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Refractive index of ionic liquids under electric field:
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ITonic liquids have received wide attention due to their novel optoelectronic structures and devices as an optical means
of regulating electricity. However, the quantitative testing and analysis of refractive index of ionic liquids under electric field
are rarely carried out. In the present study, an experimental apparatus including a hollow prism is designed to measure the
refractive indices of ionic liquids under different electric fields. Five groups of imidazole ionic liquids are experimentally
investigated and an inversion is performed to determine the refractive indices under electric fields. The error propagation
analysis of the apex angle and the minimum deflection angle are conducted, and the machining accuracy requirements of
the hollow prism are determined. The results show that the refractive indices of imidazole ionic liquids change with the
light wavelength, following a downward convex parabola. Furthermore, the refractive index decreases with the carbon
chain length of ionic liquid at a given wavelength, presenting an order of CzMIml > C4MImI > CsMImI > C3;MImBr >
C3MImBF,. Notably, the refractive index of imidazole ionic liquid exhibits a nonlinear change with the applied voltage
at 546 nm and a monotonical decrease at 1529 nm. Besides, the variation of refractive index at 1529 nm with the applied
voltage is larger than that at 546 nm and 1013 nm. Importantly, the variation of refractive index is contrary to that of
absorption coefficient under electric field. This study illustrates that the theory of electrode and carrier transport can be
used to explain the law of variation of n—k value of ionic liquid under the electric field, and provides the support for the
evaluation of physical properties of ionic liquids, the measurement of optical functional parameters and the regulation of

electric—optic performances of optical devices.
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1. Introduction

Room-temperature ionic liquids or simply ionic liquids
(ILs) are of great interest because of their excellent elec-
tric, magnetic, acoustic, thermal, and optical properties.!!=!
For instance, various superconducting materials consisting
of ionic liquids and hard materials are useful for unique
electro—optical,!*! magneto—optical,®! and/or thermo—optical
properties, [ resulting in an important viewpoint that ionic
liquids are marked as one of promising functional materials
in 21st century.l”! The light-matter interaction represents the
composite of the electric and magnetic responses of IL ma-
terial, which can be quantified by a single parameter called
the complex refractive index (CRI).[®] Complex refractive
index is the most important optical constant of absorptive
medium, which is determined by the dielectric coefficient of
materials.] The refractive index and absorption coefficient
correspond to the real part and the imaginary part of the com-
plex refractive index of the absorbing material, respectively.
As shown by Wang ez al.,l'! jonic liquids can be used for

electrically controlling optical media and implementing the
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electro—optical control in a wide spectral range. In our pre-
vious study,!'! we found that the absorption coefficient of the
imidazole ring increases with voltage increasing in a spectral
range from 1520 mm to 1960 mm. The variation range is af-
fected by the length of carbon chain and the type of anion on
the imidazole ring. As is well known, the refractive index is
of interest for substance identifying, purity checking, and con-
centration measuring.!'?! Given that the electric field availably
affects the absorption coefficient of the ionic liquid at a spe-
cific wavelength, it is speculated that the electric field will-
influence the refractive index of the ionic liquid at the specific
wavelength.

There are many studies focusing on the calculation and
prediction of physical properties of ionic liquids. For in-
stance, the refractive index of the mixed solution of 1-alkyl
3-methyl imidazole 4-fluorborate and water and ethanol were
predicted by Newton model and Gladstone-Dale model.!'>!

Wang et al.['4]

predicted the refractive indioces of IL at differ-
ent temperatures from 283.15 K to 368.15 K by using group

