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Cellulose Nanocrystal-based Liquid Crystal Structures
and the Unique Optical Characteristics of Cellulose
Nanocrystal Films
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Liquid crystals (LC) have been found to have many unique
characteristics during the last few decades. The liquid crystal phase is
ubiquitous in the biological world, as well as in cellulose and its
derivatives. Cellulose nanocrystals (CNC), which can obtain the chiral LC
phase in aqueous suspension, have been attracting much attention. The
unigue size and properties of CNC, such as their light weight, special
optical properties, non-toxicity, and biocompatibility, etc., have made
them widely applicable in diverse fields. This brief literature review
introduces the relationship between the LC phase and CNC. Advantages
of CNC as a liquid crystal forming material and the preparation of CNC
are discussed. The left-handed cholesteric phase structure and the
corresponding unique optical properties of CNC-based LC are described
in detail. The CNC-based LC aqueous suspension and three stages of
forming LC phase are also described. Then, the main reasons
accounting for the brittleness and non-uniformity of pristine CNC-based
LC are summarized, as well as ways to overcome these problems.
Finally, some optical applications of CNC-based LC films in anti-
counterfeiting, colorimetric sensors, and composite devices are
considered.
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INTRODUCTION

Liquid crystals (LC) signify a state that is intermediate between that of a
crystalline solid and an amorphous liquid, so it can also be regarded as a mesophase.
They exhibit some degree of isotropy like a liquid. At the same time then can retain the
order of a crystal, at least in one direction, such that the anisometric molecules possess
only orientational order and no positional order (Collings 1990, 1998) (Fig. 1). The LC
assembly behavior results in corresponding optical properties (Mitov 2017), and they
show chiral or achiral structure in nature (Oswald and Pieranski 2005; Mathews et al.
2010; Li et al. 2013a,b; Takezoe and Eremin 2017; Zheng et al. 2017). Those
characteristics have been considered as a compelling discipline in the research on LC and
also have received increased attention in recent years. Many polymers in daily life exhibit
a LC phase. Examples include DNA, RNA, viruses, stratum corneum, the beetle, etc.
(Zhou and Wang 1994), but the natural structure of LC systems from different sources
are not exactly the same. Most derivatives of cellulose easily form LC phases in polar
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solvents such as water, ethanol, and dimethyl sulfoxide (DMSO) (Grunert and Winter
2002; Viet et al. 2007; Okura et al. 2014). This paper mainly focuses on the CNC-based
LCs, because they possess many unique advantages such as high aspect ratio, large
specific surface area, high crystallinity, good mechanical properties, special optical
effect, and notable self-assembly performance compared to others.

2 2]

Crystalline Solid Liquid crystalline Amorphous Liquid

Fig. 1. Arrangement of rod-like particulars of liquid crystalline phase with liquid and crystalline
solid

Cellulose is one of the most widely used and abundant polymers in nature. The
worldwide production of this biopolymer exceeds 75 billion tons each year (Habibi et al.
2010). Cellulosic materials with diameters in the nanometer range are defined as
nanocellulose. According to different cellulose sources and route methods, various forms
of nanocellulose can be produced; the main types are cellulose nanofibers (CNF),
cellulose nanocrystals (CNC), and bacterial nanocellulose (BNC) (Eichhorn et al. 2010;
Klemm et al. 2011; Moon et al. 2011). The property differences of these three types are
mainly dependent upon inherent crystallinity, morphology, and size. CNF and BNC
prefer to form gels in aqueous suspensions before developing long-range order, so they
are little used in the field of synthetic LC materials. CNC can form a lyotropic LC
suspension in a suitable solvent. A lyotropic LC is a kind of LC formed by two or more
compounds including solvent compounds, and when the concentration of solute
molecules is within a certain range, liquid crystal phase will appear. So a CNC aqueous
suspension will trigger the start of kinetics of self-assembly to a cholesteric LC phase at a
critical concentration. The unique structure of a CNC-based LC suspension will produce
optical characteristics, and it can further form films that retain distinctive optical
character. In recent years, more and more attention has been paid to the application of
CNC-based LC films, but there are still many unknowns in this process. Therefore, it is
very important and necessary to study the structure and film formation of CNC-based LC
in detail.

