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ABSTRACT Facile, fast, and cost-effective technology for patterning of responsive colloidal
photonic crystals (CPCs) is of great importance for their practical applications. In this report, we
develop a kind of responsive CPC patterns with multicolor shifting properties by inkjet printing
mesoporous colloidal nanoparticle ink on both rigid and soft substrates. By adjusting the size

and mesopores' proportion of nanoparticles, we can precisely control the original color and %?

vapor-responsive color shift extent of mesoporous C(PC. As a consequence, multicolor | ' ..:J '®
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mesoporous CPCs patterns with complex vapor responsive color shifts or vapor-revealed -1

implicit images are subsequently achieved. The complicated and reversible multicolor shifts of

mesoporous CPC patterns are favorable for inmediate recognition by naked eyes but hard to copy. This approach is favorable for integration of responsive
CPCs with controllable responsive optical properties. Therefore, it is of great promise for developing advanced responsive CPC devices such as
anticounterfeiting devices, multifunctional microchips, sensor arrays, or dynamic displays.
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esponsive colloidal photonic crystals
R(CPCS) have drawn great considera-

tion, due to their strong capability to
control and manipulate the light propaga-
tion with tunability' > and promising appli-
cations in displays,“’7 sensors 2~ lasers,'”
and anticounterfeiting trademarks.'®~'° For
these applications, effective and high resolu-
tion patterning technology for responsive
CPCs was of greatimportance. In the past de-
cades, a variety of CPC patterning strategies
have been proposed, such as lithographic
patterning by UV/vis polymerization,?®?'
microcontact printing,*>** photonic paper/
inks,>*~2% and so on.""*” However, it is still a
challenge to pattern responsive CPCs with
distinct color shifting properties by facile,
fast, and cost-effective methods.

Recently, as a precise, versatile, low-cost
and waste eliminated patterning meth-
0d, 733 inkjet printing method has already
been exploited for the preparation of CPC
devices.'***73¢ |t allows flexible design of
printing images, inks and substrates and
favors the control of the shapes’”®
aligns,>*° and special optical properties of
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CPCs.*'* But in order to achieve complex
responsive CPC patterns, specific CPC inks
that could respond to external stimulus as
well as specific substrates are required.
Here, inspired by Tmesisternus isabellae,
we proposed a novel kind of CPC patterns
with vapor-revealed implicit images by ink-
jet printing mesoporous colloidal nanopar-
ticle ink on both rigid and soft substrates.
T. isabellae are one kind of longhorn beetles,
who can reversibly switch their color from
gold to red according to the humidity
changes of surrounding environment.*?
The color shift is caused by the adsorption
of water vapor in their elytra, which leads to
the changes of thickness and average re-
fractive index of their multilayered scales.
Imitating its mechanism allows one to com-
pose the vapor-responsive CPCs presented
here by mesoporous silica naoparticles
(MSNs). These MSNs own large surface
area and strong vapor adsorption capa-
bilities.****> Thus, the mesoporous CPC
(MCPC) composed of MSNs favored the
capillary condensation process of vapor in
their hierarchical porous structure, which
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promoted the increase of their refractive index and led
to their color shifts*>" And when the size and
mesopores' proportion of mesoporous nanoparticles
in the ink were adjusted, the original color and vapor-
responsive color shift extent of MCPC was precisely
controlled. As a consequence, multicolor responsive
CPC patterns with complex vapor-responsive color
shifting features or implicit images were achieved.
The flexibly designed multicolor shifting properties of
MCPC patterns were reversible and repeatable and
their implicit image revealed by vapors was of high
concealment, and thus, they were favorable for anti-
counterfeiting applications. This approach showed
great potential for fabrication of complex responsive
CPC patterns with multiple color shifting responsive
properties, which is of great importance for developing
miniaturized or multifunctional responsive CPC de-
vices, such as anticounterfeiting devices, multifunc-
tional microchips, sensor arrays, and dynamic displays.

RESULTS AND DISCUSSION

A typical printing process of a responsive CPC
pattern was illustrated in Figure 1a. Latex droplets of
MSNs or solid silica nanoparticles (SSNs) were inkjet
printed onto a substrate with designed pattern. Then,
the nanoparticles spontaneously assembled into well-
ordered CPC domes during drying procedure (see
Figure 1b). By the integration of different MCPCs or
CPCs with same origin color but distinct responsive
color shift extent to the pattern, implicit image was
flexibly designed. The hidden information was re-
vealed by exposure to certain vapors, as shown in
Figure 1c. Therefore, this method provided a high
quality of concealment and was favorable for anti-
counterfeiting and dynamic display applications.

