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Preface

This dynamic book is about the future. Its contributions advance our understanding
of liquid crystals and their applications in many ways beyond well-known display
technology. It is about the field’s next stage and a possible revolutionary application—
the liquid crystal sensor. Will this novel application of such soft matter materials
eventually blossom into a technology as broad and global as the display? Liquid crys-
tal sensors—Ilightweight, inexpensive, and often easy to fabricate—could become
major players in the burgeoning industry of sensor technology.

No one could have predicted that the unusual phenomenon discovered by Friedrich
Reinitzer nearly 130 years ago would launch a material employed around the world
for its electro-optic behavior. Trying to measure the melting point of a cholesterol
substance, the Austrian botanist and chemist observed two melting points—one
characterized optically by a cloudiness followed by a transition into a more tradi-
tional transparent liquid. At first, he suspected impurities, but purification had no
effect. He sought help from the German physicist Otto Lehmann, who proposed the
intermediate state was a novel and unique kind of order and became the father of
liquid crystal science.

Today, this intermediate state of matter, exhibited by thousands of substances, is
well established and thoroughly studied. But perhaps even more impressive than its
complex nature is the impact that liquid crystals have had worldwide. Reinitzer and
Lehmann would be amazed to see how their discovery shaped the information age.
Liquid crystal displays, in TVs several feet wide, hang on walls in family rooms,
bedrooms, and hotel rooms; they sit on desktops in homes and offices; they shine
from laptop computers. They generate some $100 billion a year.

Many alternatives have sought to displace liquid crystal displays, but the mature
liquid crystal technology is ever advancing, with a growing research field and
expanding market that it dominates for the foreseeable future. Now the question is:
How can liquid crystals find application in other areas? What is the next liquid crys-
tal revolution? Will it flourish as much as liquid crystal displays?

One area now gaining many liquid crystal scientists’ attention is sensors. The
innate fragility of the liquid crystal phase and its inherent sensitivity to various
external stimuli offer intriguing possibilities for sensor applications. Small pertur-
bations or disruptions locally can propagate and be amplified throughout the bulk
material—a small disruption can result in a more macrosignal, such as an optical
change.

One focus of contributions in this book is the cholesteric liquid crystal and its
inherent pitch, bandwidth, handedness, sensitivity to external stimuli, and how small
influences can trigger some large, often optical, measurable signals. These choles-
teric materials, although more robust and stable today, are the same phase Reinitzer
observed well over a century ago. The contributions also discuss liquid crystal poly-
mer sensors, electro-optical-based sensors, and microfluidics.

With so many contributions from experts in the field, we are trying to discern
whether sensors are the next technology thrust of liquid crystal materials.
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Worldwide, sensors are a flourishing field with increasing applications, easily
accessible by computers and the Internet. Mature sensor technologies are already
competing for market share. For liquid crystals to break into this market in a sig-
nificant way, they must demonstrate advantages over entrenched technologies. Some
advantages revealed in these contributions include solution processability, including
the potential to print them precisely with an inkjet printer, polymer encapsulation,
spray coating, and simple spin coating techniques that process thin layers on sub-
strates. Many of these attributes and processes may open a way into the established
sensor market for liquid crystals because they offer easy and inexpensive processing,
without using large-scale production and expensive processing equipment, and can
be integrated into standard manufacturing.

It took nearly 80 years for the liquid crystal phase to be transformed into some-
thing really practical, starting with simple displays on wristwatches and calcula-
tors, but only a few decades to turn into a game-changing technology that enabled
portable and desktop computing and large-area entertainment displays. Will liquid
crystals be the next revolution in sensor technology? It is still early, but we believe
there is real potential for liquid crystal sensors someday to have that same global
impact that displays now provide.

We are confident you will enjoy the following contributions as much as we have.

Albert P. H. J. Schenning
Gregory P. Crawford
Dirk J. Broer
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1.1 INTRODUCTION

The cholesteric phase of liquid crystals (LCs) presents a macroscopic helical struc-
ture, which was first observed by Reinitzer in 1888.! Since then, the cholesteric
phase, also known as the chiral nematic phase, can be introduced by external chiral
molecules in the nematic phase rather than cholesterol. As shown in Figure 1.1, the
spatial orientation of the rod-shaped molecules (or mesogens) spontaneously rotates
by a constant angle along the direction of helical axis in cholesteric liquid crystals
(CLC:s). The helical sense of the director is nonsuperimposable on its mirror image;
thus, it is determined by the configuration of the chiral group within the molecule
and it can be expressed as the positive sign (+) for right-handed (RH) helix and the
negative sign (—) for left-handed (LH) helix, respectively. The helical pitch, p, is the
distance over which the LC molecules rotate 27 twist. This periodic helical arrange-
ment of the molecules causes unique selective reflection of light according to the
Bragg regime.

The helical “structural colors” of CLC, distinguishing from the pigment, is
omnipresent in living matter.>> The Bragg reflection wavelength ) is defined by
A =n X p, where n = (n, + n.)/2 is average refractive index of LCs, while n, and
n, are the ordinary and extraordinary refractive indices, respectively. The reflection
bandwidth AXis given by AN = A, — Apin = (1. — 1) X p = An X p, where An
is the birefringence of the LC molecules. When unpolarized light passes through
CLC, the circularly polarized light of same handedness gets reflected, whereas
opposite handedness gets transmitted, leading to only 50% reflection of unpolarized
light (Figure 1.2). Moreover, the wavelengths of reflected light depend on pitch of
CLC. Therefore, the helical pitch, p, and the helical orientation are the two important
parameters to determine the reflection of light.

min
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FIGURE 1.1 Schematic representation of helical structure of the cholesteric liquid crystal
phase with different handedness.

CLCs can be obtained in two different ways. First, by having the molecules con-
sisting of the cholesteric phase, intrinsically. And the second way is to dissolve chiral
molecules into achiral nematic LC host, and the nematic phase is transformed into
a cholesteric phase. The ability of a chiral dopant to induce twist deformation of an
achiral nematic LC is defined as helical twisting power (HTP, value 3). This inherent
parameter of chiral dopant depends on the host—guest combination in LC medium,®
and is quantified as: B = 1/(p X e.e. X c), where e.e. is the enantiomeric excess
of chiral dopant and c is the chiral dopant concentration. To obtain a certain pitch
length or reflective wavelength of CLC, it is possible to adjust the doping concen-
tration of the chiral molecule by the above equation. The advantage of the second
method is that the properties of CLCs can be tuned easily depending on the require-
ment of the particular application.

In general, A\ displays the width of the bandgap at half height within 100 nm
because An is typically less than 0.3. This narrow optical bandgap together with
reflection of only one polarization of light makes a major limitation in many areas

1004

504

Transmittance (%)

0 ' L :
M }"0 lmax

min

Wavelength (nm)

FIGURE 1.2 The selective light reflection property of the cholesteric liquid crystal phase.
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of application, such as reflective colored displays, optical communication devices,
and energy-saving windows. Herein, this chapter focuses on the cholesteric liquid
crystalline materials presenting the enhancement in the reflection bandwidth across
infrared (IR), visible, and ultraviolet (UV) region, which is fabricated in the presence
of external stimuli such as mechanical pressure, temperature, electric/magnetic field,
and light irradiation. This enhancement in the reflection bandwidth could be very
useful for the applications of fiber-optic communications, laser emissions, integrated
optics, biosensing, photo-activation, and laser protection.””

1.2 BROADENING THE REFLECTION BANDWIDTH

As mentioned above, the reflection bandwidth A\ of a uniformly pitched CLC is
usually limited to few tens of nanometers due to limited An. Narrow reflection
bandwidth is the limitations for many of the applications such as full-color reflec-
tive polarizer-free displays, broadband polarizers, light enhancement films, smart
switchable windows, or IR-stealth, the bandwidth must be dramatically increased.
Therefore, extensive investigations have been made on the wide-band reflection of
CLCs in the decades.

To significantly increase the bandwidth of the selective reflection, a helical
pitch that varies along the director is required. Then, the bandwidth is mainly
determined by the pitch difference Ap, that is, AA=n x Ap. Thus, CLC films
having nonuniform pitch distribution (gradient or nongradient pitch distribution)
can substantially broaden the reflection bandwidth. Based on the idea, novel CLC
materials and innovative cholesteric-liquid-crystalline architectures have been
developed.

As it is known, the LC structures can be freezed by photopolymerization of LC
monomers.'*-> By the selection of monomers and the optimization of curing con-
ditions, desired mesogenic order can be freezed by the polymer network formed
upon UV irradiation. When the UV-light intensity is locally controlled throughout
a sample, composition gradients in the blends may occur due to the diffusion of
reactive mesogens, creating local changes in properties such as refractive index,
birefringence, or switching ability. Thus spatial modulation of structures and com-
plex molecular arrangements of LC can be achieved. Photoinduced diffusion with
simultaneous polymerization in a layer of CLC materials has been an elegant tool for
creating pitch gradient.

Broer et al. firstly reported the method to achieve a CLC film with broad bandwidth
over the entire visible spectrum.'®-2> The materials used in their research comprise
CLC diacrylate monomer, nematic liquid crystal (NLC) monoacrylate monomer,
photoinitiator, and UV-absorbing dye, as shown in Figure 1.3a.?2 Due to the presence
of a UV-absorbing dye, a UV-intensity gradient occurred in the transverse direction.
Therefore, the polymerization at the surface close to the source is much faster than
at the bottom of the layer. Since the UV reactivity of the CLC diacrylate monomer
is higher than that of NLC monoacrylate monomer, depletion of the diacrylate near
the top generates a concentration gradient, causing diffusion of diacrylate toward the
side of the composite layer with stronger UV intensity (Figure 1.3b).25 To this mate-
rial system, the pitch length decreases with increasing fraction of a chiral component
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in the CLC composite, causing the pitch to vary over the cross section; thus, the
prepared polymer film has a pitch gradient of about 270—450 nm, reflecting incident
light with the wavelength range of 400-750 nm, as shown in Figure 1.3c and d.?
This method to fabricate a pitch gradient increasing from top to bottom in the CLC
film by controlling the kinetics of photopolymerization has been commonly used to
broaden the reflection bandwidth of CLC.

In order to create a UV-light-intensity gradient over the film thickness, a
UV-absorbing dye is usually required. Mitov et al.?6-2” discovered that the LC constit-
uent of the gel possessed natural absorbing properties; thus, a UV-intensity gradient
can occur in the transverse direction without the intervention of dye. The broadband
reflective liquid crystalline gels can be obtained under asymmetrical conditions for
the irradiation. The materials used in the research comprise a room-temperature
CLC, bifunctional photoreactive nematic mesogens, and photoinitiator. Before cur-
ing, A for the composite is about 80 nm. After curing by irradiation of a UV-light
beam on one side of the cell, A\ is significantly increased to about 220 nm, as shown
in Figure 1.4a. When the cell is irradiated by UV light on both sides at the same time,
the phenomenon of broadening of the reflection band was much less significant com-
pared to the asymmetrical illumination conditions. Transmission electron micros-
copy (TEM) images of the cross sections indicate a network of oriented polymer
chains and a polymer gradient from the top to the bottom of the cell, especially when
the irradiation conditions are asymmetrical, as shown in Figure 1.4b.2° Moreover, a
symmetric or nonsymmetrical broadening can be obtained around the central wave-
length by controlling curing conditions. This method is also applied to different CLC
blends, and generic nature of the procedure was demonstrated.?8-30

The variation of chiral dopants to induce the pitch gradient throughout the cross
section of the film can also be achieved in other ways. For example, Mitov et al. firstly
fabricated a pitch gradient in a cholesteric (Ch) structure using glass-forming Ch
oligomers by thermal diffusion between CLC layers with different pitch length.3!-3
The structure of molecule used is shown in Figure 1.5a, and the reflected light rang-
ing from blue to red can be simply tuned by changing the molar percentage of chiral
mesogens in the oligomer molecule. The fabrication procedure of the films with pitch
gradient is schematically illustrated as shown in Figure 1.5b. Two glass plates that
were separately coated with thin Ch films reflect red and blue colors, respectively, and
were used to fabricate the cell. By controlling thermal diffusion of molecules in the
cell at the temperature above the glass transition temperature 7, a transverse concen-
tration gradient was generated and subsequently pitch gradient was established. After
quenching it to room temperature, the pitch gradient can be frozen in the glassy solid
film. Moreover, the bandgap features can be tuned simply by varying the annealing
time. By this simple method, the wavelength bandwidth can be broadened by more
than 300 nm with the transmittance that exhibits a broad bandgap with a plateau
inthe visible spectrum, as shown in Figure 1.5¢. The TEM cross section of film shows
that a regular and continuous transverse pitch gradient, which means the periodicity,
smoothly changes from the red to the blue part of the film (Figure 1.5d).

Furthermore, due to the limitations that the helical structure of a conventional
glassy CLC is strongly influenced by fluctuations of the temperature and is stable
only at temperatures much lower than the glass-transition temperature, an alternative
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FIGURE 1.4 (a) Transmittance of a polymer-stabilized cholesteric liquid crystal before and
after curing when the cell is irradiated with UV light from a single side. (b) TEM cross sections
of polymer network of polymer-stabilized cholesteric liquid crystals after removal of the LC
and embedding in a resin matrix. The cell was irradiated under: (i) from a single side and (ii)
from both sides simultaneously. (Reprinted with permission from Relaix, S.; Bourgerette, C.;
Mitov, M. Appl. Phys. Lett. 2006, 89, 291507. Copyright 2006, American Institute of Physics.)

to this method consists of carrying out a polymerization of pitch gradient, thus the
pitch gradient of broad reflection bandwidth is formed and kept effectively and per-
manently, improving the thermal stability largely.38-40

On the other hand, the pitch gradient can also be induced by concentration diffu-
sion of chiral dopants between layers. Sixou et al. obtained a CLC film with broad
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8 Liquid Crystal Sensors

FIGURE 1.5 (Continued) Cross sections are represented. Step 1: Two cholesteric films
with red and blue colors are coated on separate glass plates. Step 2: A sandwich cell is fab-
ricated with these open films. Step 3: The cell is annealed for a variable time above the
glass-transition temperature. A transverse concentration gradient occurs. Step 4: The cell
is finally quenched at room temperature. The concentration gradient, and consequently the
pitch gradient, is frozen inside a solid film. (c) Transmittance of bilayer cholesteric film at
different annealing times during Step 3 of Figure 1.5b. The bandgap is tunable by control-
ling only the annealing time. The change is irreversible. (Mitov, M.: Adv. Mater. 6260. 2012.
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.) (d) TEM
cross-section of the cholesteric film after 25 min annealing and quenching at room tem-
perature. The fingerprint texture exhibits a continuous periodicity gradient. (Reprinted with
permission from Zografopoulos, D. C. et al. Phys. Rev. E 2006, 73, 061701. Copyright 2006
by the American Physical Society.)

bandwidth in the cell assembled by two glasses that were coated with nematic or
cholesteric monomer films. The composition gradient in the cell induces diffusion
over the film thickness leading to a gradual change of the helical pitch over the cross
section of the cell. The texture containing the pitch gradient is then blocked by pho-
topolymerization. In the method, the factors of HTP of chiral dopant, concentration,
and contact time play an important role.**?

All the above methods to broaden reflection bandwidth of CLC are based
on creating pitch-gradient distribution. Distinguishingly, Yang et al. reported a
CLC gel film with broad bandwidth by creating a nonuniform pitch distribution
through mixing polymerizable particles with different pitches.**-*¢ This method
does not require complicated synthesis of the CLC diacrylate monomer and pre-
cise control of UV-intensity gradient, while the bandwidth and the location of the
reflection band can be controlled accurately according to experimental design.
For example, the materials used are photopolymerizable monomer (C6M)/chiral
dopant (ZLI-4572) composites that mixed uniformly by solvent evaporation. The
desired mixture powders were prepared through crush and filtration in crystal-
line (Cr) state at room temperature. Adjusting the concentration of ZLI-4572, the
particles with different pitch length can be obtained, and they exhibit phase tran-
sition from Cr to Ch at about 355 K. By mixing particles with different pitches in
the Cr phase in different weight proportion and cross-linking the LC monomer
molecules by photopolymerization in the planar oriented Ch phase, CLC films
with nonuniform pitch distributions are obtained. Moreover, the bandwidth of the
reflection spectrum and the location of reflection band of the composite films can
be controlled accurately by controlling the pitch lengths of the Ch phase of the
particles, as shown in Figure 1.6.4344

Based on the methodology of Broer, a novel method to fabricate asymmetrical
superwide pitch-gradient distribution is proposed by controlling mesogenic phase
structural transition of photopolymerizable acrylate monomer mixtures that pre-
sented phase transition between Ch and smectic (SmA) phases.*’ It has been known
that in a small temperature interval just above the transition from Ch to SmA, a dras-
tic change in pitch may occur, which is the result of the formation of SmA-like short-
range ordering (SSO) structure.*-5' The materials used in the research are shown
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10 Liquid Crystal Sensors

in Figure 1.7a, and the fabricating procedure of the films is illustrated in Figure
1.7b, where the nematic monoacrylate, nematic diacrylate, smectic monoacrylate are
denoted as NM, ND and SM, respectively. At the initial state, the cell is at the tem-
perature of CLC phase to adopt a planar orientation. Upon UV-light irradiation, a
light-intensity gradient and the upward diffusion making a concentration gradient of
ND, as illustrated in Broer’s reports. Differently, ND concentration gradient causes
a gradient of the SSO. Then a nanostructure transition from Ch to SSO may occur
at the film depth at which the transition temperature and irradiation temperature
meet (Ty5o = T;). Moreover, a decrease in ND concentration (curve a) results in a
relative increase of SM concentration, thus a decrease of pitch length in Ch layer.
For SSO, the pitch length increases rapidly with decreasing temperature, leading
to the formation of SSO layer with a large pitch length gradient. By controlling the
curing temperature to be close to SmA—Ch phase transition, a novel architecture
that combined Ch and SSO nanostructures can be obtained. To achieve this kind of
films, the formation of SSO is a crucial factor. As shown in Figure 1.7c and d, the
bandwidth of Film 0 that without UV-absorbing dye is only about 170 nm and subtle
pitch gradient is observed from scanning electron microscopy (SEM) images. Film
la that irradiated at a temperature close to SSO phase has a superwide pitch length
distribution. It exhibits an extremely broad bandwidth of almost 11 pm. While Film
1b which is fabricated by curing at 15 K above the Ch—SmA phase transition has
a much smaller pitch gradient than that of Film la. Furthermore, by adjusting the
concentration of monomers, the transmission spectrum of a polymeric film can be
changed. For example, Film 2 (Figure 1.7c) possesses an ultra-broad bandwidth of
about 13 pm, and it is the widest reflection bandwidth that has been reported so far.

1.3 STIMULI-RESPONSIVE REFLECTION BAND

CLCs are smart materials with stimuli-response function. Their helical pitch, p,
can be precisely modulated by endowing a variety of external and dynamic stim-
uli such as electric field,” heat,> and light.>* The controllability of optical per-
formances, including reflection wavelength shifting, reflection bandwidth change,
and nonreflection mode switching, enable CLCs as an important class of intel-
ligent materials.

Among various external stimuli, the electrically controllable CLCs are the most
promising for real technological applications. Till date, the electrically controllable
dynamic optical responses have been examined in both nonpolymerizable and poly-
mer-stabilized CLCs (PSCLCs) to enable electric field switching or pitch distortion
for reflection bandgap switching,>>>¢ tuning,”” and broadening.*%-¢!

Lavrentovich et al.®> proposed an oblique helicoid structure of CLCs to produce
electrically tunable selective reflection of light in an exceptionally wide spectral
range from UV to near-IR (360-1520 nm). The applied electric field acts along the
helical axis and tends to realign the LC molecules along itself. Upon adjustment
of the amplitudes of the electric field, the pitch p is changed, thus leading to a pre-
cise modulation of the wavelength and bandwidth of the selective reflection peak
(Figure 1.8a). As shown in Figure 1.8b, with reducing the electric field, the CLCs
show a sequence of redshift in the wavelength of reflection band, from UV to visible
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12 Liquid Crystal Sensors

FIGURE 1.7 (Continued) a, the temperature region of the existence of the SSO b and irradi-
ation temperature 7; versus the thin-film depth (right). The film having Ch and SSO is formed
when 7 is just above the temperature region of the existence of SSO, Tysn. (¢) Transmission
spectra of Films 0, 1a, 1b, and 2. (d) SEM images of the fractured surface of Films la, 1b,
and 0. (i) SEM image of Film 1a shows a very great pitch gradient; (ii) magnified SEM image
of Area I; (iii) SEM image of Film 1b; (iv) magnified SEM image of Area II also shows a
pitch gradient; (v) SEM image of Film 0; (vi) magnified SEM image of Area III shows subtle
pitch gradient. (Reproduced with permission from Zhang, L. et al. Lig. Cryst. 2016, 43, 750.
Copyright 2016, Taylor & Francis Inc.)

blue, then green, orange, red, and finally, near IR. This was also further confirmed
by polarizing optical microscope textures shown in Figure 1.8c.

A fast electrically switchable reflectors with narrow and broad bandwidth are devel-
oped by Hikmet et al.®* in cross-linked-network-dispersed cholesteric gels, which is
done by in situ polymerization of a LC monoacrylate and diacrylate mixture in the
presence of nonreactive LC molecules. The network can provide a memory state of the
initial cholesteric configuration upon application of an electric field. In this process,
micro-phase separation leads to concentration fluctuations corresponding to regions
with different pitches. Figure 1.9a shows the switching modes of reversible change in
the reflection characteristics obtained for cholesteric gels. The reflection band shifts
gradually to low wavelengths on increasing voltage. On further increasing the voltage,
the reflectance starts decreasing with complete disappearance at 60 V. This behavior is
associated with the tilting of the cholesteric helix followed by the unwinding of itself.
Furthermore, as shown in Figure 1.9b, introduction of excited-state quenchers, which
reduce radical formation and cause an inhomogeneous intensity of light distribution,
can induce an inhomogeneous distribution of pitch; hence, results in formation of a
broader reflection band. These broadband cholesteric gels can be switched reversibly
between silver-colored (reflecting) and transparent (nonreflecting) states (Figure 1.9¢).
Moreover, based on this mechanism, Schenning et al. develop an electrically switch-
able broadband IR reflector via photoinduced diffusion during photopolymerization.
The polymerized network is of crucial importance because it simultaneously creates
the broadband IR reflection and stabilizes the planar orientation of the nonreactive
LC component. As a result, the fabricated broadband IR reflectors can be switched
manually between IR reflective and transmission modes on applying an electric volt-
age to respond to changes in environmental conditions, which have a great potential
as smart window to control interior temperatures and save energy.

Yang et al.®* put forward an innovative electrically switched CLC composite by
doping chiral ionic liquid (CIL). Upon an electric field applied, the anions and the
cations of CIL moved toward the anode and the cathode, respectively, thus forming
a density gradient of the chiral groups throughout the thickness of the cell, which
resulted in formation of the broad reflection band. As shown in Figure 1.10a and b,
this composite can be switched electrically between the transparent, scattering, and
reflecting state in the visible region. All these states can be memorized for more than
7 days after the applied electric field has been turned off. Furthermore, the band-
width of the reflection can be controlled accurately and reversibly by adjusting the
intensity of DC electric field followed by AC electric field (Figure 1.10c). One of the
potential applications of this composite is E-paper which exhibits a brilliant color by
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FIGURE 1.10 (a) Schematic representation of the molecular arrangements, microscopy
images of the textures observed under polarized optical microscope and the corresponding
digital photos of different electric field induced states. (b) The transmission spectra of the
electrically switched CLC composite at different states. (c) Digital photos of the cells before
and after patterns are addressed and the corresponding transmission spectra. (Hu, W. et al.:
Adv. Mater. 468. 2010. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with
permission.)

reflecting visible light around it without the need of backlight and also promising to
realize at low power consumption (Figure 1.10c).38:60.65

Thenceforth, there have been several great efforts focused on the electrically
induced reflection bandwidth enhancement by deformation of polymer network in
PSCLCs. For example, Bunning et al.’® report on a PSCLC system prepared with
negative dielectric anisotropy LC hosts, which exhibit large magnitude, reversible
and repeatable symmetric broadening of the reflection notches under the control
of electric field. As much as sevenfold increase in the reflection bandwidth can be
achieved at 4 V/um DC electric field enabling new applications such as dynamic
high-efficiency filters, wave plates, and polarizers. White et al.®® report a color-
tunable mirrors based on electrically tunable bandwidth broadening of PSCLCs
(Figure 1.11). The mechanism is the ion-facilitated electromechanical distortion of
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the polymer network (act as a dominant role of “structural chirality”) resulting in a
variation in pitch, hence, a broadening of the reflection bandwidth. With the DC volt-
age increasing, the selective reflection can be dynamically switched from selectively
reflective (colored) into a broadband reflection (mirror), which is potentially useful in
application areas such as displays, smart windows, and optical systems. Schenning
et al.® develop an electrically tunable IR reflector with PSCLCs containing a nega-
tive dielectric, anisotropic LC, and a long flexible ethylene glycol twin cross-linker.
Upon application of a small DC electric field, the reflection bandwidth can be broad-
ened to unprecedented 1100 nm in the IR region, which has great potentials as smart
windows of buildings and automobiles for energy saving.

CLC materials can also be precisely controllable by light through simple addition
of light-driven molecular switches or motors such as azobenzenes, dithienylcyclo-
pentenes, and spirooxazine derivatives,**-% which undergo light-driven pitch modu-
lation and/or helix inversion upon light irradiation. Light-controllable CLCs exploit
the benefits of light stimuli such as the ease of spatial, temporal, and remote control
of the irradiation under ambient conditions.

Li et al.*” designed and synthesized novel enantiomeric light-driven dithienyleth-
ene chiral switches with axial chirality, which transform from a colorless ring-open
form to a colored ring-closed form (Figure 1.12a). As shown in Figure 1.12b, the two
dithienylethene switches not only possess very high HTPs at their initial states but
also exhibit a remarkable increase in HTP from the open to the closed form upon UV

FIGURE 1.11 (a) Photographs of the transmission and reflection transforming mode of
the PSCLC at (i) 0 V and (ii) 80 V DC field. (b) The reflection-tunability of the PSCLC
is visualized at (i) 0V, (ii) 15V, (iii) 30V, (iv) 60 V, (v) 90 V, and (vi) 110 V. (Reprinted
with permission from Lee, K. M. et al. ACS Photonics 1, 1033. Copyright 2014. American
Chemical Society.)
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18 Liquid Crystal Sensors

irradiation. Furthermore, the reverse isomerization process can be achieved simply
by visible-light irradiation. Upon UV irradiation, the increase in HTP enables a blue-
shift of the reflection color (red, green, and blue), whereas visible-light irradiation
results in a redshift of the reflection color with the corresponding reflection color
images and the reflective spectra shown in Figure 1.12¢c. The numerous virtues of
the light-controllable dithienylethene chiral switches such as high HTPs, reversible
light tuning, superthermal stability make them promising candidates for practical
technical applications, such as tunable color filters,’"-72 tunable mirrorless lasers,”>-"
and optically addressed displays’®~"° that require no driving electronics and can be
flexible.

Yang et al.?° proposed a PSCLC system composed of CLC, photopolymerizable
monomer, and chiral azobenzene for broadband reflection. The chiral azobenzene
binaphthyl molecular switch doped in CLCs undergoes reversible trans—cis isom-
erization upon light irradiation. The trans-isomer is linear and thermodynamically
stable, whereas the cis-isomer is bent and thermodynamically metastable. The dif-
ference in molecular geometry of the trans and cis forms results in changes in the
molecular conformation and HTP.3! This mechanism of the formation of the broad
reflection band uses the properties of the change in HTP of chiral azobenzene and its
ability of UV absorption to induce the diffusion of reactive mesogens (Figure 1.13a).
As shown in Figure 1.13b, upon increasing the irradiation time of 365 nm UV light,
HTP of the doped chiral azobenzene decreases which mainly leads to a gradient
distribution of pitch (Figure 1.13c) and enables a broadband reflection covering the
wavelength from 1000 to 2400 nm (Figure 1.13d). Due to the anchoring effect of
polymer network after polymerization, the PSCLC is hardly tuned by visible light
(Figure 1.13d). This work suggests a new direction for designing broadband reflec-
tion and it is promising for the fabrication of broadband devices.

