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P
hotonic crystals (PCs) with tunability
in the visible or near-infrared region
are of great significance in controlling

light for display, sensor, “smart” medical
dressings, or telecommunication device.1

Functional materials play an essential role
in the PC tunability because these materials
are able to switch photonic band gaps
under external stimuli, such as magnetic
field,2 temperature,2 mechanical force,3 or
pH.4 Smart polymers, a major type of func-
tional materials, are perfect candidates for
the development of tunable PCs, owing to
their volume changes upon external stimuli.5

A pioneering work by Asher6 produced a
thermally tunable diffracting array based on
embedding a crystalline colloidal array of
polystyrene spheres within a poly(N-isopro-
pylacrylamide) hydrogel. Subsequent work4,7

found that photonic gels showed volume
expansions and contractions in response to
changes of pH gradient and accordingly ex-
hibited various structural colors.
Recently, three-dimensional (3D) func-

tional structures have emerged as a topic

of growing interest in materials chemistry,
especially in the fields of optics, chemical
sensing, and microfluidics.4 Much work fo-
cused on the fabrication of 3DpH=responsive
PCs by using templating or self-organizing
methods, such as polymerized crystalline col-
loidal arrays,7 opal hydrogel,8 or inverse opal
hydrogel,4,8�10 all of which exhibit uniform
structures. In fact, PCs with hierarchical struc-
tures are believed to demonstrate outstand-
ing performance. Potyrailo reported11,12

that Morpho butterfly wings demonstrated
a highly selective reflectance spectrum re-
sponse to a variety of vapors and liquids of
various concentrations, due to their hier-
archical photonic crystal structures with
interconnected micropores and special ca-
pillary condensation. Recently, modification
has been attempted to intensify the natural
hierarchical structure through padding nano-
tubes into the space of the butterfly scales,
producing a unique infrared sensor.13 There-
fore, smart polymers engineered with hier-
archical photonic structures are expected
to present high performance. Unfortunately,
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ABSTRACT We herein report a new class of photonic crystals with hierarchical

structures, which are of color tunability over pH. The materials were fabricated through

the deposition of polymethylacrylic acid (PMAA) onto a Morpho butterfly wing template by

using a surface bonding and polymerization route. The amine groups of chitosan in Morpho

butterfly wings provide reaction sites for the MAA monomer, resulting in hydrogen bonding

between the template and MAA. Subsequent polymerization results in PMAA layers coating

homogenously on the hierarchical photonic structures of the biotemplate. The pH-induced color change was detected by reflectance spectra as well as

optical observation. A distinct U transition with pH was observed, demonstrating PMAA content-dependent properties. The appearance of the unique U

transition results from electrostatic interaction between the�NH3
þ of chitosan and the�COO� groups of PMAA formed, leading to a special blue-shifted

point at the pH value of the U transition, and the ionization of the two functional groups in the alkali and acid environment separately, resulting in a red

shift. This work sets up a strategy for the design and fabrication of tunable photonic crystals with hierarchical structures, which provides a route for

combining functional polymers with biotemplates for wide potential use in many fields.
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hierarchical photonic structures with the combination
of complex macro-, meso-, and even nanoscales are
still a challenge to model.14

Our previous studies have reported a direct biotem-
plate method for synthesizing various functional cera-
mic replicas from natural periodic structures, including
TiO2, ZnO, ZrO2, and SnO2.

15�18 Very recently, a
sol�gel route followed by reduction has been devel-
oped for the preparation of magnetophotonic crystal
Fe3O4 from Morpho butterfly wings (MPC-Fe3O4), and
the resultant MPC-Fe3O4 demonstrated a novel optical
and magnetic coupling effect.19 Nevertheless, these
approaches are not suitable for the fabrication of
polymer�photonic crystals with hierarchical structures
for two reasons below. First, the formation of pores and
tiny structural details is a great challenge for polymers;
that is, the pores tend to be closed or fractured by
plastic deformation of the walls during fabrication.
Second, the nanostructure formation is entropically
limited for polymers, that is, the entropic restriction
of conformations in the nanoconfinement of particles
and thin walls.9,20,21 In this article, for the first time, we
report a new class of photonic crystals of hierarchical
structures by using a surface bonding and polymeri-
zation route. The PCs are fabricated by tailoring a
coating of polymethylacrylic acid (PMAA) on the sur-
face of Morpho butterfly wings (PMAA-PC). Our PCs
demonstrate a significant U-shaped pH response.

