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Nanophase segregation of nonpolar solvents in smectic liquid crystals of bent-shape molecules
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Electro-optical, calorimetric, x-ray, and dielectric measurements are reported on a mixture containing a
bent-core liquid crystal 4-chloro-1,3-phenylinebis@4-~4-n-tetradecyloxyphenyliminomethyl! benzoate# mixed
with the nonpolar solventn-hexadecane~HEX!. It is observed that the addition of HEX depresses the isotropic-
to-smectic phase transition temperature, but the crystallization temperature does not change considerably.
Instead, the texture of the crystalline phase changes and, at sufficiently high concentrations of HEX
(.20 wt %), an optically isotropic phase appears. Above 40 wt % HEX concentrations, the mesophase com-
pletely disappears and a direct isotropic solid-to-isotropic liquid transition takes place. At increasing HEX
concentration, the transition enthalpies, the layer ordering, and the magnitude of the electric polarization
decrease. X-ray studies reveal that HEX molecules pack in between the smectic layers, resulting in an increase
of the layer spacing by about 3 Å. The increase of the layer spacing saturates at 5 wt % of HEX. The phase
segregation observed seems to be due to steric interactions between the flexible HEX molecules and the rigid
bent cores of the liquid crystal molecules.

DOI: 10.1103/PhysRevE.66.031708 PACS number~s!: 61.30.Eb, 61.30.Cz, 61.30.Gd
iq
in
-
th
t
u
n
t
n
lo
es

s
e
p
ui
tr

a

a
r

ed
ul
t i
n

g
he

in

a
e

-

ule

ric
n,
d to
ix-

is

ity
s-
rved

r
m-
om

the

is
I. INTRODUCTION

Recently, it was shown that dissolving a thermotropic l
uid crystal composed by polar disc-shaped molecules
nonpolar organic solvents@1# could produce ferroelectric liq
uid crystals with remarkable properties. It turned out that
electro-optical switching properties of the solutions are,
some extent, better than those of the pure columnar liq
crystals, since the switching threshold and the phase tra
tion temperatures are lowered@2#. These results imply tha
thermotropic mesophases in nonaqueous solvents ca
used in electro-optical devices, and motivated us to exp
similar mixtures with polar ‘‘banana-shaped’’ molecul
@3,4#. Although this type of mixture was named lyotropic@1#,
it seems to be more appropriate to refer to it simply a
mixture since one of its initial compounds already has m
sophases. The term ‘‘swollen thermotropic’’ is also not a
plicable to this system since the solvent induces new liq
crystalline phases that are not present in the pure thermo
pic liquid crystal.

Previous studies on a ferroelectric ‘‘banana-smectic’’ m
terial mixed with nonpolar xylene showed@5# that the sol-
vent drastically widens the ferroelectric electro-optic
switching range and lowers the clearing point. For both ste
and chemical reasons, the xylene molecules are suppos
sit between the rigid cores of the banana-shaped molec
thus weakening the dipole-dipole interactions. However, i
known that there is a tendency for segregation of rigid a
flexible ~furthermore linear and bent! molecular segments in
such a way that similar segments pack together. Accordin
flexible nonpolar alkyl chains should prefer to pack toget
with the aliphatic chains@6#, and would avoid contact with
the rigid bent core of the liquid crystal molecules.

The addition of organic solvents to host thermotropic~ca-
lamitic! smectic liquid crystals shows that the layer spac
increases with increasing amounts of solvent@7#. Moreover,
the experimental x-ray diffraction results point toward
nanosegregation effect with the solvent molecules conc
1063-651X/2002/66~3!/031708~6!/$20.00 66 0317
-
to

e
o
id
si-

be
re

a
-
-
d
o-

-

l
ic

to
es,
s
d

ly,
r

g

n-

trating themselves~principally! in between the smectic lay
ers.

In this paper, we report studies on a bent-core molec
dissolved inn-hexadecane@CH3-(CH2)14-CH3# at different
concentrations, which should impose both flexible and ste
forces on the liquid crystal molecules. X-ray diffractio
scanning calorimetric, and dielectric techniques are use
investigate the physical-chemical properties of these m
tures.

