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The spontaneous formation of chiral structures offers a variety of liquid crystals (LC) phases that could
be further tailored for practical applications. In our work, the characteristic features of spiral ordering in
the cholesteric phase of EZL10/10 LC were evaluated. To disclose resonant reflections related to a
nanoscale helix pitch, resonant soft X-ray scattering at the carbon K edge was employed. The angular
positions of the observed element-specific scattering peaks reveal a half-pitch of the spiral ordering
p/2 ~ 52 nm indicating the full pitch of about 104 nm at room temperature. The broadening of the
peaks points to a presence of coherently scattering finite-size domains formed by cholesteric spirals

Received 28th October 2021, with lengths of about five pitches. No scattering peaks were detectable in the EZL10/10 isotropic phase

Accepted 28th November 2021 at higher temperatures. The characteristic lengths extracted from the resonant soft X-ray scattering
DOI: 10.1039/d1sm01543e experiment agree well with the periodicity of the surface “fingerprint” pattern observed in the EZL10/10

cholesteric phase by means of atomic force microscopy. The stability of LC molecules under the
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Introduction

Nanostructured forms of different soft materials are of contin-
uous growing interest for both practical applications and
fundamental physics. Examples of such systems can be found
among a broad family of liquid crystals (LCs), polymers and
ordered organic films; the behavior of these smart materials
can be modified by tuning their particular functional properties
like a period of helical modulation, optical or electronic band
gap, magnetic or polar order, etc. Many of these materials form
helical superstructures; the most notable examples are the
spiral ordering of the DNA and the peptides made of chiral
molecular blocks. A variety of helical structures can be found
among LCs as well: chiral molecules can self-assemble into
cholesteric or various tilted smectic C* phases with a uniform
twist."” A self-assemble of achiral LC molecules into helical
aggregates is present to a much rare extent. Nevertheless, in
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incident beam was proven by X-ray absorption spectroscopy in transmission geometry.

recent years several remarkable examples of a spontaneous
breaking of mirror symmetry with formation of nanoscale
helices of opposite handedness were discovered among a new
class of bent-core and dimer-like LCs (see ref. 3 for a review).
Liquid crystals are anisotropic fluids that combine the
fluidity of isotropic liquids with the long range orientational
and partial translational order of the rod-like molecules. They
are characterized by certain symmetries in the preferred orien-
tations of the long axes of LC molecules, i.e. the director n.
Chiral LCs can exhibit the cholesteric phase wherein a helically
twisted structure is driven by the molecular chirality. The
spirals fill a space in such a way that a helical axis is perpendi-
cular to the local director n(r) which undergoes precession
along the helix axis with a constant spatial period - pitch."?
The pitch can lie in the optical wavelength range giving rise to a
selective reflection of light: this provides the basis for applications
of cholesteric LCs as color reflectors and filters, tunable lasers,
nonlinear optical elements and thermal imaging devices." The
helical pitch of cholesteric LCs can be controlled by external
stimuli (temperature, electric or optical fields)."” These unique
properties enable to develop a great variety of optical elements and
devices based on cholesteric LC cells. The cholesteric LCs with
a short pitch lying in the UV range (below 200 nm) are rare,
especially when synthesized as individual chemical compounds.®
However, such short-pitch cholesterics have a great advantage over
their typical counterparts when they are applied for fast switching
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electro optical devices. This is due to the fact that the relaxation
time of the deformed cholesteric spiral after the switching off of
the electric field is proportional to the square of the pitch.” Thus,
the cholesterics with a short pitch appear to be very promising
materials for the high frequency switchable display applications
including 3D television devices.”®

The properties of cholesteric helixes are usually probed by
optical spectrometry and reflectometry techniques. However,
these methods are hardly accessible when the pitch is going to
the UV spectral domain. The optical spectroscopy does not
provide information on the shape of cholesteric spirals and
their correlations in space, as it cannot resolve structures
smaller than the visible-light wavelength. In recent years the
atomic force microscopy (AFM) technique has been suggested
for the measurements of the relatively short helix pitches in
cholesteric LCs.” The method can be applied to the surface
patterns of chiral materials and is based on periodic force
profile measurements along the free surface of the cholesteric
drops placed on the substrate.

