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Coloration in nature plays essential roles in signaling,
mimicry, or mate choice.[1,2] The striking color of a number
of mussels, insect shells[3] (e.g., beetles, see Figure 1a), and
bird feathers[4] arises from three-dimensional, hierarchically
organized biomolecules.[5] These so-called photonic structures

of nature are inspiring scientists to develop new materials
with controllable structural color for applications in sensing
and optoelectronics.[6–13] A powerful approach to photonic
materials is to use templates that organize by molecular self-
assembly.[14–17] Subsequent removal of the template releases
a periodically mesoscopic structure with a photonic band gap.
By changing the reaction conditions, the periodicity can be
tuned and therefore the appearance and potential application
of these materials can be controlled.[18–20]

Cellulose nanocrystals (CNCs) derived by hydrolysis of
bulk cellulose are known to form chiral nematic phases in
aqueous solutions that dry to give iridescent films with chiral
nematic organization.[21, 22] Because of their fast self-assembly
at low concentrations in water, CNCs offer an effective
approach to developing structurally colored materials. Our
group has explored the use of CNCs as a template for
mesoporous inorganic solids with structural color (e.g., silica,
titania).[23–25] Two significant drawbacks to the technological
development of these freestanding films are their fragility and
the static nature of their optical properties once the CNCs are
removed, which we now seek to address by the development
of a mesoporous plastic that captures the long-range chiral
nematic and photonic properties of CNCs. Although CNCs
have received considerable attention as a high-performance
reinforcement in several (nonchiral nematic) polymeric
systems,[26–31] no attempt has yet been made, to our knowl-
edge, to develop a mesoporous plastic with chiral nematic
organization.

Herein we report a mesoporous phenol–formaldehyde
(PF) resin that exhibits the chiral nematic order of the CNCs,
leading to colorful polymer films (Figure 1b,c). In comparison
to other CNC-templated solids, the flexibility and responsive
swelling behavior of the mesoporous films make them
appealing for potential application in sensing and optics.
This PF resin is the first of a family of plastic materials whose
tunable properties might favorably combine chiral nematic
coloration and mesoporosity.

Our approach to chiral nematic mesoporous polymers is
shown in Scheme 1. An aqueous CNC dispersion (3.5 %,

Figure 1. Photographs of a) a beetle (buprestis fasciata) native to British
Columbia and b) the mesoporous resin films, showing the iridescent
color that originates from the hierarchical structures. c) A magnified
view of the surface of the mesoporous chiral nematic polymer. Scale
bars from left to right: 5, 20, and 1 mm.

Scheme 1. Synthesis of the mesoporous chiral nematic PF resins. A
CNC dispersion is mixed with an aqueous solution of the PF polymer
precursor and cured to give chiral nematic composite films (CP).
Alkaline treatment removes most of the CNC template, leading to
highly iridescent, mesoporous photonic resins (MP) after supercritical
drying.
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pH 2.4) derived by hydrolysis of wood pulp with sulfuric acid
was mixed with an ethanolic solution of the PF precursor in
water (35 wt%, pH 7). After drying under ambient conditions,
colorful composite films were obtained. The films were then
cured for 24 h at 75 8C to enhance crosslinking of the PF resins
(composite polymer (CP) samples), resulting in slight shrink-
age of the film and a blue shift in color of around 15 nm.
Mesoporous, pliable resins with chiral nematic order can be
obtained upon treatment of the composite with aqueous
NaOH solution at 70 8C to remove the CNCs followed by
supercritical drying of methanol-soaked films with CO2

(mesoporous polymer (MP) samples).
Both the composites and the mesoporous polymer films

were investigated with respect to their physical properties.
The color of the composite films can be controlled by
increasing the ratio of PF precursor to CNCs (CP1–CP4 ;
resulting in a red shift) or the addition of salts such as NaCl
(CP1a–CP1d ; resulting in a blue shift; see Figure 2a). Both
methods affect the helical pitch (P) of the chiral nematic CNC

phase, which, in combination with the average refractive
index (navg) of the material, shifts the peak wavelength (lmax)
of light reflected by the chiral nematic structures at angle q

across the visible and near-IR spectral regions according to
the following equation:[32]

