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From the viewpoint of temperature dependent dielectric spectroscopy
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(Received 15 October 2010; accepted 4 December 2010; published online 19 January 2011)

Liquid crystal colloids have received tremendous attention because of its great potential both in the
understanding of the liquid crystalline phase and in searching for new application of liquid crystals.
Inverse microemulsion composed of 4-cyano-4-n-pentylbiphenyl (5CB), didodecyl dimethyl ammo-
nium bromide, and water was investigated by means of broadband dielectric spectroscopy in this
study. Based on the understanding of previous investigations on the same system, the isotropic phase
was taken into account to quantitatively characterize the bulklike relaxations after the isotropic-to-
nematic phase transition. Analogous results concerning the phase transition and phase composition to
other investigations were obtained. In addition to bulklike relaxations, a new relaxation was observed
at the frequency range about two orders lower than bulklike relaxations. This new relaxation shows
abnormal temperature dependence, suggesting that superstructures composed of water droplets and
confined 5CB molecules exist. This superstructure possibly possesses a confined nanoscaled liquid
crystal ordering and may correspond to the notion of the transparent nematic phase. © 2011 American
Institute of Physics. [doi:10.1063/1.3530782]

I. INTRODUCTION

Liquid crystal (LC) colloids, which consist of colloidal
particles or liquid droplets dispersed in a LC host, have at-
tracted considerable scientific and technological interest in the
last two decades.1–20 What make them highly intriguing are
the novel properties arising from the elastic distortion of LCs
induced by the dispersed particles or droplets and fascinating
colloidal structures attributed to the interparticle interaction
mediated by the elastic distortions of the LC host. These new
properties and structures are generally absent in conventional
LCs and colloidal systems but important in technological ap-
plication and fundamental science.

This study is concerned with a liquid crystal mi-
croemulsion (LCM), which is composed of surfactant-coated,
nanoscaled water droplets dispersed in a typical LC [4-cyano-
4-n-pentylbiphenyl (5CB)]. The phase behavior and phase
composition of this LCM have been intensively studied in
recent years by many methods,5, 10, 16, 19, 20 but controversy
still remains. First reported by Yamamoto and Tanaka,5 this
system exhibits on cooling two-phase transformations: a
transition from isotropic to a new phase called “transparent
nematic” (TN) phase occurs first; with further cooling,
a phase separation occurs and leads to a coexistence of
bulklike nematic phase and TN phase. The TN phase is
macroscopically transparent but locally ordered on scales
of several nanometers, which became the focus of the
controversy. Later studies10, 16 on the same system suggested
that instead of the appearance of the TN phase the system
undergoes a phase demixing due to the expulsion of micelles
by orientational ordering. This suggestion was supported by
the result of high-resolution calorimetric experiments17 on a
similar system by substituting 5CB with 8CB. Nevertheless,

a)Electronic mail: nozaki@dielectrics.sci.hokudai.ac.jp.

as pointed out in the recent study,20 the phase transition
and phase composition of this system depend on the sample
preparation, and the “absence” of the TN phase in the later
studies is possibly just because its nematic order parameter is
too small to be resolvable with current methods. Accordingly,
new experimental methods, for instance those capable of
determining nematic order parameter values on quite small
scales, are highly desirable to be employed.

Dielectric spectroscopy (DS) is believed to be one of the
highly desirable methods, because it can easily cover more
than 10 orders in frequency and it is very sensitive to molec-
ular or collective dynamics on different length scales ranging
from macroscopic to microscopic.21 As showcased in many
LC-based complex systems,21–28 this method is effective to
distinguish the dynamics of LC molecules at different phase
states. In addition, it is noninvasive and fast letting in situ
investigation possible and convenient. More importantly, di-
electric parameters derived from different length scales are
intercomplementary, which thus essentially guarantees the in-
terpretation self-consistent. In this study, we use DS to inves-
tigate the phase transition and dynamic aspect of the same
LCM as used in other studies, by which we hope to provide
some information on whether the TN phase exists.

II. EXPERIMENT AND METHODS

A. Materials

The liquid crystal 5CB was purchased from Sigma-
Aldrich and used as received. With the decreasing tempera-
ture, bulk 5CB displays an isotropic-to-nematic (IN) transi-
tion at about 35.3oC and a nematic-to-crystal (NC) transition
at about 22.5oC; however, in many cases this liquid crystal
can be easily supercooled to about −3oC.29 The surfactant
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FIG. 1. (a) Frequency dependence of dielectric loss of bulk 5CB at 34 and
45oC; (b) temperature dependence of relaxation time for bulk 5CB.

didodecyl-dimethyl-ammonium-bromide (DDAB) was pur-
chased from Tokyo Chemical Industry (Japan) and used with-
out further purification. Water was distilled and deionized.

