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Abstract

Many achiral bent molecules and some polymers with such repeat units exhibit a liquid crystal phase
transition between a conventional nematic (N), and a second nematic (Nx) with periodically modulated
orientation. Theory predicts several possible structures for the Nx phase, some of which are chiral
(helical), and others achiral (e.g. zigzag). Experimentally distinguishing which modulation type is
present is non-trivial and the structure is often assumed to be helical despite the other possibilities.
Here we use circular dichroism (CD) spectroscopy to directly and unambiguously identify chirality in
the Nx phase of two different dimer series, “DTC5Cn” and “CBCnCB”, which vary in (CH2)» spacer
length (n=5, 7, 9). In doing so we have determined that the modulation type is helical in all samples.
The temperature dependence of the CD signal was also investigated, suggesting that the helical
structure progressively unwinds on approach to the high temperature N phase.

Introduction

A thermotropic nematic-nematic liquid crystal (LC) phase transition was first experimentally observed
in the 1990’s in a series of main-chain copolyethers,'-3then later in bent dimers,*® rigid bent-core
molecules,’® and more recently in trimerst'*? and larger oligomers.36 In all instances (excluding the
rigid core compound) connected mesogens were angled to each other, most commonly by odd
numbered alkylene spacers. In reports of nematic-nematic transitions, the high-T phase is found to be
the conventional uniaxial nematic (N), where molecules lack positional correlation but preferentially
align their longest axis parallel to each other, defining a locally linear director field with cylindrical
symmetry. On transition to the low-T phase, the linear director field becomes orientationally
modulated, reducing molecular-scale phase symmetry. In a popular theoretical study by Dozov,*’ two
thermodynamically stable nematic modulations are predicted to occur with equal probability. These
are twist-bend nematic (Nw) and splay-bend nematic (Nsb). We also note the polar-twisted nematic
(Npt) model by Vanakaras and Photinos,® but group it with the Niw phase due to its structural
similarity. In the Nw model, achiral molecules form a helical structure where mesogens tilt in respect to
the helical axis (Figure 1a). Rather than chemical chirality, the N helix is stabilized by local twist and
bend elastic distortions created by close-packing of curved conformations.!” It could also be stabilized
by polar interactions.'® In the simplest alternative Ns, model, bent molecules periodically flip
orientation, resulting in an achiral ‘wave’ or ‘zig-zagging’ director field, rather than a helix (Figure
1b).Y" The key experimental findings in support of the Ni, model are periodic striations in freeze-
fracture TEM images,>® AFM investigations,'® resonant X-ray diffraction peaks arising from a 8-12nm
orientational period?®-?2 and the appearance of an additional quadrupolar doublet in NMR spectra. 2324
The additional doublet is considered to arise from symmetry breaking on transition from the N phase.
However, orientational periodicity and reduced nano-scale symmetry would also arise in the Ns, phase.
Simulations by Salamonczyk et al.?? suggest the Nsp structure should also produce resonant X-ray
diffraction peaks. As the Ny, and Ns, have very similar local structures, the ability to determine long-



range phase chirality in the bulk low-T phase is therefore of extreme importance when studying
nematic-nematic transitions. This could be the only reliable way to unambiguously distinguish the N,
from the Nsp phase.

One capable method that is yet to be reported in the context of the nematic-nematic transition is
circular dichroism (CD). In CD spectroscopy the sample is periodically exposed to left and right
circularly polarized light using a photoelastic modulator (PEM) and a polarizer. The PEM acts as an
alternating +A/4 and —\/4 plate. The difference in the absorbance of the sample AAcp=AL-Ar is
measured as a function of wavelength. If the chromophores do not absorb both polarisations equally,
i.e. AA#0, they must reside in a chiral environment, with relatively few exceptions.?>>! Because a
difference in absorption coefficients of L- and R-light also converts linearly polarized light to slightly
elliptically polarized (Figure S4), CD instruments normally express the signal in ellipticity (¢) units,
where g=arctan(p/q), with p and g being the short and the long axes of the ellipse. ¢, in millidegrees,
equals 3.298x10*AAcp. However, when the sample is also linearly dichroic (LD), a phenomenon
called CD-LD crosstalk results in artefacts due to the linear signal, as a result of additional static phase
shift due to residual strain in the PEM or other optical element. 32 CD is not generally used to study
optically anisotropic materials, such as LCs, because in such samples LD is much stronger than CD,
and is known to cause artefacts in CD measurements. One of the signs of the existence of such
artefacts is dramatic variation in measured CD signals change, often even change of sign, when
rotating the sample around the beam axis (some examples are given in Section 5.3, Sl). These
interfering effects must therefore be eliminated or at least minimised; the best way of achieving this is
aligning the optic axis with the incident beam, so that the material acts as if it was optically isotropic.®
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Figure 1 — Diagrams of the twist-bend Ny, (2) and splay-bend Ny, (b) nematics.

