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ABSTRACT: In this work, poly(ethylene glycol) (PEG)/poly(e- coo”'f;’: f;,}fifgcycle

caprolactone) (PCL) semicrystalline networks were prepared by . .
photo-cross-linking of methacrylated macromonomers with different =\ =rLhs
molecular weights and in different proportions to obtain amphiphilic
materials capable of displaying properly designed shape memory effects.
Networks based on PCL 10 kDa and PEG 3 kDa showed suitable
thermal and mechanical properties with well-separated crystallization
and melting regions to achieve a self-standing two-way shape memory
effect. Particularly, after the application of a specific thermomechanical
history, these materials are capable of cyclically changing their shape
between two configurations upon cooling—heating cycles in the Amorphous  Crystalline
absence of any external load applied. The effect of the composition PoL ™ o (Crossiink -

PEG ~~—
of the networks and of the employed thermomechanical parameters,
such as the applied strain and the actuation temperature, was investigated to shed light on the shape memory mechanism for this
class of materials, which are considered promising for applications in the biomedical field and as reversible actuators for soft robotics.
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Bl INTRODUCTION behind, derive structure—property correlations, and optimize
the effect. In fact, various thermodynamic and/or thermo-
mechanical descriptions and modeling of the effect were
developed™®” together with the synthesis of novel materials for
tuning such an effect.'™'* Furthermore, the influence of
material architecture on this effect was studied, for example,
using various macromolecular architectures (e.g., linear, three-
arm, and four-arm branched macromonomers) > or by varying
the cross-link density while keeping the degree of crystallinity
almost constant'® and by cross-linking melt-blended sys-
tems.''®

Recently, the possibility of achieving reversible shape
changes upon cooling—heating cycles without the need of an
external load, also referred to as “reversible” or “stress-free two-
way” SME, was demonstrated for specific classes of SMPs. In
such SMPs, the effect is achieved by means of two domains in
the material architecture: (i) an actuation domain and (i) a
structural domain. The first domain is responsible for the
classical CIE due to crystallization. The second domain
provides the internal driving force necessary for the CIE of

Shape memory polymers (SMPs) have been widely studied
thanks to their capability of providing large shape changes
upon thermal transitions peculiar of their macromolecular
structure. Traditionally, the most known and studied effect is
the so-called “one-way shape memory effect” (SME), which
involves the unidirectional/irreversible chan§e between a
temporary shape and a permanent one."” To provide
reversibility to the effect, and therefore the possibility to
repetitiously and bidirectionally change between two given
shapes, the “two-way” SME was investigated and obtained
thanks to the rational use of cooling and heating cycles under
the presence of an external load in semicrystalline polymeric
networks. More in details, it was observed that for these
networks, heated above their melting temperature and in the
presence of an external tensile load, a significant elongation
occurs upon crystallization.” This crystallization-induced
elongation (CIE) may be almost completely recovered upon
subsequent melting, and the deformation changes may be
repetitiously obtained by employing the on/off thermal
stimulus. Starting from the first evidence of the two-way
SME reported for a cross-linked poly(cyclo octene) by Chung Received:  May 22, 2022

et al.” in 2008, for a poly(e-caprolactone) (PCL)-based shape Revised:  August 29, 2022
memory polyurethane by Hong et al.’ in 2010, and in the same Published: September 22, 2022
year, for a multiphase polymeric network containing

polypentadecalactone and PCL by Zotzmann et al,” several

interesting works were carried out to elucidate the physics
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the first domain under a stress-free condition. There exist
multiple strategies for the preparation of such SMPs, which can
be divided into three categories based on the employed
macromolecular architecture: (i) semicrystalline polymer
networks with a broad melting region, (ii) multiphase
semicrystalline networks, and (jii) networks obtained by a
secondary postcuring treatment performed on a stretched
structure. The first category, the most investigated one
together with the third,'"”*’ may be employed by partially
melting the cross-linked structure, so to divide the melting
peak into a part consisting of a skeleton domain (i.e., crystals at
high temperature providing an internal driving force) and in
another one, which is the actuator domain (i.e., crystals for
lower temperature, which cyclically melt and crystallize). To
this end, a series of copolymer networks based on oligo(e-
caprolactone) and n-butyl acrylate (BA) were purposely
synthesized to show a broad melting region in a temperature
range close to the human body temperature.”’ Similarly, using
poly(ethylene glycol) (PEG) of different molecular weights
and BA, Yang et al. obtained a broad melting region leveraged
to achieve a reversible deformation under tensile conditions of
about 8% between the body temperature and 0 °C.”> The
achievement of a broad melting region thanks to the use of
cross-linked copolymer networks was also found to be useful to
provide temperature-memory and bidirectional actuation over
large cycle numbers.”’ Furthermore, also monophasic systems
with an enough broad melting region may behave similarly,
allowing one to obtain a two-way reversible response, reaching
values above 10% reversible strain, under stress-free con-
ditions.”*™** The second of the aforementioned categories
harnesses two separate crystallizable domains to achieve the
stress-free SME and was proposed for the first time in 2013. In
fact, in the pioneering work by Behl et al, the low-melting-
point phase (PCL) represented the actuator domain, whereas
the high-melting-point phase (poly(w-pentadecalactone))
represented the skeleton providing the internal force.”” The
choice of dealing with two separate phases for the two different
domains is advantageous with respect to the materials of the
first category for what concerns the possibility of having a fixed
actuation temperature or temperature window that can reliably
activate the phenomenon. In fact, if the two melting regions of
the two domains are separated well-enough, it becomes easy
from an experimental point of view to provide the suitable
activation temperature. On the contrary, the actuation
temperature in the case of SMPs with a broad melting region
(i, the first category) has to be carefully controlled;
otherwise, it may result in the complete melting of the
skeleton or not enough to produce a clear effect. However, in
multiphase polymer systems with more than one crystallizable
block, both thermal properties and crystallization are strongly
dependent on the degree of miscibility between components,
prepolymer molar mass, thermal history, and processing
conditions. This is probably why the strategy based on the
preparation of two-way reversible shape memory polymers
from multiphase copolymer networks/blends has not yet been
widely explored, with only few but interesting works
reported.’’ ™

In the literature, the miscibility and the crystallization of
PCL/PEG blends and PCL—PEG block copolymers have been
extensively analyzed and reported. Briefly, Qiu et al.
investigated the miscibility and crystallization by means of
phase-contrast microscopy and claimed that high-molecular-
weight PEG (M,, = 100 kDa), i.e., poly(ethylene oxide), is not
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miscible with PCL.** Conversely, Kuo et al. observed
miscibility between PEG and PCL, comparing the crystal-
lization temperature in the blends with those of the
homopolymers,®® and the presence of a miscibility window
of upper critical solution temperature (UCST) character has
been widely proposed.**™*® For instance, Nguyen-Tri and
Prudhomme studied the isothermal crystallization behavior
and phase separation of PCL/PEG (50/50) blends with close
melting temperatures.’® It was observed that at a low
temperature (30 °C, which is below the UCTS), there is a
phase separation in the melt and PCL forms spherulites, while
PEG crystallizes in a second step on the spherulitic boundary.
Conversely, at a higher crystallization temperature (40 °C,
which is above the UCST), where the phase separation has not
taken place yet, the two polymers crystallize simultaneously
with internal phase separation during the crystallization. Also,
the morphology, crystal structure, and crystallization behavior
of PCL-b-PEG diblock and PCL-b-PEG-b-PCL triblock
copolymers have been studied, and several reports and reviews
have been published on this matter.””~** These block
copolymers exhibit miscibility in the melt and form PCL and
PEG crystals in a wide composition range with no eutectic
crystal of the two components.*' ~* The crystallization of the
blocks is affected by the composition, block molecular weight,
and molecular architecture of the copolymer. Piao et al
demonstrated that in PCL-b-PEG-b-PCL copolymers, the
crystallization of the PEG block is restricted by the earlier
crystallization of PCL blocks that are covalently coupled to the
two ends of the PEG block.”’ Both crystallization and melting
of PCL and PEG can overlap depending on the molecular
weight of each component, but as expected, the melting and
crystallization temperatures of PCL and PEG blocks decrease
with decreasing molecular weight of the block. He et al
characterized the morphology and the crystallization behavior
of PCL-b-PEG copolymers.""** It was concluded that the
relative block length determines the order of block
crystallization. More in details, when the length of the PCL
block is longer, it crystallizes first, leading to imperfect
crystallization of the PEG block and vice versa.

