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Dielectric spectroscopy study on ionic liquid microemulsion composed

of water, TX-100, and BmimPFg

Zhen Chen and Ryusuke Nozaki®
Department of Physics, Faculty of Science, Hokkaido University, Sapporo 060-0810, Japan

(Received 24 January 2012; accepted 5 June 2012; published online 26 June 2012)

We report here a broadband dielectric spectroscopy study on an ionic liquid microemulsion (ILM)
composed of water, Triton X-100 (TX-100), and 1-butyl-3-methylimidazolium hexafluorophosphate
(bmimPFp). It is found that the phase behavior of this ILM can be easily identified by its dielectric re-
sponse. The dielectric behavior of the ILM in the GHz range is consistent with that of TX-100/water
mixtures with comparable water-to-TX-100 weight ratio. It consists of the relaxations due to ethylene
oxide (EO) unit relaxation, hydration water dynamics, and/or free water dynamics. The water content
dependence of the EO unit relaxation suggests that this relaxation involves dynamics of hydration
water molecules. In the IL-in-water microemulsion phase, it is found that bmimPFg molecules are
preferentially dissolved in water when their concentration in water is lower than the solubility. An
additional dielectric relaxation that is absent in the TX-100/water mixtures is observed in the fre-
quency range of 107-10% Hz for this ILM. This low-frequency relaxation is found closely related
to the bmimPFg molecule and could be attributed to the hopping of its cations/anions between the
anionic/cationic sites. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4730037]

Il. INTRODUCTION

Tonic liquids (ILs) have attracted exploding interest both
from academia and industry in the past decades,>? due to their
fascinating properties, such as negligible vapor pressure, high
thermal stability, nonflammability, and wide electrochemical
windows. These properties make them not only an environ-
mentally benign alternative to traditional organic solvents but
also a group of advanced materials for diverse purposes like
energy storage.’ Coming along with this explosion of interest
are successful applications of ILs in a variety of scientific and
technological fields.

Tonic liquid microemulsion (ILM) system has become an
attractive topic recently,*> where ILs are used as water sub-
stitute, oil substitute, or surfactant. The popularity of this new
type of microemulsion is ascribed to its capability of com-
bining the unusual properties of ILs and the versatility of mi-
croemulsion. In addition to the “green solvents” nature, ILs
are also known as “designer solvents” because their properties
can be easily customized by chemical modification or sim-
ply pairing ionic species that are available in huge variety.'
Therefore people can easily prepare task-specific microemul-
sions through introducing ILs into conventional microemul-
sions and meanwhile benefit from the green nature of ILs. On
the other hand, microemulsions as unique and versatile nano-
scale reaction media are capable of expanding the application
of ILs into “microscopic environments” as well as offering a
more convenient way, as compared to chemical modification,
to improve the solubility of ILs in certain chemicals.

A great number of novel ILMs have been prepared in
recent years, for example,>' which are subsequently ap-
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plied with success in materials synthesis, separation, chem-
ical reaction, and so on.*> With the increasing application of
ILMs, there is a strong demand of better understanding their
physicochemical properties. Although intensive characteriza-
tion works have been carried out by using a number of tech-
niques, for example, small-angle neutron scattering,® UV-Vis
spectroscopy,®’ and fluorescent probes,'! their physicochem-
ical properties are still far from being well understood. More
characterization methods are highly desired to be employed.

In this study, we use broadband dielectric spectroscopy to
characterize a recently prepared ILM composed of water, TX-
100, and 1-butyl-3-methylimidazolium hexafluorophosphate
(bmimPFg).% Dielectric spectroscopy in its modern form has
become one of the most effective methods in the charac-
terization of all kinds of materials,'> because of its many
unique properties such as noninvasion, high sensitivity to
the fluctuation of dipole moments and ionic motions, and
extremely broad frequency range coverage. Although this
method has a long and successful history of charactering vari-
ous microemulsions, '3 providing important and sometimes
unique information on the microstructure, percolating mech-
anism, solvation dynamics, etc., not until recently has it been
employed to study ILMs.'®!° In these studies, the phase be-
havior, the molecular interaction between IL and surfactant,
and the percolation mechanism are investigated in terms of
the dc conductivity profiles. However, the relaxation behavior
of these ILMs is not discussed. In the present study, we will
mainly focus on the relaxation behavior of ILM in a wide fre-
quency range. It will be shown that dielectric spectroscopy is
effective and convenient in identifying the phase behavior of
ILMs; furthermore, it will be also shown that this method is
able to provide valuable information regarding issues like the
positioning of IL species, the conduction mechanism, and the
microstructure of the micelles.

© 2012 American Institute of Physics
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Il. EXPERIMENT AND METHODS
A. Materials and sample preparation

The ionic liquid 1-butyl-3-methylimidazolium hexafluo-
rophosphate (bmimPFg) was purchased from Tokyo Chemical
Industry (Japan) and used without further purification. Triton
X-100 (TX-100) was purchased from Sigma-Aldrich and used
as received. The number of ethylene oxide (EO) units per TX-
100 is about ten. Water was doubly distilled and deionized.