1.4 SURPASSING THE REFLECTANCE LIMITATION

Due to the polarization-selectivity rule of CLCs, the reflectance only reach 50% at
best for unpolarized incident light. For improving the efficiency of reflectance, many
researchers have drawn their inspiration from nature. For example, some members of
the order Coleoptera exhibit colorful cuticle reflection by inherently fantastic struc-
tures,32% among which golden beetle Chrysina resplendens can reflect both circular
polarizations. Previous literature®* represented the three-layer system of cuticle, in
which a unidirectional layer was sandwiched between two LH helices (Figure 1.14a).
The unidirectional layer plays an important role as half-wave plate for optical phase
retardation. After passing through the cuticle, left-circularly polarized (LCP) light is
directly reflected in the first layer and right-circularly polarized (RCP) light partici-
pate in a series of processes, as follow: (i) transmitted in the first layer, (ii) converted
to LCP light through the second layer, (iii) reflected by the third layer, (iv) converted
to RCP light through the second layer (after reflection from third layer), and (v) trans-
mitted in the first layer. And hence, both left- and right-circular polarizations are
totally reflected by this special sandwich structure. Several reports demonstrated
man-made multilayer LC system succeeding in replicating the cuticle of C. resplen-
dens for total reflectance (Figure 1.14b and ¢).%>-% More classically, hyper-reflection
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FIGURE 1.13 (Continued) (c) The SEM picture of pitch distribution. (d) The transmit-
tance spectra of the PSCLC with a broadband reflection from 1000 to 2400 nm before and
after visible-light irradiation. (Chen, X. et al. Chem. Com. 2014, 50, 691. Reproduced by
permission of The Royal Society of Chemistry.)

can be realized by stacking CLC layers with similar pitch but opposite helicity sense
for the specific functions.?3%°-%3 The advantage of multilayer solution is the layer-by-
layer replicability. However, reducing the interlayer defects, accompanying with the
optical losses, and enhancing the efficiency of implementation are challenges for
future investigation.*

Mitov et al.”>=8 aimed to fabricate a single-layer PSCLC film with both handed
helices coexisting in the IR spectrum. As is shown in Figure 1.15a, the handedness
inversion of CLC is induced by a thermal-responsive chiral dopant, the mesogenic
ester (S)-1,2-propanediol, at the critical temperature 7. Thus, the PSCLC is prepared
when the helical sense is RH with pitch p, at temperature 7, and then a portion
of RH CLCs can be stabilized around the polymer network, which also acts as an

FIGURE 1.14 (a) TEM photograph of the fractured surface of cuticle of Chrysina resplen-
dens, including three layers: (1) left-handed helix, (2) unidirectional layer, and (3) left-handed
helix. (Caveney, S. Proc. Roy. Soc. Lond. B 1971, 178, 205. Reproduced by permission
of The Royal Society of Chemistry.) Schematic mechanism of light path is shown in the
insert (i-v). (b) Photograph of an LC composite polymer (left) and a Chrysina resplendens
beetle (right). (c) SEM photograph of the LC composite film, including four layers: (1) cho-
lesteric, (2) untwisted nematic retarder layer, (3) cholesteric, and (4) untwisted alignment
layer. (Matranga, A. et al. Adv. Mater. 520. 2013. Copyright Wiley-VCH Verlag GmbH & Co.
KGaA. Reproduced with permission.)
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internal memory effect of the RH helix characteristics by itself (Figure 1.15d and e).
While cooling to temperature 7, LH helix with the same pitch p, reoccurs after the
handedness inversion (Figure 1.15b).”” The unpolarized, RCP and LCP transmit-
tance spectra of the PSCLC demonstrate that the reflectance go beyond the typical
limitation of 50% in all polarization states (Figure 1.15c).> This technique firstly
offers a novel self-organized composite system in a single layer with a double helical
handedness. However, due to the weak HTP of the dopant, the reflective wavelength
is only achieved in IR region, which restricts to the applied areas of devices.'?
Yang et al.!?-195 adopted “washout/refill” techniques to fabricate an original struc-
ture combining with the memory effect of polymer network and the postincoming
LCs for different requirements. As the prepared procedures in Figure 1.16a, a helical
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FIGURE 1.15 (a) Schematic illustration of the thermally induced handedness inversion of
CLC, chemical structure of the chiral ester (S)-1,2-propanediol and the change plot of the
pitch length of CLC (p) as a function of temperature (7). (b) Schematic model adopted for
the PSCLC, where n, is the polymer’s refractive index, d,, is the thickness of the polymer
fibrils, d, is the thickness of RH CLC bound to the polymer network, and P, , Py are the
pitch lengths for the LH and RH regions, respectively. (Reprinted from Opt. Commun., 282,
Tasolamprou, A. C. et al., 903, Copyright 2009, with permission from Elsevier.) (c) The unpo-
larized, RCP and LCP transmittance spectra of the PSCLC. The shadowed areas mark the
chemical absorption bands. (d, ¢) SEM images of the polymer network in the view of surface
and cross section, respectively. (Reprinted by permission from Macmillan Publishers Ltd.
Nat. Mater., Mitov, M.; Dessaud, N., 5, 361, copyright 2006.)
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polymer network was formed in an LH CLC mixture at the beginning (Figure
1.16b, curve 2, and Figure 1.16¢). Then the low-molar-mass nonreactive CLCs were
removed from the mesh of polymer network by immersing the sample in cyclohex-
ane and tetrahydrofuran (Figure 1.16b, curve 3). Thereafter, RH CLC with the same
pitch as polymer network (Figure 1.16b, curve 1) was refilled into the free fraction
of polymer network. Using this mechanism, the transmittance of unpolarized light
reduces from 50% to nearly 0%, or in other words, reflection increases close to 100%
(Figure 1.16b, curve 4). By this strategy in further investigation, the postincoming
CLC:s are relatively easier to be functional to external stimuli in a suitable network.
Upon treatment with electric field,'-197 temperature control'*+108-112 or ]ight,!13.114
the broadwidth-, multiple-, and hyper-reflection bandgap can be accomplished by
dynamic modulation. Such a method has a great potential of various applications,
for example, lasing emission,'> smart windows,!?” tunable reflective display,'*® etc.
Even so, the memory effect of polymer template needs to be employed on a settled
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FIGURE 1.16 (a) Schematic illustration of “washout/refill” strategy for composite CLC
films with both RCP and LCP reflection bands. Step 1: The LH PSCLC is prepared in a given
pitch by UV-light polymerization. Step 2: The nonreactive LCs are removed by dissolving
into the proper solvent. Step 3: Another low-molar-mass CLC with the same given pitch in
RH helix is introduced into the porous LH polymer network. (b) The transmittance spectra
of (1) the prerefilled RH CLC, (2) the photopolymerizable CLC before UV exposure and (3)
after UV exposure, and (4) the cell with the polymer network after refilling the RHCLC. (c)
SEM image of the helical polymer network. (Reprinted with permission from Guo, J. et al.
Appl. Phys. Lett. 2008, 93, 201901. Copyright 2008, American Institute of Physics.)
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surface with at least three steps, which is the key problem for prompting the devices
in prospective field.

Interestingly, in order to explore a novel design for the hyper-reflection of CLC
in a convenient and controllable approach, Yang et al.!!é have designed an optically
tunable self-organized helical superstructures in a single-layer system by doping
photo-responsive molecular motor. Due to the handedness inversion of overcrowded
alkene M5 upon UV-light irradiation (Figure 1.17b insert), accompanying by the
photoisomerization from stable form P to unstable form M,!"!8 it was found that
the UV dependence of the photo-equilibrium HTP value (B), corresponding to
the photo-changed molar ratio of unstable form M at the PSS (xpgs), With a rapid
respond time in Figure 1.17a and b. On the basis of the UV absorption ability of
MS5 in accordance with the Beer—Lambert law,'"” the gradient distribution of UV
intensity occurs across a thickness of the CLC film. By dominating the different dis-
tribution of xpgs With the UV-intensity damping in different levels along the helical
axis, the nonuniform arrangements of helical pitch with the same or opposite hand-
edness is shown in Figure 1.17c. While 35-pm CLC exposure to 74.0 mW cm—2 UV
light, the unpolarized, RCP and LCP transmittance spectra indicate all the polarized
reflectance break through the limitation of 50% at that moment, in which the helical
pitches of the LH and RH CLC are approximated (Figure 1.17d). To investigate with
SEM, the self-organized distribution of helical pitch was verified from top to bot-
tom in the PSCLC, p, < p, < p; > p, > ps, distinguishing from the coexisting CLCs
with the opposite handedness in the abovementioned ways (Figure 1.17e). However,
this photo-tuning composite system displays a reversibly addressable optical perfor-
mances switching in not only hyper-reflection even dynamic single-bandgap shifting
and broad-bandgap reflection in a single-layer film. As a result, this technique can
plainly overcome the selective reflection rule of CLCs (bandwidth or reflectance) by
light stimulus, instead of layer-by-layer stacking, thermo/photoinduced diffusional
solid elastomer, generating memory effects or inorganic/organic template.’

1.5 CONCLUSION AND OUTLOOK

CLC materials are witnessing a significant surge in interest because of their unique
property of selective reflection of light in the desired wavelength range and high con-
trollable performance to the external stimulus. This chapter has demonstrated the
recent progress of novel CLC materials and innovative cholesteric-liquid-crystalline
architectures with broad reflection bandwidth and high reflectance beyond 50%, and
several effective methods and processing technique have been developed in the past
decades. In summary, both reflection limitations of CLCs have been exceeded by the
abovementioned experimental strategies through physical, chemical methodology, or
combination of both. To the subject of CLCs with a broad reflection band, a variation
of pitch is integral, whether a pitch gradient or a random distribution in the volume of
materials. And to obtain a hyper-reflection band with both circularly polarized states,
simultaneous LH and RH helical structures consist in the hybrid system, which is
layer-by-layer arrangement or interpenetrating materials. In addition, the choice of a
specific procedure, or combination of procedures, strongly depends on the fundamen-
tal question to be addressed or depending on the desired application.
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FIGURE 1.17 (a) The HTP value, {3, variation of a mixture of M5 (1.0 wt%) in an achi-
ral nematic LC host at different UV intensity by Grandjean-Cano wedge method. (b) The
change plot of xpgg and (pgg as a function of UV intensity. The molecular isomerization of
overcrowded alkene M5 under UV exposure is shown in the insert. (c) Schematic illustrations
of the photodynamic CLC molecular arrangements in a thicker cell with different intensity
UV/ < UV{ < UVJ: (i) The homogeneous helical pitch of CLC at the initial state; (ii-iv) The
three different possible distribution of helical pitch of CLC with the same or opposite hand-
edness, corresponding to the gradient-distribution ypgs in different degrees. (d) The unpo-
larized, RCP and LCP transmittance spectra of CLC mixture driven with 74.0 mW cm~2
UV irradiation in 35 um cell. (¢) SEM image of the fractured surface of the PSCLC. (i-v)
Part regions under a higher resolution. The organized distribution of pitch with an increased
degrees at the upper side and a gradual decreasing at the lower side, p; < p, < p; > p, > ps.
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Wide-band CLC materials are expected to have great potential applications in
fields such as reflective colored display, brightness-enhancement films, or smart
switchable windows for energy efficiency.'?® For example, CLC polarizers with
broadband reflection over the entire visible spectrum can greatly improve the light
yield and energy efficiency of liquid-crystal devices by reflecting and recycling the
opposite polarized light in the backlight system.?> Moreover, a CLC reflector that is
transparent to visible light and highly reflective for IR light is expected to be applied
in smart switchable reflective window to control solar light and heat. Beyond the
low-energy-consumption process, IR CLC reflectors block a considerable amount
of incident, unwanted heat and therefore a significant amount of energy could be
saved on cooling especially in summer.**!?! In addition, CLCs represent fascinating
prospect in laser protection owing to their inherent self-organized periodic helical
superstructures within a “green” approach. The wavelength of CLC reflection can
be accurately modulated with the doped dye absorption!?? to obtain the maximum
synergistic effect for optimal optical density (OD), providing a high-performance
protection with tunable wavelength, feasible fabrication, high OD, and good vis-
ibility.">* Moreover, employing CLCs polymer films as transparent and flexible
back-reflectors for dye-sensitized solar cells (DSCs) has been proved to be a facile
strategy to enhance the optical efficiency of the devices. The selective light reflec-
tion of these CLC films gives rise to the possibility for increasing the optical path
length of the light in particular wavelength region while retaining the cell trans-
parency. The enhancement of photocurrent and power conversion efficiency (PCE)
reveals strong wavelength dependence owing to the selective reflection of these CLC
polymer films. The DSCs with proper combination of CLC back-reflectors yield the
maximum enhancement over 21% in photocurrent and 17% in PCE.!*

These CLC materials have enormous perspectives not only in everyday life but
also in advanced or challenging applications including artificial photonic circuits or
integrated optics and fiber-optic communications. Actually there is still much work
to be done in making innovations in CLC materials with excellent optical perfor-
mance, highly sensitivity, and reversibility to external stimuli. Meanwhile, develop-
ing preparation technologies and procedures for industrial production are crucial for
the practical application.
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2.1 INTRODUCTION

The sun, which is fundamental source of light for the existence of life on our planet,
emits electromagnetic radiation in a broad spectral range. Despite the undeniable
importance, such as cutaneous exposure to some ultraviolet radiation for vitamin D
production and 49% of the heating of earth from infrared irradiation of the sun, there
is convincing evidence that the human skin and eyes are adversely affected in many
different ways by their exposures to natural sunlight and artificial light sources such
as lasers.'®> Excessive exposures to these light radiations are also found to result in
the premature aging, deterioration, or expiration of perishable food and high active
chemicals or materials. To increase people’s awareness of these potential hazards,
many monitoring systems have been developed for environmental light detection and
laboratory hazardous measurements; but these expensive and complicated equip-
ments are generally not suitable for use by the public.*” Moreover, since irradiation
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levels are often dependent on the local environmental conditions such as air pollution
index and the intensity of ambient light, it is clear that not only many monitoring
sites are needed but also the monitoring must be carried out continuously over a long
period of time.

Photochromic sensor is emerging as a candidate for light-weight, inexpensive,
and easy-to-use light detector that can be set up in every corner of the world. The
originality of photochromic sensor is its ability to manifest a discernible amount of
visible colors under sunlight without the aid of any filter, photodiode, or any kind of
electronic amplifying circuit.®-1° To be specific, photochromic compounds are typi-
cally colorless in their initial states but turn colored upon light irradiation, which
helps the human eye to directly “see” and even “feel” their intensities. Importantly,
this kind of photochromic detectors can be easily incorporated in any portable daily
items, such as watches, pins, buttons, stickers, sportswear, telephone cards, and
credit cards. Furthermore, the incorporation of photochromic sensors into the tags or
packages would be also helpful to alert consumers about the conditions of the perish-
able food and high active chemicals or materials. However, the present photochromic
sensors exhibit the monotonous color change from colorless state upon response to
the light irradiations. Therefore, there are tremendous incentives to develop new
photochromic sensors displaying diverse color changes in a multitude of variable
red, green, and blue colors.

Liquid crystals (LCs) have become quintessential materials in our daily life. The
creation of a multibillion dollar LC display (LCD) industry for information displays
demonstrates how great economic prosperity can evolve from a pure curiosity-driven
academic research endeavor. Display devices using LCs as the active components
like mobile phones, computer and television screens, projectors, etc. have enhanced
the quality and comfort of our life and have drastically revolutionized the way we
present the information."'-!* Such technologies are based on the reorientation of lig-
uid crystalline materials in response to the applied electric field, which results in
a change in its observed optical properties. It should be noted that most present
commercial displays are based on the LCs exhibiting a nematic phase, which is the
simplest phase in the field of LCs.

Introducing chirality into the nematic liquid crystalline phase often leads to
novel self-organized helical superstructures, that is, cholesteric LCs (CLCs).!>16
Fundamentally, one of the key features that these CLC materials possess is the exis-
tence of a photonic bandgap within the visible regions. Such photonic band struc-
tures have attracted considerable attention in recent years because of their ability
to exhibit tunable selective reflection of visible light under various external stimuli,
such as light, heat, pressure, electric field, magnetic field, and chemical reactions."’-23
This makes it possible to use CLCs as various smart sensors where signal changes
upon response to different external perturbations can be easily observed with the
naked eye.?*-?’ Interestingly, CLCs that reflect circular polarized light at a given
wavelength as a result of the self-organized helical superstructures have been uti-
lized for constructing chemical sensors that do not require batteries. The pitch of
the helix in these CLCs determines the wavelength of photonic reflection and can
be modified in response to the chemical atmosphere such as gas, humidity, pH, and
CO,, resulting in a color change.?®-3 These appealing smart CLC materials would
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find wide applications in the built environment, packaging industry, health care, etc.
It is envisioned that combining photochromic behavior of light-driven molecular
switches or motors with photonic reflection of various chiral LCs such as CLCs and
blue phases (BPs) would provide significant impetus for developing novel light sen-
sors that help to increase the public awareness regarding health and environmental
issues especially related to the invisible harmful or hazardous radiations.

The subject of this chapter is confined to the survey of photochromic chiral LCs
for potential light sensing applications. The introduction of photochromic chiral
switches or motors in different LC hosts enables the dynamic circularly polarized
visible light reflections under light irradiation, and photochromic sensors based on
these liquid crystalline materials would be very helpful to alert consumers about the
conditions of perishable products and increase public awareness of hazardous irra-
diations from natural sunlight and artificial light sources. This chapter is organized
in the following manner. The first section introduces the photochromic chiral LCs
including photochromic molecules and chiral liquid crystalline phases. Second, we
examine the photochromism in one-dimensional (1D) liquid crystalline superstruc-
tures, that is, CLCs followed by the discussion of photochromism in three-dimen-
sional (3D) liquid crystalline superstructures, that is, BPs and liquid crystalline
microdroplets and microshells. Before we conclude this chapter with a perspective
for the future scope and challenges for these emerging photochromic chiral LCs in
potential sensing applications, the recent endeavor in developing photochromic LCs
for potential infrared sensors is presented.

2.2  PHOTOCHROMIC CHIRAL LIQUID CRYSTALS

2.2.1 PHOTOCHROMIC MOLECULES

Photochromism is the term used for reversible photoinduced transformation of a
molecule between different isomers whose absorption spectra are distinguishably
different.’! During the reversible photoisomerization of photochromic molecules,
some physical properties, such as absorption spectra and geometrical structure, can
be tuned by light irradiations. Generally, two stable isomers are involved, and they
undergo the interconversion under ultraviolet (UV), visible, or infrared irradiation.
By the modulation of irradiation light wavelength, photochemical reaction occurs
between open and close, trans- and cis-isomerization, etc. The molecular shape/
geometry/conformation change of photochromic dopants upon the light irradiation
constitutes the basis for dynamic phototuning of the properties of photochromic chi-
ral LCs.3? Typical photochromic molecules including azobenzene, dithienylethene,
spirooxazine, and their photoisomerization processes are shown in Scheme 2.1.

Azobenzene derivatives are a well-known family of photochromic compounds
that can experience trans—cis isomerization upon UV irradiation.** The cis isomer
can be driven back to its trans form either by visible light or heat. The rod-like
structure of trans form can stabilize calamitic LCs, while the cis form is bent and
usually decreases the order parameter of LC phases. Owing to the dramatic shape
change between the trans and cis isomers, azobenzenes were intensively investigated
as mesogens or dopants in photochromic chiral LCs.
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SCHEME 2.1 Molecular structures and photoisomerization of photochromic molecules
including azobenzene, dithienylcyclopentene, and spirooxazine.

Diarylethenes are also a fascinating class of photochromic molecules due to their
superior thermal stability and excellent fatigue resistance.*3> Upon UV irradiation,
they can transform from the colorless open-ring form to the colored closed-ring form.
The reverse process is thermally stable and occurs only by visible light irradiation.
Compared with extensively studied azobenzene-based molecules for photochromic
chiral LCs, there are a few reports on thermally stable chiral diarylethenes.

The other family of photochromic molecules is spiropyrans and spirooxazines.36-38
Upon UV irradiation, photochemical cleavage of the C—O bond results in the trans-
formation from the initial colorless state to the colored merocyanine. However, when
the UV source is removed, they usually can thermally relax back to their colorless
initial state quickly. Spirooxazines are particularly interesting due to their unique
properties such as excellent photofatigue resistance, strong photocoloration, and fast
thermal relaxation.® Since the physical and chemical properties of the two forms are
dramatically different, the thermally reversible photochromic switching has been
the basis for the intelligent materials with applications in various photonic devices
including photochromic sensors. However, to date, there have been only very few
reports on chiral spirooxazines.

2.2.2 CHIrRAL LiQuID CRYSTALLINE PHASES

There are many types of chiral liquid crystalline phases such as cholesteric phases,
chiral smectic phases, and BPs; however, in this chapter, we restrict our focus on
cholesteric phases and BPs for light sensing applications. It should be noted that
cholesteric phases are considered to be self-assembled 1D photonic crystals whereas
the BPs are regarded as self-assembled 3D photonic crystals.

Cholesteric phase, also known as chiral nematic phase, is the LC phase with chi-
rality at the molecular level and helical arrangement of layers at the macroscale
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level.** CLCs are often developed by doping chiral molecular switches into an achi-
ral nematic host. The ability of the chiral dopant to twist the achiral LCs is defined
as helical twisting power (HTP, 3) and can be expressed as (3 = 1/(pc), where c is
the chiral dopant concentration and p is the pitch of helical superstructure. The heli-
cal superstructure of CLC is characterized by helical pitch and handedness. The
pitch (p) is the distance across which the director rotates a full 360°. Handedness
describes the direction in which the molecular orientation rotates along the heli-
cal axis and it can be expressed as sign (—) and (4), which represent left and right
handedness, respectively. The most important optical property of CLC is its selec-
tive reflection of light. When unpolarized light propagates through a CLC medium,
only the circularly polarized light (CPL) with the same handedness as its helix is
reflected, that is, left-handed CLCs only reflect left-handed CPL and right-handed
CLCs only reflect right-handed CPL. The reflection wavelength of a cholesteric
phase can be determined by X\ = np, where n is the average refraction index of LC
material. The helical superstructure of CLCs with the pitch length in the range of
hundreds of nanometers can reflect light in the visible range and the reflection color
tuning has been utilized for tunable color reflectors and filters, reflection displays,
and biomedical applications.*! With photochromic molecules or moieties in CLCs, it
is possible to tune the pitch length of CLCs under the light irradiation (Figure 2.1),
and the resultant photoinduced color changes provide numerous opportunities for
applications in photochromic optical sensors.

BPs are among the most fascinating soft photonic nanostructures in the area
of chiral liquid crystalline phases. They are known to self-organize into the 3D
frustrated nanostructures, which originate from the competition between the pack-
ing topology and chiral forces. BPs generally exist within the temperature range
between the isotropic phase and cholesteric phase.*>=* The cubic structures are
characterized by the double-twist cylinders (DTCs) which are stabilized by defects
or disclinations. There are three types of BPs reported, namely BP III, BP II, and

FIGURE 2.1 Schematic mechanism of the reflection wavelength of photochromic chiral
LCs reversibly and dynamically tuned by light irradiations.
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BP I, which are observed during cooling from the isotropic to the cholesteric
phase in the order of decreasing temperature. BP I and BP II have body-centered
cubic and simple cubic structures, respectively, while BP III is an amorphous net-
work of disclination lines.*6->! It is noteworthy that BP I and BP II are periodic in
three dimensions and the periodicity, that is, lattice constant is typically on the
order of the wavelength of visible light. Thus, these nanostructures enable BPs to
reflect light in the visible region and as mentioned before BPs have been recently
recognized as soft 3D photonic crystals.’>3 The reflection wavelength of BPs con-
taining photochromic molecules can be tuned by light-driven changes in their
lattice constants. Compared with simple 1D helical superstructures of CLCs,
the 3D cubic structures of BPs offer several advantages on device performance
over cholesteric materials such as fast response speed, high contrast ratio, and no
surface treatment.

2.2.3  FABRICATION OF PHOTOCHROMIC CHIRAL LiIQuUID CRYSTALS

Introducing photochromism and chirality into LCs enables us to develop the photo-
chromic chiral LCs with novel and enhanced properties for practical applications.>*->%
In general, there are two main strategies to fabricate photochromic chiral LCs. The
first and simplest one is based on single-component chiral mesogens with linked
photochromic moiety, which can exhibit the liquid crystalline phase at a certain
temperature range. The photochromic chiral LCs produced by this method consist
of pure materials and thus may exhibit several advantages such as good uniformity
and enhanced stability. However, it usually suffers from the high synthetic cost of
photochromic chiral mesogens, the requirement of above-ambient-temperature pro-
cessing conditions, and physical properties that are not suitable for devices. The
second strategy utilizes the host—guest system, in which LC phases of calamitic (rod-
like) mesogens are generally used as the host and photochromic chiral molecules are
doped as guests.”®-% In the doping system, it is relatively easy to modulate the LC
photonic properties by adjusting the doping concentration of the guest chiral mol-
ecules. Furthermore, the photochromic chiral dopant can be synthesized separately
from the LC host and the use of a small amount of chiral switch means much lower
cost. It is noteworthy that this strategy is strongly dependent on the development of
the powerful photochromic molecular switch with high chiral induction capability,
fast response photochromic moieties, and good compatibility with LC host.

2.3 PHOTOCHROMISM IN 1D CHIRAL LIQUID
CRYSTALLINE SUPERSTRUCTURES

To date, extensive efforts have been devoted to developing various photochromic
chiral molecules which are widely applied for phototuning the dynamic reflection
colors of CLCs, that is, photochromism in 1D liquid crystalline superstructures.
Photoisomerization of the photochromic chiral switches results in changes in the
molecular conformation and HTP, which would lead to a change in the pitch of the
CLCs and their reflection color variations under the light irradiations. One of criti-
cal challenges in this endeavor is the design and synthesis of photoresponsive chiral
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molecular switches with high HTP values that display large differences in HTP in
their different isomeric states.

2.3.1 PHotocHroMIC CLCs CONTAINING CHIRAL AZOBENZENE DOPANTS

In 1971, Sackmann reported a light-induced reversible color change in nonhalide-
based cholesteryl mixture doped with azobenzene.®* The photonic bandgap reflection
of the CLC mixture blueshifted from 610 to 560 nm upon irradiation with 420-nm
light. Although the tuning range is quite narrow, this work is the first demonstration
of reversible phototuning of cholesteric reflection colors, providing a pathway to the
photoresponsive CLCs. With the continuous efforts especially in the past decade,
many chiral azobenzene dopants have been developed and used for phototuning the
reflection colors of CLCs with large tuning range, very high HTPs, and low doping
concentrations.

Tamaoki et al. reported a series of planar chiral dopants which were employed
in commercially available nematic LCs to achieve phototunable reflection colors.®
These compounds were designed based on an azobenzenophane compound having
conformational restriction on the free rotation of naphthalene moiety to impose an
element of planar chirality. Due to the good solubility, moderately high HTPs, and
large changes in HTPs during the photoisomerization of dopant, a fast photon mode
reversible color control in induced CLCs was achieved. Moreover, systematic inves-
tigation indicated that the number of chiral groups introduced in a photochromic
molecule strongly influenced the initial HTP.%%%" Azobenzene compounds substi-
tuted with two chiral groups at both ends of the azo core were found to possess a
much higher initial HTP as compared with the azobenzene compounds substituted
with a single chiral group at one end of the azo core. However, the photochemical
change in HTP of the disubstituted azobenzene compounds was smaller than that
of monosubstituted ones. Therefore, Kurihara et al. synthesized a series of isosor-
bide- or isomannide-based chiral photochromic compounds with multiple azoben-
zene groups, and found that chiral azobenzene 1 as shown in Figure 2.2a exhibited
high HTPs as well as large HTP variations upon light irradiation.®® A large tuning
range of ~500 nm was reported in the CLCs doped with chiral azobenzene 1 and
another nonphotoresponsive chiral compound as dopants combined with LC host
E44. Interestingly, the color could also be adjusted by varying the light intensity
with a gray photomask, as seen in Figure 2.2b and c. The resolution of the color pat-
terning was estimated to be 70—100 pm by patterning experiments with the use of a
photomask.

Binaphthyl derivatives with axial chirality are known as powerful helicity induc-
ers. The unique combinations of binaphthyl with azobenzene units were found to
generate a family of axially chiral azobenzene compounds with very high HTPs and
significantly broaden the area of reflection color tuning using a single chiral photo-
responsive dopant.® We reported four reversible photoswitchable axially chiral azo
dopants 2a-2d with high HTPs as shown in Figure 2.3a.7° These light-driven chiral
switches were also suitable for dopants in achiral nematic host for applications in
novel optical addressed displays, that is, photodisplay. For example, an image was
created on the display cell filled with chiral switch 2a-based CLC using UV light
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FIGURE 2.2 (a) Molecular structure of chiral azobenzene 1. (b) Gray mask. (c) Red—
green—blue (RGB) patterning of photochromic chiral LCs obtained by UV irradiation for 10 s
through the gray mask at 25°C. (Yoshioka, T et al.: Adv. Mater. 1226-1229. 2005. Copyright
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)

()

with a negative photomask and exposed to UV light for 20 min. Depending on the
optical density distribution of the mask, certain areas were exposed with different
intensities of light, resulting in an image composed of a variety of colors due to the
various shifts in pitch length. Figure 2.3b—d shows the photograph of an original
image, the negative mask, and the resulting image on the display cell, respectively.
The light-driven chiral molecular switches in LC media were sufficiently responsive
to an addressing light source so that a high-resolution image with gray scale could be
imaged in a few seconds of irradiation time.

Photochromic compound 3 as shown in Figure 2.4a exhibits improved properties
with higher HTPs than molecular switches 2.”' The switch was found to impart its
chirality to a commercially available nematic LC host, at low doping levels, to form a
self-organized, optically tunable helical superstructure capable of fast and reversible
phototuning of the structural reflection across entire visible region. For example, a
mixture of 6.5 wt% 3 in nematic LC E7 was capillary filled into a 5-pm thick glass
cell with a polyimide planar alignment layer and the cell was painted black on one
side. The reflection wavelength of the cell could be tuned starting from UV region
across the entire visible region to near-infrared (NIR) region upon UV irradiation at
365 nm (5.0 mW/cm?) within ~50 s, whereas its reversible process starting from NIR
region across the entire visible region to UV region was achieved by visible light at
520 nm (1.5 mW/cm?) or dark thermal relaxation. The reflection colors across the
entire visible region were uniform and brilliant as shown in Figure 2.4b and c. The
reversible phototuning process was repeated many times without degradation. It is
worth noting that the reversible phototuning process across the entire visible region
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FIGURE 2.3 (a) Molecular structures of chiral azobenzene 2a-2d with axial chirality.
Illustration of an optically addressed image with negative photomask. (b) Regular photograph
of the original digital image. (c) Negative photomask made of polyethylene terephthalate (PET).
(d) Image optically written on the display cell. (Reprinted with permission from Li, Q et al.
Reversible photoswitchable axially chiral dopants with high helical twisting power. J. Am.
Chem. Soc. 129, 12908-12909. Copyright 2007 American Chemical Society.)

can be achieved in seconds with the increase of light intensity, and the photochromic
sensors using this kind of materials might help the human eye to “see” the light irra-
diations and “feel” their intensities at the same time. Furthermore, this chiral switch
3 was used in a photo-addressed colored LCD driven by light and hidden as well as
fixed by application of an electric field from thermal degradation. As illustrated in
Figure 2.4d, the reflective image can be hidden in focal conic texture by applying
a 30 V pulse and revealed by applying a 60 V pulse. Moreover, by applying a 30 V
pulse to an optically written image so as to make the UV-irradiated region going to
the focal conic texture and the UV-unirradiated region going to the planar texture,
an optically written image can be stored indefinitely because the planar and focal
conic textures are stable even though the light-driven switch relaxes to the unirradi-
ated state.

