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The association of structural chirality and liquid
crystal anchoring in polymer stabilized cholesteric
liquid crystals†

Brian P. Radka,a Taewoo Lee,c Ivan I. Smalyukh bcd and Timothy J. White *ab

Polymer stabilized cholesteric liquid crystals (PSCLCs) are electrically reconfigurable reflective elements.

Prior studies have hypothesized and indirectly confirmed that the electro-optic response of these

composites is associated with the electrically mediated distortion of the stabilizing polymer network. The

proposed mechanism is based on the retention of structural chirality in the polymer stabilizing network,

which upon deformation is spatially distorted, which accordingly affects the pitch of the surrounding

low molar-mass liquid crystal host. Here, we utilize fluorescent confocal polarized microscopy to

directly assess the electro-optic response of PSCLCs. By utilizing dual fluorescent probes, sequential

imaging experiments confirm that the periodicity of the polymer stabilizing network matches that of the

low molar-mass liquid crystal host. Further, we isolate distinct ion-polymer interactions that manifest in

certain photopolymerization conditions.

Introduction

Liquid crystals (LCs) are widely studied optical materials. The
positional ordering of LC molecules manifests anisotropic
properties (electrical, optical, etc.) that are dependent on the
relative orientation of the molecules and stimuli.1–12 Amongst
calamitic-type LCs (rod-shaped molecules), we are concerned
here with the nematic and cholesteric phases. Nematic LCs
(NLCs) self-align with the long axis pointed towards a general
direction known as the director. It is well-established that the
addition of chiral dopants to nematic LCs is a straightforward
route to prepare the cholesteric phase. Here, the chirality of the
dopant molecules is transferred to the nematic LC which forms
a helical twist of the director. The twisted orientation can be
either right or left-handed depending on the choice of chiral
dopants.13–21

The periodic variation in the director in the cholesteric LC
(CLC) phase nascently forms a one-dimensional photonic crys-
tal with a continuous, sinusoidal change in the refractive index
along the direction of the helical axis.22,23 This periodicity

results in a wavelength and polarization selective reflection
dependent on the refractive properties of the media, pitch
length (P), and handedness of the director rotation of the
CLC.24–31 Eqn (1) and (2) below define the association of
reflection wavelength (where lc is the central wavelength of
reflection) and bandwidth (Dl) at normal incidence, where navg

is the average refractive index and Dn is the birefringence.

lc = navgP (1)

Dl = DnP (2)

Prior examination of stimuli-induced tuning of the selective
reflection of CLCs have a number of drawbacks including slow
and inefficient stimuli response (i.e. thermal tuning,32–37 opti-
cally active dopants38–52) or a loss of reflectivity that is not easily
recoverable (i.e. electrical switching).53 The use of polymer
stabilized cholesteric liquid crystals (PSCLCs) made with liquid
crystals exhibiting negative dielectric anisotropy (De o 0) are
appealing to realize dynamic optical elements due to the
coupling to electric stimulus, retention of optical properties,
and passive reversibility in the off state.

The mechanism for tuning PSCLCs relies on three key
attributes. First, the CLC host anchors to the polymer stabilizing
network (PSN).54,55 Second, electric field interaction between
ions tethered on or within the polymer stabilizing network.56,57

Third, the mechanical properties of the polymer network.58–60

This manuscript is focused on directly elucidating the coupling
between the structurally chiral polymer stabilized network and
the CLC host.
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Expanding further, nearly all prior studies observe electro-
optic response in PSCLCs formulated with De o 0 NLC.61–66

Upon application of an electric field, the dipole moments of the
LC molecules in the media are already aligned to the field
direction and do not reorient. Prior experiments confirm the
PSN retains structural chirality.67,68 By structural chirality, we
refer to the templated chirality observed in the PSN’s fibril
architecture, often prepared from achiral LC monomers.69,70 In
this way, the interaction of the PSN and the CLC host can be
thought of as through-thickness surface anchoring. Finally, the
directionality of the electro-optic response has been shown to
be sensitive to the direction of the applied DC bias. Further, the
tuning is not observed when the PSCLCs are subject to AC field.