RESULTS AND DISCUSSION

Scheme 1 illustrates the overall process of pH-re-
sponsive PC synthesis from Morpho butterfly wings.

First, Morpho butterfly wings were surface-treated by
alkali to transform the surface chitin into chitosan, and
then PMAA was deposited on the wing surface by
in situ polymerization, resulting in PMAA photonic
crystals of hierarchical structures (PMAA-PC). For the
PMAA-PC-1, -2, and -3, the content of PMAA deposited
on the samples increases gradually with its monomer
concentration in the precursor.
We first investigated the structure of a Morpho

butterfly wing. Its front side shows a shining blue color
(Figure 1a) that derives from arrays of vertically aligned
net-like skeleton structures22 (Figure 1b). A typical
dimension of a scale is at ∼200 μm in length and
∼75 μm in width. These overlapping scales possess an
overall rectangular shape as demonstrated in Figure 1b.
Thirty five to 40 rows of ridges are found to align
themselves on the scale surface with an almost identical
interspacing. Figure 1c reveals the porous architecture of
this scale. Each scale comprises parallel ridges, which are
spaced several micrometers apart and aligned along the
scale longitudinal direction. These ridges supported by
cross-ribs hold the lamellae 500 nmover the scale bottom
surface. A cross section view of these lamellae is shown in
Figure 1d. The ∼2 μm high ridges are decorated by 6�7
lamellas, each of which is around 450 nm wide and
100 nm thick; these ridges are spaced approximately
700nmapart, and theupper ridges and ribs are supported
by columnar pillars which are located on a bottom layer in
Figure 1d.11 The color is caused by vertical branch-like
structuresmade from alternating layers of air and cuticles.
SEM was employed to characterize and compare the

morphologies of the intermediate alkali-treated template

Scheme 1. Overall synthesis of pH-responsive PCs from Morpho butterfly wings: (1) the butterfly wings pretreated with HCl
were carefully dipped into a 10 wt % NaOH solution to transform the wing surface chitin into chitosan; (2) this modified
template was immersed into MAA precursors and then brought out removing excess surface liquid; and (3) the
polymerization occurred on the template surface, resulting in PMAA PCs of hierarchical structures (PMAA-PC).
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and PMAA-PCs (Figure 2 and Supporting Information
Figure S1). At low magnification, both PMAA-PCs (Figure
S1b�d) and the alkali-treated template (Figure S1a)
consist of scales that have parallel ridges. The fine
nanoscale ribs, inherited from alkali-treated butterfly
wings, are well preserved in PMAA-PCs, as evidenced
by the high-magnification micrograph (Figure 2b�d).
The smooth surface of all PMAA-PC samples indicates the
homogeneous polymerization of PMAA on butterfly
wings. Designed with the highest monomer concentra-
tion, PMAA-PC-3 exhibits the most obvious layers of
PMAA coated on the surface as compared with PMAA-
PC-1 and PMAA-PC-2. In brief, PMAA-PCs inherited the
intricate and highly interconnected network of the origi-
nal wing scales through our fabrication.
The PMAA content in PMAA-PCs was determined by

TGA analysis. When temperature reaches 600 �C, the
biotemplate residue is at∼9 wt % (Figure S2a) while neat
PMAA is completely exhausted (Figure S2a). The larger
percentage of PMAA in PMAA-PC, the less percentage of
residuesat600 �C.According to theTGAresult, the residues
of PMAA-PC-1, -2, and -3were at around 24, 16, and almost
0, respectively. Thus, PMAA-PC-3 has the highest PMAA
content, followed by PMAA-PC-2 and PMAA-PC-1.
Further investigation of PMAA content in PMAA-PCs

