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ABSTRACT: Shape memory photonic crystals may hold the key to the
continuing development of smart optical coatings and next-generation all-
optical integrated circuits. The reconfigurability of these materials in
response to various external stimuli is not only aesthetically appealing but
also fundamentally important in guiding the design of emerging
reconfigurable nanophotonic devices. Here we report a new type of
polymer shape memory photonic crystal (PSMPC) that shows autonomous
Laplace pressure-driven, elastic modulus-dependent microstructural pro-
gramming and solvent-swelling-triggered shape memory recovery, all
occurring at room temperature. By varying the compositions of their
constituent polymers, the elastic moduli of the PSMPCs can be
systematically modulated, leading to different photonic bandgaps (i.e., diffractive colors) in response to different solvents,
such as water, ethanol, and acetonitrile. The different diffractive colors represent varied strains stored in the semideformed
nanoporous PSMPCs. A new physical competing relationship, denoted by a dimensionless parameter, μ, between the elastic
modulus of polymer and the surface tension of solvent, was established to characterize the range within which the nanoporous
photonic crystal structure can stay in the semideformed stable state upon the application of solvents with different surface
tensions. Good overlapping in the range of μ was observed from PSMPCs deformed by water, ethanol, and acetonitrile, which
verified the applicability of this competing relationship in predicting the “cold” programming behaviors of the nanoporous
PSMPCs. This fundamental study will pave the way for the rational design of nanoporous PSMPCs with optimized
mechanochromic properties that can be used in a broad spectrum of tunable nano-optical applications.

KEYWORDS: shape memory polymers, photonic crystals, “cold” programming, Laplace pressure, physical competing relationship,
semideformed stable state

1. INTRODUCTION

Since the concept of photonic crystals was first proposed in
1987, they have sparked enormous interest because of their
tremendous potentials for controlling the flow of light in
miniature volume.1,2,11−13,3−10 This capability in manipulating
photons (light) can ultimately lead to all-optical integrated
circuits and high-speed optical computing.12,14 By incorporat-
ing microstructural reconfigurability into traditional passive
photonic crystals using various stimuli-responsive materials,
active/adaptive photonic materials and devices have been
developed.14−33 Unfortunately, for most of the currently
available tunable photonic crystals, they will quickly return to
their original configurations once the external stimuli are
removed. Although this rapid microstructural reversibility is
ideal for some applications (e.g., displays), it impedes many
others that require fixed intermediate structures, such as truly
rewritable/reconfigurable nano-optics, mode-locked filters and

lasers, mechanochromic impact sensors, and photonic random
access memories.12,14,21

Recently, the discovery of nanoporous polymer shape
memory photonic crystals (PSMPCs) by Yin et al. overcame
the drawback of transient intermediate states and provides a
promising pathway to the further development of truly
reconfigurable photonic crystals toward real-world applica-
tions. By integrating proper shape memory polymers (SMPs)
with unique three-dimensionally (3-D) ordered nanoporous
microstructures, PSMPCs with reconfigurable/rewritable
properties have been demonstrated.25,34−37 These PSMPCs
can be programmed (transition from a permanent shape to a
temporary one) by controlling the evaporation of water (for
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hydrophilic SMPs) or various swelling solvents (for hydro-
phobic polymers) in the interconnecting nanopores, and then
recovered back to their permanent shapes in response to a
spectrum of external stimuli, such as heat, multiple solvents
and vapors, and various mechanical stresses (e.g., static
pressure, lateral shear stress, and ballistic impact). In addition
to enabling striking structural colors, the unique nanoporous
inverse opal structure of PSMPCs is critical in achieving the
nontraditional evaporation-induced SM programming. Fur-
thermore, unlike traditional thermoresponsive SMPs that
require heat in programming and recovery processes during
the shape memory cycle, these PSMPCs can be “cold”-
programmed, stored, and recovered all at room temperature.
This nontraditional all-room-temperature SM effect could
significantly expand the material processability and selection
for many important technological applications such as
biometric recognition,25 chemical sensing,34,36 and reconfig-
urable micropatterning.37

