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Shape memory polymers (SMPs) are a class of smart materials that can recover back to their
"memorized" permanent shapes from temporary configurations in response to an external
stimulus, such as heat, light, solvent, electric and magnetic fields.>*? Compared with their
alloy counterparts (e.g., nitinol alloy), SMPs have gained increased attention due to their
dramatically larger strain storage and recovery (up to 800% vs. less than 8%), light weight,
low cost, ease of synthesis, and biocompatibility.l*2*®% They have been extensively
explored for a wide spectrum of technological applications, such as reconfigurable morphing
structures,***! smart textiles,***"! sensors and actuators,***! self-healing materials,"!
surgical stents and sutures,’”>?? and implants for minimally invasive surgery./?®! Traditional
thermoresponsive shape memory (SM) effect is usually achieved in three steps including
programming, storage, and recovery.[B] Programming involves deforming a bulk SMP sample
from its permanent shape to a temporary shape at a temperature higher than some specific

transition temperatures (Tians) Of the polymer, such as melting temperature (Tr,) or glass

transition temperature (Tg). The deformed sample is then cooled below Tirans to fix the
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temporary shape which can be stored at ambient conditions for a long period of time.
Recovery to the permanent shape, which is caused by entropy elasticity, occurs when the
sample is reheated to above Tirans.>%

The recovery time for bulk thermoresponsive SMPs, which are mostly studied and
employed in practical devices, is usually long.>®**! This significantly impedes many
applications that require fast response speed. Similar slow SM response is also suffered by
many other types of SMPs activated through laser, solvent, electric field, infrared absorption
and alternating magnetic field.***" Indeed, most of these different SM activation mechanisms
are still thermoresponsive as they depend on the generation of heat by various means to
trigger the final shape recovery. Additionally, "hot" programming is generally utilized by
almost every class of existing SMPs.[111132829 By contrast, SMPs that can be "cold"
programmed (i.e., deformed to a temporary shape at or below room temperature), which could
greatly enhance the processability to accommodate broader application requirements (e.g.,
room temperature operations for the entire SM cycle), are rare.***!) Moreover, most of the
current SMP applications leverage the macroscopic SM effects and the deformation length
scale is usually large (on the order of centimeter or larger). However, an intriguing potential
for many new applications, largely unexplored, is the ability of SMPs to memorize and
change shape at nanoscale.??*¥ Furthermore, although a variety of solvents (e.g., water) can
trigger SM recovery by effectively reducing Ty of the polymer through the plasticizing
effect,®**% vapor-responsive SMPs are uncommon.*”

Here we report a new type of vapor-responsive SMP that enables unusual "cold"
programming and instantaneous shape recovery at nanoscale. These novel SMPs were
discovered in the fabrication of macroporous polymer photonic crystals. Photonic crystals are
periodic dielectric structures with a forbidden gap (or photonic band gap) for electromagnetic
waves, analogous to the electronic band gap in semiconductors which lies at the heart of

microelectronics.[*! Photons with energies lying in the photonic band gap (PBG) cannot
2



©CO~NOOOTA~AWNPE

WILEY-VCH

propagate through the medium, providing unprecedented opportunities to control the flow of
light in miniature volumes for a large variety of applications ranging from all-optical
integrated circuits to diffractive optical devices (e.g., optical filters).[****! Tunable photonic
crystals, whose lattice structures and PBGs can be adjusted by various stimuli, such as
external pressure, electric and magnetic fields, solvents, vapors and metal ions, have been
extensively investigated by using elastic materials (e.g., elastomers and gels).[**%* However,
the deformed photonic crystal structures cannot be memorized and they rapidly return to the
original crystalline lattices once the external stimuli are released. Although smart SMPs could
provide an unique opportunity to realize reconfigurable photonic crystals with bistable states
(corresponding to the permanent and the temporary shapes of a SMP), these stimuli-
responsive materials have rarely been used in previous photonic crystal studies.*>°®!

