abbreviation Structure CAS number Purity

1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [C2mim][NTf2] 174899-82-2 99 %

1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [C4mim][NTf2] 174899-83-3 99 %

1-Hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [C6mim][NTf2] 382150-50-7 99 %

1-Methyl-3-octylimidazolium bis(trifluoromethylsulfonyl)imide [C8mim][NTf2] 178631-04-4 99 %

1-Butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide [C4mpyrr][NTf2] 223437-11-4 99 %

1-Hexyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide [C6mpyrr][NTf2] 380497-19-8 99 %

1-Ethylpyridinium bis(trifluoromethylsulfonyl)imide [C2py][NTf2] 712354-97-7 99 %

1-Butylpyridinium bis(trifluoromethylsulfonyl)imide [C4py][NTf2] 187863-42-9 99 %

1-Hexylpyridinium bis(trifluoromethylsulfonyl)imide [C6py][NTf2] 460983-97-5 99 %

1-Methyl-1-propylpiperidinium bis(trifluoromethylsulfonyl)imide [C3mpip][NTf2] 608140-12-1 99 %

1-Butyl-1-methylpiperidinium bis(trifluoromethylsulfonyl)imide [C4mpip][NTf2] 623580-02-9 99 %
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2. Materials and methods

2.1. Materials

We have selected eleven ILs sharing the same anion, bis(tri
fluoromethylsulfonyl)imide, abbreviated as [NTf2]− , in combination 
with different cations derived from four types of cationic heterocycles 
with different aromaticity: 1-akyl-3-methylimidazolium, [Ckmim]+ 1- 
alkyl-1-methylpyrrolidinium [Ckmpyrr]+, 1-alkylpyridinium, [Ckpy]+, 
and, 1-alkyl-1-methylpiperidinium, [Ckmpip]+. According to the kind of 
cation, the ILs are divided into four families to facilitate the discussion in 
the text.

The ILs employed in this work were purchased to Io-Li-Tec, their 
complete names, abbreviation, structure, CAS Number and purity can be 
consulted in Table 1. The refractive index and density measurements 
were done immediately after opening the sealed bottles and without 
further purification. However, the amount of water in the samples was 
checked after the measurements using a Mettler-Toledo C10S Coulo
metric Karl Fischer Titrator. The results have shown a limited absorption 
of water during manipulation, with water concentration being below 
300 ppm in all samples.

2.2. Refractive index

The refractive index curves of the ILs were measured by our RISBI 
system [35] in the spectral range from 320 nm to 1700 nm. The accuracy 
of the system is s(nRISBI) = ± 2⋅10− 4. All the measurements were per
formed at 25 ◦C and 1 atm. In addition, an Atago Multi-Wavelength 
Abbe Refractometer DR-M2 was also used to characterize the refrac
tive index at five different wavelengths (λ = 486 nm, 546 nm, 589 nm, 
633 nm and 680 nm) and used in cooperation with the RISBI system, 
s(nAbbe) = ± 2⋅10− 4.

2.3. Density

To complete the experimental characterization required to estimate 
electronic polarizability, the densities of the ILs were measured using an 
Anton Paar DSA-5000 M vibrating tube density and sound velocity 
meter at the same temperature as that of the measurements of refractive 
index dispersion, 25 ◦C. The accuracy of the measurements was s(ρ) =

± 1⋅10− 5 g/cm3.

2.4. Quantum mechanical simulations

Density functional theory (DFT) and time-dependent density func
tional theory (TD-DFT) calculations were performed using the Gaussian 
16 rev. C.01 software [38] at the CAM-B3LYP/6-311++G(d,p) level of 
theory on isolated ionic pairs (gas phase). The long-range corrected 
CAM-B3LYP functional was chosen because it has been shown to pro
vide, together with the 6-311++G(d,p) basis set, good results for pre
dicting the electronic polarizability in ILs [33] and a nice performance in 
TD-DFT calculations [39]. For the TD-DFT calculations of the absorption 
spectra, a total number of 400 states were simulated, which provided a 
common minimum wavelength for all the liquids of λ = 115 nm. To 
analyze the electronic orbitals involved in selected transitions, a Natural 
Transition Orbital (NTO) analysis was performed [40].