In this work, we synthesized PCL-b-PEG copolymer
networks with two different crystalline phases characterized
by well-separated melting and crystallization transitions. The
semicrystalline networks were prepared by photo-cross-linking
of methacrylate-terminated PCL and PEG with different
molecular weights and in different proportions. A preliminary
study was performed by mainly analyzing the thermal
properties of the networks with different molecular weights
and with various proportions of the two components to find
the molecular structures with optimal and/or tunable thermal
properties for the intended SME. The final aim was to build on
the knowledge of their peculiar macromolecular structure to
obtain a reliable stress-free two-way SME. A thorough
investigation on the response of three selected formulations
was then performed. Their two-way SME under stress and
stress-free conditions was quantitatively assessed, with
particular attention to the effect of the composition of the
material and the thermomechanical parameters applied during
the shape memory cycles, such as the prestrain and the
actuation temperature.

B EXPERIMENTAL SECTION

Materials. PEGs with different average molecular weights of M, =
2 kDa (PEG2), 3 kDa (PEG3), and 4 kDa (PEG4), PCL diol (M, ~

https://doi.org/10.1021/acs.macromol.2c01064
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10 kDa, PCL10), 2-isocyanatoethyl methacrylate (2-IEM, 98%),
tin(1I) 2-ethylhexanoate, and tetrahydrofuran (THF) were purchased
from Sigma-Aldrich and used as received without any further
purification. The photoinitiator is 2-hydroxy-2-methyl-1-phenyl
propanone (Additol HDMAP) purchased from Cytec.

Synthesis of Dimethacrylated Macromonomers. The meth-
acrylation of the hydroxyl end groups of PCL and PEGs with 2-IEM
was conducted according to the protocol reported in the literature.*
After drying the polymer at 60 °C under dynamic vacuum in the
presence of molecular sieves, methacrylate end-capping of hydroxy-
terminated PCL and PEGs was carried out by reacting them with 2-
IEM in bulk at 100 °C for about 3—4 h in the presence of an
organotin catalyst. The reaction was monitored by IR until the ratio of
peak strength at 2930—2275 cm™' became constant. 2-IEM was added
with a 20% stoichiometric excess with respect to hydroxyl groups of
the diol macromonomers. Unreacted 2-IEM was removed by dynamic
vacuum at the end of the reaction, and Fourier-transform infrared
spectroscopy (FT-IR) was performed to ensure the absence of 2-IEM,
which is confirmed by the lack of the signal corresponding to the
isocyanate group at 2275 cm™. The methacrylation of PEG3 can be
taken as an example: 30.0 g of PEG (10 mmol) was introduced into a
glass flask previously flushed with nitrogen followed by 3.72 g of 2-
IEM (24 mmol) and using tin(II) 2-ethylhexanoate as a catalyst
(0.060 g). The reaction was carried out under a nitrogen atmosphere
and mechanical stirring for about 3—4 h.

Preparation of Chemically Cross-Linked Networks. PCL and
PEG dimethacrylates were carefully melt-mixed at 80 °C in the proper
ratio; then, Additol HDMAP was added as a radical photoinitiator
(0.1 wt %). The well-mixed melts were poured into a mold formed of
two glass plates (25 mm X 75 mm) and Teflon spacers (thickness: 1.2
and 0.3 mm). Photo-cross-linking was performed on a heated plate
under 365 nm UV irradiation (Hamamatsu LC8 spot light source) at
12 cm above the sample (intensity 6 mW cm™) for 5 min on both
sides. Free films with thicknesses of about 1.5 mm and 400 ym were
obtained by peeling them from the glass plate and completing the
curing process by irradiating further for S min on each side.

Chemical Characterization. FT-IR spectroscopy was performed
using a PerkinElmer FT-IR system Spectrum Two operating in the
attenuated total reflection (ATR) mode. A total of 32 scans with a
resolution of 4 cm™ were carried out. "H NMR spectra were recorded
in CDCl; at 400 MHz with a Mercury 400 spectrometer. Chemical
shifts were referred to tetramethylsilane at 0 ppm.

Material Characterization. The thermal properties of all
networks were investigated by differential scanning calorimetry
(DSC). The preliminary analyses were performed at 10 °C min™*
with heating/cooling/heating scans in the —60/80 °C temperature
region on a DSC Q10 (TA Instruments). The crystallinity content of
PCL and PEG domains was calculated according to the following
equation

AHm]i 1
4 = A
o AHY W, (1)

where AH,,; is the melting enthalpy of the i-phase (PEG or PCL) in
the second heating scan, AHL; is the specific melting enthalpy for the
100% crystalline i-phase (i.e., equal to 205 J g™* for PEG* and 135 ]
g ! for PCL*"), and w, is the weight percentage of the i-phase (PEG
or PCL) in the network. On three selected compositions (i.e.,
PCL10PEG3 2:1, 1:1, and 1:2), a further DSC test was performed at a
lower rate equal to 2 °C min~}, with heating/cooling/heating scans
on the same thermal region. The selected networks were also
characterized in terms of gel fraction and swelling ratio. Specimens
with initial mass m, and shape 20 X 20 X 0.4 mm® were placed in 20
mL of THF at room temperature. The mass of the swollen specimen
(m,) was determined after about 24 h. After that, the swollen sample
was dried at room temperature until a constant weight to measure the
residual mass of the sample after extraction (mg). The degree of
swelling (Q) and the gel content (G) were calculated according to the
following equations
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Q=1+ &[ﬁ 1]
/72 my (2)
g="Td
mg (3)

where p; and p, are the densities of THF (0.889 g cm™) and the film
network (assumed as 1.12 g cm™>, value calculated based on
amorphous and crystalline phase densities of the two homopolymers).

Water uptake measurements were performed on samples with
various PCL10—PEG3 compositions. Films ranging from 200 to 250
mg were soaked in distilled water for 24 h at room temperature.
Surfaces of the samples were gently dried with a tissue paper, and the
mass of each sample was weighed. Water uptake was defined as the
ratio of the wet weight to dry weight.

Dynamic-mechanical thermal analysis (DMTA) was carried out by
means of a DMA Q800 (TA Instruments) on rectangular strips
(gauge length: 10 mm; width: about S mm) under tensile conditions.
Each specimen was subjected to the application of an oscillating
displacement of 15 um amplitude at 1 Hz under a thermal ramp
between 65 and —20 °C at 2 °C min~! under a cooling/heating cycle.

The mechanical behavior of the networks in their rubbery plateau
was studied on rectangular strips (gauge length: 10 mm; width: about
5 mm) in tensile tests, carried out at 65 °C on the DMA Q800 under
the tensile configuration at a testing rate of I N min™" on at least three
samples for each material.

The two-way shape memory behavior was investigated on
rectangular strips (length between grips: 10 mm, width: about S
mm) by means of the DMA Q800 in the tensile mode under three
different testing protocols to explore the influence of various
thermomechanical parameters.

In the first protocol, a tensile deformation equal to 20% was applied
to the specimens at 65 °C and the shape memory behavior was
studied under cooling—heating cycles under a constant stress
(corresponding to the 20% strain) between —20 and 65 °C at 2 °C
min~". Then, in the following protocols, the stress-free reversible SME
was investigated with the aim of understanding the effect of the
applied prestrain and that of the actuation temperature of the cycle.

In the second protocol, a tensile prestrain of a given amount (10,
20, 30, and 40%) was applied at 65 °C and a cooling step under fixed
stress conditions (corresponding to the level of deformation achieved
in the previous step) was performed at 2 °C min~' down to —20 °C.
Then, the specimen was unloaded (down to a minimum load equal to
0.001 N) and heated under quasi-stress-free conditions at a constant
heating rate of 2 °C min™" up to the actuation temperature (T,)
equal to 43 °C; then, the reversible strain cycle was measured along a
cooling/heating cycle at 2 °C min~" in the —20/65 °C temperature
region. In a further test, to evaluate the repeatability of the effect,
three subsequent stress-free cooling/heating cycles were performed at
2 °C min™" in the —15/43 °C temperature region.

