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ABSTRACT:

Chirality and repulsion interaction among sulfate cellulose nanocrystals (CNCs) have
vital impacts on the formation of cholesteric liquid crystal (CLC) phase in the
suspension or solidified film. In this work, a facile sonication treatment was applied to
change the structure and repulsion interaction of CNCs and consequently tune the
chiroptical properties of the resultant films. Results show that increasing sonication
energy by improving input power or prolonging aging time caused the reduction of
particle size, surface charge density, thereby increasing the cholesteric pitch and
red-shifting the reflective wavelength of the iridescent films. The optical properties of
the film followed the regulation of Bragg reflection and thin-film interference.
However, over-energy input would cause multi-dispersion of CNCs according to the
level of the surface charge density, thus leading to formation of polydomain CLC
instead of planar CLC due to multi-distributed intra-axial drive forces. Hence, a
schematic model was built up to describe the structure transition as well as the color
variation and to make a connection between the mesoscopic behavior of CNCs and
the microscopic interactions of electrostatic repulsion, hydrogen bonding affinity and
chirality. Hence, we provided some meaningful information on building up
hierarchical organization assembled from charged rigid biological rods, and help to
recognize the structure-color mechanism of solidified films of polysaccharide

nanocrystals.

KEYWORDS: Cellulose nanocrystal, cholesteric liquid crystal,structure, color,

sonication
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INTRODUCTION

Cellulose nanocrystals have attracted plenty of attentions because of their unique
properties such as high stiffness and strength, high specific surface area, low
coefficient of thermal expansion, optical transparency and self-assembly behavior.
The low cost, renewability and recyclability, and chemical reactivity allowing its
chemical and physical properties to be tailored make CNC attractive for various
applications.1 CNCs are typically extracted from cellulosic biomass using strong acid
hydrolysis,” strong oxidation,” or ionic liquid.* Acid hydrolysis of cellulose is a
well-known process of a preferential digestion of the amorphous domains and
cleavage of the nanofibril bundles therefore breaking down the hierarchical structure
of the raw materials into crystalline nanocrystals. Strong acids such as sulfuric acid °
or hydrochloric acid 6 are generally used; however, hydrochloric acid CNCs have
minimal surface charge and limited aqueous dispersibility, whereas sulfuric acid
CNCs provide highly stable aqueous suspensions due to the esterification of surface
hydroxyl groups resulting in negative charged sulfate groups.”” When the
homogeneous suspensions of sulfate CNCs were concentrated, nematic liquid crystal
or CLC was formed after a slowing self-assembling process.lo’11 Aqueous suspension
of sulfate CNCs is one kind of lyotropic liquid crystal. Another amazing property is
when aqueous CNC suspension was evaporated, the chiral nematic phase was retained
in the produced solid semitranslucent CNC films. CNC rods were parallelly aligned to
each other and to the plane of layers, each layer being rotated slightly with respect to

the layers above or below it, thereby producing helical pseudo-layers. Inspired from
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fascinating chiroptical properties of CNC mesogen, the thin coatings, pigments,
printing ink, and colorful films with tunable optical properties were designed,12 and
porous chiral photonic crystal was also fabricated by using CNCs as templates for
deposition of inorganic nanoparticles.'* Researches in CNC mesogen spontaneously
arising from aqueous suspension have attracted significant interests and become a
novel scientific topic of cellulose. After all, chirality and nematic phase are vital to
optically functionalize CNCs based nanomaterials or templated phonotic crystals.
Beside acidic hydrolysis and oxidation, mechanical treatments, such as

16-19 : -
are commonly used to desintergrate and disperse

sonication'> and homogenization
polysaccharide nanocrystals in suspensions, e.g., sonication was thought to break up
CNCs side-by-side,caused a decrease of viscosity,” and controlled red-shift color for
CNC films by increasing input sonication energy.20

