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Phases and properties of nanocomposites of hydrogen-bonded liquid crystals and carbon nanotubes
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We investigated a series of nanocomposites, built of the hydrogen-bonded liquid crystal (LC)
p-n-heptyloxybenzoic acid (7OBA) and single-walled carbon nanotubes (SWCNTSs) by optical microtexture
analysis and other complementary methods. The surface orientation strength of the LC cell and the bulk interaction
of the dimeric LC molecules with the SWCNTS turn out to mainly govern the type (symmetry), thermal stability,
and chirality of the LC states induced in these nanocomposites. As a result, a cascade of phase transitions and
phases not typical for pristine 7OBA were observed and additionally confirmed by temperature-dependent Raman
spectroscopy and differential scanning calorimetry. The most effective SWCNT concentrations in the LC matrix,
ensuring both the necessary conformability between these materials and induction of liquid crystal phases with
unique optical and electro-optical properties, were found to be in the range of 0.01-0.007 wt %. Reversal of
smectic phases into reentrant nematic states as well as induction of chirality in all LC phases were observed in
the SWCNT-70OBA nanocomposite, even though pure 70BA is typically achiral. However, our most intriguing
result is the detection below the reentrant nematic of a triclinic smectic-C phase, which is chiral and biaxial,

and exhibits bulk ferroelectricity.
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I. INTRODUCTION

Mixtures of liquid crystals (LCs) with some nonmesogenic
nanostructured materials yield promising nanocomposites,
able to create a new trend in the LC display techniques
[1-16] The concentration of the nonmesogenic component,
its homogeneity, and its compatibility with the liquid crystal
are of particular significance for the structural, optical, and
electrical properties of the nanocomposite. In this sense,
single-walled carbon nanotubes (SWCNTSs) are the subject of
intense research due to their unique anisotropic mechanical,
thermal, and electro-optical properties [1,14-20]. Dispersion
of SWCNTs in nematic LCs (NLCs) as well as in ferroelectric
LCs was applied to create a suitable nanocomposite for
low-threshold voltage and faster switching time [14,17].
These improvements in the electro-optical behavior of such
nanocomposites are due to trapping by the nanotubes of
impurity ions [17], which decreases the dielectric losses [21],
as well as to an enhancement of the dielectric anisotropy and
the rotational viscosity, and to a conductivity decrease in the
nanocomposite [11,14,17]. Furthermore, it has been shown
that the self-organization phenomena in the LCs can orient
the SWCNTs in the bulk as well as on the surface, especially
if an orienting surface is applied in the LC cell [1,2]. The
SWCNTs embedded in the LC matrix could also affect the
structure of the constituent LC molecules. This is particularly
important when these molecules are dimers, and especially
dimers formed by linear hydrogen bonding (H bonding). In the
latter case, the interaction with the nonmesogenic component
in the nanocomposite could provoke a conformation of the LC
molecules from closed dimers to opened dimers and monomers
or bent dimers which may lead to new electrical and thermal
properties, including new phases. Recently, a smectic-G phase
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was induced through intermolecular H bonding between meso-
genic p-n-alkyloxybenzoic acids (nOBA, n being the homolog
number) and nonmesogenic p-aminobenzonitrile [22].

The closed dimers can be viewed also as flexible bent-
core-like molecules, showing similarities with phases found
in large-size bananalike systems [23-25]. A close similarity
was suggested between the smectic-X phase found in these
substances and the C¢ phase or its analog B; phase in bent-
core liquid crystals [26]. These phases are examples of the
typical smectic states where left- and right-handed helices are
induced [27,28] in an LC system whose constituent molecules
are achiral.

The smectic-C; phase was predicted long ago by de
Gennes and Prost [29]. Being biaxial and fluid in the layers
and having a macroscopic hand due to its structure, this
phase is a natural candidate to demonstrate induced helices
in a system composed of achiral molecules. Since the layer
normal N defines a direction independent on the normal to
the molecular plane and the molecular polar axis, a large
variety of mesophases with different symmetries may result
(see Ref. [30] for more details on bent-core molecules). The
predicted C¢ is interesting because it is characterized by
two tilt directions with respect to the layer normal: a tilt
of the molecular plane (clinic) and a tilt of the molecular
kink direction (leaning). As a result, each smectic layer has a
polarization component normal to the layer and the symmetry
of the structure is lowered to C;—a triclinic symmetry in a
bulk smectic-LC system [27,28,30-34].

The classical LC p-n-alkyloxybenzoic acid is a basic
component in forming supramolecular systems. Even with-
out complementary nonmesogenic molecules it displays a
supramolecular state [35] due to the dimeric form of its
molecule, and its donor ability at contact with a nonmesogen
substance predicts rich mesomorphic states. On the other hand,
as an achiral LC system, its dimeric structure makes it possible
to create an induced chirality, i.e., it is a hopeful candidate for
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the realization of the long-sought-after C; symmetry in LC
systems such as the bent-core molecules.

In the present work we prepare mixtures (nanocomposites)
of the seventh homolog of nOBA with SWCNTs in different
concentrations. We explore conditions for thermal stability,
compatibility of the SWCNTs with the LC matrix, chirality,
and phase transitions and find a series of alternative phases in
these nanocomposites. Especially, we provide an example of
a smectic-C state induced in a low-molecular system such as
this nanocomposite. The impact of the surface orientation on
the phase formation as well as the mechanism of interaction
between the 70BA molecules and the SWCNTs is discussed.

