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We report on a new type of poly(vinyl alcohol) (PVA)/Al,O;
nanocomposite with fast thermal and water activated shape
memory behavior via cyclic freezing/thawing method.

Shape memory polymers (SMPs) have attracted much attention for
their capacity of recovering a permanent shape from a programmed
temporary shape upon exposure to external stimuli such as heat,
light, solvent, electric, and magneticl's. SMPs exhibit potential
applications in smart biomedical devices, intelligent textile, implant
devices for minimally invasive surgery, controlled drug release,
aerospace fields and stimuli-responsive actuators %18 Jue to their
high deformation strain, good processability and tunable transition
temperatures. Despite of the promising application prospect of
SMPs, their practical applications were severely limited by their
weak mechanical properties compared with other shape-memory
materials such as ceramics and metals.” Therefore, there is an
urgent need to improve the mechanical properties of SMPs.

One of the approaches to overcome this shortcoming is to add
nanofillers into polymer matrix to form polymer nanocomposites.
Over decades, a variety of nanomaterials, including cIay,20 SiOz,21
cotton cellulose nanowhiskers (CNWs),22 have been utilized to
increase the mechanical strength of polymer-based materials. Also,
numerous SMP nanocomposites were obtained by the same
approach. For example, Pretsch and co-workers reported shape
memory poly(ester urethane) (PEU) with various contents of
thermochromic pigments (T-PIGs). These films exhibited the shape
memory effect (SME) with the activation temperature. 2324 Rana et
al. prepared a kind of graphene/polyurethane block copolymers (PU)
nanocomposite where the addition of graphene improved the
mechanical properties and shape memory properties.25 Amirian et
al. explored poly(L-lactide-co-e-caprolactone)/multiwalled carbon
nanotubes (PLACL/MWCNTSs) copolymer which could exhibits better
SME and higher tensile strength.26

In contrast to the above mentioned polymers, PVA SMPs have
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drawn plenty of research interest in many fields,27 due to their
distinguished properties such as high hydrophilicity, nontoxicity,
biocompatibility and better mechanical properties. Moreover, the
hydroxyl groups in polymer backbone of PVA made it easier to be
cross-linked and modified. Therefore, the fabrication of PVA
nanocomposites with a range of inorganic nanofillers such as clay,28
carbon nanotubes (CNTs)29 and graphene oxide (GO)30 have been
widely investigated. On the other hand, nanosized Al,O; is often
selected as filler to improve mechanical properties of materials
owing to its high strength and high hardness.> Group of Rao have
reported the nanocomposites based on PVA and Al,05/SiC
nanowires. This work pointed out the strength of the composites
increase with a small amount of nanowires.’? In another study,
Sonmez et al. prepared hybrid PVA/AI,O; thin film with higher
ultimate tensile strength.33 These studies provide us the possibility
to synthesis PVA SMPs with better mechanical performance.
However, PVA/AI,O5 shape memory nanocomposites have not been
reported.

So far, shape recovery can be induced by various external
stimuli including temperature, light, electricity and magnetic fields.
Among them, the most extensively studied stimulus was
temperature which can be achieved either by direct or indirect
heating induced by other stimuli such as microwave, light and
electrical current. For example, Du et al. prepared chemical cross-
linked PVA/glutaraldehyde SMP and found that samples with
certain water content could be recovered rapidly under Microwave
irradiation.>® In another study, Zhang et al. first reported light
polarization-controlled shape memory behaviour reinforced by gold
nanorods (AuNRs) in PVA.**> More recently, group of Lotfy also
reported PVA-SMP cross-linked by ionizing radiation in the presence
of carbon nanotubes that can display temperature-responsive
shape memory behaviour.*® However, from the biomedical
applications point of view, it would be better to make use of water
as the stimuli to trigger the shape memory of materials since it has
no damage to tissue and interactive response to the blood when it
was implanted into the human body. Moreover, the water induced
shape recovery would be much easier and much applicable. Thus,
water-induced SME has been extensively investigated in recent

years.37‘38 Mendez et al.” exploited a series of water-activated
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shape memory materials by incorporating CNWs into the rubbery
PU matrix. The water molecules regard as plasticizers when the
water permeates into the polymer network. Recently, Qi et al.
studied the PVA/GO nanocomposites, which have better shape
memory properties induced by water. Furthermore, although
water can trigger shape recovery through the plasticizing effect due
to the decrease of Tg of PVA, thermal and water dual-responsive
PVA SMPs have rarely been studied in previous shape memory
nanocomposites.

