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A ferroelectric liquid crystal confined in cylindrical
nanopores: reversible smectic layer buckling,
enhanced light rotation and extremely fast
electro-optically active Goldstone excitationsy
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The orientational and translational order of a thermotropic ferroelectric liquid crystal (2MBOCBC) imbibed
in self-organized, parallel, cylindrical pores with radii of 10, 15, or 20 nm in anodic aluminium oxide
monoliths (AAO) are explored by high-resolution linear and circular optical birefringence as well as
neutron diffraction texture analysis. The results are compared to experiments on the bulk system. The
native oxidic pore walls do not provide a stable smectogen wall anchoring. By contrast, a polymeric wall
grafting enforcing planar molecular anchoring results in a thermal-history independent formation of
smectic C* helices and a reversible chevron-like layer buckling. An enhancement of the optical rotatory
power by up to one order of magnitude of the confined compared to the bulk liquid crystal is traced to
the pretransitional formation of helical structures at the smectic-A*-to-smectic-C* transformation. A
linear electro-optical birefringence effect evidences collective fluctuations in the molecular tilt vector
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direction along the confined helical superstructures, i.e. the Goldstone phason excitations typical of the
para-to-ferroelectric transition. Their relaxation frequencies increase with the square of the inverse pore
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1 Introduction

Liquid crystals (LCs) confined at interfaces exhibit properties
which often differ markedly from their bulk behaviour.'™®
Upon embedding in cylindrical pores’ ! and porous media
these interfacial pecularities can entirely dominate the liquid-
crystalline behaviour."®* For example, the phase transitions
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radii as characteristic of plane-wave excitations and are two orders of magnitude larger than in the bulk,
evidencing an exceptionally fast electro-optical functionality of the liquid-crystalline-AAO nanohybrids.

of nematics in mesopores are significantly changed. The
abrupt, bulk isotropic-nematic transformation of first-order
can become continuous and characterised by residual parane-
matic ordering far above the bulk transition temperature.'?
Computer simulations of LCs in thin film and pore
geometry>>™® confirm pronounced spatial heterogeneities,
particularly interface-induced molecular layering and radial
gradients, both in the orientational order and in the reorienta-
tional dynamics in restricted geometries. These effects are not
only of fundamental interest, an understanding of these con-
finement effects is also pivotal to design nanoscopic func-
tional hybrid structures.>**

In the past mainly non-chiral mesogens***° have been
explored with respect to these phenomenologies and there are
only a few studies regarding the properties of confined chiral
LCs.**> Compared to non-chiral LCs molecular chirality
results in additional structural features, in particular in the
formation of helical structures.’®>® Chiral nematics (N*-
phases) or so-called cholesterics, exhibit no positional order-
ing but collective orientational ordering in one direction
within planes. The direction changes from plane to plane, i.e.
it rotates around an axis perpendicular to the orientationally
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ordered layers with a certain periodicity, the cholesteric pitch.
In the chiral tilted smectic phases (SmC* phases) of so-called
ferroelectric liquid crystals (FLC) molecules are positionally
ordered within smectic layers and show a gradual change in
the tilt direction from layer to layer, such that the director pre-
cesses conically around the helix axis with a certain period-
icity, see Fig. 1a.> This helical pitch p changes with tempera-
ture T and often ranges from several hundreds to several thou-
sands layers, i.e. it corresponds to wavelengths of ultraviolet,
visible or infrared light.

Resulting from this remarkable phase behaviour chiral LCs
exhibit unique optical properties,’” such as circular dichroism,
large optical activity, Bragg reflection,®® electro-optical
effects®”®> and low-threshold laser emission.®® These effects
have been exploited extensively in applications employing bulk
chiral LCs.%*%¢

Another remarkable feature of the SmC* phase is the in-
plane net polarization of a single smectic layer induced due to
the symmetry breaking of the medium comprising chiral and
polar molecules which undergo a hindered rotation.’>®” The
polarization vector P of each single smectic layer rotates along
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Fig. 1 Chiral order in the bulk (homeotropic film geometry): side-views
on the (a) smectic C* phase illustrating the helicoidal changes in the
molecular tilt from layer to layer; (b) smectic A* phase; (c) isotropic
liquid phase. Chiral order in nanopores: side-views on the (d) smectic C*
phase; (e) smectic A* phase, (f) isotropic liquid phase. The orange lines
indicate the polymeric wall coating facilitating planar mesogen anchor-
ing. The dark blue rods represent mesogens in a paranematic state close
to the pore walls.
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the helices, thus macroscopically the polarization averages to
zero in bulk samples. Upon application of an external electri-
cal field transverse to the helical axis, the resulting force
momentum vector M = P x E, where E is the electric field
vector, allows one to unwind the helix. In fact, already the
interaction between the LC and bounding plates can be
sufficient to unwind the intrinsic helical structure by confining
an FLC in a thin homogeneous cell (with a gap smaller than
the helical pitch).®® Such a surface stabilized ferroelectric
liquid crystal arrangement is of great practical importance,
since it allows for a fast switching in display and opto-elec-
tronic applications.>”"%°

Previous studies on the structure and dynamics of confined
chiral LCs were mainly performed for pore sizes in the submi-
cron range (>0.2 pm).**”7® Whereas the molecular mobility of
the single molecules were reported to be unchanged, collective
modes were found to be entirely suppressed’””*’* or changed
in their dynamics.”>”>”® For cylindrical channels with 0.2 pm
diameter an extreme increase in the relaxation frequency of
collective helicoidal modes in the SmC* phase was tentatively
attributed to a partial unwinding of the helices due to the
surface fields at the pore walls.”® To the best of our knowledge,
molecular ordering and mobility of FLCs inside nanopores
less than 50 nm has not been studied so far. Here, we report
optical birefringence, neutron diffraction, as well as electro-
optical experiments on the chiral FLC 2MBOCBC embedded
into nanopores of anodic aluminium oxide with different radii
ranging from about 10 to 20 nm.”” We explore whether in such
extreme spatial confinement helical SmC* structures can form
and which collective dynamical behaviour results.