Accordingly, the working hypothesis is that the electro-optic
response is attributed to ions trapped on or within the PSN that
couple with the applied electric field to impart a mechanical
force on the polymer network. Due to the elastic nature of the
polymer network, when the PSN is bound between two rigid
substrates, this force causes a deformation of the polymer
network parallel to the electric field, with certain regions
showing expansion of the polymer network pitch while other
regions showing compression or no change. As seen in eqn (1)
and (2), an observable change in P will vary the reflective
properties. Upon removal of the electric field, the elastic
properties of the PSN restore the pitch of the PSCLCs and allow
the reflection to return to the original spectral wavelength.

The various optical responses observed in PSCLCs (i.e.
bandwidth broadening, red or blue-shift tuning) can then be

thought of as manifestations of this mechanism with variation
in the nature and distribution of the deformation of the PSN.
Prior studies have investigated the pitch deformation of
PSCLCs under an electric field with fluorescent confocal polar-
ized microscopy (FCPM). FCPM is an adaption of confocal
microscopy utilizing a fluorescent probe in conjunction with
a linearly polarized excitation capable of imaging three-
dimensional patterns dependent on orientational order.71

FCPM’s advantage over traditional microscopy techniques is
through a specific optical setup that reduces the signal above
and below the intended focal point, increasing the depth
dependent resolution.72 If the fluorescent probe is capable of
aligning with the host LC and exhibits dichroic absorbance,
FCPM can reveal the LC director orientation in space.71–76

Previous experiments imaged the pitch in PSCLCs with
multi-photon excitation fluorescence polarizing microscopy
either used a dichroic dye in the host LC or a monoacrylate
fluorescent dye, producing high intensity signals at depths
where the excitation beam and director are parallel, and
minima when they are orthogonal.64,67,77,78 However, these
studies did not allow for correlating the director of the LC host
and the stabilizing network in unison, in addition to only
focusing on one aspect of the optical response.

Accordingly, this report details an examination utilizing
FCPM based on two individual fluorescent probes, one bound
to the PSN and the other in the CLC host. The two signals were
read out in the optical setup shown in Fig. 1(a). The first
dichroic mirror (DM1) reflects the excitation beam to the

Fig. 1 (a) An illustration of the optical imaging setup utilized here. Voltage is applied by electrical contact (DC field) with the PSCLC sample prepared in glass
substrates with ITO layers on each side. The positive electrode was always located on the side of the objective. Abbreviations in the illustration are objective
lens (OBJ), dichroic mirror (DM), and indium tin oxide (ITO). (b) The chemical structures of the fluorescent probes. (Inset) The dichroic ratios (A||/A>) of the
dyes measured at 405 nm in a polymer stabilized nematic liquid crystal (PSNLC), the scans used for this calculation are shown in Fig. S3 (ESI†). (left) Dichroic
(DC) monomer and (right) coumarin-314. (c) Absorption and fluorescent spectra of the PSNLC. The purple line emphasizes the excitation wavelength
(405 nm) used in the confocal imaging and fluorescence emission measurements. The highlighted regions correspond to the detection wavelengths used
to separate the signals in the FCPM. The green and blue lines represent the deconvolution of the fluorescent signal of the dichroic dyes.
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sample while allowing the emission signals to pass through,
the second dichroic mirror (DM2) separates the two emission
signals produced by the different dye molecules, sending them
to individual detectors. The molecular structures, absorption,
and emission for the fluorescent molecules in a polymer
stabilized nematic liquid crystal are detailed in Fig. 1(b and c).

