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Broadband dielectric spectroscopy of micelles
and microemulsions formed in a hydrophilic ionic
liquid: the relaxation mechanism and interior
parameters†

Yiwei Lianb and Kongshuang Zhao *a

Three striking dielectric relaxations located at 100 MHz, 1 GHz and 10 GHz respectively were observed

both in binary mixtures of p-(1,1,3,3-tetramethylbutyl)phenoxypolyoxyethyleneglycol (TX-100) and

1-butyl-3-methylimidazolium tetrafluoroborate ([bmim][BF4]), and in [bmim][BF4]/TX-100/cyclohexane

microemulsions in a wide frequency range. The mechanisms of the dielectric relaxations were proposed

and the detailed characterization of low-frequency relaxation (around 100 MHz), which is identified

as interface polarization, was performed theoretically. The dielectric parameters (relaxation time

and dielectric increment) were obtained by fitting the dielectric spectra with the Debye plus cole–cole

formula. The low-frequency relaxation mechanisms of both binary and ternary systems contribute to

interfacial polarization, supported by the good agreement between relaxation times calculated by

Maxwell–Wagner theory and the values obtained from experiment. Meanwhile, by analyzing the linear

ionic liquid content dependence of dielectric increment of low-frequency relaxation, we find that this

relaxation involves the dynamics of ionic liquids which located at the interface. Besides, the phase

parameters, which reflect the interior properties of the binary and ternary systems, were calculated by

Hanai theory, and their dependence on the variation of sample composition are properly explained; the

distribution of cyclohexane in the dispersed phase is obtained quantitatively, which is of importance in

the field of the microstructure of ionic liquid microemulsions.

1. Introduction

The molecular self-organization systems of surfactant molecules
formed within ionic liquids (ILs), such as micelles1–6 and micro-
emulsions,7–22 as a class of important soft matter, are attracting
increasing interest. This is because these aggregations can not
only overcome solubility limitations of ILs in immiscible solvents
but also provide hydrophobic or hydrophilic nanodomains,3,7

i.e. they gather the advantages of both ILs and self-association,
thereby expanding applications of ILs in micro-heterogeneous
systems as reaction, separation and extraction media.12 The
non-volatility of ILs makes these systems contribute much to
green chemistry.23 Moreover, the most promising fact about
IL-in-oil microemulsions is their high thermal stability compared
to that of aqueous microemulsions.21 The above reasons are
considered from the perspective of applications. In fundamental

research, these systems can provide a special model for studying
the characteristics of soft matter, such as molecular interactions,
scaling laws, dynamics etc. This is because coulomb, hydrophobic
and hydrophilic interactions exist widely in these systems, leading
to their distinctive features different from traditional micelles,
microemulsions and other molecular self-organization systems.

Thus, several groups have prepared and characterized IL
micelles and microemulsions by using a variety of techniques,
recently.1–18,20–22 The aggregation behavior of a class of non-
ionic surfactants in 1-butyl-3-methylimidazolium ([bmim]+)
type ILs with various counterions was researched by Lauth-
Viguerie et al.2 Greaves and Drummond published a review
which includes critical micellar concentrations (CMCs) of sur-
factants in ILs.6 Zheng et al.4 studied the micelles of p-(1,1,3,3-
tetramethylbutyl)phenoxypolyoxyethyleneglycol (TX-100, a non-
ionic surfactant with a polyoxyethylene (PEO) chain) formed
within 1-butyl-3-methylimidazolium tetrafluoroborate ([bmim][BF4])
and 1-butyl-3-methylimidazolium hexafluorophosphate
([bmim][PF6]) using two-dimensional rotating frame nuclear
Overhauser effect experiments and 1H NMR, and they found
that the addition of TX-100 destroyed the ion pairs of pure ILs
due to the electrostatic interactions between electronegative
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oxygen atoms of oxyethylene (OE) units of TX-100 and positively
charged imidazolium cations of the ILs.

The microemulsions with ILs as nano-sized domains have
been intensively studied.7–18 In these studies, for microemulsions
with ILs acting as the non-polar phase the hydrophobic IL
[bmim][PF6] is the most used.15–18 On the other hand, for
preparation and characterization of microemulsions for which
ILs serve as the polar phase, hydrophilic [bmim][BF4]7,9–14 is
used widely. The information obtained from these studies
includes: the phase behavior,7,9–14 the shape and size of the
droplets,7 the structure of the microemulsion,9,12,14 the effect of
a compressed gas on the properties of IL microemulsions,8 the
sub-regions of IL microemulsions and the transition structure
between them,7,9–11,15 the interaction between different species,11

the effect of water on IL-in-oil (IL/O) microemulsions14 etc. At the
same time, several reports indicated that IL/O and IL/W micro-
emulsions have potential applications in the production of
metallic or semiconductor nanomaterials, and in biological extrac-
tions or as solvents for enzymatic reactions.10,24–26 Sarkar et al.
even prepared high-temperature stable IL-in-oil microemulsions
and demonstrated the wide range of thermal stability of these IL
microemulsions.21

