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1. Introduction

Making part of nature’s diversity, creatures 
such as beetles and butterflies display 
vivid colors as a result of the inter actions 
of sunlight with the chiral hierarchical 
structure of the respective exoskeletons, 
which can be adapted in response to func-
tional and survival demands.[1] Inspired by 
nature, chiral coatings have been applied 
on smart materials and sensors to trigger 
a stimuli-responsive behavior, for example, 
via changes in selective reflection and 
diffraction according to environmental 
factors (humidity, heat, stress, electrical 
current, and pH, among others).[2,3] Exam-
ples of such structures include chiral intel-
ligent assemblies that include traditional 
chiral donors, such as crystalline TiO2 

microspheres,[4] thiol-acrylate chemistries,[5] and semiinterpene-
trating polymer networks.[6] Unfortunately, most of the reported 
chiral nanostructures are inefficient in translating changes in 
chiral nematic structure into readable signals. Hence, there is 
a major need to develop chiral donors that are suitable as intel-
ligent coatings while being easy to control or regulate.

Cellulose nanocrystal (CNC) self-assembles into chiral 
nematic organizations upon evaporation-induced self-assembly 
(EISA), forming layers that display periodic spiral structures 
arranged along a given axis.[7] The high number density of 
hydroxyl groups on the surface of the cellulose nanocrystals 
enables mesoporous structures with adjustable channels and 
binding sites, depending on the chiral nematic structure.[8] The 
latter can be tuned by the alternation of the stimuli-induced 
helical pitch, leading to distinctive color changes. Hence, CNC 
films and coatings have been used as a scaffold for the construc-
tion of humidity-,[9] light-,[10] stress-,[11] magnetic-responsive 
materials.[12] The tunable helical pitch is highly dependent on 
external stimuli but effective implementation of related princi-
ples in devices has remained as a major challenge in the area.

Electrostatic interactions have been recognized as critical in 
chiral constructions and stimuli-responsiveness,[13] relevant to 
Au nanocluster phosphors,[14] amino acid aggregators,[15] beta-
cyclodextrin pH sensors,[16] information encryption, and l- and 
d-tryptophan detectors for use with human urine and blood 
serum. The combination of CNC with neutral polymers, such 
as poly(ethylene glycol), allows control of the helical pitch as a 
result of the hydrogen-bonding interactions caused by their 

The need for a precise regulation of the properties of chiral nematic struc-
tures in response to external stimuli is addressed. Self-assembled iridescent 
coatings are produced under the effect of electrostatic interactions between 
cellulose nanocrystals and poly(acrylic acid), endowing a high anisotropic 
dissymmetry (>0.3) and sensitivity to environmental humidity (13.1 nm/1% 
at 68–75% relative humidity, RH). The phenomena associated with shifts in 
selective light reflection (green to orange) and polarization, facilitate tun-
able transmitted colors (blue to orange) at given rotation angles (RA). Such 
properties are conveniently integrated into a “RH-RA-color” ternary code 
that is introduced as an anticounterfeiting technology, taking advantage of 
multicolor patterns that conveniently track with changes in RH and RA. The 
proposed charge-driven assembly opens new opportunities for chiral nematic 
materials that enable precise optical sensing and information encryption.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smll.202103936.

© 2021 The Authors. Small published by Wiley-VCH GmbH. This is an 
open access article under the terms of the Creative Commons Attribu-
tion License, which permits use, distribution and reproduction in any 
medium, provided the original work is properly cited.
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similar mesogenic moieties that carry hydroxyl groups. The role 
of electrostatic interactions in related applications has not been 
fully recognized.[17] CNC/waterborne polyurethane (PU) com-
posites displaying instant optical response to water and gas have 
been reported[18] but, to the best of our knowledge, no reports 
exist on the use of electrostatic interactions to achieve precise 
chiral constructions that act as stimuli-response coatings.

Polyelectrolytes, or ionizable polymers possessing cationic or 
anionic charges along the polymer chain,[19] might enable confor-
mational changes to produce the helical structure. Meanwhile, the 
polymer backbone can have a positive influence on the mechan-
ical properties of composite materials. Taking advantage of the 
properties of polyelectrolytes, we envision that their self-assembly 
with CNC, for example, via electrostatic interactions, will enable 
a fine regulation to the helical pitch. The interactions between 
CNCs and polyelectrolytes are dependent on the charge density of 
both species and, also, on the polymer conformation and network 
formation. Such effects also govern the assembly process and reg-
ulate the helical pitch.[20] Moreover, electrostatic interactions can 
be influenced by the stimuli, such as humidity,[21] pH,[22] ion type 
and concentration,[23] which are factors that can be considered in 
the development of intelligent coatings.

