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[18_TD$DIFF]A B S T R A C T

The angle dependence of photonic crystals (PCs) dramatically limits their practical applications in the
colorimetrical sensing of humidity and volatile organic compound (VOC) vapors. In addition, it is
challenging for inverse opal PCs to colorimetrically distinguish between vapors with similar refractive
indices. Different from the mechanism of PC-based sensors, here, we report an angle-independent
polyacrylamide (PAAm) organogel structural color film based on the mechanisms of retroreflection, total
internal reflection (TIR) [19_TD$DIFF]and interference with a shape similar to a single-sided “egg waffle”. During the
process of responding to humidity and VOC vapors, the color of the film remains angle-independent in
the normal angle range of 0� to 45� under coaxial illumination and observation conditions. At the same
time, the film can colorimetrically distinguish between vapors with similar refractive indices, such as
methanol and ethanol, which is mainly due to the differences in their polarity and solubility parameters.
The film shows good stability, reversibility [20_TD$DIFF]and selectivity when exposed to vapors. A colorimetric sensor
with a new response mechanism is proposed and has the potential to effectively distinguish between
vapors with similar refractive indices. Furthermore, this responsive retroreflective structural color film
(RRSCF) provides a universal strategy to develop targeted angle-independent structural color sensors by
selecting optimized materials.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.

Humidity sensing is significant for industrial processing, human
health, and storage of instruments, food, and artworks [1]. The
detection of organic vapors, VOCs especially, is essential for daily
life for applications ranging from air quality monitoring in the
laboratories and homes to industrial safety [2]. Thus, various
sensors, such as colored indicators for colorimetric sensing [3,4],
F-containing receptor fluorescent polymer probes [5], single-
nanoparticle-layer plasmonic film sensors [6], metal oxide
semiconductor sensors [7,8] and covalently linked metal-organic
framework-polymer resin sensors [9], have been developed.
Among them, colorimetric sensing is a more direct and convenient
detectionmethod, because the results can even be perceived by the
naked eyes.

Smart stimuli-responsive structural color materials have
attracted tremendous attention for decades due to their promising
applications in sensing [10–14], indicating [15,16], anti-counter-
feiting [17–21], and patterning [22–26]. Avariety of structural color
materials, such as photonic crystals [27–33], Morpho butterflies
[34–37] and their mimics [38], hydrogels [39–41], organogels [42],

Bragg stacks [43–46], nanocrystals [47–50] and layer-by-layer
(LBL) films [51], have been used for a long time to develop humidity
and organic vapor sensors. Among them, opal and inverse opal PCs
have beenwidely exploited for colorimetric sensing owing to their
tunable photonic stopband. Tian [21_TD$DIFF]et al. reported a humidity
sensitive polyacrylamide-poly(styrene-methyl methacrylate-
acrylic acid) (PAAm-P(St-MMA-AA)) PC hydrogel. The color was
varied owing to the increase in its lattice spacing [41]. Diao [21_TD$DIFF]et al.
developed a silk-fibroin inverse opal PC as a humidity sensor. The
cyclic contraction of silk fibroin induced by humidity accounted for
the changing lattice constants [52]. In regard to VOC vapor sensing,
inverse opal PCs are widely exploited owing to their abundant
ordered voids. The effective refractive index (RI) of inverse opal PCs
increases because vapors with a higher RI than air entirely or
partially replace the air in the voids. Therefore, the photonic
stopband shifts, and the color changes [3,53]. However, there
remain two challenges in the practical applications of PC
colorimetric sensors in the detection of humidity and organic
vapors: (1) Achieving angle-independent colors is challenging. Due
to the angle dependence of PCs, the sensors should be observed at
the same angle (usually in the normal direction) to guarantee the
reliability of the color change. Although amorphous photonic
structures (APSs) [54,55], black additives [56,57] and artificial
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melanin particles [58] or composites [59,60] are used to reduce the
angle dependence and increase the saturation of the color, the
systems become more complicated when they are applied in
colorimetric sensing, and it is rarely investigated whether the
angle independence can be maintained during the response. (2)
Colorimetrically distinguishing between vapors with the same or
similar RI by pure inverse opal PCs is also difficult. This is because
the color change mechanism of pure inverse opal PC sensors is
related to the changes in the effective RI.

