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This communication reports large magnitude (exceeding 1500 nm) and
reversible reflection notch tuning in polymer stabilized cholesteric
liquid crystals (PSCLCs) formulated with negative dielectric anisotropy
(—Ae) hosts upon application of a direct current (DC) field. Selective and
repeatable tuning ranges of 100 nm to 400 nm are demonstrated. The
reflection changes are dictated by a nonlinear distortion of the pitch
across the cell thickness, which is associated with electromechanical
displacement of the polymer stabilizing network. The electro-optical
control of the selective reflection in —A¢ PSCLCs may have potential
use in optics, displays, and other commercial products.

Introduction

Cholesteric liquid crystals (CLCs) are self-assembled, one
dimensional photonic bandgap materials. The chiral nature
of the materials or mixtures dictate either a right handed (RH)
or left handed (LH) rotation of the liquid crystal director along
a helical axis."” Accordingly, a single CLC optical element only
reflects 50% of unpolarized light. The reflection bandgap of
CLCs is centered at the wavelength: Ay = 1,5 X po, Where 1y, is
the average refractive index of the LC and p, is the cholesteric
pitch length. The static bandwidth of CLCs in the visible
wavelength is a few tens of nanometers, typically 50-100 nm
and a product of LC birefringence and cholesteric pitch length,
Al ~ An X p,. It is noted that An = (n. — n,), where n. and n, are
the extraordinary and the ordinary refractive index, respectively.

Electrically-induced dynamic optical responses have been
examined in CLCs or polymer stabilized CLCs (PSCLCs) including
reflection notch switching,®*® broadening,">* and tuning.** >
Most commonly, the dynamic changes in the reflection of CLCs
or PSCLCs are observed by inducing tilt in the pitch in samples
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formulated with nematic liquid crystals with positive dielectric
anisotropy (+Ae).>” The proposed mechanism is electrically
induced refractive index changes of +A¢ liquid crystal as the
pitch tilts.*"*> Another approach is to employ interdigitated
electrodes to induce local changes in the pitch of CLCs. However,
this approach can be hindered by the large electric fields that are
required as well as the non-uniform coloration is observed due
to complex interdigitated electrode geometry.**° Very recently,
large-range color tuning has been observed in CLCs prepared
from so-called twist-bend nematic formulations.*

Our recent examinations have detailed reflection notch
broadening’”*° in PSCLCs formulated with negative dielectric
anisotropy (—Ae) nematic liquid crystals. As much as a seven-fold
increase in bandwidth'”™° has been observed when these materials
are subject to moderate DC fields (0-6 V um ™). The bandwidth
broadening is symmetric about the center of the reflection notch
and returns to original bandwidth upon removal of the electric
fields. Bandwidth broadening is only observed in samples which
are composed of —Ae nematic liquid crystal hosts, with polymer
stabilization, and in the presence of a DC field.

Simplified examinations of nematic and twisted nematic
orientations prepared from related compositions indicate that
the polymer stabilizing network is delocalized upon application
of a DC bias and that the movement of the network is sensitive
to the polarity of the DC bias'®*° Subsequent examination has
confirmed that the polymer stabilizing network formed in the
presence of the low-molar mass CLC mixture retains a “structural
chirality” that can overrule the natural “chemical chirality” of
the low-molar mass CLC mixture.'® Commercial liquid crystal
mixtures contain ionic impurities (10°~10"* ions per cm?), which
might come from synthetic and/or purification steps (catalysts,
salts, moisture, and dust), alignment layers,** and/or degrada-
tion of the LC molecules.**"*# Application of a DC bias to PSCLCs
exhibiting so-called “structural chirality’” will act upon the native
ionic impurities in the mixture**™** that are trapped on or within
the polymer stabilizing network."® Due to the polarity of the DC
bias, the polymer stabilizing network is subject to a directional
electromechanical force that distorts the structural chirality.