We introduce an efficient strategy to self-assemble chiral 
humidity-responsive coatings via electrostatic interactions 
between CNC and polyacrylic acid (PAA). The electrostatic 
repulsion between CNC and PAA dominates the transfer of 
chiral structures while their affinity can be used for rapid 
humidity response. Specially, transmitted colors depend on 
changes of relative humidity (RH) and rotation angles (RA). 
These two latter aspects “RH-RA-color” are considered in the 
construction of ternary anticounterfeiting systems suitable for 
encrypting information and for humidity sensing.

2. Results

2.1. Evolution of Chiral Conformation

We introduce waterborne PAA as a commercially available and 
inexpensive anionic polyelectrolyte that fits in the left-handed 
CNC structure. A CNC/PAA colloidal suspension was prepared 
by high-energy stirring, and the chirality of the resultant iri-
descent coatings was found to depend on PAA content (2, 5, 
10, 20, and 30 wt%). The range of values of zeta potential of 
mixtures that include CNC (-34.6 mV) and PAA (-17.9 mV), 
increases to -37.0 mV (CNC/PAA2) or -45.1 mV (CNC/PAA20), 
Figure 1a. Hence, there is an indication that the respective self-
assembly resulted from the electrostatic repulsions between 
the anionic groups (OSO3- in CNC and COO in PAA). At 
PAA loading of 30 wt%, steric hindrance induces a weakened 
repulsion between OSO3- and COO, which according to 
Coulomb’s law,[24] leads to a reduced value of the zeta poten-
tial (-28.6 mV for CNC/PAA30) and facilitates phase separation 
(Figure 1b, photographs in the inset). We used Na+ and PU with 
self-assembled CNC as references. As was the case of CNC/
PAA, CNC/Na+ followed a reduced trend in electrostatic attrac-
tion between OSO3- and Na+ and resulted in films that were 
brittle.[25] By contrast, CNC/PU showed a reduced absolute 
value of zeta potential, indicating weak electrostatic repulsion.

The fingerprint peak of hydroxyl groups in CNC/PAA shifted 
from 3446 to 3396 cm–1, indicating the formation of hydrogen 
bonding between the two species (Figure S1, Supporting Infor-
mation). The crystalline and pore structure that result from 
self-assembled CNCs are transferred to CNC/PAA systems. As 
a result, the latter combine the merits of ions and polymers 
as far as electrostatic repulsion, hydrogen bonding, and steric 
hindrance that also regulate the shift of color in chiral nematic 
CNC/PAA during self-assembly (Figure 1b). Meanwhile, nonco-
valent interactions improve the mechanical properties of CNC/
PAA coatings (Figure 1c) and at a PAA content above 10 wt%, 
the coatings achieve a maximum hardness and adhesion, 6H 
and level-1, respectively.

The interfacial bonding plays a positive role in the transfor-
mation of chiral nematic structures. As expected, the CNC/PAA 
films formed by EISA exhibited iridescence, corresponding to 
given chromatic orders, cyan (CNC/PAA2), turquoise (CNC/
PAA5), green (CNC/PAA10), and yellow (CNC/PAA20), respec-
tively (Figure  1d and Figure S2a, Supporting Information). 
The cross-section of the coatings showed a uniform arrange-
ment between CNC and PAA, with periodic spacing and spiral 
stacking (middle i–iii in Figure 1d). Especially, the CNC/PAA10 
coating exhibited an apparent chiral nematic structure, with a 
pitch of 350 nm. The formed chiral photonic structures (polar-
ized optical microscopy, POM), showed uniform fingerprint 
textures, typical of chiral nematic order, with a pitch of 361 nm 
and green pattern, which gradually appeared during the EISA 
process (right iii in Figure  1d). Additionally, UV–Visible (UV–
Vis) and circular dichroism (CD) spectra showed that the max-
imal reflection wavelength (λmax) peaked in the visible region 
for the CNC/PAA10 iridescent coatings (Figure 1e). Compared 
to coatings produced from neat CNC, the λmax of CNC/PAA10 
presented a red-shift, both in UV–Vis and CD spectra, likely 
a result of electrostatic repulsion and steric hindrance. The 
strong positive signals present in CD spectra indicate a left-
handed chiral nematic organization in CNC/PAA.[7a]