Besides the Bragg diffraction of PCs, structural colors can also be
ascribed to interference and retroreflection mechanisms. Recently,
Goodling [21_TD$DIFF]et al. reported a brilliant structural color within
monodisperse biphasic Janus oil droplets, in which the color
was generated due to total internal reflection (TIR) and interfer-
ence of light at a concave optical interface [61]. Retroreflection, a
special kind of reflection, is defined as that reflected light returns to
the light source from the reverse direction of the incident light
[62]. And retroreflective materials have beenwidely used in traffic
signs [63,64]. Currently, retroreflective materials are mostly
prepared by glass beads or corner cubes, and the undercoating
layer containing pigments or dyes accounts for the coloration
[62,63,65]. Recently, our group developed a retroreflective
structural color film (RSCF) for smart displays based on retrore-
flection and thin-film interference. The RSCF showed a non-
iridescent vivid structural color under coaxial illumination and
observation conditions (i.e., the direction of illumination is the
same as that of observation) [66], which is advantageous for
colorimetric sensors.

Herein, inspired by these exciting studies, we report an angle-
independent responsive retroreflective structural color film
(RRSCF) based on the mechanisms of retroreflection, TIR and
interference, which are completely different from PCs. The RRSCF
was made by the PAAm organogel, with a shape similar to a single-
sided “eggwaffle”, that is, one side is a plane, and the other side is a
quasi-hemisphere monolayer array. The fabricated RRSCF revealed
its sensitivity to humidity, especially high humidity, according to
the color changes and reflectance spectra obtained with varied
humidity. Furthermore, the sensor was also capable of acting as a
VOC vapor visual sensor according to the apparent changes in its
colors and the reflectance spectra obtained during the methanol
and ethanol vapor sensing experiments. Note that the RRSCF
remains non-iridescent within a normal angle range from 0� to 45�

under coaxial illumination and observation conditions when it is
exposed to various humidity conditions and VOC vapors. This is
mainly due to the uniform volume change of quasi-hemispheres
during the swelling process of the film, so the quasi-hemisphere
array structure can be well maintained. This RRSCF showed
reversibility and selectivity as well. These results indicate that this
angle-independent RRSCF is a promising practical candidate for
colorimetric sensing of humidity and vapors, and for discriminat-
ing between vapors with the same or similar refractive indices.

The closely packed microsphere monolayer array was obtained
by unidirectional rubbing 14mm polymethyl methacrylate
(PMMA) microspheres on a polydimethylsiloxane (PDMS) sub-
strate [67,68]. Then, a transparent tape was used to transfer the
array to the sticky layer of tape to fabricate the retroreflective
structural color film (RSCF) [66]. Afterward, the RSCF was utilized
as the first template to prepare the PDMS replica template. Briefly,
PDMS prepolymers and curing agents (10:1, w/w) were mixed
thoroughly and then poured onto the RSCF template. A PDMS
template with a quasi-hemisphere array structure was easily
obtained by peeling off the PDMS after curing at 40 �C for 72 h.
Thereafter, the cavities of the PDMS template supported by the
Petri dish were filled with acrylamide (AAm) pre-gel ethanol
solution. The pre-gel solution contains 15wt% AAm, 0.45wt% N,N'-
methylene diacrylamide as a crosslinking agent, and 0.45wt%

Irgacure 2959 as a photoinitiator. Photopolymerizationwas carried
out by 310 nmUV irradiation for approximately 20min. Finally, the
RRSCF with a 14mm-diameter quasi-hemisphere monolayer array
structure (denoted as 14mm-RRSCF) was obtained after drying for
72 h in an ambient atmosphere and removing the PDMS template.
By adjusting the diameter of the microspheres used in the RSCF
templates (including 4mm, 5mm, 6mm, 7mm, 8mm, 10mm,
13mm, 15mm and 20mm), PDMS templates with cavities of
different diameters were obtained. Consequently, RRSCFs with
different diameters of quasi-hemisphere array structures were
obtained via different PDMS templates.

