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ABSTRACT: Organocatalyzed ring-opening polymerization (ROP)
of ε-caprolactone (CL) and 4,4′-bioxepanyl-7,7′-dione as a bis-
lactone cross-linker was performed within the oil-in-oil high internal
phase emulsions (HIPEs) at 50 °C. In this way, the cross-linked
poly(ε-caprolactone) (PCL) polyHIPE foams of ∼85% porosity were
synthesized. Thermomechanical properties of the prepared poly-
HIPEs were studied and proved to greatly depend on a degree of
PCL cross-linking. The melting and crystallization temperatures as
well as the degree of crystallinity of PCL polyHIPE foams decrease
with an increasing cross-linking degree. Semi-crystalline polyHIPEs
demonstrate shape memory behavior with excellent shape fixity and shape recovery. At an appropriate degree of PCL cross-
linking, the polyHIPE temporary shape can be fixed at room temperature, while a transition to the permanent shape occurs
upon heating at 40 °C. Moreover, a two-way shape memory behavior of the PCL polyHIPEs under constant stress was
observed.

■ INTRODUCTION
High internal phase emulsion (HIPE) templating offers a route
to produce highly interconnected porous polymer foams.
Polymerized HIPEs (polyHIPEs) are typically prepared via
free-radical polymerization of vinyl monomers in aqueous
emulsions.1,2 Lately, polyHIPE synthesis has been extended to
other polymerization mechanisms, such as controlled radical
polymerizations,3,4 ring-opening metathesis polymerization
(ROMP),5,6 chain-growth insertion polymerization,7 transition
metal-catalyzed cross-couplings,8 ring-opening polymerization
(ROP),9−11 and step-growth polymerizations (thiol-ene12 and
thiol-yne13). HIPE templating produces highly interconnected
porous structures, especially suitable for tissue engineering
scaffolds.1 Degradable polyHIPEs based on poly(ε-caprolac-
tone) (PCL) were synthesized, as PCL is an attractive and
promising material for biomedical applications due to its good
biocompatibility, degradability, and control over mechanical
properties.14,15 Furthermore, PCL is a semi-crystalline polymer
and as such can exhibit shape memory behavior. The
crystalline switching segments actuate a temporary shape
when cycled through the transition (melting) temperature,
whereas the cross-links establish and recover the permanent
shape.16,17 So far, bulk PCL-based materials have been
extensively studied for their shape memory properties.18−23

On the other hand, porous shape memory polymers can
achieve higher deformations than bulk polymers and have
lately become particularly interesting in biomedical applica-
tions, such as embolic vascular devices, drug-delivery plat-
forms, and tissue scaffolds.24,25 In compressed shape, they can
be implanted into a human body through minimally invasive

procedures, while by increasing the temperature at the
implantation area, they can expand to fit into irregular shape
defects.26 So far, the shape memory phenomenon of
polyHIPEs was reported only for the (meth)acrylate-based
polyHIPEs, bearing the crystalline long side chains,27,28 and for
the polyHIPEs based on acrylamide and sodium acrylate that
are capable of reversible metal coordination cross-linking.29