B. Preparation of 5CB/DDAB/water microemulsions

The LCM under study is an inverse microemulsion com-
posed of 5CB, water, and DDAB. We used the same prepara-
tion method as described in Refs. 5 and 20 to prepare the mi-
croemulsions. Briefly, the samples were prepared by adding
5CB to well-homogenized mixture of DDAB and water at
room temperature. The DDAB/water mixture is jellylike af-
ter being fully homogenized, and the weight fraction of wa-
ter in the DDAB/water mixture is fixed to 15%. The weight
fractions (φm) of the DDAB/water mixture (water droplet)
in LCM are 0.03, 0.05, and 0.15 (denoted as 0.03LCM,
0.05LCM, and 0.15LCM hereinafter). Prior to the dielectric
measurement, the samples were subjected to ultrasonication
at 60 oC for 40 min to ensure homogeneity.

C. Dielectric measurement

The complex dielectric permittivity (ε∗ = ε′ − iε′′,
where ε′ and ε′′ are dielectric constant and dielectric loss,
respectively) of pure 5CB and LCMs were measured by an
impedance analyzer (Agilent 4294A) in the frequency range
from 40 to 110 MHz and a low-frequency network analyzer
(HP 4195A) in the frequency range from 1 to 500 MHz. The

values of the complex permittivity were obtained from reflec-
tion measurements with a coaxial sample cell located at the
end of a coaxial line. The sample cell, schematically illus-
trated in Fig. 5.4 in Ref. 30, is composed of an outer conduc-
tor with an inner diameter of 3.5 mm and a center conductor
with an outer diameter of 2 mm. The lengths of the inner and
outer conductor are 2 mm and 25 mm, respectively. Only the
bottom part of the sample that locates in the gap between the
inner and outer conductors (effective measurement area) can
be effectively measured.

The temperature was controlled by using a Compact
Ultra Low Temperature Chamber (MC-811, ESPEC Corp.,
Japan). The samples held by the sample cell were initially
kept at 60 oC for 10 min, and then the dielectric measurements
were performed at the following temperature points with an
accuracy of ±0.1oC: 45, 40, 37, 36, 35, 34, 33, 32, 31, 30,
29.5, 29, 28.5, 28, 27.5, 27, 26, 25, 24, 20, 18, 15, and 10oC. It
should be pointed out that because it took over 2 h to complete
each dielectric measurement run, during which the diffusion
of water droplet and coexisted isotropic phase out of the ef-
fective measurement area occurs, the dielectric spectra of the
LCMs might not be “real.” Fortunately, the diffusion rate of
water droplet and isotropic 5CB is so low16, 20 that significant
discrepancy from the “real” case will not exist.

III. RESULTS AND DISCUSSION

A. Bulk 5CB

Bulk 5CB is one of the most frequently used LC materi-
als for DS investigation, whose dielectric behavior in different
phase is well documented.24, 29, 31, 32 In the isotropic phase, it
exhibits only one relaxation process assigned to the random
reorientation of 5CB molecules. In the nematic phase, two re-
laxation processes can be observed: the slower one is related
to the hindered rotation of 5CB molecules about their short
axis, and the faster one is ascribed to the librational motion.
If 5CB molecules are perfectly aligned (E‖n, homeotropic;
E⊥n, planar), only either of the relaxations can be detected
in the nematic phase. However, in most cases, the molecules
cannot be perfectly aligned and both relaxations can be ob-
served.

Figure 1(a) shows the frequency dependence of the
dielectric loss of 5CB (after subtraction of dc conductivity)
at two chosen temperatures, 45 and 34oC, corresponding to
the isotropic phase and nematic phase, respectively; the total
dielectric loss spectra is shown in the inset. As can be seen,
only one relaxation is observed in the isotropic phase and
two relaxations are observed in the nematic phase. Although
we did not apply an external magnetic field or decorate the
surface of the dielectric cell to orient the 5CB molecules,
the molecules are mostly homeotropically aligned in the
nematic phase because the dielectric cell is made of copper
that favors the homeotropic alignment of LC.33 Therefore,
both relaxations due to short axis rotation and librational
motion can be clearly observed at 34oC. The dc conductivity
is observed in the low-frequency side of the total dielectric
loss spectra [inset in Fig. 1(a)], which is because 5CB is not
absolutely free from impurities.
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FIG. 2. (a) Dielectric loss ascribing to dielectric relaxation as a function of frequency for bulk 5CB, (b) 0.03 LCM, (c) 0.05 LCM, and (d) 0.15 LCM. The
insert shows the corresponding 3D plot of dielectric constant as functions of frequency and temperature.