Two pieces of RRSCFs were placed in a customized humidity
chamber (Fig. S1a in Supporting information). To record the
reflectance spectra, one was placed horizontally with its plane
surface facing down. To capture the digital photographs, the other
was stuck to the vertical sealing filmwith its plane surface forward.
The RHwas controlled byadjusting themixing ratio of dry nitrogen
andwet nitrogen in the chamber. The rate that the RHwas changed
was kept at approximately [22_TD$DIFF]0.33%–0.50% RH/min, which was
monitored by a hygrometer with an accuracy of 3% RH (GSP-8,
Jingchuang). Reflectance spectra were recorded from ambient RH
(approximately [23_TD$DIFF]50% RH) to 99% RH, and photographs of the RRSCFs
were captured simultaneously. Angle-resolution reflectance spec-
tra were recorded when the film was exposed to various RH
conditions. Experiments for the RRSCFs with other sizes were
carried out with the same method.

A customized quartz chamber with an inlet and outlet (Fig. S1b
in Supporting information) was used for vapor sensing measure-
ments. The placement of the two 14mm-RRSCFs in the chamber
was similar to that in the RH sensing experiments. For the
saturated methanol vapor sensing experiments, reflectance
spectra were recorded as soon as the sample was put into the
chamber with saturated methanol vapor. Afterward, air was
aerated into the chamber to remove the vapors, and reflectance
spectra were recorded simultaneously. For the reversibility
experiments, reflectance spectra were recorded with the same
method used for the saturated methanol vapor sensing experi-
ment. For the general VOC vapor sensing experiments, 5mL
organic solvents were injected once into a container in the
chamber via a syringe. Simultaneously, reflectance spectra were
recorded at a specific time interval, and photographs were
captured. Angle-resolution reflectance spectra were recorded
when the film was exposed to vapors.

Scheme 1 schematically illustrates the fabrication procedures
and sensing mechanism of the RRSCF. In brief, the PDMS template
was peeled off from a 14mm-RSCF template after curing.
Afterward, the PDMS template was put into a Petri dish filled
with acrylamide pre-gel solution. Finally, the RRSCF was obtained
after UV polymerization. The RRSCF can be used as a colorimetric
sensor for humidity and VOC vapors (methanol and ethanol). With
exposure to humidity or vapors, the reflectance spectra and color
alter due to the changes in the quasi-hemisphere volume, effective
refractive index (RI), and RI contrast. These changes are ascribed to
the diffusion and absorption of air with different contents of water
[(Scheme_1)TD$FIG]

Scheme 1. Schematic illustration of the procedures used to fabricate the RRSCF and
the sensing mechanism to humidity and vapors.
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or VOC vapors into the film. Then, the film is swollen because
PAAmmolecules show a good affinity to water and VOC (methanol
and ethanol). Details will be subsequently discussed.

From the top view and cross-sectional SEM images shown in
Fig. S2a (Supporting information), it can be observed that the
structure of the RSCF is a monolayer array of closely packed
microspheres partially embedded into the sticky layer of the tape.
The top-view and cross-section view SEM images of the PDMS
template are displayed in Fig. S2b (Supporting information), which
shows the bowl-shaped cavities with an ordered array. Corre-
spondingly, the shape of the obtained RRSCF is similar to a single-
sided “egg waffle”, with a plane side and a quasi-hemisphere
monolayer array side. SEM images are shown in [24_TD$DIFF]Figs. 1a (top-view)
and b (cross-section view). Digital photographs of RRSCFare shown
in Fig.1c, which depicts that RRSCF is purple-redwhen illuminated
by a white light-emitting diode (LED) light source towards the
plane side. Moreover, [24_TD$DIFF]Figs.1d-f show the digital photographs of the
RRSCF with a white LED towards the array side and under diffuse
daylight towards the array side and plane side, respectively. These
photographs show the transparency of the film. The reflectance
spectrum of RRSCF is shown in Fig. 1g, which agrees with the
digital photographs. In addition, by adjusting the size of micro-
spheres used in the RSCF templates, RRSCFs with different colors
were obtained. Corresponding reflectance spectra and digital
photographs are shown in Fig. S3 (Supporting information),
indicating a universal method to prepare colored RRSCFs. When
light propagates in the film along different trajectories, interfer-
ence of the light that undergoes total internal reflection (TIR) at the
interface between the quasi-hemispheres of RRSCF and outside air
occurs, resulting in the generation of retroreflective structural
color (Fig. 1h).

