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1. Introduction
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In the field of chiral smectic liquid crystals, orthoconic antiferroelectric liquid crystals (OAFLCs) have
attracted the interest of the scientific community due to the very high tilt angle, close to 45°, and the
consequent optical properties. In the present study, the first 2H NMR investigation is reported on two
samples, namely 3F5HPhF9 and 3F7HPhF8, showing the phase sequence isotropic—-SmC*-SmCux* and
the phase sequence isotropic—SmA-SMC*-SmC,*, respectively, when cooling from the isotropic to the
crystalline phases. To this aim, the liquid crystals were doped with a small amount of deuterated probe
biphenyl-4,4’-diol-d,4. The trend of 2H NMR spectra versus temperature indicates the presence of very
high values of the tilt of the deuterated probe in the antiferroelectric phase for both samples. The trend
of the local order parameters and that of the tilt angle were compared with the results obtained for the
same samples by means of different experimental techniques, namely X-ray diffraction and electroopti-
cal measurements. Moreover, a computational study was performed on the sample labelled 3F5HPhF9
using fully atomistic classical molecular dynamics simulation of the orthoconic phase. The results
obtained from the MD simulations show a very large molecular tilt of the molecules (about 42°) when
packed in layers and this value is in very good agreement with experimental results. The present
research aims to give additional clues about the molecular origin of the very peculiar high tilt angle of
orthoconic liquid crystals in the antiferroelectric phase.

case of smectic phases, chirality introduces many possible struc-
tures almost always associated with the presence of helical dis-

The liquid crystal (LC) chiral phases are a subject of great
technological interest because of their chirality, which imparts
particular physical properties to these mesophases and thereby
undoubtedly impacts their technological applications.'”
The chirality of LC molecules leads to significant changes at
the supramolecular organization level. For example, the chiral
nematic phase exhibits a distinct structure compared to the
nematic phase, featuring a helical arrangement of microdomains
with homogeneous orientation within each microdomain."* In the
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tributions giving rise to additional new physical properties.® The
most important chiral smectic mesophase is undoubtedly the
SmC* phase having ferroelectric properties,”>® where LC mole-
cules in each smectic layer are inclined at a tilt angle, 0, with
respect to the normal to the smectic planes (see the representation
in Fig. 1a). Moreover, the molecular chirality determines the
reduction in the symmetry of this smectic phase (from C,y, for
achiral SmC to C, for chiral SmC) and the formation of helical
arrangements:® although the tilt angle remains constant, as mole-
cules pass from one plane to another, they change the azimuthal
angle, ¢, thus describing a helical pattern, where the axis of the
helix is perpendicular to the planes themselves. The chirality of
SmC* affects the macroscopic properties of this phase.”>*® For
instance, each SmC* layer possesses a non-zero spontaneous
polarization, Ps. Moving from one plane to another, the director,
n, and the polarization, Pg, rotate describing a helical pattern
(as sketched in Fig. 1a). This characteristic determines the property
of ferroelectricity typical of SmC* phases.'”® In addition to the
ferroelectric phase SmC* there are also numerous variants,
such as the so-called antiferroelectric smectic phase, namely

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Representation of the ferroelectric SmC* phase. On the left, the
orientation of the phase director, n, and the spontaneous polarization, Ps,
within a smectic layer, and the tilt angle, 6, and the azimuthal angle, ¢, are
shown. In the center, a representation of three consecutive smectic layers
is reported where the chiral LC molecules are arranged to better visualize
the symmetry properties of the phase (the orange arrow in the center
indicates the C, axis of symmetry). On the right, the helical distribution of
the phase director (black arrows) and spontaneous polarization (blue
arrows) within a helical pitch of the SmC* phase is drawn. (b) On the left,
a representation of four consecutive smectic layers of the antiferroelectric
SmCa* phase is reported. The alternate distribution of directors, with the
azimuthal angle rotated by 180° passing from one layer to another, is put in
evidence by the use of orange and blue arrows. On the right, a portion of
the helical distribution of directors in the SmMCa* phase is represented. The
two helices with a 180° shift of the director vectors through the helical axis
are drawn in orange and blue colors. (c) Representation of six consecutive
layers of the SmC,* phase formed by orthoconic liquid crystals when an
electric field, E, is applied (blue arrow). The orientation of the phase
director (black arrow) for each layer and the tilt angle of 45° are shown.

SmC,*, discovered in 1989 by Chandani et al.® SmC,* is a chiral
smectic phase with antiferroelectric properties originating from
the antiparallel orientation of molecular dipole moments
and thus of the net spontaneous polarization cancelled in
consecutive layers. This structure is called ‘anticlinic’ since
the molecules are inclined at the same tilt angle, but alternately
(+0 and —0) in consecutive layers, so that the supramolecular
structure of this mesophase results from the superposition of
two helices with a 180° shift of the directors (see the represen-
tation in Fig. 1b).>° The interest in the SmC* and SmC,*
mesophases is related to technological applications such as
the liquid crystal displays."”*"® The application of an external
electric field determines the orientation of molecules of the
smectic layers all in the same direction of the electric field; in
fact, the application of electric fields perpendicular to the axis
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of the helix of the phase allows the “unwinding” of the helical
structure'® giving rise to a net macroscopic polarization,
P, parallel to the applied electric field, E. Moreover, by reversing
the polarity of the electric field, the direction in which the helix
is unwound changes, so the P vector will consequently change
its direction by 180°. The speed at which it is possible to change
from one configuration to another and consequently the
switching time, 7, is a typical feature of the liquid crystalline
chiral mesogen and it is related to the molecular structure and
to the supramolecular arrangement of the specific LC mole-
cules within these mesophases.

A particular case of chiral smectic liquid crystals, both of
ferroelectric and antiferroelectric properties, is represented by
the so called orthoconic liquid crystals.>"! They exhibit peculiar
structural characteristics and consequently peculiar optical and
electro-optical properties.”> As shown in Fig. 1c, the orthoconic
antiferroelectric liquid crystals possess a tilt angle of ~45° with
respect to the normal to the smectic layers. This property
results in a variation of the molecular tilt from one plane to
another of about 90°. As a consequence, the orientation of the
optical axis of the antiferroelectric phase is perpendicular to
the plane of molecular tilt.>'*> Moreover, since the inclinations
of the director in adjacent layers of the SmC,* phase are
directed oppositely, their net polarization becomes close to
zero, which could be useful for resolving some limitations of the
SmC* and SmCA* phases used in liquid crystal displays.'""?
In fact, from the discovery of ferroelectric liquid crystals in 1975
and of antiferroelectric liquid crystals in 1989, these systems were
indicated as potential candidates to replace the twisted nematic
display. First surface-stabilized ferroelectric liquid crystal displays
based on ferroelectrics (SSFLCDs) were realized already in 1995,
based on the discovery of the SSFLC effect,'® which brought to an
improvement of 2-3 orders of magnitude in the characteristic
switching time, 7, with values of 10-100 ps."*>” However,
SSFLCDs exhibit several defects due to the helicoidal arrange-
ment of molecules and the packing of smectic layers close to
the surface. Among the most studied defects, the zigzag chev-
ron defects on the display surface compromise the optical
properties and efficiency of SSFLCDs. The discovery of
antiferroelectric liquid crystals, with their typical anticlinic
structure, was very promising. However, antiferroelectric liquid
crystal displays present several problems related to the repro-
ducibility, as there are no studies demonstrating the stability of
these phases after many cycles. Additionally, as with SSFLCDs,
the contrast between the ‘on’ and ‘off’ states remains not
optimal.®> All these aspects brought to the search for liquid
crystals with an optical axis forming 90° moving from one layer
to another, in order to solve the contrast problem. The first
orthoconic liquid crystal was produced by the group led by
R. Dabrowski more than twenty years ago:'* it was actually not a
pure compound, but a mixture of LC compounds and the
achieved tilt angle was close to 45°. Several series of pure LC
compounds showing an orthoconic antiferroelectric smectic
phase have been synthesized later on"° and few chemical-
physical investigations have been published*'>* to correlate
the molecular properties to the macroscopic physical properties
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of these phases. These research works are mainly based
on experimental methods aimed to determine chemical and
physical properties, such as the temperature dependence of the
helical pitch, helix inversion, spontaneous polarization and
optical tilt.>>">° However, several basic questions are still open.
For instance, the molecular and structural reasons for the
formation of highly tilted phases need more investigations,
either experimental or computational ones, and justify the
interest in the ferroelectric and antiferroelectric smectic phases
formed by orthoconic LCs.

