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ABSTRACT

Chiral nematic cellulose nanocrystal (CNC) photonic films with structure color
were prepared by regulating the acid-to-pulp ratio (8:1, 10:1, and 12:1) and the
hydrolysis temperature (45 °C and 60 °C). CNC prepared with a lower acid-to-
pulp ratio and hydrolysis temperature obtained a higher aspect ratio, which
made it easy for CNC to contact each other to produce chiral nematic structures
and present iridescent film. The as-prepared CNC iridescent films can reflect
natural light with a wavelength in the range of 360-695 nm. Consequently, the
CNC films showed structural color of blue to orange, dependent on the acid
hydrolysis conditions. The strategy presented herein paves the way for the
simple and cost-efficient preparation of photonic materials with structural
colors.
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three-dimensional nanostructures, the development
of the structural color is slow [6, 7].
In contrast, nature has created various excellent

Introduction

Structural color, also called physical color, is a gloss
caused by the wavelength of light. It is due to the
existence of the fine structure of photonic nanoma-
terials with spatially ordered lattices, which exhibit
brilliant colors of light to be refracted, diffusely
reflected, diffracted, or interfered [1-3]. Structural
colors are used in the field of smart sensors and
optoelectronic functional materials due to their bril-
liant colors and structural controllability [4, 5]. Nev-
ertheless, due to the lack of the inspirational designs
of structures and efficient generation technologies of
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photonic materials with structure colors through the
four and a half billion years of evolution and natural
selection. The photonic materials are widespread in
natural creatures [8, 9]. They appear as vivid struc-
tural colors that fascinate human beings. After a long
period of evolution, the structural colors of the crea-
tures in nature help them survive in the cruel natural
laws of survival of the fittest [10]. For example, the
tortoise beetle and hercules beetle alter their structural
colors by varying an amount of water in the cuticle, to
mislead their natural enemies [11, 12]. Some
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nocturnal butterflies have a hexagonal photonic
crystal array on their compound eye surface. These
arrays can significantly suppress reflection loss while
increasing the light transmittance at the interface over
a wide wavelength range and a large field of view,
which makes butterflies to adapt dark environment
[8]. Similarly, a fish of Paracheirodon innesi normally
displays a structural color of cyan, produced by
periodically stacked microstructures of reflecting
platelets in skin cells. Under urgent conditions, the
blue color of the fish rapidly turns yellow due to the
simultaneous change in the spacing of adjacent
reflectors, thereby escaping the chasers [13].
Inspired by natural creatures, researchers have
achieved great progress in developing photonic
materials with structure color [14-17]. Recently, cel-
lulose nanocrystal (CNC) has played an increasingly
important role in the process of photonic materials
with structure color. CNC, which is always derived
from cellulosic materials, has a rod-shaped structural
with 10 nm to 20 nm in diameter and several hun-
dred nanometers in length [18], and it has high
strength and modulus, high specific surface area,
feasible = modification,  biocompatibility, = and
biodegradability [19-23]. Specially, CNC obtained by
acid hydrolysis usually forms an equilibrium ordered
chiral nematic phase due to sulfate ester groups on its
surface [24-26]. Interestingly, the chiral nematic order
makes CNC films display structural colors upon
drying by evaporation-induced self-assembly (EISA)
[27, 28]. Using CNC with the structural color as
templates, researchers have synthesized a lot of arti-
ficial photonic materials. Cheung and coworkers
have been generated the iridescent polymer com-
posites with chiral nematic structures color by dis-
persing neutralized CNC in polar organic solvents
such as DMF [29]. Shopsowitz and coworkers pre-
sented the formation of mesoporous silica and
organosilica templated by the chiral nematic liquid
crystal phase of CNC and then removed CNC from
the composite films by calcination or acid hydrolysis
to form chiral nematic mesoporous silica (CNMS)
and organosilica with tunable pore diameters and
structure color [30, 31]. Ana and coworkers assem-
bled chiral plasmonic films with structure color by
incorporating gold nanorods in CNC [32]. These
CNC template photonic materials have brilliant
structural colors. However, the high cost, low time
efficiency, and some environmental pollution (such
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as organic solvents) still restricted developments for
some advanced materials with structure color.

