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 Photonic crystals are periodic dielectric structures with a forbidden band gap for 

electromagnetic waves, analogous to the electronic band gap in semiconductors.[1-4] Photons 

with energies lying in this photonic band gap (PBG) cannot propagate through the dielectric 

medium, providing vast opportunities in controlling the flow of light in miniature volumes for 

a large variety of applications ranging from all-optical integrated circuits to quantum 

information processing.[1,5] Compared with conventional photonic crystals with fixed PBGs 

which are useful for developing passive nanooptical devices, tunable photonic crystals with 

adjustable PBGs have recently attracted great research interest as they could enable active 

devices, like low-threshold tunable lasers, full-color displays, optical switches, and chemical 

sensors.[6-17] A large variety of tuning mechanisms, such as mechanical pressure, temperature 

variation, electrical and magnetic fields, solvent swelling, and redox reactions, have been 
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exploited to change either the photonic crystal structural parameters (e.g., lattice constant and 

crystalline structure) or the effective refractive index of the diffractive media.[10,18-28] For 

instance, mechanical pressure is a commonly used driving force for tuning the crystalline 

lattice spacing of soft photonic crystals consisting of elastic materials (e.g., elastomers and 

gels).[18,19,26] Externally applied magnetic fields have been extensively explored in controlling 

the assembled structures of magnetic nanoparticles to achieve tunable PBGs.[25,29,30] 

Refractive index tuning is also widely utilized in altering structural colors.[17,27,31] However, 

traditional tunable photonic crystals usually cannot memorize the temporarily configured 

optical microstructures during the tuning process and they rapidly return to the original 

photonic crystal structures once the external driving forces are removed.[19,23] 

 Photonic crystals with optically bistable states, which complement currently available 

tunable photonic crystals, could provide a unique opportunity in realizing reconfigurable and 

rewritable optical devices.[32,33] For example, in sharp contrast with traditional subtractive 

microfabrication (e.g., photolithography followed by reactive ion etching),[34] functional 

optical microstructures can be patterned, erased, and rewritten on these optically bistable 

photonic crystals to accommodate different applications needs.[33,35,36] This could dramatically 

reduce the complexity and fabrication cost of developing a large number of application-

specific photonic crystal devices.[33] Shape memory polymers (SMPs), which can memorize 

and recover their permanent shapes in response to various external stimuli (e.g., heat, solvent, 

light, electrical and magnetic fields),[37-47] may hold the key to reconfigurable photonic 

crystals with bistable or even multistable states. They have also been widely used in a 

spectrum of applications ranging from smart surgical stents and sutures to aerospace 

morphing structures.[48,49] Shape memory (SM) for thermoresponsive SMPs is usually 

achieved in three steps including programming, storage, and recovery.[39,40] In SM 

programming, a SMP sample in its permanent shape is heated above a specific transition 

temperature (Tm), such as the polymer glass transition temperature (Tg), and then deformed to 
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a temporary shape. After cooling below Tm, the sample can store the “frozen” temporary 

shape at ambient conditions for a long period of time. Finally, the memorized permanent 

shape can be recovered when the sample is reheated above Tm, and entropy elasticity of SMPs 

accounts for the shape restoration.[39,40] 

 Although the mechanically stable permanent and temporary shapes of SMPs could 

enable reconfigurable photonic crystals with optically bistable states, smart SMPs have rarely 

been used in previous photonic crystal studies.[50-54] Programmable and shape-memorizing 

micro-optical devices, such as two-dimensional (2-D) microlens and microprism arrays, 

diffraction gratings, and holograms, have been demonstrated by using a semi-crystalline shape 

memory elastomer  crosslinked poly(ethylene-co-vinyl acetate).[51,55] Similar 

thermoresponsive shape-memory 2-D photonic crystals consisting of periodic microbowls 

(templated from 870 nm polystyrene microspheres) in a polydiolcitrates-based elastomer have 

recently been demonstrated as active diffractive elements for various optical applications.[50] 

Three-dimensionally (3-D) ordered elastomeric polymer opal films, which exhibit tunable and 

reversible PBGs triggered by light, heat, and mechanical strains, have been assembled by 

using specifically engineered core-interlayer-shell (CIS) polymer microspheres.[52,53,56] 