The unusual “cold” programming mechanism of the
PSMPCs triggered by solvent evaporation was attributed to
surface tension-induced microstructural deformation,25 which
belongs to the generic type of athermal solvent-activated
programming.38−47 The shape memory recovery triggered by
various solvents with low surface tensions (e.g., acetone and
ethanol) could be explained by the entropy elasticity of the
polymer chains48−56 that was activated by solvent-induced
plasticizing effects.38,39,46−48 However, the panorama of the
underlying shape memory mechanisms in these PSMPCs with
unique nanoporous photonic crystal microstructures are still
far from being well-understood. Specifically, the underlying
mechanisms regarding how the deformed nanopores are fixed
after “cold” programming and what parameters govern the
deformation behavior of these PSMPCs remain unanswered.
Systematic fundamental studies on the material and physical
properties (e.g., polymer elasticity and solvent surface tension)
that govern this unconventional all-room-temperature shape
memory effect (SME) are thus critical in achieving rational
designs of new reconfigurable nano-optical materials and
devices.
Herein we report the systematic experimental and

theoretical investigations on a new series of nanoporous
PSMPCs with varying polymer compositions that show
predictable polymer elasticity-dependent deformation behav-
iors upon the application of solvents with different surface
tensions. In sharp contrast to one completely deformed
temporary state as reported in our previous work, this new
series of PSMPCs exhibit multiple semideformed stable states
when dried out of solvents with different surface tensions. By
thoroughly characterizing the competing contributions of
varying the elastic modulus of polymer and surface tension
of applied solvent on the deformation behavior of these
PSMPCs, this study provides better understanding of the basic
shape memory mechanisms in this new series of smart
material. A new governing physical competing relationship
between the elasticity of polymer and the surface tension of
solvent is proposed and evaluated to verify that the “cold”
programming of nanoporous PSMPCs can be tuned through
changing the elasticity of polymer (i.e., polymer composition).
The results of this study are useful in guiding the material
selection and process optimization of nanoporous PSMPCs in
emerging applications such as thin-film smart optical coatings
and reconfigurable nanophotonic circuits.9,11,62−67,13,15,20,57−61

2. EXPERIMENTAL SECTION
2.1. Preparation of Nanoporous PSMPCs. Two commercial

photocurable oligomers, polyethylene glycol diacrylate (PEGDA) (SR
259, molecular weight ∼200 g/mol, and refractive index ∼1.464) and
polyethylene glycol dimethacrylate (PEGDMA) (SR 740, molecular
weight ∼1000 g/mol, and refractive index ∼1.460), were obtained
from Sartomer. They were mixed in different weight ratios from 67%
to 10% of PEGDA content for 5 min using a vortex mixer. Darocur
1173 (2-hydrooxy-2-methyl-1-phenyl-1-propanone, BASF, 1 wt %)
was added as photoinitiator. Nanoporous PSMPCs were fabricated via
the following steps. First, silica microspheres with nominal diameter
of ∼290 nm obtained from Particle Solutions LLC (Alachua, FL)
were self-assembled on a clean glass microslide via the convective self-
assembly method.68 Next, the colloidal crystals grown on both sides of
the glass microslide were sandwiched by two other glass substrates,
followed by infiltrating the premixed oligomer mixture into the
sandwich structure and photocuring the oligomers using 365 nm UV
light generated by a UV transilluminator (UV95041401 from Fisher)
for 90 min. The silica microspheres were removed from the polymer
matrix by etching in a 2 vol % hydrofluoric acid aqueous solution for 2
h. The samples were finally rinsed with deionized water and dried in
air to obtain self-standing nanoporous SMP membranes. The resulting
samples were about 3 × 1.5 × 0.1 cm3 (length × width × thickness).