Moreover, molecular switches 4a and 4b as shown in Figure 2.5a exhibit unusu-
ally high HTP values in their ground state (trans—trans) as well as a considerable
reduction in HTP upon exposure to UV light (365 nm), which drives the molecules
toward the cis—cis configuration.”” The compound 4a exhibited a very high HTP of
301 pm™! at the initial state, which significantly decreased to 106 um™" at the photo-
stationary state (PSS) upon UV irradiation. When chiral switch 4a was doped into
a commercial achiral LC host E7 at low concentrations, thin films which exhibited
a fast and dynamically reversible response to light were enabled and reflection color
tuning from blue to green and further to red upon UV irradiation and vice versa
upon visible light was obtained. Very interestingly, it was found that the HTP of
dopant 4a was sensitive to the wavelength of exposure during the reverse process as



42 Liquid Crystal Sensors

(c)
Os 1ls 6s 8s 10s 12s

30V pul
30 V pulse puise

—_—
_ R —

30 V pulse

FIGURE 2.4 (a) Molecular structure of chiral azobenzene 3 with axial chirality. Reflection
color images of 6.5 wt% chiral switch 3 in commercially available achiral LC host E7 in 5-pm
thick planar cell; (b) upon UV light at 365 nm (5.0 mW/cm?) with different time exposure;
(c) reversible back across the entire visible spectrum upon visible light at 520 nm (1.5 mW/
cm?) with different time exposure. The colors were taken from a polarized reflective mode
microscope. (d) Images of 5-pm thick homeotropic alignment cell with 4 wt% chiral switch
3 in E7. The image was recorded in a planar state through a photomask by a UV light (left).
The image was hidden by a low-voltage pulse in a focal conic state (middle), which was
reappeared by a high-voltage pulse (right). (Ma, J et al. 2010. Light-driven nanoscale chiral
molecular switch: Reversible dynamic full range color phototuning. Chem. Commun. 46:
3463-3465. Reproduced by permission of The Royal Society of Chemistry.)

the equilibrium ratio among trans—trans, trans—cis, cis—cis isomers was varied. As
illustrated in Figure 2.5b—d, three stable primary colors red, green, and blue were
realized at the PSS upon irradiation with 440, 450, and 550-nm visible light, respec-
tively. The wavelength-selective reflection in this type of photochromic chiral LCs
was expected to help the human eye to “see” the light irradiations and “feel” their
wavelengths at the same time.

2.3.2 PHotocHrOMIC CLCs CONTAINING CHIRAL DIARYLETHENE DOPANTS

Compared with photochromic chiral azobenzene switches, diarylethenes possess
the advantage of thermal irreversibility in both the open- and closed-ring isomeric
states. However, only a few derivatives of diarylethenes have been reported as
chiral dopants with applications as liquid crystalline phase switches.”>””7 Most of
reported chiral diarylethenes exhibited low to moderate HTPs and are not suitable
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FIGURE 2.5 (a) Molecular structures of chiral azobenzene 4a and 4b with axial chirality.
(b), (), (d): Photostationary red, green, and blue reflection colors upon visible light irradiation
at 440, 450, and 550 nm from UV-irradiated state, respectively. The reflection color images
were from 6.0 wt% chiral switch 4a in LC host E7 in a 5-pm thick planar cell taken from a
polarized reflective mode microscope. (Li, Q et al.: Adv. Mater. 5069-5073. 2011. Copyright
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)

for reflection wavelength tuning. These relatively low HTPs also give rise to the
requirement of higher doping concentrations, which often leads to phase separa-
tion, coloration, and physical property changes of LC host. Therefore, it would be
of great practical interest to develop chiral diarylethenes with high HTPs as well
as large HTP variations upon light irradiation. It was not until recently that we
reported some chiral diarylethene switches for wide-range reflection color tun-
ing.’®77 For example, chiral switch (S,S)-5 as shown in Figure 2.6a was found to
possess remarkable changes in HTP during photoisomerization in addition to the
very high HTP at the initial state. When doping 0.4 wt% of compound (S,5)-5 into
the LC host, the liquid crystalline phase could be transformed from nematic to
cholesteric due to the dramatic increase in HTP upon UV irradiation. A higher
doping concentration of 7.7 wt% was used for the phototuning of reflection colors
of CLC mixtures. The reflection central wavelength of this mixture was around
630 nm at the initial state. Upon UV irradiation, its reflection wavelength was tuned
to 530 nm within 10 s and further reached a PSS in 25 s with a reflection central
wavelength at 440 nm. This photoinduced state was thermally stable and could be
photochemically switched back to a nearly initial state by visible light irradiation at
550 nm within 2 min. When this cell was stored in the dark at any irradiated state,
no observable change was found in either reflection color or reflection wavelength,
even after 1 week, which results from the excellent thermal stability of compound
(S,5)-5. Furthermore, three primary red, green, and blue colors can be observed
simultaneously in a single thin film based on different UV irradiation times facili-
tated by masking at different areas: red, no irradiation; green, irradiated for 10 s;
blue, irradiated for 25 s (Figure 2.6b). After driving the background color to blue
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FIGURE 2.6 (a) Photoisomerization of chiral diarylethene dopant (S,S5)-5. (b) Real cell
images of an 8-pm thick planar cell (2.1 cm x 2.5 cm) filled with 7.7 wt% of (S,S)-5 in E7.
Reflection color change: red, green, blue, red—green—blue colors in one cell, from left to
right. (c) Optically addressed images (green images on blue background). (Reprinted with
permission from Li, Y. et al. Reversible light-directed red, green, and blue reflection with
thermal stability enabled by a self-organized helical superstructure. J. Am. Chem. Soc. 134,
9573-9576. Copyright 2012 American Chemical Society.)

by UV irradiation, the red and green reflection colors can be recorded through vis-
ible light irradiation for different times (Figure 2.6¢). Furthermore, the optically
addressed images can be erased by light irradiation when desired, and the cell is
rewritable for many times due to the excellent fatigue resistance.

2.3.3 PHotocHroMIC CLCs CONTAINING CHIRAL
SPIROOXAZINE AND OVERCROWDED ALKENES

Spirooxazines are an interesting family of photochromic materials due to their
unique properties such as excellent photofatigue resistance, strong photocoloration,
and fast thermal relaxation.”® The fatigue resistance of spirooxazines has led to their
successful use in various applications including commercialized eyewear. This kind
of photochromic materials showing such intense photocoloration and fast thermal
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bleaching performance could be highly promising materials for photochromic sen-
sors with high sensitivity. Since the spirocarbon of a spirooxazine molecule has
potential as a chiral center, spirooxazines could be used as chiroptical molecular
switches.” However, spirooxazines usually exist as racemates. Even if enantiomers
are separated, each enantiomer is racemized by thermal and optical interconver-
sions. Therefore, if spirooxazines are to be utilized as chiroptical molecules in
achiral nematic LC systems, modification of the spirooxazine with a chiral group
is required. Accordingly, we synthesized series of axially chiral spirooxazines as
shown in Scheme 2.2 which exhibit high HTP.8° Photochromic CLCs were fabricated
by doping these photochromic molecules 6a—6d into commercially available nem-
atic LC hosts. Among these chiral dopants, the compound 6a with bridged binaph-
thalene group showed the largest HTP value in E7. Interestingly, for compounds 6a
and 6¢, the HTP increases upon irradiation with UV light, while the HTP of other
compounds decreases under the same condition. This observation has been attrib-
uted to more compatibility of the rod-like merocyanine form for compounds 6a and
6¢ compared with the other compounds. However, there is a long way to achieve the
molecular switches that exhibit high HTPs as well as large HTP variations upon light
irradiation for applications of photochromic chiral LC sensors.

In addition to chiral azobenzene, diarylethene, and spirooxazine, chiral over-
crowded alkenes have been also intensively studied. These types of molecules are
also found capable of tuning the reflection colors in CLCs. Take light-driven chiral
motor in Figure 2.7 as an example.®! Its initial HTP at (P, P)-trans form in nematic
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SCHEME 2.2 Molecular structures of chiral spirooxazine molecular switches 6a—6d.
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FIGURE 2.7 (a) Unidirectional rotation of molecular overcrowded alkene motor in a liquid
crystalline host, and associated HTPs. (b) Colors of overcrowded alkene-doped LC phase
(6.16 wt% in E7) in time, starting from pure (P, P)-trans overcrowded alkene upon irradiation
with >280-nm light at room temperature, as taken from actual photographs of the sample.
The colors shown from left to right correspond to 0, 10, 20, 30, 40, and 80 s of irradiation
time, respectively. (van Delden, R. A. et al. Supramolecular chemistry and self-assembly spe-
cial feature: Unidirectional rotary motion in a liquid crystalline environment: Color tuning
by a molecular motor. Proc. Natl. Acad. Sci. USA 99: 4945-4949, Copyright 2002 National
Academy of Sciences, U.S.A.)

E7 is 499 um~!, but generation of a cholesteric helix with an opposite sign of simi-
lar pitch is impossible, as the (M, M)-trans form possesses a minor negative HTP
By = +H17 pm~!, E7). As a result of the high HTP at (P, P)-trans form, colored LC
films were easily generated using this dopant. Photochemical and thermal isomeriza-
tions of the motor lead to irreversible color change in the LC film as shown in Figure
2.7b (bottom).®? Another iteration of this class of molecules was also demonstrated
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to have a broader tuning range covering the entire visible region with reversibility.®?
However, the drawback of this system is that the reverse process is relying on long-
time thermal relaxation.®*

2.4 PHOTOCHROMISM IN 3D CHIRAL LIQUID
CRYSTALLINE SUPERSTRUCTURES

Although 3D liquid crystalline superstructures are not necessarily required for
some basic optical sensing, which is possible with simpler 1D cholesteric super-
structures as aforementioned, existence of multiple photonic bandgap regions along
different directions in the 3D superstructures might add an interesting capability
of performing simultaneous optical sensing at several wavelengths along different
directions.®-%7 Interestingly, laser emissions in three orthogonal directions have
been detected simultaneously in the 3D photonic BP II (Figure 2.8).”> When one
of platelet BP domains in a LC thin cell was excited by the pump laser beam, laser
emissions in the orthogonal (100), (010), and (001) directions can be observed at
the same time, which is actually a sign of the distributed feedback (DFB) in three
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FIGURE 2.8 (a) Schematic illustration of the double-twist structure and (b) the resultant
simple cubic BP II. (c) Regions of the sample from which the laser emissions can be detected
in three orthogonal directions. (Reprinted by permission from Nature Publishing Group. Nat.
Mater., Cao, W. et al. Lasing in a three-dimensional photonic crystal of the liquid crystal blue
phase II. 1: 111-113, copyright 2002.)
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dimensions. Light-driven self-organized BP 3D cubic nanostructures that display
distinctive photonic reflection in three orthogonal directions have received increas-
ing attentions especially in recent years, but the reflection wavelength tuning is usu-
ally quite narrow.®-° The ability to dynamically tune the photonic bandgap in cubic
BPs across a wide wavelength range is highly desirable, but it has not been realized
due to various obstacles including the instability and irreversibility of BPs under the
light irradiations.

Very recently, a breakthrough of full visible range reflection phototuning in BPs
was achieved by using an axially photochromic chiral azobenzene dopant 7 as shown
in Figure 2.92.°' The initial phase of the doped BPs was the BP II with (100) lattice
confirmed by the Kossel diagram as shown in Figure 2.9d (0 s) with a blue reflection
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FIGURE 2.9 (a) Molecular structure of chiral azobenzene 7 with axial chirality. (b)
Schematic illustration of BP cubic nanostructures. (c) Reflection color images of BPs upon
408-nm light irradiation. (d) The corresponding optical Kossel diffraction diagrams. (Lin, T.

H. et al.: Adv. Mater. 5050-5054. 2013. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission.)
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color as shown in Figure 2.9¢ (0 s). Upon 408-nm light irradiation, the photoisomer-
ization of the azobenzene dopant enlarged the size of the BP lattice and shifted the
corresponding reflection toward a longer wavelength. Increasing the irradiation time
resulted in occurrence of the phase transition from BP II to BP I, which might be
attributed to the chirality decrease with dopant isomerization.”?> After the photoin-
duced phase transition took place, the lattice direction changed from (100) of BP II
to (110) of BP I with the corresponding change of reflection wavelength from 520 to
575 nm. Subsequently, a redshift in reflection upon further irradiation at 408 nm was
observed in BP I. If the irradiation was stopped at any time, the wavelength of the
selective reflection does not change, except by very slow thermal relaxation effect of
the dopant toward its initial trans form. The rapid reverse process can occur photo-
chemically with a 532-nm light irradiation. Figure 2.9c shows BP images with vari-
ous durations of pumping observed under a crossed polarized optical microscope at
reflection mode. Upon 408-nm light irradiation, the reflection color of the BP thin
film changed from blue (BP II) to red (BP I) within 15 s. The BP thin films were also
indexed using a Kossel diagram as shown in Figure 2.9d. Both blue and green images
in Figure 2.9c corresponded to (100) lattices of BP II, while both yellow-green and
red images represented (110) lattices of BP I. Figure 2.9d also exhibited the variation
of the Kossel diagram with different exposure time at 408 nm. As the irradiation
time increased from O to 15 s, the circle patterns of the (100) lattice of the BP II
enlarged, switching to diamond-shaped pattern corresponding to (110) lattice of BP I,
and gradually shrinking. It is noteworthy that increasing the dopant concentration
shifted the initial BP reflection to the UV region, which was tuned across the entire
visible region with broad range upon 408-nm light irradiation, the reflection bands
of BP II redshifted from the UV to 520 nm. Once the BP II transformed into the BP 1,
the corresponding reflection bands discontinuously jumped to 560 nm, which was
further redshifted from 560 to 710 nm within BP I state.

Self-organized 3D superstructures with spherical configurations have recently
received considerable attentions in the forefront of multitudinous research areas,
such as optical sensors or manipulations, soft photonics, and microfluidics.”* Liquid
crystalline microdroplets and microshells, that is, confining LCs in micrometer- or
nanometer-sized superstructures, represent an elegant example of the topic. Recent
advances of microfluidic techniques have enabled the fast, simple, and convenient
fabrication of stable 3D monodisperse microdroplets with controllable symmetry,
shapes, and sizes.”* With the help of microfluidic techniques, the size-polydisper-
sity obstacles during the processes of producing the microdroplets have been suc-
cessfully overcome, which opens infinite possibilities for 3D optical sensors.?>%
Recently, we demonstrated the photonic cross-communication between CLC
monodisperse microdroplets, where their self-assembly was precisely manipulated
by using the microfluidic method.”” Only a central reflection spot was observed in
the isolated single microdroplet due to the absence of any lateral communication
(Figure 2.10a). In the groups of two or more microdroplets, it was surprising that
the reflection-related interactions were found between neighboring microdroplets
(Figure 2.10b—e). When the microdroplets are densely packed into the hexagonally
symmetric monolayer, the circular “lit firecracker” patterns were formed because
of the photonic cross-communication in the neighbor microdroplets (Figure 2.10f).
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FIGURE 2.10 (a—f): Polarizing optical microscopy images and photonic cross-communi-
cation of linear-, triangular-, and diamond-shaped patterns in the cholesteric microdroplet
arrays. (g-h): The “flower-opening” patterns of microdroplets with light-driven iridescent
colors. (Fan, J. et al.: Angew. Chem. Int. Ed. Engl. 2188-2192. 2015. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA. Reproduced with permission.)

Moreover, the intensity of photonic cross-interaction was found to depend strongly
on the distance between the microdroplets, and the photonic cross-communication
completely disappeared when the distance was five times larger than the diameter
of microdroplets. It is worth mentioning that omnidirectional red—green—blue reflec-
tions in the microdroplets have been achieved by using a novel thermally stable pho-
tochromic chiral molecular switch. We could also readily modulate the reflection
color of every single microdroplets independently, and Figure 2.10g-h illustrates
the “flower-opening” patterns with light-directed iridescent colors in eight mono-
disperse microdroplets. Such monodisperse microdroplets and their periodic arrays
would not only provide a rich and fascinating platform for fundamental theoreti-
cal studies of micro/nanophotonics with geometric confinements but also hold great
potential for applications in the photonic and optoelectronic devices where CPL with
tailored wavelength is preferred.®®%°

The microfluidic techniques have also been demonstrated to fabricate the CLC
microshells with spherical configurations that can act as 3D omnidirectional lasers
due to the radial molecular arrangement within the cholesteric microshells. Uchida
et al. firstly reported the fabrication of cholesteric microshells with water—oil-water
double phase by using the microfluidic method,!°® in which the oil phase is composed
of dye-doped CLCs. By combining different laser dyes with CLC hosts, three types
of laser modes, that is, distributed feedback (DFB), distributed Bragg reflection
(DBR) and whispering-gallery-mode (WGM) resonators, are successfully obtained
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(b)

Aqueous solution

Photoresponsive CLC Aqueous solution

FIGURE 2.11 (a) Molecular structure of light-driven chiral azobenezene 8. (b) Schematic
illustrations of the cholesteric microshell and the mechanism of phototunable lasing (left) and
confocal image of the microshells (right). (Chen, L. et al.: Adv. Opt. Mater. 845-848. 2014.
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)

on the basis of the CLC microshells. Subsequently, we demonstrated the fabrication
and lasing properties of photochromic monodisperse cholesteric liquid crystalline
microshells through the capillary-based microfluidic techniques (Figure 2.11),'!
where the photoresponsive CLCs were developed by loading a photochromic chiral
molecular switch 8 responsive to visible light into a nematic LC host. When the
cholesteric microshells loaded with DCM laser dye were pumped under an external
pulsed laser, the laser emissions in all optical directions were achieved, where the
emission wavelength was found to be able to self-tune because of the photoisomer-
ization of azobenzene chiral switch.

2.5 PHOTOCHROMIC LIQUID CRYSTALS FOR
POTENTIAL INFRARED SENSORS

As is well known, most infrared radiations are not visible to human eye and may
harm a person without warning, making it difficult for us to avoid the risk. Although
occasional exposure to these low-energy radiations is not harmful, everyday contact
can result in long-term health problems. People who are involved in the mass produc-
tion of lasers and heat lamps could have a higher risk of experiencing adverse effects
due to exposure. Prolonged exposure to high levels of infrared radiation could lead to
burns and permanent eye problems, including cornea and retina damage, cataracts,
and other injuries to eye.'*> Toward the fabrication of infrared photochromic sensors,
extensive efforts were attempted to design chiral molecular switches that can be
triggered with longer wavelengths including visible light.!3-195 However, developing
such infrared photochromic molecules continues to be a challenge but is attracting
much attention due to their fundamental significance and potential technological
application.
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Upconversion processes are characterized by the successive absorption of mul-
tiple photons and the subsequent emission of shorter wavelength radiation.'0%:107
Thus, the systems exploiting this phenomenon could be used to first absorb sev-
eral quanta of infrared light and subsequently transfer their upconverted excitation
energy to the photochromic switch either via UV emission and reabsorption by the
switch or Forster-type resonance energy transfer. Extensive research have indicated
that nanoparticles doped with lanthanide ions can be used to drive the isomeriza-
tion of photochromic compounds in one direction, whereas complex core—shell—
shell nanostructures are necessary to photoisomerize in both directions.!%8-111
Recently, we introduced the reversible NIR-directed reflection in a self-organized
helical superstructure loaded with upconversion nanoparticles (UCNPs) possess-
ing core-shell structure as shown in Figure 2.12.!"> The photochromic chiral azo-
benzene switch 9 and UCNPs, doped in a LC medium, were able to self-organize
into an optically tunable helical superstructure. The resulting nanoparticle impreg-
nated helical superstructure was found to exhibit unprecedented reversible NIR
light-activated tunable behavior only by modulating the excitation power density
of a continuous-wave NIR laser. Interestingly, upon irradiation by the NIR laser
at the high power density, the reflection wavelength of the photonic superstructure
redshifted, whereas its reverse process occurred upon irradiation by the same laser
but with the lower power density.

In the experiment, the self-organized helical superstructure was fabricated
by doping a photchromic chiral azobenzene switch 9 and UCNPs into a LC host

Low power NIR

Reversible NIR-light directed reflection

FIGURE 2.12 (a) Molecular structure of light-driven chiral azobenezene 9. (b)
Upconversion-nanoparticle-doped reflection color tuning of photochromic chiral LC.
(Reprinted with permission from Wang, L. et al. Reversible near-infrared light directed
reflection in a self-organized helical superstructure loaded with upconversion nanoparticles.
J. Am. Chem. Soc. 136, 4480-4483. Copyright 2014 American Chemical Society.)
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composed of commercially available components. It was found that 3 wt% chiral
switch and 1.5 wt% UCNPs doped in commercially available 80.5 wt% nematic
LC E7 and 15 wt% S811 exhibited reversibly tunable NIR light-directed reflections
through red, green, and blue wavelength only by varying the power density of the
excitation NIR light (Figure 2.13a and b). As shown in Figure 2.13c, the center reflec-
tion wavelength was around 435 nm at the initial state; upon irradiation with 980-nm
NIR laser at high power density, the reflection wavelength was tuned to 540 nm in
60 s and further reached a photostationary state in 120 s with a center reflection
wavelength at 625 nm. The reverse process across red, green, and blue reflection col-
ors occurred within ~4 min upon irradiation with 980-nm NIR laser at low power
density (Figure 2.13d). The reversible tuning of reflection across red, green, and blue
reflection colors was repeated many times without noticeable degradation.
Recently, plasmonic gold nanorods (GNRs) have attracted increasing atten-
tions especially in biomedical applications due to their appealing “photothermal
effect,” that is, converting NIR light into heat through a nonradiative relax-
ation process of longitudinal surface plasmon resonance (LSPR).!'* It is also
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FIGURE 2.13 Reflection colors and corresponding reflection spectra of the photochromic
chiral LC with 3 wt% chiral molecular switch 9 and 1.5 wt% UCNPs in a 10-pum thick planar
cell at room temperature: (a) and (c) upon irradiation with 980-nm NIR laser at high power
density and followed by (b) and (d) irradiation with 980-nm NIR laser at low power den-
sity. (Reprinted with permission from Wang, L. et al. Reversible near-infrared light directed
reflection in a self-organized helical superstructure loaded with upconversion nanoparticles.
J. Am. Chem. Soc. 136, 4480-4483. Copyright 2014 American Chemical Society.)
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noteworthy in this context that the characteristic wavelength of the LSPR signal
corresponding to NIR absorption can be expediently tuned on demand by suitably
altering the aspect ratio of GNRs, and therefore GNRs have been proposed for use
in a few triggering systems where UV or visible light is not favorable.!'*-117 We
demonstrated NIR-light-responsive self-organized 3D photonic superstructure by
incorporating new hydrophobic mesogen-functionalized GNRs (M-GNRs) into
a BP LC medium composed of commercially available components.!’® In the
experiment, the liquid crystalline composites doped with 0.07 wt% concentration
of M-GNRs were prepared by dispersing the M-GNRs into BP LCs. On cooling
from isotropic phase, BP II firstly appeared at 46.4°C and then transformed into
BP I at 44.1°C. As the temperature was further decreased to 37.2°C, the phase
completely changed into the cholesteric phase (Figure 2.14a). Additionally, the
BPs formed the characteristic platelet textures, and the reflection color gradually
changed to a longer wavelength with decreasing temperature. It was also found
that the introduction of M-GNRs was found to be beneficial in stabilizing the
cubic nanostructure. Importantly, the resultant 3D photonic nanostructures could
be switched between body-centered cubic and simple cubic symmetry under irra-
diation using an 808-nm NIR laser due to the significant photothermal effect of
M-GNRs (Figure 2.14b). The reverse process occurs upon removal of the NIR
laser irradiation. Furthermore, dynamic NIR-light-directed red, green, and blue
(RGB) reflections were for the first time demonstrated by tuning the lattice con-
stant of the light-driven 3D soft photonic crystals.

100 pm

Iso 48.0°C
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BP I (body-centered cubic) BP II (simple cubic) Isotropic phase

FIGURE 2.14 NIR-light-directed self-organized BP 3D photonic superstructures loaded
with gold nanorods. (a) Typical textures of BP I and BP II nanostructures at different tem-
peratures and (b) schematic illustration of the structural transformations under the NIR-light
irradiation. (Wang, L. et al. 2015. NIR light-directing self-organized 3D photonic superstruc-
tures loaded with anisotropic plasmonic hybrid nanorods. Chem. Comm. 51: 15039-15042.
Reproduced by permission of The Royal Society of Chemistry.)



Photochromic Chiral Liquid Crystals for Light Sensing 55

2.6 SUMMARY AND PERSPECTIVES

In this chapter, we furnished a glimpse of the research advances in design and devel-
opment of photochromic chiral LCs for potential light sensing applications, that is,
light-driven dynamic circularly polarized reflections of photochromic cholesteric
and BP LCs. The combination of photochromic behavior of molecular switches with
dynamic circularly polarized visible reflection of multitudinous chiral LCs helps the
human eye to directly “see” the light radiations and even “feel” their intensities. This
kind of smart sensors possessing unique attributes such as light-weight, low cost,
and easy-to-use hold great potential for being incorporated in the tags or packages of
perishable products and any other portable daily items, which would help to increase
the public awareness of these hazardous radiations such as UV, infrared exposures,
and beyond. However, it should be pointed out that the related research in this field is
still in infancy stage which is far from being usable in daily life situations. Often the
selectivity, sensitivity, and signal changes do not meet the requirements set for the
specific applications. To increase the sensitivity of photochromic chiral LC sensors,
more attentions should be paid to design and synthesis of novel photochromic mole-
cules with unprecedented fast switching speeds and remarkable stabilities.!"® Toward
the photochromic sensors, the linear relationship between the reflection colors of
chiral LCs and the parameters of light irradiations including wavelength, intensity,
polarization, and exposure time requires detail investigation in the future.

As aforementioned, most of photochromic chiral LCs reported so far are based
on low-molecular-weight systems in which a promising photochromic chiral mol-
ecule is used. However, these samples have a liquid-like nature which often hampers
their widespread application. To develop the paintable, flexible, and even wearable
smart sensors, it would be a great choice to encapsulate the photochromic chiral LCs
with a polymer binder to create polymer-dispersed LCs in which the good response
of low-weight systems can be combined with the mechanical robustness of poly-
mers. Furthermore, it would be of great interest to develop intelligent fibers, fabrics,
textiles, or even clothes by directly using the photochromic chiral LCs.!2°-!22 This
kind of textile-based photochromic sensors should be easily customizable by sew-
ing, thermal bonding, or gluing, and there are also additional advantages of easy
maintenance through washing and chemical cleaning, and low specific weight with
good strength and elasticity. Looking forward, although extensive advancements
in developing the photochromic sensors based on LCs have been achieved, various
challenges remain to construct those displaying high sensitivities and stabilities for
the general public use. Future investigations in this promising topic with great poten-
tial would not only broaden our knowledge of smart sensors but also promote their
diverse applications in daily life situations.
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3.1 INTRODUCTION

In his 1990 book, Peter Collings refers to liquid crystals (LCs) as “Nature’s delicate
phase of matter.”! This is perhaps most apparent when looking at the use of LCs
as sensors. Due to the inherent fragility of the phase, LCs make ideal candidates
for sensors, as small disruptions to the localized order are propagated and ampli-
fied throughout the bulk material. This responsiveness, coupled with the attractive
optical properties of liquid crystalline materials, has been the focus of much of the
investigation into the applications of the liquid crystalline phase.

Although LCs are best known for their electro-optical properties, particularly
as display materials, investigations into their use for other applications have been
ongoing for quite some time. In this chapter, we will be focusing particularly on the
sensing applications of chiral nematic (N*) LCs,* although many other applications

* Although the terms “cholesteric” and “chiral nematic” are used interchangeably, in this work the term
“cholesteric” will refer exclusively to N* LCs formed from cholesterol derivatives, whereas N* LCs
formed by the inclusion of a chiral dopant within a nematic LC will be referred to as “induced N* LCs.”
These two terms encapsulate the two methods of forming a N* LC: either by using a chiral mesogen
such as cholesterol myristrate or by incorporating a chiral, nonmesogenic molecule into a nematic host.
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have been investigated.? As the name suggests, N* LCs can rightly be considered
an extension of the nematic mesophase. Whereas in the nematic mesophase, the
calamitic mesogens align with a common preferred axis (the director), in the N*
mesophase, the director rotates through space, causing the mesogens to form a heli-
cal superstructure. Throughout a N* helix, there exist regions that share a common
director, separated by a half twist of the helix. A distance of two half twists is termed
as the pitch (p), which corresponds to the distance required for a full rotation of the
director, as shown in Figure 3.1.

The orientation of these helices will be random unless a layer of common align-
ment is used as a template. This is usually done through the use of an ordered sub-
strate, with a common direction of alignment supplied through methods such as
rubbing to induce anisotropy in a polymeric substrate. Such substrates provide a
common director for the mesogens to align with, and therefore give order to the bulk
of the material. When this happens, we gain common alignment of the N* LC heli-
ces, which then begin to show some unusual optical properties.

Regularly repeated layers of molecules sharing an orientation can undergo Bragg
reflection of a beam with wavelength (\) equal to 2d sin 0. In this case, the 2d in the
equation is dependent on both the pitch and the mean refractive index () of the LC.
This is shown below:

\ =np. G.1)

The mean refractive index in turn is defined in terms of the ordinary (n,) and
extraordinary (n,) refractive indices of the LC.

n. +2n,

2
3 (32

]7[:

If the pitch of the N* LC is in the range of 350—600 nm, then the wavelength of
the reflected beam will be in the visible region of the electromagnetic spectrum, and
the films will adopt a brightly colored hue due to the reflection of a narrow band

FIGURE 3.1 An illustration of the N* mesophase. On the left is a computer-generated
image showing the alignment of individual molecules, while the image on the right shows the
helical progression in the alignment of the director. (Image adapted with permission of Yan
Liang/BeautifulChemistry.net.)
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of wavelengths, as given by the difference between the ordinary and extraordinary
refractive indices.

AN = (n, —n,)p. (3.3)

As a N* helix has a given handedness, only light of polarization matching the
handedness of the helix is reflected. This means that a (P)-helix will only reflect
right-handed circularly polarized light, while an (M)-helix will only reflect left-
handed circularly polarized light.

This unique behavior has been the focus of much of the work into N* LCs.
Applications include color filters,? polarizers,* reflective displays,>° and thermochro-
mic thermometers and paints.”® These are the subject of a recent excellent review by
David Coates.’

As mentioned previously, there are two main ways to create a N* LC. The first is
to use a chiral mesogen which will naturally adopt the helical structure when placed
on an ordered substrate. The second is to incorporate a chiral dopant molecule into
a nematic LC host. The chiral molecule then acts on the nematic host to create the
rotation in the director that gives rise to the N* mesophase. The efficiency of the
molecule in inducing a helix is termed as the helical twisting power (HTP) (3) and
arises from the geometry of the dopant in question.

Additionally, the optical purity, as measured by the enantiomeric excess (e,), and
the doping concentration (by weight, c,) have been shown to impact the pitch of the
helix created. These are expressed in Equation 3.4:

p=@ec,) . 34

Globally, sensors are a growing field with increasing number of applications in
a diverse range of fields. N* LC sensors have to be released into a competitive mar-
ketplace which is dominated by several already-mature technologies. In order to
be relevant within this marketplace, this sensing platform needs to have significant
advantages over the existing technologies in order to compete. One such advantage
comes from the fact that N* LC sensors are readily solution processable: Examples
have been developed which are made by spincoating,'® inkjet printing,!' polymer
encapsulation,'? and spray-coating.!’ These methods represent a highly affordable,
high-throughput method of producing devices that does not require expensive pro-
duction equipment or clean-room facilities. They also integrate well with current
manufacturing techniques for a number of products, allowing for the possibility of
creating so-called smart materials that respond to environmental conditions. These
low-cost methods complement the low cost of the LC materials to produce very cost-
efficient disposable sensors.