Herein, we report on a new type of thermal and water dual-
responsive shape memory PVA/ALO; nanocomposite via cyclic
freezing/thawing method. Al,O; nanoparticles (NPs) were chosen
because of large amounts of hydroxyl groups on the surface of the
NPs from high aqueous soluble alumina sols (ca. 17 wt%), enabling
the facile physical crosslinking with PVA through hydrogen bond
interaction, which improve the
mechanical properties and exhibit a better shape memory behavior
for PVA/AI,O; nanocomposite. To the best of our knowledge, this is
the first report about the shape memory of the PVA/ALO;
nanocomposites. The advantages of the nanocomposite, including
good hydrophilicity from PVA and aqueous soluble Al,0; NPs
components, biocompatibility, and dual-responsive shape memory,

is highly efficient route to

make it feasible for potential applications in many fields.

Scheme 1 illustrates the fabrication process and proposed
formation mechanism of PVA/Al,0; nanocomposite (PVA-A).AO’ “
Firstly, a certain amount of Al,O; NPs dispersion was poured into
PVA solution under constant stirring at 95 °C for 3 h. The prepared

OH
HOL /0H PVA solution Freezing/thawing
OH
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Schemel. The fabricated process and formation mechanism of the
PVA-A is illustrated. The red dash line represents the hydrogen
bonds. The Al,O; NPs were regard as sphere so as to simplify the
drawing. The transmission electron microscope (TEM) image of
Al,0; NPs is shown in Fig.S1.

solutions were poured into a petri dish for cooling overnight.
Secondly, the aqueous solutions were injected between two PTFE
slides with 1.8 mm thick spacers. The samples were then subjected
to one to five cycles of freezing for 24 h at -20 °C and thawing for 3
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h at 25 °C. Then it was dried for 72 h at room temperature (25 °C) in
with the humidity at 40% to obtain the PVA/ALO;
nanocomposites. The nanocomposite films consist of 5 wt% Al,03
and 10 wt% Al,O;, hence forth mentioned as PVA-A5, and PVA-A10,
were prepared respectively. During fabrication of the PVA/ALO; -
films, the cross-linkages in the PVA-A was probably attributed to
hydrogen bonds between the hydroxyl groups on Al,0; NPs and the
hydroxyl groups on polymer chains.”? The adjacent PVA chains form
crystallites in composite which was demonstrated by XRD at about
20=19.4°" (Fig.S2a). We also studied the influence of the
freezing/thawing cycle number on crystalline behaviour as shown in
Fig.S2b. It is worth noting that the degree of crystallinity increases
with increasing the freezing/thawing cycle number. * The cyclic
freezing/thawing causes an increase in PVA crystallinity, and the
newly fabricated crystallites serve as additional physically
crosslinking points, thus form a more densely three dimensional
network. Therefore, the materials composed the hydrogen bonds
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Fig.1 a) FTIR spectra of Al,O; NPs, pure PVA and PVA/Al,O;
nanocomposites with different Al,O; contents and b) differential
spectra of the PVA-A10 film in the range of 700-4000 cm™ at
temperature of 30130 °C.

network and PVA elastic network which result in the higher
strength and be considered as fixed phase, while the reversible
phase is amorphous phase. Unless otherwise stated, the specimen
under investigation was undergone 3 cycles of freezing/thawing.
Possible interactions between Al,0; NPs and PVA chains were
further explained by analysing the FT-IR spectra and temperature-
variable FT-IR spectra. As shown in Fig.1a, the broad and strong
absorption at 3000-3600 em™ is contributed to the symmetrical
stretching vibration of O—H from the inter/intramolecular hydrogen
bonds, which is located at the peak of 3244 cm™. The peaks at 2855
cm™ and 2924 cm™ are attributed to C-H stretching vibration from
the PVA chains and the deformation vibration of CH2 groups appear
at 1410 cm™ and 1309 cm™. It is shown that symmetric C-C
stretching vibrations is seen in 1140 em™, indicating that the
presence of crystalline region in PVA.* The sharp band at 1085 em?
is assigned to the C-O-C stretching vibration of acetyl group in
polymer backbone. In case of PVA-A5 and PVA-A10 films, the
symmetrical stretching vibration of hydroxyl group at 3244 em?
shift to 3230 cm™ and 3217 cm™ respectively, which indicated that
there are strong hydrogen bond interactions between PVA chains
and hydroxyl groups on Al,O; NPs. Thus, these hydrogen bond