To quantitatively analyze the complex dielectric permit-
tivity, we employed the following fitting function:

ε∗(ω) = ε∞ +
∑

j

F∗
j (ω) + σdc

iωε0
, (1)

where ε∞ is the high-frequency limit of dielectric constant,
ε0 is the permittivity of vacuum, the term F∗

j (ω) accounts
for the contribution of each dielectric relaxation, and the term
σdc/ iωε0 accounts for the contribution of dc conductivity σdc.
For F∗

j (ω), we use either the Havriliak–Negami function34 or
the Cole–Cole function,35 resting with the nature of each re-
laxation. The Havriliak–Negami function is given by

F∗
j (ω) = �ε j[

1 + (iωτ )β
]α , (2)

where �ε j is the dielectric strength, τ (= 1/2π f0) is the
relaxation time, f0 is the characteristic frequency, and
β (0 < β ≤ 1) and α (0 < α ≤ 1) are the parameters de-
scribing the shape of the curve. When α = 1 and 0 < β ≤ 1,
Eq. (2) goes to the Cole–Cole function. In the isotropic phase,
we use the Havriliak–Negami function for F∗

j (ω) because the
relaxation is broadened and asymmetric. In the nematic phase,
because 5CB molecules are not perfectly aligned, the relax-
ations are broadened due to the distribution of relaxation time
but still remain symmetric, we use Cole–Cole functions for
F∗

j (ω). Representative curve fitting is presented in Fig. 1(a).
The dielectric spectra of bulk 5CB at all measured tem-

peratures are displayed in Fig. 2(a). The sudden change at
T=35oC indicates the IN transition. When the temperature is
lower than the NC transition temperature, obvious dielectric
relaxations are still observed, which suggests that the system
is in the supercooled nematic (SN) phase. Fig. 1(b) shows

the temperature dependence of the relaxation time, namely,
Arrhenius plot. The temperature dependence of the relaxation
time in the isotropic and nematic phase follows Arrhenius law
that is given by

τ = τ0 exp

(
E A

kB T

)
, (3)

where E A is the activation energy, τ0 is the pre-exponential
factor, kB is the Boltzmann constant, and T is the absolute
temperature. The activation energy is determined by fitting
the Arrhenius plot in line with the Arrhenius law, which is
displayed in Fig. 1(b). The values of E A in the isotropic
and nematic phase are consistent with those reported in other
literatures.24, 26, 29 In the SN phase, the temperature depen-
dence of relaxation time of both relaxations is also Arrhenius-
like. E A of the short axis rotation and the librational motion
were determined to be 58.2 and 27.8 kJ/mol, respectively.
The former is slightly lower than that in the nematic phase,
but the latter is enormously higher. If this is the case, this re-
sult suggests that positional ordering is obviously increased in
the SN phase. It should be pointed out that, however, because
of the lack of experimental data in the supercooled tempera-
ture range, to assign the temperature dependence of relaxation
time to Arrhenius type is somewhat arbitrary.

B. 5CB/DDAB/water microemulsion: Dielectric
spectra and dc conductivity

The phase transition of 5CB/DDAB/water microemul-
sion has been intensively investigated. Although controversy
remains, some common features share:5, 10, 16, 20 (1) the IN
phase transition is a weakly first-order transition, and the
transition temperature (TIN) decreases as the concentration of
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water droplet (φm) increases; (2) after the IN phase transition,
there is a coexistence of the droplet-rich isotropic phase (TN
phase in Yamamoto and Tanaka’s case) and the droplet-poor
nematic phase, and the coexistence spans a wide temperature
range; (3) in the coexistence region, the droplet-rich isotropic
phase diminishes with decreasing temperature.

Although the dielectric properties of LCMs have not been
investigated, as far as we know, the dielectric behavior of sim-
ilar LC colloids, aerosil dispersed liquid crystals (ADLC), has
been well characterized by DS.25, 26, 28, 29 Two new features
as compared with bulk LC were observed in ADLC: an ad-
ditional slow process that occurs at a frequency range about
two orders lower than the bulklike relaxations, and an accel-
eration of the rotation of LC molecules about their short axis.
Aerosil is different from DDAB-coated water droplet in many
aspects, e.g., it can strongly interact with 5CB molecules
through hydrogen bond and can self-aggregate to form a net-
work at sufficient concentration; however, the anchoring of
5CB on the surface of water droplet is believed to be weak19

and the droplets are essentially self-repulsive. However, the
droplet-rich isotropic phase exists even when the tempera-
ture is far below TIN; furthermore, in the vicinity of TIN this
isotropic phase occupies a dominant proportion of the whole
system.16, 20 We stress that this coexisted isotropic phase must
have considerable contribution to the bulklike relaxations.

Figure 2 shows the dielectric loss (after subtraction of
dc conductivity) as a function of frequency for 5CB (a), 0.03
LCM, (b), 0.05 LCM (c), and 0.15 LCM (d) at different tem-
peratures; the inset shows the corresponding 3D plots of di-
electric constant spectra. As compared with bulk 5CB, an
additional dielectric relaxation located at the low-frequency
flank of the bulklike relaxations can be observed for LCMs
over the whole investigated temperature range. Similar to bulk
5CB, the LCMs also exhibit two macroscopic phase transi-
tions upon cooling. Before the IN transition, except for a very
weak low-frequency relaxation, only one bulklike relaxation
can be observed. When T < TIN, the bulklike relaxation is
separated into at least two relaxations; meanwhile, the dielec-
tric strength of the low-frequency relaxation is obviously in-
creased. After the NS transition, the low-frequency relaxation
suddenly shifts to even lower frequency range. The dielec-
tric loss behavior of each phase is represented by the symbol
curves in Fig. 2, where the filled circle curve represents the
case approaching IN transition.