This mini-review differs from other reviews of the topic in that it systematically
introduces the information from liquid crystal to CNC, CNC LC aqueous suspensions,
CNC-based LC film formation, and film application. First to be introduced is the
structure of CNC, along with the arrangement and the kinetics of CNC-based LCs. The
structural and optical properties of CNC-based LC films from CNC to CNC aqueous
suspension are shown. Then, two defects of CNC-based LC film are introduced:
brittleness and non-uniformity. The causes of these defects, as well as control methods,
are explained according to the latest structural studies. Although research on CNC films
IS not as extensive as research on CNC aqueous suspensions, the application of optical
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film has aroused many people's interest. Therefore, the main applications of CNC-based
LC films in recent years are summarized, mainly optical anti-counterfeiting, sensors
about the optical color change and some composite devices.

STRUCTURE OF CNC-BASED LIQUID CRYSTALS

Structure and Preparation of CNC

CNC has a typical rod-like shape that is nanometers in diameter and can be
isolated from plants and other biological sources (Revol et al. 1992; Lima and Borsali
2004; Bondeson et al. 2006; Habibi et al. 2010; Brinchi et al. 2013). It is composed of
linear chains that contain hundreds to thousands of sugar units (cellobiose units). The
cellobiose unit is a disaccharide of two glucose molecules linked together through a B(1-
4) glycosidic bond (Moon et al. 2011; Klemm et al. 2018; Ling et al. 2018) (Fig. 2). In
addition to the native crystalline allomorph of cellulose I, there are different allomorphs
cellulose 1l (Flauzino Neto et al. 2016; Sebe et al. 2012; Gong et al. 2017, 2018; Kuang
et al. 2020), cellulose Il1, and cellulose IV (Ishikawa et al. 1997; Gong et al. 2018;
Gonzéalez-Dominguez et al. 2019; Wu et al. 2020). At present, although there are many
routes and raw materials for CNC production, industrial CNC is composed of cellulose |
(CNC-1). CNC-II, 11, and IV can be obtained by different chemical treatments of
cellulose I. Compared with CNC-IIl and IV, CNC-Il has more research about
morphology, but it is far less studied than CNC-I1. Delepierre et al. (2020) pointed out that
CNC-I and 1l obtained by sulfuric acid hydrolysis show similar surface charge density
and potential, and both have right-handed distortion, but they show very different LC
behaviors. The concentrated CNC-I was formed into a cholesteric phase with small
spacing in a short time, but CNC-I1 was first divided into an upper isotropic phase and a
lower nematic LC phase, and then it finally formed cholesteric phase with large spacing
in a long time. This review focuses on the most widely used and researched CNC-I,
which for convenience, will be written as CNC.

B(1-4) glycosidic bond

CH,OH OH CH,OH OH
0] o o o
OH O o¥ OH
OH CH,OH OH CH,OH
Sugar units (cellobiose unit) _|

