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Water as a colorful ink: transparent, rewritable
photonic coatings based on colloidal crystals
embedded in chitosan hydrogely
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The invention of paper has greatly contributed to the development of information storage and spreading.
However, the vast production and consumption have also brought significant environment problems to
our society. Although several kinds of rewritable papers have been reported, their practical application
is rare. Herein, a new rewritable paper with water as a colorful ink is proposed and demonstrated
successfully by using water as the trigger to tune the band-gap of photonic coatings on solid substrates.
Various colors are achieved by adjusting the particle size of photonic coatings, or writing with aqueous
solutions of certain pH. The photonic coatings can be erased and rewritten multiple times with no
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significant loss in color quality. Furthermore, the photonic coatings, which are transparent, enable fast
and convenient visualization of the invisible photonic patterns with good tenability and reproducibility,
offering potential applications for steganography, identification marking and anti-counterfeiting purposes.
This transparent and rewritable paper can serve as an environmentally friendly information storage device
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Introduction

Although the current century is dominated by electronic devices,
paper is still believed to play a crucial role in information storage
and distribution with the evidence of its tripled global consump-
tion over the past decades. More than 90% of all information in
businesses is printed on paper, most of which are disposed
after only one-time reading and without de-inking. Not only
would this be a huge wastage, but also bring a disastrous
impact to the environment such as pollution to air, water and
land." Rewritable paper that can be reused multiple times,
therefore, is an attractive alternative supporting a perfect
balance between economic development and environmental
protection which would bring actual benefits to our society.
Incorporating specially designed dyes in paper may be an efficient
strategy for rewritable paper but, at the same time, there are many
deficiencies such as the toxicity of dyes, complexity of synthesis,
and inconveniency in both photo-writing and photo-bleaching
processes. This might raise higher levels of problems including
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to meet the sustainability of modern society.

potential safety issues and, again, the environmental hazards.>>
Therefore, novel types of materials are always anticipated for the
development and advancement in this field.

Photonic colloidal crystals, with band-gap properties, are
constructed from periodically arranged nano-sized particles that
possess intriguing ability to manipulate the propagation of elec-
tromagnetic waves. Within a photonic band-gap, light emission
can be dramatically restrained.”” Light in this spectral range is
also efficiently reflected, which is useful for sensors with a color-
based response under certain stimulus due to the tunable lattice
spacing or refractive index. Photonic crystals with a modulating
lattice constant or refractive index, thereby an adjustable band-
gap, have rapidly garnered ever-increasing scientific interest owing
to their wide applications in sensors,”*® in vivo imaging,'*'?
displays,'® optics,"””*° and anti-counterfeiting labels.?*** Among
these applications, effective rewriting and information storage
have growing importance. Over the past few decades, photonic
paper is of great interest due to its advantageous features, includ-
ing (1) the exhibition of colors without the requirement of
chemical chromophores/fluorophores; (2) convenient tuning of
photonic band-gap properties; and (3) enabling the stability of
structural color. However, the use of toxic ink and inconvenient
erasing process is still concerned for daily usage.>>*® In addition,
the opaqueness of the photonic paper has limited its develop-
ment for recording and information storage.

Herein, we demonstrate a novel type of photonic coating
by introducing transparency and rewritability into photonic
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prints, which are fabricated by embedding well-ordered assemblies
of polystyrene (PS) colloidal crystals into the chitosan (CS) matrix.
This methodology enables fast and convenient fabrication of rewri-
table photonic paper, which can manifest brilliant colors after being
triggered by water. Various colors are achieved by adjusting the
particle size of photonic coatings, or writing with aqueous solutions
of certain pH. The photonic coatings can be erased and rewritten
multiple times with no significant loss in color quality. Furthermore,
the photonic coatings enable fast and convenient visualization of the
invisible photonic patterns with good tenability and reproducibility,
offering potential applications for steganography, identification
marking and anti-counterfeiting purposes. This transparent and
rewritable paper can serve as environmentally friendly information
storage devices to meet the sustainability of modern society.