This journal is © The Royal Society of Chemistry 2015
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This distortion then affects the anchoring of the low-molar mass
CLC mixture resulting in broadening of the reflection band due
to nonuniformity in the pitch length of the CLC across the cell
gap.'® Employing —Ae nematic liquid crystal hosts is critical to
enabling this mechanism as the low-molar mass liquid crystalline
molecules do not reorient at low to moderate field strengths.

In a related report, electrically-induced tuning in PSCLCs was
also observed in samples prepared from —Ae¢ nematic liquid
crystals but composed with comparatively higher polymer con-
centrations (up to 20 wt%). Due to the large polymer concen-
tration, the optical properties of the PSCLCs both before and
during reflection wavelength tuning exhibit substantial haze and
poor transmission. Here, we report large magnitude and high
optical quality reflection wavelength tuning in PSCLCs formulated
with —A¢ nematic liquid crystal hosts. Further, we confirm that the
tuning is a result of nonuniform pitch displacement across the cell
gap. The large tuning range, high out of band transmission, and
electrically controllable position of the spectral reflection of the
PSCLCs examined here are potentially useful in many application
areas such as displays, smart windows, and optical systems.

Materials and methods
Preparation of —Ag PSCLCs

The PSCLC samples were prepared by using cells with 15 pm
thickness. The cells were coated with alignment layers from a
polyimide (PI2555, HD Microsystem) which was rubbed to
induce planar alignment. The cells were filled with a mixture
containing 1 wt% of photoinitiator (Irgacure 369), chiral
dopants (either R1011 and R811 or S1011 and S811, procured
from Merck), 5 wt% of a chiral liquid crystal monomer
(SLO4151, right handed, procured from Alpha Micron Inc.),
and a —Ae¢ nematic liquid crystal ZLI-2079 (A¢ = —6.1 and An =
0.15, procured from Merck). The mixture was photopolymerized
by exposing the cells to 80-100 mW cm 2 of 350-500 nm UV
light (Exfo) for 3 min. To ensure near-uniform through-thickness
photopolymerization, the cell was mechanically rotated during
UV irradiation. For imaging the depth profile of the pitch of
PSCLC samples using three dimensional three-photon excitation
fluorescence polarizing microscopy (3PEF-PM) technique, the
standard PSCLC formulation was adapted such that it was
composed of 6 wt% total monomer concentration (4 wt%
SLO4151 and 2 wt% RM23).

Experimental setup and measurements

Transmission and reflection spectra were collected using either
right handed circularly polarized or unpolarized light incident
on the PSCLC cell. Ion densities of the liquid crystal host
(ZzL1-2079) and mixtures were quantified by filling 4 pm thick-
ness homeotropic alignment cells. Phase/defect and reflection
colour changes were monitored with polarized optical micro-
scopy (POM, Nikon) (transmission and reflection mode) in the
presence of DC fields.

The 3PEF-PM imaging was done at room temperature using
a multimodal nonlinear optical polarizing microscopy setup