Fig. 2. The basic unit structure of cellulose

The size of CNC can range from 100 nm to several micrometers in length and 4 to
70 nm in width, wherein the difference depends on the source of cellulose fibers and the
preparation method (Singla et al. 2016; Jonoobi et al. 2015). As natural cellulose is
composed of both crystalline regions and more readily hydrolyzable amorphous regions,
which will easily cleaved and destroyed by strong acids such as sulphuric acid, CNC can
be produced after removing the amorphous regions (Trache et al. 2017). Through
esterification of hydroxyl groups by sulphate ions (sulfuric acid is the most common
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hydrolyzing agent), the negatively sulfate ester groups at CNC surface will be produced.
As a top-down approach (Capron et al. 2017), sulfuric acid hydrolysis is the most popular
and important method for CNC production (Gilbert 1994; Samir et al. 2004a). Other mild
acids, such as formic acid, acetic acid, phosphoric acid, chlorine oxide, etc., can also be
used as a hydrolyzing agent to alter the reaction parameters (Samir et al. 2004a). The
CNC obtained by acid hydrolysis in different raw materials, such as cotton (Revol et al.
1994; Podsiadlo et al. 2005), wood (Revol et al. 1992; Beck-Candanedo et al. 2005;
Bondeson et al. 2006), tunicate (Favier et al. 1995; Samir et al. 2004b), etc., have
different sizes with lengths ranging from 100 to 2000 nm and diameters ranging from 2 to
50 nm. In recent years, mechanical treatment (Amin et al. 2015), oxidation method (Saito
et al. 2006; Qin et al. 2011; Cao et al. 2012), enzymatic hydrolysis (Satyamurthy et al.
2011; Chen et al. 2012), and some novel CNC preparation methods have been reported.
Mao et al. (2013) used an ionic solution ([BMIM]HSO4) to treat microcrystalline
cellulose (MCC), and finally prepared CNC with a yield of 48%. Later, through the
optimization of this method, CNC obtained a yield of 57.7%, 57.0%, and 75.6% from
coniferous wood, hardwood, and MCC, respectively (Mao et al. 2013). Sirvio et al.
(2016) found that a deep eutectic solvent (DES) system (choline chloride/oxalic)
combined with mechanical treatment can get the small length-diameter ratio and good
dispersibility of CNC colloidal aqueous suspension, with a yield over 70% and a carboxyl
content on the surface of 0.20 to 0.27 mmol/g (Sirvio et al. 2016; Laitinen et al. 2017).

Theoretical Structure and Optical Properties of CNC-based Liquid Crystals

The structural trait of CNC-based LCs was first discovered by Revol et al. (1992).
This structural trait allows CNC to be easily be dispersed in water so that it can
spontaneously self-organize into a cholesteric LC phase at quite a low mass fraction
(Revol et al. 1998; Edgar and Gray 2011). In the CNC-based LC structure, nanoparticles
are arranged by layers (xy-plane). The orientation of the long axis (helix axis m) of the
layer is same, but the positions of the axes (director n) are different. When the helix axis
m is along the Z-axis, the director n will be rotated to the left by a certain angle layer-by-
layer, which makes the whole structure spiral (Werbowyj and Gray 1984; Schiitz et al.
2020). When director n is rotated 360 degrees, the distance between the layers is called
the helical pitch (Fleming et al. 2001; Pan et al. 2010), often referred to as P. Generally,
the P value ranges from a hundred nanometers to several micrometers and is controlled
mainly by the nanocrystal concentration, geometry, electrostatic charge and external
conditions such as magnetic field, polymer and so on (Hiraia et al. 2009; Pan et al. 2010;
Espinosa et al. 2013; Chen et al. 2020; Bardet et al. 2014).

A cholesteric phase is a kind of nematic phase in which the nanoparticle structure
of the nematic phase is chiral (Kitzerow and Bahr 2001; Ingo and Shakhawan 2017). The
chiral structure along its helix axis has a strong optical activity. This helical structure of
CNC suspension exhibits strong birefringence (Giese et al. 2015; Almeida et al. 2018;
Parker et al. 2018; Huang et al. 2019) and templating potentials (Giese et al. 2015; Levin
et al. 2018; Parker et al. 2018) can been maintained in dried CNC films. The value of P
determines the wavelength of the reflected light that results in the color transition
(Werbowyj and Gray 1984), the phenomenon that Dumanli et al. (2014) also certified on
a CNC-based LC film. The wavelength of the reflected light is described by the Bragg
(Vries 1951) equation, given as Eq. 1,

A=nPsind 1)
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where A is the reflected wavelength, P is the helical pitch, @ is the angle (°) of the incident
light, sin & = 1 when the incident light is perpendicular to the crystal plane, and n is the
average refractive index of the material (Lagerwall 2013; Nguyen et al. 2018) (Fig. 3).
Thus, the colorful images below obtained by polarized optical microscopy (POM) could
provide reliable evidence about the cholesteric LC (Tran et al. 2020).