The cholesteric characters were described to be dependent on polydispersity,
physical dimension, surface charge, and the ionic strength of the CNC particles.'® In
previous reports,’ it was thought that the smaller average length of CNC rods would
lead to a smaller pitch. However, this turns out not to be true in the case of sonication
treated CNCs since the smaller sonicated particle size would lead to a larger pitch.
Furthermore, based on our research experiments, CNC films processed by sonication
didn’t show so uniform color as those fresh-prepared films. As far as we know, the
liquid crystal properties of CNC suspension had been investigated detailed,®””"* but

the color mechanisms of the CNC film are still vague. In this work, we investigated

the optical properties of CNC films through turning structure and properties of CNCs
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by inputting different levels of sonication energy. We hope to discover the mystery of
color and establish the structure-color mechanism so that it can be applied for many

other natural polymeric nanocrystalline optical materials.

EXPERIMENTAL SECTION

Materials. Microcrystalline cellulose powder (MCC, column chromatography) and
sulfuric acid were purchased from Sinopharm Chemical Reagent Co., Ltd, Shanghai,
China. Regenerated cellulose dialysis tubing having a molecular weight cutoff of
8,000-10,000 was supplied by Nanjing Wanqging Chemical Glassware Instrument Co.,

China.

Preparation of CNC suspension and film. Aqueous CNC suspensions were
prepared from MCC by sulfuric acid (64%) hydrolysis at 50 °C for 2 h, and then five
folds dilution with water was applied to stop the hydrolysis reaction. The diluted
suspension was poured into dialysis tubing and dialyzed against deionized water for
several days until the pH value at around 5.0. The freshly prepared CNC suspension
had a solid content around 0.5 wt%. Mechanical sonication was performed on an
ultrasonic processor (Sonics Vibra-Cell 1200 W, 19-21 kHz, HN98-IIID, Shanghai,
China) with a 20 mm diameter probe and a 25% ultrasonic power ratio. Typically, 50
mL of a 0.5 wt% CNC suspension was placed in a 100 mL beaker and sonicated at
300 W. Ultrasonic disruptors were typically operated in a pulsed mode, in which the
duration of on and off intervals were regulated at 10 and 20 s, respectively. In this

work the sonications were carried out in an ice bath for preventing desulfation on the
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surface of the nanocrystallites caused by heating of the suspension, and prolonged for
10, 20, 30, 40, 50, 60 and 70 min, respectively.

Aliquots of 0.5 wt% CNC suspension (50 mL) were sonicated with increasing
energy inputs and allowed to be stable in sealed plastic box (3.9 x 3.9 x 4.7 cm’) over
a period of 72 h at ambient conditions. Then the treated suspension in the open plastic
box was slowly and undisturbedly evaporated to obtain solidified CNC films in an
oven at 30 °C. All photographs of CNC films were taken normal to the films, which
were placed against a black background in order to acquire the reflected iridescence
under diffuse incident light.

Characterization. Zeta potential, polydispersity index (PDI), and Z-average size
were measured using a Zetasizer Nano ZS90 (Malvern Instruments, U.K.). CNC
suspension was performed in folded capillary cells to measure zeta potential values
which were calculated using the Smoluchowski equation. Surface charge density of
CNCs was determined by conductimetric titration. Approximate 1 g of a 5 wt% CNC
suspension was transferred to a three-necked round bottom flask followed by addition
of 200 mL of deionized water and 4 mL of 0.1 N HCI which assured an excess of H'
in the suspension. The acid suspension was titrated with 0.01 N NaOH.

