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A B S T R A C T   

Cellulose nanocrystals (CNCs) can form a liquid crystal film with a chiral nematic structure by evaporative- 
induced self-assembly (EISA). It has attracted much attention as a new class of photonic liquid crystal mate
rial because of its intrinsic, unique structural characteristics, and excellent optical properties. However, the 
CNCs-based photonic crystal films are generally prepared via the physical crosslinking strategy, which present 
water sensitivity. Here, we developed CNCs-g-PAM photonic crystal film by combining free radical polymeri
zation and EISA. FT-IR, SEM, POM, XRD, TG-DTG, and UV–Vis techniques were employed to characterize the 
physicochemical properties and microstructure of the as-prepared films. The CNCs-g-PAM films showed a better 
thermo-stability than CNCs-based film. Also, the mechanical properties were significantly improved, viz., the 
elongation at break was 9.4 %, and tensile strength reached 18.5 Mpa, which was a much better enhancement 
than CNCs-based film. More importantly, the CNCs-g-PAM films can resist water dissolution for more than 24 h, 
which was impossible for the CNCs-based film. The present study provided a promising strategy to prepare CNCs- 
based photonic crystal film with high flexibility, water resistance, and optical properties for applications such as 
decoration, light management, and anti-counterfeiting.   

1. Introduction 

Chiral nematic materials have been the focus of research for a long 
time and have many potential applications, including anti- 
counterfeiting materials, wearable functional materials, and bio
materials. As early as 1949, Onsager declared that the nanomaterials 
with rigid-rod structures could have an orientational (or nematic) 
pattern via the repulsive forces. Recently, many feedstocks have been 
employed to form chiral nematic materials, such as tobacco mosaic 
virus, DNA fragments, flagella filaments, collagen, boehmite, chitin, and 
κ-carrageenan [1–3]. Cellulose nanocrystals (CNCs), cellulose-rich raw 
materials derived nanoparticles via acid hydrolysis, can also have the 
self-assembly ability to form orientational structure, as well as the ad
vantages in mechanical strength and optical property compared with the 
abovementioned feedstocks [4]. 

Sulfuric acid is commonly used to obtain the CNCs that consequently 
possess sulfate hemiester groups on their surface; the surface negative 
charges and the helical structure of CNCs endowed the feasibility to form 
the orientational pattern [5–7]. More importantly, the chiral nematic 

structure still exists even after the slow evaporation of water, thus 
forming CNCs-based photonic films with left-handed circular helical 
structures [8–10]. However, the pure CNCs based film can not only show 
fragile but also soluble, limiting its functional application based on as
sembly characteristics [11,12]. To overcome this defect, easy-get poly
mers have been introduced in the CNCs-based photonic crystal films that 
showed improved flexibility and mechanical strength via noncovalent 
forces, such as polyvinyl alcohol (PVA) [13] and polyethylene glycol 
(PEG) [14–16]. The addition of the polymers can adjust the color of the 
film by changing the pitch size [13]. In addition, biomass materials have 
a wide range of applications, such as drug delivery [17,18] and textile 
surface modification [19]. However, this strategy is unquestionably 
ineffective under specific conditions due to the excellent hydrophilia of 
the components, such as that with high humidity or in aqueous solution. 

Hydrophobic surface modification of CNCs can significantly decrease 
the solubility or wettability in aqueous solution [20]. Still, the as- 
prepared films were generally formed via noncovalent forces, and only 
in rare cases can high-performance membrane materials be obtained. 
Covalent crosslinking is an effective strategy for developing membrane 
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materials in which the covalent linkage-induced shrinkage force can 
counteract the thermodynamic force of swelling in the aqueous solution. 
Thus, many works were performed via covalent crosslinking strategies 
such as Schiff base reaction and free radical polymerization [21]. 
Thereinto, CNCs were generally used as additives to enhance the me
chanical properties of the as-prepared materials that missed the circular 
helical structures. 