Dual-Color Responsive CPC Pattern with Implicit Image. A
dual-color responsive CPC pattern in N, was first pre-
pared, and its optical image in N, was shown in Figure
2a. In this pattern, the tree leaves were composed of
MCPCs and the tree trunk was made of solid SiO, CPCs
(SCPCs). Two parts displayed same green color in N,
which was difficult to distinguish from each other, so
that the image of tree leaves composed of MCPCs was
hidden. However, when the pattern was exposed to
special vapors like ethanol (EtOH), the MCPC part
displayed obvious color change; meanwhile, the color
of SCPC part changed little, so that the implicit image
of the pattern was revealed, as seen in Figure 2b.
Microscope images of MCPC and SCPC microdots in
N, were separately shown in Figure 2c,d. Both MCPC
and SCPC microdots displayed bright green color. And
they were both of high uniformity and orderly arrange-
ments, contributing to the consistent color of the
pattern. The SEM images showed an ordered arrange-
ment of colloidal nanoparticles in CPC microdots,
which contributed to the bright color and shape
reflection peaks of the responsive CPC pattern
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Figure 1. (a) lllustration for the inkjet printing process of
the MCPC pattern. (b) The nanoparticles self-assembled
into well-ordered structures during the drying procedure.
(c) Designed implicit image of MCPC pattern revealed by
certain vapor.

®

Figure 2. (aand b) Color changes of the printed pattern in N,
and saturated EtOH atmosphere, scale bar: 0.5 cm. (c and d)
Optical microscopy image of the printed MCPC and SCPC
microdots, scale bar: 200 um. (e and f) Top-view SEM images
of MCPC microdots and SCPC microdots, scale bar: 1 um.
(g and h) TEM images of MSNs and SSNs, scale bar: 200 nm.

(Figure 2e,f). For a better understanding of the three-
dimensional structure of the MCPC microdot, the cross
section of a MCPC microdot was investigated, as shown
in Supporting Information Figure S1. SEM images
showed that MSNs were mainly in a face-centered
cubic arrangement in MCPC microdots, which favored
calculation and design of their responsive optical
properties. The contrasting vapor responsive color-
shifting properties of SCPCs and MCPCs were due to
the difference of two kinds of colloidal nanoparticles.
As shown in Figure 2g, the MSNs were composed of
uniform solid cores and mesoporous shells. Their
perpendicular mesoporous channels were favorable
for vapor condensation in the pores and resulted in the
great increase of refraction index, which thus led to
remarkable color changes. But this feature was not
possessed by SSNs, as they did not have mesostruc-
tures (see Figure 2h).
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Figure 3. (a) The nitrogen adsorption/desorption isotherms of MSNs and SSNs, blue squares represent for SSNs and red circles
represent for MSNs. (b) Reflection spectra of the MCPCs in N, and EtOH vapors. (c) Reflection spectra of the SCPCs in N, and
EtOH vapors. (d) Time-dependent Bragg diffraction peak positions of MCPCs and SCPCs after exposure to EtOH vapors.
(e) Time-dependent Bragg diffraction peak positions of MCPCs and SCPCs after exposure to N, vapors. (f) Reversible PBG
movements of MCPCs and SCPCs by alternately exposing to N, and saturated EtOH vapor. (d—f) Blue circles represent for SSNs

and red circles represent for MSNs.