Several drops of the diluted suspension (0.1 wt%) were spin-coated onto
silicon wafer chips freshly cleaned using a modified RCA protocol. At first, the chips
were immersed in a solution of NH4OH: H,O,: H,O (1 : 1 :5) at 80 °C for 5 min, and
then rinsed repeatedly with water and immersed in a solution of HCl: H,O,: H,O (1 :

1 : 5) at 80 °C for 5 min. Finally, the chips were dried under a N, stream. AFM
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imaging of CNC was performed with an Asylum Research MFP-3D atomic force
microscope (Santa Barbara, CA). Samples on the chips were scanned in a AC tapping
mode with Tap 300 standard silicon probes (tip radius <10nm, spring
constant at 37 N/m, resonant frequency at 300 kHz) (Budget Sensor, USA) under a
1 Hz scan rate and 1024 pixels x 1024 pixels image resolution. Polarized optical
microscope (POM) observation equipped with a Nikon (Tokyo, Japan) MDAS02AA
E400 was used to determine the cholesteric pitch of the liquid crystalline phase in the
CNC films which were placed directly on slide-glasses. Scanning electron microscopy
(SEM) was performed using a Hitachi S-3600N VP SEM (Hitaschi, Japan) to
investigate the morphology of the liquid crystal film. The cross-section of CNC film
was coated with gold for SEM observation at 20 kV.

UV-Vis spectra were recorded on a Perkin-Elmer ultraviolet-visible spectrometer
(Lambda 3B model). The optical reflectance of the sample films was measured over

the wavelength region from 200 to 800 nm under 90 ° incident illuminations.

RESULTS AND DISCUSSION

Structure and properties of CNCs. Z-average size, PDI, Zeta-potential, and
surface charge density of CNCs measured by using Zeta-sizer are presented in Table 1.
The freshly prepared CNC in this work had an Z-average size of about 176 nm, while
the particle size of CNC sonicated only for 10 min was greatly reduced to 95 nm, and
then the down-size effects was slowed down and tended to reach an equilibrium after

treating for 50-70 min. Effect of sonication treatment on particle size and morphology



RSC Advances

was also investigated by using AFM. As shown in Figure 1, the fresh-prepared CNCs
and sonication treated CNCs in an ice bath for 70 min have a shape of needle with
mean length of 159 and 81 nm, and mean diameter of 50 and 28 nm, respectively. It is
interesting that the Z-average size of CNCs determined by Zeta-sizer considerably
accorded with the length of nanocrystals measured by AFM. Sonication treatments
markedly shortened the mean particle length and width. This may be due to the fact
that CNCs, bearing defects or cracks produced by sulfate hydrolysis, were further
attacked by powerful sonication and broken into down-scaled nanocrystals. As an
indicator of electrostatic repulsion, surface charge density was reduced from 0.67
e/nm’® of untreated CNCs to 0.37 e/nm” of CNCs treated for 70 min, owing to the
increase of total surface area of particles.

The pronounced zeta potential values of freshly prepared CNCs and sonication
treated CNCs were over -50 mV and showed no distinguished difference as listed in
Table 1. Zeta potential was thought as an important parameter of suspended particles
as it could influence both particle stability as well as particle mucoadhesion.”’ In the
case of sonication treated CNCs, the absolute value of zeta potential was still at
around -60 mV, indicating that the surface charge was strong enough to producing
repellent interactions among nanocrystals, thus leading to a good dispersion in the
suspension.”? Furthermore, as shown in Figure 1b, either large or small nanocrystals
exhibited in the sonication treated suspension, that’s why size distribution was not
narrowed but widened as indicated by PDI. Therefore, bath sonication drove CNCs to

be well dispersed, but endowed nanocrystals with less uniformly distributed particle
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size and lower surface charge density than untreated ones.