2.2. Sample Characterization. Differential scanning calorimetry
(DSC) thermograms were obtained using a Q1000 unit from TA
Instruments at a heating rate of 10 °C/min and an empty pan as
reference. The photonic bandgaps (PBGs) of the PSMPCs were
characterized by using an Ocean Optics HR4000 high-resolution fiber
optic visible−near-infrared spectrometer with a tungsten halogen light
source (LS-1). Absolute reflectivity was obtained as the ratio of the
sample spectrum and a reference spectrum, which was collected using
an aluminum-sputtered (∼1 μm thickness) silicon wafer. The
scanning electron microscope (SEM) images of the PSMPC samples
in their deformed and recovered states were obtained with an FEI XL-
40 FEG SEM. A thin layer of Au (∼5 nm) was coated onto sample
surfaces prior to imaging. An atomic force microscope (AFM) was
used in obtaining the surface topographies of PSMPCs. The
amplitude-modulation scan mode was performed using an MFP-3D
AFM (Asylum Research, Inc.) and a Nanosensor PPP-NCHR probe
(tip radius <10 nm). Surface topographic images with 3 × 3 μm2 size
(256 × 256, pixels × lines) were scanned for each PSMPC
composition. The pixel resolution of images is ∼12 nm. The AFM
images were postprocessed by Scanning Probe Imaging Processor
software for 3-D rendering, roughness calculation, etc. Micro-
indentation was performed on dry nanoporous PSMPCs (dried in
air for more than 48 h) using a Hysitron BioSoft in situ indenter. The
instrument is equipped with a three-plate conductive transducer69 of
nano-Newton force resolution and a Z-piezo capable of 150 μm depth
indentation. The system was calibrated by an air indent step to
measure the voltage-distance constant. Samples were mounted on a
specialized clamp with a transparent glass substrate. A sapphire
spherical indenter tip with 1.6 mm radius was used in every
measurement. The experiments were performed with a displacement-
controlled indentation (0.5 and 5 μm maximum depth) at a constant
rate of 0.1 μm/s. Three areas per sample and two samples per
copolymer composition were tested for all PSMPCs. All measure-
ments were performed at room temperature and relative humidity of
40−50%. For calculation of the effective elastic modulus, the
Johnson−Kendall−Roberts (JKR) model70 of elastic contact was
fitted to the unloading portion of the indentation curve.

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of Nanoporous
PSMPCs with Varying Compositions. Two water-soluble
functional oligomers, PEGDA and PEGDMA with molecular
structures shown in Figure S1 (Supporting Information), were
mixed in different weight ratios (from 67% to 10% of PEGDA
content) prior to preparing nanoporous PSMPCs by using
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convectively self-assembled silica colloidal crystals comprising
∼290 nm diameter silica microspheres as structural tem-
plates.68,71,72 The schematic illustration in Figure 1a shows the

basic operating principles of the templated nanoporous
PSMPCs. When dried out of a solvent with a high surface
tension (e.g., water), the periodic nanopores are collapsed. By
contrast, when dried out of a solvent with a low surface tension
(e.g., ethanol), the collapsed nanopores can be recovered. The
glass transition temperatures of pure PEGDA and PEGDMA
polymers, as well as their copolymers with different
compositions, were characterized by differential scanning
calorimetry, and the results are shown in Figure S2 and
Table S1 in the Supporting Information. PEGDA has a higher
Tg (∼−5 °C) and a broader glass transition (from ∼−57 to
∼47 °C) than PEGDMA (∼−53 °C and from ∼−57 to ∼−49
°C). The effective elastic moduli of the resulting PSMPC
membranes with different copolymer compositions, which can

be tuned in the range between the elastic moduli of the two
oligomers, were characterized by in situ microindentation tests.
The experimental indentation curves (see Figure S3 in the
Supporting Information) were fitted by using the JKR contact
mechanics model considering a large pull-off force (adhesion)
observed in detachment to calculate the copolymer effective
elastic moduli. The final microindentation results are
summarized in Figure 1b. Apparently, pure PEGDA polymer
has a much higher effective elastic modulus (∼100 MPa) than
PEGDMA (<0.3 MPa). By increasing the content of PEGDA
in the final copolymers, their effective elastic moduli increase.
This result is quite reasonable considering the different
molecular weights of PEGDA and PEGDMA oligomers.
Higher content of much longer PEGDMA oligomers in the
shape memory copolymers can lead to lower cross-linking
density and larger mesh size, thus resulting in smaller effective
elastic modulus and higher deformability.