Hitherto, most PCL-based polyHIPEs have been prepared
from the nonreactive high molecular weight PCL in water-in-
oil emulsions via solvent evaporation30−33 or by (co)-
polymerization and simultaneous cross-linking of end-function-
alized PCL macromonomers.34−40 In all cases, PCL was
dissolved/diluted to enable sufficient stirring of the system
consisting of a highly viscous oil phase. For example, acrylic
comonomers were used as the diluents for diacrylate-
terminated PCL; however, an upper limit of PCL that could
be incorporated into the polyHIPE during copolymerization
was only 40−50 wt %.34−36 Using toluene as a solvent instead
of acrylic comonomer resulted in polyHIPEs with closed-cell
morphology.34 Open porosity of polyHIPEs was achieved by
reacting PCL triol and diisocyanate diluted in toluene37 or
tetrahydrofuran (THF)38 solvent; however, the PCL content
in the obtained polyHIPEs was still around 50 wt % only.
PolyHIPEs consisting of 76 wt % of PCL were obtained by
thiol-ene reaction of triacrylate-terminated PCL with trithiol,
where the presence of solvent was again essential for HIPE
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formation.39 Optimization of HIPE composition in terms of
oil-phase dilution was also crucial for the preparation of pure
PCL polyHIPEs from the four-arm PCL methacrylate
macromonomer.40 In an alternative procedure, liquid ε-
caprolactone (CL) was used recently as a continuous phase
of HIPE without the need to use a diluent.10,11 Contrary to
previous examples, the use of CL as a continuous phase
requires oil-in-oil (O/O) HIPEs, since CL is miscible with
water, which can additionally act as an initiator for ROP of CL.
In this way, a noncross-linked polyHIPE based on PCL/
poly(L-lactide) blend was prepared from an eutectic mixture of
CL and L-lactide.10 In another work, the cross-linked PCL-
based polyHIPE was synthesized in O/O HIPE by ROP of CL
and bis-lactone using stannous octoate as a catalyst at 120
°C.11 At such a high polymerization temperature, a large
amount of surfactant (37 wt %) has to be used to stabilize the
O/O HIPE. Consequently, its complete removal from the final
polyHIPE is difficult. Compared to aqueous emulsions, the O/
O HIPEs are in general more difficult to stabilize. For this
purpose, poly(ethylene glycol)-block-poly(propylene glycol)-
block-poly(ethylene glycol) (PEG-b-PPG-b-PEG) triblock
copolymers (Pluronics) have been reported as the efficient
surfactants.41 Commercial Pluronics contain terminal hydroxyl
functional groups that can participate in ROP of CL as an
initiator,42 resulting in covalent incorporation of the surfactant
into the polyHIPE structure.43 Therefore, in this work, the
hydroxyl groups of Pluronic F127 were methylated by
iodomethane before its use as a surfactant for the preparation
of PCL polyHIPEs.
Herein, a straightforward synthetic method for the

preparation of cross-linked PCL-based polyHIPEs is reported.
It takes full advantage of organocatalyzed ROP of cyclic esters
that allows low temperature and rate controlled polymer-
ization;44,45 the parameters which are essential to control the
HIPE stability until a well-defined polyHIPE structure is
formed. The polyHIPEs were synthesized via the O/O HIPEs,
where the liquid CL monomer along with the 4,4′-bioxepanyl-
7,7′-dione (BOD) cross-linker, ethylene glycol initiator,
diphenyl phosphate (DPP) catalyst, and modified surfactant
served as a continuous phase, while petroleum benzine was
used as an internal phase. The degree of PCL crystallinity and
thus the thermomechanical properties of the as-obtained
polyHIPEs were tuned by a degree of PCL cross-linking, which
affected their thermally induced shape memory behavior.

■ EXPERIMENTAL SECTION
Chemicals. Chemicals: acetic acid (glacial, 100%, Merck), 4,4′-

bicyclohexanone (98.0%, TCI), calcium hydride (95%, Sigma-
Aldrich), DPP (99%, Aldrich), ethylene glycol (anhydrous, 99.8%,
Sigma-Aldrich), formic acid (98%, Honeywell), iodomethane (99.5%,
Sigma-Aldrich), magnesium sulfate (anhydrous, 99.5%, Sigma-
Aldrich), Pluronic F127 (Sigma), sodium bicarbonate (Merck),
sodium chloride (Fluka), sodium hydride (60% dispersion in mineral
oil, Aldrich), sodium thiosulfate pentahydrate (Merck), and urea
hydrogen peroxide (97%, Aldrich) and solvents: chloroform (Merck),
2-propanol (99.8%, Honeywell), ethanol (absolute, anhydrous, Carlo
Erba), hexane (99%, Honeywell), petroleum benzine (boiling range
100−140 °C, Merck), and THF (anhydrous, 99.9%, Sigma-Aldrich)
were used as received. CL (97%, Aldrich) was dried over calcium
hydride and distilled under vacuum.
Methods. 1H Nuclear Magnetic Resonance (NMR). 1H NMR

spectra were recorded on a Varian Unity Inova 300 MHz instrument
(Varian, Inc.). All measurements were carried out in CDCl3 at room
temperature in the pulse Fourier-transform mode. Tetramethylsilane

(TMS, δ = 0) was used as an internal chemical-shift standard. 1H
NMR data were processed using MestReNova software.