2 Experimental

The chemical structure of the FLC S-(—)-2-methylbutyl 4-n-non-
anoyloxybiphenyl-4'-carboxylate (hereafter denoted 2MBOCBC,
known also as 1S-2424) is depicted in Fig. 2. It was purchased
from AWAT Ltd (Warszawa, Poland). In the bulk state this FLC
exhibits a sequence of three phase transitions during cooling:
it transforms from the isotropic (I) phase to the SmA* phase at
332.6 K, to the SmC* phase at 315.6 K and to the solid crystal-
line (Cr) phase at 312 K.”*® The transition to the Cr-phase
can be easily supercooled. Thus, the ferroelectric SmC* phase
can be observed in a broad temperature range, down to
265 K.2%®! In the SmC* phase 2MBOCBC is characterised by a
helical pitch which decreases with decreasing temperature
from about 3.8 pm near the SmA*-SmC* transition to about
1.1 pm at 281 K.”® Moreover, it exhibits polarization reversal at
about 292 K, with the polarization ranging from -2 to +2 nC
cm 2%

We employ membranes of self-organized anodic aluminium
oxide (AAO) consisting of a parallel array of nanopores of
different diameters aligned perpendicular to the membrane
surface. The AAO membranes (thickness 7 = 100 pm), syn-
thesized in-house as well as bought from Smart Membranes
GmbH (Halle, Germany), were fabricated by electrochemical
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Fig. 2 Chemical structure of 2MBOCBC along with the characteristic
phases and bulk phase transition temperatures. Scanning electron
microscopy top (a) and side (b) views on a mesoporous anodic alu-
minium oxide membrane with a pore radius of 21 nm.

etching from pure aluminium. The pore radii R and porosities
P are determined by volumetric N,-sorption isotherms at 7' =
77 K to 21.0 + 2.0 nm (P = 23%), 15.5 + 1.5 nm (P = 18%) and
10.0 + 0.7 nm (P = 16%), respectively. Scanning electron micro-
graphs of the 21.0 nm membrane are shown in Fig. 2.

The native, polar surfaces of AAO membranes often favour
tangential anchoring of LCs and thus in nanopores an axial
type of ordering results. However, this is not the case for
AAO-2MBOCBC nanocomposites where the tangential anchor-
ing appears to be metastable and after several cooling-heating
cycles a normal anchoring becomes dominant. The as-
prepared nanoporous AAO membranes do not provide a stable
and well-defined wall anchoring condition, see the ESIf for
optical birefringence measurements during cooling-heating
cycles demonstrating the unstable anchoring conditions. We
find that a nanometric film of the polymer SE-130 deposited
on the pore walls is able to enhance the tangential anchoring
significantly. It results in thermal history-independent optical
and diffraction experiments. For the preparation of the
polymer coating the procedure described in ref. 53 is followed.
Birefringence measurements on a nematic LC in samples with
and without coating and nitrogen sorption isotherms on an
empty membrane before and after coating the surface indicate
an average thickness of the polymer coating of less than 2 nm.
Subsequently, the membranes are imbibed with the FLC melt
by pore wetting at a temperature a few degrees above the
I-SmA* phase transition.®*

Our optical polarization investigations combine two types
of measurements performed simultaneously on a sample: (i)
the optical rotation ¥ is measured along the optical axis of the
sample which is parallel to the long axis of the pores and (ii)
the optical retardation A caused by the optical birefringence is
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measured at a fixed angle (a ~ 36°) of the incident laser light
(4 = 633 nm) with respect to the optical axis, see Fig. 4. The
corresponding set-up is based on polarized light modulation
employing a photoelastic modulator (PEM) PEM-90 (Hind
Instruments), see Fig. 1 in the ESL} The set-up is similar to
the one used in ref. 85, however, here only one PEM is used.
The spectra of the modulated intensity, detected by photo-
detectors PD1 and PD2 depend on the sample characteristics
¥ and A, respectively, and are analysed for each arm by two
lock-in amplifiers that measure the amplitudes of the first (Ig)
and second (I,) harmonics of the modulated light intensity.
The optical rotation, ¥ and optical retardation A, measured
simultaneously in the ¥- and A-arm, respectively, are related to
the measured amplitude intensities by the following equation:
1

Y= Earctan (klo/Le), A = arctan (klo/Lo) (1)
where the effective coefficient k = 7(2£2)-/,(40)/(7(€2)-J1(A0)), 7(£2)
is the frequency response function of the photodetector, J;(A,)
and J,(A4,) are the values of Bessel functions at the amplitude
of PEM retardation 4,. In our studies, we use a modulation fre-
quency £/2n of 50 kHz and the retardation amplitude 4, =
0.3831. The effective coefficient is directly determined within
the calibration procedure by performing measurements on
etalon samples. The accuracy for both types of measurements
is about 0.005°. The sample is placed inside an optical thermo-
stat operated by a temperature controller (Lakeshore-340) with
a temperature control accuracy of 0.01 K. The light beams in
both arms are arranged in such a way that they probe the iden-
tical sample volume.