Fig. 1i shows the schematic diagram of the film tested at
different angles under coaxial illumination and observation
conditions. [25_TD$DIFF]Figs. 1j and k show the angle-resolution reflectance
spectra and corresponding digital photographs of the RRSCF
illuminated from 0� to 45�. The results indicate that the RRSCF is
non-iridescent under this condition, owing to the mechanisms of
retroreflection, TIR, and interference. Thus, a consistent color can
be observed in a wide range of angles, which is advantageous for a
sensor. In addition, the path length of light propagating in the film
increases as the angle of incidence increases, resulting in increased
light absorption and scattering. As a result, the reflectivity
gradually decreases.

A series of humidity sensing experiments were carried out in a
customized chamber (Fig. S1a) with a controllable relative
humidity (RH), and details were described above. According to
the reflectance spectra (Fig. 2a) and corresponding peak 1 and peak
2 positions (Fig. 2b), peak 1 and peak 2 are redshifted by only 4 nm
and 14 nm as the RH was increased from [26_TD$DIFF]50% RH to 75% RH. The
maximum redshifts for peak 1 and peak 2 are observed to be 79 nm
and 71 nm as the RH was increased from [27_TD$DIFF]50% RH to 80% RH. In
addition, visual sensing for humidity is realized owing to the color
changes, from purple-red at [28_TD$DIFF]50% RH to yellow-red at [29_TD$DIFF]80% RH
(Fig. 2c). Consequently, the RRSCF is more suitable for a particular
condition, such as precise instrument storage where a high RH
must be monitored. To investigate whether the film can remain
non-iridescent when the humidity changes, angle-resolution
reflectance spectra at [15_TD$DIFF]78% RH were recorded under coaxial
illumination and observation conditions (Fig. 2d). There is no
shift for the two peaks from 0� to 45�, indicating that our film is an
angle-independent structural color sensor. This is mainly due to
the uniform volume change of the quasi-hemispheres during the
swelling of the film, so the quasi-hemisphere array structure can be
well maintained. The angle-independent color of the RRSCF makes
it possible to observe reliable and consistent results at any position
within a large angle range of 0� to 45�, thereby greatly improving
the practicality of the colorimetric humidity sensor.

Moreover, humidity sensing experiments were also carried out
for 10mm-, 13mm-, 15mm- and 20mm-RRSCFs with the same
method, and the results are displayed in Fig. S4 (Supporting
information). The two peak positions of the 10mm-RRSCF are
redshifted by 31 nm and 45 nm. The two peak positions of the
13mm-RRSCF are redshifted by 25 nm and 26 nm. The two main
peak positions at 416 nm and 706 nm of the 15mm-RRSCF are
redshifted by 23 nm and 42 nm, respectively. The two main peak
positions at 503 nmand 575 nmof the 20mm-RRSCFare redshifted
by 28 nm and 54 nm, respectively. These results indicate a
universal method for constructing a humidity sensor made by a
responsive retroreflective structural color film.

Generally, the humidity sensitivity of the RRSCF is influenced by
two factors: (1) The color is generated owing to interference of the
light that undergoes TIR at the interface between the quasi-
hemispheres of RRSCF and outside air [61]. Thus, the occurrence of
TIR and interference is crucial for color generation, which depends
on the RI contrast between the film and air outside. The effective RI
of the RRSCF (neff) is defined as:[30_TD$DIFF][31_TD$DIFF]

 nef f¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2
airf air þ n2

PAAmð1� f airÞ
q

ð1Þ

where nPAAm and nair are the RI of the PAAm (n = 1.452) and air
(n = 1.0) inside the film; fair, (1-fair) are the volume fraction of air
inside the film and PAAm. Consequently, neffmainly depends on fair
because the change in nair is negligible as RH increases. (2) The
swelling degree of the film owes to the affinity of PAAm towards
water. Once the humidity increases, the outside air with a higher
water vapor content exchangeswith the inside air with the original
water vapor content, resulting in PAAm swelling. Therefore, the
phenomenon described here results from the synergistic effect of
these factors, and details are discussed as follows.

