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ABSTRACT: In a cold night, a clear window that will become
opaque while retaining the indoor heat is highly desirable for both
privacy and energy efficiency. A thermally responsive material that
controls both the transmittance of solar radiance (predominantly in
the visible and near-infrared wavelengths) and blackbody radiation
(mainly in the mid-infrared) can realize such windows with minimal
energy consumption. Here, we report a smart coating made from
polyampholyte hydrogel (PAH) that transforms from a transparency
state to opacity to visible radiation and strengthens opacity to mid-
infrared when lowering the temperature as a result of phase
separation between the water-rich and polymer-rich phases. To
match a typical temperature fluctuation during the day, we fine-tune
the phase transition temperature between 25 and 55 °C by
introducing a small amount of relatively hydrophobic monomers (0.1 to 0.5 wt % to PAH). To further demonstrate an
actively controlled, highly flexible, and high-contrast smart window, we build in an array of electric heaters made of printed
elastomeric composite. The multipixelated window offers rapid switching, ∼70 s per cycle, whereas the device can withstand high
strain (up to 80%) during operations.
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■ INTRODUCTION
Materials that can switch light absorption, scattering, and
transmission properties in response to external stimuli offer
new mechanisms to create smart windows for privacy, comfort,
and energy efficiency.1−3 The switching is typically triggered by
electric field (e.g., electrochromic,4 crystalline phase control,41

etc.) or light intensity (photochromic).4 For example, electro-
chromic materials applied as a thin coating in smart windows
change the oxidation states as a function of the applied electric
field, which in turn modulates the optical properties of the
layer.5,6 However, it requires continuous operations of such
windows under the field, which is not energy efficient; in
addition there are the issues of cost and long-term stability of
the electrochromic materials. Therefore, a smart window that
can passively modulate its transparency as a function of the
environmental temperature (i.e., thermochromic) is highly
desired for energy-saving operations.7 For example, one can
design a smart window that can take advantage of the solar
radiation (typically 0.3−2 μm in wavelength) into the building
when the outside is cold, but block it when it is scorching hot.
Metal oxide nanoparticles, such as vanadium oxide (VO2) that

has been utilized in electrochromic smart windows,7 is
extensively explored as a potential candidate material for this
purpose. In addition, the thermochromic VO2-based thin films
can block near-infrared light at temperatures >40 °C, and thus
can save energy for air conditioning in hot weather.8,9 However,
it remains challenging to balance the useful transition
temperature and the degree of transparency change.2,10,11

Another drawback of oxides is that they require a tightly sealing
encapsulation layer to prevent oxidation from the environ-
ment,12−14,34 which will change the optical properties, thus
limiting the fitting and sizing of such smart windows for
different built structures.
Recently, it has been shown that simply stretching and

releasing a composite elastomer film offer a dramatic change in
optical transmittance in the visible wavelength range.15,16 It is
also possible to achieve a fast response (∼15 s/half of cycle) by
stretching porous elastomers consisting of a surface-infused
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liquid.17 Here, we exploit temperature induced phase separation
in tough hydrogels to create thermosensitive smart windows,
whereas the elastomeric nature of the hydrogel films offers
morphological flexibility in fitting variably sized windows.
Hydrogels or ionogels can contain a large amount of liquid in

the polymer network while allowing for mechanical deforma-
tion without leakage. Recently, poly(N-isopropylacrylamide)
(PNIPAAm) hydrogel has drawn much attention due to its
unique combination of stretchability and thermochromism
(e.g., vanadium dioxide, VO2).

18−22 Specifically, it undergoes a
transition from transparency to an opaque state upon heating
above the lower critical solution temperature (LCST, ∼32 °C),
which is suitable for the smart window application.
Recently, Kodak Research Laboratories blended a small

fraction of PNIPAAm as a nanoscopic aggregation in a self-
healing gel matrix to achieve rapid switching from transparency

to opalescent states within ∼30 s.22 It is noted that most
synthetic hydrogels, including PNIPAAm, are intrinsically
brittle and their mechanical integrity of such a layer over
time is of concern. Therefore, development of a tough hydrogel
that can overcome such limitations will allow us to achieve
superb tear-resistance, stretchability, and self-healing abil-
ity.23−25,27,28