The objective of the present study is to study the feasibility of a 
combination of free radical polymerization and evaporation-induced 
self-assembly (EISA) to form a CNCs-based photonic crystal film. Here, 
acrylamide was collected as the representative of vinyl monomers, and 
the obtained polyacrylamide (PAM) component may enhance the me
chanical properties (i.e., elongation at break and tensile modulus). The 
obtained CNCs-g-PAM hybrid films were characterized by FT-IR, XRD, 
TG-DTG, SEM, POM, and UV–vis techniques. Moreover, their mechani
cal properties were also determined. Results showed that the combina
tion of polymerization and EISA is an effective strategy for forming 
CNCs-based photonic crystal films. Compared with the pure CNCs- 
based photonic crystal films, the as-prepared films presented signifi
cant improvements in mechanical properties and solvent resistance. This 
strategy can be extended to other free radical polymerizations. 

2. Materials and methods 

2.1. Materials 

CNCs were self-prepared via the typical H2SO4 hydrolysis of long- 
staple cotton that was obtained from a local farm in Shihezi, China. 
Sulfuric acid (H2SO4, 98 wt%), PVA, PEG (Mw = 9000–12,000) (PEG- 
10000) and absolute ethanol were produced by Tianjin Zhiyuan 
Chemical Reagent Co., Ltd. (Tianjin, China). N, N′-Methylene bis 
(acrylamide) (MBA) was purchased from Macklin Biochemical Co., Ltd. 
(Shanghai, China). 2-Hydroxy-4′-(2-Hydroxyethoxy)-2-Methyl
propiophenone (Irgacure 2959, 98 %) was provided by Titan Scientific 
Co., Ltd. (Shanghai, China). Acrylamide (AM) was purchased from 
Sinopharm Chemical Reagent Co., Ltd. 

2.2. Preparation of CNCs 

CNCs were prepared by treating cotton (20 g) with H2SO4 solution 
(200 mL, 64 wt%) at 50 ◦C for 90 min under vigorous stirring. The so
lution was then diluted with deionized water (2 L) to terminate the re
action. After 24 h, the suspension was centrifuged at 10000 rpm for 5 
min and washed with deionized water for 4 times until the solution 
didn’t layer, dialyzed in deionized water with the dialysis bag 
(8000–14,000 kDa) for 5 days until the pH reached 6–7. Finally, the CNC 
suspension was concentrated to 3 wt% by rotary evaporator. 

2.3. Preparation of CNCs-based and CNCs-g-PAM films 

Irgacure 2959 and MBA were added to the AM aqueous solution (3 
wt%), and the final mass ratio of AM/Irgacure 2959/MBA mass ratio 
was 100: 5: 5. The mixture was stirred for 1 h and ultrasonicated for 10 
min under dark. The abovementioned polymerization systems were 
added to CNCs suspension (3 wt%) with vigorous stirring to reach the 
target CNCs/AM ratio of 8:2, 7:3, and 6:4. Then, 10 mL of mixture so
lution was poured into polystyrene Petri dishes (6 cm in diameter). EISA 
process was performed in a constant temperature and humidity chamber 
with relative humidity (RH) of 80 % at 25 ◦C in the dark. After one week 
of evaporation, the composite CNCs/AM films were obtained, which 
were further exposed to UV Lamp (395 nm, 300 W) for 120 s in a UV 
curing chamber (Gugou 2.0 UVFAST, China). The final hybrid CNCs-g- 
PAM films were denoted as CNCs-g-PAM-8:2, CNCs-g-PAM-7:3, and 
CNCs-g-PAM-6:4, respectively. The pure CNCs-based film was obtained 
without adding any other reagents under the same conditions. For other 
composite films, different polymers (i.e., PVA and PEG-10000) were 

added to CNCs suspension (3 wt%) with vigorous stirring to reach the 
target CNCs/polymer ratio of 8:2, and other operation conditions were 
the same as the preparation of CNCs-g-PAM films. The obtained com
posite films were marked as CNCs/PEG-10000 film and CNCs/PVA film, 
respectively. 