lmax ¼ navg � P � sinq ð1Þ

By applying these methods, the maximum reflected
wavelength at normal incidence of the composite samples
(CP1–CP4) can be tuned from 430 to 685 nm (Figure 2b). To
confirm that the observed reflection arises from the chiral
nematic order of the polymer composites, samples were
studied by polarized optical microscopy (POM), circular
dichroism (CD) spectroscopy, and scanning electron micros-
copy (SEM). POM images (Figure S1 in the Supporting
Information) show strong birefringence, which is a character-
istic of chiral nematic organization. An intense signal in the
CD spectra (Figure 2b) that corresponds to the reflection
wavelength measured by UV/Vis spectroscopy confirms that
the left-handed helical chiral nematic structure is embedded
in the composites. SEM images (Figure 2c) also show
a layered, twisted structure for the polymer composites that
is consistent with a left-handed chiral nematic organization.

The curing step, which is necessary to form a robust
composite film, gives highly iridescent, brittle films. Upon
removal of the CNC template by treatment with NaOH, the
mechanical properties change significantly. Samples MP1a–
MP1d were obtained as flexible, iridescent films with blue-
shifted reflection peak wavelengths (410 to 630 nm). Reten-
tion of chiral nematic order in the samples was confirmed by
POM, CD spectroscopy, and SEM. The POM images show an
obvious birefringence and a fingerprint structure indicative
for a chiral nematic material (Figure 3a). The CD spectra
(Figure 3b) show intense signals with positive ellipticity and
SEM images show the twisted layered structure of a left-
handed chiral nematic organization of the mesoporous films
(Figure 3c).

CNC removal from the composite films was verified by
several techniques. As noted above, the films exhibit a blue
shift of around 50 nm after treatment with base followed by
supercritical drying. This blue shift is consistent with removal
of CNCs from the material, as it results from both a decreased
refractive index (owing to pore generation) and shrinkage
that decreases the pitch. IR spectra and 13C cross-polarization/
magic angle spinning (CP/MAS) NMR spectra show a sub-
stantial removal of the CNCs (Figure S2 and S3) as signals for
the cellulose are diminished relative to those of the resin.
Although 13C CP/MAS NMR spectroscopy is not a quantita-
tive method, it gives an estimation of the amount of cellulose
removed. NMR spectra of the composite and the mesoporous
polymer films (Figure S3) were obtained under similar
conditions and a comparison of the relative area of the
peaks shows removal of around 85–90% of the CNCs during
the treatment with NaOH. In addition, powder X-ray
diffraction analysis confirms the removal by a significant
drop in the intensity of the reflection peaks assigned to CNCs
relative to the composite films (Figure S4). This observation is
attributed to removal of the CNCs combined with a loss of
crystallinity in the remaining cellulose in the resin samples.

Following the removal of the CNCs and the subsequent
removal of methanol by supercritical drying, N2 adsorption
measurements of the MP samples show that the resulting PF
resins are mesoporous. While the composite films with CNCs
do not show any porosity, after the removal of CNCs, the MP
films show a significant Brunauer–Emmett–Teller (BET)
surface area ranging from 310–365 m2 g�1 and a pore volume

Figure 2. Characterization of the CNC–polymer composite films
(CP1a–CP1d). a) The photograph shows the different colors of the
composite films after curing, from right to left: CP1a, CP1b, CP1c, and
CP1d (scale bar: 25 mm). All films are cured at 75 8C without addition
of a curing agent. b) UV/Vis and CD spectra of the four samples (red:
CP1a, green: CP1b, blue: CP1c, purple: CP1d) show their optical
properties. c) SEM images support the left-handed orientation of the
layers (scale bar: 1 mm).
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of 0.5–0.7 cm3 g�1, depending on the composition of the
sample (Figure 3d). The calculated Barrett–Joyner–Halenda
(BJH) pore-size distributions are about 7 nm, which is close to
the diameter of the individual CNCs that were removed from
the composite.

Further evidence for CNC removal was obtained from
measurements of the physical properties of the films before
and after treatment. While thermogravimetric analysis
(TGA) shows decomposition starting at around 165 8C for
the composite material, the base-treated samples are stable
up to about 300 8C (Figure S5). This stability arises from the
CNC removal and concomitant enhanced crosslinking of the
resin. Moreover, while the cured CNC/PF composites are
brittle, they are tough and highly flexible after removal of the
CNCs (Figure 3e). Tensile stress–strain curves measured on
a mesoporous, chiral nematic resin after drying of methanol-
soaked films with supercritical CO2 showed tensile strength of
around 89 MPa and elongation of about 4.5% at break
(Figure 3 f), comparable to the mechanical properties of
commercial PF resins.[33] In other words, we have maintained
the mechanical/thermal performance of the polymer and
added new functionalities: mesoporosity and chiral nematic
organization.