Polyampholyte hydrogels (PAHs), where the polymer
networks are associated by ionic bonding between oppositely
charged units in their backbone chains, are intrinsically tough,
stretchable, and self-healing.28 They have been used as
absorbents in wastewater metal removal,29 tissue adhesives,30

and electrolytes for supercapacitors.31 PAH exhibits a reversible
optical transition from opaqueness to transparency upon
heating above the upper critical solution temperature
(UCST).32 This is because water and the polymer chains

Figure 1. (a) Monomers used in the synthesis of polyampholyte hydrogels (PAHs). (b) Optical transmittance (635 nm incidence beam through 0.5
mm PAH films) as a function of temperature for PAH-01 (blue circle), PAH-03 (black square), and PAH-05 (red triangle). Open and closed
symbols represent cooling and heating cycles, respectively. Transmittance of the PAH-03 film with respect to electromagnetic wavelength at different
temperatures (c) in the optical range (left, visible to near-IR) and in the thermal radiation range (right, mid-IR). Cross-section SEM images of freeze-
dried PAH-03 (d) at 20 °C and (e) at 55 °C quenched in the liquid nitrogen. The insets are photographs of the U of A Engineering logo coated with
the PAH-03 film at the respective temperatures (opalescent at 20 °C and transparent at 55 °C). Logo reproduced with permission. Copyright
Faculty of Engineering at the University of Alberta. (f) Normalized scattering energies (635 nm laser beam through the PAH-03 film) and respective
size of microstructure objects (modeled as the diameters of spheres) as functions of temperature. (g) Dynamic optical response of PAH-03 to three
temperature ramp rates of 5, 10, and 20 °C/min.
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phase-separate at the temperatures below UCST to form
macroscopic water-rich and polymer-rich domains. As Mie’s
theory states, the larger macroscopic water-rich domains scatter
electromagnetic light to provide optical opaqueness; mean-
while, the smaller ones, or even a homogeneous medium,
transmit most of light as transparent.
In this work, we introduce a new design of a thermosensitive

smart window based on PAH. At a high temperature (i.e.,
during the day), our PAH is transparent so that visible light can
transmit. At a lower temperature (i.e., at night), our PAH
blocks the visible light, and the transmittance of mid-infrared
(mid-IR) radiation (3−40 μm in wavelength, corresponding to
the blackbody radiation at an ambient temperature) also
decreases. Blackbody radiation through a window is a
significant source of heat loss from a building.33 Accordingly,
our PAH-based smart windows operate like regular windows
during daytime with high transparency, but become opaque at
nighttime, allowing for privacy, and, more importantly, heat
retention within the residence. By adjusting the monomer
compositions in PAH gel (i.e., molecular doping), we fine-tune
UCST between ∼25 and ∼55 °C to reflect the typical daily
temperature fluctuation within a building. Further, we fabricate
a proof-of-concept, multipixel active smart window by
integrating an array of stretchable heaters and with the PAH
layer encapsulated by acrylic elastomers. The PAH conforms
and adheres to the contour of various elastomer sheets when
subjected to a large degree of stretching and twisting.

■ RESULTS AND DISCUSSION

Controlling Cloud Points of the PAH. The PAH was
synthesized from a precursor solution consisting of an anionic
monomer (sodium 4-vinylbenzenesulfonate, NaSS), two
c a t i o n i c m o n om e r s { [ 2 - ( a c r y l o y l o x y ) e t h y l ] -
trimethylammonium chloride, DMAEA-Q, and (3-
(methacryloylamino)propyl)trimethylammonium chloride,
MPTC (Figure 1a)}, with a cross-linker (N,N′-methylenebis-
(acrylamide), MBAA) and a photoinitiator (2-oxoglutaric acid).
After photo-cross-linking under UV light, the resulting PAH,
poly(DMAEA-Q-co-NaSS-co-MPTC), with thickness of 0.5
mm was stretchable yet tough. All PAHs mentioned in this
study were charge-balanced (i.e., consisting of the same amount
of anionic and cationic monomers). In addition, the monomer
conversion rate of the resulting PAH was examined by nuclear
magnetic resonance spectroscopy (i.e., 1H NMR spectroscopy,
see Figure S5, Supporting Information). Previously, PAH made
from NaSS and DMAEA-Q without MPTC exhibited a cloud
point of ∼15 °C.32 Here, by introducing a small quantity (≤0.5
wt %) of a more hydrophobic monomer, MPTC, we increased
the cloud point of PAHs. We refer to this procedure as
molecular doping. Our nomenclature of PAH-0x indicates that
0.x wt % of DMAEA-Q is replaced with MPTC with respect to
the molar concentration of total cationic species. Figure 1b
shows a drastic transition of visible light transmittance for PAH-
01, PAH-03, and PAH-05 with respect to temperature. UCST
increased with increasing MPTC content. Here, the driving
force for phase separation is attributed to the hydrophobic
effect, and thermal energy is needed for water molecules to
break the hydrophobic interactions between the polymer chains
to form a homogeneous, one-phase structure.35−37 Hysteresis
between heating and cooling curves was visible (∼6 °C in width
for stepwise leveled-up temperature with an interval of 5 °C in
10 min).