By integrating scientific principles drawn from two disparate fields that do not
typically intersect — the fast-growing photonic crystal and SMP technologies, here we
demonstrate that reconfigurable photonic crystals exhibiting striking chromogenic effects can
be achieved by using a new type of vapor-responsive SMP. Interestingly, our recent work has
shown that the SM recovery of the same type of SMP can also be rapidly triggered by
applying an external contact pressure.®” As illustrated by the scheme in Figure 1, the
permanent photonic crystal configuration used in the current work is a three-dimensional (3-
D) periodic array of macropores. These macroporous SMP photonic crystals were farbricated
by using 3-D highly ordered silica colloidal crystals as structural templates.®®®% The
templating colloidal crystals were assembled by the convective self-assembly technology
using silica microspheres with diameter ranging from 200 to 400 nm.[" The thickness of the
resulting colloidal crystal was controlled to ~ 3-5 um (or ~ 10-20 colloidal monolayers) by
adjusting the concentration of the colloidal suspensions in the convective self-assembly
process. The interstitial air in-between the silica microspheres was replaced by viscous

oligomer mixtures of ethoxylated (20) trimethylolpropane triacrylate (ETPTA 20, MW 1176,
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viscosity 225 cps at 25 °C, Ty ~ —40 °C, refractive index ~ 1.470) and polyethylene glycol

(600) diacrylate (PEGDA 600, MW 742, viscosity 90 cps at 25 °C, Ty ~ —42 °C, refractive
index ~ 1.468) with varying volumetric ratios from 1:1 to 1:6. The molecular structures of
these oligomers are shown in Figure S1 in the Supporting Information. The oligomer mixture
was then photocured at ambient conditions and the templating silica microspheres were
selectively dissolved in a hydrofluoric acid aqueous solution, leaving behind a free-standing
macroporous ETPTA 20-co-PEGDA 600 copolymer membrane with crystalline arrays of
macropores. The size of the templated macropores, which determines the color of the final
macroporous photonic crystal, is defined by the diameter of the templating silica microspheres.
Differential scanning calorimetric (DSC) measurements (see a typical DSC plot of a
macroporous ETPTA 20-co-PEGDA 600 copolymer film with 1:3 ratio in Figure S2) show
the copolymers have Tq close to those of the two oligomer components (~ —42 °C), indicating
the crosslinked copolymers are rubbery at room temperature. When immersed in water, the
templated macroporous SMP membrane shows pale iridescent colors at large viewing angles
(> 45 °) caused by Bragg diffraction of visible light from the periodic arrays of polymer
macropores filled with water (refractive index 1.333). This confirms the maintenance of the 3-
D ordered structure of the original silica colloidal crystal throughout the templating process.
The unusual "cold" programming process occurred when the macroporous SMP
membrane dried out of water. Surprisingly, the iridescent color of the macroporous photonic
crystal disappeared, and the film became translucent with a pale white appearance (Figure 2a).
The typical cross-sectional scanning electron microscope (SEM) image of the water-dried
sample in Figure 2b shows no apparent ordering of the templated macropores, indicating an
order-disorder transition during water evaporation. The atomic force microscopy (AFM)
image (Figure 2c) and the depth profile scanned across the line (Figure 2d) illustrate that the

surface of the dried membrane is rough. The root-mean-square (RMS) linear profile
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roughness (Rg) of the sample was determined to be 41.7 + 7.8 nm (Table 1). We attributed
this order-disorder transition during water evaporation to the large capillary pressure induced
by the high surface tension of water (72.75 mN/m at 20 °C), which is sufficient to compress
the ordered elastic macropores into disordered arrays. According to the Young-Laplace
equation, P, = 2y cos@/ r, the capillary pressure (P¢) is proportional to the liquid/vapor
surface tension () and cosé (@ is the contact angle of the liquid on the pore surface); while
inversely proportional to the radius of the pores (r)..”! Therefore, P, can be reduced by using
a solvent with a low surface tension (e.g., ethanol with y~ 22.39 mN/m at 20 °C), or by
increasing the size of the pores. When P, is small compared with the elastic modulus (or
Young's modulus, E) of the copolymer membrane, we expect the templated SMP macropores
will remain the original 3-D highly ordered structure, instead of being squeezed into
disordered arrays. This speculation was supported by two experimental evidences. First,
iridescent macroporous copolymer membranes with striking diffractive colors and much
smoother surface (Rq ~ 7.7 £ 1.3 nm) resulted when the macroporous SMP samples dried out
of ethanol instead of water. Second, our experiments showed that SMP membranes templated
from large silica microspheres (> 600 nm) maintained the ordered structure even when dried
out of water.