contribution-artificial neural network model and group contri-
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bution method. The results showed that the average absolute
relative deviations of the former model and the latter method
are 0.179% and 0.628%, respectively. Kang et al.['] predicted
the refractive index of ionic liquid from molecular descriptor
calculated by the quantum chemistry method through using the
extreme learning machine intelligence algorithm and a mul-
tiple linear regression approach. Allan er al.!'% presented a
model for predicting the refractive index of binary ionic liquid
system containing alcohol by using the artificial neural net-
work algorithm. The refractive index was correlated with tem-
perature, mole fraction, the number of carbon atoms in the
cation, the number of carbon atoms in the anion, the number
of hydrogen atoms in the anion, and the number of carbon
atoms in the alcohol. Eva et al.!'”! found that the refractive in-
dex linearly decreases with temperature rising. The refractive
indices of the mixtures of the 1-ethyl-3-methylimidazolium
acetate with methyldiethanolamine increased with the mole
fraction increasing and decreased with temperature rising. 8]
However, these theoretical estimation methods encounter in-
surmountable difficulties and are hard to assess their original
attractiveness under complex multi-physics fields.
Furthermore, ionic liquids have good optical—electrical
properties, which also give higher possibilities toregulate the
refractive index of ionic liquids, especially in the application
fields of temperature, electric field and magnetic field cou-
pling. Therefore, the intrinsic relationship between refractive
index and other physical parameters have received extensive
attention. This research trend arises from great expectations
for the measurement method and accurate results of refractive
index. The refractive indices of 1-ethyl-3-methylimidazolium
tetracyanoborate in a temperature range of 283.15 K-313.15 K
were obtained by using an Abbe measuring instrument. ']
Bhattacharjee et al.??!! measured the refractive index of
phosphonium based/ sulfonium- and ammonium-based ionic
liquids by using an automated refractometer at the atmosphere.
The results showed that the maximum temperature deviation
is 0.01 K, whereas the maximum uncertainty of the refrac-
tive index measurements is 0.0005. The refractive indices of
17 kinds of room-temperature ionic liquids at different tem-
peratures were measured by Seki et al.,[*?! and showed that
the electron polarization of ionic liquid mainly contributes to
the refractive index of ionic liquid, and there is a high linear
correlation between polarization and refractive index. Xu et
al.'31 measured the surface tensions, densities and refractive
indices of amino acid ionic liquids at different temperatures.
Wang et al.!'! found that the refractive index of the ionic
liquid increases with the chain length of the cation increas-
ing. The refractive index of the ionic liquid decreases with

the anion size and the external temperature increasing, and

has a linear relationship with the chain length of the cation
when the anion is constant. In addition, difference between
the physical properties of ionic liquids and their derivatives
has become an interesting issue. As is well known, the ion
cage structure plays an essential role in determining the struc-
tural and dynamic properties of the iconic liquids.**! For in-
stance, the density and the refractive index of the ionic lig-
uid 1-alkyl-3-methylimidazolium cation with a chloride an-
ion decrease with the alkyl side chain length in the cation in-
creasing as temperature rises from 288.15 K to 318.15 K.[?!
Montalbén et al. ! found that the refractive index of 1-alkyl-
3-methylimidazolium-based ionic liquid increases with alkyl
chain length of cations increasing.

Hitherto, many efforts have been devoted to the study on
the refractive index of ionic liquid theoretically and experi-
mentally. However, little is known about the refractive in-
dex measurements and light refractive behaviours of ILs under
electric field. Considering the fact that the electric field affects
the absorption coefficient of imidazole IL, this result urges us
to explore the effect of electric field on the refractive index
of imidazole IL. Obviously, the influence of the electric field
on the refractive index is helpful for us to master comprehen-
sively the specific change law of the dielectric properties of
the ionic liquid under the electric field. Moreover, the knowl-
edge of the electro—optic properties of ionic liquids under an
applied electric field is limited. For their optical parameters in
an electrical field, it is hardly possible to quantitatively iden-
tify the effect of the types of cations and anions and carbon
chain length on the optical properties of ionic liquids on their
refractive index. Such a predicament prevents ionic liquids
from being further developed and put into practical applica-
tion. In addition, considering that the dielectric properties are
affected by the temperature field, it is necessary to ascertain
the variation rule of the dielectric properties under the electric
field. This work will provide a theoretical foundation for regu-
lating the thermo—optic behaviors of iconic liquids through the

electro—optic effects.

2. Experiment
2.1. Materials

The materials used in this study were Cz;MImlI and
its four derivatives including methyl butyl imidazole iodide
(C4MIml), methyl pentyl imidazole iodide (CsMImlI), methyl
propyl imidazole bromide (C3MImBr), and methyl propyl im-
idazole tetrafluoroborate (C3sMImBF,) as shown in Table 1.
All the ionic liquids (purity better than 99.5%) were purchased
from the Lanzhou Institute of Physical Chemistry, Chinese

Academy of Sciences.
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Table 1. Molecular structures of iconic liquid C3MImlI and four derivatives.

Ionic liquid Molecular structure Anion substituent  Carbon chain length
SN
C3MImlI \—/ I 3
©
\N/\r?/\/\
CyMImlI \-=/ I 4
1©
NN
Cs;MIml \__/ I 5
©
NN
CsMImBr \=/ Br 3
B®
NN
C3sMImBF, \=/ BF4 3

o

BF,

2.2. Apparatus and methods

The experiment was based on the high precision refrac-
tive index measurement system at the Crystal Research Center
of the Institute of Physics and Chemistry, Chinese Academy
of Sciences. The original device was used to measure the
refractive index of the translucent crystal through using the
minimum deflection angle method. Its core equipment was
SpectroMaster, a fully automatic high precision refractive in-
dex measuring instrument. The platform was composed of
a light source (lamp), collimator, goniometer/detector, phase
locked amplifier, chopper, chopper power supply, infrared de-
tector power, PMT power supply, lamp, signal generator, and
mobile and rotating samples. The wavelengths available were
546 nm, 587 nm, 706 nm, 852 nm, 1013 nm, 1529 nm, and
other specific bands of its own light source. The measurement
principle of refractive index of ionic liquid is shown in Fig. 1.
The refractive index is calculated from formula (1) by measur-
ing the top angle of crystal prism and the minimum deflection
angle of light transmission,

__sin (Omin +4) /2

sin(A/2) M

receiver

light

turntable triple prism

Fig. 1. Measurement principle of refractive index of ionic liquid.