Although considerable research studies on the micro-
structure of ionic liquid micelles/microemulsions have been
performed, there still remain unsolved problems. One of them
is that the individual electrical properties of the constituent
phase, such as permittivity and conductivity of continuous and
dispersed phases, as far as we know, are not reported. Some
phenomena, such as the addition of TX-100 destroys ion pairs
of ILs,4 the CMCs of TX-100 in ILs are relatively high,4 a large
quantity of TX-100 is added in order to get stable IL micro-
emulsions,7 the insertion of ILs into the TX-100 micelle phase19

and the interface palisade layer of microemulsions9 will
strongly affect the permittivity and conductivity of the contin-
uous and dispersed phases. Furthermore, the volume fractions
of dispersed phases (micelles, IL-in-oil and oil-in-IL micro-
droplets) in the continuous phase, cyclohexane in oil-in-IL
(O/IL) droplets have not been quantitatively described still. And
more importantly, the mechanisms of different interactions in
these systems are also not clear.

As a method to obtain the internal electrical and structural
properties of the constituent phases, dielectric relaxation spectro-
scopy (DRS) is probably a suitable technology to research the
above problems, because it is a powerful method to determine
precise relaxation times of polarization in self-organization
systems in a wide frequency range. From the low dielectric
relaxation (1–100 kHz), one can study the interface polarization
in both micelle27–29 and microemulsion systems.30,31 Using
phase parameters obtained theoretically by analyzing the dielec-
tric spectral data from dielectric measurements, the distribution
of cosurfactants in constituent phases, which is of importance
in the field of the microstructure of microemulsions, can be
obtained quantitatively.32

Recently, systematic dielectric studies of pure ILs have been
reported by Weingärtner,33 Buchner,34 Nakamura35 etc. Only a
few reports involve the dielectric methods on binary or ternary

mixtures of ILs. Such as, Buchner et al.36 studied the dielectric
spectra of [bmim][BF4]/DCM (dichloromethane) mixtures and
indicated that the IL appears to retain its chemical character
to extraordinarily high levels of dilution in DCM. They also
reported the dielectric behavior of binary mixtures of
[bmim][BF4]37 and the collaborative rotation and translational
motion of each species in the mixtures. Licence et al.38 dis-
cussed the influence of water on the dielectric properties of
ILs and identified the formation of a water dimer. Apart from
the above mentioned studies, the dielectric data of molecular
self-organization systems composed of surfactants and ILs have
been reported in our previous publications,39,40 but we only had
space to discuss the interaction, percolation, solution, and
softness of these systems, because the information obtained
from our measurement is too rich to be included in one paper.

Relative to our series of work for the dielectric analysis of
micelles and microemulsions formed in a hydrophilic ionic
liquid [bmim][BF4],39 in this paper, based on the measured
dielectric spectra of the broadband frequency range, we will
discuss the polarization mechanism of low-frequency relaxation
and the internal properties of the constituent phase.

2. Experimental and methods
2.1. Preparation of IL-based micelles and microemulsions

The IL [bmim][BF4] (purity 4 99%) was purchased from Shanghai
Cheng Jie Chemical Co. Ltd, China. TX-100(p-(1,1,3,3-tetramethyl-
butyl)phenoxypolyoxyethyleneglycol) (reagent grade) was obtained
from Amresco Chemical Inc, America. Cyclohexane was produced
by Beijing Chemical Reagent Factory, China. The structures of the
IL and the surfactant are shown in Chart 1, they were dried under
vacuum at 80 1C for 12 h to remove excess water before use.

TX-100 was dissolved with [bmim][BF4] at TX-100 concen-
tration ranges from 0 to 100 wt%. The microemulsions were
prepared by mixing appropriate weight fractions of [bmim][BF4],
TX-100, and cyclohexane. The experimental paths are shown in the
insets of Fig. 1. The details of preparing the IL-based micelles and
microemulsions were reported in our previous work.39

2.2. Dielectric measurements

The dielectric spectra were obtained by the combined use of
two instruments. The low-frequency dielectric measurements
were carried out on a 4294A Precision Impedance Analyzer from
Agilent Technologies (Made in Japan) that allows continuous
frequency measurements from 40 Hz to 110 MHz. A dielectric
measurement cell with concentric cylindrical platinum electrodes

Chart 1 The chemical structures of TX-100 and [bmim][BF4].
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and a circulating water set was employed, and connected to the
impendence analyzer by means of a 1607E Spring Clip fixture
(Agilent Technologies, made in Japan). The cell constant and stray
capacitance were determined by using air, pure ethanol and pure
water. The correction of measured dielectric data was introduced
in ref. 40.