The dynamical properties of the FLC confined in the nano-
channels is probed by electro-optical experiments. By means of
double-sided surface electrodes separated by a gap of ~1 mm,
as sketched in Fig. 3a, an electric field perpendicular to the
long axis of the pores of our thin nanoporous membrane
(thickness 2 = 0.1 mm) can be applied. Since a > h the electric
field is only slightly inhomogeneous. The variations are below
10% as we estimated by finite element calculations. Because of
the alignment of the smectic layers along the nanopores long
axes the electric field acts mainly transverse to the helical axes.
A deformation of the helix in an external transverse electric
field leads to changes of the refractive indices. Particularly, the
Y-component of the field induces a change of the dielectric
tensor

0 0 (&P
(bey=1 0o 0 0 (2)
Py 0 0

which is linear in the electric field. It results in a rotation of
the optical indicatrix in the XZ-plane, which is perpendicular
to the electric field vector, see sketch in Fig. 3b. Such a
rotation of the optical indicatrix can be detected with a suit-
able optical technique, see Fig. 3c. To observe the corres-
ponding linear response of the modulated light intensity,
which is detected by a photodetector (PD) and measured by a
lock-in amplifier, the nanoporous membrane has to be turned

This journal is © The Royal Society of Chemistry 2017
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double-sided
electrodes

N

(a)

Fig. 3 Linear electro-optic response measurements: (a) polarimetry
set-up. Here P is the polarizer, A the analyser, PEM the photoelastic
modulator, BC the birefringent compensator, and S the sample. The
electro-optically modulated light intensity is detected by the photo-
detector PD and subsequently analysed by a lock-in amplifier. (b)
Sample (thin AAO membrane filled with FLC) with attached double-
sided aluminium electrodes separated by a gap of ~1 mm. (c) Illustration
of the linear electro-optic effect in the nanocomposite or bulk: applying
an electric field perpendicular to the helix axis in the SmC* phase, here
along the Y-direction, results in the rotation of the optical indicatrix in a
plane perpendicular to it, i.e. in the XZ-plane.

FLC+AAO

out of the optical axis by a rotation (here ~35-45 deg) around
the Y-axis. Moreover, the measured electro-optical response
depends on the optical retardations induced by the sample
and the birefringence compensator. The maximal effect is
observable, when their superposition equals (2n + 1)x/4. This
can be adjusted for each temperature by the birefringent com-
pensator, BC.

In the case of the bulk measurements a 5 pm cell with ITO
electrodes and homogeneous alignment is used. The cell is set
normal to the laser beam and rotated out of the rubbing direc-
tion determining the anchoring orientation of the FLC mole-
cules by 22 deg with respect to the polarization direction of
the incident light. The birefringence compensator is used to
set the electro-optical response to its maximum level. The
measurements are performed with the lock-in amplifier
SR-830 having an upper frequency limit of 100 kHz. The
measured electro-optical response is normalised by the trans-
mitted light intensity. We present its real and imaginary parts,
¥ and y", respectively. Note that this linear electro-optical
experiment can be considered as an optical analogue to dielec-
tric relaxation spectroscopy.®"**

Neutron diffraction experiments with a wavelength of
4.567 A are carried out at the V1 membrane diffractometer of
the research reactor BER II of the Helmholtz-Zentrum Berlin.
The center of a 128 x 128 pixel area detector is placed at the
Bragg angle of the (001) smectic Bragg peak at 20 = 9.4°, while
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a stack of identical, surface coated, 2MBOCBC filled mem-
branes is rotated around the @-axis, perpendicular to the nano-
pore axis and the incident beam (see sketch of the scattering
geometry in Fig. 6a). These rocking scans are repeated for
different temperatures during cooling and heating cycles start-
ing and ending in the isotropic phase of the FLC.

3 Results & discussion

3.1 Thermotropic phase behaviour: optical birefringence and
neutron diffraction

A preferential orientational ordering of guest molecules in an
array of parallel pores results in an excess birefringence, An',
or associated with this an excess retardation, A" «x An".
Accordingly, the molecular ordering inside the nanoporous
membrane can be precisely characterised by optical polarime-
try. In the case of LCs the orientational order is described by
the scalar Hermans-Tsvetkov orientational order parameter
S =1(3cos’p — 1), where ¢ is the angle between a character-
istic axis of the molecules and the direction of preferred local
molecular orientation (the so-called director 7). The brackets
denote here an averaging over all molecules under consider-
ation, whereas the orientation of the director may vary locally
depending on anchoring conditions and/or the specifics of the
geometrical constraints. Since the wavelength of light is much
larger than the pore size the measured retardation scales line-
arly with (S),., i.e. the order parameter averaged over the pore
volume.

For optically positive rod-like LCs, as studied here, the axial
molecular ordering inside nanopores, originating from a tan-
gential anchoring, results in a positive linear birefringence (or
positive retardation). In contrast, a radial or so-called polar
molecular arrangement inside the nanopores, resulting from
normal anchoring, results in a negative linear birefringence
(or negative retardation) with an absolute value approximately
two times smaller than in the case of an axial arrangement.
Examples of these two types of orderings have been reported
in ref. 86. The retardation sign can be easily determined in our
experiments by a consideration of the phases of the harmonics
detected by the lock-in amplifiers, see Experimental section.

Molecular chirality brings new features to the optical pro-
perties among which circular birefringence, also known as
optical activity or optical rotation, is a frequently measured
quantity used for the characterization of helical structures in
cholesteric or SmC* bulk phases. Already in the isotropic phase
the chirality of the single molecule leads to an intrinsic mole-
cular optical activity, on the order of a few deg cm™".>* However,
it is orders of magnitudes larger, about 10* deg em™, in the
cholesteric or SmC* phase, where collective helical and thus
supermolecular chiral structures exist.””*

Polarimetric measurements on the bulk FLC (30 pm cell,
homeotropic alignment) are presented in Fig. 4a and b as a
reference for the measurements on the confined system.