The mixtures of water/TX-100/bmimPFg were prepared
in accordance with the phase diagram of this ternary system
at 25 °C.% First, the mixture of TX-100 and bmimPF, with
the weight fraction of bmimPFg being 10% was prepared. Af-
ter the mixture was fully homogenized, water was added to
prepare water/TX-100/bmimPFg ternary mixtures with differ-
ent weight fraction of water (¢,,): 0.955, 0.901, 0.840, 0.782,
0.721, 0.661, 0.602, 0.520, 0.445, 0.367, 0.304, 0.209, and
0.102. According to the phase diagram, this ternary mixture
is in the IL-in-water (IL/water) microemulsion phase when
¢y > 0.65, in the bicontinuous (B.C.) phase when 0.33 <
¢ < 0.65, and in the water-in-IL (water/IL) microemulsion
phase when ¢,, < 0.33. For simplification these mixtures will
be denoted as ILMs hereinafter. To better understand the di-
electric behavior of these ILMs, dielectric measurements were
also carried out on water (¢,, = 1.000), TX-100/bmimPFg
mixture (¢, = 0.000), and TX-100/water mixtures with dif-
ferent water content ranging from 10% to 90%.

B. Dielectric measurement

The complex dielectric permittivity (¢* = &’ — ie”, where
¢’ and &” are dielectric constant and dielectric loss, respec-
tively) of the samples was measured over a wide frequency
range from 40 Hz to 20 GHz. To cover this frequency range,
three different experimental setups were used. From 40 Hz
to 110 MHz and from 1 MHz to 500 MHz, an impedance
analyzer (Agilent 4294A) and a low-frequency network an-
alyzer (HP 4195A) were employed, respectively. For these
setups, the values of the complex permittivity were obtained
from reflection measurement with a coaxial sample cell lo-
cated at the end of a coaxial line. The sample cell'” is com-
posed of an outer conductor with an inner diameter of 3.5 mm
and an inner conductor with an outer diameter of 2 mm. The
lengths of the inner and outer conductor are 10 mm and 25
mm, respectively. From 200 MHz to 20 GHz, time domain
reflectometry?’ was employed, which is coupled with a flat-
end capacitor cell’! using a 2 mm semi-rigid coaxial waveg-
uide. All measurement was carried out at 25 °C with an ac-
curacy of 0.1 °C. The temperature was controlled by using a
Compact Ultra Low Temperature Chamber (MC-811, ESPEC
Corp., Japan) or by a water jacket’' connected with a bath that
is filled with water/ethylene glycol mixture.

lll. RESULTS AND ANALYSIS
A. Dielectric spectra of ILMs

Figure 1 shows the spectra of the complex dielectric per-
mittivity of 0.840 ILM, 0.520 ILM, and 0.304 ILM in the full
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FIG. 1. Frequency dependence of (a) dielectric loss and (b) dielectric con-
stant of 0.840, 0.520, and 0.304 ILMs in the frequency range from 40 Hz to 20
GHz. The insets in (a) shows the frequency dependence of the dielectric loss
after subtracting the dc conductivity. The inset in (b) shows the frequency de-
pendence of conductivity, where the arrows indicate the hopping frequency,
see text.

investigated frequency range, representing the dielectric be-
havior of ILMs in the IL/water, B.C., and water/IL phase, re-
spectively. The inset in Fig. 1(b) shows the frequency depen-
dence of conductivity o, which is equivalent to dielectric loss
¢” by the relation o = gowe”, where w (= 27f) is the angu-
lar frequency and ¢ is the permittivity of vacuum. A plateau
can be observed in the o spectrum, which in the ¢” spectrum
is shown as a linear dependence with a slope of —1 in the
same frequency range. The plateau gives the value of dc con-
ductivity o4 that denotes the value of conductivity in the dc
limit. At high frequencies o begins to increase with increas-
ing frequency. The turning points between this increase and
the plateau of o 4., which are pointed out by the arrows in the
inset in Fig. 1(b), correspond to the hopping rates (v, = 27f,)
defined in the Dyre theory.?> The inset in Fig. 1(a) shows the
frequency dependence of the dielectric loss after the subtrac-
tion of o 4.. Since the contribution of o 4. has been eliminated,
the curves in this inset reflect the dielectric loss arising from
effective dielectric relaxations.

Due to the existence of bmimPFg, the ILMs are very
conductive and large electrode polarization (EP) effect exists.
This results in a remarkable increase in ¢’ with decreasing
frequency in the frequency range below 10° Hz. Neverthe-
less, the EP effect has negligible influence on the dielectric
relaxations under investigation. Note that the slowest dielec-
tric relaxation occurs in a frequency range higher than 107 Hz,
as can be seen in the inset in Fig. 1(a), which is far from the
frequency range dominated by the EP effect.

Figure 2 shows the frequency dependences of (a) the
dielectric constant and (b) the dielectric loss after the
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FIG. 2. Frequency dependence of (a) dielectric constant and (b) dielectric
loss after subtraction of dc conductivity of water, TX-100/bmimPFg mixture,
and ILMs with different water content. The solid lines are best fits.

subtraction of o4 of all ILMs in the high frequency
range. The dielectric responses of TX-100/bmimPFg mix-
ture (¢, = 0.000) and water (¢,, = 1.000) are also plotted in
Fig. 2 for comparison. The dielectric behavior of the ILMs
seems varying smoothly from the case of water to the case
of TX-100/bmimPFg mixture as water content decreases. At
least two dielectric relaxations are visible for the ILMs. The
high-frequency dielectric loss peak shifts slightly (within one
order) from that of pure water with decreasing water con-
tent, which is thereby very likely attributed to the dynamics
of water molecules. The low-frequency dielectric loss peak
locates in the vicinity of 100 MHz, corresponding to a re-
laxation with a relaxation time of the order of 1 ns. From
Fig. 2(a) one can also notice that these dielectric relaxations
are barely influenced by the EP effect; therefore we did not
perform elimination of EP effect from the dielectric constant
curve.