Results and discussion

Here we are concerned with associating the electrically
mediated deformation of the PSN with the change in the pitch
of the host LC through surface anchoring against the PSN, and
its correlation with electro-optic behavior. Accordingly, we have
studied a series of different PSCLC formulations analogous to
formulations that produce distinct optical changes in the
electromagnetic range of visible light (bandwidth broadening,
red-shift tuning, blue-shift tuning). These formulations differ
only by the relative initial pitch length (Po), which have been
shown to respond in a similar manner to their shorter pitch
length analogs, with the relative response dependent only on
the polymerization conditions.79,80

In Fig. 2 the separated signal for a PSCLC under differing
voltages can be seen with the signals for the host CLC (Fig. 2(a
and b)), measured in the spectral range of 450–480 nm accord-
ing to the fluorescence of coumarin-314, and the PSN (Fig. 2(c
and d)), measured between 540–620 nm to capture the signal
produced by the dichroic (DC) monomer. The samples are
oriented with the positive electrode positioned at the top of
the images in Fig. 2(a and c) and on the left for Fig. 2(b and d).
In this PSCLC sample it can be easily observed that the polymer
network has translated towards the negative electrode. This is
highlighted by the higher signal intensity of the PSN near the
negative electrode in Fig. 2(d) as voltage increases indicating a
higher concentration of PSN in this region. Unlike the DC

monomer the coumarin dye is able to flow freely in the system,
such that the concentration is highly decoupled from the
localized concentration of the PSN, especially given the relative
low overall concentration of the polymer network compared to
the host LC. These measurements confirm our experimental
setup and conditions as it should be noted that there is
minimal bleed through between the two signals, the increase
in the PSN signal is not observed in the host CLC signal.

It can also be observed in the intensity curves in the regions
near the negative electrode, corresponding to the region with
the highest compression of the polymer network and therefore
shortest pitch, that both signals no longer exhibit local minima
and maxima. This is not a result of the PSN rotating and
aligning in a single orientation relative to the excitation beam
but rather a compression of the pitch to a length close to the
depth resolution of the FCPM imaging system. It should be
noted that while nearing the region below the system depth resolu-
tion the PSN and host CLC still exhibit oscillation in their signals
observed as inflection points. Noting the peak-to-peak distance for
both the host CLC and the PSN we can see the pitch length
increasing near the positive electrode as the voltage increases. This
would all indicate that a net positive charge is acting on the polymer
network, which matches prior published works.64,67

In order to inspect the correlation between the host CLC and
PSN it is necessary to compare the intensity spectra in a more
quantitative manner. To this end we can find the roots of the
first and second derivative of the intensity signal to determine
the local maxima/minima and points of inflection respectively.
These calculated values will be used as points of interest in
order to determine the degree of correlation between the host
CLC and PSN. Prior assumptions into the mechanism for the
electro-optic response of PSCLCs predicted the chirality of the
polymer network will anchor and change the pitch of the host
CLC. To confirm this the corresponding minima, maxima, and

Fig. 2 FCPM of a PSCLC under various voltages with the signal separated between the (a) and (b) host CLC and (c) and (d) PSN. (a) and (c) Images from a
vertical slice of the 3D FCPM image with different voltages applied (i) 0 V mm�1, (ii) 0.5 V mm�1, (iii) 1.0 V mm�1, (iv) 1.5 V mm�1, the positive electrode is
located at the top of the images. (b) and (d) Normalized averaged fluorescent intensity across the 3D space versus depth for different applied voltages
with the positive electrode located at the left side of the graph. The legend in (b) applies to both (b) and (d) accordingly. (a) and (b) The fluorescent signal
for the host CLC is measured at 450–480 nm while (c) and (d) the fluorescent signal of the PSN is measured at 540–620 nm.
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inflection points are plotted between the host CLC and PSN
(Fig. 3). If the anchoring between the two is sufficiently strong
there should be a linear dependence and, in fact, those points
would be exactly equal for both signals. This relationship is
confirmed in Fig. 3, for each voltage applied the location of the
corresponding points of interest are almost exactly equal. When
compared to the ideal relationship (where all the values for the
CLC host and the PSN are equal), the coefficient of determina-
tion (R2) is almost exactly 1 for all voltages applied. It is notable
that even in the regions where minima and maxima are no
longer observable that the points of inflection of the PSN still
correspond almost exactly to the points of inflection of the
host CLC.

