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Abstract The phase behavior of 1-butyl-3-methylimidazolium
hexafluorophosphate ([Bmim][PF], a hydrophobic ionic lig-
uid (IL)), polyethylene glycol p-(1,1,3,3-tetramethylbutyl)-
phenyl ether (Triton X-100, a nonionic surfactant with a
polyoxyethylene chain), and ethylene glycol (EG) ternary
nonaqueous systems, was studied by dielectric relaxation
spectroscopy (DRS). In single-phase region, EG-in-IL. (EG/
IL), bicontinuous (B.C.), and IL-in-EG (IL/EG) subregions
can be identified by the dc conductivity. The inflection points
of'the relaxation parameters (dielectric intensity and relaxation
time) are consistent with the phase boundaries between IL/EG
and B.C. and B.C. and EG/IL subregions, which imply that
the change of microstructure of this system can be detected by
the dielectric response. Furthermore, in IL/EG microregion,
phase parameters of constituent phases were calculated based
on interface polarization theory. The trends of relaxation times
for both of the calculated values 7w and experimental values
7 as a function of IL content in IL/EG microregion are almost
the same, which infers that the dielectric relaxation originates
from the interfacial polarization. This work is helpful to un-
derstand the dynamics and phase behavior of nonaqueous
microemulsions.

Keywords Nonaqueous microemulsions - Ionic liquid -
Dielectric study - Phase behavior - Interfacial polarization

Introduction

Microemulsions are thermodynamically stable, isotropic, trans-
parent colloidal solutions, consisting of three components: a
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surfactant (amphiphile), a polar solvent (usually water), and a
nonpolar solvent (oil). Generally, the majority of studies in
microemulsions utilize water as polar component [1]. However,
there are many chemical reactions requiring water-free envi-
ronment. To solve this problem, attempts have been made to
prepare and study nonaqueous microemulsions, where water
has been replaced by polar organic solvents (such as ethylene
glycol (EG), propylene glycol (PG), glycerol (GY), formamide
(FA), and dimethylformamide (DMF)) [2—8]. These nonaque-
ous microemulsions have a number of distinct advantages over
aqueous ones, especially when used as media for chemical
reactions that need to avoid contact with water, such as Di-
els—Alder reaction [7], esterification/transesterification [9], and
polymerization [10].

Recently, nonaqueous microemulsions using ionic liquids
(ILs, molten salts that generally consist of organic cations and
organic/inorganic anions) as a substitute for organic solvents
or water have become an interesting topic [11, 12]. These ILs-
containing microemulsions systems have attracted interest
from both a fundamental and a practical perspective, since
they cannot only overcome solubility limitations of ILs in
immiscible solvents but also improved the properties of
microemulsions significantly [13, 14]. Varied techniques have
been applied to study the properties and features of these
microemulsions systems, such as [15—18], small-angle X-ray
scattering [19-21], electrochemical cyclic voltammetry [17,
22], microcalorimetry [23], dynamic light scattering [16, 18,
24, 25], ultraviolet visible techniques [24], freeze-fracture
electron microscopy [26, 27], etc. Although these systems
have been intensively investigated, their dynamics and phase
behavior features are still not very clear.

Dielectric relaxation spectroscopy (DRS), which usually
measures permittivity and conductivity as a function of fre-
quency, has become one of the powerful methods to study
microstructure and dynamics of microemulsions in the last
two decades [28—41]. In these studies, the information on
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dynamics process of aqueous microemulsions in extremely
wide frequency range and over large interval of temperature
and composition has been mostly well studied [29-39], but
little attention has been paid to nonaqueous microemulsions
[40, 41]. Particularly, the influence of IL content on the
structure and dynamics of nonaqueous microemulsions has
not been investigated by the well-established dielectric theory.