The phase transition I-SmA* at T = Tj, is accompanied by a
sudden appearance of an optical retardation and a positive

Nanoscale, 2017, 9, 19086-19099 | 19089
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Fig. 4 Temperature dependences of the optical retardation, 4 (a), (c)
and normalized rotatory power, ¥horm (b), (d) of the bulk and confined
FLC, respectively. The optical retardation is measured at a fixed angle
a ~ 36° as visualized in the sketch. Blue and red curves correspond to
cooling and heating runs, respectively.

birefringence. It originates from an abrupt collective molecular
reorganization from the totally disordered bulk state (Fig. 1c)
to a homeotropic alignment of the molecules with smectic
layers parallel to the confining glass plates of the cell (Fig. 1b),
as typical of the first-order character of this phase transition.
The kink-like variation of An*(T) at T = T§., indicates a second
order SmA*-SmC* transition. The gradual decrease of the
retardation is caused by the tilt of the molecules in the
smectic layers and the continuous appearance of the helical
supermolecular structure in the SmC* phase. The helix for-
mation, which develops along the direction perpendicular to

19090 | Nanoscale, 2017, 9, 19086-19099
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the smectic layers, is even more evident in the appearance of a
large optical activity, see Fig. 4b and 5, below T§.

The SmA*-SmC* transition is described by a Landau-de
Gennes free energy with even parity terms only.””®” The
Lifshitz invariant allowed by this symmetry explains the
appearing of the helicoidal phase (a long-range modulated
structure). Depending on the magnitude of the free energy
terms, it can be either of second®”*®” or of first order.®*°° In
agreement with our results, a previous study showed that
2MBOCBC exhibits a continuous SmA*-SmC* transition.”®
However, the system is close to the tricritical point separating
continuous from discontinuous behavior and the critical expo-
nent of the order parameter /3 is 0.26.”%

The tilt angle 9 between the long axis of the molecules and
the layering direction plays a decisive role for the behaviour of
the optical activity, ie. it is «8*.”® The tilt angle monotonously
increases in the SmC* phase of 2MBOCBC up to & = 15°.
However, the overall dependence of the optical activity on the
geometrical details of the SmC* phase is more complex.”*
Nevertheless, the optical activity effect in the SmC* phase is at
least two orders of magnitude larger than in the SmA* or I
phase indicating a collective helical arrangement of the chiral
molecules.

The results of polarimetric measurements on the FLC con-
fined in pores with R = 21.0 nm in direct comparison with the
bulk system are shown in Fig. 4. Complementary data sets for
the other pore diameters studied show a similar temperature
behaviour and can be found in the supplement. All nano-
composites exhibit a saturated positive birefringence at low
temperature, which decreases upon heating to a small positive
value at about 331-332 K, i.e. close to the temperature of the
bulk clearing point. This indicates a transition from a state
with collective arrangement of the molecular long axes parallel
to the long pore axis at low temperature to an isotropic orienta-
tional order at high temperature. The small positive optical
retardation in the isotropic state results from geometric bire-
fringence®”> caused by a difference in the isotropic refractive
indices of the host matrix and guest LC materials in combi-
nation with the elongated nanopore geometry. Moreover, the
mesogens in direct proximity of the pore walls, which are
known to be in a paranematic state due to the anchoring field
at the pore walls,"”** contribute to this high temperature bire-
fringence,">**?> see the dark blue highlighted mesogens in
Fig. 1d-f.

There is a sizeable cooling-heating hysteresis at the I-N
transition in the confined compared to the bulk state. It is well
known that the nucleation of the low- and high-temperature
phase can occur via quite different thermodynamic paths and
at different locations (e.g. in the pore center or at the pore
walls) upon spatial restrictions. This has been demonstrated
for a variety of first-order transitions, most prominently for the
crystallization of simple®® "% and complex basic building
blocks.'®'%*71% For example, we inferred that for certain tex-
tures of discotic liquid crystals the low-temperature phase is
nucleated at the pore wall and propagates than towards the
pore center upon cooling and vice versa upon heating.'®

This journal is © The Royal Society of Chemistry 2017
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Detailed additional experimental studies, in particular as a
function of pore filling, could possibly clarify the different
nucleation paths.”® We suggest the following scenario: the
absence of free surfaces and the small volumes contained in
single nanopores could result in the absence of heterogeneous
smectic nuclei and thus result in crystallization at the low,
homogeneous phase transition temperature. Upon heating the
aligned smectic phase is stabilized by the cylindrical pore geo-
metry. Thus, it melts at a high temperature, which is however
still lower than the bulk melting temperature, since the con-
fined ordered phase has to accommodate to the extreme
spatial confinement.”®

Neutron diffraction experiments probing the translational
FLC order in the pores are consistent with the findings in the
optical experiments. In Fig. 6 the intensity of the Bragg peak
typical of the smectic layering of the confined FLC is shown as
a function of the sample rotation @ = @ + @ and scattering
angle 20, as indicated in the scattering geometry (a), for T =
324 K (c¢) and T = 279 K (b), respectively. The integrated inten-
sity of this peak steeply rises from zero at T = T%, when cooled
from the isotropic phase (see Fig. 7a), analogous to the
increase of the optical birefringence (see Fig. 4c). Moreover,
the (001) Bragg reflection is sharply peaked at @ = 0° and thus
indicates an arrangement of the layering direction parallel to
the long axes of the nanopores (see sketch of the scattering
geometry in Fig. 8).

The temperature-dependent normalised rotatory power is
shown in Fig. 4d. It is the optical rotation normalised to the
thickness and additionally to the porosity of the sample,
accounting for the reduced amount of optical active material
in the light path compared to the bulk sample (see Fig. 4b). At
high temperature it is barely beyond our experimental sensi-
tivity, upon layering formation at 7 = Ty, it has a finite value
and it is left-handed, i.e. it is opposite in sign to that observed
in the bulk SmA* phase. The rotation power increases continu-
ously with a kink at T{, ~ 320 K upon cooling and reaches
large values indicating the presence of SmC* structures with
helical variation of the molecular tilt orientation along the
long nanopore axes, see Fig. 1d. This is corroborated by the
temperature evolution of the layering distance as determined
from the position of the (001) Bragg peak. It decreases indicat-
ing an increasing molecular tilt within the smectic layers as
typical of the SmC* phase, see Fig. 7b.