Responsive Properties of the Dual-Color CPC Pattern. To
exhaustively investigate the vapor-responsive pro-
perty of the pattern for practical applications, their
vapor adsorption abilities, color-shifting features, re-
sponding speed and durability were subsequently
studied. The nitrogen adsorption/desorption experi-
ments were performed to characterize the vapor adsorp-
tion abilities of MSNs and SSNs, as shown in Figure 3a.
The surface area and pore volume of MSNs were much
larger than those of SSNs; thus, they provided more
absorbing sites and spaces for vapor condensation in
MCPCs. As shown in Figure 3b,c, the reflection peak of
the MCPCs shifted 39 nm on exposure to saturated
EtOH vapor, and which of the SCPCs only shifted 7 nm.
The nitrogen adsorption/desorption and spectral re-
sults demonstrated that large surface area and high
pore volume rate of MSNs were responsible for obvious
color shifts of MCPCs. We also investigated the respon-
sive ability of MCPCs to other vapors, as shown in
Supporting Information Figure S2. The results sug-
gested that MCPCs could also respond to other vapors,
but responsive color shifting contents were distinct.
The vapor responding speed of the pattern was sub-
sequently investigated. As plotted in Figure 3d, the
reflection peak position of MCPCs began to change as
soon as they were exposed to EtOH vapor. In addition,
it red-shifted 30 nm in the first 0.2 s and reached its
equilibrium after only 0.5 s. In the meantime, the re-
flection peak of SCPCs shifted slightly. The rapid vapor
responsive property of MCPCs was extremely favorable
for immediate recognition by naked eyes as well as
optical devices; thereby, they possess a potential as
security feature for anticounterfeiting authentications.
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The recovery speed of the pattern on exposure to N,
was also shown in Figure 3e. Reflection peaks of MCPCs
and SCPCs both got back to its origin position after less
than 1 min, which did not affect their potential security
utilizations. The reproduction of the responsive prop-
erties of pattern was subsequently investigated by
alternately exposing to N, and saturated EtOH vapors
for several cycles. The first five cycles were plotted in
Figure 3f, and it was clear that the conversion of peak
positions to N, and saturated EtOH vapor was revers-
ible and repeatable. In addition, their color transitions
were based on the physical structural changes; thus,
they are free from photobleaching and durable. So the
MCPC pattern owned a fast vapor responsive speed and
a good recovery capability and, thus, was of great pro-
mise for practical anticounterfeiting authentications.
Control of Responsive Optical Properties of MCPCs. For
achievement of complex multicolor MCPC patterns with
complex vapor-responsive properties, integration of
different responsive MCPCs with precisely controlled
original color and responsive color shifts was needed.
With controllable synthesis of MSNs with different size
and mesopores' proportion, we successfully fabricated
multicolor MCPC patterns with designed color-shifting
properties. A series of MSNs with same solid core but
different mesoporous shell thicknesses (see Supporting
Information Figure S3) were synthesized first to control
the colors of the MCPCs, as shown in Figure 4a—f. The
colors of MCPC films prepared by these MSNs changed
from violet to red when mesoporous shells thicknesses
increased (see Supporting Information Figure S4).
Furthermore, by controlling solid core and meso-
porous shell thicknesses of MSNs at the same time,
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we obtained MCPCs with same colors but different
vapor-responsive color shifting properties. As shown in
Supporting Information Figure S5a—c, the CPC films pre-
pared by SSNs and two MNSs with designed core/shell
sizes (shown in Figure 4g—i) displayed the same color
in N,. However, due to their distinct surface area and
pore volume (Supporting Information Figure S6), the
corresponding CPC films displayed distinct color shifts
in EtOH vapor (Supporting Information Figure S5d—f).
The color shift mechanism can be expressed by Bragg's
law under normal incidence (eq 1),

A=1 ~633d\/ FuoidnZoiq +FeoreMio + FmporeNZpore +FmsioaNdio;
(1

where 1 is the peak wavelength of the MCPCs; d is the
diameter of MSNs; f,ids fcores fmsiozs @Nd fnpore represent
the volume rate of void space, SiO, core in MSNs, SiO, in
mesoporous shells, and mesopores in mesoporous
shells, respectively. The parameters nyuq4, Nsioa, and
Nmpore Fepresent the refractive index of air, SiO,, and
mesopores, respectively. In particular, the values of
Nmpore changed in different vapor atmospheres, which
was responsible for the vapor-responsive color shifting

Figure 4. (a—f) TEM images of synthesized MSNs growing
on the same SiO, seeds, scale bar: 350 nm. (g—i) TEM images
of synthesized MSNs and SSNs for controlling the vapor-
chromic features of MCPC patterns, scale bar: 400 nm.
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properties of MCPCs. When MCPCs were placed in N,,
mesopores were filled with N, vapor, so value of nmpore
was 1, the same as ny,. However, when MCPCs were
placed in EtOH vapor, capillary condensed EtOH solu-
tions filled up with the mesopores, so value of Nypore
was estimated to be 1.36 (ngon = 1.36). In eq 1, the
values of nygig, Nsioz, and f,,6iq Were known to be 1, 1.46,
and 0.74 respectively. The value of f.. was calculated
by measuring core/shell rates of MSNs in TEM figures,
and the empirical value of fpore Was 0.55, which was
calculated by measuring 4 of MCPCs in N,. So eq 1 can
be reduced into Eq2.