II. EXPERIMENTAL PROCEDURES

The experiments have been carried out on nanocomposites
of the liquid crystal p-n-heptyloxybenzoic acid (7TOBA) with
single-walled carbon nanotubes: SWCNT-70BA. The LC
phases of 7OBA comprise a nematic (N) and a smectic-C (S¢)
phase. Above N an isotropic (/) state establishes at 146 °C,
while the S¢ turns into a solid crystal (Cry) state at 92 °C.
The N — S¢ transition takes place at 98 °C. The chemical
structure of the nOBA molecule is peculiar, as it contains
dimers closed by hydrogen bonding as illustrated below for
70BA:

H
c7H15—oA©—c{Z: . /C—,Q—o—qﬂls

Under bulk or surface influence from outside the closed
dimers may transform into open dimers or monomers by
breaking of one or both linear H bonds, respectively. Open
dimers can further undergo bending at the unbroken H
bond, thus adopting a shape similar to the bent-core banana
molecules [23-26]. The degree of bending is quantified by the
so-called kink vector m ~ n; x ny, where ny and n, are the
unit vectors pointing along the two wings of the dimer.

Here we introduce doping with SWCNTs as a type of
external influence by nonmesogenic particles on the 7OBA
matrix. We expect a transformation impact of the SWCNTs
on both the dimer ring and the molecular chains leading to
transformation into bent dimers.

Purified SWCNTSs with diameters in the range 1.2—-1.4 nm
and an aspect ratio of 20-2000, assembled in thin bundles
of >2 um length, produced by arc discharge at Hanwha
NanoTech Co., Ltd., were used as purchased. For preparation
of a composite 0.6-mg SWCNT, powder was mixed in a mortar
with 620 mg of 7OBA during heating. At temperature above
150°C a dense slurry was formed. The mixing process was
continued for 90 min while the temperature of the slurry slowly
decreased to 140°C and the mixture changed from liquid to
solid. The final product was a homogeneous gray powder.
The SWCNT-70BA nanocomposites used in the present study
were obtained by adding pure 7OBA to this powder. They were
examined for their possible LC states at different SWCNT
concentrations, cell thickness, and surface orientation.

To create an orienting surface of the LC cell the glass
substrates were coated with indium tin oxide (ITO) and sub-
sequently rubbed with a suitable cloth to create unidirectional
orientation, i.e., to promote an “easy” axis leading to surface
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energy minimization. Thus prepared glasses were used as cell
walls.

The prepared nanocomposites with different SWCNT
concentration ¢ were filled (in the isotropic phase) into the
LC cell using capillary forces. The LC cell thickness d was
maintained with Mylar spacers to be 8—50 um, respectively.
The temperature 7' of the sample was varied at a rate of
0.2°Cmin~! by a hot stage temperature controller Linkam
TMS 90, and was stabilized with an accuracy of +0.1°C.
Monitoring of the optical textures was carried out in the
xy plane of the LC cell using a video camera (Hitachi) on
a microscope (Zeiss NU2). All observations were made in
crossed polarizers.

Examination with differential scanning calorimetry (DSC)
was performed in inert atmosphere on a PerkinElmer DSC-7
instrument. Comparative DSC scans were recorded for pristine
70BA and the SWCNT-70BA nanocomposite between 60 °C
and 150 °C.

For the electric-field experiments we used an “up view”
geometry, where the electric field was applied along the cell
surface normal. A function generator with dc power supply
was used in the ac and dc field experiments.

The Raman spectra were measured in backscattering
geometry on a HORIBA Jobin Yvon Labram HR visible
spectrometer equipped with a Peltier-cooled charge-coupled
device (CCD) detector. The 633-nm line of an He-Ne-laser
was used for excitation, the absolute accuracy being 0.5 cm™".
The laser beam was focused on a spot of about 10 um in
diameter using microscope optics. The peak frequencies were
determined using neon calibration lines by least-squares fit to
Voigt profiles.

III. RESULTS AND DISCUSSION

A. Temperature-dependent microtexture analysis
1. Nonoriented LC cells

We started with a commonly used [17] SWCNT concen-
tration, ¢ = 0.01 wt% with d = 20 um. We observed the
following phase transitions in the nanocomposite: The /— N
transition takes place at 142 °C (4 °C below the pristine-7OBA
value); at 93 °C the transition from N to achiral smectic-C (S¢)
is seen [Fig. 1(a)]. At 86 °C a transition from S¢ to a reentrant
nematic (N, ) phase starts [Fig. 1(b)], and at 81 °C a transition
from the N, to a low-temperature smectic-G phase [Fig. 1(c)]
is reached. Finally, at 75 °C a paramorphic solid Cry phase
forms.