B. Mechanisms of the relaxations

Because TX-100 molecule contains a hydrophilic chain
with about 10 EO units with which water molecules can be as-
sociated through hydrogen bonding, the association between
water and TX-100 plays a crucial role in the phase structure
and chemicophysical properties of TX-100-containing aque-
ous solutions such as TX-100/water mixtures.*>% The di-
electric behavior of TX-100/water mixtures in a wide fre-
quency range of 1 MHz to 13.5 GHz was recently investi-
gated by Asami.>* Obvious dielectric relaxation is observed
only above 1 GHz for the mixtures, which is assigned to
the dynamics of water molecules including bulk-like (free)
water and hydration water. However, relaxations due to the

J. Chem. Phys. 136, 244505 (2012)

dynamics of micelles'>?

tial diffusion of ions in the micelle/solution interface
are not observed, although these relaxations have been ob-
served in many micelle solutions. Our measurement re-
sults of TX-100/water mixtures are in good agreement with
Asami’s.

Because the concentration of bmimPFg is rather low,
the ILMs may have similar phase structure to that of TX-
100/water mixtures and the dielectric behaviors in both sys-
tems may share some common. The dielectric behaviors of
ILMs and TX-100/water mixtures with comparable water-to-
TX-100 weight ratio are compared in Figs. 3(a)-3(c), and
those of TX-100/bmimPFg mixture and pure TX-100 are
compared in Fig. 3(d). It should be pointed out that, although
¢, of ILM is a little smaller than that of corresponding TX-
100/water mixture, their water-to-TX-100 weight ratios are
comparable due to the existence of bmimPFg. As can be seen
in Fig. 3, irrespective of the phase composition the dielec-
tric behavior of the ILMs in the frequency range higher than 1
GHz is always consistent with that of TX-100/water mixtures.
This implies that the high frequency dielectric relaxation in
the ILMs has analogous origin to that in TX-100/water mix-
tures, namely it is mainly ascribed to the dynamics of water
molecules. In the frequency range lower than 1 GHz, a relax-
ation located in the 10’—10% Hz frequency range can be ob-
served in the ILMs (also in the TX-100/bmimPFg mixture).
Howeyver, this relaxation is absent in the TX-100/water mix-
tures and pure TX-100, suggesting that it arise from the addi-
tion of bmimPFg. Considering that the phase structure of the
ILMs is similar to that of the TX-100/water mixtures, this re-
laxation should be closely related to the dynamics of the IL
molecules.

A number of other relaxation mechanisms may also con-
tribute to the dielectric relaxations in the frequency range
of interest. Generally, they are related to the dynamics of
micelles and the diffusion of interfacial ions, as mentioned
above. The dynamics of micelles, including the collision and
rearrangement, the translational and rotational diffusion, and
the thermal shape fluctuation, has a relaxation time of the or-
der of nR3/kgT,'>?” where 7 is the viscosity of the dispers-
ing medium, R is the radius of the micelle, kp is the Boltz-
mann constant, and 7 is absolute temperature. For the ILM
with ¢,, = 0.8, the radius R of the micelle is reported to be
6.3 nm,%'" and the viscosity should approach that of the 20%
TX-100 aqueous solution (about 0.1 Poise).2’ The relaxation
time related to the dynamics of micelle is estimated to be of
the order of 600 ns, which largely exceeds the observed re-
laxation times. The relaxation time of the radial diffusion of
the interfacial ions corresponds to the time of the ions diffus-
ing a distance of the order of the micelle radius,'>?® namely
7, ~ R?/D ~ 6mwnrR*/kzT where D and r are the diffusion
coefficient and the hydrodynamic radius of the ions, respec-
tively. A rough estimation indicates that it remains in a com-
parable time scale to that of micelle dynamics; thereby the
radial diffusion of the interfacial ions cannot contribute to the
observed relaxations either.

The tangential diffusion of the interfacial ions actu-
ally arises from the well-known Maxwell-Wagner effect.!>2
Its relaxation time can be estimated through the following

and due to the radial and tangen-
15,28
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FIG. 3. (a), (b), and (c) The dielectric behaviors of ILMs and TX-100/water mixtures with comparable weight ratio between water and TX-100. (d) The

dielectric behaviors of TX-100 and TX-100/bmimPF¢ mixture.

equation:3%-3!

. 28, + Ep + dulem — 81})
20, + op+ du(om — o‘p)

€0, (1)

™MW

where the subscripts m and p denote the dispersing medium
and dispersed particle, respectively, and ¢, is the volume frac-
tion of the dispersed phase, which can be converted from
the weight fraction of TX-100 by assuming 0.908 cm?/g for
the specific partial volume of TX-100.2* For IL/water ILMs
where aqueous bmimPFg solution is the dispersing medium
and TX-100 micelle is the dispersed particle, ¢, = 8, ¢, =
80, and o, ~ 0.005 S/m (the dc conductivity of the TX-
100/bmimPF¢ mixture). The dc conductivity of bmimPFg so-
lution o, ranges from 0.17 S/m to 0.65 S/m.*? A first esti-
mation indicates that 7,y ranges from 4.2 to 1.1 ns in the
IL/water phase region, which is in the same order as the re-
laxation time of the low-frequency relaxation. Therefore, this
mechanism is possibly responsible for the low-frequency re-
laxation, but it cannot contribute to the high-frequency relax-
ation because even the slowest relaxation process involved in
the high-frequency relaxation has a relaxation time of the or-
der of 100 ps (see Table I).