A= 1.633d\/0.97+0.87fc0,e +0.41(1 — Feore)NZ pore
)

According to this formula, MSNs of same core but
thicker mesoporous shell or same diameter but higher
mesoporous rate can lead to larger Bragg diffraction
shifts of MCPCs they composed. In this way, color and
vapor-chromic properties of MCPCs can be precisely cal-
culated and designed. As shown in Supporting Informa-
tion Figure S7, the experimental data of the reflection
peaks of fabricated MCPCs in N, or EtOH vapor were in
accordance with the calculated curves from eq 2.

Complex Responsive CPC Patterns with Vapor-Revealed Im-
plicit Images. On the basis of the precisely controlled
monodisperse MSNs, multicolor MCPC patterns with
more complex responsive color shifting properties were
then demonstrated. As shown in Figure 5a, a responsive
CPC pattern with complex vapor-revealed implicit
images was prepared. The pattern was composed of
three kinds of CPCs, which displayed same color in N,
but different vapor-responsive color shifting properties.
When it was placed in EtOH vapor atmosphere, the
hidden information in different MCPCs was revealed
and showed distinct color shifts, as shown in Figure 5b. It
was conceivable that design of multiple-level implicit
images with much more complex responsive properties

=

400 500 600 700 800
Wavelength (nm)

Figure 5. (a and b) Color changes of information hidden MCPC pattern in N, and saturated EtOH vapor atmospheres. (c)
Reflection spectra of the pattern in N, and EtOH vapors. (d and e) Multicolor MCPC pattern in N, and saturated EtOH vapor
atmospheres. (f) Reflection spectra of the multicolor MCPC pattern in N, and EtOH vapors. Each reflection spectrum was
marked by colors of corresponing patterns in panels d and e.

BAI ET AL.

VOL.8 = NO.11 = 11094-11100 = 2014 @L%{()

WWwWW.acsnano.org

11097



Figure 6. (a) BIMD characters printed on a modified PDMS substrate with a CA of 55°. (b and c) Logos printed on a modified
PDMS film with a CA of 90°. (d and e) MCPC pattern in N, and EtOH vapors. Logos provided by and used with permission from
School of Biological Science and Medical Engineering in Southeast University.

could greatly improve their security levels for anti-
counterfeiting applications. The reflection spectra of
three kinds of CPCs in N, and EtOH vapors were plotted
in Figure 5c. It was clear that the reflection peak position
movements of three CPCs were well controlled. Another
multicolor MCPC pattern with complex vapor-responsive
color shifting feature was illustrated in Figure 5d,e.
The multicolor MCPC pattern was composed of five
kinds of MCPCs. These MCPCs displayed distinct color
shift extent after exposure to EtOH vapor, as shown in
Figure 5f. The complex vapor-responsive color shifting
features of the multicolor pattern were easy to recog-
nize by naked eyes for visual authentication but raise
the difficulty for counterfeiters to forge, and thus, were
of great potential for anticounterfeiting applications.
Angle-Independent Flexible MCP(s Patterns. For practical
applications such as anticounterfeit patterns, wearable
sensors or displays, construction of responsive CPCs on
flexible substrates was of great importance. Herein we
also successfully demonstrated the responsive MCPC
patterns on flexible substrates. As shown in Figure 63, a
MCPC pattern was printed on flexible polydimethyl-
siloxane (PDMS) substrate with a contact angle (CA) of
55° (see Supporting Information Figure S8a). The MCPC
pattern underwent several times of bending, and owned
an angle-dependent structural color. However, the angle-
dependent structural color was not favorable for facile
dynamic visual authentication when the pattern was
curved. By adjusting the wettability of the substrate, we
prepared MCPC patterns with angle-independent struc-
tural color. As shown in Figure 6b,c, two MCPC patterns
were prepared on PDMS films with CA of 90° (see Sup-
porting Information Figure S8b). The structural colors
were angle independent; the reflection spectra of MCPC
patterns in Figure 6b at different viewing angles were

METHODS

Synthesis of MSNs. SSNs were achieved from Nanjing Dongjian
Biological Technology Co., Ltd. MSNs were synthesized by mixing