The two panels in Figure 1c represent the transmittance of
light (visible to near-IR; left panel) and thermal radiation (mid-
IR; right panel) through PAH-03 (0.5 mm thick). Below
UCST, the transmittance values of light range were <1% at 20
°C and <10% at 30 °C, respectively. Above the cloud point,
homogenized PAH-03 transmitted a significant amount of the
electromagnetic wave: from 60% (400 nm) to 82% (800 nm) at
50 °C and from 74% (400 nm) to 95% (800 nm) at 60 °C.
Consequently, the PAH-03 switched from optically opalescent
to transparent from 20 to 60 °C (see insets in Figure 1d,f).
PAH-03 contained 72.1 ± 4.7 wt % of water, which is known
for a high level of absorption for mid-IR radiation. Hence, less
than 7% mid-IR radiation (3−16 μm) was transmitted at 20 °C
and less than 2% at 60 °C.

Phase Separation and Structure of PAH-03. We then
investigated the light scattering of the phase-separated domains
(wavelength, 635 nm; incidence angle, 75°). Figure 1e shows
the normalized scattering intensity, which is the light intensity
measured at the detector divided by the incidence laser
intensity (see experimental setup in Figure S1, Supporting
Information), measured at temperatures between 10 and 70 °C.
As the temperature increased, the scattering intensity (black
squares and solid lines) underwent a 2-order-of-magnitude
decrease from 2 × 10−3 (at 20 °C) to 1.2 × 10−5 (at 55 °C).
The decrease in scattering intensity at the higher temperature is
attributed to the reduced size of water-rich domains. Scanning
electron microscope (SEM) images of freeze-dried PAH-03
captured the morphology of polymeric networks at 20 °C
(Figure 1d) and at 55 °C (Figure 1f), respectively. A piece of
PAH-03 sample was kept at 20 °C, and another was heated to
be at 55 °C for 5 min; both were quenched in liquid nitrogen
immediately to preserve the polymer structures in the hydrogel.
At 20 °C, bubblelike porous structures (∼40 μm in diameter)
were observed, representing the macroscopic phase-separated
water-rich domains. In contrast, the 55 °C sample appeared to
have much smaller (∼1 μm) and more homogeneously porous
structures. In addition, a differential scanning calorimetry
(DSC) measurement was acquired for the PAH-03 at
temperatures between 15 and 65 °C (see Figure S4a,
Supporting Information). A phase transition of PAH-03
indicated by DSC measurement was observed at 43.4 °C
(heating) and 38.9 °C (cooling), values that were close to the
apparent cloud point in Figure 1b, as determined by the first-
order derivative of the transmittance of PAH-03 (Figure S4b,c,
Supporting Information).
The size of the water-rich domains was further deduced from

the scattering intensity values in Figure 1e. Following the Mie
scattering theorem by approximating the water-rich domains as
spherical objects, the scattering light intensity Isca can be
quantitatively predicted by38

