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Abstract
Large-scale color changes (100s of nm) in polymer-stabilized cholesteric liquid crystals with a
negative dielectric anisotropy are presented. Reflection peak tuning is enabled with DC electric fields
through a unique peak splitting behavior. This simple approach can be applied in a variety of photonic
applications.

Cholesteric liquid crystals (CLCs) are self-organized selectively reflective materials that are
highly promising for active photonic applications including displays,1 tunable lasers,2 optical
storage,3, 4 and energy-conserving windows.5 Dynamic response of the bandgap color,
bandwidth, or reflectivity can be induced by exposure to a variety of stimuli including electric
fields, heat, and light.6 Electrically tunable CLCs are particularly promising, in principle, for
reflective display applications1 although there are few reports of practical tuning due to
difficulties in complex geometries and large electric fields needed to date. Limitations with the
tuning range of the peak wavelength have also been observed. This work presents a material
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system which exhibits large range tuning under small applied electric fields, enabled by the
polymer stabilization of a CLC formulation composed of a negative dielectric liquid crystal host.

The selective reflection (color) of CLCs is a manifestation of the periodic helical organization of
the phase, which when macroscopically organized in the Grandjean texture satisfies the
condition for Bragg reflection.1, 7 The central wavelength of the reflection bandgap is defined
as:

where P is the pitch length of the helical twist of the director and  is the average refractive
index of the liquid crystal. Assuming a constant pitch, the CLC reflection bandwidth, Δλ, is
defined as:

where Δn is the birefringence of the CLC. CLCs are typically formulated by doping a nematic LC
with an enantiomeric excess of a chiral dopant. The length of the helicoidal pitch can be
tailored by varying the chiral dopant concentration ([c]) through the following relationship,

where HTP, the so-called helical twisting power, is a measure of the ability of a chiral molecule
to twist a nematic LC.

A large portion of the prior demonstrations of color tuning of CLCs have employed
interdigitated electrodes. While novel and potentially useful in reflective displays, interdigitation
of the electrodes naturally give rise to spatially varying optical properties across the cell (non-
uniform coloration and reflectivity), governed by the complex interplay between the electric
field pattern and the CLC.8-10 Furthermore, focal conic scattering domains can readily form
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near the electrodes, although this has been partially eradicated by polymer stabilization of the
CLC.11 Comparatively fewer reports of electric-field tuning of CLCs employ conventional cell
architectures (e.g. cells coated with transparent conductive oxides such as ITO), as opposed to
interdigitated electrodes. Many of these reports employ planarly aligned CLCs composed from
a nematic LC with negative dielectric anisotropy (–Δε), wherein application of an electric field
across the cell will not cause molecular reorientation. Limited tuning can occur simply through
defect annealing that depends strongly on the initial quality of the cell. This approach has been
used effectively to switch a CLC (mirrorless) laser on and off.12 CLCs with positive dielectric
anisotropy (+Δε) can tune in response to DC fields through tilting of the helical axis.13-15
Simoni and co-workers pioneered a mechanical based tuning technique involving piezoelectric
compression of a cholesteric liquid crystal.16, 17 A similar electromechanical approach utilizes
DC fields to electrostatically deform the substrates towards one another, which subsequently
compresses the pitch in conditions of strong anchoring, thereby resulting in blue tuning.18 This
effect takes advantage of the planar alignment boundary conditions and enables pitch
distortions of up to 20% in either direction depending on the cell design.

There are several other notable examples of electrically induced color and refractive index
changes in CLCs,19-27 but the best example to date has been reported by Kent Optronics, Inc.
They have reported electrically induced reflective peak tuning of up to 300 nm at low fields.28,
29 Their presented mechanism involves a high cross-linked, unresponsive polymer that
maintains a static pitch while the low molecular weight LC molecules rotate in response to a
field. In other words, the response is mediated by electrically induced effective refractive index
changes. This system, based on positive dielectric materials, has also been engineered to
enable large peak width broadening as well.