The IN transition can be also well identified by the tem-
perature dependence of dc conductivity (σdc), as shown in
Fig. 3, where we can see TIN for all samples are the same
as observed in their dielectric behaviors. A rough phase di-
agram is made on the basis of these experimental results,
which is presented in the inset of Fig. 3. In the isotropic re-
gion (I), water droplets are supposed to be homogeneously
dispersed in isotropic 5CB; in the coexistence region (I+N),
the droplet-rich isotropic phase coexists with the droplet-poor
nematic phase; in the supercooled region (I+SN), most of the
5CB molecules are in a supercooled nematic state, and small
amount of isotropic 5CB may still coexist. For simplification,
the droplet-rich isotropic phase and the droplet-poor nematic
phase in the coexistence region will be called an isotropic
phase and nematic phase hereinafter, respectively. The green

FIG. 3. Arrhenius plots of the dc conductivity of bulk 5CB and LCMs. The
lines are best fits in line with the Arrhenius law, and the arrows indicate the
IN phase transition temperature. The insert shows the phase diagram based
on the dielectric experiment result. The solid lines are phase boundaries. I:
isotropic phase; I+N: coexistence phase; SN: supercooled nematic phase.
The dashed lines are the phase boundaries taken from Ref. 5 (green) and Ref.
16 (red). The dotted line indicates the microphase transition boundary in the
coexistence phase (see text).

and red dashed lines in this inset represent the IN transition
boundary obtained by Yamamoto and Tanaka5 and Caggioni
et al. ,16 respectively. As can be seen, our result is nearly con-
sistent with that of the former group. The relatively larger dis-
crepancy between our result and that of the latter group may
be mainly because of the difference in the water content in the
water/DDAB mixture.

For bulk 5CB, the temperature dependence of σdc in the
isotropic and nematic phase follows well with the Arrhenius
law but has obviously different slopes. The Arrhenius law for
σdc is given by36

σdc = σ0 exp

(
− Edc

kB T

)
, (4)

where σ0 is the high temperature limit of conductivity and Edc

is the activation energy. In the SN phase, although σdc was not
observed at 15 and 10oC, the temperature dependence of σdc is
different from that in the nematic phase. Edc of bulk 5CB are
determined to be 37.4 and 97.6 kJ/mol for the isotropic and
nematic phase, respectively. The latter is much higher than the
former, indicating that the conductance in the nematic phase
is more difficult than in the isotropic phase.

For LCMs, their σdc in the isotropic region is enor-
mously larger than that of bulk 5CB, and the bigger φm

the larger σdc. The activation energies were determined to
be 46.2, 45.9, and 50.0 kJ/mol, respectively, for 0.03, 0.05,
and 0.15 LCM. They are larger than that of bulk 5CB
and increase with increasing φm . Because 5CB molecules
are disordered as a normal oil phase, the LCMs are nor-
mal water-in-oil microemulsions in the isotropic region.
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Considering the relatively low concentration and the
nanoscaled size of water droplet, we believe the conductivity
of the LCMs is mainly attributed to the migration of charged
water droplets in the electric field, namely, the charge fluctu-
ation model.37, 38 For bulk 5CB, however, the charge carrier
should be small ionic impurities. Therefore, the higher Edc

and larger σdc in LCMs as compared with those of bulk 5CB
should be due to the larger size and higher concentration of
the charge carrier, respectively. The increase of Edc with in-
creasing φm may be a result of increasing interaction between
the droplets and/or increasing viscosity of the system.

When T < TIN, σdc decreases gradually for several de-
grees and then basically follows the Arrhenius law, which
should be a result of the coexistence of the isotropic phase
and nematic phase. According to the previous studies,16, 20

the isotropic phase is the dominant phase in the vicinity of
TIN; with temperature decreasing, the isotropic phase keeps
diminishing while the nematic phase keeps growing. As a re-
sult, the nematic phase finally becomes the dominant phase
and the temperature dependence of σdc finally follows the
Arrhenius law. We noticed that far from TIN the slope of
σdc vs 1/T for 0.03 and 0.05 LCMs is obviously smaller
than that of bulk 5CB, meaning that Edc of LCMs is much
lower than that of bulk 5CB. This result suggests that con-
siderable amount of the isotropic phase still exists even in
the low temperature range. Particularly for 0.15 LCM, σdc

in the temperature range from 26 to 24oC shows an anti-
Arrhenius behavior. A local percolation may occur as a re-
sult of the aggregation of water droplets, considering that the
concentration of water droplet in the isotropic phase will in-
crease as isotropic 5CB diminishes. However, long-range per-
colation is not likely formed, because σdc decreases again
in lower temperature and follows a similar way to other
LCMs.