In this work we investigated the chirality of the low-T nematic (Nx) in two series of bimesogenic
compounds: diterphenyls DTC5Cn (n =5, 7, 9) and dicyanobiphenyls CBCnCB (n=7, 9), where n is
the number of methylene groups in the spacer — see Figure 2a. These are two archetypal and most-
studied series of Nx-forming bimesogens, so the results obtained here can be regarded as representative
of bent flexibly-linked bimesogens. We succeeded in aligning the Nx phase homeotropically by
shearing, which allowed circularly polarised light to be directed along the optic axis, greatly
minimising linear dichroism contribution to CD spectra. As a result we show conclusively that the
lower temperature phase of all studied compounds is chiral, indicating that they are all of N type.
Important conclusions were also drawn from the temperature dependence of the CD signal.
Homeotropic alignment was investigated by polarized optical microscopy (POM) and grazing
incidence X-ray scattering (GIXS).

Results
Thermal Behavior

The thermal behavior of DTC5Cn (n=5, 7, 9) and CBCnCB (n=7 and 9) has been studied
previously.>** DTC5CS5, 7 and 9 undergo the following phase sequence on cooling:



IS0—>N—Nx—Sm—Cryst, where ‘Iso’, ‘Sm’ and ‘Cryst’ indicate isotropic, smectic and crystal
phases, respectively. In the case of DTC5C7 and DTC5C9 the Sm phase is metastable and only seen
on cooling (monotropic). CBC7CB and CBC9CB all go directly from N to Cryst. Relevant thermal
data are displayed in Table 1.

Table 1 - DTC5Cn and CBCnCB Thermal Data on Heating/Cooling, taken from refs 34 (DTC5Cn) and 3535 (CBCnCB).
Tshear 1S the shearing temperature

Sample Terysnx (°C) | Tsmmx (°C) Tnun (°C) Tshear (°C)
DTC5C5 -/- 114.7/113.5 121.6/120.5 120
DTC5C7 98.6/ - -/93.4 127.5/126.3 110
DTC5C9 95.9/ - -/83.8 127.9/126.9 100
CBC7CB 102.0/ - -/- 104.4/103.0 80
CBC9CB 85.2/52.5 -/- 104.9/107.3 100
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Figure 2 — (a) Molecular structures of DTC5Cn (top) and CBCnCB (bottom) dimers. (b) Rope-like Nx texture in DTC5C7
obtained on cooling from the N phase. (c) Homeotropically aligned Nx phase in DTC5C7 after shearing at 110 °C. This can
be achieved in all other compounds after shearing. (b) and (c) images on the right were taken with a A-plate with the slow
axis at 45° to the polarisers, as indicated.

Polarized Optical Microscopy (POM)

The N-Nx transition appears similar in all six compounds: large domains of uniform texture or with
Schlieren defects, marking the N phase, become striped or rope-like at the transition to the Nx (Figure
2b). The stripes are explained as being an undulation pattern® and their width has been shown to
depend on cell thickness.*® The blue stripes in Figure 1b (right) indicate that the director is aligned
southwest-northeast, and yellow stripes having director aligned southeast-northwest. The effect of an
applied shearing force on the Ny phase was investigated. Depending on temperature, shearing in the Ny
phase resulted in a near perfect black field of view in all five samples (Figure 2c). The field of view
remained black upon in-plane rotation, signifying homeotropic alignment of the Nx phase, as also
confirmed by the conoscopic image of the sample (Figure S1, SI). It is difficult to achieve defect free
alignment in some samples, but the key is finding the correct temperature — Too high and the sample is
too fluid, too low 2nd it is too viscous or crystallizes. The temperature at which we were best able to
achieve homeotropic alignment by shearing (Tsnear) is provided in Table 1. All samples maintain the
black field of view for over two hours in isothermal conditions. The black field of view is also
maintained as the temperature is raised or lowered, but is lost at the onset of phase transitions where
the field of view becomes textured and brighter.