In previous studies [33], we found that the aspect
ratio plays a crucial role in the formation and regu-
lation of structural colors in CNC. The aspect ratio of
CNC rods is predominantly determined by the acid
hydrolysis conditions, which includes acid-to-pulp
ratio, hydrolysis temperature, and hydrolysis time.
However, few studies have addressed the influence
of acid hydrolysis conditions on the structural colors
of CNC during EISA process. Beck-Candanedo and
coworkers prepared a CNC suspension from
bleached kraft eucalyptus pulp and black spruce for
25 and 45 min., respectively. The two suspensions
showed similar chiral nematic properties. A longer
hydrolysis time produced a shorter, less polydisperse
black spruce CNC, which slightly increased a critical
concentration for the chiral nematic phase formation
[34].

In this paper, a simple route to prepare the struc-
tural colors by imitating nature creatures is dis-
cussed. This study focuses on the regulation of
structural colors of chiral nematic CNC iridescent
films by the acid-to-pulp ratio (8:1, 10:1, and 12:1) and
hydrolysis temperature (45 °C and 60 °C). The rod-
shaped CNC with different aspect ratios was pre-
pared by changing the acid-to-pulp ratio (8:1, 10:1,
and 12:1) and hydrolysis temperature (45 °C and
60 °C). Subsequently, CNC suspensions were dried
to form CNC iridescent films with different pitches
during the EISA process. The as-prepared CNC iri-
descent films can reflect natural light with a wave-
length in the range of 360-695 nm. Therefore, the
CNC films showed structural color of blue to orange,
which highlights a simple route to achieve regulation
of structural colors in sensing materials.

Experimental
Materials

Microcrystalline cellulose (MCC) power (~ 50 um in
diameter) was provided by Shanhe Pharmaceutical
Excipients Co., Ltd. (Anhui, China). H,SO,
(95-98 wt%), sodium chloride (NaCl > 99.5 wt%),
potassium  chloride  (KCl > 99.5 wt%),  and
formaldehyde solution (HCHO: 37.0-40.0 wt%) at an
analytical grade were obtained from Sinopharm
Chemical Reagent Co., Ltd. (Nanjing, China).
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Anhydrous potassium carbonate (K,COs4.
> 99.0 wt%) was purchased from Lingfeng Chemi-
cal Reagent Co., Ltd. (Shanghai, China). All chemical
agents were used without further purification.

Preparation of CNC

Fifteen grams of MCC was hydrolyzed for 50 min. for
preparation of the suspension. Hydrolysis was per-
formed with 64 wt% sulfuric acid at acid-to-pulp
ratios (weight ratio of the sulfuric acid to MCC) of 8:1,
10:1, and 12:1 at 45 °C and 60 °C, which is shown in
Table 1. The suspension was then diluted tenfold to
stop the reaction, then further diluted with the
deionized water, and centrifuged for three cycles.
The sample was placed inside dialysis membrane
tubes (12,000-14,400 molecular weight cut-off,
Biosharp, USA) and dialyzed against slow-running
deionized water for 2 to 4 days until the pH of
supernatant was neutral. Subsequently, the colloidal
solution was dispersed by ultrasound treatment in an
ultrasonic cell crusher (X-1200D, ATPIO, China) for
25 min. Finally, CNC suspension was condensed
using a rotary evaporator (RE-501A, ATPIO, China)
until the concentration of CNC reached 2.0 wt%.

Preparation of CNC iridescent films

CNC iridescent films were formed by casting the
CNC suspension in polystyrene Petri dishes and
allowing them to dry under ambient conditions
(Fig. 1a), with typical thicknesses between 40 and
80 pm. Time-lapse photography of a CNC suspension
during EISA shows the formation of chiral nematic
ordering in the resulted free-standing film, with the
structural color observed during the last 89 h
(Fig. 1b).

