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Preface to “Advances in Cholesteric Liquid Crystals”

Most of the optical properties of liquid crystals (LCs) are due to their chiral structures. With their
helical structure, cholesteric LCs (CLCs)—also named chiral nematic LCs—figure prominently in LC
science. The selective reflection of light is their flagship property. A properly oriented layer of CLC is
a unique multifunctional material: It is, at the same time, reflector, notch filter, polarizer, and optical
rotator.

The research on CLCs often requires making a continuous description of chiral structures
and their properties from the nanometer range to the macroscopic scale. It provides natural links
between different disciplines in soft matter science and well beyond. It promises a myriad of
applications in the areas of sensors based on color changes, tunable bandpass filters, rewritable
color recordings, hyperspectral imaging, thermal printable e-paper, polarizer-free reflective displays,
lasing, microlenses, smart windows, and many more. Lyotropic CLC formulations may be chosen
for their beauty, to screen UV light, or to obtain iridescent visual effects. The CLC structure has very
far-reaching implications in technology which have not yet shown their full significance.

The CLC structure is a ubiquitous design in the animal and plant kingdoms. The functions of
biological CLCs include maximization of packing efficiency, optical information, radiation protection,
and mechanical stability. The role of the cholesteric structure in living matter is far from being fully
defined, and many biomimetic replicas are still awaiting realization. This book is a series of papers
written by researchers working in LC science and technology, and covers experimental investigations,
theoretical aspects, and applications. It includes one review paper on the packing of double stranded
DNA molecules [Y. Yevdokimov et al.] and seven research articles that may fall into the following
two groups:

Fundamental investigations of defects, textures, and structures:

Experimental studies and computer simulations of director configurations and topological
defects in nematic and cholesteric layers with tangential-conical boundary conditions [M. N.
Krakhalev et al.].

Theoretical investigations about the role of length polydispersity on the helical pitch of nanorod
based CLCs with continuous length polydispersity [H. H. Wensink].

Mechanisms of voltage-induced changes of CLC textures by dielectric heating in the case of
pulses shaped to align the uniform lying helix texture [C.-H. Yu et al.].

Theoretical analysis of surface patterns formed at the free surface of CLCs with a focus on the
multiple-length-scale surface wrinkling phenomenon [Z. Wang et al.].

Experimental studies aimed at applications:

Optical fibers coated with a CLC as temperature sensors [Y. Han et al.].

Head-up displays for improving automobile driving safety based on the dual role of reflector
and polarizer of CLCs [Y. Liu et al.].

CLC materials for field-induced opaque-to-transparent smart windows made of a hybrid
association of polymer-dispersed and polymer-stabilized LC morphologies [C.-Y. Li et al.].

I hope that reading this set of contributions proves to be an enjoyable and illuminating

experience.

Michel Mitov
Special Issue Editor
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Abstract: Cholesteric liquid crystals (CLCs) are sensitive to environmental temperature changes, and
have been employed as a specific intermediary for biosensors. Considering the temperature-dependent
structural changes of CLCs, this study aimed to determine the sensing properties of side-polished
fibers (SPFs) after coating with CLCs. The experimental results demonstrated that, with regard to the
transmitted spectrum, the loss peak of CLC-coated SPFs exhibited a positive linear relationship with
temperature changes over a range of 20 to 50 °C. The linear correlation coefficient achieved 97.8% when
the temperature increased by 10 °C, and the loss peak drifted by 12.72 nm. The reflectance spectrum
of CLCs coated on the polished surface were obtained using optical fiber sensors. The feasibility of
measuring the helical structure of CLCs was further verified using SPF transmission spectroscopy.
The findings indicated that the transmitted spectrum of SPFs could be adopted to characterize the
helical structure of CLCs, which lays a solid foundation for further study on SPF-based biosensors.

Keywords: liquid crystal; cholesteric liquid crystals; optical fiber; side-polished fiber; sensor

1. Introduction

Cholesteric liquid crystals (CLCs) with orientational order are capable of undergoing liquid to
solid phase transition. They exhibit both liquid fluidity and crystal anisotropy, which lie primarily in
optical anisotropy, such as birefringence. In addition to optical anisotropy, CLCs display a selective
reflection of light due to their periodic helical structure. The selective reflection properties of CLCs
have been shown to be associated with their helical pattern. The intrinsic pitch of the thermos-sensitive
CLC selected in this study was the same as the wavelength of visible light. When the spiral axis
of CLC is perpendicular to the substrate surface, the Bragg reflection of visible light can appear.
The helical structure of CLCs is not only related to its material properties but is also a sensitive function
of temperature, electromagnetic field, acoustic field, radiation field, and even biochemical sensing.
Therefore, CLCs have been widely applied in sensor fields, especially biosensors [1-7]. The liquid
crystalline state has become ubiquitously recognized in organisms, in which the helical structure
of amphiphilic lipids from the plasma membrane is a natural composition containing a lyotropic
liquid crystal structure. Collagen and organismal DNA may synthesize CLCs with a helical or double
helical structure through self-assembly [8]. However, the most commonly employed methods for
characterizing CLCs in biosensors are polarized light microscopy [8], differential scanning calorimetry,
X-ray diffraction, atomic force microscopy, Fourier-transform infrared spectroscopy, circular dichroism
spectroscopy, nuclear magnetic resonance, and small-angle neutron scattering [8]. By examining the
transmittance and texture alterations of liquid crystal molecules under a polarizing microscope, the

Crystals 2019, 9, 465; d0i:10.3390/cryst9090465 1 www.mdpi.com/journal/crystals
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phase transition of CLCs can be analyzed, as well as the morphological variables, such as changes in
texture and orientation. However, in view of practical applications, it is rather difficult to accurately and
comprehensively characterize the liquid crystal state, regardless of the unavailability of miniaturized
analytical equipment. Thus, inevitably, the quantification of the measurement data must be done
focally by using micro-point probes, rather than real-time monitoring of changes in CLCs [9-11].

Optical fiber sensors, especially those with evanescent wave absorption, have already been applied
in the field of biomedical sensing research [12-14]. Side-polished fiber (SPF) is a specific optical fiber
made by removing part of the cladding from standard optical fibers through optical microfabrication
technology [15-17]. A variety of new optical devices and sensors have been fabricated by coating
with liquid crystals on their polished surfaces. Several studies have [18,19] proposed that azobenzene
polymer can be introduced to the nematic liquid crystal and coated on the polished surface of SPF,
through which an optically controllable SPF attenuator is made based on the liquid crystals. However,
Yu et al. [20,21] coated the mixed liquid crystals onto the side-polished surface of SPF and managed
to fabricate an optically powered fiber optic sensor. Tang et al. [22] successfully fabricated optical
fiber-based volatile organic compound gas sensors by coating CLCs onto the polished surface of SPFs.
In addition to the advantages of small volume, low cost, anti-electromagnetic interference, and being
easily accessible and reusable, SPFs are sensitive to external environmental factors. This is probably
because the optical field in the core leaks out through the polished surface in the form of an evanescent
wave, which makes it possible to interact with the external environmental factors. Therefore, SPF is not
only sensitive to the external environmental changes but also has adjustable length and depth. SPFs
often exhibit longer operating distances or larger surfaces, and thus they tend to have relatively higher
sensitivity. According to the findings of previous experiments, we hypothesize that the orientational
changes in nematic liquid crystals can be characterized by SPF-transmitted optical power [23].

In this study, the sensing properties of SPFs based on the helical structure changes of
thermos-sensitive CLCs were investigated within the visible light range. The reflection spectra of
thermos-sensitive CLCs coated upon the polished surface were measured using an optical fiber reflection
probe, while the transmitted spectra of SPFs were used to characterize the temperature-induced
structural changes of CLCs. The findings provide the feasibility of measuring the helical structure
changes of CLCs by SPF via transmission spectroscopy, as well as laying a foundation for future
research on CLC-coated SPF biosensor.

2. Materials and Methods

2.1. Experimental Design

CLCs has been recognized as chiral nematic liquid crystals. Chirality refers to the ability to
selectively reflect a certain portion of circular polarization. The CLC molecules exhibit a uniform
alignment of their direction in a single layer and accumulated layer by layer. The directional vectors of
each layer are slightly deviated from those of the adjacent layer, thereby forming a helical structure.
The helical axis of CLC is perpendicular to n, which corresponds to the optical axis. Under a 360°
rotation along the helical direction, its long axis returns to the initial orientation. The pitch (periodic
interval between layers) of CLC is an important parameter for determining its helical structure. CLCs
demonstrate the characteristics of reflecting visible light with one pitch, which is strongly dependent
on temperature changes and external environmental factors.

Hence, the experimental design of this study was focused on CLCs (5 uL) coated on the polished
surface of SPFs. The intrinsic pitch of cholesterol ester liquid crystal selected in this study was
equivalent to the wavelength of visible light. The helical structure of cholesterol ester liquid crystals
may change in response to increasing temperatures, and disappear upon reaching isotropy [24-26].
Considering the temperature-sensitive structural changes of CLCs, the sensing response characteristics
of SPFs were evaluated. Through optical fiber sensing, the ambient temperature-induced alterations in
the reflective spectrum of CLCs were determined, and the relationship between its reflective spectrum
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and the helical structure was examined. Moreover, the characteristics of the transmission spectrum
of SPFs in response to the ambient temperature-induced structural changes of CLCs were examined.
Additionally, the transmission spectrum of SPFs was used to verify the feasibility of measuring the
structural changes of CLCs.

2.2. Preparation of CLCs

CLCs are sensitive to the changes in environmental temperature and are often displayed as bright
colors. In addition, they are relatively similar to proteins with respect to the spatial uniformity of
their helical structures. The temperature sensitivity range of liquid crystals can be adjusted by mixing
different types of formulations. This experimental design was based on the studies of Brown et al. [24]
and Elser et al. [25]. Specifically, cholesteryl oleyl carbonate (15, 115-7; Sigma-Aldrich), cholesteryl
pelargonate (C7, 880-1; Sigma-Aldrich), and cholesteryl benzoate (C7, 580-2; Sigma-Aldrich) were used
to prepare the temperature-sensitive cholesterol ester liquid crystals. The preparation procedure was
as follows. First, 0.38, 0.52, and 0.10 g of cholesterol carbonate, cholesterol nonyl ester, and cholesterol
benzoate, were, respectively, mixed in a glass bottle. Next, the tube bottle was heated by a hot air
cylinder until all the powdered solid samples were melted into a transparent liquid. Subsequently,
the melted liquid sample was placed in an ultrasonic cleaner, and uniformly homogenized at 40 °C
for 10 minutes. After ultrasound homogenization, the sample was transferred onto a tube mixer and
oscillated for 10 minutes, to completely mix it again. Thereafter, the sample was statically cooled at
room temperature, and the visualized color was recorded (Figure 1).

Figure 1. The preparation of cholesteric liquid crystals (CLCs).
2.3. Thermosensitivity of CLCs

The homochiral helical structure of CLCs allows the Bragg reflection of visible light when the
helical axis of the liquid crystals is perpendicular to the substrate (Figure 2). Typically, CLCs can exert
the strongest selective reflection on the wavelengths of the incident light only if the light is incident
along the spiral axis of liquid crystals. The formula for reflection wavelength (Ao) is shown as follows:

Ap =np @

where, 71 is the equivalent refractive index of the CLC. Thus, the selective reflection properties of CLCs
are related to their helical structures.

Figure 2. CLCs exhibit the strongest selective reflection of incident light wavelength, especially when
the incident light is projecting along its spiral axis.

The helical structures of CLCs can be altered in response to high temperature [25]. According
to Formula (1), the reflection wavelength A could drift, while the colors of reflected light varied
with the increasing temperatures (Figure 3b). The liquid crystalline form of cholesteryl ester was



Crystals 2019, 9, 465

blue—green in color at room temperature (~20 °C), but turned green—yellow, after being heated to
50 °C. The liquid crystal of cholesteryl ester transited from the anisotropic phase to the isotropic
phase. Specifically, its spiral structure disappeared after being heated to 70 °C, and it achieved
isotropy and displayed as a transparent liquid. The helical structure of CLCs can be confirmed by
the wavelength-selective reflection from CLCs. The wavelength-selective reflection arises from the
Bragg reflection with the periodic helical structure in CLCs. According to the Bragg reflection, when
the incident light illuminates the CLC film vertically, the light at the wavelength A will be reflected
while the light at other wavelength transmits [18]. Therefore, the helical structure of CLCs may react to
environmental temperature changes and appears to be quite sensitive.

— Temperature — Temperature - /
— !
P1 - increase P2 - increase / \
— ~\

(a)
20C 30°C 40°C 50C 70C
(b)

Figure 3. The effect of temperature on the helical structure of CLCs. (a) The schematic diagram for the
structural changes of CLCs during increasing temperatures. (b) The experimental color photographs of
the reflected light of CLCs observed by the naked eye from 20 to 70 °C.

2.4. Preparation of SPFs

In the present study, the wheel side-polishing technique was employed for the preparation of
single-mode optical fibers (SMF-28e single-mode ordinary communication optical fibers, Corning
Company) [16]. The SPFs used in this experiment were prepared by polishing twice. The transmission
power of SPFs was 2.2 dBm before polishing, and —2.3 dBm after polishing. The residual thickness of
the SPF was obtained by measuring the side surface of the SPF using a microscope at 10X magnification.
During microscopic measurements, the mechanistic platform of the microscope was moved along
the axis of SPFs in steps of 1.0 mm, and a series of images were taken at different positions of SPFs.
As shown in Figure 4a,c are transitional zones at both ends of the SPF, while (b) is a flat zone in the
middle. The length of the polished surface and average residual thickness of the SPF were found to be
~20 mm and ~2 um, respectively (Figure 5).

3 =

(o

I—
— comm—

Figure 4. Side view of side-polished fibers (SPFs). (a) and (c) are the transition areas, while (b) is the
flat zone of the SPE.
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Figure 5. The length of the polished surface and residual cladding thickness of SPFs.
2.5. Reflection Spectrum Measurement of CLCs

The CLC layer coated on the surface of SPFs was regarded as the Bragg reflection structure with
liquid crystal pitch as its period. The maximum reflection wavelength was calculated according to the
following formula:

Ao = 2nc e = 2nercp, 2

where n¢yc is the effective refractive index of the cladding of CLC under Bragg reflection waveguide
structure, A is the time period of Bragg waveguide, and p is the pitch of CLC. Given that CLCs are
temperature sensitive, its helical structures could be altered in response to increasing temperatures.
Therefore, raising the temperature might shift the maximum reflection wavelength satisfying the
Bragg reflection.

2.6. Transmission Spectrum Measurement of SPFs

The SPF used in our study was made from a single mode fiber using the wheel-polishing method.
In a step-index fiber with a circular cross-section, the refractive index of a fiber’s core, 1, is greater
than that of its cladding, 1, and the fiber mode effective index, Nef, lies between 1, and 1. In the case
of the SPF having a D-shaped cross-section, the cladding between the core and the polished surface
can be made to be sufficiently thin to allow the evanescent field to extend into the external medium
above the polished surface of the SPF. If the polished surface of the SPF is coated with a material with
refractive index, ncyc, the mode effective index of the SPF/external material medium structure will
depend on the cladding thickness and the value of the ncpc. According to the theoretical analysis on
optical propagation characteristics of SPF shown in reference [15] and [16], when ncc < ne, there is
total internal reflection and the loss of light propagating in SPF is the minimum. When ncpc % e, the
fiber mode becomes leaky, and power can be radiated out of the core of the fiber. On this occasion, the
loss of light propagating in the SPF is the maximum due to the guided mode changing to radiation
mode. When ncyc > nef;, there is semi-reflection and part of light leaks. The loss of light propagating
in an SPF can, therefore, be very dependent on the value of the ncyc.

The transmitted light on the SPF was incident to the Bragg reflection from the CLC at an angle of
0. Because the evanescent field leaked from the SPF core, the light wave from the CLC was reflected
back to the side-polished optical fiber for the purpose of light propagation (Figure 6). Therefore, the
CLC coated on the polished surface of SPFs might constitute liquid—crystal waveguides cladding with
a Bragg reflection structure, and its reflective wavelength was calculated as follows:

mAy = 2ncrc peosd m=20,1,2,3.. 3)

Considering that CLCs are temperature sensitive, their spiral structure may change in response
to increasing temperatures. It was speculated that the spiral axis of CLCs was perpendicular to the
polished surface of SPFs, and therefore, the liquid crystal molecules were intrinsically twisted along
the polished surface to form periodic helical structures (Figure 6). In addition, the reflected light
waves satisfying the Bragg reflection waveguide were propagated from CLCs to SPFs, and thus the
transmitted spectrum of CLC-coated SPFs drifted with the increase in temperature. Furthermore, the
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reflective spectra of CLCs and the transmitted spectra of SPFs were measured simultaneously, and the
results were compared.

Figure 6. Structure of CLC-coated SPFs and schematic illustration of its temperature sensing.
2.7. Experimental Device

The schematic diagram of the experimental device for sensing the characteristics of SPFs based
on the structural changes of CLCs is illustrated in Figure 7. LS-1 provides detection light covering
the visible band. The transmitted spectra of SPFs coated with CLCs on its polished surface, and
the reflection spectra of liquid crystals were measured by using the transmission probe of USB4000
Spectrometer (Ocean Optics) and the optical fiber reflection probe perpendicular to CLCs. A hot
plate was used to control the temperature around the polished surface of SPFs, by heating from room
temperature 20 to 70 °C. Before heating, the liquid crystal was transformed into a transparent liquid,
while the heat disc was adjusted to the targeted temperature. Such a process is exploited here to avoid
the inhomogeneity caused by daubing and is capable of making CLCs reorient and self-assemble
in order on the polished surfaces of SPFs, and thus form a more stable and homogeneous helical
microstructure in the CLCs layer.

USB4000

LS-1

Light Source USB4000

Transmission Transmission
Probe Probe

350~1200 nm

Figure 7. Schematic diagram of the experimental device for evaluating the sensing characteristics of
CLC-coated SPFs.

3. Results and Discussion

CLCs have a selective reflection of light, resulting from the fact that they are composed of a
periodic helical structure. In this study, temperature-sensitive CLCs were uniformly coated on the
polished surface of SPFs, and the sensing characteristics of SPFs were evaluated based on the structural
change of CLCs.

3.1. Reflection Spectra of CLCs in Response to Environmental Temperature Changes

The optical fiber reflector probe was placed vertically above the CLCs, and the light reflection was
incident vertically on the coated CLC surface. When the ambient temperature around the polished
surface of SPFs was increased from 20 to 50 °C at intervals of 10 °C, the maximum reflection wavelength
of the CLC reflectance spectrum was shifted from 536 to 587 nm. When the temperature was raised
to 70 °C, the reflection peak of CLCs disappeared (Figure 8). Formula (2) showed that the optical
selective reflection properties of CLCs are related to their helical structures. The helical structures
of CLCs altered with the temperature rising from 20 to 50 °C. The reflection wavelength measured
by optical fiber reflector was red-shifted by approximately 50 nm. CLCs reached isotropy at the



Crystals 2019, 9, 465

phase transition temperature of approximately 70 °C, and their periodic helical structure did not exist
anymore. Within the temperature range of 20 to 50 °C, the maximum reflection wavelength of CLCs
was linearly correlated with the drift of ambient temperature. The linear equation of Ap = 1.7341T +
497.69 was obtained, and the linear correlation coefficient achieved 94.5% (Figure 9). These results
indicated that the reflectance spectra of CLCs exhibit a good linear relationship with temperature.
Notably, the maximum reflection wavelength of CLC reflectance spectra shifted 17.34 nm for every 10
°C rise in temperature. Therefore, the optical selective reflection properties of CLCs strongly support
that its helical structure has a temperature-sensitive function.

0.4
450 475 50 625 S0 675 600 625 650
wavelength (nm)

Figure 8. Temperature dependence of CLC reflectance spectra measured by an optical fiber sensor.

580

Wavelength (nm)

D 25 0 3 4 4 &0
Temperature ("C)

Figure 9. Linear fitting curves for the maximum reflection wavelength of CLCs over a temperature drift.

For the typical case where the helix axis is perpendicular to the interface, it can be seen from
Formula (2) that the measured reflection spectrum of the CLC surface may display a significant
reflection peak (Figure 10a). However, in this experiment, the spiral axis of CLCs around the polished
surface is not uniformly perpendicular to the interface due to the coating of CLCs on the SPF polished
surface (Figure 10b). As aresult, the Bragg’s reflection peaks of the CLC surface were wide, and only the
corresponding wavelength at the edge of the reflection peaks was affected by temperature alterations.

(a) (b)

Figure 10. Schematic diagram for the helical arrangement of CLCs coated on the SPF polished surface.
(a) The helix axis of CLCs coated on the SPF is perpendicular to the polished surface ideally. (b) The
helix axis of CLCs coated on the SPF is not uniformly perpendicular to the interface in the experiment.

3.2. Transmission Spectra of SPFs in Response to the Structural Changes of CLCs

The transmission spectra of CLC-coated SPFs are presented in Figure 11 as a function of temperature.
The transmission light in the SPFs was incident into the Bragg reflection waveguide structure composed
of CLC, and the light waves satisfying the Bragg reflection could be reflected back from CLCs to SPFs
to maintain propagation. To compare the transmission spectra of CLC-coated SPFs and those of CLCs
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alone, the loss peak (valley) of SPF transmission spectra was assessed in the present study. When the
temperature was increased from 20 to 70 °C, the transmission spectra of CLC-coated SPFs blue-shifted
from 702.77 to 597.8 nm, suggesting that the helical structure of CLCs changed and the long-wave band
of visible light was transmitted back to SPFs in response to higher temperatures. These results were
consistent with the red-shifted spectral data of CLCs (Figure 8). This indicates that the transmission
spectra of SPFs can characterize the structural changes of CLCs. When the temperature reached 70 °C,
the helical structure of CLCs disappeared, indicating the phase transition from liquid crystal to isotropy.
The measured transmission spectrum of SPFs was different between each temperature, at which the
half-width of loss transmission peak was the largest. Therefore, the transmitted spectra of SPFs can
characterize the changes in the helical structure of CLCs modulated by ambient temperature.

70000

60000

Intensity (a.u.)

450 500 550 600 650 700 750 800 850 900

wavelength (nm)

Figure 11. Temperature dependence of loss peaks pertaining to the transmission spectra of
CLC-coated SPFs.

Where the helix axis is perpendicular to the interface (Figure 10a), the transmission spectra of
CLC-coated SPFs may display a significant loss peak. However, in this experiment, without the
alignment of CLC, the spiral axis of CLCs around the polished surface was not uniformly perpendicular
to the interface due to the coating of CLCs on SPF polished surface (Figure 10b). As a result, the Bragg’s
reflection peaks of CLC surface were wide, and only the corresponding wavelength at the edge of the
reflection peaks was affected by temperature alterations. Thus, the cause of many small peaks near
the main peak shown as Figure 11 should be the spiral axis of CLCs adjacent to the polished surface,
which was not uniformly perpendicular to the interface.

The CLCs coated on the polished surface of SPFs have a periodic helical structure within the
temperature range of 20 to 50 °C. The transmitted spectrum loss peak of SPFs is based on the fact that
changes in the helical structure of CLCs are a temperature-sensitive function. The linear equation
Ap = 1.272T + 729.891 was fitted and its linear correlation reached 97.8% (Figure 12). The results
indicate that the transmitted spectrum loss peak of CLC-coated SPFs exhibits a good linear relationship
with temperature. The blue-shifted transmission loss peak of SPFs was 12.72 nm for every 10 °C rise
in temperature. Therefore, within the temperature range of 20 to 50 °C, SPFs, based on the spiral
structure changes of CLC, can sense the alterations in environmental temperature, with relatively
higher sensitivity and better linear relationship.

= wavelength of 20°G.30°C 40°C.50°C
= wavelength

el ——Fit Gurve

wavelength

B 2 0 s @ 5 £
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Figure 12. Linear fitting curves for loss peaks pertaining to the transmission spectra of CLC-coated
SPFs over a temperature drift.
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4. Conclusions

In conclusions, the sensing properties of CLC-coated SPFs in response to the ambient
temperature-modulated structural change of CLCs were assessed in the present study. The loss peak
of the transmitted spectrum pertaining to CLC-coated SPFs demonstrated a good linear relationship
with temperature (ranging from 20 to 50 °C). The linear correlation coefficient achieved 97.8% when
the temperature increases by 10 °C, and the loss peak drifted by 12.72 nm. At 70 °C, the half-maximum
width of the loss transmission peak of CLCs reached the maximum value due to the transition from the
liquid crystal phase to the isotropic phase. The maximum reflection wavelength of CLCs red-shifted
17.34 nm for every 10 °C rise in temperature, and the linear correlation coefficient achieved 94.5% at
the temperature range of 20 to 50 °C. When the temperature rose to 70 °C, the reflection peak of CLCs
disappeared. The optical selective reflection characteristics of CLCs well-demonstrate that its helical
structure is a temperature-sensitive function, as evaluated by the transmitted spectrum analysis of SPFs.
The feasibility of measuring the helical structure of CLCs by SPF transmission spectra was further
verified by the reflectance spectrum of CLCs assessed by a fiber-optic reflection probe. Collectively, the
transmission spectra of SPFs could be used to characterize the structural changes of CLCs, thereby
laying a foundation for further investigations on CLC-coated SPF biosensors.
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Abstract: With the growing demand for driving safety and convenience, Head-Up Displays (HUDs)
have gained more and more interest in recent years. In this paper, we propose a HUD system with
the ability to adjust the relative brightness of ambient light and virtual information light. The key
components of the system include a cholesteric liquid crystal (CLC) film, a geometric phase (GP)
liquid crystal lens, and a circular polarizer. By controlling the voltage applied to the GP lens, the
contrast ratio of the virtual information light to ambient light could be continuously tuned, so that
good visibility could always be obtained under different driving conditions.

Keywords: geometry phase; cholesteric liquid crystal; head-up display

1. Introduction

Head-Up Displays (HUDs) have attracted more and more interest recently because of their
important role in improving driving safety. A HUD can directly project vital driving information
such as speed and navigation into the driver’s eyes without the need to shift one’s sight off the road.
Nowadays, HUDs have been integrated into some top-end vehicles. For example, in BMW M5 (an
executive car produced by German automotive manufacturer BMW), a HUD is realized by projecting
an image onto a translucent TFT (thin-film transistor) display in the windscreen via a specially shaped
mirror [1]. More modern implementations and enhancements of HUDs have also been developed.
Okumura et al. realized a wide field-of-view HUD using a partial transparent Fresnel reflector as
a combiner [2]. Wei et al. proposed a HUD with superior optical performance using three off-axis
freeform mirrors [3]. Zhan et al. used GP elements to enhance the performance of HUDs in many
aspects [4].

In different driving conditions, the brightness of ambient light may undergo dramatic change,
which would affect the visual effects of HUDs. When a car runs in bright sunlight in summer, the virtual
information provided by a HUD gets washed out. Increasing the brightness of the HUD may alleviate
the problem, but greatly increases power consumption. When a vehicle runs on a dark road at night,
the excessive brightness of the HUD may become quite disturbing. Moreover, sometimes, a sudden
change in ambient light may occur when, for instance, entering or exiting a tunnel. However, most
current HUDs can only adjust the brightness of the virtual image, but cannot control the brightness
of the real world scene. To improve visual quality and driving safety, it is highly desirable to realize
real-time brightness adaptation for both ambient light and virtual information, and thus ensure the
contrast between the two within a reasonable range.

Several approaches have been proposed to achieve transmission control in augmented reality
systems. Photochromic materials [5] have excellent dimming capability, but the response time is too
slow for real-time operation. The STN (super twisted nematic) guest-host liquid crystal film has also
been utilized in combination with a reflective polarizer to control the contrast of the scene [6]. Yet,
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simultaneous control of real-world-scene transmission and virtual-information brightness has not
been demonstrated.

In this paper, we propose a HUD with electrically controlled contrast ratio, based on a cholesteric
liquid crystal (CLC) [7-9] film, a geometry phase (GP) [10-14] liquid crystal (LC) lens and a circular
polarizer. The CLC film here works as a reflective polarizer, which reflects one circular polarization
with the same helical sense as the helix of the CLC, and simply transmits the orthogonal circular
polarization. The GP LC lens [15-17] is a flat-plate diffractive device whose phase profile is generated
by spatial variation of the LC directors instead of the optical path distance. Its diffraction efficiency is
electrically tunable and is highly polarization-dependent. In our HUD system, by controlling voltage
applied to the GP LC lens, the transmittance of the ambient light and the reflectance of the virtual
light could be tuned simultaneously, so that the contrast ratio of the two can be controlled in an
appropriate range. Therefore, the driver can always see virtual information and road conditions in
different driving environments.

2. Principles of the CLC Film and the GP Lens

CLC is also called chiral nematic liquid crystal. Under the action of the chiral dopant, the nematic
LC directors rotate along the normal direction of the plane, but in the same layer, all the LC directors
are oriented in the same direction as shown in Figure 1a. The axial length over which the LC directors
rotate by 180° is half pitch P/2. When light wavelength is within the reflection band of a CLC, the
circularly polarized light with the same helical sense would be reflected, while the circularly polarized
light with the opposite handedness would be transmitted. For both the reflected and transmitted light,
polarization states are unchanged. For example, a right-handed CLC (RHCLC) exhibits a high reflection
characteristic for right-handed circular polarization (RCP) and a high transmission characteristic for
left-handed circular polarization (LCP) as shown in Figure 1b, and vice versa.
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Figure 1. (a) Schematic diagram of the director configuration of a CLC; (b) Polarization-selective
reflectivity of a CLC film.