was carried out by X-ray photoelectron spectroscopy
(XPS). Typical peaks forC1s,N1s, andO1sareobserved for
bothMorpho butterfly wings and PMAA-PCs (Figure S3).
Two peaks at 288 and 285 eV indicate a considerable
degree of carbon oxidation. Thebinding energy values of
284.67, 285.9, and 287.1 eV are caused by the non-
oxygenated ring C (C�H), C in C�O or C�N, and C in
CdO, respectively. With the deposition of PMAA on the
butterfly surface, a newbinding energy appears at 289 eV,

corresponding to carboxyl C (COOH, 289.1 eV) (Figure
S3b�d,f�h). On the basis of the relative intensity of these
peaks, the C�N ratios of PMAA-PC-1, PMAA-PC-2, and
PMAA-PC-3 were calculated to be 10.82, 11.18, and 15.73,
respectively (Supporting Information, Table S1).23 Both
TGA and XPS evidence proved that PMAA was combined
with thebiotemplate and that theweight contentof PMAA
increased gradually from PMAA-PC-1 to PMAA-PC-2 to
PMAA-PC-3.
Fourier transform infrared (FTIR) spectroscopy was

conducted to investigate whether there is an interaction
between chitosan and PMAA. Regarding the original
butterfly wings (Figure S4a), the characteristic absorption
lines of amide groups are at 1651 cm�1 (�CdO, amide I
vibration), 1548 cm�1 (�NH2 bonding in non-acetylated
2-aminoglucose primary amine, amide II vibration), and
1378 cm�1(�N�H stretching or C�N bond stretching
vibrations, amide III vibration). The absorption lines at
1157, 1115, 1075, and1029 cm�1might be the vibrational
motion of characteristic C�O bonds. Compared with the
original wings, the amide in the wings was obviously
stronger after the alkali treatment (Figure S4b). This is due
to the transformation of the chitin of butterfly wings into
chitosan that provides the �NH2 functional groups for
bonding with the�COOH of the monomer MAA. A new
absorption line at 1714 cm�1 is observed in the final
PMAA-PCs (Figure S4c), contributing to vibration of the
carboxyl group in PMAA, in comparison with an absorp-
tion line at 1720 cm�1 for neat PMAA (Figure S4d).
Compared with the biotemplate, the absorption line of
the N�H bond at 1549.8 cm�1 shifts to 1538.7 cm�1 and
the O�H vibration is split from 3285.9 to 3289.5 cm�1,
due to the hydrogen bonding between carboxyl groups
of PMAA and amino or hydroxyl groups of chitosan.24

Figure 1. Characterization of natural Morpho butterfly wings: (a) digital image of intact butterfly, (b) optical microscopy
image of the wing scales from the wing front, and SEM images of the ground blue scale (c) from a vertical view and (d) from a
horizontal view.
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On the basis of the foregoing discussion, it is reason-
able to conclude that PMAA with fine hierarchical
photonic structures obtained from the biotemplate
can be prepared by this impregnation and polymeri-
zation method. In this process, the hydrogen bonding
between the two functional groups �COOH of PMAA
and�NH2 of the biotemplatemust have a crucial effect
on the uniform coating. To prove the importance of the
reaction, PNIPA (poly(N-isopropylacrylamide)) was de-
posited on the surface ofMorpho butterfly wings using
a similar process (Figure S5, Supporting Information);
the PNIPAdispersion on the biotemplate is not uniform
at all because there is no reaction between PNIPA and
the biotemplate.Wepropose a synthesismechanism in

Scheme 2. The alkali treatment of butterfly wings
provides reactive groups (�NH2) on the wing surface,
which can react with the�COOHofmonomers to form
hydrogen bonding. Themonomers then polymerize to
produce long chains homogeneously coating on the
wing scales to produce a smooth surface, correspond-
ing to our SEM and XPS analysis. As a result, this pH-
responsive PMAA was introduced into the photonic
crystals of hierarchical structures.
PMAA-PCs were investigated by using a spectro-

photometer. The original butterfly wing exhibits the
strongest reflection at around 467 nm (spectrum a in
Figure 3a), which is a bright blue color (Scheme 1)
owing to its unique photonic crystal structure.25 The

Figure 2. SEM micrographs of (a) alkali-treated template, (b) PMAA-PC-1, (c) PMAA-PC-2, and (d) PMAA-PC-3.