λ
π

θ θ= +I
I

r
i i

8
[ ( ) ( )]sca

0
2

2 2 1 2 (1)

where I0 is the incident intensity, r is the spherical radius of the
domains, λ is the wavelength of light, θ is the scattering angle,
and (i1, i2) are the intensity functions of Mie scattering. The
calculated r values are shown in Figure 1e (red circles; dotted
lines are a guide to the eye). The calculated domain size agrees
well with the results from SEM (Figure 1d,f) and optical images
(Figure 1b−d (inset) and f (inset)), confirming UCST between
30 and 40 °C for PAH-03.
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Dynamic Optical Response of PAH-03. The trans-
mittance of PAH-03 at 635 nm was measured continuously
under the programmed heating and cooling cycles between 15
and 65 °C at the ramping rates of ±5, ±10, and ±20 °C/min
(Figure 1g). The triangular functions for temperature control
have periods of 20, 10, and 5 min, respectively. The PAH-03
film demonstrated optical contrast values of 85%, 78%, and
67%, respectively. The transitions from opalescence to
transparency and vice versa were reversible without any
noticeable degradation throughout our measurement for more
than 100 cycles, which is expected from the phase separation
mechanism.
Fabrication of an Active Smart Window. The

thermosensitive PAH can be utilized in passive smart window
applications. Here, we further exploit the precise control of
temperatures using an integrated array of printed heaters
beneath the PAH layer for active switching. In order to keep
the merit of PAH as a flexible optical coating material, which
will allow easy sizing and fitting into any existing windows, all
components in the active device, including the heater and
encapsulation layers, are made of elastomeric materials.
Figure 2a illustrates different layers in the active smart

window device. Fluoroelastomeric conducting ink developed in
our lab39 was 3D printed (nozzle diameter of 200 μm) on an
elastomeric polydimethylsiloxane (PDMS) film (0.1 mm thick),
which served as the flexible and stretchable heater layer. In our
study, the conductive ink showed resistivity of 1.17 × 10−3 Ω

cm at room temperature. The printed region with a cross-
sectional area of 9 × 103 μm2 functioned as a Joule heater when
passing a large current. The PAH-03 layer was responsible for
the optical switching.
An issue of hydrogel-based materials is the drying-out of

water over prolonged operation time, leading to delamination
and stability issues. This concern needs to be addressed
especially for thermally activated devices. A previous study by
Zhao’s group addressed the issue by encapsulating hydrogels in
elastomers.40 In our work, the trilayer device (PAH-03/PDMS/
heater) was sandwiched between two layers of commercially
available acrylic elastomer, VHB 4905 (3M). VHB is known for
high deformability and can form strong adhesion with various
electrode materials, including graphene41 and hydrogel-based
ionic conductors.26,42 In our work, the VHB film offered a
moderate adhesion to the hydrated PAH-03 and prevented the
drying of water from the hydrogel. Overall, our device was
inherently stretchable with each layer adhered to the other.
Consequently, the fabricated device could operate under highly
deformed conditions, as evidenced by Figure 2b (uniaxial strain
up to 80%) and Figure 2c (twisting deformation). Figure 2d
illustrates the operation of the active smart window, where the
current input through the printed heater modulated the smart
window’s optical transparency. The adhesion between both
elastomer layers (PDMS and VHB) and PAH-03, however,
weakened after 3 days under the ambient condition, causing
delamination at the interface. Long-term adhesion between the
hydrogel and the elastomers will be essential to repeated device
operations. It has been shown that tough hydrogels can be
chemically anchored on the surface of PDMS,40−44 which may
shed light on addressing this issue.

Operation of the Active Smart Window. Figure 2h−j
shows snapshots of measured hydrogel temperature evolution
over a wide area. Figure 2e−g (and Video S1, Supporting
Information) shows optical images of a selected spot. At rest,
the window was opalescent (Figure 2e), and the measured
temperature was 23 °C (Figure 2h). Upon heating with 0.5 A
for 25 s, the whole pixel area became optically transparent
(Figure 2f) while the temperature was equilibrated at 61 °C
(Figure 2i). After removal of the current input for 45 s, the
window went back to complete opalescence (Figure 2g), while
most of the area was cooled down to 23 °C within the short
period of time (Figure 2j). The complete switching cycle took
70 s, which is comparable with the fastest switching speed
reported in the literature (see Table S1, Supporting
Information).
Figure 3 shows the electro-thermal behavior of the elastic

heater, operating under a uniaxial tensile strain of 50%. Here,
the smart window was stretched to demonstrate its flexibility of
operation under deformation. We note that the switching
mechanism is not related to the deformation. Figure 3a,b shows
the thermal response of the heater under a pulse wave of
alternating 0 to 0.5 A for >1000 cycles over more than 10 h.
The period of the rectangular function was 36 s (18 s each for
heating and cooling). Here, the resistance value can be directly
converted to the temperature of the heater by using the
measured temperature coefficient of our heater material, 4.8 ×
10−3/°C (Figure 3d was converted to Figure 3i). The resulting
temperature distribution in the on and off states was measured
by an IR camera from the heater’s side and hydrogel’s side,
respectively (Figure 3e−h). The hydrogel side achieved a
uniform temperature of ∼60 °C by input of a current of 0.5 A
for only 18 s. After removal of the current for 18 s, the hydrogel