According to the above discussion, the dynamics of the
TX-100 micelle and the interfacial ions cannot contribute to
the high-frequency relaxation of the ILMs. This relaxation,
therefore, should be mainly ascribed to the dynamics of water
molecules. The structure and dynamics of water molecules
have been extensively investigated by means of dielectric
spectroscopy on various aqueous solutions including biolog-
ical materials,>*3 polymer,’*~" and micelles.”> As demon-

strated in these investigations, the relaxations of free and hy-
dration water are generally of the Debye type and always oc-
cur at certain frequency, like fingerprint, as long as enough
water is present in the system. The relaxation time of free
water relaxation is approaching that of pure water (8.3 ps),
and the relaxation time of hydration water relaxation is gener-
ally 2-3 times larger than that of pure water. For the IL/water
ILMs, we have tried to fit the high-frequency relaxation by
two Debye processes accounting for the dynamics of the free
and hydration water; however it is found that a satisfactory fit
can be achieved only if we add another process with a time
scale of 100 ps. This indicates that the high-frequency relax-
ation involves other dynamics in addition to the dynamics of
water molecules. A possible dynamics is the motion of the
dipoles belonging to the EO units in the hydrophilic chain of
TX-100, which has a comparable dipolar size to that of wa-
ter molecule. This motion has a relaxation time of the order
of 200 ps as observed in the aqueous solutions of polyethy-
lene oxide which has a similar local structure to that of TX-
100 hydrophilic chain.**“’ The low-frequency relaxation, on
the other hand, is most likely due to the dynamics of the IL
molecules but may also arise from the Maxwell-Wagner ef-
fect. Detailed discussion on the mechanism of this relaxation
is given in Sec. IV.

C. Determination of relaxation parameters

Accordingly, the following fitting function containing
three Cole-Cole*! terms and one Debye*? term was employed
to fit the dielectric spectra of the ILMs and TX-100/water
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TABLE I. The fitting results for the different dielectric relaxations observed in water (¢,, = 1.000), TX-100/bmimPF¢ mixture (¢,, = 0.000), and ILMs with

different water content.

Ag Aggo Aghy Agfy T1(ns) Tgo(ns) Thw(ps) Tiw B BEo Bhw
o (£3%) (£4%) (£2%) (£1%) (£1%) (£2%) (£1%) (ps) (£2%) (£1%) (£1%)
1.000 73.15 8.3
0.955 1.01 0.52 7.98 59.60 1.76 0.136 15.6 8.3 0.78 1 1
0.901 2.31 1.09 17.61 41.05 1.73 0.136 16.3 8.3 0.78 1 1
0.840 3.26 1.72 23.46 30.59 1.60 0.136 15.9 8.3 0.78 1 1
0.782 4.24 2.32 28.45 18.98 1.60 0.137 15.8 8.3 0.78 1 1
0.721 5.14 2.83 30.72 13.73 1.51 0.136 15.6 8.3 0.77 1 1
0.661 5.91 3.25 31.91 7.56 1.49 0.137 16.3 8.3 0.77 1 1
0.602 5.97 3.71 36.15 1.47 0.142 16.0 0.77 1 0.97
0.520 6.39 4.16 30.23 1.55 0.145 18.4 0.77 0.99 0.96
0.445 6.78 4.32 25.15 1.57 0.151 20.3 0.77 0.96 0.95
0.367 7.49 4.49 20.68 1.61 0.156 22.7 0.77 0.95 0.93
0.304 7.29 5.34 13.17 2.00 0.163 322 0.79 0.86 0.90
0.209 6.39 8.17 6.82 2.93 0.181 43.1 0.80 0.74 0.87
0.102 5.46 9.35 1.03 5.02 0.229 54.3 0.83 0.66 0.88
0.000 4.56 5.94 18.2 0.339 0.94 0.48
mixtures: of the ILMs therefore reflects the positioning and the micro-
i Ag Aggo Ay scopic migration environment of the IL species.
e = 8oo+1 N + 1+ Goteo)f™ | 1+ Gty )P ' Figure 5(a) shows the dc conductiv'ity and the hopping
time (t, = l/w,) of the ILMs as a function of water content
Aty ; ) (¢w)- The dc conductivity is determined from the plateau in
I +ioty the o spectrum. The hopping time, which is the reciprocal

where €4 is the high-frequency limit of dielectric constant,
Ac is the dielectric increment, 7 is the relaxation time, and 8
(0 < B < 1) is the Cole-Cole parameter indicating the distri-
bution of relaxation time. When 8 = 1 the Cole-Cole func-
tion goes to the Debye function. The subscripts 1, EO, hw,
and fw refer to the low-frequency relaxation, EO unit relax-
ation, hydration water relaxation, and free water relaxation,
respectively.

For the water-rich samples (¢,, > 0.661) where free wa-
ter exists, we found the GHz relaxation can be easily decom-
posed into three Debye relaxations. The fitting function thus
actually contains one Cole-Cole term accounting for the low-
frequency relaxation and three Debye terms accounting for
the EO unit relaxation and water relaxations. For the water-
poor samples (¢,, < 0.602), free water relaxation disappears
and we found that there exists distribution of relaxation time
for EO unit relaxation and hydration water relaxation. There-
fore, the fitting function actually contains three Cole-Cole
terms. Fig. 4 shows the representative fits for the ILMs in the
IL/water (a), B.C. (b), water/IL phase (c), and the fit for the
TX-100/bmimPFg mixture (d). The fitting results of all ILMs
are shown in Figure 2, and the values of the fitting variables
are summarized in Table I.

