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This research reports the development of sensitive and reversible vapor detection by using three-
dimensional macroporous photonic crystals. A scalable and roll-to-roll compatible doctor blade coating
technology is utilized to fabricate flexible macroporous poly(ethoxylated trimethylolpropane triacrylate)
(PETPTA) films with hexagonal close-packed pores which are interconnected. The pores are then coated
with a layer of poly(2-hydroxyethyl methacrylate) (PHEMA) to create macroporous PHEMA/PETPTA
films. The condensation of vapors in the PHEMA coated macroporous films leads to the increase of both
the PHEMA swelling degree and the effective refractive index of the diffractive medium, resulting in the
red-shift and amplitude reduction of the optical stop bands. The optical measurements reveal that the
diffraction from the as-prepared macroporous photonic crystals sensitively monitors the vapor pressure
of ethanol since the PHEMA layer displays a great volume dependence on ethanol due to a decreased
Flory-Huggins mixing parameter. The dependence of the diffraction wavelength on vapor pressure and
the reproducibility of vapor sensing have also been investigated in this study.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

To address rapidly-growing environmental issues and reduce
increasingly serious chemosensory irritations in humans, detection
and monitoring of volatile chemicals is critical for environmental
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monitoring, industrial emission control, chemical leak detection,
and process monitoring applications [1–3]. Among various volatile
chemicals, ethanol is one of the most concerning solvents, which is
extensively used in the manufacturing industry, and commonly
used as a biofuel additive for gasoline [4]. The ethanol vapor can
lead to significant air pollution, involving substantial risks to biodi-
versity and adverse effects on human neurobehavioral functions
[5,6]. Therefore, there is an urgent demand on ethanol vapor sensor
developments.

In recent years, various semiconductors, conducting polymers,
and electricity-based sensors have been extensively exploited for
detecting ethanol vapor [7–9]. Nevertheless, the sensing method-
ologies suffer from complicated detection processes, high operat-
ing temperature, sensitivity to environmental factors, slow
responses, and expensive detection equipments, which seriously
restrict their developments [10–12]. In contrast, optical chemical
sensing displays several advantages over other sensing methods,
such as immunity to electromagnetic interface, low toxicity, non-
invasiveness, and relatively inexpensive [13–15]. Owing to the
novel structural colors and unique optical properties, photonic
crystals, periodic dielectric structures with a forbidden gap for
electromagnetic waves, have been explored for use in chemical
vapor detections [16–18]. Capillary condensation of a condensable
vapor in the voids of photonic crystals results in an increase of the
effective refractive index of the diffractive medium, leading to a
red-shift of the optical stop bands [19]. The reflection wavelength
shift exhibits a linear relationship with vapor partial pressure, indi-
cating that the colorimetric method offers a promising platform for
chemical vapor sensing [20].

To date, a number of photonic crystal-based ethanol vapor sen-
sors have been developed and exhibit great advantages in minia-
turization, portability, short response time, on-line monitoring
capability, security and stability [21–23]. However, the develop-
ments of photonic crystal-based sensors are impeded by the infe-
rior vapor adsorption abilities and thus the sensitivity of vapor
sensing are restricted [24,25]. To solve the problems, distinct sur-
face groups, reagent dyes, or chemical indicators are employed to
offer photonic crystals different responding properties, which pro-
viding higher sensitivity and selectivity towards the ethanol vapor
[26–28]. Nevertheless, most of the preparations are relative com-
plex and the displacement assays are time consuming. Moreover,
once the labeled analyte is exhausted, refilling is needed unless
the sensor will only be used once or for a short period of time.
Recently, three dimensional periodically structured hydrogels,
which are responsive to various chemical stimuli, have also been
widely used as optical chemical sensors. The hydrogel swells in
the presence of certain analytes, increasing lattice spacing, and
Fig. 1. The experimental procedure for fabrication
consequently the diffraction peak shift towards longer wavelength.
A number of strategies have been investigated to fabricate three
dimensional ethanol-responsive hydrogel photonic crystals [29–
33]. Although the vapor sensing performances are improved, the
application and removal of stimuli leads to complex deformation
of hydrogels, causing inhomogeneous expansion/shrinking with
different magnitudes in different directions [34]. The deformation
of samples results in deteriorated optical sensitivities of hydrogel
photonic crystals. Furthermore, compared to complex lithography-
based fabrication technologies, the use of spontaneous crystalliza-
tion of monodisperse colloidal particles as templates is a simple
and inexpensive approach for developing photonic crystals
[35–37]. Unfortunately, most of the existing colloidal self-assembly
methodologies, including capillary force-induced self-assembly,
evaporation-induced convective assembly, assembly at the air-
liquid interface, gravity sedimentation, and electrical field-
induced self-assembly, suffer from low throughput and are favor-
able only for low volume, laboratory-scale production [38–44].