When RH increases, the water vapor content in the air
increases. Due to the good affinity of PAAm towards water, PAAm
is swollenwhen the air diffuses into the film. The volume increase
of the quasi-hemispheres results in the increase of fair and redshift
of the peak position. Meanwhile, neff decreases because of the
increased fair. Therefore, the RI contrast between the film and air
outside decreases, which has a negative effect on the occurrence of
TIR. As RH continues to increase, the exposed quasi-hemispheres
dissolve and connect due to solvation. As a result, the surface area
of the quasi-hemispheres exposed to outside air reduces. Thus, the

[(Fig._1)TD$FIG]

Fig. 1. (a) The top-view and (b) cross-section view SEM images of the RRSCF. The
digital photographs captured under a white LED light source towards the (c) plane
side and (d) array side and captured under diffuse daylight directed towards the (e)
array side and (f) plane side. (g) Reflectance spectrum obtained with the probe
normal to the plane side of the RRSCF. (h) Schematic diagram of generation of
retroreflective structural color. (i) Schematic diagram, (j) angle-resolution
reflectance spectra, and (k) digital photographs of the RRSCF under coaxial
illumination and observation conditions within the angle range of 0� to 45� . Scale
bar: 2mm.
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amount of light that undergoes TIR continues to decrease until
interference or TIR can no longer occur. Finally, the film becomes
colorless. After the experiment, the monolayer array structure still
remains, but the diameter of the original quasi-hemisphere
increases for approximately [32_TD$DIFF]71% from 14mm to 24mm (Fig. S5
in Supporting information). This result validates the mechanism
we proposed above. In addition, the quasi-hemisphere array
structure fails to recover after RH decreases, which results in the
failure of the reusability of the RRSCF. Therefore, the film is very
suitable for humidity labels, showing that the humidity of the
environment where the item is located has been as high as [33_TD$DIFF]80%.
Thus, the item should be checked in time.

Due to its toxicity, methanol is very harmful to the human
nervous system and blood system, so it is essential to detect
methanol and its vapor. Moreover, methanol is one of the most
commonly used VOCs in laboratories. The polarity of methanol is
close to that of water. Therefore, methanol vapor is chosen to
investigate the potential of the film for VOC vapor detection. Fig. 3
depicts the reflectance spectra of the RRSCF during the response
process with exposure to saturatedmethanol vapor and during the
recovery process with exposure to air. Two crests are stepwise
redshifted and then blueshifted, which is attributed to changes in
the volume of the swollen quasi-hemispheres, effective RI and RI
contrast. For the response process, Fig. 3a shows the maximum
redshifts of 28 nm and 40 nm for the two peaks. In addition, the
appearance of a new peak is observed at 89 s. These results
aremainly due to the increase in the size of quasi-hemispheres and
the interference between the light that undergoes TIR. Afterward,
the blueshift of 26 nm for peak 2 and the disappearance of peak 1
are observed at 122 s, which is mainly attributed to the decreased
RI contrast. As soon as the film is exposed to air, it basically returns
to the initial state within 24 s. Reflectance spectra are plotted in
Fig. 3b. The rapid response process is due to the rapid diffusion and
adsorption of methanol under a high vapor concentration, which
causes the rapid change in RI and rapid expansion of the film.

When exposed to air, the RRSCF recovers quickly becausemethanol
vapor escapes from the film quickly as the vapor concentration
drops sharply. In addition, the response behaviors of 20mm-RRSCF
to saturated methanol vapor are similar to those of 14mm-RRSCF.
The maximum redshift of the main peak is 25 nm, and the
maximum blueshift is 42 nm, as shown in Fig. S6 (Supporting
information).

In general, the vapor sensing performance of the RRSCF is
influenced by two factors: (1) The first is the RI contrast between
the film and air outside. The effective RI of the RRSCF (nRRSCF-eff) and
air (nair-eff) in the chamber are defined as:[34_TD$DIFF][35_TD$DIFF]

nRRSCF�ef f   ¼  
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2
air�ef f f air�ef f þ n2