While sensors utilizing many different mesophases have been developed (notably
the work of Ichimura and Abbot on optical command surfaces),'* N* LC sensors are
uniquely placed in that a small change in the structure of the mesophase results in a
clear colorimetric signal, allowing for sensors that can be visually assayed even in
the absence of access to analytical facilities or electrical power. Many such sensors
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have been developed. These can be broadly divided into two categories: The first of
these relies on the thermally,®!> mechanically,'?!¢ or chemically induced swelling or
shrinking of the N* LC. The second category is the focus of this chapter: Changes
in pitch induced by a reaction between a responsive component* of a N* LC and an
analyte, as illustrated in Figure 3.2. Both of these topics have been the subject of
recent reviews, such as those by White in 2010'7 or Mulder in 2014.'8

Of the former category, one common method of creating chemosensors is to
monitor the change in pitch caused by the swelling or shrinkage of the bulk LC
following the absorption of volatile organic compounds (VOCs). Such systems
were first expounded by Fergason in 1964,"> and then subsequently refined, includ-
ing recent steps such as the incorporation of quartz crystal microbalances to dis-
tinguish between VOCs,! creating hydrogen-bonded systems to induce preferential
absorption,?° or creating polymer—LC composites in order to monitor environmental
conditions such as temperature?’ or humidity.?> Such systems tend to suffer from
one common problem, however. As swelling can be induced by a wide range of
substances and conditions, it is difficult to selectively detect a single analyte under
noncontrolled conditions. In order to circumvent this, researchers have lately been
turning their attention toward the second type of sensor: those based on responsive
components within N* LCs.

Analyte
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FIGURE 3.2 A schematic showing the change in pitch of a N* LC induced by a reaction
between a responsive chiral dopant and an analyte.

* Components which undergo a chemical reaction in response to an analyte are termed as responsive
components throughout this work. This is to avoid confusion with already existing terms such as reac-
tive mesogens.
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By incorporating a responsive chiral dopant that undergoes a chemical reaction
in the presence of a desired analyte into a nematic LC host, it is possible to form
a N* LC that changes its optical properties in response to that reaction occurring
(Figure 3.2). This has the advantage of allowing for much more selective monitoring
of analytes: Careful selection of the reactive functional groups present within the
chiral dopant allows for specific functionalities present in an analyte to be targeted.
It is worth noting that this reactive property does not prevent the inclusion of VOCs
into the nematic host. Thus, these sensors are not suitable for use in environments
with significant ambient levels of VOCs, as the swelling associated with the absorp-
tion of VOCs could easily mask any changes in pitch due to the presence of the
targeted analyte.

One further benefit of sensors based on the use of a responsive chiral dopant
within a nematic matrix is that it allows for the possibility of creating both sensors
and dosimeters, depending on the nature of the interaction between the analyte and
the dopant. If the reaction occurring is reversible, then the device acts as a real-time
sensor: It actively monitors the current concentration of the analyte. If the reaction is
irreversible, then the device acts instead as a time-integrating sensor: The total expo-
sure over a given time frame can be determined. Both of these can be advantageous,
depending on the envisioned application, and both will be discussed in this work.

It is also important to acknowledge the shortcomings associated with any sensing
platform. One key limitation of these sensors is the requirement for dopants that are
both highly reactive while still possessing a sufficiently high HTP in order to induce
a N* phase. For visual monitoring, it is also important that large changes in HTP
occur as a result of the interaction between the dopant and the analyte. One method
of countering this shortcoming is to use molecules known to possess high HTPs as
a template to functionalize.

Sensors of this type that have been developed can further be split into two
categories: those that have been used to sense chemical analytes (Section 3.2) and
those that are triggered by UV light (Section 3.3). These will be discussed in turn
below.

3.2 CHEMOSENSORS

The ability to sense the presence or the absence of certain compounds is a highly
desirable one. From common household systems such as carbon monoxide detectors
to more complex systems for diagnosing diseases or determining the authenticity of
works of art, the ability to detect the presence of certain molecules has found many
applications. These vary in complexity from simple strips of paper impregnated with
chemicals (such as litmus paper) to highly complex and sensitive machines such as
a gas chromatograph.

In general, chemosensors refer to devices that are designed to detect a single mol-
ecule or group of compounds, compared to analytical machines that are designed to
be able to detect a wide range of compounds, such as a mass spectrometer. A device
acts as a chemosensor when it selectively produces a signal in the presence of a
given analyte. In the case of N* LC chemosensors, this signal comes in the form of a
change in the wavelength of maximum reflection (\,,,,) of the N* LC.

max.



68 Liquid Crystal Sensors

There are three detection methods in N* LCs that have been examined as
potentially producing usable chemosensors. The first of these is based on the use
of a responsive mesogen (such as a functionalized cholesterol derivative) within a
cholesteric LC film. The second is the use of a responsive chiral dopant within an
induced N* LC, and the third on the use of responsive achiral dopants in N* LCs.

3.2.1 ReAcTIvVE CHOLESTEROL DERIVATIVES WITHIN CHOLESTERIC N* LCs

Reactive cholesterol derivatives were the first responsive chiral components inves-
tigated for sensing applications. An example of this was published by Shinkai et al.
in 1990.2* They had previously developed a crown-ether functionalized cholesterol
derivative in order to study selective ion transport (Figure 3.3).24 In the latter work,
they studied the impact of incorporating this into a blend of mesogenic cholesterol
derivatives. They found that when exposed to alkaline metal salts, the change in the
pitch varied with both the identity of the metal and the counterion. The changes as
a result of the anion were attributed to the size of the anion (Figure 3.3). In the case
of the metal ions, this relationship did not hold, with KT inducing a substantially
larger change than Cs™, despite being significantly smaller (Figure 3.3). Although
this effect was not explained, the fact that changing the crown-ether moiety from
15-crown-5 to 18-crown-6 resulted in a significantly lower X, value for K+, Li*,
and Na™, while that of Cs* increased, suggesting that the strength of interaction
between the crown-ether moiety and the metal cation is responsible for the change in
reflection, as opposed to the change being entirely attributable to swelling.

The latter work was built on this by utilizing a second effect of chirally func-
tionalized crown-ethers: their ability to discriminate between enantiomers of
ammonium compounds.? Nishi et al. utilized the previously described crown-ether-
functionalized cholesterol derivatives in order to measure the difference in pitch
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FIGURE 3.3 (a) Crown-ether-functionalized cholesterol derivative 1a.?* Table shows the
Ionic radii and wavelengths of maximum reflection for N* LC films containing crown-ether-
functionalized cholesterol derivatives when exposed to various anions. TCIPB~ = tetrakis(4-
chlorophenyl) borate. (b) A plot of reflection maxima (\,,) against metal thiocyanate
concentration for a variety of alkali metals. (S. Shinkai et al., J. Chem. Soc. Chem. Commun.,
1990, 1, 303. Reproduced by permission of The Royal Society of Chemistry.)
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when cholesteric blends were exposed to a variety of optically pure ammonium
salts.? They found that D-isomers usually induced significant increases in pitch,
while L-isomers induced smaller decreases in pitch. When the cholesterol moiety
on the reactive dopant was replaced with a nonchiral alternative, most of the chi-
ral analytes caused no change in the pitch, while others caused very small changes
(AXpax < 10 nm). This confirmed that a reaction of an analyte with a chiral dopant
within a LC matrix could induce a change in pitch.

In 1995, Tokuhisa et al. found that using a chiral nematic—polymer composite
films containing crown-ether-functionalized cholesterol derivatives lowered the acti-
vation energy for ion conduction compared to systems without the ordered arrange-
ment of crown-ether moieties.?’” As might be expected, at higher temperatures where
the mesophase becomes increasingly disordered, conductivity decreased. By incor-
porating an azo-moiety (azo = R-N=N-R) within the cholesterol derivative, it was
further possible to create a photo-switchable ion conductor, as the mesophase moved
between ordered and disordered states, although the switching times were significant.
Later investigation by Kado showed that the use of 15-crown-5-ether-functionalized
cholesterol benzoate (15-crown-5-CB) selectively interacts with K+ ions.?® Films
containing 15-crown-5-CB exposed to 0.1 M solutions of Li*, Na™, and KT exhibited
a change in both the peak intensity and the value of X, (AX,,,, = 18 nm) only when
exposed to solutions of K*. The dose response was found to be approximately linear
in the concentration range of 0—0.1 M, with concentrations above 0.1 M resulting
in no further change in the reflection maximum. Larger shifts were possible if the
ratio of K™ to 15-crown-5-CB was >1, although this was accompanied by higher
variability in the value of X\ ,,. This was built on the work by Kimura et al., who
had first noted the ability of cholesteric LCs containing crown-ether-functionalized
cholesterol derivatives to discriminate between Na* and K+.%

One later development of this technology was to create more targeted systems.
James et al. used boronic acid-functionalized cholesterol derivatives in order to
discriminate between different saccharide configurations.®® James highlighted a
number of different complexes that could be formed between boronic acids and
saccharides. They found that the dihedral angle between the phenyl moieties of the
boronic acids in a 2:1 complex with a saccharide correlated well with the observed
shift in X\,,,. This change is likely due to a change in HTP, although this was not
investigated.

One recent example is the use of trifluoroacetyl (TFA)-functionalized cholesterol
derivatives by Kirchner et al. to selectively detect amine vapors.3' This built on work
in developing chromogenic and fluorogenic biogenic amine sensors using the TFA
moiety, while trying to avoid the limited lifetime associated with the photoinduced
decomposition of chromogenic and fluorogenic molecules.??> As the color associated
with N* LCs is structural, as opposed to that resulting from electronic excitation of
molecules, there is greater inherent stability. On exposure to amine vapors, films
containing TFA-functionalized cholesterol derivatives along with nonreactive cho-
lesterols showed a linear dose-dependent change in the value of X, with a shift of
40 nm observed for 1600 ppm of 1-butylamine (Figure 3.4).

While the systems developed in this way showed good selectivity toward amines,
with no signal observed when exposed to ketones, alcohols, or acetates, the systems

max?
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FIGURE 3.4 (a) Graph showing the change in \,,, between varying concentrations of
n-butylamine and diethylamine for the TFA-functionalized cholesterics developed by
Kirchner et al.3! (b) The formation of the hemiaminal products of the reaction between the
TFA-functionalized cholesterol and the amines investigated. (N. Kirchner et al., Chem.
Commun. (Camb)., 2006, 1512-1514. Reproduced by permission of The Royal Society of
Chemistry.)

are not able to distinguish between amines which limit their utility in real-world
applications. This problem is a common one to systems based on reactive dopants,
although N* LC polymer systems based on swelling and shrinkage that are able to
discriminate between primary alcohols have been developed.®

Systems based on functionalized cholesterol derivatives have both associated
advantages and disadvantages. One strong benefit is a known compatibility with a
mesogenic system. This avoids the potentially time-consuming process of screening
LC hosts. There is also the additional benefit that HTP considerations are not as
important: The other components of a cholesteric liquid crystalline mix will ensure
a visible reflection band. This latter property is also the basis of a significant
disadvantage associated with functionalized cholesterol derivatives: Small changes
to the reactive component can be masked by the other contributing chiral mesogens.
This contrasts to an induced N* LC, where the nematic host amplifies small changes
within the responsive chiral dopant.

3.2.2 ResponsivE CHIRAL DopraNTs IN INDUCED N* LCs

Asmentioned in the introduction to this chapter, induced N* LCs are exciting potential
sensor materials. By incorporating a responsive chiral dopant, it is possible to create
devices with high sensitivity; though the dopant is usually a small component in the
overall liquid crystalline mixture yet it is solely responsible for inducing the helical
twist of the N* mesophase. It therefore follows that a chemical reaction involving the
dopant is a highly efficient way of inducing an optical change within a N* LC thin
film.

This latter area of study is very recent, with the first developed systems dating
from 2010.3* Han et al. developed two sensors, a CO, sensor that showed real-time
monitoring and an O, sensor that acted as a time-integrating sensor. These two dif-
ferent behaviors are rooted in the nature of the reaction between the chiral dopant
and the analyte. If the reaction is reversible, or if the analyte forms a weakly held
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complex with the dopant as opposed to forming new chemical bonds, then the sensor
will regenerate over time, although device hysteresis is a significant issue. If on the
other hand the reaction is irreversible, then the device will record the total dose of
the analyte, acting as a time-integrating sensor, or dosimeter. Both of these behaviors
are desirable, depending on context.

In the case of the CO, sensor, a diamine was used as the responsive chiral dopant
of the mixture, which would reversibly react with CO,, forming a carbamate inter-
mediate. The diamine chosen was found to have a very low HTP in order to induce
visible reflection bands. In order to avoid this issue, the diamine was complexed
with a tetraaryldioxolanediol (TADDOL) derivative, which is known to possess very
high HTPs (Figure 3.5).>> When the films containing 1.6% of the diamine-TADDOL
complex were exposed to an atmosphere of pure CO,, a rapid (<10 s) shift from an
original red state to a blue state was observed. This was attributed to the carbamate-
TADDOL complex having a higher HTP than the unreacted dopant (202 pm~! for the
carbamate-TADDOL complex, compared to 157 pm~' for the diamine-TADDOL
complex). The reverse reaction was considerably slower, with an estimated 2.5 h
required to reach 50% decomplexation. Studies at lower concentrations of CO, found
that at concentrations below 10% CO,, complete conversion was no longer possible,
and the time taken to reach a stable conversion percentage was significantly longer.
Due to the difference in rate between the forward and reverse reactions at low con-
centrations, the devices started displaying semidosimetric behavior, an undesirable
characteristic in a real-time sensor.

In the case of the O, sensor, a thiolated bis-2-naphthol (BINOL) derivative
(BINSH) was used as the active chiral dopant (Figure 3.6). As before, the solubil-
ity and HTP of the dopant were too low in order to create a visible reflection band
(BINSH 8 = 13 pm~! in E7). In this case, a related codopant was used in order to
create a visible reflection band. In the presence of a small amount of an amine cata-
lyst, the BINSH underwent an irreversible reaction when exposed to oxygen, with no
change in A, observed when exposed to N,, or when exposed to air in the absence
of the triethylamine catalyst. As the disulfide product has a higher HTP than the
BINSH dopant (disulfide 3 = 65 pm™), a blue shift would be expected. In this case

B=+10 um B=+157 um

FIGURE 3.5 The structure and helical twisting power of 1,2-diphenylethane-1,2-diamine
before and after complexation with TADDOL.
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FIGURE 3.6 The structure of BINSH chiral dopant before and after the reaction with O,.

instead a red shift was observed, which is attributed to the substantially lower solu-
bility of the disulfide product in the nematic host, resulting in precipitation effec-
tively lowering the concentration of the dopant within the N* LC.

A similar behavior was observed in the case of a humidity sensor developed
by Saha et al.*® This sensor was based on the creation of a BINOL dimer, which
was expected to have a significantly higher HTP than the monomeric unit, which
has been found to have a low HTP in nematic hosts such as E7.37 This expectation
was based on a previous work showing an increase in HTP of bridged biaryls com-
pared to their open-chain counterparts.®® This increase is attributed by Eelkema and
Feringa to a change in the dihedral angle formed between the two naphthyl units.*
BINOL derivatives have the ability to move from transoid to cisoid forms (Figure
3.7), depending on the groups present on the 1-naphthyl site has also been identified
as the reason why BINOL derivatives of either chirality can form both right- and
left-handed helices.?$%

When exposed to water vapor, the BINOL dimer undergoes an irreversible reac-
tion which returns it to the monomeric state, which due to lowered HTP and solu-
bility in the nematic host resulting in a notable increase in the wavelength of the
reflection maximum (Figure 3.8).

An irreversible reaction between a chiral dopant and an analyte was also the
basis of a recent work by Cachelin et al. looking at acetone sensors.!? In this work, a
complex was formed between an achiral hydrazine and TADDOL, creating a com-
plex that selectively reacted with acetone (Figure 3.9). The dosimetric behavior of
the sensor was analyzed in this case, with a linear dose response observed over the
operational range of the sensor. It is worth noting the small change in A, observed

©
0<©<90 90<©<180
Cisoid Transoid

FIGURE 3.7 TIllustration of the transoid and cisoid BINOL forms, which are dependent on
the dihedral angle 0.
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FIGURE 3.8 (a) The reaction between the humidity-sensitive BINOL dimer and H,O.
(b) The change in wavelength of the reflection maximum as observed as a function of time
exposed to air of 75% relative humidity. (A. Saha et al., Chem. Commun., 2012, 48, 4579.
Reproduced by permission of The Royal Society of Chemistry.)

in the case of this acetone sensor. This was attributed to a very small change in
HTP as a result of the reaction with the analyte (A3 = 2.08 pm™"). Nevertheless, the
fact that a dosimetric behavior was observed even when the changes involved in the
molecular geometry of the dopant were very small indicates that this is a very sensi-
tive technique for the monitoring of volatile analytes.

3.2.3 NONCHIRAL DoraNTs WITHIN A N* LC

One final method of creating chemosensors is to incorporate an achiral dopant
within a N* LC in order to change the liquid crystalline matrix. Currently there is
only one such example, based on the inclusion of magnetite nanoparticles with a cho-
lesteric N* LC host. It has previously been shown that the incorporation of magnetite
nanoparticles within a LC sample results in a change in their electrical and magnetic
properties. As magnetite is similarly known to show good selectivity toward carbon
monoxide (CO); Aksimentyeva et al. investigated the possibility of creating a sensor
from a N* LC doped with magnetite nanoparticles (Figure 3.10). On exposure to
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FIGURE 3.9 (a) The reaction scheme for the chiral dopant and acetone. (b) Change in X\,
plotted against acetone concentration. The plateau at concentrations above 1000 ppm was
attributed to the saturation of the sensor. (P. Cachelin et al.: Adv. Opt. Mater., 592-596. 2016.
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)
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FIGURE 3.10 Reflection bands of cholesteric LCs both with (right) and without (left) mag-
netite nanoparticles on being exposed to different concentrations of CO. (Image adapted from
O. Aksimentyeva et al., Mol. Cryst. Lig. Cryst., 2014, 589, 83-89, with permission from
Taylor & Francis.)

low concentrations of CO, it was found that cholesteric solutions doped with 0.3%—
0.67% of magnetite nanoparticles underwent concentration-dependent peak broad-
ening, with an accompanying small shift in \,,,,.*° This was attributed to competitive
adsorption between CO and the LC host on the magnetite surface. Samples that did
not include the magnetite nanoparticles did not display this behavior. Additionally,
the optical density of the films changed in response to CO concentration, although
this was not expanded upon by the authors. Of particular note in this work is that
both the low concentration of the dopant and the very fast reaction times (<5 min),
are highly dependent on the kinetics of the reaction under investigation.

3.3 UV SENSORS

It should come as no surprise that much of the early attention in the field of respon-
sive liquid crystalline materials was based on their optical switching behavior.
The ability to optically address or pattern displays was, and remains, an attractive
alternative to electrical addressing. Much of the work in this section is therefore
focused on this type of behavior, with relatively little attention being paid to these
materials as sensors. Nonetheless, these materials do act as sensors; they respond
to a stimulus by changing some property of themselves. Unfortunately, sensing
properties, such as the sensitivity or dose dependence, are less explored in these
materials.

Using N* LCs as UV sensors has a long history, with the first mention dating from
a 1965 technical report by Fergason et al., where a mention is made of the existence
of UV-sensitive cholesteric LCs that respond by changing their color.*' This was not
the focus of their investigation, however, and no further details were given. Since that
time, UV-responsive N* LCs have remained an area of active investigation.

As well as chemically interacting with the dopant, as described in Section 3.2, it is
possible to induce a chemical change by nonchemical means, such as UV radiation.
Photoisomerization, photoinitiated reactions, and photoracemization are methods
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that can induce a chemical change within the dopant molecule, which can then be
propagated to the nematic matrix.

The first of these, photoisomerization, is the basis of the optical command sur-
faces first developed by Ichimura et al. in 1988.4> These are covered elsewhere within
this book. There have also been applications of azodyes as free dopants within N*
LCs, as discussed in Section 3.3.1.

Photoinitiation is the basis of a group of related sensors which utilize the pho-
toinitiated transformation of the sterol-based D provitamins such as ergosterol and
7-dehydrocholesterol. These are based on change in HTP between the provitamin and
vitamin forms, and thus are analogous to the reactive dopants discussed in Section 3.2.2.

Another method of sensing UV radiation is through the racemization of a pho-
toracemizable dopant. The effect of this is to change the enantiomeric excess of the
dopant, which should result in a red shift in the associated reflection band. This is
discussed later in this chapter.

3.3.1 UV SENSING VIA PHOTOISOMERIZATION

Photoisomerization is the process of conversion between the cis and trans isomers
across a double bond, depending on the wavelength of illumination. Azodyes are
one such example of the compounds that undergo this isomerization. By incorporat-
ing azobenzene within a cholesteric host, Sackmann showed that it was possible to
reversibly change the value of X, by selective illumination.*> On exposure to light
with a wavelength of 420 nm, a solution containing only the cis azobenzene showed
a blue shift from \ ,, = 610 nmto X\ ,,, = 560 nm (Figure 3.11). On exposure to light
with a wavelength of 420 nm, a solution containing only the cis azobenzene showed
a blue shift from 610 to 560 nm. Similarly, a red shift was observed when exposing
a solution containing only the frans isomer to light with a wavelength of 313 nm. As
the photoisomerization of azobenes is a rapid process, the change in X\, was simi-
larly rapid, although the kinetics of the change was not established.

A second example of such a photoisomerization can be seen in the work by
Yarmolenko et al. in 1994.4 Here again a photosensitive chiral compound was
exposed to UV light, which underwent a corresponding shift in HTP (Figure 3.12).

oy
k7]
g
%
o
= A =420 nm cis
-3
B F
)
NN 0.3
NS
Q/ N > 0.2
0.1 1 1 1 1 1 1 1 1 1 1 1
trans-azobenzene cis-azobenzene 520 540 560 580 600 620 T’)
nm

FIGURE 3.11 (a) Chemical structure of cis and trans azobenzene. (b) Change in \,,, between
the trans and cis azobenzene within a cholesteric host. (Reprinted with permission from
E. Sackmann, J. Am. Chem. Soc., 7088-7090. Copyright 1971 American Chemical Society.)
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FIGURE 3.12 (a) Structure of the isomers. (3 values are in 5CB. (b) Absorption spectra of
the E and Z isomers of 2-([1,1’-biphenyl]-4-ylmethylene)-6-isopropyl-3-methylcyclohexan-
1-one. The dash lines are the spectra resulting from progressive irradiation of the E isomer.
(Image adapted from S. N. Yarmolenko et al., Lig. Cryst., 1994, 16, 877-882.)

Of particular interest are the significantly different values of 3 associated with the E
and Z isomers. This was attributed by the authors to the pseudo-calamitic shape of
the E isomer allowing for a stronger interaction with the nematic host, as opposed
to the pseudo-spherical Z isomer. This was supported by infrared (IR) spectroscopy
studies indicating a significant nonplanar character associated with the carbonyl
moiety of the Z isomer.

This principle was extended by Feringa et al. in 1995 to produce a device that
switched the mesophase on UV illumination.* To do this, they used a molecule that
they had been previously studied as a chiroptical molecular switch.* Chiroptical
switching is a form of molecular switching where photochemical switching occurs
between enantiomers, often those exhibiting planar chirality such as hindered
alkenes, which can readily undergo isomerization.*> As the two stable states of the
molecular switch used exhibit opposite helicity, it was possible to reach an inter-
mediate state that did not contain an excess of either dopant. When the two forms
were balanced, the LC film adopted a compensated nematic mesophase, which could
be monitored by polarized optical microscopy. This allowed for an effective three-
position photochemical switch, due to the differences in the polarization of light
transmitted by the device in the three different states.

One attractive feature of photoisomerizable UV systems is the existence of two
stable states, allowing them effectively to act as photo-addressable switches. This is
less beneficial when considering their use as sensors, as natural UV sources such as
solar irradiation output a wide range of wavelengths and can trigger both the forward
and reverse reactions. In such cases, a UV-induced irreversible photochemical reac-
tion is more desirable, as it allows for both dosimetric sensing as well as not suffering
from photoinduced reverse reactions.

3.3.2 UV SENSING VIA PHOTOINITIATION OF A CHEMICAL REACTION

Another method of sensing UV light within a N* LC is to rely on the photoinitiation
of a chemical reaction involving the dopant. One early work in this area by Haas
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FIGURE 3.13 The effect of sequential exposure on a mixture of cholesterol iodide and cho-
lesterol nonanoate. Light = red, dark = clear. (Image reproduced from W. Haas et al., Mol.
Cryst., 1969, 7, 371-379 with permission from Taylor & Francis.)

et al. drew on the reference from Fergason et al. for inspiration, and exposed a vari-
ety of cholesterol derivatives to UV light of 300 nm wavelength to measure their
response.*’ They found that mixtures of cholesteryl halides and aliphatic choles-
teryl esters would undergo a change from clear to colored, with a dosage-dependent
red shift observed (Figure 3.13). This was attributed to the breaking of the photo-
labile cholesteryl-iodide bond, and the subsequent formation of a new compound.
Although the structure of this new compound was not determined, this assertion
was supported by the fact that a reduction in the concentration of cholesteryl iodide
without UV exposure resulted in a blue shift.

Much of the later work for these dopants rested on the transformation of certain
sterols on exposure to light. One well-known example of this is the transformation of
provitamin D, to vitamin D, on exposure to UV light, which has important ramifica-
tions for human health (Figure 3.14).

The two-step conversion of provitamin Dj into previtamin D;, followed by the
isomerization to tachysterol was the basis of a personal UV dosimeter proposed by
Terenetskaya and Gvozdovsky.*® They found that UV exposure resulted in a signifi-
cant decrease in the apparent pitch of a N* LC, as measured by the number of lines
present within a Grandjean-Cano wedge cell. These lines result from the change in
distance between the surfaces of the cells changing the number of N* helices that
can fit within the cell, with dark lines appearing regularly as a result. By measuring
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FIGURE 3.14 The UV-initiated transformation of provitamin D, to vitamin D,.
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the distance between lines and the angle of the cell (o) the apparent pitch can be
determined, using Equation 3.5.

P=2Stana. (3.5)

This apparent change in pitch was attributed to the transformation of provita-
min Dj in tachysterol, although the specific HTP of tachysterol was not measured.
Although the initial devices had pitches that were significantly larger than those that
would yield visible reflection bands, further work by the group succeeded in creating
devices with visible reflection bands, and the impact of LC composition and UV dose
on the pitch was closely investigated.*->°

As Petriashvili et al. noted, one major drawback of these systems is that it is not
possible to extract UV dose, due to the rapid nature of the chemical reaction behind
the change in pitch.’! Their response was the creation of a N* LC containing a dye
that absorbed UV photons and emitted within the visible spectrum.’! Their response
was the creation of a chiral nematic LC containing a dye that absorbed UV photons
and emitted within the visible spectrum. This system, when coupled with a pho-
todiode, could then quantitatively measure the UV exposure of the system. While
this avoids the use of expensive UV photodiodes in favor of cheaper visible light
photodiodes, the use of a fluorogenic compound does place the system at risk from
photo-decomposition, limiting the device’s lifetime significantly.

3.3.3 UV SENSING VIA PHOTORACEMIZATION OF A CHIRAL DOPANT

One method of UV sensing that has been little explored is the racemization of a
chiral dopant. This works as a highly effective sensing method and is based on the
enantiomeric excess of the dopant. The enantiomeric excess of a dopant is defined
in Equation 3.6.

 [D]— D]
“ = DI+ D] 66)

For an enantiomerically pure dopant, ee = 1. Likewise, a completely racemic
dopant will give a value of ee = 0. If the ee of a dopant reaches zero, the pitch of
the cholesteric becomes infinity large, thereby modeling the expected N*—nematic
transition. Changes below this threshold should show a progressive red shift. This
was demonstrated by van Delden and Feringa in 2001, where the reaction between
a chiral compound of unknown ee and a reactive LC resulted in the formation of a
N* mesophase where the value of \ ,, could be used to determine the ee of the com-
pound.>? They did however note that the value of A\, obtained depended both on
the concentration as well as the enantiomeric purity of the sample.>

This process was first observed by Mioskowski et al. in 1976.53 Using dissymmet-
ric photolabile compounds, they found that the phase change was clearly visible using
polarized optical microscopy. LC droplets of K15 containing a photolabile chiral dop-
ant showed significant changes in pitch after 3 h of irradiation at 15 kW/m?, with a



Chiral Nematic Liquid Crystalline Sensors Containing Responsive Dopants 79

N*—nematic transition being observed after 3 days. They also found that the extent
of polarization depended on the relative orientation of the N* helix and light source,
with a parallel orientation resulting in significantly faster racemization compared to
a perpendicular one, with the fastest racemization observed when the sample was
exposed as an isotropic droplet.

A second example of this sensing mechanism has been recently developed by
Cachelin et al.>* This sensor used the photoracemization of (R,R’)-bis-2-napthol
(BINOL) as the host material. This material had previously been studied by Zhang
etal. as a potential photo-switchable dopant, but the dopant was shown not to undergo
chiral enrichment when illuminated with circularly polarized light.> By comparing
the rate of racemization as measured by circular dichroism (CD) spectroscopy with
that obtained through thin films of N* LCs containing the photoracemizable dop-
ant, Cachelin et al. were able to show that the change in pitch can be modeled by
Equation 3.7, where e and e, are the enantiomeric excess of the final and initial states,
respectively.

Ap— € — €
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This showed that sensors utilizing racemization as the basis of detection are likely
to have far higher sensitivities overall then those based on a change in 3, such as
those mentioned in Section 3.2.2.

Sensors based on photoracemization are a relatively new field, but initial results
suggest that it is a highly promising area for future investigations. Another potential
area for study is the use of other triggers for racemization, such as chemical sub-
stitutions that proceed via an achiral intermediary state. According to the model
developed by Cachelin et al., these sensors should exhibit far higher sensitivities
than the systems discussed in Section 3.2, and could potentially further boost the
performance of N* LC chemosensors.