In this study, we report a sensitive and reversible detection of
ethanol vapor by using three dimensional macroporous polymer
photonic crystals, which are fabricated by a scalable and roll-to-
roll compatible colloidal self-assembly approach. Most impor-
tantly, the as-prepared ethanol sensors featuring a highly visible
readout are portable, small, handy, and readily responsive.
2. Scalable fabrication of macroporous photonic crystals

Three-dimensional (3D) macroporous polymer photonic crys-
tals are fabricated by a scalable doctor blade coating technology
[45]. Typically, monodispersed silica colloids are first synthesized
by the StÖber method and then dispersed in ethoxylated trimethy-
lolpropane triacrylate (ETPTA) monomer with 2-hydroxy-2-meth
yl-1-phenyl-1-propanone as a photo-initiator [46]. The silica col-
loid volume fraction is controlled to be 74 vol.%. A doctor blade is
introduced to spread the silica colloidal suspension uniformly on
a glass substrate, and to offer a one-dimensional shear force to
align silica colloids [47]. The suspension is then photo-
polymerized to obtain a silica colloidal crystal-polymer composite.
As shown in Fig. 1, the embedded silica colloids can be etched away
with a 1 vol.% hydrofluoric acid aqueous solution. The resulting
macroporous polymer film is immersed in a mixture of
2-hydroxyethyl methacrylate (HEMA), methacrylic acid (MMA),
polyethylene glycol (PEG), ethanol, and azobisisobutyronitrile
(AIBN) as a photo-initiator, following by a spin-coating process to
remove the HEMA mixture retained on the film surface. After
storing in dark for one hour to allow residual ethanol to evaporate,
of macroporous polymer photonic crystals.



362 Y.-L. Ko et al. / Journal of Colloid and Interface Science 487 (2017) 360–369
the HEMA mixture is photo-polymerized to form a macroporous
crosslinked poly(2-hydroxyethyl methacrylate)/poly(ethoxylated
trimethylolpropane triacrylate) (PHEMA/PETPTA) film.

Fig. S1a displays a photograph of a doctor blade coated silica
colloidal crystal-PETPTA composite consisting of 255 nm silica par-
ticles on a glass substrate illuminated with white light. The com-
posite exhibits a striking yellow color caused by Bragg diffraction
of incident visible light from the crystalline lattice. Although some
defects appear, the long-range hexagonal ordering of silica col-
loidal crystals embedded in PETPTA matrix is evident from the
scanning electron microscope (SEM) image as shown in Fig. S1b.
The silica colloidal crystals of the shear-aligned composite can be
selectively removed by hydrofluoric acid etching to create a macro-
porous PETPTA film. The macroporous film displays homogeneous
shining blue color (Fig. S1c) caused by Bragg diffraction of blue
light from the 3D highly ordered hexagonal close-packed air cavi-
ties in the film as displayed in Fig. S1d.