Scheme 2. Schematic illustration of the formation mechanism for pH-tunable photonic crystals with hierarchical structures
(PMAA-PC).
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biotemplate shows a blue-shift reflection peak at
405 nm (spectrum b in Figure 3a), while the final PC
demonstrates a red-shift reflection peak at 438 nm.
These are ascribed to two reasons: (i) the difference in
refractive indexes (RI) of chitin (RI = 1.56),26 chitosan
(RI = 1.59),27 and PMAA (RI = 1.41);28 and (ii) the slight
variation of periodical scale.
With the increase in PMAA content from PMAA-PC-1

to PMAA-PC-2 to PMAA-PC-3, the highest reflective
peak exhibits an obvious red shift (Figure 3b). In
particular, PMAA-PC-1 is light blue (λmax = 438 nm)
and PMAA-PC-3 appears green-blue (λmax = 483 nm)
(Figure 3b insets).
The spectral properties were evaluated through vary-

ing the external pH stimuli (Figure 4�6). Figure 4 shows
how λmax varies with the biotemplate pH. The diffraction
resonance shifts from 465.5 to 491.5 nm when pH
decreases from 10.51 to 1.62, consistent with the color
change from blue to green. This red shift is attributed to
the protonation of �NH2 groups under low pH values,
inducing a volume expansion due to ionic repulsion.29

The λmax dependences on pH for PMAA-PC-1, PMAA-
PC-2, and PMAA-PC-3 are demonstrated in Figure 5.
In comparison with the biotemplate (Figure 4), all
three PMAA-PCs display a distinct transition at certain
pH values, with each PMAA-PC demonstrating similar
maximum reflection except the U point. Figure S6

shows the spectra of PMAA-PC-1, -2, and -3 near and
in theUpoint. Specifically, U transitions for PMAA-PC-1,
PMAA-PC-2, and PMAA-PC-3 occur at around pH 7.51,
7.83, and 8.15, respectively. It is the content of PMAA
covered on the template that induced a shift of the U
transition pH value from 7.51 to 8.15. Correspondingly,

Figure 3. (a) Reflection spectra of original butterfly wing,
the alkali-treated butterfly wings, and the final PMAA-PC
samples. (b) PMAA-PC-1, PMAA-PC-2, and PMAA-PC-3. The
insets are the optical images of PMAA-PC-1 and PMAA-PC-3.

Figure 4. Dependence of diffraction resonance on pH for
the biotemplate and its corresponding representative op-
tical images (insets).

Figure 5. Representative spectral responses of (a) PMAA-
PC-1, (b) PMAA-PC-2, and (c) PMAA-PC-3 to different pH
values, with representative optical images obtained at
typical pH values.
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the optical image of each PMAA-PC agrees with its
reflection spectrum.
For instance, the color of PMAA-PC-1 (Figure 5a) is

blue at pH 1.62, where the highest reflection peak is at
∼436 nm; the reflective blue color was observed with
increases in pH until 7.51, where it turns to violet with a
λmax of 357 nm.With a further pH increase to 10.51, the
reflection reverts to its original wavelength (around
438 nm) and the color changes back to blue. A similar
trend was seen for PMAA-PC-2 and PMAA-PC-3
(Figure 5b,c), but all of these samples demonstrate
different initial spectrum peak positions that corre-
spond to different initial colors. In brief, thesematerials
are pH-responsive with unique U transitions.
In order to further investigate the durability of the

PMAA-PCs, we tested the spectrum response of the
sample in a changed pH evironment for a few cycles.
Figure 6 shows the reversible change in λmax of PMAA-
PC-1 as pH varies. It can be seen that the PMAA-PC-1
swells and deswells reversibly, indicating a satisfied
durability of the PMAA-PC.
On the basis of the foregoing discussion, we propose

amechanism for the optical properties of PMAA-PCs. For
the alkali-treated wing scales, when the pH decreases

gradually, the �NH2 groups of chitosan (the chitosan
pKa 6.2�6.830) are protonated and transformed to�NH3