3.4 CONCLUSION

Overall, we have seen many different approaches to the same principle: The use of
a responsive compound within a N* LC in order to detect some analytes, usually by
changing the optical properties of the N* LC material. The fact that this method can
be applied to such a wide range of analytes speaks strongly in its favor, as does the
fact that the output of such systems can usually be determined visually, without the
need for complex analytical facilities. We have also seen that the detection limits of
such systems are limited, and usually fall within the ppm range, and that detection
times tend to be on the scale of minutes to hours as opposed to seconds. The fact
that both real-time and dosimetric systems are accessible, depending on the nature
of the interaction between the dopant and the analyte, is another point showing the
flexibility of this nascent technology. It is important to therefore carefully consider
the intended application of these sensors. Their low cost and size, combined with the
potential to create dosimetric sensors, are highly desirable for applications such as
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environmental monitoring and for packages in transit (so-called smart packaging).
Likewise, the fact that they produce a clear colorimetric signal without the need
to electrical power or access to analytical facilities makes them ideally suited for
consumer-based sensing applications, such as personal UV dosimetry. It is important
therefore that future applications of this technology focus on exploiting and expand-
ing on these strengths, as opposed to attempting to outcompete current technologies
in terms of sensitivity.
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4.1 INTRODUCTION

In the past decade, chiral nematic liquid crystals (LCs) have emerged as an attractive
material for the development of stimuli-responsive systems (White et al. 2010; Ge
and Yin 2011; Fenzl et al. 2014; Mulder et al. 2014; Stumpel et al. 2014). Due to the
periodic alteration of their refractive indices, they act as one-dimensional photonic
structures and reflect circularly polarized light of same handedness. The reflection
of light is governed by Bragg’s law:

A\, = nPcosb
where )\, is the wavelength of Bragg reflection, # is the average refractive index,
and P is the length of the helical pitch. The pitch of a chiral nematic is defined as

the length traversed by the molecular director 7 on 360° rotation (Figure 4.1a). It is
inversely proportional to the concentration [C] as well as the helical twisting power 3
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of the chiral dopant added to the nematic LC to obtain a chiral nematic phase. 0 rep-
resents the angle of incidence of light. The optical anisotropy of the material gives
rise to birefringence An which renders the selective reflection band (SRB) with an
optical bandwidth A\, given by:

AN =AnP

A change in the length of pitch P translates into a change in the position of the
reflection band. When the pitch is in the regime of visible wavelength, such a shift
in the wavelength of light reflected is visible to the naked eye. As the color seen
of the material is purely structural and it does not involve any electronic excita-
tion, it is photostable (Burgess et al. 2013). These attributes place chiral nematic
materials as one of the favorites for the development of low-cost battery-free opti-
cal sensors.

Low-cost and easy-to-use optical test strips are attractive in the field of health
care (Woltman et al. 2007) for medical diagnostics as they can be used by a common
man without specific training and in areas with limited resources. Optical sensors
also have applications in real-time (Wang et al. 2015) or time-integrating monitoring
of the environment, for example, to detect toxins in water or hazardous chemicals in
the surrounding environment. Moreover, as polymer coating labels, they can be of
great use for quality control and authentication of consumer products such as food,
beverages, drugs, fuel, and cosmetics.

Various optical sensors have been designed by using nonreactive liquid crystal-
line materials (Mulder et al. 2014). However, this chapter focuses solely on poly-
mer-based optical sensors which have mainly been fabricated by polymerizing
functionalized-reactive mesogens to form photonic organic films. Polymerization
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FIGURE 4.1 (a) Schematic of a chiral nematic liquid crystal that reflects circularly polar-
ized light of same handedness as its helicity while transmitting the one with opposite handed-
ness. (b) Swelling of chiral nematic polymer network leads to increase in pitch length thereby
redshifting the reflection band, whereas shrinking decreases the pitch length resulting in
blueshift of the reflection band.
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of reactive mesogens in the chiral nematic phase freezes the helical structure into a
polymeric form and provides mechanical strength and thus facilitates fabrication of
optical sensors as polymer strips or coatings with ease. Moreover, copolymerization
of different reactive mesogens with varying number of end-reactive groups (mono-
acrylate and diacrylate) enables tailoring of the desired properties of the material
(White and Broer 2015). These photonic films can be constructed to respond to a
changing external environment such as temperature, pressure, humidity, and pH or
in the presence of a chemical analyte such as alcohol, amino acids, amines, and
metal ions. As the number of cholesteric pitches has been fixed due to polymeriza-
tion, the optical response arises due to a change in the helical pitch length large
enough to cause an alteration in color of the photonic film, perceivable by the naked
eye (Figure 4.1b). The response may also be in the form of loss of molecular order
leading to disappearance of reflection band.

In this chapter, the aspect of cholesteric liquid crystalline (CLC) polymer films
as sensors will be discussed, in which the review by Mulder et al. (2014) has been
revised with recent developments in this field. For sensor applications, polymers
which consist of hydrogen bonds (H-bonds) have been largely explored for the devel-
opment of different kinds of optical sensors in which the observed optical response is
due to rupture of the H-bonds. Optical sensors whose working principle is based on
absorption and release of water molecules leading to change in pitch will be detailed.
Besides, other non-H-bonded optical sensors will also be elaborated in the following
section.

4.2 OPTICAL SENSORS
4.2.1 PH SENSORS

A pH sensor based on an H-bonded cholesteric polymer composite was first reported
by Shibaev et al. (2002). The composite consisted of 1,4-di-(4-(6-acryloxyhexyloxy)
benzoyloxy)benzene (DIAB), 1, as a diacylate cross-linker and 3-methyladipic acid
(MAA), 3, as the chiral dopant. It also contained a polymerizable mesogen, (6-hexa-
neoxy-4-benzoic acid) acrylate (HBA), and a nonpolymerizable mesogen, penthylcy-
clohexanoic acid (PCA), 2, with benzoic acid and carboxylic acid functional groups,
respectively (Figure 4.2a). On exposing to pH above 7, the reflection band redshifted
with as high as 100-nm change in wavelength at pH = 9 (Figure 4.2b). The observed
effect was attributed to the disruption of the H-bonds due to the neutralization of
the acid groups which might have triggered the phase separation of the chiral dop-
ant MAA with consequent decrease in its helical twisting power. Another probable
reason suggested was the mechanical stress imposed on the polymer matrix due to
volumetric changes accompanying the neutralization of the acid groups. Treatment
of these films with acidic solutions did not help in restoration of the initial color.

Later, by replacing the nonpolymerizable PCA with a polymerizable mesogen,
4-((6-(acryloyloxy)hexyl)oxy)benzoic acid, 12, it was possible to partially restore the
original color on treatment with an acidic solution (Shibaev et al. 2004). However,
several cycles of acid—base treatment of the polymer film led to deterioration of the
ester bonds.
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FIGURE 4.2 (a) Chemical structure of the components of the polymer composite.
(b) Changes in the position of reflection band on exposing the polymer film to different pH
conditions. (Reprinted with permission from Shibaev, P. V. et al. Responsive chiral hydro-
gen-bonded polymer composites. Chemistry of Materials 14 (3): 959-961. Copyright 2002
American Chemical Society.)

In 2015, Stumpel et al. made a novel pH sensor from an interpenetrating net-
work (IPN) of a cholesteric polymer and a poly(acrylic acid) hydrogel (Figure 4.3a)
(Stumpel et al. 2015). At pH 9, deprotonation of poly(acrylic acid) occurs and a
polymer hydrogel salt, which swells in water, is formed. Absorption of water led to
increase in helical pitch resulting in a remarkable redshift of the reflection band by
170 nm (Figure 4.3b). On further treating with a pH 3 buffer, poly(acrylic acid) was
formed again and the color reverted to its original position.

4.2.2 AMINO AcID SENSORS

The concept behind the development of a basic amino acid sensor is similar to that
of pH sensors. Like the pH sensors, an amino acid sensor also employs an H-bonded
CLC polymer and is based on the neutralization of the acid group to form salt. An
amino acid sensor was first developed by Shibaev et al. (2006) based on an H-bonded
CLC polymer comprising of monomers 1, 11, and 12, and MAA as the chiral
dopant. When the cholesteric polymer was exposed to the naturally occurring basic
L-arginine solution, neutralization of the benzoic acid took place, which increased
the hydrophilicity of the polymer film. As a result, the film swelled, causing a huge
redshift of the reflection band by 170 nm (Figure 4.4). Drying of the film did not bring
back the reflection band to its original position suggesting the presence of amino acid
residues in the polymer matrix. It was also established that the concentration of the
monomer 12 with benzoic acid and MAA with carboxylic acid as functional groups
plays a role in the response, with higher their concentrations faster is the response.

4.2.3 AMINE SENSORS

With an H-bonded CLC polymer film similar to the one used by Shibaev et al.
(2006), an amine sensor can also be made. Stumpel et al. (2014) fabricated a sensor
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FIGURE 4.3 (a) Chemical structure of the components and (b) UV-Vis transmission spec-
trum of the IPN of cholesteric polymer and poly(acrylic acid) at pH = 3 and 9. (Stumpel, J.
E. et al.: Advanced Functional Materials. 3314-3320. 2015. Copyright Wiley-VCH Verlag
GmbH & Co. KGaA. Reproduced with permission.)

for trimethylamine (TMA), 15 (Figure 4.5a) which is produced by decaying fish.
Interaction of 100% pure TM A with the benzoic acid groups in the polymer film led to
the complete loss of cholesteric order and hence disappearance of the reflection band
occurred and the polymer film became colorless (Figure 4.5b and c). The response
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FIGURE 4.4 (a) Chemical structure of the components used. (b) UV-Vis transmission spec-
tra with left-handed circularly polarized light of an H-bonded polymer film when exposed
to a solution of L-arginine. (c) Formation of a pitch gradient when arginine solution diffuses
through the polymer matrix. (Reprinted with permission from Shibaev, P. V. et al. Color
changing cholesteric polymer films sensitive to amino acids. Macromolecules 39 (12): 3986—
3992. Copyright 2006 American Chemical Society.)

behavior was found to take an S-shape as TMA requires time to diffuse into the
polymer film in a non-Fickian manner. On using 13% TMA in water-saturated nitro-
gen gas, a new redshifted band appeared with reduced intensity (Figure 4.5¢). It has
been explained that interaction with TMA caused the formation of a carboxylate salt,
such as in pH and amino acid sensors (vide supra), causing absorption of water by the
hygroscopic polymer salt film. Moreover, as a proof of principle, an inkjet-printed
polymer film was investigated for its ability to sense the vaporous amine compounds
emanated from a decaying fish in a humid environment and indeed, a film exposed
to a freshly caught codfish showed a clear color change, similar to TMA in water-
saturated nitrogen gas, from green to red after 5 days (Figure 4.5d).



Cholesteric Liquid Crystalline Polymer Networks as Optical Sensors 89

(a)
(0]

\\‘)LO/“‘\-,/“\/\/O
(XFOH “'l\l’

14 0 15

g
=
2
A
TMA é‘
— @
g
E_4
400 450 500 550 600 650 700
Wavelength (nm)
(e)
100
(d) —
R 80
Exposure to g
—— % 60 .
spoiling codfish E Exposure to 13% TMA
g 40 in water saturated air
& — 0 min
=20 — 5 min
—— 10 min
20 min

400 450 500 550 600 650 700
Wavelength (nm)

FIGURE 4.5 (a) Structure of monomer 14 used to make amine sensor in combination with
the components of an amino acid sensor (P. V. Shibaev et al. 2006). The structure of trimeth-
ylamine (TMA) is shown as 15, (b) film images, and (c) UV-Vis transmission spectra of the
cholesteric polymer film on exposure to pure TMA over time. (d) Image of the cholesteric
film after 5 days of exposing to a decayed fish. (¢) Image of the cholesteric film on exposure to
13% TMA in water-saturated nitrogen gas over time. (Stumpel, J. E. et al.: Advanced Optical
Materials 459-464. 2014. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced
with permission.)

4.2.4 HUMIDITY SENSORS

So far we have seen that an H-bonded CLC network can be developed into pH,
amino acid, or amine optical sensors based on the neutralization of the acid group
resulting in change in helical pitch. Herzer et al. (2012) explored the possibility of
using hygroscopic carboxylic salt cholesteric polymer film of similar components as
was employed by Shibaev et al. (2006) for using as an optical sensor for determin-
ing humidity level in the surrounding environment (Herzer et al. 2012). The car-
boxylic acid salt was obtained by treating a pristine H-bonded CLC film with KOH
solution. The hygroscopic film on exposing to a gas-flow chamber with a relative
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FIGURE 4.6 (a) UV-Vis transmission spectra of the polymer salt film on exposure to 83%
RH. (b) Change in the wavelength position of the reflection band of the polymer salt film
on exposure to different RH levels. The reflection band position of the film under ambient
conditions was considered as the reference. (Reprinted with permission from Herzer, N. et
al. Printable optical sensors based on H-bonded supramolecular cholesteric liquid crystal
networks. Journal of the American Chemical Society 134 (18): 7608-7611. Copyright 2012
American Chemical Society.)

humidity (RH) of 83%, caused the reflection band redshift by 30 nm due to swelling
of the polymer film (Figure 4.6a). The polymer salt film responded to a wide range
of RH levels and was sensitive to RH as low as 3% (Figure 4.6b). The blueshift of
the reflection band observed for lower values of RH is due to lower content of water
as compared with the ambient conditions under which the reference reflection band
position was taken. The response to humidity is really fast and reversible such that
successive exposure of the film to different RH levels gave corresponding optical
responses.

The pH sensor which Stumpel et al. had developed from an IPN of cholesteric
polymer and hydrogel poly(acrylic acid) can also be designed as a humidity sensor
(Stumpel et al. 2015). Deprotonation of poly(acrylic acid) occurred on treatment with
KOH solution leading to the formation of a potassium hydrogel salt which is highly
hygroscopic. This polymer film was found to respond to different RH levels and an
optical response as large as 120 nm was observed when RH changes from RH = 6%
to RH = 80% (Figure 4.7).

4.2.5 ALCOHOL SENSORS

Carboxylate salt cholesteric films, besides water, may also attract other polar sol-
vents such as alcohol. Based on an H-bonded CLC mixture consisting of mesogens
5, 6, 11, 12, and 14 with 4 as the chiral dopant, Chang et al. (2012a,b) fabricated
a polymer film that can detect alcohol as well as distinguish between ethanol and
methanol. Such sensors are useful to detect, for example, methanol in wine. Cyano-
biphenyl mesogen 6 is nonpolymerizable and acts as porogen. Removal of 6 by heat-
ing the film caused generation of porosity in the polymer film, which enhances the
sensitivity of the film. The polymer film was activated by treating it with an alkaline
solution to form the carboxylate salt which then interacts with polar alcohol mol-
ecules. The Hildebrand solubility parameter of ethanol (26.5 MPa) is closer to that
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FIGURE 4.7 Optical response of the IPN to different relative humidity (RH) levels.
(Stumpel, J. E. et al.: Advanced Functional Materials 3314-3320. 2015. Copyright Wiley-
VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)

of benzoic acid (21.8 MPa) compared to methanol (29.6 MPa). As a result, exposure
of the blue-colored carboxylate salt film to 40% ethanol-60% water led to a large
degree of swelling leading to a red color, whereas in the case of exposure to 40%
methanol-60% water, the film’s color changed to green (Figure 4.8a).

The response of the polymer film was also studied on exposure to varying ratios
of ethanol and methanol keeping the total alcohol content at 40% and water at 60%
(Figure 4.8b). It was found that as the ratio of ethanol increases, the reflection band
shifted more and more toward higher wavelengths. The redshift was more pro-
nounced at lower ratios of ethanol while at higher ratios, the intensity of the reflection
is markedly less due to reduced order triggered by the absorption of a large amount
of ethanol in the system. The selectivity between ethanol and methanol was found
to increase with increase in the number of carboxylic salt sites in the polymer film.
The importance of having a porogen in enhancing the sensitivity and selectivity of
the film was also established. As can be seen in Figure 4.8c, the polymer film which
had contained a porogen gave a more pronounced and different optical response for
different ratios of ethanol to methanol for specific alcohol content in water.

4.2.6 METAL ION SENSORS

Crown ethers are well known for their ability to form host—guest complexes. Crown
ethers act as host and cations act as guest and depending on the size of the cavity
and the ionic radius, they show selectivity toward certain cations that fit well in
the cavity. Stroganov et al. (2012) exploited this novel property of crown ethers by
developing a metal ion sensor from a cholesteric polymer comprising of mesogens
5 (cross-linker), 16 (nematic LC E48, Merck), 17 (chiral dopant), and 18 (monoacry-
late) functionalized with 18-crown-6 moiety (Figure 4.9a). On exposing these films
to solutions of Ba?t and Kt ions, a blueshift of the reflection band was observed.
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FIGURE 4.8 (a) Images of the carboxylate salt film on exposure to methanol and ethanol.
(b) UV-Vis transmission spectra of the carboxylate salt film exposed to varying ratios of etha-
nol and methanol keeping total alcohol content at 40% and water at 60%. (c) Optical response
of the polymer salt film with (solid) and without (dashed) porogen for different concentrations
of alcohol with varying ratios of ethanol and methanol in water. (Reprinted with permission
from Chang, C.-K. et al. Discrimination of alcohol molecules using hydrogen-bridged cho-
lesteric polymer networks. Macromolecules 45 (11): 4550—4555. Copyright 2012b American
Chemical Society.)

The response was much higher for Ba2* ions although both K+ (1.33 A) and Ba?*+
(1.34 A) have similar ionic radii. This result has been attributed to the charge of Ba?+
ions which is twice that of K* ions. The observed blueshift might have originated due
to microphase separation of the crown ether—metal complex which may have trig-
gered the increase in the nonreactive chiral dopant in the LC phase causing further
twisting of the helical structure. Another probable reason is the slight collapse of the
polymer structure due to the ionic interaction between the positively charged crown
ether—metal complex and the counter ions.

Moirangthem et al. (2016) came up with the idea of exploring the metal ion sens-
ing capabilities of the earlier reported H-bonded CLC polymer films. The polymer
film was fabricated from a cholesteric mixture which has mesogens with benzoic
acid moieties, 12 and 14, and R-(+)-3-MAA, 3, as the chiral dopant. Additionally, it
also consisted of diacrylate 5 and monoacrylate 11. MAA, being nonpoylmerizable,
was easily washed away with an organic solvent and its removal rendered the film
more flexible which is prerequisite to observe a high optical response. The H-bonded
film, as such, could not bind to the metal ions. It had to be first neutralized with an
alkaline solution (KOH) which led to formation of potassium carboxylate salt. As
discussed earlier, carboxylate salt is hydrophilic and hence absorbs water causing
swelling of the polymer film. What is important to note here is that K* ions are labile
and therefore, on treatment with various aqueous metal ions (M"" = Na*, Mg?t,
Ca?*, Zn?*, Cd?*, and Pb**), K+ ions got replaced by the other metal ions. Depending
on the hydration capacity of the newly formed Mn*—carboxylate complex, excess
amount of water was released from the system leading to shrinkage of pitch and
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FIGURE 4.10 (a) Schematic illustration of Ca?* binding to planarly aligned benzoate sites
forming a planar geometry. Optical response of the potassium carboxylate salt film on expos-
ing (b) to Ca®* ions and (c) to normal serum and serum samples mimicking hypocalcemia and
hypercalcemia states. (Moirangthem, M. et al.: Advanced Functional Materials 1154-1160.
2016. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)

hence, blueshift of the reflection band. It was observed that among all the cations,
Ca?t gave the maximum optical response (AX = 70 nm) (Figure 4.10b).

Selectivity toward Ca?* ions was established by performing two sets of experi-
ment. First, the blueshift of the reflection band observed on exposing a potassium
carboxylate salt film to a solution containing a mixture of metal ions including Ca?*
was found to be close to the optical response of Ca?* ions alone. Second, treating a
Ca?t—carboxylate film with Zn?*, Mg?*, Cd?*, and Na* consecutively did not result
in any change in the position of the reflection band. These studies showed that Ca?*
binds selectively to the polymer film. The observed preference could be explained
by the tendency of Ca* to bind bidentately to benzoate which was facilitated by the
planar alignment of the benzoate groups in the polymer film (Figure 4.10a). High
optical response of the polymer may be due to the low polarizing ability of Ca?* ions
to bind first shell water molecules. The effective concentration range 10~*~1072 M,
for which the polymer film is sensitive to Ca?*, makes the film interesting for the
detection of calcium in serum. The film, in fact, showed different optical responses
for a normal serum and serum mimicking hypocalcemia state as well as hypercal-
cemia state (Figure 4.10c) acknowledging the potential of using such a polymer salt
film as easy-to-use diagnostic test strips.

4.2.7 TEMPERATURE SENSORS

Chen et al. (2011) developed a thermal-responsive cholesteric polymer containing
two different chiral dopants, one of which is a nonpolymerizable chiral pyridine
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derivative, 19, which can form H-bonds by accepting protons from a mesogen with
benzoic acid moieties, 12, and a polymerizable chiral molecule, 20. Diacrylate meso-
gen, 21, was also employed to act as cross-linker. The HTP of the chiral dopant 19
decreases with increasing temperature. At 30°C, the reflection band of the polymer
film was centered at 460 nm (Figure 4.11). However, on heating to 75°C, the HTP
reduced significantly due to weakening of the H-bonds and the reflection band red-
shifted to 560 nm. A marked decrease in the refection intensity was observed as the
temperature was close to the clearing point of the cholesteric polymer.

Herzer et al. (2012) studied the possibility of using a humidity-responsive CLC
polymer film (described earlier) as a temperature sensor. The reflection band for
a water-saturated CLC film was monitored at three different temperatures—room
temperature (20°C), in a refrigerator maintained at 4°C, and in a freezer kept at
—25°C, and it was found that the reflection band of the film at 20°C was the first to
return to its original position in just 10 min (Figure 4.12a); the film kept at 4°C took
an hour while only a small blueshift could be seen in case of the film kept at —25°C,
which might be attributed to the fact that the reflection band was measured at room
temperature which must have led to evaporation of a small amount of water. Inspired
by these results, the optical response of the film was monitored within the tempera-
ture window of —5°C to +5°C for a time interval of an hour (Figure 4.12b). The films
kept at +1°C and +5°C were found to return to the original green color in an hour
in agreement with the result obtained earlier and showed time—temperature integrat-
ing behavior. Moreover, the CLC mixture could also be inkjet printed on a triacetyl
cellulose (TAC) foil and the printed film showed similar optical sensing properties
which made it an interesting sensor for recording thermal history.

A temperature sensor can also be developed by using the shape memory behav-
ior of CLC glassy polymers (Davies et al. 2013). The CLC network was made
by polymerization of a mixture consisting of a diacrylate, 5, a monoacrylate, 11,
and monomers with benzoic acid moieties, 12 and 14, and 4 as the chiral dopant.
Mechanical embossing of the polymer film with a spherical metal stamp above its
glass transition temperature (T, = 50°C) at 60°C resulted in a spherical indentation
of diameter 0.4—0.5 mm and compression of helical pitch that translated into a blue-
shift of the reflection band by ~30 nm (Figure 4.13). Reheating the polymer film
above its T, caused the deformed area to recover its original shape accompanied by
an irreversible redshift of the reflection band to its initial position. The temperature
sensor was found to demonstrate time—temperature integrating behavior between
40°C and 55°C.

A similar approach was used by Benelli et al. (2016) to develop a reversible tem-
perature sensor from a bright green cholesteric polymer containing azobenzene chro-
mophores (Figure 4.14a and c). The polymer exhibited Bragg reflection at 477 nm
(Figure 4.14b). Irradiating with UV light below 7, led to increase in the population
of cis-isomer of the azobenzene causing a decrease in LC order and hence it became
transparent (Figure 4.14d). Below the T, due to the confinement enforced, the azo-
benzene did not have enough mobility to isomerize back to the trans-form and the
configuration stayed locked. It had to be heated above its 7, to regain the initial LC
order (Figure 4.14¢). The T, of the polymers designed is notably very high ranging
from 90°C to 125°C.
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FIGURE 4.11 (a) Structure of the chiral dopants and diacrylate mesogens used to make the
thermoresponsive polymer. (b) UV-Vis spectrum of the cholesteric mixture at 30°C (curve 1),
and the cholesteric polymer film at 30°C (curve 2) and at 75°C (curve 3). The insets show the
photographs of the respective cells. (Chen, Fengjin et al. 2011. Novel photo-polymerizable
chiral hydrogen-bonded self-assembled complexes: Preparation, characterization and the
utilization as a thermal switching reflective color film. Journal of Materials Chemistry 21:
8574—8582. Reproduced by permission of The Royal Society of Chemistry.)

4.2.8 STRAIN SENSORS

A real-time optical strain sensor was developed by Picot et al. (2013) for monitor-
ing uniaxial deformations in oriented polymer films. A cholesteric mixture was first
spray coated on a uniaxially aligned polyamide 6 substrate and on photopolymeriza-
tion, a cross-linked cholesteric polymer was obtained. When a uniaxial extension
was applied on the substrate perpendicular to the direction of helical axis of the
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FIGURE 4.12 (a) Change in the wavelength of the reflection of the water-saturated films
kept at room temperature, +4°C and —25°C with reference to the ambient condition as a func-
tion of time. (b) Microscopy images of the films at —5°C, —1°C, 0°C, +1°C, +5°C captured in
reflection mode without cross-polarizers after 0, 30, and 60 min. (Reprinted with permission
from Herzer, N. et al. Printable optical sensors based on H-bonded supramolecular choles-
teric liquid crystal networks. Journal of the American Chemical Society 134 (18): 7608-7611.
Copyright 2012 American Chemical Society.)

coated cholesteric polymer, the cholesteric polymer expanded in the xy plane with
consequent shrinkage of pitch. A strain of 13% resulted in blueshift of the reflection
band by 40 nm and a color change from orange to green could be seen (Figure 4.15).
On average, the sensitivity of the bilayer was approximately 3 nm/% strain. The
close agreement of the mechanical response of the polymer substrate to strain and
the optical response of the cholesteric polymer coating illustrates the potential of the
developed sensor for real-time strain sensing.

4.3 CONCLUSION

Several optical sensors for diverse applications have been developed based on the
CLC polymer films. The optical response of the polymer films is based on the abil-
ity of the cholesteric phase to reflect light, which renders such sensors battery-free.
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FIGURE 4.13 Microscopy images of (a) nonembossed film, (b) embossed film, and (c)
embossed film after heating to 60°C. All the images were taken in the reflection mode. (d)
Corresponding UV-Vis transmission spectra. (Davies, D. J. D. et al.: Advanced Functional
Materials 2723-2727. 2013. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced
with permission.)

For the optical response to be clearly visible to the naked eye, it is necessary that the
optical sensor shows large response and this has been achieved by utilizing different
combinations of reactive and nonreactive mesogens thereby tuning the flexibility
of the polymer network, as desired. These sensors are low cost and have a response
discernable without any aid making them user-friendly which is crucial for these
technologies to reach out to common people.

It is, however, important to mention that chemical sensors reported so far suf-
fer from the drawback of being cross-selective and cross-sensitive; for example, an
amino acid sensor is also sensitive to amines or any other chemical analyte which can
trigger the rupture of H-bonds responsible for the optical response. Moreover, sen-
sors for physical parameters such as temperature are not yet in the regime of actual
relevance. A temperature sensor which can be useful as smart labels in packaging
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FIGURE 4.14 (a) Molecular structure (n:m = 52:48) and (c) film image of the cholesteric
polymer containing azobenzene chromophores. (b) UV-Vis spectra of the cholesteric poly-
mer without azoaromatic counits contribution. (d) UV irradiation leads to trans—cis isom-
erization. (e) The cis-isomer of azobenzene relaxes to the thermodynamically more stable
trans-form on heating above the glass transition temperature. (Reprinted from Dyes and
Pigments, 126, Benelli, T. et al., Supramolecular ordered photochromic cholesteric polymers

as smart labels for thermal monitoring applications, 8—19, Copyright 2016, with permission
from Elsevier.)
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FIGURE 4.15 (a) UV-Vis transmission spectra and (b) the corresponding microscopy
images of the bilayer film shows change in color from red to green on increasing the applied
strain from 0% to 13%. (Picot, O. T. et al. 2013. A real time optical strain sensor based on a
cholesteric liquid crystal network. RSC Advances 3 (41): 18794-18798. Reproduced by per-
mission of The Royal Society of Chemistry.)
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industries needs an operating window of 0—8°C, whereas the sensors developed so
far work above room temperature. Although these optical sensors are still far from
real usage in daily life, cholesteric polymers definitely are promising materials and
much is left to be explored in this direction.
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5.1 INTRODUCTION

One of the main tasks of current technology is the sensing. We should continuously
check the value of a myriad of parameters in a large number of complex systems,
ranging from the strain of the components of an aircraft (Gil-Garcia et al. 2015) to
the DNA sequence variations (Hahm and Lieber 2004). Thus, sensors are a key point
in current world, in particular since the introduction of the concepts of Internet-of-
things (IoT) (Borges et al. 2015) and smart cities (Perera et al. 2013). For each inter-
esting parameter, we can find several kinds of sensors, depending on the physical
properties or phenomena that are used in their design. In this chapter, we focus on
sensors using the electronic properties of a very interesting material: liquid crystals
(LCs).

LCs are composed of nanometric organic elongated molecules. This rod-like mol-
ecules exhibit orientational order in a particular direction (De Gennes 1975) and they
have an intrinsic anisotropy on their main properties (Blinov and Chigrinov 1994):
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mechanical, electrical, magnetic, or optical. In particular, their electrical and optical
anisotropies, which are easily modified by applying an external stimulus, such as an
electric field, make them unique for display applications (Yang and Wu 2006).

LCs are well known since decades, and their properties are well described and
characterized in a large number of works. This shows that LCs are used in a wide
range of applications. Specifically, LC displays (LCDs) are their best known applica-
tion. Currently, we can find an LCD in several devices such as mobile phones or digi-
tal camera. Furthermore, other applications based on the optical anisotropy of LCs
have emerged and the knowledge and technological capabilities to manipulate them
has increased. Some of the remarkable ones are, for instance, wavelength-tunable
filters (Beeckman et al. 2009), variable optical attenuators (De Gennes 1975), spatial
light modulators (Crossland et al. 2000), optical multiplexers (Lallana et al. 2006),
or optical adaptative systems (Yao et al. 2014). In addition, LCs are now being used
in new research studies in photonics such as Plasmonics (Khatua et al. 2011; Si et al.
2014) and metamaterials (Zhao et al. 2007).

