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Mechanochromic photonic materials, which are periodic structures engineered with photonic stop bands,
have attracted enormous interest because of their rapid change in color upon stimulation with mechanical
force. Here, we develop a high-performance mechanochromic photonic gel based on magnetically
assembled, carbon-encapsulated FezO, nanoparticles embedded into a soft copolymer of N-
hydroxymethyl acrylamide and N-vinylcaprolactam in which the content of carbon-encapsulated FezO4
is as low as 0.18 wt%. The photonic gel not only displays fast-dynamic and reversible color change from
purple to red in a broad wavelength range (A4 = 233 nm), but also maintains high mechanochromic
sensitivity [AA/o = 53.1 nm (kPa)~%] and spatial resolution (less than 100 pm). By taking advantage of
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Accepted 15th June 2017 these remarkable merits, the photonic gel has been successfully applied in the identification of color
fingerprints and ultra-fine hair resolution. Considering these outstanding achievements, we believe that

DOI: 10.1039/c7ra05622b our photonic gel will guide the development of mechanochromic materials and open an avenue towards
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Introduction

Colloidal photonic crystals (PCs)'* with nanoscale periodic
structures that possess photonic bandgaps and cause color in
light of specific wavelength due to tuneable lattice constant,
have become promising candidates as optical materials.
Because of the effectively structural color changes in response to
temperature,*® ions,”” gases,'® and biological analytes,'>**
colloidal PCs have been extensively studied in the past decades.
Among the various colloidal PCs, mechanochromic PCs**™"’
have attracted tremendous interest due to their simple, visible
color changes induced by mechanical deformation. Thus,
colloidal PCs have great potential for many applications,
including optical strain sensors,'*** mechanical actuators,”
anti-counterfeiting applications,*>* and tactile sensing.>
Generally, mechanochromic PCs consist of “hard” building
blocks such as silica (SiO,),>® polystyrene (PS)*” and carbon-
encapsulated Fe;O, (ref. 28) interpenetrated with soft mate-
rials such as gels and rubbers.” Scheme 1 shows the mecha-
nochromic mechanism of PCs. When a mechanical
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the design of mechanical-optical devices.

compressive force is applied to soft materials, the interparticle
distance d within the PCs will be decreased, resulting in a blue
shift in the wavelength. In contrast, when a soft material is
stretched, the interparticle distance will be increased, resulting
in a red shift in the wavelength. After withdrawing the
mechanical force, the structural color will instantly recover to
its original state. Various studies have been done on the
underlying mechanism of mechanochromic PCs. For example,
Foulger et al. reported a mechanochromic photonic hydrogel
formed by embedding a PS crystalline colloidal array into
poly(ethylene glycol)/poly(2-methoxyethyl acrylate) through
photo-initiated free-radical polymerization.>** The photonic
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Scheme 1 Schematic illustration of the mechanochromic mechanism
of a PC gel.
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hydrogel displayed an excellent blue shift (A2 = 93 nm) and
stress sensitivity [AA/c = 0.64 nm-(kPa) ']. Arsenault's group
developed a porous inverse photonic film based on SiO, nano-
particles that demonstrated enhanced mechanical sensitivity
[4 nm (kPa)~"] as well as fast response speed (several seconds).**
Zhu et al utilized magnetic nanoparticles combined with
acrylamide to fabricate a mechanochromic photonic hydrogel
with high sensitivity [46.5 nm (kPa)~'] and mechanical stability
(150 cycles).** A photonic gel based on a lamellar structure was
designed and exhibited a large blue shift (200 nm) in response
to strain.** Moreover, a block copolymer (polystyrene-b-poly-2-
vinylpyridine) photonic gel was also employed with promoting
the mechanical sensitivity, which revealed tremendous blue
shift (240 nm).** Obviously, mechanochromic PCs perform
outstanding optical properties during the process of mechan-
ical force. However, the relatively slow-dynamic reversible color
variation, low mechanochromic sensitivity and poor spatial
resolution severely discourage their further optical application.