This journal is © The Royal Society of Chemistry 2015
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integrated with an inverted microscope (IX-81 Olympus) and a
galvano-mirror scanning unit (FV300, Olympus).*>** The linearly
polarized excitation light at 870 nm from a tunable Ti:Sapphire
laser (Chameleon Ultra II, Coherent) was focused into the
sample using an oil-immersion objective lens (UPlanSApo,
100x, numerical aperture NA = 1.4, from Olympus). The fluores-
cence signals from the sample were collected by the same
objective lens and detected in the range within 390-450 nm in
epi-detection mode using a photomultiplier tube and spectral
filters while applying different DC fields to the sample. To obtain
3D scans and for cross-sectional imaging across the sample
thickness, the motion of the objective lens along the microscope’s
optical axis was controlled by a stepper motor. The fluorescence
signal originating from the polymer network in the PSCLC
samples reveals the position of “cholesteric layers” corresponding
to half-pitches along the depth, which were typically examined
in cross-sectional images. Stacks of 2D images represented
three-dimensional molecular orientation field, in which the
LC monomer RM23 generated fluorescence signal due to the
three-photon-absorption-based excitation. The 3PEF-PM fluores-
cence signals arising due to the nonlinear optical processes
exhibit a strong well-defined dependence of the fluorescence
intensity on the orientation of the linear polarization of the
excitation beam relative to the spatially varying director. When
the excitation light in a probed voxel (3D pixel) is polarized
parallel to local molecular orientation direction (director), 3PEF-
PM intensity is at maximum (ie. bright lines). When the
polarization of excitation light and director are mutually orthogonal,
it is at minimum, Ze. corresponding to the dark lines in the depth-
resolved images. The axial spatial resolution to distinguish the
individual half-pitches is about 0.4 pm in the orientation sensitive
3PEF-PM setup with the three-photon-absorption-based excitation in
the near-IR spectral range, although it can be worsened by factors
such as weak fluorescence emission, depolarization, defocusing, and
light scattering.**

Results and discussion

Large range, electrically-induced tuning of the reflection notch of
the PSCLCs prepared and examined here is illustrated in Fig. 1.
The as formulated initial notch position (4,) of the PSCLC is
approximately 700 nm. Application of 160 V (10.7 V um ™) shifts
the reflection notch to nearly 2500 nm. Upon removal of the
applied DC field the reflection notch returns to its original notch
position. The tuning range of the PSCLC as a function of applied
DC field is summarized in Fig. 1(b). The transmission spectra
evident in Fig. 1(a) confirm that the PSCLC exhibits good optical
quality throughout the entire tuning range. This is in contrast
to our recent report>® where we documented 300-400 nm at
9V um ' in a PSCLC with a rather large polymer concentration
of 20 wt% with low optical quality in transmission.>

The helical structure of a CLC reflects either right handed (RH)
or left handed (LH) circularly polarized light (CPL). Fig. 2(a—c) plots
the transmission and reflection spectra of RH PSCLCs when probed
with RH circularly polarized light before and during the application
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Fig. 1 (a) Transmission spectra of a PSCLC prepared with 5 wt% chiral
liquid crystal monomer (SLO4151, inset chemical structure) with increasing
DC voltages from 0 V to 160 V. Scanning rate was 1V sec™ . (b) The relative
tuning range of the center of the reflection wavelength (A) is plotted as a
function of applied DC field.

of applied DC bias. In Fig. 2(a), the reflection notch apparent at
630 nm is shifted to 900 nm at 70 V DC. When the PSCLC is
probed with LH CPL, the sample is optically transparent at both
0 V and 70 V. Fig. 2(b) presents reflection spectra of the same
sample when probed with RH CPL at 0, 40, and 60 V. Applica-
tion of the DC bias shifts the reflection bandgap from 630 nm
to as much as 830 nm (60 V). Importantly, the reflectivity of the
sample is maintained over this range. Fig. 2(c) plots reflection
spectra of the PSCLC sample at 0 V and +60 V. The reflection
spectra at +60 V and —60 V DC bias are nearly identical which
confirms that the cell is close to homogenous. Finally, the color
as well as the phase and defect structure of the PSCLCs was
examined with polarized optical microscopy in both transmis-
sion and reflection (Fig. 2(d)). As evident in the spectra in Fig. 1
and 2, reversible and repeatable color changes with high optical
quality are observed by the application and removal of the DC
voltage. The tuning was repeated more than 50 times with
appreciable fatigue. Color changes from orange-yellow to orange
to red and ultimately to the infrared region are observed as the
DC field increases from 0 V to 75 V.