Figure 2. (a) Illustration of the individual layers in the active smart
window using 0.5 mm thick PAH-03 as an optically functional
medium. Top views of the smart window at (b) uniaxially stretched
and (c) twisted modes of deformation. (d) Schematic of transparency
control of the window by supplying direct current to the printed elastic
heater. Simultaneously taken (e−g) optical and (h−j) thermogram
images of the device under operation (25 and 45 s for heating and
cooling, respectively).
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film was cooled down to nearly ambient temperature. It should
be noted that this time duration does not refer to the speed of
optical switching to the level of ∼100% transmittance contrast
as indicated in Figure 1b.
We further designed a 2 × 2 array pixelated active smart

window. As seen in Figure 4a−d, and Videos S2 and S3 in the

Supporting Information, optical and thermal transparency can
be individually controlled by the geometry of the embedded
heaters. In future works, such a device can be further optimized
by employing transparent heater materials.

■ CONCLUSION
In summary, we developed a flexible smart window from a
polyampolyte hydrogel showing 80% in transmittance contrast
from opalescence (at a low temperature) to transparency (at a
high temperature), which could undergo a large deformation
(up to 80% strain). The phase transition temperature of the
polyampolyte hydrogels could be fine-tuned by molecular
doping of a small amount of hydrophobic monomers into
cationic monomers. By printing a stretchable elastic heater layer
onto the hydrogel film, we demonstrated a pixelated array of
actively tunable smart windows. The thermosensitive smart
window we develop can be both passive and active, allowing for
applications in different operation conditions. Our window is
highly robust against large deformation, a characteristic not
possible with a glass window and yet offering a fast switching
speed. We believe the study presented here will offer new
insights to design smart windows that can not only change

Figure 3. Time history of the applied current over (a) ∼1000 cycles, (b) 4 cycles after 10 h. Measured resistance of (c) ∼1000 cycles, (d) 4 cycles
after 10 h of the heater in response to the cyclic current application. Thermograms recorded by a thermal infrared camera: on the heater’s side
activated by (e) 0.5 A (on) and (f) 0 A (off); on the hydrogel’s side activated by (g) 0.5 A (on) and (h) 0 A (off). (i) Calculated temperature of the
heater by corresponding to its resistance value with a temperature coefficient of 4.8 × 10−3/K (see Figure S2, Supporting Information).

Figure 4. (a−d) Optical photographs of the device under pixelated
control. (e−h) Thermograms of the heaters under pixelated activation.
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optical transparency but also retain indoor heat at night. Future
work is needed to study the IR reflection of PAH, as well as
tunability of mid-IR in response to temperature for the energy-
saving aspect.

■ METHODS
PAH Synthesis. To prepare polyampholyte hydrogels (PAHs), we

followed Gong and co-workers’ protocols for an one-step random
copolymerization.28 NaSS, MPTC, DMAEA-Q, MBAA, and 2-
hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (photoinitia-
tor) were purchased from Sigma-Aldrich and used as received. The
aqueous solution of 1 M NaSS, (1−x) M DMAEA-Q, x M MPTC, 2
mM MBAA, and 1 mM photoinitiator was injected into a cell
consisting of two glass plates using a Teflon spacer (thickness 0.5
mm). Here, the x values were between 0.001 and 0.005. For the
characterizations of optical properties of PAHs, no PDMS film was
attached to the glass plates. To fabricate the active smart window, a
PDMS film was attached to one glass plate as the substrate for PAH.
After irradiation with a UV lamp (22 mW cm−2 broadband light with a
maximum peak at 365 nm; Jelight) for 4 h, the precursor solution was
cross-linked into PAH. A PAH layer or a PAH/PDMS layer was
peeled off from the glass plates, and dialyzed in a large bath of
deionized (DI) water for 12 h.
PAH Sample Characterization. A custom-made laser measure-