X-Ray diffraction is one of the most useful tools to determine
the structure of various phases in LCs due to its sensitivity to
electron density modulation characterizing positional order.
However, this technique is not applicable to studies of choles-
teric helixes since they do not exhibit such a density modula-
tion. The projection of the electron density on the helix axis
does not change upon the precession of the molecules around
it. This is valid not only for the spiral ordering in cholesteric
LCs but also for the helical precession of the molecular tilt
direction around the cone in the chiral smectic C* phase®**°
and in the heliconical nematic phases.® Thus, these particular
types of molecular ordering in LCs could not be probed by
conventional X-ray diffraction.

To overcome these limitations, Resonant Soft X-ray Scat-
tering (RSoXS) at the absorption edges of LC constituent atoms
could be used. It probes effectively the helical ordering™**?
since the interaction of linearly polarized X-rays and the asym-
metric electron cloud around the resonant atom in a molecule
is determined by tensorial atomic scattering cross section.™
Such experiments generally require the specially synthesized
molecules with the covalently bonded resonant atoms (S, Se or
P); however, the carbon K-edge resonant scattering has also
been started to be applied to studies of various carbon-rich
organic materials. These include studies of the carbon electro-
nic structure and phase separation in polymer blends,"* block
copolymers,">'® organic photovoltaic solar cells,"”” and some
others. The pioneering experiments with LCs represented by
variant chiral smectic C* phases started in late 90s, and were
performed at the S and Se absorption edges. The ferroelectric,
antiferroelectric or ferrielectric fluidic phases arranged in a
“clock-like” spiral fashion were subsequently elucidated.'®>°
Very recently, the resonant X-ray scattering near the C K
absorption edge was exploited highlighting the nanoscale
structures formed by much broader LC phases including the
newly discovered ‘twist bend’ mesogens, spiral nanofilaments
in the B4 phase of bent-core LCs, ‘blue phases’ in chiral LCs
and a double gyroid cubic phase.”’® Resonant scattering
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peaks forbidden by the crystallography extinction rules have
been detected close to the absorption edges in addition to those
observed via conventional X-ray diffraction.

Herein, resonant soft X-ray scattering at the C K edge with
linearly polarized X-rays was exploited to probe the spiral
structure of newly synthesized liquid crystal EZL10/10 with an
ultra-short helical pitch.® A strong scattering peak associated
with the half-pitch of the cholesteric spiral structure was
observed and has revealed its resonant origin. The periodicity
extracted from RSoXS peaks is compared with the surface stripe
texture observed in the cholesteric phase of EZL10/10 at room
temperature by atomic force microscopy (AFM). Besides, the
space correlations of helices and the characteristic size of
coherently scattering domains were analyzed. X-Ray absorption
spectra recorded at the carbon K-edge resonance have shown
the stability of EZL10/10 molecules under the X-ray beam.

Experimental

Material and its preparation for the experiment

The cholesteric LC material used in this study, (S)-4-(((1-(decyl-
oxy)-1-oxopropan-2-ylJoxy)carbonyl)phenyl 4'-(decyloxy)’-ethyl-
[1,1'-biphenyl]-4-carboxylate denoted as EZL10/10, belongs to
the new lactic acid derivatives with a molecular core being
laterally substituted by an ethyl group. Its synthesis was
described earlier in ref. 6. The EZL10/10 undergoes a transition
from the cholesteric (Ch) to the isotropic (Iso) phase at 47 °C
(~320 K) while preserving the stable Ch phase at room tem-
perature (RT). The molecular representation of EZL10/10 is
shown in Scheme 1.