II. EXPERIMENT

A. Materials

The bent-core liquid crystalline molecule used
4-chloro-1,3-phenylinebis @4-~4-n-tetradecyloxypheny-
liminomethyl!benzoate# @8#, ~C14 for short!. It was synthe-
sized in the Stranski Laboratory of the Technical Univers
of Berlin and provided for us by Dr. H. Sawade and Profe
sor G. Heppke. The phase sequence of this material obse
as a function of the temperature is

Cry ——→
68 °C

SmCP ——→
127 °C

ISO,

where Cry, SmCP, and ISO stand for the crystalline, pola
smectic-C, and isotropic phases, respectively. At lower te
peratures the stable state is crystalline, but, on cooling fr
the SmCP phase, a metastable state (SmX) is observable
below 60 °C. Figure 1 shows the molecular structure of

FIG. 1. Molecular structure of the 4-chloro-1,3-phenylineb
@4-~4-n-tetradecyloxyphenyliminomethyl!benzoate#.
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FIG. 2. Textures~a! and x-ray
diffraction profiles of the pure liq-
uid crystal C14 in small angles~b!
and high angles~c!. The pictures
show textures of 4mm films be-
tween crossed polarizers at 80 °
(SmCP phase! and at 24 °C
~metastable SmX phase!. The cor-
responding x-ray profiles are ob
tained on powder samples.s
52 sinu/lx , where 2u is the scat-
tering angle@10#.
a
d
ac

r
nd

ator

-
e
gi-
one

er-
C14.
The n-hexadecane~HEX! is from Merck ~boiling point:

287 °C, density:r50.77 g/cm3, purity: better than 99.5%!
@9#. Mixtures were prepared by mixing the compounds
temperatureT;130 °C, with the C14 in the ISO phase, an
afterwards placed in different sample holders used in e
experimental setup.

B. Setups

1. X-ray diffraction setup

Lindemann glass capillaries of 1.0 mm diameter we
filled with the samples at different HEX concentrations a
03170
t

h

e

placed in a temperature controlled device~accuracy of
0.5 °C). The sample holder was placed in an x-ray gener
~Rigaku! with a monochromatic beam~graphite monochro-
mator,lx51.5431021 nm) in a Laue-type scattering geom
etry @10# with a pinhole collimator of 0.5 mm diameter. Th
diffraction patterns were registered in imaging plates, di
tized, and analyzed by a PC. The experiments were d
with nonoriented samples~powder-type exposures!.

2. Differential scanning calorimeter (DSC) setup

Calorimetric measurements were carried out using a P
kin Elmer DSC7, placing the materials in 30m l pans. The
t

FIG. 3. Textures~a! and x-ray
profiles in small angles~b! and
high angles ~c! of the SmCP
phase and unknownX phase for
the 40 wt. % HEX-C14 system a
68 °C and 24 °C, respectively.
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measurements were carried out at 3 °C/min cooling-hea
rates.

3. Dielectric measurements setup

Dielectric measurements were carried out by a Quadt
1920 Precision LCR meter between 20Hz and 1MHz
ready-made 4mm thick cells purchased from Displaytec
with uniform planar alignment coatings. The temperatu
was regulated with an accuracy of 0.5 °C by placing
sample in an Instec hot stage HS1.

4. Electro-optical measurements setup

The materials were filled in 4mm Displaytech cells. The
liquid crystal cells were placed in a computer controlled h
stage~STC200F from Instec! and the phase sequences we
investigated by polarizing microscopy~BX60 from Olym-
pus!. Electric current ~polarization! measurements an
electro-optical studies were carried out in the entire SmCP
ranges in 1 K steps. For these measurements, a digital os
loscope~HP 54600B!, a digital multimeter~HP 34401A!, and
an arbitrary waveform generator~HP 33120A! were used.

III. RESULTS AND REMARKS

The x-ray profile and the microscopic texture of the pu
C14 are shown in Fig. 2. Peaks at small angles show la
spacings of 48.5 Å and 49.5 Å in the SmCP and SmX
phases, respectively. The high-angle peaks indicate fluid
in-layer structures with intermolecular distances of 4.7
(SmCP) and 4.4 Å (SmX). Although the texture of the
metastable SmX state is very similar to the SmCP phase, the
x-ray profiles show additional periodicities in both small a
high angles~33.2 Å and 6.6 Å, respectively!, indicating some
kind of frustration in the structure.