Fourier-Transform Infrared (FT-IR). FT-IR spectra were collected
using a Spectrum One FT-IR spectrometer (Perkin Elmer, U.K.). FT-
IR spectra were recorded in an attenuated total reflectance (ATR)
mode in a spectral range of 650−4000 cm−1.

Differential Scanning Calorimetry (DSC). DSC was used for
investigation of thermal properties of polyHIPEs using a Mettler
Toledo DSC 1 (Mettler Toledo, Switzerland). The samples were
heated from −80 to 100 °C at a rate of 10 K min−1, held at 100 °C for
1 min, then cooled to −80 °C at a rate of −2 K min−1. After being
held at −80 °C for 1 min, another heating to 100 °C at a rate of 10 K
min−1 was performed. STARe software was used to determine
transition temperatures and peak integrals. The results are given as an
average of three measurements with standard deviation. The
crystallinity of the sample (χc) was calculated using eq 1

H
H

(%) 100c
m

m
0χ = ×

Δ
Δ (1)

where ΔHm was determined from the melting peak area. ΔHm
0 of

100% crystalline PCL is 139.5 J g−1.46

Scanning Electron Microscopy (SEM). SEM was used to
investigate the morphology of polyHIPEs. Sample surfaces were
sputtered with a 12 nm layer of gold using Q150T ES (Quorum
Technologies, U.K.) prior scanning analysis. SEM images were taken
on a Zeiss Supra 35 VP (Carl Zeiss, Germany). The pore size analysis
of the SEM micrographs was performed by using Image J software.
About 200 pores of each sample were measured, and, additionally,
three samples of each polyHIPE type were analyzed.

Dynamic Mechanical Analysis (DMA). Mechanical tests were
performed on a DMA Q800 (TA Instruments) dynamic thermal
analyzer using the compression disks with 15 mm in diameter.
Uniaxial compressive stress−strain measurements were conducted at
different temperatures on the cylindrical specimens (∼7 mm diameter
and ∼6 mm height) with force rate of 0.5 N min−1 up to 18 N. For a
shape memory study, thermomechanical cycles were programmed as
follows: a preload force of 0.005 N was applied and the temperature
was equilibrated at 60 °C for polyHIPE-5.0 or 40 °C for polyHIPE-
7.5 and held isothermally for 10 min. The sample’s height was
measured, and, afterward, the force was ramped with 0.3 and 0.6 N
min−1 to 0.3 and 0.6 N for polyHIPE-5.0 and polyHIPE-7.5,
respectively. The temperature was then decreased by 1 °C min−1 to 0
or 20 °C for polyHIPE-5.0, and −30 °C for polyHIPE-7.5, to allow
sample crystallization. Then, the temperature was held isothermally
for 20 min to obtain a temporary shape of the sample. The
compressive load was then removed by −0.3 or −0.6 N min−1 to
0.005 N and again held isothermally for 20 min to assure the fixation.
Afterward, the temperature was raised by 0.5 °C min−1 to 60 and 40
°C for polyHIPE-5.0 and polyHIPE-7.5, respectively, to determine the
transition temperature and after that held isothermally for 60 min to
regain the permanent shape of the samples. Cycles were repeated 1−6
times starting with the force ramp.

Shape fixity (Rf) and shape recovery (Rr) were calculated using eq 2
and 3

R (%) 100f
2

1

ε
ε

= ×
(2)

R
N

N
(%) 100

( )
( 1)r

1 3

1 3

ε ε
ε ε

= ×
−

− − (3)

where ε1 is the strain of the sample under load after cooling, ε2 is the
strain of the cooled sample after the load had been removed, and
ε3(N) and ε3(N−1) are the final strains of the recovered samples
above the Tm in two successive cycles (for N = 1, ε3(0) equals 0). For
total recovery, ε3(N−1) is considered 0. The results are given as an
average of three measurements with standard deviation.

