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Abstract
Here, the microwave-absorbing properties of 1-ethyl-3-methylimidazolium and 1-butyl-
3-methylimidazolium ([E and BMIm]*-based) room-temperature ionic liquids (ILs) with
different anions were systematically investigated by measuring dielectric properties in
the 1-14 GHz microwave-frequency range. First, the dielectric properties of the [E and
BMIm]"-based ILs were studied with a typical open-ended coaxial probe system. The results
showed that the real part of permittivity £’ values decreased from 13 to 4 and the values of
loss tangent decreased from 5.91 to 0.24, meaning that ILs displayed high dielectric-loss
characteristics at microwave-frequency ranges. Furthermore, it was found that the conductivity
loss was dominant for dielectric loss in the low-frequency band, and the polarization loss
played a major role in high-frequency bands. For the same anion ILs with different cations,
the permittivity became higher as the length of the alkyl chain decreased. The absorption
properties of [E and BMIm]*-based ILs could be obtained based on their dielectric properties,
and found the ILs absorption bands were mainly concentrated in the C band and X band. It
was noted that the maximum reflection loss (RL) of [BMIm][NTf,] with a thickness of 4 mm
reached —27.6 dB at 8.73 GHz, and the bandwidth of an RL less than —10 dB could be up
to 4.3 GHz. The absorption peak frequency of the ILs gradually shifted to lower frequencies
with increasing temperature and coating thickness, which might be caused by the change in
impedance matching.

Keywords: ionic liquids, microwave-absorbing, dielectric properties

(Some figures may appear in colour only in the online journal)

1. Introduction of magnetic-loss powders such as ferrite [2], nickel [3], and

cobalt [4], and dielectric-loss materials such as composite
Microwave-absorbing materials have received much attention  ceramics [5, 6], carbon nanotubes (CNTSs) [7], conducting poly-
because of their prospective applications in electronic instru-  mers [8], and graphene [9, 10]. However, liquid-state-absorbing
ments, industry, commerce, and military affairs [1]. Most of the  materials are rarely the object of concern due to their absorp-
microwave-absorbing materials are in the solid state, composed  tion efficiency. Recently, liquid water has been considered as
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Figure 1. Structures of methylimidazolium ILs with different anions and cations.

a material platform for a new structural microwave-absorbing
material [11, 12] that can achieve perfect absorption in the Ku,
K, and Ka bands. It is possible to control the absorption ratio
and absorption wavelength band of electromagnetic waves
according to the shape of water droplets, as well as their height
and diameter. Compared with solid-state microwave-absorbing
material, structural-absorbing material with liquid water has
the advantages of reconstruction, easy tunability, low cost,
wide-frequency band, and small density. However, it has the
disadvantages of volatility, poor thermal stability, and easy
vaporization or condensation. It is therefore urgent to find new
kinds of liquid materials to overcome the weaknesses of water.

Room-temperature ionic liquids (RTILs) are a novel class
of versatile solvents and soft materials possessing unique
physico-chemical properties, including negligible vapor pres-
sure, wide liquid range, intrinsic ionic conductivity, accept-
able electrochemical stability, and environmental friendliness
[13-15]. Apart from these well-known properties, the most
important characteristic of ILs is that their properties can
be significantly regulated for any particular application by
changing their combination of ions. This makes them ‘des-
ignable materials’. Their dielectric properties are considered
to present unique opportunities to study the microwave-
absorbing properties and the fundamental dynamics of
RTILs. Early reports were initially focused on extrapolating
the ‘static dielectric constants’ from frequency-dependent
measurements [16—18], but much progress had been made
within the last several decades in also extracting dynamical
information from broadband dielectric measurements of neat
ILs [19-23]. Recently, researchers have noticed that ILs have
great potential for microwave absorption by studying the
broadband dielectric properties of polymers based on ILs. For
example, Tang et al measured the permittivities of four ILs
in the solid state, i.e. P[VBBI]|[BF,], P[VBBI][Sac], P[VBBI]
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Figure 2. Complex permittivity measurement apparatus.