BAI ET AL.

displayed in Supporting Information Figure S9. The re-
sults suggested that the reflection peak positions of the
logos were almost unchanged at different view an-
gles. This angle independent property of the MCPC pat-
tern was due to the high height/diameter rate of MCPC
domes,*? as seen in Supporting Information Figure $10.
When MCPCs domes with high height/diameter rates
were at different positions in the viewing field, they
reflected the incident light that passed through their
centers back. Therefore, the refection peak positions
detected were similar. The vapor-chromic authentica-
tion of MCPC pattern on curved PDMS substrate was
shown in Figure 6d,e. The color change of the MCPC
pattern was facile to recognize and did not interfere
with view angle when it was exposed to EtOH vapor.

CONCLUSIONS

In summary, we have developed multiple responsive
CPC patterns with vapor-revealed implicit images by
inkjet printing MSNs inks on rigid or flexible substrates.
The vapor-responsive color shifting properties of MCPCs
patterns are precisely controlled by design of MSNs in
the printing inks. Therefore, multicolor responsive MCPC
patterns with vapor-revealed implicit images are subse-
quently prepared. The complex dynamic vapor-chromic
features of multicolor MCPC patterns are reversible and
repeatable, easy for naked eye recognition, but hard to
copy; thus, they are favorable for anticounterfeiting
applications. Moreover, due to the flexible design of
inks compositions of inkjet printing, integration of other
stimulus-responsive CPCs by this method is of great
promise. Therefore, this direct writing patterning tech-
nology is also potentially useful for developing novel
responsive CPC devices with miniaturization, multiple
functions, and convenience.

1.2 g silica spheres, 30 mL of aqueous ammonia (28 wt %),
400 mL of absolute EtOH, 800 mL of deionized water, and
6 mL of cetyltrimethylammonium chloride (C;TACI, 25 wt % in
H,0). After a stirring period of 30 min, tetraethoxysilane (TEOS)
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with certain amount was added to the reaction mixture drop by
drop, and the solution was subsequently stirred at ambient
temperature overnight to achieve a series of MSNs with differ-
ent mesoporous shell thicknesses. Then, as-synthesized MSNs
suspension was centrifuged and dried at 343 K overnight. The
resulting dry composite powder was further calcined at 823 K
for 6 h in air in order to remove C;TACI.

Preparation of Latex Inks for Printing. Printing inks were pre-
pared by adding 0.5 mL ethylene glycol to a latex suspension
(2 mL) containing 20 wt % MSNs or SSNs and then mixing in
an ultrasonic bath for 10 min. Then the latex suspension was
filtered through a micropore filter with a pore size of 800 nm
before use.

Surface Treatment of Substrates. PDMS films were doped with
melanin. A plasma cleaner (DT-01, SZ-Omega Ltd., China) was
used to make substrates (silicon wafers or PDMS films) hydro-
philic. Then, the substrates were placed in a culture dish with
0.5 mL of EtOH solution containing 1 wt % alkoxysilane (trieth-
oxypropylsilane, triethoxyhexylsilane, or triethoxyoctylsilane),
and the mixture was heated at 60 °C for 1 h to gain different
wettability (CA = 50°, 70°, 90°).

Inkjet Printing MCPC Patterns. MCPC patterns composed of
different kinds of CPC microdots were obtained by inkjet
printing the corresponding latex ink onto modified substrates
with a CA of 60° at room temperature using an Jetlab Il tabletop
printing platform. Then, the patterns were heated at 35 °C to
allow the assembling of nanoparticles. The relative humidity
was kept at 40% during the experiments.

Authentications of the MCPC Patterns. The MCPC pattern was
placed in a transparent chamber connected with an inlet and
outlet. Vapor-chromic features of the security patterns were
authenticated by alternately exposing to N, and EtOH vapor.

Characterization. Scanning electron microscope (SEM, S-3000N,
Hitachi) was used to see the arrangements of the nano-
particles. Field emission scanning electron microscope (FESEM,
Zeiss Ultra Plus) was used to obtain the side-view images of
the printed dots. Transmission electron microscope (TEM,
JEM2100EX) was used to obtain the image of MSNs and SSNs.
Reflective spectra were recorded using a fiber optic UV—vis
spectrometer (Ocean Optic HR2000CG). CAs were measured
using a CA measurement device (Powereach, Zhongchen).
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