To measure the refractive index of ionic liquid under the
applied electric field, a special hollow prism was designed and
manufactured. A voltage-adjustable direct current (DC) power
supply was added to meet the requirements for measuring the
refractive indices of soft liquid electro—optic materials under

an applied electric field. The hollow prism was a key to the
high-precision measurement of the refractive index. The re-
quirements in three aspects related to the measuring errors
needed to be meet. Firstly, the refractive index of soft lig-
uid electro—optic material is available under an electric field.
Secondly, the hollow prism used in the method of minimum
deflection angle for loading liquid meets the requirements of
high-precision processing. Thirdly, the structure and material
selection of the test piece meet the requirements of visible-
infrared multi-spectral band measurement. The most difficult
problem is the machining accuracy. It is necessary to ensure
that the measurement error of the minimum deviation angle
and the sample top angle meet the above-mentioned condi-
tions.

According to the manual of SpectroMaster measuring in-
strument, the absolute refractive index measuring error of the
system can reach 107®. In order to achieve this level resolu-
tion, three conditions are necessary and shown as follows: the
fabrication accuracy of the prism is better than that of the A /10
(PV at 632.8 nm), the measuring error of the apex angle A is
less than (0.2 arcsec, and the measuring error of the minimum
deflection angle is less than 0.4 arcsec.

According to the above requirements, the final design of
the hollow prism for the liquid to be tested is shown in Fig. 2,
where three equally thick quartz glasses and two platinum
plated platinum electrodes are located on the top and bottom,
respectively. In order to reduce the multiple reflections, re-
fractions and diffraction phenomena and enhance the signals
collected in the detector, the inner and outer surfaces of the
third glass and the bonding edges of the three glass were tex-
tured. The diaphragm, parallelism, surface precision, optical
path distance of the two pieces of glass and the tower differ-
ence of the whole piece are of high precision. The parallelism
of the two pieces of glass is controlled within 3”, the tower
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difference is within 1’ after being wholly glued, and the two
pieces of glasses are equal in optical path, the optical path er-
ror is less than 0.1A. Finishing surface is perpendicular to the
upper and lower bottom surface, requiring that the root-mean-
square (RMS) values of the crests and troughs of the convex
surface should be less than 1/10 wavelength. The platinum
electrode was connected to the voltage adjustable DC power
supply to realize the regulation of external electric field.

The test system of refractive index for iconic liquids un-
der an applied voltage is shown in Fig. 3, where the light
source part was composed of various spectral lights 1, tower 2,
mirror 3, light power supply 4, condenser 5, chopper 6, chop-
per controller 7, color filter converter 8, and adjustable slit 9.
The light was collimated through a collimator 10. The de-
tector and signal receiving part were composed of telescope
15, infrared detector 16, photomultiplier 17, lock-in amplifier
controller 18, lock-in amplifier 19, and CCD camera 20. The
tested sample 22 was placed on a piezoelectric drive platform
12, and the drive platform was set on a tray balance 13 which
was located on a pneumatic bearing bracket 14. The power
was provided by a voltage adjustable DC power supply. The

measuring experiments were conducted at room temperature
(22 °C) and atmosphere pressure.

(a) (b)
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Fig. 2. Geometric dimensions and physical photos of hollow prism.

17 18

¥ -

Fig. 3. Ionic liquid refractive index measuring system and its composition.

2.3. Measuring error analysis
2.3.1. Error sources

Before the test, the top angle of hollow prism was mea-
sured repeatedly. In this paper, the top angle of prism was
59.99114°. In the process of measuring the minimum devia-
tion angle, the value was kept unchanged. In addition, the ac-
curacy of the experimental platform was verified by measuring
the refractive index of cure water prepared by Millipore Elix
pure water system. Five groups of pure water measurement ex-
periments were carried out by using a 587.65-nm light source
at an atmospheric pressure and a temperature of 22 °C, and
the measured results were 1.3327272, 1.3227278, 1.3327274,
1.3327276, and 1.3327275, respectively. The relative devia-
tion between the measurement results and the values reported
in Ref. [27] is about 6.2 x 107>.