Incident ¢,
light Reflected

light

Fig. 3. Scheme (a) showing the left-handed cholesteric structure of CNC, (b) the reflected light
with helical pitch P and incident light angle 8; Fig. 3(a) reproduced with permission from Crystals
and Fig. 3(b) © European Physical Society. Reproduced by permission of IOP Publishing. All
rights reserved.

Formation Process of CNC-based Liquid Crystals

According to Onsager's theory, the nematic ordering of rod-like CNC is based on
the balance of translational entropy and orientational entropy. In order to better
understand that nematic ordering is caused by entropic contributions, Schiitz et al. (2020)
used "excluding volume™ for reinterpretation: the space is not accessible for a rod due to
the presence of other rods. This limits the freedom of motion and reduces orientational
entropy, but by arranging themselves along a common direction, the total excluded
volume is minimized, and the translation freedom is improved, thus increasing
translational entropy and reducing free energy. In addition, due to electrostatic repulsion,
a CNC aqueous suspension can show good stability against agglomeration, which is
conducive to the generation of the LC phase. Zhong et al. (2012) studied the influence of
electrolyte composition and pH value on stability of CNC suspensions in detail.
Increasing the concentration of inorganic cations (Na*and Ca?*) will lead to aggregation
of CNC, and the divalent ion Ca?* has more influence on stability of CNC suspension.
The organic low-molecular-weight electrolyte sodium dodecyl sulfate (SDS) is beneficial
to the stability of CNC suspension, while organic high-molecular-weight electrolyte
sodium carboxymethyl cellulose (CMC) can induce aggregation of CNC particles. Under
low ionic strength (Na*, 1 mM), CNC is stable in aqueous suspension with pH of 2 to 11.

The cholesteric phase will be triggered when the well-dispersed CNC is beyond a
critical concentration in the solution. The suspension at the critical concentration will be
at an equilibrium conformation, but the suspension no longer contains its equilibrium
state as an increased amount of water is removed (Revol et al. 1992). The CNC aqueous
suspension self-organizing process is divided into three stages (Gray 2016) (Fig. 4).
Figure 6A shows the first stage, in which the suspension is in the isotropic phase and
does not appear to self-organize. Thus, the suspension in this stage is shown in the black
image by polarized optical microscope.
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Fig. 4. (a) Self-organization process stage of CNC aqueous suspension with POM image; (b)
relationship about CNC concentration, P, and reflection; Fig. 4(b) reproduced with permission
from Nanomaterials

Figures 6A and 6B show the second stage. The critical value of Ca is the
concentration where the chiral nematic phase starts to form (Zhang et al. 2017), the CNC
aqueous suspension spontaneously produces the anisotropic phase while in the existing
isotropic phase, so it is called the biphasic region. These spherical or elliptical anisotropic
phases are called tactoids (Sonin 1998), a term originally proposed by Zocher and
Jacobsohn (1929). They can be dispersed in isotropic liquid and display partial color
images under a polarizing microscope. The third stage is shown after Fig. 6B. Once the
CNC aqueous suspension concentration passes the Ci, the suspension transitions to a
kinetic arrest state. That means that no further helical organization can occur and tactoids
will fuse with each other to form a continuous anisotropic phase, namely a cholesteric LC
phase (Tjipto-Margo and Evans 1991; Moon et al. 2011). The third stage has colorful
images in the entire area by polarized optical microscope. Therefore, the colorful POM
image can indicate the state of CNC aqueous suspension under phase transitions.

When the incident light angle @ is invariant, the reflected light wavelength relies
on the P value. The rainbow area is the visible reflection band that represents the range of
P values that reflect visible light. Figure 6B shows the third stage, where increasing
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concentration produces a power-law decrease in P, but in the C'-D’, gel formation begins
to prevent change in P, and after D’, P is essentially fixed in a glass state. The Cgi and Cgs
are the concentrations for gel and solid glass formation, respectively.