The high-frequency dielectric spectra were measured using
an Agilent E8362B PNA Series Network Analyzer (Agilent
Technologies, Made in America), equipped with an Agilent
85070E open-ended coaxial probe (Agilent Technologies, Made
in America), covering the frequency range from 10 MHz to
20 GHz. The probe was immersed into the liquid material.
The fields at the probe end ‘‘fringe’’ into the material and
change as they come into contact with the material under test.
The reflected signal (S11) can be measured and used to calculate
the complex permittivity e*.41 Permittivity and total dielectric loss
were automatically calculated as a function of frequency by the
built-in software of this measuring system. Both the measuring
systems were tested and calibrated in accordance with the proce-
dures recommended by the manufacturers, respectively. In order
to solve for possible errors, three well-known standards are
measured. The difference between the predicted and actual values
is used to remove the systematic (repeatable) errors from the
measurement. The three known standards are air, a short circuit,
and distilled and de-ionized water. The dielectric measurements
for binary systems and ternary mixtures were conducted at
25 � 0.1 1C and 35 � 0.1 1C, respectively.

2.3 Determination of dielectric parameters

In an applied electric field of angular frequency o, the dielectric
properties of samples can be characterized by e*, which is
defined as

e*(o) = e0(o) � je00(o) (1)

where e0(o) and e00(o) are the permittivity and dielectric loss,
respectively. It was found that a superposition of three relaxa-
tion processes is required for a consistent fit of all the spectra
of the binary and ternary mixtures, they can be characterized by

a set of dielectric parameters which can be obtained by fitting
the empirical function with two cole–cole relaxation terms and
one Debye relaxation term to the experimental data:42

e�ðoÞ ¼ eh þ
Del

1þ jotlð Þal þ
Dem

1þ jotmð Þam þ
Deh

1þ joth
(2)

where eh is the high-frequency limit of permittivity, De and t are
the dielectric increment and the relaxation time, respectively;
a (0o ar 1) is the parameters related to the distribution of the
relaxation time; subscripts l, m and h denote low-(around
100 MHz), mid-(around 1 GHz) and high-(around 10 GHz)
frequency relaxation, respectively.

2.4 Calculation of phase parameters

While relaxation parameters represent the collective properties
of a micelle/microemulsion system, phase parameters represent
the individual electrical properties of the constituent phase, such
as the permittivity and conductivity of the two phases, and the
volume fraction occupied by the dispersed phase. For the sake of
simplicity in modeling the microstructures of micelles, IL/O and
O/IL nano-sized domains were formed in the IL and we suppose
that they are spherical droplets dispersed in a continuous phase.
As an extension of Wagner’s equation43 to high volume fractions
along the Bruggeman’s44 effective medium approach, the Hanai
theory45–47 can be expressed as

e� � ei�

ea� � ei�
ea�

e�

� �1=3

¼ 1� P (3)

On the basis of this equation, the formulae related to the limiting
values of low- and high-frequencies are given by

eh � ei
ea � ei

ea
eh

� �1=3

¼ 1� P (4)

el
3

kl � ki
� 1

kl

� �
¼ 3

ea � ei
ka � ki

þ ei
kl � ki

� �
� ea
ka

(5)

kh
3

eh � ei
� 1

eh

� �
¼ 3

ka � kl
ea � ei

þ kl
eh � ei

� �
� ka

ea
(6)

Fig. 1 Three-dimensional representations for the frequency dependencies of permittivity (e0(o)) of (a) [bmim][BF4]/TX-100 binary systems with different
weight concentrations of TX-100 (CTX) and (b) [bmim][BF4]/TX-100/cyclohexane ternary systems (when the weight fraction of TX-100 is fixed as 50 wt%)
with different IL/TX-100 molar ratios (R[bmim][BF4]/TX-100). For clarity, corresponding experimental paths of the above two systems are shown as insets in
this figure.
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kl � ki
ka � ki

ka
kl

� �1=3

¼ 1� P (7)

where P is the volume fraction of the dispersed phase, and
subscripts a and i denote the continuous medium and the
dispersed phase, respectively. After cumbersome mathematical
treatments, the phase parameters (ei, ki, ka and P) are approxi-
mately estimated from the dielectric parameters. ea is considered
a constant at a constant temperature. By using the phase para-
meters, the expression of the relaxation time in Maxwell–Wagner
theory of interfacial polarization can be calculated by

tMW ¼
2ea þ ei þ P ea � eið Þ
2ka þ ki þ P ka � kið Þe0 (8)

3. Results

Fig. 1a and b show the frequency dependencies of permittivity
of [bmim][BF4]/TX-100 micelles with different CTX and
[bmim][BF4]/TX-100/cyclohexane microemulsions with differ-
ent R[bmim][BF4]/TX-100 when the weight fraction of TX-100 is
fixed as 50 wt%. In order to facilitate understanding, the
corresponding experimental paths of the above two systems
are also involved in Fig. 1 as the inset. It is obvious that from
the figure at least two dielectric relaxations around 100 MHz
and 10 GHz can be observed, and the dielectric spectra changed
obviously with the change of the mixture composition.