This relationship also holds for samples that are polymer-
ized at higher temperatures that lock in a different initial pitch
lengths (Po) from what is observed at room temperature (Fig. 4).
It is known that heating a CLC can alter the pitch length and is
dependent on the mesophase properties of the LC host and the
selection of chiral dopant.32–34,53 Due to the anchoring proper-
ties of the PSN after a thermally tuned sample is polymerized
and returned to room temperature the pitch length during
polymerization is retained.55,81–83 This results in the pitch
length in the PSCLC beginning farther away from the intrinsic
chirality of the mixture at room temperature even before
voltage is applied. In the samples prepared in Fig. 4 the sample

polymerized at room temperature (Fig. 4(a–c)) has an initial
half pitch length of 2.3 mm while the second sample polymer-
ized at 60 1C (Fig. 4(d–f)) has an initial pitch length of 2.7 mm,
approximately a 17% increase in pitch length. Both samples
exhibited very similar pitch deformations vs. depth (Fig. S4,
ESI†) with both samples reaching a max pitch length roughly
55% larger than Po and a maximum compression of roughly
45% for each, both samples were only taken to 2.0 V mm�1 due
to degradation at 2.5 V mm�1. The 55% increase in pitch length
of the sample polymerized at 60 1C is equivalent to an 82%
increase in the pitch compared to the intrinsic pitch length
observed at room temperature. Therefore, the tuning range of
the PSCLCs in our studies appear to be limited by the mechan-
ical properties of the PSN not by the strength of the surface
anchoring.

Now that the relationship between the director rotation of
the host CLC and PSN has been shown it is suitable to use the
minima, maxima, and inflection points to determine the pitch
as a function of depth for differing PSCLC formulations that
would exhibit different electro-optic responses. To this end we
compare three samples in Fig. 5 that are representative of
PSCLCS that would produce bandwidth broadening, red-shift
tuning, and blue-shift tuning respectively. The pitch length was
calculated using the distance between nearest neighbor points
of interest from each signal individually, then the combined
calculated data set was spline fit to see the depth dependent
pitch variation. To validate the fitting eqn (3) was used to
calculate the total number of pitches (NP) in the sample, where
P(z) is the calculated pitch as a function of depth and d is the
total cell gap distance:

NP ¼
ðd
0

1

PðzÞdz (3)

In the absence of rotation of the PSN the value would be a
constant, this was confirmed for all the samples shown in
Fig. 5.

The three separate electro-optic responses shown in Fig. 5
are bandwidth broadening (a), red-shift tuning (b), and blue-
shift tuning (c). For all three responses the positive electrode is
located on the left of the graph (depth equals 0). Other than the
pitch length (Po E 3 mm) and inclusion of the dichroic dyes
these formulations are identical to typical samples that would
be formulated for their reflection to appear in the visible or
near IR region (Po E 0.300–1.5 mm). Despite very similar
compositions, photoinitiator choice and polymerization condi-
tions create unique pitch deformations, and therefore distinct
electro-optic responses under voltage, where the specific con-
ditions are noted in the caption for Fig. 5.