In this work, we report an effective one-step strategy to
fabricate a high-performance mechanochromic PC gel through
magnetic assembly combined with the fast free-radical poly-
merization of Fe;O, within N-hydroxymethyl acrylamide (NMA)
and N-vinylcaprolactam (VCL). To maintain the outstanding
intrinsic flexibility of the gel, the “hard” content of Fe;O,
colloidal particles was manipulated to be as low as 0.18 wt%
whereas the vividly structural color can be still observed. By
utilizing various molds, cylindrical, sliced and film-like
photonic gels are obtained. The photonic gel exhibits fast
dynamic red-shifting color from 407 to 640 nm under 13.4 kPa
of compressive stress. The photonic gel also exhibited large
stress sensitivity [53.1 nm (kPa)~'], mechanochromic strain
sensitivity (5.75 nm per %), high spatial resolution (100 pm) and
good reversible durability. Underlying the excellent properties
of photonic gels, we have realized ultra-fine hair identification
and color fingerprint upon compression-relaxation. Our work
clarifies the important role of high sensitivity and spatial reso-
lution design, which will promote the development of next-
generation optical applications.

Results and discussion

The preparation process of the PC gel is schematically illus-
trated in Fig. 1. A mixture of carbon-encapsulated magnetic
Fe;0, colloidal particles, NMA, VCL, the redox couple benzoyl
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Fig. 1 Schematic preparation of the cylindrical PC gel.
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peroxide (BPO)/N,N-dimethylaniline (DMA) and N-dime-
thylformamide (DMF) was uniformly dispersed in a glass tube.
A brilliant structural color was observed when the magnetic
field was applied perpendicularly to the glass tube, indicating
that the Fe;O, particles were directionally arranged to form 1D
photonic chains along the magnetic field.*® Simultaneously,
radical polymerization was ignited from the upper layer of the
mixture. After 2 min of polymerization, we obtained a cylin-
drical PC gel. The entire fabrication process of the photonic gel
could be rapidly completed within several minutes, demon-
strating the higher efficiency of this method compared to
conventional methods.

The microscopic morphology of the photonic gel was char-
acterized by scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). Fig. 2a shows a typical TEM
image of the magnetic Fe;0, particles with an average size of ca.
100 nm. Through compositional modulations, various sizes (90,
140 and 180 nm) of Fe;O, were realized (Fig. S1t). The
arrangement of Fe;O, particles in the gel is illustrated in Fig. 2b.
Notably, the Fe;O, particles were aligned to form 1D photonic
chains inside the gel, demonstrating the effective magnetic-
field induction. Changing the sizes of Fe;O, resulted in
tunable structural colors of the photonic gels. The related
multicolor photographs were purple, blue, cyan, green and
orange-red (Fig. 2c), and their corresponding reflection peaks
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Fig. 2 Morphology and reflection spectra characterization of the
photonic gel. (a) TEM image of typical FesO4 colloidal particles. (b)
Cross-sectional SEM image of the 1D FezO4 PC arrangement in the gel
after magnetic-field induction. (c) Photographs of purple, blue, cyan,
green and orange red cylindrical photonic gels. (d) The corresponding
reflection spectra measured by an optical microscope equipped with
a fiber optic spectrometer of cylindrical photonic gels in (c), the
reflection peaks assigned at 410, 451, 505, 545 and 633 nm.
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with stop bands were assigned at 410, 451, 505, 545 and 633
mm, respectively (Fig. 2d). Concomitantly, photonic gels with
different shapes (cylindrical, sliced and heart-shaped) could be
prepared by using different molds (Fig. S27).

The photonic gel exhibited high sensitivity to compressive
force along with fast mechanochromic response. Fig. 3a and
b show the color change and their respective reflection spectra
for gels under different compressive strains (¢). The colors and
reflection peaks were shifted from the purple to the red wave-
length region with increasing compressive strain, indicating
full color mechanochromy. Furthermore, the minimum strain
generating a red shift (peak wavelength from 407 to 476 nm,
Admin = 69 nm) was 12%. The maximum strain producing a red
shift (peak wavelength from 407 to 640 nm, Adp. = 233 nm)
was 49%. The red shift in the colors of the cylindrical gels is
attributed to the applied compressive force in the axial direc-
tion, which stretched the 1D photonic chains in the radial
direction. Fig. 3c illustrates the detailed strain (¢)-dependent
mechanochromic sensitivity (AA/A¢) and compressive pressure
(0). It is revealed that Ax/Ae decreased with increasing ¢, and the
maximum was 5.75 nm per %. Additionally, when the
compressive stress (o) increased from 0 to 13.4 kPa, the gel color
shifted from purple to red. We further calculated the stress
sensitivity behaviors of the photonic gels. The maximum stress
sensitivity (AAmin/o) was 53.1 nm (kPa) ' at the compressive
stress of 1.3 kPa. To the best of our knowledge, the mechano-
chromic sensitivity of our photonic gel is one of the highest
reported for colloidal crystals.?***3¢