CNC-BASED LIQUID CRYSTAL FILMS

Pristine Film of CNC-based Liquid Crystals

The microscopic topography of CNC in aqueous suspension is shown to be
uniformly dispersed at low concentration during the drying process (Figs. 5a, b). The
CNC suspension with high concentration was set in a kinetic state of arrest, which
preserved the cholesteric helical order in the course of generation of the solid film (Edgar
and Gray 2011). The Kinetic arrest fixes the pitch P and locks the cholesteric order in its
original position. With the evaporation of the aqueous solution, the CNC fraction is
increased to 100 wt% (Liu et al. 2014).

The color of the films is produced by the wavelength of reflected light, which
depends on the helical P and the angle of incident light. When the incident light
wavelength is in the visible range, the material appears colorful to the naked eye (Lima
and Borsali 2004; Beck et al. 2011). The CNC-based cholesteric LCs have the selective
reflection phenomenon for the entrance of circularly polarized light, and for the left-
handed axis of helical structure, the left-circularly polarized (LCP) light will be
completed reflected and right-circularly polarized (RCP) light will pass through the CLC
material (Kitzerow and Bahr 2001; Nishio et al. 2016). Thus, the polarization of reflected
light provides reliable evidence about the chiral order of colorful CNC-based LC films
(Kelly et al. 2014). Normally, the color of such films is blue under the incidence of
natural light (Vignolini et al. 2012). The pristine CNC-based LC film tends to be brittle
(Gray 2016) and is non-uniform in structure, which limits the application range of the
CNC-based LC film. For a perfectly uniform planar film, the nanoparticle layer is parallel
to the film surface and the axis of the helicoid is perpendicular to the film surface, so a
cross-section through the film normal to the surfaces shows a periodic layered structure
(Fig. 5c).
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Fig. 5. Microscopic topography of CNC (a) and (b) AFM image of same CNC aqueous
suspension sample in 2.5 ym and 0.5 pm, respectively, (c) A scanning electron microscope
image of cross-section of the CNC-based LC film

The brittleness of CNC-based LC films is due to the fact that CNC particles are
rigid, so they can't relieve external stresses by deformation, and there is no connection
between CNC rods except hydrogen bonds; consequently cracks will easily form (Singh
et al. 2009; Edgar and Gray 2011; Passantino et al. 2017). The CNC-based LC films tend
to be nonuniform, mainly for two reasons. The first is that there are randomly arranged
directions of helix and various P values in the whole film, which finally causes the helix
axes to be oriented at an angle to the surface in the dried film. In the process of drying,
the film exhibits many tactoids with cholesteric and well organized structure that can be
observed by scanning electron microscope (Wang et al. 2016). As shown in Fig. 6, the
helix axis directions of these tactoids are not exactly the same, and the sizes of tactoids
are also different. When these tactoids are gradually merged and deposited, they form
layered chiral nematic phase structures. In addition, after the kinetic arrest during the
drying suspension, with the evaporation of solvent, tactoids will be compressed vertically,
resulting in further distortion of the helix axis (Frka-Petesic et al. 2019). The second
reason is a macroscopic non-homogeneity phenomenon-coffee ring effect. This is an
obvious ring-shaped deposits phenomenon, which was first explained by Deegan et al.
(1997) (Fig. 7).

Time

v

Fig. 6. The structure of tactoids in CNC suspension and its change with solvent evaporation;
Reproduced with permission from Nature Communications
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Fig. 7. The 3.7 wt% CNC suspension was dried at a relative humidity of 40% to obtain a film. (a)
The color observed by the naked eye and the height profile along its diameter, (b) the edge
thickness of the CNC-based LC film under the POM (scale bar 200 um), and (c) the center of the
CNC-based LC film under the POM (scale bar 50 um); Reproduced with permission from
Langmuir https://pubs.acs.org/doi/abs/10.1021/acs.langmuir.6b03724

This phenomenon is due to the fact that the evaporation rate at the edge of the
droplet is higher than that at the center, which leads to capillary flow from inside to
outside, bringing suspended particles to the edge of the droplet and depositing them in a
ring shape at the edge, forming ring-shaped deposits. Consequently, the thickness of the
center of the film becomes lower than the edge, and the optical phenomena associated
with the corresponding positions are also different (Genger et al. 2019). From the
microscopic level, the change is more obvious. Under POM imaging, at the edge of film
there are more obvious bands, and the center shows relatively uniform color. This makes
the color of the film inhomogeneous, and it also makes the film have non-uniform optical
characteristics.