J Mater Sci (2020) 55:8756-8767

Characterizations
Surface charge measurement

The zeta potential values of CNC colloid were mea-
sured by a Nano Zetasizer (Zetasizer Nano ZS, Mal-
vern, UK) based on the principles of dynamic light
scatting. A 4-mW laser source with a 633-nm wave-
length was used as the light source. The suspension
was diluted to 0.05 wt% and then sonicated with an
ultrasonic bath (KQ-100DE, ATPIO, China) to obtain
a homogeneous suspension before the measurement.
The concentration of 0.05 wt% was within the proper
range where the electric double layers on the cellu-
lose particles barely overlapped with each other [35].
Each sample suspension was determined three times
at 25 °C with a pH of 7.0.

Morphological analysis

The morphology of CNC colloids was observed with
a transmission electron microscope (TEM, JEM-1400,
JEOL, Japan) at 100 kV. Each sample suspension
(0.05 wt%) was deposited onto carbon-coated grids
(300-mesh copper) before measurement. The size
distribution of CNC from TEM images was measured
with the imaging MVS3000 software, and 50 particles
were randomly taken for each sample. To further
determine the chiral nematic arrangement of CNC
films, the cross sections of CNC films were charac-
terized by a field-emission scanning electron micro-
scope (FE-SEM, HITACHI 54800, Thermo Scientific,
USA). Samples were first fractured in liquid nitrogen
and then coated with gold before examination at
15 kV.

Table 1 The zeta potential values and size distribution of CNC influenced by acid hydrolysis conditions

Samples Acid-to-pulp Hydrolysis temperature

Zeta potential

Diameter (D, nm) Length (L, nm) Aspect ratio (L/

ratio (°O) (mV) ) . D)
Min. Max. Ave. Min. Max. Ave.
CNC-1  8:1 45 — 40.3 12.0 20.5 15.7 150.1 405.6 265.7 17.0
CNC-2 8:1 60 — 431 145 249 189 1162 309.5 2253 11.9
CNC-3  10:1 45 — 473 18.0 30.0 249 1443 321.1 2308 93
CNC-4 10:1 60 — 48.6 123 200 163 639 1458 946 5.8
CNC-5  12:1 45 — 531 11.9 172 13.1 515 982 795 6.1
CNC-6  12:1 60 — 55.1 100 129 11.8 200 53.0 307 2.6
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Figure 1 Preparation of the (a)
CNC iridescent films. a CNC
iridescent films influenced
with acid hydrolysis
conditions. b Time-lapse
photography of the EISA
process for the CNC-1
iridescent film.

<
< CNC-4

FTIR analysis

Fourier infrared (FTIR) spectra of CNC iridescent
films were recorded by infrared spectrum instrument
(Vertex 80, Bruker, Germany). The spectra of chiral
nematic CNC iridescent films were recorded within a

range of 4000-400 cm ™' with a resolution of 0.5 cm™".

XRD analysis

X-ray diffraction (XRD) was performed to investigate
the phase structure of chiral nematic CNC iridescent
films. The samples were flatted into pellets between
two glass slides and placed in an X-ray diffractometer
(Ultima IV, Rigaku, Japan) with Cu Ko radiation
(A = 0.15406 nm), operating at 40 kV and 30 mA. The
diffraction profile was detected by using a locked
couple 20 scan from 5 to 50°. The crystallinity index
(CrD) of the samples was calculated according to
Eq. (1) [36]:

Cr1(%) = 2o = Am 400 (1)
Arotal

where Aot and A, respectively, represent the total

area of the diffract gram and the area of the amor-

phous peak.

The crystal size was estimated using the Scherrer
equation, and the peak fitting process of the diffrac-
tion profile for the Scherrer equation was done in
Peak Fit v4.12, using a Lorentz distribution with
major diffraction peak positions [37].
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where Dy is the crystal size perpendicular to the
diffracting planes with Miller indices of hkl, Z is the
wavelength of X-ray radiation (4 = 0.15406 nm), 1,2
is the full width at half maximum (FWHM) of the
diffraction peaks, and 0 is the corresponding Bragg
angle.