A richer variety of phases is observed for the same
concentration, but in a thinner layer (d = 8 um). After briefly
crossing the conventional N phase in an interval of &1 °C, the
nanocomposite forms a chiral nematic phase (N*) at 142 °C.
Then the system enters at 93 °C into a chiral smectic-C (S¢*)
phase [in Fig. 2(a) the transition N*— S¢* is depicted]. The
textures of N* and Sc* are characterized by typical stripes
indicating the helix direction, which in this case lies in the
xy cell plane or is tilted with respect to it. Upon further
cooling, at 90°C a reentrant chiral nematic (N,*) phase is
reached. Fig. 2(b) presents the N,* texture. At 86°C we
observe a transition from N,* to a low-temperature smectic
phase [Fig. 2(c)], which is fluid (well indicated by small
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FIG. 1. (Color online) SWCNT-70BA textures (¢ = 0.01 wt %)
undergoing phase transitions in a nonoriented LC cell with d =
20 pum: (a) Transition from N to achiral S¢c at T = 93°C; (b)
transition Sc— N, at T = 86 °C (the transition front passing through
the middle of the image is clearly seen); (c) transition from N, to a
low-temperature smectic-G phase at 7 = 81 °C.

colored glass particles), not smooth, and colored in red and
green mosaic domains, thus closely resembling the Cs phase.
At very slow cooling (0.1 °C min~!) starting from the I phase,
the domains grow as fractal nuclei and coalesce into large areas
with opposite optical rotation (distinct circular dichroism).
Investigating this low-temperature smectic phase we ob-
serve that upon sample rotation in either direction, the red
color turns into green and vice versa. Besides this variable
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FIG. 2. (Color online) SWCNT-70BA textures (¢ = 0.01 wt %)
in a nonoriented LC cell with d = 8 um: (a) Phase transition from
N*to Sc* at T = 93°C; (b) reentrant N,* phase at T = 89 °C; (¢)
low-temperature smectic-C¢ phase at 7 = 86 °C.

birefringence (red and green colors), on entering this phase
from the N,* one we also observe a change in fluidity
and the texture loses its smoothness appearing as a colored
mosaic texture with equal left- and right-handed helices. This
unambiguously shows that this phase is chiral and biaxial. Note
that conventional cholesterics and chiral smectic-C* exhibit
no change in color nor in intensity of the transmitted light
upon rotating the film between crossed polarizers as they
are optically uniaxial. Thus this low-temperature LC phase is
identified as a biaxial chiral smectic-C phase. The properties

042503-3



M. PETROV et al.

PHYSICAL REVIEW E 88, 042503 (2013)

FIG. 3. (Color online) SWCNT-70BA textures (¢ =0.01 wt %) in
unidirectionally oriented LC cell with d =20 pum: (a) Phase transition
N*—Sc*at T =95°C; (b) N,* phase at T =91 °C; (c) C¢ phase at
T =87°C.

of this phase imply a drastic symmetry breaking of the
constituent LC molecules. Differently from the conventional
Sc phase of pristine 70BA where the open dimers can
only undergo twisting, the observed combination of chirality
and biaxiality implies a loss of the linear shape of the LC
molecules, i.e., formation of a bent-dimer shape.

2. Unidirectionally oriented LC cells

Atd =20 pum and ¢ = 0.01 wt % we observe a transition
to a chiral nematic phase N* at 142 °C again via brief passing
through N. Further, the same sequence of chiral phases
proceeds down to smectic-C¢ as described for the thinner
nonoriented cell with d = 8 um. The N*— S¢* transition at
95 °C is displayed in Fig. 3(a). Figures 3(b) and 3(c) show the
N,* and the smectic-C texture, respectively.

FIG. 4. (Color online) LC textures in unidirectionally oriented
LC cells: (a) C; phase of SWCNT-70BA in a 8-um-thick cell
(c = 0.01 wt%) at T = 87°C; (b) the nematic phase of pristine
7OBA for comparison; (c) the smectic-C phase of pristine 7OBA for
comparison; (d) Cs phase of SWCNT-7OBA in a 20-um-thick cell
(c =0.007 wt%) at T = 87°C.
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FIG. 5. (Color online) Competition of the S¢ and the Sc* phase
of SWCNT-70BA in a nanocomposite with ¢ = 0.007 wt% in a
nonoriented LC cell with d = 20 wm at about 90 °C.

For d = 8 um and ¢ = 0.01 wt%, again the same
chiral-phase sequence occurs down to the smectic-C; whose
texture is shown in Fig. 4(a). For comparison, we present the
corresponding images of pristine 7OBA obtained for the same
layer thickness from its conventional N phase [Fig. 4(b)] and
its well oriented achiral S¢ phase [Fig. 4(c)].

In addition, we checked the phase development at ¢ = 0.007
and 0.004 wt % for d =20 um in both oriented and nonoriented
LC cells. In the oriented cell we observed the same sequence
of phase transitions for the chiral phases N*, S¢*, N,*, and
Cg. The Cg texture for ¢ = 0.007 wt % is shown in Fig. 4(d).
The same textures were observed also for ¢ = 0.004 wt %. The
larger unicolored areas in Fig. 4(a) as compared to Fig. 4(d)
reflect formation of larger single-crystalline domains in the
thinner-layer texture due to the stronger surface influence. In
the nonoriented cell we observed a fluctuation of growing
achiral S¢ and a competition of this phase with the chiral S¢*
as depicted in Fig. 5.
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3. Discussion

Table I summarizes the LC phases induced in SWCNT-
7OBA, the most favorable conditions for their establishment,
and the corresponding phase transition temperatures. It is
noteworthy that in the nanocomposite, the N — S¢ transition
temperature (98 °C in pristine 7O0BA) is lowered by 3.5°C
on average, and the 70BA-specific S¢ temperature region
is divided into two regions where the S¢ (S¢*) and the N,
(N, ™) phases appear, respectively. As a smectic-G phase is
established below the reentrant nematic state, if the latter is
additionally a chiral state, the subsequent G phase is also
chiral, i.e., itis a C¢ phase.