It can be concluded from the previous list that the majority of LC-based devices
use the beneficial optical properties of LCs to operate. On the other hand, the elec-
tric anisotropy of LC is hardly exploited, although it can be quite interesting for use
in certain devices. For instance, in previous works, we showed the use of LC cells
in electronic devices such as a sinusoidal oscillator (Pérez et al. 2007), a phase-
locked loop (PLL) (Marcos et al. 2011), or a tunable series—parallel resonator (Torres
et al. 2012).

On this basis, this chapter is devoted to study the use of the electrical properties of
LC in the designing of new devices. In particular, and focusing on the field of sens-
ing, LCs are present in several temperature sensors. Temperature is one of the most
important parameters in diverse fields ranging from industry to biological processes.
In addition, they require an accurate measurement due to the strong influence of
temperature on their operations. In this sense, LCs present an important sensitivity
of their main optical properties to any temperature deviation. This is represented by
a high thermo-optic coefficient (Li et al. 2005). Furthermore, the electric properties
of LC are also dependent on temperature; thus, they can be also used for designing
new sensors. Consequently, this work will show two designs of an all-electric tem-
perature sensor. Both proposals take the advantage of the electrical properties of LC,
in particular the temperature dependence of the impedance of an LC cell, to obtain
accurate estimations of temperature.

This chapter is organized as follows: Section 5.2 is devoted to the fabrication and
the electric characterization of the experimental LC cells. In particular, we propose a
simple electrical equivalent circuit, composed only of resistors and capacitors. From
a practical point of view, this involves an intuitive way of obtaining the electric
response of the LC cells. Based on the temperature dependence of the nominal values
of these equivalent components, we demonstrate two complex electronic devices that
act as sensitive temperature dependent sensors. Section 5.3 shows a simple square
waveform generator whose oscillating frequency is very sensitive to temperature; the
second system for sensing is implemented by a phase detector (Section 5.4) that can
also act as a temperature sensor. Finally, Section 5.5 summarizes the designed sen-
sors, highlighting their main advantages with respect to current devices.
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5.2 EXPERIMENTAL DEVICES

This section is devoted to explain the fabrication procedure of the experimental
devices we followed as well as their electric characterization.

5.2.1 FaBricaTION OF LC CELLS

A nematic liquid crystal (NLC) cell consists of a thin layer of the material sand-
wiched between two parallel transparent plates with a conductive layer in their inner
surfaces. In this procedure, a layer of indium-tin-oxide (ITO) is used as a conductive
medium; however, other compounds found in the literature can also be used. One of
the most critical manufacturing parameters of LC cells is the thickness. Cell gap is
accurately fixed using spacers distributed along the plate area. In order to analyze the
influence of this variable on the sensing properties of the device, cells with differ-
ent thicknesses were prepared. The optimal value of this parameter for temperature
sensing has been verified.

On the other hand, alignment films deposited over ITO electrodes are needed to
ensure the molecular orientation of LC on the substrates. Basically, LC cells can be
manufactured using two alignment processes: planar and homeotropic. Alignment is
also a key parameter of these devices. For a planar alignment, LC molecules are ori-
ented near parallel to the surface of the substrates (Figure 5.1a), using rubbed poly-
imides for the alignment layer. For LC materials with positive dielectric anisotropy,
the presence of an external electric field induces a reorientation of the molecules so
that their long axes tend to align parallel to this field (Figure 5.1b).

Furthermore, with a homeotropic alignment, LC molecules are placed perpendic-
ular to the surface of the substrates (Figure 5.2a) due to the presence of a monolayer
of surfactants (silane). In this case, the orientation of the molecules cannot be altered
by the application of an external electric field (Figure 5.2b), for LCs with positive
dielectric anisotropy (Ae > 0).

It is well known that NLCs are dielectric materials whose dielectric permittivity
(hereafter permittivity) depends on the orientation of molecules due to the anisot-
ropy of their electric properties. The extreme values of electric permittivity of an LC
are €, and g, (Figure 5.2¢). For a planar alignment, when no electric field is applied to
the LC cell, the molecules will remain parallel to the substrates. Then, the effective
permittivity measured will be near €,. However, if a strong electric field is applied,
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FIGURE 5.1 Schematic illustration of planar alignment in nematic liquid crystal cells (a)
and molecular reorientation with an external electric field applied (b).
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FIGURE 5.2 (a) and (b) correspond with the schematic illustration of homeotropic align-
ment in nematic liquid crystal cells without or with an external electric field applied, respec-
tively. (c) Scheme of the extreme values of the effective electric permittivity of a liquid crystal.

the molecules rotate to the vertical position (the molecular director tends to point
parallel to the electric field direction); therefore, in this case, the measured permit-
tivity will be nearly g,. Any electric field with intermediate values can provide a
permittivity between €, and g, (De Gennes 1975).

On the other hand, when a homeotropic alignment is considered, the molecular
orientation cannot be altered for any external electric field, as commented above;
thus, the effective permittivity remains nearly €,. If the material has a positive anisot-
ropy (Ae > 0) as we are considering, the parallel effective permittivity is greater
than the perpendicular one (g, > ¢,) (Kelly and O’Neill 2001).

In addition to the alignment process’s dependence, permittivity also depends on
the temperature. This is shown in Figure 5.3 for an LC material with positive dielec-
tric anisotropy. As can be seen in this figure, €, and g, depend on temperature, which
is below the clearing temperature (7). Above T, the material reaches its isotropic
phase and the dielectric anisotropy disappears (¢, =g, = ¢;,). Besides, when the
material is in the nematic mesophase, temperature dependence is not equal for both
LC permittivities. The parallel permittivity has a greater variation with temperature
than the perpendicular one. The research presented in this work is based on the influ-
ence of temperature on a NLC with positive dielectric anisotropy.

~
-, 8”
-,
-
_ -
= -~ -
= ~.
~

) "
= .
£ \
E \
= \ €150
9 I
E **
g e -
o] —_ -_— H
a ;

Ae >0 :

: L.
T >
C Temperature

FIGURE 5.3 Typical temperature dependence of the permittivity for a nematic liquid crys-
tal with positive anisotropy.
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5.2.2 EXPERIMENTAL PermiTTiVITY OF LC DEVICES

Due to the interest on the electrical properties of the devices, the first checked param-
eter of our experimental cells was the effective permittivity, both the real (¢/) and the
imaginary (¢”) parts. In addition, both kinds of alignments, planar and homeotropic,
at room temperature (~30°C) were considered (Figure 5.4). One of the most common
ways to obtain this parameter is through impedance measurements. The impedance
(magnitude and phase) of our LC cells was measured with an impedance analyzer
(SOLARTRON 1260) using a sinusoidal voltage signal with 100 mVrms (below the
threshold voltage that induces the molecular reorientation) and a frequency sweep
ranging from 100 Hz to 10 MHz. Besides, in order to analyze properly the influence
of temperature on the measured parameters, cells were placed in a programmable
environmental chamber (DYCOMETAL CCK-40/180) to ensure a stable tempera-
ture during the measurement process.

Although a large number of cells were manufactured and characterized, we only
show the results of some of them to ensure clarity. In this case and in order to ana-
lyze the frequency dependence of ¢, and g,, we have considered an LC cell with each
alignment method. Cell 5 has a homeotropic alignment that permits to evaluate the
behavior of ¢, and the molecules of cell 6 are oriented parallel to the substrate (planar
alignment) to analyze €,. In both cases, the cell thickness is 6.3 pm. Results of the
real and imaginary parts of the permittivity for planar and homeotropic alignment
processes at room temperature (~30°C) are shown in Figure 5.4.

From Figure 5.4, a similar behavior is observed for both planar and homeo-
tropic cells. However, due to the positive dielectric anisotropy, the values of parallel
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FIGURE 5.4 Experimental data of the complex permittivity of NLC cells as a function of
the frequency of an applied electric field and for both planar and homeotropic cells at a room
temperature (30°C).
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permittivity are greater than perpendicular permittivity, both for the real and imag-
inary parts. Low frequencies (f < 100 Hz) are discarded for these measurements
because low electric fields can induce degradation of the LC material due to the
absorption of ion charges and generation of electric fields on the electrode layers
(Perlmutter et al. 1996; Thurston et al. 1984).

At high frequencies, the imaginary part of permittivity (¢”) presents a maxi-
mum. This corresponds to an absorption peak due to the dipolar relaxation. While
it appears at 8 MHz for the planar cell (cell 6), for the homeotropic one (cell 5)
the maximum is located at ~800 kHz. A feasible explanation of this fact is that
less energy is required to produce molecular motion in planar alignment than in
homeotropic alignment (Costa et al. 2006). On the other hand, within the medium
frequency range, the curves present two regions, with a different dielectric behavior,
separated by the minimum reached by the imaginary part of permittivity at about
3 kHz, for both samples (Raistrick et al. 2005). These minima will be analyzed from
an impedance point of view below.

5.2.3 ELectricAL EQUIVALENT CIRCUIT

Based on the previous results, LC cells are electrically equivalent to a circuit like
that plotted in Figure 5.5 in a wide frequency range that depends on manufacturing
parameters of the device (100 Hz < f < 105 Hz in the samples under study). This
model includes a capacitor C representing dipolar polarization and a resistor R mod-
eling the mobility of free charges and the dipolar displacement inside the device.
In addition, the influence of electrodes is represented with an additional resistor,
Rs. However, the effect of this component is only appreciable at high frequencies
(f> 3 MHz, in the present case).

The value of each component in this circuit as a function of the frequency could
be inferred from the complex permittivity of Figure 5.4 by means of Equations 5.1
and 5.2.

Rw=——f G.1)
w-eg -

C=¢"-C,. (5.2)

C, being the vacuum device’s capacitance.

R
A A
o W
—w— .
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[

FIGURES5.5 Electrical equivalent circuit of an LC cell in a wide frequency range. Equivalent
electric circuit of an LC cell for a frequency range of 100-10° Hz.
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5.2.4 TemMPERATURE DEPENDENCE OF THE ELECTRICAL EQUIVALENT CIRCUIT

The permittivity of NLCs strongly depends on the temperature, among other
parameters. In NLCs with positive dielectric anisotropy this dependence is
greater for the parallel component (g;) than for the perpendicular one (g,), as
observed in Figure 5.3 (Thurston et al. 1984). This dependence could be mod-
eled through variation of the components of the electrical equivalent circuit. The
temperature dependence is noticed in both the resistor, R, and the capacitor, C,
due to the variation of both the mobility and the density of the ions as the tem-
perature changes. In order to obtain a simplified temperature dependence, only an
ideal capacitive behavior of the LC device has been considered. The importance
of this assumption lies on the fact that a dominant capacitance behavior involves
minimum power consumption. This is a key point for future devices. In addition,
negligible conductivity is also obtained under this assumption. However, this is
not suitable for any frequency. The frequency range at which the system acts as
an ideal capacitor is that in which the phase impedance of the NLC cell remains
close to —90°.

Figure 5.6 shows both the modulus and the phase of the impedance of a homeo-
tropic cell as a function of frequency and at several different temperatures. As can be
seen, this range is not very large, and it also depends on the temperature.

This temperature dependence of the equivalent capacitance is shown in Figure 5.7.
The values of the capacitance inferred from the impedance analysis of cells 5 and
6 are plotted as a function of the temperature, from 0°C to 80°C, and considering a
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FIGURE 5.6 Experimental complex impedance of a homeotropic NLC cell as function of
frequency for a temperature range of 0-80°C.
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FIGURE 5.7 Variation of capacitance (C) as a function of the external frequency for differ-
ent temperature values for NLC cell 5 (homeotropic cell) and NLC cell 6 (planar cell).

frequency of 1 kHz, where the impedance analysis reveals an ideal capacitive behav-
ior (phase impedance ~—90°) for all the temperatures checked. As was expected,
the capacitance in both cases decreases with temperature because the mobility and
the numerical density of the ions increase with temperature. However, while in the
planar cell this variation is ca. —0.25 pF/°C, in the homeotropic one, it is around
35 times higher (~ —8.75 pF/°C). Thus, we can conclude that in the absence of an
applied external voltage, devices with a homeotropic alignment are around 35 times
more sensible to temperature change.

In order to make a detailed analysis of this behavior, the dependence of the equiv-
alent capacitance on temperature could be expressed as:

8() N S 88,
Sc = — (.3)
T a or

Sc is the slope of this dependence in pF/°C. g, is the vacuum permittivity, S is the
effective area of the electrodes, and d is the cell thickness.

As it can be seen, this dependence can be also controlled through several param-
eters. For instance, by decreasing the thickness of the device, the sensitivity could be
increased linearly. Figure 5.8 shows the sensitivity S.. of two homeotropic cells with
different thicknesses, 1.5 pm (cell 4) and 6.3 pm (cell 5), and considering a frequency
of 1 kHz. These experimental data evidence this relation, showing that the variation
of capacitance, when the temperature changes, is larger in cell 4 (d = 1.5 pm) than
in cell 5 (d = 6.3 pm).
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FIGURE 5.8 Temperature dependence of the liquid crystal capacitance taken in homeotropic
cells with different thickness: cell 5 (thickness = 6.3 pm) and cell 4 (thickness = 1.5 pm).

5.3 LC-BASED SQUARE WAVEFORM GENERATOR
AS TEMPERATURE SENSOR (TEMPERATURE-
FREQUENCY CONVERTER)

Previous results demonstrate the possibility to design a temperature sensor based on
the temperature dependence of an NLC cell capacitance. A new temperature-sensing
electric system based on this dependence is presented.

5.3.1 TeMPERATURE—FREQUENCY CONVERTER DESIGN

The proposed system consists of a square wave generator circuit where a planar
NLC cell is used as the sensing element via the temperature dependence capaci-
tance. This capacitance controls the output frequency of the waveform generator.
Hence, a temperature variation will change the frequency, particularly of a square
wave.

The electronic circuit is based on an astable multivibrator circuit shown in
Figure 5.9a. The astable multivibrator circuit is able to generate a square output sig-
nal, whose amplitude switches between two symmetrical levels (the high level with a
voltage of V4 and the low level of V—). The output square wave is a 50% duty cycle
signal; therefore, the output signal maintains a high level during 50% of the signal
period, and for the remaining time the output level is low.
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FIGURE 5.9 (a) Multivibrator oscillator circuit. (b) Multivibrator circuit with NLC cell.

The astable multivibrator circuit is implemented with one operational amplifier
(op-amp), one capacitor (C), and three resistors (R, R, and R,). The time period of
the output signal, 7, is given by the following equation (Rashid 1998):

6.4

2

Tz.R.c.m[M].

Therefore, time period, 7, depends only on the value of the passive components
(resistors and capacitor) of the circuit. The temperature—frequency converter is
obtained by a simple modification of the astable multivibrator circuit. When the
capacitor is replaced by an NLC cell (Figure 5.9b), variation in the output signal
frequency depends only on the NLC cell temperature.

5.3.2 EXPERIMENTAL CHARACTERIZATION OF THE LC CELL

Cell 6 with a planar alignment was used in these experiments. Impedance measure-
ments of this cell were done using the impedance analyzer. A sinusoidal voltage
below the threshold voltage was applied in a temperature range from 0°C to 80°C. As
it can be seen in Figure 5.10, the frequency at which the NLC cell can be assumed to
be a pure capacitance, for the temperature range checked, is around 5 kHz.

As it was mentioned earlier, the electrical behavior of the experimental cells was
checked by measuring permittivity as a function of frequency, applying a low exter-
nal voltage, below the threshold voltage that induces molecular reorientation in the
LC material. However, in planar cells, a high electric field can provide an effective
permittivity between €, and g,. In this case, the value of the ideal capacitor of the
equivalent circuit could not be inferred from the complex permittivity as previously
deduced, because the impedance analyzer Solartron 1260 does not allow the use
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FIGURE 5.10 Experimental complex impedance of the NLC planar cell 6 as a function of
the frequency for a temperature range from 0°C to 80°C.

of high voltages. Hence, the NLC cell can be electrically characterized using the
experimental procedure described in Pérez et al. (2007) that is able to derive the
capacitance value of the LC device as a function of the applied voltage.

Figure 5.11 shows the experimental capacitance value obtained for the NLC cell 6
applying different voltages at 5 kHz. As expected, due to the molecular reorientation
of LC due to the applied electric field, the equivalent capacitance strongly depends
on the applied voltage. The measured value of the capacitance ranges from 3 (when
no voltage is applied and the molecules remain parallel to the substrates) to 6 nF
(for applied voltages above 5 Vrms that keeps the molecules perpendicular to the
substrates).

5.3.3 TeMPERATURE—FREQUENCY CONVERTER CHARACTERIZATION

The temperature—frequency converter has been implemented based on Figure 5.9b
as an astable multivibrator circuit. A TLOSI general purpose op-amp was used. The
feedback resistors, R, and R,, and the charging resistor, R, take appropriate values to
set an output signal frequency of around 5 kHz. As it was deduced previously, with
this working frequency, the electric behavior of the planar NLC cell can be assumed
as a pure capacitance. The experimental setup implemented for the NLC square
wave generator temperature sensor is shown in Figure 5.12.

A planar NLC cell used as a sensor element was placed inside a DYCOMETAL
CCK-40/180 temperature-controlled chamber for accurate temperature mea-
surements. This system was used as a temperature reference to calibrate the
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FIGURE 5.12 Experimental setup for the temperature—frequency converter.
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temperature—frequency converter implemented. The astable multivibrator circuit
was outside the isothermal chamber; thus, the sensor element is the only component
in the circuit affected by temperature variations. Two electrical wires were used to
connect the NLC cell with the circuit. The output square wave signal was measured
using a digital oscilloscope.

The results obtained from the experimental setup are shown in Figure 5.13. Using
the isothermal chamber, the temperature was increased linearly from room tempera-
ture (20°C) to nearly the NLC’s clearing point. For this temperature range, different
applied voltages to the NLC cell were tested in order to obtain the optimal value in
terms of the sensitivity and linearity of the system. A starting frequency of 4.5 kHz
was set at room temperature in all the tests that were carried out. Results show
that the output signal’s frequency is a function of the temperature. As it has been
expected, as a consequence of the highest temperature dependence of the parallel
permittivity (g,), the frequency variation is greater when a higher average voltage is
applied to the NLC cell.

For voltages below the threshold, the molecular orientation of LC material does
not change, the effective permittivity is €, so the output signal’s frequency is almost
constant with the temperature due to the small temperature dependence of ¢ .

When a high voltage is applied to the NLC cell, the LC molecules tend to align
parallel to the direction of the electric field and perpendicular to the substrates. In
this high-voltage regime, slight voltage variations have no consequence in molecular
order, consequently similar curve shapes are measured for voltages above 4 Vrms.

From experimental results, the optimum values chosen for the applied voltage to
the LC cell are above 4 Vrms, due to a higher variation and better linearity of the
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FIGURE 5.13 Variation of output frequency as a function of the temperature for different
voltages applied to NLC cell.
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FIGURE 5.14 Output frequency variation as a function of the temperature for an NLC cell
(applied voltage of 6 Vrms).

output frequency. In fact, a voltage of 6 Vrms has been applied to the NLC devices in
this case. Once this voltage is fixed, the temperature range was extended to check the
operating limits of the implemented system. Figure 5.14 shows the output signal fre-
quency of the signal generator circuit as a function of the temperature. The measure-
ments were experimentally obtained in the temperature range from —20°C to 130°C.

The sensor response can be linearly fitted in the temperature range from 0°C to
80°C with a sensitivity of 14.37 Hz/°C (Figure 5.15a).

However, in the temperature range from —6°C to 110°C, the temperature—
frequency converter’s response can be fitted by using a second-order polynomial
function. Now, the system exhibits a lower sensitivity at low rather than at high tem-
peratures where the sensitivity achieved is 25.2 Hz/°C (Figure 5.15b). The results
demonstrate the correct operation of the temperature—frequency converter developed
in a wide temperature range using an NLC cell working as an electric transducer.

5.4 LC-BASED PHASE DETECTOR AS TEMPERATURE
SENSOR (TEMPERATURE-PHASE CONVERTER)

In the previous section, the design of a temperature sensor based on the temperature
dependence of an NLC cell capacitance is shown. In this section, the capacitance
variations with the temperature have been translated to frequency variations of a
square wave signal. In particular, the capacitance variations of an LC device with the
temperature will be translated to phase variations that will be converted to an output
voltage change using a simple phase detector. The implemented temperature sensor
is described in Figure 5.16, highlighting their main functional blocks.
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FIGURE 5.15 (a) Temperature—frequency response curve with a linear fit. (b) Temperature—
frequency response curve with a second-order polynomial fit.

By comparing an input controlled sinusoidal voltage (E,) and the voltage at the
NLC cell, there is a phase shift, Af, between these two waveforms that can be math-
ematically expressed as

Ab=arctan(2-w- f- R - C¢e ) —90°, (5.5)
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FIGURE 5.16 Electronics scheme of a phase measurement system based on an LC cell.

where R, is the resistance shown in Figure 5.16, C, is the equivalent capacitance of
the LC cell, and fis the frequency of the applied voltage E.. Following this equation,
phase measurement can give the LC capacitance value, from which we can infer the
temperature.

The temperature dependence of the capacitance of the NLC cell 4 was experi-
mentally measured, as shown in previous sections. A variation from 8.99 to 5.43 nF
when the temperature changes from 0°C to 80°C has been experimentally obtained.

The maximum sensitivity of the phase measurement system proposed is achieved
using a resistance R, whose value satisfies the following expression

R1:

1
(27 f CotmnCorma ) 5.6)

Substituting the frequency of the applied voltage (f = 1995 Hz corresponds to
an ideal capacitive behavior of the NLC cell 4) and the extreme values of the NLC
capacitance (C¢p i = 543 nF and C¢y ...« = 8.99 nF) at this frequency, we obtain a
resistance of R, = 11.41 M(.

On the other hand, the relationship between the temperature, 7, and the phase
shift can be described by Equation 5.7.

(Cetmax = Ser (T —Ty))
\/CCLmin : CCLmax

AB = —arctan , 5.7

where the sensibility S, is AC/AT = 44.5 pF/°C which has been experimentally
obtained.

Considering our experimental conditions, the phase shift takes values between
—37.85° and —52.14°. These phase shifts correspond to the extreme operating tem-
peratures of the nematic phase of the LC, 0°C and 80°C, respectively.

The output signal of the device is voltage that is proportional to the phase shift.
Several circuits can produce an output voltage proportional to the phase shift. In the
proposed system (Figure 5.16), two simple comparators (OP, and OP,) produce square
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waves from the input sinusoidal signals. These digital signals are then compared to an
XOR logic gate, producing at the output a pulse train modulated by the phase shift of
the initial sinusoidal signals (phase-width modulated [PWM] signal). A low-pass filter
(LPF) was also added at the output of the XOR gate in order to obtain an average volt-
age proportional to the measured phase shift. Then, the output voltage, V., is given by:

_ (AD-Veo)

o
180

(5.8)

where Vcc is the power supply voltage of the XOR logic gate.

The LPF was designed with a cutoff frequency twenty times lower than the fre-
quency of the pulse train (fpwy)- This means that the cutoff frequency has to be
lower than 39 Hz. In addition, the values of the resistor and the capacitor of the filter
were chosen as 16 kQ) and 1 pF, respectively. When the temperature is 0°C, the theo-
retical value of the output voltage is 1.18 V, which matches with the experimental
one. On the other hand, when the temperature is 80°C, the theoretical output voltage
is 0.85 V, while the experimental one is 0.84 V. Although they are quite similar, this
mismatch may be attributed to the tolerance of the components. The comparison
between experimental and theoretical results for intermediate temperatures is also
shown in Figure 5.17. As it can be seen, the proposed temperature sensor operates
linearly (+2%) and accurately (—4.18 mV/°C) in the considered temperature range,
following the theoretical considerations.

As a summary, Table 5.1 shows the values of the electronic components used in
the phase measurement scheme.
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FIGURE 5.17 Experimental and theoretical output voltage of the temperature-phase con-
verter for different temperatures in the considered range.
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TABLE 5.1
Summary of the Components to Implement
the Proposed Temperature Sensor

Electronic Component Value
R, 11.41 MQ
R, 16 KQ

G, 1 pF
XOR 7486
OP,, OP, UAT741

5.5 CONCLUSIONS

Unlike previously reported temperature sensors based on LC materials that need
optical signals for temperature sensing, the presented system only uses electric signal
to measure temperature. This work provides a new approach in the field of tempera-
ture sensing, with significant potential in applications such as in situ temperature
sensing in embedded LC display projectors, where temperature-related malfunctions
are common.

The dependence on temperature of the electrical properties of NLC cells has been
analyzed, considering either a homeotropic or a planar alignment. An equivalent
circuit model has been proposed and experimentally validated. As shown from our
results, the capacitance of an NLC cell could be accurately used as a temperature-
dependent variable.

Two important fabrication parameters, the thickness of the cell and the initial
alignment, have been studied in order to understand their influence on tempera-
ture sensitivity. Theoretical results show that the sensitivity could be increased by
decreasing the thickness of the cell, and we have checked this experimentally.

We propose a new electric oscillator as a temperature sensor. Temperature depen-
dence of the NLC’s permittivity causes a frequency variation in the oscillator’s output
signal. Different sensor sensitivities can be achieved by adjusting the control voltage
applied on the NLC cell. The experimental results show that the temperature—frequency
converter response can be fitted using a second-order polynomial over a wide tempera-
ture range from 6°C to 110°C. In this temperature range, the temperature—frequency
converter shows good sensitivity, stability, and negligible hysteresis.

Also we proposed a new phase measurement scheme to measure the capacitance
of an NLC cell. A detailed theory to describe the electric behavior of this scheme hs
been developed and validated through simulations. The proposed temperature sensor
operates linearly (£2%) and accurately (—4.18 mV/°C) in the considered temperature
range from 0°C to 80°C.
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6.1 INTRODUCTION

Advanced sensors require both high sensitivity and wide applicability for various
types of environment and systems. The recent paradigm change from conventional
rigid electronics to flexible electronics urges sensors to be ultrathin and flexible
in order to properly fit to the flexible round-shaped systems [1]. In terms of tac-
tile sensing, most conventional sensors have relied on either capacitive or resistive
touch methods using inorganic materials and/or metallic electrodes in the presence
of polymeric films [2-5]. However, these sensors need direct physical touches for
sensing so that they cannot detect an indirect stimulation such as very weak airflow
changes induced by approaching objects. In this regard, we have introduced liquid
crystals (LCs) as a sensing component because of their excellent collective proper-
ties (group behaviors) that enable ultrasensitive sensing [6,7]. As a signal transfer
and amplification part in order to benefit the feature of LCs, organic field-effect
transistors (OFETs) were employed because of their potentials for ultrathin and flex-
ible device applications [8—34]. Combining LCs and OFETs gave birth to brand-new
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concept devices, LC-integrated-OFET (LC-i-OFET) devices, which can act as a tac-
tile sensor and many more roles in the future.

6.1.1 LCs: ONE-TO-MANY STIMULATIONS

LCs, which have a directional order even in liquid states, have an intermediate phase
(mesophase) between a crystalline solid state and an isotropic liquid state. As shown
in Figure 6.1a, LCs can be representatively divided into six phases such as nematic,
smectic, cholesteric, blue, discotic, and bowlic phases, depending on the molecular
(orientational and positional) orders [35-38]. The nematic LCs have hedgehog-like
topology and directional orders but no positional orders, whereas unique positional
orders are present in chiral nematic (cholesteric) LCs. Some examples of LC mol-
ecules are illustrated in Figure 6.1b [39]. Such molecular orders in LCs reflect that
the change of just one LC molecule upon external stimulations can significantly
affect the orientations of whole or most parts of LC domains. This unique “one-to-
many stimulation” motivated us to apply LCs as a sensing medium for tactile sensory
devices because of its potential for achieving ultrasensitivity.
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| fllkr' f
A Y LAY Vil p
v "\
Ry Y \
| ' | J J 1\ A N
N 99y AN N
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FIGURE 6.1 (a) Representative liquid crystal phases with different molecular alignment.
(b) Chemical structures of representative liquid crystal molecules: (E)-ethyl-4-(biphenyl-
4-yl-methyleneamino)benzoate (EBMAB-—smectic A), ethyl-4-(4-((E)-4-ethoxybenzyli-
deneamino)phenyl)but-3-enoate (EEBAPB—smectic B), 4-((3-butyloxiran-2-yl)methoxy)
phenyl-4-(2-methyldecanoyl)benzoate (BMPMDB—smectic C), 4/-pentylbiphenyl-4-
carbonitrile (5CB—nematic), 4’-cyanobiphenyl-4-yl 4-(2-(acryloyloxy)ethoxy)benzoate)
(CBAEB—cholesteric). (Adapted from Lagerwall, J. P. F., and Scalia, G. 2012. Curr. Appl.
Phys. 12: 1387-1412.)
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6.1.2 OFETs: TowArRD FLEXIBLE PLASTIC SENSORS

OFETs basically consist of organic channel layers, which are composed of semi-
conducting organic materials including small molecules and polymers, instead of
conventional inorganic channel layers [40—47]. Recently, most OFETs are fabricated
by employing organic gate insulating layers that replace with inorganic insulat-
ing materials such as silicon oxides (SiOx) [48,49]. Further efforts are ongoing for
polymeric electrodes, instead of conventional metallic and/or inorganic transpar-
ent conducting oxides (TCOs), in order to achieve real plastic OFETs that feature
ultrathin, lightweight, and flexible shapes like a paper roll. In particular, use of wet-
processable organic semiconducting materials is one of the greatest advantages for
the fabrication of such flexible OFETs because low-cost manufacturing is possible at
low temperatures by employing roll-to-roll processes in combination with a variety
of coating technologies such as inkjet printing, slot-die coating, gravure printing,
and the like [50-52].

According to the type of organic semiconducting materials, OFETs can be oper-
ated with either p-type or n-type mechanisms by applying negative or positive gate/
drain voltages, respectively (Figure 6.2a). The performance of OFETs is character-
ized by output and transfer curves as illustrated in Figure 6.2b. The output curves
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FIGURE 6.2 (a) Typical OFET structure and operating principle according to the polarity
of applied drain/gate voltages: (left) positive drain/gate voltages for n-channel OFETs (n-type
organic channel layers); (right) negative drain/gate voltages for p-channel OFETs (p-type
organic channel layers). (b) Output (top) and transfer (bottom) curves for OFETs (note that the
polarity of voltages is not given in order to express for both p-channel and n-channel OFETS).
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show the change of drain current (/) by varying the gate voltage (V) at a fixed
drain voltage (Vps), which deliver information on the current saturation behavior
[53-55]. On the contrary, the transfer curves provide the amplification of drain cur-
rent with the gate voltage at a fixed drain voltage, which informs both on/off ratio
(Ion/Iopr) and threshold voltage (V) that reflect the turn-on and turn-off perfor-
mances of transistor devices. The field-effect mobility, which is the value of the
charge carrier drift velocity per unit electric field (cm?/V - s), can be calculated from
the transfer curves according to following equations:

2

. . w Vi
Linear regime: Ips = fHCi Vo = Vi)W *7]) (Vos <Vos—Vm) (6.1

Saturation regime: Ipg = %HC, [(VG —Vin )2] (Vps > Vs — Vrn) 6.2)

6.2 LIQUID CRYSTAL-INTEGRATED-ORGANIC
FIELD-EFFECT TRANSISTORS

Here, two different types of LC-i-OFETs, LC-on-OFETs and LC-gate(g)-OFETs,
are introduced according to the geometry of OFETs. LC-on-OFETs consist of the
LC sensing layers on top of the organic channel layers in conventional bottom gate-
type OFETs, while the LC layers in LC-g-OFETs play a dual (sensing and gate insu-
lating) role in the planar geometry of OFETs.