The fast-dynamic mechanochromic properties of the
photonic gel were investigated by driving the gel under
compression-relaxations process. As shown in Fig. 4a, the
brilliant blue gel underwent dynamically reversible color
changes in response to mechanical compression-relaxation,
particularly a multicolor variation from blue to cyan, green,
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Fig. 3 Highly sensitive full-color mechanochromy of photonic gels.
(a) Photographs and (b) reflection spectra of the cylindrical photonic
gel under different compressive strains (¢). (c) Compressive strain (e)-
dependent mechanochromic sensitivity (AA/Ae) and compressive
stress (o).
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Fig. 4 Fast-reversible color switching of photonic gels. (a) Images of
a photonic gel during a compression—relaxation process. (b) Sche-
matic illustration of the photonic gel mechanochromic mechanism
during the reversible process. (c) Relationship between reflection
wavelength and response time. (d) Stress—strain curves of the gel
during cycling tests.

orange and red in the center of the gel. Meanwhile, an irides-
cent color gradient existed in the gel because of the gradient
stress field. The excellent reversibility of the color changes was
ascribed to the elastic property, which made the gel sufficiently
robust to withstand rapid mechanical force. The mechanism
explaining the fast-reversible color switching of the photonic gel
is described in Fig. 4b. When mechanical compressive force was
applied to the gel, the horizontal one-dimensional (1D)
photonic chains embedded in the copolymer gel spread. As
a result, the interparticle distance d increased, bringing about
the red shift in the reflection wavelength.>®** In contrast, upon
withdrawing the mechanical compression, the interparticle
distance d recovered to its initial state, and the structural color
was blue-shifted. We further measured the reflection spectrum
using an optical microscope equipped with a fiber-optic spec-
trometer. The optical fiber probe was perpendicular to the
region of color change (red dotted area in Fig. 4a). Concomi-
tantly, the variation in the reflection spectrum with response
time is illustrated in Fig. 4c. The corresponding response time
for red-shifting (407-640 nm) compression was about 640 ms,
and that for recovering to the original state was about 400 ms.
We further tested the compression-relaxation durability of the
photonic gel under a strain level of 50% (Fig. 4d). Obviously, the
photonic gel presented good cyclic stability without any notable
decline after continuous operation for 20 cycles. Movie S1f
shows the entire process of deformation and reversible color
switching for the photonic gel. The photonic gel displayed high
mechanochromic sensitivity and fast reversible color switching,
ensuring superior performance in subsequent applications.

This journal is © The Royal Society of Chemistry 2017
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To explore the potential application of the mechanochromic
gel in displays, a flexible photonic gel thin film was fabricated.
As depicted in Fig. 5a, the photonic gel film was prepared by the
thermal polymerization of mixture under the magnetic field in
the reactor. The height of reactor is ~0.5 cm. Green and red
photonic gel films (Fig. S31) that could bend flexibly (Fig. S47)
were fabricated. Ten casual points were selected from the green
gel, and the corresponding reflection wavelengths (~519 nm)
demonstrated the uniformity of the gel film (Fig. S51). To
investigate the spatial resolution of the photonic gel film, an
ultra-fine hair (diameter = 100 um) was introduced to evaluate
the performance. As seen in Fig. 5b, an evident color change
from green to red-orange occurred when the hair was removed
from the surface of the film, as demonstrated by the shift in
reflection wavelength from 519 to 653 nm (Fig. 5¢). Movie S27
recorded the high spatial resolution of gel film to respond the
ultra-fine hair. After taking full use of the high spatial resolu-
tion, a significant application was conducted by identifying the
tiny and fine fingerprint. As shown in Fig. 5d, when an index
finger was removed from the gel film, a clear color fingerprint
image was stamped on the gel surface, and the image gradually
disappeared in about ten seconds. Movie S37 presents the color-
change process of fingerprinting in response to finger
compression and release. Fig. 5e illustrates the mechanism of
fingerprint identification. When the index finger was removed
from the gel surface, the contacted finger stretched the
photonic gel. Under this condition, the Fe;O, particle distance
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Fig. 5 Mechanochromic fingerprinting using the photonic gel. (a)
Schematic of the preparation of a flexible photonic gel film. Photo-
graphs (b) and reflection spectra (c) of the gel film before and after
monitoring human hair. (d) Photographs recording the color-finger-
printing process. (e) Schematic mechanism of fingerprint
identification.
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increased, resulting the red shift of the wavelength and thus the
appearance of a color image on the gel film. Based on the
unique lines of human fingers, the fingerprint could be
identified.