C. 5CB/DDAB/water microemulsion: Bulklike
relaxations

As discussed above, the dielectric behavior of LCMs
may be much different from that of ADLC because of the
different properties of colloidal particles and the coexistence
of the isotropic phase after the IN transition. To better
understand the bulklike relaxation of LCMs, we compare
their dielectric behavior at certain temperatures with that of
bulk 5CB in Fig. 4. In the isotropic region, the max loss peak
of all samples almost consists with each other, as shown in
Fig. 4(a). This result suggests that the water droplets cannot
remarkably influence the dynamics of the 5CB molecules.
When T=29.5oC, bulk 5CB, 0.03 LCM, and 0.05 LCM go to
the coexistence region, but 0.15 LCM is still in the isotropic
region. We can see that the max loss peak of LCMs obviously
deviates from the loss peak attributed to the short axis rotation
of bulk 5CB. It is rational to assume that the dynamics of
5CB molecules in the same state keep consistent. Therefore,
the cases of 0.15 LCM and bulk 5CB represent the dynamics
of isotropic 5CB and nematic 5CB, respectively, at this tem-
perature. Because the fraction of the isotropic phase increases
with increasing φm , there are more isotropic 5CB molecules
in 0.05 LCM than in 0.03 LCM. We can find from Fig. 4(b)

that the max loss peak of 0.03 LCM is closer to that of bulk
5CB than the case of 0.05 LCM, which means the more
isotropic phase in LCM the larger deviation from the case
of bulk 5CB. A similar phenomenon can be also observed in
Fig. 4(c). At this temperature, all samples are in the coexis-
tence region, and the deviation of the max loss peak from bulk
5CB is increasing as φm increases. When T=10oC, all the
samples are in the supercooled region in which the isotropic
phase is mostly excluded from the supercooled nematic phase
if not totally. The contribution of isotropic 5CB to the bulk-
like dielectric behavior in LCMs should be negligibly small.
Interestingly, we can find from Fig. 4(d) that the loss peaks
of all samples are nearly consistent with each other again.

According to these facts, the contribution of isotropic
5CB should be taken into account in the quantitative charac-
terization of the dielectric spectra of LCMs in the coexistence
region and supercooled region. Figure 5 exemplifies the curve
fitting results for LCMs in the isotropic region (a) and the
coexistence/supercooled region (b). In the isotropic region,
we use one Cole–Cole function for the low-frequency re-
laxation and one Havriliak–Negami function for the bulklike

FIG. 4. Dielectric loss spectra of bulk 5CB and LCMs with different con-
centration of water droplet. The dash-dot-dash lines show the dielectric loss
peak of bulk 5CB.
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FIG. 5. (a) Representative curve fitting for 0.15 LCM in the isotropic region
and (b) the coexistence or supercooled region. Short dashed line: slow pro-
cess; dotted line: short axis rotation of nematic 5CB; dashed line: random
reorientation of isotropic 5CB; dash-dot line: librational motion of nematic
5CB; solid line: superposition of all relaxations.

relaxation of isotropic 5CB. In the coexistence/supercooled
region, we use three Cole–Cole functions for the low-
frequency relaxation, the rotation of 5CB molecules about
their short axis, and the librational motion, respectively, and
use one Havriliak–Negami function to account for the con-
tribution of isotropic 5CB. To ensure the fitting result is
more justified, the fitting procedure for LCMs in the coex-
istence/supercooled region was performed on the basis of the
fitting result of bulk 5CB that represents the dynamics of the
5CB molecules in the (supercooled) nematic phase.

Figure 6 shows the temperature dependence of the relax-
ation time of bulklike relaxations for LCMs, where the case
of bulk 5CB is also presented as lines for comparison. We
did not observe obvious acceleration of the relaxation due to

FIG. 6. Temperature dependence of the relaxation time of bulklike relax-
ations in LCMs. The lines stand for the case of bulk 5CB.

FIG. 7. Temperature dependence of the dielectric strength of the relaxation
due to short axis rotation of 5CB (open symbols, dashed line) and isotropic
5CB (filled symbols, solid line). The inset shows the temperature dependence
of isotropic phase ratio. squares: 0.03 LCM; circles: 0.05LCM; triangles: 0.15
LCM; lines: bulk 5CB.

the short axis rotation of nematic 5CB molecules, but in the
supercooled region this process shifts slightly to the lower fre-
quency range as compared with that of bulk 5CB. The fraction
of the isotropic phase in the supercooled region is so small
that the relaxation attributed to the isotropic 5CB is much
less decomposable, which results in large fitting errors for τiso.
Nevertheless, it can be seen from Fig. 6 that τiso in the rough
follows the Arrhenius law over the whole temperature range.
τ⊥ of LCMs is smaller than that of bulk 5CB, which is possi-
bly because this relaxation is influenced by a faster relaxation
process ascribed to the rotation of the bound water molecules
in the water droplets.