Bandwidth broadening results in an increase in the band-
width of reflection that cannot be accounted for through a
uniform pitch increase (eqn (1) and (2)). It would be expected
that in order for the response to occur there needs to be a
balance of regions with pitch expansion and compression.
Previous attempts at modelling this response had predicted a
linear deformation.64 However, that is not the case, as seen in

Fig. 3 Comparison of the points of interest of the host CLC and PSN
fluorescent intensity signal. (a)–(d) The x axis is the depth location of points
of interest in the CLC host (ZHost), the y-axis is the depth location of points
of interest in the PSN (ZPSN). The location of the minima and maxima (blue)
were calculated with the roots of the first derivative (dI/dz = 0), the points
of inflection (red) were calculated with the roots of the second derivative
(d2I/dz2 = 0). The R2 value inset corresponds to the coefficient of
determination for the data points compared to the idealized correlation
(yellow), ZHost = ZPSN. This data is from the same sample as shown in Fig. 2,
with applied voltages being (a) 0 V mm�1, (b) 0.5 V mm�1, (c) 1.0 V mm�1,
(d) 1.5 V mm�1.
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Fig. 5(a) the pitch deformation in a broadening sample is due to a
significant change in the pitch length from the regions near both
the electrodes, with limited change in the pitch length in the center.

In Fig. 5(b) a red-shifting sample is examined, at low
voltages the deformation looks very similar to the broadening
sample in Fig. 5(a), which is expected from previous electro-
optic experiments where red-shifting samples begin with slight
broadening before the reflection begins to tune. In addition, we
observe an expansion of pitch near the positive electrode, and
compression near the negative electrode, indicating red-
shifting along with bandwidth broadening are cation mediated.
However, at higher voltages the similarity in deformation
begins to diverge. The red-shifting samples see pitch expansion

over a much larger depth, with more of a plateau in the
expanded region. This is sensible due to the retention of a
narrower bandwidth reflection seen in these samples, from
optical calculations it has been shown that to maintain an
efficient and narrow bandwidth reflection it is necessary to have
a certain number of pitches in a row, for high birefringence
CLCs that number is accepted as approximately 10.24,25,28,84 To
balance the larger expanded region the pitch compression
occurs over a shorter region with a larger slope (dP/dz) compared
to the compressed region in the broadening sample.

Curiously, the blue-shifting sample (Fig. 5(c)) has a signifi-
cantly different response, the compressed region is near the
positive electrode. This tells us that the specific formulation

Fig. 4 PSCLCs formulated with 3 wt% of left-handed chiral dopant S811, 6 wt% LC monomer, and 0.5 wt% radical photoinitiator I-369, polymerized at
(a)–(c) 22 1C and (d)–(f) 60 1C. FCPM signal intensity vs. depth at various voltages are shown for the (a) and (d) host CLC and (b) and (e) PSN. (c) and (f)
Correlation between the points of interest ((blue) roots of the first derivate, (red) roots of the second derivative) for both samples comparing the CLC host
(ZHost) and the PSN (ZPSN) at various voltages (i) 0 V mm�1, (ii) 0.5 V mm�1, (iii) 1.0 V mm�1, (iv) 1.5 V mm�1, (v) 2.0 V mm�1. The R2 value inset corresponds to
the coefficient of determination for the data points compared to the idealized correlation (ZHost = ZPSN).
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and polymerization conditions necessary for creating an blue-
shifting electro-optic response produce an overall negative
charge within the polymer network. From an optical perspec-
tive the plateau of the compressed pitch explains the strong
blue shifted reflection, the linear like pitch gradient between
the compressed and expanded plateaus is also expected due to
the typical ‘‘tail’’ seen at higher wavelengths adjacent to the
main reflection notch in blue-shifting samples.85,86