2.4. Characterization 

CNCs were first diluted to obtain CNCs suspension with a concen
tration of 0.01 wt% and further characterized by a transmission electron 
microscope (TEM) (JEM-F200, Japan) to get the particle morphology. 
The particle size and Zeta potential of the CNCs dispersion were 
measured by dynamic light scattering (DLS) using the Zeta sizer in
strument (Malvern, Nano-ZS90, UK). The cross-section morphologies of 
CNCs-g-PAM films were observed by a scanning electron microscope 
(SEM) (S-8000, Hitachi, Japan) at an accelerating voltage of 5.0 kV after 
sprayed with a thin layer of gold. The chemical structure of the films was 
characterized by a Nicolet iN10 MX Fourier transform infrared (FT-IR) 
spectrometer (Thermo Scientific, USA), using the attenuated total 
reflection method in the range of 4000–400 cm− 1 with a resolution of 4 
cm− 1. The chiral nematic structure and birefringence of the CNCs-g-PAM 
films were proved by polarized optical microscopy (POM) (MX-117P, 
China). The crystal structure of the samples was recorded by an X-ray 
diffractometer (XRD) (Bruker D8, German) with Cu Kα radiation ranging 
from 5 to 80◦ at a rate of 2◦/min and operated at a power of 40 kV with a 
current of 40 mA. The thermogravimetric analyzer (TGA) of all films was 
determined by a thermogravimetric analyzer (DTG-60, Shimadzu). 
UV–vis spectrophotometer (UV-2600, Shimadzu) was used to determine 
the UV–vis absorption spectra and transparency properties of all samples 
in the wavelength range of 200–800 nm. The wettability of the film 
surface was observed by the water contact angle (WCA, model SL200KB, 
SOLON TECH, Shanghai, China). A digital image was also taken during 
the contact angle measurements. 

2.5. Mechanical property measurement 

The samples were cut into a rectangular strip of 30 mm × 10 mm 
(length × width). The mechanical properties of films were measured by 
using the universal tensile testing machine (HD-B609B-S, China) at the 
stretching velocity of 0.5 mm⋅min− 1. 

2.6. Swelling properties 

The swelling properties were performed to study the solvent resis
tance of the as-prepared films. Also, the pure CNCs-based film, CNCs/ 
PEG-10000 composite film, and CNCs/PVA composite film were used 
for comparison. In detail, the films were cut into rectangles (20 × 10 
mm) and dried at 70 ◦C for 24 h to obtain the dry weights (Wd). Then, the 
dried films were immersed in the water at 25 ◦C for 24 h. The water on 
the surface of swollen films was adsorbed by the absorbent paper, and 
the wet weights (Ws) were recorded. The swelling ratio (SR) of the 
samples was calculated by the following formula. 

SR(%) =
Ws

Wd
× 100 (1)  

3. Results and discussion 

3.1. Characterizations of CNCs 

The physicochemical properties of CNCs that significantly influenced 
the EISA process were characterized in this section. The as-prepared 
CNCs were typical rod-like shapes, and the average length and diam
eter were calculated to be 255 ± 15 nm and 34 ± 3 nm (Fig. S1), 
respectively. Also, the zeta potential of the CNCs was determined to 
explore the stability of the suspension system. Fig. S2 showed that the 
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zeta potential of as-prepared CNCs was − 29.31 mV, and its absolute 
value was approximately 30 mV, indicating that the suspension could be 
facilely formed [22,23]. These results endowed the CNCs self-assembly. 

3.2. Preparation and characterization of CNCs-g-PAM 

Polyacrylamide is a well-known water-soluble polymer; due to its 
good water solubility and chemical activity, it is often used to prepare 
hydrogels and other materials [24,25]. The mechanism diagram of 
preparing CNCs-g-PAM hybrid films is shown in Fig. 1. In this study, 
CNCs-g-PAM was synthesized on the surface of CNCs by grafting acryl
amide with Irgacure 2959 as a photo-initiator. This reaction can occur in 
an aqueous solution, and acrylamide can be grafted onto surfaces of 
various materials [26]. Irgacure 2959 formed a redox system with the 
hydroxyl group on the surface of CNCs to generate macromolecular 
radicals. This led to the graft polymerization of acrylamide on CNCs to 
produce CNCs-g-PAM film. 