Unfortunately, the SMP-enabled tunable photonic crystals in these previous studies suffer 

from either low PBG (indeed optical stop band) amplitudes caused by the 2-D nature of the 

surface gratings or limited material selection. Here we report a generalized templating 

approach for fabricating thermoresponsive 3-D macroporous SMP photonic crystals with 

optically bistable states. The technology can be easily applied to nearly all functional SMPs, 

provided they can survive the template removal process, such as a brief hydrofluoric acid 

wash for removing the templating silica colloidal crystals. In addition, the templated 3-D 

macroporous SMP photonic crystals with high crystalline qualities exhibit much stronger 

diffractive effects than 2-D surface gratings.[57] Moreover, the heat-triggered transition 

between a disordered temporary state and a 3-D ordered permanent state leads to an easily 
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perceived color change and a significant difference in their optical responses. Furthermore, 

the 3-D photonic crystal structure enables a simple and sensitive optical technology for 

quantitatively characterize the intriguing shape memory effects at nanoscale.[58]             

The thermoresponsive macroporous SMP photonic crystal membranes with 3-D 

ordered macropores were prepared by templating fabrication using self-assembled silica 

colloidal crystals as structural templates.[57,59] The convective self-assembly technology was 

utilized in organizing monodispersed silica microspheres with 300 nm diameter into highly 

ordered colloidal single crystals.[60] The crystal thickness was controlled to ~ 5 m by 

adjusting the particle volume fraction of the silica microspheres/ethanol suspension to ~ 1.0 %. 

Through capillary interactions, the interstitial air in between the close-packed silica 

microspheres was replaced by a commercial oligomer mixture (CN745A70, Sartomer, 

viscosity 2200 cps at 60 C, refractive index 1.4795) consisting of trifunctional acrylated 

urethane and tripropylene glycol diacrylated (TPGDA). The oligomer mixture was then 

photopolymerized by exposing to UV radiation. We termed the resulting polyester/polyether 

copolymer as PU-co-TPGDA in this paper. The templating silica microspheres were finally 

removed by wet-etching in a 1 vol % hydrofluoric acid aqueous solution. The final self-

standing macroporous SMP membranes are rigid and show brilliant diffractive colors which 

depend on the size of the macropores and the viewing angle.[57,61] In this paper, we used the 

commercial PU-co-TPGDA copolymer as a model thermoresponsive SMP, though the 

technology can be easily applied to many other types of SMPs. 

 The glass transition temperature of the PU-co-TPGDA copolymer, which is a critical 

parameter in heat-induced SM programming and recovery processes, was evaluated by 

differential scanning calorimetry (DSC). The typical DSC plot of a macroporous copolymer 

membrane in Figure 1a shows a single Tg of ~ 85.6 C, indicating the crosslinked copolymer 

is a homogeneous mixture of the two components. In addition, no apparent crystallization dips 
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show up in the DSC plot for temperature from 0 to 200 C (see the complete DSC plot with 

both heating and cooling cycles in Figure S1), confirming the copolymer is amorphous in this 

temperature range.[62] The Young’s modulus of the templated macroporous copolymer 

membrane was characterized by in-situ nanoindentation tests. Figure 1b compares the average 

moduli of 3 membranes with 300 nm macropores indented by applying 100 mN force. More 

than 30 points on each sample were measured to obtain the average modulus and its standard 

deviation. All 3 macroporous samples possess Young’s modulus of ~ 3 GPa, which is higher 

than the modulus measured by conventional tensile tests (~ 1.4 GPa with tensile strength of ~ 

110 MPa and yielding strain of ~ 0.08, provided by the vendor). The typical water drop 

profile in Figure 1c shows the macroporous PU-co-TPGDA copolymer is nearly hydrophobic 

with an apparent water contact angle (CA) of 80.7 ± 2.4. 

 The high Tg and mechanical strength, as well as the hydrophobic properties, make the 

PU-co-TPGDA copolymer a good candidate for making reconfigurable/rewritable photonic 

crystals with high durability and environmental stability. The schematic illustrations in 

Figure 2 show the microstructural transitions of a macroporous PU-co-TPGDA photonic 

crystal membrane during heat-induced SM programming and recovery processes. In 

programming, the original, 3-D highly ordered macropores (permanent state) are deformed 

into disordered arrays when the copolymer sample is heated above its Tg, while a sufficient 

pressure is simultaneously applied on the softened copolymer. The deformed sample is then 

cooled below Tg to fix the temporary shape (disordered array) which can be stored at room 

temperature for a long period of time. Shape memory recovery to the permanent, 3-D ordered 

structure occurs when the deformed sample is reheated to above Tg. Similar to conventional 

thermoresponsive SMPs, entropy elasticity is believed to be the major reason for the heat-

triggered macropore recovery.[39]   