These materials exhibit unique photonic properties
because of their combination of chiral nematic ordering,
mesoporosity and responsive behavior. The films of MP1a
appear brilliant red under a left-handed circular polarizer,
and turn to dull brown upon observation through a right-
handed circular polarizer (Figure 4a). This dramatic differ-
ence, which can be easily observed under polarizers, demon-

strates a potential application of these materials as a unique
security feature for documents and banknotes.

Upon immersion in solvents of different polarities, the
mesoporous polymers swell rapidly, resulting in a red shift of
the reflection peak as the helical pitch lengthens. Soaking the
films in anhydrous ethanol results in only a small color change
(from ca. 415 to 440 nm). On the other hand, samples
immersed in water and mixtures of ethanol/water show large,
tunable color changes (Figure 4b) as the helical pitch changes
as a result of swelling of the mesoporous structure. The
swelling behavior likely originates from a highly porous
structure, combined with a low PF resin crosslinking density
and/or a coating of residual cellulose in the mesopores.
Interestingly, the response is very fast (Figure 4c), occurring
within seconds; this response is much faster than that of
previously reported photonic hydrogels,[34] and shows a large
response range (Figure 4d), supporting the potential appli-
cations of these materials in sensing applications. Further-
more, the response is reversible.

The systematic shift of the color upon swelling in mixtures
of ethanol and water with varying ratios can be easily
followed with the naked eye and demonstrates the general
potential of the mesoporous chiral nematic plastics as unique
optical sensors. One advantage of these materials is that the
CD spectrum of the materials rather than the UV-visible
spectrum can be used as a measure of concentrations, which
means that colored impurities will not substantially interfere.

In conclusion, we have discovered a new type of chiral
mesoporous photonic resin by using cellulose nanocrystals as
a template. The combination of photonic properties (from the

Figure 3. Characterization of the mesoporous polymer films (MP1a–MP1d) and illustration of the improved physical properties of the mesoporous
polymer film MP1a with respect to the composite sample CP1a. a) POM images show a characteristic birefringence and fingerprint structure in
regions of the samples (scale bars: main image 200 mm, inset 20 mm). b) Positive CD signals (red: MP1a, green: MP1b, blue: MP1c, purple:
MP1d) and c) SEM image of the twisted layer structure of MP1a (as representative example, scale bar: 1 mm) support the left-handed chiral
nematic organization of the polymer films. d) The significant BET surface area of 300–370 m2 g�1 and the calculation of the BJH pore-size
diameters (see inset) are indicative for the removal of most of the CNCs (black circles: adsorption, white circles: desorption). e) The samples are
pliable and can be bent without visible damage of the material (sample size around 1 cm2). f) Stress-strain curve for a composite film (red)
compared with that of the mesoporous plastic (blue).
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chiral nematic structure), mesoporosity, and flexibility avail-
able in these materials coupled with their scalable and
straightforward synthesis makes these materials attractive
for applications in sensing and optics, and as security features.
Demonstrated with PF resins here, this process should be
extendable to the diverse resin chemistry to construct a family
of mesoporous, chiral nematic plastics.
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Figure 4. Demonstration of the potential application of the mesopo-
rous photonic plastics (MP1a as representative example) in security
features or optical sensors. a) The mesoporous sample appears bright
red under a left-handed circular polarizer (a, left) while its color
disappears under a right-handed polarizer (a, right). b) The swelling
behavior of the mesoporous plastics in mixtures of water and ethanol
(top: schematic illustration, bottom: photographs). Swelling of the
material leads to a change in the helical pitch, affecting the color of
the chiral nematic polymer films. c) The swelling kinetics of the
samples in water shows a fast response of the material to solvent
changes. The graph shows the rapid change in the reflection wave-
length for the mesoporous polymer when a dry film is immersed in
water. d) UV/Vis spectra show a systematic shift of the reflection
signal of the chiral nematic resin during swelling in mixtures of water
and ethanol (water content in solvent mixtures given in % (v/v);
purple: 0, blue: 20, green: 40, orange: 60, dark red: 80, black: 100).
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