We establish symmetry changes in the system provoked
by a combination of two effects—bulk-type influence from
thermal activation and SWCNT-LC interaction, and surface-
type influence from the cell plate, the latter being further
enhanced for oriented plates. Reducing the cell thickness
increases the anchoring energy and imposing unidirectional
surface alignment lowers the symmetry similarly to the case
when an external pressure is applied on the system. This effect
creates favorable conditions rather for transitions to chiral
phases instead of achiral ones. The Sc¢* then displays all
textural characteristics of the helielectric C* phase. Locally
C* has a C, symmetry with its spontaneous-polarization
vector P lying in the plane of the layers, but because it is
chiral (has a hand), it has globally D, symmetry. Besides,
when conventional achiral S¢ is frustrated, the subsequent
Sc*— N,* transition indicates destruction of the smectic-C
fluctuation (weak time and space correlation of the dimer
molecules) and loss of the possibility for a formation of a stable
achiral smectic-C layer with stable tilt angle. The reentrant
nematics also indicates that at these surface and temperature
conditions monomers and open dimers dominate in the LC
system and suppress the smectic layering, thus leading to a
return of the long-range positional order typical for N phases.
At further cooling, however, the bent dimers gain dominance
and restoration of the smectic layering then leads to a fluid
tilted smectic-C¢ state (without positional order inside the
layers).

TABLE I. Optimal conditions for development of LC states induced in the nanocomposite SWCNT-7OBA with the corresponding phase
transition temperatures. For simplicity, the two close-by lying transitions /— N and N— N* are presented as one / — N* transition.

c T(I—N) T(N—Sc¢) T(Sc—N,) T(N,—G) T(G—Cry)
LC cell (Wt %) [{©) O [{©) O ({®)
Nonoriented 0.01 142 93 86 81 75
d =20 um

c T(I—N*) T(N*—Sc*) T(Sc*—N,*) T(N,*—Cg) T(Cs—Cry)
LC cell (Wt %) [{©) O [{®) O O
Nonoriented 0.01 142 93 90 86 75
d=28 um
Oriented 0.01 142 95 92.5 89 70
d=20 um
Oriented 0.01 142 94 93 88 72
d =8 um
Nonoriented 0.007 142 95.5 89.5 88 80
d =20 um
Oriented 0.007 142 95 92 89 60
d =20 um
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TABLE II. Transition temperatures and enthalpies as determined
by DSC for the phase transitions detected in the SWCNT-70BA
nanocomposite (SWCNT concentration of 0.01 wt%). The corre-
sponding data for pristine 7OBA are also quoted for comparison.

¢ (0.01 wt %) 70BA
T (°C) AH (kJ/mol) T (°C) AH (kJ/mol)
T(I—N) = 143 251 T(I—N) =146 251
T(N—N*) = 142 2.72 T(N—S¢) =97 10.88
T(Sc*— N,*) = 90 042  T(Sc—Cry)=91  19.25
T(N,*—Cg) = 86 1.65

T(Cs—Cry) =177 10.23

5 60 70 8 90 100 110 120 130 140 150
Temperature (°C)

FIG. 6. DSC exo scan (cooling rate 2 °C min~!) of the nanocom-
posite (¢ = 0.01 wt%). The symbols 1%,2%,3* 4*, and 5* mark the
peaks corresponding to the five induced transitions /—N, N—N*,
Sc*—N,*, N,*—Cg, and C;—Cry from the isotropic down to the
solid crystal state.

B. DSC results

The thermal parameters of these induced phases in the
SWCNT-70BA nanocomposite were additionally examined
by DSC analysis. The corresponding scan in its exo recording
is presented in Fig. 6. For comparison, we present in Fig. 7(a)
a reference DSC scan of a pristine-7OBA sample, where
these phases do not appear. For both SWCNT-70BA and
pristine 70BA we used sample weights between 4 and 6
mg. This choice was a compromise between the necessity to
minimize the thermal-conduction-induced delay and the need
to maintain a good signal-to-noise ratio.

The phase transition temperatures and the corresponding
enthalpies AH for SWCNT-70BA (¢ = 0.01 wt%) and
pristine-7OBA samples are reported in Table II. Figures 7
and 8 demonstrate that instead of the three typical peaks, 1,
2, and 3, of pristine 7OBA displaying the transitions /— N,
N—S¢, and Sc— Cry, respectively, SWCNT-7OBA exhibits
five peaks, 1*,2*,3*,4*, and 5%, displaying the correspond-

Heat Flow (mW)
o ) & S
T T T T
S}

o
T

50 60 70 8 90 100 110 120 130 140 150
Temperature (°C)

FIG. 7. DSC exo scan (cooling rate 2 °C min~!) of pristine 7OBA.
The symbols 1, 2, and 3 mark the peaks corresponding to the well
known phase transitions / — N, N— S¢, and S¢c— Cry, respectively.

ing transitions /—-N, N—N*, Sc*—N,*, N,*—Cg, and
C—Cry. A comparison of Table II with Table I yields a good
agreement of the DSC data with the transition temperatures
determined by our microtexture analysis for the nonoriented
SWCNT-70BA sample with d = 8 um. The DSC scanning
did not detect a peak corresponding to the N*— S¢* transition,
probably due to its second-order character. On the other hand,
the enthalpies of the transitions /—N, N—N*, S¢*—N,*,
N,*—Cg, and Cc—Cry quoted in Table II unambiguously
indicate their first-order character. The two intense peaks
below the C¢— Cry and S¢— Cry transition in Figs. 6 and 7,
respectively, depict transitions between different solid crystal
states characteristic for H-bonded LC systems.