Chiral nematic liquid crystal behavior measurement

CNC suspensions were introduced into the flat cap-
illary under the capillary force. One edge of the flat
capillary was blocked with paraffin, and the other
edge was not blocked to allow water to evaporate.
The flat capillary was transferred into a stage and
observed using a polarizing optical microscope
(POM, BX41, Olympus, Japan). The water inside each
sample was allowed to slowly evaporate from the flat
capillary edge. The texture of liquid crystal phase
was examined between a pair of crossed polarizers,
and the pictures were taken with a digital camera.

UV-visible analysis

The maximal reflection wavelength of CNC irides-
cent films was measured by a UV-Vis spectropho-
tometer (Lambda 950, PE, USA). The UV-Vis
absorption spectra of the samples were recorded
within a range of 250-800 nm with a resolution of
0.08 nm. In this work, all measurements were per-
formed at 25 °C.
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Results and discussion
Zeta potential analysis

The zeta potential reflects the electrostatic interac-
tions of CNC in a colloidal dispersion, and its cor-
responding zeta potential values are listed in Table 1.
The zeta potential was — 40.3 mV, — 47.3 mV, and
— 53.1 mV at 45 °C for CNC-1, CNC-3, and CNC-5,
respectively, corresponding to an increase in the acid-
to-pulp ratio. Comparably, the =zeta potentials
reached — 48.6 mV and — 55.1 mV at 60 °C for CNC-
4 and CNC-6, respectively. This result revealed that a
higher acid-to-pulp ratio and hydrolysis temperature
can induce in more hydroxyl groups within the sur-
face of CNC, thereby resulting in more sulfate ester
groups [38], which was evidenced by -OSO;™ content
(Table S1). The increased sulfate ester groups have a
noticeably negative zeta potential, and it plays a key
role in achieving the chiral nematic structures of
CNC.

Morphology of CNC suspensions
and iridescent films

Figure 2a—f shows the morphology of CNC suspen-
sions affected by acid hydrolysis conditions, and the
size distribution of CNC is presented in Table 1.
CNC-1 was oriented horizontally with a “slim rod-
shaped” structure (Fig. 2a) with an average length of
265.7 nm, diameter of 15.7 nm, and an aspect ratio of
17.0. Comparatively, the aspect ratio was 11.9 and 9.3
for CNC-2, and CNC-3, respectively. Meanwhile,
both CNC-2 and CNC-3 exhibited an horizontal
arrangement (Fig. 2b, ¢). The CNC changes from
“slim rod-shaped” to “short rod-shaped,” and they
become a random arrangement by increasing the
acid-to-pulp ratio from 8:1 to 10:1 and the hydrolysis
temperature from 45 to 60 °C. Furthermore, the
aspect ratio of CNC is significantly influenced by the
acid-to-pulp ratio prior to the hydrolysis
temperature.

Figure 2a’-f' shows an oriented structure of CNC
arranged in layers that is affected by acid hydrolysis
conditions. The CNC-1 iridescent film helically rota-
ted in a certain direction in each layer and showed
layered structures with periodic spacing (Fig. 2a’).
The rising distance of the CNC rotation (as shown in
the length of the red arrow in Fig. 2a’) was approxi-
mately 500 nm, which referred to a pitch of the CNC-
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1 iridescent film. CNC-2 and CNC-3 were also heli-
cally arranged in layers with periodic spacing
(Fig. 2b/, ¢). With an increase in the acid-to-pulp ratio
and hydrolysis temperature, the pitch of CNC-2 and
CNC-3 iridescent films increased to 650 nm and
950 nm, respectively (as shown in the length of the
red arrow in Fig. 2b/, ¢). Noticeably, the acid-to-pulp
ratio had a more significant improvement in the pitch
of CNC compared to the hydrolysis temperature.
With a progressive increase in the acid-to-pulp ratio
and hydrolysis temperature, CNC-4 and CNC-5 iri-
descent films showed some disordered regions that
remained as a portion of the periodic helical structure
(Fig. 2d’, €'). However, a periodic helical structure
disappeared in CNC-6 iridescent film (Fig. 2f'). CNC-
6 had a smaller aspect ratio of 2.6 from TEM analysis,
which probably made the crystals isotropic, leading
to layers being stacked rather than showing a peri-
odic structure that was helically arranged during the
EISA process.