Conclusions

In summary, we demonstrated a novel mechanochromic PC gel
formed via the fast polymerization of magnetically assembled
Fe;0,. Colorful and shape-moldable gels including cylindrical,
sliced and film-like PC gels were obtained. The photonic gels
displayed brilliant structural color, even at FezO, particle
contents as low as 0.18 wt%. The cylindrical photonic gels
exhibited fast-dynamic and reversible color variation (from 407
to 640 nm), high mechanochromic sensitivity [A}/c = 53.1 nm
(kPa)~! and AJ/Ae = 5.75 nm per %] and spatial resolution (less
than 100 pm). The performance of the photonic gel is one of the
best reported in the literature to date. Based on its outstanding
performance, the gel was successfully applied in color finger-
print identification and ultra-fine hair resolution. The gels show
great potential for various applications including fast sensors,
high-precision displays and new fingerprinting materials.

Experimental

Materials

Ferrocene [Fe(CsHs),, >98%], hydrogen peroxide (H,O,, 30%),
acetone (C3HgO, >99%), NMA, VCL, N,N-methylene-bis-
acrylamide (MBA), BPO/DMA (redox couple), and DMF were
purchased from Aldrich.

Preparation of colloidal PC gel

Carbon-encapsulated Fe;0, particles (0.05 g) were dispersed in
10 g DMF and sonicated until a homogeneous solution was
formed. Then, 2.16 g NMA, 1.44 g NVC and 0.005 g MBAA were
added in 2.0 g as-prepared above homogeneous solution (the
dispersion of carbon-encapsulated Fe;0, in DMF) and intensely
sonicated to obtain a homogeneous mixture. Subsequently,
0.016 g BPO and 0.016 g DMA were added to the mixture and
shaken vigorously for seconds. To prepare cylindrical gels with
structural color in the axial direction, the mixture was trans-
ferred into a test tube with diameter of 12 mm that was fixed
parallel on the center of an NdFeB magnet with a magnetic field
of about 700 G perpendicular to the tube. The upper layer of the
mixture was triggered by a soldering iron at 100 °C, and cylin-
drical photonic gels were obtained after several minutes of
thermo-polymerization. To prepare gels with purple, blue, cyan,
green and red-orange colors, carbon-encapsulated Fe;O, parti-
cles with various sizes in the range of 90-180 nm were also
fabricated. To prepare sliced gels with color in the radial
direction, the orientation of the applied magnetic field was
changed to be along the tube filled with polymer precursor
before thermo-polymerization. To prepare photonic gel films,
2.16 g NMA, 1.44 g VCL and 0.0025 g MBAA were ultrasonically
dispersed in 2.0 g as-prepared solution containing carbon-
encapsulated Fe;O, particles. Next, 0.03 g BPO and 0.03 g

RSC Adv., 2017, 7, 33258-33262 | 33261
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DMA were added to the mixture and shaken vigorously for
seconds. The mixture was injected into the space between
a glass substrate and a transparent plastic film (25 mm x 60
mm x 5 mm) that was isolated by adhesive tape. The device was
then placed on the center of the NdFeB magnet for thermo-
polymerization. Finally, the photonic film on the clear plastic
film could be easily peeled off from the glass substrate.

Characterization

The morphologies of the Fe;0, particles were characterized by
TEM with an accelerating voltage of 200 kv (JEOL-2100). The
diameters of the Fe;O, particles and 1D photonic chains
composed of Fe;O, particles in the photonic gel were examined
by SEM using a QUANTA200 (Philips-FEI, Holland) instrument
at 30.0 kV. Stress-strain tests were performed on the cylindrical
gel samples (D = 12 mm) using a SANS CMT6203 testing
machine at 25 °C. In the cyclic compressive stress-strain tests,
the gels were compressed to a fixed strain of 50% and then
immediately relaxed to zero strain at a loading/unloading speed
of 2 mm s~ . The process was cycled 20 times. The magnetic
strength of the magnetic assembly of Fe;O, particles during the
fabrication process of the photonic gels was measured by a MZ-
201 teslameter. The reflective spectra were measured by an
optical microscope equipped with a fiber-optic spectrometer
(Ocean Optics, USB 4000) in the range of 400-700 cm ™ '. The
dynamic color-change processes as well as the images of the
prepared photonic gels were recorded by a Nikon digital camera
D3100.
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