The optic axis (LC directors) of a GP LC element change spatially, and that produces phase
modulation for the incident light. The optic axis distribution of a GP lens in the substrate plane (x-y
plane) is shown in Figure 2a. The azimuthal angle of the optic axis @(X, y) changes continuously so
that a parabolic phase profile is generated along the radial direction; in the direction perpendicular to
the substrate (z-axis direction), the LC directors are uniformly aligned unless voltage is applied. When
the incident light is a circular polarization, the output electric field vector after passing through a GP
lens can be expressed as in [18]:

s | 1 |cp i w00y 1 is | 1
e’bm[ " :|_) \/T_]ef(bm—z‘?)[ i ]+ \/%elbm[ " :|, (1)
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where 8;,(x, y) is the initial phase of the incident light. The output light consists of two components: a
handedness inverted first-order circular polarization and a handedness unchanged zero-order circular
polarization. The coefficient 1 = sin?(T'/2) is the first-order diffraction efficiency and 1 = cos?(I'/2) is
the zero-order diffraction efficiency, where T is the phase retardation. When half-wave retardation
is satisfied (I' = m), the first-order efficiency could theoretically reach 100% [13,19]. The phase shift
term +2¢ in the first-order indicates that the sign of the additional phase is opposite for LCP and RCP.
Therefore, a GP lens converges light of one circular polarization and diverges light of the other as
illustrated in Figure 2b.

RCP

(b)

Figure 2. (a) Schematic distribution of LC directors in a GP lens; (b) Polarization dependency of a
GP lens.

3. Working Principle of the HUD

The structural design of the HUD system we propose is shown in Figure 3. It consists of an
image source, a broadband left-handed circular polarizer (Edmunds), a GP LC lens, and a RHCLC film.
A circular polarizer could be considered as the optical combination of a polarizer and a quarter-wave
plate, and in our structure, the polarizer side is facing the driver. The RHCLC is a reflective polarizer,
which reflects most RCP and transmits most LCP.

For the virtual information light coming from the image source, it first encounters the left-handed
circular polarizer and gets converted into the LCP. Next, the LCP light passes through the GP LC lens
and gets diffracted. For this specific GP lens, its phase profile is designed in such a way that it exhibits a
positive optical power for LCP light coming from the driver’s side. So the first-order light is converged,
and its handedness inversed, while the zero order remains left-handed as shown in Figure 4a. As they
further proceed to the RHCLC film, the first order RCP is reflected towards the driver’s side because of
chirality match, while the zero order LCP is transmitted into the other side. Upon reflection, the first
order light remains to be RCP thanks to the reflectivity characteristic of the CLC.

As the reflected RCP light encounters the GP LC lens for the second time, diffraction occurs again,
which decomposes the RCP light into a LCP first-order component and a RCP zero-order component
as shown in Figure 4b. Here, because both the light propagation direction and circular polarization
handedness are reversed, the optical power of the lens remains positive, resulting in the first order light
being even more converged. Eventually, the RCP zero-order is absorbed by the left-handed circular
polarizer, while the converged LCP first-order manages to pass it through, and enters the driver’s
eye pupil.

For the virtual information light that reached the pupil, it passed through the positive GP lens
twice. The effective optical power is approximately twice of that in a single passage. By appropriately
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choosing the image source location and the focal length of the GP LC lens, the virtual information can
be magnified by the system. The diffraction efficiency through the double passage is approximately
sin*([/2).

As for the ambient light, first of all, the RCP part of the light is reflected back by the RHCLC film,
while the LCP part passes it through and encounters the elements that follow. Similarly, the GP lens
diffracts the LCP ambient light into LCP zero-order light and RCP first-order. But the first-order light
has diverged now as shown in Figure 4c, because the lens exhibits a negative focal length for LCP light
coming from the external side. Finally, the left-handed circular polarizer filters out the RCP first-order,
and only allows the LCP zero-order light to pass through.

From what has been discussed above, only the first-order of virtual information light and the
zero-order of ambient light entering the human eye. By changing the applied voltage on the GP LC
lens, the diffraction efficiencies for the first-order and zero-order will vary. Hence the brightness of the
virtual information and ambient light could also be adjusted accordingly.

circular polarizer

VAV Left-handed
»
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0 order
_ ﬁ A
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RHCLC Eye
GP lens

Image source

Figure 3. System design of the proposed augmented reality display.
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Figure 4. Virtual information light passing through the GP lens twice (a) the first time; (b) the second
time; (c) Ambient light passing through the GP lens. The solid arrows represent first-order diffracted
light, and the dashed arrows are zero-order light.

4. Experiment and Result

In our experiment, the RHCLC film was prepared by infiltrating an LC mixture containing
97.05 wt.% nematic liquid crystal with a large birefringence An ~ 0.4 (Changchun Institute of Optics,
Changchun, Jilin, China) and 2.95 wt.% right-handed chiral dopant R5011 (HCCH, Nanjing, Jiangsu,
China) into a 10 um homogeneously aligned cell [20]. Using a high-resolution spectrometer (Ocean
Optics, Shanghai, China), the transmittance spectrum of the RHCLC film was measured and shown
in Figure 5. One can see that a flat reflection band within which high reflection occurs for RCP light
ranges from 513 nm to 630 nm.
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Figure 5. Transmittance spectrum of the RHCLC film.

The GP LC lens was fabricated using a non-interferometric single-exposure technique [21]. A 3 um
cell filled with an LC mixture consisted of 99 wt.% E7 (HCCH, Nanjing, Jiangsu, China) and 1 wt.%
azo-dye methyl red (MR) (Sigma Aldrich, Shanghai, China). The size of the GP lens in our experiment
was 1.5 cm X 0.9 cm. Figure 6a shows the micrograph of the GP lens under crossed polarizers. The total
electrical switching time was 37.2 ms (rising time 27.8 ms and decay time 9.4 ms) as shown in Figure 6b.
The rise time could be sped up further using the overdrive method [22]. The response time was fast
enough to ensure quick contrast ratio adjustment when the ambient brightness changes.
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Figure 6. GP lens (a) optical micrograph under crossed polarizers; (b) response time; and
(c) voltage-dependent first-order diffraction efficiency.

The voltage-dependent-diffraction efficiency (defined as the focused beam intensity divided by
the total beam intensity behind the GP LC cell) for the wavelength 633 nm is shown in Figure 6c.
Peak diffraction efficiency could be achieved at about 1.6 Vims. Because the dye dopant MR has
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considerable absorption in blue and green, we purposely chose the color of virtual information light to
be red.

Figure 7 shows the measured reflectance and transmittance of the system at different voltages.
Surface reflections caused by the refractive index difference between the LC cell and the air can be
reduced by gluing together each device except the image source with glycerin (n ~ 1.47). Since the
virtual information is in red, the reflectance was measured using a 633 nm red laser. We also measured
the transmittance using 633 nm, 543 nm, and 488 nm lasers to investigate the electro-optical properties
of the GP LC lens for the ambient light. From the figure, one can see that for the same wavelength, the
increase of reflectance is accompanied by the decrease of transmittance, because they correspond to
the first-order and zero-order, respectively. However, due to the material dispersion and wavelength
dependence of the GP effect itself, different wavelengths have different diffraction efficiencies. Since the
human eye has the greatest visual sensitivity to green light, we take the curve of green light as the main
reference. Over a range of voltage variations (approximately from 1.3 Vims to 1.7 Vi), the reflectance
of the virtual information light increases while the transmittance of the ambient light decreases.

The transmittance curves for red, green, and blue light from the real world are mainly determined
by the zero-order diffraction efficiency of the GP lens. Theoretically, when the applied voltage on the
GP lens V is lower than the threshold voltage Vi, [23], the zero-order diffraction efficiency (1) of the
GP lens can be expressed as 1y = cos2(mAn(N)d/A), where An is the birefringence of the LC, d is the
cell gap, and A is the wavelength. Here, d is ~ 3 um and An of E7 for 633 nm is about 0.225, so the
phase retardation term wAn(A)d/A is close to 7, resulting in maximum efficiency 1y for the red light at
zero-voltage state. For green or blue light, TAn(A)d/A deviates from 7, hence the transmittance is lower
than that of red. In addition, the absorption of MR molecules for green and blue, and the transmittance
spectrum of the CLC cell would also affect the absolute values of their transmittance.
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Figure 7. Voltage-dependent reflectance (632 nm laser) and transmittance (633 nm, 543 nm, and 488 nm
lasers) of the system.

An LCD screen, with a red letter “S” in black background, was served as the light source.
The distance between the LCD screen and the GP lens was 12cm. The GP lens and the CLC cell were
stacked together with an index matching liquid, glycerin. A piece of paper with some black text was
placed 23 cm from the CLC cell, on the other side of the system, as the real-world scene. A camera was
placed at the pupil position to capture photos. Figure 8 shows the photos taken through the HUD
by the camera. When the voltage applied on the GP lens increases gradually, the brightness of “S”
increases and that of the background decreases. Because the virtual image is generated at a distance
closer than the background, one can see from the figure that when “S” is in focus, the background is
blurry as shown in the left part of the pictures, and when the background is in focus, the virtual “S”

16



Crystals 2019, 9, 311

is blurry as shown in the right part. In real vehicles, when the eye focuses on the road, the road is
absolutely clear. So it will not raise safety concerns.

(@)

(b)

Figure 8. Photos focused on the virtual-information image and the background, respectively, at different
voltages (a) 1.68 Vims, (b) 1.80 Vims, and (c) 1.96 Vims.

5. Discussion

In our prototype, as the applied voltage increases, the color variation of the background
accompanies the change of brightness. That is mainly because the diffraction efficiency of the GP lens
is wavelength-dependent. To overcome this problem, one can use a dual-twist-structure GP lens in
the system, which can achieve almost achromatic diffraction efficiency [24]. Here, as proof-of-concept
verification, only a red virtual image was displayed by our proposed HUD. To realize full-color
rendering, we plan to use SD1 [25], a photo-alignment material which has negligible absorption in
the visible region, to replace MR in the future. Moreover, the reflection band of the CLC film should
also be expanded to cover the entire visible range by using gradient pitch or multilayer methods [26].
Although the wavelength-dependent focal length (f) of GP lenses, which can be approximated by f
oc 1/A [23], would inevitably generate different magnifications for different colors, pre-calibration by
the software in the image source could provide a simple yet effective solution to this. Considering
the exotic features of the proposed HUD system, such as being able to adjust both ambient light and
virtual information simultaneously, and the instant response to the applied voltage, it could greatly
improve the virtual experience and driving safety. The application of such a display is not limited to
HUDs in vehicles, but can also be extended to head-mounted displays for augmented reality.

6. Conclusions

We have proposed a HUD system for automobile applications, which can adjust the relative light
intensity of ambient light and virtual light by changing the applied voltage. It provides a solution
for HUDs to enable good visibility of both virtual information and real-world scenes under various
driving conditions. The experimental results confirmed that dynamic control of brightness contrast
could be realized within a voltage range of 1.68 Vims to 1.96 Vims. In the future, the visual performance
of the HUD could be further improved by expanding the reflection bandwidth of the CLC film and
eliminating chromatic aberration of the GP lens.
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Abstract: Polymer-dispersed liquid crystal (PDLC) and polymer-stabilized liquid crystal (PSLC) are
two typical liquid crystal (LC)/polymer composites. PDLCs are usually prepared by dispersing LC
droplets in a polymer matrix, while PSLC is a system in which the alignment of LC molecules is
stabilized by interactions between the polymer network and the LC molecules. In this study, a new
material system is promoted to construct a coexistence system of PDLC and PSLC, namely PD&SChLC.
In this new material system, a liquid-crystalline vinyl-ether monomer (LVM) was introduced to a
mixture containing cholesteric liquid crystal (ChLC) and isotropic acrylate monomer (IAM). Based on
the different reaction rates between LVM and IAM, the PD&SChLC architecture was built using
a stepwise UV-initiated polymerization. During the preparation of the PDS&ChLC films, first,
the mixture was irradiated with UV light for a short period of time to induce the free radical
polymerization of IAMs, forming a phase-separated microstructure, PDLC. Subsequently, an electric
filed was applied to the sample for long enough to induce the cationic polymerization of LVMs,
forming the homeotropically-aligned polymer fibers within the ChLC domains, which are similar to
those in a PSLC. Based on this stepwise UV-initiated radical/cationic polymerization, a PD&SChLC
film with the advantages of a relatively low driving voltage, a fast response time, and a large-area
processability is successful prepared. The film can be widely used in flexible displays, smart windows,
and other optical devices.

Keywords: cholesteric liquid crystals; polymer; radical polymerization; cationic polymerization;
electro-optical property; microstructure

1. Introduction

Polymer-dispersed cholesteric liquid crystal (PDLC) and polymer-stabilized cholesteric liquid
crystal (PSChLC) systems are two important classes of liquid crystal (LC)/polymer composite
materials [1-9]. The PDLC films exhibit a micro phase separation structure when LC droplets
are uniformly dispersed into the porous polymer matrix. In normal mode PDLC films scatter light,
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while on application of an external electric field they can be switched into a transparent state [10-14].
Owing to their advantages of facile formation, good film formability, and stable optical properties,
PDLCs are used in a wide variety of applications, such as curtain free windows, displays, micro lenses,
and light shutters, etc. [15]. However, the polymer network in the PDLCs lack directional orientation
due to the weaker molecular interactions between the ChLCs and the polymer. The reorientation of
LCs in the polymer network requires a high driving voltage.

On the other hand, an orientated liquid crystalline polymer network of LCs in a PSChLC system
can facilitate cholesteric liquid crystal molecule re-orientation from a focal conic texture to homeotropic
alignments upon the application of an electric field [16,17]. Thus, PSChLC requires a low driving
voltage and has a prompt response rate. However, the low polymer content in PSChLC is usually
less than 10%, causing poor mechanical strength [18-20]. Recently, a coexistent system combining the
advantages of both polymer-dispersed and polymer-stabilized liquid crystals (PD&SLCs) has been
developed by our group. This hybrid system is garnering substantial popularity in both academia and
the industry due to its unique microstructure [21]. The produced electrically switchable PD&SChLC
film not only shows a more than 50% decrease in driving voltage compared with conventional PDLC
films but also possess high mechanical strength.

Generally, a two-step polymerization strategy is pursued to accomplish a PD&SChLC system.
As reported in the literature, in the first step a porous polymer network is obtained by UV irradiation of
isotropic acrylate monomers (IAMs). Secondly, an electric field is applied simultaneously with UV-light
exposure, the liquid crystal acrylate monomers (LAMs) within the ChLC domains being crosslinked
to form homeotropically aligned polymer fibers in the porous matrix [22-25]. During the first stage
some of the LAMs are consumed by radical polymerization under UV light. To leave sufficient
LAMs for forming the oriented polymer fibers in the second UV polymerization step, the curing
time of UV irradiation in the first stage should be strictly controlled, which is not beneficial for the
polymer morphology control or further optimization of the electro-optical properties of the PD&SChLC
film [22-25]. To date, liquid-crystalline vinyl-ether monomers (LVMs) have not been investigated in
constructing a PD&SChLC system.

In this study, we propose a new materials system containing LVMs, ChLCs, and IAMs, and a
PD&SChLC architecture is built stepwise by first consuming the IAMs via free radical polymerization,
followed by crosslinking the LVMs within the ChLC domains via cationic polymerization. Due to the
different rates between the radical reaction and the cationic one, the two polymerization steps are
completely separated, and a coexist structure with homeotropically aligned polymer fibers inside the
porous polymer matrix is formed.

2. Materials and Methods

2.1. Materials

Figure 1 shows the chemical structures and physical parameters of the materials used in this
study. Unless otherwise specified, the reagents were purchased from Sigma-Aldrich (St. Louis,
USA). Transparent and conductive polyester substrates were gifted from Dalian Jingcai Smart Film
Technology Co., Ltd. (Dalian, China). IAMs composed of lauryl methacrylate (LMA), polyethylene
glycol diacrylate (PEGDA 600), and hydroxypropyl methacrylate (HPMA) were purchased from
Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). LVMs and C4V were purchased from Beijing
Green Innov-Tech Co., Ltd. (Beijing, China). Photo-initiators (PI), UVI-6976 and Irgacure 651 were
bought, respectively, from Synasia (Suzhou) Co., Ltd. and TCI Co., Ltd. (Suzhou, China). Nematic
LCs and SLC-1717 were purchased from Shijiazhuang Yongsheng Huatsing Liquid Crystal Co., Ltd.
(Shijiazhuang, China). The chiral dopant, S811, was obtained from Beijing Gerui Technology Co., Ltd.
(Beijing, China). Glass spacers with a diameter of 20 pm were obtained from Sekisui Chemical Co., Ltd.
(Osaka, Japan) to control the thickness of the film.
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Figure 1. Chemical structures and physical properties of the materials used.

The composition of the IAMs is shown in Table S1. The ChLC comprises SLC177 and S811 and the
corresponding composition is listed in Table S2. Meanwhile, the polarizing optical microscope (POM)
figures of the ChLC are shown in Figure S1. The PI used in this study are UVI-6976 and Irgacure 651;
theor composition is listed in Table S3. All these materials were used without further purification.

2.2. Preparations of the Samples

Films A, B, C, and D, whose compositions are listed in Table 1, were prepared according to
the procedures schematically illustrated in Figure 2. Firstly, a mixture of LVMs, ChLC, IAMs,
photo-initiators, and glass spacers was stirred evenly until it became transparent. Then, the mixture
was filled into two transparent and conductive polyester substrates via capillary action. Following this,
the samples were cured under a UV light (365 nm, 3.0 mW/cm?) for about 80 s to form the PDLC-like
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porous polymer structure. Next, a 100V, 1000Hz square wave electric field was applied across the
samples to switch them into a transparent state. Simultaneously, a second-step UV light (365 nm)
curing with the aforementioned intensity was employed for 10 min to fully consume the LVMs within
the ChLC domains to form homeotropically aligned polymer fibers in the porous polymer structure.
It is worth mentioning that all the films were prepared at room temperature.

Table 1. Compositions of the films with different LVM contents.

Sample ChLC (Wt%)  LVMs (wt%)  IAMs (wt%) PI (wt%)

A 64.5 0 35.0 05
B 64.0 0.5 35.0 05
C 63.5 1.0 35.0 05
D 63.0 15 35.0 05
(@
Iy E @
A SV B YL oA
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© Ilg[ ol “Lﬂ%ozf Step 1
4 E°NS E X4

I Cholesteric Liquid Crystals (ChLCs) |] Liquid Crystalline vinyl-ether Monomers (LVMs)
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Figure 2. Schematic illustration for the preparation of the PD&SChLC film.

2.3. Measurements

The E-O properties of the samples were measured using a liquid crystal device parameter tester
(LCT-5016C, Changchun Liancheng Instrument Co. Ltd., Changchun, China). Each film was applied
with a square wave-modulated electric field with a frequency of 100 Hz during the measurement.
The transmittance of conductive polyester substrates was normalized as 100%.

The morphologies of the polymer structure were observed via scanning electron microscopy (SEM,
HITACHI 5-4800, Tokyo, Japan). Cross-sectional SEM images of the samples were obtained by firstly
breaking off the samples in liquid nitrogen and then eliminating the LC molecules by immersing the
samples in a cyclohexane solvent for about seven days. After that, the samples were dried in an oven
at 60 °C for about 3 h and coated with a thin layer of gold before SEM observation.
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3. Results and Discussion

Figure 2 shows a schematic illustration of tailoring the PD&SChLC architecture in the film. Firs, a
well-stirred mixture of ChLC, IAMs, and LVMs is sandwiched between two transparent and conductive
polyester substrates (Figure 2a). The film shows a transparent state which is attributed to the isotropic
nature of the mixture. After the film is irradiated, the porous polymer structure built by the IAMs is
roughly formed, as shown in Figure 2b, in the first 80 s. The SEM photograph of the porous polymer
morphology is also shown in Figure S2. Meanwhile, a preliminary phase separation between the
cross-linked polymer and ChLCs (including LVMs) also occurs with the consumption of the IAMs.
In this phase separation process, the optical appearance of the film turns from a transparent into
a light scattering state due to the focal conic textures of the ChLCs, as shown in Figure 2c. It is
worth mentioning that the polymerization rate of the acrylic monomer (which belongs to the radical
reaction) is much faster than that of the vinyl ether monomers. Thus, the LVMs remain completely
unpolymerized after this first step of UV irradiation [26-28].

Subsequently, an electric field is applied to homeotropically orient the ChLCs and the LVMs,
and, accordingly, the film turns back to a transparent state, as shown in Figure 2d. Simultaneously,
a second stage of UV polymerization is carried out using a high light intensity to consume the LVMs
via cationic polymerization in order to form homeotropically oriented polymer fibers within the ChLC
droplets, as shown in Figure 2e. During the second step the films are kept transparent via an applied
electric field to ensure the homeotropic alignment of the LVMs. After the removal of the electric field,
the film turns back to a light scattering state because the ChLC molecules return from the homeotropic
alignments to the focal conic textures, as shown in Figure 2f.

To verify the coexistent PD&SChLC structure, SEM photographs of the polymer microstructures
of the as-made films, from horizontal and cross-sectional perspectives, were taken. As shown in
Figure 3a,c, the microstructures of the PDChLC film have a polymer matrix with a uniformed porous
structure, with the size of each pore being about 3-5 um, which is in agreement with typical PDLC
materials. By comparing Figure 3a,b, we can see that with the introduction of LVMs, the homeotropically
oriented polymer fibers can be successfully formed in the new materials system. Figure 3b shows the
enlarged view of the coexistent porous polymer structure and the oriented polymer fibers. As shown
in Figure 3d, the morphologies of the polymer configuration from the horizontal perspective are also
distinct from those of the PD&SChLC film, compared with Figure 3c. From the above characterization,
we can confirm that the coexistent PD&SChLC structure can be successfully achieved by a promoted
stepwise UV-initiated radical/cationic polymerization strategy.

According to the above investigation, we deduced that the homeotropically-oriented polymer
fibers formed by LVMs may bring new electro-optical properties to the as-made PD&SChLC film.
Herein, a series of the PD&SChLC films were prepared by varying the LVMs contents, with the
compositions of the films listed in Table 1. The results of the electro-optic properties of these films
are summarized in Figure 4a,b. As the LVM content increases from 0 wt% to 1.5 wt%, the threshold
voltage (Vth) and the saturation voltage (Vsat) of the films, which are defined as the voltage required
when the film transmittance reaches 10% and 90% of maximum transmittance, respectively, are greatly
reduced. Specifically, the Vth and Vsat of the films decreases from 43.3 V/88.7 V to 32.2 V/58.8 V,
25.5 V/44.6 V, and 21.2 V/35.5 V, as shown in Figure 4b. This electro-optical improvement can be
attributed to the homeotropically oriented polymer fibers, which may reduce the anchoring force of
the porous network while rotating the ChLC molecules through the applied electric field. In addition,
obviously, the anchoring force can be further reduced with more polymer fibers formed via increasing
the LVM content. If the LVM content is increased up to 2.0 wt%, the transmittance of the film under
normal conditions will be greatly increased, which results from the stabilization effects of the high
densities of the homeotropically-oriented polymer fibers, which reduce the contrast ratios (CR) of the
films (Figure S3). Hence, the electro-optic properties of the films reached their best when the content of
the LVMs was 1.5 wt% in our experiments.
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Figure 3. Scanning electron microscopy (SEM) photographs of the polymer microstructures for the
as-made films from horizontal and cross-sectional perspectives: (a,c) are from the PDLC film And (b,d)
are from the PD&SChLC film.
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Figure 4. (a) Applied voltage dependence of transmittance of the as-made films containing A 0 wt%, B
0.5 wt%, C 1.0 wt%, and D 1.5 wt% LVMs, respectively. (b) The threshold voltage (Vth) and saturation
voltage (Vsat) of the films. (c) Digital photographs showing the arbitrary transformation of Sample D
from an intense light scattering state (left) to a highly transparent state (right) under electric field control.

Moreover, compared to the previously promoted PD&SChLC system, which had 3.0 wt%
liquid-crystalline acrylate monomer content [21-25], having 1.5% LVM content in the new PD&SChLC
system is the result of the two completely separated polymerizations steps. This is what we envisioned
by introducing two means of aggregation, these being free radical and cationic.
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Ultimately, the prepared films show a strong light scattering state under normal conditions, as
shown in Figure 4c, and can achieve a fast transition to a highly transparent state under an electric
field lower than 40 V. In addition, the response time for the electro-optical transition between the two
states is fast, and the total time of the roundtrip is less than 30 ms, which is proved in Figure S4.

4. Conclusions

In conclusion, in this work a novel strategy for the preparation of PD&SChLC films by a stepwise
UV-initiated free radical/cationic polymerization is proposed and validated. The new material system,
containing LVMs, ChLCs and IAMs, is promoted to prepare a PD&SChLC film which has the advantages
of low-driving voltage, easy preparation, good mechanical properties, and a fast response rate. Due to
the reaction rate of the cationic polymerization being far slower than the radical polymerization,
the two UV polymerization processes in the new system are able to be truly separated. Based on this,
moving from 3.0 wt% to 1.5 wt%, the content of the LVMSs can be decreased exponentially compared to
the IAMs in the previous material system. Meanwhile, the homeotropically oriented polymer fibers
constructed by the LVMs can effectively decrease the Vth and Vsat of the films from 43.3 V/88.7 V to
21.2 V/35.5 V. With these advantages, the new PD&SChLC system can be widely applicated in flexible
displays, smart windows, and other optical devices.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/9/6/282/s1,
Table S1. Weight ratio of the ChLC. Table S2. Molar/weight ratio of the IAMs we used in this work. Table S3.
Weight ratio of the photo-initiator. Figure S1. POM textures of SLC 1717 and ChLC (97 wt% SLC1717 + 3 wt%
S811). Figure S2. SEM photograph of the porous network in 80s. Figure S3. The contrast ratio of the films with
different LVM contents. Figure S4. Response time of switching state conversion of the film.
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Abstract: Orientational structures formed in nematic and cholesteric layers with tangential-conical
boundary conditions have been investigated. LC cells with one substrate specifying the conical surface
anchoring and another substrate specifying the tangential one have been considered. The director
configurations and topological defects have been identified analyzing the texture patterns obtained
by polarizing microscope in comparison with the structures and optical textures calculated by
free energy minimization procedure of director field and finite-difference time-domain method,
respectively. The domains, periodic structures and two-dimensional defects proper to the LC
cells with tangential-conical anchoring have been studied depending on the layer thickness and
cholesteric pitch.

Keywords: liquid crystal; cholesteric; nematic; conical boundary conditions; orientational structure;
director configuration; topological defect

1. Introduction

Cholesteric liquid crystals (CLCs) are characterized by the helicoidal structure of director n (the unit
vector indicating the preferred orientation of the long axes of liquid crystal (LC) molecules). These media
have unique structural and optical properties [1]. CLCs can be used in various applications such as
electro-optical devices with memory effect [2,3], quantum generation of light [4,5], switchable diffraction
gratings [6-10], optical rotators [11], the formation of colloidal systems with a periodic distribution
of particles [12], etc. The applications require various stable and metastable orientational structures
depending on the boundary conditions, LC material parameters, ratio between LC layer thickness d
and cholesteric pitch p, external factors [1,13-16]. For example, the homeotropic director orientation is
formed in the cells at normal CLC anchoring with substrates and confinement ratio d/p < K33/2Kp,,
where Kp, K33 are the twist and bend elastic constants, respectively [17-19]. The electric field applied to
such cells causes the formation of bubble or elongated domains if the cholesteric pitch is slightly larger
than the thickness of the LC layer [20,21]. Besides, the topological soliton-like structures can be obtained
using laser radiation [22,23], the thermal quenching process [24] or the specific treatment of the orienting
surface [25]. At tangential anchoring (non-degenerate planar anchoring) of CLC with the substrates,
the Grandjean planar texture or domain structures are formed [3,13,26,27]. The structure with a periodic
director modulation can be obtained in the LC cells with certain confinement ratios d/p by application
of electric field [7,28]. The structure of modulated hybrid-aligned cholesteric is formed under hybrid
surface anchoring (one substrate specifies the tangential boundary conditions and another substrate
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Crystals 2019, 9, 249

specifies the normal ones) in the cell with confinement ratio d/p > 1 and can be controlled by light [9],
temperature [10] or electric field [29].

In the case of conical surface anchoring the director is tilted to the substrate and the azimuthal
direction is degenerated (Figure 1). The structures of cholesteric with conical boundary conditions
have not been well studied yet. Smooth transformations of cholesteric orientational structures induced
by the modification of normal surface anchoring to tangential one through the formation of tilted
or conical boundary conditions have been observed in [30,31]. A modulated structure of cholesteric
under tangential surface anchoring at one of the substrates and weak conical boundary conditions
formed at the interface of CLC and its isotropic phase at the opposite side have been investigated
in [32]. It has been shown that the period of director modulation is equal to the cholesteric pitch and
the orientation of periodic structure depends linearly on the confinement ratio d/p. At that, the critical
d/p value for formation of the modulated structure depends on the ratio of elastic constants and it
was less than in the case of normal or hybrid surface anchoring for some CLC materials.

In present work, the nematic and cholesteric structures formed in the LC cells with tangential-conical
boundary conditions have been investigated.

Figure 1. Scheme of conical surface anchoring of director n with the substrate. § and ¢ are the tilt and
azimuthal angles, respectively.

2. Materials and Methods

2.1. Experimental

The experiment was carried out with sandwich-like cells consisting of two glass substrates coated
with polymer films and the LC layer between them. Bottom substrate was covered by the polyvinyl
alcohol (PVA) (Sigma Aldrich, St. Louis, MO, USA) and the top one was covered by the poly(isobutyl
methacrylate) (PiBMA) (Sigma Aldrich, St. Louis, MO, USA). The polymer films were deposited on
the substrates by spin coating. The PVA film was unidirectionally rubbed while the PIBMA film was
not treated after the deposition process. The LC layer thickness d assigned by the glass microspheres
was measured by means of the interference method with spectrometer HR4000 (Ocean Optics, Largo,
FL, USA) before the filling process. The nematic mixture LN-396 (Belarusian State Technological
University, Minsk, Belarus) and LN-396 doped with the left-handed chiral additive cholesterylacetate
(Sigma Aldrich, St. Louis, MO, USA) were used as a nematic and cholesteric, respectively. For the
nematic mixture LN-396 the PIBMA film specifies the conical boundary conditions with the tilt angle
50° [33-35] and azimuthal degeneration. The polar anchoring strength of LN-396 on the PiBMA film is
Wy ~ 107°]/m? [33]. The cells were filled by the LC in the mesophase at room temperature. After the
filling process, the cells were kept for at least 24 h before measurements. The helical twisting power
HTP = 6.9 um ™! of cholesterylacetate in the LN-396 was determined using the Grandjean-Cano method.
The cholesteric pitch p of used mixtures was calculated from p = 1/(HTP x cy), where ¢y, is the
weight concentration of the chiral additive. The LC cells with the confinement ratios d/p equal to 0.14,
0.28, 0.43, 0.60, 0.78 and 0.88 were investigated by means of the polarizing optical microscope (POM)
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Axio Imager.Alm (Carl Zeiss, Oberkochen, Germany). The experiments were carried out using white
light or quasi-monochromatic light with wavelength A = 602 nm produced by the interference filter.