One of the most important features of ferroelectric and
antiferroelectric smectic phases is related to the molecular tilt
angle: in common calamitic ferroelectrics, the maximum tilt
angle is around 22-23°, while in antiferroelectrics, it reaches a
maximum value of 25-30°.* Several techniques can be used to
determine the tilt angle, each of them focusing on a particular
molecular property: for example, the optical method, which is
mostly related to detection of electron density, gives the infor-
mation from rigid cores; X-ray method, which is mostly related
to atomic density, gives the information from whole molecules;
and nuclear magnetic resonance (NMR) techniques, whose
specificity depends on the observed magnetic nuclei, such as
’H or *C. NMR spectroscopy is a powerful technique to study
liquid crystals®*® and it was widely applied to the study of
ferroelectric liquid crystals.**™*® In particular, the presence of
deuterons on specific molecular sites (i.e. on the aromatic rings
of the rigid core or on the lateral chains) enables one to get
information on different parts of the molecules, such as the
local orientational order and the average tilt of different
molecular fragments,303%36:38:39,43

’H NMR spectroscopy was of help in understanding the
ordering properties and the temperature dependence of the tilt
angle in ferroelectric liquid crystals®®*** and in understanding
the supramolecular properties and the peculiar effect of the
external magnetic field in unwinding the helical structure of
the SmC* phase.’”*>*%*> In combination with other NMR
techniques, such as 'H NMR diffusometry and *C NMR
spectroscopy, “H NMR spectroscopy gave important contributions
to the understanding of the dynamic behaviour at the ferroelec-
tric-antiferroelectric phase transition and of the conformational
properties at the SmA-SmC* phase transition.*”*%*° To our
knowledge, no ’H NMR studies have been performed on ortho-
conic liquid crystals.

Other than experimental techniques, a few computational
studies have been used to investigate the structural and
dynamic properties of ferroelectric and antiferroelectric LCs,
though the long-range orientational and positional order, and
slow dynamics, rendered their simulations not a trivial
task.’*™? Early semiempirical quanto-mechanic (QM) calcula-
tions and molecular dynamics (MD) simulations of a small box
of 4 x 4 x 4 molecules of MHPOBC ((S)-4-[(1-methylheptyloxy)-
carbonyl]phenyl 4’-octyloxybiphenyl-4’-carboxylate), a topologi-
cally similar compound to the ones investigated in this work,
except for the presence of fluorine atoms, were reported in 1996
by Toriumi et al.>* focusing on the conformation of the chiral
chain with respect to the rigid core. However, to the best of our
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knowledge, no molecular simulations of the orthoconic liquid
crystalline phase have been reported in the literature.

In the present research paper, we are reporting the first
*H NMR investigation of two orthoconic liquid crystals, namely
two compounds of the 3FmHPhFr series, in their mesophases
by using a small deuterated probe diluted in them. This
approach allowed us to obtain the temperature trend of the
orientational order parameter S,, of the molecular probe,
namely the biphenyl-4,4’-diol-d4, which is likely to follow the
trend of the orientational order of the orthoconic molecular
aromatic core. For one orthoconic system we could obtain the
temperature behaviour of the tilt angle of the molecular probe
from *H NMR experiments. Electrooptic, X-ray and transmis-
sion measurements of the two pure compounds were also
reported and the electrooptic tilt angle, the layer spacing and
the pitch behaviour in the ferroelectric and antiferroelectric
phases of these two orthoconic LCs are reported and discussed
in view of the literature about orthoconic systems. Moreover, a
detailed computational study was performed on one of the two
orthoconic LCs by running a series of fully atomistic classical
molecular dynamics simulations of the orthoconic phase. The
results obtained from the MD simulations show a very large
molecular tilt of the molecules (about 42°) when packed in
layers and this value is in very good agreement with the
experimental results. In this paper, all the obtained results,
experimental and computational ones, are discussed giving rise
to a more complete picture of conformational, structural and
orientational properties of orthoconic liquid crystals.

2. Experimental part
2.1. Materials

The samples analysed in this work are two fluorinated ortho-
conic liquid crystals of the 3FmHPhFr series (where m and r
indicate the number of carbon atoms in the lateral chains),
which are a series of fluorinated orthoconic compounds synthe-
sized in 2015 by Milewska et al.'®*® The structure of the two
compounds is shown in Fig. 2.

Both samples present a fluorine atom substituted in the
benzene ring close to the lateral achiral fluorinated chain. The
chiral chain linked to the biphenyl fragment is an ester
derivative. The difference between the two compounds is
related to the length of both the achiral and chiral chain, as
clearly indicated in their labels: 3F7HPhF8 and 3F5HPhF9. The
interest in these compounds specifically concerns the occur-
rence of the SmC* and SmCA* phases and the temperature
dependence of the tilt angle.">** Moreover, some compounds

CH,

Fig. 2 Molecular structure of the compounds investigated in this work,
namely 3FmHPhFr.

This journal is © The Royal Society of Chemistry 2025
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of the same series exhibit a reversal of the helical pitch at
certain temperatures, typically in the SmC,* phase, making
them interesting from an application point of view.>> Among
the various fluorinated compounds synthesized by Milewska
et al."®*° we chose these two specific compounds due to their
relatively low clearing point (7. < 100 °C) which is better for
NMR instrument requirements.

The characterization of the mesophases of these two pure
samples is reported in ref. 19, 20 and 23. In this work, to
perform *H NMR spectroscopy, a deuterated probe, namely
biphenyl-4,4’-diol-d,, was added in a small percentage to the LC
compounds. The samples were prepared by mixing approxi-
mately 100 mg of each liquid crystal with about 1.5 mg of
deuterated biphenyl-4,4’-diol-d, to have a detectable amount of
deuterium nuclei and, at the same time, not altering the sequence
of liquid crystalline phases of the starting LC samples.

In order to check the effect of the deuterated probe on the
mesomorphic properties of the orthoconic LCs, the prepared
mixtures were investigated by means of differential scanning
calorimetry (DSC) and polarized optical microscopy (POM).