The DFT calculations for estimating the multi-center bond order 
(MCBO) index of the cationic heterocycles were performed on isolated 
(gas-phase) cationic species. This parameter was used to quantify the 
aromaticity throughout their cycles [41–43] and was computed by 
means of the Multiwfn software [44]. In all cases, the molecular ge
ometry of the systems was previously optimized, and a vibrational 
analysis was performed to ensure stability.

3. Theory and calculation

The macroscopic polarization density, P(λ), describes the reaction of 
a material of electric susceptibility, χe(λ), to the application of an 
external electric field of wavelength λ, Eext(λ). At optical frequencies and 
low field intensities, the applied electric field induces a linear polari
zation density, P(λ) = ε0χe(λ)Eext(λ), where χe(λ) = εr(λ) − 1 = n2(λ) − 1, 
being ε0 the vacuum electric permittivity, εr(λ) the relative electric 
permittivity of the medium and n(λ) its refractive index. In consequence, 
the macroscopic polarization density can be written as P(λ) =

ε0
(
n2(λ) − 1

)
Eext(λ), and the refractive index, n(λ), is the wavelength- 

dependent magnitude which relates P(λ), with the strength of the 
applied external field, Eext(λ). From the microscopic perspective, the 
molecules within the material observe an effective or local field, Elocal(λ), 
which polarizes them according to their electronic polarizability, α(λ). 
The relation between the macroscopic and microscopic responses in the 
material yields the next expression [45–47]: 
(
n2(λ) − 1

)
ε0Eext(λ) = Nα(λ)Elocal(λ), (1) 

where N is the number density of molecules in the material. If we assume 
that the action of the local field produces a weak disturbance on the 
electronic clouds of the molecules around their equilibrium position, 
they can be described as harmonic oscillators driven by the periodicity 
of the local electric field. Under these circumstances, the dependence on 
wavelength of the electronic polarizability of the molecules is described 
by the Sellmeier model, in which the dispersion is produced by the sum 
of j resonances, of wavelength λj and oscillation strength bj [45,48]: 

α(λ) =
∑

j
bj

λ2

λ2
j − λ2. (2) 

Substituting Eq. (2) in Eq. (1), the relation between refractive index and 
electronic polarizability yields: 

(
n2(λ) − 1

)
Eext(λ) =

∑

j
cj

λ2

λ2
j − λ2Elocal(λ), (3) 

where we regrouped all the constants in cj. Hence, even if we assume a 
Sellmeier model for the description of the wavelength-dependent 
response of the material, the specific fashion in which refractive index 
depends on polarizability is still a function of the relationship between 
the external and the local electric fields. The most common expression 
used for describing the refractive index dispersion in dielectric materials 
is the empirically derived Sellmeier formula, which states: 

n2(λ) − 1 =
∑

j
cj

λ2

λ2
j − λ2. (4) 

Hence, in accordance with Eq. (3), in this semi-empirical approach, the 
local field is identical to the external field, Elocal(λ) = Eext(λ). This 
assumption is reasonable for gases where molecules are very isolated, 
but not in condensed phases, such as ILs, where ions are expected to be 
tightly packed. Despite this, Eq. (4) provides, in general, a good per
formance in condensed media, reason why it is often used for fitting the 
refractive index curves of solids and liquids [49–51].

One of the expressions most commonly used to describe the local 
field in liquids is the one derived by Lorentz [46,47]. The Lorentz local 
field is founded on assuming spherical molecules that perceive the di
poles of the neighboring molecules in addition to the external field. This 
model is the basis of the Lorenz-Lorenz equation, which is widely used to 
calculate the polarizability of ILs from refractive index and mass density 
measurements [29,30,33,52]: 

n2(λ) − 1
n2(λ) + 2

=
N

3ε0
α. (5) 
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Note that in Eq. (5), the number density N = ρNA/Mr is directly related 
with the molecular weight of the IL, Mr; its mass density, ρ; and the 
Avogadro Number, NA. Hence, the experimental electronic polariz
ability at each wavelength, can be readily obtained from this expression 
using measurements of refractive index curves and mass density.