From the measurement method, the error of the refractive
index measurement system is mainly composed of two parts,
i.e., apex angle error and minimum deflection angle error (see
Fig. 4). For the apex angle of the hollow prism, the error is not
only related to the system angle measurement error, but also
has a direct relationship with the non-parallelism of the inner
and outer surfaces of the glass. Thus, the total error of the apex
angle is the accumulate error of the above two aspects of er-
rors. The system error of the measurement angle was less than
0.036 arcsec (0.00057312°), and the non-parallelism of the left
and right glass was controlled within 3”. Therefore, the total
error of the apex angle introduced by the entire prism to be
tested was no more than 6”. The total angle error of the apex
angle was the sum of the error caused by the systematic error

and the non-parallelism, which was 0.0378 arcsec. Therefore,
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the apex angle error of the experimental sample in this paper
met the technical requirements (less than 0.2 arcsec).

Fig. 4. Physical model of hollow prism by using minimum deviation
angle method.

2.3.2. Error propagation analysis

Preliminary experiments have shown that the tower dif-
ference increases when the height/side length ratio is too large.
When the height/side length ratio is too small, the prism sur-
face deformation is usually caused by the three-side bonding,
which affects the overall aperture accuracy. Therefore, it is
necessary to process the three sides of the prism in an equi-
lateral triangle and keep the ratio of height/side length within
an appropriate range. A small hole was opened on one side
of the hollow prism for injecting and withdrawing the liquid
to be tested. The actual hole was blocked by using a rubber
stopper to prevent the liquid from leaking. An error model of
minimum deviation angle is established (see Fig. 5), and then
the necessary machining accuracies for the hollow prism as-
semblies are obtained. The detailed derivation process is pre-
sented in supporting information (S1. Error model analysis in
measuring liquid minimum deviation angle by considering the
influence of the nonparallelism).

Fig. 5. Error model of minimum deviation angle with effect of non-
parallelism.

The refractive indices, the exit angle of the glass—liquid
interface B, the incident angle of the glass-liquid interface 7,
and the maximum nonparallelism error of the prism caused by
machining A6s are related as follows:

arcsin (nhquidsmﬁl> = A6z + arcsin (nliqmdsmy> . @

Nglass Nglass

In the above derivation process of Eq. (2), it was considered
that the size of liquid prism does not change, so the following
still hold true:

Bi+vy=ZAy, 3)
ﬁz = arcsin (nliquid -sin ﬁ]) s (4)
Y, = arcsin (nhquid -sin )/) , (®)]
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Fig. 6. (a) Error between (a) incident/departure angle and ideal angle
of the liquid three prism and (b) error analysis of minimum deviation
angle considering the influence of the non-parallelism.

The total error of the final minimum deflection angle is
composed of the following three items. Figure 6(a) shows
the refractive index of the glass at 1.459 (corresponding to
wavelength 546 nm) and 1.444 (corresponding to wavelength
1530 nm), according to Egs. (7) and (8). The calculated max-
imum absolute error of the incident angle and the exit angle
of the liquid triangular prism with respect to the incident an-
gle and the exit angle is a function of the true refractive in-
dex of the liquid. Figure 6(b) shows the relationship between
the maximum absolute error of the minimum deflection angle
calculated according to Eq. (9) and the true refractive index of
the liquid when the minimum glass refractive indices are 1.459
and 1.444, respectively. It can be seen that the above absolute
error gradually increases with the true refractive index of the
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liquid increasing, but it is not affected by the refractive index
of the glass in a range from 500 nm to 2000 nm. In addition,
for the case where the overall non-parallelism is 6”, it can be
seen that the absolute error of the minimum deflection angle
is less than 0.4 arcsec when the liquid refractive index is less
than 1.86. The error analysis of the above apex angle can be
obtained for the experimental device. Then, a measurement
accuracy of 10~® can be achieved when the liquid refractive
index is less than 1.86.

2.3.3. Machining accuracy

Based on the above analysis, the glass was processed and
adhered by using glass glue, and the flowchart is shown in
Fig. 7. According to the design requirements, the substrate
was cut into a cuboid with 1 mm in length, 1 nm in width,
and 0.2 mm in thickness. The side of the glass piece was
roughly ground so that the angular accuracy was +4°. Side
polishing with a four-axis machine achieved a smooth fin-
ish of grand three, an aperture of three, and a parallelism of
15”. The machining accuracy of this part is required to be
extremely high, and the ultra-precision continuous polishing
process was adopted for a higher measurement accuracy and
reliability. Fine polishing was performed after rough polish-
ing. The aperture was adjusted to one circle by regulating the
calibration plate so that its parallelism was 5” and its finish
reached grade two. Since this component was used to mea-
sure the refractive index, it was necessary to repair the optical
path to make the light propagate well along it. The processed
surface finish reached 1/60A and passed the test to confirm
whether the measurement requirements were satisfied. In the
process of polishing, ZDHP-30 interferometer was used for
monoitoring the test process. For the high angle requirement
of this piece, when the optical cold glue is glued, the collima-
tion angle is adjusted to meet the design requirements through
using the parallel light pipe.