2.2. Computer Simulations

The nematic orientational structure within the layer was calculated by means of the free energy
minimization [36]. The method is widely used for the LC systems without singularities of the director
field. The Frank elastic energy density F;, was expressed as:

1 1 1
L = Ekn(v n)?+ Ekzz(n -V xn+271/p)* + E1<33(n x V xn)?,

here n is the director, k11 , ko and k33 are the splay, twist and bend elasticity coefficients, respectively.
The main part of LN-396 is the alkyl-cyanobiphenyl and alkyloxy-cyanobiphenyls [33]. Therefore,
it can be supposed that the elastic constants of LN-396 and E7 have close values. In the simulations we
have taken kj; = 11.1pN, kop = 7.6 pN, k33 = 17.1pN [37,38].

This function was converted into a discrete array of numbers, corresponding to thin,
semihomogeneous sublayers. Each layer elastic energy was minimized in gradient direction. The five
gradient components can be interpreted as elastic torques to rotate director and find 6, ¢ pair. In this
study, we used 100 sublayers for a fairly accurate solution. Numerical convergence of this function was
controlled by artificial viscosity. The domain wall orientational structure was analytically interpolated
between the neighbouring domain structures. The asymptotic lateral boundary conditions were
used. The values of 6(x) were reversed approaching the domain bulk value with multiplication by
tan~!(4x/L) -2/ m, where L is a characteristic wall thickness. The values of ¢(x) were adjusted by
@0 cosh™ ! (4x/L), where @y were taken from experimental data for each domain wall.

The optical properties of LC structures were calculated by Finite-Difference Time-Domain (FDTD)
method in commercial Lumerical package. LC structure was illuminated from below by the plane
wave with normal incidence along the z-axis and polarization perpendicular to the rubbing direction.
The plane wave source was located at the bottom boundary of the LC layer. Periodic boundary
conditions were applied at the lateral boundaries of the simulation box (along the x and y axes), while
the perfectly matched layers (PML) were used on the remaining top and bottom sides. The components
of the electric field were calculated at the top boundary of the LC layer. POM images were obtained
for the wavelength of incident light A = 602nm.

3. Results and Discussion

3.1. Nematic Layer

PVA film orients the nematic LN-396 tangentially while PIBMA film specifies the conical boundary
conditions with the tilt angle of director §; = 50° [33-35] and azimuthal degeneration. The azimuthal
degeneration is eliminated by presence of rubbed PVA film on the bottom substrate specifying the
director orientation with azimuthal angle ¢y = 0°. As a result, the orientational structure with zero
azimuthal angle of the director is formed in the cells including the LC-PiBMA interface (Figure 2).
At that, two types of domains differing by the tilt angles +6; and —f; on the PIBMA film are observed.
The similar situation was observed in the LC cell with tangential-conical boundary conditions in the
case of conical surface anchoring at the interface of LC-isotropic phase [39]. Domains are separated
from each other by defect walls which are clearly observed on the optical textures using polarized
light (without the crossed analyzer) when the polarization of incident light coincides with rubbing
direction of PVA film. In the case of orthogonal orientation of polarizer and rubbing direction of
PVA film these defect walls are almost invisible (see Supplementary Materials Figure S1). When the
LC cell is placed between crossed polarizers the segments of wall with orientation differing from
rubbing direction are clearly observed (Figure 2a) indicating the presence of twist deformation of
the director. The similar situation was shown in the domain walls formed by the application of the
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magnetic field [40]. The director possesses the homogeneous azimuthal orientation along the rubbing
direction far from the domain walls (Figure 2a) in the LC cells filled by the nematic in the mesophase
and it can be considered as the evidence of the strong anchoring of LN-396 at the PVA film. The similar
optical textures were observed in various regions of the LC cell showing the uniformity of boundary
conditions across the surfaces of substrates.

glass substrate (b)
-0 04 PiBMA
o S S A — - NN\ LC
——~ N~
— - — — molecules

o e e ] — — — — rubbed

X

Figure 2. POM photo of LN-396 nematic layer with PIBMA film on the top substrate (z = d) and
rubbed PVA film on the bottom one (z = 0) (a); The scheme of LC orientation in domains with
tilt angle of director +6; and —6; on the PiBMA film (b). The LC layer thickness is d = 21 pm.
Hereinafter, the polarizer and analyzer directions are indicated by the magenta and green double
arrows, respectively. The single arrow is the rubbing direction of PVA film.

The azimuthal angle of director rotation ¢, on the top substrate covered with PiBMA film can be
measured by means of the analyzer rotation (Figure 3). If the polarization of incident light is parallel or
orthogonal to the director on the entrance substrate covered with PVA and Mauguin condition [41] is
valid then the polarization of light passed through the LC cell remains linear but rotated relative to
the incident light polarization. The angle of polarization rotation is equal to the azimuthal angle of
director rotation. In the case of the orthogonal orientation of the light polarization and the director
on the entrance substrate the light passed through the LC cell is polarized perpendicularly to the
director projection on the plane of the output substrate. Consequently, the darkest areas of optical
texture correspond to the parallel orientation of analyzer and director projection on the plane of output
substrate covered with PIBMA film. Thus, the topology of the director projection over the area of the
substrate covered with PIBMA can be determined.

The optical textures of nematic layer for different p (angle between analyzer and rubbing direction
of PVA film) and the director orientation on the PIBMA film near the domain wall are presented
in Figure 3. The analysis by the above-mentioned technique revealed that there is the smooth azimuthal
rotation of director from ¢; = 0 (far away from the wall) to the value ¢, in the center of the wall
where the director is parallel to its plane. The rotation occurs over a distance of approximately the LC
layer thickness. The domain wall contains the reversing points [42], dividing the segments of the wall
with different director orientation relative to rubbing direction. The direction of azimuthal rotation
(the ¢ sign) is defined by the condition that the absolute value of azimuthal angle of rotation on the
substrate covered with PiBMA does not exceed 71/2 value.

The cross-section of the domain wall is shown in Figure 4a. The angle between the wall plane
and rubbing direction is 60°. The orientational structure was calculated by the minimization of elastic
energy and analytical interpolation of director between two neighboring domains. The POM photos of
domain wall segment for the different f angles have been obtained by the FDTD method (Figure 4b)
based on the calculated orientational structure . When the analyzer is parallel to the rubbing direction
(B = 0°) the darkest area is observed far away from the wall. At the same time, the center of domain
wall is bright. The variation of B angle leads to the appearance of a couple of dark areas (extinction
bands) merging at the center line of the wall at 8 = —60° corresponded to the parallel orientation
of the analyzer and the wall. The director orientation near the domain wall on the substrate with
conical boundary conditions (z = d) is shown in Figure 4c. The dependence of the azimuthal angle of
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director rotation ¢4 on the distance / from the center of the domain wall has been obtained (Figure 4d,
solid line). Besides, the experimentally measured dependence ¢,;(h) using the analyzer rotation
method are also shown in Figure 4d. The calculated function ¢4(h) is in a good agreement with the
experimental data.
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Figure 3. POM photos of sample area presented in Figure 2. The polarizer is perpendicular to the
rubbing direction of PVA film. The f angle between the analyzer and rubbing direction is 0° (a),
—20° (b), —30° (c), —50° (d), 20° (e), 50° (f), 70° (g), 90° (h). Corresponding scheme of director
orientation at the top substrate covered with PIBMA (i). The POM photos show 380 x 380 pm area.
The domain wall is indicated by the red line. The angle ¢, is an azimuthal angle of director at the
top substrate.
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Figure 4. The calculated director configuration of a nematic in the cross-section of the layer near the
domain wall (a); The image of segment of domain wall for different 8 angles between analyzer and
rubbing direction obtained by the FDTD method (b); The director orientation near the domain wall on
the substrate covered with PIBMA film (c); The theoretically calculated (solid line) and experimentally
measured (points) dependences of the azimuthal angle of director rotation ¢, on the distance / from
the center of the domain wall (d). The LC layer thickness is d = 21 um.

3.2. Twisted Cholesteric Structure

In the nematic LC cells, the defect walls separating the areas with the opposite values of the
tilt angle 6; on the PiBMA film were observed (Figures 2a and 3). At that, the different segments of
the wall had the opposite sign of the azimuthal director rotation and these segments were separated
from each other by the reversing points. In the cholesteric LC cells, the right-handed segments of
the walls are less stable that increases the monodomain sizes. POM photos of samples with the
LC layer thickness d = 6.5 um and confinement ratios d/p = 0.14, 0.28 are shown in Figure 5a,b.
One can see that the monodomains corresponding to the opposite values of tilt angle 6, in the cell with
confinement ratio d/p = 0.14 have a larger size (Figure 5a) than in the nematic LC cells (Figure 2a).
The monodomain structure is formed in the cell with confinement ratio d/p = 0.28 (Figure 5b).

In the general case, the Mauguin condition is not valid for the homogeneously twisted structure
of LC. However, the layer thickness of LC and wavelength of incident light can be chosen so that the
Gooch-Terry minimum condition is valid [43]. In this case, the polarization of light passed through the
LC cell remains linear but rotated relative to the initial state if the linear polarization of incident light
is parallel or orthogonal to the director on the entrance substrate. The angle of polarization rotation is
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equal to the azimuthal angle of director rotation. The Gooch-Terry minimum condition is independent
of the rotation angle of director [41]. The twisted structure with azimuthal angle of director rotation
depending on the confinement ratio d/p is formed in the cholesteric cell with tangential-conical
boundary conditions (Figure 5e). The tilt and azimuthal angles of the director in the cholesteric bulk
were calculated by the minimization of elastic energy for three d/p (d = 6.5 um) values (Figure 5e).
The ellipticity angle € for polarized light with wavelength A = 602 nm was determined based on
these data (Figure 5f). One can see that Gooch-Terry minimum condition is nearly independent of
the confinement ratio d/p as in the case of the homogeneously twisted LC structure. For the LC
layer thickness d = 6.5 um, the wavelength of incident light A = 602 nm nearly corresponds to the
Gooch-Terry minimum condition and the e value do not exceed 5° after passing the linearly polarized
light through the cells with d/p = 0.14, 0.28 and 0.44. Thus, the method of analyzer rotation can be
used for experimental measuring the azimuthal angle ¢, of the director on the top substrate covered
with PiBMA.

The darkest state of domains for the LC cell with d/p = 0.14 is observed at p = 37° when the
interference filter (A = 602nm) is used (Figure 5c). Thus, the azimuthal angle of director rotation
at the substrate covered with PiIBMA is ¢; = 37°. For the LC cell with d/p = 0.28 the darkest state
of domain (for incident light with wavelength A = 602nm) is observed at p = 75° (Figure 5d) and,
consequently, ¢, = 75°.

(@) (b)

_._ p=0° _‘, p=0°

Figure 5. POM photos of cholesteric layers with confinement ratio d/p = 0.14 (a,c) and d/p = 0.28
(b,d). Calculated dependences of tilt angle 0(z) (solid lines), azimuthal angle ¢(z) (dashed lines) (e)
and corresponding dependences of ellipticity angle ¢(z) (f) for the samples with d/p = 0.14 (orange
line), d/p = 0.28 (green line) and d/p = 0.44 (magenta line). POM photos are taken using white light
when $ angle between analyzer and rubbing direction of PVA film is 0° (a,b). POM photos are taken
using the interference filter (A = 602 nm) when B angle is 37° (c) and 75° (d). Polarizer is perpendicular
to the rubbing direction. LC layer thicknesses are 6.5 um.

Structure deformations are observed in the LC cell with d = 6.5 pum and confinement ratio
d/p = 0.44. In this case, the defects are observed in the form of elongated loops (Figure 6a) or
lines originating and ending at the cell edges (interfaces LC-air and LC-glue) or the surface defects.
Therefore, the defects number near the edges of LC cell is more than in the central area. They are
well observed independently of the polarization of incident light when the LC cell is placed between
crossed polarizers. Under analyzer switched-off the lines are clearly visible when the polarizer is
parallel to the rubbing direction and the lines are almost invisible when the polarization of incident
light is perpendicular to the rubbing direction. The orientation of loops and their relative position can
be different. At the same time, there is the twisted director structure between loops and the optical
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texture has the darkest state (for incident light with wavelength A = 602nm) at 8 = —40° (Figure 6b),
corresponding to the azimuthal angle of director rotation ¢, = 140°. The theoretically calculated ¢,
values (Figure 5e) are in a good agreement with the experimentally measured ¢, values (Table 1).

Table 1. The theoretically calculated (q)ﬁ“lc ) and experimentally measured ((p;xP) values of the azimuthal
angle of director rotation at the substrate covered with PIBMA in the LC cells with d/p = 0.14, 0.28, 0.44.

d/p gof;ilc (P;xv

0.14 41.3° 37° £3°

028 80.3°  75°43°

0.44 140.0° 140° £5°

Figure 6. POM photos of cholesteric layer with confinement ratio d/p = 0.44 are taken using the
interference filter (A = 602nm). The angle  between analyzer and rubbing direction of PVA film is
0° (a); The magnified area of 90 x 65 pm of loop at different B angles (b). Polarizer is perpendicular to
the rubbing direction. LC layer thickness is 6.5 um.

A couple of extinction bands near one of the loop lines can be observed (Figure 6b) by the analyzer
rotation. As in the case of nematic described above the couple of extinction bands are gathered to the
defect under the analyzer rotation. These lines are merged when the analyzer is almost parallel to the
considered segment of the loop. Under further analyzer rotation the similar couple of extinction lines
appears near the opposite segment of the loop and the distance between these lines depends on the
angle (Figure 6b). Such orientation of extinction lines indicates that the director is oriented parallel to
the line of loop defect on the top substrate and 7t azimuthal rotation angle of director occurs between
two opposite segments of the loop. Thus, the values of azimuthal angles ¢, at the opposite segments
of the loop differ by 7t and the tilt angle 6, is zero at the defect line. For example, the angle between
the loop line and rubbing direction is approximately 30° (Figure 6a). Consequently, the rotation angle
@g is about 210° at the first loop segment and 30° at the opposite one.

The orientation with different angle of director rotation was simulated by the FDTD method (Figure 7).
The calculation was performed based on the spatial distribution of director in the cholesteric layer
determined by the elastic energy minimization as in case of nematic. The section of defect loop by
the plane perpendicular to the defect lines and oriented at 30° to the rubbing direction is shown in
Figure 7a. POM images of cholesteric layer with d/p = 0.44 for different § angles between analyzer and
rubbing direction were calculated (Figure 7b). It was revealed that the darkest state of optical texture
corresponds to the f = —40° far away from the defect. At the same time, the brightest optical texture is
observed at f = 50°. The defect line corresponding to the smaller twist angle becomes dark when the
analyzer is parallel to this line, i.e., it is parallel to the director on the top substrate. At that, the second
defect line becomes dark when the angle between analyzer and wall is approximately 10°. It is explained
by the fact that the effective refractive index near the walls has the larger value than that one far away from
them. In this case the wavelength of incident light A = 602nm does not satisfy the Gooch-Terry minimum
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condition at large azimuthal twist of the director. As a consequence, the defect line with a large twist angle
has the darkest state when the analyzer is not parallel to the director on the top substrate but this line
is appreciably brighter than other sample areas at the minimum intensity condition of transmitted light.
Spatial distribution of director on the substrate with conical boundary conditions is shown in Figure 7c.
The dependence of the azimuthal angle of director rotation ¢, on the distance / from the center of the left
domain line in Figure 7c has been obtained (Figure 7d, solid line). Besides, the experimentally measured
dependence ¢;(h) using the analyzer rotation method are also shown in Figure 7d. The calculated function
@q(h) is in a good agreement with the experimental data.
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Figure 7. Calculated director configuration in the section perpendicular to the cell substrates and lines
of defect (a); Simulated POM image of the area with couple of defects at different values of § angle
between the analyzer and rubbing direction (b); The director orientation near the defect on the substrate
covered with PIBMA (c); The theoretically calculated (solid line) and experimentally measured (points)
dependences of the azimuthal angle of director rotation ¢; on the distance /1 from the center of the left
domain line (d). The polarizer is perpendicular to the rubbing direction on the simulated POM image.
LC layer thickness is 6.5 um and confinement ratio is d/p = 0.44.

3.3. Periodic Structure

Quasi-periodic structure of defects is formed in the LC cell with d = 6.5 um and confinement ratio
d/p = 0.44 at the area close to the cell edge (Figure 8a). The azimuthal angle of director rotation ¢4 on
the defect lines differs by 7t (— ) and between them ¢, has intermediate values (see Supplementary
Figure 52). Similar periodic structure is observed through the whole cell area with d/p = 0.60 and in
the samples with larger values of confinement ratio (Figure 8b—d). The period of observed structure
is about 2p. The periodic structure was formed at similar values of confinement ratios 4/ p in the LC
cells with tangential-weak conical boundary conditions [32], but in that work the period was close
to the cholesteric pitch. The disturbance of periodicity of two types can be observed in the samples
(Figure 8e). In the first case, the additional couple of defect lines appears leading to the local increasing
of period near the region of line bending. In this area one defect line with larger azimuthal twist angle
is smoothly transformed into the defect line with a smaller ¢; angle. In the second case, some defect
lines are formed and their orientation differs from the majority of defect lines. For example, some defect
lines are oriented vertically in Figure 8c. The periodic defect lines have 180° turn near these lines
and do not intersect them. This way the defect line with larger azimuthal angle of director rotation is
modified into line with smaller ¢, angle and vice versa.
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Figure 8. POM photos of cholesteric layers with confinement ratios d/p: 0.44 (a), 0.60 (b), 0.78 (c)
and 0.88 (d). The magnified area of 100 x 70 um with two types of defects of periodic structure at
d/p = 0.78 (e). POM photos (a-d) have the same scale. LC layer thicknesses are 6.5 um.

It should be noted that the formation of defects and their periodic structure depends not
only on the confinement ratio d/p but also on the value of cholesteric pitch (the thickness of LC
layer). For example, the periodic structure is formed in the LC cell with d/p = 0.60 at d = 6.5 um
(p = 10.5 um). But the twisted structure similar to the structure observed in LC cell with d = 6.5 um
and d/p = 0.44 (Figures 6 and 8a) is formed in the sample with LC layer thickness d = 13 um
(p = 21 um). The twisted structure with 185° azimuthal angle of director rotation containing a small
number of defects is formed in the LC cell at d = 21 um (p = 37 um). The observed dependence of
director configuration on the value of cholesteric pitch (the thickness of LC layer) in LC cells with
the same ratio d/p is probably caused by the conical boundary condition on the top substrate. In the
system under study the polar anchoring strength of LN-396 on PiBMA is not strong and the tilt angle
on this substrate is changed near the defect loop.

4. Conclusions

The orientational structures of nematic and cholesteric LC with the tangential-conical boundary
conditions were investigated. The cells with various LC layer thickness d and confinement ratio
d/p have been considered. The domain structure was formed in the nematic LC cells containing the
areas of positive and negative tilt angle of director at the substrate with conical boundary conditions.
The domains were divided by the walls where the tilt angle of director was 0° at both substrates.
The monodomain twisted structure without defects was formed in the cholesteric LC cell with
d=65um and d/p = 0.28. At that, the azimuthal angle of director rotation was ¢; = 75° at
the substrate with conical boundary conditions. Increase of the confinement ratio d/p up to 0.44 led
to the appearance of elongated loop defects. These topological defects were characterized by the
difference of azimuthal angle of director rotation by + 7 at the opposite segments of loop and 0° tilt
angle of director at the defect. The periodic structure with a period close to the double cholesteric pitch
was formed at d/p > 0.60. The threshold value of d/p to form the periodic structure was relatively
small. At the same time, this confinement ratio depended on the LC layer thickness (cholesteric
pitch) in contrast to normal boundary conditions [17-19]. It was probably caused by the features of
asymmetric boundary conditions in the cell.

It was demonstrated that the azimuthal angle ¢, of director at the substrate covered with PiBMA
depends on the cholesteric pitch p. Consequently, the ¢; can be tuned using the different external
factors (electric field, temperature, light radiation, etc.) changing p and it is interesting to future
research. Besides, the described periodic structures formed in the cholesteric LC cells (Figure 8) have
satisfactory quality and can be proposed for the various applications as diffraction gratings. One of the
advantages of the CLC diffraction gratings is their tunability. Thus, it is important to investigate the
diffraction patterns and their transformations upon application of the external factors to the LC cell.
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Supplementary Materials: The following are available at http://www.mdpi.com/2073-4352/9/5/249/s1,
Figure S1. POM photos of nematic layer taken using polarized light. The angle between rubbing direction
of PVA film and polarizer is 0° (a), 45° (b) and 90° (c). The polarizer direction is indicated by the double arrow and
the single arrow is the rubbing direction of PVA film, Figure S2. POM photos of cholesteric layer with confinement
ratio d/p = 0.44 are taken using the interference filter (1 = 602 nm). The angle between analyzer and rubbing
direction of PVA film is —10° (a), —40° (b), —70° (c), 20° (d), 50° (e), 70° (f). Polarizer is perpendicular to the
rubbing direction. LC layer thickness is 6.5 mm.
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Abstract: We present a theoretical analysis and linear scaling of two-wavelength surface
nanostructures formed at the free surface of cholesteric liquid crystals (CLC). An anchoring model
based on the capillary shape equation with the high order interaction of anisotropic interfacial
tension is derived to elucidate the formation of the surface wrinkling. We showed that the main
pattern-formation mechanism is originated due to the interaction between lower and higher order
anchoring modes. A general phase diagram of the surface morphologies is presented in a parametric
space of anchoring coefficients, and a set of anchoring modes and critical lines are defined to categorize
the different types of surface patterns. To analyze the origin of surface reliefs, the correlation between
surface energy and surface nano-wrinkles is investigated, and the symmetry and similarity between
the energy and surface profile are identified. It is found that the surface wrinkling is driven by
the director pressure and is annihilated by two induced capillary pressures. Linear approximation
for the cases with sufficient small values of anchoring coefficients is used to realize the intrinsic
properties and relations between the surface curvature and the capillary pressures. The contributions
of capillary pressures on surface nano-wrinkling and the relations between the capillary vectors are
also systematically investigated. These new findings establish a new approach for characterizing
two-length scale surface wrinkling in CLCs, and can inspire the design of novel functional surface
structures with the potential optical, friction, and thermal applications.

Keywords: cholesteric liquid crystal; two-length scale surface wrinkling; capillary shape equation;
anisotropic surface energy

1. Introduction

A variety of periodic surface structures and wrinkled textures are widely found in the plant and
animal kingdoms [1-6]. Since these surface ultrastructures with micro/nano scale features provide
unique optical responses and iridescent colors [7-11], understanding their formation mechanism is
crucial in realizing structural color in nature and in biomimetic design of novel photonic systems.
As similar nano/micro scale periodic wrinkles are formed at the free surface of both synthetic and
biological cholesteric liquid crystals (CLCs) [12,13], and CLC phases are widely found in Nature
and living soft materials both in vivo and vitro [13,14], nematic liquid crystal self-assembly has been
proposed as the formation mechanism of helicoidal plywoods and the surface ultrastructures in many
fibrous composites ranging from plant cell walls to arthropod cuticles [15-19]. Moreover, it has been
shown that the characteristics of chiral phases control the unique colors and optical properties exhibited
in the films and fibers made by cellulose-based CLCs [20,21].

Inspired by surface ultrastructure in Nature, engineered surface structures incorporating chiral
nematic structures can be fabricated to mimic the unique optical properties. If the formation of the

Crystals 2019, 9, 190; d0i:10.3390/ cryst9040190 40 www.mdpi.com/journal/crystals
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surface patterns can be efficiently captured by a rigorous model based on a CLC mesophase, we
can elucidate the pattern formation mechanisms for the construction of biomimetic proof-of-concept
prototypes. In our previous works [22-24], significant efforts have been made in formulating and
validating theoretical models to explain the formation of surface wrinkles in a plant-based CLC as a
model material system. We identified the chiral capillary pressure, known as director pressure, that
reflects the anisotropic nature of CLC through the orientation contribution to the surface energy as the
fundamental driving force in generating single-wavelength wrinkling. However, surface wrinkling
in nature can include more complex patterns such as multiple-length-scale undulations [11,25-27].
To elucidate this feature, we previously proposed a physical model [28,29] that combines membrane
bending elasticity and liquid crystal anchoring. A rich variety of multi-scale complex patterns, such
as spatial period-doubling and period-tripling are presented for the cases in which the anchoring
and bending effects are comparable [28]. In a recent communication [30], we briefly presented a pure
higher order anchoring model in the absence of bending elasticity, surprisingly capturing multiple
length-scale surface wrinkles. In this previous work, a novel mechanism for the formation of two-scale
nano-wrinkling was proposed, which was exclusively based on anchoring energy including quartic
harmonics. Here, we present a complete and rigorous new analysis of the multiple-length-scale surface
wrinkles based on the pure higher order anchoring model in full detail and approximate the response
of the surface structure to chirality and anchoring coefficients based on a linear model. In addition,
a fundamental characterization of the capillary vector and capillary pressures required to connect
surface geometry and mechanical forces is presented.

The objective of this paper is to identify the key mechanisms that induce and resist the
multiple-length-scale surface wrinkling in CLCs based on a pure higher order anchoring model.
To develop the anchoring model, we used the generalized shape equation for anisotropic interfaces
using the Cahn-Hoffman capillarity [31] and the Rapini-Papoular quartic anchoring energy [32].
The presented model depicts the formation mechanism of two-length scale surface patterns based on
the interaction between lower and higher order anchoring modes. The linear approximations of surface
curvatures are derived to provide the explicit relations between the anchoring coefficients, helix pitch,
and surface profile of the two-length scale wrinkles. These new findings can establish a new strategy
for characterizing two-length scale surface wrinkling in biological CLCs, and inspire the design of
novel functional surface structures with the potential optical, friction, and thermal applications.

The organization of this paper is as follows. Section 2 presents the geometry and structure of
the CLC system. Section 3 presents the governing nemato-capillary shape equation expressing the
coupling mechanism between the surface geometry and anisotropic ordering for a CLC free interfaces
with a quartic anchoring energy and a pure surface splay-bend deformation. Appendix A presents the
details of the derivation of the Cahn-Hoffman capillary vector thermo-dynamics for CLC interfaces.
Appendix B describes the capillary shape equation in terms of three capillary pressures. Appendix C
represents the shape equation based on the driving and resisting terms. Section 4 analyzes the effect of
anchoring coefficients and helix pitch on the surface normal angle and the resultant surface profile. In
this section, a general phase diagram of surface profiles in the parametric of anchoring coefficients
is presented and the origin of the two scales is revealed through the linear theory. Then, the linear
approximations of surface curvatures, assuming small values of anchoring coefficients, are derived to
identify the leading mechanism controlling the surface wrinkling. Appendix D proposes the analytical
expression for the linear approximation of the surface relief. The surface energy associated with the
CLC interface is also analyzed to establish an energy transfer mechanism from anchoring energy
of a flat surface into a wrinkled surface. Furthermore, the surface wrinkles are evaluated through
analyzing the three capillary pressures, and the pressure—curvature relations are introduced to explore
the variation of curvature profile with respect to the capillary pressures. Appendix E represents the
derivation of the pressure—curvature relations. Finally, the capillary vectors are formulated to provide
a clear physical explanation for the formation of the surface wrinkles. Appendix F formulates the
capillary vectors. Section 5 presents the conclusions.
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2. Geometry and Structure

Figure 1 depicts the schematics of the CLC structure where ellipsoids indicate fiber orientation on
each parallel layer. We assume that the helix axis, H is parallel to the surface; other complex structures
occurring when the helix axis H is distorted are beyond the scope of this paper. The fiber orientation at
the interface is defined by the director n. The pitch length Py is defined as the distance through which
the fibers undergo a 27t rotation. For a rectangular (x,y,z) coordinate system, the surface relief that is
directed along the x axis can be described by a y(x,z) deviation from the xz plane. The amplitude of
the vertical undulation is h(x). As the surface relief is constant in the z direction for a linear texture, the
curvature in the z-direction is zero. The unit tangent, t, and the unit normal, k, to the surface can be
expressed with the normal angle, @: #(x) = (sin @(x), —cos @(x), 0), k(x) = (cos ¢(x), sin ¢(x), 0).

o

L is the given system length in the x direction. The arc-length measure of the undulating surface is “s”.

|

\
- —\w
J

ececeow)y
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Figure 1. Schematic of a cholesteric liquid crystals (CLC) and surface structures. H is the helix unit
vector, and Py is the pitch. The surface director has an ideal cholesteric twist in the bulk. The helix
uncoiling near the surface creates a bend and splay planar (2D) orientation and surface undulations of
nanoscale relief h(x) with micron range wavelength Py/2. Adapted from [22].

3. Governing Equations

In this paper, we assume that the multi-length scale surface wrinkles are formed through
modulation in surface energy at the anisotropic-air interface of CLCs. The typical capillary shape
equations, which are generalized forms of a Laplace equation including the liquid crystal order and
gradient density have been comprehensively formulated and previously presented for liquid crystal
fibers, membranes, films, and drops [33]. Here, the coupling mechanism between the surface geometry
and CLC order are demonstrated through the capillarity shape equation for CLC free interfaces with a
pure surface splay-bend deformation.