To be able to perform the X-ray experiments in transmission
geometry in vacuum, the LC material was placed between two
100 nm-thick silicon nitride (SizN,) membranes with 5 x
5 mm® window size in the silicone frame (Silson, Inc.). The
thickness of the cell was set by the standard spacer balls of
1.5 pm in diameter. The attenuation length of the soft X-rays at
the C K-edge is extremely small due to strong absorption: for
common carbon-based materials it constitutes only a few
microns in the pre-edge region and dramatically falls down to
about 0.2 pum closer to E = 283.5 eV;**’ thus, the special
precautions had to be made for such a cell preparation. The
cells were filled with the EZL10/10 LC being in the isotropic
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Scheme 1 The schematic representation of EZL10/10 molecule: the 3D
model and the structural formula.
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Fig.1 Temperature points used in the synchrotron-based X-ray experi-
ments with EZL10/10 compound in the cholesteric and isotropic phases;
lines represent the digitized data from ref. 6. RT_1 and RT_2 denote the RT
point before and after the second heating/cooling cycle, respectively,
during which the main results were obtained.

phase, cooled down, and were closed hermetically with the
epoxy glue. The optical interferometry indicated an only par-
tially uniform thickness distribution of LC along the window
with approximately 1 um LC thickness in the center of the cell.

Prior to the measurements, the LC cell was heated up to the
340 K with the heating rate of 2 K min~', kept at this
temperature for approx. 6 hours, and then cooled down to RT
with a natural cooling speed to be consistent with the results
from ref. 6. Such an additional heating/cooling cycle across the
phase transition ensures a more homogeneous distribution of
the LC material between the two SizN, membranes. In Fig. 1,
RT_1 and RT_2 temperatures denote the RT point before and
after the second heating/cooling cycle within which the main
results were obtained.

Synchrotron-based experiments

RSoXS experiments have been performed with linearly polar-
ized X-rays in transmission geometry at temperatures corres-
ponding to the stable cholesteric and isotropic phases of
EZL10/10 liquid crystal. The sample was mounted into the
ALICE reflectometer chamber®®?® attached to the UE52_SGM
undulator beamline®® of BESSY II synchrotron storage ring
operated by Helmholtz-Zentrum Berlin (HZB). X-Ray photons
of horizontal polarizations were used in the energy range of
270-290 eV covering the carbon K-edge resonances of different
carbon-based compounds. Due to a long wavelength of soft
X-ray radiation, £ = 283.5 eV, 1 =~ 4.4 nm, large helical
periodicities (up to few hundred nanometers) can be easily
measured in various LCs. The intensity of the incoming X-ray
photons was monitored by the drain current of a gold-coated
plane elliptical mirror upstream the experimental chamber.
The photon flux was on the level of 10° photons per s. The
typical basic pressure inside the chamber during the experi-
ment was in the range of 10~’-10~° mbar.

To detect the scattering peaks expected at certain wave-
numbers q the radial scans in the horizontal plane at both
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sides of the direct beam position were performed using a Si
point photodetector (g = (4n/4)-sin 0, where 0 is a half of the
scattering angle). The vertical slits with a gap of 500 pm placed
in front of the detector offer a higher angular resolution and
a lower background signal that are crucial for the current
experiment. The sample to detector distance within the ALICE
chamber was 0.2 m; the corresponding angular resolution in
the scattering plane was about 0.2° in terms of the scattering
angle 26 (full width at half maximum, FWHM). The size of the
beam on the sample was about 0.7 x 0.6 mm. Since the range of
periodicities expected to be probed was about 100 nm, the
scattering angles (20) up to 7-8° from the direct beam position
were of the main interest. The most important parameters to
detect were the angular position of the scattering peaks and the
FWHM of their radial cross-sections depending on the tem-
perature and the energy of the incoming X-rays. The data
obtained were used to quantify both the pitch of the helical
structure and the characteristic length within which the
cholesteric spirals are correlated.