Structural color varied with processing temperature. Figure 2 shows the POM
micrographs of CNC films dried at the temperature of 30 (a), 45 (b), 50 (¢), and 70 °C
(d), respectively. A perfect planar texture in Figure 2a indicated perfect cholesteric LC
characters of the free-standing film dried at 30 °C. Although planar texture was also
observed in Figure 2b, the planar mesophases were not continuous as a result of
existing defects. When the casting temperature was at 50 °C, the phase without any
fingerprint textures shifted to nematic mesogen as shown in Figure 2c. With a further
increase of the casting temperature to 70 °C, the LC phase absolutely disappeared and
the color of the film faded away (Figure 2d). In brief, with the increase of processing
temperature, the liquid crystal structure of CNC films shifted from cholesteric phase,
to nematic phase, and till to no LC phase at all. It is well known that sulfuric acid
treated CNCs are normally associated with covalently-bound surface sulfate ester
groups (typically 0.5-2%). These functional groups play an important role in forming
long range ordered chiral liquid crystals, which is also true for many other cellulose
derivatives bearing ethyl, hydroxypropyl, acetyl, and other groups. However, the
sulfuric acid treated CNCs are sensitive to heat. At temperatures above 40-45 °C, the
nanocrystals underwent slow desulfation; at 70 °C, the helical and chiral LC domains
of CNCs were severely destroyed because of deeply desulfation would lead to
negative charged sulfate groups dissociated from the surface of CNCs.”*** On the
other hand, the level of order of nematic LC was related to the evaporation ratio of

water from suspension because slow drying at a relative low temperature would be
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beneficial for organization of CNCs into perfect cholesteric patterns, otherwise
defects existed in the mesophases of fast drying samples. In this work, we preferred

the temperature at 30 °C as an optimum evaporation condition for casting CNC films.

Structural color of CNC films with varied thickness. Figure 3 presents the
reflection spectra of the CNC films with thickness increasing from 42, to 63, 82, and
to 96 um, respectively. It is worth noting that with increasing thickness of films (or
number of layers), the peak reflectivity rather than wavelength at maximum peak
increased rapidly, meanwhile the bandwidth decreased gradually. The optical
characteristic of CNC chiral nematic liquid film was thought as multilayer
interference, which is qualitatively understood in terms that many thin layers piles
periodically.® When light is incident on a film, the light passes through air (refractive
index, n = 1.0) — CNC (n = 1.5) — air (n = 1.0) as shown in the inset of Figure 3.
Multi-layered thin film interference was applicable for reflection of chiral nematic
CNC films, and the bandwidth in this case can be estimated from the difference of the
wavelengths at the minimum reflectivity in the nearest oscillations. Supposing that
these wavelengths reflected from (N + 1) interfaces, the interfere destructively was

26
expressed as follows:

2d=[mx1/(N+D]A (1)
where d is the optical path length of one layer and m is an integer, which is
obtained under the assumption of only one-time reflection at each interface.

According to equation established by Kinoshita,” the bandwidth was estimated as

10
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follows:

Ad=te ;’1- = 4(N +1)d /[[2{m* (N +1)* =1}] = 2d /(m* N )

For large N the bandwidth is inversely proportional to the number of layers. Therefore,
it is necessary to pile up nematic layers to obtain high reflectivity for CNC multilayer
having small refractive-index difference, which inevitably decreases the bandwidth.
To reach maximum reflectivity, CNC film with thickness of 96 um was selected as

target for color-structure observations in this work.

Relationship between color and structure of sonication treated CNC film.
Figure 4 shows photographs of CNC films cast from suspensions sonicated for 0, 10,
20, 30, 40, and 50 min, respectively. The films exhibit reflected iridescence in naked
viewing under diffuse incident light, and the color shifted from blue to red with
increasing sonication time. However, after 30 min, the color of the solidified film
didn’t appear as uniform as the previous one, and especially the central zone of the
films sonication treated over 50 min became bleak and broad. The corresponding
UV-vis reflection spectra of CNC films at 90° incident are shown in Figure 5. With
extended sonication time from 0 to 70 min, the wavelengths at the maximum
reflectivity of the films red-shifted from 328 to 671 nm, meanwhile the bandwidth of
reflection became broaden. It is interesting that with prolongation of sonication time
from 0 to 30 min, the maximum reflectivity gradually increased, but then decreased
after 30 min until the reflection peak became vague for the films with sonication for

60 or 70 min. It is indicated that in this work proper sonication (300 W, 30-40 min)

11
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was beneficial for producing uniform, bright color, whereas ultrahigh sonication
energy input (high sonication power and prolonged sonication time) would take
counterproductive effects.