The behaviour of the optical activity in the vicinity of the
transition from the SmC*-to-SmA* phase likewise in the entire
region of the confined SmA* phase requires further discus-
sion. Whereas in the tilted SmC* phase the optical activity is
described by the de-Vries equation,””'*® which gives a large
value caused by the helix structure, in the bulk SmA* phase
the optical activity is small. It originates solely from the chiral-
ity of the single molecules, not from a supermolecular helical
structure. In the case of the intrinsic optical activity its value is
proportional to the molecular density of chiral molecules.
Thus in the composites it is expected to be proportional to the
porosity of the nanoporous membranes. In Fig. 5 we compare
the rotatory power normalised to porosity (NRP) measured for
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(green) and R = 10.0 nm (red), respectively.

the three membrane types studied with the one of the homeo-
tropically aligned bulk phase. In the bulk (dashed line) and in
confinement (solid lines) they differ in sign as well as in their
absolute value. Remarkably, in the confined state the normal-
ised optical activity is by more than one order of magnitude
larger than in the bulk state for the SmA* phase and at lower
temperature still by up to a factor of six enhanced compared to
the bulk SmC* phase (for the 21 nm channels) and it increases
significantly with R at lower temperatures.

What are the reasons for such differences between the bulk
and the confined state? Whereas the sign change in the
optical rotation is understandable by a change in the pitch
length upon confinement compared to the wavelength of our
laser light,”"'%® a large optical activity in the confined SmA*
phase indicates a pretransitional supermolecular chiral struc-
ture. Presumably smectic layers with tilted molecules, exist in
the nanopores. Either they are located in the interfacial layers
(close to the pore walls) and result from the bonding of mole-
cules to the polymer interface layer under a certain angle
(a pretilt angle) which depends on the specifics of the host/
guest interaction and can be a few degrees."®” Or the classic
confined SmA* phase is suppressed even in the pore center in
favour of a parasmectic C* phase, with already slightly tilted
molecules due to the interactions with the interfacial layers,
which themselves are often rather in a non-layered, parane-
matic state due to geometrical and chemical wall heterogene-
ities and the channel wall anchoring field,>**** see Fig. 1d
and e.

The existence of this pretransitional effects would explain
the continuous evolution of the optical activity and birefrin-
gence at the SmC* = SmA* transition. It is also compatible
with the thermal evolution of the smectic layer thickness dj
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inferred from the neutron scattering experiments, see Fig. 7b.
More importantly, the increase in the normalised rotatory
power with increasing channel diameter in the SmC* phase,
see Fig. 5 corroborates the assumption that the enhanced
optical activity originates in the core volumes rather than in
interfacial layers. This volume increases with the square of the
channel radius R, whereas the contribution of the interfacial
layers decreases with 1/R*. However, a full quantitative analysis
of this effect in the SmC* phase is difficult, since a change in
the pitch length may also contribute to the variation in the
NRP as a function of R. Thus, a full understanding of the
behaviour necessitates studies of radial structural gradients,
for example by filling-fraction-dependent experiments,” as
well as an exploration of the pitch length in the confined state.

Note that the optical activity in the 10 nm pores is the smal-
lest in the entire temperature regime studied. Also the optical
birefringence and thus the orientational order evolves for this
smallest pore diameter much more gradual as a function of
temperature, see Fig. 3 in the supplement, indicating that the
entire liquid-crystalline order is more significantly disturbed
than in the larger pores. Presumably, this results from the sig-
nificantly stronger geometrical constraints. However, also the
contribution of disordered mesogens in direct wall proximity,
which results from chemical heterogeneities and wall rough-
ness in nanoporous media'?° is the largest for this pore dia-
meter, see Fig. 1.

The temperature-dependent neutron scattering experiments
reveal another peculiarity of the molecular arrangement in the
pores. After a sharp increase in the smectic layering peak
intensity (integrated over 20 and w) at T = T5,, the intensity
slowly increases upon cooling until approx. 309.5 K, where a
downward kink in the intensity curve occurs (see Fig. 7a).
More interestingly the width of rocking scans, i.e. the width of
the smectic layering peak with respect to w variations, dramati-
cally increases (see Fig. 7d) at this temperature, compare also
the intensity maps of Fig. 6b and c, as well as the video in the
ESI{ This suggests the formation of layers tilted with respect
to the long pore axis direction (w = 0°). An analysis of the
rocking peak shape reveals that the high temperature phase
can be well described with one Pseudo-Voigt peak, whereas at
least two peaks are necessary for a description of the rocking
scans at lower temperatures (see Fig. 8). The temperature evol-
ution of the tilt angle obtained from the position of each peak
with respect to @ = 0° is shown in Fig. 7c. Both the tilt angle
and the total peak width (Fig. 7d) increase in the same
manner and the rocking peak splits symmetrically in two sub-
peaks. At around T = 291 K the layering tilt angle saturates at
approx. 6° and stays constant upon further cooling. Upon
heating this behaviour is completely reversible. The single
peak, centered at @ = 0°, corresponds to smectic layers perpen-
dicular to the pore axis. However, a symmetric splitting into
two peaks around @ = 0° indicates the formation of layers
equally tilted with respect to the pore long axes, as schemati-
cally shown in Fig. 9.