Controlled Film of CNC-based Liquid Crystals

To obtain uniform and controlled optical properties of a CNC-based LC film, the
effects of a number of parameters such as the concentration of the suspension, electric
field, magnetic field, light irradiation, vacuum pressure, and temperature have been
studied (Pijpera and Feringa 2008; Wang and Li 2012; Bisoyi and Li 2014, 2016; Wang
and Li 2016; Frka-Petesic et al. 2017a, b). The simplest mechanical method to obtain a
film with uniform and controlled optical properties is vacuum-assisted self-assembly
(VASA). This approach was first used by deHeer et al. (1995). In 2014, Chen and others
made more explorations on VASA technology. They reported a high orientation,
centimeter grade, and uniform structure of CNC-based LC iridescent films obtained by
using VASA technology (Chen et al. 2014). The random distribution of spiral direction
resulted in vivid colors of CNC-based LC films. With the most universal evaporation-
induced self-assembly (EISA) method, it was different from the uniform color obtained
by VASA method. Scanning electron microscope (SEM) images show well-ordered local
chiral structure in the cross-sectional images (Wang et al. 2019) (Fig. 8).
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CNC suspension

Fig. 8. Digital photographs and POM images of CNC-based LC films prepared by EISA method
(a) and VASA method (b). The inset in POM is the cross-sectional SEM picture of the
corresponding film; Reproduced with permission from Current Opinion in Solid State & Materials
Science

Park et al. (2014) proposed another mechanical method to solve the non-
uniformity problem and promote the orientation of the helical axis perpendicular to the
film plane. The first step is to select the initial CNC agueous suspension with a high
concentration to make it completely liquid crystalline, so as to eliminate the internal
interfaces at the tactoid boundaries that are peculiar in the phase coexistence regime.
Then, circular shear flow is applied in the drying process, which breaks the symmetry and
further improves the vertical development of the helical pattern.

Controlling P and chirality (twist) can also improve the uniformity of the film.
Beck et al. (2011) found that ultrasonic treatment can control the P of CNC-based LC
structure, and the light wavelength of selectively reflecting iridescent film was red
shifted. France et al. (2016) studied the kinetics of CNC concentration (1.65 to 8.25 wt%)
and the degree of CNC ordering under the condition of weak magnetic field (0 to 1.2T).
CNC orientation under relatively weak magnetic field was successfully obtained, and the
initial chirality (twist) was accelerated with the increase of magnetic field strength. That
was helpful for designing and controlling optical properties of CNC-based LC film. Chen
et al. (2020) added FesO4 nanoparticles into CNC solution and adjusted the value of P by
applying an ultra-small magnetic field. Research showed that with the increase of
magnetic field strength, the P of CNC-based LC film decreases. By this method, the P
can be adjusted and the uniformity of the film can be improved. In addition, Habibi et al.
(2008) applied alternating current (AC) electric field to a concentration of 0.5% (w/v)
CNC that was dispersed in cyclohexane to make them highly oriented. The results
showed that the rod-shaped nanocrystalline particles were parallel to the direction of the
electric field after orientation, which is different from the orientation direction in the
magnetic field.
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Fig. 9. Examples of films that were cast spanning two magnets (A, B). Corresponding schematic
(c). Examples of films that were cast under the patterned polydomain magnet (Polymagnet). The
inset shows a schematic of the templating polymagnet (D); Reproduced with permission from
Advanced Materials