The pitch of CNC/PAA iridescent coatings increased gradu-
ally with increasing PAA content, from 2 to 20 wt% (Figure 1f 
and Figure S2b,c, Supporting Information), corresponding to a 
gradual change in λmax from 430 to 568 nm (Figure S3, Sup-
porting Information). This phenomenon is also influenced by 
the enhanced electrostatic repulsion and steric hindrance of 
PAA. However, the chiral nematic helical structure disappears 
in CNC/PAA30 due to phase separation (Figure S4, Supporting 
Information).

To reveal the influence of PAA content on the structural 
color of the iridescent coatings, the UV–Vis absorbance spectra 
were transformed into Commission on Illumination (CIE) 
chromaticity values (Figure 1g), corresponding to the iridescent 
cyan (x = 0.1710, y = 0.0121, CNC/PAA2), turquoise (x =  0.1005, 
y =  0.1368, CNC/PAA5), green (x =  0.2216, y =  0.7501, CNC/
PAA10), and yellow (x = 0.4340, y = 0.5639, CNC/PAA20), 
respectively. The results demonstrate that CNC chiral nematic 
structures occur in the presence of PAA and are precisely regu-
lated by PAA content. Based on the chirality and mechanical 
robustness of the CNC/PAA coatings, the CNC/PAA10 system 
was selected for further tests with such iridescent coatings. For 
this purpose, the samples were conditioned under variable rela-
tive humidity (RH) (Figure S5, Supporting Information).
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2.2. Humidity Response

The CNC/PAA10 iridescent coating show a visible color, tun-
able with RH. The colors sequentially appear as violet (22% 
RH), cyan (43% RH), orange (75% RH) and red (99% RH) 
(Figure 2a), corresponding to λmax at 448, 495, 624, and 658 nm, 
respectively (Figure S6, Supporting Information). The λmax red-
shift is likely related to the 1) extension of the coating film and 
expansion of helical pitch upon water absorption, and 2) the 
increase of average refractive index (navg) induced by the dif-
ferent refractive indices of water (n = 1.33), CNC (n = 1.54),[7a] 
and PAA (n = 1.51).[26] Moreover, the absorbance intensity of the 

peaks is reduced with the increased RH, which is ascribed to 
a large refraction from water absorption. Notably, this pheno-
menon is reversible, with a color memory ratio > 97% after 
10 cycles (Figure S7, Supporting Information). The spectra 
of the iridescent coating are transformed to CIE chromaticity 
values (Figure  2b), which indicate a shift from violet to red, 
consistent with the color change of the iridescent coating.

The CNC/PAA10 iridescent coating shows a slowly increase 
in λmax with RH increasing from 22% to 68% (Figure  2c). It 
is worth noting that a sharp λmax increase occurs as the RH 
increases from 68% to 75%. However, the growth in λmax 
becomes less marked as RH reaches 99%. To quantify the 

Figure 1. Self-assembly of CNC/PAA iridescent coatings. a) Zeta potential values of CNC/PAA, CNC/Na+ and CNC/PU as a function of composi-
tion. b) Schematic illustration of self-assembled CNC and PAA with left-handed chiral nematic organization. The inset image represents the changes 
in interfacial interactions between CNC and PAA as a function of composition (electrostatic interaction, hydrogen bonding, and steric hindrance).  
c) Mechanical properties of CNC/PAA coatings (hardness and adhesion). d) Chiral nematic structure of CNC/PAA iridescent coatings: direct photo-
graph (left), FE-SEM (cross section, middle) and POM (right) images of CNC/PAA coatings formed upon EISA corresponding to CNC (i), PAA (ii), 
and CNC/PAA10 (iii). The scale bar in FE-SEM and POM images is 1 µm and 2 µm, respectively. e) UV–vis absorbance and CD spectra of CNC/PAA 
coatings. f) Approximated pitch of CNC/PAA coatings obtained from FE-SEM and POM images. g) CIE chromaticity diagram of CNC/PAA coatings.
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humidity response rate, we used the slope of λmax as a func-
tion of RH (inset of Figure 2c). A RH change from 22% to 68%, 
results in a slope that remains fairly unchanged (2–2.7 nm/1% 
range). Notably, the slope sharply increases to 13 nm/1% as the 
RH increases from 68% to 75%. It then decreases to <2 nm/1% 
as RH approaches 99%. Accordingly, the CNC/PAA iridescent 
films display less significant color differences in the %RH 
range between 22% and 68% RH, going from violet to green. 
The change is more noticeable above 75% RH, going from 
orange to red (Figure 2a). A “parabolic” change in slope and two 
distinct color regions at a critical 75% RH reveal the hygroscopic 
hysteresis behavior in the humidity-response process of CNC/
PAA coatings, which is consistent with that of natural wood.[27]