[FeCly], and PPTVBTMA][BF,], and found that these polymers
had higher dielectric-loss factors (0.18—0.37) than other com-
monly used polymers [24]. More recently, our group realized
a new structural microwave-absorbing material using [EMIm]
[N(CN),] ILs, and that a strong microwave-absorption rate of
over 90% can be achieved over the entire frequency range 8.4—
29.0 GHz. Thus, it is feasible to design ILs-based absorbing
material [25], and, in order to design such material with better
performance, it is necessary to systematically study both its
dielectric and absorbing properties.

In the work reported in this paper, the dielectric proper-
ties of 12 [E and BMIm]*-based ILs with different anions
were measured by a typical open-ended coaxial probe
system, and the measured results show that the ILs have
high electromagnetic-loss properties, indicating a great
potential application in microwave absorption. Furthermore,
the absorption properties of ILs were studied systematically
with the change of anions and cations in the range 1-14 GHz.
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Figure 3. (a) Real and (b) imaginary parts for permittivity of [BMIm]"-based; (c) real and (d) imaginary parts for permittivity of

[EMIm]"-based Ils.

In addition, the effect of temperature and coating thickness
on absorbing properties was analyzed. It was found that ILs
could be used as a novel class of liquid-absorbing materials
that had the advantages of various types, flexible structure,
and low cost.

2. Experimental section

2.1. Preparation of materials

Twelve [E and BMIm]"-based RTILs, i.e. [BMIm][AC],
[BMIm][BF,], [BMIm][N(CN),], [BMIm][NTf,;], [BMIm]
[OTf], [BMIm][SCN], [EMIm][AC], [EMIm][BF,], [EMIm]
[N(CN);], [EMIm][NTf;], [EMIm][OTf], and [EMIm][SCN],
were synthesized according to established procedures, and
their structures were shown in figure 1. The purity of all the
ILs was >99%. All ILs were carefully dried under vacuum at
~40 °C for at least 7 d, yielding water levels of <40ppm as
determined by Coulometric Karl Fischer titration.

2.2. Dielectric properties and DC conductivities
measurement

The complex dielectric function can be expressed as
e*(w) = &'(w) — ie" (w), the real part of which, &’ (w), reflects

the dielectric dispersion, which signals how far the polariza-
tion of the sample is able to follow the oscillating electric
field [26]. The imaginary part e” (w) reflects the dielectric loss
cause by the absorption of electromagnetic radiation by the
sample. It is difficult to measure the dielectric properties of
conducting materials such like ILs, because the samples are
largely short-circuited by high electrical conductance, con-
ventional testing techniques can not detect them. Microwave-
reflection spectroscopy can be a suitable tool to measure the
dielectric constant (¢'(w)) and loss factor (¢’ (w)) of highly
conducting liquid samples. The dielectric properties of a
series of ILs were measured using an open-ended coaxial
probe system shown in figure 2 [18, 26].

The conductivities (o) were measured by conductivity
meter S230 Seven Compact”™ with a precision of +0.5%.
Before measurements, the ILs were kept in oil bath to obtain
a constant temperature.

3. Results and discussion

3.1. Dielectric properties

The dielectric properties of [BMIm]*-based ILs are shown
in figures 3(a) and (b). For the real part (¢/(w)), the values
decrease from 9 to 4 with the increase of frequency (1-14
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Figure 4. (a) Real parts and (b) imaginary parts for permittivity of [NTF,]~ -based ILs.

GHz). For the image part (¢”(w)), the values decline distinctly
from 18.5 to 2 as the frequency increase from 1 to 4 GHz,
and the values reduce gently as the frequency is higher than 4
GHz. For anions with symmetric structure, such as [BF4]™ and
[NTf,]~, which lack a permanent dipole moment, the contrib-
ution to &’(w) mainly comes from the cation, and the values
from these ILs are similar. With the increasing polarity of
anions, the value ¢’'(w) of ILs increases, which is attributed
to the relaxation effect of the composites. Furthermore, the
value ¢”(w) depends on conductance and polarization [27].
The dielectric properties of [EMIm]*-based ILs are shown in
figures 4(c) and (d). Compared to [BMIm]"-based ILs, it is
found that the dielectric properties change regularly in different
frequency bands, which may be due to the change in anion and
cation dipole-moment orientation [28]. In addition, the value

becomes higher as the length of the alkyl chain decreases due
to the effective dipole moment of cations decreasing from 7.0D
to 2.5D [29]. In order to further confirm the influence of chain
length, the dielectric properties of [HMIm][NTF,] and [OMIm]
[NTF,] with longer chain lengths were tested, and the results
showed similar trend in figure 4. The dielectric properties of
composites can be explained by the Debye theory. The Cole—
Davidson model (formulas (1) and (2) below) has been valid-
ated for fitting the permittivity dispersion spectra [30], which
means that ILs comprise an asymmetric Lorentzian medium.
The &’(w) and £”(w) values of permittivity are expressed as

