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ABSTRACT: Cellulose nanocrystals (CNCs) are powerful photonic building
blocks for the fabrication of biosourced colored films. A combination of the
advantages of self-assembled CNCs and multiple templating agents offers access to
the development of novel physicochemical sensors, structural coatings, and optic
devices. However, due to the inherent brittleness and water instability of CNC-
derived materials, their further applications are widely questionable and restrictive.
Here, a soft polymer of poly(vinyl alcohol) (PVA) was introduced into the rigid
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CNC system to balance molecular interactions, whereafter two hard/soft s

nanocomposites were fastened through a cross-linking reaction of glutaraldehyde Resletangs

(GA), resulting in a highly flexible, water-stable, and chiral nematic CNC
composite film through an evaporation-induced self-assembly technique. For a 1.5
wt % GA-cross-linked 70 wt % CNC loading film, its treatment with harsh
hydrophilic exposure (soaking in a strong acid, strong base, and seawater) and
various organic solvents show exceptional solvent-resistant abilities. Furthermore, the film can even withstand a weight of 167 g cm™
without failure, which is a highly stiff and durable character. Importantly, the film remains a highly ordered chiral nematic
organization, being able to act as a highly transparent substrate for selective reflection of left-handed circularly polarized light,
preparing fully covered and patterned full-color coatings on various substrates. Our work paves the way for applications in low-cost,
durable, and photonic cellulosic coatings.
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B INTRODUCTION

Cellulose is an excellent cost-effective resource to construct
multifarious layered photonic structures, relying on multitype
cellulose-based nanosized building blocks (i.e., hydroxypropyl

structural integrity and (2) cellulosic materials comprising
highly hydrophilic -(poly-1,4-p-glucose) units, causing their
solid films to usually swell in water. Until now, a convenient
strategy for the fabrication of a flexible, water-stable, and
optically functional CNC material system remains a challenge.
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cellulose, ethylcellulose, and cellulose nanocrystal)."™* Cellu-
lose nanocrystals (CNCs) are one of the most representative
objects, which can be ordinarily used as liquid-crystal templates
to construct various photonic nanostructured solid films.” In
terms of their appealing optical and structural properties,
CNCs have potential application in structural coatings,”’
optical devices,”” physical or chemical sensings,'”"' ima§in
with circularly polarized light, and also plasmonics.>"
However, these photonic CNC materials are widely ques-
tionable for being inherently susceptible to water and prone to
cracking, remarkably limiting their performance on an
application in practice. Especially, CNC composite films are
seldom applied straightforward in biological fields. For
instance, a self-healing chiral photonic CNC film would either
swell or shrink in polar solvents (e.g, water, ethanol, and
dimethylformamide (DMF)) with a remarkable impact on
their sensing properties.'* The reasons for these limitations
are'>'® (1) a lack of an appropriate binder phase to balance
energy dissipation of the rigid CNCs and thus influence the

© 2021 American Chemical Society
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A bioinspired strategy is a powerful method for the pursuit
of high-performance materials.'” > Chameleons enable vivid
color change by adjusting the packed array of guanine crystals
within a layer of dermal iridophores (Figure 1a). Therein,
neurocontrolled soft tissue cells drive active tuning of hard
photonic crystals, providin§ reversible color change and
efficient elastic deformation.”" Inspired by this ordered soft/
hard nanoarchitecture, Kim’s groups™> designed stretchable
photonic films composed of a regular array of silica particles
and an acrylate elastomer. Based on this biomimetic strategy, it
is possible to achieve flexible functions for CNC-derived
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Figure 1. Design concept of a durable and solvent-resistant cellulose nanocrystal (CNC) film. (a) Chameleon skins are composed of close-packed
guanine nanocrystals embedded in multifunctional superimposed iridophores that form an advanced photonic nanostructure, which makes
chameleons generate highly flexible, durable, and reversible structural colors (reproduced from Teyssier et al.>"). (b) Brittle CNC film. (c, d)
Inspired by the mechanism of chameleons, a highly flexible CNC film was prepared through the introduction of 30 wt % soft poly(vinyl alcohol)
(PVA); however, this composite film is unstable in water and swells easily (d). (e) Schematic illustration of the preparation process of a
glutaraldehyde (GA) cross-linked CNC/PVA film for the improvement of mechanical strength and water stability through an evaporation-induced
self-assembly (EISA) technique. (f) Multiple complexations between CNC and PVA cross-linking through GA. (g) Possible formation mechanism

of the polymer network within CNC/PVA-GA.