Fig. 2 shows the comparison between the dielectric spectra,
e00(o) (plane above) and e0(o) (plane below), of the pure IL, pure
TX-100, the [bmim][BF4]/TX-100 binary mixture and the
[bmim][BF4]/TX-100/cyclohexane ternary system. Several dielec-
tric relaxations are observed not only in the pure substance, but
also in the mixture systems. It can be seen from Fig. 3 that there
exist only two dielectric relaxations in both the pure systems.
Once the IL and TX-100 are mixed, another relaxation which is
located in the lowest frequency range appears, and the fre-
quency dependence of permittivity of the original two dielectric
relaxations is between that of the pure IL and TX-100; when

cyclohexane is added to the [bmim][BF4]/TX-100 mixtures, the
three dielectric relaxations are all changed and the frequency
dependences of e0(o) of the two dielectric relaxations appearing
in the pure systems are both below that of pure TX-100.

Eqn (2) was used to fit the experimental dielectric data of
pure substances and mixtures, respectively, and the fitting
curves are in good agreement with the experimental data as
shown in Fig. 3 for example, where the symbols represent the
experimental data of the [bmim][BF4]/TX-100 binary system
when their weight ratio is 3 : 7, the black solid lines represent
the best fitting curves evaluated from eqn (2). The colored solid
lines are the fitting results of first, second and third term of
eqn (2), respectively. Thus, the dielectric parameters of every
sample are obtained and shown in Table 1 and Fig. 4–6.
The dielectric parameters are determined by the internal
micro-mechanism of these systems; therefore, the dielectric
parameters of low-frequency relaxation will be analyzed in the
following section in order to get the polarization information of
the IL-based micelles and microemulsions.

4. Discussion
4.1 Dielectric parameters of the pure substance

It can be seen in Table 1 that for the pure [bmim][BF4] system,
low-frequency limits (el) of permittivity, dielectric increment
(Deh) and relaxation time (tm) of the mid-frequency relaxation
are in good agreement with the literature,34,35 maybe the little
difference is because they are from different samples. Mean-
while, the values of el of pure TX-100 are also obtained by the
fitting as shown in Table 1. Specially, el of the pure IL and
TX-100 (which is also static permittivity of these systems) will
be used as the permittivity of the continuous phase to estimate
the phase parameters which will be discussed in the following
sections.

4.2 Low-frequency relaxation mechanism and phase
parameters of IL-based micelles

It can be seen in Fig. 4a, 5a and 6a that the values of tl

(experimental value) and tMW (theoretical value) of every sample
are not only close to each other, but also have the same
concentration dependence trend. Considering that TX-100
micelles in [bmim][BF4] have formed because the smallest

Fig. 2 The frequency dependence of dielectric loss (e00(o)) (plane above)
and e0(o) (plane below) of pure [bmim][BF4] (’), pure TX-100 ( ),
[bmim][BF4]/TX-100 binary systems ( ) whose weight ratio is 3 : 7, and
the [bmim][BF4]/TX-100/cyclohexane ternary system ( ) in which the
weight concentration of cyclohexane is 35.2 wt% and the weight ratio of
IL/TX-100 is 3 : 7.

Fig. 3 Comparison between the experimental data (&) e0(o), (J) e00(o) of
the [bmim][BF4]/TX-100 binary system (when the weight ratio is 3 : 7) and
the fitting curves (the black solid lines). The colored solid lines represent the
fitting results of low-, mid- and high-frequency relaxations, respectively.
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observed CTX is above the CMC of TX-100 in [bmim][BF4], thus,
we have reason to believe that the low-frequency relaxations of
IL-based micelles/microemulsions contribute to the inter-
facial polarization. And the interesting thing is that the
interfacial polarization was also found in micelles of TX-100
formed in water.46 On basis of this conclusion, the phase
parameters were calculated by the method introduced in
Section 2.3, the results are shown in Fig. 4–6.

Fig. 4 also shows the variation of dielectric increment (of
low-frequency relaxation) and phase parameters (CTX r 50.1%)
of IL-based micelles as a function of CTX. The phase parameters
(CTX Z 50.1%) are shown in Fig. S2 of the ESI.† As reported
in part I of our work,39 spherical micelles are only formed
when CTX o 44.9%, this boundary concentration is near the
concentration of the turning point (CTX = 50.1%) observed in
the dependence of phase parameters on CTX as shown in
Fig. S2a–d (ESI†) though there is not a turning point observed
in the dependence of dielectric parameters on CTX as shown in
Fig. 4a and b. This phenomenon indicates that: on one hand,
the Hanai theory which is used to calculate the phase parameters
can be used only when CTX o 50.1% because this theory only
works for spherical particles; once above this concentration
the phase parameters began to develop in the meaningless

direction (Fig. S2a–d, ESI†), which means that this theory is no
longer applicable because the non-spherical micelles are
formed, and those data will no longer be discussed below.
On the other hand, compared with dielectric parameters, the
phase parameters can more precisely reflect the structural
variation of IL-based micelles.