Finally, in the third protocol, the effect of T, was investigated on
specimens that underwent a prestrain equal to 20% and a subsequent
cooling step at 2 °C min™' down to —20 °C, in the presence of the
constant stress achieved at the end of the prestrain step. Such
prestretched specimens were then unloaded (down to 0.001 N) and
heated at a constant heating rate of 2 °C min~'. Three subsequent
cooling/heating cycles were performed corresponding to three
different T, namely, 32, 42, and 50 °C, at a cooling/heating rate
equal to 2 °C min™".

The self-standing two-way SME was also investigated on 50 mm-
long bars (cross section: S mm X 1.5 mm), which were programmed
under folding conditions at 65 °C in a U-shape, fixed by cooling under
the imposed shape at —20 °C. The self-standing two-way SME of the
thus-programmed samples was measured under both dry and wet
conditions. Under dry conditions, the sample was (i) heated for S min
at T, by placing it on a stainless steel plate inside the furnace of the
dynamic-mechanical analyzer, which is capable of maintaining the set
temperature reliably; (ii) removed to cool it down inside a freezer at
—20 °C (below the crystallization temperature of both phases,
thereafter called Tj,,); steps (i) and (ii) were repeated for various T,

https://doi.org/10.1021/acs.macromol.2c01064
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Scheme 1. Methacrylate Functionalization of Hydroxyl-Terminated PCL and PEG, and Scheme of the Network Structure after