Blue shifting samples are an interesting category of electro-
optically active PSCLCs in that they can only be created with
specific radical photoinitiators at high concentrations with
significantly higher UV exposure during polymerization.85 In
Fig. 6 the role of initiator concentration as well polymerization
conditions are studied for their effect on conductivity. Con-
ductivity is a function of both charge concentration as well as

charge mobility, an increase in the ion density will increase the
conductivity while trapping ions will decrease the mobility of
ions therefore decreasing conductivity. In Fig. 6 conductivity is
shown for samples with varying concentrations of the radical
photoinitiator I-369 prior to polymerization (CLC) and as
PSCLCs. Group 1 of the PSCLCs has consistently lower con-
ductivities compared to group 2, with the difference between
the two groups being the UV exposure conditions. Group 1 is
polymerized with an intensity of 50 mW cm�2 for 10 min, while
group two is exposed at 250 mW cm�2 for 30 min. UV exposure
is known to be a common source of ion generation in liquid
crystals, in addition to a number of other sources that make up
the components of a liquid crystalline cell.87–91 It should be
noted that for group 1 polymerizations with 0.5 and 1.0 wt% of
I-369 are lower than the beginning CLC mixture, this indicates
ion generation is likely lesser than or at least on par with ion
trapping during polymerization, this is similar to earlier find-
ings that has shown the inclusion of small concentrations of LC
monomer reduces ionic density upon polymerization.56,57 As
the concentration of initiator gets higher so does the final
conductivity, since the monomer concentration is the same for
all mixtures it seems possible that with a quick polymerization
(typically less than 10 s) there may be excess photoinitiator that
can assist in the photodegradation that occurs with exposing
organic molecules to UV light. Specifically, with I-369 that
process appears to produce excess anionic species, at least
within the polymer network.

Conclusions

The pitch deformation of the polymer stabilizing network and
the CLC host were monitored when subject to an electrical field
using a dual fluorescent probe system in a polarized confocal
microscope. These experiments confirmed that the electro-

Fig. 5 Half pitch length (P/2) vs. depth under different electric field
strengths (noted in inset legends), for all samples the positive electrode
is located on the left side of the graph. Each sample has unique poly-
merization conditions to produce the specific response, all samples contain
6 wt% LC monomer in a custom eutectic CLC mixture polymerized with
exposure to a 365 nm floodlight. (a) Bandwidth broadening sample pro-
duced with the inclusion of 0.5 wt% of the radical photoinitiator I-651
polymerized at 50 mW cm�2 for 10 min. (b) Red-shift tuning samples
produced with the inclusion of 0.5 wt% of the radical photoinitiator I-369
polymerized at 50 mW cm�2 for 10 min. (c) Blue-shift tuning samples
produced with the inclusion of 1.5 wt% of I-369 at 250 mW cm�2 for 30 min.

Fig. 6 Conductivity measurements as a function of the radical photo-
initiator (I-369) concentration and polymerization conditions, (black) CLC
prior to UV exposure, (yellow) after exposure to UV light at 50 mW cm�2

for 10 min, (red) after exposure to UV light at 250 mW cm�2 for 30 min.
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optic response of PSCLCs is directly associated with the anchor-
ing of the host CLC to the structurally chiral PSN. While this
has been hypothesized previously, this study is a direct con-
firmation that the structural chirality of the polymer stabilizing
network and the associated distortion of it by an electric field
overrides the formulated chemical chirality of the CLC host.
Interestingly, it was also shown that with sufficient concentra-
tions of the photoinitiator I-369 and higher UV exposure during
polymerization, the mechanism for the deformation of the
polymer network transitions from cation mediated to anion
mediated. The specific generation of ionic species and their
location requires further study as well as the limit of the PSN’s
ability to anchor the host CLC away from the intrinsic chirality.

Methods

Structures for various chemicals used in this study can be
found either in Fig. 1 and Fig. S1 or Fig. S2 (ESI†).

Synthetic materials

All chemicals and solvents were used as received. 4-Methoxy-
phenylboronic acid, 4,7-dibromo-2,1,3-benzothiadiazole, 6-
bromo-1-hexanol, tetrabutylammonium bromide were received
from AmBeed. Tetrakis(triphenylphosphine)palladium(0), 1,4-
dioxane, K2CO3, acrylic acid, p-toluenesulfonic acid, toluene,
DMF from Sigma, and hydrogen bromide (33% w/v) in acetic
acid from Alfa Aesar.