It has been shown in several articles, that electronic polarizability in 
ILs is additive in terms of their chemical structure [29,30,52,53], at least 
when the appropriate building blocks are considered for the lineariza
tion [33]. Hence, the electronic polarizability of Eq. (5) can be written as 
the sum of the polarizabilities of the i molecular blocks composing the 
IL. Furthermore, according with Eq. (2), the wavelength-dependence of 
electronic polarizability is the result of the sum of j resonances. Hence, 
each molecular fragment presents its own contribution to the electronic 
polarizability curve, Eq. (6): 

αIL(λ) =
∑

i
αi(λ) =

∑

i

(
∑

j
fi,j

λ2

λ2
i,j − λ2

)

. (6) 

Eqs. (5) and (6) open a path to tailor the dispersion of refractive index in 
ILs, going further than other works focused on tailoring the value of 
refractive index at a single wavelength [29–31,54]. Using Eq. (5), the 
experimental measurements of density and the refractive index curve 
can be used to calculate the experimental electronic polarizability curve 
of a complete IL. Afterwards, exploiting the additivity of electronic 
polarizability and the structural similitudes among the studied com
pounds, the electronic polarizability of specific molecular fragments can 
be isolated and analyzed. Hence, the influence of each part of the IL in 
both refractive index and refractive index dispersion can be properly 
identified and exploited to selectively tune the optical behavior of ILs.

4. Results and discussion

4.1. Refractive index and refractive index dispersion

The refractive index curves of the eleven ILs are shown in Fig. 1, and 
values at selected wavelengths are readily accessible to the reader in 
Table 2. In case further values were needed, the fitting coefficients of 
each curve to a Sellmeier formula are provided in Table S1 and the 
corresponding fitting residuals are shown in Fig. S1, both in the Sup
porting Information (SI).

The figure shows three main features which are interesting to high

light. First, the refractive indices of the pyridinium-based ILs are larger 
than those of the rest of families, with independence of the alkyl chain 
length. Second, in all cases, the refractive index grows with the length of 
the alkyl chain of the cation, i.e., with k. Please, note that this trend is 
particular for the liquids upon study, but there are other families of ILs 
presenting the opposite behavior [29,55]. Third, providing a rigorous 
list of ILs ordered according to their refractive index values is not a 
simple task because of the wavelength dependence of this magnitude. 
Observe that, even if we reduce the comparison to those ILs with the 
same alkyl chain in the cation, the order depends on the wavelength. For 
instance, the refractive index of [C4mpip][NTf2] is larger in most of the 
spectrum than that of [C4mim][NTf2], but it becomes smaller when 
approaching to the UV region. As a rough approximation, we could 
stablish two different lists, one referred to the ultraviolet region 
([Ckpy]+> [Ckmim]+> [Ckmpip]+> [Ckmpyrr]+), and the other for the 
visible and infrared regions ([Ckpy]+ > [Ckmpip]+ > [Ckmim]+ >

[Ckmpyrr]+). These lists, despite useful, only reflect the changes in po
sition that dispersion produces, but they do not provide any insight 
about how dispersion is behaving within each IL. For this reason, a 
specific analysis on dispersion is needed.

A rough evaluation of the change of refractive index with wavelength 
in the visible range is given by the Abbe Number, VD. It is a magnitude 
which is often used together with nD, the refractive index at the sodium 
D line, to determine the suitability of glasses for a given application in 
the visible range: 

VD =
nD − 1
nF − nc

, (7) 

where nF and nC are the refractive indices at the spectral lines F and C 
from hydrogen, λF = 486 nm, and λC = 653 nm. In Fig. 2 these values are 
shown for all the ILs.

The Abbe number is clearly dependent on the family of ILs upon 
consideration and presents a slight dependence on the alkyl chain length 
of the cation. Pyrrolidinium and piperidinium families show the highest 
Abbe numbers, over 60, which means that they are weakly dispersive, 
such as glasses based on borosilicates or fluorites. In the opposite di
rection, imidazolium and, especially pyridinium families, show smaller 
Abbe numbers and present larger dispersion in the visible range.