We evaluated the Young's modulus of the macroporous SMP membranes by in-situ
nanoindentation tests. Three forces (100 uN, 200 uN, and 300 uN) were chosen to compare E
of different indentation forces/depths. Figure S3 shows the results of macroporous ETPTA
20-co-PEGDA 600 (1:3 ratio) membranes with 300 nm macropores dried out of ethanol and
water, respectively. Apparently, all samples have Young's modulus of ~ 30 MPa, and the
water-dried films are slightly stiffer than the ethanol-dried ones. This is reasonable as more air
was trapped in the ethanol-dried samples with 3-D ordered macropores compared with the

collapsed pores of the water-dried membranes. Similar E values were obtained from
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macroporous copolymer samples with other oligomer volumetric ratios (from 1:1 to 1:6) and
macropore sizes. By using the Young-Laplace equation, we estimated the capillary pressure
generated by evaporating water from the copolymer macropores with 300 nm diameter to be ~
1 MPa (i.e., ~ 10 atm), which is comparable with the Young's modulus of the macroporous
SMP membranes. Similar capillary pressure-induced macropore collapse has been reported
during drying of macroporous polymer (e.g., polysulfone) reverse osmosis membranes used
for water purification.[>"!

The autonomous evaporation-assisted "cold" programming exhibited by the
macroporous SMP membranes is in sharp contrast to the common "hot™ programming process
used by traditional SMPs. Even more interesting, a translucent macroporous SMP copolymer
membrane with collapsed macropores momentarily changed color from pale white to brilliant
iridescence (Figure 3a) when the sample was exposed to various organic vapors (e.g., acetone,
methanol, and chloroform) at ambient conditions (see Video 1 in the Supporting Information).
The cross-sectional SEM image in Figure 3b shows a SMP copolymer sample after exposing
to an acetone vapor. The recovery of the 3-D highly ordered photonic crystal structure
(permanent configuration) is evident. By averaging over 50 different spots on a few SEM
images, the thickness of the macroporous layers of the water-dried and the acetone vapor-
recovered SMP samples was estimated to be 1.95 + 0.13 um and 5.75 + 0.06 um, respectively.
The nearly 3-fold expansion of the macroporous layer indicates the collapsed macropores
popped up into ordered arrays when triggered by acetone vapor exposure. The AFM image
and the depth profile in Figure 3c-d illustrate that the acetone-recovered macroporous SMP
membrane has a much smoother surface than the water-dried sample (Figure 2c-d). Table 1
compares the surface roughness of a SMP membrane dried out water, ethanol, and acetone
vapor. The acetone vapor-activated sample has a slightly rougher surface than the liquid
ethanol-recovered one; while both samples are significantly smoother than the water-dried

membrane.
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The instantaneous transition between a disordered temporary configuration and a 3-D
highly ordered permanent structure, which leads to an easily perceived color change from
translucence to striking iridescence, can be quantitatively characterized by measuring the
normal-incidence reflection spectra using an optical spectrometer. Figure 4 compares the
optical reflection spectra obtained from a water-dried SMP membrane with 280 nm
macropores (black line), and the same sample after exposed to acetone vapor (red line) and
liquid ethanol (blue line). No apparent Bragg diffraction peaks are shown in the spectrum of
the water-dried sample; while distinct diffraction peaks with well-defined Fabry-Perot fringes
are present in the spectra of the samples triggered by acetone vapor and liquid ethanol,
confirming the high crystalline quality of the recovered macroporous photonic crystals.[*!
Additionally, the experimental spectrum of the ethanol-recovered sample matches well with
the calculated spectrum using a scalar-wave approximation (SWA) model, which assumes a
perfect crystalline lattice.[" We can then use the ethanol-activated SMP membrane as a fully
recovered control to evaluate the completeness of macropore recovery under different
triggering conditions. As shown in Figure 4, the amplitude of the PBG peaks of the acetone
vapor-activated sample is slightly lower than that of the liquid ethanol-recovered one. As the
PBG optical density of a macroporous photonic crystal is a sensitive function of its crystalline
thickness,!™ the smaller reflection amplitude indicates the acetone vapor-triggered macropore
recovery is not as complete as the liquid ethanol-induced recovery. This agrees with the
surface roughness results shown in Table 1.