In order to further evaluate the optical properties of the doctor
blade coated polymeric composite and the macroporous polymer
film, an Ocean Optics UV–vis-NIR spectrometer (Dunedin,
RH4000) is applied to measure the optical reflection at normal inci-
dence. As shown in Fig. S2, compared with reflection spectrum of a
featureless polymer film, the reflection spectra displays distinct
peaks owing to Bragg diffraction from the 3D periodic structures.
The positions of the diffraction peak can be theoretically estimated
by using the Bragg’s law [48]:

kpeak ¼ 2neff d sin h

where neff is the effective refractive index of the medium, d is the
inter layer spacing, and sinh equals to 1 at normal incidence. The
calculated peak positions as indicated by the arrows agree well with
the experimental results, confirming the highly crystalline quality
of the self-assembled composite and the corresponding macrop-
orous films. The diffraction efficiency of the composite is much
lower than that of macroporous film because of the smaller refrac-
tive index between the silica particles (nsilica ¼ 1:42) and polymer
(nPETPTA ¼ 1:46).
3. Vapor-sensing macroporous PETPTA photonic crystals

The macroporous PETPTA film templated from 255 nm silica
particles is placed in a sealed chamber, which is evacuated and
then backfilled with a considerable volume of ethanol at a specific
vapor pressure. Dry nitrogen is employed to maintain the total
pressure in the chamber to be 1 atm. The normal-incidence specu-
lar reflectance spectra are obtained from the macroporous film
exposed to vapors after 1 min. The time required for the achieve-
ment of vapor-liquid equilibrium inside the chamber is much
lower than that in the experimental conditions [49]. Therefore,
the changes of vapor phase composition in the system are
negligible.

Fig. S3a shows that the diffraction of a macroporous PETPTA
film with 255 nm air cavities red-shifts as the ethanol vapor pres-
sure increases from 0 P0 to 1 P0 at 25 ± 1 �C, where P0 is the satu-
ration vapor pressure of ethanol at this temperature (60 mmHg)
[50]. It is also found that the diffraction efficiency of that monoton-
ically decreases with the increase in ethanol vapor pressure. The
observed shift in color from blue to cyan and the amplitude reduc-
tion of the Bragg diffraction peaks result from more ethanol vapor
condenses in the air cavities of the macroporous photonic crystals
as the vapor pressure increases, leading to a higher effective refrac-
tive index of the diffractive medium and a lower dielectric contrast
between the polymer and the enclosed materials. The vapor sens-
ing can be extended to a wide variety of vapors, such as water.
Fig. S3b reveals that the optical response of water vapor sensing
is quite similar to that of ethanol vapor sensing. Compared to the
macroporous film exposed to pure nitrogen, the shift of the diffrac-
tion peaks increases most linearly with vapor partial pressure
(Fig. S3c). The linear correlation is critical to determine the vapor
contents. Importantly, the optical properties of the macroporous
photonic crystals can be fully recovered as the condensed liquid
is evaporated and can thus be reused for vapor sensing.

To further determine the vapor condensation in the macrop-
orous photonic crystals, the amounts of condensed liquid at differ-
ent vapor partial pressures are estimated using the Bragg
diffraction equation (kpeak ¼ 2neff d sin h). The effective refractive
index of the medium can be expressed as neff ¼ VFPETPTA � nPETPTAþ
VFair � nair þ VFliquid � nliquid, where nPETPTA, nair , and nliquid are refrac-
tive index of PETPTA (1.46), air (1.0), and condensed liquid, respec-
tively. The volume fraction (VF) of PETPTA (VFPETPTA) in the
templated macroporous film consisting of closed-packed air
cavities is 0.26, as a result that VFair ¼ 0:74� VFliquid. The volume
fraction of condensed liquid (VFliquid) at different vapor partial pres-
sures can thus be estimated. Assuming the condensed liquid forms
a uniform thin layer on the walls of the PETPTA voids, the thickness
of the liquid layer is calculated using the estimated VFliquid. As
shown in Fig. S3d, the liquid layer thickness increases with vapor
partial pressure. It is found that an about 23 nm condensed ethanol
layer can be formed on the walls of 255 nm voids when the macro-
porous film is exposed to a saturated ethanol vapor (P/Po = 1),
while a �18 nm condensed water layer can be formed when the
macroporous film is exposed to a saturated water vapor. The cap-
illary condensation of vapor in the macroporous film can be qual-
itatively described by the Kelvin equation