photonic materials. A representative report of Walther’s groups
demonstrated the combination of hard CNCs with soft
poly(vinyl alcohol) (PVA) to enhance the ductility of photonic
CNC materials.'® Soon afterward, based on this bioinspired
reinforced method, a series of soft polymers were composited
with CNCs to fabricate multifunctional photonic materials. For
instance, Tsukruk’s” and Zhang’s’* groups recently created
highly flexible chiral luminescence security patterns from the
co-assembly of CNCs, soft poly(ethylene glycol) (PEG) or
PVA polymers, and carbon dots through soft lithography and
the mold technique. Furthermore, this co-assembled strategy
has found wide applications in other CNC composites, such as
responsive actuators,”® advanced smart textiles,”® and colori-
metric sensors.”””*®* However, these flexible CNC-derived
photonic hybrid materials could be easily disrupted by water,
which results in the collapse of chiral self-assembled structures,
thus easily causing the loss of optical activities. Some attempts
reported sophisticated modification of CNCs with elastomers
to enhance the material flexibility and water resistance through
a combination of CNCs and organic polymers, including
acrylate copolymer and soft latex nanoparticles.””** Nonethe-
less, these methods are tedious, time-consuming, and expensive
for large-scale generation and hence limiting for multiple
application processes, such as coating decoration. In contrast, a
universal and easy-to-obtain approach for enhancing both the
mechanical properties and the tolerance to polar solvents of
CNC composites is quite appealing.

In this study, we report an advantage strategy for the
fabrication of tough and water-stable photonic CNC
composite films. Typical CNC solid films constitute the
random assembly of tactoids, which is a highly defective
structural organization, causing them to be unable to efficiently

dissipate fracture energy and resulting in brittleness of the
films.”"** PVA is cost-effective material because of the
advantage of desirable degradability, tensile strength, flexibility,
and adjustable molecular weight.%’34 Hence, a certain
proportion of soft PVA was introduced to improve the
toughness of the CNC film, as previously reported by
Walther.'® The presence of the soft polymer acts as a
plasticizing agent to slightly enhance the dissipative movement
between the molecular interactions of the rigid CNCs.
Nevertheless, the resulting photonic film could not make its
photonic structure withstand high humidity and water
environments. To overcome this shortcoming, subsequent
treatment of CNC composites with GA chemical cross-linking
fixed the two-phase polymers and further improved their
mechanical property and water stability. Compared with
pristine CNC and CNC/PVA films, a 70 wt % CNC loading
film with GA cross-linking not only shows an excellent solvent
resistance capability in multiple solvents but also has long-term
durability. Excitingly, the GA-cross-linked CNC composite film
remains a transparent substrate with prominent chiral nematic
structures, enabling selective reflection of left-handed circularly
polarized light. Furthermore, various flexible and solvent-
resistant films with tunable iridescence could be prepared by
varying the ionic strength of the solutions. Although structural
color materials and pigments are of great interest in the field of
photonic coatings,”~>" tedious synthesis and purification
increase the cost of production and limit large-scale
production. By contrast, the photonic CNC composite film
is a promising candidate for environmentally friendly photonic
coatings. This strategy could be boldly extended to other
photonic cellulosic materials, and this work may be potentially
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Figure 2. Photographs (a—c), cross-sectional scanning electron microscopy (SEM) images (d—f), and polarized optical microscopy (POM) images
(g—i) of CNC (a, d, g), CNC/PVA-70:30 (b, e, h), and CNC/PVA-GA (q, f, i) films. Photographs of these films (diameter: S cm). Reflectance
spectra (j) and circular dichroism spectra (k) of these films (thickness of approximately 40 ym).

applied to durable optics, signage, low-cost polarizers, and
decorative patterns.