In addition to the scattering experiment, the absorption
spectra at the carbon K-edge resonance were measured in
transmission geometry using the same point photodetector
placed at the position of the direct beam. The identical set of
parameters for the undulator provided the same level of incom-
ing flux for the horizontally polarized X-ray photons as in the
case of the X-ray scattering experiment. The reproducibility of
the absorption spectra measured before the heating up to the
isotropic phase and after the cooling down to RT confirmed the
stability of the LC sample under the X-ray beam. A single SizN,
membrane of 150 nm thick and a sandwich of two 100 nm
thick Si;N, membranes (without LC in between) were used as
references. The main outcomes of X-ray absorption experi-
ments could be found in ESI.}

AFM technique

The AFM measurements were carried out using a Bruker
Dimension Icon microscope (Bruker, Santa Barbara, CA, USA)
operated at the LC/air interface in the PeakForce mode at room
temperature. The cantilevers with a low spring constant of 0.4 N
m ™' and the resonant frequency in the range of 70-80 kHz were
employed. For AFM studies the cholesteric sample was pre-
pared by spreading of the melted LC droplet on the untreated
glass surface. In such a way a surface texture with a regular
stripe pattern can be obtained for further analysis.

Experimental results
X-ray resonance scattering

The angular dependence of the scattered X-rays recorded at two
energies near the C K absorption edge at RT are shown in Fig. 2.
A pronounced resonant peak associated with the half-pitch
(p/2) of the cholesteric spiral is observed for the incoming
photon energy E = 283.4 eV at both sides of the direct beam
in the horizontal scattering plane. At the same time, only a
smooth background signal was detected at lower energy

Soft Matter, 2022, 18, 89-96 | 91
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Fig. 2 Angular dependence of the scattered X-rays at indicated energies
taken at RT_1 before the second heating/cooling cycle. The resonant peak
related to the half-pitch of the cholesteric spiral is well pronounced at
20 = —4.8° and 20 = 4.8° only for E = 283.4 eV. At lower energy (E = 282 eV)
and for a reference sample (SisN4 membrane of 150 nm) there is no the
resonant signal.

E =282 eV. The reference SizN, plate does not show any peaks
either for E = 283.4 eV (see Fig. 2) or E = 282 eV (not shown);
however, a more intense direct beam and a higher background
were found due to a larger transmission of Si;N, membrane.

For the non-oriented cholesteric sample expected in the LC
cell under study, the uniform scattering rings in the detection
plane are anticipated since an arbitrary orientation of helix axes
within an X-rays illuminated area produces the powder-like
diffraction patterns. The scans performed with the point detector
display the radial cross-sections of these rings revealing various
types of periodicities in the system. The scattering angle 26 of the
observed resonant peak in the cholesteric phase of EZL10/10 was
found to be 4.80 + 0.05°. That corresponds to the half-pitch of the
cholesteric spiral p/2 ~ 52 + 0.5 nm, and, accordingly, to the full
pitch of about 104 + 1 nm.

The difference in intensities found for the resonant peaks at
both sides of the primary beam is mainly related to a slight
deviation of the sample alignment from the normal incidence
geometry with respect to the incoming beam that creates a
difference in X-ray paths within the membranes and the LC
between them. Due to a strong absorption of X-rays within the
LC and an additional attenuation by both membranes, even a
tiny difference between X-ray paths creates a visible difference
in the resonant peak intensities. For further evaluations the
peak of higher intensity was chosen.

The observed resonant peak in the cholesteric phase is not
resolution-limited. It can be well fitted by the Gaussian line-
shape to reproduce the experimental FWHM, A(20) ~ 0.55°
which can be related to the presence of small domains with a
uniform orientation of helix axes in the EZL10/10 sample.
An average linear size L of these domains can be estimated as
L = 2n/FWHM =~ //A(26).>"*? Taking into account the used
wavelength 4 ~ 4.4 nm (E = 283.4 eV) and the revealed value of
A(20) corrected to the finite instrumental resolution (Aj,s(20) =
0.2°),*® the linear size of domains was estimated to be about
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Fig. 3 Decrease of the resonant scattering peak intensity during the signal
acquisition at £ = 283.4 eV at RT_1. Each angular scan taken within a range
from —6.5° to —1.5° lasted approx. 5 min. The black, red and blue curves
represent smoothed data (Savitzky—Golay method) over each five angular
points.