Although the Abbe number is commonly used in the design of optical 
components, certain applications, such as metrology [56] or nonlinear 
optics [57] require a more precise knowledge of dispersion in a broader 
spectral range. This more accurate information can be directly retrieved 
from the refractive index curves by numerically calculating their de
rivatives with respect to the wavelength, ∂n/∂λ, which is the proper 
definition of chromatic dispersion. This derivative has been obtained 
from the raw experimental data using a finite differences method with 
five neighbors to reduce the noise. Fig. 3 shows the dispersion calculated 
by these means for the members of each family of ILs with an alkyl chain 
length of k = 4.

From this figure, it is clear that chromatic dispersion in these ILs is 
stronger in the ultraviolet than in the IR, which is the normal trend for 
most materials. More interestingly, dispersion is similar in all the ILs at 
the IR, but there are large differences in the UV region. In the IR region, 
the observed low dispersion of these ILs could be of interest for appli
cations involving zero-dispersion-wavelength. In this regard, in Fig. S2
of the SI we provide the numerical second derivatives of the refractive 
index, which qualitatively show the zero-dispersion condition. Howev
er, more accurate measurements would be needed to characterize this 
region in a more detailed way. With regard to the UV region, the 
strongest dispersion is shown by pyridinium and imidazolium ILs, fol
lowed by that of piperidinium and pyrrolidinium ILs, whose curves are 
practically equal and overlapped. These differences in dispersion at 
short wavelengths are the cause of the differences in the refractive index 
trends observed in Fig. 1. In the next sections, we address the micro
scopic origins of this behavior.

Fig. 1. Refractive index curves of the 11 ILs considered in this work, measured 
in the spectral range from 320 nm to 1700 nm at 25 ◦C. The color of line in
dicates the family of ILs (heterocycle) and the type of the line the alkyl chain 
length, k.
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4.2. Electronic polarizability and molecular polarizability density (MPD)

In general terms, as far as no splitting of conjugated regions is con
cerned [33], the electronic polarizability of a molecule at a certain 
wavelength is that arising from the sum of the polarizability of its con
stituents at that wavelength. The polarizability of each measured IL can 
be split in two contributions, one coming from its “core”, which is the 
anion and the heterocycle of the cation, and the other coming from the 
alkyl chain, 

αIL(λ) = αcore(λ)+ αalkyl(λ). (8) 

The contribution from the alkyl chain can be considered as the sum of 
the polarizability of the k methylene units (–CH2–) in the chain. 
Therefore, the alkyl chain contribution to polarizability, denoted as 
αalkyl(λ), can be expressed as αalkyl(λ) = k⋅αCH2 (λ). This linear relation
ship between the alkyl electronic polarizability and the chain length 
allows us to express the overall polarizability of the IL as a linear 
function of the chain length: 

αIL(λ) = αcore(λ)+ k⋅αCH2 (λ). (9) 

It is important to emphasize that the value of αCH2 (λ) could be slightly 
sensible to chemical environment in the cation alkyl chain [55] as it is 
the case of the carbon binding energy in X-Ray Photoelectron Spec
troscopy (XPS) experiments [58,59]. However, in this work, we take it as 
a constant, as done in other successful models of polarizability 
[29,32,53].

Each point in Fig. 4 shows the difference in electronic polarizability 
at λ = 589 nm of each IL with respect to the member of its family with 
alkyl chain length k = 4, ΔαIL(k) = αIL(k) − αIL(k = 4). The same 
behavior is observed for the rest of wavelengths considered in this work, 
i.e., the points corresponding to ΔαIL(k) of the ILs with the same k 
overlap, and a straight line is always obtained as a function of k. This 
subtraction serves to remove the core contribution in all the families, 
which is a common offset to all the electronic polarizability curves, and, 
hence, it allows to obtain the –CH2– polarizability from a linear fit using 
all the liquids at the same time. We have used k = 4 in the subtraction 
because it is the only k common to all the families of liquids in this study, 
but whatever common k could be used for this purpose. Fig. 4 demon
strates that the methylene groups in the alkyl chain are equivalent in 
terms of the contribution to the polarizability. It also confirms that 
αCH2 (λ) is a dispersive magnitude but its value at each wavelength is 
roughly a constant independent of k and the heterocycle to which it is 
attached to. Hence, Eq. (9) can be safely used to split the contribution of 

Table 2 
Refractive index at selected wavelengths and density of the ILs. Sellmeier fits for reproducing the complete refractive index curve are provided in Table S1 and the 
fitting residuals are shown in Fig. S1 of the SI.