inspection ultra-precision o
P continuous polishing polishing
v

Fig. 7. Machining processing flowchart of glass plates for hollow prism.

substrate

gluing

2.4. Measuring procedure

Prior to the test, the inner and outer surface of the hol-
low prism were cleaned with alcohol, followed by wiping it
with the cotton swab and keeping it clean (Because the actual

light-passing surface is limited, the edge of the cotton swab
cannot be wiped, but no other liquid remains), and drying it in
a constant temperature oven (usually for 24 h). Prior to testing
it, the hollow prism was taken out from the drying box. For
the sample of the hollow prism of the ionic liquid to be tested,
it was ensured that the orifice was placed vertically upward
when the liquid was injected, and that the sample stood up for
a while until the bubble overflows. For the center or the edge,
the small bubble movable test piece caused the small bubbles
to gather into a large bubble and then were sucked out by the
syringe needle. After the liquid was filled in the entire liquid
cavity, the outlet was sealed with a rubber plug to prevent the
liquid from overflowing, and the conductive metal piece of the
upper end and the lower end of the hollow prism were clamped
by the electrode holder. In order to reduce the resistance, sev-
eral silver-plated wires were used for the power supply line,
and a thinner wire was selected to avoid the wire covering
the light-passing hole of the detector due to improper oper-
ation during the test. The wire resistance was less than 0.05 Q
and the resistance difference between the two wires was less
than 0.005 Q. The two ends of the sandwiched prism were
connected to the positive and negative pole of the power sup-
ply, respectively. The entire sample was placed on the sample
stage on the automatic high-precision refractive index measur-
ing instrument, the sample was screwed to the moving plat-
form with a mechanical mold of the same size as the sample,
or it was stuck with a sticky substance, to prevent the relative
position of the sample and the turntable from moving when the
turntable moved. According to the minimum deflection angle
method, the refractive indices of the ionic liquids at different
wavelengths were accurately measured under the applied elec-
tric field.

3. Results and discussion
3.1. Effects of wavelength

After the preparation of the test piece and the calibration
of the test system, we firstly measure the refractive indices of
five kinds of iconic liquids (i.e., C3MImI, C4MImlI, CsMIml,
C3MImBr, C3MImBF,) under no action of external electric
field at the wavelengths of 546 nm, 706 nm, 852 nm, 1013 nm,
1529 nm.

The influence of an electric field on the ionic liquid re-
fractive index for wavelengths of 546 nm, 1013 nm, 1529 nm
are investigated. The voltages 0 V, 0.5 V, 1 V, 1.5 V (due to
the electrode spacing of 2.5 cm, if the voltage is raised to 2 V,
the ionic liquid may be decomposed and ionized) are applied
one by one in sequence. The method of repeated measurement
is adopted, and the number of repeated measurements for each
experimental group of data is not less than five.
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Fig. 8. Variations of refractive index of imidazole ionic liquids with wavelength.

The refractive indices of the five ionic liquids changing
with the light wavelength are shown in Fig. 8. As can be
seen, the refractive indices of these ionic liquids decrease with
the wavelength increasing, and the refractive indices of these
ionic liquids are ordered as follows: C3MImI > C4MImI >
CsMIml > CsMImBr > C3MImBF,. Note that when ehanc-
ing the number of carbon atoms of the imidazole ring to in-
crease and branch anion and cation binding capacity (bond en-
ergy), the refractive index of the ionic liquid exhibits a global
decrease. The main reason is that a stronger hydrogen bond
IL results in a higher refractive index. In addition, the anionic
change will result in a greater refractive index of IL than that
of cationic. Meanwhile, of the aforementioned ILs, the varia-
tion of the refractive index of CsMIml with wavelength is the
most obvious and that of the C3sMImBF; is little. Furthermore,
for the methyl propyl imidazole iodide and several derivatives,
a uniform relation between the refractive index and the light
wavelength can be obtained by data fitting as expressed by
Eq. (10).

n==Cy—CiA+CA>. (10)

For the five ionic liquids, the fitting coefficients are listed
in Table 2.

Table 2. Fitting coefficients of relation between the refractive index and
wavelength.