UV Cross-Linking

o 0o OCN’\/OYg o H o o H o

HO\/\/\)'\O/‘\_.PCL._,»'\O)J\/\/\/OH _0° YLO/\/NYO\/\/\)J\O/ u-PCL--"\O/U\/\/\/OYN\/\OJY
2-IEM 0o o)
+
oc:N’\’owfg 0 H H 0
HO\/\O/‘\.-PEG-./'\O’\/OH o . ﬁ)l\o/\/NYO\/\O/“"PEG'*”\O/\/OYN\/\OJ\(
2-IEM o o)
UV light
~~~ PCL g PCL crystalline
.~~~ PEG E PEG crystalline
@ Crosslink site
Table 1. Thermal Analysis of Semicrystalline Networks (DSC at 10 °C min™")
preliminary DSC tests (10 °C min™")
. Tg,pEG Tg,PCL Trg,PEG Trg,PCL AHc,f G AHcg iL AHm,_P G AHmLPlCL X¢PEG AepCL
material code (°C) (°c) (°C) (°C) 0g) Ug) Ug?) 0g?) (%) (%)

PCL10 8 42 39 39 30
PEG2 =30 17 27 32 19
PEG3 —4 29 S0 52 28
PEG4 S 32 59 59 31
PCLI0OPEG2 2:1 -39 4 10 40 n.e.” 23 6 17 10 19
PCL10PEG2 1:2 -39 6 8 40 8 8 16 6 13 14
PCLI0PEG3 2:1 -9 8 26 42 15 17 13 12 21 14
PCL10PEG3 1:2 -8 10 27 42 31 7 30 S 24 12
PCLI10PEG4 2:1 -3 6 32 41 14 24 14 19 22 22
PCL10PEG4 1:2 2 7 31 41 30 6 30 S 24 12

“Not evaluable.

values in the range 39—52 °C. On the other hand, for recovery
experiments performed by immersion into water, the programmed
sample was immersed in a temperature-controlled water bath at
various T, values ranging from 40 to 45 °C and equilibrated at this
temperature for at least 2 min. Afterward, it was immersed and
equilibrated in a temperature-controlled cooling bath at a temperature
well below the crystallization temperature (T, is about 4 °C).
Subsequent immersion in heating and cooling baths was performed
cyclically. The temperature of the water baths was continuously
monitored with a thermocouple placed near the sample. For both
conditions of recovery, at each step, shape changes were recorded by
means of a camera (Nikon D700) and pictures were processed by a
software (Image]) for the evaluation of the change in the angle.

B RESULTS AND DISCUSSION

Synthesis and Preliminary Characterization of PCL-
PEG Networks. The photo-cross-linkable macromonomers
were synthesized according to a protocol described in the
literature* through the reaction of PCL and PEG diols with 2-
IEM (Scheme 1).

The 'H NMR spectra confirmed the reaction of 2-IEM and
showed the conversion of hydroxyl end groups of PCL and
PEGs with the formation of the expected methacrylated
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macromonomers. The "H NMR spectra of PCL10 and PEG3
methacrylated macromonomers in comparison with the
respective pristine polymers are reported in Figures S1 and
S2 (Supporting Information).

Subsequently, semicrystalline networks were obtained by
photo-cross-linking of PCL10 with PEG2, PEG3, and PEG4
diacrylates at different weight ratios of 1:2, 1:1, and 2:1. The
results of preliminary thermal analysis of these PCL—PEG
networks compared with the UV-cured methacrylated
homopolymers are reported in Table 1 and Figures S3—S5
(Supporting Information).

Interestingly, at a rate of 10 °C min™, the cross-linked
PCL10-based network shows a melting temperature, T, of 42
°C, a crystallization temperature, T, of 8 °C, and an enthalpy
of crystallization, AH_pcy, equal to 39 J g~'. These data
confirm the trend already reported in the literature by which
cross-linked PCL presents a lower crystalline fraction and
transition temperatures T, and T. with respect to PCL
diacrylate, which has T, of 58 °C, T. of 28 °C, and enthalpy of
crystallization equal to 62 J g~', as measured at the same
heating/cooling rate and under the same experimental
conditions (Figure S4, Supporting Information). In the case

1
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of all of the other curves being reported, which correspond to
copolymeric networks of PCL10 with varying molecular
weights of PEG (i.e, PEG4, PEG3, and PEG2), the presence
of more than one endothermal/exothermal signal can be
observed both in the heating scan and in the cooling scan,
testifying the presence of a multicrystalline structure.

Peaks related to melting and crystallization are well evident
and, in most of the cases, they are easy to correlate to their
relevant polymeric phase. In fact, by comparing the T,
measured for the components to the melting peaks found for
the multiphase networks, the PCL phase is easy to locate as the
high-melting-point phase with T, approximately equal to 40—
42 °C in all of the networks, whereas the PEG phase can be
recognized as the low-melting-point phase in PCL—PEG
networks based on PEG2, PEG3, and PEG4 diacrylates. More
in details, for photo-cross-linked PEGs with increasingly
greater molecular weight, the T, shifts to a higher temperature
(i.e, from 17 to 32 °C, passing from PEG2 to PEG4; Table 1
and Figure SS), and this trend is found also for the
copolymeric networks in which T, ppc moves from 8 to 32
°C. As already reported in the literature,*"** the first phase to
crystallize is known to be the one with a longer block length/
molecular weight; thus, the difference in block length between
PCL10 and PEG2/PEG3/PEG4 may be regarded as
significant. In all of the networks, T,pc; and T pc; are
about 40 °C and in the range of 5—10 °C, respectively,
regardless of the composition. On the contrary, the crystallinity
content for the PCL phase, y. pc, appears to be strictly
dependent on the composition and is affected by the presence
of the PEG phase. The crystallinity content was calculated
according to eq 1, in which the specific melting enthalpy for
the 100% crystalline phase is weighed based on the percentage
of the phase itself. More in details, y.pc; decreases from 30%,
which is the value measured for the pure cross-linked PCL, to
about 12—22% for the PCL—PEG networks (Table 1). For
what concerns the PEG phase in the copolymeric networks, its
melting and crystallization temperatures are approximately in
line with the temperatures measured for its respective cross-
linked diacrylate macromonomer. However, the crystallization
of the PEG phase is partially hindered by the presence of PCL,
resulting in the crystallinity content y pgg being significantly
smaller than those measured for the diacrylate ones. By way of
example, in the 1:2 compositions, which are the PEG-
dominated networks, hence with a higher crystallinity content,
Xerg is equal to 13, 24, and 24% for PCLIOPEG2,
PCL10PEG3, and PCL10PEG4, respectively, compared to
19, 28, and 31% for pure cross-linked PEG2, PEG3, and PEG4,
respectively. Furthermore, these preliminary DSC results are
very useful to select promising materials for the self-standing
two-way SME. In fact, as discussed before, for biphasic
systems, there should exist two domains that have to address
two specific functions: the one with the higher transition
temperature represents the skeleton domain, which provides
the internal/structural driving force for the CIE, whereas the
one with the lower transition temperature is the switching
domain, which cyclically melts and crystallizes to obtain the
change in macromolecular mobility required for the shape
changes. Additionally, the two domains should be distant
enough on the temperature scale with a significant separation
between the melting and crystallization zones of the two
phases. In this respect, the differences between T, pc; and
T puG are about 10, 15, and 28 °C and the differences between

m,

T.pcr, and T_pgg are about 8, 17, and 40 °C, for PCL10PEG4,

C
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PCL10PEG3, and PCL10PEG?2, respectively. Therefore, it may
be difficult to identify an optimal actuation temperature in
between the melting of the PEG and PCL phases for
PCL10PEG4 networks, as is evident also from the partial
overlapping of the relevant peaks in Figure S3 (Supporting
Information). On the contrary, for PCLIOPEG2 networks, the
temperature window on which the phases are distributed is
very wide and may be difficult to reach from an experimental
point of view. Even more importantly, PCLIOPEG2 networks
show a brittle mechanical behavior with elongation at break
smaller than 35%, as measured in preliminary tensile tests
carried out in the rubbery plateau at 65 °C (Figure S6,
Supporting Information). Therefore, the selected compositions
for the intended SME are those based on PCL10—PEG3, and
the following characterizations were performed on
PCL10PEGS3 2:1, 1:1, and 1:2 networks.

Thermal and Physical Properties of Networks.
Thermal analysis on the three selected networks was
performed by means of DSC scans carried out at 2 °C
min~’, which is the same heating/cooling rate applied for the
shape memory tests later described. The results of the DSC
scans are shown in Figure 1 and listed in Table 2. The
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Figure 1. DSC cooling and second heating scans at 2 °C min™" of
PCL10PEG3 networks.

Table 2. Thermal and Physical Characterization of
PCL10PEG3 Semicrystalline Networks (DSC at 2 °C
min")

DSC tests (2 °C min™")

Teprg Tepcr, T prG T pct, G* Q"

material code (°C) (°C) (°C) (°C) %) (%)

PCL10PEG3 -1 17 23 43 94 225
2:1

PCL10PEG3 0 17 26 43 90 212
1:1

PCL10PEG3 -2 18 24 43 91 195
1:2

G, gel fraction. ”Q, swelling ratio.

https://doi.org/10.1021/acs.macromol.2c01064
Macromolecules 2022, 55, 8533—8547


https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01064/suppl_file/ma2c01064_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01064/suppl_file/ma2c01064_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01064/suppl_file/ma2c01064_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01064?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01064?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01064?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01064?fig=fig1&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c01064?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

networks with varying proportions between the PEG3 and
PCL10 phases reveal two distinct melting and crystallization
peaks.* As expected, the effect of the lower cooling rate with
respect to the one adopted for the preliminary DSC analysis
results in a narrowing of the peaks and in shifting the
crystallization under cooling toward higher temperatures (i.e.,
T pgg moves from about —8 °C to about 0 °C and Tpcy,
moves from about 10 to 18 °C when lowering the cooling rate
from 10 to 2 °C min~"), whereas the melting temperatures and
enthalpies under heating remain essentially unchanged.

Furthermore, all of the networks present high values of gel
content (G = 90—94%) and relatively low values of swelling