2.2. Experimental methods

2.2.1. Differential scanning calorimetry (DSC). Differential
scanning calorimetry measurements of pure 3F5HPhF9 and
3F7HPhF8 compounds were carried out using a DSC 141
SETARAM calorimeter (Military University of Technology in
Warsaw, Poland). The indium and sapphire standards were
used for calibration. The samples were heated at a rate of
2 °C min . The calorimetric measurements of the two mixtures
were performed by using the Discovery DSC 250 calorimeter
equipped with the TA Instruments Refrigerated Cooling Systems
RCS90 (University of Pisa in Pisa, Italy). The calorimetric analysis
involves placing two aluminium pans, one containing the sample
and the other empty serving as a reference, in the two compart-
ments inside the furnace. Once the temperature program with all
parameters of the DSC is set, the furnace delivers heat to both the
sample and the reference, heating them equally, and a thermo-
couple system measures the temperature difference between the
sample and the reference to estimate the thermal flux within the
investigated material. For the calorimetric analysis of the mixture
of 3F5HPhF9 with the deuterated probe, 1.54 mg of sample was
weighed by using the Mettler Toledo AX105 DeltaRange precision
balance and placed inside the sealed aluminium Tzero pan using
the TA Instruments Tzero Press. The sample underwent two cycles
of heating and cooling in accordance with the following tempera-
ture program: equilibration at 20.00 °C, ramp of 10 °C min™" up to
110.00 °C, 1.0 minute of isotherm, ramp of —2.00 °C min~* down
to 20.00 °C; 1.0 minute of isotherm; ramp of 10.00 °C min~* up to
110.00 °C, 1.0 minute of isotherm; ramp of —2.00 °C min~" down
to 20 °C. For the calorimetric analysis of the mixture of 3F7HPhF8
with the deuterated probe, 1.67 mg of sample was weighed and the
same procedure as for 3F5HPhF9 was performed.

2.2.2. Polarizing optical microscopy (POM). Polarizing
optical microscopy textures under 20x magnification of pure
3F5HPhF9 and 3F7HPhF8 compounds were observed using an
OptaTech MPM-349 microscope with the crossed polarizers
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equipped with a Linkam THMSE 600-2 heating/cooling stage
and a Linkam T95-STD temperature controller. The samples
were placed on covered glass plates in the isotropic liquid
phase and were heated at the rate of 2 °C min~'. Observations
were performed in the Military University of Technology in
Warsaw, Poland. The observation of the liquid crystalline
phases of the mixtures of 3F5HPhF9 and 3F7HPhF8 with the
deuterated probe for their identification was carried out using
the Polyvar Reichert-Jung polarizing optical microscope with
Plan Achro 4x magnification. A small aliquot of each sample
was placed between two rectangular glass slides, which were
then positioned in the Mettler FP52 sample holder connected
to a Mettler FP5 temperature programmer with a stabilization
degree of +0.1 °C. Owing to gradual and controlled heating/
cooling, it was possible to study the mesomorphic behaviour of
the two samples mixed with the deuterated probe. These
observations were performed at the University of Pisa.

2.2.3. ?H NMR measurements. The JEOL ECZR 400 MHz
spectrometer was utilized with a broadband probe for measur-
ing ?H NMR spectra with a Larmor frequency for deuterium of
61.6 MHz (University of Pisa in Pisa, Italy). The samples
3F5HPhF9 and 3F7HPhF8, which also contained a quantity of
deuterated biphenyl-4,4’-diol as a dopant, were placed in two
5 mm NMR tubes, heated to reach the isotropic phase, and
compacted before inserting them into the magnet. Deuterium
NMR spectra were acquired decoupled from "H. The solid echo
sequence was used. The 90° pulse was of 11 us, and the echo
delay time, ., was of 350 ps. 2000 scans were performed with
an acquisition time of 10 ms and a relaxation time of 50 ms.
The temperature was controlled with a precision of £0.1 °C.

2.2.4. Tilt angle measurements. The tilt angle measure-
ments were performed with the use of a measuring cell with a
thickness of 1.654 pm with ITO electrodes and a layer of
polyimide (Nylon 6 HG). The measurement cell was filled with
the tested material in the isotropic phase, using the capillary
effect. Then it was placed on the Linkam THMS-600 heating
stage equipped with a Biolar-PZO polarizing optical microscope
and a Linkam T95-STD temperature controller (Military Uni-
versity of Technology in Warsaw, Poland). The planarly ordered
structure of the liquid crystal was obtained by slow cooling at a
rate of 0.01 °C min~'. The values of the tilt angle, 0, were
determined optically by observing the difference between
extinction positions at crossed polarizers under opposite d.c.
electric fields with an intensity of 12-24 V um, a frequency of
20 Hz and a rectangular signal shape.

2.2.5. X-ray diffraction measurements. The layer spacing,
d, of pure 3F5HPhF9 and 3F7HPhF8 compounds was measured
using an X-ray Bruker D8 Discover diffractometer equipped
with a Siemens KFL CU 2 K radiator and filtered radiation
of a copper anode (CuKa) (Military University of Technology in
Warsaw, Poland). The Bragg-Brentano diffraction geometry
was used. The samples were deposited on substrates spin-
coated with an RN1211 polyimide. The samples were slowly
cooled from the isotropic liquid phase and the temperature was
stabilized for a minimum of 2 min before the X-ray diffraction
scan. The obtained diffraction patterns (intensity of the X-ray
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beam as a function of the double scattering angle) allow for
determining the temperature characteristic of the smectic layer
spacing d(T) using Bragg’s law.

2.2.6. Helical pitch measurements. The measurements of
the light transmitted through the samples were made on a
SHIMADZU UV-Vis-NIR spectrophotometer in the range of 360-
3000 nm to obtain the helical pitch, p, in the SmC* and SmCA*
phases of pure 3F5HPhF9 and 3F7HPhF8 compounds. The
liquid crystals were placed on a glass plate with a CTAB
(cetyltrimethylammonium bromide) aligning layer without cov-
ering with another glass plate. The results were obtained only
for the cooling cycle. Due to the selective reflection of the light
on the periodic structure of LCs, a decrease of the light
intensity is observed for some wavelengths. To obtain the value
of the helical pitch the central wavelength of the selective
reflection band for the SmC,* phase was divided by the average
refractive index, n (for liquid crystals 7 is about 1.5),>* while for
the SmC* phase it was divided by the double 7. The helical twist
sense was determined by the polarimetry technique for chiral
phases. The samples in measuring cells placed between crossed
polarizers were observed with the use of a Biolar-PZO polarizing
optical microscope. According to the convention described
elsewhere,> a clockwise rotation of the analyser in order to
produce a darker state or minimum transmission, when the
observation is made from the side of the analyser, indicates a
positive optical rotatory power (ORP); anticlockwise rotation
indicates a negative ORP. These measurements were taken for
wavelengths below selective reflection (to ensure the same
branch of optical rotation); thus the helix is left-handed in
the former case and right-handed in the latter case. Measure-
ments were performed in the Military University of Technology
in Warsaw, Poland.

2.3. Computational methods

Molecular dynamics simulations were run with the software
package GROMACS.*® The force field (FF) and topology files
were generated through the web server LigParGen; thus the FF
is based on the OPLS-AA parameters (Optimized Potential for
Liquid Simulations-All Atom) developed by the Jorgensen
group.””° The starting box for the simulation was built as
follows: the elongated conformer shown in Fig. 3, with the
chains in all-trans conformation, was energy minimized at the
density functional theory (DFT) level with the popular B3LYP
functional (see for instance ref. 60-63) and the 6-31G(d) Gaus-
sian basis set. The molecule was then replicated, approximately
oriented with the molecular long axis along the z axis of the
box, 80 times with PACKMOL®* in a box of 100 x 100 x 40 A.

Half molecules were placed with the fluorinated chain up
(+2) and half with the fluorinated chain down (—z). This initial
box, having a very low density, was relaxed with the Berendsen
barostat®® and semi-isotropic pressure coupling (meaning that
the xy axes of the simulation box could fluctuate independently
with respect to the z axis) under periodic boundary conditions
(PBC) until the density was around 1.2 ¢ mL™"' (box size of
about 47.2 x 47.2 x 38.4 A). This small box was then doubled in
the xy direction and replicated 4 times in the z direction in
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Fig. 3 The all-trans conformer of 3F5HPhF9 used to build the starting
simulation box. Some representative atoms are labelled and referenced
later in the main text.

order to obtain a system of 1280 molecules (128 000 atoms) in a
SmA arrangement. Such initial configuration is shown in Fig. 4.