In this work, we employed DRS to study phase behavior of
EG/p-(1,1,3,3-tetramethylbutyl) phenoxypolyoxyethyleneglycol
(Triton X-100)/ 1-butyl-3-methylimidazolium
hexafluorophosphate ([Bmim][PF4]) ternary nonaqueous
microemulsions system. In order to clarify the relationship
between structural transformation and composition of the
systems, the dependence of conductivity on IL contents was
discussed. By further study of the dielectric properties of
difference phases, exact boundaries of the phase diagram have
been clarified and the dynamics behavior has been discussed.
Moreover, we also acquire some internal properties of the
constituent phases through analyzing the dielectric parameters
with appropriate theoretical model.

Experimental
Preparation of microemulsions

Triton X-100 (p-(1,1,3,3-tetramethylbutyl)phenoxypoly
oxyethyleneglycol) (A.R. grade) used in this work was pur-
chased from Amresco Chemical Inc. America. 1-butyl-3-
methylimidazolium hexafluorophosphate ([Bmim][PF¢]) (pu-
rity >99.2 %) was purchased from Shanghai Cheng Jie Chem-
ical Co., China. Ethylene glycol (EG) (A.R. grade) was ob-
tained from Beijing Chemical Works. The structures of Triton
X-100 and [Bmim][PF¢] were shown in Fig. 1. They were
dried under vacuum at 80 °C for 12 h before use.

The microemulsions were prepared by mixing EG, Triton
X-100, and [Bmim][PF] in appropriate weight fractions. The
mixtures of EG/Triton X-100/[Bmim][PF] were prepared in
accordance with the phase diagram of this ternary system at
30.0 °C [26]. The experimental path is shown in Fig. 2, which
illustrates the increase of the weight fraction of IL (Wt%(IL))
ranging from 0 to 37.5 % when the weight fraction of Triton

OH ...
/%\\;%\<Z>th\vﬂo Triton X-100

\I\@NW [Brnim][PEg]
PFs

Fig. 1 Chemical structure of Triton X-100 and [Bmim][PF]
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Fig. 2 Experimental path (triangle) in this work for EG/Triton X-100/
[Bmim][PF6] systems. The path denotes the change of IL content in the
ternary systems when the weight ratio of Triton X-100 was fixed as
62.5 %; the phase diagram at 30.0 °C is cited from reference [26]

X-100 was fixed to 62.5 %. According to the phase diagram, it
can be seen that the path crosses three different subregions,
i.e., this ternary mixture was in the IL-in-EG (IL/EG)
microemulsion phase when Wt%(IL)<18.0 %, in the
bicontinuous (B.C.) phase when 18.0 %<Wt %(1L)<30.0 %,
and in the EG-in-IL (EG/IL) microemulsion phase when Wt
%(IL)>30.0 %.

Dielectric Measurements

The dielectric measurements were performed on a 4294A
precision impedance analyzer (Agilent Technologies) that
allowed a continuous frequency measurement from 40 Hz
to 110 MHz. A dielectric measurement cell with concen-
trically cylindrical platinum electrodes was employed and
connected to the impedance analyzer by a 1607E spring
clip fixture. The amplitude of the applied alternating field
was 500 mV, and the measurement temperature was (30+
0.5 °C). In order to submerge the electrodes, the mass of
solutions used in the experiment was 2.0 g. The experi-
mental data errors arising from the residual inductance and
measurement cell were corrected by Schwan’s method
[42]. The cell constant C), stray capacitance C;, and resid-
ual inductance L, that have been determined by several
standard substances (air, pure ethanol, and pure water)
were 0.45 pF, 3.17 pF, and 1.13x10°® F/S?, respectively.
The permittivity and total dielectric loss at each measured
frequency were calculated from the corrected capacitance
and conductance.

Determination of dc conductivity and relaxation parameters

In an applied electric field of frequency £, the dielectric prop-
erties (permittivity € and conductivity «) of microemulsions
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can be obtained by fitting the Cole—Cole empirical equation
[43] (Eq. (1)) to the experimental data:

EI7€En
1+ (jwr;)”

" = ¢'—je’ —5h+z

where £* is the complex permittivity, ' is the permittivity, &
is the dielectric loss, i is the number of the dielectric relaxa-
tion, Ae(=¢;—¢y,) is the relaxation intensity, &; and &, are the
low- and high-frequency limits of relative permittivity, respec-
tively, w is the angular frequency (w=27tf, fis the frequency), 7
is the relaxation time, 3 (0<3<1) is the Cole—Cole parameter
indicating the dispersion of the relaxation time 7, and j*=—1
£"=(k—k)lweg, and 7=(271/y) " in which  is the conductivity,
K 1s the low-frequency limit of conductivity (which can be
estimated from the scaling dependence of total dielectric loss
with a slope —1 on w), £ is the permittivity of vacuum equal to
8.854x10 "2 F/m™", and f; is the characteristic frequency.