There are a number of possible orientational domain struc-
tures compatible with the splitting of the rocking scan peak,
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Fig. 6 (a) Scattering geometry of the neutron diffraction experiment

and intensity contour maps of the smectic diffraction peak as a function
of sample rotation @ = w + @ and scattering angle 20 at T = 279 K (b)
and T = 324 K (c), respectively.

the most prominent one is the chevron-like structure shown in
Fig. 9a. Chevron-formation was already reported for LCs con-
fined between glass plates, i.e. in a slab at least two orders of
magnitude larger than the pore diameter studied here.'*®"'*
Also for 2MBOCBC it has been already observed for such slab
geometries.”’ To maintain the increasing molecular tilt within
the SmC* layers and the planar anchoring at the walls the
smectic layers start to buckle.’®”®'° The molecules are trans-
lationally anchored along the confining pore walls, with the
period of the smectic A* layer spacing d,. At the transition to
the tilted SmC* phase the layers normally start to contract
while the molecules at the walls preserve their anchoring. The
only possibility compatible with both the wall anchoring with
period d, and the SmC* structure with period d¢ with d¢ < dy
is that the layers buckle into the chevron geometry.>® The peak
at low temperatures can be described by two symmetric peaks
with the same intensity. This indicates that the domain size of
the two distinct tilt directions averaged over the sample and
thus over all AAO pores are identical. However neither a
rotational symmetry about the central axis of each pore must
exist nor a homogeneous domain structure within each pore.
For example, a coexistence of different domain structures has
been reported for block copolymers confined in AAO mem-
branes."">'" Orientational domains with only one tilt direc-
tion are also imaginable, see Fig. 9c. Since the tilt direction of
the layers changes randomly from pore to pore or even from
orientational domain to orientational domain within one
single pore, the resulting averaged diffraction signal would
agree with the one typical of the symmetric chevron structure.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Neutron diffraction and electro-optical experiments on the FLC
confined in 21 nm nanopores: (a) integrated neutron scattering intensity
of the (001) smectic layering peak, (b) thickness of the smectic layers, (c)
tilt angle of the smectic layer planes, (d) peak width with respect to
rocking scans, (e) real part of the normalized linear electro-optical
response, measured at a constant frequency of 124 Hz corresponding to
the quasi-static regime. The inset illustrates the orientation of the direc-
tor within each smectic layer as parametrized by the phase angle ¢ and
tilt angle 9 as well as the polarization vector Bofa single smectic C*
layer (red arrow). Blue squares correspond to the cooling and red circles
to the heating cycle, respectively.

However, a collective tilt of smectic layers in one direction over
the whole pore diameter would require a coherent shift of the
molecules in axial direction, in particular at the pore walls.
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Fig. 8 Geometry of the neutron scattering experiment and integrated
intensity of the w-rocking scans, as depicted in Fig. 6, for (a) T = 279 K
and (b) T = 324 K. Red lines are the total fit functions, blue and green
lines are the single peaks (composing to the total fit function), already
containing the fixed background, plotted as dotted curve.

(b)

Fig. 9 Idealised side-view of (a) chevron-like FLC smectic C* structure,
(b) combination of “normal” smectic C* and chevron-like FLC structure
and (c) smectic layer planes tilted in only one direction inside the nano-
pores, disregarding the helix structure along the pore axis for visual
clarity. It should be kept in mind that in reality the geometry in (a) and
(b) exhibits a three-dimensional structure with a rotational symmetry
around the long pore axis. The smectic layer planes are indicated by red
lines.
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The translational rearrangements necessary for the formation
of the chevron-like structures with revolutionary symmetry
around the long pore axis from the bookshelf arrangements
are thus much more likely. In fact, this kind of smectic layer
buckling was recently also reported for an achiral SmC phase
confined in AAO nanopores.'”

Note also that the chevron-formation exhibits a well
defined temperature onset as well as a remarkable thermal
cycling robustness, as can be inferred from the complete rever-
sibility between cooling and heating scans in all diffraction
parameters in Fig. 7. In the following, we will see that this
structural rearrangement affects also the collective molecular
dynamics and thus the electro-optical properties of the nano-
confined FLC.

3.2 Smectic C* helix dynamics: electro-optical experiments

In the SmA* phase the molecules are rotating freely around
their long axes, so that the molecular director is 72 = (0,0,7,),
where z is the layering direction. Below T¢ in the SmC* phase
the molecular director tilts away from the normal to the
smectic layers. The order parameter of the transition is a two-
component tilt vector, & = (£1,6,) = (n.1,,1y1;). The direction of
the tilt precesses on the surface of a cone as one goes from
one smectic layer to another, thus forming a helicoidal modu-
lation wave:

&1 ~ 9 cos(qoz + @) (3)

& ~ 9 sin(qoz + ¢). (4)

Here the tilt angle 9 describes the amplitude, ¢ the phase
of the modulation wave and g, = 2xn/p quantifies the pitch of
the helix, see inset in Fig. 7e. There are two characteristic
order-parameter excitations.>”''* The amplitudon corresponds
to a fluctuation in the magnitude of the tilt angle AJ(¢) =
9 — 9y, whereas the phason represents a fluctuation in the
direction of the tilt vector, i.e., a fluctuation in the phase ¢ =
¢(t) of the modulation wave. The SmA*-SmC* transition
results from a soft-mode behaviour of the amplitudon. The
phason corresponds to the Goldstone mode. It recovers the
full rotational symmetry around the helical axes, which is
broken at the para-to-ferroelectric phase transition due to col-
lective tilts of the chiral mesogens.®’

As discussed in the introduction the application of a large
static electric field E, in-plane of the smectic layer, forces an
alignment of each layer’s polarization vector P parallel to E.*’
Consequently the molecular director of each individual
smectic layer becomes perpendicular to the direction of the
electric field E and the helical structure no longer exists.”’
Small static electric fields only slightly deform the helix struc-
ture, whereas alternating transverse fields excite eigenmodes
of the helices, among which the phason mode are in the focus
of electro-optical experiments.