When HEX is mixed with C14 the clearing point is su
pressed considerably~e.g., to 91 °C at 27 wt. % and to 77 °
at 40 wt. % HEX concentrations, where wt. % stands
weight percent!. This trend is similar to previous results o

FIG. 4. First-order Bragg scattering peak profiles from t
smectic layers. Samples with different concentrations of HEX
80 °C ~0 wt. %!, at 79 °C~20 wt. %!, and at 68 °C~40 wt. %!.
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xylene molecules@5#, but here the switchable range does n
extend with increasing solvent concentration, and nonswit
able metastable states appear close to the temperature w
SmX is formed in the pure C14. The textures and the cor
sponding x-ray profiles of the mixture with 40 wt. % of HE
are shown in Fig. 3. With increasing HEX concentration, t
textures of the metastable states gradually lose the featur
the SmCP phase and become optically isotropic above
wt. % HEX concentrations. We label this state hereafter byX.

The small-angle x-ray profiles~Fig. 4! show that the layer
spacing in the 40 wt. % of HEX mixture is about 3 Å larg
than that in the pure C14. Moreover, the width at half heig
of the small-angle scattering peaks increases at larger H
concentrations, indicating a decrease of the interlayer or
ing ~Fig. 4!. These features are shown separately in Fig. 5~a!,
as well. It can be seen that the peaks become wider, e
cially noticeable in the tail at larger distances. In the me
stableX state the difference is even greater: only the sm
angle scattering is present@Fig. 3~b!#, indicating the absence
of long-range positional correlation ordering typical of th
smectic structure. The high-angle x-ray profiles are v
similar to the pure C14, i.e., they show relatively wide pea
at 4.7 Å (SmCP), 4.8 Å, and 6.6 Å (X phase!.

Differential scanning calorimeter data obtained for a
ries of mixtures of C14 and HEX show that the transiti
enthalpies are strongly decreasing with increasing concen

t

FIG. 5. Comparison of the SmCP structures for the pure C14 a
80 °C and for the 40 wt. %n-hexadecane mixtures at 68 °C.~a!
Small-angle x-ray scattering peak profiles indicating layer spac
of 48.5 Å and 51.5 Å at 0 wt. % and 40 wt. % HEX concentration
respectively.~b! Polarization currents as a function of the time. Pu
C14 at 80 °C and 40 wt. % HEX system at 68 °C on cooling a
heating processes.
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TABLE I. Transition temperatures and enthalpies of the mixtures as a function of the HEX concent
~in wt. %! in the range from the pure C14 up to 40 wt. % of HEX.

Transition temperature ( °C) and enthalpy~J/g! ~in brackets!

HEX ~wt. %! Heating (3 °C/min) Cooling (3 °C/min)

X-SmCP SmCP-ISO ISO-SmCP SmCP-X

0 68 ~27! 127 ~17! 125 ~16! 62 ~20!

14 69 ~14! 107 ~3! 107 ~3.1! 69 ~9.5!
20 73 ~10.5! 98 ~2.5! 99 ~2.7! 67 ~8.3!
27 72 ~9.5! 88 ~2! 91 ~2.2! 70 ~7.3!
40 71 ~5.4! 74 ~1.1! 77 ~1.2! 66 ~6.4!
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tions. This is understandable since the layer ordering is
creasing with increasing HEX concentration. Table I sho
the transition temperatures and the enthalpies of mixtu
with increasing concentrations from the pure C14 up to
wt. % of HEX. Above 45–50 wt. % of HEX, the SmCP
range disappears and there is a direct transition between
optically isotropic states~ISO and theX phase!. The transi-
tion temperatures and the enthalpies on cooling and hea
at larger than 40 wt. % HEX concentrations are presente
Table II. We have to emphasize that at these high HEX c
centrations, the phase transitions are wide~especially on
cooling!, probably due to a phase separation process.
cordingly, the determined transition enthalpies are only
proximate.