This manuscript presents electrically tunable color changes in a –Δε polymer stabilized
cholesteric liquid crystal (PSCLC), where modest DC field strengths can induce significant color
tuning. The cells are prepared by filling a planar aligned cell with a mixture containing a –Δε
NLC, chiral dopant, photo-initiator, and chiral monomer (specific details in the Experimental
Section). The mixture is then photopolymerized by exposing the sample to UV light. Figure 1a
shows the reflection spectra at various electric field strengths taken from the positive electrode
of the cell. A plot of the reflection wavelength as a function of the electric field strength is
shown in Figure 1b. Above the threshold voltage (>1 V/μm) the color undergoes a red shift that
is linearly dependant with increasing field strengths (∼35 nm/(V/μm)). The color (reflection
wavelength) can be reversibly and repeatably modified up to 50%. The data presented in Figure
1 was obtained by increasing the field strength by 0.33 V/μm every second. The color change
apparent in the cell is depicted in Figure 1c as well as in MOVIE1 (Supporting Information).
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Figure 1

Open in figure viewer PowerPoint

Large range color tuning observed upon application of DC fields. a) The reflection spectra at
DC electric fields strengths ranging from 0–9 V/μm. b) A plot of the central reflection peak
position (nm) versus the applied DC field strength (V/μm). c) Photographic images of color
change of the cell as DC field strength is increased from 0–8 V/μm. All reflection spectra were
collected with the positive electrode of the cell facing the white light source and reflection
probe of the spectrometer.

The response time of the cells, examined in Figure 2, were measured by exposing samples to a
step function in the field strength, while the reflection wavelength position was monitored with
time. A plot of the central reflection wavelength taken from the positive electrode as a function
of time is plotted for field strengths of 1–8 V/μm, as shown in Figure 2a. The response times
were on the order of tens of seconds and the maximum tuning rate was 65 nm/s. After the
reflection color of the cell stabilized at a given applied field strength, the field was reduced
(step-function) to 0 V and the relaxation time was measured, as shown in Figure 2b. The
relaxation time of the PSCLC can be significantly improved by momentarily reversing the
polarity of the DC field. Below 9 V/μm the samples the tuning behavior was very repeatable.
The repeatability of the cell is evident in Figure 2 because the initial tuning slopes and starting
wavelengths are the same throughout the test. Above 9 V/μm the sample repeatability is
compromised and at fields >10 V/μm the samples will irreversibly fail.

Figure 2

Open in figure viewer PowerPoint

a) Temporal response of the change in reflection peak position for DC fields strengths
ranging from 1–8 V/μm (switching on). b) Temporal response of the restoration of the
reflection peak position upon removal of DC field (switching off). All reflection spectra
summarized here were collected with the positive electrode of the cell facing the white light
source and reflection probe of the spectrometer.

To understand the fundamental drivers behind the observations, we explored the response of
CLC mixtures before and after polymerization, with positive and negative dielectric nematic
liquid crystal hosts, and upon application of AC rather than DC fields (Figure 3). As plotted in
Figure 3a, the response of the CLC before polymerization to DC electric fields induces slight
blue-shifting tuning (∼25 nm at 6 V/μm). This behavior, very different than the response after
polymerization, is attributed to defect annealing and enhanced order parameter.12 Figure 3b
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contrasts the response of the typical polymer stabilized -Δε CLC cell to the response of a cell
with a polymer stabilized +Δε CLC. Usually a homogeneous +Δε CLC will undergo a molecular
reorientation in response to a field across the cell, but in this case the sample shows little
change due to the strong polymer stabilization. The –Δε CLC reflection wavelength changes by
∼300 nm in response to 8 V/μm, whereas the +Δε CLC reflection wavelength changes by only
∼15 nm (20 times less). Application of an AC field (Figure 3c) also results in little response,
which indicates that the tuning is related to ion migration as opposed to dipole reorientation.