To certify the chemical structures of the CNCs-g-PAM films, FT-IR 
measurement was performed on the neat CNCs-based and CNCs-g-PAM 
films. FT-IR results of the obtained films are used to analyze the chem
ical variation among CNCs-based film, PAM, and CNCs-g-PAM films 
(Fig. 2A). For CNCs-based and CNCs-g-PAM films, the characteristic 
peaks at 2900 cm− 1, 1365 cm− 1 and 668 cm− 1 were ascribed to the C-H 
stretching, C-H deformation vibration, and C-OH out-of-plane bending 
mode, respectively [27]. C-O-C, C-C-O, and C-C-H deformation modes 
and stretching vibrations of the C-5 and C-6 atoms located at 900 cm− 1 

[28]. The peak at 1110 and 1056 cm− 1 came from -CH2-O-CH2 
stretching vibration of the pyranose ring and β-glycosidic bond of the 
CNCs in CNCs-g-PAM. Moreover, the stretching vibration of the hydroxyl 
groups could be found in the range of 3660–2998 cm− 1. The stretching 
vibration of primary amide was located at 3329 cm− 1 and 3164 cm− 1. 
The stretching vibration of -NH2 groups gradually emerged with the 
increasing dosage of AM in the spectra of CNCs-g-PAM films. For the 
CNCs-g-PAM films, the generated peaks at 1656 cm− 1 (C=O) and 1602 
cm− 1 (N–H) were assigned to the characteristic absorption bands of 
amide-I and amide-II of PAM [29]. These results indicated that PAM was 
successfully grafted onto the CNCs. 

The crystalline structure of the CNCs-based and CNCs-g-PAM films 
was recorded by X-ray diffraction (XRD) analysis from Fig. 2B. The 
characteristic diffraction peaks of CNCs were located at 14.78◦, 16.43◦, 
22.61◦, and 34.43◦, corresponding to the (1‾10), (110), (200), and (004) 
planes of cellulose Іβ [30,31]. In terms of the CNCs-g-PAM, the CNCs-g- 
PAM films also showed the same peaks, which demonstrated that the 
graft polymerization did not change the crystal structure. However, the 
crystallinity of the obtained films was calculated using MDI JADE 6.5, 
and the crystallinities of CNCs, CNCs-g-PAM-8:2, CNCs-g-PAM-7:3, and 

CNCs-g-PAM-6:4 films were 78.14 %, 74.34 %, 71.22 %, and 67.14 %, 
respectively. These results showed that the dosage of PAM contributed 
to disrupting the ordered structure of CNCs, i.e., the amide groups could 
weaken the intermolecular hydrogen bond among cellulose units and 
consequently destroy the crystalline structure of cellulose. Although the 
hydroxyl groups have a higher ability to form hydrogen bondings than 
the amino groups, the amino group will form a competitive relationship 
with the hydroxyl group that has formed hydrogen bonding when the 
amino group is present, which may cause the destruction of the crys
talline structure of the surface layer of CNCs. 

Fig. 2C shows the thermo stability of the as-prepared films, including 
the CNCs-based film and CNCs-g-PAM films. The pyrolysis process of 
pure CNCs-based film can be divided into three stages. The initial 
decomposition temperature was around 130 ◦C, attributed to the 
evaporation of free moisture and adsorbed water in the film [32]. The 
second stage in the temperature range of 138– 270 ◦C was due to the 
catalytic dehydration on the surface of CNCs by sulfate hemiester 
groups, and the DTG curves (Fig. 2D) showed two separated pyrolysis 
peaks [33,34], which was similar to the published data. The peak tem
peratures of CNCs were 188 ◦C and 270 ◦C, and their weight loss ratio 
was 23.23 % and 20.86 %, respectively. The final stage that occurred at 
330– 500 ◦C was the slow carbonization of solid residue, viz., the bio
char was obtained. The TG curves of CNCs-g-PAM films indicated that 
the decomposition temperature was higher than 240 ◦C, much higher 
than the initial decomposition temperature of CNCs (188 ◦C). This 
enhanced phenomenon may be due to the surface coating of PAM on 
CNCs that significantly blocked the heat transfer. Also, the amide can act 
as a proton acceptor that decreases the proton-catalyzed hydrolysis. 