ment system was used to characterize PAH. A focus adjustable laser
diode module (635 nm, 4.5 mW, CPS635F, Thorlabs) was employed
as the light source. Two photodiodes (PDB-C160SM, Luna
Optoelectronics) connected to the data acquisition device (USB-
6009, National Instruments) were installed at 0° and 75° to the laser
beam axis to acquire the transmitted light and scattered light,
respectively. PAH samples (0.5 mm thickness) were kept in the
temperature-control unit with 0.2 mm CaF2 windows (TS102G, Instec
Inc.) during the measurement. For the static temperature tests,
samples were stabilized at the desired temperatures for 10 min before
measurement. For the dynamic temperature tests, the signals were
continuously acquired under programmed heating and cooling cycles
between 15 and 65 °C at the ramping rates of ±5, ±10, and ±20 °C/
min, respectively. The UV−vis transmittance spectra of PAH samples
(0.5 mm thickness) were obtained on a NIR−UV spectrophotometer
(PerkinElmer). The IR transmittance spectra were obtained on a
Fourier transform infrared spectrophotometer (FTIR, Nicolet 8700,
Thermo) with the temperature-control unit. In both UV−vis and
FTIR measurements, samples were held at the desired temperature for
10 min before the measurement and the spectra upon heating were
acquired. For the SEM sample preparation, two pieces of PAH-03
samples were kept at 20 and 55 °C on the hot plate for 5 min, and
quenched in the liquid nitrogen immediately, followed by freeze-
drying in the freeze-dryer (Super Modulyo, Savant). The water
content of PAH was calculated on the basis of the mass difference of
pristine samples and freeze-dried samples. The morphologies of freeze-
dried samples were sputter coated (Denton) with 10 nm of gold and
investigated by field emission SEM (Sigma, Zeiss) at 5 kV.
Fabrication of an Active Array of Temperature-Responsive

Smart Window. The array of heaters was directly printed with our
developed elastic conductive ink39 by using a 3D jet printer (Tabletop
3Dn, nScrypt) with a nozzle diameter of 200 μm. The printed heater
trace was 250 μm in width with thickness ranging between 27 and 30
μm. After printing, the conductive traces were annealed at 110 °C for 2
h to evaporate any remaining solvent (methyl isobutyl ketone) in the
trace. We designed several patterns of the array (see Figure S3,
Supporting Information).
Operation and Characterization of the Smart Window.

Direct current with controlled function forms was generated by a
Keithley 2400A source meter unit. Applied current and heater
resistance were synchronously measured during the operation. A
smartphone-attachable infrared camera (Compact, SEEK Thermal
Inc.) was used for thermal imaging of the device. A digital camera was
also used to capture the evolution of optical properties concurrently
with the thermal imaging.

Spherical Radius Determination of the Water-Rich Domain.
The spherical diameter of the water-rich domain was determined by
relating it to the normalized scattering intensity, which was measured
by our lab-made laser scattering measurement system for a wavelength
λ = 635 nm at scattering angle θ = 75°. From eq 1, the formula of the
normalized scattering intensity is obtained as = +I i isca 1 2. As the
normalized intensity functions i1 and i2 depend on the spherical radius
r, we solved i1 and i2 as the infinite series for r (see in Supporting
Information). In our calculation, the refractive index of the PAH-03 is
1.3333, and the refractive index of air is 1.0003. MATLAB scripts were
programmed to solve the infinite series.
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Laser scattering intensity measurement 

The scattering intensity was known as 𝐼𝑠𝑐𝑎𝑡 = 𝐼𝑜(1 𝑟2⁄ )𝜎𝑠𝑐𝑎𝑡
′  where 𝜎𝑠𝑐𝑎𝑡  is the scattering cross section. As following Mie’s 

theory [S1], the differential scattering cross section can be determined as 𝜎𝑠𝑐𝑎𝑡
′ = 𝜆2(𝑖1 + 𝑖2) (8𝜋2)⁄  where, 

𝑖1 = |∑
2𝑛+1

𝑛(𝑛+1)
[𝑎𝑛𝜋𝑛(cos 𝜃) + 𝑏𝑛𝜏𝑛(sin 𝜃)]∞

𝑛=1 |
2

,  (S1) 

𝑖2 = |∑
2𝑛+1

𝑛(𝑛+1)
[𝑎𝑛𝜏𝑛(cos 𝜃) + 𝑏𝑛𝜋𝑛(sin 𝜃)]∞

𝑛=1 |
2

.  (S2) 

with 𝑎𝑛 and 𝑏𝑛 are expressed as Ricatti-Bessel functions depended on the size parameter 𝛼 = 2𝜋𝑟/𝜆; and 𝜋𝑛 and 𝜏𝑛 are 
the angular dependent functions. The infinite series 𝑖1 and 𝑖2 can be solved by Matlab programming numerically.  