Figure 3

Open in figure viewer PowerPoint

Comparison of the response of CLC mixtures to applied electric fields (DC unless specified).
a) Response of R811/AMLC0026/RMM691 mixture before and after polymerization. b)
Response of polymer stabilized CLC mixtures employing a negative dielectric anisotropy
nematic liquid crystal host (AMLC0026, –Δε) and a positive dielectric anisotropy host (E7,
+Δε). c) Response of polymer stabilized R811/AMLC0026/RMM691 mixture to applied AC
(100Hz) and DC fields. All reflection spectra were collected with the positive electrode of the
cell facing the white light source and reflection probe of the spectrometer.

Figure 4 presents the reflection spectra taken from both the negative electrode side and the
positive electrode side, as well as the corresponding transmission spectra. The data presented
in Figure 4 was taken from a thinner cell (10 μm) with less scatter than in Figure 1 (15 μm cell).
The transmission spectra did not depend on the polarity direction, thereby indicating that the
inherent polymer properties are homogenous through the cell thickness (see Supporting
Information). On the other hand, a distinct difference in the reflection spectra exists depending
on the polarity of the applied field. The reflection spectrum originate from a finite depth
(several μm) from the sample surface due to the sample scatter. This finite sampling depth was
used to provide information about the CLC pitch profile through the cell thickness. Upon slowly
ramping the field strength from 0 to 2 V/μm, the main reflection peak from the positive
electrode side at 550 nm splits into two distinct peaks with the main peak shifting to 570 nm
and a much smaller remnant peak shifting to 490 nm. At 2 V/μm the same peak splitting is seen
in the reflection spectra from the negative electrode side, but the main peak and the remnant
peak have a more similar percent reflection. Therefore, at 2 V/μm the reflection spectra indicate
that the smaller remnant peak is closer to the negative electrode side and the main peak with
higher reflection is shifted to the positive electrode side. Below the saturated point of 50%
reflection (>∼10 pitches), the percent reflection is also an indication of the number of pitches at
a particular pitch length. The main peak has a higher percent reflection in both of the spectra
taken at 2 V/μm indicating that there are more pitches associated with the main peak
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compared to the remnant peak. There is also significantly more volume associated with the
main peak than the remnant peak because the pitch length is longer.

Figure 4

Open in figure viewer PowerPoint

Transmission, T, spectra at various electric field strengths are presented in the first row. The
second row and third row present reflection, R, spectra at various electric field strengths
taken from the negative side and positive side, respectively. The bottom row presents a
schematic of the PSCLC under applied field and an empirically predicted plot of the relative
pitch length versus the distance from the negative electrode.

As the voltage is increased beyond 2 V/μm the remnant peak continues to blue shift out of
band and the % reflection goes to zero. The magnitude of the tuning rate (Δλ/ΔE) of the
remnant peak on the negative electrode side is more than double the magnitude of the main
red-tuning peak on the negative electrode side (see supporting information). The percent
reflection of the remnant peak from the negative electrode side also decreases with field
strength about 10 times more than the main peak. The reflection from the positive electrode
side of the cell shows the large red-shifted tuning reported earlier in the work. These results
(i.e. a distribution of pitch across the cell gap) are very similar to electric field induced
symmetrical broadening samples that also involve applying DC electric field to a polymer
stabilized -Δε CLC.30 In this prior report, the bandwidth of the reflection notch broadens nearly
symmetrically on both the red and blue band edges upon application of DC field. The prior
examination of symmetrical broadening were in weakly stabilized (1–5% polymer) PSCLCs with
an achiral diacrylate monomer whereas those here were from a strongly stabilized (10–20 wt%
polymer) PSCLC formed from a commercial chiral monomer mixture. Both systems show a red-
distortion to the positive electrode side and a blue-distortion to the negative electrode side.
The difference presented here is that the pitch change through the thickness is described with
a higher order function instead of a simple linear function. Empirical observations support a
logarithmic profile of pitch versus thickness from the negative electrode as is schematically
represented in the bottom row of Figure 4. For clarity, it should be emphasized that the thicker
sample presented in Figure 1 had the same non-linear pitch distribution. The reflection spectra
from the positive electrode presented in Figure 1 did not contain a remnant peak due to the
finite sampling depth caused by sample scatter.