Structure analysis of CNC

The chemical structure of CNC films affected with
acid hydrolysis conditions is shown in Fig. 3 by FTIR
spectra. The peaks at 3318, 2895, and 1431 cm ™! were
characteristic stretching vibrations of -OH, C-H, and
—CH,, respectively. The characteristic peak at
1315 cm™! was assigned to out-of-plane wagging of —
CH, [39]. The peaks at 1035 and 830 cm ™" attributed
to stretching vibrations of -C-O and -C;-H, respec-
tively. All the above peaks were the characteristic
peaks of cellulose, which were observed in all spec-
tra. The peak around 1640 cm™' in all spectra
assigned to the O-H bending of adsorbed water [40].
Due to the strong hydrogen bonding between ~OH of
CNC and —-OH of water, it is difficult to completely
remove the water adsorbed in the CNC [41]. In
addition, the appearance of the peaks at 1206 (en-
larged in the red rectangle) and 826 cm™' in all
spectra was, respectively, the stretching vibrations of
5=0 and C-O-S in —-OSO;~ [42].

Figure 4 shows XRD spectra of CNC films affected
with acid hydrolysis conditions for crystalline struc-
ture. CNC-1, CNC-2, and CNC-3 exhibited typical
cellulose I characteristic peaks at 20 = 14.9° and 22.7°
corresponding to (110) and (200) lattice plates [43, 44].
When comparing CNC-1, CNC-2, and CNC-3, the
peaks at 20 = 14.9° and 22.7° weakened, and a new
peak at 20 = 20.8° appeared, corresponding to (110)
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Figure 2 Morphology of CNC influenced with acid hydrolysis conditions: a—f TEM images of CNC suspensions, a’—f FE-SEM images

of CNC iridescent films.
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lattice planes of cellulose II with similar intensities for
CNC-4, CNC-5, and CNC-6. Moreover, the minor
peaks that appeared at 30.1° and 39.8° were attrib-
uted to (1-30) and (301) lattice planes of cellulose II,
respectively [45]. A more severe acid hydrolysis
condition likely disrupted the cellulose structure and
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1

destroyed the lattice planes of cellulose I, leading to
an exposure of lattice planes of cellulose II. This
finding was similar to that of a previous study con-
ducted by Zoulikha and coworkers [46].

To further demonstrate the relationships between
the crystal structure and the oriented structure of
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Figure 4 XRD spectra of the CNC iridescent films influenced by
acid hydrolysis conditions.

CNC iridescent films, the CrI and crystal size of CNC
films are calculated in Fig. 4. The CrI values of CNC-
1, CNC-2, and CNC-3 were 64.2%, 67.1%, and 72.6%,
respectively. The crystal sizes of CNC-1, CNC-2, and
CNC-3 were 4.6 nm, 4.4 nm, and 4.2 nm, respec-
tively. Combined with FE-SEM (Fig. 2a’—c’), the cross
sections of the CNC-1, CNC-2, and CNC-3 iridescent
films showed the periodic helical arrangement. In
contrast, the CrI values of CNC-4, CNC-5, and CNC-6
decreased to 59.2%, 61.5%, and 60.1%, respectively,
which were significantly lower than those of CNC-1,
CNC-2, and CNC-3. Moreover, the crystal sizes of
CNC-4, CNC-5, and CNC-6 were 3.4 nm, 3.6 nm, and
3.8 nm, respectively. The cross sections of the CNC-4,
CNC-5, and CNC-6 iridescent films appeared to be a
hybrid phase of the periodic helical and disordered
arrangement (Fig. 2d’—f). Thus, the CNC with single-
crystal structure and high Crl may tend to be helically
arranged and form layered structures with periodic
spacing.