A considerable electrode polarization (EP) effect domi-
nates in the frequency range below 10° Hz due to the existence
of [Bmim][PF] in this microemulsions system. The electrode
polarization term (egp) is expressed as epp=Aw . To acquire
accurate values of dielectric parameters, the electrode polari-
zation term is added to the Cole—Cole equation (Eq. (1)), so
the Cole—Cole equation is expressed as

where 4 and m are adjustable parameters. All the data were
eventually fitted with (Eq. (2)). By using this method, the
influence of EP can be subtracted from the experimental data,
and the real dielectric response of the sample is obtained.

Fig. 3 Three-dimensional
representations for the frequency
dependence of a permittivity &’ e

and b dielectric loss " of ternary 4!!01' "';'2:
systems of EG/Triton X-100/
[Bmim][PFg] (when the weight
ratio of Triton X-100 was fixed at
62.5 %) with different IL
contents. The directions of
increasing weight fraction of IL
are shown by the arrows

Results and discussion
Dielectric behaviors of microemulsions

Figure 3 shows three-dimensional representations for the fre-
quency dependence of the permittivity and dielectric loss of
these ternary systems. In Fig. 3a, the dielectric behavior of
these systems seems varying smoothly as IL content increase.
The dielectric loss peak locates in the vicinity of 10 MHz and
shifts slightly with decreasing IL content are shown in Fig. 3b
[44], which correspond to a relaxation with a relaxation time
of the order of 1 ns.

To examine the dielectric spectra in detail, typical ones cut
at IL contents W1%(IL) at 5.0, 15.0, 25.0, and 35 % are shown
in Fig. 4. The dielectric parameters (g}, €, and 7) by fitting
Eq. (2) which includes one Cole—Cole’s terms (i=1) to the
experimental data are listed in Table 1. The value of 3 has
been used to forecast the shape or morphology of the
microemulsions [28]. From Table 1, the value of 3 is about
0.76, which indicates that the isotropy of the droplet IL
contents changing don’t further extent [36]. The dependence
of the conductivity and permittivity on IL content can reflect
the structural transformation, as discussed in Sections “Con-
ductance of microemulsions” and “Structural transition of
microemulsions”.

Conductance of microemulsions

Measurement of electrical conductivity is one of the powerful
tools to locate the subregions of microemulsions, which can
provide information about the transport of ions [18, 45, 46].
Generally, the conductivity of aqueous microemulsions shows
quite a remarkable change over many orders of magnitude.
This phenomenon is known as electric percolation [47-49].
However, the application of conductivity method is limited in
IL microemulsions systems due to the high conductivity of
ILs [17, 26]. Fortunately in our work, the dependences of dc
conductivity x; on IL content show inflection at 18.6 and
30.0 %, which are assigned with the phase boundaries

40
20
2
0 \Nelo\\\’

107
log(f/Hz)
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Fig. 4 The a dielectric
permittivity ¢’ and b dielectric
loss €” spectra extracted from
Fig. 3 at several IL contents
(square) 5 %, (circle) 15 %, (up-
pointing triangle) 25 %, and
(down-pointing triangle) 35 %,
respectively. The symbols and the
solid lines represent the
experimental data and the best
fitting curves by Eq. (2),
respectively

between IL/EG and B.C. and B.C. and EG/IL subregions,
respectively.