L =~ 500 nm. This means that the parts of helixes with lengths
of approximately five full pitches contribute coherently to the
observed resonant scattering signal. Thus, the detected X-ray
resonant scattering peaks originate from the randomly oriented
finite-size cholesteric domains, within which the helix axes of
the spiral ordering are well aligned.

By doing successive angular scans around the resonant peak
position the substantial diminishing of the scattering peak
intensity was found from one scan to another (Fig. 3). The
observed decrease in the signal intensity might be related to a
partial reorientation of the LC molecules under the X-ray beam
resulting in a lower number of molecules satisfying the reso-
nant scattering conditions in the horizontal plane. At the same
time, the angular position and the FWHM of the resonant
peaks do not change. This points out that there are no
detectable changes in the half-pitch and the size of the choles-
teric domains coherently scattering under the X-ray irradiation
of the EZL10/10 sample. A partial decomposition of the LC
molecules can be excluded, due to the fact that the absorption
spectra of the EZL10/10 sample do not demonstrate any
changes during the multiple X-ray exposure scans (see ESIft).

Upon heating to the isotropic phase over the second heat-
ing/cooling cycle (up to 335 K) the resonant scattering peak at
the half-pitch angular position disappears while on coming
back to RT_2 it reappears again as shown in Fig. 4. The intensity of
the resonant peak was found to be comparable with ones found
earlier. Quite unexpectedly, the measurements performed at the
intermediate temperature of 310 K did not show any sign of the
resonant scattering peak (see inset in Fig. 4). This might mean that
the formation of the regular cholesteric structure in the studied
sample requires a certain time. The abovementioned measure-
ments at 335 K, 310 K and RT_2 were taken from exactly the same
spot on the LC sample cell that was monitored not only by the
standard position scans but also by energy scans as it will be
mentioned below. These results confirm the reversibility of the
cholesteric/isotropic phase transition in EZL10/10° and directly

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Angular dependence of the scattered X-rays at indicated energies
taken at 335 K and RT_2 during the second heating/cooling cycle. The
resonant peak is absent for the isotropic phase at 335 K and reappears

again in the cholesteric phase at RT_2. Inset shows an absence of the
resonant signal at 310 K.

assign the nature of this transition to the appearance of the helixes
formed by EZL10/10 molecules.

The first angular scan recorded from the fresh area with a
larger thickness of the EZL10/10 material demonstrates a
significantly larger intensity of the scattering peak at E = 283.4 eV
(Fig. 5). At the first glance this observation looks counterintuitive,
because the X-ray absorption near the absorption edge for the
thicker sample is obviously getting higher. However, the higher
absorption leads to smaller background level, which in turn
provides an advantage for better visibility of the resonant
scattering signal. Thus, there is a strong interdependence
between the incoming flux, absorption in the sample of a given
thickness and the intensities of the scattered X-rays in the
resonant experiments performed in the transmission geometry.
Moreover, due to a smaller background level it became possible
to detect the subtle non-resonant scattering peak also at

RT_2 —0— @ 283.4eV
(fresh point) @ 282eV

H polarization

Intensity ( 10°'%, arb. units)

-6 -5 -4 -3
Scattering angle (deg)

Fig. 5 The strong increase of the characteristic resonant peak intensity
observed at RT_2 for the first angular scan taken at £ = 283.4 eV as
compared to E = 282 eV. The spot on the sample with a thicker LC layer
was probed.
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E =282 eV as can be seen in Fig. 5. This contribution is related
to the steric repulsions of the helices parts and is described
on the basis of the “excluded volume” effect,*** as it will be
further discussed. Thus, the resonant origin of the signal
becomes undeniable: tuning the energy of the incoming X-ray
photons over the resonance results in drastic changes of the
scattering peak intensity. The subtle non-resonant scattering
was also seen earlier in ref. 21 from bent-core LCs spiral
structures in the B4 phase.