Experimental

Materials

Styrene (St), acrylic acid (AA), potassium persulfate (KPS), chitosan,
and glutaraldehyde were purchased from Sigma-Aldrich. All chemi-
cals, except styrene, were used as received without further purifica-
tion. Styrene was purified by treating with 5.0 wt% aqueous sodium
hydroxide (NaOH, Sigma-Aldrich) to remove the inhibitor. Ultra-pure
water was used in all the experiments.

Characterization

The photographs were taken with a digital camera (Canon, EOS
Kiss X4). The SEM images were recorded using field-emission
scanning electron microscopy (FE-SEM, Nova NanoSEM 450) to
determine the photonic coating surface. All samples for SEM
characterization were coated with thin layers of gold (~25 nm
thick). The optical microscopy images and the reflection spectra
of the photonic coatings before and after writing were recorded
using an optical microscope (Nikon Ni-U, Japan) and a fiber optic
spectrometer (HR 2000+, Ocean Optics, USA). The transmission
spectra of the hydrogel films were recorded using a UV-vis-NIR
spectrophotometer (Shimadzu UV-3600).

Preparation of monodispersed PS particles

Monodispersed PS particles were prepared by emulsifier-free
emulsion polymerization of St and AA using KPS as an initiator in a
three-necked round bottom flask with a reflux condenser and a
mechanical stirrer. A typical synthesis of PS particles is as follows:
17.6 g of St, 1.0 g of AA and 100 mL of ultra-pure water were added
into a 250 mL round flask. After the system was refluxed at 100 °C
for 3 min, polymerization was initiated by the addition of 5 mL of
aqueous solution containing 100 mg of KPS. Then the polymeriza-
tion was maintained for 2 h under constant stirring at 100 °C. The
resulting particles were collected by centrifugation at 15500 rpm for
3 x 20 min. Various sizes of PS particles were prepared according to
the former process by changing the monomer concentration.

Preparation of transparent rewritable coatings on glass slides

Glass slides (Sail Brand, China) were sonicated in detergent,
water, acetone, and isopropanol, and finally dried in a stream
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of nitrogen gas. Before use, the surfaces of these substrates were
treated with oxygen plasma (Weike PDC-M, China). Typically,
various loadings of PS particles with 8.0 wt%, 2.0 wt%, 0.8 wt%,
0.4 wt%, 0.2 wt% were added dropwise on pieces of glass slides
(100 pL/25 mm x 25 mm) respectively, and dried in the form of
film in air for 30 min. The surface of this film was then completely
cast with chitosan solution (3.0 wt%). Finally, the sample was
placed in an oven at 50 °C for 3 h to let water evaporate, and then
slightly cross-linked with glutaraldehyde.

Results and discussion

The preparation process of the rewritable photonic coatings is
illustrated in Scheme 1a. Monodispersed PS particles with various
sizes of ca. 160 nm, ca. 174 nm and ca. 225 nm were synthesized
by emulsifier-free emulsion polymerization, followed by further
purification by centrifugation 3 times."*"® In a typical experiment,
monodispersed PS particles with a size of ca. 174 nm were used
to construct the photonic structure, which first self-assembled
onto glass slides after being treated with oxygen plasma, then
immobilized with the chitosan (CS) matrix by casting 3.0 wt%
CS solution into the voids of PS assemblies, and finally cross-
linked slightly with 0.5 wt% glutaraldehyde.>” The microstruc-
tures of the photonic coatings were characterized by scanning
electron microscopy (SEM). As shown in Fig. 1, the PS particles
of the photonic coatings formed a close-packed face-centered
cubic (fec) lattice. It can be observed that the PS particles, both
in the surface and the cross-section, were packed into a mainly
ordered hexagonal symmetry before infiltrating CS (Fig. 1A
and B). After the PS assemblies were cast with CS, the voids
in-between the PS particles were infiltrated with hydrogel by
capillary force (Fig. 1C and D), resulting in Bragg diffraction
accompanying the function of writing with water. In general,
the mechanism of the writing process is originated from the
swelling behavior of the hydrogel matrix. Being the ink, water
swells the hydrogel matrix and alters the lattice constant and
the effective refractive index of the photonic coatings. As a result,
brilliant Bragg diffraction can be observed as a color-contrastive
ink mark (Scheme 1b).
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Scheme 1 Schematic illustration of the rewritable photonic coatings:
(a) the self-assembly of the PS particles (step 1), and casting CS solution
followed by drying (step 2); (b) the mechanism of reversible writing and
erasing processes by infiltration and removal of water.
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Fig.1 SEM images of (A) and (B) the surface and the cross-section
morphology of PS assemblies with a loading of 1.6 wt% on glass slides,
and it consists of about 19 layers of PS particles with a size of ca. 174 nm;
(C) and (D) the morphology of PS assemblies immobilized into the CS
matrix. The scale bars are 500 nm (A, B, D), and 5 um (C).