Synthesis of BOD. BOD was prepared using an adapted
procedure from the literature.47 Urea hydrogen peroxide (20 g, 0.21
mol) and formic acid (100 mL) were stirred at room temperature for
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2 h. The reaction mixture was then cooled on ice, and
bicyclohexanone (10 g, 0.05 mol) was slowly added. The mixture
was stirred for further 4 h as the temperature reached the room
temperature. Water (200 mL) was then added and the product was
extracted with chloroform (1 × 200 mL, then 4 × 40 mL). Organic
fractions were collected, washed with saturated aqueous sodium
bicarbonate solution (4 × 150 mL) and brine (1 M, 200 mL), dried
with anhydrous magnesium sulfate, and filtered. The solution was
concentrated under reduced pressure and passed through the silica gel
plug, using chloroform as an eluent. Finally, chloroform was
evaporated under reduced pressure, and a white powder was obtained
(66% yield). 1H NMR (CDCl3, 300 MHz, δ ppm): 4.38−4.12 (m,
2H, −CH2−O−), 2.78−2.55 (m, 2H, −CH2−CO−), 1.98−1.79 (m,
2H, −O−CH2−CH2−), 1.74−1.41 (m, 3H, −CH−CH2−).
Surfactant Modification. PEG-b-PPG-b-PEG Pluronic F127 (10

g, 0.8 mmol) and sodium hydride (0.63 g of 60% oil dispersion, 15.9
mmol) were suspended in 30 mL of THF. The reaction mixture was
cooled on ice and iodomethane was added (0.74 mL, 15.9 mmol).
The reaction proceeded at room temperature for 48 h. Afterward, it
was cooled on ice again and quenched with 2-propanol (30 mL),
ethanol (2 mL), and acetic acid (until neutral pH). At this step, the
color turned from transparent to orange. Solvents were removed on a
rotary evaporator. To ensure complete solvent removal, the residue
was dissolved in THF (75 mL) and evaporated again. Extraction of
the product was performed as follows: the dry mixture was dissolved
in chloroform (60 mL) and mixed twice with aqueous solution of
sodium thiosulfate (5 wt %, 100 mL and 50 mL) until discoloration
that indicated complete iodine reduction. The organic phase was
washed with water (100 mL), dried with anhydrous magnesium
sulfate, and filtered. Chloroform was evaporated to ∼10 mL. The
product was then precipitated in hexane (250 mL) at −20 °C,
centrifuged, washed twice with hexane (4 mL), and dried under
vacuum overnight. The product is a white powder (89% yield). 1H
NMR (CDCl3, 300 MHz): 3.72−3.60 (m, −CH2−CH2−O−), 3.60−
3.46 (m, −CH−CH2−O−), 3.46−3.30 (m, −CH−CH2−O−), 3.38
(s, −O−CH3−), 1.18−1.08 (m, −CH−CH3).
PolyHIPE Preparation. A typical procedure for a polyHIPE with

90 vol % of internal phase and 5.0 mol % of BOD is as follows. BOD
(0.16 g, 0.7 mmol) and modified F127 (0.34 g, 0.02 mmol) were
dissolved in CL (1.5 mL, 13.5 mmol), followed by the addition of
ethylene glycol (18.1 μL) and DPP (0.05 g, 0.2 mmol). Petroleum
benzine (13.5 mL) was added dropwise while mixing on an overhead
stirrer. After all of the internal phase had been added, the emulsion
was mixed for another 10 min. The HIPE was then transferred to a
plastic 2 mL Eppendorf tube, and polymerized at 50 °C overnight.
The obtained polyHIPEs were washed on a Soxhlet extractor with
diethyl ether for 24 h first to remove petroleum benzine as well as
DPP to prevent any further unwanted transesterification reaction.
Afterwards, washing was continued by ethanol for 24 h to remove the

surfactant. Ethanol was then exchanged with deionized water by
diffusion. Samples were finally freeze-dried to avoid shrinkage during
drying. To verify the purity, extraction of polyHIPE with CDCl3
(1800 μL) was performed on a dried and ground sample (14 mg). Gel
fraction of the polyHIPE was determined using eq 4

m m

m m

gel fraction (%) 100
polyHIPE (EG CL BOD DPP surf. PB)

