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Photonic Patterns Printed in Chiral Nematic Mesoporous Resins**
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Abstract: Chiral nematic mesoporous phenol-formaldehyde
resins, which were prepared using cellulose nanocrystals as
a template, can be used as a substrate to produce latent
photonic images. These resins undergo swelling, which changes
their reflected color. By writing on the films with chemical inks,
the density of methylol groups in the resin changes, subse-
quently affecting their degree of swelling and, consequently,
their color. Writing on the films gives latent images that are
revealed only upon swelling of the films. Using inkjet printing,
it is possible to make higher resolution photonic patterns both
as text and images that can be visualized by swelling and erased
by drying. This novel approach to printing photonic patterns in
resin films may be applied to anti-counterfeit tags, signage, and
decorative applications.

Encrypting data¥ and designing sensors! that can dis-
criminate various stimuli rely on the ability to encode
complex chemical information. For example, fluidic and
diagnostic devices have been made by spatial encoding of
hydrophilicity in three-dimensional porous networks.”! Color-
changing materials have garnered tremendous interest for
their potential applications in encryption,’® sensing”! opto-
electronics,® and displays.”) To that end, much research effort
has been invested to construct photonic structures in synthetic
materials and integrating these into devices."”! Bragg stacks,
3D opals, and block copolymer gels are examples of structures
that are being explored for their photonic properties.'!] The
use of liquid-crystal templates to embed structures has
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emerged as a promising bottom-up approach to synthesize
photonic materials.

Patterned photonic crystals have potential applications in
optical, display, and microfluidic devices.">'¥ Photonic crys-
tals are generally patterned by lithographic techniques or self-
assembly of colloidal particles. Traditional lithographic pat-
terning is complex, time consuming, and costly for large-scale
generation and hence prohibitive for many applications.
Because of that, self-assembly of colloidal particles has been
widely explored and used to prepare patterned photonic
structures through magnetic alignment,™® extrusion and
compression molding,'®" capillary force-induced infiltra-
tion,'”! or triphase microfluidic-directed assembly!™® followed
by fixation in a polymer host. Patterning by the self-assembly
of colloidal particles is limited by characteristics of the
template and a multi-step fabrication procedure. Color tuning
of the patterns was attained primarily by varying the size of
the colloidal particles and secondarily tuning the lattice
constant by strain (in cases of elastomeric polymer
matrix)!'®'” or by swelling/deswelling of the polymer matrix
in appropriate solvents.””) Recently, macroscale patterned
photonic crystals were fabricated by ink-jet printing using
colloidal particle dispersions as ink.”!! Although simple, this
technique relies on localized self-assembly of colloids that
suffers from inevitable crystal defects caused by disturbances
from ambient environment during the self-assembly process
and thus inhomogeneity in color. Moreover, the inconven-
ience of substrate surface pretreatment to make it compatible
with the ink and in many cases the lack of required flexibility
of the substrate limits its widespread application.

Cellulose nanocrystals (CNCs)?*?! can be used to tem-
plate mesoporous chiral nematic materials with photonic
properties.’*?! In these structures, the pores are aligned in
layers, but their orientation within the layers rotates through
the stack. This chiral nematic organization leads to the
selective reflection of circularly polarized light with a wave-
length (i.e., color) that depends both on the pitch of the
helicoidal structure and the refractive index. This concept was
extended to phenol-formaldehyde (PF) resins to give flexible,
mesoporous photonic resins.”™*!! Photonic properties arising
from the chiral nematic structure of CNCs have been
exploited to produce predefined watermark-like patterns in
solid iridescent films of CNCs by differential heating of
a CNC dispersion during film casting, or by changing the
hydrophobicity of the substrate.”” We recently used CNC
templates to construct patterns in responsive hydrogels by
regioselective crosslinking through photomasking.*®! Also,
permanent photonic patterns were imprinted in amino-
formaldehyde/CNC composite films by applying external
pressure to cause an irreversible change in helical pitch of the
chiral nematic structure, creating color contrast.*"
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Herein we present a novel way to pattern photonic PF
resins by ink-jet printing. The patterns can be reversibly
revealed and concealed upon swelling and drying, respec-
tively.