IL Refractive index at selected wavelengths Density(g/cm3)

Ultraviolet Visible Infrared

320 nm 400 nm 486 nm 589 nm 653 nm 1000 nm 1350 nm 1700 nm

[C2mim][NTf2] 1.4534 1.4372 1.4283 1.4226 1.4203 1.4140 1.4097 1.4050 1.51868
[C4mim][NTf2] 1.4580 1.4415 1.4326 1.4267 1.4244 1.4179 1.4136 1.4090 1.43467
[C6mim][NTf2] 1.4607 1.4443 1.4354 1.4296 1.4273 1.4209 1.4171 1.4130 1.37245
[C8mim][NTf2] 1.4629 1.4473 1.4384 1.4327 1.4304 1.4242 1.4205 1.4164 1.32032

[C2py][NTf2] 1.4835 1.4590 1.4476 1.4406 1.4379 1.4308 1.4272 1.4234 1.53506
[C4py][NTf2] 1.4845 1.4605 1.4493 1.4424 1.4397 1.4330 1.4293 1.4255 1.44776
[C6py][NTf2] 1.4851 1.4620 1.4509 1.4441 1.4415 1.4347 1.4309 1.4269 1.38207

[C3mpip][NTf2] 1.4519 1.4391 1.4318 1.4269 1.4249 1.4193 1.4156 1.4114 1.40923
[C4mpip][NTf2] 1.4543 1.4413 1.4339 1.4290 1.4270 1.4214 1.4179 1.4141 1.37881

[C4mpyrr][NTf2] 1.4481 1.4349 1.4277 1.4230 1.4210 1.4155 1.4121 1.4082 1.39347
[C6mpyrr][NTf2] 1.4517 1.4382 1.4308 1.4259 1.4239 1.4184 1.4149 1.4111 1.33612

Fig. 2. Abbe diagram of the ILs studied in this work. Numbers indicate k, the 
number of carbons in the alkyl chain attached to the cation of each IL.

Fig. 3. Numerically calculated chromatic dispersion, ∂n/∂λ, obtained from the 
refractive index curves for those ILs with alkyl chain length k = 4.
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the core of the IL from that of the alkyl chain, as previously stated.
After fitting the –CH2– electronic polarizability at each wavelength, a 

polarizability curve for –CH2– units is obtained, Fig. 5a). On the other 
hand, Fig. 5b) shows the curve of the average core polarizability of each 
family of ILs obtained from subtracting to the polarizability of each IL k 
times the polarizability of the number of –CH2– units attached to it. 
Comparing both figures, one could think that the contribution of the 
–CH2– unit to the overall polarizability of the IL is very low. However, 

since the alkyl chains in ILs can be quite long, the real extent of influence 
depends on the precise number of –CH2– units. Readers can find the 
polarizability values of each core and the –CH2– unit at selected wave
lengths in Table S2 of the SI. Furthermore, the entire polarizability 
curves were fitted to a Sellmeier formula such as that of Eq. (2), and the 
fitting coefficients are provided in Table S3 and the corresponding re
siduals in Figs. S3 and S4.