NMR measurements

NMR spectra were collected on a Bruker Avance-III 400 MHz
NMR at room temperature in either CDCl3 or DMSO-D6 (Sigma).

Sample preparation

Mixtures were prepared with a eutectic mixture consisting of
40 wt% 1-ethoxy-2,3-difluoro-4-(trans-4-pentylcyclohexyl)benzene,
30 wt% 2,3-difluoro-1-methyl-4-[(trans,trans)-40-propyl[1,10-bicyclo-
hexyl]-4-yl]benzene and 20 wt% (trans,trans)-4-(4-ethoxy-2,3-
difluorophenyl)-40-propyl-1,10-bi(cyclohexane) serving as the base
mixture, all three weicomponents were used as received from
AmBeed. The liquid crystalline monomer RM82 (Willshire Tech-
nologies), left-handed chiral dopants S811 and S1011 (Merck)
were added to the base mixture and melt mixed to form the
CLC. The two dichroic dyes, Coumarin-314 (Sigma) and DC
Monomer (synthesis shown in Fig. S1, ESI†)92 were dissolved in
acetonitrile (Sigma) and added to the CLC mixture, the acetoni-
trile was pulled off under a vacuum for 24 h in the dark. Either
photoinitiator 2,2-dimethoxy-2-phenylacetophenone (I-651, iGM
Resins) or 2-benzyl-2-dimethylamino-1-(4-morpholinophenyl)-
butanone-1(I-369, iGM Resins) was added and the complete
solution was melt-mixed after removal of the acetonitrile. The
mixtures were capillary filled into glass cells on a hot plate at 50 1C
and held at that temperature for 5 minutes before cooling to room
temperature. After cooling the samples were polymerized at room
temperature under a UV Flood Lamp (365 nm, 50 mW cm�2,
10 min) (Dymax-RediCure).

FCPM measurements

Electro-optic cells were prepared using ITO coated glass (Color-
ado Concepts Coatings) and ITO coated coverslips (SPI Sup-
plies). Both pieces of glass were spin coated with Elvamide
(DuPont) dissolved in methanol (0.125 wt%). The glass was
then rubbed with a cloth to produce an alignment layer. The
glass was glued together with an optical adhesive (Norland 68)
mixed with glass spacers (Nippon) in antiparallel alignment.
FCPM imaging was done using an Olympus FV 3000 IX-81
microscope system with a 100� objective (NA = 1.4) and with
the coverslip side of the cell on the objective side. Voltage was
applied so that the positive electrode was always on the cover-
slip. The excitation wavelength was 405 nm, DM1 was set to
reflect 405/488 nm light, DM2 was set to reflect 400–495 nm,
the detector wavelength ranges are displayed in Fig. 1.

Absorbance and fluorescence

Absorbance was measured with an Agilent Cary 7000 UV-VIS
utilizing an auto-polarizer to measure parallel and perpendi-
cular to the director. The polymer stabilized nematic liquid
crystal (PSNLC) samples were prepared the same as above
except without the chiral dopants. Fluorescent measurements
were taken on the same samples with a Horiba FL3-2 with
405 nm excitation. The measurements were taken on a sample
contained in a glass cell prepared with uncoated glass (Color-
ado Concepts Coatings) and a 10 mm cell gap.

Electrochemical impedance

The CLC mixtures were filled into glass cells obtained from
Instec Inc. (S type, 1 cm2 active ITO area (100 O sq�1), 20 mm cell
gap, planar alignment layer with anti-parallel rubbing angles).
The cell was placed in the Instec LCH-S11 cell holder and
connected to a Gamry 600+ potentiostat. Impedance was mea-
sured between 0.1–106 Hz with an AC VRMS of 100 mV and 0 V
DC bias. Conductivity (s) was calculated based on established
methodology using the following equation:63

s = 2pf*e00 (4)

where f is the frequency and e00 is the imaginary part of the
dielectric constant.