Figure 7 shows the temperature dependence of the dielec-
tric strength of the short axis rotation of nematic 5CB (�ε‖)
and the relaxation of isotropic 5CB (�εiso). The typical fitting
error is represented as a single error bar for each relaxation,
and the lines represent the case of bulk 5CB. In the isotropic
region, �εiso of LCMs is apparently larger than that of bulk
5CB and basically increases with increasing φm . The dielec-
tric strength of dipolar fluctuation is related with the concen-
tration and the mean square dipole moment μ0 of the dipoles
by the Kirkwood–Fröhlich equation,39, 40

�ε = εs(ε∞ + 2)2

3(2εs + ε∞)

gμ2
0

9ε0kB T

N

V
, (5)

where εs is the static dielectric constant, N is the number of
dipoles in a volume of V in the system, and g is the Kirk-
wood correlation factor (g = μ2

eff /μ
2
0, μeff the effective dipole

moment). According to Eq. (5), the increase of �εiso with in-
creasing φm is strange because with increasing φm the con-
centration of the 5CB molecule (N/V ) should decrease. The
reason for such increase thus goes to the increase of the Kirk-
wood correlation factor.39 This factor quantifies the interac-
tion of neighboring dipoles by 0 < g < 1 for antiparallel cor-
relation, g = 1 for no correlation, and g > 1 for parallel cor-
relation. It is known that the 5CB molecules tend to form an-
tiparallel pairs.41, 42 The addition of water droplets may break
some of the antiparallel pairs and thus increase the g fac-
tor. With more water droplets added, more antiparallel pairs
will be broken; therefore, g factor increases with increasing
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FIG. 8. Temperature dependence of relaxation time (a) and dielectric
strength (b) of the slow process of LCMs. The dashed line represents the
theoretical relaxation time of the rotational diffusion of water droplet.

φm . Similar phenomena were also observed in ADLC and
5CB/benzene mixtures.42

When T < TIN, �ε‖ increases while �εiso decreases ob-
viously as temperature decreases. An increase of g factor can-
not give rise to such a big change; this result thereby indicates
a diminishing of the isotropic phase and meanwhile a growing
of the nematic phase. At given temperatures, we can observe
that �ε‖ decreases but �εiso increases with increasing φm ,
which means the higher φm the more isotropic phase coex-
ists with the nematic phase. It is noteworthy that at the tem-
perature far from TIN, especially in the supercooled region,
�ε‖ is remarkably larger than that of bulk 5CB, which can
also be observed in Fig. 4(d). Also, the increase of g factor
cannot give rise to such a large increase in �ε‖. We believe
this increase is attributed to the increase of nematic ordering
parameter S; namely, the 5CB molecules are more ordered
in LCMs than in bulk 5CB. Conversely, we observed that
�ε⊥ of LCMs is obviously smaller than that of bulk 5CB,
which is another evidence of the increase in S. Although we
do not know why the water droplet can increase the order-
ing parameter, it is totally possible because the samples in
the dielectric cell are not intentionally oriented, as mentioned
above.

The g factor at a given temperature is believed to be
equivalent for the 5CB molecules both in the isotropic and
nematic state; therefore, we can use �ε‖ and �εiso to repre-
sent the volume (concentration) of the nematic and isotropic
phase, respectively, according to Eq. (5). The isotropic phase
ratio in the coexistence and supercooled region thus can
be roughly estimated by �εiso/(�εiso + �ε‖). The inset in
Fig. 7 shows the estimated isotropic phase ratio at different
temperatures, which is similar to those determined by other
experiments.16, 20

D. 5CB/DDAB/water microemulsion: Slow process

The slow process observed in ADLC is attributed to the
retarded relaxation of the LC molecules at the particle surface.
The main features of this process include its presence in both
isotropic and nematic phase, a dielectric strength that scales
with particle concentration, and a temperature dependence
of relaxation time that is almost independent of the phase
transition.25, 26, 28, 29 Figure 8 shows the temperature depen-
dence of the relaxation time τs (a) and the dielectric strength
�εs (b) of the slow process for the LCMs. We can notice
that both τs and �εs are strongly dependent on the phase
transition, especially for 0.15 LCM whose �εs in the coex-
istence region has a magnitude comparable to that of bulk re-
laxations. We consider that the mechanism of retarded surface
LC molecular relaxation proposed in ADLC alone cannot ac-
count for the slow process in all these phase regions; namely,
the slow process in different phase regions may be attributed
to different mechanisms.

In addition to the retarded rotation of surface LC
molecules, other mechanisms are possibly responsible for the
slow process. One of the possibilities is the Maxwell–Wagner
effect due to the heterogeneity of the LCMs. The relaxation
time of this effect for a spherical particle is given by

τMW = 2εm + εp + φv(εm − εp)

2σm + σp + φv(σm − σp)
ε0, (6)

where the subscripts m and p denote the dispersing medium
and dispersed particle, respectively, and φv is the volume frac-
tion of the particle (φv ∼ 1.15 · φm , calculated from the den-
sity profiles of the components).16 According to the weight
fraction of water in the droplet (0.15), the molar ratio of wa-
ter to DDAB is about 4, which means all water molecules are
tightly bound with the counterion (Br+) and/or the head of
DDAB.44 Therefore, the dielectric constant of bound water
(≈5) should be given to εp. The value of σm determined from
Fig. 3 is of the order of 10−5 S/m. The value of σp, however,
should be very large because the concentration of Br+ in the
water pool is estimated to be about 14 mol/L. An exact value
for σp is not possibly provided since all water molecules are
bound. We take a value of 1 S/m for a typical microemulsion
for σp. τMW thus is estimated to be 0.2–0.3 ns, which is far
smaller than τs in any phase regions. This mechanism thereby
cannot be the origin of the slow process in any phase regions.