ratio, indicating the achievement of an efficient cross-linked
structure after the UV curing process. Among the three
compositions, PCLI0PEG3 1:2 is expected to have the highest
degree of cross-linking, given the lowest value of the swelling in
THF. This may be expected since the 1:2 composition is the
one with a higher percentage of the PEG phase, which is the
short-chain phase. Thus, it may be reasonable that it has the
highest number of terminal methacrylate groups where the
cross-linking reaction takes place.

Thermomechanical and Mechanical Properties of
Networks. DMTA analyses were performed to investigate
the thermomechanical properties of the networks, with
particular reference to the evolution of the storage modulus,
E’, as a function of temperature, and to investigate the
presence of a rubbery plateau above melting, which indirectly
evidences the cross-linked structure. The tests were performed
starting from temperatures above melting and performing a
controlled cooling below the crystallization temperature of
both phases and a subsequent heating up to above melting to
characterize both crystallization and melting phenomena. The
results are shown in Figure 2, and the evaluation of the storage
modulus at different temperatures together with an estimation
of the cross-link density is listed in Table 3.

1000 3
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Figure 2. Storage modulus as a function of temperature on a cooling—
heating cycle for PCL10PEG3 networks.

At the highest temperature explored, all of the networks are
in their rubbery plateau with an almost constant value of the
rubbery storage modulus. Upon cooling, it is possible to clearly
notice the separate effect of the crystallization of the two
phases occurring in the 5/20 °C temperature interval and the
—20/5 °C temperature window for the PCL10 and the PEG3
phases, respectively. With the first crystallization, a step
increase in the value of the storage modulus occurs and its
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absolute value is found to be dependent on the network
composition. In fact, as the proportion of the PCL10 phase in
the networks increases from PCL10PEG3 1:2 and 1:1 to 2:1,
the measured increment of E” at 10 °C goes from about 7 MPa
to about 36 MPa. Similarly, for the subsequent step increase,
the measured E’ is maximum for PCL10PEG3 1:2 (about 380
MPa) and PCL10PEGS3 1:1 (about 360 MPa) and much lower
for PCLI0PEG3 2:1 (about 140 MPa), reflecting the
increasingly smaller degree of crystallinity for the PEG3
phase from PCL10PEG3 1:2 to 2:1. Upon heating, the three
networks show an even more different response. In fact, for
PCL10PEG3 1:2, a first quite smooth decrease in the storage
modulus ascribed to the melting of the PEG3 phase occurs in a
temperature region evaluated between 20 and 40 °C, followed
by another distributed decrease due to the melting of PCL10
crystals down to the value of the rubbery modulus, equal to 5.5
MPa at 65 °C. For the case of PCLIOPEG3 1:1, the melting
zone for the PEG3 phase appears to be slightly more
distributed and finishing to decrease at about 45 °C, where
the second melting occurs and eventually leads to the value of
the rubbery plateau equal to 3.5 MPa. Finally, for the
PCL10PEG3 2:1 network, a smoother curve is reported,
where the separation between the melting of the two phases is
less visible and can be only appreciated by looking at the
inflection point present at about 45 °C. These results are well
in agreement with the ones from DSC tests. Notwithstanding
the differences in the analyses themselves, it is possible to
confirm the location of the various phase transitions.
Furthermore, thanks to DMTA analyses, it was easier to
evaluate the distribution of the melting processes, with specific
reference to the effect of the crystal presence on the
mechanical behavior of the material. In particular, two well-
separated melting subprocesses were found for PCLIOPEG3
1:2 and 1:1 networks, with a more distributed process for the
melting of the PEG in PCLIOPEG3 1:1, confirming the
broader breadth of the first endothermic peak from DSC
depicted in Figure 1. On the contrary, a much less evident
separation between the two melting processes was observed for
PCL10PEG3 2:1, in agreement with DSC data. In fact, from
the thermal DSC heating scan, the onset of the melting for
PCL10 seems to start at a lower temperature of about 35 °C,
making the two melting processes partially overlapping.

Furthermore, the presence of a plateau above 60 °C
indicated the proper achievement of a cross-linked structure.
For a first evaluation of the cross-linking density, the rubber
theory was applied with eq 4

(4)

where E is the material modulus in the rubbery region, here
approximated with the value of E’ at 65 °C, R is the universal
gas constant, T is the absolute temperature, and v is the cross-
linking density defined as moles per unit volume. The cross-
linking density was found to be slightly higher in the case of
the PCL10PEG3 1:2 network, consistent with the presence of
PEG3 as the main component, as already noted for the
swelling experiments. In fact, since PEG3 has a low molecular
weight and thus also a low chain length, there are more
methacrylate groups available for the cross-linking reaction.
Additionally, the mechanical behavior of the systems in the
rubbery plateau was investigated by tensile tests at 65 °C,
carried out by means of a dynamic-mechanical analyzer. The
results of the stress—strain curves are shown in Figure 3, and
the evaluation of material properties is listed in Table 3. These

E = 3uRT
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Table 3. Results of the Thermomechanical Characterization and of the Tensile Tests Performed at the Deformation

Temperature, Ty

DMTA tests tensile tests at Ty
E’ at E’ at E’ at E’ at cross-link density,
—20 °C 10 °C 45 °C 65 °C after E’ cross-link density, after E
material code (MPa) (MPa) (MPa) (MPa) (mol cm™3) E (MPa) (mol cm™) o, (MPa) e, (%)
PCLI0PEG3 2:1 175 39.6 25.0 37 4.4 x 107* 48 +02 (57%x107% + (02 x10™") 24 +01 96+ 14
PCLI0PEG3 1:1 366 9.8 7.3 3.5 42 x 107* 57+ 1.0 (6.8 x107*) + (1.2 x107%) 13+£02 39+7
PCLIOPEG3 1:2 395 12.1 10.8 5.5 6.5 x 107 60+ 07 (7.1 x107) + (0.8 X107 27406 70+13

“Average and standard deviations are reported for tensile tests (n = 3).
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Figure 3. Stress versus strain curves measured under tensile
conditions at 65 °C. For each network, only one representative
curve was represented (on at least three samples tested).

test results allowed us to better evidence the effect of the PEG3
content on the tensile modulus. In fact, the stiffness, and
consequently, also the cross-linked density, was found to be
greater for networks with more PEG3, apparently following a
linear fashion.

Mechanical testing is also fundamental to evaluate the strain
and stress at break, which are important parameters for the
design of shape memory testing. In particular, from the strain
at break, it is possible to determine the maximum safe strain
that can be applied during the deformation step in the shape
memory protocol, without failure. PCL1I0PEG3 2:1 was found
to be the most extensible network with an elongation at break
of around 100%. Actually, PCL10 was chosen to provide a
well-separated melting temperature with respect to PEG3 but
also to increase the extensibility of the overall networks, in light
of the recognized quite brittle behavior of PEGs. The most
brittle network was for PCL10PEG3 1:1, with an elongation at
break of about 35%, whereas PCL10PEG3 1:2 allowed
applying of a significant deformation without tensile failure
(elongation at break equal to about 70%).

Two-Way Shape Memory Characterization of Net-
works. The two-way shape memory behavior was studied to
investigate the possibility of reversible shape changes both with
and without the presence of a mechanical load for the selected
networks. To this aim, we first characterized the response of
the networks under the traditionally employed two-way shape
memory protocol, which involves the presence of a constant
applied load. This characterization was carried out by means of
the dynamic-mechanical analyzer by first applying a tensile
prestrain at a deformation temperature, Ty = 65 °C, within
the rubbery plateau for all of the networks. Furthermore, a
deformation of about 20%, which is well below the strain at
break for all of the systems as reported in Table 3, was applied
to structure all of the macromolecular networks similarly. Due

to the slightly different stiffness of the networks, an
increasingly greater stress was required to achieve a 20%
deformation when increasing the content of the PEG3 phase
(i.e, from 860 to 1190 kPa, approximatively). While holding
the applied stress constant, a cooling/heating cycle at a
controlled rate was carried out to promote and evaluate the
reversible strain change stemming from the CIE and the
consequent melting-induced contraction.

Two parameters were introduced to quantitatively character-
ize the two-way shape memory behavior, defined as the
actuation magnitude, AM, and the recovery magnitude, RM?®

actuation magnitude, AM = (€, — Eppiiea) X 100 ()

€low ~ &high
recovery magnitude, RM = %100
€low ~ Eapplied (6)
where g, is the deformation evaluated at —20 °C, &,,j;eq is the

deformation applied at 65 °C (20% nominal), and &}, is the
recovered deformation obtained at the end of the heating ramp
at 65 °C. The actuation magnitude describes the final
evolution of strain taking place during cooling at the end of
the crystallization process, whereas the recovery magnitude
represents the percentage of strain that was attained during
cooling, recovered at the end of the subsequent heating. From
an applicative point of view, AM is useful to understand the
extent of change in strain that can be exploited upon
crystallization and RM gives an idea of how eflicient the
recovery process of the deformation is.

Results of the two-way shape memory tests following the
aforementioned protocol are shown in Figure 4. The strain
versus temperature curves for all of the materials clearly
evidenced the evolution of the strain as a consequence of the
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Figure 4. Results of the two-way shape memory tests at an applied
prestrain of 20%, in terms of a cooling/heating cycle under