Grazing Incidence X-Ray Scattering (GIXS)

The nematic phases of the DTC5Cn (n=5, 7, 9) compounds were investigated by GIXS on station
BM28 of the ESRF, and that of DTC5C7 is shown in Figure 3. Similar GIXS patterns of CBC9CB are
shown in Figure S2 (SI). In each case the sample was brought to the isotropic phase and cooled into
the N and then Nx phase. Without shearing the N and Nx phases of the four samples mostly showed
planar orientation (nematic director preferentially in-plane) on the silicon surface, evidenced by the
azimuthal positions of the wide angle X-ray scattering (WAXS). In Figure 3a the diffuse WAXS arc
(93 centered ~13.8 nmL, corresponding d-spacing ~0.46nm), arising from side-by-side mesogen
packing, is centred on the vertical axis, indicating that the molecules are mostly laying down on the
horizontal substrate. Note that only half of the scattering pattern is visible by GIXS. While being held
isothermally at Tshear, €ach of the DTC5Cn (n=5, 7, 9) samples was sheared in situ by repeatedly
sliding a second heated silicon plate over the LC surface. Following this procedure homeotropic
orientation of the phase was obtained (Figure 3b). The two diffuse small angle X-ray scattering
(SAXS) peaks, g1 centered at ~1.57 nm™ and g2 at 3.30 nm™, have corresponding d-spacings 4.0 nm
and 1.9 nm respectively, using Bragg equation. These match roughly the full and half length (4.5nm
and 2.25nm) of the DTC5C7 dimer. The two peaks arise from local layering of mesogens
(cybotaxis®’). They are centered on the surface normal with WAXS peaks (g3) on the horizon,
indicating the local layer planes have a preferred orientation parallel to the silicon surface. The FWHM
of g1 and g2 is ~0.6 nm™ in the vertical direction, indicating that the size of the local layers is ~10 nm.
The presence of the “Ist order” SAXS peak, its d-spacing 4.0nm matching that of the length of the
dimer, also indicates that alkyl end-chains and spacers in DTC5Cn dimers do not mix, at least not
completely. The presence of local layering also explains why shear produces homeotropic alignment as
it does also in smectics but not in ordinary nematics. After heating back into the N phase, the samples
returned to a mostly planar orientation as observed before shearing.

(a) DTC5C7 N phase
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Figure 3 — Representative GIXS patterns of DTC5C7. g1-3 denote the scattered wave vectors corresponding to the
scattering peaks. (a) N phase, un-sheared showing mostly planar orientation. (b) Homeotropic Nx phase after shearing at
110°C. In (b) the WAXS intensity (g3) has been increased by a factor of 2 compared to the SAXS for display purposes.

Circular Dichroism (CD) and UV-Vis

CD and UV-Vis experiments were conducted on station B23 of the Diamond Light Source. Inside the
optical chamber, each sample was held in a quartz glass sandwich cell, resting on a rotatable Linkam
hot stage. The rotatable stage was used to measure the CD spectrum in various sample orientations
(every 45°) so that, if present, the artefacts due to linear dichroism of samples could be identified and
reduced by averaging. The sample thickness was estimated in each case using absorption spectra,



which were recorded simultaneously with CD (see SlI). Thickness correction has been applied for
comparison between different samples, as the measured CD signal is proportional to sample thickness.