B RESULTS AND DISCUSSION

The chiral nematic phase of CNCs can self-assemble into
desired iridescent solid films and thereby allow for access to
novel photonic materials.®® First, to prepare a highly flexible
CNC-based material, the influence of the PVA dosage on the
rigidness of CNC composites was investigated by adjusting the
mass ratios of CNC/PVA in a range from 100:0 to 30:70 (w/
w, Figures S1 and S2). Among them, a 70 wt % CNC loading
composite film (CNC/PVA-70:30) shows high flexibility
(Figure 1c) and the strongest tensile property (104 + 4
MPa, Table S1). The iridescent appearance of the CNC/PVA-
70:30 film was attractive, but it was highly susceptible to water.
When several droplets of water were dropped on the surface of
CNC/PVA-70:30 for about 1 min (Figure 1d), the iridescence
of the film disappeared gradually, which could be reasonably
attributed to the swelling of the hydrophilic polymer chains,
causing an excessive increase of pitch distance. This
phenomenon indicated that the composite film was incompat-
ible with humid and liquid environments. How to achieve
flexibility and water stability for CNC-derived materials, just
like chameleons, has been rarely reported. Here, we propose to
construct an ideal cross-linked structure in the CNC matrix.
The synthesis process is depicted in the schematic (Figure le).
In a typical procedure, 2 wt % CNC suspension and a PVA
solution in a 20 mL glass vial were mixed and stirred for 4 h at
room temperature to form a homogeneous dispersion. The
ratio of CNC/PVA is 70:30 by weight. Briefly, an optimal
amount of 1.5 wt % GA was added dropwise into the above
mixture and stirred for 12 h. The resulting suspension was then
cast in a polystyrene Petri dish and dried for 72 h at 30 °C.
After drying entirely, a freestanding film was immediately
exposed to hydrochloric acid (HCI) vapor for 5 min,
facilitating GA cross-linking. Finally, a water-stable, highly
flexible, and chiral nematic CNC composite film (i.e., CNC/
PVA-GA) was obtained. Due to the high aspect ratio of CNCs,

PVA could entangle with CNC chains through multiple
hydrogen-bonding interactions among the hydroxyls. After
exposure to HCl vapor, the aldehydes of GA could form stable
cyclic acetal bonds (Figure 1f,g) by cross-linking with PVA
and/or CNC via the formation of three types of structures,””*’
i.e, CNC-GA-PVA, CNC-GA-CNC, and PVA-GA-PVA. The
detailed optimization process of the GA-cross-linked CNC/
PVA-70:30 from 0.5, 1.0, and 1.5 to 2.0 wt % is shown in the
Experimental Section.

As shown in Figure 2a—c, CNC, CNC/PVA-70:30, and
CNC/PVA-GA films were iridescent in appearance from blue
and orange to red by the naked eye. The physical color
variation of these films can be explained by the following
equation41

/1max = navg‘P (1)
where A, is the peak wavelength reflected by the chiral
nematic structure at normal incident light, which is propor-
tional to the average refractive index (n,,,) and the helical pitch
(P) of chiral nematic materials. When PVA and GA cross-
linking are introduced into the chiral nematic phase of the
CNC system, they naturally cause the change of the reflected
color in the chiral nematic structure. UV—vis spectra (Figure
2j) recorded the reflection peaks of CNC, CNC/PVA-70:30,
and CNC/PVA-GA films, the peak wavelength of which are
345, 524, and 791 nm, respectively. Due to the introduction of
PVA and GA, the photonic CNC shows an evident red shift in
the reflection peak. According to the aforementioned equation,
the red shift of 4,,,, is attributed to the increase of ,,, or P. n,,,
may be calculated from volume fractions and refractive indices
of the individual components according to the following
equation42

navg = Z ‘/ini
i (2)

As the refractive indices of PVA and GA (npy, = 1.52, ngs =
1.43) are less than that of CNC (ncyc = 1.54), the n,, of

avg

CNC/PVA-70:30 and CNC/PVA-GA slightly decreases and
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Figure 3. Comparison of the water stability of CNC (a—c), CNC/PVA-70:30 (d—f), and CNC/PVA-GA (g—i) films. These films are immersed in
water for 0 h (a, d, g), 12 h (b, e, h), and 24 h (¢, f, i), respectively. (j) Reflectance spectra of CNC/PVA-70:30 (blue) and CNC/PVA-GA (red) at
0 h (solid lines) and 24 h (dotted lines). Water droplet profiles on CNC (k, 1), CNC/PVA-70:30 (m, n), and CNC/PVA-GA (o, p) films captured
at 30 s (upper panel) and 120 s (lower panel), respectively. (q) Time-dependent water contact angle (CA) of the CNC (black), CNC/PVA-70:30
(red), and CNC/PVA-GA films (blue). Error bars represent the standard error of the mean for measurements carried out in triplicate.

the values are 1.51 and 1.49, respectively. Similar n,,, could not
contribute to the alteration of the reflection peak, and
therefore these red shifts might be caused by the increasing
P. The P value is defined as the distance between two
continuous interlayers of the fracture surface of chiral nematic
materials, which can be observed using a scanning electron
microscope (SEM). Figure 2d—f shows the cross-sectional
microstructure of CNC, CNC/PVA-70:30, and CNC/PVA-
GA. All of them display periodic layered structures but differ in
the interlayer distances, and their P values are 297, 354, and
493 nm, respectively. The results explained that a considerable
increase in the P value led to a substantial red shift in the
reflection peak of the CNC/PVA-GA film.