Above we have shown that the chromogenic responses enabled by the macroporous
SMP photonic crystals with micrometer-scale thickness provide a simple yet sensitive optical
methodology for characterizing microscopic SM effects. We then used this optical tool to
evaluate the reversibility, durability, and reproducibility of the vapor-triggered SMP
membranes. Figure 5a and 5b compare the optical reflection spectra obtained from the same

macroporous ETPTA 20-co-PEGDA 600 (1:3 ratio) membrane cyclically exposed to acetone
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vapor and then dried out of water for 10 times. The good reversibility and reproducibility of
the sample are evident from the spectra and the comparison of the absolute reflection
amplitude at 500 nm wavelength for the sample cyclically exposed to acetone vapor and water
in Figure 5c. Indeed, our extensive tests showed that the macroporous SMP copolymer
membranes could be reused for over 500 times without any apparent degradation in the
chromogenic response to acetone vapor (see Video 2 for a sample reused 2 times).

We speculated that the capillary condensation and evaporation of fluids with low
surface tension in macroporous SMP membranes played a critical role in the vapor-triggered
SM recovery.l"™*>7 As shown by Video 1 and Figure 6a-c, the translucent SMP membrane
instantaneously changed color to reddish when the sample was close to the surface of liquid
acetone, where the partial pressure of acetone vapor was high. Interestingly, the sample could
become nearly transparent when it stayed close to the liquid acetone surface for a while. This
indicates all macropores were filled up with condensed acetone whose refractive index (Nacetone
~ 1.359) is close to that of the ETPTA 20-co-PEGDA 600 copolymer (Ncopotym ~ 1.470). The
reddish color changed to greenish when the membrane moved away from the liquid acetone
surface, and this red-green color transition was reversible (see Video 1). To gain quantitative
insights into the capillary condensation of condensable vapors in the macroporous SMP
membranes, we measured the normal-incidence optical reflection spectra for a sample with
300 nm macropores exposed to acetone vapors with different partial pressures (Figure 6d).
The diffraction peak red-shifts with increasing vapor pressure, and it nearly disappears (due to
refractive index matching) when the vapor partial pressure is very high (682.8 mmHg). We

can calculate the effective refractive index (ny ) of the macroporous photonic crystals with
condensed liquid using the Bragg diffraction equation: A, =2%n, xd xsin@, where d is

the inter-plane distance and @is n/2 for normal incidence. By assuming the macropores are

close-packed and the volume fraction of air (VFg) in a dry macroporous SMP membrane is
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0.74, we can then calculate the volume fraction of the condensed acetone (VFacetone) USING Negt
= Neopolym X 0.26 + Nair X (0.74 — VFacetone) + Nacetone X VFacetone, WNETe Neopotym, Nair, @Nd Nacetone
is 1.47, 1.0, and 1.359, respectively. As shown in previous work,"”>"" the condensed liquid
forms a uniform thin layer on the walls of the macropores. The thickness of this liquid layer
and the size of the remaining air cavities can be easily evaluated by using VFacetone. The
calculated radius of air cavities for the 5 samples with apparent diffraction peaks and
increasing vapor pressures in Figure 6d is 111.3, 99.8, 91.3, 81.9, sand 69.7 nm, respectively.

We finally compared our experimental results with the predictions using the Kelvin equation,

|nﬂz_ﬂ, where P and Pg are actual and saturation vapor pressure, y is the liquid/vapor
P, IRT

surface tension, V; is the liquid molar volume, r is the radius of curvature.”® The Kelvin
equation has been widely utilized in describing the phenomenon of capillary condensation due
to the presence of a curved meniscus. It predicts InP is linearly proportional to 1/r when other
variables are constant. Our experimental results match well with this prediction (inset of
Figure 6d).

The overall shape memory cycle enabled by the novel vapor-responsive SMPs can be
summarized as follows. When photopolymerized in the presence of the silica colloidal crystal
template, the cross-linked polymer chains are in stress-free configurations which are
energetically favorable. The large capillary pressure induced by the evaporation of water
trapped in the templated macropores squeezes the 3-D ordered macropores into temporary
disordered arrays. Excess stresses are stored in the deformed polymer chains and they tend to
recover back to the original stress-free state due to entropy elasticity. The rapid capillary
condensation of acetone vapors in the macropores triggers the instantaneous recovery of the
permanent photonic crystal structure. As the surface tensions of the condensed liquids (e.g.,

acetone and methanol) are significantly lower than that of water, the evaporation-induced
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capillary pressure is not sufficient to deform the recovered macropores during capillary
evaporation of the condensed liquids.