The dynamics correlated with the water droplet is another
possible mechanism. Because of the low molar ratio of wa-
ter to DDAB, the water droplet is believed to be “rigid.” The
rearrangement process and the thermal shape fluctuation of
droplet are therefore forbidden. However, the rotational dif-
fusion of the whole water droplet may contribute to the slow
process. The corresponding relaxation time is given by38, 45

τrot = 4πηa3

kB T
, (7)

where η is the viscosity of the dispersing medium (5CB), and
a is the radius of the particle, which in the present case nearly
equals to 2 nm.5, 16, 19, 20 By taking the value of η of bulk 5CB
from Ref. 43, we can estimate τrot in the investigated temper-
ature range, which is plotted in Fig. 8(a). We can see that the
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theoretical τrot remains on a scale comparable to τs. There-
fore, this mechanism may be responsible for the slow process
in some phase regions.

In the isotropic region, the LCMs are normal water-in-oil
microemulsions free from paranematic fluctuation. The slow
process is very weak and has a temperature dependence of
τs that nearly follows the Arrhenius law. The activation ener-
gies determined by the Arrhenius law are 26.8, 38.9, and 45.7
kJ/mol, respectively, for 0.03, 0.05, and 0.15 LCM. These val-
ues remain on a scale comparable to that derived from the
temperature dependence of the viscosity of 5CB (Ref. 43), im-
plying that the slow process correlates to the viscosity of 5CB.
Comparing τs in this case with that in ADLC, we can find τs

in both cases remain on the same time scale and have a similar
dependence on φm . On the other hand, from Fig. 8(a) we can
see that τrot systematically exceeds τs in the isotropic region.
Furthermore, because a and η are supposed to be equivalent
for all LCMs, τs should be independent of φm if the rotational
diffusion of water droplet accounts for the slow process. This
is not the case as can be seen in Fig. 8(a). According to these
facts, the slow process in the isotropic region should be at-
tributed to the retarded rotation of the 5CB molecules on the
surface of water droplets.

In the coexistence region approaching TIN, both τs and
�εs are suddenly increased by a factor of about two. It is
noteworthy that, τs in this phase region has a nonmonotonic
dependence on the temperature, with an inflexion tempera-
ture nearly corresponds to the temperature that �ε‖ starts to
get bigger than �εiso. The inflexion temperature is plotted in
the inset in Fig. 3. On the other hand, �εs monotonically in-
creases with decreasing temperature and finally achieves a
magnitude more than five times of that in the isotropic re-
gion. It is impossible to expect the rotation of the surface 5CB
molecules to give rise to such behaviors, because φm will not
increase during the phase transition, i.e., the concentration of
surface 5CB molecules cannot keep increasing. We believe
this behavior reflects the change of phase composition with
temperature.

Because the isotropic phase keeps diminishing while the
nematic phase keeps growing, a microscopic phase evolution
from a nematic-in-isotropic phase via a bicontinuous phase
to an isotropic-in-nematic phase is expected in the coexis-
tence region. At the early stage, droplets of the nematic phase
appear and are dispersed in the isotropic phase. This is ev-
idenced by the polarizing microscope observation.5 The ne-
matic phase keeps growing as temperature decreases, and the
bicontinuous phase will be formed when the amount of the
nematic phase and the isotropic phase are comparable. With
further growing, the nematic phase finally becomes the con-
tinuous phase and the isotropic phase is dispersed as droplets.
In the nematic-in-isotropic phase, although the volume frac-
tion of the nematic phase is small, the paranematic fluctuation
becomes important, which along with van der Waals force
will yield an attractive force among the water droplets.19 The
diminishing of the isotropic phase, on the other hand, actu-
ally increases the local concentration of water droplets. There-
fore, the water droplets in the isotropic phase have a strong
tendency to aggregate. This aggregation, however, should re-
main in short range because no percolation phenomenon is

observed during the phase transition for all LCMs. With the
growing of the nematic phase, more and more small ag-
gregates will be formed, but most of them are free in the
isotropic phase. When in the isotropic-in-nematic phase, since
the isotropic phase itself is dispersed as droplets, we believe
that the water droplet aggregates are confined in the isotropic
droplets.