ln
P
Po

¼ 2Vmc
rRT

where Vm is the molar volume of liquid, c is the liquid/vapor surface
tension, r is the radius of curvature, which equals to the radius of
the air cavity minus the thickness of the liquid layer in macroporous
films [51]. Consequently, a higher vapor partial pressure results in a
smaller r and the formation of thicker liquid layer [52]. Additionally,
the r is proportional to c at a fixed P/P0. This explains that the con-
densed ethanol liquid layer (cethanol = 21.6 mN/m) is thicker than
the condensed water liquid layer (cwater = 72.9 mN/m) at same
vapor partial pressure. However, the response of water vapor
sensing is quite similar to that of ethanol vapor sensing. This issue
greatly impedes the selectivity of vapor sensing in practical applica-
tion and therefore should be further addressed.
4. Vapor-sensing of macroporous PHEMA/PETPTA photonic
crystals

To trackle the challenge, the macroporous PETPTA film tem-
plated from 255 nm silica spheres is immersed in a 20 vol.%
HEMA/ethanol mixture, following by a photo-polymerization pro-
cedure. The pores of macroporous PETPTA films are thus coated
with a uniform layer of PHEMA, which is highly responsive to etha-
nol, to create macroporous PHEMA/PETPTA photonic crystals. As
shown in Fig. 2a, the macroporous PHEMA/PETPTA film exhibits
homogeneous shining green color resulted from Bragg diffraction
of incident visible light from the ordered air cavities (Fig. 2b). Com-
paring with the untreated macroporous PETPTA film displayed in
Fig. S1d, an increase in wall thickness of the PHEMA/PETPTA voids
is observed. As shown in Fig. 2c, the diffraction peak positions
obtained from a macroporous PETPTA film templated from
255 nm silica particles, and a corresponding macroporous
PHEMA/PETPTA film locate at 466 nm and 500 nm, respectively.
The thickness of the coated PHEMA layer can then be estimated
using kpeak ¼ 2neff d sin h, where neff ¼ VFPETPTA � nPETPTA þ VFair�



Fig. 2. (a) Photograph of a macroporous PHEMA/PETPTA film templated from 255 nm silica particles. (b) Cross-sectional SEM image of the same sample as in (a). Insert shows
a magnified top-view SEM image. (c) Normal incidence specular reflection spectra of a macroporous PETPTA film templated from 255 nm silica particles, and a corresponding
macroporous PHEMA/PETPTA film. (d) Fourier transform infrared spectra of the macroporous PETPTA film, and the macroporous PHEMA/PETPTA film.
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nair þ VFPHEMA � nPHEMA, and nPHEMA equals to 1.45. The calculated
result reveals that the volume fraction of PHEMA in the resulting
macroporous film is around 14.8 vol.%, and a�8.9 nm PHEMA layer
can be coated on the walls of 255 nm voids. Besides, it is worthy to
mention that excess amount of HEMA mixture retains in the coat-
ing procedure, leading to a thicker PHEMA layer coated on the film
surface, and the formation of smaller void openings (Fig. 2b).

In order to identify that the PHEMA layer is coated on the films,
Fourier transform infrared (FTIR) spectra of the macroporous
PETPTA films with or without a PHEMA layer coating are analyzed
using a PerkinElmer Spectrum 100 FTIR spectrometer (Fig. 2d). For
untreated macroporous PETPTA films, the absorption peaks of car-
bonyl (C@O), bipyridine (C@C), and carboxylate (CAO) groups are
observed at 1710, 1464, and 1256 cm�1, respectively. In addition,
it is noted in passing that bands occurring between 2600 and
3050 cm�1 are associated with the symmetric and antisymmetric
CAH stretching vibrations of methylene (CH2) and methyl (CH3)
groups [53]. In comparison with that, it is evident that a new wide
adsorption peak centered at 3400 cm�1 appears for the PHEMA
coating macroporous PETPTA films. The band is assigned to the
OH stretching vibrations of PHEMA [54]. This further confirms
the presence of PHEMA.