The chiral nematic mesoporous polymers were synthe-
sized according to the procedure reported before
(Scheme 1).*" In a representative procedure, an aqueous
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Scheme 1. Synthesis of chiral nematic mesoporous PF resin films. An
aqueous mixture of CNCs and PF polymer precursor was dried to give
chiral nematic composite films (CP). Alkaline treatment of the compo-
sites removes the CNC template, giving highly iridescent, mesoporous
photonic resins (MP). Treatment of as-synthesized mesoporous-resin
films (MPx-p; x=1 or 2) with HCl and formaldehyde results in MPx-h
and MPx-f films, respectively, which show different reflected color
upon swelling in polar solvents.

MPx-h
L

CNC dispersion was mixed with a solution of the PF precursor
in a water/ethanol mixture, then dried to give iridescent chiral
nematic composite films. Subsequent curing of the films at
75°C resulted in slight shrinkage of the film and a blue shift in
the reflection color by about 15-20 nm (composite polymer
(CP) samples). Pliable, mesoporous-resin films were obtained
by treating the composite films with NaOH,, at 70°C to
remove CNCs, then drying the films from supercritical CO,
(mesoporous polymer (MP) samples). The films appear
iridescent and the coloration of the films arises from the
chiral nematic organization of CNCs embedded in the
materials.
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The wavelength of the reflected light (4,.) viewed
perpendicular to a film with chiral nematic order is propor-
tional to both the average refractive index (n,,) and the
helical pitch.® The color of the composite films can be red-
shifted by increasing the ratio of PF precursor to CNCs or,
conversely, blue-shifted by addition of salts.*” By employing
these strategies, we synthesized two samples with different
colors (Figure Sla). The change in color arises from the
change in the helical pitch of the chiral nematic structure. The
reflected wavelengths of the composite samples at normal
incidence were at 500 nm for sample CP1 and 440 nm for
sample CP2. Polarized optical microscopy (POM) images
(Figure S1b,c) showed strong birefringence and fingerprint
textures that are characteristic of chiral nematic organization.
The films selectively reflect left-handed circularly polarized
light, as confirmed by the intense positive signals observed in
the circular dichroism (CD) spectra (solid lines, Figure 1a).
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Figure 1. a) UV-Vis (dashed lines) and CD (solid lines) spectra of CP1
and CP2 composite films; b) SEM image at fracture section of CP1
showing twisted layered structure; c) CD spectra of MP1 and MP2
mesoporous-resin films; and d) SEM image of MP1 resin film showing
twisted layered structures retained after removal of CNCs.

These CD signals correspond to the reflection wavelengths
measured by UV-Vis spectroscopy (dashed lines, Figure 1a).
Scanning electron microscopy (SEM) images (Figure 1b,
Figure S2) also show a layered, twisted structure for the
polymer composites that is consistent with a left-handed
chiral nematic organization. Taken together, these investiga-
tions confirm that the observed reflections arise from the
chiral nematic order of the polymer composites.

Thermal curing below 100 °C enhances polymerization of
the PF resin precursor to give highly iridescent but brittle
composite films. Treatment with aqueous NaOH removes 80—
90 % of the CNC template from the composite films, resulting
in mesoporous films with significantly improved mechanical
properties.””! Retention of the chiral nematic order in the
samples after CNC removal was confirmed by POM, SEM,
and CD measurements. POM images (Figure S3a) of sample
MP1 show strong birefringence that is indicative of a chiral
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nematic material. Although the resin itself is amorphous, the
anisotropic structure of the resin with a chiral nematic
arrangement of pores gives rise to the optical anisotropy
(i.e., form birefringence). CD spectra of mesoporous-resin
films (Figure 1c) show intense signals with positive ellipticity.
Samples MP1 and MP2 were obtained as flexible, iridescent
films with blue-shifted reflection peak wavelengths (485 nm
and 415 nm for MP1 and MP2, respectively). The twisted
layered structure is evident from SEM images (Figure 1d,
Figure S3b—d) further confirming the retention of the chiral
nematic structure after removal of the CNCs.

The mesoporous PF films are hydrophilic, an indication
that they are mainly uncrosslinked with a high density of
methylol groups; this is expected as the maximum curing
temperature that was used was 75°C (Scheme 1).5°! The
mesoporous-resin films show more red-shifted color when
soaked in water than in ethanol, despite the similar refractive
indices of both solvents. This observation confirms that
although the infiltration of pores with solvents results in
a net increase in the average refractive index of the materials,
the red-shift in color is mainly caused by the lengthening of
the helical pitch upon swelling.