The box was then submitted to 150 ns of simulation in the NpT
ensemble, using semi-isotropic pressure coupling, PBC, leap-frog
integrator, 1 fs time step, X-H bonds constrained with the LINCS
algorithm,® at a temperature of 400 K and pressure 1 bar using the
velocity rescale thermostat and the Berendsen barostat.

We noted that, after 150 ns, each layer of the system
spontaneously tilted by a relatively large amount, as can be
seen in Fig. S1 (ESIT). The spontaneous tilt suggests that this
system can form a stable orthoconic phase; however the small
numbers of layers do not allow for a coherent arrangement of
the tilt of each layer with respect to the one immediately above
or below as in a true orthoconic phase (see Fig. 1c). Therefore,
we proceeded to build “by hand” an orthoconic structure by
replacing the two bottom layers with a replica of the two top

Fig. 4 Snapshot of the initial simulation box with molecules arranged in a
SmA phase, containing four layers. A few selected molecules are high-
lighted for clarity.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Snapshot of the box with molecules in the orthoconic phase used
for the NVT production run at T = 400 K. A few selected molecules are
highlighted for clarity.

layers of Fig. S1 (ESIt), having a chevron like arrangement. The
starting box so obtained was preliminarily relaxed by a short
MD run and then it was equilibrated at 400 K for 200 ns in the
NpT ensemble with fully anisotropic pressure coupling, that is,
each box size was allowed to change independently. The box
appeared stable, as can be judged by the time dependence of
the length of each axis, which fluctuates around an average
value without any apparent drift, as seen in Fig. S2 (ESIt). The
200 ns run with fully anisotropic pressure coupling allowed
evaluation of the average box size for the final production run
in the NVT ensemble, which is 104.6 x 103.1 x 132.5 A,
corresponding to a density of 1.15 ¢ mL™". In Fig. 5 we show
a snapshot of the box used for the NVT simulations exhibiting the
orthoconic phase. The box was equilibrated in the NVT ensemble
for 500 ns followed by a production run of 50 ns from which
configurations were saved every 10 ps for further analysis. The
temperature set for the simulations is relatively high since the
orthoconic phase is highly ordered; therefore using a simulation
temperature slightly higher than the experiments allows speeding
up the exploration of the configuration space qualitatively main-
taining the microscopic details of the structure.

3. Results and discussion
3.1. Mesophase characterization

The characterization of the mesophase behaviour of the two
fluorinated orthoconic LC samples containing a small quantity

This journal is © The Royal Society of Chemistry 2025
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of biphenyl-4,4’-diol-d, aims to understand how the addition of
a deuterated probe modifies the transition temperatures of the
two pure LC samples. The DSC curves of the two mixtures
containing the probe are reported in the ESIT (Fig. S3 and S4).
Transition temperatures and enthalpy values for the four
samples, obtained on cooling and on heating the samples,
are reported in Table 1. From these data, it is possible to
identify two phenomena common to both samples with the
probe, namely the absence of the SmC,* - Cr phase transition
in the cooling cycle and the very low sensitivity of the experi-
mental apparatus to observe the transition from SmC* to
SmC,* in the cooling cycle. The Cr - SmC,* phase transition
is indeed only detectable during the heating cycle and this
phenomenon, which is due to the supercooling effect, was
observed in the first study on the pure LC samples, too.'*°
Other transitions, namely Iso - SmA, Iso - SmC* and SmA -
SmC*, are of the first order and they are well visible in both the
heating and the cooling cycle. Concerning the SmC,* - SmC*
phase transition, it presents a very small enthalpy value, as it is
a weak first order transition: this makes it very difficult to
observe it by DSC. A similar behaviour was reported for the pure
orthoconic LC samples.'*?°

To better distinguish these two phases and identify their
transition temperature, an optical microscope with polarized
light can be of help. The liquid crystalline phases for both
mixtures of orthoconic LCs with the deuterated probe were
observed by using POM, and a selection of images of the
mesophases of the two samples is shown in Fig. 6.

For simplicity, POM pictures are reported only in the process
of cooling the samples; however, they have been captured on
heating the samples, too. In Fig. 6(a), small and large domains
of the SmC* phase of the mixture of 3F5HPhF9 sample with the
formation of typical textures of smectic phases can be seen. The
monochrome blue background indicates the presence of homeo-
tropic alignment: in addition to the well-aligned domains of the
helicoidal structures of the smectic phase, there are areas
where the helix is unwound due to the surface effect. Fig. 6(b)
shows the SmC,* phase of the sample 3F5HPhF9 in the
presence of the deuterated probe. This phase exhibits the same
types of defects as the SmC* phase, so that the SmC* - SmCy*
transition can only be noticed through a colour change due to
the sudden variation of birefringence at the phase transition.
This phenomenon is due to the change of organization of
molecules in layers, namely molecules tilted by +0 reorient in
every second layer to —0, either cooling or heating the sample
while keeping the polarizers fixed. Fig. 6(c)-(f) show the
sequence of mesophases observed on cooling the sample
3F7HPhF8 + probe. The SmA phase is characterized by large
domains with typical focal conics with a brilliant green colour.
The transition from the SmA to the SmC* phase and from the
SmC* to the SmC,* phase is well determined by the rapid
change in colour. Fig. 6(f) shows the SmC,* phase of the
3F7HPhFS8 liquid crystal observed at T = 30 °C, i.e., below the
crystallization temperature. The reason why the crystalline
phase was not observable at low temperatures is attributed to
the phenomenon of supercooling, which was also observed by
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Table 1 Transition temperatures and enthalpy changes at the phase transitions of the 3F5HPhF9 and 3F7HPhF8 compounds without and with a small
amount of deuterated probe (probe-d,4) observed by DSC during heating and cooling cycles as described in Section 2.2.1

T (°C) T (°C) T (°C) T (°C)

Sample and processs ~ Phase [AH (kf mol ')] Phase [AH (kfmol™")] Phase [AH (kjmol )] Phase [AH (k] mol )] Phase
3F5HPhF9 Cr SmCyp* SmC* Iso
Heating * 35.7 [24.70] * 81.2 [0.07] * 85.3 [4.43] *
3F5HPhF9 + probe-d, Cr SmCy* SmC* Iso
Heating * 37.43 [23.54] * 80.52 [0.002] * 85.64 [4.65] *
Cooling * * * 84.16 [4.56] *
3F7HPhF8 Cr SmCyp* SmC* SmA Iso
Heating * 34.2 [27.72] * 85.1 [0.69] * 89.9 [0.82] * 91.5 [3.33] *
3F7HPhF8 + probe-d, Cr Sm*Cy SmC* SmA Iso
Heating * 37.96 [24.37] * 86.48 [nd] * 91.44 [0.67] * 93.05 [3.86] *
Cooling * * * 90.37 [0.67] * 91.80 [3.87] *

Fig. 6 Photographs of 3FS5HPhF9 added with the deuterated probe
obtained on cooling the sample from the isotropic phase: (a) in the
SMmC* phase at T = 86 °C and (b) in the SmCx* phase at T = 78 °C.
Photographs of 3F7HPhF8 added with the deuterated probe obtained on
cooling the sample from the isotropic phase: (c) in the SmA phase at
T =91°C, (d)inthe SmMC* phase at T = 89 °C, and (e) in the SmC,* phase at
T=60°CandatT=30"°C(f).