Coefficient C3MImlI C4MImlI CsMImlI CzMImBr C3;MImBFy
Co 1.6509 1.6298 1.6267 1.60256 1.4399

Ci(x107%)  1.3212 1.2147 1.2166 0.9962 0.4800

G (x1078%)  4.8903 4.4928 4.5094 3.6427 1.7261

3.2. Effects of applied voltage

The effect of the applied voltage on the refractive in-
dex of a given ionic liquid under three types of wavelengths
(546 nm, 1013 nm, 1529 nm) are shown in Fig. 9. As seen
for C3MIml, the refractive index gradually decreases as the
applied voltage increases. The refractive index of the work-
ing fluid C3MImlI decreases more slowly at the wavelengths
of 546 nm and 1013 nm. The values of the CsMIml refractive
index at these two wavelengths under the conditions are very

close to each other. However, the refractive index of C3sMIml
and its derivative decrease with voltage at 1529 nm. The dif-
ference between the refractive indices of CsMIml at the wave-
lengths of 546 nm and 1013 nm non-monotonically changes
with the applied voltage (convex on the parabola), and the
threshold voltage is about 0.75 V. When the anion is changed,
the refractive index of the ionic liquid is also close to the val-
ues measured at the wavelengths of 546 nm and 1013 nm, but
the refractive index first decreases and then increases with the
applied voltage rising. In addition, when the anion is [BF4] ™,
the refractive index of the ionic liquid is more sencsitive to
the change of the applied voltage, and the variation range is
close to twice that when the anion is Br™. In general, the test
condition, i.e., the effect of the wavelength of the light wave
is the most basic, and the refractive indices measured at dif-
ferent wavelengths vary greatly (as in this case, from visible
green light to infrared light). In addition, the influence of the
carbon chain length of ionic liquid on the refractive index is
very greatly equivalent to that of the anion species on the re-
fractive index, which also provides an important reference for
some electro—optic control designs.

For comparison, the effects of applied voltage on the
refractive index of five types of ionic liquids are shown in
Fig. 10. The relationships between the refractive index and
voltage at a wavelength of 546 nm under the applied voltage
for several ionic liquids are shown in Fig. 10(a), where An rep-
resents the change of the refractive index relative to the refrac-
tive index at the applied electric field of 0 V. When a voltage
is applied to the ionic liquid at wavelength 546 nm, the refrac-
tive index does not change significantly. Comparatively, for
three kinds of refrigerants, CzMImlI, C4MImI, CsMIml, their
refractive indices decrease slightly with carbon chain length
increasing. For a given long carbon chain, the refractive in-
dex first increases and then decreases gradually. The longer
the carbon ring, the larger the increase degree is. When the
number of carbon atoms is four, the variation of refractive in-
dex with applied voltage is smallest. Furthermore, when the
anion is I” and Br~, the refractive index gradually increases
with voltage increasing. When the anion is [BF4]~, the in-
crease degree of the refractive index gradually decreases with
applied voltage increasing.
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Fig. 9. Effects of applied voltage on refractive index for five types of ionic liquids: (a) C3MIml, (b) C4MIml, (c) CsMIml, (d) C3MImBr, and (¢) C4MImBF4

at wavelengths of 546 nm, 1013 nm, and 1529 nm.
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Fig. 10. Variations of refractive index with electric field for three types of ionic liquids at different wavelengths: (a) 546 nm, (b) 1013 nm, and (c) 1529 nm.

Effects of the applied voltage on the refractive index of
three types of ionic liquids at the wavelength of 1013 nm
are presented in Fig. 10(b). The three types of ionic liquids
with different carbon chain lengths present different variation
trends. The refractive index of CsMIml first increases and then
decreases with electric field increasing. The refractive index
of C4MIml tends to decrease slowly with electric field increas-
ing, while the refractive index of C3sMIml decreases with elec-
tric field increasing. It can be concluded that when the number
of carbon atoms in the carbon chain is greater than four, the
refractive index tends to become larger as the applied elec-
tric field increases when the electric field is smaller. When
the number of carbon atoms on the substituent decreases,
this trend is no longer apparent, the refractive index becomes
smaller as the electric field increases. In addition, the refrac-
tive index of C3sMImBr and C3sMImBF, decrease slowly with
the increase of voltage, and the change of the refractive index
of C3sMImBEr is significantly smaller than that of C3sMIml with
the applied electric field increasing.