The humidity response of the iridescent coatings relates 
to the chirality of the CNC/PAA10 coating. CNC/PAA10 at 
43%, 75%, and 86% RH produce a strong positive CD signal 
(Figure 2d), confirming the retention of the left-handed chiral 
nematic structure. Moreover, as the RH increases from 43% 
to 86%, the CD peak shifts from 495 nm to 640 nm, owing 
to an increased navg. Subsequently, the Kuhn’s dissymmetry 
factor (g-factor) is 0.39 at 43% RH and it slightly decreases at 
higher humidity, 0.34 (75% RH) and 0.31 (86% RH). Notably, 
the g-factor of CNC/PAA iridescent coating is greater than that 
of various chiral structures measured at given RH (Figure  2e 
and Table S1, Supporting Information), which highlights the 
potential of the chiral coatings for humidity response and 
anticounterfeiting.

2.3. Humidity-Response Mechanism

To understand the humidity-response behavior of CNC/PAA10 
coating, we measured the mass change of CNC/PAA10 coating, 
e.g., to probe the humidity-response during water absorption and 
desorption (22–99% RH range). The swelling profile shows two 
distinctive stages, Figure 3a. At RH < 75%, the films display hys-
teretic and limited humidity-responsiveness. At RH > 75%, the 
films gain a substantial mass. The hygroscopic hysteresis of the 
CNC/PAA10 coating abruptly appears at a critical RH of 75%. We 
further investigated the relaxation spectra in low-field nuclear 
magnetic resonance (LF-NMR), e.g., to understand the response 
behavior of water molecules within the CNC/PAA10 coating. 
CNC/PAA10 shows T21 peaks at RH = 22% and 32% (Figure 3b), 
assigned to bonded water in the crystallization regions, adsorbed 
via electrostatic attractions and hydrogen bonding.[28] At increased 
RH, 43%, 57%, and 68%, CNC/PAA10 not only exhibits a T21 
peak, but also a new T22 peak, which is attributed to water weakly 
bound to the amorphous regions. Notably, another new T23 peak 
is observed (enlarged in the relaxation spectra of Figure 3c) as the 
RH increases to 75%, 86%, and 99%, corresponding to free water, 
mainly adsorbed in the pores of the iridescent coating by van der 
Waals forces. The hydrogen bonding between CNC, PAA, and 
water molecules is also confirmed by FTIR spectroscopy (Figure 
S8, Supporting Information), which increases with RH.

The three bonding states of water molecules indicate a multi-
stage humidity response (Figure  3d. At lower RH (22–32%), 

Figure 2. Humidity response of CNC/PAA10 iridescent coatings. a) Photographs of CNC/PAA10 exposed to air at different relative humidity, as indi-
cated, and showing different colors, according to water absorption (top) and desorption (bottom) processes. b) CIE chromaticity diagram. c) λmax of 
the iridescent coating at given RH The inset photograph represents the slope of λmax as function of RH. d) CD spectra. e) g-factor and comparison 
with various chiral structures.
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absorption of water molecules takes via hydroxyl group present 
in the crystalline regions, consistent with a Langmuir-type sorp-
tion.[29] At moderate RH levels (43–68%), water molecules couple 
with hydroxyl groups in the crystalline and amorphous regions, 
in a Langmuir-type sorption isotherm. In these two stages, water 
molecules are physically absorbed, resulting in a small volume 
expansion and less distinguishable color differences. At higher 
RH levels (75–99%), besides the Langmuir-type sorption, water 
molecules are randomly absorbed in the pores of CNC/PAA10, 
which is in accordance with Henry’s law-type random sorp-
tion.[29] The increase of sites for water absorption as well as film 
swelling, leads to changes in the visible color. Consequently, a 

Langmuir- and Henry’s law-type random and multistage water 
sorption occur in CNC/PAA10. In addition, a significant red-
shift (λmax and iridescent color) occurs at a critical RH (75%).