As shown in Fig. 4b, 5b and 6b, the magnitude of Del (several
to a dozen units) also conforms to the typical characteristic of
interfacial polarization. As reported by O’Brein et al.48,49 and
Dukhin et al.,50,51 the Maxwell–Wagner polarization should
consider the particle surface and its double layers. The double
layer of particles in IL-based micelles/microemulsions must be
related to ILs because the electrostatic interactions between OE
units of TX-100 locate the palisade layer of the particle surface
and the imidazolium cation of the IL. Fig. 6b shows that Del

is proportional to the content of IL this proves that the low-
frequency relaxation related to the content of the IL contributes
to the formation of a double layer around the surface. Moreover,
the decrease of the IL concentration may reduce the content of the
IL in the double layer, and increase the volume fraction of particles
(show in Fig. 4c and 6c) will reduce the effective particle charge
due to the closeness of the counterion cloud.52 These two factors
have the same effect of reducing Del as shown in Fig. 4b and 6b.

Table 1 Dielectric parameters of the pure system and [bmim][BF4]/TX-100 binary mixtures obtained by fitting the dielectric spectra with eqn (2). The
fitting errors are between 2–3%

CTX (wt%) el Del tl (ns) Dem tm (ps) Deh th (ps) eh

0 13.06 — — 6.4 � 0.1 170 � 4 3.53 � 0.09 14.4 � 0.4 3.12 � 0.08
25.0 22.38 13.0 � 0.3 1.10 � 0.03 3.3 � 0.1 144 � 4 3.21 � 0.08 13.9 � 0.4 2.88 � 0.08
30.1 20.83 12.6 � 0.3 1.28 � 0.03 2.31 � 0.07 128 � 4 3.12 � 0.08 13.7 � 0.3 2.80 � 0.08
35.0 19.76 12.0 � 0.3 1.43 � 0.04 2.08 � 0.06 120 � 3 2.94 � 0.07 13.6 � 0.3 2.79 � 0.07
40.0 18.72 11.5 � 0.3 1.58 � 0.04 1.66 � 0.05 112 � 3 2.83 � 0.07 13.55 � 0.3 2.76 � 0.07
44.9 17.87 10.9 � 0.3 1.67 � 0.05 1.50 � 0.04 110 � 3 2.75 � 0.06 13.5 � 0.3 2.69 � 0.07
50.1 17.51 10.7 � 0.3 1.80 � 0.05 1.57 � 0.04 114 � 3 2.68 � 0.06 13.6 � 0.3 2.55 � 0.07
54.9 16.95 10.1 � 0.3 1.93 � 0.05 1.64 � 0.04 122 � 3 2.63 � 0.06 13.6 � 0.3 2.56 � 0.07
60.0 16.96 9.9 � 0.3 1.94 � 0.05 2.06 � 0.05 123 � 3 2.54 � 0.06 13.7 � 0.3 2.49 � 0.06
65.1 16.51 9.4 � 0.3 2.25 � 0.06 2.28 � 0.06 127 � 3 2.38 � 0.06 13.8 � 0.3 2.45 � 0.06
70.0 16.24 8.9 � 0.3 2.40 � 0.07 2.67 � 0.06 129 � 3 2.31 � 0.06 13.8 � 0.3 2.37 � 0.06
75.0 15.93 8.6 � 0.3 2.55 � 0.07 2.79 � 0.07 131 � 4 2.21 � 0.05 14.0 � 0.4 2.30 � 0.06
79.9 15.55 8.2 � 0.2 2.64 � 0.08 3.08 � 0.08 138 � 4 2.07 � 0.05 14.0 � 0.4 2.16 � 0.06
84.9 14.92 7.6 � 0.2 4.1 � 0.1 3.42 � 0.08 142 � 4 1.89 � 0.05 14.1 � 0.4 2.05 � 0.05
89.9 14.71 7.3 � 0.2 5.7 � 0.1 3.57 � 0.09 146 � 4 1.86 � 0.05 14.4 � 0.4 2.00 � 0.05
100 7.59 — — 4.2 � 0.1 155 � 4 1.52 � 0.04 14.6 � 0.4 1.85 � 0.05

Fig. 4 The dependence of dielectric parameters (solid symbols) of low-frequency relaxation and phase parameters (open symbols) for the [bmim][BF4]/
TX-100 binary system on the weight concentration of TX-100 (CTX): (a) experimental relaxation time tl and Maxwell–Wagner relaxation time tMW,
(b) dielectric increment Del, (c) volume fraction of dispersed phase P, (d) permittivity of dispersed phase ei, (e) conductivity of continuous phase ka,
(f) conductivity of dispersed phase ki.
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However, as for O/IL microemulsions, the above two factors have
an opposite effect on the IL concentration dependence of Del.
Obviously the former is the major influence factor, which is
inferred from the decline of Del as the content of the IL decreases
as shown in Fig. 5b though P increases as shown in Fig. 5c.