3.2. Composition-Dependent Deformation of Nano-
pores in PSMPCs. During the templating nanofabrication of
PSMPC membranes, the silica microsphere scaffolds were
removed by etching in a hydrofluoric acid aqueous solution,
followed by a thorough wash using deionized water. After dried
out from water under compressed air for ∼10 s, the PSMPC
samples showed drastically different colors depending on their
polymer compositions, as shown in the photographs and the
normal-incidence optical reflection spectra in Figure 2a,b. The
sample comprising 67% PEGDA exhibited shining greenish
diffractive color, and its reflection spectrum matched well with
that of the nanoporous photonic crystal with undeformed
nanopores prepared using the same batch of colloidal crystal
templates and pure PEGDA oligomer. As the refractive index
of PEGDA is nearly the same as that of PEGDMA, the overlap
of the optical reflection spectra indicates the dried PSMPC
membrane with 67% PEGDA maintained its permanent
photonic crystal structure with undeformed nanopores. By
contrast, the PSMPC samples with lower PEGDA contents

Figure 1. (a) Schematic illustration of solvent-evaporation-induced
shape memory cycle of nanoporous PSMPC. (b) Effective elastic
moduli of PSMPCs with varying copolymer compositions.

Figure 2. PSMPC membranes with different copolymer compositions showing drastically different diffractive colors after dried out from water. (a)
Photographs and PBG peak positions of the PSMPCs containing 67%, 60%, 50%, and 40% PEGDA. (b) Normal-incidence optical reflection
spectra of the PSMPCs with different PEGDA contents. (c) Maximum optical reflection amplitudes of the PBGs of the PSMPCs with different
PEGDA contents.
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(from 60% to 40%) showed different diffractive colors and
apparent blue-shifts in the positions of the corresponding
PBGs (from ∼515 to ∼480 nm). These drastic color changes
indicated that the permanent periodic configurations of the
templated nanoporous photonic crystals were gradually
changed to multiple structurally “fixed” temporary states as
their structural colors were mainly determined by the lattice
spacing of the semideformed photonic crystals. Interestingly,
the PSMPC samples containing <40% PEGDA became nearly
transparent after dried out from water, and no distinctive PBGs
were present in their reflection spectra. In addition, the
maximum optical reflection amplitudes of the PBGs shown in
Figure 2c, which are good indicators of the crystalline order of
the PSMPCs, significantly decreased for samples with <40%
PEGDA. By simultaneously considering the above optical and
mechanical properties of the PSMPC samples with different
copolymer compositions, it is clear that PEGDA-co-PEGDMA
copolymers with decreasing effective elastic moduli (i.e.,
decreasing PEGDA content) experienced larger microstruc-
tural deformation during water evaporation from the nano-
pores.
Surprisingly, we found that the deformed nanopores

triggered by water evaporation could be partially recovered
when the PSMPC membranes with low PEGDA contents were
dried out from ethanol under compressed air for ∼5 s, leading
to the reappearance of structural colors of these otherwise
transparent samples. The photographs and normal-incidence
optical reflection spectrum in Figure 3a,b showed that
PSMPCs with the PEGDA content as low as 17% still
exhibited distinct diffractive colors and PBGs after dried out
from ethanol. Similarly, clear trends of blue-shift in the PBGs
(Figure 3b) and gradual decrease of the maximum reflection
amplitudes of PBGs (Figure 3c) were observed in the PSMPCs
as the content of PEGDA decreased. However, the samples
containing <17% PEGDA became nearly transparent and
showed no distinctive PBGs in the reflection spectra after
ethanol evaporation.

3.3. Active Range of Shape Memory Effect in
PSMPCs. The SME of the PEGDA-co-PEGDMA PSMPCs is
defined based on their structural deformation behaviors after
dried out from water and ethanol. The choice of ethanol and
water as two representative solvents is made because they have
very different surface tension: ∼72 mN/m for water and ∼21
mN/m for ethanol (both at 25 °C). If both of the phenomena,
that is, without reflecting PBGs after the application of water
and with reflecting PBGs after the application of ethanol, are
observed in the PSMPCs with certain compositions, these
PSMPCs are classified to be within the active range of SME.
The all-room-temperature shape memory cycle of these
PSMPCs can then be defined by two steps, which are water-
evaporation-induced shape memory “cold” programming and
ethanol-swelling-induced shape memory recovery. The tem-
porary/intermediate structures correspond to the deformed
nanopores caused by “cold” programming of PSMPCs
exhibiting active SME.
The morphological changes of PSMPCs in the shape