mechanical load.
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Table 4. Results of the Two-Way Shape Memory Testing under Applied Load

AM (%)
Eapplied (%) %AMpcy, %AMpgg Tecrgpcr (°C) Teigpec (°C) RM (%)
2PCL10PEGS3 :1 20.6 21.8 19.6 3.9 94.8
95 S
PCL10PEG3 1:1 225 222 21.9 59 89.8
88 12
PCL10PEG3 1:2 21.1 20.7 19.1 3.8 93.5
57 43
a) 45 o b) 45 c) 45
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Figure 5. Reversible two-way shape memory response at T, = 43 °C for (a) PCL10PEG3 2:1; (b) PCL10PEG3 1:1; and (c) PCL10PEG3 1:2 in
the absence of any external load applied (from point D forward). During programming (A — B — C), a stress was applied and held constant along

cooling before load removal (C — D).

thermomechanical protocol applied and the relevant structur-
ing of the material. Upon cooling, the elongation process
consists of two components:3’5’9’l3’l 1% an entropy-driven one,
occurring before the crystallization takes place and consisting
of the early moderate increase of strain; and a properly
crystallization-driven one, occurring across the crystallization
region for each phase (PCL10 and PEG3), more relevant and
occurring as a steep increase that accompanies crystallization.
In particular, by taking the inflection points of the curve, it was
possible to evaluate the temperatures of the CIE, Ty, for each
phase, resulting very close to the T, measured by DSC. The
crystallization temperature for PEG3 was found to be slightly
higher compared to the DSC results for all of the networks, but
this result is expected since crystallization under stretch is
known to occur at higher temperatures due to the favorable
alignment of the chains. The total actuation magnitude
occurring over the whole cooling step, the repartition of AM
between the component ascribed to PCL10 and PEG3 (%
AMpc and %AMpygg, respectively), the temperatures of the
two subelongations (Tcgpcr, and Tepgppg), and the recovery
magnitude are reported in Table 4. To evaluate %AMpc;, and
%AMpg, the following equations were used

€10°c — Eapplied

overall AM (%AMpc; is 95% of the total in the case of
PCL10PEG3 2:1), the effect of the PEG3 phase becomes
greater with a value of %AMpgg of about 43% in PCL10PEG3
1:2, which may be considered as the network in which the
contributions of the two components to the elongation were
found to be similar. Upon heating, thermal expansion occurs,
but the main effect is the strain reduction happening as the
sum of two subprocesses, each one occurring along the thermal
region corresponding to the melting of PEG3 and PCL10. This
result is evident for PCLI0PEG3 1:1 and 1:2, whereas for
PCLI10PEG3 2:1 consistent with the DMTA heating trace
shown in Figure 2, the reduction of strain happens as a more
continuous and smoother process. The efficient recovery of the
deformation on melting, which implies the achievement of a
reversible deformation under cooling/heating cycles with
applied load, is indicated by the high RM values attained,
close to 90% or even more.

The representation in Figure 4 is also very useful to design
the protocol for the external stress-free two-way SME, mainly
concerning the choice of the actuation temperature at which
the reversible deformation cycle is promoted without an
applied load. In fact, it is possible to identify during the heating
branches, at about 43 °C, a region in which the contribution to

%AMpcr = e —e X 100 the strain recovery of the PEG3 phase is completed, whereas

tow applied @) the one from PCL10 is not initiated yet. Therefore, this was

Elow — E10°C chosen to be the separation temperature to be leveraged when

%AMpg = ——————— X 100 = 100 — %AMy, working with multicrystalline systems. For these systems, a
Elow — lE‘alpplied (8)

where €,y is the deformation obtained at 10 °C, related to the
crystallization of the PCL10 phase. AM was found to be about
20% for all of the systems, which is a value very close to the
relevant &4 value.

Very interestingly, in the case of these copolymeric
networks, the two elongations induced upon cooling, %
AMyc; and %AMpgg, seem to be strictly related to the relative
value of phase content. By way of example, when increasing the
content of PEG3, from a PCL-dominant contribution to the
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low-melting phase (here PEG3) represents the actuation
domain, i.e, the one that cyclically melts and crystallizes to
induce the change in strain, whereas a high-melting phase
(here PCL10) provides through its skeleton-like domain of
oriented crystalline lamellae the internal stress required for the
crystallization of the actuation domain upon cooling. The
reversible two-way SME without applied load was thus studied
with the following thermomechanical protocol, which is also
highlighted in every panel of Figure S. First, a tensile
deformation equal to 20% was applied at 65 °C (A — B)
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and the thus-achieved stress (890, 1180, and 1210 kPa for the
2:1, 1:1, and 1:2 networks, respectively) was held constant
during cooling down to —20 °C (B — C). After stress removal
(C — D), a controlled heating ramp was applied up to 43 °C
(D — E), where a cooling step was applied down to —20 °C
(E - F). Afterward, strain recovery was promoted with
heating up to 65 °C (F > G — H).

At unloading, the deformation is almost completely
maintained, i.e., above 98% of the deformation attained during
cooling for all of the networks. After load removal, heating was
applied and, in the region 30—43 °C, it produces a significant
decrease in strain, as a consequence of the melting of PEG
crystals. Depending on the content of the PEG phase, the
extent of reduction in strain up to 43 °C may be significantly
different. In fact, for the PCL10-rich network shown in Figure
Sa, the decrease in strain is only about 5.5%, whereas it is about
20% for PCL10PEG3 1:1 shown in Figure 5b and for the
PEG3-rich network it corresponds to about 24%. At 43 °C,
where the melting of the PEG3 phase is completed as shown
from the aforementioned results, cooling under the quasi-
stress-free condition was promoted well below the crystal-
lization temperature for the PEG phase. Interestingly, for all of
the networks, during cooling, after an initial almost constant
curve, a relatively modest but sharp increase in strain occurs at
about 6—8 °C, as evaluated from the inflection point of the
curve. This strain change is ascribed only to the crystallization
of the PEG phase occurring in the absence of any external load
and guided by the crystalline skeleton provided by the PCL
phase. The elongation may be thus considered almost
completely driven by a crystallization-driven process, whereas
the entropic contribution, if any, is very modest and barely
appreciable, as shown by the practically flat line in the initial
elongation process upon cooling (E—F segments). The poor
contribution of the entropy-related terms may be a
consequence of the strongly reduced mobility of the chains
under the presence of the remaining unmelted crystalline
structure, whose presence may be considered in strong contrast
with the conditions required for entropy elasticity.

By considering the inflection point of the curve, it is possible
to define the temperature of the CIE in the reversible cycle
without load, and it resulted in about 9, 8, and 6 °C for
PCL10PEG3 2:1, 1:1, and 1:2, respectively. Upon heating
along the melting temperature of PEG, this crystallization-
induced strain is recovered and, thus, it can be considered as a
fully self-standing or reversible strain ¢, which can be
obtained during this two-way shape memory protocol in the
absence of an external applied load. The evaluation of its entity
was provided through the following equation

reversible strain, €,, = (& — &) X 100

)

where e, is the deformation obtained at the end of the stress-
free cooling (E — F) and & is the deformation at T, at the
end of the melting of the PEG phase.

The reversible strain €, was found to be about 1.9, 2.1, and
4.2% for PCL10PEGS3 2:1, 1:1, and 1:2, respectively. Although
relatively small in its value, it is a first clear indication of a
reversible strain achieved thanks to a CIE without any external
force applied, but promoted by an internal driving force
exerted by the crystalline skeleton domain of PCL10. In fact,
thermal contraction would occur in the opposite direction than
elongation. Moreover, a clear effect of the composition of the
network was found on the value of €,. In fact, by increasing
the content of the PEG phase, also the value of the reversible

res

8541

deformation increases with a maximum of 4.2% in the PEG-
rich network (i.e, PCLIOPEG3 1:2). Actually, under this
thermomechanical protocol, the actuation domain is composed
of the PEG phase, which is responsible for the CIE under
stress-free conditions; thus, the presence of PEG as a major
component results in a more pronounced deformational event
during cooling. Afterward, by continuing heating above T, it
is possible to melt also the PCL10 phase, this way recovering
the remaining deformation imparted during the first cooling
under load. To quantitatively evaluate the effectiveness of the
whole recovery upon heating, the strain recovery SR was
introduced with the following equation

mxloo

5))

strain recovery, SR =
(10)
where e is the deformation obtained at the end of the
unloading stage and &y is the residual deformation at the end
of the heating stage. All of the copolymer networks exhibited
good strain recovery with values above 95%, in particular,
equal to 98.2, 96.3, and 97.3% for PCL10PEG3 2:1, 1:1, and
1:2, respectively.

To verify the repeatability of the stress-free two-way
reversible SME, an additional test, including three heating—
cooling cycles without applied stress, was performed. The
results are reported in Figure 6 for PCLIOPEG3 1:2, which
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Figure 6. Results of the stress-free two-way shape memory response
for PCLIOPEG3 1:2 evaluated over three cycles and represented in
terms of strain, temperature, and stress versus time curves. The solid
line represents the three reversible cycles, the dashed line represents
the programming cycle and the end of the test.

displays the greatest €., value among the compositions, as
measured from Figure S. After the programming part of the