To evaluate the sensitivity and selectivity of vapor sensing for
the as-prepared macroporous film, normal-incidence specular
reflection spectra are collected from a macroporous PHEMA/
PETPTA film templated from 255 nm silica particles exposed to
vapors with different vapor pressures after 1 min. As noted from
Fig. 3a, the diffraction efficiency of the macroporous PHEMA/
PETPTA film decreases with the increase of ethanol vapor pressure,
while the Bragg diffraction peak of that is red-shifted from 500 nm
to 595 nm as the ethanol vapor pressure increases from 0 P0 to 1 P0.
The PHEMA-based hydrogel swells when ethanol vapor condenses
in the air cavities of the macroporous film, resulting in a lower
dielectric contrast between the polymer and the enclosed materi-
als and a higher effective refractive index of the diffractive med-
ium. The resulting swelling therefore leads to the reduction of
diffraction efficiency and the observed color changing from green
to orange. Not only ethanol vapor sensing, the results in Fig. 3b
present that the optical response of water vapor detection is simi-
lar with that of ethanol vapor detection. In addition to that, a
42 nm wavelength shift can be achieved when the macroporous
PHEMA/PETPTA film is exposed to saturated water vapor at
25 ± 1 �C. It is noteworthy that the macroporous PHEMA/PETPTA
film on exposure to ethanol vapors exhibits larger red-shift than
that on exposure to water vapors (Fig. 3c). The Flory-Huggins the-
ory can be employed to interpret the behavior of vapor sensing.
Due to a more favorable free energy of mixing for the PHEMA with
ethanol than with water, the PHEMA layer displays a higher degree
of swelling as the macroporous film exposed to ethanol vapors,
actuating a significant red-shift in diffraction [55].

Crosslinked PHEMA, being exposure to a good solvent, instead
of dissolving completely, absorbs a portion of the solvent and sub-
sequently swells. To investigate the swelling degree of PHEMA
layer in the macroporous PHEMA/PETPTA film at different vapor
partial pressures, the volume fractions of condensed liquid
(VFliquid) are calculated by applying the Bragg diffraction equation



Fig. 3. (a) Photographic images and normal-incidence specular reflection spectra obtained from a macroporous PHEMA/PETPTA film templated from 255 nm silica particles
exposed to ethanol vapors with different vapor pressures. (b) Normal-incidence specular reflection spectra obtained from the film exposed to water vapors with different
vapor pressures. (c) Dependence of the shift of the Bragg diffraction peak on vapor partial pressure. (d) Calculated adsorbed condensed liquid layer thickness at different vapor
partial pressures. (e) Dependence of ln(P/P0) on the reciprocal of the radius of curvature of the condensed liquid films. (f) Dependence of the shift of the Bragg diffraction peak
on different vapor pressure of ethanol/water mixtures.
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in which neff ¼ VFPETPTA � nPETPTA þ VFPHEMA � nPHEMA þ VFair�
nair þ VFliquid � nliquid, where VFPETPTA, VFPHEMA, and VFair are 0.26,
0.15, and (0.59 – VFliquid), respectively. By assuming the vapor con-
denses uniformly on the walls of the PHEMA/PETPTA voids and the
PHEMA layer swells uniformly, the calculated VFliquid can be used to
estimate the extent of swelling in PHEMA, which can be expressed