Fig. 4c shows that the volume fraction of dispersed phase P
in the concentration range of spherical particles fluctuates and
its average value is relatively high (75.5%). The CMC of TX-100
in [bmim][BF4] is very high (circa 0.33 mol L�1)4 and the
dispersed phase may include the ILs inserted into the TX-100
micelle phase,19 which may be responsible for the computa-
tional deviation of Hanai theory in such a system.

The permittivity of TX-100 micelles dispersed in the IL
(see Fig. 4d) is not in the range of pure TX-100 and pure
[bmim][BF4], but below the pure TX-100 expect the first concen-
tration, and decreases with the increase of CTX. This pheno-
menon states that the insertion of the IL into the micelle

phase19 may reduce the polarity of the whole micelles and
decrease the content of the IL. As a result, the permittivity of
the micelles reduces in the calculated concentration range.
This, of course, also involved the computing deviation caused
by the non-applicability of Hanai theory to this system. The
situation is same as the data of Fig. 6d, where the dispersed
phase is IL/O micro-droplets in the IL-based microemulsions.

Fig. 4e shows that the conductivity of the continuous phase
ka decreases as CTX increases. When micelles are once formed,
ka becomes lower than that of the pure IL (0.74891 S m�1), this
is because the existence of the dispersed phase with a quite
high volume fraction hindered the ion migration in the con-
tinuous phase, resulting in the speed of the ion transfer being
less than that in the pure solvent (IL). Similar phenomena were
also observed in other particle suspensions.53,54 Moreover, an
increase in the number of micelles will reduce the conductivity
of the continuous phase as shown in Fig. 4e.

Fig. 5 The dependence of dielectric parameters of low-frequency relaxation and phase parameters of oil in IL micro-droplets (O/IL) of the [bmim][BF4]/
TX-100/cyclohexane ternary system on the weight concentration of cyclohexane (Ccycloh): (a) tl and tMW, (b) Del, (c) P, (d) ei, (e) ka, (f) ki and (g) volume
fraction of cyclohexane in O/IL droplets (Fcycloh). Label 1 denotes the experimental path of IL-based microemulsion with a fixed weight ratio of IL/TX-100;
label 2 denotes the experimental path of IL-based microemulsion with a fixed weight fraction of TX-100.
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The conductivity of the dispersed phase ki (0.45103) shown
in Fig. 4f became very large once the micelles were formed,
more than half of the pure IL solvent (0.74891), this is because
the micelles contain a lot of IL molecules because of the
insertion of ILs into the TX-100 micelle phase,19 the number
of imidazolium cations associated with every TX-100 molecule
is approximately equal to eight as reported in our previous
work.39 Furthermore, when the content of ILs decreases, the ILs
in micelles decrease, thus ki decreases.

4.3 Low-frequency relaxation mechanism and phase
parameters of IL-based microemulsion

4.3.1 The sub-region contains oil-in-IL (O/IL) droplets.
No matter whether the permittivity of the continuous phase
substituted (ea) into Hanai theory is the static permittivity of the
pure IL or the IL/TX-100 binary solvent, the value of ei is
between the value of pure cyclohexane (1.99 at 35 1C) and pure
TX-100 (7.59 as we measured), which indicates that the con-
stituent of O/IL must contain TX-100, wherein TX-100 may be
dissolved in the cyclohexane core to form the palisade layer on
the surface of O/IL droplets. And the volume fraction of
cyclohexane Fcycloh in the O/IL droplets can be estimated
according to

ei = Fcyclohecycloh + (1 � Fcycloh)eTX (9)

where we ignored the decrease effect of ea by the inclusion of
TX-100 in O/IL droplets. On the basis of this calculation, when
the pure IL serves as the continuous phase, the maximum value
of Fcycloh (namely when P is maximum) is equal to 100.1% for
the experimental path of the IL-based microemulsion with a
fixed weight ratio of IL/TX-100. This means that O/IL droplets do
not contain TX-100, which is in contrast with eqn (9). Thus, the

continuous phase should be the IL/TX-100 binary solvent rather
than the pure IL, and ea should be calculated by

ea = FILeIL + FTXeTX (10)