POM micrographs of iridescent films prepared at various time levels of sonication
are shown in Figure 6. Under a polarized light, free-standing films exhibit a typical
planar cholesteric texture and reflective color shifted from violet (a), blue (b), cyan (¢),
green (d), yellow (e), orange (f), fuchsine (g), to kermesinus (h) with the prolongation
of sonication. The corresponding half cholesteric pitch, defined as the distance
required for CNC rods to make a 180° rotation, which is simply the distance between
two neighboring planar texture, dramatically increased from 0.554, 0.756, 0.877,
0.965, 1.010, 1.068, 1.205, to 1.26 um as summarized in table 1. The liquid crystal
film self-assembled from smaller crystals presents larger pitches as observed by POM.

Supposing that the observed pitch is uniformly distributed birefringent CNC film,
the reflection followed Bragg’s law:*’

A=(n—n )Psin0 3)
where P is the pitch of CLCs, 7jis the refractive index of light polarized parallel
(extraordinary) to the optical axis and 7| is for polarizations perpendicular (ordinary)
to the optical axis, and @ is the angle of incidence. The refractive index is a function of
the molecular composition, orientation and packing within a liquid crystal. In a
cholesteric mesogen, the refractive index difference ( 7, —#, ) leads to the
birefringence. Figure 7 demonstrates the maximum reflection wavelength as a

function of cholesteric pitch of the CNC films at 90° incident angle. The result shows

12
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that there is a linear relationship between the maximum reflection wavelength and
cholesteric pitch. The value of 7) =7, measured from the slope was 0.29, which is
higher than reported value of 0.05 for the cholesteric CNC colloidal suspension.™ It is
worth noting that the curve of CNC film treated by prolonged sonication over 30 min
deviated from its linear route because the Bragg reflection only accounts for the
optical properties of planar cholesterics consisting of a large number of birefringent
layers. In this case, /) —71, exhibited a decreasing trend because polydomain
mesophases were observed in those over-sonicated CNC films as discussed in 3.5.
Whatever, the structure-color of CNC film with planar mesophases is originated from

thin-film interference and Bragg reflection.

Polydomain mesophases of CNC films. It is well known that high applied power
or long treatment time would deliver high input sonication energy. Figure 8 presents
the reflective spectra of CNC films produced under the sonication of 520 W for 10, 30,
120 min, respectively. The maximum reflective wavelength was red-shifted and the
bandwidth was broadened, thereby the reflectivity was obviously elevated. Under a
relatively high sonication power (520 W) the color of the film red-shifted in a shorter
soncation time than that under low power (300 W). However, we found that under
treatment of 520 W for 30 min, the resultant solid film was not uniform and the centre
of the film appeared faint; and film treated by over-energy input (520 W for 120 min)
appeared smooth, transparent, and colorless, as shown in the inset of Fig 8. Therefore,
it is essential to control ultrasonic power and aging time to receive red-shifted

iridescent film.

13
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Figure 9 presents POM micrographs of the gloomy regions of the film produced
under the sonication at 520 W for 10, 60, 120, and 150 min, respectively. Interestingly,
the fingerprint region in Figure 9a-d was composed of focal conic texture with a
random distribution of helical axes. The amount of polydomains with the interval
distance (P/2) varying from 0.70 to 2.08 um in Figure 9d was obviously more than
those in Figure 9b. This is an evidence to address the nonlinear relationship between
pitch-wavelength as shown in Figure 7 while socination time was over 30 min. Owing
to ultrahigh energy input, the cholesteric mesophases became very weak (Figure 9¢)
and the birefringence with fingerprint texture intermittently exhibited in the
transparent CNC films (Figure 9f). And also the incident light was weakly and
randomly reflected and scattered in all directions, thus leading to the low reflectivity,

broadened bandwidth, mixed color, and even no iridescence of the film.