C. Raman spectroscopy

To check the results from the microtexture analysis we
performed also a comparative monitoring of the different

T T L T s T
x0.05 pristine

SWCNTs SWCNT-70BA

* T
parallel
polarization

SWCNT-70BA

160 180 200
\RBM /

Temperature (°C)

Intensity (arb. u.)

pure 70BA

{ R 1 . 1 . 1 A 1
200 400 600 800 1000 1200

Raman shift (cm™)

FIG. 8. (Color online) Raman spectra of SWCNT-70BA in
parallel polarization at several temperatures (quoted in the plot) in
the low-frequency region (100-1300 cm~!). The lowest three traces
are spectra of pristine 7OBA for comparison. The peak at 310 cm™!
appearing in the Sc phase is marked by arrows and the symbol Sc.
The sharp peaks emerging upon transition to the Cry state are marked
with asterisks. The inset shows at an expanded scale the RBM region
of the SWCNT-70OBA spectrum at 82 °C and a spectrum of pristine
SWCNTs heated to 82 °C before mixing to the LC.
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FIG. 9. (Color online) Raman spectra of SWCNT-70BA at
several temperatures (quoted in the plot) in the high-frequency region
(1450-1750 cm™!). The lowest three traces are spectra of pristine
70BA for comparison. Two LC peaks neighboring the HEM band
are marked with 70OBA and the spectra are recorded in perpendicular
polarization of incident and scattered light in order to facilitate
distinguishing of the HEM band at 1592 cm~! from the intense 7OBA
peak at #1610 cm™!.

phases of SWCNT-7OBA (oriented LC cell with d = 8 um
and ¢ = 0.01 wt %) and pure 7OBA with Raman spectroscopy.
The resulting spectra are displayed in Figs. 8 and 9 for low-
and high-frequency vibrations, respectively. With the radial
breathing mode (RBM) centered at about 177 cm~! and the
bond-stretching high-energy mode (HEM) at 21592 cm~! the
signature of carbon nanotubes is clearly visible in the spectra
of SWCNT-70BA, confirming the presence of small SWCNT
bundles in the nanocomposite. Except for the RBM and the
HEM band, no essential differences between SWCNT-70BA
and pure 70BA are found in their Raman spectra from the /
phase down to 100 °C, but upon further cooling a number of
significant changes occur.

Along with the N— S¢ transition in pure 7OBA, a specific
peak appears at 310 cm™! as evident from the spectrum at
94°C (see Fig. 8). This peak can serve as a distinguishing
feature of the Sc¢ phase in 7OBA as it represents the only
difference in the Raman spectra of this substance between the
N and the S¢ phase. The transition to a solid phase causes
remarkable further changes, as can be seen from the lowest
spectrum in Fig. 8 taken at 82 °C: Additional peaks appear at
150, 178, 252, 351, 885, and 1148 cm™'; the bands at 105 and
638 cm~! split into two and that at 777 cm~! into three sharp
peaks.

We now analyze the Raman spectra of the SWCNT-70BA
nanocomposite starting with the N*— S¢* transition expected
at 94 °C (see Table I). The corresponding spectrum for 94 °C
in Fig. 8 indeed contains the peak at ~310 cm™! identifying
the smectic phase although this peak is slightly softened and
broader compared to that of pure 7OBA. In the next spectrum
taken at 91°C this peak is absent which is consistent with
the reentrant nematic phase from 93 °C to 88 °C established
by the microtexture analysis. The next spectrum measured
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© 100pm

FIG. 10. (Color online) Cg textures of SWCNT-70BA illustrat-
ing the bistability at dc electric field applied on a nanocomposite cell
for c = 0.01 wt % and d = 20 um. (a) The nonexcited state without
electric field; (b) same texture after applying a field of 0.59 V/um;
(c) same texture upon reversal of the field polarity.

at 82°C contains again a sharp and relatively intense peak
at 310 cm~! and resembles in its structure the pure-7OBA
spectrum at 94 °C suggesting that the behavior of this C phase
in Raman scattering is similar to that of the conventional S¢
phase. Finally, the spectrum taken at 71 °C closely resembles
the pure-70BA spectrum at 82 °C with all additional sharp
peaks indicating solidification of the nanocomposite. The
Raman spectra of SWCNT-70BA are thus consistent with the
sequence of phase transitions found by microtexture analysis
(see Table I) in this nanocomposite.

The richer phase development in SWCNT-70BA is un-
doubtedly connected to an interaction of the LC molecules with
the nanotubes and it would be interesting to find evidence for
this interaction in the Raman spectra. Such interaction in form
of strong intermolecular overlap of 7 orbitals (7 stacking) was
reported for SWCNTs mixed into the liquid crystal 5CB [36].
Evidence for this 7 stacking was found in the established
slight hardening of the RBM band of these SWCNTSs [36].
The RBM band with vibrational pattern perpendicular to
the nanotube-bundle axis can serve as a sensitive probe for
interactions of SWCNTs with molecules in contact with their
surface, as well as for interactions among the SWCNTs
themselves, e.g., within a bundle [37]. As the 7OBA molecule
also contains phenyl rings, it is logical to expect its interaction
with the SWCNTSs to be reflected in the behavior of the RBM
band of SWCNT-70BA. We compared Raman spectra of
the pristine-SWCNT powder before mixing it into the liquid
crystal with spectra of the SWCNT-7OBA nanocomposite and
found indeed a slight RBM hardening and redistribution of its
intensity in the SWCNT-7OBA spectra. This comparison is
depicted for the C phase in the inset of Fig. 8 for T = 82 °C.
The RBM band of the SWCNTs used in the present study
consists of three features: a main peak and two shoulders
on both sides. For the pristine tubes their frequencies were
determined as follows: 159.5, 176, and 188 cm™'. In the
SWCNT-70BA spectra the low-energy shoulder hardens by
3 cm™!, the main RBM peak by 1 cm™!, and the high-energy
shoulder also by 1 cm~! with simultaneous transfer of spectral
weight from the low-energy to the high-energy shoulder.
We consider this clear evidence for interaction of the LC
molecules with the nanotubes and regard this interaction as
the factor breaking the one H bond in the central hexagon and
leading to a bent-dimer shape of the 7OBA molecules in the
nanocomposite.
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D. Microtexture analysis with application of electric field