IV. DISCUSSION
A. dc conductivity

It is important to mention that it is the ionic species of
bmimPFg rather than the TX-100 micelles that are the domi-
nant charge carriers in the ILMs, as the dc conductivity of the
ILMs is more than one order larger than that of TX-100/water
mixtures with comparable ¢,,. The dc conductivity profile

of the hopping rate w, as exemplified in the inset in Fig. 1(b),
represents the time for charge carriers attempting to overcome
the highest energy barrier. It can be determined from the o
spectrum through the Dyre formula:*?

wT, arctan(wt,)
{In[1 + (w7,)?]'/2}2 + [arctan(wT,)]?”

o(w) = oy 3)
According to the Einstein and Einstein-Smoluchowski
relations, dc conductivity is related to the hopping time by*

ng*z?

. 4
ZkBT'L'e ( )

Odc
where 7 is the effective number density of the charge carri-
ers, ¢ is the elementary electric charge, and A is the hopping
length. For a homogeneous migration environment, this equa-
tion gives to the well-known Braton-Nakajima-Namikawa
(BNN) relation, namely og. ~ 1/7..*> For the present sys-
tems, however, dc conductivity should depend not only on the
hopping time but also on the IL concentration and the hop-
ping length, because the phase composition changes with wa-
ter content.

One can find from Fig. 5(a) that the dc conductivity has
a nonmonotonic variation with the water content. An inflex-
ion shows up at ¢, & 0.8, which is within the IL/water phase
region rather than at the phase boundary. While bmimPFg is
generally considered a hydrophobic IL, it has a limited solu-
bility in water (2.1 wt. %).*** For the ILMs with ¢,, > 0.8,
the weight fraction of bmimPFg to water is smaller than the
solubility, it is thus reasonable to believe that the IL molecules
are mostly dissoved in water rather than partitioning into the
TX-100 micelles. If this is the case, the bmimPFg should act
as a strong electrolyte in water** and the molar conductivity
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(b)

7 8
log(f/Hz)

FIG. 4. Fitting results of the dielectric loss curves of (a) 0.840 ILM, (b) 0.520 ILM, (c) 0.304 ILM, and (d) TX-100/bmimPFs mixture. The solid lines are the
total fitting results and the filled area with different color represents the contribution of different relaxation.

(Ap) of these ILMs should follow Kohlrausch’s square root
law given by*¢

Am = A% — k [bmimPF4]"/?, 3)
20 T T
© water/IL ! B.C. ' IL/water
| | 04
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FIG. 5. (a) The dc conductivity (open squares) and hopping time (open cir-
cles) of the ILMs as a function of water content. The dashed lines are the
phase boundary, and the arrow indicates the inflexion point. (b) The molar
conductivity of ILMs as a function of the square root of bmimPFg concentra-
tion. The solid line is the linear fit for the first three concentration points.

where AY is the limiting molar conductivity of bmimPFg,
[bmimPFg] is the molar fraction of bmimPFg in water, and
Kk 1is a constant. This equation reveals a linear dependence of
A on [bmimPF4]"2. Fig. 5(b) shows the molar conductiv-
ity of the ILMs as a function of [bmimPFg]"2, from which
one can find that the molar conductivity of the ILMs with
¢ > 0.8 (the first three points) basically follows a linear
dependence on [bmimPFs]"2. The value of A determined
by fitting the first three points in line with Eq. (5) is about
941 S-m~!-M~!, which nearly consists with that in dilute
bmimPF; solutions.** This result comfirms that bmimPFg
molecules are mostly dissolved in water for the ILMs with
¢y > 0.8.

In the IL/water phase region, 7, keeps nearly constant
when ¢, > 0.8 and increases slightly with decreasing ¢,
when ¢,, < 0.8, as can be seen in Fig. 5(a). Note that the
hopping time is plotted in a logarithmic scale. This suggests
that the migration (hopping) environments in the IL/water
phase are very similar, probably because o4, mostly arises
from the migration of bmimPFg in water. The hopping length
should keep constant in this phase region, and o is thus a
function of the effective number density of the IL molecules
ny, and the hopping time 7, according to Eq. (4). When
¢ > 0.8, o4. increases with decreasing ¢,, because ny in-
creases while t, keeps constant. When ¢,, < 0.8, the concen-
tration of bmimPFg in water keeps invariable because of sat-
uration, so o 4. decreases with decreasing ¢,, as 7, increases.
The increase in 7, with decreasing ¢,, is possibly due to the
increasing intervention of the micelles in the migration path-
way of the IL molecules or due to the increase of the viscosity
with decreasing ¢,,.
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In the B.C. phase region, the ILM consists of two con-
tinuous phases: water phase and TX-100 phase. It is note-
worthy that o4, of TX-100/bmimPF¢ mixture is two orders
larger than that of pure TX-100, which means the migration
of bmimPFg molecules in the TX-100 phase also gives rise
to considerable o 4. Therefore, it cannot be neglected when
one considers the overall o 4. of the ILMs, namely o4, of the
ILMs in the B.C. phase region arises from the migration of
bmimPF¢ both in the water phase and in the TX-100 phase.
Because the hopping time in the TX-100 phase (the case of
¢, = 0.000) is much larger than that in the water phase, the
increase of 7, of the ILMs with the decreasing ¢,, is mainly
due to the growth of the TX-100 phase and meanwhile the di-
minishment of the water phase. On the other hand, the product
of the effective number density and the square of the hop-
ping length ny A2, which is proportional to ¢ 4.7, according
to Eq. (4), is found nearly constant in this phase region (see
Sec. IV D). Therefore, the decrease of o 4. with decreasing ¢,,
mainly results from the increase of t, with decreasing ¢,,.

