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ABSTRACT

Some animals and plants in nature are endowed with elegant color-changing ability, which
inspired the developments of biomimetic systems with multifunctionality, such as controllable
colors, transmittance, and mechanical pliability that are significant for the development of
energy-efficient and deformable chromic devices, such as wearable displays, smart windows,
decorative architectures, camouflage devices, efc. Inspired by the color-changing ability of
diphylleia grayi (commonly known as skeleton flower), we developed a porous PDMS film that
dynamically and dramatically changes its color by the adsorption/desorption of minute amount of
water (5 g m?) or other solvents. This hydrochromic phenomenon was analyzed in detail and it
matched well with the Mie scattering theory. The porous PDMS film of about 0.4 mm thick
exhibits a large optical modulation (about 75~80%) in the broad visible and near infrared region
and coloration speed of less than 9 mins. Additionally, the PDMS film can sustain uniaxial strain
up to 100% at both transparent and colored states. We believe this new strategy to develop
highly scalable porous PDMS film offers a practical route to realize bionic and botanic inspired
deformable energy-efficient facade, chromogenic wearables, smart window, smart display, and

camouflage etc.

KEYWORDS: Stretchable hydrochromic device; Porous poly(dimethylsiloxane) film; Bionics;

Smart window; Mie scattering
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Smart color-changing phenomena are widespread in nature ranging from animals to plants,
mimicking this function is of great significance in scientific and engineering fields. Organisms
utilized their color-changing ability for disguising, mating, warning, communicating or
displaying etc.'” Pigmentary color and structural color are the two main color-changing ways
that exist in the biological world, which are generated through absorbing and reflecting visible
light by changing geometries and refractive index, respectively.” Color changing mechanism of
organisms is due to the modifications in pigments, geometries, or their combinations. For
instance, cephalopods (cuttlefish, octopuses, squid) and chameleons can rapidly alter their skin
colors through the absorption and reflection of visible light through the chromatophore pigment
cells and iridocytes cells.*” Inspired by the color-shifting ability of these animals, scientists and
engineers have developed pioneering materials and systems to mimic such functions. Rogers and
colleagues reported an adaptive optoelectronic camouflage system combined by multiplexed
arrays of actuators and photodetectors on flexible substrate, which are capable of producing
black-and-white patterns to match the surroundings.® Bao and colleagues reported a stretchable
electronic skin which comprised of a pressure sensor and a stretchable electrochromic device, the
e-skin colour can be controlled by changing the applied pressure.” Zhao and coworkers designed
a soft electro-mechano-chemical system that exhibited various kinds of fluorescent geometries
under the control of electric fields.'"” Shepherd and coworkers recently furthered these
advancements by illustrating a user interactive e-skin, which exhibits dynamic coloration and
sensory feedback from internal and external stimuli.'' Despite these achievements, all the
aforementioned devices still require electric field to maintain or change their light/colour, which
are not ideal for the establishment of energy-efficient systems and have some limitations in

practical applications (especially in the environments that are lack of electricity). Therefore,
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development of a color changing mechanism via natural ways (by ubiquitous stimuli such as
force, water and air efc) on soft substrates is highly attractive in realizing an actual bionic system.
Recently, some research groups used mechanical force to change the optical properties of the
polymer thin films with photonic crystals distributed on their surface, such as quasi-amorphous
array of silica nanoparticles embedded poly(dimethylsiloxane) (PDMS),"* nano"* and micropillar
arrays'* on wrinkled PDMS, shape memory polymers composed of micro-optic components
and periodic microhole arrays.'® However, the modulated wavelength region is narrow (usually
in visible range) based on the periodic structure and specific distance between photonic crystals,
as governed by the basic principles of the Bragg equation shown in Equation 1:'""

A =2dney (1)
where A is the dominant wavelength of reflected light, d is the distance between photonic crystals,
and nes is the effective refractive index of the film. Broad wavelength modulation is
very important many aspects. Take smart window for example, the broad wavelength modulation
of smart window enables simultaneous controllability of the light and thermal load of the
building. Therefore, it is of great interest to expand the modulated wavelength region by natural
stimuli.