Polarized optical microscopy (POM, Figure 2g—i) images of
CNC, CNC/PVA-70:30, and CNC/PVA-GA demonstrate the
typical characteristics of the chiral nematic organization. A
remarkable difference in the strong birefringence and a shift in
color from blue and yellow to dark red could be attributed to
the introduction of PVA and GA. Furthermore, CNC, CNC/
PVA-70:30, and CNC/PVA-GA present remarkably intense
signal peaks of positive ellipticity in circular dichroism (CD)
spectra (Figure 2k), confirming the left-handed chiral nematic
structures in these films. A regular peak shift in the CD spectra
was consistent with a similar change in the reflection peak
observed by the UV—vis spectra. Taken together, these
investigations revealed that the structural replication of the
composite films arose from the chiral nematic phase of CNCs.

Incorporation of soft PVA and the cross-linked reaction into
the pristine CNC film not only altered the reflections of the
chiral nematic structure but also remarkably improved the

solvent resistance of the material. In this test, CNC, CNC/
PVA-70:30, and CNC/PVA-GA films were cut into small
pieces with a size of 2 X 2 cm” and immersed in water to
evaluate their water stability. During this process, the profiles
of these test pieces were recorded by a camera at 0, 12, and 24
h, respectively, as shown in Figure 3a—i. It was found that the
CNC film gradually swelled in water and completely dissolved
after 12 h (Figure 3b). By comparison, CNC/PVA-70:30
presented a slow swelling behavior and a red shift occurred in
the reflection (Figure 3d). Only after 24 h, the iridescent color
disappeared and the area of the film increased by
approximately 20% (Figure 3f) because of the swelling.
Interestingly, CNC/PVA-GA retained its structural integrity
and iridescence from 0 to 24 h (Figure 3g—i). No evidential
change was observed when the composite film was immersed
in water for another week. The swelling effect on the reflection
peaks was measured through UV—vis spectra (Figure 3j), and
an 83 nm red shift was detected in the reflection peaks (red
lines) when the CNC/PVA-70:30 film was immersed in water
for 24 h. In sharp contrast to this, the reflection peak of the
CNC/PVA-GA film was well maintained (blue lines).
Wettability is an important surface parameter and strongly
affects mass transport and functional applications. The
experiment of wetness indicated that the CNC film was
hydrophilic, which was attributed to lower crystallinity and
surface amphiphilicity."”** CNC and CNC/PVA-70:30 films
showed static contact angles (CAs) of 5SS + 0.9° (Figure 3k)
and 75 + 5.3° (Figure 3m), respectively, at 30 s. After
stabilization for 120 s, their CAs reduced to 31 + 3.1° (Figure
31) and 41 + 1.2° (Figure 3n), respectively. We presumed that
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Figure 4. Photographs of CNC/PVA-GA films after being immersed in various solvents for 0 h (a) and 24 h (b) displaying satisfactory solvent
resistance of the films.
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Figure S. Mechanical characterization of CNC, CNC/PVA-70:30, and CNC/PVA-GA films. (a) Photograph of a flexible and iridescent CNC/
PVA-GA film. (b) Stress—strain curves of these films. (c—h) Photographs of lifting-weight experiments (c, e, g) and the films after lifting (d, f, h);
images from left to right correspond to CNC (c, d), CNC/PVA-70:30 (e, f), and CNC/PVA-GA (g, h) films.

water could penetrate these films and destroy the compact
polymer networks quickly, leading to a sharp decrease in the
CA. In contrast, the CNC/PVA-GA film has a larger initial CA
of 86 + 3.4° (Figure 30) and its CA only decreased to 71 +
1.7° (Figure 3p) at the identical time. Time dependence of CA
changes (Figure 3q) further validated that CNC/PVA-GA had
satisfactory water stability.