In the water/IL phase region, water is confined in reverse
micelles and TX-100 is the dispersing medium. The hopping
time of the ILMs thus increases more intensely with decreas-
ing ¢, as compared with the case in the B.C. phase region.
Although ny A? decreases slightly with decreasing ¢,,, the dc
conductivity still decreases with decreasing ¢,, because of the
remarkable increase in 7,.

B. Dynamics of water molecules

The dependences of the relaxation time and the dielectric
increment of the hydration and free water relaxations on the
water content are plotted in Figs. 6(a) and 6(b), respectively.
As can be seen, these parameters have different dependence
on the water content in different phase regions.

In the IL/water phase region where free water exists, Thy
and Ty, are barely changed with ¢,,, suggesting the dynamics
of water is independent of phase composition. Similar results
were also observed in many dilute aqueous solutions. There
is no doubt that the faster water dynamics (with smaller re-
laxation time) is due to the rotational relaxation of free water
in bulk. The slower water (with larger relaxation time) relax-
ation is ascribed either to the rotational relaxation of hydration
water molecules or to the exchange of hydration water to free
water.** The former mechanism is prefered in the present case
because this relaxation still exists even though free water is
absent. In the B.C. and water/IL phases, free water relaxation
disappears and ty, increases with decreasing ¢,,. Meanwhile
the value of By is smaller than uinity in these two phases as
shown in Table I, which indicates the distribution of relaxation
time and suggests that the relaxation enviroment of hydration
water is heterogeneous in the absence of free water. When
0.4 < ¢, < 0.6, hexagonal phase with a pocket of lamellar
structure is formed in TX-100/water mixtures.?* The ILMs in
the B.C. phase may have a similar microstructure, and in this
case the hydration water molecules should be located in a 2D
confinement space. This may be responsible for the larger 7y,
in the B.C. phase as compared with that in the IL/water phase.
In the water/IL phase, water molecules are confined in reverse

J. Chem. Phys. 136, 244505 (2012)
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FIG. 6. Water content dependence of (a) the relaxation time and (b) the di-
electric increment of the EO unit relaxation (open squares), hydration water
relaxation (open circles), and free water relaxation (open triangles). The areas
filled with different color represent different phase regions. The dashed line
shows the inflexion point, and the solid lines are used for guiding the eyes.

micelles (3D confinement space), which should be the cause
of the more intensive increase in ty,, with decreasing ¢,,.

In the IL/water phase region, one can see from Fig. 6(b)
that Aeyy, increases with decreasing ¢,, while Aeyy, decreases,
which indicates that the concentration of free water molecules
are decreasing meanwhile that of hydration water molecules
are increasing. This is due to the adding of TX-100 and/or
bmimPFg, with which more free water molecules are needed
to associate. It is worth noting that an inflexion at ¢, ~ 0.8
also shows up for the ¢,, dependence of Aeqy and Agpy in
the IL/water phase region. As indicated in Fig. 6(b), they are
obviously less dependent on ¢,, when ¢,, < 0.8. We believe
this is also due to the dissolving state of bmimPFs. When
¢ > 0.8, bmimPFg molecules are mostly dissolved in wa-
ter and the association of water with TX-100 is barely influ-
enced by bmimPFg molecules. As a result, the loss of free wa-
ter molecules is due to their association with both bmimPF¢
and TX-100. When ¢,, < 0.8, however, bmimPFg molecules
cannot be dissolved in water any more because of saturation,
and the excess bmimPFg molecules have to be associated with
TX-100. Because this association occupies part of hydrogen
bounding sites on the hydrophilic chain of TX-100, the effec-
tive association between water and TX-100 will be reduced.
Therefore, the loss of free water molecules in these ILMs is
less intensive than in the ILMs with ¢,, > 0.8, and so does
the increase of hydration water molecules. This result once
more confirms the preceding interpretation on the dissolving
state of bmimPFg. It also suggests that bmimPFg molecues
are preferentially located along the hydrophilic tail of the TX-
100 molecules rather than within the hydrophobic core of the

Downloaded 01 Aug 2012 to 133.87.26.18. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



244505-8 Z. Chen and R. Nozaki
121 o n, am 8
i n, _(TX-100/water) S
1= n,am * 160
g © n, (TX-100/water) o*
O 1 ?
E 64 o ® 40
z =
S :
4 o . B
i ° 20
=
24 e L o o
T p o= L0

I .S S L (TR S T e ! P
0.0 0.1 02 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0
water content

FIG. 7. Water content dependence of the number of water molecules per EO
unit for ILMs (filled symbols) and TX-100/water mixtures (open symbols).
The circles and squares represent the cases of hydration water and free water,
respectively.

micelles, when their concentration in water is larger than the
solubility.

Although not strictly, it is generally assumed that the ef-
fective mean square dipole moment (u2;) of hydration water
molecules is equal to that of free water molecules. The dielec-
tric increment Ac¢ is thereby a measure of the number density
of water moleclues in different association states according to

the Kirkwood-Fréhlich equation:*7-48

_elen+2? ul N

&= ; (6)
3(2e5 + £50) 960k T V

where ¢ is the static dielectric constant and N is the number
of dipoles in a volume of V in the system. The average num-
bers of hydration and free water molecules per EO unit are
roughly calculated by the dielectric increments for ILMs and
TX-100/water mixtures, which are compared in Fig. 7.