Indeed, some organisms can alter their skin colors upon varying the amount of water in
nature such as beetle’s family: charidotella egregia, tmesisternus isabellae, coptocycla, dynastes

> 20 Take charidotella egregia as an example, it

hercules, cryptoglossa verrucosa and so on.
exhibits golden coloration in the humidity environment, while a red color was observed in the
dry environment.'” This fascinating color changing phenomenon is enabled by the sophisticated

architecture of the cuticle with chirped multilayer structure and a red pigmented layer underneath.

A golden color was produced through the multiple reflection and interference of light in the
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“chirped” multilayer in which the porous patches are filled with fluid. The filled fluid makes the
complex structure into a chirped photonic crystal that provided both specularity and the
appropriate spectral selection. The red color is displayed when liquid is expelled from the porous
patches which change the multilayer reflector to a translucent slab, leading to an unobstructed
view of the underneath red pigmented layer. Besides of animals, plants also display excellent
capability in changing their colors upon varying the amount of water. For example, diphylleia
grayi turns from white color to transparent once in contact with water. It is of great importance to
design and fabricate water-activated robust hydrochromic materials, given that water is relatively
affordable, safe and ubiquitous. Although there are some attempts in the preparation of water-
activated chromic hydrogels based on the periodic structured change of the photonic

182122 complex experiments process is required to prepare hydrogel photonic crystal

crystals,
bead arrays. Moreover, the unstable hydrogel is not feasible for long-term use without robust
sealing. Additionally, hydrogel typically requires scaffold as its structure support. Because of the
intrinsic distortion of soft hydrogel, its application as a standalone or discrete device is impeded.
Recently, the optical properties of bioinspired or biomimetic PDMS films were studied due to
lots advantages of the PDMS such as high optical transmittance, stable, no scaffold required, low
cost etc.”>**

Inspired by diphylleia grayi, we developed a novel, simple, low cost but effective strategy for
the design of porous elastomer host based on PDMS that imitates the color-changing behavior of
the plant in a broad wavelength range. The porous PDMS as a novel chromic film that exhibits
excellent hydrochromic performance including large optical modulation in visible-near infrared

region, fast switching speed and high coloration efficiency. Moreover, the color change process

is remarkably similar with that of the diphylleia grayi which only depends on the
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adsorption/desorption of water. The coloration process of the porous PDMS requires only the
adsorption of water, and the bleaching process requires desorption of water in ambient conditions.

Finally, its applications on smart glazing and stretchable display are well demonstrated.

RESULTS AND DISCUSSION

The fabrication procedure of the porous PDMS was illustrated in Figure la (see
Experimental section for details). Firstly, the silicone elastomer base, the curing agent and a
certain proportion of LiCl were mixed, and then the PDMS was cured at 120 °C for 3 h. The
LiCl will crystallize and form particles during the PDMS curing process. After removing these
LiCl particles from the PDMS film by immersing the sample in water, a porous PDMS film
(thickness about 0.4 mm) with large size (about 120 cm?) and high transparency was formed
(Figure 1b). Pores with feature sizes ranging from 0.15 to 20 pm are randomly distributed on the
surface of the PDMS film, as shown in the field emission scanning electron microscopy
(FESEM) image in Figures 1c and d. Moreover, it can been seen from the higher magnification
SEM image that the size of most pores ranges from 150 nm to 500 nm (Figure 1d). The depth of
the pore ranges from several to decades of micrometer as shown in the cross-section SEM image
(Figure S1, Supporting Information). These pores will absorb water once the porous PDMS film
is in contact with water due to high capillary force. Meanwhile, the optical properties of the
porous PDMS will be drastically changed. The porous PDMS gradually turns to milky white
color and lower transmittances were observed when the immersing time is increased (Figure 1e).
The porous PDMS film presents a milky white color after immersing in water for 1 hour. This
phenomenon closely resembles diphylleia grayi in nature, although the color change process is