memory cycle were characterized using cross-sectional SEM
imaging. Initially, the highly ordered nanoporous structure
consisting of 67% PEGDA and nominal 290 nm diameter
nanopores is shown in the SEM image in Figure 4a. After the
water-evaporation-induced “cold” programming step, PSMPCs
within the active range of SME immediately lost their original
diffractive colors as shown by the photo in Figure 4e. From the
SEM images of the PSMPC after water evaporation (Figure
4d,f), a disordered nanoporous structure with morphing of
pores and an undulating surface was observed. This indicates
that the loss of the diffractive color originates from the
nanopore deformation and the destruction of structural
periodicity. After the application of ethanol, the reflecting
color was regained for PSMPCs with certain compositions.
The photos and SEM image of the recovered PSMPCs
demonstrate that the deformed nanoporous structures partially
return to their original, periodic configuration as shown in
Figure 4b,c. It is worthy to mention that this programming−

Figure 3. (a) Photographs of PSMPCs with varied PEGDA contents showing different diffractive colors after dried out from ethanol. (b) Normal-
incidence optical reflection spectra of the PSMPCs with PEGDA contents ranging from 10% to 100%. (c) Maximum optical reflection amplitudes
of the PBGs of the PSMPCs with different PEGDA contents.
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recovery cycle can be easily realized by drying the templated
PSMPCs consecutively out of water (“cold” programming) and
ethanol (recovery).
For PSMPCs comprising >40% PEGDA, the evaporation of

water was unable to completely deform the nanoporous
structures (see Figure 2b), while for PSMPCs with <17%
PEGDA, ethanol was unable to recover the completely “cold”-
programmed nanopores (see Figure 3b). Therefore, 40% and
17% of PEGDA contents set the upper and lower limits,
respectively, of the active range of SME for these two applied
solvents. A schematic of the active range of SME in these

PSMPCs along with representative AFM images of the
PSMPCs with different compositions are shown in Figure 5.

3.4. Measuring Strains of PSMPCs Using Cross-
Sectional SEM and Optical Spectroscopy. Two different
approaches were used in characterizing the stored strains in
semideformed PSMPCs. The first straightforward approach
was based on cross-sectional SEM imaging. The SEM images
in Figure 6a compare PSMPC samples with different PEGDA

contents after ethanol recovery. For the pure PEGDA sample
(labeled as 100% in Figure 6a), the measured number of
nanopore layers was n = 13, and the thickness of the original,
undeformed nanoporous photonic crystal layer was about 2814
± 67 nm. This thickness was then used in calculating the
residual compressive strains (defined as decrease in thickness/

Figure 4. All-room-temperature shape memory cycle of nanoporous
PSMPCs consisting of 67% PEGDA. Cross-sectional SEM images of
the nanoporous photonic crystal structure in its (a) undeformed/
semideformed and (d) completely deformed state. (insets b, e)
Photographs of the corresponding PSMPC samples. (insets c, f)
Magnified morphologies of the nanoporous structures.

Figure 5. Representative AFM images of nanoporous PSMPC surfaces made from pure PEGDA, copolymers with 17−40% PEGDA, and pure
PEGDMA in their original, water applied, and ethanol applied states. These images are used in identifying the active range of SME in the scale of
effective elastic modulus.

Figure 6. (a) Cross-sectional SEM images of PSMPCs with different
PEGDA contents after ethanol recovery. The scale bars in the figures
stand for 1 μm. (b) Comparison of residual strains of different
PSMPCs measured by optical spectroscopy and cross-sectional SEM.
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original thickness) stored in the semideformed PSMPCs with
different PEGDA contents, which were labeled in the SEM
images and summarized in Figure 6b. Higher strains were
observed in PSMPCs with lower PEGDA contents (i.e., smaller
effective elastic moduli).
Complementing the time-consuming SEM characterization,

the in situ, noninvasive optical reflection measurement provides
a much simpler and faster methodology in quantitatively
evaluating the level of deformation (i.e., stored strains) in the
nanopores. It is well-known that the peak positions of the
PBGs are sensitive to the change in lattice spacing of the
nanoporous photonic crystals. The PBGs in the normal-
incidence reflection spectra are caused by Bragg diffraction of
incident light from the stacked (111) crystallographic planes of
the templated PSMPCs possessing face-centered cubic (FCC)
crystal structure. A blue-shift of the PBG peak represents a
decreasing lattice spacing hence a compression in the thickness
direction of the nanoporous structure. The diffractive peak
position of the nanoporous photonic crystal can be described
according to Bragg’s law of diffraction:8