HIPE (EG CL BOD)

=

×
×

×
+ + + + +

+ +

(4)

where mHIPE is mass of the sample before polymerization, mpolyHIPE is
mass of the sample after polymerization and Soxhlet extraction,
m(EG+CL+BOD) is the total mass of ethylene glycol, CL, and BOD used
for the preparation of the HIPE, and m(EG+CL+BOD+DPP+surf.+PB) is the
total mass of ethylene glycol, CL, BOD, DPP, surfactant, and
petroleum benzine used for the preparation of the HIPE. The results
are given as an average of three measurements with standard
deviation.

■ RESULTS AND DISCUSSION
For the preparation of stable HIPEs with 90 vol % of the
internal phase, 16 wt % of the surfactant in the continuous
phase was needed. DPP was used as an organocatalyst since it
offers a high degree of control over ROP of CL in solution,48

as well as in bulk.49 Since ROP of CL proceeds at room
temperature already, a proper amount of added catalyst is of
utmost importance. Its concentration should be high enough
to induce gelation of the system within the HIPE stability
period, while on the other hand, the catalyst concentration
should be low enough to keep the emulsion viscosity at the
levels suitable for mechanical stirring. In both respects, 3 wt %
of DPP was found to be an optimum added amount. After
curing the HIPEs for 16 h at 50 °C (Figure 1), a complete
consumption of the monomer and cross-linker was confirmed
by 1H NMR of the CDCl3 extracts of the obtained nonpurified
polyHIPEs (Figure S4).
PCL polyHIPE samples were prepared with 5.0 and 7.5 mol

% of BOD cross-linker, and so the samples are denoted as
polyHIPE-5.0 and polyHIPE-7.5, respectively. Gel fractions of
the polyHIPEs after purification were above 85% (Table 1),
indicating highly cross-linking materials. Higher gel fraction
determined for the polyHIPE-7.5 is ascribed to a higher
amount of the cross-linker used. Densities of the samples were
measured and used to calculate the polyHIPEs’ porosity
(Table 1). The porosity of both samples was comparable,

Figure 1. ROP of CL monomer and BOD cross-linker was conducted with ethylene glycol as an initiator and DPP as a catalyst. All reactants along
with modified Pluronic surfactant were dissolved in CL, which served as the continuous phase of HIPE, while petroleum benzine served as an
internal phase.
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which was expected since the volume fraction of the internal
phase was the same for both samples. The cross-section images
of the monoliths (Figure 2) reveal typical polyHIPE
morphology, with an average void size of around 30 μm for
both samples.

The degree of crystallinity (χc), melting temperature (Tm),
and crystallization temperature (Tc) of PCL-based polyHIPEs
were determined by DSC (Table 1 and Figure 3). The values
of Tm, Tc, and χc decrease with an increasing amount of BOD
cross-linker, since randomly distributed cross-links along the
PCL chains disrupt PCL crystallization.50 Cross-linking density
affects the thermal properties of polyHIPE materials
(polyHIPE-5.0 crystallizes at 3.7 °C and melts at 32.4 °C,
while polyHIPE-7.5 has a Tc of −19.0 °C and Tm of 18.4 °C),
which is further reflected in their mechanical properties.
The compressive stress−strain curves and Young’s moduli