£'(w) = €00 + (60 — £00) cos”p cos(p3), (1

£"(w) = (64 — €00 ) cOsP @ sin(pf) + o /wep,  (2)
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where ¢ = arctanwT, £, is the permittivity when the fre-
quency is infinity, €4 is the static permittivity, ¢ is the permit-
tivity of free space, w is the angular frequency, 7 is the most
probable relaxation time, o is the DC conductivity, and [ is an
empirical constant with values between 0 and 1 that measures
the distribution of relaxation times.

In the microwave-frequency range, the possible contrib-
utions to the complex dielectric function originate from dif-
ferent processes: Maxwell-Wagner polarization, rotational
contributions, and translational contributions. As ILs are
charged systems, the contribution from rotation and transla-
tion cannot be separated experimentally. To show the contrib-
ution of the conductivity loss and polarization loss to the
e”(w) value clearly, we compared the experimental data of
€”(w) and the conductivity loss (fitted by equation (2)) as
shown in figure 5. Besides, the values of conductivity (o)

mittivity of [EMIm][BF,] (a) and [BMIm][BF4] (b).

for [EMIm][BF,] and [BMIm]|[BF,] are 1.25 and 0.285
S m~!, respectively. The results show that the conductivity
loss decreases and the polarization loss first increases and
then decreases with increasing frequency. In particular, the
conductivity loss is found to be dominant for the dielectric
loss in the low-frequency band, and the polarization loss plays
a major role in high-frequency bands.

3.2. Microwave-absorption properties

Based on the measured data of the complex permittivity, and
assuming that a single layer of ILs is attached on a metal plate,
the electromagnetic-wave-absorbing properties could usually
be evaluated by the following equations [31]:

RL = 20log |(Zin — Zo)/(Zin + Zo) |, 3)
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Zin = Zo\/ (1) Ytanh[j(2nft/c )\/piE), )

where RL is the reflection loss, zo and z;, are the impedance
of free space and the input characteristic impedance at the
absorber/air interface, € and p are the measured relative com-
plex permeability and permittivity, # and c represent thickness
(m) and the speed of light in vacuum (3 x 108 m s™!). The x
value of ILs is taken as 1 because of the weak magnetic prop-
erty of the studied materials.

Figure 6(a) shows Microwave-absorbing properties of
the [BMIm]"-based ILs with a thickness of 4mm in the fre-
quency range 1-14 GHz. It is determined that the absorbing
bandwidth is mainly concentrated in the range 6—12 GHz,
and that the type of anions has an obvious effect on absorbing

performances. For [BMIm][OTf], which has a maximum
reflection loss (RLjy) of —33.1 dB at 7.70 GHz. [BMIm][NTHf;]
has a great absorption bandwidth, which can reach up to 4.3
GHz bandwidth below —10 dB, and has a RLy; of —27.6 dB at
8.73 GHz. Figure 6(b) shows the reflection-loss characteristic
curve of [EMIm]*-based ILs, with the absorbing bandwidth
mainly concentrated in the range 5-10 GHz. Compared with
[BMIm]"-based ILs, the RLy; moves to a lower frequency, and
the effect of cations on absorption performance is also distinct.
For [EMIm][OT{] and [EMIm][NTTf;], the RLy; are —12.4 dB
at 6.02 GHz and —15.6 dB at 7.05 GHz and the absorption
bandwidths are 1.5 and 3.1 GHz, respectively.