In Fig. 10a and b we show the frequency dependence of the
real and imaginary parts of the electro-optical response, ' and
x", measured in the bulk sample. The relaxation mode
observed in the SmA* phase, i.e. at T > T3 represents the soft
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Fig. 10 Real ¥ (a) and imaginary 4" (b) parts of the normalised linear
electro-optical response versus frequency, v, for the bulk FLC measured
at several temperatures in the SmA* and SmC* phases. (c) Quasi-static
linear electro-optical response 4’ (v = 2.5 Hz < v,) vs. T, being normalised
to its maximum value. (d) Soft (T > T3.) and phason (T < T;.) modes
relaxation frequencies vs. 1.

mode, whereas well below this temperature the dielectric
spectra is represented by the low frequency Goldstone phase
(phason) mode,""” as reported in a number of experiments,
see e.g. ref. 61, 80 and 81. In the close vicinity of T3 the split-
ting of the soft mode in the amplitudon and phason modes is
expected, but an experimental observation of this splitting
likewise of the amplitudon is challenging both in dielectric
spectroscopy and electro-optical response experiments."'® The
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relaxation frequency, v,, of the observed modes, determined as
the frequency position of the maximum in the y”(v)-dependen-
cies exhibits characteristic temperature variations, see
Fig. 10d. Particularly, a strong temperature-dependence of the
soft mode above T§. contrasts with the rather weak changes of
the low frequency Goldstone mode observed below T§.
The real part of the normalised electro-optical response, y/,
measured in the Hz-region (v = 2.5 Hz) corresponds to the
quasi-static regime. Its temperature-dependence (see Fig. 10c)
is characterised by a sudden increase of ¥’ at Ty upon cooling.
The bulk electro-optical response in the entire range of the
SmA* phase, except in close vicinity of T§, is weak. Compared
to the SmC* phase it is two orders of magnitudes smaller.

By contrast, the confined FLC shows an electro-optical
effect also in the temperature range of the bulk SmA* phase,
see Fig. 7d and 11, but at low frequencies (in the quasi-static
regime) it is several times smaller than the maximum value in
the confined SmC* phase. In the confined SmA* phase the
characteristic relaxation frequencies, which would correspond
to the soft relaxation mode, appear above our upper detection
frequency. Depending on the pore diameter, the relaxation
maxima in the y"(v)-dependence (see Fig. 11 for R = 21.0 nm
and ESIf for other pore diameters) became observable below
308 to 314 K, ie. already well below the SmA*-to-SmC* tran-
sition, only. Apparently it corresponds to the phason relaxation
mode of the confined SmC* state.

o 319K 4
o 312K = 307K~

L ALY
F o 326 K
1.2

10*

10°
v [HZ]
Fig. 11 Real and imaginary parts of the linear electro-optical response,

¥ and x" vs. frequency v of the confined SmA* and SmC* phases for
selected temperatures, confined in the R = 21 nm membranes.

10°
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The relaxation frequencies, v, vs. T~', determined as posi-
tion of the maxima in y"(v)-dependences are shown in com-
parison in Fig. 12. Except for small deviations at higher temp-
eratures they exhibit an Arrhenius-type behaviour v, = 1? exp
(=Ea/(RgasT)) typical of a thermally activated process with acti-
vation energy E,. The activation energies of the confined
system, E, = 114 = 4 k] mol™", 107 + 3 k] mol™" and 114 =+ 3
kJ mol™" for the 10.0, 15.5 and 21.0 nm pores, respectively, are
approximately twice the bulk value (63.0 + 0.8 k] mol ™), pre-
sumably because of the increased geometric and elastic con-
straints and thus higher energetic barriers for molecular
rotations. In general, the temperature-dependence of the relax-
ation frequencies in the bulk and in the confined state can be
traced to the temperature-dependence of the rotational vis-
cosity originating from its thermally activated character.

An important conclusion about the character of the helical
modulation in the confined SmC* phase can be achieved by
analysing the relaxation frequency of the phason mode as a
function of pore diameter. According to a Landau model ana-
lysis, the phason is a quasi-acoustic excitation with a reso-
nance frequency f ~ K3Qg, where Qg is the modulus of the
excitation wave vector and K; the Frank bend elastic con-
stant.>”''® The corresponding relaxation time is 1/z, ~ fg2, so
that the relaxation frequency should scale with v, ~ K5*Qg>. In
dielectric or electro-optic measurements, as performed here,
an electric field E is applied which excites a phason with a
spatial characteristics determined by E. In a bulk system E is
homogeneous and the spatial period is given by the macro-
scopic extension L (L — o) of the sample. Thus, Qg ~ L™ and
the dielectric response corresponds to Qg = 0. In the thin-film-
or pore confined state a non-homogeneous E field with a
periodicity set by the wall distance & or by the pore radius R is
applied, respectively, i.e. Qg ~ R. Hence, 7, should scale inver-
sely proportional to the square of the length characterizing the
spatial confinement.
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Fig. 12 Temperature-dependence of the phason relaxation frequency,
v, as Arrhenius plot for the bulk and the confined states as indicated in
the figure.
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In fact, previous theoretical and experimental studies,®"®
performed with a wedge-type submicron cell (2D planar con-
finement), indicated the existence of two different regimes of
structural modulation. Both a plane-wave and a soliton-like
modulation can exist. In the two cases the phason relaxation
frequency, v, is characterised by a parabolic dispersion, as
motivated above. However, the plane-wave dynamics in the
limit of the inverse film height 2™ — 0 is represented by a
gapless excitation (v, « k%), whereas the soliton-like modu-
lation exhibits a finite gap, g,, i.e. corresponding to a dis-
persion relation v, o g, + 2.

In Fig. 13 we plot the phase relaxation frequency v, versus
the inverse pore radius squared, R™2, at T = 301 K. Within the
error margins it is well fitted by a gapless v,(R™)-dispersion
indicating that the nanoconfined helical structure in the SmC*
phase exhibits a quasi-acoustic, plane-wave excitation charac-
teristics. This finding is not too surprising, since the cylindri-
cal geometry (2D-confinement) evidently suppresses the devel-
opment of soliton-like distortions in any radial direction, i.e.
in any direction being perpendicular to the long pore axis.