(E) measured at −30, 20, and 60 °C are presented in Figure
4A,B. The moduli of polyHIPEs significantly decrease with

increasing temperature and cross-linker amount. At 20 °C,
polyHIPE-5.0 shows an initial linear elastic region in the
stress−strain curve. Further increase in stress causes wall
buckling, as can be observed in Figure 4C, which is reflected in
a plateau of the stress−strain curve. Afterward, a sharp increase
in the stress is observed most likely due to the densification of
the material.25,51 By increasing the temperature, PCL starts to
soften due to melting, and hence it becomes more easily
deformed. Nevertheless, the PCL network, unlike linear PCL,
keeps its mechanical integrity due to the presence of chemical
cross-links. This allows the shaping of the cross-linked material
above its melting point to induce the imposed, temporary
shape of the polyHIPE. The softened sample was compressed
to a half of its original height and left to cool down below its
crystallization temperature, upon which the PCL crystalline
domains reformed, and thus lock a new shape of the polyHIPE.
When the compressive load was removed, the imposed
temporary shape was obtained where the voids in the
polyHIPE are highly compacted and difficult to distinguish,
as indicated by SEM micrographs in Figure 4C. By increasing
the temperature above the Tm again, the crystalline domains
melt and the network regains its initial, permanent shape with
fully recovered polyHIPE void morphology (Figures 4D and
S5), thus demonstrating the shape memory behavior of the
PCL polyHIPE materials.
Shape memory behavior was quantitatively studied by cyclic

thermomechanical compression testing. The material’s shape
memory performance depends on a degree of deformation that
is exerted upon the melted sample. Increasing the compressive
force on the polyHIPE-5.0 causes higher strain as well as better
shape fixation, while the shape recovery slightly decreases
(Figures S6 and S7). Therefore, the shape memory cycles
began by compressing the melted polyHIPE to ∼50% (Figures

Figure 2. SEM micrographs of polyHIPE-5.0 and polyHIPE-7.5
showing typical polyHIPE morphology with voids and interconnect-
ing windows.

Table 1. Structural and Thermal Properties of PCL-Based PolyHIPEs

sample gel fractiona wt % densityb g cm−3 calc. porosityc % average pore sized μm χc
e % Tm °C Tc °C

polyHIPE-5.0 91.1 ± 5.2 0.17 ± 0.01 85.1 ± 0.7 32.6 ± 13.0 30.2 ± 0.6 32.4 ± 0.2 3.7 ± 1.3
polyHIPE-7.5 97.0 ± 2.8 0.18 ± 0.01 83.9 ± 0.4 28.9 ± 14.0 18.9 ± 0.3 18.4 ± 0.1 −19.0 ± 1.2

aMonolith mass after Soxhlet extraction. bDensity determined by mass and geometry of dry monolith. cCalculated based on the density of bulk
cross-linked PCL (1.15 g cm−3). dDetermined from SEM micrographs by measuring ∼200 pores of one sample, while deviation among the
measurements of three parallel samples was found to be ∼15%. eCalculated from melting enthalpy in DSC thermogram of PCL polyHIPE and
taking into account the melting enthalpy of 100% crystalline PCL.

Figure 3. DSC thermograms of polyHIPE-5.0 (A) and polyHIPE-7.5
(B). First cooling (−2 K min−1) and second heating (10 K min−1)
with melting enthalpy (ΔHm) are represented.
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5 and S8). Upon slowly cooling the polyHIPE below the Tc to
fix the imposed temporary shape, some additional deformation
was observed, which could be attributed to creep, thermal
contraction, and/or ordered crystallization of the PCL
chains.52,53 The load was then removed and the percentage
of the retained temporary shape was quantified by the shape
fixity (Rf) (Table 2), which depends on fixing temperature.

When the material was fixed at the temperature below its
crystallization region (i.e., polyHIPE-7.5 at −30 °C and
polyHIPE-5.0 at 0 °C), the fixation is above 99%. However,
polyHIPE-5.0 still reaches the Rf of 84% when cooled at 20 °C,
where it is partially melted. This proves the stability of the
imposed temporary shape of the polyHIPE-5.0 at room
temperature. Next, by increasing the temperature above the

Figure 4. Compressive stress−strain (σ vs ε) curves of polyHIPE-5.0 and polyHIPE-7.5 measured at different temperatures (A). Young’s moduli
(E) determined from a slope of the initial linear region of the compressive stress−strain curve (B). SEM micrographs of polyHIPE-5.0 fixed shape
when compressed to ∼50% strain at 20 °C (C) and the following recovered shape after being heated to 60 °C (D).