test shown with a black dashed line, the stress-free reversible
cycles between 43 and —15 °C are highlighted with a solid
black line and plotted as the evolution of the strain as a
function of time together with stress and temperature versus
time curves (Figure 6) and as a function of temperature
(Figure S7, Supporting Information). The three cycles were
found to be completely overlapped in the strain versus
temperature representation; interestingly, the cyclic stress-free
thermal history in terms of the heating/cooling ramps is well
evident, leading to the three cyclic evolutions of strain with a
€., Value equal to 4.2% throughout the three cycles, without
any loss of performance. The repeatability and reversibility of
the effect were thus confirmed under a reasonable cycle
number and the employed thermomechanical conditions (i.e.,
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Figure 7. Evaluation of different parameters for reversible two-way shape memory tests at different applied strains &,,p;.q for all of the copolymer
networks, relevant to (a) actuation magnitude under load, (b) repartition of the actuation magnitude between the PCL10 and the PEG3 phases on
average for the various &,,;.q values employed, and (c) extent of the reversible strain &, achieved during reversible two-way shape memory tests

without any external load applied.

all heating/cooling steps were performed at the same rate of 2
°C min™).

To better explore and try to optimize the reversible strain
effect without any applied load in terms of its entity, the
thermomechanical protocol applied in Figure S was first
modified by applying different amounts of prestrain &,
ranging from 10 to 40%. For PCL10PEG3 1:1, because of its
less deformable behavior as demonstrated by the stress—strain
curve in Figure 3, it was possible to apply a maximum of 30%
strain without failure. All of the tests performed resulted in a
strain—temperature curve similar in shape to the ones
presented in Figure S, and it was possible to evaluate the
relevant indices plotted in Figure 7.

Figure 7a shows the dependence of the actuation magnitude
on the applied prestrain, which was found to be increasingly
greater for all of the networks passing from 10 to 30—40% of
Eapplied I fact, an increase in €, is accomplished by
gradually greater values in the applied stress held constant in
the cooling, which varies depending on the material because of
the difference in stiffness previously measured. The stresses
applied to obtain the same 10% strain in the materials were
470, 490, and 600 kPa for PCL10PEG3 2:1, 1:1, and 1:2,
respectively, and they reached the maximum of 1497 and 1671
kPa when applying 40% strain for PCLI0PEG3 2:1 and 1:2,
respectively. It is known and well documented that above the
minimum load of threshold for which the activation of the
elongation process under crystallization takes place, the effect
of a greater applied load consists of a greater elongation. This
might be explained by a potential structural evolution
occurring to the material during crystal formation with an
increasingly higher crystallite orientation along the stretching
direction as the applied stress increases. Furthermore, as
noticed in Figure S, because of the copolymeric structure of the
networks, the overall elongation during cooling under load was
found to be the sum of the contribution ascribed first to the
formation of PCL10 crystals and for lower temperatures to
those of PEG3. It was not possible to find any trend in the
repartition of the actuation magnitude for different &,,eq
values given the same material; therefore, %AMpc; and %
AMpg; were evaluated following eqs 7 and 8 as the average of

the measurements obtained for different €,}eq values for each
material and presented in Figure 7b. As expected from the
composition of the networks, the contribution of PCL10 to the
total actuation magnitude is predominant in PCL10PEG3 2:1
with a value of %AMpc; above 90%, and it is still very
significant in PCL10PEG3 1:1 (%AMpc; almost 80%). For
PCL10PEG3 1:2, the repartition is more balanced as the two
phases contributed in a similar fashion to the overall actuation
magnitude, being %AMpc; equal to about 55% and thus %
AMg of about 45%. Once the materials are structured and
the crystals are formed and potentially aligned to the loading
direction for the various &,,,;.q explored, stress removal and a
controlled heating ramp are activated to reach the actuation
temperature for the reversible strain cycle without load (i.e.,
about 43 °C). At this point, a partial reduction of strain already
occurred due to the complete melting of the PEG3 phase and
its entity is strictly related to the composition of the networks.
In fact, similar to what is reported in Figure 5, at T, the strain
is reduced down to 84 + 4, 57 + 18, and 44 + 9% of its value
at the end of cooling (i.e., corresponding to the value of AM)
on an average, for PCLIOPEG3 2:1, 1:1, and 1:2, respectively.
During the subsequent cooling, the steep increase in strain
characteristic of the CIE occurred due to the PEG3 phase at a
Tcyg variable depending on &,eq- For PCLIOPEG3 2:1 and
1:1 networks, Ty goes from about 7 °C at 10% &) 9 °C at
20% €,pplieqy and 10 °C at 30% &,ppjieq) to 11 °C at 40%, whereas
for PCL10PEG3 1:2, Tz was found to be quite stable at
about 6 °C regardless of &,,j;q- In general, the obtaining of
increasingly greater values of the temperature at which the
elongation takes place as the applied load increases may be
expected, considering the possible increase in the crystal-
lization temperature when happening under increasing
deformation. Afterward, the variation in strain upon cooling
is totally recovered upon melting up to 43 °C, and the entity of
the reversible strain is measured and reported in Figure 7c.
Interestingly, €., is found to be affected for each material by
the prestrain applied. €,,,}.eq equal to 10% is enough to produce
a limited yet still appreciable reversible deformation, close to
1.5% for PCL10PEG3 2:1. The same material under 40%
prestrain is capable of showing a more than doubled ¢, (i.e.
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Strain versus temperature curves for (d) PCLIOPEG3 2:1 (black line), (e) PCLIOPEG3 1:1 (gray line), and (f) PCL10PEG3 1:2 (black dashed

line).

equal to 3.4%). For both PCLIOPEG3 2:1 and 1:1, the
reversible deformation is an increasing function of the applied
prestrain, with a peak for the case of PCLIOPEG3 1:1 after
undergoing 30% prestrain, for which ¢, was more than 4 times
greater than in the case of &,,,,4 equal to 10%. Interestingly, in
the case of PCLI0PEG3 1:2, after an initial increasing trend,
the reversible strain slightly decreased above 30% applied
prestrain. This evidence suggested that there may exist a limit
beyond which an increase in &4 does not result in greater
€., Values. Concerning the entity of &, it should be noted
that under this thermomechanical protocol, which makes use
of the whole PEG phase as the actuation domain and the
whole PCL phase as the skeleton domain, the PEG phase was
found to be the sole factor responsible for the self-standing
deformation, and this consideration should motivate the
reason for its moderate value. In fact, depending on the
specific material code and its composition, the PEG phase
content is limited, and it is predominant only in PCLIOPEG3
1:2, which accordingly is the network displaying the greatest
value of &, Furthermore, not the whole PEG content is
available as the actuation domain since it is a semicrystalline
phase, i.e., composed of an amorphous part and a crystallizable
one. The importance of the crystallinity content in determining
the extent of the reversible deformation has also been reported
in the work by Yang et al., in which they showed a maximum
€., Of about 8% for a PEG-based network with a degree of
crystallinity equal to 25.3%.” Therefore, our result is not
surprising and may be considered an inherent limit of the
capability of PEG-based actuation domains. Similar consid-
erations may be drawn also by looking at the results of the
traditional two-way shape memory tests, summarized in Table
4, in which the repartition of AM between the PCL phase and
the PEG one showed that also in these conditions assisted by
the presence of load, the major contribution does not come
from the PEG phase but from the PCL one.
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These considerations suggested exploring also other
thermomechanical protocols, in which T, was progressively
changed to better understand the effect of the combined action
of the actuation and skeleton domains. The designed
thermomechanical history in terms of the imposed evolution
of temperature and stress along time and the obtained
evolution of strain along time are reported in Figure 8a—c,
respectively, for PCLI0PEG3 2:1, 1:1, and 1:2. After applying
a prestrain equal to 20% at 65 °C and after performing the
cooling under a fixed load, from these representations, it is
possible to highlight the thermal cycles applied to the materials
and underline the T, of the reversible strain cycles as the
peaks in the red traces, equal to 32 °C (point E), 42 °C (point
E’), and S0 °C (point E”), followed by a final heating to
recover the remaining deformation. For an easier readability of
the results, the strain versus temperature curves are reported in
the corresponding Figure 8d—f for PCL10PEG3 2:1, 1:1, and
1:2.

The curves are very similar among the three materials in the
first part until the actuation of the first cooling—heating cycle
without applied load at 32 °C, where the effect of the
composition starts to play a role. In fact, for PCLIOPEG3 2:1,
no reversible strain cycle is visible being the amount of the
effect similar, if even less big, to the thermal contraction and
expansion, whereas a clear €., may be identified and measured
at about 2 and 5.6% with a T¢jg equal to about 15 and 12 °C
for PCL10PEG3 1:1 and 1:2, respectively. At this T, for
PCL10PEGS3 2:1, the melting-induced contraction process for
the PEG phase had just slightly started, suggesting that most of
the PEG crystals are still intact; by contrast, the melting-
induced contraction of PCL1I0PEG3 1:1 and 1:2 is already well
developed, suggesting partial melting of the PEG phase. The
elongation upon cooling occurs as a quite broad and
continuous process starting at about 22 °C. Afterward, for