Note that an observation of a linear electro-optical response
in the confined SmC* phase corroborates the existence of the
helical structure inferred above from the optical activity
measurements. Moreover, nanoconfinement enhances the
linear electro-optical response in the entire range of the con-
fined SmA* phase, as can be seen in temperature-dependences
of the quasi-static response, y'(v, = 124 Hz) depicted in Fig. 7e
for the confined FLCs. This observation corroborates our find-
ings regarding the enhanced optical activity and the interpret-
ation of the neutron diffraction experiments. Confinement
induces a pretransitional, para-smectic state, which results in
an enhanced linear electro-optical response both in the region
of the SmC* = SmA* transition and, more importantly, in the
entire temperature range of the bulk SmA* phase.

bulk nanoconfined

N T

25

r

T=301 K
20

15

10

phason relaxation frequency v [kHz]

0.008 0.012

R? [nm?]

0.000 0.004

Fig. 13 Phason relaxation frequency, v, vs. inverse nanopore radius
squared for the confined FLC. Symbols are the experimental data points.
The solid line is a linear fit.

19096 | Nanoscale, 2017, 9, 19086-19099

View Article Online

Nanoscale

¥(Tv,) (see Fig. 7e) exhibits another remarkable peculiarity.
It shows a broad maximum in the confined SmC* phase, which
shifts somewhat to lower temperatures with decreasing pore
diameter. Hence, the behaviour of the normalised quasistatic
electro-optical response in the nanoconfined geometry evidently
differs from the one observed in the bulk. Two competing pro-
cesses could explain such an electro-optical behaviour upon
confinement. A considerable rise of the electro-optical response
during cooling in the region of SmA*-to-SmC* is related to a for-
mation of the helical structure due to the tilting of the mole-
cules in smectic layers. In first approximation this effect is pro-
portional to the spontaneous polarization accompanying the
helix structure which in the region of this transition rises pro-
portionally to the tilt angle and thus with decreasing tempera-
ture. By contrast, the orientational polarizability of the guest
FLC molecules in an applied external electric field is hindered
by interfacial interactions and by the rotational viscosity, which
both increase with decreasing temperature. However, this effect
is not strong enough to explain the steep decrease of the linear
electro-optical response when cooling the confined FLC below
approx. T = 309.5 K (see Fig. 7e).

In fact, this temperature agrees with the temperature where
the neutron diffraction experiments indicate the gradual for-
mation of chevron-like structures, see Fig. 7e. In contrast to
the bookshelf structure, with a final electrical polarization per-
pendicular to the long pore axis within each layer, the
rotational symmetry in the chevron-structures around the
nanopore axis results in a significantly reduced or vanishing
transverse electrical polarization. Thus the transverse external
ac field E cannot excite any eigenmode of the helical structures
and the electro-optical response should vanish in the extreme
case of a full transformation towards chevrons. The reduced,
but final electro-optical response at low temperature hints
towards an incomplete transformation. Presumably there is a
sizeable fraction of untitled layers in the pore center which is
responsible for the final electro-optical response. This is also
compatible with our neutron scattering experiments: likely the
two peaks in Fig. 8a are accompanied by a third one at w = 0°.
This would indicate untitled SmC* layers in the middle of the
nanopores in coexistence with tilted layers at the pore circum-
ference, see an idealised sketch in Fig. 9b and explain the non-
vanishing phason excitation at low temperature.

4 Conclusions

We have presented temperature-dependent high-resolution
optical birefringence, neutron diffraction and electro-optical
experiments on soft-hard hybrid materials composed of meso-
porous anodic aluminium oxide membranes with distinct pore
radii and the ferroelectric liquid crystal 2MBOCBC. The AAO
membranes with native pore wall surfaces do not provide a
stable molecular configuration for the confined guest mole-
cules. By contrast, a thermal-history independent phase behav-
iour can be achieved by using polymer coatings, enhancing
tangential molecular wall anchoring. It results in a formation
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of a smectic C* phase with high optical activity indicating the
alignment of helical superstructures parallel to the long nano-
pore axes.

The confined FLC exhibits a strongly increased light rota-
tory power compared to the bulk system. This enhancement
can be traced to pretransitional effects at the smectic-A*-to-
smectic-C* transformation, in particular the confinement-
induced formation of supermolecular optically active states.
The observation of a linear electro-optical effect allows us to
study fluctuations in the molecular tilt vector direction along
the helical superstructures, and thus phase fluctuations of the
corresponding helicoidal modulation wave, ie. the so-called
phason excitation. Its relaxation frequency increases with the
squared inverse pore radii, is in the kHz regime and thus two
orders of magnitude larger than in the bulk, evidencing a fast
electro-optical response of the soft/hard nanocomposite.

A sudden decay in this electro-optical response upon
cooling below 310 K is traced to a partial transformation of
smectic-C*-bookshelf to chevron-like structures, in excellent
agreement with the neutron scattering experiment. This
smectic layer buckling is attributed to the change in the layer-
ing distance at the SmC*-SmA* phase transition. Therefore,
we envision studies of so-called “de-Vries” FLCs. They exhibit
no or a negligible layering-distance change upon entering into
the SmC* phase.”® Thus, for these systems the chevron-for-
mation upon confinement should be suppressed.

We hope that our study will also stimulate theoretical
studies. In particular simulations regarding the influences of
restricted geometries on the supermolecular SmC* helices
could result in a deeper understanding of the remarkable
structural, dynamical and electro-optical properties found
here, similarly as this has been achieved in the past for achiral
and cholesteric LCs in nanoscale confinement,?>3%41743,117,118

Finally, we believe that the robustness of the liquid-crystalline
state in the nanoporous membranes and the evidences of excep-
tionally fast and strong, temperature-tunable electro-optic func-
tionality are not only of fundamental importance for the under-
standing of the phase behaviour of chiral liquid-crystalline matter.
Given the versatile tailorability of anodic aluminium oxide™ and
other self-assembled, optically transparent mesoporous
media'®*"*? it may also have technological benefits. For example,
these soft-hard nanocomposites could be used as metamaterials,
where the wavefront of light is controlled with subwavelength-
spaced structures, opening up new opportunities to replace bulk
optical devices, with thin, lightweight nanohybrids."*
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