Figure 5. Stress (σ), strain (ε), and temperature (T) for four consecutive shape memory cycles for polyHIPE-5.0 (A) and polyHIPE-7.5 (B).
Arrows indicate the beginning and direction of the process. Temperature derivative of strain (dε/dT) during the recovery process of the first shape
memory cycle (C).

Table 2. Shape Fixity Ratio (Rf) and Shape Recovery Ratio (Rr) of Consecutive Shape Memory Cycles for PolyHIPE-5.0
(Shape Fixed at 20 °C and Recovered at 60 °C) and PolyHIPE-7.5 (Shape Fixed at −30 °C and Recovered at 40 °C)

sample 1 2 3 4 5 6

polyHIPE-5.0 Rf 84.8 ± 6.2 84.6 ± 6.3 84.5 ± 6.3 84.3 ± 6.5 84.3 ± 6.3 84.4 ± 6.4
Rr 90.5 ± 10.5 99.5 ± 0.5 99.7 ± 0.3 99.9 ± 0.4 100.2 ± 0.8 99.8 ± 0.1

polyHIPE-7.5 Rf 99.8 ± 0.1 99.7 ± 0.1 99.8 ± 0.1 99.7 ± 0.1
Rr 99.4 ± 0.4 99.9 ± 0.1 99.9 ± 0.1 100.1 ± 0.1
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Tm again, the permanent shape is regained and quantified by
the shape recovery ratio (Rr) (Table 2). The Rr values of the
first shape memory cycle are somewhat lower, which is known
as the so-called training phenomenon.18 Nevertheless, the
proceeding cycles are characterized by excellent Rr, which is
higher than 99%. The transition temperature (Ttrans) at which
the shape recovery occurs was determined by the steepest
increase in strain during slow heating, which was evaluated by a
maximum of the strain derivative (Figure 5C). The Ttrans of the
polyHIPE-5.0 is 40.0 °C and differs significantly from that of
the polyHIPE-7.5, which exhibits Ttrans at 23.2 °C. Ttrans is in
agreement with the Tm as determined by DSC, taking into
account the broad melting peaks.
Deformation of synthesized polyHIPEs observed upon

cooling was further investigated by conducting the thermo-
mechanical cycles under constant stress. During crystallization
under minimal stress, only ∼3% of compressive strain was
observed, which can be ascribed to the thermal contraction as a
consequence of crystallization. However, cooling the poly-
HIPEs after being compressed to ∼50% caused a significant
additional strain (Figure S9). After crystallization, the samples
were reheated under stress. The additional compressive strain
was recovered, indicating that stress, besides temperature,
induced crystallization of PCL chains into more ordered
structures. These results thus reveal the so-called two-way
shape memory behavior of our polyHIPEs, since the material is
able to vary between the shapes upon temperature change
only. Such behavior was more pronounced for the polyHIPE-
7.5 with a higher degree of cross-linking, most probably due to
its slower crystallization and, consequently, longer time
required for the PCL chains to form ordered crystalline
structures that act as physical cross-links.52

■ CONCLUSIONS
In this work, a straightforward synthetic method for the
preparation of well-defined PCL-based polyHIPEs by using
organocatalyzed ROP of CL within the HIPE is established.
The obtained PCL polyHIPE foams demonstrate shape
memory behavior with excellent fixity and recovery ratios
and clear effects of cross-linking degree on their thermome-
chanical properties. PCL polyHIPEs as presented herein may
find an interest as the scaffolds for biomedical applications, and
the described method for the preparation of cross-linked
polyHIPEs may be extended to other cyclic monomers that are
able to polymerize by ROP.
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