 The photographs and the corresponding cross-sectional scanning electron microscope 

(SEM) images in Figure 3 show the color and microstructure changes of a macroporous PU-
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co-TPGDA membrane with 300 nm macropores transited from the permanent state (Figure 3a 

and 3b) to the deformed state (Figure 3c and 3d), and then to the recovered state (Figure 3e 

and 3f). The original macroporous copolymer film exhibits a shining greenish color (Figure 

3a) which is caused by Bragg diffraction of visible light from the 3-D highly ordered 

macroporous photonic crystal (see the cross-sectional SEM image in Figure 3b).[57] The 

diffractive color disappeared (Figure 3c) when the sample was heated to 90 C, while a clamp 

force of 200 lb was applied through a rectangle-shaped glass piece (~ 1.5 × 3.7 cm) using a 

manual hydraulic press. After cooling down the sample to room temperature and releasing the 

clamp force, the deformed region became nearly transparent with an average optical 

transmittance (between 400 and 800 nm) of ~ 86%, which was slightly lower than that of a 

plain PU-co-TPGDA film (~ 90%). The loss of periodicity of the original photonic crystal 

structure and the deformation of the spherical macropores, which can be clearly seen from the 

cross-sectional SEM image in Figure 3d, is attributed to the discoloration of the membrane. In 

addition, the average thickness of the macroporous layer significantly reduced from ~ 5.2 m 

to ~ 3.2 m in the above heat-induced programming process. This abrupt change in film 

thickness led to the clear edges between the colorful and the transparent regions in Figure 3c. 

The retainment of the greenish color around the upper right corner of the rectangular box was 

caused by a defect in the stainless steel chamber of the hydraulic press which affected the 

even distribution of pressure applied on the macroporous sample. 

 The disordered array of collapsed macropores can be recovered back to the permanent 

photonic crystal structure by reheating the deformed sample above Tg of the PU-co-TPGDA 

copolymer. Figure 3e shows the same sample as Figure 3c after heating the membrane in an 

oven at 90 C for 2 min. The recovery of the vivid greenish color of the deformed rectangular 

region is clearly evident. The cross-sectional SEM image in Figure 3f confirms the restoration 

of the ordered photonic crystal structure after the above thermal treatment. However, our 
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extensive SEM characterization indicated that the heat-triggered macropore recovery is not 

fully complete (i.e., the strain recovery rate is not 100%). The average thickness of the 

recovered macroporous layer in Figure 3f is ~ 4.9 m, which is about 94% of the thickness of 

the original macroporous photonic crystal. Additionally, by comparing the SEM images in 

Figure 3b and 3f, it is apparent that the surface of the restored macroporous layer is not as 

smooth as the original sample, further indicating the incomplete macropore recovery. To 

quantitatively characterize the surface microsturctures of the macroporous photonic crystals in 

the heat-induced SM programming and recovery processes, we conducted extensive atomic 

force microscopy (AFM) imaging. Figure 4 presents AFM topographic images and the 

corresponding height profiles scanned across the dashed lines for the same macroporous 

samples as shown in Figure 3. The surface of the original photonic crystal is smooth and the 

templated macropores are highly ordered (see Figure 4a and 4b). By contrast, the same 

sample in the deformed state (Figure 4c and 4d) has a much rougher surface and the ordered 

macroporous structure is entirely lost, similar to the cross-sectional SEM image as shown in 

Figure 3d. The partial recovery of the original smooth surface and the long-range ordering of 

the macropores is apparently shown by the recovered sample (Figure 4e and 4f). The 

significant changes in surface roughness can be quantitatively characterized by the root mean 

square (RMS) roughness, Rq, using AFM topographic images. The average Rq is 8.8 ± 0.7 nm, 

47.9 ± 16.2 nm, and 14.0 ± 1.9 nm, corresponding to the above 3 samples with the permanent, 

deformed, and recovered state, respectively. The surface of the deformed sample is 

substantially rougher than the original and the recovered samples.  