where the volume fractions of IL FIL and TX-100 FTX are
calculated according to the weight ratio of IL/TX-100. The phase
parameters of spherical oil droplets calculated in this situation
are shown in Fig. 5c–f, and Fcycloh are shown in Fig. 5g, and the
data in bicontinuous (B.C.) sub-regions are shown in Fig. S2e–n
(ESI†). Moreover, the largest value of Fcycloh is 63.35% (Fig. 5g1)
or 45.38% (Fig. 5g2), which is reasonable because it means that
TX-100 is contained in O/IL droplets. Besides, an increase in
Fcycloh when Ccycloh increases is also reasonable as shown in
Fig. 5g. The error of ea is �6.0 to �2.5% when TX-100 contained
in O/IL droplets is excluded from the continuous phase, thus
the decline effect caused by TX-100 in O/IL for ea can be
ignored. In other words, calculating the phase parameters
using binary solvent permittivity as ea is reasonable approxi-
mately. The situation is the same for the IL/O microemulsion
region as introduced in the next section.

As shown in Fig. S2e (ESI†), with the increase of Ccycloh,
P first increases and then decreases, which indicates that the
concentration of the highest point is the critical percolation
concentration because this concentration is in accord with the
boundary concentration between O/IL and B.C. sub-regions as
reported in the literature.7 As shown in Fig. 5c, the increase of
P with the increase of Ccycloh is because the number and volume
of O/IL micro-droplets increase. In the smallest concentration
P is fairly high (49.48%) and rapidly increases to 52.74%, this
phenomenon conforms to the prediction of the phase diagram7

in which the area of the O/IL region is very narrow and rapidly
enters the B.C. region with increasing Ccycloh. The last three
points of P in Fig. S2e (ESI†) decrease rather than increasing

Fig. 6 The dependence of (a) tl and tMW, (b) Del, (c) P, (d) ei, (e) ka and (f) ki in oil in the IL sub-region (IL/O) of the [bmim][BF4]/TX-100/cyclohexane
ternary system on the weight concentration of the ionic liquid (CIL). Label 1 denotes the experimental path of the IL-based microemulsion with a fixed
weight ratio of IL/TX-100; label 2 denotes the experiment path of the IL-based microemulsion with a fixed weight fraction of TX-100.
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when Ccycloh increases suggesting that the spherical droplets
change into the B.C. structure and the Hanai theory is not
applicable to calculate the phase parameters anymore in these
concentration regions, this conclusion is supported by the
literature.7

The conductivity of the continuous phase (ka) shown in
Fig. 5e is less than that of the pure IL because the binary
solvent is used as the continuous phase and a lot of O/IL
droplets exist in the continuous phase with a high volume
fraction. Although the volume fraction of TX-100 decreases with
the increase of Ccycloh as shown in Fig. 5g, the volume fraction
of O/IL droplets increases as shown in Fig. 5c, which means
more and more TX-100 turn into O/IL droplets from the
continuous phase, namely the concentration of the IL in the
continuous phase increases, thus ka in Fig. 5e increases as
Ccycloh increases. The conductivity of the dispersed phase (ki) in
Fig. 5f is higher than that of the continuous phase because ILs
insert into the TX-100 palisade layer of the O/IL droplets. The
increase of the cyclohexane volume fraction in the O/IL droplets
(Fig. 5g) results in the decrease of ki as Ccycloh increases (Fig. 5f).

4.3.2 IL-in-Oil (IL/O) microemulsion sub-region. As the
transitional region between O/IL and IL/O regions, the B.C.
region does not have a spherical particle structure and has a
double channel structure (oil channels and IL channels)
instead, but the double layer may still exist on the surface wall
of these channels. As we concluded in Section 4.2, the observed
low-frequency relaxation of O/IL and IL/O droplets should be
caused by the Maxwell–Wagner polarization, more specifically
this polarization for suspensions is ascribed to the fluctuation
of space charge (arising in solution neighboring to the particle
surface) within the Debye length (a measure of the thickness of
double layer characterizing the size of the diffuse ion cloud). In
the B.C. region, the double layer still exists and then the Debye
lengths still exist, that is why the low-frequency relaxation is
still observed in the B.C. region as shown in Fig. 5a, b and 6a, b.
The situation is similar in un-spherical micelles (namely when
CTX 4 50.1%) in Fig. 4a and b.

In the IL/O region for the experimental path of IL/O micro-
emulsion with a fixed weight ratio of IL/TX-100, according to
the Hanai theory, when ea is substituted by the static dielectric
constant of pure cyclohexane, the obtained value of ei is around
1011 and tMW and ki are both negative. At the same time, in the
experimental path with a fixed weight fraction of TX-100, ki is
also negative if the static permittivity of pure cyclohexane is
used as ea, and tMW is one order smaller than tl. Thus, similar
with the O/IL region, ea of IL/O microemulsion should be the
value of binary solvent calculated by eqn (11) rather than that of
pure cyclohexane, whose value can be calculated as

ea = Fcycloh
0ecycloh + FTX

0eTX (11)

where the volume fractions of cyclohexane Fcycloh
0 and TX-100

FTX
0 in the IL/O region are calculated according to the weight

ratio between cyclohexane and TX-100 for both of the experi-
mental paths. The phase parameters calculated in this situation
are shown in Fig. 6c–f.