Further, CNC, CNC/PVA-70:30, and CNC/PVA-GA films
were treated with harsher solvent environments for the
evaluation of their solvent resistance (Figures 4 and SS);
these films were immersed in H,SO, (8 wt %), NaOH (8 wt
%), seawater, dimethyl sulfoxide (DMSO), methanol, and
dichloromethane, respectively, for 24 h. Neither pristine CNC
nor CNC/PVA-70:30 could maintain its original appearance in
these solvents (Figure SS5). CNC films were completely

17122

dissolved in seawater and DMSO. CNC/PVA-70:30 films
swelled in H,SO,, NaOH, seawater, and DMSO. However, it
was very heartening to observe CNC/PVA-GA with its
structural integrity and the characteristic iridescence from 0
to 24 h (Figure 4). Comparison of these results confirmed that
the GA-cross-linked strategy could remarkably improve the
structural stability of the photonic CNC composite films in
various harsh solvent environments.

In addition to the solvent stability, photonic CNC
composites with sufficient durability, flexibility, and structural
toughening property are quite attractive as a promising
nanocomposite coating in the modern green paint indus-
try. *546 To overcome CNC brittleness, PVA additives were
used to enhance its flexibility. To improve the water stability of
CNC composites, GA cross-linking causes them not only to be
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of CNC/PVA-70:30 (c) and CNC/PVA-GA (d) films recorded at 1716 cm™ (characteristic wavelength of the acetal bond) displaying different
phasic distributions. (d) AFM height images of CNC/PVA-70:30 (e) and CNC/PVA-GA (f) films and the corresponding section profiles along the
green lines. The calculated binding model of 11 fragments of CNC/PVA (g) and CNC/PVA-GA (h) obtained using quantum chemistry
calculations (i.e., Gaussian and density functional theory (DFT) at a 6-311¢g level of theory).

solvent-resistant but also provides them with elasticity and
toughness. Figure Sa shows a photograph of CNC/PVA-GA
folded in half without cracking, implying that it is highly
flexible. Utilizing a universal material testing machine equipped
with a 20 N load cell, the mechanical tensile properties of the
CNC, CNC/PVA-70:30, and CNC/PVA-GA films at the RHs
(RH = relative humidity) of S0 and 80% were investigated,lé’27
and the results are summarized in Figures Sb and S6 and Table
S2. CNC/PVA-GA had a tensile strength of 113 + 6 MPa and
a strain-to-failure of 2.3 =+ 0.2%. These parameters were
substantially higher than those of CNC and CNC/PVA-70:30
films (Figure Sb). CNC/PVA-GA had Young’s modulus of 4.9
+ 0.5 GPa that was less than 5.8 + 1.8 GPa of CNC and 7.1 +
0.9 GPa of CNC/PVA-70:30 (Table S2). The tensile test of
CNC and CNC/PVA-70:30 films in high humidity distinctly
decreased, while CNC/PVA-GA still showed stable tensile
property (Figure S6). In comparison, the tensile strength of the
CNC/PVA-GA film was higher than those of previously
reported CNC/polymers, including CNC/PVA,'® CNC/
PEG,”” CNC/hydroxypropyl cellulose,”” and CNC/polysac-
charide composite films.*® Besides, CNC/PVA-GA and CNC/
these polymers had a similar value of strain-to-failure. This
performance explained that the soft PVA and GA cross-linking
in the CNC composite could provide more energy dissipation
for the CNC layers, occurring in a distinct yielding and plastic
deformation.***’

A simple lifting-weight experiment could visualize the
mechanical properties of CNC, CNC/PVA-70:30, and
CNC/PVA-GA films, which were cut into rectangular pieces