DSC. The values of the phase transition temperature for the two
samples obtained on cooling and on heating the samples are
reported in Table 2.

From POM measurements, a decrease of phase transition
temperatures is observed in both cooling and heating cycles of
samples with probe in comparison to samples without probe.
This decrease of the transition temperatures can be explained
as the effect of dilution of the LC by the short molecules of the
deuterated probe. Moreover, if we compare these results with
the data reported in the literature for the pure samples,'®*° it
can be stated that the addition of a small amount of deuterated
probe (about 1.5% by weight) slightly modifies these tempera-
tures for both 3F5HPhF9 and 3F7HPhF8 samples. These little

differences (from about 1 °C up to 4 °C in the case of the SmC*-
SmC,* transition of the 3F7HPhF8 sample) are quite reasonable in
liquid crystalline samples, since the heating and cooling rates can
slightly affect the observed temperatures.®” It should be noted that
small differences of about 1-4° of the phase transition tempera-
tures from pure samples to deuterated samples are typically
observed in liquid crystals.””*®*"*> The most important aspect,
for the purpose of the present work, is that the addition of a small
percentage of deuterated probe does not suppress the mesophases,
but only slightly modifies the transition temperatures.

3.2. Orientational order, tilt angle, layer spacing and helical
pitch from experimental techniques

3.2.1. ’H NMR spectra, mesophase transitions and local
orientational order. A selection of ?H NMR spectra recorded
without proton decoupling, in accordance with the experimental
procedure described in Section 2.2.5, obtained by cooling the
sample from the isotropic phase is reported in Fig. 7(a) and (b)
for the 3F5HPhF9 and 3F7HPhF8 LC samples, respectively. The
added molecular probe, namely biphenyl-4,4’-diol-d,, has four
equivalent deuterium nuclei giving rise to a quadrupolar splitting
in the oriented mesophases, such as the smectic phases.

Spectra recorded with proton decoupling are not reported
here. However, '"H decoupling has the only effect of slightly
reducing the linewidth, without altering the shape and main
features of the spectra. This is due to the fact that in the case of
low values of the orientational order, the "H->H dipolar coupling is
very small. The transition from the isotropic to the liquid crystalline
phase is identified by the spectral change from a singlet (typical of

Table 2 Values of the transition temperatures of the 3F5HPhF9 and 3F7HPhF8 compounds without and with a small amount of deuterated probe
(probe-d,4) observed by POM during heating and cooling cycles as described in Section 2.2.2

Sample and process Phase T (°C) Phase T (°C) Phase T (°C) Phase T (°C) Phase
3F5HPhF9 Cr SmCy* SmC* Iso
Heating * 37.1 * 83.3 * 87.6 *
3F5HPhF9 + probe-d, Cr SmCy* SmC* Iso
Heating * * 81.7 * 86.3 *
Cooling * * 78.3 * 85.4 *
3F7HPhF8 Cr SmCy* SmC* SmA Iso
Heating * 36.0 * 87.3 * 92.2 * 94.1 *
3F7HPhF8 + probe-d, Cr SmCyp* SmC* SmA Iso
Heating * * 86.3 * 91.2 * 92.5 *
Cooling * * 82.0 * 90.2 * 91.4 *
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Fig. 7 Stackplot of 2H NMR spectra recorded on cooling the sample from
the isotropic phase to the crystal phase for the samples (a) 3F5HPhF9 with
a small amount of biphenyl-4,4’-diol-d4 and (b) 3F7HPhF8 with a small
amount of biphenyl-4,4’-diol-d,.

the isotropic phase) to a doublet (typical of oriented mesophases).
In Fig. 7(b), the presence of a biphasic region (isotropic and smectic
A phases) around T = 95 °C is observed in the case of the 3F7HPhF8
sample. The phase transition between different mesophases can be
better visualized by the trend of the experimental quadrupolar
splitting, Avg, as a function of temperature, T (see Fig. 8). The
vertical solid lines indicate the phase transition temperatures,
which are well identified by a discontinuity in the temperature
trend of the quadrupolar splitting for both samples. The vertical
dashed lines indicate the occurrence of the crystalline phase as
observed from *H NMR measurements, which is typically asso-
ciated to broad signals, as seen in Fig. 7. Qualitatively, the
peculiarity of these two samples with respect to typical ferroelectric
and antiferroelectric phases®****”** is the temperature behaviour
of the quadrupolar splitting, Avg, which changes in sign on
decreasing the temperature, passing through zero. This feature,
which has never been observed in any other ferroelectric smectic
liquid crystals,>**>3¢ is clearly observed in the stackplot of the
*H NMR spectra reported in Fig. 7, too.

In the case of the 3F5HPhF9 sample (see Fig. 8(a)), the direct
transition from the isotropic to the SmC* phase is followed by a
continuous decrease of the quadrupolar splitting with a dis-
continuity at 82-83 °C corresponding to the transition from the
SmC* phase to the SmC,* phase.

In the case of the 3F7HPhF8 sample (see Fig. 8(b)), the value
of the quadrupolar splitting increases on decreasing the tem-
perature in the SmA phase, and it starts decreasing at the

This journal is © The Royal Society of Chemistry 2025

View Article Online

Soft Matter

3000 — -

L ]
‘N 1000 o
©
z .
°0
£ -1000 ®
=] °
= °
= .
Q. b4 /
o -3000 .' *
P, ° SmC
s || o9
1
8 5000 g <
E :. SmC A
3
7 1
3 000 © ;
(04 ° 1
9000
4 49 54 59 64 69 74 79 84 89
T(°C)
(a)
5000
SmA
3000
—_
N
T 1000
=
’(&D -1000
= <
£ o [
= -3000 *
=% **
o o* SmC*
o -5000 ! od
1 Q’
: o
-7000 R
s o SmC*,
= .o *
g 9000 o* :
3 11000 & !
o

(b)

Fig. 8 Trend of the quadrupolar splitting (Hz) as a function of tempera-
ture (°C), as determined by cooling the sample from the isotropic to the
crystal phase, (a) for the 3F5HPhF9 sample with a small amount of
biphenyl-4,4’-diol-d, and (b) for the 3F7HPhF8 sample with a small
amount of biphenyl-4,4’-diol-d4. The experimental error is £100 Hz,
which is the applied line broadening of the spectral processing. The
vertical lines indicate the phase transitions as determined by 2H NMR.
See the text for further explanations.

transition from the SmA phase to the SmC* phase (93-94 °C).
Below this temperature, the value of the quadrupolar splitting
continues to decrease and a discontinuity at 86-87 °C is
observed corresponding to the transition from the SmC* phase
to the SmC,* phase.

As reported in the literature for ferroelectric smectic LC
phases,**?*”** the decrease of the quadrupolar splitting on
decreasing the temperature is typical of chiral smectic phases
with the helical axis aligned parallel to the external magnetic
field or, similarly, with the smectic layers’ normal parallel
to the external magnetic field. There are a few examples of
LC ferroelectric compounds displaying a different trend:*°
an increase of the quadrupolar splitting on decreasing the
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temperature in the SmC* phase. This behaviour, however, is
due to the unwinding of the helical axis of the SmC* phase by
the external NMR magnetic field. In that case, the layers are
tilted with respect to the magnetic field, while the phase
director, n, is aligned parallel to the magnetic field, as first
observed in a ferroelectric smectic LC.*> This phenomenon is
due to the fact that the critical magnetic field for the unwinding
of the supramolecular SmC* structure, H,, is lower than the
operating NMR magnetic field, H.*° In the present case, namely
for both 3F5HPhF9 and 3F7HPhF8 samples, the critical field H,
is clearly higher than H (=9.4 T); in fact we do not observe any
helix unwinding.