Based on these studies,30 we propose that the reflection tuning observed is caused by an
electrophoretic based mechanism involving charge trapping on the surface of the polymer. This
postulate is supported by recent impedance measurements of the symmetrical broadening
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samples showing a correlation between sample threshold voltage and a sharp rise in the
sample impedance, thereby indicating that the sample response onset occurs after the free
charges in the low molecular weight LC migrate to the electrodes. It is well-known that liquid
crystal mixtures contain low concentrations of ionic impurities (10 –10  ions/cm )31-34 and
that these mobile charges can have dramatic effects on LCs in response to DC fields.35 Strong
evidence has also recently been presented that the photopolymerized mesogenic monomers in
polymer stabilized liquid crystals act as strong ion trapping systems and significantly decrease
the number of free charges in the liquid crystal.36 We postulate that the polymer trapped
charges are attracted to the negative electrode in the presence of a uniform field which results
in a distortion of the polymer network local density across the cell thickness. Due to surface
anchoring effects of the polymer fibrils, the LC molecules follow the distorted pitch of the
polymer. An even distribution of trapped charges on the polymer surface through the thickness
of the cell would predictably lead to a linear deformation of the polymeric pitch, consistent with
the symmetrical broadening behavior reported previously. The non-linear behavior observed
here is not well understood, but given the large deformation of the polymer network, logically
some inter-polymer fibril ionic repulsion could occur thereby leading to a non-linear pitch
distribution towards the longer pitch. Elucidating the mechanistic details are the subject of
current studies.

In conclusion, a new approach to large scale color changes using reflection tuning of a PSCLC
with an applied DC electric field is presented. The reflection wavelength red tunes to the
positive electrode side, while a small remnant peak blue tunes out of band to the negative
electrode side. The reflection wavelength tuning occurs over 100's of nm while maintaining
good contrast at relatively low electric field strengths. Evidence indicates that the effect is
caused by the movement of locally trapped charges on the polymer surface in response to a DC
electric field. The peak splitting mechanism is a simple and ubiquitous phenomena in polymer
stabilized CLC's with a –Δε host exposed to DC fields. This simple approach to large scale
reflection tuning has important implications for the field of tunable photonic materials.

11 13 3

Experimental Section
Cell Preparation: A polyimide solution was prepared by mixing 8 mL of PI2555 polyimide (HD
Microsystems), 32.5 mL of N-methyl pyrrolidone and 9.1 mL of 1-methoxy-2-propanol. This
mixture was filtered through a 0.45 μm filter (Pall, Acrodisc PSF syringe filter) onto ITO coated
glass. The mixture was spun coat (APH, spin 150) by ramping up to 1500 rpm for 15 s followed
by spinning at 3000 rpm for 1 min. The coated ITO-glass was baked at 200 °C for 30 min. This
process was repeated for a second piece of ITO-coated glass. Then the polyimide films were
rubbed to achieve a planar oriented anchoring layer. Then the glass pieces were glued together
with spacers to form an empty cell.
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authors. Such materials are peer reviewed and may be re-organized for online delivery, but are not
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the corresponding author for the article.

Sample Preparation: Cells were filled with a mixture containing 18.2 wt% chiral monomer
RMM691 (Merck), 15.5 wt% chiral dopant R811(Merck), 0.4% Irgacure-369 initiator and 65.9% –
Δε achiral nematic AMLC0026 (n  = 1.565, Δn = 0.150 (589 nm, 20 °C), Δε = –5.0 (1 kHz, 25 °C)
(Alpha Micron). The mixture had a peak reflection wavelength ∼560 nm and thus a pitch of
∼360 nm. The cells were capillary filled with the mixture at elevated temperature (∼80 °C) and
were exposing to 30 mW cm  of UV light (365 nm, Coherent) for 3 min at room temperature,
thereby polymerizing the monomer.

Optical Measurements: Reflection and transmission spectra were taken simultaneously with two
USB2000+ vis-NIR spectrometers (Ocean Optics). Custom Labview software was used to apply
the electric field and simultaneously acquire the spectrum.
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