Another interesting feature to highlight is that the order of cores 
producing the highest polarizabilities does not coincide with the order 
observed for the refractive index in those ILs. It was shown in previous 
articles [29,33] that the ratio between electronic polarizability and 
molecular volume, i.e., the molecular polarizability density MPD = αIL/

VIL, is the microscopic magnitude that governs the behavior of the 
refractive index at the macroscopic scale. Hence, high refractive indices 
are not produced by high polarizabilities (which is a magnitude that 
rises with molecular mass), but by high polarizability/molecular volume 
ratios. The MPD values of the core of ILs upon study, can be calculated 
following the procedure given in Ref. [33], which is based on the line
arization of the molecular volume: 

VIL(k) = Vcore + k⋅VCH2 . (11) 

After fitting both electronic polarizability and molecular volume for 
each family of ILs, the MPD values can be extracted by means of the 
following expression: 

MPDcore =
αcore

Vcore
;MPDCH2 =

αCH2

VCH2
. (12) 

The MPD values of the –CH2– units and the core of the different families 
of ILs at three different wavelengths are shown in Table 3.

The MPDs of the cores correlate in almost all the spectral range with 
the order observed for the refractive index at each wavelength in ILs 
with the same alkyl chain length (see Table 1), indicating a strong in
fluence of the core MPD in this magnitude. Note that since the –CH2– 
units have larger MPD than the cores, increasing the alkyl chain length 
of the cations will always rise the refractive index of these ILs, in 
accordance with the behavior observed in Fig. 1. However, the amount 
of increase depends on how different is the MPD value of the cores and 
the –CH2– units. For instance, the unique pair of cores whose MPD and 
refractive index do not follow the same trend are [C0mpip][NTf2] and 
[C0mim][NTf2], at short wavelengths. This discrepancy is produced by 
alkyl contribution, which changes in a different way the MPD of both 
cores, as observed for alkyl lengths with k = 4. In the case of [Ckmpip]+, 
its structure is almost exclusively composed of –CH2– units, hence, 
adding new units will have a different impact on the MPD than the 
addition of a –CH2– unit to a conjugated heterocycle like [Ckmim]+. In 
fact, according to Refs. [29,55], when the alkyl chain of ILs becomes 
very long, k→∞, the MPD of the core becomes negligible, and the MPD 
of the IL tends to that of an infinite alkane, αCH2/VCH2 .

An interesting feature to highlight is that, since MPD represents the 
ratio of polarizability and molecular volume, highest MPD values are 
associated to higher electronic polarizability densities. It has been 

Fig. 4. Increment of the polarizability as function of the alkyl length at λ = 589 
nm for all the ILs. The same behavior is observed at the rest of wavelengths 
considered in this work.

Fig. 5. Experimental curves of a) average electronic polarizability curve of a 
single methylene group (–CH2–). b) average electronic polarizability curve of 
the core of each family of ILs (cationic heterocycle and anion).

Table 3 
Experimental molecular polarizability density (MPD) of the cores of the families 
of ILs studied and the methylene unit, –CH2–, at three different wavelengths, and 
absolute value of the normalized Multi-Center Bond Order (MCBO) Index 
calculated at the CAM-B3LYP/6-31++G(d,p) level of theory throughout the ring 
of the cations.

Core MPD (10− 12⋅CV− 1m− 1)

λ = 320 nm λ = 589 nm λ = 1700 nm |MCBO|

[C0py][NTf2] 6.98 6.83 6.78 0.65
[C0mpip][NTf2] 6.74 6.63 6.58 0.24
[C0mim][NTf2] 6.70 6.55 6.50 0.60
[C0mpyrr][NTf2] 6.63 6.51 6.47 0.24
–CH2– 7.27 7.15 7.12 —
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exhaustively shown in Ref. [33] that ILs exhibiting charge delocalization 
present higher polarizability than their aliphatic analogues, while 
occupying a smaller fraction of volume. In consequence, the presence of 
charge delocalization tends to increase the MPD of molecules, at least in 
comparison with their aliphatic homologues. The extent of charge 
delocalization in a molecule can be estimated through the Multi-Center 
Bond Order (MCBO) index, a parameter that quantifies conjugation 
[41–43]. Large values of the MCBO index means large charge delocal
ization in a cyclic structure while low values indicate aliphatic char
acter. Here, we estimated the MCBO index of the different cationic 
heterocycles following the procedure described in the Materials and 
Methods Section. The calculated values are shown in Table 3.