the second cooling—heating cycle without load at 42 °C, T, is

act
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Figure 9. Reversible two-way shape memory effect in flexural experiments involving the cyclic reversible change between an I-shaped bar and a bent
bar for PCLIOPEG3 2:1: (a) representative picture and schematics of the procedure for fixing the U-shape; (b) recovery in dry conditions,
performed by cycling the sample between T, 46—52 °C and Tj,, about —20 °C; and (c) recovery by immersing the sample in temperature-
controlled water baths between T, 44—45 °C and Ty, about 4 °C. Dashed lines are drawn as guide lines for measuring the angles, which are
obtained by cooling—heating without applied load.

reported on the images, together with the total reversible angle Ac,

rev

located above T, pp; but below T, pcy, ie., in similar
conditions of the test in Figure 5. Here, the reversible strain
is present for all of the materials, and the values are equal to
1.9, 3, and 2.2% for PCLIOPEG3 2:1, 1:1, and 1:2,
respectively. The temperature at which the elongation occurs
is evaluated with T values of about 9, 8, and 7 °C,
respectively. These temperature values suggested that for these
cycles the only factor responsible for the reversible
deformation is the PEG phase. Eventually, for the third cycle
performed at T, equal to 50 °C, the materials have a totally
amorphous PEG phase, whereas the PCL phase is in its
melting zone. Consequently, here the mechanism for the self-
standing shape memory effect should change and involve all of
the PEG phases and a part of the PCL one to act as the
actuation domain, which cyclically melts and crystallizes,
whereas PCL crystals with T, greater than 50 °C should
provide the crystalline skeleton domain acting as a guiding
force. Upon cooling, reversible deformation cycles with
significant entities occurred for all of the materials. In more
details, €,., is equal to 11.6, 4.5, and 4.2% for PCL10PEG3 2:1,
1:1, and 1:2, respectively, according to the decreasing
percentage of the PCL phase present. Interestingly, also an
entropy-driven elongation component seems to be present
(segments E"—F” in Figure 9), thanks to the higher mobility of
the chains when only few crystals are present, allowing in this
case a response that obeys the entropic elasticity.
Furthermore, on a closer look, the increase in strain ascribed
to crystallization was found to be composed of two
subprocesses, with a prevalent elongation for higher temper-
atures and a second, less-pronounced flex for lower temper-
atures. The first elongation occurred at Tz of about 24, 25,
and 26 °C for PCL10PEG3 2:1, 1:1, and 1:2, respectively, and
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it clearly represented the prevalent contribution given by the
PCL10 phase part of the actuation domain. The second
inflection point is measured at about 5, 4, and 3 °C,
respectively, corresponding to the crystallization of the PEG
phase. This second contribution is of a significantly smaller
amount, particularly of 0.6, 0.2, and 0.4% for PCL10PEG3 2:1,
1:1, and 1:2, respectively.

The stress-free reversible effect was also explored as a
flexural effect by testing specimens in conditions that may be
closer to applications. This additional test consisted of
programming a rectangular bar in a U-shape under a fixed
strain-cooling. Afterward, the U-shaped bar was partially or
completely recovered, under dry conditions, up to the chosen
T, ranging from 40 to 52 °C. At this point, the sample was
moved to a freezer at —20 °C and, after equilibration, its
change in shape was observed and recorded. Pictures of
relevant timepoints of the experiments are shown in Figure
9a,b for PCL10PEG3 2:1.

From the pictures reported, the effect starts to be
particularly evident at T, equal to 48 °C and reaches a
maximum at 51 °C, for which the completely recovered I-
shaped bar is capable of changing its shape back to the initial
U-shaped bar with a change in angle almost equal to 180°.
Furthermore, together with the change in shape, there is also a
significant change in the material’s stiffness. In fact, from T,
where the material is almost completely amorphous and soft,
after exposure to a temperature suitable for crystallization, it
crystallizes and thus becomes stiffer.

Considering the amphiphilic nature of the networks, the
two-way stress-free recovery response under bending was also
performed under wet conditions, by immersing the U-sample
in temperature-controlled water baths, and relevant pictures
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are reported in Figure 9c. This additional characterization was
performed in light of future applications in the biomedical
field, for which it is of utmost importance to provide a material
with a stress-free reversible shape memory effect functioning
also in the presence of water. Interestingly, the reversible
flexural deformation is greater in dry conditions and it occurs
at slightly higher temperatures (5—7 °C higher). This may be
explained by the hydrophilic nature of the PEG phase, which
can significantly swell in water depending on the weight
content: experimental results show that for PCLIOPEG3 2:1
the water uptake is around 25%, but it increases dramatically
for the PEG-rich composition, i.e., about 100% for
PCLI10PEG3 1:2 (Figure S8, Supporting Information).
Swelling plays a not negligible role in that it hinders the
crystallization of PEG, as reported in the literature,* and
therefore, the PEG phase does not contribute to the total
deformation induced by the crystallization. In addition, in
swollen networks, the melting temperature of the PCL phase is
probably slightly lower, resulting in the activation of the
recovery for lower T,, under wet conditions, as found in
Figure 9c. Even if the reversible changes in the angle of the
sample are smaller under wet conditions compared to dry ones,
it is worthy to notice that PCLIOPEG3 2:1 retains its
noticeable reversible two-way shape memory effect also in wet
conditions. Both these simple experiments clearly highlight
that reversible deformation like the ones found for these
materials, ranging from 4% to almost 12% under tensile
conditions, may result in significant macroscopic shape
changes if designed in particularly relevant sections of an
object such as hinges, potentially relevant for the design and
development of novel artificial muscles and reversible actuators
for soft robotics and shape-shifting medical devices.”* >

B CONCLUSIONS

Semicrystalline photo-cross-linked networks based on poly-
(ethylene glycol)/poly(e-caprolactone) were synthesized with
the aim of obtaining materials capable of showing a stress-free
two-way SME. Various compositions of this amphiphilic
network were explored and preliminarily subjected to a
thermal characterization to evidence systems presenting well-
separated melting and crystallization transitions of the two
polymeric components. Among these systems, the most
suitable were selected, i.e., copolymers based on poly(ethylene
glycol) 3 kDa (PEG3) and poly(e-caprolactone) 10 kDa
(PCL10), mixed in 1:2, 1:1, and 2:1 weight ratios. A thorough
thermal, mechanical, and thermomechanical characterization
allowed us to properly design shape memory testing protocols
and to evaluate the two-way SME under the presence of stress
and in stress-free conditions. All of the materials showed
excellent two-way shape memory capabilities under stress, with
significant elongation—contraction effects when cyclically
cooled and heated across the crystallization and melting
regions. The whole crystallization-induced elongation, as well
as the melting-induced contraction, consists of two subpro-
cesses, each one ascribed to a polymeric phase, with an extent
and thermal region that strongly depends on composition.
On the basis of the region of melting-contraction
subprocesses, stress-free two-way shape memory testing
protocols were designed, so as to evaluate the reversible
deformation capability without the application of any external
load. The effect was achieved by leveraging one phase as the
actuation domain and the other one as the skeleton domain.
The former one is the low-melting-point phase, i.e., PEG3, and

8545

it represents the phase that cyclically melts and crystallizes,
thus undergoing elongation upon cooling and contraction
upon melting. The latter one is the high-melting-point phase,
i.e.,, PCL10, which, thanks to its crystalline structure, acts as an
internal driving force for the elongation of the PEG phase. To
rely on such micromechanisms, the most important parameter
to set was the so-called actuation temperature, ie., the
maximum temperature of the cooling—heating cycle, chosen
in this case in the middle between the melting-induced
contraction of the PEG3 and PCL10 phases. For this well-
defined and fixed actuation temperature, the maximum
achieved reversible deformation is about 4.2%. However, the
versatility of these materials allowed us to apply also more
complex thermomechanical histories, in which different
actuation temperatures and prestrains are employed, this way
modifying and tuning the composition of the actuation and
skeleton domains. More in details, the maximum reversible
deformation that can be achieved in a cyclic history
corresponds to the actuation temperature of 50 °C and it is
equal almost to 12%. In addition, the reversible deformation
generally increases with the applied prestrain. Therefore, by
setting up suitable thermomechanical protocols, it is possible
to tailor the material’s response and to obtain values of the
reversible deformation that are significant and may be used for
applications in which a reversible deformation is needed
without the assistance of any load. By way of example, we
envision that these materials may prove very useful for the
design of SMP-based actuators, capable of providing either
reversible shape changes or cyclic forces, for building
multimaterial structures with reversibly movable hinges, and
to provide medical devices with a smart reversible response. All
of these applications are currently being explored and
attempted in the communities of soft robotics and bioengin-
eering, and the synthesis and rational use of new shape
memory polymers, such as the self-standing copolymeric
networks here proposed, may prove to be highly beneficial.
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