After shearing, the CD spectra of all samples contain a peak in the region of 290-330 nm, attributed to
absorption from m-conjugated parts of the molecule (Figure 4e). The spectrum of the CBC9CB
(original CD peak positive, Figure S5a, Sl) is inverted, and the CBCnCB spectra were divided by 2 for
easier comparison with those of DTC5Cn samples, the CD peaks of which are much weaker. In the
homeotropic Nx phase, the sign of the CD peak is invariant with sample rotation about the axis of the
light beam while its magnitude varies only slightly (examples Figures 4a, ¢ and Sl), showing that the
signal originates from sample chirality and not LD effects — for a similar CD experiment but on chiral
columnar phases see Nagayama et al.?’” This confirms that all five samples are of N, type — This
notation will now be adopted in place of Nx.

Three different spots on each sample were investigated to check for consistency, but CD varied very
little and the peak remained the same sign. The peak sign also stayed the same after quickly flipping
the quartz cell upside down (Figure S6, SI). The sign and shape of a CD peak is linked to the details of
intra- and inter-molecular chiral interactions (molecular conformation and packing) and how they
affect the electronic states of the molecules. However, for a molecular level understanding of the CD
spectrum computational studies of the electronic states of different N forming dimers e.g. using
density functional theory are needed, and may help differentiate different molecular models of the N,
phase. The apparent homochirality of our cells contradicts some polarized microscopy reports in planar
aligned cells, where coexisting domains of opposite handedness have been reported.®3® However, in
such experiments artefacts (similar to discussed earlier for CD experiments), originating from sample
birefringence and linear dichroism, cannot be easily excluded. Homochirality may be a consequence of
the shearing process, which forces neighbouring domains to mix and effectively choose a single
handedness.

In the planar oriented N phase the sign of the CD peak is heavily dependent on the sample rotation
angles and much larger in amplitude due to strong LD artefacts (examples Figures 4b and d, and SI).
Although averaging the N phase spectra leaves a residual peak, LD contributions are too large and
variable to sensibly determine chirality in this phase. Similar artefacts are also observed for N, phases
that are not homeotropically aligned (Figure S7, SI). As expected, no CD signal was observed in the
isotropic phase.
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Figure 4 — (a) CD spectra of the homeotropically aligned (sheared) Nw phase In DTC5C7, (b) N phase in DTC5C7, (c)
Sheared N phase in CBC7CB and (d) N phase in CBC7CB. (e) The orientational average CD spectra of each sample after
shearing in Nw phase. Note that CBCnCB spectra have been divided by 2 for display purposes. CBCICB data (positive peak)
have been inverted for easier comparison. (f) Temperature dependence of peak CD amplitude. T-scale is relative to Nw/N
transition temperature.

The temperature dependence of CD was investigated in the N phase each sample. CD spectra were
recorded every 5°C (CBCnCB) or every 1°C (DTC5Cn). Measurements above Tshear Were made on
heating and those below on cooling, however the time between temperature increments was around 10
minutes, giving samples time to equilibrate. Note that loss of homeotropic alignment at high
temperature and isothermal crystallization at low temperature mean the workable N, temperature
range is smaller than suggested by DSC. The peak CD signal for each sample is plotted against T-
Tnton In Figure 4f.

Discussion

In DTC5Cn compounds CD amplitude reduces linearly as the sample approaches the N phase. This
shows that the phase becomes less twisted with increasing temperature. In a dimer mixture labelled
“Sed5”, containing 55% DTCS5C7 and 45% of a selenium-labelled compound, it was shown by
resonant X-ray scattering that the N, pitch length increases towards the N phase.?’ A lengthening pitch
but reducing twisting power supports our previous hypothesis that the molecules straighten with



increasing temperature, causing the helix to become longer, but less tightly coiled, as the N phase is
approached.3* In DTC5C9, birefringence contributions became an issue at temperatures above T-Tnin
~ -7.5 °C, preventing reliable measurement of chirality. The presence of birefringence in this T-range
was later confirmed using POM. The development of birefringence close to the N phase is consistent
with the vanishingly small Nw/N transition enthalpy (60 mJ/g)3*, allowing N phase defects to develop
in the homeotropic alignment, or simply N-type fluctuations destabilizing the homeotropic alignment,
which is not maintained in the N phase.