Figure 5 shows the dependence of (a) the dc conductivity x;
(square), (b) the relaxation time 7 (circle), and (c) the dielec-
tric intensity Ae (triangle) on IL contents when the weight
ratio of Triton X-100 was fixed at 62.5 %. In Fig. 5a, the value
of conductivity ranges between (0.89 and 3.55)x10~* S/cm,
which has the same order of magnitude as the report in
literature [26]. Obviously, the main attribution to the conduc-
tance in the microemulsions results from [Bmim][PF4]. When
the IL contents Wt%(IL) is below 18.6 %, the conductivity
increases linearly with the IL content due to the number of
migrating ions ((Bmim]" and PF4 ) increase. When the IL
contents Wt%(IL) in the range from 18.6 to 30.0 %, the

Table 1
fixed at 62.5 %

10 fHz

conductivity remains almost constant in B.C. region, because
of the formation of EG channels and IL channels. This inter-
pretation is supported by the previous results from freeze-
fracture electron microscopy, indicating the formation of IL
channels between neighboring IL droplets [26]. However,
when the IL content W1%(IL) is above 30.0 %, i.e., in the
EG/IL subregion, the dc conductivity decreased. It was mark-
edly different from traditional systems. Although similar trend
in the conductivity versus IL content curves has been reported
by other authors in water/IL/Triton X-100, they did not pro-
vide further explanation in this subregion [50]. It is well
known that ILs have relatively higher viscosity than water or
common organic solvents [51]. As aresult, the dc conductivity
begins to decrease due to the increase of viscosity which

Dielectric parameters of EG/Triton X-100/[Bmim][PF4] microemulsions with different IL contents when the weight ratio of Triton X-100 was

W%(IL) & €n Ae 6 7 (ns) k1 (10*xS/cm) kn (10%x S/cm)
2.50 18.02+0.36 12.02+0.24 6.00+0.24 0.73+0.02 7.37+0.08 0.89+0.03 1.61+0.03
5.00 18.06+0.32 11.30+0.19 6.76+0.27 0.73+0.03 6.56%0.07 1.29+0.04 2.20+0.02
7.50 17.60+0.35 10.26+0.17 7.3440.29 0.74+0.01 434+0.05 1.91+0.06 3.41+0.05
10.00 17.20+0.36 9.5840.19 7.62+0.31 0.7640.04 3.69+0.04 2.25+0.05 4.08+0.04
12.50 16.85+0.34 8.65+0.21 8.20+0.33 0.77+0.03 3.24+0.07 2.39+0.03 4.63+0.06
15.00 16.08+0.35 7.41+0.15 8.67+0.34 0.76%0.01 2.98+0.03 2.7940.06 5.37+0.03
17.50 15.80+0.32 6.63+0.13 9.17+0.37 0.76£0.04 2.62+0.05 3.24+0.04 6.33+0.05
20.00 14.08+0.28 4.16+0.08 9.93+0.38 0.75+0.02 2.76+0.06 3.16+0.05 6.35+0.04
22.50 14.92+0.30 5.04+0.12 9.88+0.29 0.75+0.05 2.7240.03 3.44+0.03 6.66+0.04
25.00 14.02+0.28 3.94+0.08 10.08+0.26 0.75+0.04 2.59+0.05 3.55+0.06 6.99+0.07
27.50 13.46+0.33 3.46+0.07 10.00+0.35 0.75+0.03 2.89+0.04 3.14+0.05 6.20+0.02
28.75 13.00+0.29 2.97+0.06 10.03+0.25 0.75+0.02 2.94+0.08 3.17+0.04 6.19+0.05
30.00 12.78+0.26 2.80+0.06 9.98+0.34 0.75%0.04 3.19+0.06 2.99+0.03 5.76+0.03
31.25 12.22+0.31 2.560.08 9.66+0.31 0.76+0.02 3.41+0.08 2.77+0.02 5.28+0.06
32.50 11.83+0.34 2.33+0.05 9.50+0.33 0.76+0.03 3.88+0.04 2.67+0.04 4.83+0.05
33.75 11.60+0.28 2.3840.07 9.22+0.37 0.77+0.03 4.16+0.05 2.43+0.05 439+0.02
35.00 11.33+0.23 2.21+0.08 9.12+0.36 0.78+0.01 5.010.06 2.6440.04 4.25+0.04
37.50 10.60+0.31 1.9040.06 8.70+0.35 0.79+0.04 5.66+0.07 2.43+0.06 3.7940.06