This evolution of the phase composition is manifested
itself by the dielectric behavior of the slow process. In the
nematic-in-isotropic phase, the sudden increase of τs and �εs

cannot be a result of the rotation of water droplet aggregates,
because even a two-droplet pair will increase a by a factor
of more than 2 (regarding each aggregate as a dipole), which
will lead to an increase of τs by a factor of more than 8. We
suggest that the aggregates are superstructure composed of
not only water droplets but also the 5CB molecules confined
among the droplets. Because of the surface anchoring, these
5CB molecules may posses a local ordering with a scale of
several nanometers. We judge this based on the following con-
sideration: �εs keeps increasing with deceasing temperature,
which means the concentration of the relaxing unit (dipole)
that accounts for the slow process has a continuous increase.
The concentration of the nematic phase and the aggregates in-
creases with decreasing temperature; however, both of them
cannot give rise to the slow process. Consequently, the slow
process in this phase is most likely attributed to the retarded
rotation of the confined 5CB molecules within the aggregates.
Further evidence of this scenario is given by the dielectric be-
havior of the slow process in the isotropic-in-nematic phase.
In this phase the aggregate itself is confined in the isotropic
droplets. Different from the nematic-in-isotropic or the bicon-
tinuous phase where there are enough bulk isotropic 5CB that
can transform to nematic 5CB, in the isotropic-in-nematic
phase the bulk isotropic 5CB is insufficient and therefore
some of 5CB molecules originally confined in the aggregates
will be released. As a result, the number of 5CB molecules
confined in the aggregates will be decreased, and the rotation
of the remaining molecules will be accelerated because of the
increasing free volume for each molecule to perform the ro-
tation. This acceleration of confined molecules has been re-
ported in many confined systems and concluded in a recent
review.46 This also explains the abnormal temperature depen-
dence of τs shown in Fig. 8(a).

In the supercooled region, τs is remarkably increased
again (about one order) while �εs is slightly decreased (ex-
cept for the case of 0.15 LCM), and the magnitude of both
τs and �εs for all LCMs are nearly equivalent. The φm-
independent τs and �εs suggest that the phase composition of
all the LCMs is quite similar. The slow process in this region
is not possibly attributed to the relaxation of the confined 5CB
molecules within the aggregates, because this relaxation has
an obvious dependence on φm , as shown in the coexistence re-
gion. The rotation of the surface 5CB molecules cannot give
rise to this slow process either, considering that �εs is much
larger than that in the isotropic region. The most possible
mechanism is the rotational diffusion of water droplet because
the radius of the droplet is equivalent for all LCMs, which can
result in a φm-independent τs. The nearly φm-independent �εs

suggests that the concentration of water droplet in this region
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FIG. 9. Schematically illustration of possible morphologies and phase com-
position of LCMs in the isotropic and coexistence region.

is comparable for all LCMs. This may be because the con-
centration of water droplets in the effective measurement area
is equivalent for all LCMs. From Fig. 8(a) we can find that
τs in this region is obviously lower than the theoretical τrot.
This seems to suggest that the water droplets in this region
might be companied by topological defect such as hedgehog
and Saturn-ring,1, 2 which is able to increase the effective ra-
dius of the water droplets.

IV. CONCLUDING REMARKS

The dielectric property of 5CB/DDAB/water microemul-
sion as a function of temperature is characterized by means of
dielectric spectroscopy. In addition to the bulklike dielectric
relaxations, a slow process located at the low-frequency side
of the bulklike relaxation is also observed. The variation of
the relaxation behavior with temperature clearly indicates the
phase transition.

For the bulklike relaxations, the result suggests that the
contribution of the coexisted isotropic 5CB should be taken
into account in the quantitative analysis on the dielectric spec-
tra in the coexistence and supercooled region. The macro-
scopic phase transition and phase composition are confirmed
in this way, which are consistent with those determined by
other methods.

The dielectric behavior of the slow process shows strong
dependence on the phase transition. We found this slow pro-
cess in different phase region has a different origin: in the
isotropic region, it is attributed to the retarded rotation of the
5CB molecules on the surface of the water droplet; in the co-
existence region, it is attributed to the rotation of the confined
5CB molecules within water droplet aggregates; and in the
supercooled region, it is a result of the rotational diffusion
of water droplets. The dielectric behavior of the slow process
thus suggests a possible microscopic phase evolution as sum-
marized in Fig. 9. In the isotropic region, the water droplets
are homogeneously dispersed and the whole system acts like a
normal water-in-oil microemulsion. In the coexistence region,

the system evolves from a nematic-in-isotropic phase via a
bicontinuous phase to an isotropic-in-nematic phase with the
decreasing temperature. Water droplets starts to aggregate at
the IN transition. The aggregates may have a superstructure
composed of several water droplets and some 5CB molecules.
These 5CB molecules could be confined and may have a local
ordering on a scale of several nanometers. This superstructure
possibly corresponds to the notion of the transparent nematic
phase.

Finally, we would like to point out that, due to the diffu-
sion of water droplets and isotropic 5CB out of the effective
measurement area, the dielectric behavior of LCMs at certain
temperature, especially in lower temperature range, might not
reflect exactly the “real” phase composition, as mentioned in
Sec. II. In order to more accurately understand the phase be-
havior of such system, we stress that the factor of time should
be also taken into account. The investigation on the dielec-
tric behavior of the same system as a function of time is on
the way.
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