The mechanisms of energy loss are mainly due to dielectric
and magnetic properties, which depend on the imaginary
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part of the complex permittivity and complex permeability.
Owing to the magnetism of ILs being weak, dielectric loss
is the main microwave-absorbing mechanism of ILs. Another
important concept related to microwave absorption is the
impedance-matching characteristic. An overly large or overly
small permittivity of the absorbing material is both harmful to
the impedance matching and results in strong reflection and
weak absorption. For clarity, the correlation between perme-
ability and microwave absorbing properties was analyzed in
the range 2—14 GHz based on equation (3), with the thickness
of 4mm, as shown in figure 7. It are found that if the materials
show good microwave-absorbing performance (RL < —10
dB) and ideal absorption (RL < —60 dB), the permittivity

must distribute in a specific area which between the upper and
lower edges. Besides, the range of matching dielectric proper-
ties becomes smaller as the frequency increases. In the range
5-12 GHz, the matching values of £'(w) and €”(w) are from
14.4 to 2.8 and from 9.1 t03.8, respectively. Measurement
results show that the and values of [E and BMIm]*"-based
RTILs range from 10.2 to 4.5 and 12.1 to 2, respectively, which
are mostly located in the permittivity distribution region with
the good microwave absorption. Therefore, the difference
of ideal matching dielectric properties (Ideal absorption) of
various ILs would result in the distinction of the maximum
reflection losses and peak frequency in figure 7. However, the
quantitative relationship between complex permeability and
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Table 1. Details of maximum reflection losses values of RLy; (dB) and peak frequency (FP) of [BMIm]*-based ILs.
[BMIm][AC] [BMIm][BF4] [BMIm][N(CN),] [BMIm][NTF,] [BMIm][SCN] [BMIm][OTF]
FP RLy FP RLy FP RLy FP RLy FP RLy FP RLy

3 mm 10.92 —14.02 10.85 —17.99 10.23 —15.40 12.56 —20.67 11.4 —20.60 11.19 —36.80
35mm  9.21 —13.20 9 —17.34 8.45 —14.83 10.37 -26.70  9.48 —21.44 9.14 —38.61
4 mm 7.90 —11.99 7.70 —16.45 7.22 —13.63 8.73 —27.61 8.04 —20.73 7.70 —33.14
45mm  6.88 —11.07 6.74 —16.02 6.26 —12.52 7.56 -27.77 101 —20.69 6.67 -30.37
5 mm 6.12 —10.41 5.99 —15.81 5.51 —11.76 6.67 —27.95 6.26 —20.95 5.92 —28.97
55mm  5.57 —9.94 5.44 —15.73 4.96 —11.21 6.05 —-2820  5.64 —21.29 5.30 —27.84
6 mm 5.03 —9.60 4.96 —15.75 4.48 —10.75 5.51 -28.59 5.10 —21.74 4.82 —27.44
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Figure 9. Reflection losses at different temperatures.

Table 2. Change in maximum reflection losses values of RLy; (dB) and peak frequency (FP) of [BMIm]"-based ILs with different

temperatures.
[BMIm]
[BMIm][AC] [BMIm][BF4] [N(CN),] [BMIm][NTF;] [BMIm][SCN] [BMIm][OTF]
FP RLym FP RLy FP RLy FP RLy FP RLy FP RLy
308K 746 —48.31 7.44 —26.39 6.98 —8.85 7.9 —19.38 4.32 —11.99 7.50 —20.05
313K 731 —33.90 7.31 —23.04 6.92 —8.71 7.68 —17.77 4.24 —10.86 7.31 —18.44
323K 7.24 —25.51 7.11 —16.57 6.66 —7.22 7.37 —15.53 4.12 -9.13 7.24 —16
333K 7.05 —18.58 6.79 —12.21 6.46 —6.24 7.15 —13.39 4.06 —7.35 7.05 —13.30
343K 6.78 —16.15 6.61 —10.08 6.32 —5.36 7.03 —11.86 3.86 —6.01 6.33 -9.90
353 K 6.59 —13.87 6.48 —8.30 6.20 —5.04 6.92 —10.68 3.86 —4.97 6.14 -9.01
363 K 6.33 —11.76 6.33 —7.25 6.14 —4.49 6.73 —9.51 3.86 —4.97 5.94 —8.07
373K 6.14 —-10.22 6.20 —7.09 6.01 —4.03 6.40 —7.86 3.86 —4.97 5.88 —-7.37

the maximum reflection losses seemed not clear at current
stage, and we will study in-depth in the following work.