Formally, both energies used in the described X-ray resonant
scattering experiment (282 eV and 283.4 eV) could be consi-
dered as prior to the carbon K-edge resonance in the studied
EZL10/10 as shown in Fig. S1 of ESLf However, as it was
previously described in ref. 21 at exactly these energies an
acceptable compromise between the absorption coefficient
and the scattering amplitudes in the LC could be reached.

X-Ray absorption spectroscopy

The absorption spectra at energies around the carbon K-edge
resonance commonly demonstrate a very complex behaviour
not only due to different contributions from the sample itself
but also due to contributions from elemental carbon and
different carbon-based complexes that are always present as
residuals in the experimental chamber and beamline vacuum.
The contributions from all interfaces within the X-ray paths
before and after the samples studied (e.g. at optical elements of
the beamline and at the surface of the photodetector) play a
role as well. X-ray absorption spectra collected from the EZL10/
10 LC at the C K absorption edge in transmission geometry are
shown in Fig. S1 of ESL¥

The molecules of EZL10/10 LC have a complex 3D structure
which results in several clearly seen polarization-dependent
resonances. However, the detailed analysis of all features found
in the X-ray absorption spectra are beyond the goal of the
current paper, and these energy dependencies were mostly used
to control the stability of the LC material and to monitor the
position of the X-ray beam on the sample prior to measure-
ments of the resonant scattering signal. The spectra confirm
an absence of the radiation or heat damage of the sample
as well as an absence of visible sample diffusion over the
second heating/cooling cycle. Thus, a huge drop of the resonant
scattering signal described above could not be associated with
the sample damage due to its decomposition.

AFM studies

The cholesteric LCs usually display the characteristic “finger-
print” surface patterns that reflect their intrinsic helicity."
Such textures with the periodicity depending on temperature
and surface anchoring are easily visualized with the help of
polarizing optical microscopy. However, upon the shift of the
helix pitch towards the UV spectral range the above method
ceased to work properly. Fortunately, the AFM technique has
shown its feasibility for the measurements of the rather short
helix pitches in cholesteric LCs.® The AFM method is based on
periodic force profile measurements along the free surface of
the cholesteric material placed on the untreated substrate.
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Fig. 6 (a) Regular stripe pattern recorded by AFM at the LC/air interface at
RT for the EZL10/10 compound in the cholesteric phase. The molecules
were drop casted and spread over the untreated glass substrate. (b) Profile
of the surface modulation; x-axis is directed along the normal to the local
orientation of stripes in the AFM pattern.

Typically, at the LC/air interface the molecules follow a home-
otropic alignment with the LC director oriented perpendicular
to the surface. For such a case the spiral axes are lying parallel
to the interface making the intrinsic periodicity visible. The
AFM image of the surface of the drop of EZL10/10 compound
in the cholesteric phase displays the typical stripe pattern,
Fig. 6(a). In Fig. 6(b), the corresponding periodic force profile
is shown with respect to a horizontal scale, directed perpendi-
cular to the local stripes orientation and denoted as x-axis. The
half-pitch of a stripe pattern is about 55 nm; thus, the full pitch
is about 110 nm at room temperature. It is important to point
out that the precise determination of the x-axis orientation
from the 2D image is rather complicated, as it should be
perpendicular to stripe orientation. Additionally, the surface
is not ideally horizontal, that introduces an additional error in
determining the pitch value. Considering together all these
factors, the pitch of EZL10/10 was evaluated with the accuracy
of 10 nm (p = 110 £ 10 nm) at room temperature. This result
agrees well with the data obtained via the soft resonant X-ray
scattering, which gives the full pitch of the cholesteric spiral
in EZL10/10 of about 104 £ 1 nm at the same temperature.
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A tendency of having a bit larger pitch determined from AFM
studies, can be attributed to the action of surface forces at the
LC/air interface. Generally, the surface forces disturb a uniform
twisted structure of the cholesteric spiral more easily in the
direction of the increasing of the helix pitch.’