The formation of surface nanostructures in CLC interfaces is a complex phenomenon involving
interfacial tension, surface anchoring energy, and bulk Frank elasticity that requires integrated
multi-scale modelling of bulk and surface. However, the analytic solution of the problem with
the usual formalism is very complicated. Here, we assume a cholesteric director field in the bulk
region, n,(x) = (0,cos 6, sin 0), and a splay-bend director field at the interface n(x) = (cos 6,sin6,0)
where 6 = qx,q = 27t/ P,, 0 is the director angle, g is the wave vector, and Py is the helix pitch.

Based on the generalized Rapini-Papoular equation [24], the interfacial surface energy, vy between
a liquid crystal phase and another phase can be described by [32]

Y=Yo+ ) ty(n- k) (1)
i-1
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where v, is the isotropic contribution, n is the director field at the interface, k is the surface unit normal,
and p1y; are the temperature/concentration dependent anchoring coefficients. The preferred orientation
that minimizes the anchoring energy (Equation (1)) is known as the easy axis. The actual stationary
surface director orientation is the result of a balance between surface anchoring and bulk gradient Frank
elasticity [34]. For the cases in which the gradient Frank elasticity is insignificant, the actual stationary
and preferred director fields are identical. As shown in ref. [22], for the cholesteric-air interface with
quite strong anchoring, the gradient Frank elasticity is negligible in comparison with anchoring in
the formation of the surface undulations. It should be noted that here we neglect the Marangoni flow
that is likely to be formed due to the orientational-driven surface tension gradients [35-37]. Other
effects and processes such as 3D orientation structures, strong nonlinearities, hydrodynamic [38,39],
and viscoelastic effects [40-42] discussed elsewhere are beyond the scope of this paper.

The generalized Cahn-Hoffman capillary vector & [43,44], is the fundamental quantity that
reflects the anisotropic contribution of CLC in the capillary shape equation. It contains two orthogonal
components: normal vector, & representing the increase in surface energy through dilation (change
in area) and tangent vector, & representing the change in surface energy through rotation of the unit
normal. The derivation details of the Cahn-Hoffman capillary vector thermodynamics for anisotropic
interfaces are given in Appendix A [31].

E=E|(nk)+E(nk) 2)
0
E =7k &=L % ®3)

Here I; = I-kk is the 2 x 2 unit surface dyadic, and I is the identity tensor. The dyadic (kk)" is
similar to (tt)" due to (kk)" = R - (tt)" - R~!, where t is the unit tangent and R is the rotation matrix
€ SO(2) satisfying k = R - t(see refs [45] and [46] for details):

0 -1
R= 1 0 } )
The following identity holds:
nn:kk+nn:tt=1 5)

The interfacial static force balance equation at the CLC/air interface is expressed by
—k-(T°—T)) =V, T, (6)

where T?/? represent the total stress tensor in the air and the bulk CLC phase, V; = I - V is the surface
gradient operator, and Ts is the interface stress tensor. The air and the bulk CLC stress tensor, T%b are
given by

T = —pland TV = —(p¥ — fo)I + TF )

where p?/? are the hydrostatic pressures, f, is the bulk Frank energy density, and TF is the Ericksen

stress tensor. The bulk Frank energy density for a CLC reads

fo=5(V n?+58m Vxn—q?+5nxVxn)?
2

T3 (Ks + Ke)[tr(Vn)? — (V -n)?] ®

where {K;}(i = 1,2,3) are splay, twist, and blend elastic constant, respectively. Ky is saddle-splay
elastic constant. The Ericksen stress tensor, TE is given by

s

E_ _
= dVn

-(vn)" )
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The projection of Equation (6) along direction k yields the capillary shape equation:

(pu_Pb)""fg'i'kk: {_%'(VH)T} = (vs'Ts)'k (10)
—pe

stress jump, SJ

where stress jump, S, is the total normal stress jump, and p, is the capillary pressure. Usually we take
p® — p? = 0, and consider the other terms as elastic correction. The interfacial torque balance equation
is given by

af 8§ __ s
—h+k~avﬁn7)\n (11)
where A® is the Lagrange multiplier and h is the surface molecular field composed by two parts:
grang p p y p
an g 97g
N U —te . 12
an on Vo 5Ven (12)
N
han hg

Here v, is the gradient interfacial free-energy density defined by introducing surface gradient
energy density vector g:

1
g:=(n-V)n—n(V-n)andy, = E(K2+K4)k-g (13)
By multiplying (Vn)T on both sides of Equation (11), the torque balance equation can be rewritten

in a compact form:
—h-(Vn)T+k-TE =0 (14)

Equation (14) gives an alternative path to compute kk : TE. The expansion of the term hk :
(Vn)T reads

o 9
hk : (Vn)" = fag:‘ - % Y, (avysgnﬂ (Vo) -k (15)
which gives hk : (Vn)T = 0. Thus, only the bulk energy density, f,, contributes to the elastic correction,
which is negligible [22]. For typical cholesteric liquid crystals, the internal length K/v is in the range
1 nm (an order of magnitude estimation of the elastic constant K and the surface tension v gives K ~
10~ J/m and vy ~ 10-2 J/m?) [43]. As the ratio of W /vy at the cholesteric—air interface with quite
strong anchoring lies in the range (B = W/y( = 0.01), the extrapolation length scale K/W is about
K

% = % ~ 10[_7)’]7’] ~ 100 [nm]. With these values, for a typical CLC with a pitch Py ~ 1.2 um, the ratio
0

of extrapolation length scale to pitch is in the order of Kl/j—ow = 1280[';3111] = 0.08. So, the elastic correction

contributes 8% to the shape equation, and can be neglected to describe nano-scale surface undulations.

As the result, the final shape equation becomes (see Appendix B)

o= 0= 0=
pe=—(VeTo)k = Vel = b (Vi) + aTH S (Vik) + aTH : Vsn (16)

dilation pressure  rotation pressure  director pressure

The first two terms contain Vsk = —«tt, providing information about the surface curvature
K= %, where ¢ is the normal angle and s is the arc-length. The first term on the right-hand side of
Equation (16), which is the usual Laplace pressure, corresponds to the contribution from the normal
component of the Cahn-Hoffman capillary vector. The second term which is the anisotropic pressure
due to preferred orientation (known as Herring’s pressure) corresponds to the contribution from
the tangential component of the Cahn-Hoffman capillary vector &||. The last term in Equation (16)
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represents the additional contribution to the capillary pressure which corresponds to the director
curvature due to orientation gradients (see Appendix C). Considering a rectangular coordinate system
(x,y,z), where x is the wrinkling direction, and y is the vertical axis, and considering the typical
quartic anchoring model [24], Yy = Yo + Ya; Ya = Ma(n - k)? + py(n - k)*, yields the nonlinear ordinary
differential equation (ODE) in terms of normal angle, ¢:

dp _ For _ dn  2[o. +2p4.(n 1)) (n - k)t +2[pa, + 6ptas (n - k)’ (n - K an
dy Frs sing 14 p.[2(n - )* = (n- k)% + B (n - k)’ [4(n - ) = (n- k)]

Here Fp, denotes as the driving force and Iy the resistant term. The boundary condition at x = 0
is ¢|,_o = 7. Mo, and py, are the scaled anchoring coefficients divided by isotropic surface tension v,
W, = Wy /Yo and y, = 1y /vo; and ¢(x) is the approximation of ¢(x). The generic features of the normal
angle and its periodicity are the important outputs of the shape equation. There are three significant
system parameters that have influence on the ¢(x): the scaled anchoring coefficients (u,,, Hy. ), and
the sign and magnitude of the helix pitch Py. Thus, the surface profile 1(x) is a function of two material
properties (1,,, iy, ) and one structural order parameter (Py). In the following context, we always
assume that helix pitch is constant at Py = 1.2 pm. Figure 2a depicts the regions with different surface
wrinkling in the parametric space of the scaled anchoring coefficients: of, O;, H; , Hy, PZ+ , Hzr, Hy .
Here O, H, and P refer to oblique, homeotropic, and planar director anchoring modes, respectively.
The reader is directed to reference [30] for a full discussion of these fundamental states. The subscript
numbers in O, H, and P indicate the wave number of morphologies in one period, and the superscript
sign differentiates the anchoring modes. The transition lines L; and L, are defined as L; : py, = —py,
and L, : py, = —p, /2, and the thermodynamic stability line (y =0) is S : py,, = —1 — py,. Points A,
B, C, and D are chosen as the representative points in P, Oz', H;’ ,and H, regions with {104, My }:
A(0.002, 0.001), B(—0.002, 0.0015), C(—0.002, —0.001), and D(0.002, —0.0015). Points A and C, and B
and D are related by 7 rotation symmetry. It should be noted that for the cases in which the quartic
anchoring is zero, only single-wavelength sinusoidal profile can be obtained (g = 0) in the linear
regime (|, | << 1).

(@) . (b)

Unstable Unstable

Figure 2. (a) Parametric space in terms of the two anchoring coefficients obtained using Equation (17).
Two characteristic lines L; : py, = —uy, (blue dash-dot) and L; : wy, = —up, /2 (purple dash-dot)
indicate wrinkling mode transitions, O; , O;, Hy, Hy, Py, Hf, H; . The subscript numbers indicate
how many waves there are within one period. P, O, H represent planar, oblique, homeotropic anchoring,
respectively. The thermodynamic line, S, passing point p,, = —1 illustrates the points where it ends on
p, and py, axes. A (+0.002, +0.001), B (—0.002, +0.0015), C (—0.002, —0.001), and D (+0.002, —0.0015)
are four representative points in region Py, O, Hy, and H}, respectively. The region below the dotted
S line implies an unstable state because the surface tension is negative. (b) Surface relief profile in the
parametric (W,,, I, ) Space obtained using Equation (17). The anchoring coefficients correspond to all
computed curves are less than 0.01.
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4. Results and Discussion

4.1. Surface Profile

The surface normal angle, ¢(x) can be directly obtained through solving the governing shape
equation, Equation (17). The generic features of the normal angle ¢(x), its magnitude, and its
periodicity are the three key outputs of the model. The two significant parameters influencing ¢(x) are
the helix pitch Py, and the scaled anchoring coefficients py. and p4,, which affect the periodicity and
the magnitude of ¢(x), correspondingly. Theoretically, yip. and 4, give two degrees of freedom to the
governing equation. But, for small anchoring coefficients and constant helix pitch, the shape of ¢(x)
is only a function of the anchoring ratio, r = 2 /2p4. The plot of normal angle ¢(x) as a function of
the distance “x”, corresponding to the points A, B, C, and D, is shown in Figure 3a. As expected, the
periodicity equals the half pitch, Py/2, and the amplitude shows a slight deviation, ¢(x) = 77/2 + ¢(x).
Figure 3b shows the effect of helix pitch on the normal angle ¢(x) for the particular point B at three
different values of helix pitch Py, Py/2, and —Py/2. The helix pitch does not influence the amplitude’s
span of normal angle, but it changes the periodicity of the normal angle. By reducing the helix pitch to
half, a more squeezed normal angle profile can be observed. The sign of Py reflects the normal angle
profile with respect to 77/2. It should be noted that we can estimate the behavior of curvature x by
checking the slope of ¢(x) as x(x) = 9s[¢(x)] = ¢/(x) sinp(x) = ¢/(x).

(@) (b)
1576 15725
—A —B —C =-D —Po =:=Po —Po2 =-=--Poi2
1574 L5721
_ 15715 /7
2 1.572 A 2 i
K g :
g 51571 A
& g
1.57 =
S
® 15705
L2681 157 A
1566 : : . : . 15695 : : :
0 01 02 03 04 05 06 0 01 02 03 04 05 06
X (um) X (pum)

Figure 3. Normal angle profile. (a) The normal angle profiles corresponding to the points A, B, C, and
D as illustrated in Figure 2a: A (green; mode PJ), B (blue, mode O} ), C (red, full line, mode Hj ), and
D (red, dashed line, mode H, . (b) The normal angle profile for the point B at different helix pitch
values of Py, —Py, Py/2 and —P(/2, where Py = 1.2 pm.

The surface profile is then obtained from

h(s) = 7/05 cotp(x)dx (18)

Figure 4a shows typical surface profiles h(x) and corresponding energy profile for the point B and
point D. As shown in Figure 4a, increasing Py results in both higher periodicity and magnitude. We can
clearly see that the surface relief profiles of points B and D exhibit the mirror symmetry, while changing
the sign of Py result in the same mirror symmetry. These surface undulations can be validated with
the two-length-scale surface modulations observed in a sheared CLC cellulosic films [25]. The two
different scale periodical gratings include a primary set of bands perpendicular to the shear direction,
and a smoother texture characterized by a secondary periodic structure containing “small” bands.
It has been shown that the development and periodicities of the small bands are mainly ruled by
the CLC characteristics. The chirality of CLC can therefore be mainly responsible for the formation
of the secondary bands. The model can be also validated with the two-scale surface pattern of the
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Queen of the Night tulip [11], where for this specimen the ratio of amplitudes are h, /hy = 0.01, and
corresponding wavelength is A = 1.2 pm.

Figure 4b shows the scaled energy profile, (7*; D in comparison with the surface profile for point
B. The scaled energy profile gives the similar plot as the surface relief.

If we denote the parametric vector as p, = (l,,, s ), then hi(x) becomes a function depending
on two variables, the vector p, and the helix pitch Py. Within a linear regime (|po.| << 1, |pa.| << 1),
the following identities holds true:

Geometric Symmetries : h(u,, Py) = —h(—p,, Py) = —h(p,, —Py) = h(—p,, —P) (19a)

Surface Geometry—-Energy Relation : gh(u,, Py) = v.(n,, Po) — 1 (19b)

This identity formulates the symmetric property of surface relief, and its relation to surface energy.
Figure 4b is a clear demonstration of symmetry and scaling laws formulated in Equations (19a,b): if

we compare B and D we have mirror symmetry and if we plot the anchoring energy of B we would see

Py) -1
the same plot as the surface relief: —h(D, Py) = h(B, Iy), h(B,P) = %.

symmetr
v v geometry—energy

@

0.16 ——B.,Po ---B.Po/2 ----B.-Po/2 ——D.Po
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Figure 4. Mirror symmetries observed in surface relief profiles. (a) The surface relief profiles at point B
with different helix pitches are given by the two blue curves and the black curve. The red curve gives
the surface relief profile at point D. The red and black ellipsoids depict the director orientation for point
B with Py /2 and point D with Py, respectively. These ellipsoids show where the surface extrema occur
for planar, homeotropic, and oblique anchoring. (b) The surface profile at point D and scaled energy
profile at point B. This figure indicates that there is similarity between surface relief profile and energy
profile. The helix pitch is.
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Another important parameter that categorizes the shape of surface relief is the ratio between
its two wavelengths. The origin of the two scales can be revealed through the linear theory, which
gives the signed amplitudes of /iy and h; (the nomenclature is defined in Figure 4b) as a function of
anchoring ratio, r = py /2p1y:

E 2

ho_ (20)

h2 (1 + V)
L and L, are defined as the two mode transition lines. Line L1, which gives a four-wave profile within
one period corresponds to the condition wy, = —u,, (r = —1/2, hy = hy). Line Ly, which gives a
two-wave profile within one period corresponds to the condition y, = —u,, /2 (r = —1, hy — 0).

In addition, if py, — 0, then r — oo such that HO — ﬁz , also gives a two-wave profile.

Figure 2b shows the general phase diagram of h-profiles in the parametric (u,,, 1) plane.
As shown in the figure, the transition lines L; and L, are the critical lines across which surface relief
changes its shape. We identify line L; as a resonant line with the maximum interaction between
quadratic and quartic anchoring effects.

The computations show that h-profile is centrally symmetrical with respect to original point,
which can be observed in Figure 2b. As summarized as in Table 1, there are mainly three types of
surface wrinkling patterns. It should be noted that there is no difference between O4* and O4~ as
the patterns shown in one region are just a phase shift of the other; the same applies to Hy* and
Hy~. However, there is a difference between regions Ly, 1y, = 0 and H2+ JHy ,P; ,Hgs = 0 due to
the existence of a small plateau shown in the pattern computed along the two lines: L, and iz, = 0.
This small plateau corresponds to the discontinuity of two capillary vectors diagram which will be
discussed later.

Table 1. Surface wrinkling patterns in different regions of the parametric space w, = (i, la,)-

Region Total Wave Number hy/hg
[P -
Oy, 0 Hy Hy 4 #1
Ly 4 =1
H;,HZ_,P;,M*:O 2 =0
Lo, oy =0 2 =0

Results above are considered within one period. Nomenclature: O (oblique), P (planar), and H
(homeotropic) refer to the type of anchoring. The Ly refer to transition lines; see text.

Table 1 summarizes the main four types of surface relief profiles. Region o, O;,HI, H, and
L, both give four waves within one period. The difference is that four waves are identical on line L;.
Region Hy , Hy, P, g, = 0and Lo, pp, = 0 both give two waves within one period, so hy /g is equal
to 0. The difference between these two modes is that region H;r SHy, Pzr, uy, = 0 gives very smooth
surface geometry while region Ly, 1, = 0 gives sharp peaks on the surface profile.

4.2. Surface Curvature
In this subsection we present, discuss, and characterize the surface curvature obtained from direct
numerical simulations of the governing equations, and from a new and highly accurate linear model.
The surface behavior is not only affected by the magnitude of the surface relief, but also by the
surface curvature. The curvature can be computed directly by two equivalent forms:

e[ (2)] @

K= ' dx dx2

The first computing method in Equation (21) is exactly based on the governing Equation (17).
Considering that for small values of anchoring coefficients, the resistant term is mainly controlled
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by isotropic energy y,, we obtain the resistant term denoted in Equation (17), Fgs = 1. So, the linear
approximation of curvature reads

ﬁ; = 2q[up, cOs 2qx 4 241y, (3 sin? gx cos? gx — sin gx)] (22)

where K denotes the linear approximation of curvature assuming that ¢ = /2. The analytical
expression for the linear approximation of the surface relief is proposed in Appendix D. By assuming
K = hxy, we can also obtain another approximation for the surface curvature. It can be easily
found that ¥, = KE as we made similar assumptions to approximate the surface curvature based on
Equation (21).

A more sophisticated approximation of curvature kg can be derived without linearizing the
governing equation:

2( Mgy + 61y, sin® gx) cos? gx — 2(y,, + 241y, sin® gx) sin? gx

kG =4q (23)

14 pg, (2 cos? gx — sin? gx) + 3y, sin® gx (4 cos? gx — sin® gx)

As illustrated in Figure 5, the linear approximation of curvature % obtained by Equation (22) and
K from Equation (23) provides a very good approximation of curvature. As the curvature & includes
the explicit and simple expression, it allows us to mathematically derive more feasible relations to
characterize the formation of the surface relief.

0.03

——Point B- Numerical Solution ——Point D- Numerical Solution
O Point B- ’Z?ﬁ A Point B- g
O Point D- l?g, ® PointD- g,

0.02

0.01

K(pum-1)

-0.03

X (pm)

Figure 5. Surface curvature profiles computed numerically and with the two approximation methods:
K; and . Blue and red solid lines are the numerical solutions solved from governing equation for
point B and D, respectively. Blue hollow circles and blue filled triangles represent the data points of
computed ¥z and X at point B, respectively. Red hollow squares and red filled circles represent the
data points of computed «; and & at point D, respectively. As the both approximations x; and k¢ are
identical, the filled circles and triangles are superimposed on hollow squares and circles. The helix
pitch is Py = 1.2 um.

4.3. Surface Energy

Understanding surface energy behavior is another perspective in realizing the surface profile
which helps us to establish an energy transfer mechanism from the anchoring energy of a flat surface
into a wrinkled surface. For sufficient small values of the anchoring coefficients, as the normal angle
profile ¢(x) is fluctuating around 7t/2 with a very small amplitude, an explicit relation between
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the linearized surface profile and the total surface energy can be estimated based on the linear
approximation: N
¥« —1=gqh (24)

where (7. — 1) is the scaled anisotropic anchoring energy, and gh is the scaled surface relief.
This correlation is detected in Figure 4b where h and @ are essentially identical for the
small anchoring coefficients. This simple expression implies an essential physical phenomenon.
The expression, Equation (24) verifies that zero anisotropic surface energy results in a flat surface
(h = 0). As the result, based on the expression, the anchoring energy is the driving force contributing
to the surface relief, which is in accordance with the previous findings [22]. Moreover, the expression

confirms the expected insight that the uppermost surface area contain the highest surface energy.

4.4. Capillary Pressures

As mentioned above, the three main contributions in the capillary pressure are (1) Pyg;: dilation
pressure (Laplace pressure), Prot: rotation pressure (Herrings pressure), Py;,: director curvature which
is the anisotropic pressure due to the preferred orientation (see Equation (16)). Py;, is the driving forces
to wrinkle the interface. The explicit expansion of Equation (16) in terms of (n - k) yields:

Pe = Pyir + Prot + Pyir

Pyt = —x[1+ pz. (nn 2 Kk) + i (nn : Kk)?]

Prot = —k[2ptp,(nn : tt — nn : kk) + 414, (nn : kk)(3nn : tt — nn : kk)]

Pair = 2[p2+ + 2pas (nn s KK)](n - k)t - 9sn + 2[pin, + 6y (nn - Kk)](n - t)k - osn

(25)

As all the pressures are scaled by isotropic tension vy, they have the same unit as curvature.
It should be noted that based on theory dim[P] = dim[y] - dim[d;].
Figure 6a shows the wrinkling mechanism through the capillary pressures changes along x.
The three scaled pressure contributions are plotted as function of “x” for the particular point B.
As shown in the figure, the capillary pressures cancel each other out maintaining the summation at zero.
The important observation from these pressure profiles is that Py;; and Py;, are always out-of-phase,
while Py is always negative. These outcomes, Pyi; - Pgii < 0 and sgn(Prot) = —sgn(Py) can be also
interpreted from the linear model. Figure 6a also denotes that Py is two orders of magnitude smaller
than Pg; and Pg;,. This phenomenon confirms that Py;, is the formation source of wrinkling, annihilated
by inducing area change and area rotation. Another observation from the linear model is that Pyot has
the similar expression of curvature, k. This similarity encourages us that capillary pressures can be
also analyzed in the x — P frame. Figure 6b shows the variation of curvature profile with respect to the
capillary pressures. We can realize from the figure that in the linear region and for the constant Py, each
capillary pressure only lay on intrinsic curves independent of the anchoring coefficients. The linear
approximation gives the intrinsic curves (see Appendix E for the details):
~ _ o= 2 = %
Pait = =K, Prot = ] and Pgjr = K+ i (26)

The x — P relations approve that helix pitch Py is the only parameter affecting the intrinsic curves.
Equation (26) implies that the intrinsic curves obtained for - Py show the central symmetry. Variations
in anchoring coefficients do not impose any influence on the intrinsic curves, they only change the
arc-length of the intrinsic curves (denoted by I). The analytical expression of the arc-length for the
intrinsic curves can be obtained by

Tgit = V2(Rmax — Kmin) 7)
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1 K q 1\? )2
s L I P h s 28
= (/) + () + g (5) + (5) @)
Kmax —Kmin

~ 2k \ 2

Tar= 1| (1) 1+ +1n L2 e (142 9)
Kmax—Kmin

where X € [Kmin, Kmax)- If we denote ming = —pig, — |pos + pax|, max, = —pias + [pos + pas|, and

—(p2s + 24ay) + (How + 5isx)?/8jis,, then we denote min, =
max, = max{min,, max,, local}, considering the approximation curvature, ¥
interval of ¥ can be found by

local = min{minﬂ, maxg, local} and

(Equatlon (22)), the

€ [2q - ming, 2q - max,] if r ¢ [—5/2,3/2] (30)

K € [29 - miny, 2q - max,] if r € [-5/2,3/2] (31)

These findings denote that the span of curvature is associated with the anchoring coefficients, and
ideally exhibits a linear correlation with 1/Py. So, we expect that if the helix pitch is increased to 2Py
under the same anchoring condition, the span of curvature would reduce to half. Figure 6b illustrates
the numerical solutions for director, dilation, and rotation pressures obtained by Equation (25) in
comparison with the intrinsic lines defined by Equation (26). We can observe that there are no
considerable deviations between the director pressures and the intrinsic lines approximated by the
linear model. As shown in Figure 6b, the span of actual curvature is in accordance with the minimum
and maximum values of curvature computed by Equations (30) and (31), which confirms that the
linear approximation is validated within the linear region (small anchoring coefficients).

In partial summary, in this subsection we have shown (i) the key balancing pressures are the
Laplace and director pressures (Figure 6); (ii) quadratic curvature contributions are proportional to
the pitch, the curvature—pressure relations follow intrinsic curves (Equation (26)) whose lengths are
affected by anchoring, such that lower anchoring (higher anchoring) decreases (increases) their lengths
(Equations (27)—(31)).
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Figure 6. Capillary pressure profile. (a) Three components of capillary pressures with respect to x axis
for the point B. Black real line, black dash line, and blue dot line represent dilation pressure, director

pressure, and rotation pressure, respectively. (b) Curvature-Pressure plot at point B. Red, blue, and

purple lines represent the numerical solutions to director pressure, dilation pressure, and rotation

pressure, respectively. Black dash lines are the intrinsic lines defined by Equation (26). Green dash lines

are the span of curvature computed by Equations (30) and (31). Two black points are where the span of

numerical solution for curvature ends. The helix pitch is Py = 1.2um.
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4.5. Capillary Vectors

The behavior of the capillary vectors can give another perspective to analyze the surface wrinkling.
If we assume that 4, = 0, then the magnitude of two capillary vectors ¢ | and &) naturally satisfy

(£ — (70 +2%uz)}2 n & *l (32)
(312) &
¢ denotes the magnitude of the capillary vector, Z. From this equation, we can read an ellipse with
eccentricity e.c = v/3/2 which is independent of anchoring coefficient . The two capillary vectors
change proportionally; ¢ oscillates around g + 44> with an amplitude of 1|y, while & || oscillates
around zero with amplitude of |j»|. This ellipse with invariant shape can provide a clear physical
explanation to understand how capillary vectors are formed. Figure 7a illustrates the plots of the
ellipse equation for the anchoring coefficient |p2.| = 0.002. Considering that the CLC surface is
differentiable, we can introduce two foci (F; and F, defined by pi5, in Figure 7b) such that every point
P in the vector diagram is restrained by |PF;| 4 |PF;| = 2|u2.|. When pip, — 0, two foci are very close
to each other, giving that |PF| ~ |PF,| = |u2.|. Ellipse becomes a circle with a radius of ||, which
can be considered as a point. From Figure 7a we can also observe that ¢, only reaches its extrema
when ¢ vanishes. This phenomenon corresponds to | = [|Is - dy|| = t- 0k§ | . However, when
reaches its extrema, ¢ | does not vanish as isotropic surface tension prevents ¢ | to be reduced to zero.
The solution to ellipse equation yields

2
6 = i\/ B4z~ (ot )] and L = (n+ o) 2\ lB -2 ©3)

These are explicit algebraic relations between ¢ | and ¢|. Recall that the capillary vectors and the
normal angle are related by

T x 1
o =5+ 7O (34)

Replacing ¢ | with ¢ I from Equation (33), the normal angle can be expressed only in term of ¢ I (see
Appendix F):

‘P(gu) = Zarcsmg” %arctan[, / 1+yz tan( arcsmf” )} or (35)

g 2+1in, z
&) = fZarcsmy! &%}Zfarctan[mcot( arcsin ”)]

Equation (35) clarifies the source of fluctuation; the perturbation ¢, (¢ H)’ is imposed onto the
normal angle profile due to the presence of ¢, which is fixed by the ellipse equation.
If we assume that j5, = 0, the magnitude of two capillary vectors §| and ¢ satisfy

2 3 — )2
ﬂfz{él(a —70)} L6 -m) (36)

T Ma T

This equation reads a teardrop curve. Figure 7b illustrates the plots of the teardrop equation for
the anchoring coefficient |j4,| = 0.002. The main parameters defining this teardrop curve are given
in Figure 7b. Similar to the ellipse curves shown in Figure 7a, the magnitude of 4, does not change
the shape of teardrops, while it controls the size of the teardrop curves. It should be noted that the
teardrop curves are not continuous at the original point (Point O shown in Figure 7b). Both the ellipse
and teardrop curves show a symmetry by changing the sign of the anchoring coefficients, and shrink
to zero as the anchoring coefficients go to zero.
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Figure 7. Plots of capillary vector components under two limiting anchoring coefficient values.
(a) Hg = O results in an ellipse. (b) uy, = 0. This results in a teardrop curve. The sign of
anchoring coefficient imposes a mirror symmetry. The axes of the loops are determined by the
anchoring coefficients.

5. Conclusions

This paper presents a rigorous model based on nonlinear nemato-capillarity shape equation
and its linear approximation to describe the main formation mechanism of two-length scale surface
wrinkling formed at the CLC/air interface. The role of three capillary pressure contributions (dilation,
rotation, and director curvature) on the formation of surface curvature have been elucidated and the
effect of the helix pitch and the anchoring coefficients has been characterized. The linear approximation
provides a simple model to describe wrinkling behavior with high accuracy and less computation
when the two anchoring coefficients are very small. The linear approximation can also serve as the
main criteria to classify the type of surface relief. The key mechanism driving surface wrinkling
is identified and discussed through the two perspectives: capillary pressures and capillary vectors.
Moreover, the surface normal is expressed by the capillary pressures, whose summation must maintain
at zero, serving as the constraint to the system. The proposed new model and its linear approximation
augment previous models dedicated to understand and mimic complex surface patterns observed
at the free surface of synthetic and biological chiral nematic liquid crystals, chiral polymer solutions,
surfactant-liquid crystal surfaces and membranes, and in frozen biological plywoods. The present
results can inspire design and fabrication of complex surface patterns with the possible potentials in
optical, high friction, and thermal applications.
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Appendix A. Cahn-Hoffman Capillary Vector

The purpose of Appendix A is to derive the Cahn-Hoffman capillary vectors that are being used
in the main text.
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Cahn-Hoffman capillary vector E is defined as the gradient of the scalar field
E:=V(ry) (A1)
r=rk (A2)
where r is the position vector, and = ||r||. dim[E] = dim[y]. Notice that d(ry) = V(ry)dr:
rdy +vydr=E-d(rk) = rE - dk + & - kdr (A3)

tis the unit tangent, k is the outward unit normal, and n is director vector (see Figure A1). Equation
(A3) yields the two components of capillary vectors (scaled by 7):

E), =8k =7k = {14 [p2 + pas(nn : kk)](nn : kk) } k (A4)

o

= [2u2+ + 4pa (nn : kKk)](nn : kt)t (A5)

ok

Figure Al. Nomenclature of normal angle and vectors in Cartesian coordinates.