To ensure the transparency of the photonic coatings, various
loadings of PS particles with a size of ca. 174 nm were prepared,
ranging from 0.2 wt% to 8.0 wt%. As it is shown in the transmis-
sion spectra in Fig. 2(a) and (b), the transparency of the coatings
was reduced with an increase in the PS particle concentration
from 0.2 wt% to 8.0 wt%. This resulted from the increasing
stacking thickness of the PS particles with their increasing con-
centrations.?® Therefore, the optical transmittance was reduced as
light was scattered over the particle layer on glass slides.>* Fig. 2(c)
and (d) show the transmission spectra of the reversible writing
and erasing processes of the photonic coatings by infiltration
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Fig. 2 The transmission spectra of: (a) PS assemblies with various loadings
from 0.2 wt% to 8.0 wt% on glass slides; (b) PS assemblies immobilized
into the CS matrix; (c) and (d) the writing and erasing processes of the
photonic coatings.
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and removal of water, respectively. After writing with water, it
can be observed that the photonic coatings gave transmittance
minima (ca. 548 nm) falling in the visible region of the spectrum
(Fig. 2¢). After water was evaporated, however, the transmittance
minima disappeared and the photonic coatings became trans-
parent again (Fig. 2d). In comparison, the PS particles with the
concentration of 1.6 wt%, which showed good transparency
before writing and exhibited the most brilliant color after writing,
have the greatest efficacy in the modulation of lattice constant.
Considering that the refractive index contrast between the PS
particles and the hydrogel matrix is sufficiently small with little
influence on the transparency, so in consideration of both the
transparency and rewritability, the thickness of the PS assemblies
is more important. Hence, PS particles with the concentration of
1.6 wt% were used in the following experiments.

In order to demonstrate the dynamic writing-erasing processes
of photonic coatings in detail, the transmission and reflection
spectra of which were characterized at room temperature as shown
in Fig. 3a and b and Fig. S1 (ESIt). The photonic coatings were
written once and then dried in air, resulting in the blue-shift of the
Bragg diffraction (Fig. 3b). In accordance with the reflection spec-
trum, the transmittance maxima occurred at a shorter wavelength
correspondingly. Furthermore, the transmittance of the photonic
coatings increased and thereby good transparency was resumed as
shown in Fig. 3a. Accordingly, the ink can be erased easily by the
evaporation of water which recovers the photonic coatings and
makes it rewritable for multiple cycles (Fig. 4). The cycling experi-
ments indicate that the material has great potential to be developed
into an environmentally friendly product that can take the place of
traditional paper while ensuring rewritability and non-toxicity.
Water, which is easy to handle and readily available, can therefore
potentially be the ink of the new generation of photonic paper.
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Fig. 3 The transmission spectra (a) and the reflection spectra (b) of dynamic
writing—erasing processes of the photonic coatings at room temperature
with a humidity of 41%, and each spectrum was recorded about every
210 s; (c) the reflection spectra of the photonic coatings with various sizes
of ca. 160 nm, ca. 174 nm and ca. 225 nm after chitosan infiltration with
water marks; (d) the reflection spectra of the photonic coatings with
a particle size of ca. 174 nm written with various aqueous buffers of
pH 5, pH 7 and pH 9. The scale bar is 400 um.
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Fig. 4 Diffraction wavelengths of photonic coatings recorded in 8 cycles
by writing with water and erasing by water evaporation.