PAAmð1�f air�ef f Þ
q

ð2Þ

[36_TD$DIFF]

 nair�ef f   ¼  
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2
vapf vap þ n2

airð1� f vapÞ
q

ð3Þ

where nPAAm, nair, and nvap are the RI of PAAm (n = 1.452), air except
vapors (n = 1.0), and VOC vapors (listed in Table S1 in Supporting
information); fair-eff, (1 - fair-eff), fvap, and (1 - fvap) are the volume
fraction of air inside the film, PAAm, VOC vapors, and air except the
VOC vapors inside the chamber, respectively. In this section, nvap
refers to the RI of methanol; fvap refers to the volume fraction of
methanol vapor. Consequently, nRRSCF-eff depends on fair-eff and
nair-eff; nair-eff depends on nvap and fvap (and equally to the vapor
concentration). Note that the VOC vapors can influence nair-eff
owing to the VOC vapors having a higher saturated vapor pressure
than water. However, the change in nair-eff is slight. Thus, the
change in fair-eff plays a dominant role in the change in nRRSCF-eff. (2)
The second factor affecting the vapor sensing performance of the
RRSCF is the swelling degree of the film due to the affinity of PAAm
towards VOC vapors and their differences in polarity and solubility
parameters.

From the abovementioned, the phenomenon here is explained
as follows: for the response process, due to saturation (i.e., a high
methanol vapor concentration), an increased fvap results in a slight
increase in nair-eff. Along with the exchanges of air inside and
outside the film, PAAm is swollen by methanol vapor, resulting in
the volume increase of the quasi-hemispheres, redshift of the peak
position, and increase in fair-eff. At the same time, nRRSCF-eff
decreases because the influence factor of fair-eff plays a dominant
role, although nRRSCF-eff is also influenced by the slightly increased
nair-eff. Afterward, the RI contrast decreases owing to decreased
nRRSCF-eff and increased nair-eff, resulting in the blueshift of the peak
position and decrease in the reflectivity. Finally, the film becomes
colorless because interference or TIR can no longer occur. For the
recovery process, nair-eff decreases quickly, owing to the sharply
decreased methanol vapor concentration. Thus, the RI contrast
increases, causing a redshift of the peak position at first. Afterward,
the film shrinks owing to methanol vapor escaping out of the film,
causing the peak position to blueshift to the initial peak position.

[(Fig._2)TD$FIG]

Fig. 2. (a) Reflectance spectra, (b) corresponding peak 1 and peak 2 positions and (c) digital photographs of the RRSCF exposed to different humidity conditions. (d) Angle-
resolution reflectance spectra of the RRSCF at [15_TD$DIFF]78% RH. Scale bar: 2mm.

[(Fig._3)TD$FIG]

Fig. 3. Reflectance spectra of the RRSCF exposed to (a) saturated methanol vapor
and (b) air.
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The RRSCFwas tested alternately in the chamberwith saturated
methanol vapor and air for five cycles. The black and red curves in
Fig. 4 depict the position changes for peak 1 and peak 2 throughout
the response and recovery processes, respectively. The first trough
is the original peak position, while the other troughs are the peak
positions of the RRSCF at the end of every recovery process. The
crests are the maximum redshift positions during every response
process. As methanol vapor enters into and escapes out of the film,
PAAm is swollen and de-swollen. Thus, the quasi-hemisphere
structure changes (expands or shrinks). The RI contrast between
the film and outside air also changes. Therefore, the peak position
shifts accordingly. In addition, there is almost no change in the
RRSCF before and after five cycles, according to the digital
photographs (Fig. 4 inset). The results imply that our RRSCF
sensor is well-stable and reusable.

Recently, due to the adverse impacts of ethanol on human
consciousness, similar to methanol, the detection of ethanol has
attracted widespread attention. However, it is challenging to
colorimetrically distinguish betweenmethanol and ethanol vapors
by pure inverse opal PC sensor, owing to their similar refractive
indices. Thus, methanol and ethanol vapors are chosen in this
section to investigate the capacity of the RRSCF to distinguish
between VOC vapors with similar refractive indices. Once