The variations of refractive index of several ionic liquids
with applied voltage at 1529 nm are shown in Fig. 10(c). With
the increase of voltage, the refractive indices of five kinds of
working media decrease, and their decreasing amplitudes at
1529 nm are larger than at 546 nm and 1013 nm. With the

increase of carbon chain length, the refractive index changes
with the applied electric field inceasing in the order of C4MImlI
> CsMIml > C3;MIml. The refractive index of C4MIml and
CsMIml are almost the same, which are obviously smaller
than that of C3sMImI. Because the size of cation and the length
of alkyl chain may affect the refractive index of imidazolium
salt, the contribution of the general polarizability of each CH,
unit added to the chain is higher than that of the corresponding
volume increase. It can be found that the change rule of refrac-
tive index with length of carbon chain is opposite to the change
rule of absorption coefficient with voltage.!!!l However, due
to the change of anion, the refractive indices change with ap-
plied electric field in the order of CsMImBF, > C3MImBr >
C3MIml when the voltage is less than 1.0 V. The C3MImBr be-
longs in weak current compared with CsMImBF;, for its weak
oxidation of anion and is more difficult to polarize. At the
same time, the initial refractive index of CsMIml is largest
at a given wavelength, but the change of refractive index is
smallest when the electric field strength increases. In addition,
when the voltage is small, the change of refractive index and
absorption coefficient are opposite to each other under electric
field.l""] Under the action of electric field, the change of ab-
sorption coefficient of the working medium with the increase
of the change of refractive index decreases. In addition, com-
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pared with the change of refractive index in the visible band,
the effect of voltage on refractive index in the infrared band is
significantly increased.

3.3. Discussion

From the experimental results, it can be seen that as the
electric field increases, the refractive index as a whole tends
to decrease and the absorption coefficient as a whole shows an
increasing trend. Especially when the wavelength is close to
1520 nm, the above trend becomes more obvious. To this end,
from the perspective of the evolution process of the ionic lig-
uid anion and cation group, the response characteristics of the
ionic liquid under the action of electric field and its effect on
optical transmission performance are discussed.

As the external voltage increases, the evolution process
can be divided into four phases, i.e., electroneutrality, electric
polarization, free carrier motion, and electrolysis.

(i) Electroneutrality phase

When the external voltage is zero, the anions and cations
in the ionic liquid are connected through the ion bond and hy-
drogen bond. At this time, there is no change of macro con-
centration gradient in the liquid, the various ion clusters are
randomly arranged in disorder, and they are electrically neu-
tral.

(i1) Electric polarization phase

As the external voltage increases slowly, the electrode en-
ters into the stage of electrode formation. At this time, the
bond between anion and cation does not break under the action
of electric field, forming a structure similar to electric dipole,
and regular arrangement occurs along the direction of electric
field under electric field.

(ii) Free carrier motion phase

When the applied voltage reaches a certain value, the
ionic bond between anion and cation in the ionic liquid breaks
and moves to the two electrode plates under the action of the
applied electric field. Moreover, with the increase of voltage,
the hydrogen bond between anion and cation in ionic liquid
breaks, and the number of ionized anion and anion will in-
crease gradually. At this time, it can be considered that the
number of free carriers in ionic liquid is no longer stable, but
increases with electric field strength increasing.

(iv) Electrolysis phase (breakdown)

When the applied electric field continues to increase and
reaches to the electrochemical window value higher than that
of the ionic liquid, the components of the ionic liquid will be
separated. At this time, new chemicals will be separated from
the left and right sides near the electrode, and the correspond-
ing photorefractive properties will also change dramatically.
In this study, the applied voltage is low and the discussion fo-
cuses on the first three stages, and the results are shown in
Fig. 11.

Following the theory of polarization, the relative dielec-
tric constant is a function of the electrode formation rate and
satisfies formula (11), which includes the electrode formation
rate,

g =1+ye. (11)

The refractive index and the dielectric coefficient satisfy
n=(eu)"?. (12)

Since the permeability values of most of the existing media are
about equal to 1, the squared refractive index is roughly equal
to the relative permittivity. It can be inferred from the two for-
mulae that the polarizability and the refractive index increases
with voltage incteasing.

The experimental results between 0 V and 0.5 V are in
line with this trend, while other ionic liquids enter into the
carrier motion phase at a voltage of 0.5 V because they cross
the stage of polarization alignment. Therefore, its refractive
index will gradually decrease.
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Fig. 11. Three typical phases of evolution process of ILs.

Referring to the relationship between the refractive index
and the absorption coefficient and the carrier concentration in
the above carrier transport theory, the electron concentration
in the anion and the hole concentration in the cation at this
time can be determined from the corresponding formulae. The
change trend of the absorption coefficient increases, while the
change trend of the refractive index decreases, which is consis-
tent with the variation trend of the absorption coefficient and
the refractive index when the voltage is increased to a certain
extent. In addition, the absorption coefficient under the action
of external electric field changes significantly with the applied
electric voltage increasing. This can also be roughly com-
pared with the result from Drude-Lorentz model!*3?°! and
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1.3031 1t can be seen from the equa-

Kramers—Kronig mode
tion that the change in absorption coefficient is related to the
change of number of anions and cations, and the change of
mobility of anion and cation. In addition, the denominators
in Eq. (13) are squared, and the denominator in Eq. (14 ) is a
single term, both of which can render the influence of carrier

concentration change on the absorption coefficient greater.