3.3. SEM analysis 

The micromorphology of native CNCs-based film and CNCs-g-PAM 
hybrid films was observed by SEM. As shown in Fig. 3A, the pure CNCs- 
based film retained a layered structure with a constant distance, spe
cifically manifested as the excellent self-assembly properties within the 
solid film. This structural image revealed the left-handed spiral orien
tation and highly ordered chiral nematic structure [35]. The SEM images 
of CNCs-g-PAM films are shown in Figs. 3 B–D, from which we can find 
a structure similar to that of pure CNCs-based film, confirming the 
structural integrity of the CNCs-g-PAM films. Similar observations were 
previously reported by Tao et al. [29]. 

The cross-linking of CNCs with PAM might change the chiral nematic 
pitch of the films. The distance between adjacent layers represented half 
of the helical distance of the chiral nematic structure. The pitch values 
calculated from the SEM images were 0.51, 0.57, 0.60, and 0.68 μm for 
CNCs-based, CNCs-g-PAM-8:2, CNCs-g-PAM-7:3, and CNCs-g-PAM-6:4 

Fig. 1. Schematic illustration of the fabrication process and network microscopic structure of CNCs-g-PAM films.  
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films, respectively. This increasing trend may be induced by the surface 
coating of PAM on CNCs. These results also indicated that the surface 
polymerization strategy could be used to adjust the chiral nematic pitch 
of CNCs-based chiral nematic film. 

The helicoidal ordering retained in the dried films resulted in 
interesting optical properties. The film can selectively reflect light with 
wavelengths that depend on the pitch length. According to Bragg’s law 
[36], λmax = navgPsinθ, where navg, P, θ represented the average refrac
tive index, the helical pitch length, and the angle between the incident 
light and the cholesteric layers, respectively. As CNCs and PAM have 
similar refractive indices of 1.55 and 1.46 [35,37], the differences in 
navg among the films with different CNCs-g-PAM ratios were almost 
negligible [38]. Therefore, the helical pitch was similar to the wave
length of the visible light between 400 and 700 nm, and the pitch of the 
obtained films was in the visible range, which can show structural colors 
[39]. 

3.4. The macrograph and POM of CNCs and CNCs-g-PAM films 

The photographs of the prepared hybrid film are shown in Fig. 4A; 
the surface of the film was flat and transparent without any deformation 
or cracking. The color of the obtained films was macroscopically uni
form and presented a light blue. To investigate the effect of AM on the 

Fig. 2. Chemical characterizations of CNCs-g-PAM films. (A) The FT-IR spectra of CNCs-based film, PAM, and CNCs-g-PAM films; (B) The XRD patterns of CNCs-based 
and CNCs-g-PAM films; (C) The thermo-stability of the CNCs and CNCs-g-PAM films; (D) The DTG curves of the as-prepared films. 