In conclusion, we have discovered a new type of vapor-responsive SMP that enables
room-temperature operations for the entire shape memory cycle. The recovery of the
permanent macroporous photonic crystal structure can be momentarily triggered by a variety
of organic vapors. The striking chromogenic effect (from colorless to iridescent) induced by
the disorder-order transition differs greatly from the typical color change with limited
wavelength shift exhibited by traditional tunable photonic crystals. In addition, the thin
photonic crystal structure provides a simple yet sensitive optical technique for investigating
the intriguing SM effects at nanoscale. These smart stimuli-responsive materials could find
important technological applications ranging from reconfigurable nanooptical devices to

reusable chromogenic vapor sensors.

Experimental Section

Fabrication of macroporous SMP photonic crystal membranes: The synthesis of
monodispersed silica microspheres with less than 5% diameter variation was performed by
following the well-established Stober method.!”®! The synthesized silica microspheres were
purified in 200-proof ethanol by multiple (at least 6 times) centrifugation and redispersion
cycles. The purified silica particles were then assembled into 3-D highly ordered colloidal
crystals on glass microslides using the convective self-assembly technology.l™ The
microslide with the silica colloidal crystal on its surface was covered by another microslide,
separated by a double-sided adhesive tape spacer (~ 1.7 mm thick). By utilizing capillary
force, the interstitials in-between the assembled silica microspheres were filled up with
viscous oligomer mixtures consisting of ethoxylated (20) trimethylolpropane triacrylate
(SR415, Sartomer) and polyethylene glycol (600) diacrylate (SR610, Sartomer) oligomers

with varying volumetric ratios from 1:1 to 1:6. Darocur 1173 (2-hydroxy-2-methyl-1-phenyl-
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1-propanone, BASF, 1 wt %) was added as photoinitiator. The monomer mixture was
photopolymerized by using a pulsed UV curing system (RC 742, Xenon) for 4 s. The
solidified film was soaked in a 1 vol % hydrofluoric acid aqueous solution for 4 h and finally
rinsed with deionized water.

Responses of macroporous SMP membranes exposed to acetone vapors with different partial
pressures: The templated macroporous SMP photonic crystal membrane was placed
horizontally in a home-made environmental chamber.l’"! A reflection probe (R600-7, Ocean
Optics) connected to an Ocean Optics HR4000 high-resolution vis-NIR spectrometer was
sealed in the environmental chamber to measure the optical reflectance from the SMP
photonic crystal. The chamber was first purged with pure nitrogen gas for 2 min. It was then
filled up with acetone vapors with different pressures. Dry nitrogen was used to control the
total pressure of the chamber to 1 atm.

Sample characterization: SEM imaging was carried out on a FEI XL-40 FEG-SEM. A 15 nm
thick gold layer was sputtered onto the samples prior to imaging. Amplitude-modulation
atomic force microscopy (AM-AFM) was performed uing a MFP-3D AFM (Asylum Research,
Inc.) with a Nanosensor PPP-NCHR probe (tip radius < 10 nm). Differential scanning
calorimetric measurements were performed from —80 to 18 °C at a heating rate of 10 °C min™
using a Seiko DSC 6200 instrument and an empty pan as reference. Normal-incidence optical
reflection spectra were obtained using the Ocean Optics HR4000 high-resolution vis-NIR
spectrometer with the R600-7 reflection probe and a tungsten halogen light source (LS-1).
Absolute reflectivity was obtained as the ratio of the sample spectrum and a reference
spectrum, which was the optical density obtained from an aluminum-sputtered (1000 nm
thick) silicon wafer.

Nanoindentation tests: Nanoindentation tests were performed with a MFP-3D Nanoindenter
(Asylum Research, Inc.) using a spherical sapphire indenter (tip radius ~ 125 um). Such

configuration of the instrument has a force and displacement resolution less than 3 uN and 1
11
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nm, respectively. Due to the comparatively large contact area of the spherical tip, there is no
need to perform a contact area calibration. A force controlled trapezoidal load function with a
5-2-2 seconds segments corresponding to loading-hold-unloading times was applied to all
indentations. Three forces, 100 pN, 200 uN, and 300 pN, were chosen to compare the
Young’s modulus of different indentation forces/depths. With each force, ten impressions
were indented on each sample with an inter-distance of 200 um, which is about ten times over
the average residual impression size. All indentations were triggered by 7.5 uN force,
corresponding to ~ 2 nm deflection in the indenter spring. Overall, 30 indents were made on
each sample. All indents were made at room temperature (23 °C) and the system was allowed
to reach thermal equilibrium for 30 minutes to minimize the thermal drift effect.