Fig. 4. (a) Photograph of a macroporous thin-PHEMA/PETPTA film templated from 255 nm silica particles. (b) Cross-sectional SEM image of the same sample as in (a). Insert
shows a magnified top-view SEM image. (c) Normal-incidence specular reflection spectra obtained from the film exposed to ethanol vapors with different vapor pressures. (d)
Normal-incidence specular reflection spectra obtained from the film exposed to water vapors with different vapor pressures. (e) Dependence of the shift of the Bragg
diffraction peak on vapor partial pressure. (f) Calculated adsorbed condensed liquid layer thickness at different vapor partial pressures.
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by condensed liquid layer thickness. Fig. 3d reveals that a thicker
condensed liquid layer is associated with a higher vapor partial
pressure. In addition to that, the calculated condensed ethanol lay-
ers are thicker than the condensed water layers at different vapor
partial pressures. For instance, an around 26 nm condensed water
layer can be formed when the macroporous PHEMA/PETPTA film is
on exposure to a saturated water vapor, meanwhile a �118 nm
condensed ethanol layer can be formed in voids when the macro-
porous film is on exposure to a saturated ethanol vapor. In addi-
tion, the summation of PHEMA layer thickness and condensed
ethanol liquid thickness equals to 126.9 nm, which is approxi-
mately equal to the pore radius (127.5 nm) of macroporous PETPTA
photonic crystals. This indicates that the maximum thickness of
PHEMA layer can be achieved by applying a 20 vol.% HEMA/ethanol
mixture. To gain a better understanding, the Kelvin equation is
used to describe the phenomenon of capillary condensation of a
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condensable vapor and the resulting swelling in PHEMA. In macro-
porous photonic crystals, the radius of curvature of the swelling
PHEMA/PETPTA void equals to the radius of the air cavity
minus the calculated liquid layer thickness. As Vm, c, R, and T are
all constants, ln P=Po is proportional to 1=r. Fig. 3e displays that
the experimental results of the vapor condensation in macrop-
orous PETPTA films match reasonably well with the theoretical
prediction. In contrast, this Kelvin equation only supports the
experimental results of the ethanol vapor condensation in macro-
porous PHEMA/PETPTA films for low vapor partial pressures. The
observed large deviation at higher ethanol vapor pressure is attrib-
uted to further swelling in PHEMA layer, leading to a greater
amount of ethanol vapor condensation in the PHEMA-based film.
Consequently, compared to the macroporous PETPTA film-based
vapor sensing, the macroporous PHEMA/PETPTA film acts as a sen-
sitive sensor for the presence of ethanol vapor. Additionally, the
selectivity of vapor sensing is also further improved.

Fig. 3f summarizes the Bragg diffraction peak wavelength shift
versus vapor partial pressure for different contents of ethanol/
water vapor mixture. One can note that the diffraction peak wave-
length increases not only with partial vapor pressure for each mix-
ture, but also with the content of ethanol in the vaporous mixture.
Interestingly, in the presence of ethanol content above 70%, the
diffraction peak wavelength gradually decreases with increase in
ethanol content in the vaporous mixture. The result is directly
related to shrinking of the PHEMA layer, which can be understood
by taking into account the hydrogen bonding of ester and amide
C@O in the condensed mixed liquids [56–58]. The hydrogen bond-
ing degree of ester and amide C@O in the aqueous mixture drasti-
cally decreases in ethanol concentrations above 70%, in which the
shrinkage of the PHEMA starts.
5. PHEMA layer thickness effect on vapor-sensing

The PHEMA layer thickness effect on ethanol vapor sensing has
been investigated in this study. The macroporous PETPTA film tem-
plated from 255 nm silica spheres is immersed in a 10 vol.% HEMA/
ethanol mixture to fabricate macroporous thin-PHEMA/PETPTA
photonic crystals. As shown in Fig. 4a, the as-prepared macrop-
orous film displays a brilliant cyan color, which is caused by Bragg
diffraction of incident visible light from the crystalline lattice of air
cavities in the film (Fig. 4b). The reflection spectra in Fig. 4c dis-
close that the diffraction peak position collected from the resulting
macroporous film on exposure to pure nitrogen locates at 483 nm,
indicating the volume fraction of PHEMA in the macroporous film
is around 7.5 vol.%, and an around 4.5 nm PHEMA layer can be
coated on the walls of PETPTA voids. In addition, Fig. 4c and d pre-
sents that the results of ethanol vapor detection and water vapor
detection are quite similar to those as shown in Fig. 3a and b.
The shift of the diffraction peaks increases most linearly with vapor
partial pressure (Fig. 4e). The thicker PHEMA layer results in a fur-
ther increase in the amount of swelling in PHEMA, leading to a lar-
ger red-shift of the optical bands as the macroporous PHEMA/
PETPTA film is exposed to ethanol vapors. It should be noted that
the condensed ethanol layer in macroporous PHEMA/PETPTA film
is thicker than that in macroporous thin-PHEMA/PETPTA film,
while the condensed water layers in both macroporous films are
with similar thickness (Fig. 4f). This demonstrates the sensitivity
of ethanol vapor sensing is associated with coated PHEMA layer
thickness.