Frka-Petesic et al. (2017b) used an apolar solvent (toluene) instead of traditional
water as the solvent of CNC, and they applied AC electric fields with different intensity.
It was found that this approach not only can adjust the pitch accurately, but it also can
achieve the dynamic control of sample uniformity and structure color on macroscale.
Then in the same year, they found that by using small and different NdFeB magnets (=~
0.5 to 1.2 t) one can control the P and chirality (twist) direction of CNC suspension cast
to films (Bruno Frka-Petesic et al. 2017a). As shown in Fig. 8, the films were all obtained
by evaporation of CNC aqueous suspension in a dish placed on NdFeB magnet. Figures
9A and B were obtained with two magnets adjacent to each other. As shown in Fig. 8 A,
the adjacent line of two magnets was in the middle of the film, and the adjacent line was
on the upper part of the film, whereas Fig. 8 C is the schematic of A and B. Figure 9D
indicates that the magnet field exhibited the opposite magnetic poles on the same plane,
and the resulting CNC-based LC film appeared exquisitely patterned, as shown in the
insert with a corresponding schematic.

In order to further improve the application of CNC-based LC films, in recent
years there have been many studies on the control of mechanical properties. Tatsumi et
al. (2012) mixed 2-hydroxyethyl methacrylate (HEMA) monomer solution with CNC to
obtain a composite colored LC film before initiating polymerization of the monomer, and
then proceeded with polymerization to improve the mechanical properties of the
composite film. However, the P of the composite CNC-based LC film prepared by this
method was too large to reflect the visible spectrum, so that no color can be observed by
the naked eye. Zhou (2012) added a certain amount of polyvinyl alcohol (PVOH) or
styrene latex (SB-latex) to the CNC suspension to prepare a flexible and colored CNC-
based LC film. The color of the film that contained PVOH was brighter than that of film

Wei et al. (2021). “CNC-based liquid crystals structure,” BioResources 16(1), 2116-2137. 2126



PEER-REVIEWED REVIEW ARTICLE b | oresources.com

added with polystyrene latex. The addition of styrene latex also will give the CNC-based
LC film a higher tensile strength. Bardet et al. (2014) added 10% polyethylene glycol
(PEG) to the mass fraction of 5.3% CNC suspension to improve the flexibility of the
CNC-based LC film and they used anionic polyacrylate (PAAS) to adjust the color of the
CNC-based LC film (Fig. 10). In addition, there are some artificially synthesized multi-
hydrogen-bond polymers that have also been tried to increase the flexibility of CNC-
based LC films (Zhu et al. 2016).

Flexibility with nonionic
polymer

( ‘w
Tunable coloration with
anionic polymer

Fig. 10. Flexibility and color change of CNC-based LC film after adding PEG and PAAS;
Reprinted with permission from (Bardet et al. 2014). Copyright (2014) American Chemical Society

OPTICAL APPLICATIONS OF CNC-BASED LIQUID CRYSTAL FILMS

Anti-counterfeiting

CNC-based LCs possess unique characteristics of structure and optical property in
films and this has been widely studied. Under the irradiation of an ultraviolet light source,
circular polarizer, naked eye, and chiral spectrometer, the iridescent characteristics of
CNC-based LC film can be recognized, which makes the CNC-based LC film have good
potential for anti-counterfeiting. Zhang et al. (2012) found that the addition of a
fluorescent whitening agent (FWA or OBA) can increase the spacing of CNC-based LC
linear structures, at the same time, the iridescent properties of CNC-based LC film will
not be affected by its own strong ultraviolet fluorescence at low concentration (Fig. 11).
Bardet et al. (2015) provided a particular method to apply CNC-based LC film.
Compared with the traditional whole film application, they used effective methods of
appropriate grinding and various post-treatments obtained fragmented films with small
platelet shape and average thickness of 25 um. These structural colors were preserved in
fragment film, which made them show strong iridescent color, thus realizing an anti-
counterfeiting function. Gan et al. (2019) studied a way to form vertical-assembly CNC,
and the corresponding film with an anti-counterfeiting pattern could hide its information
under natural light when the CNC was shorter than 144 nm and show the hidden
information under UV radiation.
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Fig. 11. Iridescent CNC-based LC film doped with 50 ppm TINOPAL OBA (a, under conventional
illumination) and excited with UV light (b). Reproduced with permission from Proceedings of SPIE