Fig. 3. The SEM images (10,000 ×) on the cross-section of (A) native CNCs- 
based film, (B) CNCs-g-PAM-8:2, (C) CNCs-g-PAM-7:3, and (D) CNCs-g-PAM- 
6:4 films. 
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Fig. 4. Photographs (A) (1 cm) and POM images (B, C) (scale bar, 200 and 50 μm) of the CNCs-based and CNCs-g-PAM films. The micrograph was taken with a 
crossed polarizer. 

g

Fig. 5. (A) The stress-strain curves of CNCs and CNCs-g-PAM films, and the inset was a bending picture of CNCs-g-PAM-8:2 film. (B) Contact angles of the CNCs and 
CNCs-g-PAM films. (C) The swelling properties of different CNCs-containing films (i.e., CNCs, CNCs-g-PAM film-8:2, CNCs/PVA, and CNCs/PEG-10000 films); (D) 
Pictures of the CNCs-based film and CNCs-g-PAM-8:2 that immersed in water for different times, from which we can found the tolerance to water of the films that 
prepared from different preparation process (chemical crosslinking and physical self-assembly) and feedstocks (CNCs-PAM and pure CNCs). 
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chiral nematic structure of CNCs, we used polarized optical microscopy 
(POM) to verified the structure of the films, as shown in Figs. 4 B–C. It 
could be seen that the pure CNCs-based film and CNCs-g-PAM films had 
apparent cholesteric liquid crystal structure and finger texture, as long 
as PAM content was less than 30 %. However, the CNCs-g-PAM-6:4 film 
had some degree of crimp and cracking from a macroscopical view. In 
addition, the fingerprint region vanished and did not show birefringence 
like the other samples under a 40-fold polarizing microscope, which 
might originate from the phase separation in the film, hindering the self- 
assembly of CNCs [40]. The obtained film became transparent, sug
gesting that no chiral nematic structure was acquired at this volume 
ratio. 

3.5. Mechanical properties of the as-prepared films 

Mechanical properties were one of the most important indexes for a 
film material, regardless of which application it was used in. Here, we 
evaluated and compared the mechanical properties of pure CNCs com
posite film and CNCs-g-PAM hybrid films. The CNCs-based film showed 
a tensile strength of 3.5 MPa and the elongation at break of 1.1 % 
(Fig. 5A), indicating the fragility of CNCs-based film via the EISA pro
cess. Generally, the ordinary CNCs-g-PAM hybrid films showed much 
better mechanical properties than the CNCs-based film via the EISA 
process in both tensile strength and elongation at break. Fig. 5A also 
manifested these performances of the as-prepared CNCs-g-PAM films via 
the combination of free radical polymerization and EISA strategies. It 
was clear that the tensile strength and the elongation at break were all 
improved via this synergy strategy. Thereinto, the CNCs-g-PAM-8:2 film 
expressed the best performances, viz., the tensile strength achieved 18.5 
MPa, and the elongation at break was 9.4 %, which was 5.3 times and 
8.5 times of the CNCs-based composite film via the EISA process, 
respectively. As shown in the inset, the CNCs-g-PAM-8:2 film can be 
easily bent, presenting good flexibility that can hardly be realized for the 
pure CNCs-based film. This phenomenon was undoubtedly induced by 
the covalent crosslinking. Moreover, hydrogen bonding and electrostatic 
interaction may also play an essential role in this process. 

3.6. Wettability and swelling behavior of the as-prepared films 

For a film material, the application can not avoid the contact to 
moisture in the atmosphere. Thus, the wettability and the swelling 
behavior are also significant. However, the published data generally 
focused on forming the CNCs-based composite films (e.g., pure CNCs- 
based film, CNCs/PEG-10000 film, and CNCs/PVA film) via EISA, 
which would undoubtedly be dissolved in the aqueous solution due to 
the great hydrophilia of the feedstocks. Here, we determined the 
wettability and swelling behavior of the as-prepared covalent films and 
compared them with the CNCs-based composite films. 

Fig. 5B showed that the water contact angles (WCA) of all the pho
tonic crystal films were below 90o, indicating the hydrophilia of the as- 
prepared films induced by excellent hydrophilia of CNCs and PAM. This 
hydrophilia contributed to the biocompatibility of the as-prepared film 
that can be ultimately degraded by microflora. So, this work confirms 
the high importance of CNCs and the other bioactive compounds in 
different fields. Moreover, the WCA values of CNCs-g-PAM films were 
smaller than that of pure CNCs-based film, and they decreased with the 
increasing dosage of PAM. This phenomenon may be induced by the 
high hydrophilicity of PAM [47]. 