#y, the high-frequency limit of conductivity
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20 30 40
Wi%(IL)
Fig. 5 Dependence of a the dc conductivity «, (square), b the relaxation
time 7 (circle), and ¢ the dielectric intensity Ae (triangle) on IL contents
when the weight ratio of Triton X-100 was fixed at 62.5 %. The areas
filled with different color represent different phase regions. The dashed

line shows the inflection point, and the solid lines are used for guiding the
eyes

might decrease the rate of migration. The microstructures and
phase transformation compared to traditional microemulsions
are obtained by dynamic light scattering and freeze-fracture
electron microscopy [26], which is observed in this work by
electrical conductivity. A plausible structure of the IL/EG (a)
and EG/IL (b) microemulsion is proposed in Fig. 6.

Dynamics of microemulsions

It is well known that the relaxation time 7 is the most effective
criterion to determine the relaxation dynamics. In general, the

IL/EG

Fig. 6 Possible structure of the IL/EG (a) and EG/IL (b) microemulsions

relaxation time 7 is related to interfacial information about
subregion of microemulsions. It is obvious from Fig. 5b that 7
increases from about 2 to 6 ns with the increment of the IL
content, which has the same order of magnitude as the report
in literature [38]. When the IL content below 18.6 %, the
relaxation time decreases linearly with the IL content due to
the number of migrating ions ([Bmim]" and PFy") increase.
The value of 7 remains almost constant in the B.C. subregion
(i.e., the IL content in the range from 18.6 to 30.0 %), which
probably because the change of sum interface is not obvious in
the region. The formation of a bicontinuous structure
consisting of EG and IL tunnels contributes to ion movement
in this subregion. In the IL/EG region (i.e., the IL content
exceeds 30.0 %), 7 sharply increases with the IL contents due
to the increase of viscosity, which might decrease the rate of
migration. It is can be seen that three phase regions were
identified by the relaxation time. The dynamics of IL-
containing nonaqueous microemulsions have a similar feature
in aqueous microemulsions [39, 52].

Electrical parameters of IL/EG subregion

To further investigate the detailed information about the struc-
ture of microemulsions, the effect of IL content on electrical
properties of constituent phase was studied. Han et al. [26]
have already observed the spherical structure of IL/EG subre-
gions by TEM, which was similar to other aqueous
microemulsions systems. According to Maxwell interface
polarization theory, for a system composed of two phases,
dielectric relaxation can be observed when these phases with
different dielectric properties. The different dielectric proper-
ties between IL particles and bulk EG result in a dielectric
relaxation caused by interface polarization. For the conve-
nience of following analysis, here, we suppose the microstruc-
tures of IL/EG microemulsions as particle suspensions model
(see Fig. 6a). That is, the EG spherical droplets with complex
permittivity &;" (= &;—jki/we,) dispersed in a continuous media
of permittivity e, (= £,~jralweo) in a volume fraction ¢.
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Where ¢; and k; are the permittivity and conductivity of
dispersed phase, ¢, and k, are the permittivity and conductiv-
ity of continuous phase. For such a system, Hanai’s equation
[53, 54] that was an extension of Wagner’s equation [55] to
high volume fractions along the Bruggman’s effective medi-
um approach was used:

% #\ 1/3
2 51;(5—“)/ =1 3

*
a 9

~—

Using a systematic numerical method developed by Hanai
for computing the phase parameters from the relaxation pa-
rameters €y, €y, k1, and ky, in Table 1, the values of ¢;, &;, and ¢
are calculated and listed in Table 2. The permittivity of EG ¢,
was considered to be a constant, 37.7, at the experimental
temperature. The conductivity x, approximately changed
from 0.55 to 0.78x10™* S/cm, which was also listed in
Table 2.