Appendix B. Capillary Pressures

The purpose of Appendix B is to drive the explicit expressions of capillary pressures.
Denote linear operator dy(x) = (I —kk) - 9d(*)/dk for simplicity, and introduce an identity

such that:
on

nooo=
Equation (A6) holds due to 9s(n?) = 95(1) = 0. We can introduce another identity:

0 (A6)

oM dn OJOM on
(=) S 5 = on s .

Three capillary pressures can be derived by:

Pdir = an* : Vsn = 8nEH* -asn = 8n(t . Bk'y*) . Bsn (AS)
= 2[p2s + 2pas (nn s KK)](n - k)t - 0sn + 2[pn, + 6pas (nn : Kk)](n - t)k - osn
0= Y,
Py = sz S Vek = tt- ( ayk @k +v,I) : (—ktt) = —xy, (A9)

0=

Prot = alﬂ* Vik=t- akEH* < (—xt) = t- 9 [(I — KK) - Oy ys] - (—xt)
= —k[n- 9 (n-9ys) - (nn: tt) — (nn : Koy y.)] (A10)
= —k[2ptp.(nn : tt — nn : kk) + 44, (nn : kk) (3nn : tt — nn : kk)]

Therefore, the surface curvature is written as:

Pair an(t . Bky*) - dgn

= = All
K .0yt v, tn ok 9y.) (o) (an ko) (AT
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Equation (A11) is the general curvature equation for y = y(n - k).

Appendix C. Governing Equation

The purpose of Appendix C is to show how we obtained governing equation and the uniqueness
of its solution within the linear region.

A trivial solution to V - & = 0 is that E is a constant. Here, we need to consider whether this
A

solution can be true. Inserting boundary condition such that ¢[,_, = 71/2, we get E = E| = 705y,
A

where 8 is the unit vector along y axis:
EL+E| =00y (A12)
Take the square of (A12) on both side, we obtain:
(VK)? + (- 0yy)” = v§ (A13)

This equation does not hold true when both i, and n, are greater than 0. Therefore, & is not a constant.
Equation (A11) is an ODE where we can solve for x(x) and subsequently obtain ¢(x):

C_de_de_ . Fi

_E_asmgb—F—RS (A14)

Here, we introduce two terms, [y, and Fgs as the driving and resistant terms in the formation of
the surface wrinkles that can be defined by:

Fpr := 2[ppy + 21y, (nn : kk)|(n - k)t - 9sn + 2[py, + 61y, (nn : kk)|(n - t)k - dsn (A15)

Frs := 14 2py,(2nn : tt — nn : kk) + 3py, (nn : kk)(4nn : tt — nn : kk) (A16)

Therefore, Equation (A14) becomes the governing equation that is going to be solved to obtain
¢(x). Itis easy to find that:

. 2
PRs,min -1= m1n{4p2*, _2112* - 3“4*/ g [(37’ + 4)”’2* + 6“4*]} (A17)

where the last term only exists when —3/2 < r < 1. Thus, for very small y; and ,, we can conclude
that Frs > 0 and it is bounded. So, Equation (A14) has a unique solution.

Appendix D. Linear Theory

The purpose of Appendix D is to show how the linear theory is formed and the application to
surface parameters by using linear theory presented in section (3.2).

We consider the first linear theory by simply assuming that ¢ = 77/2. Then, governing equation
provides a simple expression of surface curvature:

2( g, + 61y, sin® gx) cos? gx — 2(y, 4 241y, sin® gx) sin? gx
1+ (2082 gx — sin? x) 4 3y, sin® gx (4 cos? gx — sin? gx)

ke = (A18)

However, we could not obtain an explicit expression for the linearized surface relief hp =
J ([ ®pdx)dx using this approximated curvature. As we observed that & is very small compared to
A

Z, the trivial solution can be obtained using an approximation such that & = y(8,.
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By using the Monge parametrization, the surface equation can be expressed by:

1 1
f— (A19)
1+ (Vh)? { Vh }

Then we multiply by t on both side of & = v 8:

El-t+E”-t:’mSy-t

(A20)
(2uy +4pynn : kk)(nn : kt) = vV h (A21)
By integrating on both side with respect to x, we obtain:
1
E(uz + pgnn : kk)(nn : kk) = yoh (A22)
Replacing ¢ = 71/2, we find the linearized surface relief:
= 1 -2 4
= (b sin’ gx + . sin' ) (A23)

Once we get 1, we can also obtain other surface parameters:

~ oh
¢ = farccot(a) = —arccot(py, sin2qx + 4y, sin® gx cos gx) (A24)
Omitting the denominator in Equation (A18), we can obtain an approximation curvature %(E from
the linearized governing equation. We can also approximate surface curvature by :

kG = % sin = q[2uz, c0s 2qx + 4piy, (3sin” gx cos? gx — sin” x)] (A25)
-3

dh

1+ o

d?h _ d*h

%= S oa o=
h dx2  da?

24 [y, c0S2qx + 24y, (3 sin? gx cos® gx — sint gx)]
Notice that Equations (A25) and (A26) are equivalent.

Equation (A23) also gives a simple explicit form to approximate h:

(A26)

dn
Frie oy SIN 2gx + 411y, sin® gxcosqx =0 (A27)
We can also detect the two length scales /iy and /i by finding the extrema of Equation (A27). There
are three conditions satisfying (A27): (i) singx = 0, (ii) cos gx = 0 and (iii) sin® gx = —r. Condition (i)
yields that i = 0, while the other two conditions yield that /*

(M2s + Hau)/gand B = =13, /4quy,,
respectively. Therefore, we can introduce the following scaling law:
EZ ho — p*

= (A28)
—H3, /A — Mo — Mg (14 7)

Equation (A28) indicates that the only parameter r which is defined as the anchoring ratio
r = Wy /2, determines the characteristic shape of surface relief.
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Appendix E. P — « Relations

The purpose of Appendix E is to demonstrate the relationship between capillary pressures and
curvature by using linear theory presented in section (3.3).

Applying linear theory into three capillary pressures, we obtain approximated P — « relations in
explicit forms:

Pt = —K[2uy, (cos? gx — sin® gx) + 4y, (sin? gx) (3 cos? gx — sin? gx)]
N S (A29)
T ta T g
Py = —xy, ~ —« (A30)
~ [
By, =7+ T (A31)
Using the linear model, we can find the approximated interval of curvature «:
K/2q = =8y, cos* qx + 2(Mp, + 514,) c08” gx — 1, — 241y, (A32)

Since cos?gx € [0,1], we need to examine whether local extremum can be achieved or not.
Considering function qua(r) as:

~ 2(p+5pg) 15
qua(r) = 2% (Bug) it 8 (A33)

This function describes how the x axis of local extrema changes with r.
When local extremum of ¥/2¢ is not achieved, there should be qua(r) ¢ [0,1]. This gives:

5 3
r<f§orr>§ (A34)

In this case, two critical values of &/2q for cos? gx € [0, 1] would be:
€/24| cos2 qr=0 = —H2x — 24y, Or K/2q| 02 gr=1 = H2x (A35)
The minimum and maximum of /24 can be expressed as:
ming = — g, — [Hp, + Ky | and maxs = — g, + Mo, + By | (A36)

If —5/2 < r < 3/2,local extremum becomes:

1
local = —(hz, +2us.) + g — (2. + 5u,)° (A37)

Let min;, = min{min,, maxg, local} and max;, = max{min,, max,,local}. Summarizing all the
results above, we can find the span of curvature x:

K € [2q - min,, 2q - max,| if r ¢ [—5/2,3/2] (A38)

K € [2q - miny, 2q - max,) if r € [—-5/2,3/2] (A39)

For example, if we choose point A, we have r = +1 € [-5/2,3/2]. Then, min, = —0.004,
max,; = +0.002, local = +0.0021, and subsequently ¥ € [—0.0419, +0.0220], where numerical solution
gives that x € [—0.0422,+0.0221]. As the linear theory only deviates 0.6% from exact solution, the
error can be ignored.
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The span in P — « plot can be calculated by arc-length equation:

Kmax dpr
7= /K 1+ (dK> dx (A40)

min

Using the fact that:

2
/\/a2+x2dx:%\/az-i-xz-i-%ln‘x—s—\/az—s—xz‘+C (A41)

We can compute the arc-lengths corresponding to the three capillary pressures:

’lvdil = \ﬁ(fmax - %min) (A42)
~ 2
o = \/1 e ( ) (% (3)
(A43)
Kmax —Kmin
’i;iir _ max A % K’:::x 1 + ZK
(A44)

Z{Hz'{ 1+ +ln’ 1+2K 1+(1+2—q") H

Kmax —Kmin

Using Equation (A42) to Equation (A44), we can compute the arc-length of each P — « curve.

Appendix E. Capillary Vectors

The purpose of Appendix F is to derive the equations related to capillary vectors that are being
used in section (3.4).
The following equation holds for capillary vectors:

& =381 +8)) = t k]<{% ;f]{“i}> -

The projection of capillary vector along k direction reduces Equation (A45) to:

[

]

Vi E=038 —xE =0 (A46)
Replacing & | with i from ellipse equation (assuming that j1; = 0), we obtain:

X
o _ ! (A47)

ds [(Wo-f— $H2) & %\/H]

Considering that p, > 0, we can use symmetry role for evaluating the cases where 1, < 0. Within
the linear region, we can integrate on both side of Equation (A47) and obtain:

7T
9= +2

1
——dz (A48)
[(Z'YO +w2) £\ /15— EH]

P(E))
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There are two ¢(E) depending on the positive or the negative sign showed inside the integrand
of Equation (A48). The explicit expression of ¢(E) reads:

| 1 1 Bl >
tan| —arcsin—- A49
1+ Hox <2 125} :| ( )

3
,2{4(5% - 70)} P, 168, - 1)
2
Ha Hy

P(E)) = Darcsin | — 22+ p.)

a
H2 \V4 1+ H2x

Assume that p, =0, & and g satisfy:

rctan

—l -0 (A50)
My

We can find that the extrema of &, — g are 0 and py. As E; shows symmetry, we only consider
the positive branch and find the derivative:

dEH:ﬂz
dE, ~ 2

[x1

4E, - w)f 16(E, - w)z}

f2r4E, - w)} P ORE )
- R S s

Ha P4 My

The non-trivial extrema of Z) occur at:

= 9 = 3V3
=] — ’y() = RH;; and .:;H = iT]/hl (A52)

It should be noticed that Equation (A51) is singular at &; — ¢ = 0, implying that the plot is not
continuous at the point where &, — 79 = 0.
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Abstract: We demonstrated previously that the temperature of a sandwich-type liquid crystal cell
with unignorable electrode resistivity could be electrically increased as a result of dielectric heating.
In this study, we take advantage of such an electro-thermal effect and report on a unique electric-field
approach to the formation of uniform lying helix (ULH) texture in a cholesteric liquid crystal (CLC)
cell. The technique entails a hybrid voltage pulse at frequencies f1 and, subsequently, f>, which
are higher and lower than the onset frequency for the induction of dielectric heating, respectively.
When the cell is electrically sustained in the isotropic phase by the voltage pulse of V =35 Vs at
f1 =55 KkHz or in the homeotropic state with the enhanced ionic effect at V' =30 Vs and f1 = 55 kHz,
our results indicate that switching of the voltage frequency from f; to f, enables the succeeding
formation of well-aligned ULH during either the isotropic-to-CLC phase transition at f, = 1 kHz or
by the electrohydrodynamic effect at f, = 30 Hz. For practical use, the aligning technique proposed
for the first time in this study is more applicable than existing alternatives in that the obtained ULH
is adoptable to CLCs with positive dielectric anisotropy in a simple cell geometry where complicated
surface pretreatment is not required. Moreover, it is electrically switchable to other CLC textures such
as Grandjean planar and focal conic states without the need of a temperature controller for the phase
transition, the use of ion-rich LC materials, or mechanical shearing for textural transition.

Keywords: dielectric heating; cholesteric liquid crystals; uniform lying helix

1. Introduction

Cholesteric liquid crystals (CLCs) constitute a class of soft photonic crystal, with a self-assembled,
helically molecular configuration in one-dimension. Considered in a confined geometry, three main
CLC states, namely, Grandjean planar (P), focal conic (FC), and fingerprint (FP), distinctly in molecular
orientation and optical properties, have been well distinguished. The molecular helix (helical axis) of a
CLC cell in the P state is oriented perpendicular to the substrate normal and it can reflect circularly
polarized light with the same handedness as that of the CLC, following Bragg'’s reflection law. The FC
state is found to have randomly oriented molecular helices so that it can scatter unpolarized light due
to the mismatch of refractive indices between domain walls. For the FP state where the molecular
helix lies in the plane of substrates, unpolarized light passing through it could be either diffracted
or transmitted depending on the relation between the wavelength of light and the length of helical
pitch [1]. Accordingly, by virtue of unique optical properties and textural switching, CLCs have
long been potential candidates for applications in photonics as switchable and memorable optical
devices [2—4]. On the other hand, when the helical pitch length is comparable to or shorter than visible
light wavelengths, the CLC can also be regarded as a uniaxial birefringent medium analogously to
achiral nematic liquid crystals (LCs) with the helical axis being the optical axis. The uniform lying helix
(ULH) is a class of this kind of short-pitch CLCs in the FP state with the helical helix oriented in the
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substrate plane along a preferred direction. In contrast to the aforementioned CLC textures, the ULH
is attractive for its superior electro-optic responses, enabling the modulations in phase retardation and
intensity of polarized light under crossed polarizers by the processes of helix-unwinding and in-plane
switching of optic axis via the voltage-induced dielectric and flexoelectric effects, respectively [5].
Particularly, the flexoelectro-optic switching of ULH structures with a wide viewing angle and short
response time (<1 ms) have been proven by extensive studies, including those using bimesogenic
LCs [6-8] and others concerning doping bent-core dimers into rod-like CLCs [9-11]. Owing to the
luring uniqueness, the ULH structure has received a lot of interest, extending the application domain
of CLCs to next-generation displays, such as ultra-high resolution TVs, virtual reality and augmented
reality head-mounted displays, glasses-free 3D displays, and field-sequential color displays, whose
images need to be displayed with high definition and high refresh rate.

The most severe problem impeding practical uses of the ULH is the difficulty in obtaining a
defect-free alignment in a simple cell geometry. This is not surprising because a CLC in the cell
with either planar or homeotropic alignment surfaces is favorably stabilized in the P or FC state to
minimize the free energy. For this purpose, technologies based on electric-field and surface-alignment
pretreatments to induce the ULH alignment have successively been exploited with a varying degree
of limitations. The earliest and the most commonly adopted electric-field method was reported by
Lee and Patel, in which a temperature-cooling process is essential for the CLC cell to go through the
isotropic-to-CLC phase transition when an AC voltage is applied [12]. The optic axis of the obtained
ULH is formed with a deviation angle from the rubbing direction. On the basis of this method,
Salter et al. reported that the resulting ULH in a planar-aligned cell with 90°-twisted rubbing is
more uniform than those of hybrid-aligned cells and of the planar-aligned cells with parallel (0° or
180°) rubbing [13]. Without undergoing the temperature-cooling process, voltage-generated ULH
alignment has also been obtained in planar-aligned CLC cells by providing an extra mechanical
force to induce shear flow in the meantime [14-16], using ion-rich positive nematic host to permit
electrohydrodynamic flow by low-frequency voltages [17,18], controlling voltage conditions precisely
to induce the nematic-to-CLC structural transition [19], optimizing the pretilt angle as well as the
anchoring energy [20], or by designing a tri-electrode configuration [21,22]. For the surface-treatment
method, the concept stems from the modification in surface morphology of alignment layers, enabling
periodic anchoring for realizing the ULH structure spontaneously. This prerequisite has been
implemented by using cholesteric alignment layers with the same pitch as that of injected material [23],
coating weak homeotropic alignment films on scratched substrates [24], generating interdigital planar
and homeotropic channels on substrates [25], and creating grooves by means of two-photon excitation
laser lithography [26], mold-templating [27], and by laser writing [28]. In some cases of the above,
the isotropic-to-CLC temperature cooling process with and without the assistance of the electric field
was required to ensure the uniformity of ULH. However, the manufacturing processes of ULH by
surface-treatment methods would become too complicated, especially for mass production.

Recently, we have demonstrated that the dielectric heating effect can be induced in a
non-dual-frequency CLC cell by high-frequency voltages (e.g., negative chiral nematic in [29]). As
confirmed experimentally and theoretically, this is caused by the pseudo-dielectric relaxation from
the non-ideal cell geometry with finite conductivity in indium-tin-oxide (ITO) electrodes rather than
the intrinsic molecular rotation. Based on this electro-thermal effect, we propose, in this work, to
form ULH structures by applying a hybrid pulse with a fixed amplitude and frequencies f1 and f5
(<f1) across a CLC cell thickness. The pulse at f; is responsible for elevating the cell temperature.
Switching the frequency from f; to f, enables the formation of ULH alignment during the phase
transition or via the electrohydrodynamic instability. In the following, we first clarify the mechanism
of the voltage-induced textural and phase transition of the CLC by dielectric heating. The processes of
forming ULH alignment by the treatment of designated hybrid pulse are then manifested.

63



Crystals 2019, 9, 183

2. Experimental

The CLC used in this study was a mixture composed of 70 wt% of a positive nematic LC (E44,
Daily Polymer Co., Kaohsiung, Taiwan) and 30 wt% of the left-handedness chiral additive S811
(HCCH). Material properties of E44 give the refractive indices 7| = 1.79 and n; = 1.53 (measured
at the wavelength of 589 nm and temperature of 20 °C), the twist elastic constant Ky, of 13 pN, and
dielectric anisotropy Ae = 14.38 as determined by the difference between the parallel and perpendicular
components of dielectric constant of £ | =19.42 and ¢ = 5.04, respectively (at the frequency of 1 kHz
and temperature of 20 °C). The CLC was put on a hot stage, heated to the isotropic phase, stirred for
two hours, and finally injected by capillary action into an empty cell with a planar surface alignment
and 90°-twisted rubbing [19]. Cell parameters, including the electrode area A = 10 x 10 mm?, cell gap
d =48+ 0.5 um, and the ITO electrode resistivity Riro ~ 310 ), were identical to those reported in [29]
so that the dielectric heating effect could be expectedly induced by optimized voltage conditions.
The clearing point T. (i.e., the transition temperature between the isotropic and CLC phases) of the
CLC cell, as determined by temperature-dependent dielectric spectroscopy together with textural
observations, was 57.0 °C and the CLC phase could be preserved at least down to 0 °C. Dielectric
spectra of the CLC cell at designated temperatures were acquired with an LCR meter (Agilent E4980A)
and a temperature controller (Linkam T95-PE). The adjustable amplitude and frequency ranges of
the sinusoidal probe voltage provided by the LCR meter were 0.05 V — 20 V and 20 Hz—2 MHz,
respectively. The CLC cell was driven by square-wave voltage supplied from an arbitrary function
generator (Tektronix AFG-3022B) in conjunction with an amplifier (TREK Model 603). The types
of CLC textures and their uniformity were preliminarily examined by textural observation using a
polarizing optical microscope (Olympus BX51) in the transmission mode. The optical transparency
or voltage-dependent transmission of CLC textures was quantitatively inspected by setting the cell
between a He—Ne laser source with an emission wavelength of 632.8 nm and a photodetector without
any polarizer. A non-contact IR thermometer (IR camera FLIR ThermaCam® P25) was employed to
monitor the variation in cell temperature as a function of the applied voltage.

3. Results and Discussion

3.1. Frequency-Modulated Textural and Phase Transitions

Figure 1a shows the voltage-dependent transmission (V-T%) curves of the CLC cell at a fixed
temperature of T = 25 °C as measured without any polarizer. Here, the temperature was precisely
controlled by situating the cell in a temperature controller. In the case of the frequency at f = 1 kHz,
the resulting V-T% curve illustrates the change of CLC texture from the initial P state to the FC state
and finally to the homeotropic (H) state with increasing voltage. This follows the general case for the
voltage-induced textural transition of a CLC cell with positive dielectric anisotropy according to the
dielectric coupling between LC molecules and electric fields. Accordingly, the V-T% curves at given
frequencies in Figure 1a can be divided into five voltage regions, separated by colors, corresponding to
specific CLC states and textural transitions. Because the wavelength of the light source (i.e., He-Ne
laser) at 632.8 nm is outside the (Bragg) reflection bandgap of the CLC, the transmittance (~80%) of
the cell in P state (~80% in region 1, V < 6 Vi) is comparable to that of the voltage-sustained H
state (~82% in region 5, V > 38 V). The voltage range (region 3, 6 Vims < V < 38 Vins) resulting in
a much-lowered transmittance (T% < 8%) corresponds to the cell’s FC state that effectively scatters
visible light (at the wavelength of 632.8 nm) due to its randomly oriented and broken helices in the
bulk. The voltage region 2 (4), showing decreased (increased) transmittance from 80% (5%) to 5%
(82%) with ascending voltage between 6 Vims (28 Vims) and 28 Vims (38 Vims), is thus attributable
to the P-to-FC (FC-to-H) textural transition. Besides, in a special case where the frequency of the
applied voltage is low enough to bring about electrohydrodynamic instability (EHDI), the ULH state
can be obtained in a given voltage region. This phenomenon has been evidenced in some of the early
works [17,18,30]. However, when the frequency varies from 1 kHz to 30 Hz in this study, the V-T%
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curve remains nearly unchanged as shown in Figure 1a. This implies that the ionic effect in our used
CLC cell is weak and the frequency of the voltage at 30 Hz is still insufficient to onset the EHDI; thus,
the optical signal corresponding to the ULH state is absent in Figure la.
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Figure 1. (a) Voltage dependence of the transmission of the CLC cell under AC voltage applied
at T=25°C and (b) the change of the critical voltage (V) for helix unwinding as a function of
temperature. Regions 1, 3, and 5 in Figure 1la are voltage ranges for sustaining the cell in the P, FC, and
H states, respectively. Regions 2 and 4 reveal V—T% behaviors, dominated by the P to FC and FC to H
textural transitions, respectively.

The voltage Vi required for unwinding the CLC helix as well as sustaining the cell in the H state
can be expressed as

7'[2d K22
Vy=— 1
H P eoe )

where P stands for the helical pitch length and ¢g (= 8.854 x 1012 F-m~!) represents the permittivity
in a vacuum. One can see from Figure 1b that the magnitude of Vi decreases from 38 Vi ys to
30 Vims as the temperature increases from 25 °C to 55 °C. In most of thermotropic calamitic or
rod-like LCs, the orientational order parameter (S) decreases with increasing temperature. Since the
twist elastic constant Ka, and the dielectric anisotropy Ae are proportional to S? and S, respectively,
the change in V as a function of temperature is primarily attributable to the substantial variation in
temperature-dependent Kp,.

Furthermore, Figure 2 depicts the applied (voltage) frequency dependence of the steady-state
cell temperature and transmission (Figure 2a) as well as optical textures of the CLC cell subjected to a
35-Vims voltage at three distinct frequencies (Figure 2b—d). Here the measurements were performed
without using a temperature controller. The cell temperature in the field-off state was ca. 24.4 °C,
namely, the room temperature. Each cell-temperature data point was acquired by holding the given
voltage applied to the cell for 10 min to ensure that the cell temperature reached the steady state and
became time-independent. It was tested preliminarily that the onset frequency fy, for the induction
of dielectric heating by the applied voltage at V = 35 V ns is approximately 10 kHz. As revealed in
Figure 2a, the temperature of the cell grows with ascending frequency but this trend becomes mitigated
as the frequency is higher than 55 kHz. This is in good agreement with our previous work in which the
temperature increase, arising from significant dielectric heating from the pseudo-dielectric relaxation, is
a function of the applied frequency [29,31]. In the case of f = 20 kHz, the temperature is elevated by 3.6
°C (i.e., T=28,0 °C atf = 20 kHz); thus, the texture (Figure 2b) under applied voltage V = 35 Vms (lower
than Vi =38 Vims at T = 30.0 °C), corresponding to region 4 in Figure 1a, is preserved in an intermediate
state between FC and H state with low transmission of ~27.5%. As the frequency is promoted from
20 kHz to 45 kHz, the temperature increases monotonically from 28.0 °C to 46.4 °C. In the meantime,
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the driving voltage (i.e., V = 35 Vins) approaches Vi = 36 Vims at T = 45 °C. In consequence, the
sharp increase in transmittance to ~78% with increasing frequency in the neighborhood of 45 kHz,
as shown in Figure 2a, is undoubtedly contributed by the process of the FC-to-H phase transition
(Figure 2c). Once the frequency goes beyond 55 kHz such that the temperature showing T = 58.0 °C
becomes higher than the clearing temperature (T, = 57.0 °C), the phase transition from the CLC phase
to the isotropic phase will be induced. Although the optical textures under crossed polarizers and
transmittances without a polarizer in both the isotropic phase and the H state are comparable or
virtually identical, the voltage-induced isotropic phase can be confirmed by comparing the optical
textures between the electrode and non-electrode areas. As evidenced in Figure 2d, the texture of the
cell in the non-electrode regions around the electrode area gradually changes from the CLC to the
isotropic phase owing to the diffusion of heat generated from the electrode. This observation suggests
that the textural and phase transitions in the CLC cell can alternatively be induced by modulating the
frequency of the applied voltage to control the cell temperature via dielectric heating [29]. From the
results above, one can form a well-aligned and switchable ULH texture by treating a CLC cell with a
specific AC voltage.

(b)f=20kHz  (c) f= 44 kHz
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Figure 2. (a) Frequency-dependent cell temperature and transmission of the CLC cell driven by a
square-voltage at V = 35 Vs and the corresponding optical textures at (b) f = 20 kHz, (c) f = 44 kHz,
and (d) f = 55 kHz. For (b—d), the transmission axes of the analyzer (A) and the polarizer (P) are crossed
to each other.

Figure 3 delineates the idea of the proposed electric-field approach to the formation of well-aligned
ULH and the scheme for the textural switching. Here, an applied voltage signal, consisting of two
pulse components with one at f; followed instantly by the other at a lowered frequency f», is designed
for carrying out the switching of the cell from either the P or FC state to the ULH state. The magnitudes
of f1 and f, designated satisfy the conditions of f1 > fy, and f < fy,, where fy, is the onset frequency
for the induction of the dielectric heating in the cell. Such a pulse functions like a heat generator at
f1, enabling the temperature increase of the cell to a given value; it also serves as an agitator at f, to
provoke phase and textural transitions. As such, there are two ways, alternative to ideas reported
in [12,17], to form the ULH alignment by optimizing voltage conditions of the hybrid pulse. Referring
to Figure 2a, the first way is to first sustain the cell in the isotropic phase (at an arbitrary temperature
beyond the clearing point) by setting the amplitude and frequency of the leading portion of the pulse to
be V =35 Vs and f1 = 55 kHz. When the pulse frequency is switched from f; to f, whereas the voltage
magnitude remains unchanged, the dielectric heating behavior disappears, and the ULH results at f;
during the isotropic-to-CLC phase transition. In comparison with the method reported in [12], using
the designated hybrid pulse to form ULH structure would be more feasible because an additional
heating stage is not required to monitor the temperature variation for the phase transition. Our method
further permits the ULH to be electrically switchable by following the general scheme for switching
CLC textures. As illustrated in Figure 3, the obtained ULH can be readily switched back to the P state
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by triggering the cell with a single pulse of V = Vi at f = f5, and to the FC state by a hybrid pulse
at f» with amplitudes of Vi for the leading component and V < Vi for the succeeding component.
The second way is to generate ULH via EHDI by elevating the temperature to promote the ionic effect
rather than requiring the LC material to be ion-rich [17,18]. In this case, the cell is held in the H state
at a temperature close to T by the first portion of the pulse at V =30 Vs and f1 = 55 kHz. It has
been demonstrated that the ionic effect in an LC cell is enhanced at a higher temperature thanks to the
reduction in molecular ordering and increase in the activation energy of mobile ions [32]. Therefore, it
is expected to obtain ULH by optimizing f, to meet the frequency responsible for inducing the EHDI.
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Figure 3. Schematic of the generation of the ULH state and the scheme for textural switching after
voltage treatment. Note that f1 > f5.

3.2. Formation of ULH Alignment after the Treatment of a Designated Hybrid Pulse

Following the switching scheme illustrated in Figure 3, Figure 4 shows the processes of the
generation of ULH alignment in the CLC cell driven by a hybrid voltage. The total duration of the
applied pulse is 810 s. In the case of the ULH formation through the isotropic-to-CLC phase transition,
V =35 Vims and f1 = 55 kHz are fixed. As shown in Figure 4a, the cell is brought to the isotropic phase by
the pulse at f for 600 s. Once the pulse is switched from f1 to f, = 30 Hz or 1 kHz, the isotropic-to-CLC
phase transition occurs within 30 s. Meanwhile, the ULH starts to appear and is completely formed
throughout the cell at time ¢ = 810 s. The optic axis of this ULH alignment is deviated by an angle of
~45° from the rubbing direction because of the use of a 90°-twisted planar-aligned cell [13,19]. As a
result, by rotating the optic axis of ULH parallel to the transmission axis of either of crossed polarizers,
excellent dark appearance can be secured, indicating the uniform ULH alignment. Note that the ULH
generated is a metastable state which can be retained for several hours at room temperature after
voltage removal. The stability of the ULH can further be promoted by optimizing the cell-gap-to-pitch
ratio [17] or by performing polymer stabilization in addition. When V is reduced from 35 Vms to
30 Vims, the temperature of the cell driven by the pulse at f for 600 s, as determined by a thermograph
camera, is about 55.2 °C, which is lower than T = 57.0 °C. The dark state of the cell under crossed
polarizers thus corresponds to the H state. Because V = 30 Viys is very close to Vi = 30 Vs at
T =55 °C (Figure 1b), the textural transition is induced quickly after switching the pulse frequency
to f, =30 Hz for 10 s (i.e., t = 610 s in Figure 4b), allowing the ULH to be obtained within the next
20 s. However, if f; is changed from 30 Hz to 1 kHz, the FC state instead of the ULH state is generated
(Figure 4b). This implies that the ULH formed by the 30 Hz voltage pulse might be a result of the
electrohydrodynamic effect (to be discussed later).