From the data in Table 3, it is clear that the MPD values are largely 
influenced by the presence of charge delocalization in the heterocycles. 
The clearest example is pyridinium, which, despite being the species 
with the smallest molecular weight, presents the highest MPD, much 
larger than its aliphatic analogue piperidinium. The same observation is 
also valid for imidazolium and pyrrolidinium cations, being the first one 
aromatic and the second one aliphatic. Indeed, the MPD of the imida
zolium heterocycle is close to that of piperidinium, even if this last one is 
a larger cation.

4.3. Electronic polarizability dispersion and aromaticity

As in the case of refractive index, the electronic polarizability 
dispersion, dα/dλ, was calculated through the numerical derivatives of 
the experimental α of Fig. 5 with respect to λ. Since we split the polar
izability of the ILs in a contribution from the core and another from the 
–CH2– unit, we can calculate the dispersion of both magnitudes sepa
rately, Fig. 6. In addition, the numeral second derivative of both con
tributions is also provided in Fig. S5 of the SI.

As expected from what was observed in the refractive index curves, 
dispersion is very low in the infrared region for all the ILs. On the other 
hand, major features are observed when the wavelength approaches to 
the ultraviolet region. There, the –CH2– unit dispersion is very low in 
comparison with that of the cores, which are one order of magnitude 
higher. Among the cores, the piperidinium and the pyrrolidinium cat
ions present low dispersion with almost the same behavior, since their 
curves are totally superimposed. Conversely, pyridinium and imidazo
lium cations show larger dispersion, being that of the pyridinium more 
intense than that of the imidazolium. Indeed, as shown by the dotted 
lines in Fig. 6, the strength of the dispersion at short wavelengths 

produced by the core containing pyridinium, is up to twenty times larger 
than that of the weakly dispersive –CH2– units.

At this point, it is important to note that the strength of dispersion in 
the ultraviolet region is tightly related with the extent of charge delo
calization established by the MCBO index shown in Table 3. Cations with 
higher MCBO present higher dispersion in the ultraviolet region in 
Fig. 6. This finding allows us to associate the strength of the dispersion 
with the presence of aromaticity in the heterocycles of the cations. 
Indeed, an extra piece of evidence is that the completely aliphatic het
erocycles, piperidinium and pyrrolidinium, do even share the same 
dispersion curve in the ultraviolet region.

In order to shed more light in this phenomenon, we have simulated 
by means of TD-DFT the electronic absorption spectra of a member of 
each IL family, that with k = 4, Fig. 7. The simulations were performed 
according to the specifications described in the section of Materials and 
Methods.

These calculations show that those ILs that present charge delocal
ization in their cationic heterocycles exhibit several absorption peaks 
close to our measurement range. These peaks are absent in the case of 
the ILs bearing aliphatic heterocycles. From both the Sellmeier 
description of dispersion given by Eq. (2) or the more general model of 
the Kramers-Kronig relationships [60], it is clear that absorption peaks 
produce an increase of electronic polarizability in their surroundings, 
which explains the differences in dispersion observed for aromatic and 
aliphatic species at short wavelengths in our measurements. Further 
insights on this behavior can be provided by analyzing the electronic 
transitions associated to those absorption peaks. In general, these tran
sitions are complex to describe since they involve several orbitals 
around the Highest Occupied Molecular Orbital (HOMO) and the Lowest 
Unoccupied Molecular Orbital (LUMO). For this reason, we employed 
the NTO approach to simplify the orbital description and to obtain a 
qualitative picture of the molecular regions participating in the elec
tronic transitions, Fig. S6 of the SI. According with our calculations, the 
final states of these electronic transitions, (for pyridinium λ = 245, 236, 
226, 197 and 176 nm, and, for imidazolium, λ=198 and 163 nm) are 
always π* orbitals located in the aromatic rings, confirming that 
aromaticity is a key parameter governing dispersion at short wave
lengths. The participation of these aromatic molecular regions in similar 
electronic transitions was already noticed in other calculations [61,62]; 
however, the tight relation of this aromaticity with the dispersion of the 
refractive index was not pointed out before, despite it can be a useful 
tool to design ILs for optical applications.