with a length of 30 mm, a width of 20 mm, and a thickness of
about 40 um (Figure S7). The CNC film only withstood a
weight of 200 g (Figure Sc) and broke under a weight of 500 g
(Figure Sd). CNC/PVA-70:30 could withstand a weight of
500 g without failure (Figure Se) but broke under a weight of
1.0 kg (Figure Sf). It was exciting to find that CNC/PVA-GA
could withstand a weight of 1.0 kg (22 421 times of the film
weight) and approximately 167 g cm™> without failure and
without any crack or fracture (Figure Sgh), which demon-
strated the satisfactory processability of this film. Another
benefit of GA cross-linking is an impressive promotion of
thermal stability of the CNC composites. Figure S8 shows the
thermogravimetric analysis curves of these films. An increase of
the temperature at 10% weight loss (T}gs) was observed when
the pristine CNC (T4 = 171 °C), CNC/PVA-70:30 (T =
184 °C), and CNC/PVA-GA (T,o = 238 °C) films were
compared. CNC/PVA-GA presented a higher shift temper-
ature in thermal stability. Such an improvement in the
mechanical and thermal properties facilitates the development
of high-performance CNC-derived photonic materials.
Furthermore, the formation of acetal linkage and an ordered
hard/soft nanocomposite structure of the CNC/PVA-GA film
was revealed through attenuated total reflection Fourier
transform infrared (ATR-FTIR) spectroscopy and atomic
force microscopy-based infrared (AFM-IR) spectroscopy
analysis.””~>> ATR-FTIR spectra of the pristine CNC, PVA
film, CNC/PVA-70:30, and CNC/PVA-GA films (Figure 6a)
display an intense broad band at around 3400 cm™" originating
from the O——H stretching vibration and a peak at around
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2890 cm™! originating from the C——H stretching vibration
of CH, groups. The bands at around 1644, 1160,
and 1049 cm™' are the characteristic peaks of CNC (Figure
6b), ascribed to the O——H bending, asymmetric
C 0] C stretching, and C——O stretching vibrations,
respectively.””>* The spectra of CNC/PVA-GA show similar
bands as CNC rather than PVA because the proportion of
CNC was higher than that of PVA. The vibration peak at 1716
cm™" slightly increased, which was ascribed to the unreacted
aldehyde.’”>>*® In comparison with CNC/PVA-70:30, the
peak intensity at 3400 cm™' (O——H stretching) and 1440
cm™' (C——OH in-plane bend) of CNC/PVA-GA reduced
distinctly, indicating that the dialdehyde group of GA reacted
with a large number of hydroxyl groups of CNC and PVA to
form the cross-linked network.””>*

The AFM-IR technique remarkably increases the spatial
resolution of IR spectroscopy to the nanometer, which allows
us to probe the spatial distribution of polymorphs, providing
more details about the formation of chemical bonds and the
chemical composition of the self-assembled nanostructure.*”*’
ATR-FTIR spectra recorded the aldehyde at 1716 cm™" on
CNC/PVA-GA (Figure S9), and this peak could be used to
image the distribution of CNC/PVA-GA. Mapping of CNC/
PVA-70:30 (Figure 6¢c) and CNC/PVA-GA (Figure 6d)
produced two images with different features. Numerous tiny
polymeric particles with an average size of 99 nm were
distributed randomly on the surface of CNC/PVA-70:30, and
only a few of these particles converted into large aggregates,
which corresponded to the physical cross-linking between
CNC and PVA. By comparison, the surface of CNC/PVA-GA
was rough and heterogeneous and many trenches could be
detected clearly, which corresponded to the biphasic
distribution. We presumed that the GA chemical cross-linking
substantially shortened the distances among CNC and PVA
chains, resulting in the heterogeneity of the material at the
nanoscale. In addition, AFM height images proved the above
presumption that many rodlike particles on the surface of the
CNC/PVA-70:30 film showed a surface roughness (Rq, root
mean square) of 17 nm (Figure 6e). Compared to CNC/PVA-
70:30, the R, value of CNC/PVA-GA decreased to 12 nm
(Figure 6f). Meanwhile, the fluctuation of the polymeric films
(inset of Figure 6e,f) decreased from 61 to 49 nm
approximately, due to the GA cross-linking.

Furthermore, quantum chemistry calculations [i.e., Gaussian,
density functional theory (DFT) at the 6-311g level] were
conducted to describe the potential binding models between
CNC, PVA, and GA.®" We used Chem3D to construct the
starting configurations of CNC, PVA, and GA. Subsequently,
the processes of confirmation optimization were completed
with the DFT method in the Gaussian 09 program. The
binding models of CNC/PVA and CNC/PVA-GA consist of
the most stable conformation, according to the rationality of
the spatial conformation, the vibration frequency, and the
lowest energy. Becke’s three-parameter hybrid exchange
function with the Lee—Yang—Parr gradient-corrected correla-
tion functional (B3LYP) with 6-311§ was adopted for this
calculation without any constraint.””®> For a physically cross-
linked CNC/PVA network, an entangled fragmentation
occurred so that the distance of the chains was 2.82 A. For a
GA-cross-linked CNC/PVA network, their chains were packed
and increased interaction between each other so that the
adjacent distance decreased to 2.29 A (Figure 6gh).