Figure 7 shows the dependence of the conductivity of
constituent phases (dispersed phase (;) and continuous phase
(k,)) on the IL content. More interestingly, the size of “IL
pool” linearly increase as the amount of IL increases [26], but
it has no effect on &, because of the conductivity of ILs is too
high in the system. In contrast, the conductivity of continuous
phase k; slowly increased because the concentration of con-
ductive ions ([Bmim]" and PF, ) increases with the increase
in the IL content.

The diffusion of the interfacial ions arises from the well-
known Maxwell-Wagner effect, and the relaxation time
(mvmw) can be estimated through the following equation [55]:

2ei + 4 + P(ei€a)
= €0 (4)
25 + Ka + G(KimKq)

TMw

Figure 8 shows the dependence of the relaxation time of the
calculated values 7w and experimental values 7 (see Table 1)
on the IL content. The calculated values 7w of different IL

Table 2 Phase parameters of IL/EG microemulsions with different IL
contents when the weight ratio of Triton X-100 was fixed at 62.5 %

WeH(IL)  ky(10*xS/em) ¢ K (10°xS/em) ¢ Tavw/(DS)
25 0.55 774 132 053 9.18
5.0 0.58 788 1.56 057 758
75 0.63 798 224 058 534
10.0 0.66 8.09 2.66 061 441
12.5 0.70 8.19 331 0.63 3.49
15.0 0.74 829 3.73 0.66 3.04
17.5 0.78 837 423 0.68 2.63
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Fig. 7 Dependence of conductivity of constituent phases (dispersed
phase (k;) and continuous phase (k,)) on the IL content when the
weight ratio of Triton X-100 was fixed at 62.5 %

content were calculated to be in the range 0f 2.6-9.2 ns, which
are in good agreement with the measured experimental values
7. This indicates that it is reasonable and credible to deal with
the IL/EG subregion with the dielectric model of particle
dispersion.

Structural transition of microemulsions

As the dielectric intensity Ae can provide some useful infor-
mation on interfacial property of microemulsions in different
phase regions, it is frequently used to obtain the microstruc-
ture of microemulsions [56]. Figure Sc shows the dependence
of Ae on IL content, where three phase regions could be
identified. When the IL content is below 18.6 %, more IL
molecules entering into the micelle cores induce the increase
of Ae with the increase of IL content. When the IL content is
in the range from 18.6 to 30.0 %, Ae remains almost constant
in B.C. subregion, probably because there is no obvious
change of sum interface during the formation of channels in
the region. When the IL content is exceeded 30 %, Ae begins

10.0
[]\ I
EIT —O0— 1
751 0
C O
= N
< \
= \D
= 50
2 NN
O\Bs
251 "~
0 5 10 15 20
WE%(IL)

Fig. 8 Dependence of 7rwand 7on the IL content when the weight ratio
of Triton X-100 was fixed at 62.5 %
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to fall with the increasing of IL content. This indicates that the
decrease of phase interface of the EG droplets in EG/IL
microemulsions. The dependence of Ae on IL content is in
accordance with the result determined by the conductivity
(Fig. 5a). From this point, the ILs-containing microemulsions
were similar to the traditional aqueous microemulsions [52].

Conclusion

The dielectric behavior of EG/Triton X-100/[Bmim][PFg] ter-
nary nonaqueous system was investigated by DRS in a wide
frequency range, and a remarkable relaxation caused by inter-
face polarization was observed. By analyzing the dependence
of dielectric intensity Ae and dc conductivity ; on the IL
content, the boundaries of EG/IL, B.C., and IL/EG subregions
in single-phase region were accurately confirmed, which were
well consistent with that characterized by other methods.
These results inferred that IL content played a crucial role on
the dynamics and phase behavior of nonaqueous
microemulsions.

In the IL/EG micro-region, the internal properties of the
constituent phase were calculated according to the Hanai equa-
tion, and some important structural information can be deduced
from the phase parameters. In addition, the dielectric behavior
has been interpreted in terms of interfacial polarization.

More importantly, this work shows the unique advantage
and feasibility of detecting the microstructural characteristics
of nonaqueous microemulsions system. In particular, the dy-
namic information and the structural properties obtained by
DRS may provide some insights into the phase behavior of the
microemulsions.
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