The results mentioned above are further substantiated by measuring the time-dependent
transmission curves of the CLC cell within the time of the voltage pulse at f,. As shown in Figure 5a,
except for the case where the cell exhibits relatively low transmittance (~26%) due to the formation of
FC state by V =30 Vi at f» = 1 kHz, the transmittances of the other three textures with ULH alignment
in the entire measured time are higher than 70%, which are only about 10% lower than that of the H
state. The wavy variation in specific temporal regions in these three curves might be attributable to the
phase or the textural transition and to the variation in refractive indices with temperature over time.
Figure 5b displays the time-dependent temperature and temperature increment of the cell subjected to
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30- and 35-Vms hybrid pulses. Driving the cell at f1 = 55 kHz causes the cell temperature to increase,
reaching saturation at T = 58.0 °C for V =35 Vs and T = 55.2 °C for V = 30 Vs at t ~ 200 s; thus,
holding the cell in the isotropic phase and the H state in the CLC phase, respectively. At the time
when the pulse is changed from 55 kHz to f, = 30 Hz, the temperature drops with ascending time and
returns to the initial value (i.e., T = 24.4 °C) within 300 s (f ~ 900 s). The result revealed in Figure 5b
also indicates that the isotropic-to-CLC phase transition at V' = 35 Vs and the H-to-CLC textural

transition can be induced within 30 s after the frequency is switched from f; to f5.

Figure 4. Processes of the formation of ULH alignment in the CLC cell during the application of
separate hybrid pulses of (a) V =35 Vs and (b) V =30 Vs at f1 =55 kHz and f, = 30 Hz or 1 kHz.
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Figure 5. (a) Time-dependent transmission curves of the cell after the switching of the frequency of the
hybrid pulse from f; (= 55 kHz) to f, and (b) time-dependent temperature and temperature variation
of the cell during the application of hybrid pulses at V = 35 Vs and V' = 30 yyms. The duration of the
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Based on the results mentioned above, it should be emphasized here that the ambient temperature
would not be an issue affecting the generation of ULH alignment by the hybrid voltage pulse. It has
been proven that the strength of temperature elevation by dielectric heating can be predominated by
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voltage conditions [29], as shown in Figure 2a for example. Therefore, no matter how the ambient
temperature is, the cell temperature can be increased to an appropriate value (e.g., a temperature
higher than and near the clearing point T, of the CLC material for inducing ULH alignment via phase
and textural transitions, respectively) by optimizing the frequency and the amplitude of the leading
component of the hybrid voltage pulse (i.e., the pulse at f1). Moreover, according to the results of
Figures 4 and 5, when the frequency of the voltage pulse is switched from f; to f5, the ULH alignment
will be formed within the temperature range near but below T, which is independent of the ambient
temperature. The total elapsed time to form ULH alignment by the proposed method can be cut down
at the expense of increasing the magnitude V at f1 (to shorten the heating time). However, such a
waveform design in the operation pulse may be considered complicated in that V' at f, needs to be low
enough to permit the induction of phase or textural transition.

To explain that the ULH, formed by the hybrid pulse of V =30 Vs at f1 = 55 kHz and f, = 30 Hz,
is enabled and governed by EHDI, Figure 6a,b show the real (¢')- and imaginary (¢”)-part dielectric
and the loss-tangent (tand) spectra of the CLC cell in the P state at T = 25 °C and 50 °C, respectively.
The probe voltage for dielectric measurements is as low as 0.5 Vims, which is unable to give rise to
the Fréedericksz transition and, in turn, the molecular reorientation. Previously, we have established
that the EHDI-induced ULH alignment is determined by the transport of mobile ions and, thus, the
strength of space charge polarization unraveled in the complex dielectric spectra. Using dielectric
spectroscopy, an optimized frequency range between f1, and fR to facilitate EHDI-induced ULH has
also been identified [18]. It is worth to mention that f1, in Figure 6 is the lower frequency at which the ¢’
and ¢” curves intersect each other and the relaxation frequency fr (>f1) refers to the one corresponding
to the maximum value of the loss-tangent. As shown in Figure 6a, the value of ¢ in the measured
frequency regime (20 Hz-100 kHz), ascribed to the molecular orientation, is nearly constant. Moreover,
based on this role, it is reasonable for the absence of ULH alignment in the cell applied with 30 Hz
voltages at T = 25 °C in Figure 1a because both f1, and fR fall lower than 20 Hz, the lower frequency
limit of the LCR meter E4980A. In contrast, as the temperature increases to 50 °C, the three curves shift
to higher frequencies due to the promoted ionic effect in the cell. As a consequence, f1, and fr become
20 Hz and 63.2 Hz at 50 °C, respectively, so that the EHDI-induced ULH alignment can be acquired
by the pulse of V =30 Vs at f» = 30 Hz (note: f1, < f» <fRr). This implies that when a CLC with low
ion density is used, the ULH can be alternatively realized via the elevation in temperature and thus
the resulting ionic effect by adjusting the frequency conditions of the hybrid voltage pulse to onset
the EHDL
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Figure 6. Complex dielectric and loss-tangent (tan &) spectra of the CLC cell in the P state at
temperatures of (a) T =25 °C and (b) T =50 °C.

4. Conclusions

Conventional methods to obtain a well-aligned ULH texture in a CLC cell with a simple
surface-alignment condition (e.g., planar or hybrid) rely on the assisting voltage applied during
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the isotropic-to-CLC phase transition or via the EHDI. While the former requires a heating instrument
in conjunction with a temperature controller to enable the phase transition so that the ULH can hardly
switch to other CLC textures, the latter has been demonstrated specific for ion-rich positive CLCs.
In the present work, we have referred to these two approaches and proposed to create ULH by applying
a hybrid voltage across a CLC cell. The CLC used was injected into a 90°-twisted planar-aligned cell
with nonzero electrode resistivity to enable dielectric heating via the pseudo-dielectric relaxation from
the cell geometry [29].

With a hybrid voltage, the dielectric heating mechanism, which is dominated by the
pseudo-dielectric relaxation originating from the ITO effect, permits the textural switching and phase
transition in a CLC cell. On this basis under optimized voltage conditions, we have verified, by means
of textural observations and measurements of time-dependent transmission and temperature, that the
ULH alignment can be electrically generated through the thermal induction of the isotropic-to-CLC
phase transition or by electrohydrodynamic instability in the homeotropic-to-CLC textural transition
at a higher temperature to ensure a more pronounced ionic effect. The ULH obtained is switchable to
another CLC texture, say, the Grandjean planar or focal conic state, by using the general scheme for
the CLC textural switching. In contrast to the existing methods for the ULH formation reported in
the literature, the proposed one presented in this study can adopt any CLC cell with simple surface
alignment conditions (e.g., planar, 90°-twisted, and hybrid) and it is more universally applicable
because ion-rich LCs and additional equipment for temperature controlling or mechanical shearing
are not necessitated. Such an alternative approach holds great promise for overcoming the general
hurdle of good-quality ULH, thereby facilitating its practical application for electro-optical devices.
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Abstract: Many nanoparticle-based chiral liquid crystals are composed of polydisperse rod-shaped
particles with considerable spread in size or shape, affecting the mesoscale chiral properties in, as yet,
unknown ways. Using an algebraic interpretation of Onsager-Straley theory for twisted nematics,
we investigate the role of length polydispersity on the pitch of nanorod-based cholesterics with a
continuous length polydispersity, and find that polydispersity enhances the twist elastic modulus,
K3, of the cholesteric material without affecting the effective helical amplitude, K;. In addition,
for the infinitely large average aspect ratios considered here, the dependence of the pitch on the
overall rod concentration is completely unaffected by polydispersity. For a given concentration, the
increase in twist elastic modulus (and reduction of the helical twist) may be up to 50% for strong size
polydispersity, irrespective of the shape of the unimodal length distribution. We also demonstrate
that the twist reduction is reinforced in bimodal distributions, obtained by doping a polydisperse
cholesteric with very long rods. Finally, we identify a subtle, non-monotonic change of the pitch
across the isotropic-cholesteric biphasic region.

Keywords: chirality; cholesterics; nanorods; Onsager theory; polydispersity

1. Introduction

Polydispersity is widespread in colloidal and polymeric systems, since the building blocks are
never fully identical but exhibit a continuous spread in size, shape, or surface charge [1]. The variety
in microscopic interactions ensuing from polydispersity may have a considerable influence on the
phase stability [2,3] or the mechanical properties of nanoparticle-based materials through aggregation
[4], packing [5], or percolation processes [6]. Research efforts can be aimed at either purifying colloidal
suspensions in order to promote crystallization [7], such as through templating [8], or at deliberately
enhancing size polydispersity; for instance, to improve the electronic conductivity of percolated rod
networks [6,9], to stabilize glassy states of spherical particles [10,11], or to realize complex fluids
with bespoke rheological properties [12]. The effect of size polydispersity in lyotropic liquid crystals
composed of non-spherical (e.g., rod-shaped) nanoparticles was first addressed in the 1980s, focussing
mostly on its effect on the nematic osmotic pressure [13], on the stability of smectic order [14], and on
the impact of size bidispersity on the order-disorder transition [15,16].

The presence of chiral forces among rod-shaped particles is usually expressed in terms of
some helical organization on the mesoscale, as is the case, for instance, in chiral nematics or
cholesterics [17,18]. The helical twist of the local nematic director defines a typical mesoscopic
lengthscale, referred to as the pitch, whose controllability is of key importance in the manifold
examples of chiral nematics involved in technological applications (e.g., displays), as well as in nature
[19]. Cholesteric materials based on nanorods commonly consist of rigid, fibrillar units, composed of
some biological component such as cellulose (CNCs) [20-22], chitin [23,24], collagen [25], or amyloid
[26,27]. These fibrils are inherently size-polydisperse and the effect of size disparity on the sensitivity
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of the pitch remains an important outstanding issue. In these systems, size polydispersity is quenched
by the synthesis procedure and usually does not depend on the thermodynamic state of the system.
Similar to chiral chromonics [28], nanometric chiral building blocks, such as short-fragment DNA
[29,30], may reversibly polymerize into chiral filaments that are inherently polydisperse. However,
these systems constitute a different class of cholesterics, characterized by annealed polydispersity
where the contour length distribution of the filaments is dictated by temperature, the degree of
semiflexibility, and the monomer concentration [31,32].

In this paper, we attempt to address the effect of quenched length polydispersity on cholesterics
from a theoretical viewpoint, and propose an algebraic theory that is capable of linking the cholesteric
pitch to the microscopic chirality of the rods, as well as their inherent length distribution. We find
that length-polydispersity has a significant impact on the twist elastic modulus of the cholesteric
material, increasing it by about 50% compared to its monodisperse counterpart at the same overall rod
concentration. Within the same framework, we also address the isotropic-cholesteric phase coexistence
and identify the concentration, length-composition, and pitch of the cholesteric phase fraction upon
traversing the biphasic region, revealing subtle non-monotonic trends that could be exploited to
purify or control the size composition of a cholesteric material. We hope that the present theory may
serve as a useful tool in guiding or rationalizing certain experimental trends regarding the pitch of
biofibrillar-based cholesteric systems with quenched length polydispersity.

2. Onsager-Straley Theory for Polydisperse Cholesterics

Let us start with the free energy per unit volume V of a polydisperse assembly of strongly
elongated rods with diameter D and length L, the latter following some quenched length distribution
¢(¢) with renormalized rod length ¢. Within Onsager’s second-virial approximation [33], the free
energy of the rod fluid per unit volume reads:

U,

f= %F ~ / dte(f)(Ine(f) — 1) + / dte(0)od + / / dedt'e(0e(e) [ + @], @

where 8 = (kpT)~! denotes the thermal energy in terms of Boltzmann’s constant kg and temperature
T. The renormalized rod length ¢ = L/ L exhibits a continuous spread prescribed by a normalised
distribution p(¢), so that c¢(¢) = cop(¢) in terms of the overall dimensionless particle density
co = Nvg/V and microscopic volume vy = L2D /4, with L the average rod length. Consequently,
the first moment of the distribution is fixed at unity (i.e., [ d¢p(¢)¢ = 1).

The free energy consists of three entropic contributions relating to the ideal gas, orientational,
and excluded volume entropy, respectively. The first two entropic quantities can be computed in their
exact form, while the excluded-volume entropy is defined on the level of the second-virial coefficient
between a pair of rods. This approximation should be accurate if all rod species are sufficiently slender
and that their aspect ratio L/D > 1 [33]. The orientational entropy is defined as:

o) = [ dop(0,0)lamp(0, 1), @

and involves some unknown orientational distribution function 1 (€}, £) that describes the orientational
probability of a rod with length ¢ in terms of a solid angle (). Trivially, for an isotropic fluid, where the
rods point in random directions, the distribution becomes a mere constant ¢ = (477) 1, irrespective of
(. The orientational entropic factor is then simply rendered zero (i.e., ¢ = 0).

The second entropic contribution p is defined as the angular-averaged excluded volume per
particle in a nematic phase, normalized to its random isotropic average:

o) = Za // 4QdQ p(Q, O)p(CY, )| sin 7, 3)
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with 7 denoting the enclosed angle between two rods (see Figure 1). For the isotropic phase, it is easily
established that ((|sin|))y = 77/4 and o) = ep,

(0)°

Figure 1. (a) Overview of the lab frame, nematic director fi, and principal angles used in the present
analysis; (b) Excluded volume between two achiral hard cylinders decorated with a perturbative chiral
potential u. acting locally along the rod contour (indicated by the red helical threads). The rod excluded
volume is assumed to be unaffected by the chiral potential and is responsible for stabilizing the nematic
order (p) and generating twist elasticity (Ky), while the chiral potential #, promotes director twist (K;).

The last contribution in Equation (1) is due to Straley [34], and describes the free energy difference
between the weakly twisted director field of a cholesteric liquid crystal and the uniform one of a
nematic. The degree of helical organization is defined in terms of a dimensionless wave number,
q = 2ntLgy/ pc, where the pitch is required to be much larger than the average nanoparticle size (i.e.,
pe > Lp). Under these restrictions, § < 1, and the additional free energy density takes a simple
quadratic form:

o ey 1 o e
£ = ak" 1 5K, @
in terms of a species-dependent helical amplitude KiNl) and twist elastic modulus Kém), defined
microscopically as:

K" [[ anacryio, i, 0 M ,0)

K~ / / 4QdQH(Q, (Y, ), ), ML (Q, ). 5)

These expressions depend on the derivative of the local orientational probability i = dy/0Q
with Q| denoting the component of the rod orientation perpendicular to the local nematic director
and the pitch axis. The kernels describe the interactions between the chiral rods, which we assume
to consist of a weak soft potential 1, imparting chirality superimposed onto a hard-core repulsion
generated by the cylindrical backbone that is responsible for generating twist elasticity. The helical
amplitude M; is given by an integrated (van der Waals) potential [35,36]:

M (€, Q) ~ (vgLo)~! / drel pul) (r, 0, Q0), ©)
Vexcl

and depends uniquely on the chiral potential uﬁ”’ between rods of length ¢ and ¢/, which we will

specify shortly. Here, r| represents the component of the centre-of-mass distance between a rod pair
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along the pitch axis. The second kernel, M,, depends on a generalized excluded-volume between the
achiral cylindrical backbone of two rods of different lengths, and reads for slender rods [36,37]:

M 0,q') ~ 7%%% siny[(2OQf + £2077), @

where () is the rod orientation projected along the pitch axis.

Although the twisting of the director changes the local uniaxial alignment in favour of biaxial
order [38], the biaxial perturbation is very weak for 4 < 1, and we shall assume that the local uniaxial
nematic order remains unperturbed. Consequently, the orientational distribution depends solely on
the polar angle, 6, between the main particle orientation vector, @, and the nematic director, fi, by
cos f = i - fi. Let us further assume strongly nematic order, so that the use of a Gaussian Ansatz [13,39]
for the local orientational probability is justified:

lpG(BrE) ~ %exp <7%“(£)62> ’ (8)

supplemented with its polar mirror form (7t — 6, ) along —#, in order to guarantee local apolar
order. The variational parameter a(() is required to be much larger than unity and is length-dependent.
While a () is, as yet, unknown in explicit form, common sense tells us that «(¢) should be proportional
to the rod contour length, since long rods tend to be more strongly aligned than short rods [13,15].
The Gaussian approximation cannot represent isotropic order since, upon taking a | 0, the expression
above reduces to zero, rather than giving the desired form ¢ = 1/47. There are consistent algebraic
trial functions for ¢ that do correctly render isotropic order in this limit, but these involve more
complicated distributions that tend to compromise the tractability of the theory [33,40].

From Equation (8) we readily find an asymptotic expression for the orientational entropic factor:

o) ~Ina(l) -1, &)

whereas the excluded-volume term can be estimated from an asymptotic expansion for « > 1 giving
up to the leading order [39]:

Since the effective torque associated with director twist is relatively weak compared to the one
enforcing nematic order, it is safe to assume that «(¢) does not depend on the pitch. Using the results
of Equations (2) and (3) in the free energy of the untwisted nematic, Equation (1) (with 4 = 0) enables
a formal minimization with respect to a(¢), giving the following self-consistency condition:

&i(0) =2} /dﬁ’a’p(z’)go(e,é’), (11)

with

1
N _ &(0)\ 2
6= (1+555) (12)
No matter what length distribution, a(¢) scales quadratically with concentration ¢, so that it is
expedient to factorize
4
w(l) = ;c%&(f), (13)
with &(¢) depending only on the shape of the normalised distribution p(¢). Unfortunately,

Equation (11) does not permit a(¢) to be resolved analytically, but a numerical solution is easily
obtained for a given distribution p(¢) [41].
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Minimizing Equation (1) with respect to g, we obtain the equilibrium value for the wave number
q reflecting a balance between the helical amplitude and twist elastic modulus:

K [fdearc(o)c(e)k”)
=% () a9
2 [fdedee(e)c(e)KS

These contributions will be computed in algebraic form in the next Section.

3. Asymptotic Results for the Helical Amplitude and Twist Elastic Modulus

Let us now propose a simple chiral potential acting between two freely rotating rods. We shall
consider the commonly used pseudo-scalar form [42,43]:

ul (1,0,Q0) ~ eg (r) (01 x 0 - £), (15)

with g(r) some rapidly decaying function of the centre-of-mass distance r and ¢ specifying the
microscopic chiral strength between the rods. We may work out the integrated chiral potential
M; corresponding to this potential, first by defining the pitch axis of the cholesteric to align
along the x—axis of a Cartesian laboratory frame (see Figure 1), and defining a rod orientation
@ = (sinfsin @, sin 6 cos ¢, cos B) in terms of polar and azimuthal angles (6, ¢), with respect to a
reference nematic director fi pointing along the z—axis. Then, Q)| = u, and we may perform a Taylor
expansion for § < 1 and keep only the leading order contribution. Some algebraic manipulations,
along the lines proposed in [37,44], lead to the following asymptotic expression:

o M) ~ et [(67 - 62) + 1], (16)

with € a dimensionless chiral strength combining various microscopic features:

1, D [®
En~ ;‘38?0 ./D drrg(r). 17)

A similar analysis can be performed for the twist elastic contribution M, producing the following
angular dependency for strong alignment [44]:

/ o
0,0 M) ~ —ie [|7| (672 + 02)(£202 + 126%) — |y (0207 + 2292)] . (18)

The remaining task is to perform Gaussian orientational averages of these quantities, as per
Equation (5), to arrive at an explicit expression for the kernels M; and M,. The mathematical theorem
that allows one to compute the angular averages has been discussed in Onsager’s original paper [33],
and used later on in Odijk’s work on elastic constants [44]. The averages are given in explicit form
in Appendix A. An additional advantage of the Gaussian approach is that we can use the simple
relation i ~ a ()¢ to obtain the derivate of the orientational distributions involved in Equation (5).
Straightforward algebraic manipulation then leads to a simple result for the helical amplitude:

K;M) ~ 2801 (19)

The overall helical amplitude is independent of the length distribution, and scales quadratically
with rod concentration cy:

K; ~ 2c3¢. (20)
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We remark that this result may be different for purely steric chirality induced by some helical
nanorod shape, such as a corkscrew [45-47]. More complicated chiral interactions—for example, those
generated by a helical arrangement of charged surface groups, as in the case of viral rods [48]—can, in
principle, be captured within a numerical interpretation of the van der Waals term Equation (6). The
twist elastic modulus for a polydisperse nematic takes on a more elaborate form:

1
o _cC / Nopr (1 1\ 2 Ca(l)[4a(0)+3&(0)]+0%a(0)[3a(0)+4a ()]
Ko~ —Sor [ dtat'p(0)p(¢) 0t (5 + z7) L e

For monodisperse sytems, when a(¢) = a(¢') = a and £ = ¢’ = 1, one recovers Odijk’s scaling
result K, = céKgm ~ 7cg/24m [44]. From Equation (14), we infer that the cholesteric pitch always
decreases with overall rod concentration through pe ~ ¢! « ¢ 1, irrespective of polydispersity. The
length distribution will, of course, have an effect on the pitch, but only through modification of the

twist elasticity, as evident from Equation (21). We will explore this in more detail in the next Section.

4. Results for Log-Normal and Schulz-Distributed Rod Lengths

A typical size distribution for polymers [49], as well as for colloidal particles with quenched
polydispersity [50], is the log-normal distribution, which is based on the logarithm of the rod length
following a normal distribution:

p(l) =

w22
1 exp {_ (Int+ %) :| , @)

(271) 2wl 2w?

with natural bounds {min = 0 and fmax — 0. Equation (22) has unity mean (¢) = 1, whereas the
polydispersity ¢ is connected to the standard deviation by:

through ¢? = ¢” — 1. Finite-tail cutoffs lead to small corrections that are easily accounted
for numerically. Alternatively, a commonly-used form representing polymer molecular weight
distributions is the Schulz-Zimm function [51,52]:

B (1+Z)1+z . B
p(0) = T1a) Fexp(—(z+1)0), (24)
which is normalized on the domain 0 < ¢ < oo and has mean (¢) = 1 and polydispersity

o = (1+42)~'/2. The exponential tail renders cut-off effects far less serious than for the log-normal
form [53]. The results for both distributions are shown in Figure 2. For the log-normal distribution
cut-off values of /nin = 0.01 and /nax = 20 were used. The increase of the twist elastic modulus with
polydispersity o appears significant and robust, as it is mostly insensitive to the shape of the length
distribution and the cut-off values. Clearly, introducing a spread of rod lengths at a given overall
concentration induced a significant “stiffening” of the nematic fluid with respect to a twist distortion
of the director.
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Figure 2. (a) Overview of log-normal and Schulz-length distributions with polydispersity o = 0.4.
The inset depicts the associated Gaussian parameter « versus rod length ¢, obtained from Equation (11),
showing that long rods align much more strongly than short ones; (b) Twist elastic modulus K; for a
polydisperse nanorod cholesteric with increasing polydispersity ¢, normalized to the value Kgo) of the
corresponding monodisperse system. The results for both distributions are virtually indistinguishable.

4.1. Effect of Large-Rod Dopants and Bimodality

We will now explore the effect of doping a unimodally length-distributed nanorod cholesteric with
a tiny fraction of large rods of length /max. Let us supplement the log-normal distribution Equation (22)
with a growing exponential tail to construct a weakly bimodal size distribution [54]:
pa(l) ~ p(£) +xelmn=0), (25)
where x < 1 is the mole fraction of the added rods and a >> 1 quantifies the degree of bimodality.
Equation (25) lacks a trivial normalization factor, which is included in the numerical calculations.
Moreover, the alteration of the log-normal parent distribution affects the renormalized average length,
such that (¢) = [d¢{p(¢) > 1 which, in turn, changes the helical amplitude K; through Equation (19).
These effects are easily accounted for numerically. Results for 2 = 10 and a unimodal polydispersity o
of 30% (which seems a typical value, for example, for CNCs [22]) are shown in Figure 3, for different
values of the maximum cut-off /ax. The results demonstrate that adding even a very small fraction of
long rods (less than 1%) causes a significant reduction of the helical twist. The strength of the reduction
can be systematically tuned through the length of the doped rods. Since the bimodal twist reduction of
the cholesteric system is imparted mostly through modification of its twist elasticity, the microscopic
chiral properties of the doped rods are not imminently important provided their number fraction
remains sufficiently small.
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Figure 3. (a) Overview of a weakly bimodal log-normal distribution (¢ = 0.3) with an exponential tail
at {max = 15 at different mole fractions x of long-rod dopants (inset); (b) Reduction of the cholesteric
pitch wave number g, upon increasing the mole fraction x of large rods with /max times the average

rod length.
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4.2. Pitch Variation across the Isotropic-Cholesteric Biphasic Region

We finish our analysis by investigating the behaviour of the cholesteric pitch within the
isotropic-nematic biphasic region. The thermodynamics of phase transitions of length-polydisperse
rod systems within the Gaussian Ansatz has been discussed in detail, in [41]. We may determine
coexistence between the isotropic and cholesteric phases by imposing equality of osmotic pressure
and chemical potential, both of which are straightforward derivatives of the free energy Equation (1).
At finite phase fractions, the distribution of rod lengths in each of the coexisting phases is different
from the imposed log-normal parent distribution. Concomitantly, the cholesteric pitch will depend
non-trivially on the phase fraction, or the location within the biphasic region. This is illustrated
in Figure 4, showing the variation of the pitch as well as the evolution of the concentration and
polydispersity of the cholesteric phase fraction across the biphasic region. Upon moving away from
the isotropic-cholesteric (I-C) cloud point (xq,, = 0), where only a infintesimal fraction of cholesteric
phase has been formed (referred to as the “shadow”), the cholesteric unwinds initially and then
rewinds (i.e., tighter pitch lengths) close to the C-I cloud point (x4, = 1). In the latter, where a
negligible fraction of isotropic phase is left, the length distribution within the cholesteric phase equals
the log-normal parental one. The non-monotonic trend of the pitch is not inflicted by the cholesteric
concentration, which increases gradually upon x, but is the result of subtle changes in the length
variation upon traversing the biphasic region. We remark that the polydispersity of the cholesteric
phase is at its lowest (about ¢ ~ 0.3) at the I-C cloud point, thus offering a simple means for purifying
a polydisperse cholesteric system through successive sweeps of phase separation. In addition, splitting
off the cholesteric phase fraction close to the I-C cloud point provides an effective way of “filtering out”
the largest rods, given that the average rod length is larger than overall, as suggested by the distribution
for xcho1 = 0.01 in the inset of Figure 4.
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Figure 4. (a) Variation of the pitch across the isotropic-cholesteric (I-C) biphasic region for a nanorod
system having a log-normal length distribution with ¢ = 0.4. Plotted is the pitch, 4, renormalized to
its value q(1) at the C-I cloud point, versus the cholesteric phase fraction, x.,,). The inset depicts a
number of length distributions in the cholesteric phase at different phase fractions; The panels (b) and
(c), on the right, indicate the polydispersity, ¢, and the concentration, cp; (c) of the coexisting phases
Versus Xqhol-

5. Conclusions

Inspired by a recent upsurge in experimental studies on cholesteric self-organization of rigid
chiral nanorods with quenched length polydispersity (most notably, microfibrils made of cellulose
[22], chitin [23,24], and related biocomponents) we have extended the Onsager-Straley theory [33,34]
for the cholesteric organization of chiral rods with uniform length, towards the polydisperse case. The
central assumptions underlying the theoretical analysis are the following: (i) The rods are completely
rigid and sufficiently slender, so as to respect the Onsager limit of infinite length-to-width ratio; (ii) the
local nematic alignment along the revolving director describing a twisted nematic is asymptotically
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strong, which justifies the use of a simple Gaussian variational approach [39] for the local orientational
probability; and (iii) the helical deformation, g, of the director field is weak, on the scale of the average
rod length L, so that gLy > 1. We show that, with these criteria fulfilled, the Onsager-Straley theory
can be cast in an algebraic form. The determination of the pitch for a given length distribution
requires relatively little computational cost, save for a straighforward numerical iterative procedure to
determine the length-dependence of the variational parameter describing the degree of nematic order.
Our main finding is that length polydispersity principally enhances the twist elasticity of a cholesteric
material, with the helical twisting power (generated by the microscopic chirality of the rods) being
only marginally affected. Quantitative examples are given of a pitch reduction generated by doping a
polydisperse cholesteric system with long rods residing in the tail of the unimodal length distribution.

Without claiming to have presented an accurate theory for any chiral nanorod assembly in
particular, we believe the present algebraic theory to be capable of providing a tractable and physically
insightful tool that may be helpful for interpreting and guiding experimental observations in these
systems. In particular, our findings demonstrate that the isotropic-cholesteric phase transition can be
used as a useful vehicle to purify or select chiral species of a certain length, or to fine-tune the pitch of
polydisperse nanorod cholesterics.

Conflicts of Interest: The author declare no conflict of interest.