Mechanism of structure-color correlation. Figure 10 shows SEM micrographs of
fracture surface of CNC films which were cast from the suspension sonicated for 0,
10, 30, 50, 60, 70 min, respectively. The CNC films in Fig 10a-d exhibit fingerprint
lines with regular adjacent space of about 1-2 um at an oblique angle. Obviously, the
cholesteric axis was perpendicular to the film surface and parallel to the lines. Inset
picture of Figure 10b is a higher magnification image of the layered structure, in
which the adjacent layer distance agreed with the P/2 value from optical microscopy.
A striking feature of continuous “hill” and “hole” pattern resulted from a spontaneous
twist deformation of the left-handed helicoidal hierarchy which have been described

in previous work.” Interestingly, when ultrasonic treatment was over 10 min, the

14
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perfect patterns was not shown on the fracture surface any more, and even
disappeared in Figure 10e-f, indicating that the transition from the perfect and
unique-orientated planar phase to polydomain mesophase as evidenced in Figure 9.

A great number of plant cell walls are composed of cellulose microfibrils
associated with matrix components of xylan, and are typically designed as a helicoidal
pattern that is analogous to a cholesteric order.”’>' Cellulose chain in ramie has a
formal geometric characteristics of a helical form with seven cellobiose residues per
turn, radius 7= 1.5830 A, and angle of helix 7°51'°**® Similar to many other
biological macromolecules, cellulose and its derivatives have been reported to have
chiroptical properties in solution or in bulk because cellulose backbone is chiral.
However, strong hydrogen bonding originated from -OH groups hanging on cellulose
chains are easily formed to make molecules aggregated. This is why HCI hydrolyzed
CNCs didn’t show liquid crystal phases in aqueous suspension. Therefore, it is crucial
to create a way of weakening the hydrogen bonding attraction as well as strengthening
the repulsion. As far as we know, several effective methods were adopted to obtain
cellulosic CLC. The first one is to screen out the affinity by changing the polarity of
solvent; the second way is to block hydrogen bonds by increasing the hydrophobicity
through grafting or derivation, e.g., hydroxypropyl cellulose, ethyl cellulose, etc. The
pitch height was found to increase significantly with a reduction of the substitution
degree for butyric esters of (2-hydroxypropyl) cellulose, ethyl-cyanoethyl cellulose,
e.g., increase of DS from 1.90-2.96 caused a significant decrease of P from 641 to 275

nm.** The third approach is to keep the handness of cellulose but improve the
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electrostatic repulsion by increasing surface charges, e.g., sodium cellulose sulfate,
sulfate hydrolyzed CNCs, etc. According to Chilaya,35 the cholesteric pitch and the

twist angle 4 is related by:
r
P=2r— 4
P “4)

Where 6 is angle between neighboring nematic planes, and 7 is unknown parameter
indicating separation between adjacent nematic planes. Obviously, increasing layer
distance or weakening the twisting force or angle is beneficial for increasing the pitch.
Therefore, as mentioned above, increasing the DS of cellulose derivatives, weakening
the hydrogen bonding by solvents, or properly increasing ionic strength by
introduction of salts will increase the twisting angle 6, thereby reducing the pitch
value.

In this work, the sulfuric acid CNC have negatively charged surfaces due to the
esterification of hydroxyl groups by sulfate ions, leading to stable nanocrystal
aqueous suspensions. With increasing sonication energy, CNCs were broken into
smaller sized nanocrystals by the mechanical sonication disruption, thus increasing
the total number as well as the specific surface area of particles. However,
sonication did not affect the total surface charges which were determined by chemical
hydrolysis of sulfation. This means that surface charge density of small nanocrystals
was effectively reduced. As shown in Scheme 1, under low energy input of sonication,
the repulsion between particles was reduced and intra-axial force at constant interaxial
spacing decreased, consequently leading to the reduction of twisting angle 6.