As well-known from previous studies, it is possi-
ble to relate the experimental quadrupolar splitting, Av,, with
the local orientational order parameters, the so-called Saupe
order parameters, Sy, according to eqn (1):°®

30-35,37,39,43

AVq = %qbb |:Sbb + g(saa - Svc):| (1)
In the case of aromatic deuterons, g, = 185 kHz and # = 0.04,
while the order parameters, S,,, Sy, and S, are defined in the
PAS frame, as shown in Fig. 9. A better way to express the
quadrupolar splitting observed for the deuterated probe is to
refer to the local biphenyl fragment frame, with ‘2’ being the
long biphenyl para axis (see Fig. 9).

The following equation arises:*°

3 1. .
Avy = qub{S;Z . (0052 o — Esm2 o — gcos2 o+ g + gsm2 (p)

1
+Am(fmﬁwgw¥w+9}

(2)

In eqn (2), S, is the principal orientational order parameter
(indicating the average orientation of the z axis with respect to
the phase director, n) and Ay, is the phenyl fragment biaxiality
defined as S,-Sy,. For simplicity, in this study, we have
assumed the undistorted geometry of the aromatic ring; thus
the angle ¢ (see Fig. 9) is fixed equal to 60°.

PAS frame (a, b, c) - biphenyl fragment frame (x, y, z)

Fig. 9 Principal axes system (PAS) versus local biphenyl fragment system,
with relative axes orientation, for the deuterated probe biphenyl-4,4’-diol-d,.
The angle ¢ between the 'b" axis and the 'z’ axis is shown.
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In the absence of additional experimental data (such as
'H-*H or *H-’H dipolar couplings), a temperature indepen-
dence of the fragment biaxiality is assumed. Two cases are
considered and discussed. The first case is the assumption of
uniaxiality of the deuterated probe (4piax = 0), which is reason-
able in uniaxial phases, but probably not in the case of highly
biaxial phases, such as the ferroelectric ones.*****” The second
case is the assumption of a relatively high value of the biaxiality
for the molecular probe (4pi, = 0.05). This value of biphenyl
biaxiality is the highest value found in the SmC* phase by
’H NMR analysis for LC chiral smesogens,***” and it can be
considered a reasonable value in highly ordered mesophases,
such as the ones investigated in the present work. Note that the
exact sign of the quadrupolar splitting used in eqn (2), namely
Avy, is opposite to that reported in Fig. 8, in order to get reliable
values of the orientational order parameters.®®®°

In Fig. 10, the values of the principal orientational order,
S.,, obtained by fixing the biphenyl fragment biaxiality to
these two extreme values (dpjx = 0 — orange symbols and
Apiax = 0.05 — blue symbols) are reported for the two orthoconic
samples.

As shown in Fig. 10, the values of S, range from 0.3 to —0.3
depending on the sample and based on the fixed value of
fragment biaxiality. These values are rather small with respect
to typical values of S,, of ferroelectric and antiferroelectric
smectic liquid crystals,**™** but this is reasonable, since we
have used a molecular deuterated probe diluted in the LC
phases. As known in the literature,”® the orientational order
of a deuterated molecular probe is typically scaled with respect
of the orientational order of the LC molecules, mainly due to
the fast dynamics which characterize small molecular probes
(both reorientational and translational ones) thus giving rise to
a partial averaging out of the observed spectra. However, it is
reasonable to assume that the deuterated probe, being a
substituted biphenyl fragment, is quite representative of the
aromatic core of the orthoconic LC samples, which contain a
biphenyl moiety. This means that the values of S,, obtained for
the deuterated probe are probably lower than the values of S,,
of the LC molecules, as typically observed in molecular probes,
however, the S,, temperature dependence and the peculiar
behaviour observed in the antiferroelectric phase is probably
the same of the orthoconic LC molecules. In fact, what is
unique of the case reported in this paper is the fact that the
orientational order passes from positive to negative values, in a
gradual way, passing through zero. This aspect can be explained
with the very high value of the tilt angle, as will be discussed in the
following paragraph.

3.2.2. The tilt angle in the SmC* and SmC,* phases of
3F7HPhF8 from *H NMR. The decrease of the values of S,, on
decreasing the temperature is actually an apparent decrease,
because it is mainly due to the occurrence of a tilt angle when
passing from the SmA phase (with the phase director aligned
parallel to the magnetic field) to the SmC* phase (with the
phase director tilted with respect to the layer normal which
is parallel to the magnetic field). Moreover, as reported in
the literature for other ferroelectric and antiferroelectric

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 Values of the principal orientational order, S.,, obtained by fixing
the fragment biaxiality, versus temperature (a) for the 3F5HPhF9 sample
with a small amount of biphenyl-4,4’-diol-d4 and (b) for the 3F7HPhF8
sample with a small amount of biphenyl-4,4’-diol-d,4. Values obtained with
Apiax = 0 are represented by orange symbols, while values obtained with
Apiax = 0.05 are represented by blue symbols. The vertical lines indicate the
mesophase transitions and the orange and blue arrows indicate the
temperature corresponding to zero orientational order in the two cases
(dpiax = 0 and 4piax = 0.05, respectively).

& 4

SZZ

SmC*

smectogens,’®*”** the temperature dependence of the tilt

angle, 0(T), which typically increases on decreasing the tem-
perature, affects the experimental values of the orientational
order. For this reason, the experimental (observed) orienta-
tional order parameter, Sg;P(7), determined by NMR can be
expressed as the product of the orientational order of the LC
mesophase, related to the phase director, n, namely Si,(T), and

1
the geometrical factor (%COS(H(T))zfi) which depends on the

tilt angle 0(7):

s () = ST (GeostO(T)5) @)
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Fig. 11 (a) Experimental orientational order parameter Sg;P(T) determined
by NMR with 4p2x = O (orange symbols) and (b) experimental orientational
order parameter S;P(T) determined by NMR with Ay, = 0.05 (blue
symbols) superimposed with the values (black symbols) of the mesophase
orientational order S7,(T) extrapolated from the SmA phase of the
3F7HPhF8 sample. The black curve is the best fitting curve by using egn (4).

Since the value of S%(7) is not accessible from NMR experiments
except in the case of helix unwinding, it is normally extrapolated
by the SmA phase.’*™” In the case of the 3F7HPhF8 sample added
with the small deuterated molecular probe, the value of the
orientational order of the LC mesophase, Sz,(T), was indeed extra-
polated from the SmA phase, where the molecules are on average
aligned along the magnetic field. These extrapolated values of S,(T)
are reported in Fig. 11 together with the experimental orientational
order parameter Sg'(7) determined by NMR, for the case of
biaxiality Apiax = 0 and Apjax = 0.05.

Fig. 11(a) represents the values of the orientational order
determined by fixing the fragment biaxiality to 0 (orange circles)
and Fig. 11(b) represents the values of the orientational order
determined by fixing the fragment biaxiality to 0.05 (blue circles).

As seen from the fitting of the extrapolated data (black
circles in Fig. 9(a) and (b)), the trend of S, (7) is well repre-
sented by the Landau-de Gennes equation:*°

5.0 = s0(727) @

To—T
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Fig. 12 Values of the tilt angle 0(T) obtained by using eqn (3) as described
in the text. The blue symbols refer to the case of A = 0.05 and the
orange symbols refer to the case of Apiax = 0.