 The microstructural transition associated with the heat-induced SM programming and 

recovery processes, which induces easily perceived color changes, can be quantitatively 

characterized by normal-incidence optical reflection measurements. Figure 5 compares the 

reflection spectra obtained from the same macroporous SMP sample with 300 nm macropores 

in the permanent state (red curve), deformed state (black curve), and recovered state (blue 
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curve). The original macroporous photonic crystal with 3-D highly ordered macropores (see 

Figure 3b) exhibits a strong PBG peak at ~ 539 nm with well-defined Fabry-Perot fringes. 

The PBG peak position agrees with the calculation using the Bragg diffraction equation: 

max 2 sineffn d             (1) 

where effn is the effective refractive index of the macroporous photonic crystal (~ 1.12 by 

assuming the refractive index of the SMP copolymer is 1.47 and the volume fraction of the 

copolymer and air is 0.26 and 0.74, respectively), d is the inter-plane distance (300 2 3  

nm), and o90  for normal incidence. Moreover, the experimental reflection spectrum of the 

macroporous sample in the permanent state matches well with the theoretical spectrum (green 

curve) simulated using a scalar wave approximation (SWA) model,[63] which assumes a 

perfect face-centered cubic (f.c.c.) structure with the (111) crystalline planes parallel to the 

sample surface.  

In sharp contrast with the distinct PBG peak displayed by the original macroporous 

SMP photonic crystal, the deformed sample with disordered macropores (see Figure 3d) 

shows no apparent PBG peaks in the normal-incidence reflection spectrum. This complete 

discoloration represents a major difference between traditional tunable photonic crystals[10,18-

28,64] and the new SMP-enabled photonic crystals. For traditional tunable photonic crystals, the 

PBG peaks shift to different locations depending on the changes in the lattice spacing and/or 

effective refractive index. The wavelength shift is usually limited and the PBG peak returns to 

the original position once the external stress is released. This means the temporarily deformed 

photonic crystal structures cannot be memorized. By contrast, the new SMP-enabled photonic 

crystals exhibit two optically stable states corresponding to the permanent (ordered) and the 

temporary (disordered) states of the macropores. This manifest order-disorder transition leads 

to the easily perceived color change and a large max  (indeed it equals to max of the original 

photonic crystal as no PBG exists in the deformed state). When the deformed macropores 
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recovered back to the 3-D ordered photonic crystal structure by reheating the sample above Tg 

of the copolymer, the PBG peak and the Fabry-Perot fringes reappeared in the reflection 

spectrum. However, similar to the aforementioned SEM and AFM analysis, the amplitude of 

the PBG peak is only partially recovered. In addition, the peak position slightly blue-shifts to 

~ 530 nm, agreeing with the small decrease in the macroporous layer thickness as observed by 

SEM imaging. Moreover, the spectrum obtained from the second recovered state (i.e., the 

macroporous SMP membrane was mechanically deformed and then thermally recovered 

again) matches reasonably well with the spectrum of the first recovered state, indicating good 

repeatability of the heat-triggered shape memory recovery process. 

Above, we have shown that optical reflection measurements provide a straightforward 

and sensitive methodology in characterizing microscopic structural changes of macroporous 

SMP photonic crystals associated with heat-induced SM programming and recovery. This 

simple optical technology also enables in-situ characterization of the SM recovery dynamics 

of the thermoresponsive PU-co-TPGDA copolymer. Figure 6a shows the stacked optical 

reflection spectra obtained from a macroporous SMP sample which was placed on a hot plate 

preset at 90 ± 1 C. The optical spectrometer was set to automatically collect a whole 

reflection spectrum every second. The color-coded reflection amplitude gradually increases 

with longer heating duration and it reaches a plateau after ~ 200 s. This can be easily seen 

from the 2-D representation of the time-resolved reflection spectra in Figure 6b. Considering 

the slow heat conduction through a thick, solid copolymer backing layer (~ 1700 m thick) to 

the top macroporous layer (only ~ 5 m thick), as well as the inevitable heat dissipation into 

the surrounding environment (at room temperature), it will take a while for the top SMP 

photonic crystal layer to be above its Tg. Therefore we believe the real SM recovery response 

speed at 90 C should be much less than 200 s. Indeed the SM recovery speed is a sensitive 

function of the reheating temperature.[65] Our experiment showed that a deformed SMP 
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membrane recovered its vivid diffractive color within 3 s when the macroporous layer was 

directly heated by a heat gun and the temperature nearby the SMP membrane was ~ 100C 

measured by a digital thermometer. 