n d2 sineffλ θ= (1)

n n n(1 )eff air polymerϕ ϕ= + − (2)

d D
2
3 macropore=

(3)

where λ is the PBG wavelength, neff is the effective reflective
index of the nanoporous PSMPC, d is the lattice spacing,
Dmacropore is the diameter of the nanopores, ϕ is the volume
fraction of air (∼0.74 in this case), nair and npolymer are refractive
index of air and SMP, respectively, and θ is the light incident
angle. By using this in situ optical characterization technique,
the calculated thickness of the undeformed PEGDA nano-
porous photonic crystal was about 2840 nm, which is in good
agreement with the value determined by SEM. Figure 6b
summarizes the calculated strains (using the Bragg’s law) of the
nanoporous structure from the measured shifts in the PBG
wavelengths (see Figure 3b).

After application of ethanol, the residual strains in the
nanoporous structures of PSMPCs with varying PEGDA
contents (from 17% to 50%) changed from ∼21% to ∼9%.
These optically derived values are directly compared with the
strains measured from the cross-sectional SEM images in
Figure 6b. An increased difference between the measured
strains by SEM imaging and optical spectroscopy was observed
in PSMPCs with larger deformations. This discrepancy can be
attributed to the lack of considering the superposed increase in
neff of nanoporous photonic crystals during the decrease in
lattice spacing. An underestimation in the deformation of the
nanoporous structure was thus introduced by this lack of
consideration when constant neff was used in the calculations
using the Bragg’s law of diffraction.

3.5. Shape Memory Mechanisms of PSMPCs. In our
previous work, we demonstrated that the “cold” programming
triggered by water evaporation could be attributed to the
dominancy of high water surface tension over the polymer
elasticity. When solvent molecules are absorbed into the
polymer network, they may induce the plasticizing effect that
fully relaxes the physically entangled macromolecular
chains,73,74 increasing their mobility and reducing the polymer
elastic modulus. During shape memory recovery, entropy
elasticity drives the stretched polymer chains back to their
original, energy favorable configurations upon the release of
the fixed strain. However, the strain fixation mechanism has
not been explained in our previous work, which will be
specified in the following paragraphs.
There are two stages, i.e., deformation and fixation, which

lead to the residual strain in the nanoporous structure of
PSMPCs. During the process of water evaporation from the
interconnecting nanopores, a water membrane will ultimately
form that covers the surface of the nanopores. This water
membrane will generate an inward Laplace pressure, which
tends to collapse the nanoporous structure to minimize the
exposed surface area of water. Due to the small interconnecting
holes between the nanopores (see Figure 4c), all the
nanopores in the PSMPC membrane are connected to the
ambient air. Thus, each of the nanopores can be treated as an
open inclusion with air inside, where no Laplace pressure can

Figure 7. Schematic illustrations showing similar deformation mechanisms driven by Laplace pressures in (a) closed inclusion in liquid and open
air inclusions in both liquid and soaked polymer, and (b) interconnecting nanoporous structure.
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exist to support the nanoporous structure. Water surface
tension, which has the equivalent magnitude as the Laplace
pressure used to balance it, acts as the driving force to deform
the nanoporous structure. If water surface tension dominates
over polymer elasticity, it will drive the collapse of the ordered
nanopores. In the subsequent strain fixation stage, most of the
water molecules have been evaporated from the hydrophilic
polymer network. Secondary intermolecular forces (e.g., van
der Waals interactions between the entangled polymer chains)
will “freeze” the polymer network in their deformed
conformations. Hence, some elastic energy will be stored in
the deformed polymer chains. This strain fixation mechanism
(acting as a molecular switch), combined with Laplace
pressure-induced deformation in the nanoporous structure,
enables the unique SME of PSMPCs.
3.6. Physical Competing Relationship: Polymer