the reverse.
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To quantitatively evaluate the chromic properties and the application of the porous PDMS
film on smart glazing, the transmittance of porous PDMS with different thickness and varying
ratio of LiCl in the dry state and wet state was monitored as shown in Figure S2 and Figure S3
(Supporting Information), respectively. The transmittance of the porous PDMS films in both dry
and wet states decreases with increasing the ratio of LiCl (Figure S2a, Supporting Information).
The extent of the reduction in transmittance in the wet state with increasing ratio of LiCl is more
drastic than that in dry state. Therefore, the optical modulation (AT=T4+Ty, T4 and Ty, is the
transmittance in dry and wet states, respectively) increases dramatically with increasing ratio of
LiCl up to 1wt% (Figure S2b, Supporting Information). Thereafter, the optical modulation in the
near infrared range (800~2250 nm) is continuously increased with increasing ratio of LiCl within
5 wt%, but decreases slightly in the visible range. The optical modulation in both visible and
near infrared regions decreases for the porous PDMS film when the ratio of LiCl is over 5 wt%,
especially in the visible range. Higher ratio of LiCl will lead to the formation of more pores on
the surface of the PDMS, excessive pores will deteriorate the optical properties of the PDMS
film due to optical scattering effects. In addition, the transmittance of PDMS film without the
presence of LiCl (0 wt% LiCl) in both dry and wet states is almost the same, illustrating that the
optical properties of normal PDMS (0 wt% LiCl) is almost unchanged when immersed in water.
The optimal ratio of LiCl has been determined to be 5 wt%. The chromic performance of porous
PDMS film with different thickness with ratio of 5 wt% LiCl was further investigated (Figure S3,
Supporting Information). It can be seen that the optimal thickness of the porous PDMS is around
0.4 mm (Figure S3a, Supporting Information). Although the thin porous PDMS film (of 0.1 mm)
presents high transmittance in the dry state, it is also less opaque in the wet state. The thick

porous PDMS film (of 0.6 mm) shows low transmittance in the wet state, and remains similar in
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the dry state. Therefore, both thin and thick porous PDMS films present small optical
modulations as shown in Figure S3b (Supporting Information). The optimum porous PDMS film
with thickness of about 0.4 mm and ratio of 5 wt% LiCl exhibits high transmittance in a broad
wavelength range (76 ~ 82% in the wavelength range from 500 ~ 2250 nm) in the dry state and
low transmittance in the broad wavelength range (around 1% in the wavelength range from 300
~ 2400 nm) in the wet state (Figure 2a). Moreover, the porous PDMS film shows uniform optical
properties even under large scale (about 120 cm?) at both dry and wet states as shown in Figure
2b and c, respectively. Hence, large optical modulation (about 75~80%) in the broad wavelength
range can be attained for the porous PDMS film of 120 cm? with thickness of about 0.4 mm and

ratio of 5 wt% LiCl in both visible and near infrared region (Figure 2d). The value of the optical

25-27 28-30

modulation is superior than that of most traditional electrochromic, photochromic and

thermochromic materials,“'33

which can reversibly change their colors by the application of
external stimulus, such as electricity, light or heat, respectively. The optical modulation of most
of these materials is in the range of from 20% to 60 % in the visible region. The switching speed
of the chromic materials from one state to another state is an important factor to determine its
potential application. Usually, display devices require a fast response speed. However, relatively
slow response speed is acceptable in the smart windows, wearables and camouflage applications.
In order to evaluate the switching speed of porous PDMS film, the in-situ transmittance vs time
spectra in the wetting process and the drying process were analyzed by immersing the sample in
water and leaving it in air for drying (Figures 2e and f), respectively. In this work, the switching
speed is defined as the time required for the porous PDMS film to reach 90% of its full optical

modulation which can be calculated from the in-sifu transmittance vs time curves. It can be seen

that the transmittance drops gradually after immersing porous PDMS film with size of 2x4 cm’
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and thickness of about 0.4 mm in the water (wetting process) and the coloration time takes 518 s
(less than 9 mins, Figure 2e). In the reverse process, the transmittance gradually increases to
initial state after leaving the porous PDMS film in ambient air condition (25 °C, 70% humidity)
for the drying process and the bleached time takes 3332 s (less than 1 hour, Figure 2f).