The ability to modulate the position of the selective reflec-
tion of the PSCLCs is shown in Fig. 3(a). Here, the electric field
is immediately applied (50 V DC to shift 100 nm) and then held
for 30 min. After the field is removed, the reflection wavelength
returns to the original position. Thereafter, the same procedure
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Fig. 2 (a) Transmission spectra of a RH PSCLC when probed with RH
circularly polarized light (i and ii) and LH circularly polarized light (iii and iv)
at 0 Vand 70 V. (b) Reflection spectra at 0 V (i, black), 40 V (ii, red), and 60 V
(iii, blue). (c) Reflection spectra of the PSCLC at 0 V (i, black), 60 V (ii, blue),
and —60 V (i, dotted red). (d) POM images in (i) reflection and
(ii) transmission with increasing DC voltages from 0 V to 75 V.

is repeated for 200 nm (60 V), 300 nm (69 V), and 400 nm (87 V)
displacements of the reflection notch. Over the course of 30 min,
the reflection notch continues to creep and the magnitude of the
creep is dependent on the strength of the applied field. The
relaxation times evident in Fig. 3(a) are on the order of minutes.
However, this is large part due to the length of time in which the
polymer stabilizing network was distorted in the presence of
the DC field. To confirm this, Fig. 3(b) plots the position of the
center of the reflection notch of a PSCLC upon direct application
of 69 V DC (300 nm tuning). Here, the field was applied for
1 min. The relaxation time of the PSCLC is considerably reduced
by shortening the duration of the holding voltage. The sensitivity
of the PSCLC to the duration of the applied field is related to the
mechanics of distorting the crosslinked polymer stabilizing network.
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Fig. 3 (a) Variation in reflection wavelength (A) of a PSCLC with 5 wt%
polymer concentration in an experiment in which DC voltages of 50 V,
60V, 69V, and 87V (the strength of the DC voltage is plotted as — ). The
voltages were directly applied to the cells and continuously for 30 min.
(b) The position of the center of the reflection notch for a PSCLC to direct
application of 69 V DC (1 min duration) and relaxation after removal of the
applied DC voltage. (c) Relative shift in the position of the reflection
wavelength in PSCLCs prepared with 5, 7, and 8 wt% polymer (crosslinker)
concentrations to 30 min of continuously applied DC field. Alcreep iS
calculated by taking the reflection wavelength at 30 minutes and sub-
tracting the reflection wavelength at 1 minute.
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The relationship between the viscoelasticity of the polymer
network and the electro-optic response is further elucidated
in Fig. 3(c). Here, PSCLCs were prepared with increasing
polymer concentrations (and crosslink densities). The change
in wavelength over the course of 30 minutes of continuously
applied field is summarized as AAcreep, Which is the difference
in the reflection notch position at 1 minute and 30 minutes
of continuously applied DC field. Two trends are evident in
Fig. 3(c). First, increasing the polymer concentration (crosslink
density) reduces the amount of creep in the wavelength shift to
continuously applied field. Second, as also evident in Fig. 3(a),
the magnitude of creep in wavelength to continuously applied
field for 30 minutes is sensitive to the relative displacement of
the notch position.

Our initial examination of electrically-induced bandwidth
broadening” of related formulations mentioned several potential
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mechanisms for the induced changes to the reflection bandgap.
Recently, we have documented'®?° a series of electro-optic experi-
ments that strongly indicate that the mechanism is ionic in
nature and attributable to displacement of the polymer network
within the PSCLC. For example, the displacement of the polymer
network is visually observed in control experiments employing
alignment cells with patterned electrodes wherein the polymer
network aggregates on the negatively charged electrodes.”® Spatial
pitch variation is induced by the displacement of polymer network
which induces linear-pitch variation for symmetrical dynamic
broadening and non-linear pitch variation for dynamic tuning
of reflection bandwidth.