Chiral nematic liquid crystal behavior
analysis

Figure 5 presents the formation process diagrams of
the CNC liquid crystal phase. As an example of CNC-
3, the rod-shaped CNC with an initial concentration
of 2 wt% was dispersed in a flat capillary (as shown
in the red circle in Fig. 5a). At this time, the suspen-
sion was isotropic. When the CNC concentration
increased, the rod-shaped CNC gathered toward a
lower end of the flat capillary, leading to the sepa-
ration of an anisotropic phase, which then formed a
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weak liquid crystal phase at the critical concentration
of 291 wt% after 20.2 h (Fig. 5b). Afterward, the
CNC suspension was concentrated to 3.34 wt% after
24.5 h. The anisotropic phase and the liquid crystal
phase increased at the lower end of the flat capillary,
and the CNC suspension showed a birefringence
phenomenon with a weakly striped texture (Fig. 5c).
As water continued to evaporate, a substantial
striped texture appeared in the CNC suspension
when the suspension was concentrated to 3.72 wt%
(Fig. 5d). When the concentration reached to
4.98 wt%, the striped textures contacted each other
and then formed a fingerprint texture (as shown in
the red circle in Fig. 5e). After 38.5 h, the concentra-
tion of CNC suspension was 5.56 wt%, and the vol-
ume and number of the fingerprint texture increased
(as shown in the red circle in Fig. 5f); the liquid
crystal in the fingerprint texture was arranged in a
focal conical shape. This arrangement led to periodic
changes in the optical refractive index, resulting in
periodic birefringent extinction fringes in the finger-
print texture, which was similar to the behavior of
CNC liquid crystal observed by Shopsowitz and
coworkers [30]. At this time, the liquid crystal phase
in the CNC suspension appeared as a chiral nematic
liquid crystal. As the evaporation continued, the
fingerprint texture continued to develop into colorful
spheroids when the concentration was 9.36 wt%
(Fig. 5g). As the concentration increased to
13.56 wt%, the colorful spheroids gathered in a fin-
gerprint shape (arc shape) and formed a colorful
pattern (Fig. 5h). This dynamic is attributed to
favorably excluded volume interactions, resulting in
higher packing entropy compared with the disor-
dered phase, which drives the rod-shaped CNC
nematic to be self-oriented [47]. After 48.5 h, the
concentration was increased to 46.8 wt%, and the
suspension exhibited a complete colorful pattern
under crossed polarizers (Fig. 5i). At this time, the
isotropic phase in the suspension was entirely con-
verted to the anisotropic phase.

A comparison of POM diagrams of the chiral
nematic liquid crystals of CNC is presented in Fig. 6.
The isotropic phase was completely converted to the
anisotropic phase when the concentration reached
36.7 wt% for CNC-1, and the blue pattern was pre-
sented under crossed polarizers (Fig. 6a). Compara-
tively, the phase transformation appeared at a
concentration of 46.8 wt%, and the turquoise pattern
was observed for CNC-2 (Fig. 6b). A higher
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(a) Oh 2wt%

(d) 29.0 h 3.72wt%

(g) 45.0 h 9.36wt%

(b) 20.2h 2.91wt%

(e) 34.5 h 4.98wt%

8763

(¢) 24.5 h'3.34wt%

(f) 38.5 h 5.56wt%

Figure 5 Formation process diagram of the CNC-3 liquid crystal phase.

hydrolysis temperature of 60 °C caused the aniso-
tropic phase transformation, which was completed at
the higher concentration of CNC suspension. Fur-
thermore, the isotropic phase was completely con-
verted to the anisotropic phase at a concentration of
50.4 wt%, and the orange pattern was present for
CNC-3 (Fig. 6¢). A higher acid-to-pulp ratio of 10:1
also induced a complete transformation of the ani-
sotropic phase at the higher concentration of CNC
suspension. Combined with the TEM results, the
concentration for the CNC phase transition was
negatively correlated with the aspect ratio. The CNC
with a higher aspect ratio completely achieved the
phase transition at a lower concentration. The higher
aspect ratio for CNC likely limited the space for the
stripe texture to develop; therefore, the CNC could
easily contact each other to form a fingerprint texture.
However, the suspension failed to form a colorful
pattern under POM for CNC-4, CNC-5, and CNC-6

(Fig. 6d—f). This result indicated that the more severe
acid hydrolysis could destroy the lattice planes of
cellulose, and it had a negative influence on the phase
transition of CNC.