In order to understand the chromic mechanism of the porous PDMS film, the wetting and
drying processes were investigated in detail. The weight of the film increased upon extending the
immersing time of porous PDMS film in water (Figure S4, Supporting Information). Altering the
amount of the absorbed water varies the amount of light transmitted (Figure 2¢). Only less than
10 wt % of water is required to make the porous PDMS film colored and the coloration time is
less than 9 mins. The porous PDMS film changed to the colored states with less than 0.5 mg
water per cm” (5 g m™) as shown in Figure 3a, indicating that the porous PDMS film is a water
efficient chromic film. When placing the porous PDMS film in the air, the weight of the film
decreased and can fully recover to the initial weight (Figure 3a and Figure S4, Supporting
Information). Meanwhile the transmittance of the porous PDMS film can be fully recovered
(Figure 2f). Additionally, the process is reversible regardless of the amount of water absorbed
during the wetting process (Figure S4, Supporting Information). The figure of merit of
conventional  electrochromic  materials is  the  coloration  efficiency (CE),
CE(M\)=AOD/AQ=log(Ty/T.)/AQ (AOD and AQ denote the change in optical density and unit
charge inserted into (or extracted from) the electrochromic film; Ty, and T, the represent the
transmittance in the bleached and colored states, respectively).** Herein, we define the CE for the
porous PDMS film as the change in optical density (AOD) per unit weight of water (Am)
absorbed/desorbed into/out from the porous PDMS film in the following Equation 2:

CE(A)=AOD/Am=log(T4/Ty)/Am )
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where AOD and Am refer to the optical density and the weight of absorbed or desorbed water
within per unit area. Therefore, the CE of the wetting and drying process can be calculated from
the slope of the linear fit in Figures 3b and c, respectively. It can be seen that the CE for the
wetting and drying process are 510 and -587 cm’ g'l. The large CE value indicates that the
porous PDMS film is a water efficient chromic film. In addition, both CE values for the wetting
and drying process are almost the same, indicating the excellent reversibility of the porous
PDMS film.

To further understand the chromic mechanism of the porous PDMS film, XRD patterns of
the porous PDMS and pristine PDMS (0% LiCl) films were studied at the wet state and the dry
state (Figure 3d), respectively. It can be seen that the XRD patterns of the normal PDMS (0%
LiCl) films have no obvious differences at both wet state and dry state, both patterns have two
broad diffraction peaks center at around 20 = 5.9° and 11.8°, respectively. The broad diffraction
peaks can be ascribed to the short-range condensed order of the polysiloxane network. The XRD
pattern of the porous PDMS film at the dry state is similar with that of the pristine PDMS, the
diffraction peaks only shift slightly towards the higher angle indicating contracted lattice spacing
among the short-range ordered polymer chain due to the LiCl crystals. However, the intensity of
the diffraction peaks of the same porous PDMS film at the wet state are of low intensity,
illustrating that absorbed water causes disorientation in the polysiloxane chains, resulting in
more disordered network. The disorderness in the polymer chains upon water absorption in the
porous PDMS led to random scattering of light caused by the polymer chains.>> Therefore, the
transmittance is reduced in the porous PDMS film. Additionally, the Mie scattering should be
the main reason contributing to the drastic optical properties alterations of the porous PDMS film

after immersed in water. Light scattering may be categorized into Rayleigh scattering and Mie
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scattering. The spherical coordinate scattering geometry used for Mie scattering corresponding to
a single incident light ray on a single spherical particle is shown in Figure 3e (m, and m in
Figure 3e represent the refractive indices of the surrounding medium and the scattering particle,
respectively). The scattered radiation intensities are vertically (Ip) and horizontally (Ig) polarized
with respect to the scattering plane and can be calculated using this coordinate system as

Equations 3 and 4, respectively.*

2

22
Iy = Iomllslnz(ﬁ (3)

S
Ig = Iy 5 ipcos?® 4)

Where @ and 6 are scattering angles, Iy and A represent the intensity and wavelength of the

incident light, r is the radius of the spherical particle. The scattering domain is determined by a

dimensionless o (Fig.3F), which can be described in the following Equation 5: *+3*
a == (5)

When a>0.1 (particle size>5 nm), the scattering domain should be Mie scattering (Figure 3f). In
this work, the pore size ranges from 0.15 to 20 um are randomly distributed on the surface of the
PDMS film. Therefore, the size of water droplets formed on the surface of the porous PDMS
film should be similar with that of the pores when immersing the porous PDMS film into water.
The amount of the water droplets increases with increasing the immersing time. As a result,
when light passes through the wet porous PDMS film there will be extensive Mie scattering from
visible to infrared region (Figure 3g) due to that the wavelength approximately equals to the
inhomogeneous size distribution of water droplets from 0.15 to 20 um,””** leading to the
significant drop in the optical transmittance of porous PDMS film when immersed into water.