In CBCnCB samples, CD also reduces with increasing temperature. This is consistent with NMR
findings where quadrupolar splitting, thought to arise from phase asymmetry, also reduces with
increasing temperature. %2324 There is a significant CD gradient change around Tshear (T-Tnitn = -24°C)
is observed (Figure 4f). Above this temperature CD drops rapidly as T approaches the Nw/N phase
transition. In CBC9CB isothermal crystallization occurs at 85°C, preventing exploration of lower
temperatures. The break in slope around the Tshear could be an artefact due to sample thermal history.

While CD spectroscopy of all five compounds reported here shows global chirality in the Nw phase,
further work is needed on other Nw forming dimers, trimers, oligomers, polymers as well as mixtures,
to establish the universality of the phenomenon. The possibility of achieving homeotropic alignment,
of the N phase for CD experiments, using LC cells of fixed thickness, could be explored in the future,
but suitable UV transparent materials for electrodes and alignment layers, or new N compounds with
chromophores in the visible region, will have to be used.

Finally a comment on shear alignment of the Ny phase. Ordinary nematic normally align parallel to the
shear direction. This property is exploited widely, e.g. in the spinning of strong and stiff fibres of LC
polymers (e.g. Kevlar or Vectra) from their nematic solutions or melts. In contrast, smectic LCs
normally align with their layers parallel to the shear direction, which in the case of Sm-A means with
the director perpendicular to the shearing plates. The fact that N aligns like a smectic rather than like
a nematic is likely to be due to its helical structure preventing simple translational diffusion
characteristic of an ordinary nematic and instead favouring the transverse motion facilitated by its
short-range smectic-like order evidenced by the diffuse SAXS peaks in Figure 3b, in line with the
results of dynamic light scattering studies.*°

Conclusions

In conclusion we have shown unequivocally, by the key chiroptical method of circular dichroism, that
the low temperature nematic phase possesses marcoscopic chirality in the two archetypal series of
bimesognes exemplifying this phase. It is shown that arfefact-free CD spectroscopy can be used on
such systems, provided the materials can be aligned homeotropically. As the temperature is increased
towards the Nw—N transition, all five studied compounds show a decreasing CD, suggesting that the
helix gradually unwinds as N phase is approached. The experiment provides a direct proof of the twist-
bend rather than splay-bend nature of the low-temperature nematic.

Materials and Methods

POM: The optical textures of DTC5Cn and CBCnCB compounds were investigated using an Olympus
BX50 Microscope fitted with a Mettler FP82 HT hotstage. Each compound was placed between two
regular glass plates and heated to the isotropic phase. The samples were then cooled stepwise through
their respective phase sequences between crossed polarizers.



GIXS: Experiments were conducted on station BM28 (bending magnet) of the ESRF. Each sample was
melted onto a silicon substrate and placed on the surface of a custom temperature controlled stage on a
six circle goniometer. The beam size used was 200pum x 50um and the sample to detector distance was
272 mm. A helium-filled flight tube was positioned between the sample and a Mar165 CCD detector.
The shearing process was conducted in the Nw phase by repeatedly sliding a second heated silicon
substrate over the surface of the sample.

CD/UV-Vis: experiments were conducted on station B23 of the Diamond Light Source using a
custom-made instrument featuring an ultra-high vacuum Olis DSM20 monochromator and a
photomultiplier tube (detector) with an MgF2 window. The beam diameter was approximately 100 um
at the sample position. Inside the optical chamber, each sample was held in a quartz glass sandwich
cell, which rested on a rotatable Linkam hot stage. The incident beam ran perpendicular to the surfaces
of the quartz plates. The samples were held isothermally in the N phase and sheared in situ, i.e. while
resting on the rotatable hot-stage inside the optical chamber. CD and UV-Vis spectra were
simultaneously recorded in the wavelength range of 250-400 nm and the intensity was integrated for
0.5 seconds in each 1 nm increment. The rotatable stage was used to measure the CD spectrum in
various sample orientations (every 45°) so that, if present, the contributions of birefringence and linear
dichroism could be identified and reduced by averaging. Four angular increments were investigated
due to the optical equivalence of 0° and 180° etc. The film thickness in each case was estimated by
absorption calibration from cells of known thickness (see Sl).
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