The thermoresponsive SMP photonic crystals can be reused for at least several tens of 

times without apparent degradation in their optical performance. Figure 7 shows the absolute 

reflection amplitudes at 530 nm and the corresponding photographs of a macroporous PU-co-

TPGDA copolymer membrane (O1) being cyclically deformed (D1, D2, D3, D4, D5) and 

recovered (R1, R2, R3, R4, R5). The deformed and the recovered regions exhibit similar 

colors and absolute reflection amplitudes, indicating the high reproducibility of the heat-

induced SM programming and recovery processes. This reversibility is critically important for 

developing reconfigurable/rewritable photonic crystal devices.[32,33] 

In conclusion, we have developed a universal templating nanofabrication technology 

for making 3-D macroporous SMP photonic crystals with optically bistable states. The heat-

induced transition between an ordered permanent state and a disordered temporary state leads 

to tremendous changes in the appearance and the diffractive properties of the photonic 

crystals. The high reproducibility in optical responses during multiple SM programming-

recovery cycles, high Tg and mechanical strength, and hydrophobicity of the model PU-co-

TPGDA copolymer demonstrate its merits in making reconfigurable/rewritable photonic 

crystal devices. Although the smallest size of features that can be patterned and then thermally 

recovered is ~ 300 m, our preliminary results showed that much finer photonic crystal 

micro-features with < 30 m resolution could be reversibly fabricated by using a new PU-co-

TPGDA copolymer with a different composition and a lower Tg. Importantly, the thin 

macroporous photonic crystal structure enables a simple, quantitative, and sensitive optical 

technology for investigating the intriguing nanoscopic SM effects (e.g., recovery dynamics). 

In addition to reconfigurable nanooptical devices, the thermoresponsive macroporous SMP 



     

11 

 

membranes with reversible open or closed macropores could find many other applications, 

such as hydrophobic coatings with programmable wettability, smart membranes for size-

exclusive filtration, and light-regulating coatings for energy-efficient buildings.[66-68]       

           

Experimental Section 

Templating Fabrication of Thermoresponsive Macroporous SMP Photonic Crystal 

Membranes: Monodispersed silica microspheres with 300 nm diameter were synthesized by 

the standard Stöber method.[69] The resulting silica particles with diameter standard deviation 

less than 5% were purified in 200-proof ethanol by multiple centrifugation and redispersion 

cycles (at least 5 times). The purified silica microspheres were then self-assembled on a glass 

microslide by the convective self-assembly technology to form close-packed multilayer 

colloidal crystals.[60] The crystal thickness was controlled to ~ 5 m (or ~ 20 colloidal 

monolayers) by adjusting the particle volume fraction of the silica microspheres-ethanol 

suspension. A double-sided adhesive tape (~ 1.7 mm thick) was used as a spacer to separate 

the microslide with the assembled colloidal crystal on its surface and a bare glass microslide. 

The viscous oligomer mixture (CN745A70, Sartomer) consisting of trifunctional acrylated 

urethane and tripropylene glycol diacrylated was pre-heated at 90 °C for 5 min. Darocur 1173 

(2-hydroxy-2-methyl-1-phenyl-1-propanone, BASF, 0.8 wt %) was added as the 

photoinitiator. The oligomer mixture was injected in the above microslide sandwich cell. The 

replacement of air in between silica microspheres with the index-matching oligomer mixture 

made the cell transparent. The sample was transferred to a pulsed UV curing system (RC 742, 

Xenon) and the oligomer mixture was rapidly polymerized by exposure to UV radiation for 4 

s. The polymerized film was immersed in a 1 vol % hydrofluoric acid aqueous solution for 48 

h and then rinsed with deionized water. After blow-drying with compressed air, the final self-

standing macroporous PU-co-TPGDA copolymer membrane showed striking iridescent colors. 
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Heat-induced SM Programming and Recovery: The templated macroporous SMP copolymer 

membrane was placed in between a pre-cleaned glass substrate and a smaller glass piece. The 

sample was then held by two stainless steel plates and a clamp force of 200 lb was applied 

using a manual hydraulic press (Carver Model C). The temperature of the system rapidly 

increased from room temperature to ~ 90 °C and stayed at this temperature for 3 min. The 

sample then cooled down to room temperature. After releasing the clamp force, the pressed 

region became nearly transparent. The deformed sample was finally placed in an oven preset 

at 90 C for 2 min to recover the deformed macropores. 