The scattered radiation spectrum within the visible light is consistent with that of the incident
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light from the direct sun light, which results in the white color appearance of the porous PDMS
film.

Materials and devices with novel features such as being stretchable, flexible and wearable are
of significant importance to meet the demanding requirements of multifunctional and complex

. 4346
smart devices.

Figures 4a and b show the photographs of the porous PDMS film with varying
uniaxial strains up to 100% at both dry state and wet state, respectively. During the stretching
process, the porous PDMS film maintained the same color in appearance, indicating the excellent
water retention under deformation. The transmittance spectra of the porous PDMS film in both
dry and wet states were measured over a broad wavelength range from 300 to 2400 nm (Figure
4c). The transmittance of the porous PDMS film increased slightly with increased strain (from
0% to 100% strain) at both dry and wet states (Figure 4c). Therefore, the optical modulation
change is indistinguishable with increased strains (Figure 4d), illustrating that our porous PDMS
film has superior deformability feature without significantly compromising the chromic
properties. The porous PDMS film exhibits excellent chromic properties even under highly
deformed state, which is mainly ascribed to the amount of absorbed water that is almost
unaffected by the strain state (Figure S5, Supporting Information). It can be seen that the weight
of the wet porous PDMS film decreased slightly during the stretching process, only 1.1% weight
loss was observed at 100% strain states (the stretching-releasing process is fast in order to reduce
the effects of evaporation, each stretching-releasing process less than 5 s). Moreover, the size of
the pore or water droplets of porous PDMS film under strain state is still comparable with the
wavelength of visible and infrared light (Figure 4e). According to the Mie scattering theory, the
porous PDMS film can well maintain its optical property under different strain states in both dry

and wet conditions.
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In order to illustrate the promising application of porous PDMS film as flexible and energy
efficient smart window, a prototype was fabricated by rational design (Figure 5a). The smart
window was assembled by employing porous PDMS with size 6x6 cm® as chromic layer, the
PET casing as water reservoir, VHB tape as spacer and encapsulant. A drain-pipe was installed
at the bottom of the smart window which will facilitate the water outflow during the drying
process. The spacer thickness is 1 mm, sufficient to fully immerse the porous PDMS film with
thickness of about 0.4 mm in the water during the coloration process, while facilitates the rapid
evaporation of the absorbed water during the bleaching process. It can be seen that the smart
window is transparent before water immersion (Figure 5b). The smart window gradually turns
white during the water inflow into the PET casing due to the Mie scattering and becomes fully
opaque within half an hour (Figure 5c¢). The colored smart window can be used to provide
privacy for the users, dynamically adjusting solar heat input of the building during the daytime
while reducing indoor air-condition energy consumption. When evening rolls around, the water
in the reservoir can be released through the drain-pipe, and the absorbed water in the porous
PDMS can be evaporated naturally, while the smart window restores to its transparent state.
Moreover, the smart window is mechanically robust and can be bended at both bleached and
colored states because all components in the device are soft materials (Figures 5d and e¢) making
it very attractive for next-generation deformable energy efficient chromic devices.