6.2.1 LC-oN-OFET Sensory DEevices

The basic concept of LC-on-OFET sensory devices is to bestow sensing functions
to the LC layers that are placed on the organic channel layers in typical bottom-gate
OFETs [56]. The fabrication process of LC-on-OFET sensory devices is illustrated
in Figure 6.3a. First, the gate electrodes, indium-tin oxide (ITO) here, are patterned
to have proper dimensions by employing various patterning methods such as photo-
lithography/etching process for ITO-coated substrates. After the cleaning and drying
steps, the gate insulating layers (poly(methyl methacrylate) [PMMA]) are coated on
the ITO substrates, followed by the deposition of source/drain electrodes (silver).
Next, the organic channel layers (poly(3-hexylthiophene) [P3HT]) are coated on the
silver (Ag)-deposited PMMA layers on the ITO substrates. The chemical structure
of materials is shown in Figure 6.3b. As observed under a scanning electron micro-
scope (SEM) and nanoview images in Figure 6.3c, the top P3HT layers fully cover
the channel area between the Ag source/drain electrodes. Finally, the LC sensing lay-
ers (4-cyano-4’-pentylbiphenyl [SCB]) are placed on top of the P3HT channel layers
(Figure 6.3d). Here, it is noted that the presence of high-k LC molecules (dielectric
constant = 18 for nematic phase) can make an induced dipole state at the interfacial
regions in the P3HT channel layers.

When the LC layers in LC-on-OFET sensory devices are exposed to external
stimulations such as very weak gas flows, at least one or more LC molecules in
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FIGURE 6.3 LC-0n-OFET sensory devices: (a) Brief fabrication process for bottom-
gate-type OFET, (b) chemical structure of materials used in this study, (c) SEM (top) and
Nanoview (bottom) images for the surface of the P3HT layer on the source/drain electrodes,
(d) completed LC-on-OFET sensory devices, and (e) illustration for the gas flow-stimulated
state in the LC-on-OFET sensory devices. “S,” “D,” and “G” denote source, drain, and gate
electrodes, respectively. (B~E: Reprinted by permission from Macmillan Publishers Ltd. Sci.
Rep., Seo, J. et al., copyright 2013.)

the LC layers are subject to change their orientations if the strength of the external
stimulations is higher than the threshold energy (force) for the movement of LC
molecules. In due course, the changed orientation (order) of LC molecules influ-
ences on the local dipole strength in the LC layers leading to changes in the induced
dipole state at the interfacial regions in the P3HT layers that face the LC layers.
This changed dipole state directly affects the channel current that flows between the
source and drain electrodes by controlling gate voltages.

The bottom-gate-type OFETs fabricated showed typical p-type transistor char-
acteristics [56]. However, as observed from the output curves in Figure 6.4a, the
drain current was significantly increased when the LC layers were placed on the
P3HT layers (LC-on-OFET devices). In addition, the shape of output curves was
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FIGURE 6.4 (a) Comparison for the output curves of the OFET devices with and without
the LC layers, (b) illustration for the generation of positive charges in the channel (P3HT)
layer induced by the strong dipoles of LC (5CB) molecules. (A~B: Reprinted by permission
from Macmillan Publishers Ltd. Sci. Rep., Seo, J. et al., copyright 2013.)

largely changed without the current saturation behavior, which was similarly mea-
sured as the gate voltage increased to —60 V. This huge jump in drain current can
be attributed to the generation of charges (holes) in the P3HT layers that contact
the LC layers owing to the strong dipoles of LC molecules. Considering the signifi-
cantly increased current in the present p-type transistor mode, it is considered that
the negative dipole end of the LC molecule (5CB) might contact the surface of the
P3HT layers (Figure 6.4b).

The performance of LC-on-OFET sensory devices was tested by varying the
intensity and stimulation time of nitrogen gas flow [56]. As shown in Figure 6.5a,
the drain current was gradually changed as the intensity of nitrogen flow was
varied from 0.7 (11 pL/s) to 3 sccm at the fixed gas touch time (15 s). Here, it is
worthy to note that 0.7 sccm is a very weak flow hence it cannot be properly felt
with human skins. However, this result revealed that the response time was quite
slow because of the retarded motion of LC molecules in the thick (1 mm) LC
layers. As observed from Figure 6.5b, the present LC-on-OFET sensory devices
exhibited linearly increased drain current upon stimulations of nitrogen gas flow.
The sensing mechanism in the LC-on-OFET sensory devices can be clarified
from the inset photographs in Figure 6.5a. The LC phases fluctuated upon stimu-
lation with nitrogen flows, which was obviously measured by varying the angle
of cross-polarization. Considering typical homeotropic ordering of 5CB leading
to an almost dark state under 90° cross-polarization, the measured bright part in
the photographs disclosed that the SCB molecules (small domains) changed their
orientation orders upon stimulation. This can be ideally illustrated, as depicted in
Figure 6.5c, by taking into account the increased drain current upon stimulation
(N, ON state).
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FIGURE 6.5 Sensing performances of LC-on-OFET sensory devices and mechanism:
(a) Drain current (/) as a function of stimulation time according to the intensity (strength) of
nitrogen gas flow (sccm). (b) Drain current difference as a function of nitrogen gas intensity
(stimulation time = 15 s) (top panel) and nitrogen gas stimulation time (nitrogen gas inten-
sity = 2 sccm) (bottom panel). (c) Illustration for the orientation change of SCB molecules in
the LC layers before and after the nitrogen gas stimulation. (A~C: Reprinted by permission
from Macmillan Publishers Ltd. Sci. Rep., Seo, J. et al., copyright 2013.)

6.2.2 LC-G-OFET SensORY DEvicEs

To further extend the concept of LC-on-OFET devices, a planar-type structure has
been introduced by changing the location (position) of electrodes. As shown in
Figure 6.6a, the source/drain and gate electrodes are aligned on the same plane of
substrates [57]. The P3HT channel layers were coated on the regions between the
source and drain electrodes, whereas any remaining P3HT layers between the source
and gate electrodes were removed in order to prevent possible leakage paths. Next,
the LC layers were placed on the whole part between the drain and gate electrodes,
leading to a planar-type OFET (i.e., LC-g-OFET) that is operated by the gate insulat-
ing role of LC.
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FIGURE 6.6 (a) Illustration for the device structure of LC-g-OFET and the chemical struc-
ture of SCB and P3HT (right: optical microscope image for the patterned ITO-glass sub-
strate). (b) Output (left) and transfer (right) curves of the LC-g-OFET devices according to the
P3HT thickness (top: 25 nm, bottom: 150 nm). (A~B: Reprinted with permission from Seo, J.
et al. 2015. Liquid crystal-gatedorganic field-effect transistors with in-plane drain—source—
gate electrode structure. ACS Appl. Mater. Interfaces 7: 504-510. Copyright 2015 American
Chemical Society.)

As shown in Figure 6.6b (left), the output curves of LC-g-OFET were sensitive to
the thickness of the P3HT channel layers. No drain current saturation was measured
for the devices with the thin (25 nm) P3HT layers, while the devices with the thick
(150 nm) P3HT layers exhibited noticeable saturation behaviors in the output curves.
This result implies that the strong dipole moment of LC molecules significantly
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FIGURE 6.7 Hole mobility () and threshold voltage (V) for the LC-g-OFET devices
as a function of P3HT thickness. Two different dimensions (see D1 and D2 in Figure 6.6a)
were used to calculate the capacitance (C,) of the SCB gate insulator. (Reprinted with permis-
sion from Seo, J. et al. 2015. Liquid crystal-gatedorganic field-effect transistors with in-plane
drain—source—gate electrode structure. ACS Appl. Mater. Interfaces 7: 504-510. Copyright
2015 American Chemical Society.)

influences on the transistor characteristics of LC-g-OFET devices. Nevertheless,
both devices showed quite nice transfer curves at very low drain voltage (—1 V)
with reasonable on/off ratios (>4000) (Figure 6.6b [right]). The hole mobility and
threshold voltage of devices also varied with the P3HT thickness, which might be
related with the channel volume affected by the LC layers (Figure 6.7). The resulting
hole mobility was ca. 0.5~1.2 cm?/Vs, which is one of the highest hole mobilities
reported for the OFETs with the P3HT layers. However, it is noted that the thresh-
old voltage is relatively high compared with the trend of drain voltage. This can be
attributable to the long distance between the channel region and the gate electrode
(see D1 = 40.5 pm), which is a large value compared to the typical thickness of gate
insulating layers (300~700 nm). Hence, the threshold (turn-on) voltage (i.e., Vyy) is
expected to be further reduced through the controlled distance between the channel
region and the gate electrode.

The operation mechanism of LC-g-OFET devices was investigated by employ-
ing a polarized optical microscope that can measure the orientation orders of LC
molecules in the channel regions. As shown in Figure 6.8a (top), the bright and dark
images were measured under linear and cross-polarization conditions, respectively,
at no bias condition. Additional studies with various polarization angles revealed
that the SCB molecules made a tilted homeotropic alignment in this case. When
applying slightly low gate (—15 V) and drain (—1 V) voltages, both the channel area
and the S-G interelectrode area became dark but not perfectly dark under cross-
polarization, supporting insufficiently controlled (flipped) SCB dipoles.

When the voltages were further increased, a perfectly dark image was observed
for the channel area under cross-polarization (note that the surrounding part was still
dark gray). Note that the dipole direction in the channel (D-S interelectrode) area
was flipped from (— to +) at V, = —1 V and V; = —15 V (see the middle images
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FIGURE 6.8 (a) Optical microscope images for the LC-g-OFET devices according to the
drain and gate voltages: (left) linear polarization state (0°), (right) cross-polarization state
(90°). (b) Ilustration for the movement of LC molecules according to the drain and gate
voltages: (top) OFF state, (bottom) ON state. (A~B: Reprinted with permission from Seo, J.
et al. 2015. Liquid crystal-gatedorganic field-effect transistors with in-plane drain—source—
gate electrode structure. ACS Appl. Mater. Interfaces 7: 504-510. Copyright 2015 American
Chemical Society.)

in Figure 6.8a) to (+ to —) at V= —1 V and V; = —60 V (see the bottom images
in Figure 6.8a) by the strong gate voltage (—60 V) that overwhelms the weak drain
voltage (—1 V). This result indicates that SCB molecules in the channel area were
aligned parallel to the direction of D—S—G electrodes under a sufficiently high gate
bias condition (Figure 6.8b). However, it is considered that the presence of weak
drain voltage (—1 V) with the counterpole against gate voltage will affect the LC
alignment to be slightly tilted from the surface of the P3HT layer (see the channel
area in Figure 6.8b). As a consequence, the negative dipole end of the 5CB molecules
induces charges (holes) on the interfacial area of the P3HT layer. In addition, due
to the high dipole feature of LC (SCB), the strength of gate voltages can make more
dielectric polarization through the LC layer, as always observed in the case of con-
ventional gate dielectric (insulating) layers in normal OFET structures. Therefore, it
is clear that the LC molecules play a gate insulating role in the planar OFET struc-
tures, leading to LC-g-OFET devices.
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FIGURE 6.9 (a) Illustration for the device structure of the LC-g-OFET device with the
silicone polymer bank. Note that P3HT and 5CB were used as a channel layer and a sensing
gate insulator layer, respectively. (b) Transfer curves for the present LC-g-OFET device at
Vo = —2 V. (A~B: Reprinted with permission from Seo, J. et al. 2014. Touch sensors based
on planar liquid crystal-gated-organic field-effect transistors. AIP Adv. 4: 097109. Copyright
2014, American Institute of Physics.)

Next, the LC-g-OFET devices were examined as a tactile sensor after optimiza-
tion of device performances. As shown in Figure 6.9a, a silicone polymer bank was
attached to the LC-g-OFET devices in order to hold LC molecules during the touch
events [58]. The transfer curve showed that the drain current (/,) of the LC-g-OFET
device with the silicone bank was gradually increased up to >10 pA as the gate
voltage was increased to —50 V at the drain voltage of —2 V (Figure 6.9b). The hole
mobility of the optimized LC-g-OFET device reached ~1.5 cm?/Vs, which is com-
parable to the charge mobility of inorganic FETs with amorphous silicon channel
layers. On the basis of this excellent performance of LC-g-OFET, the stimulation test
was carried out by employing a nitrogen gas flow.

As shown in Figure 6.10a, the drain current changed very slightly by the stimula-
tion with the nitrogen flow (5 sccm for 5 s) in the case of no gate bias condition at
Vs =0V and V,, = —0.1 V. Although this result informs the possible signal change
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FIGURE 6.10 (a) Drain current (/) change upon stimulation with nitrogen gas flow (5 sccm
for 5 s) in the LC-g-OFET device. (b) Possible mechanism for the negative drain current upon
the stimulation event for the present LC-g-OFET devices. (A~B: Reprinted with permission
from Seo, J. et al. 2014. Touch sensors based on planar liquid crystal-gated-organic field-
effect transistors. AIP Adv. 4: 097109. Copyright 2014, American Institute of Physics.)
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upon external stimulation at no gate bias condition, it rather confirms that the drain
current signal is too weak to be practically applied without any gate bias. When the
gate voltage was increased up to V5 = —3 V, the drain current signal had dramati-
cally changed upon nitrogen flow stimulation. When the gate voltage was further
increased to —5 V, the drain current signal became weaker again irrespective of the
drain voltages. This result implies the presence of an optimum voltage condition for
the best signal in the present LC-g-OFET devices. Here it is worthy to note that the
drain current was reduced upon nitrogen flow stimulation. This can be attributed to
the applied voltage conditions that are lower than the threshold (gate) voltage (see
the transfer curve in Figure 6.9b). As illustrated in Figure 6.10b (top), the 5CB mol-
ecules can make a parallel alignment with the direction of electric field but they were
weakly forced at the low gate voltages. So the nitrogen flow could easily change the
movement of 5SCB molecules so as to make random orientations. During the stimu-
lation, the negative dipoles of SCB molecules might flip from the direction of the
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FIGURE 6.11 (a) Concept for DCL (PMMA) to block the charge generation in the channel
(P3HT) layer. (b) AFM images (height mode) for the surface of the P3HT layer (left) and
the DCL (PMMA)-coated P3HT layer (right). (A~B: Seo, J. et al. 2015. Ultrasensitive tactile
sensors based on planar liquid crystal-gated-organic field-effect transistors with polymeric
dipole control layers. RSC Adv. 5: 56904. Reproduced by permission of The Royal Society
of Chemistry.)
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P3HT layers so that it could reduce the amount of charges (holes) in the P3HT layer.
This might eventually result in decreased drain current upon nitrogen gas stimula-
tion. Considering the sensing characteristics of LC-g-OFET devices, the generation
of charges in the P3HT layers by the presence of LC molecules delivers an adverse
effect on the device performances including high leakage currents, etc.

6.2.3 DCL-LC-G-OFET Sensory DEvicEs

In order to minimize the inherent leakage current in the LC-g-OFET devices owing
to the charge generation caused by the presence of high-k LC molecules, a low-k inter-
layer, so-called dipole control layer (DCL), has been introduced between the P3HT
channel layer and the LC layer [59]. As depicted in Figure 6.11a, the insertion of DCL
can block the strong influence of high-k 5CB molecules on the P3HT layer. When the
10-nm-thick PMMA layer was used as a DCL, the surface morphology was notice-
ably changed from a rough phase to a smoother phase (Figure 6.11b). In addition, the
contact angle of the DCL-coated P3HT layer was pronouncedly reduced as the result
of the changed surface morphology [59].

As shown from the current—voltage (I-V) curves in Figure 6.12a, the drain current
of planar diode devices was pronouncedly reduced by the insertion of the DCL layer
between the P3HT layer and the LC layer. The reduction in drain current was >100-
fold by the presence of only the 10-nm-thick PMMA layer (DCL) whose dielectric
constant is ~3.5. The same PMMA DCL was introduced for the fabrication of LC-g-
OFET devices, which led to DCL-LC-g-OFET devices. As shown in Figure 6.12b,
the transfer curve of DCL-LC-g-OFET devices was greatly improved in terms of on/
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FIGURE 6.12 (a) Current-voltage (I-V) characteristics for the planar-type diode devices
with and without the 10-nm-thick PMMA DCL (inset: device structures). (B) Transfer curve
for the planar DCL-LC-g-OFET device at the drain voltage of —1 V. (A~B: Seo, J. et al. 2015.
Ultrasensitive tactile sensors based on planar liquid crystal-gated-organic field-effect transis-
tors with polymeric dipole control layers. RSC Adv. 5: 56904. Reproduced by permission of
The Royal Society of Chemistry.)
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off ratio compared to that of LC-g-OFET devices (Figure 6.9b). This result supports
that the presence of the 10-nm-thick DLC contributes to the reduction of leakage
current as well as the improved transistor performance.

The sensing performance of the DCL-LC-g-OFET devices was examined by
stimulating the channel region with nitrogen gas flows. As shown in Figure 6.13a
(top), the drain current gradually increased as the intensity of nitrogen flow increased
from 0.5 to 4 sccm at the same stimulation time (20 s). A maximum value was appar-
ently measured at around 20 s, which is in accordance with the application time of
the nitrogen flow. When the nitrogen flow was switched off, the drain current slowly
decreased with time (up to ~80 s) for all cases. As discussed for the LC-on-OFET
devices, this slow behavior can be still attributable to the dynamic motion of LC
molecules in the 100-pm-thick LC layer. It is noted that the sensing range of the
DCL-LC-g-OFET devices extended down to 0.5 sccm (~8.3 pL/s) compared with
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FIGURE 6.13 (a) Change of drain current with time upon stimulation of nitrogen gas flows
by varying (top) the nitrogen gas intensity from 0.5 to 4.0 scem for 20 s each and (bottom) the
stimulation time of the nitrogen gas at a fixed intensity of 5 sccm. (b) Comparison of optical
microscope images on the channel area in the DCL-LC-g-OFET devices and illustration of
corresponding LC alignment: The drain and gate voltages are given on the left of each image,
while the polarization angle is displayed on top. (A~B: Seo, J. et al. 2015. Ultrasensitive tactile
sensors based on planar liquid crystal-gated-organic field-effect transistors with polymeric
dipole control layers. RSC Adv. 5: 56904. Reproduced by permission of The Royal Society
of Chemistry.)



Liquid Crystal-Integrated-Organic Field-Effect Transistors 137

0.7 sccm by the LC-on-OFET devices (Figure 6.5a). As expected, the maximum
point of the drain current signal shifted toward a longer time upon increasing the
stimulation time of nitrogen gas flow (Figure 6.13a [bottom]).

The sensing mechanism of DCL-LC-g-OFET devices was investigated with
optical microscopy by changing the applied voltages under linear and/or cross-
polarization conditions. As shown in Figure 6.13b, the brightness in the channel
area under linear polarization (0°) was noticeably increased by increasing the gate
(=5 V) and drain (—0.5 V) voltages before stimulating with the nitrogen gas flow.
The image under cross-polarization (90°) became much darker at the biased condi-
tion (Vg = —5 V and V, = —0.5 V). This result indicates that the LC orientation was
changed from the tilted homeotropic alignment to the preferential planar alignment
in the direction of drain—source—gate bias. When the nitrogen gas was applied to the

(a) Ultrathin film skin (O-PP) W

Glass substrate

FIGURE 6.14 (a) Illustration for the fluctuation of the LC layer in the planar DCL-LC-
g-OFET device upon stimulation of external touch (nitrogen flow) at Vo= -5V and
Vp = —0.5 V. (b) Drain current as a function of time upon stimulation of nitrogen flows at
various intensities (note that the stimulation time was 20 s). (c) Drain current as a function
of time upon stimulation of nitrogen flow (5 sccm) by varying the stimulation time from
3 to 20 s (the total duration time (tp) is marked for example). (A~B: Seo, J. et al. 2015.
Ultrasensitive tactile sensors based on planar liquid crystal-gated-organic field-effect transis-
tors with polymeric dipole control layers. RSC Adv. 5: 56904. Reproduced by permission of
The Royal Society of Chemistry.)
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channel area in the DCL-LC-g-OFET device at the same biased condition (ON state),
a fluctuating brightness was measured in the channel region under a linear polariza-
tion condition. In particular, the cross-polarization image disclosed that there is a
bright part in the channel area even though the surrounding regions are all black.
This result supports that the SCB molecules were subject to significant change in
orientation by the stimulation of nitrogen gas flow. On the basis of the fluctuated LC
orientation (alignment) upon the nitrogen gas stimulation, the sensing mechanism in
the DCL-LC-g-OFET devices can be illustrated as shown in Figure 6.14. Here, it is
noted that the presence of the ultrathin skin (polymer film) might reduce the device’s
sensitivity but it could also act as a protection layer for practical applications.
Finally, the DCL-LC-g-OFET devices were examined as a direct physical touch
sensor, not by gas flow but by a pencil or finger, as illustrated in Figure 6.15a [60].
The optimized DCL-LC-g-OFET devices showed typical p-type transistor charac-
teristics with the on/off ratio of ~10* (Figure 6.15b). In particular, the present devices
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FIGURE 6.15 (a) Illustration for the device structure of DCL-LC-g-OFET device with the
poly(dimethyl siloxane) (PDMS) protection skin layer: The width and length of ITO elec-
trodes (D, S, and G) were 18 pm and 3 mm, respectively. (b) Transfer characteristics of the
DCL-LC-g-OFET device at V, = —1 V. (c) Photographs for the DCL-LC-g-OFET device
with (left) and without (right) the PDMS bank and skin parts. (A~C: Reprinted from Org.
Electron., 28, Seo, J. et al., Physical force-sensitive touch responses in liquid crystal-gated-
organic field-effect transistors with polymer dipole control layers., 184—188, Copyright 2016,
with permission from Elsevier.)
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with the PDMS skin layer exhibited clear increase/saturation behaviors in drain cur-
rent with the gate voltage at a fixed drain voltage (—1 V). However, it is noted that the
threshold voltage is still high compared to the drain voltage, which should be further
optimized. As observed from the photographs in Figure 6.15c¢, the present DCL-LC-
g-OFET devices can be used as a semitransparent physical sensor.

As shown in Figure 6.16a, the drain current quickly increased upon physical
touch by a pencil-like load (1.2 g) at V; = —20 V and V, = —1 V [60]. The repeated
test showed that almost similar drain current values with a narrow standard devia-
tion were measured for each touch event (Figure 6.16b). The touch test was extended
to various loads from 0.6 to 4.8 g by fixing the applied voltages (V5= —20 V and
Vp = —1 V). As shown in Figure 6.16c, the drain current gradually increased as the
load was increased. This result could be well repeated when different devices were
used for the touch experiment [60]. The response time measured from the rise and
decay curve in Figure 6.16d here was as quick as less than 300 ms, even though the
time resolution of the present measurement system is ~150 ms. This result reflects
that more fine rise/decay responses can be measured if new measurement systems
with a high time resolution are employed.

As shown in Figure 6.17a, the drain current change upon stimulation was almost
linearly proportional to the strength (load) of physical touches. Interestingly, the
rise/decay time also linearly increased with the strength of physical touches, which
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FIGURE 6.16 (a) Repeated drain current responses upon physical touches (1~4)
(load = 1.2 g [0.38 N/cm?]) to the channel region in the DCL-LC-g-OFET devices. (b)
Deviation of drain current signals upon repeated physical touches. (c) Drain current responses
upon physical touches with different touch loads (0.6 g [0.19 N/cm?]~4.8 g [1.52 N/cm?]). (d)
Drain current peaks (left: 0.6 g; right: 4.8 g) from Device_B of which response is very similar
to Device_A. (A~D: Reprinted from Org. Electron., 28, Seo, J. et al., Physical force-sensitive
touch responses in liquid crystal-gated-organic field-effect transistors with polymer dipole
control layers., 184-188, Copyright 2016, with permission from Elsevier.)
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FIGURE 6.17 (a, b) Change of drain current (a) and response time (#;) (b) as a function of
physical touch load (strength) in the DCL-LC-g-OFET devices. (c) Photograph for the direct
physical touch with a human finger to the channel layer in the DCL-LC-g-OFET device. (d)
Change of drain current (/) response by the direct physical touch with human fingers on
the channel area in the DCL-LC-g-OFET device (V, = —1 V). (A~D: Reprinted from Org.
Electron., 28, Seo, J. et al., Physical force-sensitive touch responses in liquid crystal-gated-
organic field-effect transistors with polymer dipole control layers., 184-188, Copyright 2016,
with permission from Elsevier.)

may be related with the response time of SCB molecules because the number of
5CB molecules affected by stimulation could be different with the strength of physi-
cal touches. In other words, the different response time could be very useful to get
additional information on the touch strength beside the drain current value. It is also
worthy to note that the response time is less than ~600 ms even by the heaviest
load (4.8 g) applied in this work. When a human finger touched the channel part in
the DCL-LC-g-OFET devices (Figure 6.17c), the drain current quickly changed as
shown in Figure 6.17d. Although a strong touch was repeatedly applied by human
fingers, the present DCL-LC-g-OFET devices exhibited stable drain current changes.

6.3 SUMMARY AND OUTLOOK

The combination of LC and OFET opened new category of sensory devices such as
LC-on-OFET, LC-g-OFET, and DCL-LC-g-OFET. The LC-on-OFET devices pos-
sess huge potentials in sensing ultralow-level gas flows, which can be effectively
applied for various high sensitivity detection systems such as humanoid robots, sur-
veillance systems, and military defense systems. In addition, the LC-g-OFET and
DCL-LC-g-OFET devices are expected to be applied for low-cost sensor systems
because of their simple and cost-effective fabrication processes. Finally, both sen-
sory devices can pave a bright way to achieve efficient and low-cost biomedical sen-
sors via tailoring and functionalizing the LC materials to diagnose various diseases.
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7.1 INTRODUCTION

Microfluidic sensors possess several advantages such as smaller sample volume,
shorter assay time, and lower cost compared with conventional assays performed
in 96-well plates. However, because of its miniaturized format, microfluidic sen-
sors also face serious challenges in signal detection because of the inherent short
light path length, small sample volume, and short residence time. To overcome these
limitations in microfluidic sensors, ultrasensitive signal detection and amplifica-
tion mechanism are often required. In the past, laser-induced fluorescence (LIF)
detection and enzymatic signal enhancement were the preferred detection methods
in microfluidic sensors because of their high sensitivity. In these methods, target
molecules need to be conjugated with labels such as fluorophores (Bernard et al.
2001; Hosokawa et al. 2007), enzymes (Eteshola and Balberg 2004; Yu et al. 2009);
nanoparticles (Lu et al. 2009; Luo et al. 2005), and redox labels (Lim et al. 2003) to
transduce detection signals. Nevertheless, labeling target molecules is tedious and
the functionality of the molecules can be compromised upon conjugation with labels
(Shrestha et al. 2012; Thorek et al. 2009). More importantly, if bulky instruments
such as laser and fluorescence detectors are needed, then it becomes very difficult
to miniaturize these microfluidic sensor devices. A better sensing mechanism fully
compatible with a microfluidic device is therefore needed.
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Liquid crystal (LC) has been used as a signal transducer for label-free detec-
tion with extremely high sensitivity (Gupta et al. 1998). It has been reported that
long-range orientation of an LC responds sensitively to surface molecular binding
events and changes the optical appearance of an LC, that is, a bright signal upon
polar orientation shift (Alino and Yang 2011; Chen and Yang 2012) or change of
the brightness upon azimuthal orientation shift (Govindaraju et al. 2007; Kim et al.
2000). These changes enable the development of label-free chemical and biologi-
cal sensors for naked-eye detection. It is ideal to use an LC as a sensing material in
microfluidic sensors because of following reasons. (1) The optical signal from an
LC is visible to the naked eye under ambient light. Thus, bulky laser and emission
filters are not needed. Moreover, an LC exhibits different colors which can be used
to quantitatively determine concentrations of analytes. (2) An LC has good spatial
resolution over a large area such that one can probe different locations on the micro-
fluidic device with an LC. (3) An LC is highly sensitive as it can amplify molecular
binding events into ordering transition (Gupta and Abbott 1997; Gupta et al. 1998;
Shah and Abbott 2001). This feature is necessary for the ultrasensitive detection of
molecules in a microfluidic device. (4) An LC is fluidic in nature and it can freely
flow inside microchannels. Because it is hydrophobic, it can also displace water from
the microchannel. Thanks to these unique features, an LC shows promise as an ideal
sensing material for microfluidic devices. In this chapter, recent advances and efforts
in this area are reviewed and discussed.

7.2 MICROFLUIDIC DEVICES

Microfluidic devices are characterized by their small dimensions, usually in the
range of 1-1000 pm. Because of their small dimension, both mass transfer and heat
transfer can be very fast. Thus, they are suitable for heterogeneous bioassays and
biosensors in which binding of target analytes to a surface sensitive layer is required.
These small devices are often made of transparent polymers such as polydimethylsi-
loxane (PDMS) or polymethylmethacrylate (PMMA), which allow optical signals to
be transmitted through the microfluidic device and recorded. Applications of micro-
fluidic devices for medical diagnosis have been demonstrated in many papers (Chin
et al. 2011; Linder et al. 2005; Ikami et al. 2010). However, a common element in
these devices is that the final detection step is still accomplished by using traditional
methods, such as UV/Vis, fluorescence or electrical detection. During the early
development stages, the detection was done by connecting a microfluidic device to
mass spectrometers (Oleschuk and Harrison 2000; Koster and Verpoorte 2007), UV/
Vis absorbance spectrometer, or LIF fluorometers (Gotz and Karst 2007). However,
detection using these analytical instruments has limited portability. Another issue
is that the path length of a microchannel is only 10-500 pm. Therefore, absorbance
or fluorescence emission is much weaker than in conventional assays (according
to Beer—Lambert law, absorbance is proportional to the optical path length). Thus,
ancillary devices such as powerful light sources and ultrasensitive detectors are
used. However, these bulky items easily compromise the advantages of microfluidic
devices, since these ancillary items can be several times bigger than the microflu-
idic device. Alternatively, microelectrodes can be implanted inside the microfluidic
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devices as a sensor to report analyte concentration. However, it is difficult to fabri-
cate these microelectrodes inside microchannels, and only a single reading can be
obtained from an electrode. It is also difficult to obtain a concentration profile inside
a microchannel by using electrical methods. Apparently, a new detection mechanism
is critically needed for the microfluidic devices. A promising solution is to use an LC
in microfluidic devices.