2.4. Anticounterfeiting

Owing to the excellent humidity-responsiveness and large g-factor 
of CNC/PAA coatings, we next discuss the polarization together 
with the change in color at given RH levels (Figure  4a and 
Figure S9, Supporting Information). As expected, the CNC chiral 
nematic structure enables gradual tuning of the transmitted 

Figure 3. Mechanism of humidity response of CNC/PAA10 iridescent coatings. a) Mass change during water absorption and desorption at given RH. 
b,c) Relaxation spectra of LF-NMR in a RH gradient at 0.01–10000 ms and 100–1000 ms, respectively. d) Schematic illustration of the mechanism of 
humidity response of CNC/PAA10 iridescent coatings.
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(cross-polarized) colors. By contrast, the color of neat PAA 
remains unchanged due to its achiral structure. Notably, the CNC/
PAA iridescent coating exhibits a color transition under cross-
polarized conditions, which further confirms the transition of the 
chiral nematic structure of CNC to CNC/PAA (0°, dotted box in 
Figure 4b). The CNC/PAA10 coating shows a dynamic color shift 
that is cyclic when the analyzer is rotated by 180° during a full 
rotation (0–360°) (Figure S10, Supporting Information). Espe-
cially, the transmitted colors’ transfer range (light blue to khaki) of 
CNC/PAA10 is wider than that of CNC (violet to cyan).

As discussed, the chirality of iridescent coating can be finely 
tuned by RH. Hence, CNC/PAA10 coatings are further exposed 
to different RH. Interestingly, the transmitted color of the iri-
descent film exhibit significant changes with both RH and RA 
(Figure 4c and Figure S11, Supporting Information). At a 75% 
RH, the total response changes in terms of transmitted color 
from blue (0°) to orange (180°). Subtly, the transmitted color 
shifts from light cyan (20°) to dark gray cyan (40°), easily seen 
by the naked eye. As the RA is changed to 60°, the transmitted 
color shifted to blue. Thereafter, the transmission colors of the 
iridescent film significantly change every 20° during a full rota-
tion. At the other given RH levels, the transmission color is also 
shifted with RA. However, the response range and efficiency 
with RA are smaller than that at 75% RH, which is ascribed to 
the limited humidity-responsiveness of the iridescent coating.

A typical birefringent material has one optical axis, and the aniso-
tropic refractive index (n) of the material can be decomposed into a 
parallel (n∥) and cross (n⊥) component (generally, Δn = n∥ - n⊥ > 0).  
When light passes an anisotropic material, the two components 
produce a phase difference (δ), described by Equation (1):[30]

δ = − ⊥n n

c
d

 
(1)

where, c is the speed of incident light, and d is the thickness of 
the iridescent coating. With an increased RH, the increase in 
n∥ is greater than that of n⊥, leading to an increased Δn. d also 
increases with RH. Doubling Δn and d causes the δ to signifi-
cantly increase at higher RH levels, which expands the transfor-
mation range and speed of the transmitted color.

As linear polarized light is incident on the iridescent 
coating surface (Figure  4d), the two polarization components, 
X-axis (Ex), and Y-axis (Ey) directions, can be described by 
Equations (2) and (3),[30] respectively:

θ= cosx 0E E
 

(2)

θ= siny 0E E
 

(3)

where θ represents the angle between the polarization direction 
of incident light and the direction of CNC/PAA chiral nematic 
layer (X-axis). As the incident light passes through the irides-
cent coating, the vibrations of the two components, due to the 
δ, follow Equations (4) and (5), respectively.