 

 

Figure S1. Setup of Laser Light Scattering Intensity Measurement. Temperature of PAH with thickness of 500um was controlled 
from 10 to 70 oC in an interval of 5 oC.   
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Figure S2. Temperature dependent resistance of stretchable heaters. Temperature coefficient of resistance 𝛼𝑇  was determined by 
fitting the temperature-resistance curves linearly, as 𝑅 𝑅𝑜⁄ = 1 + 𝛼𝑇(𝑇 − 𝑇𝑜) where 𝑅𝑜 is the initial resistance at room tempera-
ture 𝑇𝑜, and 𝑅 is the resistance at elevated temperature 𝑇.  
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Figure S3. Design and fabrication of the stretchable heater array. (a) Schematic of jet-printing of the heater array on PET and 
transferring it to VHB substrate; and optical photographs and microscopy images. (b) and (c) Two different designs of the stretcha-
ble heater array. 
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Figure S4. (a) Differential scanning calorimetry (DSC) for the PAH-03 in heating and cooling between 15 oC and 65 oC at the 
ramping rate of 5 oC/min. Transmittance vs. temperature curves and their 1st derivatives of the PAH-03 in (b) heating, and 
(c) cooling.  
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The total monomer conversion rate was determined by 1H NMR. The NMR spectra were acquired 
on the Agilent VNMRS V700 operating at 699.7 MHz at room temperature. The sample preparation 
was described as following: as-prepared PAH-003 was weighted and dissolved in 4 M NaCl 
deuterium oxide solution overnight. The same amount of precursor solution for PAH-003 was also 
diluted in the NaCl deuterium oxide solution. Weighted DSS (4,4-dimethyl-4-silapentane-1-sulfonic 
acid sodium salt) was added into both solution as the internal standard substitute. The monomer 
conversion rate was determined by comparing the integrated peak area in the range of 7 to 5.5 ppm, 
which are proton signals from the alkene groups in the monomers (NaSS, MPTC, DAC, and MBAA). 
The intensity of peaks were normalized by most intensive signal from DSS labelled by 1 in both 
spectra.  No obvious peak was observed in PAH-003 spectrum, indicating the complete conversion 
after the polymerization. 

 
Figure S5. 1H-NMR spectra of the PAH-03 and the precursor solution (including the monomers NaSS, MPTC, DAC, and 
MBAA) at room temperature.  
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Table S1. Time response of electrochromic and thermochromic smart windows. 

Switching mecha-
nism 

Chromic Material Response time Reference 

Electrochromism WO3 90 s / half cycle Bella et al. 2016 [S2] 

Electrochromism Prussian blue/ ZnHCF ~ 150 s / cycle Yeh et al. 2015 [S3] 

Electrochromism EControl Glass* 15 – 20 mins / cycle Wang et al. 2016 [S4] 

Electrochromism WO3 ~ 400 s / cycle Bechinger et al. 1996 [S5]  

Thermochromism 

(Phase-separation) 
PNIPAm hydrogel ~ 300 s / cycle Zhou et al. 2016 [S6] 

Thermochromism  

(Phase-separation) 

PNIPAm hydrogel 

(dispersed as nanogels) 
30 s / half cycle 

Owusu-Nkwantabisah et 
al. 2017 [S7] 

Thermochromism 

(Phase-separation) 
PAH ~70 s / cycle Our study 

*a commercial product of EControl Glass GmbH (Ref [S4]).  

 

 

Supplementary Video S1.  

This movie shows transparent control of the PAH-based window. 

 

Supplementary Video S2.  

This movie shows transparent pixelated-control of the PAH-based window. 

 

Supplementary Video S3.  

This movie shows infrared thermal video of the heater array upon pixelated control (taken from the heater side). 
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