Conflicts of interest

The authors have no conflicts to declare.

Acknowledgements

This work was enabled by support from the Air Force Office of
Scientific Research (AFOSR, B. P. R., T. J. W.). B. P. R. also
acknowledges partial fellowship support via the Graduate
Assistance in Areas of National Need (GAANN) fellowship
through the Department of Education (DOE). I. I. S. acknowl-
edges the hospitality of the International Institute for Sustain-
ability with Knotted Chiral Meta Matter (WPI-SKCM2) at
Hiroshima University in Japan during his sabbatical stay.

Soft Matter Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 4
/1

0/
20

26
 2

:4
3:

39
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sm01558k


1822 |  Soft Matter, 2024, 20, 1815–1823 This journal is © The Royal Society of Chemistry 2024

References

1 M. F. Schiekel and K. Fahrenschon, Appl. Phys. Lett., 1971,
19, 391–393.

2 J. F. Nye, Physical Properties of Crystals, Oxford University
Press, Oxford, 1985.

3 D. Dunmur, in Handbook of Liquid Crystals, ed. J. Goodby,
P. Collings, T. Kato, C. Tschierske, H. Gleeson and
P. Raynes, Wiley-VCH, Weinheim, 2nd edn, 2014, vol. 2.

4 M. Schadt and W. Helfrich, Appl. Phys. Lett., 1971, 18,
127–128.

5 G. H. Heilmer, L. A. Zanoni and L. A. Barton, Proc. IEEE,
1968, 56, 1162.

6 G. H. Brown and W. G. Shaw, Chem. Rev., 1957, 57,
1049–1157.

7 T. Geelhaar, K. Griesar and B. Reckmann, Angew. Chem., Int.
Ed., 2013, 52, 8789–8809.

8 P. J. Collings and M. Hird, Introduction to Liquid Crystals,
Taylor & Francis, London, 1997.

9 J. W. Goodby, E. J. Davis, R. J. Mandle and S. J. Cowling, in
Handbook of Liquid Crystals, ed. J. H. Goodby, P. J. Collings,
T. Kato, C. Tschierske, H. F. Gleeson and P. Raynes, Wiley-
VCH, Weinheim, 2nd edn, 2014, vol. 1.

10 P. G. De Gennes and J. Prost, The Physics of Liquid Crystals,
Oxford University Press, Oxford, 2nd edn, 1993.

11 H. K. Bisoyi and Q. Li, Chem. Rev., 2022, 122, 4887–4926.
12 L. L. Ma, C. Y. Li, J. T. Pan, Y. E. Ji, C. Jiang, R. Zheng,

Z. Y. Wang, Y. Wang, B. X. Li and Y. Q. Lu, Light: Sci. Appl.,
2022, 11, 270.

13 J. W. Goodby, J. Mater. Chem., 1991, 1, 307–318.
14 Chirality in Liquid Crystals, ed. H.-S. Kitzerow and C. Bahr,

Springer-Verlag, New York, 2001.
15 I. Dierking, Symmetry, 2014, vol. 6, pp. 444–472.
16 A. Taugerbeck and C. J. Booth, in Handbook of Liquid

Crystals, eds. J. W. Goodby, P. J. Collings, T. Kato,
C. Tschierske, H. F. Gleeson and P. Raynes, Wiley-VCH,
Weinheim, 2nd edn, 2014, vol. 3.

17 H.-G. Kuball and H. Brüning, Chirality, 1997, 9, 407–423.
18 H.-G. Kuball, Liq. Cryst. Today, 1999, 9, 1–7.
19 G. W. Gray and D. G. McDonnell, Mol. Cryst. Liq. Cryst.,

1977, 34, 211–217.
20 G. Gottarelli and G. P. Spada, Mol. Cryst. Liq. Cryst., 1985,

123, 377–388.
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