þ

groups, which causes swelling because of electrostatic
self-repulsion. Thus, the reflectance spectrum exhibits a
red-shift phenomenon due to the changed refractive
index,4 as evidenced in Figure 5; vice versa, chitosan
deswelling is caused by the deprotonation of the �NH2

as the pH increases beyond the chitosan pKa. By contrast,
the swelling/deswelling behavior of pure PMAA is oppo-
site. With an increase in pH, a large amount of carboxyl
groups inside the PMAA (the PMMA pKa ∼5.531) are
deprotonated, and the charged �COO� groups repel
each other and lead to the swelling behavior. Lowering
pH induces the PMMA deswelling due to the decrease in
PMAA ionization.32 In conclusion, the volume change
determines the periodical structures of samples and thus
their optical properties.
It has been reported that simulation can help to clarify

the mechanism and to predict the structure and proper-
ties of thedesignedproduct. In2012, Leeusedanumerical
simulation to predict the reflection point of inverse opal
pH sensors based on protic monomers copolymerized
with polyhydroxyethylmethacrylate hydrogel. The discre-
pancy reflectionpoint by∼1pH scalewas foundbetween
the experimental result and simulation, which is explained
by the charge repulsion effect between the bond anions
of polymers.32 Our system is totally different. First, there
are twokindsof responsivepolymer�PMAAandchitosan.
Second, there exists an interaction between PMAA and
chitosan. Finally, the retained rigid biotemplate of chitin
will influence the response. Therefore, Lee'smodel cannot
be used in our system. Even so, on the basis of the experi-
mental results, the unique U-shaped responsive property
can be explained by the contrary protonation and
deprotonation behaviors of both �NH2 and �COOH
groups in PMAA-PC (Scheme 3).
Taking PMAA-PC-1 as an example, the U transition

point is at pH 7.51, where the whole volume is the most
compacted, as evidenced by the blue-shifted reflectance
peak. At this point, strong electrostatic interaction occurs

Scheme 3. Mechanism for the U-shaped pH response of PMAA-PC. At a special blue-shift point, strong electrostatic interaction
occursbetween�COO�groups inPMAAand�NH3

þgroups in chitosan, leading to thedeswellingof thewhole specimen.33Atacidic
pH, the sample swells due to twopossible reasons:first, the protonation of a carboxylate ion in�COO�NH3

þ breaks up its electronic
pairs; second, more positive charges are introduced by the protonation of primary amino group, which additionally favors the
expansion of the system. In contrast, with pH increasing to an alkali environment, the dissociation of the electrostatic�COO�NH3

þ

ionicpairs introducedbydeprotonationof the�NH3
þgroupandthedeprotonationofcarboxyl leads to theexpandingof thesystem.

Figure 6. Evaluating the reversibility of the diffraction
resonance at multiple cyclings of the pH value.
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between�COO� groups in PMAA and�NH3
þ groups in

chitosan, which leads to the deswelling of the whole
specimen.33 At acidic pH, the sample swells due to two
possible reasons: first, the protonation of carboxylate ionic
in�COO�NH3

þ breaks up its electronic pairs; and second,
more positive charges are introduced by the protonation
of primary amino group, which additionally favors the
expansion of the system. With pH increasing to an alkali
environment (above pH 7.51), the swelling phenomenon
also can be explainedby two reasons:first, the deprotona-
tion of the�NH3

þ group results in the dissociation of the
electrostatic�COO�NH3

þ ionic pairs; second, the depro-
tonation of carboxyl produces many negative charges,
expanding the system. That is why the U transition occurs
within a very narrow pH range. To the best of our knowl-
edge, most of the previously reported pH-responsive PCs
show either red shift or blue shift with the variation of
pH.34 Our PMMA-PCs, cost-effectively fabricated by a
biomimetic method, is the first time demonstration of a
unique tailorable U-shaped pH response.

CONCLUSION

In summary, a novel surface bonding and polymer-
ization route was developed to fabricate pH-tunable
photonic crystals of hierarchical structures, combining
natural photonic crystals with a pH-responsive polymer

(PMAA-PCs). PMAA-PCs exhibits a unique U-shaped pH
response, due to (i) the electrostatic interaction between
�NH3