Methylol groups in the resin films can undergo additional
reactions, and crosslinking by acidification, forming methyl-
ene ether bonds.””! On the other hand, the concentration of
methylol groups in the pores may be increased by reacting
surface phenol rings with more formaldehyde. These two
methods, acidification and addition of formaldehyde, offer
routes to decrease and increase, respectively, the concentra-
tion of methylol groups on the surface of the material.
Figure S4 shows the IR spectra of MP1 resin film treated with
hydrochloric acid (blue) and formaldehyde (red), and the as-
synthesized film (green) (henceforth referred to as MP1-h,
MP1-f and MP1-p, respectively; Scheme 1). Spectra of all
three samples show an intense broad band at around
3340 cm™" from the O—H stretch of hydrogen-bonded phe-
nolic groups and a peak at around 2890 cm ™' from the C—H
stretch of methylene (CH,) groups. In addition, two relatively
strong bands at 1639 and 1609 cm ' are attributed to an
aromatic ring stretch arising from mixtures of 1,2,4- and 1,2,6-
trisubstituted as well as phenyl-alkyl ether-type substituted
aromatic rings. For MP1-p, the band at 1609 cm™' has
relatively higher intensity than that at 1637 cm™!, whereas in
both MP1-h and MP1-f, there is an intensity reversal in those
two peaks. The variation in relative intensities of these peaks
clearly indicates different extent of (tri- vs. tetra-) substitu-
tions of the aromatic rings caused by crosslinking through
acidification with HCI, and formation of methylol groups by
addition of formaldehyde.”™ Thermogravimetric analysis of
the samples under air showed distinct degradation profiles
(Figure S5a). All three samples show a weight loss of around
5% below 160°C, attributed to the loss of adsorbed moisture
and other volatile organics. MP1-p is stable to around 300°C
and degradation occurs in three distinct stages between 300—
515°C. On the other hand, MP1-f starts degradation at
a lower temperature (270°C), causing release of formalde-
hyde and other degradation by-products through condensa-
tion of methylol groups. Degradation of MP1-f is completed
at the same temperature as that for MP1-p (515°C). In
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contrast, MP1-h shows a significant weight loss of approx-
imately 20% at a much lower temperature compared to the
other two samples. This observation can be attributed to the
release of adsorbed water and HCI that remained in the
materials. However, after the initial weight loss, MP1-h
showed improved thermal stability (by about 50°C) com-
pared to both MP1-p and MP1-f, indicating enhanced cross-
linking caused by acidification. This was further confirmed by
differential scanning calorimetry of the corresponding sam-
ples. All three samples showed an exothermic peak at
temperatures (centered at around 495°C for both MP1-p
and MP1-f and at 555°C for MP1-h) corresponding to their
final stage of degradation (Figure S5b—d). In addition, sample
MP1-p shows an endothermic peak at 356°C that was
attributed to the condensation of methylol groups with
phenol or other methylol groups forming methylene or
dibenzyl ether bridges, respectively, and thereby releasing
formaldehyde.® A similar but more intense endothermic
peak is observed at 280°C for MP1-f, indicating the presence
of more methylol groups obtained by the post-synthetic
addition of formaldehyde. However, the acid-treated sample
MP1-h did not show any endothermic peak in that temper-
ature region (Figure S5b), confirming that most of the
methylol groups are condensed by acidification with HCI,
leading to enhanced crosslinking.