It is worth noting that the color of the writing can be easily
tuned by adjusting the size of PS particles, or writing with
various pH solutions.”” As manifested in Fig. 3c, the Bragg
diffraction can be further tuned by modifying the particle size
of PS coatings. Various sizes of PS particles from ca. 160 nm,
ca. 174 nm to ca. 225 nm were used for the construction of the
photonic layer respectively, resulting in the different diffraction
colors after being written with water (Fig. 3¢ and 5). With the
increased size of the PS particles, the Bragg diffraction red-shifts
owing to the increased particle lattice spacing of the photonic
coatings. The corresponding photographs show the blue, green
and red colors of the diffracted light. As a simpler strategy, the
Bragg diffraction can also be tuned by writing with different
pH solutions including pH 9, pH 7 (in pure water), and pH 5
(Fig. 3d). At pH 9 diffraction is observed at 470 nm, whereas at
pH 7 diffraction occurs at 530 nm and at pH 5 diffraction
occurs at 640 nm. At pH 5, the CS hydrogel swells due to the
protonation of its NH, groups,> and the swelling increases the
particle lattice spacing. At pH 9, on the contrary, the CS hydrogel
shrinks due to hydrogen bonding interactions. We have observed
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Fig. 5 Digital photo images of photonic coatings with various sizes from
ca. 160 nm to ca. 225 nm on glass slides before writing (left), after writing
with water (middle), and erasing by water evaporation (right). The letters were
written with a Chinese ink brush dipped in water. A prototype of photonic
coating with legibility lasting almost 45 min per writing at room temperature
with 41% humidity, and multiple write—erase cycles without obvious color
fade have been realized. All the images share the same scale bar.
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Fig. 6 Digital photo images of flexible photonic coatings with a particle
size of ca. 174 nm on plastic substrates: (a) writing with water, and (b) erasing
by water evaporation, (c) invisible pattern “INK" before spraying with water,
and (d) visible pattern “INK" after spraying with water. Image (a) shares the
same scale bar with (b), and image (c) shares the same scale bar with (d).

that for non-neutral solution (e.g., pH = 5 or 9) the photonic
coatings were fully relaxed to its original state under the normal
evaporation conditions as shown in Fig. S2 (ESIT). The observa-
tion of the various colors at different pH values offers a simpler
alternative to create colors on the photonic paper.

Furthermore, it is worth noting that the photonic coatings
not only can be coated on glass slides, but also can be coated on
plastics as shown in Fig. 6a and b. Interestingly, patterned PS
assemblies can be invisible and can be visualized with brilliant
colors when water is sprayed on the photonic coatings, which
can be utilized for steganography, identification marking and anti-
counterfeiting purposes. As shown in Fig. 6¢ and d, the pattern
“INK” of PS assemblies with a particle size of ca. 174 nm was
embedded in CS using the drop casting technique,*® and the
pattern was invisible first (Fig. 6¢). However, the pattern was
visualized immediately with a brilliant green color when the
patterned photonic coating was infiltrated with water (Fig. 6d).
The optical diffraction color depends on the particle size of the
PS particles immobilized in the photonic coatings. Moreover,
the switching between the invisible and visible status is highly
reversible. This obviously demonstrates the good reversibility,
stability as well as simplicity of this novel technique. These
results indicate that the photonic coatings can potentially be
applied for the fabrication of invisible photonic patterns that
can be visualized with brilliant optical diffraction colors after
infiltration with water.

Conclusions

In summary, we have developed a novel type of photonic
coating that has the potential to be the material of photonic
paper. Not only can it be used for writing with water, but also it
is able to reverse the writing process, which makes it possible to
apply on information storage devices. Furthermore, the photonic
coatings, which are transparent, enable fast and convenient
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visualization of the invisible photonic patterns with good
tenability and reproducibility, offering potential applications for
steganography, identification marking and anti-counterfeiting
purposes. With the help of water, which is readily available and
without any toxicity, the showing and hiding processes of the
photonic patterns can happen in a second. Also the color of the
visualized patterns can be tuned by adjusting the size of the PS
particles, or writing with various pH solutions. In addition, the
adaptation of the photonic paper with invisible patterns for ink-jet
systems would provide a new strategy for pattern-on-demand
printing. In future, the technique of the fabrication of this type
of photonic coating may also be developed into chemical and
biological sensors for scientific research, or even into rewritable
photonic paper and information storage devices in daily lives.
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