Appendix A. Gaussian Averages

The procedure for obtaining Gaussian averages needed for the computation of the twist elasticity

Kéw) of a polydisperse nematic is given in Reference [44]. The following averages are required:
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where we denote a1 = a(¢) and ay = a(¢').
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Abstract: In this review, we compare the circular dichroism (CD) spectra of liquid-crystalline
dispersion (LCD) particles formed in PEG-containing aqueous-salt solutions with the purpose of
determining the packing of ds DNA molecules in these particles. Depending on the osmotic pressure
of the solution, the phase exclusion of ds DNA molecules at room temperature results in the formation
of LCD particles with the cholesteric or the hexagonal packing of molecules. The heating of dispersion
particles with the hexagonal packing of the ds DNA molecules results in a new phase transition,
accompanied by an appearance of a new optically active phase of ds DNA molecules. Our results
are rationalized by way of a concept of orientationally ordered “quasinematic” layers formed by
ds DNA molecules, with a parallel alignment in the hexagonal structure. These layers can adopt a
twisted configuration with a temperature increase; and as a result of this process, a new, helicoidal
structure of dispersion particle is formed (termed as the “re-entrant” cholesteric phase). To prove
the cholesteric pattern of ds DNA molecules in this phase, the “liquid-like” state of the dispersion
particles was transformed into its “rigid” counterpart.

Keywords: liquid-crystalline dispersions of DNA; cholesteric and hexagonal packing of DNA;
theoretically calculated and experimental circular dichroism spectra; textures of the DNA
liquid-crystalline phases; “re-entrant” cholesteric phase of DNA; anthracyclines drugs; chelate
complexes; nanobridges; “rigid” particles of DNA

1. Introduction:

The packing of double-stranded (ds) DNA molecules in liquid-crystalline (LC) phases is still the
focus of many experimental and theoretical works.

Since 1961 it has been known that the dissolution of lyophilized ds DNA samples (of high
molecular mass) in aqueous-salt solutions and the adjustment of concentration with the buffer solution
is accompanied by the assembling of the adjacent molecules and the formation of condensed phases.
Historically, the first of such phases were cholesteric [1] and columnar hexagonal phases [2-10].

An alternative method to prepare the ds DNA phases is to increase ds DNA concentration by
ultrafiltration through a membrane the pore size of which allows the passage of water and ions but
not ds DNA molecules [11-14].

One can note that most previous work and reviews are dedicated to the problem of the packing of
ds DNA molecules in the formed phases [8,15-18]. The patterns of the ds DNA molecules packing
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in different phases have been investigated by electron (and cryo-electron) microscopy as well as the
analysis of thin layer textures of these phases by polarizing microscopy [19-22].

The X-ray diffraction analysis was used to measure the ds DNA interhelix spacing in the formed
phases. According to these studies, the adjacent ds DNA molecules are ordered in the formed phases
at distances of 2.5-5.0 nm, that is they acquire the properties of a crystal and according to the results of
the analysis of their thin layer textures the DNA molecules are mobile, that is they retain the properties
of a liquid (see, for instance, [23-25]).

As aresult of all of these studies the term “ds DNA liquid-crystalline phases” is proposed and it is
possible to establish the details of the ds DNA packing in the formed LC phases. The cascade of DNA
phases established in these works looks as follows: isotropic phase — (blue phase?) — cholesteric
phase — columnar phase — crystalline phase [11,16-18,25,26].

Bulk ds DNA LC phases represent, by themselves, viscous solutions in which adjacent DNA
molecules with phosphate groups neutralized by cations are ordered while keeping their ability to
slide relative to each other.

Hence, ds DNA molecules undergo a spontaneous transition from an isotropic to a compact
(condensed) state at the increase of their concentration in aqueous-salt solutions [25,27]. The latter
state in this transition is, as a rule, characterized by the hexagonal packing [16,21,28,29] enabling a
high packing density of adjacent ds DNA molecules (“local” order in the arrangement of the centres of
mass of the molecules detected by small-angle X-ray scattering).

The mean interhelix distance between ds DNA molecules in the cholesteric phase varies from
about 5.0 mm to 3.2 nm and in the case of the hexagonal phase from 3.2 nm to 2.3 nm [25].

Besides, it has been shown that the mixing of the ds DNA molecules and aqueous-salt
solutions of some strongly hydrophilic polymers poly (ethylene glycol), poly (acrylic acid) or
poly (vinyl pyrrolidone) leads to the phase exclusion of the DNA (Figure 1). This process has
been known since Lerman’s experiments (1971) as “ip-condensation” (psi is the acronym for
polymer-salt-induced) [30-33]). This method of the phase exclusion, depending on two parameters,
that is, ds DNA molecular mass and its concentration, can be realized as the intramolecular or
intermolecular assembling of these molecules.

Figure 1. Simplest scheme of the phase exclusion of low molecular mass, linear, rigid ds DNA

molecules from an aqueous-salt PEG-containing solution. (Left panel)—At concentration of PEG
below the “critical” value, there is enough a “free space” for ds DNA molecules. (Right panel)—At
concentration of PEG higher than the “critical” value, the ordered assembling of adjacent ds DNA
molecules takes place. '—Image of PEG molecules.

In the first case, the phase exclusion of the extremely high molecular mass ds DNA (molecular
mass > 10 x 10° Da) performed at a very low DNA concentration, leads to the formation of toroid-like
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particles consisting of a single DNA molecule [30,34]. The toroid-like DNA particles have been detected
experimentally under various conditions [35,36].

Despite of the fact that there are current theoretical attempts [37,38] to describe this pattern of
DNA condensation, a universal theory that explains the formation of DNA toroidal condensates does
not exist.

In the second case, the phase exclusion (condensation) of the low molecular mass, rigid, linear ds
DNA (molecular mass < 1 x 10° Da) from aqueous-salt poly (ethylene glycol) (PEG) solutions [39,40]
or mixtures of PEG with a mineral oil [41] at room temperature is accompanied by the assembling of
adjacent molecules and by the formation of DNA dispersions.

The particles of the low molecular mass ds DNA dispersions are “microscopic droplets of
concentrated DNA solution”, which cannot be “taken in hand” or “directly seen.” A “liquid-like”
pattern of packing of ds DNA molecules in the particles prevents their immobilization on the surface
of a membrane filter.

Theoretical estimations of the ds DNA dispersion particle size, based on the data obtained by
different methods (low-speed centrifugation, UV-light scattering, dynamic light scattering, etc.), show
that for the DNA with a molecular mass of about (0.6-0.8)Y 10° Da the mean particle diameter is close
to 500-1000 nm and one particle contains about 10* DNA molecules [42]. These results have been
confirmed by the direct atomic force microscopy data on specially prepared “rigid” (gel-like) ds DNA
dispersion particles, immobilized on the surface of nuclear membrane filters [43].

The ds DNA ordering in dispersion particles is interesting from several viewpoints. These particles
are of biological interest, because ds DNA dispersions represent the simplest model systems for DNA
packing in nature. Indeed, in vivo this state is observed in bacteriophage heads, bacterial nucleoids,
dinoflagellate chromosomes and the sperm nuclei of many vertebrates (such as humans, horses,
rabbits) [17,44] that are, in fact, microscopic bodies that contain densely packed DNA molecules.

It is worth stressing that the patterns of DNA molecules packing in the dispersion particles can
significantly differ from the mode typical of the bulk LC phases [45,46]. Indeed, we should keep in
mind that we are dealing with finite size condensed ds DNA particles, not with bulk LC systems.
In such confined geometry there is a diverse variety of generally metastable cholesteric-like structures,
first of all because the boundary conditions (surface anchoring) are incompatible with the optimal
cholesteric twist. Multi stability of possible cholesteric structures is the result of this frustration.

Finally, due to the reactive capacity of the DNA molecules, the dispersion can provide
background for biosensors in analytical kits designed for detecting biologically active and chemically
important compounds.

Dispersion particles have several characteristic features. First, the polymer (PEG) is not contained
in dispersion particles. Second, adjacent DNA molecules are separated by distance of 2.5-5.0 nm,
that is, particles have certain crystal-like properties. Third, the concentration of DNA in dispersion
particles (or packing density of DNA molecules) is very high and it depends on the osmotic pressure
of a PEG-containing solution (or PEG concentration in the solution).

Clearly, that the maximal density of ds DNA molecules in the dispersion particles can be achieved
at their hexagonal packing. Hexagonal packing may be schematically represented, as shown in Figure 2.
Ordering in a single direction in the case of hexagonal packing is evident from Figure 2. However,
this packing does not correspond to the structure of a true crystal, because there are disordered
water molecules between the ds DNA molecules. The shown structure does not possess a long-range
positional order. The ds DNA molecules have some disorder around their positions; they can slide and
bend in respect to each other, as well as rotate around their long axis. This corresponds to the “liquid”
character of the ds DNA molecules packing. These facts allow one to describe such particles using the
“liquid-crystalline dispersion (LCD) DNA particle” term.

85



Crystals 2019, 9, 162

Figure 2. Hypothetical scheme of the hexagonal packing of linear ds DNA molecules in a dispersion
particle formed in an aqueous-salt PEG-containing solution. @—Schematic images of PEG molecules;
the blue arrows indicate the quasinematic layers of DNA molecules. The three main directions of the
hexagonal array permit one to define the quasinematic layers in the structure. Quasinematic layers,
even with a constant distance between them, can be rotated by a small angle with a change in the
osmotic pressure or temperature. It leads to the formation of a spatially twisted structure with an
abnormal optical activity.

The minimization of the excluded volume of adjacent linear, rigid, ds DNA molecules leads
to their parallel, unidirectional (nematic-like) alignment. Regardless of the dense packing, some
authors assume that the molecules form so-called “quasinematic” layers (marked by blue arrows in
Figure 2) [47-50]. Double-stranded nucleic acid molecules lie in the plane of the layers, with the layer
thickness being close to the intermolecular distance [25].

It should be noted that the packing pattern of the ds DNA molecules in bulk LC phases can
be determined by various methods, while additional studies are required to determine, how the
DNA molecules are packed in dispersion particles obtained as a result of their phase exclusion from
aqueous-salt solutions of polymers (for instance, PEG-containing solutions).

2. Some Peculiarities of the CD Spectra of ds DNA Liquid-Crystalline Dispersions

Very useful and robust global information about the secondary structure of ds DNA molecules
and their pattern of packing within spatially distributed, independent, small size dispersion particles
can be obtained by application of the circular dichroism method [51,52].

In Reference [52] a phenomenological approach based on the theory [53-57] of electromagnetic
wave absorption by large molecular aggregates has been developed. This approach permits the
analysis of many peculiarities of the circular dichroism (CD) spectra of ds DNA LCD particles.

Let us briefly comment on this approach. When the size of a molecular aggregate is comparable to
light wavelength, its optical properties depend on both the size and the shape of dispersion particles.
The properties are determined by long-distance interactions between chromophores that occur in a
given structure. To calculate optical characteristics of the structure, a particle can be divided into cells
and each cell is considered as a single effective chromophore. These effective chromophores, which are
absorbing dipoles, have an ordering that is similar (but not identical, see the note of caution above) to
a cholesteric helix with the pitch P.

The approach proceeds from the simplifying assumption that the DNA particles (“molecular
aggregates”) are cubic in shape. Thus, a single particle is modelled as a set of quasinematic layers that
are the distance d apart and contain absorbing dipoles with the rotation angle Ag between two adjacent
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layers. Accordingly, P = 2mtd/A¢. The electric field at the point where a particular chromophore occurs
is a superposition of the field of incident light and the electric fields that are generated by induced
dipoles of all the other chromophores of the system. As a result, light absorption is a process that
involves the whole molecular aggregate and the electric field within a particle is obtained by solving a
self-consistent set of linear equations for the field amplitudes at each effective chromophore.

The theoretical studies predict an appearance of an intense band in the CD spectrum located in
the region of absorption of the original chromophores that are contained in the molecular aggregate
(condensed phase) with the cholesteric pattern of molecules packing [58-61]. Its value is related mainly
to the spatial parameters of particles (their diameter D) and the magnitude of the cholesteric pitch P.

The sign of the helical twist of the spatial structure of the molecular aggregate is determined by
the sign of an intense band in the CD spectrum (i.e., a positive band corresponds to a right-handed
helical arrangement and a negative band means a left-handed twist of adjacent quasinematic layers
of molecules).

The theory’s assumptions are applicable both to the original chromophores of the system and
the “external” (additional) chromophores introduced into the structure of the molecular aggregates
with a cholesteric packing of molecules. If the molecules of the “external” chromophores are arranged
in the structure of the cholesteric molecular aggregate specifically, the theories [58-61] predict the
appearance of two intense bands in different regions of the CD spectrum. Random arrangement of any
type of chromophores in the molecular aggregate is unaccompanied by any considerable change in the
amplitude of their CD bands.

After Norden paper [62] an intense band in the CD spectrum is expressed as AA (in optical units)
and reflects a so-called “structural circular dichroism”. In order to stress the difference between the
“molecular circular dichroism” and the “structural circular dichroism”, the term “abnormal band” has
been used to designate an intense band in the CD spectrum [63].

Hence, according to theoretical considerations, an abnormal band in the CD spectrum in the
absorption region of the original chromophores in the content of a cholesteric molecular aggregate can
be considered direct evidence of its helically twisted spatial structure.

This approach was applied to the calculation of the CD spectra of ds DNA LCD particles and the
dependence upon their structural parameters [52,63,64].

The particles of ds DNA dispersions are considered polycrystalline objects with random
distribution and orientation of individual particles, possessing their own absorption in the UV-region
of the spectrum due to the presence of the chromophores (nitrogen bases) in the content of DNA
molecules. The theory takes into account both the quasinematic structure of the ds DNA molecules
packing (Figure 2) and the data shown above, concerning these dispersion particles. In particular,
experimental data enable us to treat the particles of dispersions, formed by linear, rigid, ds DNA
molecules of low molecular mass (about 10° Da), as spheres of diameter D. For these particles, because
of the inherent rigidity of these molecules, the LC ordering is specific at the phase exclusion from
PEG-containing solutions.

The distance between ds DNA molecules is determined by a balance between the repulsive
intermolecular forces and the compressing osmotic pressure of the PEG solution. Besides, ds DNA
molecules possess several levels of chirality (helical secondary structure of ds DNA molecules,
helical distribution of counter-ions near the DNA surface as well as asymmetry of C-atoms in sugar
residues). The chiral and anisotropic properties of ds DNA molecules favour the helical twisting of
adjacent molecules.

Note that if molecules in the content of a dispersion particle rotate independently around their
long axes, their chiral interactions can be averaged and smoothed-out [65,66]. The non-zero chiral
interactions require rotational biaxial correlations between ds DNA molecules and the behaviour of
adjacent ds DNA molecules in dispersion particles should be spatially correlated to make the chiral
interaction pronounced [66]. At room temperature, this correlation is possible only in the case of large
enough distances between ds DNA molecules in quasinematic layers. In this case, the unidirectional
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alignment of ds DNA molecules in quasinematic layers of dispersion particles competes with the
tendency of these molecules to form a spatially twisted (cholesteric) structure. The spatial correlation
is very limited in the case of dense packing of ds DNA molecules.

Hence, we consider low molecular mass ds DNA molecules ordered in particles of dispersions as
continuous cholesteric LC phase.

In such cases, the anisotropy of the absorption of nitrogen bases (chromophores) for the linear
polarizations of the light must show itself as an intense band in the CD spectrum.

The sign of the band in the CD spectrum in the region of the absorption of nitrogen bases
must depend on the orientation of the planes of these components in respect to the long axis of the
DNA molecule.

The experimentally measured CD spectrum of the initial, linear, ds DNA molecules in aqueous-salt
solution (isotropic state of DNA) is well-known [67] and is shown in Figure 3a.
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Figure 3. The CD spectrum of an aqueous-salt (0.3 M NaCl + 0.002 M Na*-phosphate buffer) solution

of linear double-stranded B-form of DNA (a) and the theoretically calculated CD spectrum for ds DNA

CLCD (b). Cpna = 10 ug-mL~1, P = 2500 nm, D = 500 nm. AA = (A;, — Ag) x 10~ optical units,

L=1cm.

The ds DNA molecules possess the parameters of a classical B-form; this is confirmed by the
results of small-angle X-ray scattering [68,69] and by measured Ae value. The “molecular circular
dichroism” (expressed as Ae value, Ay ~ 2.5 M~L.em™1), that is, the physical constant, is usually
used to describe the peculiarities of isolated nitrogen bases or individual DNA molecules. Its value can
be calculated theoretically [67].

The theoretically calculated CD spectrum of a DNA dispersion formed in a PEG-containing
solution is given in the Figure 3b. One can see that, in accordance with the theoretical assumption given
above, the formation of a dispersion is followed by an appearance of an intense (abnormal) negative
band in the CD spectrum located in the region of the nitrogen bases absorption. An appearance of this
band in the CD spectrum of the ds DNA LCD means that the purine and pyrimidine nitrogen bases do
play the role of “chromophores,” providing information about the spatial packing of DNA molecules in
particles of liquid-crystalline dispersions. This conclusion corresponds to the intuitive expectation that
the cholesteric packing is a specific property of any molecule having geometrical and optical anisotropy
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and chirality. Hence, rigid, anisotropic, double-stranded nucleic acid molecules (DNA, RNA, etc.) tend
to realize their potential tendency to the cholesteric mode of packing in dispersion particles.

However, the condensation of DNA molecules is not by itself a sufficient condition for the
appearance of an intense band in the CD spectrum, since many aggregated forms of DNA (for instance,
the aggregates formed by single-stranded DNA molecules) fail to show intense band in their
CD spectra.

A comparison of Figure 3b to Figure 3a allows one to conclude that the intense negative band
in the CD spectrum reflects a so-called “structural circular dichroism” and must be expressed as AA
(in optical units).

The theory [52] does predict the following features of the CD spectrum of ds DNA
dispersion particles.

(1) The formed particles are “coloured” because DNA molecules contain chromophores (nitrogen
bases) that absorb UV irradiation.

In this case, theory predicts an appearance of an abnormal band in the CD spectrum in the
region of absorption of the ds DNA nitrogen bases. This is the univocal indication of the macroscopic
(cholesteric) twist in the orientation of quasinematic layers formed by ds DNA molecules in dispersion
particles. The term “cholesteric liquid-crystalline dispersions” (CLCDs) is used to signify these
dispersions [64].

(2) The theoretically calculated amplitude of the abnormal band in the CD spectrum increases as
the diameter of the ds DNA CLCD particles grows (Figure 4). However, if the diameter of the DNA
CLCD particles reaches the minimal value about of 50 nm, the amplitude of the abnormal band in the
CD spectrum decreases so sharply that it no longer can be distinguished from that in the CD spectrum
typical of the initial linear DNA. This result indicates that in the case of the formation of CLCDs with a
particle diameter of 50 nm their presence cannot be registered by CD spectroscopy.

100 200 300 400 500
Diameter of the DNA LCD particles, nm

240 260 280 300 320

;L,nm

Figure 4. Theoretically calculated CD spectra of ds DNA CLCDs with different size (D) of particles:
D-100, 200, 300, 400 and 500 nm (curves 1-5). Cpna = 10 pg-mL’l, P =2500 nm; AA = (AL — AR) x
107° optical units, L = 1 cm. Inset: The dependence of the amplitude (AAmax) the negative band in the
CD spectra of the DNA CLCD on size (D) of particles.

(3) The smaller the pitch (P)value of the DNA cholesteric structure (i.e., the greater the twist—the
angle between the adjacent quasinematic layers of DNA molecules in the helical structure of the
cholesteric), the more intense the band in the CD spectrum (Figure 5).
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Figure 5. Theoretically calculated CD spectra of ds DNA CLCDs whose particles have different
cholesteric pitch (P). Curves 1-5: P-2000, 4000, 6000, 8000 and 10,000 nm. Cpya = 10 p.g-mL’l,
D =500 nm. Inset: The dependence of the amplitude (AAmax) of the negative band in CD spectra on
pitch (P) of the spatially twisted structure of the DNA CLCD.

Conversely, the more untwisted the cholesteric structure, the lower the amplitude of the band
in the CD spectrum of the CLCD. The calculations have shown that at a P value of about 30 m and
constant structural properties of DNA molecules, the amplitude of the abnormal band in the CD
spectrum is quite close to the amplitude of the band characteristic of isolated linear DNA molecules.

(4) The sign of the abnormal band in the CD spectrum of DNA CLCD depends on the sense of the
twist of the spatial cholesteric structure formed by DNA molecules packed in CLCD particles (Figure 6).
The negative sign of the abnormal band in the CD spectrum proves the left-handed cholesteric twist of
quasinematic layers formed by the right-handed DNA molecules(B-form) in particles of dispersions.

2
3000
2000 |
-1
< 1000 |
1 0
-
< -1000 |
-2000 |
-3000 |
1
L 'l L L L 'l

240 260 280 300 320 340

7\., nm

Figure 6. Theoretically calculated CD spectra of ds DNA CLCDs with left- (curve 1) and right-handed
(curve 2) twist of spatial structure. Cpya = 10 pg-mL~1, D = 500 nm, P = 2500 nm. AA = (A — AR) x
10-° optical units, L = 1 cm.

(5) Very small alterations in the base pair sequence or in parameters of the secondary structure of
nucleic acid molecules can be sufficient to cause the change from the left-handed to the right-handed
twist of the quasinematic layers in particles of CLCD. This means, that there are two types (left-handed
and right-handed) of cholesteric structures formed by ds nucleic acids.
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(6) The “external” (additional) chromophores with the absorption bands that do not coincide
with the nitrogen bases absorption band can be chemically incorporated into the structure of the ds
DNA molecules.

Such a situation is possible at the insertion (intercalation) of coloured biologically active
compounds, for instance, antibiotic of the anthracycline group—daunomycin (DAU)—between DNA
base pairs.

Since ds DNA molecules are ordered in quasinematic layers and “external” chromophores (in our
case DAU) are rigidly fixed in respect to the long axis of DNA molecules, the “external” chromophores
are automatically included in the composition of quasinematic layer.

For this case, the theory predicts an appearance of two bands located in different regions of the CD
spectrum. One of the bands is located in the region of DNA chromophore (nitrogen bases) absorption
(a ~ 270 nm), the other one is situated in the region of DAU absorption (a ~ 510 nm) (Figure 7). Both of
the bands have negative signs and their amplitudes are much larger in comparison to that typical of
the molecular circular dichroism of nitrogen bases and DAU chromophores. The coincidence of the
signs of these bands shows that the DAU molecules are located in respect to the DNA molecules long
axis the same way as the nitrogen base pairs, that is, the angle between the “external” chromophore
molecules plane and the DNA molecules long axis is close to 90°. Such coincidence of the signs of two
abnormal bands in different regions of the CD spectrum is only possible if DAU molecules intercalate
between DNA nitrogen base pairs.
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Figure 7. Theoretically calculated CD spectra of ds DNA CLCD treated with daunomycin (curves 1-3
correspond to different DAU concentrations; 3 > 1). Cpya = 10 ug-mL~1, D = 500 nm, P = 2500 nm.
AA = (AL — AR) x 107 optical units, L = 1 cm.

Figure 7 shows that the amplitude of the negative band in the region of DAU absorption increases
as the extent of DAU molecules intercalation between the DNA nitrogen base pairs increases, reaching
the equilibrium state.

Hence, the appearance of two independent bands in different regions of the CD spectrum is
definite evidence in favour of the cholesteric pattern of packing of the ds DNA molecules in the
CLCD particles.

3. Formation of LCDs as a Result of Phase Exclusion of ds DNA Molecules from PEG Solutions
and Properties of these Dispersions at Room Temperature

Double-stranded DNA LCDs have been formed as the result of a phase exclusion when
aqueous-salt solutions of DNA were mixed with aqueous-salt solutions of a synthetic chemically
neutral polymer—poly (ethylene glycol) (PEG) [27,39].
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The phase exclusion of linear ds DNA molecules with the “standard” molecular mass from
aqueous-salt PEG solutions [70] was accompanied by the formation of dispersions, which possesses an
abnormal band in the CD spectrum (Figure 8a, curves 1-4).
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Figure 8. (a) The CD spectra of the DNA LCDs formed in aqueous-salt solutions with different
PEG concentration. 1—Cpgg = 120 mg-mL~! (m = 2.062 atm), 2—Cpgg = 150 mg-mL~!
(7 = 3.422 atm), 3—Cpgg = 170 mg-mL~" (7 = 4.616 atm), 4—Cpgg = 200 mg-mL~! (7t = 6.987 atm),
5—Cpgg = 210 mg-mL ™! (7 = 7.839 atm). Cpna = 10 pg-mL~!, 0.3 M NaCl + 0.002 M Na*-phosphate
buffer. AA = (AL — AR)U 107 optical units, T =22 °C, L = 1 cm. (b) The generalized dependence
of the amplitude of the band in the CD spectra of DNA LCDs (A = 270 nm) upon PEG concentration.
Cpna = 10 ug-mL’l, 0.3 M NaCl + 0.002 M Na*-phosphate buffer. AAy7; x 10-° optical units,
T=22°C,L=1cm. Cppgitical__“critical” concentration of PEG at which the formation of DNA LCDs
begins. p—osmotic pressure of PEG solution. domain I—isotropic ds DNA solution; domain II and
domain ITI—the existence of the ds DNA LCDs with cholesteric and hexagonal packing of molecules
in particles, respectively.

The appearance of the abnormal negative band in the CD spectrum located in absorption region
of ds DNA nitrogen bases (A\270 nm) is the direct evidence of their introduction (as chomophores) into
the helically twisted structure of dispersion particles [58,59].

Taking into account the rigid position of nitrogen bases in respect to the long axes of the ds DNA
molecules, one can infer, in turn, the existence of a helically twisted spatial (cholesteric) structure
of quasinematic layers in dispersion particles [70]. (Under the conditions used, the single-stranded
(or denatured) DNA does not condense and cannot go into the regular composition of dispersion
particles [71]).

The decrease in the amplitude of the abnormal band in the CD spectrum (to zero level) with an
increase in the PEG concentration (Figure 8b, domain III) is indicative of the untwisting of the spatial
helical structure of dispersion particles [72].

It is worth reminding that in the range of osmotic PEG pressures up to ~ 20 atm (Figure 8b), DNA
molecules belong to the B-form, as confirmed by the X-ray diffraction data [68,69].

Besides, the small-angle X-ray scattering data of phases that were formed as a result of
the low-speed sedimentation of ds DNA dispersion particles under different PEG concentrations
demonstrate the dense packing of the ds DNA molecules in dispersions formed in domains IT and III.

In domain II (120 mg-mL ! < Cpgg < 220 mg-mL 1) the mean distance (d) between ds DNA
molecules varies from 3.8 nm to 2.8 nm; whereas in the domain III (220 mg-mL~' < Cpgg <
320 mg-mL 1), the d value only slightly decreases (from 2.8 to 2.4 nm) [70].
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Therefore, in domain II the LCD particles formed by ds DNA molecules at room temperature
possess a structure not only with a dense packing of the linear adjacent ds DNA molecules but also
with a spatially twisted arrangement of these molecules.

This conclusion is confirmed by the presence of a texture of the phase obtained at the low- speed
sedimentation of dispersion particles (Figure 9). It is a “fingerprint” texture, which istypical of ds DNA
cholesterics [19,25].

Figure 9. Fingerprint texture of cholesteric phaseobtained as the result of the low-speed sedimentation
of the ds DNA particles formed in a PEG-containing aqueous-salt solution (Cpgg = 170 mg-mL’l).
Bar corresponds to 10 um.

The ds DNA molecules spatial ordering in the LCD particles in domain III is significantly different
from that in domain IL. At osmotic pressure above 10 atm (PEG concentrations ~ 240-300 mg-mL 1)
the packing pattern can be described as unidirectional hexagonal alignment of ds DNA molecules or
as a hexagonal packing with the parallel (nematic-like) alignment of orientationally ordered ds DNA
quasinematic layers.

The hexagonal packing of ds DNA molecules does not possess an abnormal optical activity [25].
This statement is confirmed by the optical texture of the phase obtained as the result of the low-speed
sedimentation of dispersion particles (Figure 10).

Figure 10. Thin-layer optical texture of the phase obtained as the result of the low-speed sedimentation
of the ds DNA particles formed in a PEG-containing aqueous-salt solution (Cpgg = 240 mg-mL™1).
Bar corresponds to 20 um.
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This texture differs from the fingerprint texture of ds DNA cholesteric shown above. Under
conditions, which correspond to the hexagonal packing of ds DNA molecules, the main part of this
texture only has the attributes of an anisotropic object, where deep red and blue colors are present but
does not contain any specific peculiarities.

Hence, Figure 8 shows that the phase exclusion of ds DNA molecules at room temperature
leads to the following sequence of phase transitions: isotropic (I) — cholesteric (II) — hexagonal
state (III) governed by an increase of the PEG concentration in a solution (PEG osmotic pressure).
Two types of the condensed states (i.e., cholesteric and hexagonal) differ by the packing pattern of ds
DNA molecules.

4. The Effect of Temperature on the Optical Properties of ds DNA LCDs

Figure 11 shows, as an example, the change in the CD spectrum of ds DNA CLCD formed in
domain II (curve 1, Cpgg = 170 mg~mL*1, 7 = 4.62 atm) upon heating and subsequent cooling (curves
1, 2 and 3, respectively).
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Figure 11. The CD spectra of the ds DNA CLCD formed in domain II (Cpgg = 170 mg-mL ™!,
curve 1) upon heating (curve 2) and subsequent cooling (curve 3). 1-22°C, 2-80°C, 3-80 —22 °C.
Cpna =30 pg-mL~1, 0.3 M NaCl + 0.002 M Na*-phosphate buffer. AA = (A — Ag) x 107 optical
units, L =1 cm.

The well-known decrease in the amplitude of the abnormal CD band upon heating (compare
curves 1 and 2 in Figure 11) is referred to as the “CD melting” [73]. It is the evidence of the untwisting
of spatial helical structure of dispersion particles. The dispersion cooling is accompanied not only by
the recovery of the abnormal band in the CD spectrum but also by an increase in its amplitude (curve 3).
This effect reflects the “quality” of ds DNA molecules packing in dispersion particles realized in the
process of phase exclusion. It depends, mainly, on the peculiarities of ds DNA molecules (secondary
structure, molecular mass, etc.) [74] and it is quiteconsistent with the concept of the improvement of
the cholesteric packing of dispersion particle structure as a result of the thermal “training” [75,76] of
ds DNA CLCDs.