7.3 DETECTION OF SURFACE-BOUND MOLECULES WITH AN LC

When a very thin layer of an LC is supported on a solid surface, orientations of
the LC are determined by several physical and chemical properties of the surface.
This phenomenon is called “anchoring” of the LC. The average orientation of an
LC near the surface is known as the easy axis of the surface (Figure 7.1). Factors
including nanostructures, surface functional groups, and wettability are known to
affect the easy axis. In the literature, various strategies have been used to control the
anchoring of an LC and the easy axis of the surface. For example, oblique deposi-
tion of gold on a glass slide was used to create a planar easy axis which is parallel to
the surface. The direction of the easy axis can be further controlled by using vari-
ous self-assembled monolayers (SAMs) of alkanethiols on the gold surface (Gupta
and Abbott 1996a,b, 1997). One can also control the easy axis of the surface by
coating the glass slides with organosilanes such as N, N-dimethyl-n-octadecyl-3-
aminopropyltrimethoxysilyl chloride (DMOAP), which gives a strong homeotropic
anchoring of an LC (Kahn 1973). Alternatively, mechanical rubbing (Kim and
Abbott 2001; Kim et al. 2000), rolling (Tingey et al. 2004), or surface periodic struc-
tures can be used to obtain planar anchoring (Chiou, Chen, and Lee 2006; Chiou,
Yeh, and Chen 2006).

Detection of surface-bound molecules by using an LC often relies on chang-
ing of the easy axis of an LC after the binding of target analytes. This technique
was first developed by Abbott’s group in the late 1990s and gradually evolved into
different formats over the past 20 years. In the earlier format, obliquely deposited

Reference surface
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FIGURE 7.1 An LC optical cell with an analytical surface and a reference surface.
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gold surfaces decorated with SAMs were used. These surfaces tend to align an LC
uniformly with a single easy axis in one direction due to its unique surface topog-
raphy and surface functionality (Luk, Yang et al. 2004). However, after the binding
of molecules to the surfaces, the surface-bound molecules mask the surface topog-
raphy and change the physical properties of the surface. As a result, the surfaces
can no longer align the LC uniformly which led to random textures. For example,
Gupta et al. (1998) showed that binding of proteins to ligands on an obliquely depos-
ited gold surface changed the easy axis of the surface and the anchoring of the LC
near the surface. Due to long-range interactions of the LC, this binding event then
triggered changes in the orientation of a 20-um LC film supported on the surface,
giving distinct optical outputs. This technique was further developed for the detec-
tion of other proteins (Luk, Abbott, Bertics et al. 2003, Luk, Abbott, Raines et al.
2003; Luk, Tingey et al. 2003, 2004) and other applications such as the detection of
acid—base reactions (Shah and Abbott 1999) or chemical vapors (Shah and Abbott
2003; Yang et al. 2004, 2005).

Alternatively, surface-bound molecules can also cause a homeotropic easy axis
of a surface to become tilted or planar. In this case, a DMOAP-coated slide is com-
monly used as a substrate because it has a homeotropic easy axis with a strong
anchoring energy. The DMAOP surface can also be modified with plasma or UV
light and introduce reactive functional groups to immobilize proteins (Xue and Yang
2007, 2010). Xue et al. (2009) showed that adsorption of proteins on a DMOAP-
coated slide can alter the homeotropic easy axis when the protein density exceeded a
critical value. Chen and Yang (2010) showed that adsorption of DNA on the DMOAP
surface also led to change in the easy axis.

However, characterizing the easy axis of a surface before and after surface bind-
ing events by using an LC is nontrivial. This is because an LC flows like a liquid on
a surface, and it does not form a flat film due to surface tension. To observe the easy
axis of a surface and the orientation of an LC, one has to pair an analytical surface
with a reference surface (with a known easy axis) to form an optical cell (for filling
with an LC) as shown in Figure 7.1. In many studies, a DMOAP-coated slide was
selected as a reference surface because the easy axis is perpendicular to the sur-
face which leads to the homeotropic anchoring of LC. In other studies, an obliquely
deposited gold surface with a uniform planar easy axis was selected as a reference
surface (Lowe et al. 2008). The two surfaces (analytical and reference) can be sepa-
rated by a pair of spacer which defines the thickness of the LC film.

To probe the easy axis of the analytical surface, a polarized optical microscope
(POM) is needed to determine the effective birefringence of the LC film. By com-
paring the interference color of the LC with the Michel-Levy chart, the effective
birefringence of the LC can be readily obtained. The effective birefringence reflects
the director profile of the LC in the entire film. If both easy axes of the analytical and
reference surfaces are homeotropic, then the director profile of the LC will be uni-
formly homeotropic throughout the film. Under crossed polars, the sample always
appears dark even when the sample is under rotation. This uniform homeotropic
state can be further confirmed as a dark cross under a conoscopic lens. In this case,
if the easy axis on the reference surface is homeotropic, then one can conclude that
the easy axis of the analytical surface is also homeotropic (unless the cell thickness
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is less than a critical value, making the reference surface dominate the orientation
of the LC).

In contrast, if the LC film is bright and shows modulation of light under crossed
polars, then the easy axis on the analytical surface must be planar or tilted with a
pretilt angle 6 (the angle between surface norm and the director of an LC). In this
case, the director profile of the LC will undergo some bend and splay distortion in
the film. A mathematical model proposed by Barbero and Barberi (1983) was used to
predict the director profile of an LC in such hybrid cells. From this model, the mea-
sured effective birefringence can be used to determine the director profile and pretilt
angle 0 on the surface, which reveals the actual easy axis on the analytical surface.
One can compare the easy axis before and after the binding events to decide if the
binding of molecules changes the easy axis.

It is worth noting that in the technique mentioned above, the thickness of the LC
film is around 1-20 mm, which is comparable with the dimension of a typical micro-
fluidic device. Moreover, the signal is not proportional to the thickness of the LC film
since changes of easy axis and anchoring of LC are surface-driven phenomena.

7.4 ORIENTATIONS OF AN LC IN MICROCHANNELS

When an LC is inside a rectangular microchannel for sensing applications, it is
surrounded by four channel walls and its director profile is controlled by the anchoring
energies of all surfaces and the elastic energy in an LC. However, in a rectangular
channel with a large aspect ratio (w/d > 10), one can assume that the orientational
profile of an LC is dictated by the top and bottom surface only. Thus, all techniques
developed for LC optical cells are also applicable for an LC in microchannels. For
example, when both the top and bottom surfaces have homeotropic conditions, the
orientation profile of an LC in the microchannel is also uniformly homeotropic,
which can be determined by using a POM coupled with conoscopic lens.

In the case of square microchannels or rectangular microchannels with a small
aspect ratio (w/d), the orientational profile of LC is more complicated since LC is
surrounded by four channel walls. In a square microchannel with four homeotropic
boundary conditions, the orientation of the LC in the middle of the microchannel is
parallel to the length of the microchannel rather than being perpendicular to any of
the wall. To obtain the actual orientational profile of an LC in these microchannels,
the LC can be doped with a fluorescent dye molecule and examined by using a POM
and a fluorescent confocal polarized microscopy (FCPM) as shown in a study by
Sengupta et al. (2013). The orientational profile of an LC in a microchannel can also
be predicted by using numerical simulation.

Sengupta et al. used both experiments and computer simulations to
investigate the orientational profile of an LC 5CB in a rectangular microchannel
w x d =100 pm x 10 pm) with homeotropic boundary conditions. Due to a large
aseptic ratio, 5CB in the middle of the cell aligns perpendicularly to the top and
bottom surfaces, whereas SCB at both sides aligns horizontally with various bending
and splaying to satisfy the boundary conditions on the side (Zhu and Yang 2015).

When an LC is flowing in a microfluidic channel, the orientational profile of the
LC is strongly influenced by the flow as suggested by Sengupta et al. (2013). Under
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a weak-flow regime, the orientational profile of an LC is similar to that of the no-
flow regime since the flow has minimal effect on the LC. However, when the flow
speed of the LC increases and enters a medium-flow regime, the orientational profile
of the LC is influenced by the flow and vice versa. A complex rheology caused by
competition between the elasticity and the backflow can be observed. For example,
the orientational profile becomes symmetrical along the center of the microchannel,
and the flow changes to a two-stream flow with a lower velocity at the channel center.
Eventually, at the strong-flow regime, the flow dominates the orientations of the LC,
making the director the same as the flowing direction. Such a phenomenon is unique
to anisotropic LCs and may have important implications for sensing applications in
the future.

In a recent study, spherical SCB droplets flowing inside microchannels filled with
water was investigated. In this case, the orientations of 5CB are determined by water
rather than channel wall surface. Since water imposes a planar boundary condition
on the 5CB droplets, the orientational profile of 5CB can be bipolar, concentric, or
escaped concentric. In most cases, only a bipolar configuration is observed due to its
lower energy state. Nevertheless, when a SCB droplet started to flow inside the chan-
nel, backflow of SCB affected the location of defects such that the droplet changed
cyclically between bipolar and escaped concentric configurations. Since the orienta-
tional profile of SCB is very sensitive to the flow velocity and shear stress, it can be
used to report both parameters in a microfluidic channel.

7.5 LC IN MICROCHANNELS FOR SENSING APPLICATIONS

To combine an LC with microfluidic devices for sensing applications, several for-
mats have been used in the past. The simplest format is to perform biological assays
in a traditional PDMS microfluidic device (supported on a glass slide) and then dis-
assemble the device to expose the bottom glass slide. To detect whether the mol-
ecules bind to the bottom surface by using LC, a DMOAP-coated slide can be paired
with the bottom surface as an optical cell to fill the LC. Xue et al. (2009) used
this approach to build an LC-based microfluidic immunoassay for detecting various
antibodies with high specificity. However, it is challenging to disassemble the micro-
fluidic device without affecting the bottom surface. The bottom surface also needs
to be rinsed to avoid nonspecific adsorption of proteins on the surface (Zhang et al.
2011). A more straightforward method is to incorporate the LC inside microchannels
as a sensor to detect target analytes directly. However, an LC is fluid in nature and
unstable under flow conditions. To use an LC in microchannels over an extended
period of time, the LC has to be properly confined inside the microchannels.

A popular method to confine LC is by using a transmission electron microscopy
(TEM) grid. Due to strong capillary force, an LC can be confined in the TEM grid.
This technique was developed by Brake and Abbott (2002) to study the adsorption
of surfactants or biomolecular binding events at LC/water interfaces. This technique
was used in other studies for the development of chemical and biological sensors
(Hartono et al. 2008; Hartono, Qin et al. 2009; Hartono, Xue et al. 2009). However,
it is difficult to dispense the exact amount of LC into the grid (since the grid is very
small). In some cases, excess LC needs to be removed manually by touching the
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PDMS microfluidic channel

BSA solution

With
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FIGURE 7.2 Inkjet-printed LC sensing dots in microchannels for the detection of bovine
serum albumin (BSA). (Reprinted with permission from Alino, V. J. et al. 2012. Inkjet
printing and release of monodisperse liquid crystal droplets from solid surfaces. Langmuir
28 (41):14540-14546. Copyright 2012 American Chemical Society.)

TEM grid with a glass capillary. Moreover, it is not feasible to incorporate TEM
grids into a microfluidic device, because the size of a TEM grid is larger than the
dimension of a microchannel. To address these issues mentioned above, Liu et al.
(2012) demonstrated a highly reproducible technique to form a stable LC film inside
a microchannel as follows. First, a hexagonal grid was electroplated inside a micro-
channel using a photomask. Next, the LC was infused into the channel to form a
stable film inside the grid. An advantage of this technique is that excess LC can be
removed by a laminar flow of water without any manual steps. This technique led to
a highly reproducible, long-lasting LC-sensing film in the microchannel, which can
be used for various sensing applications such as detection of surfactants or enzyme
phospholipase A,.

Alternatively, tiny LC droplets can be printed inside a microchannel for sensing
applications. For instance, Alino et al. (2012) showed that LC 5CB can be printed
by using a piezoelectric nozzle at an elevated temperature (to lower its viscosity).
Subsequently, LC droplets printed on a solid surface were covered with microchan-
nels and formed tiny LC sensing dots in the microchannels. Depending on surface
chemistry and flow rate of the solution, the LC sensing dots can be very stable for
sensing purposes. By using these techniques, Alino et al. demonstrated that detec-
tion of surfactants and proteins can be accomplished by using a microfluidic device
and LC sensing dots as shown in Figure 7.2. However, these sensing dots may detach
from the surface if the flow rate is too high.

7.6  ADVANTAGES OF MICROFLUIDIC LC SENSORS

An important consideration for developing a useful immunoassay is its ability to
quantify antibody concentrations. In microfluidic immunoassays, the quantification
part can be realized by using absorbance of light or the intensity of fluorescence.
However, because the dimension of microchannels is very small, and the absorbance
is proportional to the path length of light, sensitivity of the microfluidic sensor is
low. On the other hand, the detection principle of an LC is not limited by the small
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Anti-biotin

FIGURE 7.3 An LC-based immunoassay developed in microfluidic channels. The surface
of the slide was coated with IgG, and a buffer containing anti-IgG was infused into the first
channel. The color region is where anti-IgG in buffer solution binds to surface-bound IgG.
The amount of anti-IgG that binds to the surface can be estimated by using the interference
colors of the LC. (Reprinted with permission from Xue, C.-Y., S. A. Khan, and K.-L. Yang.
2009. Advanced Materials 21 (2):198-202.)

dimensions of microchannels. Since orientations of LC are disrupted by surface-
bound molecules to produce interference colors, the sensitivity of LC-based detec-
tion actually increases with decreasing thickness of the LC film. The concept of
using an LC to detect binding of anti-IgG to surface-bound IgG quantitatively in a
microfluidic device has been reported by Xue et al. In this study, binding of anti-
IgG to IgG was evident from the interference colors of LC as shown in Figure 7.3.
After the binding of anti-IgG to surface-bound IgG, the interference colors of the
LC followed the order of blue, pink, orange, yellow, white, and then gray along the
channel. This color spectrum was caused by a gradual decrease in the pretilt angle
of the LC along the microchannel. This is because anti-IgG is gradually depleted
inside the microchannel when it binds to immobilized IgG on the surface. Therefore,
the surface density of anti-IgG in the inlet is higher than the other regions. The high
density of anti-IgG led to a large pretilt angle of the LC. Based on this principle, one
can predict the antibody concentration in each region by using different interference
colors of the LC. This is one of the advantages of using an LC for detection, since
other detection methods (e.g., fluorescence or nanoparticles) do not show different
colors. Nevertheless, the interference color of an LC is only suitable for quantitative
analysis, and it is also very sensitive to the thickness of the LC. A small difference
in the cell thickness or force imbalance can lead to color bias.

Alternatively, quantification mechanism can be achieved by using the length of
bright LC region in the microfluidic channels. Because the LC is highly sensitive to
the critical concentration (Xue and Yang 2008), a clear cutoff can be found at the
end of the bright channel as shown Figure 7.4. Therefore, the length of the bright
LC region can be measured more precisely, and the length is proportional to the
antibody concentration. In contrast, fluorescence intensity decreases continuously,
making it impossible to determine the length of fluorescent region. This technique
has been commonly used in LC-based assays for quantification purposes (Chen and
Yang 2012; Zhang et al. 2011; Zhu and Yang 2015).

Another advantage of using an LC in microfluidic devices lies in its spatial reso-
lution. Users can probe the entire surface with an LC to find out the distribution
of analytes on the surface. Because of this feature, it is feasible to use an LC for
multiplex and high-throughput detection in microfluidic devices. An LC image of
a microfluidic immunoassay in Figure 7.5 shows that only line—line intersections
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FIGURE 7.4 Correlations between the length of the bright LC regions and the concentra-
tion of anti-IgG. From the top, the concentration of anti-IgG was 0.02, 0.05, and 0.08 mg/mL,
respectively.
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FIGURE 7.5 A high-throughput and multiplex LC immunoassay. The LC only appears
bright in the line—line intersections where antigens and their respective antibody meet. In the
case of mixtures which contain both anti-biotin and anti-IgG, LCs in both biotin-BSA and
IgG channels appear bright.

where antibodies meet their specific target proteins light up, which suggests that the
specific binding of both antigen/antibody pairs can be detected with LCs in a mul-
tiplexed manner. The interference colors can also be used to determine the binding
strength of the antigen/antibody pair. As shown in Figure 7.5, since the binding of
antibiotin to biotin-BSA is stronger than the binding of anti-IgG to IgG, the interface
color of the former is also more pronounced.

7.7 CHOLESTERIC LC FOR GAS DETECTION

In addition to nematic LC, cholesteric liquid crystals (CLCs) have also been used
in microfluidic devices for gas sensing applications. CLCs are a type of LCs whose
molecules are arranged in layers. The orientation of each layer rotates a small angle
to form a helical pattern. CLCs selectively reflect light according to Bragg’s law when
the pitch matches the incident light. Thanks to this property, CLCs are very sensitive
to temperature and volatile organic compounds (VOCs) (Dickert et al. 1992; Dickert
et al. 1994; Sutarlie et al. 2011; Sutarlie et al. 2010). For example, when CLCs are
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exposed to VOCs, dissolution of VOCs changes the pitch of CLCs and results in dif-
ferent colors. Unlike nematic LCs, the colors of CLCs can be viewed with the naked
eye directly without the use of polarizers. However, CLCs are not specific to VOCs.
To make them selective to target molecules, reactive dopants were often mixed with
CLCs to render specificity. For example, dodecylamine was mixed with CLCs to
detect 300 ppmv of pentyl aldehyde vapor since the primary amine is able to react
with the aldehyde and form imines (Sutarlie et al. 2011). Because CLCs are very
viscous, they can be patterned on a surface directly as sensing arrays for detecting
different types of VOCs.

CLCs also have a good spatial resolution when they are used as sensing materi-
als, making them very suitable to be integrated with microfluidic devices for sensing
applications. This can be done by applying a thin layer of CLCs directly to microflu-
idic devices and then protecting it with a layer of gas-permeable membrane. In this
case, gas molecules can permeate through the membrane and interact with CLCs
to change their colors. Alternatively, CLCs can be blended with polymers to make
a polymer dispersed cholesteric liquid crystal (PDCLC). A film of PDCLC can be
used to cover a microfluidic device for sensing VOCs (Sutarlie and Yang 2011). This
method was used to detect the distribution of 4% ethanol solution inside microfluidic
channels. Ethanol produced from fermentation in microfluidic reactors can also be
detected.

7.8 LC WITH TUBING CARTRIDGES

In most LC-based immunoassays, manual preparation of an LC cell for detection
is required. This is because a number of incubation and rinsing steps are needed
before the test results can be obtained. Unfortunately, aqueous buffers are not mis-
cible with LCs. Therefore, it is more convenient to introduce an LC at the final
step after all the incubation and rinsing steps are completed. Recently, a new for-
mat of LC-based microfluidic immunoassay was reported by Zhu (Zhu and Yang
2015). In this assay, an LC was injected directly into a microchannel at the end
of the immunoassay procedures. Because LC and water are immiscible, the LC
is able to push out all remaining solutions from the microchannel and probe the
analytical surface. Depending on the binding of the antibody to the surface, the
LC may appear bright or dark. However, orientations of the LC are influenced by
four channel walls. Thus, the dimension of the microchannel needs to be properly
controlled.

To streamline the process mentioned above, Zhu and Yang prepared a tubing
cartridge which contains “plugs” of antibody solution, a washing buffer, and an
LC. These plugs are separated by an air spacer, ensuring that they are not mixed
together. This setup was first invented by the Whitesides’ group, but no LC was
used (Chin et al. 2011; Linder et al. 2005). To drive the solutions and LC into the
channel, the cartridge was connected to the inlet of the microchannel, and negative
pressure (a syringe barrel) was connected to the outlet to create a pressure-driven
flow. The flow velocity can be controlled very accurately by varying the position of
the plunger. Volume of the antibody solution and washing buffer can also be prepro-
grammed to achieve optimum performance.
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7.9 CONCLUSION

LCs have been integrated with microfluidic devices for various chemical and
biological sensing applications. Using LCs for signal transduction and amplification
is advantageous because it is highly sensitive, fast, and the optical outputs can be
observed directly with the naked eye. Interference colors of LCs also offer a simple
way for qualitative and spatial analysis of protein concentration. Despite their
tremendous advantages, the best platform to use LCs in microfluidic devices for
sensing applications is still under debate. In the future, more research should be
carried out in this direction to optimize LC-based microfluidic sensing devices for
real-world applications.
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effective birefringence, 148

for gas detection, 153-154

LC-based immunoassay, 152, 154

LC optical cell, 147

LC orientation in microchannels, 149-150

LC with tubing cartridges, 154

in microchannels, 150-151

microfluidic devices, 146147

multiplex LC immunoassay, 153

PDCLC, 154

sensing dots, 151

Microfluidic sensors, 145; see also Microfluidic

LC sensors

N

Narrow reflection bandwidth, 3; see also
Broadband reflection
Near-infrared (NIR), 40
Nematic liquid crystal (NLC), 3
Nematic liquid crystal cell (NLC cell), 105;
see also All-electrical liquid crystal
sensors
capacitance variation vs. external
frequency, 110
equivalent capacitance of, 114
frequency variation due to temperature, 116
homeotropic alignment in, 106
impedance vs. frequency, 109, 113
multivibrator circuit with, 112
permittivity data vs. frequency of applied
electric field, 107
planar alignment in, 105
temperature dependence of permittivity
for, 106
Nematic mesophase, 64
Nematic monoacrylate, 4; see also Bandwidth
tunable CLC
NIR, see Near-infrared
NLC, see Nematic liquid crystal
NLC cell, see Nematic liquid crystal cell
N*LC sensors, 63, 65; see also Chiral nematic
liquid crystalline sensors
detection methods in, 68
as UV sensors, 74

(o)

OD, see Optical density
OFETs, see Organic field-effect transistors
Optical density (OD), 25
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Optical sensors, 85; see also Cholesteric liquid

crystalline polymer networks

alcohol sensors, 90-91

amine sensors, 86—88

amino acid sensors, 86

Ca?* binding to benzoate sites, 94

carboxylate salt film, 92

chiral dopants and diacrylate mesogens, 96

cholesteric polymer containing azobenzene
chromophores, 99

components of polymer composite, 86

humidity sensors, 89-90

IPN response to RH levels, 91

mesogen structure, 93

metal ion sensors, 91-94

monomer used to make amine sensor, 89

pH sensors, 85-86

polymer and Ba?* ion treatment, 93

polymer film’s optical response, 97-98

strain sensors, 96-97

temperature sensors, 94-96

thermal-responsive cholesteric polymer, 94

UV-Vis transmission spectrum, 87, 88, 90,
92,99

wavelength change in reflection of water-
saturated films, 97

working principle of CLC polymer film, 93

Organic field-effect transistors (OFETs), 123,

125; see also LC-g-OFET sensory
devices; LC-i-OFET sensory devices;
LC-on-OFET sensory devices

field-effect mobility, 126

layers, 125

performance of, 125

structure and operating principle, 125

Index

fabrication of photochromic chiral liquid
crystals, 38
flower-opening patterns of
microdroplets, 50
helicity inducers, 39
for infrared sensors, 51
light-driven chiral azobenezene, 51, 52
light radiations, 33
liquid crystalline microdroplets, 49
M-GNRs, 54
microfluidic techniques, 50
NIR-light-directed self-organized BP 3D
photonic superstructures, 54
phases, 3638
photothermal effect, 53
polarizing optical microscopy images, 50
reflection colors and reflection spectra, 53
reflection wavelength of photochromic
chiral LCs, 37
self-organized 3D superstructures, 49
spirooxazine and overcrowded alkenes,
44-47
spirooxazines, 36
spiropyrans, 36
UCNPs, 52
upconversion processes, 52
Photochromism, 35; see also Photochromic
chiral LCs
in 1D CLC superstructures, 38—39
in 3D chiral liquid crystalline
superstructures, 47-51
molecules of, 35-36
photochromic sensor, 34
Photoinitiation, 76
Photoisomerization, 35, 75, see Photochromic
chiral LCs

P of chiral diarylethene dopant, 44
Photostationary state (PSS), 41
Photothermal effect, 53
pH sensors, 85-86; see also Sensors
Pitch, 64
of chiral nematic, 83
Planar chirality, 76
PLL, see Phase locked loop
PMMA, see Polymethylmethacrylate
Polarized optical microscope (POM), 148
Polymer dispersed CLC (PDCLC), 154
Polymer-stabilized CLCs (PSCLCs), 10
transmission and reflection transforming

P3HT (Poly(3-hexylthiophene)), 126
Patterning methods, 126
PCA, see Penthylcyclohexanoic acid
PCE, see Power conversion efficiency
PDCLC, see Polymer dispersed CLC
PDMS (Polydimethylsiloxane), 146
Penthylcyclohexanoic acid (PCA), 85
Phase locked loop (PLL), 104
Phase-width modulated signal (PWM
signal), 119
Photochromic chiral LCs, 33, 38, 55; see also

Photochromism; Photoisomerization
alkene motor, 46
azobenzene dopants, 39-42
BPs, 37
chiral azobenzene, 40, 41, 43, 44, 48
diarylethene dopants, 42—-44
diarylethenes, 36
double-twist structure, 47

mode of, 16
Polymethylmethacrylate (PMMA), 126, 146
POM, see Polarized optical microscope
Power conversion efficiency (PCE), 25
PSCLCs, see Polymer-stabilized CLCs
PSS, see Photostationary state
PWM signal, see Phase-width modulated

signal
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R

RCP, see Right-circularly polarized
Reflection bandwidth, 3; see also Bandwidth
tunable CLC
chemical structures of materials, 11
cholesteric diacrylate, 4
cholesteric polysiloxane oligomer, 7
circularly polarized light transmission, 4
CLC gel film with broad bandwidth, 8
film preparation, 11
fracture surface of pitch-gradient cholesteric
network, 4
ND concentration profiles, 11
nematic monoacrylate, 4
photoinitiator, 4
polymer network of polymer-stabilized
CLC, 6
preparation of N*LC composite film, 9
transmittance of polymer-stabilized CLC, 6
UV-absorbing dye, 4, 5
UV-light-intensity gradient, 4, 5
vitrified CLC structure, 7
Relative humidity (RH), 90
Reverse isomerization process, 18
RGB (Red, green, and blue), 54
RH, see Relative humidity; Right-handed
Right-circularly polarized (RCP), 18
Right-handed (RH), 1

S

SAMs, see Self-assembled monolayers
Scanning electron microscopy (SEM), 10, 126
Selective reflection band (SRB), 84
Self-assembled monolayers (SAMs), 147
Self-organized 3D superstructures, 49
SEM, see Scanning electron microscopy
Sensing, 103
Sensors, 65, 103; see also All-electrical liquid
crystal sensors; Chemosensors; Chiral
nematic liquid crystalline sensors;
DCL-LC-g-OFET sensory devices;
Microfluidic LC sensors; N*LL.C
sensors; Optical sensors; Ultraviolet
Sensors
advanced, 123
alcohol sensors, 90-91
amine sensors, 86—88
amino acid sensors, 86
based on photoracemization, 79
benefit of, 67
categories, 66
conventional, 123
humidity, 72
metal ion, 91-94
pH sensors, 85-86
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strain sensors, 96-97
temperature, 94-96, 104
SmA-like shortrange ordering (SSO), 8
Spirooxazine, 36, 44; see also Photochromic
chiral LCs
SRB, see Selective reflection band
SSO, see SmA-like shortrange ordering
Sterol-based D provitamins, 76
Stimuli-responsive reflection band, 10; see also
Bandwidth tunable CLC
chiral switches, 16, 17, 18
molecular arrangements, 15
polarizing optical microscope textures, 13
reflection spectra, 13
reflection wavelength of light-driven chiral
molecular switch, 17
reflectors, 12, 14
reverse isomerization, 18
transmission and reflection transforming
mode of PSCLC, 16
transmission spectra, 14
wavelength and bandwidth of selective
reflection peak, 13
Strain sensors, 96-97; see also Optical sensors

T

TAC, see Triacetyl cellulose
TADDOL, see Tetraaryldioxolanediol
TCOs, see Transparent conducting oxides
TEM, see Transmission electron microscopy
Temperature—frequency converter, 111; see also
All-electrical liquid crystal sensors
characterization, 112-116
design, 111-112
electronic circuit, 111
equivalent capacitance of NLC cell 6, 114
experimental setup for, 114
multivibrator oscillator circuit, 112
output frequency as function of temperature,
115, 116, 117
Temperature-phase converter, 116; see also
All-electrical liquid crystal sensors
components in phase measurement
scheme, 120
electronic scheme of phase measurement
system, 118
experimental and theoretical output
voltage, 119
maximum sensitivity of phase measurement
system, 118
Temperature sensors, 94-96, 104; see also
Optical sensors
Tetraaryldioxolanediol (TADDOL), 71
TFA, see Trifluoroacetyl
TMA, see Trimethylamine
Transmission electron microscopy (TEM), 5, 150
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Transparent conducting oxides (TCOs), 125
Transparent polymers, 146

Triacetyl cellulose (TAC), 95
Trifluoroacetyl (TFA), 69

Trimethylamine (TMA), 87

U

UCNPs, see Upconversion nanoparticles
Ultraviolet (UV), 3, 35
Ultraviolet sensors, 74; see also Chiral nematic
liquid crystalline sensors
azobenzene structure, 75
chiroptical switching, 76
enantiomeric excess of dopant, 78
effect of exposure on cholesterol iodide and
cholesterol nonanoate, 77
structure of isomers, 76

Index

transformation of provitamin D, to
vitamin D,, 77
UV sensing, 75-78
Upconversion nanoparticles (UCNPs), 52;
see also Photochromic chiral LCs
UV, see Ultraviolet

\Y
VOCs, see Volatile organic compounds
Volatile organic compounds (VOCs), 66, 153

W

Washout/refill techniques, 21, 22; see also
Broadband reflection

WGM, see Whispering-gallery-mode

Whispering-gallery-mode (WGM), 50
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