Colorimetric Sensor

The stable structural color of CNC-based LC film is sensitive and has unique
functions, which will change its color under the stimulation of external conditions. The
discoloration of this color can even be observed with the naked eye. This makes it have
great prospects in colorimetric sensing. Kelly et al (2013) reported a novel
nanocomposite hydrogel with chiral nematic structure and photonic properties, which
was prepared from CNC and various hydrogel monomers. These new hydrogels will
exhibit color changes under the external stimulation of solvent, pH, and temperature. Yao
et al. (2017) used poly (ethylene glycol) (PEG) and CNC to construct a humidity-
responsive photonic material. When the relative humidity was between 50% and 100%,
the CNC/polyethylene glycol (80/20) composite film showed a reversible and smooth
structural color change between green and transparent (Fig. 12). He et al. (2018)
successfully prepared CNC composite films responding to humidity and mechanical
compression by introducing glycerol as plasticizer. The structure color of the films can be
changed by adjusting its chiral nematic structure. When exposed to 16% to 98% relative
humidity, the film showed reversible color change. In addition, the film can
quantitatively sense the compression pressure by exhibiting iridescent color changes.
Zhao et al. (2020) showed that CNC-based LC films can have double responses to
humidity and formaldehyde gas, and the change of structural color was reversible.
Interestingly, compared with the single formaldehyde response, the color transform
caused by formaldehyde can be changed from invisible to visible when the film is
exposed to a humid environment.

95% 100%
RH

Fig. 12. Reversible structural color change of the CNC-2/PEG (80/20) film under different RH.
Reproduced with permission from Advanced Materials
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Optical Composite Devices

The CNC-based LC films can also be applied to a composite device because of its
optical characteristics. Cao et al. (2018) added hundreds of sub-micrometric micelles of
anionic surfactant into CNC aqueous suspension to prepare CNC-based LC film. Under
the transmission circular dichroism and UV-Vis spectroscopy, the left circularly
polarized reflection band of this film is significantly widened. This may be used as a
broadband circular polarizer or an optical filter in the future.
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Fig. 13. Schematics of self-organized helical superstructures in CNC-based LC tuned by
visible/UV light for optically rewritable transparent LC displays. Reproduced with permission from
Advanced Materials

Grey et al. (2019) reported on CNC-based LC film that was integrated with
amorphous indium-gallium-zinc-oxide (a-1GZQO) transistors to produce a transistor
device. Combining the optical characteristics of CNC with light sensitivity of a-1IGZO, the
final transistor device can distinguish between left- and right-handed circular polarized
light. This approach increased response in the transmission mode. Li et al. (2019)
synthesized a photosensitive fluorescent chiral molecule as chiral dopant of cholesteric
LC. Under the alternating irradiation of ultraviolet light and blue light, the pitch of LC in
the box changed due to the isomerization of photosensitive molecules, which led to the
change of the reflection wavelength. This was applied to liquid crystal display devices
(Fig. 13).

CLOSING STATEMENTS

This review has briefly introduced information related to liquid crystals and CNC-
based liquid crystals, including molecular units, structural characteristics, and general
preparation of CNC. It is necessary to understand what is happening with CNC-based LC
aqueous suspensions, including the forming stages and defects of CNC-based liquid
crystals, in order to obtain a better CNC-based liquid crystal films. Although there are
still some problems in the production of CNC-based liquid crystal films, many ways to
control and solve these defects have appeared. Optical applications of CNC LCs in anti-
counterfeiting, colorimetric sensors, and composite devices have been widely studied.
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Therefore, we believe that the examples discussed in this article will improve the basic
understanding of the CNC-based liquid crystals as well as generate interest about optical
application of CNC-based liquid crystal films. In addition, CNC-based liquid crystals can
be expected to receive more extensive development in the future.
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