Meanwhile, the increased nanocrystals spontaneously entered into macroscopic

16
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mesogens, thereby increasing the number of nematic layers. Hence, the pitch of the
sonicated CNC mesogen increased and the maximum reflective wavelength
red-shifted. However in the case of fresh-prepared CNCs,” the small-sized crystals,
which had suffered severe hydrolysis, such as, long hydrolysis time, high acidic
concentration, obviously had higher surface charge density than those large-sized
CNCs, accordingly leading to a smaller pitch. That’s why it is polar opposite of the
CLC assembled from small-sized CNCs in this work. However, under high energy
input of sonication, size or charge polydispersed nanocrystals might join in different
macroscopic mesogens according to level of intra-axial force, thereby slowly
self-assembling into polydomain mesophases with widely-distributed chiral pitches.
Sonication would further force those nanocrystalline mesogens to be suitably stacked
and positioned, thus forming into CLC with focal conic or polydomain texuture.
When the mean surface charge density was greatly reduced and the repulsion couldn’t
block the strong hydrogen bonding affinity, the long-range ordered mesophases were
completely collapsed and the iridescence originated from birefringence was almost
lost as evidenced in Figure 1d and Figure 9f. Based on the schematic picture, the
electrostatic repulsion resulted from surface charge and the helix nature of cellulose

played vital roles in building up structure-color of hierarchical organizations of CNCs.

CONCLUSION

CNCs prepared by sulfuric acid hydrolysis retained the helicoids or handness

character of cellulose chains, but blocked the hydrogen bonding affinity by

17
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electrostatic repulsion originated from negative surface charge. Sonication treatment
was an effective way to generate sub-scale leveled crystals with diminishing surface
charge density, thus leading to the increment of the cholesteric pitch and the
maximum reflective wavelength with increasing input sonication energy. The
structure-color of CNC films followed the regulation of Bragg reflection
(birefringence) and thin-film interference. There is a deviation from the linear
relationship between pitch and wavelength since high input energy drove poly-domain
hierarchical mesogens instead of planar phase arranged in the iridescent films. As a
result, the structure-color of CNCs was controlled by the electrostatic repulsion; and
the exact mechanism was thought to be applicable for many other polysaccharide
nanocrystals. In order to obtain a uniform iridescent CNC film, short-range positional
order and long-range orientation should take synergic effects. However, the chiral
nematic transition during the solidification process was not clear yet and needed to be

addressed in the future work.
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Table 1. Parameters of CNC in the Suspension or in Solidified Cholesteric Liquid Crystal Film with Different Sonication Times. (Zeta-potential,
Z-average size, and PDI were measured by Zeta-sizer; length or diameter of CNC were measured by AFM; and pitch or wavelength at peak was

measured by POM and UV-Vis, respectively.)

Sonication Zeta potential Z-average Length of Diameter of Surface charge Half pitch Maximum reflection
PDI
time (min) (mV) size (nm) CNC (nm) CNC (nm)  density (e/nmz) (um) wavelength (nm)
0 -50.6 £ 0.2 176.2 0.427 159+ 8 50+2 0.67 0.554 328.46
10 -51.0+0.5 95.6 0.519 122 +15 38+4 0.51 0.756 442.03
20 -52.2+0.2 76.2 0.517 120 + 18 36 £5 0.48 0.877 507.25
30 -52.7+0.3 74.1 0.501 119 +£20 35+5 0.47 0.965 538.66
40 -53.0+0.3 73.1 0.481 114+ 19 34+6 0.45 1.010 550.73
50 -53.6+0.4 69.1 0.490 106 + 24 33+£7 0.44 1.068 594.22
60 -54.0+0.3 68.7 0.496 87 £25 30£6 0.39 1.205 664.31

70 -54.1+£04 67.7 0.549 81 +£28 28+ 8 0.37 1.260 671.57
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Scheme 1. Cholesteric Phase Transition of CNCs Induced by Inputing Sonication
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Figure captions