Scalar wave approximation modeling: The scalar wave theory developed for periodic
dielectric structures, which solves Maxwell’s equations by neglecting diffraction from all but
one set of crystalline planes (e.g., the (111) planes in this study),/" was utilized to calculate
the normal-incidence optical reflection spectra from macroporous SMP photonic crystals. The
structural parameters of the photonic crystals used in the optical modeling, including the size
of the macropores and the crystalline thickness, were derived from SEM images. The

refractive index of the SMP copolymers was assumed to be 1.47.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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(a) (b) (c)
Permanent Shape Deformed Shape Recovered Shape

Capillary pressure induced Acetone vapor
“cold” programming induced recovery

Figure 1. Schematic illustration showing the SM effects of the new vapor-responsive SMP. a)
Thin macroporous SMP photonic crystal with 3-D ordered structure can diffract light with
specific wavelengths. b) The unusual "cold" programming process deforms the ordered
macropores into disordered array with rough surface and no light diffraction. c) The recovery
of the permanent photonic crystal structure can be triggered by exposing the deformed
membrane to various organic vapors (e.g., acetone).
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Figure 2. a) Photograph of a macroporous SMP membrane with 280 nm macropores after
drying out of water. b) Cross-sectional SEM image of the sample. c) AFM scan of the sample
surface. d) Height profile of the dashed line in c).
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Figure 3. a) Photograph of a macroporous SMP membrane with 280 nm macropores after
exposing to an acetone vapor. b) Cross-sectional SEM image of the sample. ¢) AFM scan of
the sample surface. d) Height profile of the dashed line in c).

20



©CO~NOOOTA~AWNPE

Figure 4. Normal-incidence optical reflection spectra comparing a macroporous SMP
membrane with 280 nm macropores dried out of water, liquid ethanol, and acetone vapor. The
calculated spectrum using a SWA model is also shown to compare with the experimental

results.
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Figure 5. a) Normal-incidence optical reflection spectra obtained from a macroporous SMP
membrane with 280 nm macropores exposed to acetone vapor for 10 times. b) Normal-
incidence reflection spectra of the same sample after drying out of water for 10 times. c)
Reflection amplitudes of the spectra in a) and b) taken at 500 nm wavelength.
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Figure 6. a-c) Photographs showing a macroporous SMP membrane exposed to acetone vapor
above liquid acetone at different locations. d) Normal-incidence optical reflection spectra
obtained from a macroporous SMP membrane exposed to acetone vapors with different

partial pressures. Inset showing dependence of InP vs the reciprocal of the radius of curvature
of the condensed acetone films. The pressure is in unit of mmHg and the radius of curvature is
in unit of nm.
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Table 1. Roughness of 10 x 10 pm? AFM scan area of SMP sample surface.

3-D Areal Roughness Linear Profile Roughness
Samples AA Roughness, = RMS Roughness, AA Roughness, RMS Roughness,
Sa [nm] Sq [nm] Ra [nm] Rq [nm]
Water-dried 465+7.1 59.4+9.9 34.6+6.3 41.7+7.8
Liquid ethanol- 8.7+25 11.9+423 63412 7.7+13
activated
Acetone vapor- 102+1.6 14.0+2.6 72+11 8.9+1.2
activated
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By integrating scientific principles drawn from two disparate fields — the fast-growing
photonic crystal and shape memory polymer (SMP) technologies, we discovered a new
type of SMP that enables room-temperature operations for the entire shape memory cycle and
instantaneous shape recovery triggered by exposure to a variety of organic vapors.

Keyword: shape memory polymers, photonic crystals, macroporous, chromogenic, capillary
condensation
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Figure S1. a) Molecular structure of ETPTA 20 (x +y + z = 20). b) Molecular structure of
PEGDA 600 (x = 12).
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Figure S2. Typical DSC plot of a macroporous ETPTA 20-co-PEGDA 600 copolymer with

1:3 ratio.
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macroporous ETPTA 20-co-PEGDA 600 (1:3 ratio) membranes indented with different forces.
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