6. Lattice spacing effect on vapor-sensing

Lattice spacing of macroporous photonic crystals is another
parameter in determining the ethanol vapor sensing sensitivity.
Therefore, we also conduct systematic investigations into the effect
of lattice spacing on vapor sensing. The macroporous PETPTA films
with smaller lattice spacing are templated from 173 nm silica par-
ticles (Fig. 5a), following by immersing in a 20 vol.% HEMA/ethanol
mixture to coat with a uniform layer of PHEMA in the PETPTA voids
(Fig. 5b). As demonstrated previously, the macroporous PETPTA
photonic crystal-based vapor sensing can be applied to ethanol
vapor and water vapor. Fig. 5c and d reveals that the optical
response of ethanol vapor sensing is similar to that of water vapor
sensing. In contrast, a maximum wavelength shift of 59 nm can be
achieved when the macroporous PHEMA/PETPTA film is exposed to
a saturated ethanol vapor, whereas a 22 nm wavelength shift is
achieved as the water vapor partial pressure increases from 0 P0
to 1 P0 (Fig. 5e and f). The results indicate that the macroporous
PHEMA/PETPTA film on exposure to ethanol vapors displays larger
red-shift than that on exposure to water vapors. Although macro-
porous PHEMA/PETPTA films with decreasing lattice spacing exhi-
bit smaller red-shift on vapor sensing, it is observed that the
diffraction peak shifts from 339 nm to 398 nm on ethanol vapor
sensing, which can easily monitor the ethanol vapor pressure
based on the film color dramatically changing from transparent
to violet (inserts in Fig. 5e).

Moreover, the vapor sensing for macroporous photonic crystals
with larger lattice spacing is investigated. The macroporous
PETPTA films consisting crystalline lattice of 325 nm air cavities
are immersed in a 20 vol.% HEMA/ethanol mixture, following by
a photo-polymerization process. A uniform PHEMA layer coated
on the macroporous PETPTA films is clearly seen from
Fig. 6a and b. Compared to macroporous PETPTA photonic crystal
vapor sensing as shown in Fig. 6c and d, the reflection spectra in
Fig. 6e and f confirm that the macroporous PHEMA/PETPTA poly-
mer films display higher sensitivity on vapor sensing. It is pertinent
to note that the diffraction peak of macroporous PHEMA/PETPTA
film templated from 325 nm silica particles shifts from 637 nm
to 757 nm as the ethanol vapor partial pressure increases from 0
P0 to 1 P0. The resulting 120 nm red-shift in wavelength leads to
the film color changing from red to transparent (inserts in
Fig. 6e). Therefore, it is effective to develop naked-eye detector
for ethanol vapor pressure changes by adjusting the lattice spacing
of macroporous photonic crystals.
7. Reproducibility of vapor sensing