θ ω ω= −



cos sinx 0E E t

n

c
d

 
(4)

E E t
n

c
dθ ω ω= −





⊥sin siny 0

 
(5)

Figure 4. Anticounterfeiting properties of CNC/PAA iridescent coating. a) Schematic illustration of the experimental setup used to measure the trans-
mitted colors. b) Polarization-resolved colors of light transmitted by the iridescent coatings. c) Polarization-resolved colors of light transmitted by 
CNC/PAA10 under given RHs and RA (every 60°). d) Anticounterfeiting mechanism. e) The vibration track for RA of 0°, 60°, 120°, 150°, and 180° at a 
75% RH. f) A “RH-RA-color” ternary anti-counterfeiting code system.
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Combining Equations (1), (4), and (5), the synthetic vibration of 
light passing through the iridescent coating can be described by 
the following expression.

δ δ+ − =2 cos
2

sinx
2

y
2

x y
0
2

2E E E E
E

 
(6)

when the light passes through the analyzer, the final vibration 
can be expressed by Equation (7) according to Malus law.[31]

δ α=
2

sin ·cos0
2

2 2E
E

 
(7)

where, α represents the angle of rotation of the analyzer, that is 
the RA mentioned above. As the light travels along the iridescent 

coating, the δ caused by changes in RH gradually increases, and 
light vibration also changes with increasing of RA, in the order of 
straight line, ellipse, circle, ellipse, and straight line. Each ellipse 
tracks with the transmission color of the iridescent coating, 
therefore, this can be used to hide information about the same 
color, e.g., to achieve anticounterfeiting and information encryp-
tion. For example, at a 75% RH, the vibration track is a straight 
line (0°), ellipse (60°), ellipse (120°), ellipse (150°), and a straight 
line (180°), and then, encryption of blue (60°), yellow (120°), and 
orange (150°) was realized (Figure 4e).

Hence, a “RH-RA-color” ternary anticounterfeiting code 
system can be established according to the transmitted color 
change, caused under cross-polarized conditions by vibrations 
under RH and RA gradients (Figure 4f). This affords a mecha-
nism for dual anticounterfeiting based on the iridescent coatings.

Figure 5. Anticounterfeiting effects of CNC/PAA10 iridescent coating. a) Single pattern anticounterfeiting experiment. b) Double patterns anticounter-
feiting effect. c) Three patterns anticounterfeiting result.
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To demonstrate the anticounterfeiting effect of the irides-
cent coatings, several different patterns (single, double, triple) 
were developed. First, we designed a water droplet of CNC/
PAA10 with a single pattern anti-counterfeiting (Figure  5a). 
At a moderate RH of 43%, the color of the patterns first turn 
to blue, then to light orange, as the RA changes from 0° to 
180°. Conversely, at a higher RH, 75%, the more sensitive, 
clear blue or orange patterns appear at the same RA. Second, 
we designed a blue water droplets and yellow ginkgo leaf with 
CNC/PAA10, e.g., to explore the double pattern anti-counter-
feiting effect, based on the more vivid color change at a critical 
75% RH (Figure 5b). Initially, the blue water droplet (BW→A) 
and yellow ginkgo leaf (YG→B) were visible, which is encoded 
as information AB (Info AB). When the analyzer rotates from 
0° to 60°, the color changes to blue and covers BW. Thus, the 
BW disappears and only leaves YG, which is encoded as Info 
AB. As the RA continues to 120°, the color overlaps YG, only 
leaving BW. This opposite vision is encoded as Info AB. With 
increasing RA to 180°, BW and YG are both visible again, 
which is also encoded as Info AB. We further designed blue 
water droplets (A), yellow ginkgo leaf (B), and orange circle 
(OC→C) patterns with the CNC/PAA10 coating. At a 75% RH, 
the three patterns alternately appear and disappear in the ver-
sion with increasing RA. As RA rotates to 0°, 60°, 120°, 150°, 
and 180°, the patterns are encoded as Info ABC, Info ABC, 
Info ABC, Info ABC, and Info ABC, respectively (Figure  5c). 
Conversely, the encrypted information is deduced according to 
the encoding. The dynamic appearance and disappearance of 
these patterns demonstrate that the iridescent coating can be 
used for three patterns or even multipattern anticounterfeiting 
and encryption. Current anticounterfeiting systems are mostly 
based on fluorescence, however, there is a risk of migration and 
leakage of the fluorescent agent, which is crucial for detection 
stability and safety during use. Here, the structural color anti-
counterfeiting is proposed as an environmental-friendly, stable 
alternative that is stable under environmental factors, making it 
safer and more reliable. The iridescent coatings afford storage 
of information and encoding capabilities across a wide color 
range (blue to orange), with a total number of codes that are 
considered when combining colors and patterns.