Chiral self-assembled CNC films enable circular polarization
properties that include circular dichroism and selective left-
handed light reflection.*®* Thus, we further evaluated the
optical activities of the CNC/PVA-GA film. It was found that
CNC/PVA-GA retained the capability of the selective
reflection of the left-handed circularly polarized light. CNC/
PVA-GA taken through a left circular polarizing filter (L-CPF,
Figure 7a) appears much uniformly brighter than that taken
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Figure 7. Characterizing optical properties of the CNC/PVA-GA
film. (a) Bright or (b) dark films upon incidence of a left (a) or right
(b) circular polarizing filter (L- or R-CPF), respectively. (c)
Transmission spectra of the CNC/PVA-GA film when light passes
through an unpolarized light (red), L-CPF (black), and R-CPF
(blue), respectively, recorded using UV—vis spectroscopy. (d)
Photographs of CNC/PVA-GA coating on glass slides, in which the
tunability of their reflected color was achieved by varying the
concentration of NaCl in solution. (e) Hollow “DICP” pattern
covering the surface of the glass and subsequent casting of a photonic
pattern of the CNC/PVA-GA (f) film.

through a right circular polarizing filter (R-CPF, Figure 7b).
To verify this phenomenon, an unpolarized light source is
circularly polarized by a filter. The light passes through an
unpolarized light, L-CPF, or R-CPF, then through a CNC/
PVA-GA film. The intensities of their transmission spectra are
recorded using UV—vis spectroscopy. As shown in Figure 7¢, a
strong transmission peak centered at 800 nm (black line) was
observed when the film was irradiated with L-CPF; this peak
intensity decreased remarkably (red line) when the unpolar-
ized light was used, and the peak was absent (blue line) when
R-CPF was used. These results indicated that CNC/PVA-GA
reflected the left-handed circularly polarized light, which was
expected since CNC/PVA-GA was inherited from the left-
handed structures of chiral nematic CNC.*®

To develop the full-color coating of the CNC/PVA-GA film,
we controlled the reflected color of the films by varying the
ionic strength of the solution. Varying the ionic strength of the
CNC assembly process is a powerful approach for controlling
the reflected color of the iridescent film because the surface
sulfate esters on CNCs are sensitive to the ionic strength.*>%”
Three different concentrations (0, 0.5, and 1 mM) of NaCl
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(aq) were added to the suspension of CNC/PVA-GA prior to
casting the films on glass. As shown in Figure 7d, the three
photonic coatings reflected different iridescent colors from red
and yellow to blue. When these films were examined using
POM, clear birefringence and brilliant colors could be
observed (Figure S10). Admirably, CNC/PVA-GA coated on
glass was immersed in water and stored for over 2 months
under ambient conditions (Figure SI11), and its original
appearance was well maintained. Combining the evaporation-
induced self-assembly strategy with a patterned hollow mask,
we can prepare CNC/PVA-GA patterns. In the preparation
process, glass was first covered by a poly(vinyl chloride)
(PVC) film with a hollow DICP pattern (Figure 6e). CNC/
PVA-GA ink was coated onto the unshielded PVC film. After
drying and cross-linking, the mask was removed to produce the
CNC/PVA-GA pattern (Figure 6f). CNC/PVA-GA was
capable of preparing patterns on multiple substrates (Figure
S12), including paperboards, polystyrene plastic, rubber, and
ceramic. This high-performance CNC composite shows great
potential as a cost-effective, long-term stable, and photonic film
for the decorative coating that is anticipated to draw
widespread attention.

B CONCLUSIONS

In summary, a satisfactory photonic CNC nanocomposite film
with integrated characteristics, including superb water stability
(soaking in water up to 2 months), excellent solvent resistance
(tolerance to acid, alkali, and various organic solvents),
remarkable mechanical performance (stress up to 113 MPa),
and iridescent appearance, was facilely fabricated through a
combination of the evaporation-induced self-assembly techni-
que and the effective GA-cross-linking reaction. On the one
hand, this strategy provides a facile solution to address the
photonic structures of the CNC derivatives incompatible with
humid and liquid environments. On the other hand, it
addresses the existential dilemma among insolubility, flexibility,
and optical activity for the CNC materials. Perhaps predictably,
eco-friendly high-end photonics from CNC resources are
robust in highly hygroscopic environments. Attributed to these
characteristics, the CNC composites function as a versatile
platform for future fabrication of multifunctional materials,
such as a sustainable polymer in optical signage, smart textile,
biological scaffolding, and architectural decoration.