Variation in the number of polar methylol groups is also
reflected in their surface properties. Among these samples,
MP1-p showed a static contact angle of 61 +1.3°, while MP1-
h showed highest contact angle of 69+ 1.1° and the MP1-f
showed the lowest contact angle of 54 +1.3° (Figure 2a).
Thus, with acidification, the film becomes less hydrophilic,
consistent with a lower concentration of methylol groups on
the surface. In contrast, treatment of the film with formalde-
hyde renders it more hydrophilic. This variation in contact
angle implies that there should be a difference in the extent of
swelling of these materials in polar solvents. Figure 2b shows
the photographs of MP1-p (middle), MP1-h (left) and MP1-f
(right) films. The corresponding CD spectra are shown in
Figure 2 c. Both MP1-p and MP1-h showed reflection peaks at
495 nm, while MP1-f showed a slightly red-shifted peak at
515 nm in the dry state. However, all three samples showed
substantially red-shifted reflection peaks when they are
soaked in water. This red shift in reflection color is clearly
visible and is attributed primarily to the lengthening of the
helical pitch by swelling. The extent of swelling can be
controlled by changing the solvent polarity, as shown here
with binary mixtures of ethanol and water (Figure 2b middle).
Upon complete swelling in water, the pristine MP1-p sample
showed a reflection peak at 730 nm (a shift of 235 nm from its
dry state). For comparison, upon swelling in water, MP1-h
showed a reflection red-shifted by only 110 nm (reflection
peak at 605 nm) and MP1-f showed a large red-shift of 320 nm
(reflection peak at 835 nm). The difference in the reflected
color from sample to sample changes relatively with the
polarity of the solvent, as shown in the photographs in
Figure 2b. This provides an easy means to modulate the
extent of swelling and hence the reflected color of the
mesoporous photonic PF resins.
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Figure 2. a) Images from static contact angle measurements of MP1
resin films treated with HCI (left), pristine (middle), and treated with
CH,0 (right); b) photographs of a strip of MP1 resin films showing
the changes in color in water/ethanol binary solvent mixtures of
different proportions. The left and right ends of the strip were treated
with HCl (MP1-h) and CH,0 (MP1-f), respectively, while the middle
part remained untreated (MP1-p); c) CD spectra of MP1-p (green),
MP1-h (blue), and MP1-f (red) resin films in dry state (solid lines) and
after swelling in water (dashed lines). As the CD spectrometer that
was used cannot measure beyond 900 nm, the reflection peak of MP1-
fin the swollen state was confirmed with complementary UV-Vis
spectroscopy (red dotted line). Inkjet printing of photonic patterns on
mesoporous-resin films: d) pattern printed as letters “UBC” on MP2
resin films, e) “UBC” patterned as an image, f) and g) more compli-
cated images patterned on MP1 resin film. The pattern in (f) was
revealed by swelling in water while the pattern in (g) was revealed in
20/80 (v/v) water/ethanol mixture. The appearance and disappearance
of the patterns upon swelling and drying, respectively, are completely
reversible.

In an attempt to print photonic patterns on the meso-
porous-resin films, 2 uLL drops of 1M HCl,, were deposited in
an array of letters and dried under ambient conditions. After
washing the film with distilled water to remove unreacted
HCI followed by complete swelling in water, photonic
patterns were observed (Figure S6a,b). It was also possible
to write letters on the resin films with a home-made pen using
HCl as ink (Figure S6c¢), but the pen tip tended to scratch the
surface of the film.

Inspired by the success of these preliminary experiments,
we investigated inkjet printing to pattern the resin films. We
employed a custom-made inkjet printer to print patterns on
the resin films using 1M HCl,, solution as “ink”.1*”) With inkjet
printing, we were able to print characters “UBC” on MP2 as
text (Figure 2d) as well as an image on MP1 (Figure 2¢). This
high-throughput, yet simple printing technique can be used to
print even more complicated patterns on a resin film (Fig-
ure 2 f and g), underscoring the general utility of this printing
technique. The appearance and disappearance of the patterns
upon swelling and drying are completely reversible for many
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cycles (Figure S7). The colors of the patterns or the matrix can
be varied (compare Figure 2d and e) by tuning the helical
pitch of the original resin films during their synthesis (by
changing the ratio of CNC to resin precursor or by adding
salts). Alternatively, the color can be tuned after the synthesis
with solvents of different polarity (Figure 2b and g). This is
a unique property of these materials, where the outward
appearance of the resulting patterns can be easily tuned on
demand.

In summary, we demonstrated a new way to pattern
mesoporous phenol-formaldehyde resins. Upon swelling in
polar solvents, the photonic resin shows red-shifted color,
which can be manipulated by treating the film with either acid
or formaldehyde. With acidification, the films show enhanced
crosslinking, a lower density of surface methylol groups, and
hence lower hydrophilicity. In contrast, films treated with
formaldehyde show an increased density of methylol groups
and thus increased hydrophilicity. These changes result in
a difference in the extent of swelling of the films in polar
solvents, which changes the pitch in the chiral nematic
structure and, consequently, the reflected color. By applying
acid or formaldehyde to regions of the films, it is possible to
produce latent images that are presented only upon swelling
of the film. Using inkjet printing, it was possible to print both
text and images as higher-resolution photonic patterns that
can be visualized by swelling and erased by drying. This is the
first example of printing photonic patterns in PF resin films,
and these materials may be used as anti-counterfeiting
materials in security documents, in visual graphic signage
and in decorative applications.

Keywords: cellulose nanocrystals - liquid-crystal template -
mesoporous material - photonic pattern - resins
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