þ of chitosan and the �COO� groups of PMAA
formed, leading to a special blue-shifted point at the pH
value of U transition; and (ii) the ionization of the two
functional groups in the alkali and acid environment
separately, resulting in a red shift. Interestingly, theUpoint,
where the whole system shows the largest shrinkage,
demonstrates a PMAA content-dependent functionality.
Since these unique U-shaped amphiprotic-responsive
photonic crystals are capable of converting chemical
energy into characteristic optical signals, our biomimetic
technique would provide an effective approach to the
synthesis of stimuli-responsive materials of hierarchical
photonic structures, which have a great potential for
label-free chemicals, biological detections, pH analysis,
and photonic switches. Although the butterfly scales are
small and fragile, our research result offers anovel ideaand
valuable data support for the artificial analogies of 3D
functional PCs, such as nanoimprinting35 and focused-ion-
beamchemical-evaporation-deposition (FIB-CVD)36meth-
ods which are non-template-involved. Besides, our meth-
od, applying a layer of PMAA homogeneously on the
hierarchical photonic crystal structure of the biotemplate,
provides a route for combining functional polymers with
biotemplates for potential use in many fields.

METHODS
Materials. The Morpho butterfly wings we chose as biotem-

plates were supplied by Shanghai Natural Wild-Insect Kingdom
Co., Ltd. Methylacrylic acid (MAA), H3PO4, NaH2PO4 3 2H2O,
Na2HPO4 3 12H2O, NaCl, HCl, NaOH, Na2CO3, and NaHCO3 were
purchased from Sinopharm Chemical Reagent Co., Ltd. Ethylene
glycol dimethylacrylate (EGDMA) was obtained from Aladdin
Chemistry Co., Ltd. 2,20-Azobis(isobutyronitrile) (AIBN) was supplied
by the Shanghai No.4 Reagent & HvChemical Co., Ltd. MAA and
AIBN were distilled before use to remove polymerization inhibitor.

Preparation of PMAA-PCs. Scheme 1 illustrates the overall
process of the pH-responsive PC synthesis fromMorpho butter-
fly wings. It contains the following steps: (1) the butterfly wings,
pretreatedwith 6wt%HCl, were carefully dipped into a 10wt%
NaOH solution at 60 �C for 15min to transform the surface chitin
of the original butterfly into chitosan; (2) the modified template
was immersed into MAA monomer precursors at room tempera-
ture for 24 h, and thenbrought out, removing excess surface liquid
with filter paper through a capillary; and (3) the polymerization
occurred on the surface of the biotemplate when the temperature
increased fromroomtemperature to65 �C for 24h, resulting inpH-
responsive photonic crystals with hierarchical structures (PMAA-
PC). The precursor is actually a mixture of 4 mL of MAA monomer
(47.16 mmol), 2 mL of cross-linking agent EGDMA (10.59 mmol),
0.01 g of AIBN (6.1 mmol) as an initiator, and some anhydrous
ethanol as solvent. Tomodulate the PMAA content in the product,
the concentration of MAA monomer in the precursor increased
from40.9 to 52.6 to 65.1wt%, producing PMAA-PC-1, PMAA-PC-2,
and PMAA-PC-3, respectively.

Characterization of the Samples. Scanning electron microscopy
was performed on a JEOL JSM-6360LV field emissionmicroscope
at an accelerating voltage of 15 kV. Fourier transform infrared
measurements (FT-IR) were recorded on KBr pellets with a PE
Paragon 1000 spectrophotometer. X-ray photoelectron spectra
(XPS) were collected on a physical electronics PHI5400 using Mg
K radiation as the X-ray source. All of the spectra were corrected

with the C1s (285.0 eV) band. Thermal gravimetric analysis (TGA)
was conducted on a PE TGA-7 instrument at 10 �C 3min�1. A 20/20
PV UV�visible�
NIRmicro-spectrophotometerwasused to study theoptical proper-
ties. The digital optical photographs of these samples were taken
using a KEYENCE three-dimensional stereo-microscope.

Characterization of pH-Responsive Properties. In order to investi-
gate the pH-responsive optical property, each sample was
immersed into buffer solution for about 5 min to reach equilib-
rium and then mounted into a cuvette of a UV�vis spectro-
meter. At normal incidence, optical readings about reflectance
were sequentially recorded as the pHwas gradually varied from
10.51 to 1.62. Note that the local ionic strength also has an effect
on the response. Here, we only focused on the pH dependence
with a constant ionic strength.37
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