Discussion

In our work, the spiral ordering in the cholesteric phase of
EZL10/10 liquid crystal was probed by soft X-ray resonant
scattering at the C K edge and AFM studies. The helical
structure with an exceptionally low pitch of about 100 nm at
RT was established by both techniques. Such an ultra-short
helix pitch makes the EZL10/10 compound rather unique and
assigns it as a promising material for various electro-optical
devices which require a high rate of optical switching. In the
earlier studies by Salamonczyk et al.>® the soft X-ray resonant
technique was already applied to studies of helix ordering in
the cholesteric phase of several chiral LCs (SB3 and AZO?7).
A single resonant X-ray scattering peak related to the half-pitch
of spiral ordering p/2 ~ 110 nm was observed for both LC
materials at higher temperatures. Thus, the full pitch found in
the EZL10/10 compound here is twice as short than the full
pitch p &~ 220 nm recorded so far in other cholesteric LCs.

The cholesteric phase is characterized by a helically twisted
structure in which rod-like molecules rotate around the axis
perpendicular to the local director n(r). In accordance with the
symmetry of the cholesteric phase, its tensorial atomic scatter-
ing factor differs from zero only for the wave vector g corres-
ponding to a half-pitch of the helical structure g, = 2n/(p/2) =
4m/p, where p is a pitch of a helical modulation."® The intensity
of resonant g, peak is sensitive to polarization of the incident
X-ray photons: if the electric field within a beam oscillates
perpendicular to the helix axis, then the highly polarizable
direction (in the plane of the benzene rings) along of the
aromatic hard core of the rod-like LC molecules is probed,
whereas the electric field oscillating along the helix axis inter-
acts mainly with the more or less uniformly distributed carbon
atoms attached to the core of the LC molecule. As a result, for a
powder-like sample in which the helix axes are randomly
distributed in space, the scattering pattern is anisotropic, with
stronger intensity of scattering perpendicular to the X-ray
polarization direction. The anisotropy of the X-ray resonant
scattering pattern is readily seen when the measurements are
performed with a use of an area (2D) detector.>** For the case
when the measurements are carried out with the point detector
as it took place in our experiment, the optimal strategy of
measurements would be to choose the geometry for which the
scattering plane (within which the radial scans are made) is
perpendicular to the polarization direction.

In the previous section it was shown that the observed
resonant peak associated with the cholesteric phase of EZL10/
10 compound is not resolution-limited. In general, two reasons
leading to the resonant peak broadening above the FWHM
determined by the instrumental resolution can be indicated.

This journal is © The Royal Society of Chemistry 2022
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The first one is related to the possible distribution of helix
pitches in the cell which might lead to the spread in the peak
angular positions: the helix pitch distribution might be
induced in a thin ‘“sandwich-like” cell with the thickness of
about 1 um by an action of the surface forces. The second
reason is related to a presence in a system of well-aligned finite-
size domains within which the length of the cholesteric spirals
is limited by a few (up to five) pitches.

Let us discuss the first scenario with distribution of pitches.
The relative variation of the half-pitch in the cell A(p/2)/(p/2) is
related to the FWHM of the resonant peak by the expression:
A(p/2)/(p/2) = A(20)/20 =~ 0.5°/5° = 0.1. This means that the
variation of the helical pitch Ap in the cell might be as large as
10 nm. However, for the case of the untreated silicon nitride
plates the possible distortion of the cholesteric helix occurring
at the cell interfaces does not penetrate inside the cell on
the distances exceeding the helix pitch p ~ 100 nm,> which
constitute about 20% of the total cell thickness. Moreover, the
surface forces acting on the spirals in the cholesteric phase
distort their uniform twisted structure more easily by dilating
them. This should lead to asymmetry of the resonant peak with
the larger intensity on the smaller scattering angles side, which
is clearly not the case for the measured resonant peaks (see
Fig. 2-5). Thus, the influence of the possible distribution of
helix pitches on the broadening of the resonant peak can be
disregarded. It can be concluded that the broadening of the
resonant peak is predominantly due to partition of space into
the finite size domains. So, the X-ray resonant scattering peak
from the cholesteric sample under study originates from a
powder-like mosaic of finite size domains that are internally
well ordered but distributed randomly in the azimuthal plane.