The best fitting values are S, = 0.182183 and y = 0.154509 for the
case of Apiax = 0, and Sy = 0.34437 and y = 0.057644 for the case
of Apiax = 0.05. The temperature T, was fixed to the experi-
mental value of the isotropic-SmA transition temperature of
the 3F7HPhF8 sample. These best fitting parameters confirm
the relatively low values of orientational order, S,., for the small
molecular probe and a very low temperature dependence of the
mesophase orientational order S7,(7T), thus indicating that the
observed temperature dependence of the quadrupolar split-
tings and consequently of the experimental orientational order
parameter Sz;"(7) determined by NMR is mainly due to the tilt
angle temperature dependence. By using eqn (3) and the values
of S%,(T) and Sg;P(T) reported in Fig. 11(a) and (b), it is possible
to compute the trend of the tilt angle 6(7) in the SmC* and
SmC,* phases of the 3F7HPhF8 sample. The temperature
dependence of the tilt angle 6(7) obtained by using the values
of the orientational order in Fig. 11(a) and (b) is shown in
Fig. 12 with blue and orange circles, respectively.

It is interesting to note that in the case of Apjax = 0, the
values of the tilt angle are extremely high in the SmC* phase,
thus indicating that this case is not reasonable. In contrast, in
the case of Ay = 0.05, the values of the tilt angle in the SmC*
phase are in the range of 22°-33°, which is rather similar to that
in the case of normal ferroelectric phases.’*?”?%** When
decreasing the temperature, in the SmC,* phase, the tilt angle
increases from 35° at the SmC*-SmC,* phase transition to 60°
close to the crystalline phase. However, at this lower tempera-
ture, since the system probably undergoes pre-crystallization
inside the NMR magnet, data may be affected by a bias. It is
interesting to note that the average value of the tilt angle in the
antiferroelectric phase from 87 °C to about 50 °C is about 45°,
which is the ideal tilt angle of orthoconic LC samples."**°

3.2.3. The tilt angle from electrooptic and the layer spacing
from X-ray measurements. The tilt angle 6§ in the smectic
phases determined from electrooptic measurements and the
smectic layer spacing, d, vs. temperature, T, determined from
X-ray diffraction measurements are reported in Fig. 13(a) and (b),
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Fig. 13 Temperature dependence of the tilt angle 0 (a) and layer spacing d
(b) for 3F5HPhF9 (red points) and 3F7HPhF8 (blue points), obtained as
described in the text.

respectively. Both compounds have a high tilt angle of the director
in the SmC,* phase at temperature close to room temperature. The
value of 6 is higher for the 3F7HPhF8 compound with a longer
achiral chain than for the 3F5HPhF9 compound with a longer
chiral chain. The maximum tilt angles for both homologues are
close to 42°. It is not the exact 0 = 45°; however, it still allows us to
classify these compounds as orthoconic antiferroelectric liquid
crystals (OAFLCs).”* 1t should be noted that the values obtained
by the electrooptical method are slightly different from those
obtained by means of >H NMR. In fact, the two different techniques
allow us to focus on different parts of the molecules as well as they
are sensitive to different physical properties. In the case of >H NMR,
we are closely looking at a small probe that is influenced by the
LC molecules and their supramolecular arrangements, but it is a
probe, a molecule which is free to move and rotate in the
anisotropic medium. In the case of electrooptical measurements,
this technique is sensitive to the molecular dipole, which is
determined by some groups in the LC molecules, so that the tilt
angle detected by electrooptical measurements refers to some
specific fragments of the LC molecules.

The thickness of the smectic layers d was determined from
the low-angle peak of the X-ray diffraction patterns. For
3F7HPhOFS8, the thickness is larger in both SmC,* and SmC*
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phases than for the 3F5HPhF9 compound. For both com-
pounds, the thickness of the layer in the SmC,* phase rapidly
increases with temperature before the SmC,*-SmC* transition.
Generally, the XRD patterns of the synclinic order in the SmC*
phase and the anticlinic order in the SmC,* phase are indis-
tinguishable, although the SmC,*-SmC* transition is some-
times visible as a discontinuity in the location or intensity of
the low-angle peak from the smectic layer’ thickness, as we
observed. In the SmA phase of the 3F7HPhF8 compound, the
layer spacing decreases with increasing temperature. At the
SmA-SmC* transition, the layer spacing decreases discontinu-
ously from 37.5 A to 36.0 A, which corresponds to the relative
layer shrinkage of ca. 4%.

3.2.4. The helical pitch from transmission measurements.
These two compounds belong to the class of materials
described in ref. 23, which show different temperature depen-
dence of the helical pitch and helical twist sense depending the
most on the length of the oligo-methylene spacer. The mea-
sured helical pitch p and helical twist sense vs. temperature T
and the calculated inverse helical pitch 1/p vs. temperature 7 in
the SmC,* phase® are reported in Fig. 14(a) and (b), respec-
tively. For the 3F7HPhF8 compound, the values of the helical
pitch are almost independent of temperature in the SmC,*
phase and the helix is left-handed. For the 3F5HPhF9 com-
pound, the helical pitch increases with temperature below
40 °C and this behaviour is opposite above 60 °C, with an

® 3F5HPhF9
1600+ s ° ¢ 3F7HPhF8
o(-
1200+ "* .()
£ © smc;
= ® o
o 800 - .0
shoresesss *ose0e ()
400 1g0*
SmC* (+)
00 @
0 T T T T T
0 20 40 60 80 100 120
T[°C]
(a)
0.005 T —r5rmhre SmC *
0.004- ® 3F7HPhF8 A
0.003 -
L)
— ®,
70002 e,
® o
Tinv,3rsHphre = 93°C

0 20 40 604,80 100 120

-0.001 o
0.002 e eorenese .
PP o [°Cl

(b)
Fig. 14 Temperature dependence of the helical pitch p (a) and the inverse

helical pitch 1/p (b) for 3F5HPhF9 (red points) and 3F7HPhF8 (blue points).
The (+) and (—) signs denote the right- and left-handed helix, respectively.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Soft Matter

inversion of the twist sense in between. Between these tem-
peratures, the pitch remains larger than 1.6 um, so the trans-
mission method cannot be used to obtain an accurate value for
the pitch. In the SmC* phase, the helical pitch is short (on the
order of 200 nm) and the helix is right-handed. To determine
the value of temperature of the inversion of the helix handed-
ness, Tiny, the linear fit was added in Fig. 14(b) to find the
intersection with the temperature-axis. For the 3F5HPhF9
compound, Ti,, = 53 °C. The helix completely unwinds at
the inversion temperature, and this effect may be used in
temperature-dependent optical filters. Thus, both compounds
differ in the temperature dependence of the helical pitch. It has
been shown that the change of the oligo-methylene spacer
length in the achiral alkyl chain causes biggest changes in
the temperature dependence of the helical pitch and helix twist
sense.”?

3.3. Computational investigations

The MD simulations offer a microscopic view of the structure of
the orthoconic phase of 3F5HPhF9. In Fig. 15 we show the
density profiles along the z axis of various reference atoms in
the molecule (see Fig. 3). The density profiles reveal the layered
structure of the phase. Some atoms appear to have a single
peak per layer while some others have two peaks per layer. This
can be easily understood as a result of the presence of the same
number of molecules oriented with the fluorinated chain either

——co4
cos
—c1w
5
4]
N 34
=
1MM\M
0 T T T T T T
0 2 4 6 8 10 12
z
——COE
——c10
—c2p
9 cot

p(2)

Fig. 15 (top) Density profiles along the director of the phase (z axis) of the
atoms labelled COE, C10, C2P and CO1. (bottom) Density profiles along the
director of the phase (z axis) of the atoms C04, COS and C1W. For labels,
see Fig. 3.
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up or down. This is consistent with the actual model of the
antiferroelectric phase in orthoconic LCs, as reported in Fig. 1c.
The extreme parts of the rigid core, atoms COS (and also C1W)
or C04, have two peaks per layer corresponding to the mole-
cules oriented up or down within the same layer. Atoms in the
central part of the rigid core show a broader single peaked
distribution since the central part of the core is at the same
level with respect to the z axis for both orientations. The
terminal carbon of the two chains should, in principle, also
show a doubly peaked density profile; however this is broad-
ened by the flexibility of the chains. The effect is very strong in
the alkyl chain (C2P), where the two peaks are completely lost,
while for the fluoroalkyl chain terminal carbon (C10) there is a
residual bimodal distribution of the fluorinated ends within
each layer. This suggests a larger degree of disorder of the alkyl
chain compared to the polyfluorinated chain, a point that will
be further discussed below.