B EXPERIMENTAL SECTION

Materials and Characterization. All reagents and solvents
including poly(vinyl alcohol) (PVA, 87.0—89.0% hydrolyzed,
Aladdin), sulfuric acid (H,SO, 98 wt %), glutaraldehyde (50%),
and hydrochloric acid (HC, 37%) were obtained through standard
suppliers. Milli-Q water was used for all experiments. Then, 50 cm
polystyrene Petri dishes were supplied by Guangzhou Jet Bio-
Filtration Co., Ltd. Seawater is collected from Xinghai Bay, Dalian,
Liaoning Province. The suspension of CNCs (2 wt %) was obtained
from acid-catalyzed hydrolysis of commercial degreasing cotton, as
reported by us previously.'® Milli-Q water was used for all
experiments. UV—vis spectra were measured using a PerkinElmer
Lambda 365 spectrophotometer, and circular dichroism (CD) was
recorded using a BioTools MOS450 spectropolarimeter. Polarized
optical microscopy (POM) images were collected on an Olympus
BXS3 optical microscope. Infrared (IR) spectra were collected on a
Nicolet iSSO spectrometer. Scanning electron microscope (SEM)
images were collected on a Carl Zeiss Helium ion microscope. Tensile
tests were carried out on an INSTRON 3366 machine at room
temperature. The samples were conditioned at 50% RH for 48 h,
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testing at a nominal strain rate of 1 mm min™" and a gauge length of
10 mm. At least four specimens were tested for each condition.
Atomic force microscopy (AFM) images were conducted on
NanoWizard ULTRA Speed JPK in QI mode. Atomic force
microscopy-infrared (AFM-IR) spectra measurement was performed
on an Anasys nanoIR3 system (Bruker). Spectra were collected by
mounting films so that the surfaces of the films were perpendicular to
the beam path.

Preparation of the CNC/PVA Composite. To obtain optimal
flexibility in the CNC/PVA composite films, in a representative
procedure, 3 mL of PVA aqueous solution (2 wt % in water) was
added to 7 mL of 2 wt % CNC suspension with vigorous stirring. The
mixture suspension was stirred for 12 h at room temperature. Then, 1
mL of the portion was transferred into a polystyrene Petri dish
(diameter: 25 mm) and dried for 24 h at ambient conditions. To tune
the ratios of CNC/PVA from 90:10 to 30:70 (w/w), we adjusted the
adding ratio of cellulose and poly(vinyl alcohol) (Table S3). The
morphological and physical characteristics of these colorful CNC/
PVA films were investigated using a camera, POM, and tensile tests.

Preparation of Water-Stable CNC/PVA-GA and Tunable
Iridescence. Briefly, 10 mL of CNC/PVA-70:30 aqueous dispersions
were mixed with different volumes of GA (50 wt %), which achieved a
GA concentration of 0.5, 1.0, 1.5, and 2.0 wt % in the mixture
solutions. The detailed addition amount of GA volume is shown in
Table S3. The resulting homogeneous suspension was stirred for 12 h
at room temperature. Then, the suspension was poured into
polystyrene Petri dishes (diameter: SO mm) and dried under ambient
conditions for 3 days to form composite films. The resulting films
showed iridescence. Thereafter, the films were transferred to a beaker
(250 mL) containing HCl in a glass vial (S mL of HCl in a 20 mL
vial) for vapor cross-linking during this process, and the beaker was
covered with plastic wrap and held for S min (Figure S3a). Then, the
GA-cross-linked CNC composite films were washed with a copious
amount of deionized water. As a result, 0.5, 1.0, and 1.5 wt % GA-
cross-linked CNC composites show iridescence observable by the
naked eye (Figure S3b—e), while the color of the 2.0 wt % GA-cross-
linked composite disappeared. In general, the composites became
flexible with an increased amount of GA. Among them, 1.5 wt % GA-
cross-linked composites not only showed structural integrity but could
also be bent and folded without breaking (Figure S4). Therefore, we
chose 1.5 wt % GA-cross-linked composite films (CNC/PVA-GA) as
the research object in the subsequent research.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.1c02753.

Pictures and POM images for the CNC/PVA film in
different proportions; stability analysis for pristine CNC
and CNC/PVA films; thermogravimetric analysis
(TGA) curves; stress—strain curves; AFM-IR spectra;
SEM image; POM images of CNC/PVA-GA with
adjustable structural color; CNC/PVA-GA film pattern-
ing on a variety of substrates; and detailed mechanical
performance in tables (PDF)
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