The porous PDMS film as display and camouflage applications was also investigated in this
work. A porous PDMS with pattern of NTU letters was prepared by molding of normal PDMS as
shown in Figure 6. When immersing the transparent PDMS film in water with toluidine blue O
(0.5 wt%) as the dye, the purple NTU letters would appeared on the transparent PDMS film

(Figure 6a,). Toluidine blue O is a thiazine dye and it is cationic in nature. Its chemical structure
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is shown in Figure S6a (Supporting Information). The purple color rapidly changed to blue color
by simply changing the solvent to ethanol (Figure 6a;, Movie S1, Supporting Information). The
color-changed process can be ascribed to the interaction between toluidine blue O and ethanol
which would reduce the toluidine blue O (Figure S6b). The purple NTU letters change to blue
color with fast switching speed (<1 s) once contact with ethanol, and the sample can change its
color back to purple when immersing it into water (Movie S1, Supporting Information). This
ability of the soft PDMS film to dynamically switch among multiple modes of coloration is an
added advantage for dynamic display application. We believe that the patterned porous PDMS
chormic films are versatile for various applications through rational selection of dye and solvent.
Furthermore, the color of the patterned porous PDMS films can be recovered to white color
(Figure 6a4) and the transparent state (Figure 6as) by washing and drying the colored films,
respectively. Additionally, the as-fabricated display based on porous PDMS is mechanically
robust and can be bended, twisted and stretched (Figures 6b, ¢ and d), making it very attractive
for stretchable and wearable display applications. In addition, porous PDMS films with shapes of
squid and goldfish were also fabricated to illustrate the camouflage applications (Figure S7,
Supporting Information). We believe that the simple fabrication coupled with rational design and
smart operation of this novel, color-changing porous PDMS film would make these biomimetic
systems accessible and useful to different fields.
CONCLUSIONS

In summary, we have developed a novel, low cost and effective strategy for the fabrication of
large scale porous PDMS film to imitate the functions of color-changing diphylleia grayi in
nature, which changed its optical properties in a broad wavelength range by

adsorption/desorption of water. The chromic phenomenon was further analyzed in detail and it
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matched well with the Mie scattering theory. Most importantly, the porous PDMS film with
excellent and reversible chromic performance under stretching can be applied to dynamic smart
window or any other dynamic displays and camouflage applications. In the applications such as
the camouflage and display, the color of the sample can be rapidly changed (fast switching speed
<1 s) by simply changing the solvent. Moreover, the substrate can be easily reused by washing.
The new strategy to achieve the inexpensive and highly scalable porous PDMS film may
represent a practical route to real-life applications in deformable energy efficient devices such as
dynamic high throughput smart window, dynamic display, camouflage, efc.

METHODS

Materials. The silicone elastomer base and curing agent (SYLGARD 184) used for preparation
of PDMS were purchased from Dow Corning Corporation. Lithium chloride (>99.0%) and
hexane (anhydrous, 95%), and toluidine blue O (technical grade) were purchased from Sigma-
Aldrich. Ethanol (absolute for analysis) was purchased from Merck KgaA. Scotch permanent
clear mounting tape (VHB 4010) was purchased from 3M Corporation.

Preparation of porous PDMS. The porous PDMS film was fabricated by mixing silicone
elastomer base and curing agent with a weight ratio of 10:1. Then, the liquid mixture was diluted
with hexane to form a 5 wt% solution. Thereafter, 10 wt% LiCl dissolved in ethanol solution was
added into the diluted liquid mixture. Then, the diluted liquid mixture containing dissolved LiCl
was transferred onto a watch glass with radius of 6.25 cm. Hexane and ethanol were evaporated
by placing the liquid mixture into fume hood for 2 h. The PDMS was cured after degassing and
thermal treatment of the diluted liquid mixture at 120 °C for 3 h. Finally, porous PDMS was
formed by dissolving the LiCl in water. The PDMS films with different thickness and different

amount of LiCl were also prepared.
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Fabrication of the smart window. The smart window was assembled by employing porous
PDMS as the active chromic layer, a polyethylene terephthalate (PET) casing was used to
contain the water, VHB tape as spacer and encapsulant. A drain-pipe was installed at the bottom
of the smart window which will facilitate water outflow for the bleaching process.
Characterization: The microstructures, composition and structure of the porous PDMS were
characterized using field emission scanning electron microscopy (FESEM, JEOL 7600F) and X-
ray diffraction (XRD, Bruker D8). The transmittance spectra of the porous PDMS films were
tested by SHIMADZU UV-3600 spectrophotometer. For the strain state transmittance spectra
tests, the porous PDMS film was stretched to different strain states and fixed on glass slide.