As previously stated, [BMIm][OTf] showed excellent
absorption performance in the measured frequency ranges.
To study the microwave-absorption performance in depth,
the effect of coating thickness and temperature was studied
in detail. Figure 8 shows the RL of the [BMIm][OTf]-based
ILs with different thicknesses in the range 1-14 GHz. It is

observed that the thickness of the absorbing material has a
great influence on the microwave-absorbing properties. In
addition, the RLy; gradually shifts toward a lower frequency
with increasing thickness. When the thickness is 3mm, the
RLy that can be achieved is —36.5 dB at 11.2 GHz, and the
absorption bandwidth can reach up to 4.9 GHz (from 9.1 to
14 GHz). When the thickness is 3.5mm, the RLy; increases
to —38.6 dB at 9.14 GHz, and the absorption bandwidth
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is 4.3 GHz (from 7.5 to 11.8 GHz). The RLy gradually
decreases and the absorption peak frequency (FP, denoting
the frequency of RLy) gradually shifts to lower frequencies
with increasing coating thickness from 4 to 6 mm in steps of
0.5mm. The detailed comparison of the RLy; and FP for the
[BMIm]"-based ILs values are shown in table 1. In the inves-
tigated region, the RLy easily reach below —10 dB, and FP
with effective absorption over the full C band (4-8 GHz) and
X band (8-12 GHz) are observed.

Figure 9 plots the RL of [BMIm][OTf] versus different
frequencies and temperatures at a thickness of 4mm. It is
found that the RLy; gradually decreases and the FP gradually
shifts to lower frequencies with increasing temperature. It is
implied that the microwave absorption of [BMIm][OTf{] at

lower temperature is greater than that at higher temperature.
The [BMIm]*-based ILs RL values depend on frequency and
temperature change similarly as in table 2.

On the basis of the experimental data, we next discuss the
variation of RL with changing temperature and thickness.
According to the impedance-matching conditions of micro-
wave absorption, to meet the requirement of attenuation
A(dB), the electromagnetic parameters, thickness, and fre-
quency should follow the constraint conditions [32]:

T o rangy L 10
e = 2thOth(2tan6) 0 5)
e’ =& x tand (6)
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where ¢ is the speed of light in vacuum,  is the thickness,
and w is the angular frequency. From equations (5) and (6)
we can find that the dielectric-loss factor tand, frequency,
and thickness have effects on A(dB). Accordingly, when the
electromagnetic wave is transmitting in the medium, the peak
frequency f can be expressed as [33]

c
= HReal(Jam) ™
The &’(w) and &” (w) values of [BMIm][OTf] clearly increases
with increasing temperature, as shown in figure 10, and the
¢’(w) and £’ (w) values of other ILs exhibit a similar trend,
which makes the impedance between air and ILs deviate from
the initial impedance-matching condition. As a consequence,
this deviation leads to the variation of RL.

4. Conclusions

In this paper, the dielectric and absorbing properties of [E and
BMIm]*-based RTILs were investigated in the 1-14 GHz
microwave-frequency range. The &’ (w) values decrease from
13 to 4 and the £”(w) values decrease from 40 to 1.5, which
are mostly located in the permittivity distribution region
with the good microwave absorption. The dielectric proper-
ties become higher as the length of the alkyl chain decreases
due to the effective dipole moment of cations decreasing
from 7.0D to 2.5D. With increasing anion polarity, the &’ (w)
values of the ILs increase, which is attributed to the relax-
ation effect of the composites. The ¢”(w) values depend on
conductance and polarization. Furthermore, the conductivity
loss is found to be dominant for dielectric loss in the low-
frequency band, and the polarization loss plays a major role
in high-frequency bands. The [E and BMIm]"-based RTILs
have good absorption properties, and the absorption bands
are mainly concentrated in the C bands (4-8 GHz) and X
bands (8-12 GHz). Moreover, the microwave absorption
can be tuned easily by varying the anions and cations. The
absorption peak frequency of the ILs gradually moves to low
frequency with increasing temperature and coating thick-
ness. It is believed that ILs could be used as a novel class of
liquid-state material composites that will find wide applica-
tion in the microwave-absorbing area.
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