One can see from Fig. 6c that P increases with the increase of
CIL, this is because the number and volume of IL/O micro-
droplets increases. As shown in Fig. 6c1, in the smallest
concentration P is fairly high (42.02%) and rapidly increases
to 47.77%, which agrees with the prediction of the phase
diagram7 that the area of IL/O is very narrow and rapidly enters
the B.C. phase with the increase of CIL. On the other hand, for
the experimental path with a fixed weight ratio of IL/TX-100
(Fig. 6c1), when CIL decreases, P decreases rapidly suggesting
that the IL/O structure will be destroyed because, comparatively
speaking, the decrease speed of the TX-100 content is greater
than that of the IL content, there is not enough TX-100
molecules to build the palisade layer of IL/O droplets which
can dissociate oil from the IL, that is to say the samples will
enter the two phase region, which is consistent with the phase
diagram reported in the literature.7 And for the experimental
path with a fixed weight fraction of TX-100 (Fig. 6c2), when the
content of cyclohexane increases, because the content of
TX-100 does not change and the content of the IL reduces,
the IL/O disappeared and reverse micelles (where the IL was
inserted into) are formed instead, that is why it does not enter
the two phase region as shown in the phase diagram.7

As shown in Fig. 6d, ei is below that of pure TX-100, this is
because of the reduction of polarity of IL/O droplets by the
insertion of the IL into the palisade layer and the dissolution of
TX-100 in the IL core, being the same as discussed for the data
in Fig. 4d in Section 4.2.

The IL will more or less interfuse into the continuous phase
and will increase with the increase of the IL concentration, thus
the conductivity of the continuous phase will increase a little as
shown in Fig. 6e. Moreover, the conductivity of the continuous
phase in the IL/O region (Fig. 6e) is smaller than that in the
O/IL region (Fig. 5e) because the continuous phase shown in
Fig. 6e is oil. Due to the core of the droplets being formed by
the IL, the conductivity of the dispersed phase shown in Fig. 6f
is bigger than the conductivity of continuous phase shown
in Fig. 6e.

5. Conclusions

In this work, we made dielectric measurements for [bmim][BF4]/
TX-100 binary systems and [bmim][BF4]/TX-100/cyclohexane
ternary systems over a frequency range from 40 Hz to 20 GHz,
and analyzed the spectra theoretically by interfacial polarization
theory. The analysis of the dielectric spectra mainly focused
on the polarization mechanism of the observed low-frequency
dielectric relaxation, which is located at 100 MHz. The dielectric
properties of self-organization systems of surfactant molecules
formed within the ionic liquid and some information about the
interfacial polarization are first revealed. These findings may help
to supplement the knowledge of such systems.

The low-frequency dielectric relaxations are modeled by a
cole–cole term, and the dielectric parameters were obtained.
For both binary and ternary systems, according to the relaxa-
tion times calculated by the Hanai equation based on the
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Maxwell–Wagner theory, the low-frequency relaxation contri-
butes to the interfacial polarization. Moreover, various factors
(such as the linear dependence of dielectric increment on the
content of ionic liquid and low-frequency relaxations that are
also observed in the B.C. sub-region whose relaxation time
continuously changes from the values in the IL/O sub-region to
the O/IL sub-region) indicate that ionic liquids existing in
double layers of the surface may play an important role in this
interfacial polarization.

The phase parameters of IL-based micelles/microemulsions,
such as the permittivity and conductivity of continuous and
dispersed phases and the volume fraction of the dispersed
phase, were obtained using the Hanai equation and the corres-
ponding analytical method. As far as we know this is the
first time these phase parameters which reflect the internal
properties of the constituent phases in these self-organization
systems of surfactant molecules formed within an IL were
provided. The addition of a lot of surfactant makes the permit-
tivity of continuous phase should take the value of binary
solvent (TX-100/cyclohexane and TX-100/IL) rather than that
of pure solvent (cyclohexane and IL), and volume fractions of
dispersed phases are considerably high both in micelles, IL/O
and O/IL microemulsions. On the other hand, the insertion of
ILs into the interface palisade layer of micelles/microemulsions
has an enormous implication on the phase parameters of these
systems, namely a fairly low permittivity and a relatively high
conductivity of the dispersed phase. It is worth mentioning that
the volume fraction of cyclohexane in O/IL droplets is given
quantitatively, which is of importance for the quantitative
research of the microstructure of IL-based microemulsions.
We also discussed the rationality of phase parameters and their
dependencies on the composition. These phase parameters provide
necessary electrical parameters for modeling these systems.
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