For water-rich TX-100/water mixtures (¢,, > 0.65), the
number of hydration water molecules per EO unit (7,,,/EO)
keeps nearly constant and its value (about 4.5) is compara-
ble to that obtained in other studies.”>2° It decreases with
decreasing ¢,, for the mixtures with ¢, < 0.65 because of
the decreasing water-to-TX-100 ratio. For ILMs, it should
be mentioned that the association of bmimPFg with water
and TX-100 is not taken into account in our calculation
on ny,/EQO; therefore the calculated value of ny,,/EO should
somewhat deviate from the real value. Nevertheless, because
the concentration of bmimPFg is small, noticeable deviation
of the value of ny,/EO is not expected. From Fig. 7 one can
see that ny,/EO of ILMs is much larger than that of TX-
100/water mixtures for the samples with ¢,, > 0.65. This re-
sult means that more water molecules are associated with the
hydrophilic chain of TX-100 in the ILMs than in the TX-
100/water mixtures and thereby suggests that the size of the
micelles in ILMs is larger. The hydrodynamic diameter of the
micelles formed in ILMs was recently determined by DLS,°
which is about 12.6 nm and larger than that of the micelles
formed in TX-100/water mixture. The increase in the size
of micelles is attributed to the fact that bmimPFg molecules
swell the micelles.

J. Chem. Phys. 136, 244505 (2012)

C. EO unit relaxation

The ¢, dependences of the relaxation time and the di-
electric increment of the EO unit relaxation are also plotted in
Figs. 6(a) and 6(b), respectively. One can notice that Tgg has
an analogous variation tendency to that of ty,,, which seems
implying that the relaxation enviroment of EO unit is similar
to that of hydration water or that the EO unit relaxation in-
volves the dynamics of hydration water molecules. The bulk
viscosity  of TX-100/water mixtures increases with increas-
ing ¢,, to a maximum in the range of 0.4 < ¢,, < 0.6, where
gel-like structure is formed, and then decreases with increas-
ing ¢,,.> The bulk viscosity of ILMs should have a similar
behavior to that of TX-100/water mixtures considering the
rather low concentration of bmimPFg, namely 7 increases in
the IL/water phase but decreases in the water/IL phase as ¢,,
decreases. From Fig. 6(a) one can notice that tgo keeps nearly
constant in the IL/water phase, suggesting that this relaxation
is a local relaxation that is not so much related to the bulk
properties. Especially in the water/IL phase, where the bulk
phase should be mainly composed of TX-100 molecules, tgo
increases with decreasing ¢,, even though 7 in this phase de-
creases with decreasing ¢,,. Furthermore, the EO unit relax-
ation is also observed in Pure TX-100 and TX-100/ bmimPFg
mixture (see Fig. 3) in which the concentration of TX-100
is definitely larger than in ILMs and TX-100/water mixtures;
however the magnitude of this relaxation in pure TX-100 and
TX-100/bmimPF¢ mixture is even much smaller than that in
ILMs and TX-100/water mixtures. According to these facts,
we argure that this relaxation is ascribed to hydrated EO units
rather than “dry” EO units. In other words, hydration water,
most possibly tightly hydration water, must be involved in this
relaxation.

D. The low-frequency relaxation

The low-frequency relaxation should be closely related
to the dynamics of bmimPF¢ molecules, as mentioned above.
The first possible mechanism in this regard that comes to
mind is the rotational relaxation of [bmim]"-[PFs]~ ionic
pairs which behave as permanent dipoles. Since [bmim]™ and
[PFs]~ ions can be separately distributed in TX-100 micelle
and in bulk water because of different types of interactions be-
tween TX-100 and [bmim]* and/or [PF¢]~,*" this relaxation
is also possibly due to the reorientation of [bmim]™ ions (the
dipole moment of [PF¢]™ ion is essentially zero due to the
symmetric molecular structure). The hop of cations/anions
between the anionic/cationic sites holds another possibility,
as it is analogous to the rotation of a permanent dipole.?>>°

The water content dependence of the relaxation incre-
ment (Ag;) and relaxation time (7;) of the low-frequency re-
laxation is plotted in Fig. 8 and its inset, respectively. One can
see that this relaxation has strong dependence on the phase
composition. The relaxation time of the low-frequency relax-
ation can be estimated by the Stokes-Einstein-Debye (SED)
theory if this relaxation is due to rotational diffusion:

3Vetrn
kgT ’

@)

Trot =
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FIG. 8. Water content dependence of the dielectric increment of the low fre-
quency relaxation (open squares) and the product of the hopping time and dc
conductivity (filled squares). The inset shows the water content dependence
of the relaxation time of the low frequency relaxation (filled circles) and the
calculated Maxwell-Wagner relaxation time (open circles).

where V. is the effective volume of the rotating species. For
[bmim]*-[PFs]~ ionic pairs and [bmim]* ions, their effec-
tive volume is mainly decided by their hydrodynamic radius
(Vegr ~ ri, r, being the hydrodynamic radius) and therefore
essentially keeps constant. Thus, the rotational relaxation time
of these species is only a function of 1 according to Eq. (7).
The inset of Fig. 8 indicates that 7| decreases in the IL/water
phase but increases in the water/IL phase with decreasing ¢,,.
This variation is opposite to that of 1 vs. ¢,, in these phases.
Therefore, the low-frequency relaxation cannot be attributed
to the rotational relaxation of [bmim]*-[PFs]~ ionic pairs,
[bmim]™ ions, as well as any other species with permanent
dipole moment.