UV-Vis analysis of CNC iridescent films

Figure 7 shows the UV-Vis absorbance spectra of
CNC iridescent films. Clearly, the maximal reflection
wavelengths appeared at 360 nm, 480 nm, and
695 nm and the iridescent films colors were violet,
cyan, and orange for CNC-1, CNC-2, and CNC-3,
respectively (Fig. 1a). The spectra of CNC films at
different RH were transformed into a Commission on
[umination (CIE) chromaticity value, as shown in
Fig. 7b; iridescent violet (x = 0.1745,y = 0.006), cyan
(x =0.0995, y=0.139), and orange (x = 0.7339,
y = 0.2661) were obtained for CNC-1, CNC-2, and
CNC-3, respectively. This analysis indicated a higher
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Figure 6 POM diagrams of the chiral nematic liquid crystal of CNC influenced by acid hydrolysis conditions.

acid-to-pulp ratio of 10:1, and hydrolysis temperature
of 60 °C caused a redshift of the maximal reflection
wavelength. Noticeably, the maximal reflection
wavelength was absent in CNC-4, CNC-5, and CNC-
6 due to a disappearance of the helical arrangement.

The maximal reflection wavelength of CNC films is
related to the helical pitch within the CNC iridescent
film during EISA. The maximal reflection wavelength
(Amax) can be described by the Bragg equation
[Eq. 3)] and tuned by changing the pitch (P) or
effective refractive index (n.¢) [48].

Jmax = MefeP sin ¢ (3)

The formation of a helical arrangement of the chiral
nematic liquid crystal phase caused the CNC film’s

Figure 7 a UV-Vis (a)

iridescence during EISA of the CNC suspension;
namely, the CNC iridescent film could reflect light of
a wavelength equivalent to its P. Figure 8 illustrates
the periodic helical structures of CNC affected by the
acid-to-pulp ratio and hydrolysis temperature. CNC
is arranged in a chiral nematic organization, with the
rods mostly situated parallel to the films. Thus, the
rising distance of each helically rotated layer is
equivalent to the diameter of a single rod-shaped
CNC. CNC-3 had a maximum diameter of 24.9 nm,
leading to a maximum P, at the end of a periodic
spiral rotation, which was consistent with the results
of FE-SEM image (Fig. 2¢). Additionally, a larger
crystal size of CNC-1 (Fig. 4) indicated a weak peak
intensity of CNC-1 (Fig. 7a), which formed many

(b) 09

absorbance spectra of the CNC
iridescent films, b CIE
chromaticity diagram of CNC
films.
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Figure 8 Possible schematic
illustration of the structure
color of CNC films influenced
by acid hydrolysis conditions.

-

ﬂ:NC-l
\

layers of rough surfaces in the chiral nematic struc-
ture of CNC-1. This dynamic may lead to a stronger
diffused reflection of light from the crystals, resulting
in a reduction in peak intensity, accounting for the
lower neg of CNC-1 [49]. Consequently, Amnax of the
CNC iridescent films was in an order of CNC-
1 < CNC-2 < CNC-3, and the acid-to-pulp ratio had
a more obvious effect on the A, of CNC than the
hydrolysis temperature did.

Conclusions

Chiral nematic CNC films with structure color were
presented by regulating the acid-to-pulp ratio and
acid hydrolysis temperature. CNC was prepared
with the lower acid-to-pulp ratio and the hydrolysis
temperature obtained higher aspect ratio, which
promoted CNC to attain a chiral nematic structure
and present iridescent films. More specifically, the
acid-to-pulp ratio had a more obvious effect than the
hydrolysis temperature on the chiral nematic liquid
crystal behavior and the structure of CNC iridescent
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films. The Ay, values of CNC-1, CNC-2, and CNC-3
were 360 nm, 480 nm, and 695 nm, respectively. In
contrast, the more severe acid hydrolysis can destroy
the lattice planes of cellulose, which played a nega-
tive influence on the formation of the chiral nematic
structure of CNC. Consequently, the CNC films
demonstrated structural color of blue to orange,
which highlights a simple route to achieve regulation
of structural colors in photonic materials.
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