Given the similarities in the formulation and composition of
the materials we hypothesize that the electromechanical distortion
of the PSCLCs examined here is causing the pitch to expand
resulting in a red-shift in the reflection wavelength.
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Fig. 4 (a) The 3PEF-PM cross-sectional images of a PSCLC (reflection notch at 2.45 pm) at different DC voltages (i) 0 V pm™2, (i)) 0.5V pm ™2, (i) LV pm ™2,
and (iv) 2.5 V um~!. The linear polarization of the 3PEF-PM excitation light is shown using a white arrow marked by “P" and the polarity of DC voltage
is indicated using the “+/—" signs. (b) Summary of pitch variation with the increasing the DC voltage across the cell at (@) O V um™2 (A) 0.5V um™?,
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In order to elucidate the influence of the applied DC field on
the pitch variation of the PSCLCs examined here we investigated
cross-sectional images of the PSCLC samples using the multi-
photon excitation fluorescence polarizing microscopy. Before
applying DC voltage, uniform half pitches (spaced at approxi-
mately 0.8 um) are observed at 0 V um~' shown in Fig. 4(a-i).
Optical experiments completed on this sample confirm an initial
reflection notch of 2450 nm (not shown here). By assuming an
average refractive index of 1.55, this reflection wavelength gives an
estimated full pitch length of approximately 1.6 pm. As the strength
of the applied DC voltage is increased, the pitches close to the
electrodes are influenced first, due to high electric potential near the
electrodes. At low DC voltage (0.5 V um ™), pitches near the positive
electrode are expanded as compared to the equilibrium value at no
fields, whereas the pitches are contracted near the negative elec-
trode. This is evident in Fig. 4(a-ii) as well as in Fig. 4(b) where
around 1-2 pitches are expanded and contracted near the positive
and the negative electrodes respectively and nearly 5 pitches in the
middle of the cell are seemingly uninfluenced by the applied voltage.
As the voltage is increased, the pitches in the middle of the cell gap
are expanded somewhat uniformly. Based on the continuous nature
of the change in reflection wavelength during the application of DC
field, we see no evidence of so-called “pitch hopping” (e.g an
increase or decrease in the relative number of pitches that could
emerge as a result of propagation of edge dislocations). Thus, we
believe that the relative spacing of the 18 half pitches (9 pitches)
observed before applying electric field are dynamically affected by
the presence and strength of the applied DC voltage. This is evident
in the complex distortion of the pitch across the cell gap shown in
Fig. 4(b). Evident in Fig. 4(a-iv), at 2.5 V um™", 13 half pitches can be
counted. However, the reduction in countable pitches may be caused
by the axial resolution limit of the technique to pick up pitches near
the opposite side of the cell away from the objective lens. Evident in
Fig. 4(b), the red-shifted tuning is attributable to an average increase
in pitch specifically relating to the middle portion of the cell gap.
Concurrent to the red-shift of the reflection notch, a small increase
in reflectivity is observed for example in Fig. 1(a). This reflectivity is
likely attributable to the continuous distortion of the pitch near the
electrode surfaces that yields a broadband reflection. Due to the use
of glass and ITO as a conductive layer, the PSCLC examined here
with an original reflection wavelength of 2.45 um would be expected
to shift to 3.25 pum upon application of a 2.5 V um™" field, or a
relative change in pitch (Ap/p,) of approximately 30%. From
Fig. 1(b), a PSCLC with an initial reflection wavelength of 700 nm

has a relative change in pitch (Ap/p,) of about 25% at 2.5 V um ™",

Conclusions

Large magnitude tuning of the reflection notch of polymer
stabilized cholesteric liquid crystals (PSCLCs) formulated with
negative dielectric anisotropy (—Ae) with excellent out-of-band
transmission is reported. Applied DC voltages are shown to
induce nonuniform distortion of the pitch across the cell gap.
The electro-optic response is attributed to electromechanical
deformation of the structural chirality of the polymer stabilizing
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network, which is visualized with nonlinear optical fluorescence
polarizing microscopy. The viscoelastic properties of the polymer
network dictate the optical response to sustained application of
the DC voltage as well as the relaxation behaviour.
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