Swelling behavior was the joint appearance for a hydrophilic film or 
matrix. These properties of the as-prepared films were determined, 
shown in Fig. 5C. The films all exhibited quick water adsorption in the 
first 2 h and reached their extremes in 4 h. Moreover, the composite 
films decreased the swelling ratios, presenting the degradation of the as- 
prepared composite films, including the pure CNCs-based film, CNCs/ 
PEG-10000 film, and CNCs/PVA film. The CNCs-g-PAM-8:2 film 
showed the lowest swelling ratio among the four films due to the strong 

covalent forces. The pictures of the CNCs-based film and CNCs-g-PAM- 
8:2 immersed in water are shown in Fig. 5D. We can find that the CNCs- 
based film gradually dissolved in the water, indicating the instability 
toward water and meaningless for many applications. The color of CNCs- 
based film and CNCs-g-PAM-8:2 clearly changed after immersing in 
water due to the change in screw pitch. The CNCs-g-PAM-8:2 was also 
immersed in alcohol, and the apparent color was different from that in 
water (Fig. S3). This phenomenon may be induced by the different af
finity between CNCs-g-PAM-8:2 and the solvents (i.e., water and 
alcohol). 

3.7. Optical properties of the films 

The UV–Vis transmittance of the CNCs and CNCs-g-PAM films was 
measured within the 200– 800 nm wavelength range. All films repre
sented high transparency with transmittance at 550 nm above 75 % 
(Fig. 6A). This results are different from the cellulose-based flims that 
also have a super high transparency in the visible light region (400–700 
nm) [48,49]. Kurihara and Isogai prepared TEMPO-oxidized cellulose 
nanofibril/PAM composite film and found that the light transmittance 
was close to 100 % when the wavelengths were higher than 350 nm 
[49]. This phenomenon was due to formed anisotropic arrangement that 
can selectively reflect circularly polarized light [29,50]. Moreover, the 
performance of filtering UV light can be used in the field of light man
agement that helps to reduce diseases caused by too much UV exposure, 
consequently benefiting human health [52]. The maximum trans
mittance of the CNCs and different CNCs-g-PAM films at approximately 
800 nm was 89.3 %, 90.4 %, 88.7 %, and 94.8 %, respectively. To 
present the transparency of the CNCs-g-PAM-8:2 film more intuitively, 
the light transparency was visualized by putting this over a pattern 
(insert in Fig. 6A). The background pattern was clearly seen, indicating 
that the films were highly transparent and indistinguishable from each 
other under daylight. However, the films we prepared have a low 
transmittance (30 %) in the ultraviolet region (200– 400 nm). This may 
be because the structure of CNCs is absorbed, similar to the previous 
report [53]. Moreover, through the absorption curve of the films, CNCs 
and CNCs-g-PAM films have the same absorption peaks in the absorption 
curve of the UV region, as shown in Fig. 6B. It was caused by the chiral 
nematic liquid crystal structure of CNCs, especially for the ultraviolet 
band [54]. 

4. Conclusion 

In summary, we fabricated a novel CNCs-based photonic crystal films 
with high toughness by the combination of free radical polymerization 
and EISA strategies. The water-soluble PAM was covalently bonded to 
CNCs. The variation of the PAM content did not alter the chiral nematic 
structure but the screw pitch of the films. Due to covalent bonding, the 
CNCs-g-PAM film had good thermostability and mechanical properties 
with an elongation at break of about 9 % and a tensile strength of 18.5 
MPa. The wettability of the as-prepared films decreased with the 
increasing content of PAM; however, the swelling ratio of the CNCs-g- 
PAM-8:2 was smaller than that of other CNCs-based composite films (i. 
e., CNCs/PVA and CNCs/PEG-10000 composite films) and showed 
resistance to water for more than 24 h. Based on the above properties, 
the CNCs-g-PAM films could be expected to show applications in light 
management, anti-counterfeiting, and decorative coatings. 
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