It is significant to note that the shift of the diffraction peaks
increases in a nearly linear relation with vapor partial pressure.
The linear response is critical to determine the vapor contents.
Importantly, the optical properties of the macroporous photonic
crystals can be fully recovered as the condensed liquid is evapo-
rated and can thus be reused for vapor sensing. The reproducibility
of macroporous PHEMA/PETPTA films template from 255 nm silica
spheres for ethanol vapor sensing is studied in this research. The
Bragg diffraction peak of the macroporous film is red-shifted from
500 nm to 595 nm after exposure to saturated ethanol vapor. Then
the film is exposed to pure nitrogen and saturated ethanol vapor
alternately for several cycles to evaluate its durability. In Fig. 7,
the black blocks and red circles represent the diffraction peak posi-
tion of the film after exposure to pure nitrogen and saturated etha-
nol vapor for 1 min, respectively. The conversion of the diffraction
peak position upon exposure to pure nitrogen and saturated etha-
nol vapor is reversible and repeatable after 100 cycles. The use of
macrporous PETPTA as a scaffold presumably limits inhomoge-
neous deformation of PHEMA hydrogel during the cycles, resulting
in a great reversibility and reproducibility for ethanol vapor
sensing.



Fig. 5. (a) Cross-sectional SEM image of a macroporous PETPTA film consisting of 173 nm air cavities. Insert shows a magnified top-view SEM image. (b) Cross-sectional SEM
image of a macroporous PHEMA/PETPTA film templated from 173 nm silica particles. Insert shows a magnified top-view SEM image. (c) Normal-incidence specular reflection
spectra obtained from a macroporous PETPTA film consisting of 173 nm air cavities exposed to ethanol vapors with different vapor pressures. (d) Normal-incidence specular
reflection spectra obtained from the macroporous PETPTA film exposed to water vapors with different vapor pressures. (e) Photographic images and normal-incidence
specular reflection spectra obtained from a macroporous PHEMA/PETPTA film templated from 173 nm silica particles exposed to ethanol vapors with different vapor
pressures. (f) Normal-incidence specular reflection spectra obtained from the macroporous PHEMA/PETPTA film exposed to water vapors with different vapor pressures.
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8. Conclusions

In summary, 3D macroporous hydrogel photonic crystals is
fabricated by the combination of doctor blade coating technique
and templating method. The photonic crystals not only provide
a highly visible readout, but also display fast response rate
and large stop band shift for ethanol vapor response. The highly
ordered macroporous structure can even quantitatively analyze
vapor-phase ethanol, and has shown promising sensitivity.
Moreover, the vapor sensing performances can be further
improved by controlling the coated hydrogel layer thickness
and the lattice spacing of macroporous photonic crystals. Owing
to the intrinsic characteristics of PHEMA, the macroporous
PHEMA/PETPTA photonic crystals are most sensitive to 60%–



Fig. 6. (a) Cross-sectional SEM image of a macroporous PETPTA film consisting of 325 nm air cavities. Insert shows a magnified top-view SEM image. (b) Cross-sectional SEM
image of a macroporous PHEMA/PETPTA film templated from 325 nm silica particles. Insert shows a magnified top-view SEM image. (c) Normal-incidence specular reflection
spectra obtained from a macroporous PETPTA film consisting of 325 nm air cavities exposed to ethanol vapors with different vapor pressures. (d) Normal-incidence specular
reflection spectra obtained from the macroporous PETPTA film exposed to water vapors with different vapor pressures. (e) Photographic images and normal-incidence
specular reflection spectra obtained from a macroporous PHEMA/PETPTA film templated from 325 nm silica particles exposed to ethanol vapors with different vapor
pressures. (f) Normal-incidence specular reflection spectra obtained from the macroporous PHEMA/PETPTA film exposed to water vapors with different vapor pressures.
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70% ethanol/water mixtures. Although the use of PHEMA may
restrict the practical application for ethanol vapor sensing, the
use of macrporous templated scaffold leads to a great reversibil-
ity and reproducibility for vapor sensing. We believe that our
method can provide a simple and scalable route for preparing
portable macroporous hydrogel photonic crystals with various
functional groups to expand the responsive ability, which may
find great potential applications in the field of pH monitoring,
temperature detection, optical switching, chemical/biological
sensing, etc.



Fig. 7. Reproducible ethanol vapor sensing of a macroporous PHEMA/PETPTA film
templated from 255 nm silica particles.
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