Sample Characterization: SEM imaging was carried out on a FEI Nova NanoSEM 430. A 

thin layer of gold was sputtered onto the samples prior to imaging. Amplitude-modulation 

atomic force microscopy (AM-AFM) was performed using a MFP-3D AFM (Asylum 

Research) with a Nanosensor PPP-NCHR probe (tip radius < 10 nm). In-situ nanoindentation 

tests were conducted using a MFP-3D NanoIndenter (Asylum Research) with a spherical 

sapphire indenter (tip radius ~ 125 µm). Such configuration of the instrument has a force and 

displacement resolution less than 3 µN and 1 nm, respectively. Differential scanning 

calorimetric measurements were performed from 0 to 200 C at a heating rate of 10 C min-1 

using a TA Instruments DSC Q1000 and an empty pan as reference. The apparent water 

contact angle was measured using a goniometer (NRL C.A. Goniometer, Ramé-Hart Inc.) 

with autopipetting and imaging systems. Normal-incidence optical reflection spectra were 

taken using an Ocean Optics HR4000 high-resolution fiber optic vis-NIR spectrometer with a 

reflection probe (R600-7) 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 thickness) silicon wafer. 

Scalar Wave Approximation Optical Modeling: The scalar wave theory implemented for 

periodic dielectric structures was utilized in modeling the normal-incidence optical reflection 

spectra from templated macroporous SMP photonic crystals.[63] In this theory, Maxwell’s 
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equations are solved for a periodic dielectric assuming that one may neglect diffraction from 

all but one set of crystalline planes (e.g., (111) planes in this work). No adjustable parameters 

were used in SWA modeling, since the size of the macropores and the crystal thickness can be 

independently determined by SEM, and the refractive index of the copolymer is known.   
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Figure 1. (a) Typical DSC plot of PU-co-TPGDA copolymer. (b) Young’s modulus of 3 

macroporous PU-co-TPGDA copolymer membranes indented with the same force (100 mN). 

(c) Water drop profile on a freshly prepared macroporous PU-co-TPGDA membrane with 300 

nm macropores. 
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Figure 2. Schematic illustration showing the heat-induced programming and recovery steps 

of a thermoresponsive macroporous SMP photonic crystal membrane. (a) Permanent state 

with 3-D ordered macropores. (b) Deformed state with collapsed macropores. (c) Recovered 

state with reopened macropores. These images were constructed using a finite element 

method (FEM) model under an ANSYS environment. The colors were manipulated in order 

to give a better idea of the deformed and the undeformed shapes. 
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Figure 3. Photographs and SEM images showing the apparent changes in reflective colors 

and microstructures during heat-induced programming and recovery steps of a macroporous 

PU-co-TPGDA copolymer membrane with 300 nm macropores. (a, b) Permanent state with 3-

D ordered macropores. (c, d) Deformed state with collapsed macropores. (e, f) Thermally 

recovered state with reopened macropores. 
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Figure 4. AFM images and the corresponding height profiles (across the dashed lines) 

showing the changes in surface microstructures during heat-induced programming and 

recovery steps of a macroporous PU-co-TPGDA copolymer membrane with 300 nm 

macropores. (a, b) Permanent state with ordered macropores. (c, d) Deformed state with 

collapsed macropores. (e, f) Thermally recovered state with reopened macropores. 
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Figure 5. Normal-incidence optical reflection spectra showing the permanent, deformed, and 

two thermally recovered states of a macroporous PU-co-TPGDA copolymer membrane with 

300 nm macropores. The simulated spectrum using a SWA model is also shown to compare 

with the experimental measurements. 
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Figure 6. Time-resolved, color-coded normal-incidence optical reflection spectra during 

thermally induced recovery of a macroporous PU-co-TPGDA copolymer membrane with 

collapsed 300 nm macropores. (a) 3-D plot. (b) 2-D plot. 
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Figure 7. Reflection amplitudes at 530 nm wavelength and the corresponding photographs of 

a macroporous PU-co-TPGDA copolymer membrane with 300 nm macropores cyclically 

deformed (D1, D2, D3, D4, D5) and recovered (R1, R2, R3, R4, R5). O1 indicates the 

original sample.  
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Macroporous photonic crystals with optically bistable states have been fabricated by 

using thermoresponsive shape memory polymers. The reversible transition between an 

ordered permanent state and a disordered temporary state results in tremendous changes in the 

appearance and the optical properties of the membranes.   
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Figure S1. Complete DSC plot of PU-co-TPGDA copolymer showing both heating and 

cooling cycles. 

  

 