Although the hop of cations/anions between the an-
ionic/cationic sites is analogous to the rotation of a permanent
dipole, the distance between the anionic/cationic sites is able
to change with the phase composition of the system. The re-
laxation time of this mechanism is thus decided not only by
n but also by Veg. If this mechanism is responsible for the
low-frequency relaxation, the dielectric increment should be

related to the hopping time by?>
1 2
o= L _ 20w ©
T, goAe

The value of Ae calculated from Eq. (8) is about two
orders larger than that of Aeg;. The deviation between the cal-
culated Ae and Ag is possibly arising from the difference
in the effective ionic density involved in dc conductance and
in this electrical relaxation. The product of the hopping time
and dc conductivity (t.04:) is also plotted in Fig. 8. It can
be seen that the variation tendency of 7,0 4. is similar to that
of Ag; over the whole water content range. This result sug-
gests that the low-frequency relaxation has the same under-
lying mechanism as that of dc conductivity, namely the hop
of cations/anions between the anionic/cationic sites. It is also
noteworthy that, in the IL/water and B.C. phase regions where
water phase is the dominant phase or occupies a considerable
portion, the hopping time 7, is very close to 7. In the water/IL
phase region, however, 7, is much larger than ;. One should
keep in mind that in the water/IL phase region 7, should be
an average hopping time, which may simultaneously originate

J. Chem. Phys. 136, 244505 (2012)

from a fast migration that involves water molecules and a slow
migration in the TX-100 phase. It is thus possible that the low-
frequency relaxation in this phase region is mainly a result of
the fast migration of the IL cations/anions, noting that Ag; in
this phase region is decreasing with decreasing water content.
Except for the dynamics of the IL molecules, the
Maxwell-Wagner effect may be also responsible for the low-
frequency relaxation. The relaxation times of this effect for
the ILMs with different water content are calculated in line
with Eq. (1), which are also plotted in the inset in Fig. 8.
It should be pointed out that, when ¢, > 0.8 the water
phase is saturated with bmimPF¢ (about 2.1 wt. %); therefore
the dc conductivity of saturated bmimPFg solution (around
0.65 S/m)*? is taken for o, (IL/water and B.C. phases) or o,
(water/IL phase). The values of other parameters are provided
above. Attention should also be paid that in the water/IL phase
region the dispersed particles are the reverse micelles and the
dispersing medium is TX-100/bmimPFg mixture. From the
inset in Fig. 8 one can find that the Maxwell-Wagner relax-
ation time is also close to 7|, but the variation tendency in the
water/IL phase region is opposite to that of 7;. Anyway, this
mechanism is still possibly responsible for the low-frequency
relaxation or partially contributing to this relaxation.

V. CONCLUDING REMARKS

We have measured the dielectric behavior of a se-
ries of water/TX-100/bmimPF¢ ILMs with fixed TX-100-to-
bmimPF¢ weight ratio and various water contents (¢,,) in a
wide frequency range. To better understand their dielectric
behavior, dielectric measurements were also carried out on
TX-100/water mixtures with various ¢,,. The comparison of
their dielectric behaviors indicates that the dielectric behavior
in the GHz range of this ILM is analogous to that of TX-
100/water mixture with comparable TX-100-to-water weight
ratio. An additional dielectric relaxation located in the fre-
quency range of 10’108 Hz is observed in the ILMs, which
is absent in TX-100/water mixtures.

The mechanism of the GHz dielectric relaxations in the
ILMs has been discussed by taking account of the dynamics
of water, the EO units, the TX-100 micelles, and the interfa-
cial ions. It is concluded that this relaxation mainly consists
of the dynamics of the EO units, the hydration water, and free
water, but the dynamics of the micelles and interfacial ions
cannot contribute to this relaxation. Detailed analyses are per-
formed on the dielectric spectra based on the relaxation mech-
anism, by which the dc conductivity and the relaxation pro-
files, including ¢,,-dependent relaxation time and relaxation
increment, of these dielectric relaxations are obtained. These
relaxation profiles clearly reveal the phase transition of this
ILM with the variation of ¢,,, which is well consistent with
that characterized by other methods.

The appearance of an inflexion at ¢, ~ 0.8 in the ¢,,-
dependent dc conductivity suggests that bmimPFg molecules
are preferentially dissolved in water when their concentration
in water is lower than its solubility. This is further confirmed
by the ¢, -dependent dynamics of hydration and free water
molecules in the IL/water phase region. The much less inten-
sive dependence on ¢,, of the water molecule dynamics when
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¢y < 0.8 suggests that bmimPF¢ molecules are located along
the hydrophilic chains of TX-100 rather than within the hy-
drophobic core of TX-100 micelles. As compared with the
case of TX-100/water mixtures, the number of hydration wa-
ter molecules per EO unit in the IL/water phase region of
this ILM is obviously larger, suggesting the TX-100 micelle
formed in ILM is larger than that in TX-100/water mixtures.

It is also concluded that the low-frequency relaxation ob-
served in this ILM is not a result of the dynamics of TX-100
micelle, the radial diffusion of the surface ions, or the rota-
tional relaxation of [bmim]*-[PFs]™ ionic pairs or [bmim]™
ions. Since this relaxation is coupled with dc conductivity, it is
most likely due to the hopping of IL cationic/anionic species
between the anionic/cationic sites. However, the contribution
from the Maxwell-Wagner effect to this relaxation cannot be
excluded.
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