The best way to confirm C¢ and to distinguish it from other
chiral phases (e.g., C*) is certainly the demonstration of its
specific electro-optical behavior. The bent-dimer form of the
70BA molecule is polar and therefore, the C; phase should
possess a net permanent polarization, while C* is not typically
ferroelectric [27,28,30-33].

The best large chiral C; domains were grown in cells with
thickness of 8 and 20 um, but in order to avoid short circuiting,
we had to use thicker cells. To obtain well observable electro-
optical effects, we generally used cell thicknesses of 50 um
(unless specified otherwise) although the obtained C¢ textures
consisted of smaller grainlike domains due to the weakened
surface influence in thicker cells. Varying the parameters of
the applied field, the temperature, and the cooling rate, we
observed various electro-optical effects typical for the Cg
phase in its bent-core molecule manifestation.

The existence of a permanent polarization P in the C phase
of SWCNT-70BA can be demonstrated with a dc electric field
applied along the LC cell normal (up view configuration). We
observe the following two effects:

(i) Applying a dc electric field of at least 0.59 V/um on a
cell with d = 20 pum leads to a reorientation of the LC director,
which is visualized as a transition from a typical normal-state
texture [state a depicted in Fig. 6(a)] to an excited state b
shown in Fig. 10(b). Upon reversing the field polarity the
system switches to another significantly darker-colored state
¢ shown in Fig. 10(c). The excited states b and ¢ exhibit a
strong memory effect by remaining unchanged on the minute
scale after switching off the field. Further reversing the field
polarity leads only to switching between the states b and c,
i.e., between light and dark appearance of the texture. This
switching is also accompanied by color change from green
(stronger birefringence, state b) to pink (weaker birefringence,
state c¢). The director orientation can thus be changed in a
bistable way with a dc electric field of at least 0.59 V/um.
This threshold-field effect emphasizes the difference from
C*, where a similar electro-optical response [29] occurs
without a threshold field since in this phase the allowed
director orientation is infinitely degenerate on the tilt-angle
cone. The observed threshold behavior in our SWCNT-70BA
nanocomposite indicates that the bent-dimer adopts only a
discrete set of orientations on the tilt-angle cone similarly to
that of bent-core molecules in C phase [31-33].

(i) Rapid cooling at 3°C/min from the / phase in a
dc field of 0.23 V/um creates circularlike domains [see
Fig. 11(a)] among a grainy nonspecific texture in the Cg
phase. Upon increasing the field magnitude from zero to
0.5 V/um at constant temperature, the color indicating the
birefringence magnitude in the surrounding grain domains
changes continuously and reversibly from green through pink
(red) until finally a light yellow color establishes [Fig. 11(b)].
Due to the already mentioned memory effect this picture
persists even after the field is switched off. On the other hand,
the texture changes dramatically if a stronger field of at least
0.58 V/um is applied. Thick ropelike filaments appear around
the circularlike domains parallel to the layers [Fig 11(c)]
and also remain unchanged after the field removal. Bistable
switching between the textures in Figs. 11(a) and 11(c) is
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FIG. 11. (Color online) Cg; texture of SWCNT-70BA for ¢ =
0.01 wt% and d = 50 um after rapid cooling at 3°C/min from the
I phase in the presence of a dc field of 0.23 V/um. (a) Circularlike
domains among a grainy nonspecific texture; (b) the surrounding grain
domains after increasing the field magnitude from zero to 0.5 V/um,
in the course of continuous change in birefringence color from green
to yellow; (c) same texture at 0.58 V/um containing thick ropelike
filaments around the circularlike domains.

observed upon alternating the field polarity at magnitudes over
the threshold similarly to case (i).

In Fig. 12 the probable mechanism of the observed
bistabilities in cases (i) and (ii) is schematically depicted.
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FIG. 12. A scheme of the bistability of the Cg texture at dc
field. (a) Without electric field E or at fields below the threshold
the layer’s planes within one domain are initially tilted at angle S to
the substrate normal K. The kink vector m, the clinic angle w, and the
leaning angle § are also indicated. (b) An electric field surpassing the
threshold causes the layers to tilt additionally to align P parallel to
it, reaching another angle, y to the substrate normal K and forming
another discrete chevron alignment.