The electro-optical behavior of the mixtures in films of
few microns thickness can be summarized as follows.

~a! In mixtures of larger than 10 wt. % HEX concentr
tions, smooth nematiclike textures form on cooling from t
isotropic phase. Those samples have large apparent con
tivities (1026–1027 Vm21) and show only weak electro
optical response.

~b! On applying a strong field (;4 V/mm), the conduc-
tivity drops by more than two orders of magnitude and
texture responds as the SmCP phase in the chiral state. Thi
response and the switching angles~twice the director tilt! are
similar to that of the pure material except that the thresh
for the antiferroelectric to ferroelectric transition is smalle

~c! The apparent polarization (Ps) involved in the switch-
ing decreases strongly with increasing HEX concentrat
~e.g., at 5 °C below the clearing points,Ps;480 nC/cm2 for
the pure C14,Ps;200 nC/cm2 for the 27 wt. % HEX con-
centration, andPs;140 nC/cm2 for the 40 wt. % HEX con-
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centration!. The reduction of the polarization is about twic
as large as would be expected just taking into account
dilution effects. This indicates that the dipole-dipole intera
tions are suppressed by the presence of the solvent.

~d! At increasing HEX concentrations the switching b
comes more and more ferroelectriclike. It is especially p
nounced on heating from the lower temperature phase.
illustrated in Fig. 5~b!, where the polarization curves wer
plotted for the pure C14 and for the 40 wt. % HEX conce
tration both in cooling and heating.

The dielectric observations can be summarized as follo
~a! At low temperatures~below 60 °C) relaxations are

above 1 MHz for the 10 wt. % of HEX, at around 0.9 MH
for the 20 wt. % of HEX, and at 0.4 MHz for both the met
stable state of the pure C14 and the optically isotropic
wt. % HEX mixture. The matching of the relaxation freque
cies in the pure C14 and the 40 wt. % HEX mixture mig
indicate that, in this mixture, most of the HEX is separat
out from the C14 domains. Figure 6 shows the frequen
dependence of the imaginary part of the complex dielec
constant («9) for different HEX concentrations.

~b! At high temperatures~above 65 °C) there are relax
ations atf r;10 kHz for the pure C14. The relaxation fre
quency decreases with increasing HEX concentrati
~Fig. 7!. For example, at 70 °C,f r(0 wt. %)59 070 Hz,
f r(10 wt. %)56 820 Hz, f r(20 wt. %)56 470 Hz, and
f r(40 wt. %)53 980 Hz. The temperature dependencies
the relaxation frequencies~as determined from the maxim
of the dielectric loss«9) are plotted in Fig. 8.

The activation energies determined by the slopes of
temperature dependence of the relaxation frequencies,
suming an Arrhenius behavior, are presented in Table III a
ration
TABLE II. Transition temperatures and enthalpies of the mixtures as a function of the HEX concent
in the range from 55 wt. % until 84 wt. % of HEX.

Transition temperature ( °C) and enthalpy~J/g! ~in brackets!

HEX ~wt. %! Heating (3 °C/min) Cooling (3 °C/min)

X-ISO ISO-X

55 68–74~6! 62–66~5!

70 74~15! 65–70~8!

84 75~14! 65–70~12!
8-4
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Fig. 8. As expected, the activation energies in the ISO ph
decrease with increasing HEX concentrations. However
the SmCP phase the activation energies increase with
creasing HEX concentrations, which indicates the app
ance of an additional in-plane order. This is in accorda
with the additional high-angle peak observed by x ray@see
Fig. 3~c!#. The low temperature phases (X and SmX) show
negative slopes, indicating that they are metastable.

IV. DISCUSSION

Our experimental results show that the HEX molecu
form a nanostructure set by the periodicity of the smec
layers. We have to note that nanophase segregation ef
were already reported in other smectic systems as wel
the first example@7#, organic solvents, similar to those in ou
studies, were dissolved in chiral rod-shaped molecules p
sessing nematic and SmC* phases. The observed increase
the layer spacing was comparable to our results, with
difference that, there, even higher solvent concentrati
could be used. The second example is the observatio
layer spacing increase in azo dye-doped smectic liquid c
tals due to photo-inducedtrans-to-cis photoisomerization
@11#. In this latter case the increment of the layer spacing w

FIG. 6. Frequency dependencies of the imaginary part of
complex dielectric constant for different concentrations of HEX
24 °C.