Elasticity vs Laplace Pressure. A new physical competing
relationship between the elasticity of polymer matrix and the
surface tension of liquid was established to qualitatively
describe the deformations and the corresponding optical
properties of the nanoporous PSMPCs. We first considered the
case of a closed air inclusion in liquid (see Figure 7a), where
the surface tension of liquid tends to diminish its exposed
surface area and is equilibrated by the boosted pressure in the
inclusion. If a channel exists to connect the inside air to outside
atmosphere, the surface tension of liquid will push out the air
and drive the collapse of the inclusion. This open air inclusion
in liquid is similar to the interconnected nanopores in PSMPCs
(as shown in the scheme in Figure 7b), which are encapsulated
by solvent-absorbed polymer matrix. The absorbed solvent on
the nanopore walls will generate a surface tension at its
exposed surface in the nanoporous structure that tends to
collapse the nanopores. However, this tendency is resisted by
the stiffness of the polymer matrix. From an energy

perspective, this competing relationship can be described by
the ratio of liquid surface energy (Esurface = γlAdiminished) and
elastic restoring energy (Erestoring = EpolymerVdeformed) that works
against the nanopore collapse. The diminishing area is
proportional to the surface area of a nanopore, i.e., Adiminished
∝ 4πrmacropore

2 , and the deformed volume is proportional to the
volume of a nanopore, i.e., V prdeformed

4
3 macropore

3π∝ . The

gravitational contribution to the deformation of the nano-
porous structure (elastic modulus of MPa scale) is negligible.
The resulting competing parameter, μ, can be written as

E

E

r E
constant

restoring

surface

macropore polymer

l

μ
γ

= =
(4)

where γl is the liquid surface tension, Epolymer is the effective
elastic modulus of the polymer matrix, and rmacropore is the
radius of the nanopores of PSMPCs.
When μ ≪ 1, surface tension dominates, and the PSMPC

will always stay in a deformed, optically transparent state, while
when μ ≫ 1, polymer elasticity dominates, and the PSMPC
will always remain in its ordered, iridescent state. When μ ∼ 1,
the PSMPC will possess active tunability of reversible
structural switching. One simplification to point out is that
the deformation in the nanoporous structure can be treated as
one-dimensional deformation in the thickness direction
because the lateral deformation is constrained by the thick
and solid polymer base layer, which is nearly 3 orders of
magnitude thicker than the nanoporous layer and provides the
mechanical stability to the micrometer thick nanoporous
structure. This simplification is compatible with both the
observed elliptical nanopore morphology in SEM images (see
Figure 6a) and the calculations of the residual strains using
thickness-dependent PBG shifts in optical reflection spectra of
the semideformed PSMPCs.

Figure 8. Plot of the active range of the dimensionless competing parameter, μ, within which semideformed stable states exist for various solvents
(i.e., water, ethanol, and acetonitrile) with different surface tensions.
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3.7. Using Competing Parameter μ To Characterize
Active Ranges of PSMPCs by Various Solvents. To verify
the feasibility of using the new competing parameter μ in
characterizing the SME of PSMPCs, we compared the range of
μ where semideformed temporary states can exist in the
deformed PSMPCs induced by evaporation of three different
solvents, i.e., water, ethanol, and acetonitrile. It is reasonable to
speculate that the polymer network and thus the nanoporous
structure of PSMPCs can be recovered back to the original,
undeformed state caused by polymer swelling induced by
adsorbed solvent.75,76 This shape memory recovery can be
easily characterized by the reappearance of the Bragg
diffraction peaks, when the PSMPC samples were submerged
in various solvents. However, the different phenomena
observed after the application of water and ethanol, namely,
SM programming and recovery, respectively, are due to the
surface tension difference between the two solvents. In a
PSMPC sample of certain elastic modulus, ethanol with a
smaller surface tension (∼21 mN/m at 25 °C, less than one-
third of water surface tension of ∼72 mN/m) should induce
less deformation in the nanoporous structure than that caused
by water. This explains why ethanol can be used in partially
recovering the water-deformed nanopores. Similarly, hexane
with an even smaller surface tension (∼18 mN/m) can further
red-shift the PBG wavelength of an ethanol applied PSMPC
comprising 33% PEGDA (see Figure S4 in the Supporting
Information), indicating a more complete recovery of the
“cold”-programmed nanopores. However, the optical spectra
also show that the stored strains in PSMPCs with semi-
deformed stable states cannot be erased completely by using
solvents with low surface tensions.
Acetonitrile with a surface tension of ∼29 mN/m at 25 °C