3)2 AN. AN
Ao = 6230 [ st - 2]’ (13)
ancieon | p, (m)"  p, (m)
242
An— A (ANe AN (14)
8m2c2ngy \ my,  ml,

As the movement of ions to the electrode plates at both
ends is intensified, positive charges and negative charges with
equal electric quantity gradually accumulate on the two elec-
trode plates, and thus forming an internal electric field. The
formation of the internal electric field will offset part of the
external electric field, causing the ions to migrate to the two
poles. The increase in resistance partially suppresses the ten-
dency of the free carrier concentration increasing in the ionic
liquid. Therefore, when the voltage increases to a certain
value, the migration rate of anions and cations slow down, and
the rate of change of the absorption coefficient and refractive
index gradually decrease with voltage increasing.

Fundamentally, the refractive index is a measure of the
dielectric response of a substance to an external electric field
caused by electromagnetic waves. In the case of uniform and
isotropic dielectrics, the response is governed by Lorentz—
Lorenz equation: 32!

% = & . E (15)
& PNy n?4+2

It can be seen from the above equation that when the ionic
bond is broken as the polarization intensity increases, the re-
fractive index decreases continuously. Since the polarization
strength is proportional to the voltage across the two ends, The
polarization strength increases in the form of an arithmetic
progression in this experimental study. The refractive index
is in the denominator and is a quadratic term. Therefore, the
magnitude of the change in refractive index is much smaller
than in electric field strength, which is consistent with the fact
that the measured refractive index is less affected by the elec-
tric field.

4. Conclusions

In the present study, the light refraction properties of ionic
liquids in a uniform electric field are investigated. A high pre-
cision hollow prism with electrodes on both sides is designed
to measure the refractive index. An experimental program for
measuring light refraction properties of ionic liquids in ultra-
violet, visible, and near-infrared region is also developed. The

laws for spectral refractive index varying electric field inten-
sity of five kinds of imidazole ionic liquids are identified and
illustrated. The hollow prism is determined by analyzing the
system and the test error apex angle of minimum deviation
error of machining accuracy. The propagated uncertainties in-
volved in the measurement results are analyzed by using the
uncertainty propagation formula for refractive index and de-
termining the error range of the inversion results. The main
conclusions drawn from the present study are as follows.

(D) The refractive index of the ionic liquid is reduced
as the wavelength increases, the refractive indices of the
five ionic liquids are in the order of C3sMImI > C4MIml >
CsMImlI > C3MImBr > C3MImBF,; as the number of car-
bon atoms in the branch and anion and cation binding capacity
(bond energy) increase, the refractive index of ionic liquid be-
comes gradually smaller.

(II) At the wavelength of 546 nm and 1013 nm, when
the carbon chain grows, the refractive index first increases and
then decreases with voltage increasing. The more the number
of carbon chains, the more obvious the trend is. As the num-
ber of carbon chains decreases, the refractive index decreases.
The voltage change does not increase first, but decreases all the
time; as the wavelength becomes longer, the refractive index
first increases and then decreases, and the refractive index de-
creases with voltage increasing. At a wavelength of 1529 nm,
the refractive index decreases with voltage. The effect on the
refractive index is less pronounced in the visible range than in
other wavelength region.

(IIT) The variation trends of the refractive index and ab-
sorption coefficient are opposite to each other, and the varia-
tion range of refractive index is related to the polarization re-
sistance. Under the action of electrical field, if an ionic liquid
is easy to polarize, the refractive index of the ionic liquid is
also quite easy to change. We also discover that when the re-
fractive index of ionic liquid changes obviously with the elec-
trical field, the absorption coefficient of that medium varies
little with the electrical field. These results are consistent with
the theory of electric polarization and carrier transport, and
can be accounted for the dielectric properties of ionic liquid
under the action of electric field.

The present study can provide the experimental means
and data for further supporting the mechanism analysis and
theoretical simulation of the electro—optical effect of ionic lig-
uids, especially for the electro—optical regulation technologies
used in the fields such as optical communication, optical sens-
ing, optical displaying, high-power solid laser, smart glass, so-
lar PV generation, etc. It also lays the foundation for further
exploring the electro—optical regulation mechanisms and ca-
pabilities of ionic liquids, ionic liquid-like soft materials, and
metamaterials.
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