As it was already mentioned in the Experimental section, the
subtle non-resonant scattering peak was detected at the same
angular position as the resonant peak, but at lower energy,
E = 282 eV, which is out of the absorption range, Fig. 5. This
scattering peak originates from the steric repulsions of the well
oriented helices, i.e. the neighboring helices can not penetrate
within each other over distances r restricted by p/2 and D, the
half-pitch and the width of the helices, respectively. As a result,
the so-called excluded volume is formed within which the pair
density correlation function g(r) attains the zero value (g(r)
defines the probability of finding a scattering object at the
separation r from any other arbitrary chosen object).***> The
structure factor S(q) measured in the X-ray scattering experi-
ment is a Fourier transform of the pair density correlation
function. Then the expression for S(q) is reduced to the
integration carried out over the excluded volume of the system
and finally shows the scattering maxima in the reciprocal space
in the vicinity of ¢; ~ 2m/(p/2) = 4n/p and ¢, ~ 2n/D.>*** The
wave number g; deduced within the aforementioned model
coincides with the wave vector g, that corresponds to the half-
pitch of the helical structure observed under resonant condi-
tions (E = 283.4 €V), as shown in Fig. 5. However, the intensities
of these peaks differ by an order of magnitude. This indicates
a giant amplification of X-ray scattering intensities for the
periodicities measured under the resonant conditions.
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Conclusions

To the best of our knowledge, in our work the shortest up-to-
now reported value of the helix pitch in the cholesteric phase of
liquid crystals was detected. To directly probe the formation of
helices in the LC material and to estimate quantitatively the
pitch and peculiarities of space filling by existing spiral order-
ing in the newly synthesized EZL10/10 compound, the anom-
alous soft X-ray scattering near the carbon K-edge resonance
was exploited. The ultra-short helix pitch of approx. 104 nm and
a presence in a system of well-aligned finite-size domains
formed by cholesteric spirals with lengths of about five pitches
were found within the LC cell at RT. These results are in
accordance with the periodicity of the stripe pattern, p =~
110 nm, observed at the surface of the EZL10/10 cholesteric
drop by means of AFM.

All short-pitch cholesterics reported previously in literature
were based on dimeric molecules and/or included more than
one chiral center in the molecular structure. Contrary to this,
the studied compound EZL10/10 represents a rather simple
molecular structure (Scheme 1), with a lactate in the chiral
chain. In our previous research it was proved that lactate unit as
a source of chirality is very efficient as was demonstrated by
frequent presence of blue and twist-grain boundary phases.?®™®
In comparison with low pitch cholesterics studied by soft X-ray
resonant scattering earlier,>®>° herein we present a simple
molecular structure those pitch length can be easily varied by
admixture of opposite enantiomer to get a series of structures
with tailored pitches. The anomalous soft X-ray scattering
technique taking an advantage of both linear polarizations of
incoming X-ray photons will allow to reconstruct the space
ordering of chiral LC molecules in this series with a precision
not accessible by other methods.

Besides, the cholesteric compound EZL10/10 is thermally
and chemically stable, and as it was currently revealed by X-ray
absorption spectroscopy its molecules are also stable under
the X-ray beam without any decomposition. The compound
preserves its mesogenic properties at room temperature after
the heating/cooling cycles, and the reversibility of the cholesteric/
isotropic phase transition was confirmed by X-rays. In combi-
nation with the extremely short pitch this makes EZL10/
10 a promising material for various electro-optical applications
requiring a high rate of optical switching.
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