3. Conclusion

A scalable strategy is used to design iridescent coatings with 
humidity-responsiveness, involving electrostatic interactions 
between structurally assembled CNC and PAA polyanion. Using 
a weight ratio of 90:10 (CNC:PAA), the obtained iridescent 
coating inherits the chiral nematic structure of CNC while being 
mechanically robust. The CNC/PAA iridescent coating exhibits a 
visible color shift (green to orange), corresponding to a response 
range of 92 nm, with an increase of RH from 68% to 75%. 
Remarkably, the humidity-response of the iridescent coating 
presents hygroscopic hysteresis behavior due to the multi-stage 
water uptake that occurs by the effects of constructive physical 
cross-linking via hydrogen and electrostatic bonding, enabling 
a sharp shift at a critical RH of 75%. The CNC/PAA iridescent 
coating shows transmitted colors under cross-polarized condi-
tions, which involves chiral helix structure’s polarization, offering 

an opportunity to develop dual anti-counterfeiting patterns at var-
iable RH. Accordingly, a ternary anticounterfeiting code system 
is established by the combination “RH-RA-color,” which is ben-
eficial for multipattern anticounterfeiting and encryption (e.g., 
encoding dynamic appearance and disappearance of patterns 
caused by the changes of RH and RA). We foresee polyelectro-
lytes to enable a precise helical structure for humidity-responsive 
iridescent coatings. The proposed CNC/PAA iridescent coating 
represents a low-cost, stable, and ecofriendly option for optical 
sensors and multifunctional encryption.

4. Experimental Section
Materials: Waterborne PAA with acrylic resin as the main component 

(42 wt% solid content) was supplied by Tikkurila Oyj (Vantaa). 
Microcrystalline cellulose (MCC) power (≈50 µm diameter) was kindly 
provided by Shanhe Pharmaceutical Excipients Co., Ltd. (Anhui, China). 
H2SO4 (95-98%), potassium acetate (C2H3KO2  ≥ 92.0%), magnesium 
chloride hexahydrate (MgCl2 · 6H2O ≥ 98.0%), anhydrous potassium 
carbonate (K2CO3  ≥ 99.0%), sodium bromide (NaBr ≥ 99.0%), 
potassium iodide (KI ≥ 99.0%), sodium chloride (NaCl ≥ 99.5%), and 
potassium chloride (KCl ≥ 99.5%, analytical grade) were obtained from 
Sinopharm Chemical Reagent Co., Ltd. (Nanjing, China). All chemical 
agents were used without further purification.

Preparation of CNC/PAA Iridescent Coatings: CNC was prepared 
according to our previous report.[32] The as-prepared, rod-shaped CNC 
presented an average length of 266 nm, and a diameter of 16 nm 
(aspect ratio of 17). The OSO3– content of the CNC was 0.46%. The 
zeta potential of the CNC, -34.6 mV indicated good colloidal stability in 
aqueous suspension.

Figure S12 (Supporting Information) illustrates the preparation of 
CNC/PAA coatings. The prepared CNC (2 wt%, 200 g) and waterborne 
PAA were placed into a rounded bottom flask (500 mL), and then 
sonicated (250 rpm at 25 °C for 10 min) to obtain a homogeneous 
suspension. Afterward, the CNC/PAA suspension was deposited on the 
surface of clean glass (5 mm × 12 mm) and dried for 2 d at ambient 
conditions to obtain CNC/PAA coating films (thickness of 130–150 µm). 
The coatings were prepared at 2, 5, 10, 20 and 30 wt% PAA concentration, 
named as CNC/PAA2, CNC/PAA5, CNC/PAA10, CNC/PAA20 and CNC/
PAA30, respectively. During EISA, chiral nematic ordering was noted in 
the obtained CNC/PAA coating, which displayed the structural color. For 
comparison, neat CNC and PAA films were also prepared by EISA.