Without electric field, domains of different birefringence
contain layers tilted at different angles to the substrate normal
thus forming the so-called discrete chevron configuration [29].
Let us assume that the layer’s planes within one domain
are initially tilted at angle B to the substrate normal K
[Fig. 12(a)]. Applying electric field E below the threshold
along the substrate normal K causes only a rotation of the
director on the tilt-angle cone and no field-induced change
in the textures is observed. If the field magnitude surpasses
the threshold, energy minimization causes the layers, which
are strongly coupled via the out-of-layer-plane polarization
component, to tilt accordingly to align P parallel to E, reaching
another angle, y, to the substrate normal K [see Fig. 12(b)],
and forming another discrete chevron alignment. Bistable
switching by sufficiently strong electric field should then be
possible between both chevron alignments defined by the
angles B and y as indeed observed.

The complexity of the electro-optical response of Cs can
be demonstrated by means of ac electric field. Depending
on the experimental conditions, during the nucleation of Cg,
ropelike as well as large chiral domains grow simultaneously.
The ropelike domains transform in grainy texture, whereas
the large chiral domains remain unchanged or transform
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in ribbonlike ones upon slow (0.1 °C/min) cooling within
the Cg phase. It seems that both domain types have the
same origin — chirality in the smectic layers. Obviously, the
nucleation energy of both types of chiral domains is similar
so that they can coexist. Applying low-frequency ac field
(<10 Hz, 0.1 V/um) on a 50-um-thick cell, one observes that
some low-birefringence ribbonlike domains stable at constant
temperature [see Fig. 13(a)] shrink or broaden depending on
the polarity, and for a given polarity shrinking and broadening
domains can coexist. Furthermore, the shrinking causes a
coiling of the one ribbon end. At some places we observed
ropelike domains [shown in Fig. 13(b)] that only shrank
upon polarity alternation. The coexistence of such ribbon-
and ropelike domains with different birefringence shows close
resemblance to the B; phase in bent-core molecules and
suggests that Cg is really analog to this phase [38]. The
electric field causes the ribbons in some places to coalesce
in regular stripes with width smaller than the cell thickness.
This effect is thresholdless and shows that the ribbons are polar
and that the vector P has a component parallel to the substrate
surface. Application of electric field E produces a torque M ~
m x E on the ribbonlike domains. We assume this torque to
cause the mentioned coiling of the one ribbon end [shown
in Fig. 13(c)] which is right- or left-handed depending on the
direction of E. Coiling of ribbons is another way to compensate
their polarization in order to satisfy the condition divP =
0. The difference in the behavior of ribbonlike and ropelike
domains shows that the twist deformation typical for chiral
systems is occasionally replaced by the coil formation since
a helical shape has less elastic energy than the corresponding
twisted form. In any case, the behavior of both domain kinds
in electric field implies a nonzero P component perpendicular
to the layers.

It is important to point out that the electro-optical effects
described above occur in a restricted temperature interval
within the C¢ range. At its lowest temperature we observed
enhancement of the green coloring indicating large bire-
fringence and hence prevailing quasiplanar anchoring, while
near the upper temperature limit the birefringence decreases
resembling that in enhanced quasihomeotropic configuration.
Application of electric field in these terminal cases does not
induce any electro-optical effects. The onset of electro-optical
response is detected at 0.2 °C below the N,*— Cg transition
indicating the onset of coupling to the field of an emerging out-
of-layer polarization and all electro-optical effects disappear
again at 0.4 °C above the solidification threshold where the

FIG. 13. (Color online) Response of C¢ texture of SWCNT-7OBA for ¢ = 0.01 wt% and d = 50 um to ac field of 0.1 V/um (<10 Hz):
(a) Low-birefringence ribbonlike domains with approximate width of 50 wm, shrinking or broadening depending on the polarity; (b) ropelike
domains which only shrink upon polarity alternation; (c) ribbons twisting into right- or left-handed spirals depending on the polarity.
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out-of-layer polarization component possibly vanishes again.
Furthermore, no such Cg-specific electro-optical response
was detected in any other phase above the Cs range up to
the isotropic state, nor in any phase of pristine 7OBA. This
clearly shows that only the C; phase exhibits macroscopic
spontaneous polarization having both a component parallel to
the layers as well as a component perpendicular to the layers.
Since a moderate electric field cannot change the tilt angle, we
conclude that the C¢ phase arises from the decoupling of the
leaning angle from the clinic one through the variation of the
leaning angle with temperature [33]. The position of a distinct
70OBA molecule with its clinic angle @ and leaning angle § in
a Cg layer is shown in Fig. 12(a). A transition from C* to C¢g
seems to be possible due to the temperature dependence of the
leaning angle.

It is known that the patterns formed at phase transition
require divP = 0 [29]. To satisfy this requirement in Cg,
however, a compensation of the divergence of the out-of-layer
polarization (P,) is needed. Such compensation leads to
additional deformation (coiling up) of the rope- and ribbonlike
texture domains, as shown in Fig 13(c) for the ribbonlike
domains. Since the ropelike textures exhibit some initial
coiling, they do not show any response to an electric field E.
In uniformly shrinking domains (ribbons) div Py is not zero,
and the free energy depends on the field polarity. Following
[19,26],when E is opposite to P,y the free energy increases
by PouE inducing a transition from Cg to above-lying
phases up to the I state. Especially, for an electric field of
at least 0.4 V/um we observe such a transition between Cg
and C* (displayed in Fig. 14). We thus have electric-field-
induced phase transition governed by temperature-dependent
threshold field. In other words, we observe an equivalent
decrease of the phase transition temperature driven by the
electric field [39]. On the other hand, a stronger field of any
polarity could promote a transformation of the texture into
an achiral smectic-C [see Fig. 1(b), lower part] by passing
through C*.