The aforementioned change in the CD spectrum upon heating and cooling is characteristic of all
dispersions formed in domain II of PEG osmotic pressure.

The change in the CD spectra of ds DNA LCD formed in domain III (m = 12.43 atm,
Cpgg =250 mg-mL’l) upon heating and cooling is shown, as an example, in Figure 12.
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Figure 12. The CD spectra of the ds DNA LCD formed in domain III (Cpgg = 250 mg-mL_],
curve 1) upon heating (curve 2) and subsequent cooling (curve 3). 1-22 °C, 2-80 °C, 3-80 — 22 °C.
Cpna = 30 ug~mL’1, 0.3 M NaCl + 0.002 M Na*-phosphate buffer. AA = (A, — Ag) x 1076 optical
units, L=1 cm.

(One can see that in the initial CD spectrum of this LCD there is the band (curve 1) of unknown
origin. Usually, a very low amplitude of this band is accepted as a zero value (see also Figure 8,
domain III).

The increase in temperature is accompanied by an unusual effect: an intense negative band arises
in the CD spectrum (Figure 12, curve 2) of DNA dispersion particles that did not possess such band at
room temperature (curve 1).

An appearance of the intense band in domain III occurs at a certain “critical” temperature, which
depends on the PEG osmotic pressure [77]. The higher the PEG osmotic pressure the larger the “critical”
temperature value.

An intense band in the CD spectrum (Figure 12, curve 2) in the absorption region of ds DNA
is related [27] to the spatial twist of nitrogen based in quasinematic layers of dispersion particles,
or, more exactly, to the formation of a new phase of ds DNA molecules, which possess an abnormal
optical activity. It permits us to suggest that the original hexagonal packing of ds DNA molecules in
the dispersion particles changes upon heating the LCDs (obtained in domain III).

It is necessary to add that the optical texture of this new, optically active phase does not possess
the fingerprint texture typical of classical cholesterics.

The curves characterizing the change in the abnormal bands for all ds DNA LCDs formed in
domains II and III under their heating (curve 2) and cooling (curve 3) are shown in Figure 13.

One can see that the increase and the subsequent decrease in the temperature is accompanied
by different optical effects, depending on the PEG osmotic pressure. For instance, at PEG osmotic
pressures below 10 atm, the abnormal band increases (Figure 13, curve 3) upon cooling, whereas at PEG
osmotic pressures exceeding 10 atm one observes a tendency to partial recovery of the initial abnormal
optical activity of LCD. These optical effects depend on molecular mass of ds DNA molecules and on
their nitrogen bases content [77].
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Figure 13. The dependence of an abnormal band amplitude in the CD spectra (A = 270 nm) of the
ds DNA LCDs formed in PEG-containing aqueous-salt solutions with different osmotic pressures.
curve 1—room temperature, curve 2—heated to 80 °C, curve 3—cooled back from 80 °C to 22 °C.
Cpna =30 ug'mL~%, 0.3 M NaCl + 0.002 M Na*-phosphate buffer. AAy7y x 1070 optical units, L = 1 cm.

Hence, the dense hexagonal packing of ds DNA molecules in dispersion particles obtained at
Cpgg more than 220 mg-mL’1 (osmotic pressure more than 10 atm) is transformed to a new optically
active phase (structure) upon heating.

To proceed further we have to know, whether an optically active phase corresponds to the
cholesteric structure. The matter is that this new state we found is formed at small distances between
the ds DNA molecules in dispersion particles (see above) and the corresponding textures are not
similar to classical cholesteric fingerprint textures.

In the next sections we present arguments supporting the cholesteric-like structure of this new
optically active phase.

5. The Formation of “Rigid” Particles of the Cholesteric ds DNA Dispersions

To prove the spatially twisted (cholesteric) structure of the new optically active phase we have
used well-elaborated approach [78] based on the transformation of the “liquid-like” state of ds DNA
particles to the “rigid” (gel-like) state.

The main idea of this approach was formulated in the following way: “The adjacent ds DNA
molecules with phosphate groups neutralized by sodium cations are resided in quasinematic layers of
a single CLCD particle in the “dissolved” state and there is free space between them. The molecules of
chemical substances (“guests”) entering the free space due to diffusion can react with the chemical
groups available of the DNA surface or even form chemical cross-links between DNA molecules
in quasinematic layers of a CLCD particle. Such cross-linking can result in the formation of an
“integrated” structure involving all the DNA molecules ordered in quasinematic layers of a CLCD
particle. The integrated structure having a very high molecular mass will be incompatible with a
PEG-containing solution. This means that the cross-linking of adjacent DNA molecules will lead to the
transition of a single CLCD particle from the “liquid-like” to the “rigid” (gel-like) state.”

The “rigid” ds DNA particles can be immobilized on the surface of a nuclear membrane filter and
their properties can be studied by atomic force (AFM) or by electron microscopy.

This approach is similar, in fact, to gelation due to the formation of unordered, artificial chemical
cross-links between adjacent molecules of polymers. However, in our case, gelation should be realized
in such a way that the fixed distance between adjacent ds DNA molecules in quasinematic layers of
a single CLCD particle does not change and the spatial helical structure of DNA CLCD particle is
preserved. Therefore, we are dealing with a rather specific gelation process inside a single particle
with nanometre-scale parameters.
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As a control to the considered approach, we formed “rigid” particles by means of the cross-linking
of adjacent ds DNA molecules fixed in quasinematic layers of CLCD particles. To create the cross-links
(nanobridges) between ds DNA molecules we used anthracycline antibiotics.

These antibiotics are water-soluble, low molecular mass compounds, which have 4 reactive
oxygen atoms in the 5, 6 and 11, 12 positions of anthracycline aglycone (Figure 14a).

Figure 14. Panel (a) structure of aglycone part of anthracycline compounds; panel (b) and panel
(c) complexes formed by DAU and ds DNA molecule; (b) scheme of intercalation complex; (c) scheme
of “external” complex. View along the long axis of DNA helix.

They can form two types of complexes with ds DNA molecules, that is, the classical intercalation
complex I (Figure 14b) at low drug concentration and nonclassical (“external”) complex II (Figure 14c)
at higher extent of binding to DNA. In the first case, an anthracycline molecule, for instance DAU,
is rigidly fixed between the base pairs of DNA and synthetic polynucleotides only of the B-family
(Figure 14b). Here the reactive oxygen atoms of DAU molecule become inaccessible for different
chemical and electrochemical reactions even in aqueous-salt solutions but DAU molecules, being
fixed in the cholesteric quasinematic layers of ds DNA, are “visible” by the CD spectroscopy. In the
second case, DAU molecules form so-called “external” complexes with nucleic acids of the B- and
A-families [79,80] (Figure 14c). Upon the formation of an “external” complex, the reactive groups of
DAU prove to be available for chemical reactions.

The anthracyclines can form chelate complexes with bivalent metal ions like zinc, cadmium,
nickel and so forth (Figure 15a). Chelate complexes produced by bivalent copper ions are of particular
interest. The interest is due to the fact that the resulting chelate complexes have planar structures on
account of the electronic structure of the bivalent copper ion [81-83] and the spatial structure of the
anthracycline aglycons. In the case of appropriate bidentate ligands, complexation may result in the
formation of a flat polymeric chain comprising up to 10 sequentially arranged molecules cross-linked
by bivalent copper ions [84,85].
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Figure 15. Panel (a) structure of chelate complex formed by various bivalent metal ions with oxygen
groups of anthracycline compounds: panel (b) structure of extended chelate complex (“polymeric”
chelate complex) formed between two model compounds, which possess the similar sites for complex
“immersion”; panel (c) show a more detailed structure of nanobridges that link ds DNA molecules

ordered in one quasinematic layer.

Figure 15b shows, as an example, the scheme of a “polymeric” chelate cross-link formed between
two artificial molecules. The application of this scheme to ds DNA case permits to formulate a few
practical requirements.

(1) In order to form polymeric cross-links between adjacent ds DNA molecules in a quasinematic
layer, one can use the chemical groups of compounds deliberately “immersed” in the DNA wide
groove and spatially fixed here.

(2) The “beginning” and the “end” of such cross-links must be disposed at adjacent ds DNA
molecules, that is, they should link these molecules. Taking into account the mean distance between ds
DNA molecules the extended cross-links formed between molecules can be named “nanobridges.”

(3) Due to the spatial helical structure of ds DNA molecules (shown in Figure 15b as 1 and 2), in
order to form cross-links with a fixed symmetry between the same groups of molecules “immersed”
into wide grooves of ds DNA molecules it is necessary to turn DNA molecule 2 around its long axis
on 180° in respect to molecule 1 (Figure 15b). It is means that cross-linking can ne only achieved at
certain particular arrangement of two adjacent ds DNA molecules in quasinematic layers of CLCD
particles, that is, they must be sterically “phased.” Hence, spatial adjustment of the position of ds
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DNA molecules within quasinematic layers of dispersion particles must be spontaneously realized to
cross-link these molecules.

(4) For the sterical phasing of two parallel ds DNA molecules a certain distance between these
molecules in a quasinematic layer, and, hence, definite degree of diffusion freedom for both ds DNA
molecules, which is enough for a rotation of molecules around their long axes has to exist. Very close
packing of ds DNA molecules in quasinematic layers will restrict the sterical phasing and formation of
extended cross-links (nanobridges).

(5) Since the direction of the long axis of a polymeric chelate bridge proves to be perpendicular to
the direction of the long axis of ds DNA molecules (Figure 15b), we should expect the emergence of an
additional abnormal band in the CD spectrum in the absorption region of chromophores in the content
of the chelate bridge.

(6) The use of ds DNA CLCD particles in this approach is of special interest because of two
circumstances: (i) only in this case can one regulate the mean distance between ds DNA molecules in
quasinematic layers of dispersion particles from 4.0 to 2.8 nm by changing the osmotic pressure of a
PEG solution even at room temperature; (ii) only in this case the abnormal band in the CD spectra
allows one to monitor the minor changes in the spatial structure of these particles and estimate the
position of nanobridges in quasinematic layers.

Hence, the formation of nanobridges between adjacent ds DNA molecules is a very delicate
stereochemical process, which could be realized in the case of dispersion particles that only possess
the cholesteric spatial structure. It means that the considered approach can be used for the estimation
of spatial structure of a new optical active phase, which arises at the heating of ds DNA dispersion
particles with hexagonal packing of molecules.

The “rigid” ds DNA particles were made by means of the scheme illustrated in Figure 16.
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Figure 16. The CD spectra of the ds DNA CLCD formed in an aqueous-salt PEG-containing solution
(curve 1) and successively processing by DAU (curve 2) and CuCl, (curves 3-5) solutions. Curve 1—the
ds DNA CLCD after thermal “training.” Curve 2—the ds DNA CLCD treated by DAU (Cpay = 5.99 x
10~5 M). Curves 3-5—the ds DNA CLCD treated by DAU and CuCl, (Cc, =2.9 x 10~5 M) taken after
2.3 min, 12.5 min and 51 min. Cpgg = 170 mg-mL’1 (domain II), Cpna = 10 pg-mL’l, 0.3 M NaCl +
0.002 M Na*-phosphate buffer. (AL — Ag) x 10~ optical units, 22 °C, L = 1 cm. Inset—the dependence
of the amplitude of the band at 510 nm in the CD spectrum of ds DNA CLCD treated by DAU and
CuCl, upon time.

This Figure shows the CD spectrum of ds DNA CLCD obtained as the result of the phase
exclusion from PEG-containing solution at room temperature with subsequent thermal “training”
(curvel). One can see that the phase exclusion of ds DNA molecules is accompanied by an appearance
of an abnormal negative band in the nitrogen bases absorption region (A 270 nm). According to the
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theory [51,52] an appearance of this band demonstrates the formation of ds DNA dispersion particles,
which possess the cholesteric structure.

After the thermal “training” [75,76] of the ds DNA CLCD, DAU solution was added to this
dispersion (Figure 16, curve 2). It results in the appearance of an additional band located in the
absorption region of DAU chromophores (4 ~ 510 nm). The amplitude of this band grows with the
increase in DAU concentration and reaches an equilibrium value at such DAU concentration that
corresponds to the maximal extent of the DNA saturation by DAU.

The negative sign of the band at A ~ 510 nm shows that the orientation of DAU molecules coincide
with the orientation of the nitrogen bases in respect to the long axis of the DNA molecules. It is
possible if DAU molecules are intercalated between the nitrogen base pairs of ds DNA molecules in
the content of the dispersion particles. Under these conditions the reactive groups of DAU (Figure 14b)
are unavailable for chemical reactions [86].

To induce the formation of the “external” complexes of DAU with ds DNA (Figure 14c), the
ds DNA CLCD was treated by DAU solutions, the concentrations of which exceed the equilibrium
value. After that the solution of CuCl, was added. The addition of CuCl, leads to manifold increase
of the band at A ~ 510 nm (curves 3-5). This process takes about one hour (see inset in Figure 16).
The amplification of the band in the visible region of the CD spectrum means that a new pattern of
fixation of DAU nearby ds DNA molecules ordered in the quasinematic layers has appeared.

The multiple dilution of PEG-containing solution, in which the DNA CLCD was processed with
DAU and CuClp, to conditions of full disintegration of the LC structure of the initial dispersion
particles [27] does not lead to an appreciable decrease in the specific abnormal optical activity of
the DNA CLCD (taking into account simply the decrease in the concentration of the DNA CLCD
particles due to dilution). It means that the spatial orientation of adjacent ds DNA molecules
in quasinematic layers of the CLCD treated by DAU and CuCl, is not violated even outside the
“boundary” conditions [27].

Hence, the osmotic pressure of PEG-containing aqueous-salt solution is not the main factor
affecting the pattern of packing ds DNA molecules in a CLCD particle.

The created structure can exist not only in solutions with a very low (up to zero) concentration
of PEG but also in solutions with low ionic strength. It means, the adjacent ds DNA molecules in
quasinematic layers of a single dispersion particles are cross-linked by (DAU-Cu?*) complexes and
these complexes stabilize the spatial structure of the CLCD particles.

The formation of cross-links between ds DNA molecules ordered in quasinematic layers of
dispersion particle depends on the number of DAU molecules and on the number of copper atoms,
as well as on the average distance between DNA molecules in the spatial structure of a dispersion
particle [86].

The analysis of more than 10 DAU analogues, which differ by the presence and the position of
substituents at the aglycon, has shown that the presence of reactive oxygen atoms in the 5, 6 and
11, 12 positions of anthracyclines is one of the essential conditions for the amplification of abnormal
optical activity upon building of cross-links (chelate bridges). Consequently, each copper atom in the
bridge forms 4 bonds with coplanar oxygen atoms [87]. This reflects the well-known stereochemical
and electronic properties of chelate complexes in which Cu?* ions interact with 4 oxygen atoms of
anthracyclines [81,88-90].

If Cu?* ion forms a chelate complex with four reactive oxygen atoms, this ion is in d? state, which
exhibits a nonzero magnetic moment [91]. It allows one to directly estimate the number of Cu?* ions
in one cross-link (nanobridge) between adjacent ds DNA molecules ordered in quasinematic layers of
one cholesteric liquid-crystalline particle by low-temperature magnetometry [91].

Taking into account the distance between ds DNA molecules in dispersion particles formed at
Cprg = 170 mg-mL~1, the results obtained by low-temperature magnetometry and supported by
the theoretical calculations [87,92-94] allow one to accept that the nanobridge between adjacent ds
DNA molecules contains six Cu?* ions. Besides, the theoretical evaluations, based on the analysis
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of the dependences of the amplitude of the band at A ~ 510 nm on the number of DAU molecules
(an isotropically oriented near ds DNA surface) and on the number of copper atoms [92,93] has shown
that one nanobridge in dispersion particles (at Cpgg = 170 mg-mL ') can include from four to six DAU
molecules and its final structure is shown in Figure 15c.

The nanobridges (cross-links) are planar chelate complexes. The stabilization of the nanobridges

is achieved by the rigid fixation of the [-(Cu**-DAU ... - ... DAU-Cu?*),] chelate system between
two adjacent DNA molecules. It means that the spatial final system of nanobridge looks like
[DNA-extDAU-(Cu?*-DAU ... - ... DAU-Cu?"),-extDAU-DNA].

The directions of the long axes of the planar nanobridges are perpendicular to the direction of
the long axes of ds DNA molecules ordered in quasinematic layers of the dispersion particles, and,
hence, to the cholesteric axis. In this case, the helical twist of the quasinematic layers means the spatial
rotation of the “coloured” nanobridges and they are “visible” by means of CD spectroscopy. If this is
the case, one can suppose that the amplitude of an abnormal band in the CD spectrum of cholesteric
dispersion particles depends upon the length of nanobridges between adjacent ds DNA molecules,
which, in turn, depends on the distance between these molecules.

The formation of the nanobridges (cross-links) between ds DNA molecules ordered in
quasinematic layers of a single dispersion particle results in the creation of three-dimensional,
“integrated” structure of the particle, which includes all ds DNA molecules as well as numerous
(DAU-Cu?*) bridges in the content of a single particle. This high molecular mass structure is
incompatible with a PEG-containing solution. The stability of the “rigid” structure is determined by the
number and the properties of the nanobridges rather than the properties of the initial PEG-containing
solution. Hence, the transition of ds DNA particles from the “liquid-like” to the “rigid” (gel-like) state
takes place [42].

Due to the presence of the nanobridges between adjacent ds DNA molecules, the spatial structure
of “rigid” particles remains stable for a long time (months) at PEG and NaCl concentrations significantly
below those at which the CLCD particles, not stabilized with nanobridges, can exist. Consequently,
the created structure can exist not only in solutions with low ionic strength but also in solutions with a
very low (up to zero) concentration of PEG, that is, under the conditions of a low osmotic pressure of
the solution.

It is worth to noting that the rigid particle size can be different from the liquid-like particle size.
Indeed although the intermolecular potential is overall repulsive, due to the nanobridges, it contains a
local minimum at relatively short distances corresponding to the characteristic bridge length. Then
the competition between the standard aggregation driven by osmotic pressure and bridge induced
potential energy minimum, kinetics of macroscopic phase formation, may proceed non-monotonously
in time. We defer the detailed investigation of this phenomenon for a future work.

Taking the results shown above into account, the possibility to investigate the properties of “rigid”
particles of ds DNA by experimental techniques appears. For instance, one can immobilize “rigid”
particles cross-linked by nanobridges onto the surface of nuclear membrane filter and directly directly
visualize their size.

The AFM images of “rigid” particles formed at Cpgg = 170 mg-mL~! have been recorded.
The shape of the particles is close to spherocylinders. Estimation of the size of many particles
demonstrates that the mean size of these particles is close to 500-600 nm, which is in good agreement
with the data on particle size theoretically calculated for the initial PEG-containing solution with
constant osmotic pressure [27].

Therefore, a few new features, that is, the appearance of an additional band at A 510 nm at
the treatment of the ds DNA dispersion by DAU, the formation of cross-links between adjacent ds
DNA molecules in quasinematic layers and the creation of the “rigid” structure are distinctive of the
dispersions with the cholesteric pattern of ds DNA molecules ordering.
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6. The Optical Evidence of the Cholesteric Packing of ds DNA Molecules in a New Optically
Active (“Re-Entrant” Cholesteric) Phase

The steps of the formation of the initial LCD particles with hexagonal packing of ds DNA
molecules and their transformation to the optically active state are illustrated in Figure 17.

(Again, in the CD spectrum of the initial ds DNA LCD obtained as the result of the phase exclusion
of ds DNA molecules from a PEG-containing solution (Cpgg = 280 mgmefl) at room temperature
there is a low intensity band of unknown origin. This non-specific band, which appears in the CD
spectrum in the ds DNA absorption region (A ~ 270 nm) confirms the formation of a dispersion,
particles of which possess the hexagonal packing of ds DNA molecules [25]. Very low amplitude of
this band is accepted as a zero value (see also Figure 8b, domain III).
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Figure 17. The CA spectra of the ds DNA LCD formed in an aqueous-salt PEG-containing solution
(curve 1) and successively processing by DAU (curve 2) and CuCl, (curves 3-5) solutions. Curve 1—the
ds DNA LCD after thermal “training”. Curve 2—the ds DNA LCD treated by DAU (Cpay = 5.99 x
10~ M). Curves 3-5—the ds DNA LCD treated by DAU and CuCl, (Ccy, = 2.9 x 107> M) taken after
10 min, 46 min and 125 min. Cpgg = 280 mg-mL~! (domain III), Cpna = 10 p.g-mL’l,O.SM NaCl +
0.002M Na*-phosphate buffer.(A;, — Ag) x 107° optical units, 22 °C, L = 1 cm. Inset—the dependence
of the amplitude of the band at 510 nm in the CD spectrum of ds DNA LCD treated by DAU and CuCl,
upon time.

In addition, the results of an X-ray study of unoriented samples of phase, obtained by the
sedimentation of LCD particles and our additional control of the ds DNA secondary structure, confirm
that ds DNA molecules retain the B-form under these conditions. However, in the contrast to the
previous case (Section 5) the mean distance between DNA molecules in the dispersion particles formed
at Cpgg =280 mg~mL_1 is about 2.5 nm.

Curve 1 in Figure 17 is the CD spectrum after the thermal “training” of the ds DNA dispersion,
that is, after its heating to 80°C and subsequent cooling to the room temperature. One can see that
the thermal “training” of this dispersion is accompanied by a remarkable optical effect, that is, an
abnormal negative band arises in the CD spectrum at A = 270 nm. An appearance of an abnormal
band means that the heating of the dispersion particles with hexagonal packing of ds DNA molecules
(and therefore, with no abnormal optical activity) results in a transition of these particles into a new
optically active state, that is, a new optically active phase is formed. (We used term “ds DNA-III” to
designate this phase). The transition, which looks like a phase transition, testifies of a change in the
spatial structure of the ds DNA dispersion particles.

The comparison of curve 1 in Figure 17 to curve 1 in Figure 16 demonstrates their close similarity.
It permits us to suppose that the initial hexagonal packing of quasinematic layers of ds DNA molecules
in the particles is transformed into the cholesteric packing upon their heating.

However, the optical texture of a thin layer of ds DNA phase, obtained from the heated dispersion
particles formed at Cpgg = 280 mg-mL~" does not demonstrate the specific characters typical of
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the classical cholesterics, in particular, we cannot see the fingerprint texture [95]. Since the distance
between ds DNA molecules in a new optically active phase formed at Cpgg = 280 mg-mL ™! is small
(2.5 nm), the simplest rationalization of the absence of the fingerprint texture typical of classical DNA
cholesterics is that the pitch of the helical twist of the new structure of the dispersion particles formed
at Cpgg = 280 mg-mL ! is so small, that it cannot be detected by the polarization microscope.

To check the hypothesis about the cholesteric packing of ds DNA molecules in the new optically
active phase, we used an approach considered above.

Fixed volumes of DAU solution have been added to the dispersion particles of the new optically
active phase (Figure 17, curve 2). In full correspondence with the results presented in Figure 16,
the addition of DAU to the ds DNA-III is accompanied by the appearance of a new band located
in the absorption region of DAU chromophores (A ~ 510 nm). The amplitude of this band grows
with the increase in DAU concentration and reaches the equilibrium value at DAU concentration
that corresponds to the maximal saturation of the ds DNA-III with DAU molecules (curve 2).
The equilibrium value of this band does not change upon further growth of DAU concentration.

The negative sign of the band at A ~ 510 nm shows that the orientation of DAU in respect to the axis
of the DNA molecules in the content of ds DNA-III coincides with the orientation of nitrogen bases.

According to the results presented in Section 5, the appearance of an additional band in the CD
spectrum in DAU absorption region is the first evidence in favour of the spatially twisted (cholesteric)
structure of ds DNA-III phase.

We induced the formation of the “external” complexes of DAU with ds DNA-III particles
by increase of DAU concentration. Then, the obtained mixture was treated with CuCl, solution.
The addition of CuCl, solution to the ds DNA-III, treated by DAU, leads to manifold increase in the
band amplitude at A ~ 510 nm (Figure 17, curves 3-5). The amplification of this band is the second
evidence in favour of the spatially twisted (cholesteric) structure of the ds DNA-III phase.

Hence, one can consider the appearance of the additional band at A 510 nm at the treatment
of ds DNA-III dispersion by DAU, its amplification at addition of CuCl, solution as the distinctive
factors of the dispersions with the cholesteric ordering of ds DNA molecules. Based on the similarity
between the abnormal optical properties of ds DNA-III phase and the standard ds DNA cholesterics,
we designate this new state as the “re-entrant” cholesteric phase [77].

However, comparison of Figure 17 to Figure 16 attracts attention to following items: (i) the process
of amplification of the band at A ~ 510 nm (Figure 17, see inset) takes more time in comparison to the
case shown in Figure 16, (ii) the maximal value of the band at A ~ 510 in Figure 17 is about 3 times
smaller in comparison to Figure 16. It means that the abnormal optical properties typical of two types of
the cholesteric dispersion particles (formed at Cpgg 170 and 280 mg-mL’l) are related, as minimum, to
the distance between adjacent ds DNA molecules ordered in quasinematic layers. It is not excluded that
the dense packing ds DNA molecules in dispersion particles formed at Cppg 280 mg-mL~! prevents
the correct spatial “phasing” of adjacent ds DNA molecules in quasinematic layers and influences,
probably, the pattern of DAU interaction with ds DNA molecules.

Taking into account the small distance between molecules in dispersion particles formed at
C pgg 280 mg~mL*1 (i.e., ds DNA-III), we can suppose that there are two reasons for the increase
in the amplitude of the band in the CD spectrum of ds DNA-III dispersion treated by high DAU
concentration and CuCl,.

The first reason consists in the formation of a small size cross-links (“nanobridges”) of type
[((Cu?*-DAU.... - ... DAU-Cu?"),_] between two adjacent DNA molecules ordered in quasinematic
layers of dispersion particle. In this case, the helical twist of the quasinematic layers means the spatial
rotation of the “coloured” nanobridges and they are “visible” in the CD spectrum at A ~ 510 nm
(Figure 17). The formation of the nanobridges (cross-links) between ds DNA molecules ordered in
quasinematic layers of a single dispersion particle results in the creation of the “integrated” structure
of the particle. This structure must be incompatible with a PEG-containing solution and the transition
of ds DNA-III particles from the “liquid-like” to the “rigid” (gel-like) state will takes place.
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However, there is the other reason for the increase in the amplitude of band in the CD spectrum
of ds DNA-III dispersion treated by high DAU concentration and CuCl, [87,95].

An intense band at A ~ 510 nm may reflect the appearance of a new pattern of anisotropic
arrangement of DAU molecules, which is realized, mainly, at small distances between the ds DNA
molecules in dispersion particles. Owing to stacking interaction between DAU molecules forming the
“external” complexes and free DAU molecules in solution, a “shell” of DAU is formed in proximity
to the surface of ds DNA-III molecule, where a portion of DAU molecules is linked by copper ions
(Figure 18). It should be noted that, in principle, the beginning of this “shell” may be not only a DAU
molecule of “external” complexes but also a copper ion bound to ds DNA bases. At a small distance
between molecules in the ds DNA-III dispersion particles, the question of the steric hindrances arising
upon such an arrangement of adjacent DAU molecules, in particular, the location of sugar residues,
remains open. The orientation of DAU molecules in the created structure may coincide with the
orientation of nitrogen base pairs. It is obvious that in the case of the “shell” structure, DAU molecules
are ordered in quasinematic layer. The helical twist of the quasinematic layers results in the spatial
rotation of the created “shell” structure and it is “visible” in the CD spectrum. Whether there is in
this case the transition from “liquid-like” to “rigid” (gel-like) state of ds DNA-III dispersion particle,
remains unknown.
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Figure 18. Hypothetical scheme of spatial ordering of DAU molecules in proximity to ds DNA surface
on account of stacking interaction of these molecules (side view).

The both aforesaid arguments confirm the helical twist of the quasinematic layers of dispersion
particles of ds DNA-III, that is, they strongly suggest the existence of the “re-entrant” cholesteric
structure of ds DNA-IIL

The investigation of the details of an appearance of an intense band at A ~ 510 nm in the case of
all dispersion particles formed in domain III and differ by the distances between ds DNA molecules in
quasinematic layers is now in progress.

The results presented in this review demonstrate that “liquid-like” and “rigid” (solid) ds DNA
dispersion particles have the unique physicochemical properties. This opens a gate for their application
in various fields of science and technology, for instance:

(i) “Liquid-like” particles based on ds DNA molecules can be considered as polyfunctional sensing
elements for optical analytical systems permitting the detection of biologically active compounds:
antibiotics, genotoxicants and so forth, in laboratory and physiological liquids (application field:
medicine, ecology and biotechnology);

(ii) “Rigid” particles, where the ds DNA concentration exceeding 200 mg~mL_1, can be used as
carriers of genetic material or various biologically-active or chemical substances introduced into these
structures (application field: medicine and biotechnology).
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7. Conclusions

The phase exclusion of ds linear, low molecular mass DNA molecules from aqueous-salt
PEG-containing solutions at room temperature results in the formation of LCD particles with the
cholesteric and the hexagonal packing mode of the molecules. However, the heating of dispersion
particles with the hexagonal packing of ds DNA molecules results in a new phase transition
accompanied by the appearance of an abnormal optical activity in the particles. Obtained results are
explained in the framework of a concept of orientationally ordered “quasinematic” layers formed by
ds DNA molecules, with a parallel alignment in the hexagonal structure. These layers can adopt a
spatially twisted configuration at temperature increase; and as a result of this process, a new optically
active structure is formed. This structure was termed the “re-entrant” cholesteric phase. This as one
can expectour results indicate than the pattern of packing of the adjacent “quasinematic” layers of
the ds DNA molecules in dispersion particles, obtained in PEG-containing aqueous-salt solutions, is
determined not only by the osmotic pressure of the solution but also by its temperature.

To prove the cholesteric pattern of ds DNA molecules in a new optically active phase an approach
based on the transition from the “liquid-like” to the “rigid” state of dispersion particles was used.
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