methanol or ethanol is injected into the container inside the
chamber, dynamic reflectance spectra (DRS) [42] of the RRSCFs are
recorded continuously. Then, the DRS are converted to the contour
maps shown in Fig. 5a for methanol vapor and Fig. 5b for ethanol
vapor. The differences between the DRS patterns of methanol and
ethanol vapors lie in the differences in their volatility, polarity, and
solubility parameters. There is nearly no change at the early stage,
because the vapor content is insufficient to swell PAAm. Afterward,
owing to the better volatility of methanol, a shorter time is needed
to reach a sufficient vapor content to swell the RRSCF. Thus, the
pattern in Fig. 5a starts to change earlier than that in Fig. 5b. Fig. 5c
shows the reflectance spectra and digital photographs of the RRSCF
at the initial status and 5, 10, 15 and 20min (corresponding to the
white dotted line in Fig. 5a) after methanol injection. The color
turns from purple-red to cyan-red as evaporation proceeds (in
other words, the methanol vapor concentration increases),
indicating that the RRSCF is a candidate for the visual sensing of
methanol vapor. To intuitively illustrate the shift in the peak
position, the crest positions of the spectra along with the
evaporation time are plotted in Fig. 5d. Specifically, the maximum
redshifts of the two peaks observed at 10min are 17 nmand 26 nm.
Then, the following maximum blueshifts of the two peaks are
34 nm at 17.5min and 60 nm at 22.5min. In addition, a new peak
appears at 506 nm at 12.5min. The explanation for this phenome-
non has already been discussed in the previous section. Briefly,
since PAAm is swollen by methanol vapor, the volume of quasi-
hemispheres increases, resulting in the redshift of the peak
position and the increase in fair-eff. As evaporation proceeds, nair-eff
increases continuously due to the increased vapor concentration.
Simultaneously, nRRSCF-eff decreases mainly owing to the increased
fair-eff. Thus, the RI contrast between the RRSCF and air outside
decreases, resulting in the blueshift of the peak position. A new
peak appears due to the interference of the light that undergoes TIR
at the interface of the quasi-hemispheres and air outside. Fig. 5e
shows the angle-resolution reflectance spectra of the RRSCFwithin
a normal angle range of 0� to 45� under coaxial illumination and
observation conditions at approximately 17min after methanol
injection. The result shows that there is almost no change in the

[(Fig._4)TD$FIG]

Fig. 4. Reversible peak position changes (the black curve for peak 1, the red curve
for peak 2) for RRSCFwith exposure to saturatedmethanol vapor and air alternately,
and digital photographs (inset) of RRSCF before and after five cycles. Scale bar:
2mm.

[(Fig._5)TD$FIG]

Fig. 5. The contour maps of the DRS of the RRSCF response to (a) methanol vapor and (b) ethanol vapor after injection. (c) Reflectance spectra and digital photographs at the
initial status and 5,10,15 and 20min aftermethanol injection, corresponding to thewhite dashed lines in (a); scale bar: 2mm. (d) Peak positions at different exposure times to
methanol vapor, purple spheres for peak 1, red spheres for peak 2, and cyan spheres for the new peak that appeared in the methanol vapor sensing experiment. (e) Angle-
resolution reflectance spectra of the RRSCF under coaxial illumination and observation conditions, obtained at approximately 17min after methanol injection. (f) Reflectance
spectra and digital photographs at the initial status and 15, 17, 19 and 21min after ethanol injection, corresponding to the white dashed lines in (b); scale bar: 1mm. (g) Peak
positions at different exposure times to ethanol vapor, purple spheres for peak 1, red spheres for peak 2, and green spheres for the newpeak that appeared in the ethanol vapor
sensing experiment. (h) Angle-resolution reflectance spectra of the RRSCF under coaxial illumination and observation conditions, obtained at approximately 20min after
ethanol injection.
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peak position, proving that our sensor shows angle-independent
color. Therefore, reliable and consistent results can be observed at
any position in a large angle range, which greatly improves the
practicability of the colorimetric sensor.

Similarly, Fig. 5f displays the reflectance spectra and digital
photographs of the RRSCF at the initial status and 15, 17, 19 and
21min (corresponding to the white dotted line in Fig. 5b) after
ethanol injection. The color of the RRSCF changes from purple-red
to a mixed color with a low saturation as the concentration of the
ethanol vapor increases, indicating that the RRSCF is a candidate
for the visual sensing of ethanol vapor. Fig. 5g shows the peak
positions at different exposure times. The maximum redshifts of
the two peaks observed at 18min are 37 nm and 64 nm. Then, the
following maximum blueshifts of the two peaks are 38 nm at
21min and 32 nm at 23min. In addition, a new peak appears at
562 nm. Fig. 5h shows the angle-resolution reflectance spectra of
the RRSCF within a normal angle range of 0� to 45� under coaxial
illumination and observation conditions at approximately 20min
after ethanol injection. The result shows that there is almost no
change in the peak position, proving that our sensor is non-
iridescent. In conclusion, the changes in the DRS and colors of the
RRSCF are different in the two experiments. Principal components
analysis (PCA) was carried out according to ref [34], and results are
shown in Fig. S7 (Supporting information). It can be seen that the
trajectories ofmethanol and ethanol vapors are different. Thus, our
RRSCF can be a potential colorimetric sensor used to distinguish
between methanol and ethanol vapors, even though they have
similar refractive indices.