Furthermore, it is very interesting to mention that most of the origin 

Fig. 6. Electronic polarizability dispersion for the different IL cores and for the 
–CH2– group.

Fig. 7. Absorption spectra simulated by TD-DFT for the members of the 
different IL families with k = 4.
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states of these transitions not only have important contributions from 
the π orbitals of the aromatic rings, but also from the [NTf2]− anion, 
which is a clear signature of charge transfer between ions. The existence 
of intermolecular charge transfer was observed in computational works 
by other authors using a plethora of different levels of theory, such as in 
Refs. [10,63,64]. However, up to our knowledge, it is the first time that 
the existence of charge transfer between ions is directly related with the 
shape of the refractive index dispersion curves in ILs. The impact that 
these electronic transitions could have on the refractive index dispersion 
is not clear, but further work is ongoing to analyze the influence of this 
charge transfer in detail.

5. Conclusions

In this work, we investigated the relationship between the compo
sition of ionic liquids and their refractive index dispersion studying four 
families of ionic liquids sharing a common anion, bis(tri
fluoromethylsulfonyl)imide, and differing in the size and aromaticity of 
the heterocyclic cation (imidazolium, pyridinium, pyrrolidinium and 
piperidinium). Within each family, the length of the alkyl chain attached 
to the cation was also considered as an important degree of freedom for 
the analysis. We expressed the dispersive behavior of refractive index of 
these liquids in terms of the electronic polarizability dependence on 
wavelength. Afterwards, we exploited the additivity of electronic 
polarizability to analyze the contribution that different parts of ionic 
liquids have on this magnitude and on its dispersion. This methodology 
is applicable to other families of ionic and non-ionic liquids whose 
structure is related in such a way that experimental polarizabilities and 
molecular volumes are linearizable. Note that if this linearization is not 
possible, the splitting of the total electronic polarizability in the con
tributions of different molecular blocks is not feasible.

Applying this methodology, we showed that the refractive index of 
ionic liquids increases with their Molecular Density Polarizability (MPD) 
while the refractive index dispersion rises with the presence of charge 
delocalization. Increasing the length of alkyl chains in the studied cat
ions always led to an increase of their refractive index but had a limited 
impact in dispersion. The reason is that alkyl chains are composed by 
–CH2– units, which have larger MPD values than the ionic cores they are 
attached to, but, on the other hand, they lack of conjugation. However, it 
is important to note that the specific influence that alkyl chains exert on 
dispersion depends on the number of –CH2– units they are made of, since 
very long chains (k = 20) have a contribution like that of the highly 
dispersive pyridinium cation. The influence of aromaticity in the 
refractive index dispersion has its origins in electronic transitions 
involving π and π* orbitals in the cations, which are only present in the 
imidazolium and pyridinium heterocycles. Our results reveal that the 
extent of conjugation in ionic liquids plays a fundamental role in the 
shape of the dispersion, and that it is a key parameter to tune this 
magnitude. Interestingly, we also found that the presence of aromaticity 
could favor the transference of charge from the anions to the cations, an 
effect which foreseeably is highly dependent on the specific ionic pair 
upon consideration and that we are currently studying.

Our results, yet obtained from a limited set of ionic liquids and 
focused on the contributions of only a few structural parameters, open a 
promising path for tailoring the refractive index and refractive index 
dispersion in these materials. The basic clues described in this work are 
relevant to design liquids with task-specific refractive response of 
importance in a variety of optical applications, such as variable lenses, 
waveguides, filters, or optical sensors. Of course, further work is 
required to identify the contributions of other common molecular con
stituents of ionic liquids have on these properties, but we offer here a 
first step to pave the way for exciting advancements in optical 
technologies.
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[29] K. Bica, M. Deetlefs, C. Schröder, K.R. Seddon, Polarisabilities of alkylimidazolium 
ionic liquids, Phys. Chem. Chem. Phys. 15 (2013) 2703, https://doi.org/10.1039/ 
c3cp43867h.

[30] C.E.S. Bernardes, K. Shimizu, J.N.C. Lopes, P. Marquetand, E. Heid, O. Steinhauser, 
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