FIG. 7. Frequency dependencies of the imaginary part of
complex dielectric constant for different concentrations of HEX
70 °C (SmCP phase!.
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only a small fraction of the increment observed here. Bas
cally, both in the calamitic smectics and in our banana sme
tics, the steric interaction is the driving mechanism for th
nanophase segregation. In the dye-doped system the bentcis
conformation of the dye molecules and the rod-shaped liqu
crystal molecules are incompatible, whereas in the case
organic solvents the rigid cores of the liquid crystal mol
ecules are incompatible with the flexible aliphatic molecules
We observed that the increase of the interlayer spacing d
tance saturates at 6% of its value in the pure C14 SmCP
phase. Assuming that, at low concentrations, all the HE
molecules sit between the layers, and taking into account th
the density of the HEX is about34 of the C14 density, we
conclude that the HEX molecules can accommodate un
formly between the layers only up to 5 wt. % of HEX. At
higher concentrations the distribution of the layer spacin
becomes nonuniform, which in the x-ray profile shows up a
wider small-angle peaks~see Figs. 2 and 4!. In the lower
temperature range both the SmX andX states show an addi-
tional periodicity of 6.6 Å in the high-angle x-ray profiles.
This indicates that the metastable smectic domains have
tralayer ordering. In connection with the appearance of th
intralayer ordering, then-hexadecane molecules are pushe
into the layers. The steric incompatibility between the flex
ible linear solvent and the rigid bent cores of the C14 mo
ecules would push the HEX molecules to regions with lowe
concentrations of C14, leading to a submicrometer segreg
tion of the solvent. This result is corroborated by x-ray dif

e
t

e
t

FIG. 8. Relaxation frequencies as a function of the inverse tem
perature. The lines correspond to fits assuming Arrhenius behavi

TABLE III. Activation energies in units of 10220J as determined
by the slopes of the temperature dependence of the relaxation f
quencies, assuming an Arrhenius behavior, and using the data p
sented in Fig. 8.
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fraction experiments. At high angles, the diffraction patte
show that the intermolecular distances inside the layers
crease from 4.6 Å in the pure C14~temperature of 80 °C) to
4.3 Å in the mixture with 20 wt. % HEX~temperature of
79 °C) and return to 4.7 Å in the mixture with 40 wt. % o

FIG. 9. Structural model for the packing of the molecules for
pure banana-shaped liquid crystal and for the mixture contain
n-hexadecane.~a! Antiferroelectric molecular packing of the pur
C14 ~the tilt of the molecular planes is not indicated!. ~b!
Submicrometer-segregated isotropic HEX domains surrounding
smectic domains of C14 with the layered nanosegregated HEX m
ecules.~c! Magnified local structure of the smectic domains w
the nanosegregated HEX molecules.~d! Magnified local structure
of the submicrometer-segregated HEX molecules.
l,

o

.

03170
s
e-

HEX ~temperature of 68 °C). At small angles@Fig. 3~b!# no
interference peak is observed, which is typical for noncor
lated scattering centers of nanometric dimensions. At
creasing HEX concentrations the size of the separated H
domains increase and the correlation between the sme
domains decrease. Due to the isotropic nature of the sol
at sufficiently high concentrations~about 20 wt. % of HEX!,
the alignment of the smectic domains becomes uncorrel
and the texture becomes optically isotropic. The optical u
formity of this state, observed in the polarizing light micr
scope, indicates that the sizes of the segregated domain
in the submicrometer range. The structural model based
the x-ray scattering observations is depicted in Fig. 9.
larger than 50 wt. % of HEX concentrations, the size of t
separated domains is in the micrometer range, which can
seen in an optical microscope and by the DSC data.

Nanophase segregation of nonpolar molecules in p
liquid crystal media should have a broad range of applicat
in nanotechnology.
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