Supporting Information:

The Supporting Information is available free of charge on the ACS Publications website at
DOI: XXXX.

Supporting figures and Mie scattering theory (PDF)

Movie S1 (avi) The hydrochromic processes of the porous PDMS film when contacting with
different solvent.
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Figure 1 (a) Schematic illustration of fabrication procedure of the porous PDMS film. (b) Photo
of the porous PDMS film with size of about 120 cm”. (c,d) SEM images of the porous PDMS
film. (e) The color changes of the porous PDMS after immersing in water for 60 min (insets are
the photographs of diphylleia grayi at the wet state (left) and the dry state (right)).
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Figure 2 (a) The transmittance spectra of the porous PDMS with thickness of 0.4 mm and ratio
of 5 wt% LiCl in the dry and wet states. Photographs of the porous PDMS with thickness of 0.4
mm in the (b) dry and (c) wet states, respectively. (d) Optical modulation of the porous PDMS
with thickness of 0.4 mm. In-situ transmittance response of porous PDMS with thickness of 0.4
mm measured at 633 nm in the (e) coloring process (wetting process), and (f) bleaching process
(drying process).

ACS Paragon Plus Environment

Page 20 of 25



Page 21 of 25 ACS Applied Materials & Interfaces

1
2
3 a: S—— .
4 e -4 Drying process Direction of incident light
£330
5 I25 P !
Z20 e 5
6 tas| S
T
7 210f | Welling process \
Zosl) : 2 &
8 N e T Mie scattering
9 “ 0 20 40 60 80 100 120 140 160 0 1 2 3

“Time £ min Desorption of water / mg cm™

Mie Scattering

Intensity / a. Q

510 em? !

——N-PDMS
——N-PDMS-W
——P-PDMS

—— P-PDMS-W

1 6 0.50 5 10

1 2
17 Adsorption of water / mg cm™

15 20 25
20/ degree

19 Figure 3 (a) The weight changes of the porous PDMS film after immersing it in water for 90 min,
then take it out from the water and leave it in air for 70 min. (b) Optical density as a function of
22 the adsorption water at 633 nm. (c) Optical density as a function of the desorption water at 633
23 nm. (d) XRD patterns of the normal PDMS and porous PDMS at the dry and wet states,
respectively (N-PDMS, N-PDMS-W, P-PDMS, P-PDMS-W represent the normal PDMS at the
26 dry state, the normal PDMS at the wet state, the porous PDMS at the dry state and the porous
27 PDMS at the wet state, respectively). (e) Coordinate geometry for Mie scattering (m, and m
represent the refractive index of the surrounding medium and the scattering particle,
30 respectively). (f) Schematic of Mie scattering. (g) A graphic about Mie scattering of the porous
31 PDMS at the wet state.
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Figure 4 (a) Photographs of the porous PDMS film in the dry state stretched to different strains.
(b) Photographs of the porous PDMS film in the wet state stretched to different strains. (c) The
transmittance spectra of the porous PDMS stretched to different strains in the dry and wet states.
(d) The optical modulation of the porous PDMS stretched to different strains in the dry and wet
states. (e) The graphic of the wet porous PDMS under 0% strain (up) and 100% (bottom) strain
states.
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Figure 5 (a) The configuration of the smart window based on porous PDMS film. Photographs
of the potted plants through the smart window in the (b) bleached state and (c) wet state. (d, e)
Photographs of the smart window at bent state in both bleached and wet states, respectively.
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Figure 6 (a) Photographs of the porous PDMS film with pattern of NTU letters in different
states; (a;) in dry state (a,) after immersing in toluidine blue O (0.5 wt%) aqueous solution for 12
h. (a3) after immersing in ethanol for 1 s. (a4) after immersing in water for 12 h. (as) after drying
in air again. (b) Photographs of the porous PDMS film with pattern of NTU letters in bent state.
(c) Photographs of the porous PDMS film with pattern of NTU letters in twist state. (d)
Photographs of the porous PDMS film with pattern of NTU letters in different stretched states;
(dy) 0% strain state, (d2) 20% strain state, (ds3) 30% strain state, (d4) 50% strain state.
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