Using the ferroelectrically induced decrease AT of the
phase transition temperature, we can assess the polarization

FIG. 14. (Color online) A C* texture of SWCNT-70BA obtained
through a transition from C¢ at a dc field of 0.4 V/um.
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by the modified Kirkwood-Helfrich equation [29,30,39]:
(AT/T,N(AH/M,) = 0.5e,60| E|* — | P||E| cos ¢,

where T, is the Cg— C* transition temperature at E = 0, M
is the molar mass, p the density of the nanocomposite, and
¢ is the angle between P and E. We have observed these
effects for dc and ac fields of very low frequencies (<10 Hz),
where the coupling to P dominates and the quadratic term
with ¢, can be neglected compared to the contribution of P.
We use the following numerical values: 7, = 362 K, M =
10° kg, p = 10 kg m™3, AH = 1.65 k] mol~!, and |E]|
=0.36 x 10° V/m. Applying an electric field of magnitude
0.4 V/um with frequency <10 Hz creates low-birefringent
domains in the same way as does heating by AT =~ 2°C
without a field. Thus we estimate that |P | ~ 110 nC/cm?.
This value obtained in a pyroelectric approach is consistent
with the polarization magnitudes obtained for the bent-core
molecular LC systems [30,40]

We also employed the triangular wave technique to measure
the spontaneous polarization P in an alternative way [29,33,
41,42]. The triangular waves were generated by a function
generator (for U = 30 V with frequency of 40 Hz) and we
determined |P o] &~ 113 nC/cm?. This value compares well
with that obtained by the above-presented pyroelectric method
with a difference between them of only ~3%.

Finally, we focus on the symmetry properties of the
smectic-Cg phase [Figs. 2(c), 3(c), 4(a), and 4(d)] where
the subscript G stands for general. The anisotropic in-plane
fluidity of C¢ (like that of achiral S¢) requires that none of
the principle axes of the second rank tensor [27,28], character-
izing the orientational order, makes an angle of 0° or 90° with
the smectic layer’s planes. So the smectic-Cg type observed
here is a chiral phase, formed due to a symmetry lowering in
each distinct 7OBA molecule and we assume this to occur by
adopting the bent-dimer shape. The necessary energy for this
slight deformation can only come from an interaction with the
SWCNTs which represent the only difference between pristine
70OBA and the nanocomposite. The SWCNTs thus impose a
chirality-inducing bulk impact on the LC host matrix as was
found recently for other achiral nematics [20]. From the Raman
spectra of the nanocomposite we indeed have evidence for such
interaction of the m-stacking type causing a slight upshift of
the RBM band of SWCNTSs in the nanocomposite.

In addition to the fluidity, chirality, and the biaxial structure
of the C; phase established by microtexture analysis, our
electric-field experiments provide evidence for a permanent
macroscopic polarization with a nonvanishing out-of-layer
component thus confirming the triclinic C; symmetry of this
phase. Therefore, besides bulk ferroelectricity, it should reveal
both left-handed and right-handed versions. This provides a
natural explanation for the equal number of left- and right-
handed helices, which we observe by microtexture analysis.

IV. CONCLUSION

In the nanocomposite SWCNT-7OBA we find a variety of
phase transitions and corresponding phases, which are differ-
ent with respect to those observed in pristine 70BA as well
as shifts in the temperatures of known transitions. In general,
this effect is due to the molecular structure of hydrogen-bonded
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7OBA and especially to its basic structure element—the dimer
ring. From a series of investigated mixtures we establish
SWCNT concentrations in the range 0.004 wt %—0.01 wt % to
be appropriate for achieving sufficient conformability between
both materials, necessary for the induction of these liquid
crystal (LC) states. We conclude that the LC cell surface
orientation and the bulk interaction of the 7OBA molecules
with the SWCNTs can cause a transformation of the dimer
rings, which is equivalent to lowering the symmetry of the
LC system. These two factors are thus of primary importance
for the type of LC states obtained in the nanocomposites.
An important result is that some of these induced states
are chiral, whereas 70BA is achiral in its pristine state.
Comparative examination of the nanocomposite and pristine
7OBA with temperature-dependent Raman spectroscopy and
differential scanning calorimetry corroborates the existence
of these phases and phase transitions in SWCNT-70OBA. Our
Raman results also provide additional confirmation for the
presence of SWCNTs in the nanocomposite and for their
interaction with the 7OBA molecules.

We observe a reentrant nematic below an achiral smectic-C
phase and a reentrant chiral nematic below a chiral smectic-C
phase in the SWCNT-70BA nanocomposite, indicating a
depressing of the smectic-C layering (favored by closed
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dimers) and a rebuilding of the nematic long-range order.
We also demonstrate that below the chiral reentrant nematic
state the bent-dimer domination produces a triclinic tilted
smectic-C¢ phase. We provide a full characterization of this
phase showing it to be chiral, biaxial, and to exhibit anisotropic
in-layer fluidity. The detected electro-optical properties of
this phase confirm that it possesses a permanent polariza-
tion in a direction oblique to the layers. In combination
with the established helical properties, this confirms that
the Cs phase is ferroelectric in the bulk. The performed
electric-field experiments also reveal several bistabilities with
low-threshold fields and enable us to numerically estimate
the spontaneous-polarization magnitude in the Cg phase
of the SWCNT-70OBA nanocomposite, which is consistent
with the corresponding values obtained for bent-core molecu-
lar LC systems.
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