The layer thickness can be obtained from the distance of the
peaks. We selected the three density profiles showing a single
peak per layer, that is, the number density of C2P, COE and C01
carbon atoms. From these, we obtained a value of the layer
thickness of 33.17 + 0.005 A. The result is in reasonable
agreement with the experiments showing a layer thickness
ranging from about 32.2 A at room temperature to 33.2 A at
350 K, just before the transition into the SmA phase. Moreover,
we can estimate the average orientation of the molecules in the
bulk phase; some selected orientational data are reported in
Table S1 (ESIT). As we can see, the rigid core of the molecules is
on average oriented at approximately 42° with respect to the
director of the phase, which is perpendicular to the layers.
Moreover, the orientation in the yz plane points in opposite
directions in adjacent layers (see also Fig. 4). This is true for the
biphenyl axis, the phenyl axis and the whole rigid core. The
result is in qualitative agreement with the experimental observation
of a tilt angle ranging from about 42° at room temperature, down to
about 36° at 350 K, just before the transition into the SmA phase.
Finally, in Fig. 16, we report some selected orientational distribu-
tion functions obtained from the simulations.

As we can see, the distribution of the angle between the
phenyl and biphenyl moiety in the bulk is very strongly peaked
at cos 0 = 0.9759, corresponding to approximately 12.6°, indi-
cating a rigid core with the two aromatic groups well aligned
with each other. In contrast, the average relative orientation of
the two chains shows interesting differences. The distribution
of the angle between the rigid core and the polyfluorinated
chain is peaked at 180° and it appears relatively narrow, a result
that can be expected and attributed to the orienting mean
field of the LC phase favouring an all-trans conformation of the
chain. Instead, the probability distribution of the angle
between the biphenyl core and the chiral alkyl chain is very
broad. Indeed, the maximum probability is still for an orienta-
tion at 180°; however, a non-negligible population can be found
also at relatively small angles even less than 90°. This suggests a
much less ordered arrangement of the alkyl chain compared to
the polyfluorinated chains, as already inferred from the density
profiles of Fig. 15. In fact, conformers with the alkyl chain at
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— biphenyl - C chain
25 — biphenyl - phenyl
— core - F chain

204

f(cos(0))
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cos(0)

Fig. 16 Selected distribution functions f(cos 0), that is, the probability to
find a given vector with a cos 0 value between cos@ and cos@ + dcos6.
(red line) The distribution of the angle between the biphenyl group (COS—
COE vector) and the phenyl group (C01-C04 vector); (black line) the
distribution of the angle between the biphenyl group (COS-COE vector)
and the alkyl chiral chain (CIW-C2P vector); and (blue line) the distribution
of the angle between the rigid core (COS-C04 vector) and the polyfluori-
nated chain (C10-CO04 vector).

approximately 90° with the rigid core can be clearly spotted in
the snapshot of the simulation box in Fig. 4. To confirm this
structural arrangement, we ran a scan of the dihedral angle
between the carbonyl carbon, the oxygen, the chiral carbon
(C1W) and the next carbon in the alkyl chain (see Fig. 3), from 0
to 360° in steps of 10°, using the software Gaussian 167> at the
semiempirical AM1 level of theory.”® The calculations revealed
that the conformation shown in Fig. 17, featuring an alkyl
chain approximately perpendicular to the rigid core, is the
absolute minimum and it lies 0.8 kcal mol " lower in energy
than the elongated conformer shown in Fig. 4.

The results discussed here based on the computational
study of the 3F5HPhF9 orthoconic liquid crystal are in agree-
ment with the X-ray structure of a structurally similar com-
pound showing the ferroelectric and antiferroelectric phases
studied by Toriumi et al.>® The evidence that a ‘bent’ conforma-
tion could be favored in highly ordered smectic phases, such as
the ferroelectric phase SmC*, with respect to less ordered ones,
such as SmA, is supported by previous "*C NMR and *H NMR
investigations on liquid crystals showing the transition from
SmA to SmC* phases,3%*3:47:49.74

‘};}

Fig. 17 Lowest energy conformation at the AM1 semiempirical level of
theory, in gas phase, obtained by scanning the dihedral angle representing
the orientation of the alkyl chain with respect to the rigid core (see text for
details).

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4sm01321b

Published on 20 January 2025. Downloaded on 1/22/2026 10:18:41 AM.

Paper

4. Conclusions

In this paper, the first ’7H NMR investigation and fully atomistic
molecular dynamics study of orthoconic liquid crystals are
reported. Two orthoconic LC systems of the series 3FmHPhFr
were doped with a small amount of a deuterated probe in order
to investigate these two LC molecules by >H NMR spectroscopy.
The mesophase characterization of these mixtures was investi-
gated by POM and DSC, showing that the addition of the probe
does not influence the occurrence of the ferroelectric and
antiferroelectric phases of the investigated liquid crystals. Only
small differences in temperature transitions were observed, as
expected due to the addition of the small deuterated probe. As a
main result, the trend of the H NMR spectra within the meso-
phases revealed a peculiar phenomenon, not observed in any other
ferro-/antiferroelectric LC systems. In particular, the trend of the
quadrupolar splitting passes from negative to positive values on
decreasing the temperature, and for certain values of the tempera-
ture it is zero. This behaviour is a clear indication of very high
values of the tilt angle of the longitudinal axis of the deuterated
probe with respect to the helical axis of the SmC* and SmC,*
phases, which is parallel to the external magnetic field. By compar-
ing the >H NMR results with those of ferroelectric LC mesogens we
can confirm that for both orthoconic LC systems the helical
supramolecular structure is not unwound by the operating NMR
magnetic field (9.46 T). In the case of one of the two orthoconic
systems here investigated, that is, the one showing a SmA phase at
high temperatures, the trend of the tilt angle in the tilted LC
mesophases was estimated by analysing the >H NMR spectra and it
was compared with that obtained from electrooptic measurements.
These values are quite in agreement, confirming the typical proper-
ties of orthoconic liquid crystals with a tilt angle close to 45°.
Additionally, in this work, a detailed fully atomistic molecular
dynamics investigation was performed on one of these two similar
LC molecules. Among the obtained results, MD simulations indi-
cate that the rigid core of these molecules is on average oriented at
approximately 42° with respect to the director of the phase, which is
perpendicular to the layers. This value is in very good agreement
with experimental results commented above. In addition, MD
simulations show that in the packed organization of the orthoconic
LC, which is typical of the antiferroelectric phase, the most favored
conformer has the lateral chiral chain quite bent with respect to the
aromatic core axis, suggesting a significant effect of the supramo-
lecular organization on the averaged conformer. The evidence of a
bent conformation in the chiral smectic mesophases formed by the
orthoconic mesogen is in agreement with previous NMR and
theoretical studies on ferroelectric liquid crystals. Further investiga-
tions on these systems are in progress to clarify the relationship
between the molecular structure of these fluorinated molecules and
the occurrence of very high tilted smectic phases.
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