In addition, Fig. S8 (Supporting information) depicts the results
of themethanol and ethanol vapor sensing experiments performed
for 20mm-RRSCF. Maximum redshifts of 39 nm, 21 nm, 14.5 nm
and 68 nm are observed clearly for the four peaks 7.5min after
methanol injection. Maximum redshifts of 51 nm, 26 nm, 38 nm
and 69 nm are observed clearly for the four peaks 17min after
ethanol injection. The changes in the DRS and colors of 20mm-
RRSCF are different in the two experiments, which indicates that
our RRSCF sensor is an excellent candidate for colorimetrically
distinguishing between methanol and ethanol vapors. Moreover,
the phenomena of redshift first and then blueshift in the tests

performed for 20mm-RRSCF are the same as those performed for
14mm-RRSCF, which validates themechanismwe proposed above.

The DRS of the RRSCF exposed to various VOCswere recorded to
investigate the selectivity of the film towards methanol and
ethanol vapors. Fig. 6a shows the 3D contourmap of the DRS when
the RRSCF was exposed to iso-propanol vapor.[37_TD$DIFF] Then, the 3D
contour map is converted to a 2D DRS pattern (Fig. 6b). DRS
patterns of the RRSCF towards acetonitrile, dichloromethane, ethyl
acetate, and toluene vapors are shown in Figs. 6c-f, respectively.
Compared to methanol and ethanol vapors, the RRSCF shows a
weaker affinity towards iso-propanol, acetonitrile, dichlorome-
thane, ethyl acetate, and toluene vapors, owing to the mismatch of
solubility parameters between the RRSCF and vapors. Thus, PAAm
cannot be swollen, resulting in an unchanged fair-eff. Although
nair-eff increases slightly due to the increase in fvap, nRRSCF-eff hardly
changes. Therefore, there is nearly no shift in the peak positions in
these DRS patterns. The results indicate the excellent detection
selectivity of our sensor towards methanol and ethanol vapors.

In summary, this work presents an angle-independent respon-
sive retroreflective structural color film (RRSCF) sensor based on
the mechanisms of retroreflection, total internal reflection (TIR),
and interference. A new response mechanism for the colorimetric
sensing of humidity and VOC vapors is proposed; to summarize,
the changes in the quasi-hemisphere volume which is due to the
swollen PAAm, the changes in the effective refractive index (RI) and
RI contrast. Redshifts of the peak position and changes in the color
are observed when the humidity increases. In addition, the
constructed RRSCF shows a fast response and recovery rate when
alternatively exposed to saturated methanol vapor and air.
Distinguishing between methanol, ethanol, and other VOC vapors
with similar refractive indices is realized according to the changes
in the DRS patterns and visible color observed by the naked eyes.
Most importantly, when exposed to humidity, methanol and
ethanol vapors, our RRSCF exhibits an angle-independent color
within a normal angle range from 0� to 45� under coaxial
illumination and observation conditions. Therefore, reliable and
consistent results can be observed at any position in a large angle
range, which greatly improves the practicability of the colorimetric
sensor. In addition, this RRSCF supplies a universal strategy to

[(Fig._6)TD$FIG]

Fig. 6. (a) The 3D contour map of the DRS of the RRSCF response to iso-propanol vapor, with the wavelength at the x-axis, the time at the y-axis, and the reflectivity at the z-
axis. The converted 2D DRS patterns of the RRSCF response to (b) iso-propanol vapor, (c) acetonitrile vapor, (d) dichloromethane vapor, (e) ethyl acetate vapor and (f) toluene
vapor.
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construct targeted sensors sensitive to corresponding stimuli
(light, heat, electric and magnetic fields, etc.) by selecting proper
materials. Thus, this RRSCFwill broaden the investigation ranges of
the responsive structural color domain. In the future, this RRSCF
can also be promising in other applications, such as anti-
counterfeiting and patterning.
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