Figure 1. (a) AFM micrographs of fresh-prepared CNCs and (b) CNCs sonicated for
70 min , and the corresponding statistical distribution of particle length (c and d).
Figure 2. POM photographs of CNC films processed at (a) 30 °C, (b) 45 °C, (¢) 50 °C
and (d) 70 °C, respectively. (sonication at 300 W for 10 min)

Figure 3. Reflection spectra (90° incidence and detection angles) of CNC films with
thickness of 42, 63, 82, 96 um. (sonication at 300 W for 30 min and casting at 30 °C).
Figure 4. Photographs of CNC films cast from the suspensions sonicated for (a) 0,
(b) 10, (c) 20, (d) 30, (e) 40, and (f) 50 min, respectively.

Figure 5. Reflection spectra (90° detection angle) of CNC films cast from the
suspensions sonicated for 0, 10, 20, 30, 40, 50, 60, and 70 min, respectively.
(Thickness of the films is 96 um)

Figure 6. POM micrographs of CNC films cast from the suspensions sonicated for
(a) 0, (b)10, (c) 20, (d) 30, (e) 40, (f) 50, (g) 60, and (h) 70 min , respectively.

Figure 7. Dependence of the maximumreflective wavelength on the cholesteric pitch
of CNC films.

Figure 8. Reflection spectra (90° detection angle) of CNC films cast from the
suspensions sonicated at 520 W for 10, 30, and 120 min. (The inset shows
photographs of solidified CNC films under corresponding sonication treatment.
Thickness of the films is 96 ym.)

Figure 9. POM images of CNC films cast from the suspensions sonicated at 520 W
for (a and b) 10, (c and d) 60, (e) 120, and (f) 150 min, respectively.

Figure 10. SEM micrographs of the cross-section of CNC films cast from the
suspensions sonicated for (a) 0, (b) 10, (c) 30, (d) 50, (e) 60, (f) 70 min, respectively.

(The inset of 10b shows high resolution micrograph of solidified CNC films.)
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Figure 1. (a) AFM micrographs of fresh-prepared CNCs and (b) CNCs sonicated for

70 min, and (c and d) the corresponding statistical distribution of particle length .

26



Page 27 of 35 RSC Advances

Figure 2. POM photographs of CNC films processed at (a) 30 °C, (b) 45 °C, (¢) 50 °C

and (d) 70 °C, respectively. (sonication at 300 W for 10 min)
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Figure 3. Reflection spectra (90° incidence and detection angles) of CNC films with

thickness of 42, 63, 82, 96 um. (sonication at 300 W for 30 min and casting at 30 °C).
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Figure 4. Photographs of CNC films cast from the suspensions sonicated for (a) 0, (b)

10, (¢) 20, (d) 30, (e) 40, and (f) 50 min, respectively.
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Figure 5. Reflection spectra (90° detection angle) of CNC films cast from the

suspensions sonicated for 0, 10, 20, 30, 40, 50, 60, and 70 min, respectively.

(Thickness of the films is 96 ym)
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Figure 6. POM micrographs of CNC films cast from the suspensions sonicated for (a)

0, (b) 10, (c) 20, (d) 30, (e) 40, (f) 50, (g) 60, and (h) 70 min, respectively.
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Figure 7. Dependence of the maximum reflective wavelength on the cholesteric pitch

of CNC films.
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Figure 8. Reflection spectra (90° detection angle) of CNC films cast from the

suspensions sonicated at 520 W for 10, 30, and 120 min. (The inset shows

photographs of solidified CNC films under corresponding sonication treatment.

Thickness of the films is 96 ym.)
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Figure 9. POM images of CNC films cast from the suspensions sonicated at 520 W

for (a and b) 10, (c and d) 60, (e) 120, and (f) 150 min, respectively.
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Figure 10. SEM micrographs of the cross-section of CNC films cast from the
suspensions sonicated for (a) 0, (b) 10, (¢) 30, (d) 50, (e) 60, (f) 70 min, respectively.

(The inset of 10b shows high resolution micrograph of solidified CNC films.)
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