was also applied to the PSMPCs with PEGDA contents
ranging from 17% to 50% to further verify the new physical
competing relationship. The resulting strains induced by
acetonitrile, together with the ones triggered by ethanol and
water evaporation, were plotted against the dimensionless
competing parameter, μ, as shown in Figure 8. From the plot,
we recognized that the surface tension−elasticity competing
relationship could be used in predicting the active range where
semideformed stable states can exist in PSMPCs. The upper-
left region in Figure 8 represents that less strain will be stored
at higher polymer elasticity. There is a threshold at μ ∼ 3.5
above which no residual strain induced by surface tension can
be observed. The lower-right region on the other hand
represents that more strain will be induced at lower polymer
elasticity. No elastic recovery can be observed below a
threshold of μ ∼ 0.3. However, there is a difference in the
residual compressive strains triggered by the evaporation of
water, ethanol, and acetonitrile. This could be due to the
different interfacial tensions acting between the solvent and
polymer, as well as the different evaporation kinetics of the
solvents.77−80

4. CONCLUSIONS
In conclusion, nanoporous PSMPC membranes of varying
PEGDA-co-PEGDMA compositions were used in studying
solvent-evaporation-induced, elastic modulus-dependent shape
memory microstructural transformations. The different defor-
mation behaviors observed in these PSMPCs upon the
application of water and ethanol can be used in defining an
active range of shape memory effect. A new physical competing
relationship between the polymer elastic modulus and the

surface tension of applied solvent was introduced to character-
ize the unique deformation behaviors in these PSMPCs, which
provided better insights in understanding their nontraditional,
all-room-temperature shape memory mechanisms. Through
the comparison of the dimensionless competing parameter, μ,
in the cases of water, ethanol, and acetonitrile, an overlapping
range where semideformed stable states in PSMPCs can exist is
observed, which verifies the feasibility of using this competing
relationship in predicting the autonomous deformation of
PSMPCs. The results of this work can be used as guidelines for
rational design of PSMPCs for next-generation reconfigurable
nano-optical devices.
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(74) Löwenberg, C.; Balk, M.; Wischke, C.; Behl, M.; Lendlein, A.
Shape-Memory Hydrogels: Evolution of Structural Principles To
Enable Shape Switching of Hydrophilic Polymer Networks. Acc.
Chem. Res. 2017, 50, 723−732.
(75) Zhang, C.; Cano, G. G.; Braun, P. V. Linear and Fast Hydrogel
Glucose Sensor Materials Enabled by Volume Resetting Agents. Adv.
Mater. 2014, 26, 5678−5683.
(76) Zhang, C.; Losego, M. D.; Braun, P. V. Hydrogel-Based
Glucose Sensors: Effects of Phenylboronic Acid Chemical Structure
on Response. Chem. Mater. 2013, 25, 3239−3250.
(77) Hirotsu, S. Softening of Bulk Modulus and Negative Poisson’s
Ratio near the Volume Phase Transition of Polymer Gels. J. Chem.
Phys. 1991, 94, 3949−3957.
(78) Shibayama, M.; Tanaka, T. Volume Phase Transition and
Related Phenomena of Polymer Gels. Adv. Polym. Sci. 1993, 109, 1−
62.
(79) Mancarella, F.; Style, R. W.; Wettlaufer, J. S. Interfacial Tension
and a Three-Phase Generalized Self-Consistent Theory of Non-Dilute
Soft Composite Solids. Soft Matter 2016, 12, 2744−2750.
(80) Cai, Z.; Luck, L. A.; Punihaole, D.; Madura, J. D.; Asher, S. A.
Photonic Crystal Protein Hydrogel Sensor Materials Enabled by
Conformationally Induced Volume Phase Transition. Chem. Sci. 2016,
7, 4557.

ACS Applied Nano Materials Article

DOI: 10.1021/acsanm.8b01105
ACS Appl. Nano Mater. 2018, 1, 6081−6090

6090

http://dx.doi.org/10.1021/acsanm.8b01105