Characterizations: A field-emission scanning electron microscope (FE-
SEM, HITACHI S4800, Thermo Scientific, USA) was used to evaluate 
the morphology of cross-sections of CNC/PAA iridescent coatings. The 
chiral nematic liquid crystal behaviors of the coatings were observed 
using POM (BX41, Olympus, Japan). FTIR spectra were recorded by 
an infrared spectrum instrument (VERTEX 80, Bruker, Germany). N2 
sorption isotherms were measured with ASAP 2020 HD88 system 
(Micromeritics, USA). The pore volumes and pore size distributions 
were derived from the desorption branches of isotherms using the 
Barrett-Joyner-Halenda (BJH) model. The specific surface area Sp 
(m2 g-1) was estimated with the BET method. UV–Vis (Lambda 950, 
PE, USA) spectra were performed to investigate the maximal reflection 
wavelength of CNC/PAA iridescent coatings. CD spectra were recorded 
using a CD spectrometer (J-1500, Jasco, Japan). X-ray diffraction (XRD) 
was performed with an X-ray diffractometer (Ultima IV, Rigaku, Japan). 
The crystallinity index (CrI) was calculated according to Equation (8):[33]

A A
A

= − ×CrI(%) 100total am

total
 

(8)

where Atotal and Aam represent the total area of the diffract gram, and the 
area of the amorphous peak, respectively.
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Mechanical Properties Test: Hardness and adhesion of CNC/PAA 
iridescent coatings were determined according to National Standards of 
the People’s Republic of China GB/T 6739-2006, and GB/T 1720-2006, 
respectively, which are technically equivalent to ASTM D3363-2005, and 
ASTM D3359-2009 standard tests. Six different positions were performed 
in each sample. All the samples were tested at 25 ± 2 °C.

Detection of Humidity-Responsive Behavior: The humidity 
responsiveness of CNC/PAA iridescent coating was tested in a testing 
chamber. Samples were placed in a desiccator, and the RH levels within 
the desiccator were controlled with oversaturated salt solutions. The 
given salts were used (C2H3KO2, MgCl2, K2CO3, NaBr, KI, NaCl, KCl, and 
H2O), corresponding to equilibrium RH levels of 22%, 32%, 43%, 57%, 
68%, 75%, 86%, and 99%, respectively. The RH within the desiccator 
was monitored with a calibrated traceable digital hygrometer with 1% 
resolution and ±5% accuracy (HTC-1, Apuhua, China). Humidity-
responsive properties of CNC/PAA iridescent coating were measured by 
a digital still camera (DSC, COOLPIX B600), UV–vis, analytical balance, 
and CD. The g-factor was calculated from the measured absorbance (A) 
and CD values (Equation 9).[34]

g
CD

A
− =factor

32980  
(9)

The interaction of water molecules with the CNC/PAA iridescent 
coating was evaluated by nuclear relaxation measurements by using an 
LF-NMR analyzer VTMR20-010-T-Analyst (Niumg Electric Corporation, 
China) and an inversion of a multi-exponential fitting analysis (T-invfit, 
Niumg) program. The strength of the magnetic field was 0.5 ± 0.05 T. 
Transverse relaxation (T2) was measured by using the Carr-Purcell-
Meiboom-Gill pulse sequence (CPMG). The response cyclicity ability was 
conducted on a UV–vis spectrophotometer. Samples were alternately 
explored at increased and decreased humidity conditions for 10 cycles. 
During each cycle, the maximal reflection wavelength was named as 
λmax1, λmax2, …, λmax10, respectively. The response cyclicity was reflected by 
the color memory ratio (R), which can be calculated using Equation (10).

1
···

9
max2 max1 max3 max1 max10 max1

max1

λ λ λ λ λ λ
λ= −

− + − + + −
R

 

(10)

Detection of Anticounterfeiting Properties: Photographs were taken with 
a DSC. Macroscopic color changes in transmitted light were detected 
by polarization-resolved transmission measurements with an optical 
configuration consisting of a white-light illumination source, iris, linear 
polarizer, sample, a linear polarizer (analyzer), and DSC. Samples were 
placed between two crossed linear polarizers (0° represents cross-
polarized conditions), and irradiated with a collimated cold white-light 
source. The angle of the analyzer was changed from 0° (clockwise) to 
360° in a step of 1° from the orthogonal configuration, which enabled 
different wavelengths of light to propagate, rendering different colors in 
the transmitted light. By rotating the analyzer, the color transition of the 
transmitted light was observed and recorded with a DSC.
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