This journal is © The Royal Society of Chemistry 20xx
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interactions may be ascribed to the crosslinking of nanocomposite
when Al,0; NPs were uniformly dispersed in the PVA matrix. To
further confirm and understand the hydrogen bonding between the
PVA and Al,0; NPs, we studied the temperature-variable FTIR
spectra for PVA-10A film, as shown in Fig. 1b. With increasing
temperature, the —OH stretching band shifts to large wavenumbers
from 3217cm™ to 3245 cm'l, which indicates the broken of the
weak hydrogen bonds.*® The existence of weak hydrogen bond
interactions between the ploymer and AlL,O; NPs could improve
shape memory properties due to its reversible characteristic.
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Fig.2 Typical stress—strain curves for PVA-A nanocomposite films
with a) different AL,O5 content by three freezing/thawing cycles and
b) different number of freezing/thawing cycles of PVA-A10.

As a result of the uniform dispersion of Al,O; NPs and the
crosslinking  (hydrogen bond interactions) structures, the
nanocomposites exhibited good mechanical properties, such as
higher ultimate stresses and large elongations at break. As shown in
Fig.2, the stress-strain curves of PVA-A with various Al,0; content
and different times of freezing/thawing cycles are presented. It is
obvious that the strength and elongation at break increases with
increasing Al,O; contents due to the formation of additional cross-
linkages by introduction of Al,O3; NPs in the PVA matrix. The
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Fig.3 DSC thermograms of PVA-A nanocomposites with different
alumina contents. Curve is presented in the range from -10 °C to
240 °C with heating rate 10 °C min™".

nanocomposites could be stretched to 140-190% (g,: elongation at
break), and the tensile strength (o) increased with Al,O; content e.g.,
51.9 MPa (pure PVA) and 72.3 MPa (PVA-A10). This indicates that
the strong hydrogen bondings between the PVA chains and Al,03

This journal is © The Royal Society of Chemistry 20xx

NPs are served as the physical cross-linkages for the nanocomposite.
We also investigate the effect of the times of freezing/thawing
cycles on the mechanical performance of nanocomposites. As
display in Fig.2b, the ultimate stress of samples increases with
increasing the times of freezing/thawing cycles. o (g,) was 51.9 MPa
(145%), 72.3 MPa (144%), and 79.2 MPa (92%) for PVA-A10 treated
with 1, 3 and 5 freezing/thawing cycles, respectively. These results
originate from the increase of the cross-linking density, which was
confirmed by the decrease of swelling ratio for PVA-A10 sample in
Fig.S3.47 Furthermore, the elastic modulus significantly increases
with increasing times of freezing/thawing cycles. For example, the
elastic moduli of samples are 399 MPa, 876 MPa and 1274 MPa that
correspond with 1, 3, and 5 freezing/thawing cycles respectively.
Compared with the other PVA-SMP,30 the mechanical properties of
PVA-A is greatly improved.

The glass transition temperatures (Tg) of the PVA-SMPs and
pure PVA were analyzed using differential scanning calorimetry
(DSC) with the second heating thermograms (Fig.3a). The Tg of PVA
is reported at around 86 °C, but observed at about 48 °C under
humid conditions.*® With increasing the content of Al,O3 in the PVA
matrix, the Tg increased (Tg = 66.51 °C for PVA, Tg = 72.34 °C for
PVA-AS and Tg = 78.08 °C for PVA-A10). It is well known that the Tg
is influenced by moisture, chain rigidity, molecular packing and
linearity. The increasing of Tg may result from the interaction
between the Al,O; NPs and PVA, which limited the mobility of
chains. The clear increasing in Tg of the PVA nanocomposite is very
similar to the results reported in literature.* It can be observed
from the figure that the melting temperature (Tm) is strongly
influenced by the Al,O3 contents. With increasing of Al,O; contents,
the peaks of melting endotherm broaden and the Tm decreased,
which could be associated with the decreasing of the crystallization.
These results confirmed that the cross-linking between the PVA and
Al,O; NPs weakened the interaction among the polymer chains.”

On the basis of above discussion, we found that the hydrogen
bonds formed between the polymer chains and the Al,O; NPs,
meanwhile it dissociated at a higher temperature, thus, we
investigate the thermoresponsive shape recovery behaviours of the
PVA and PVA-A10 nanocomposite (Fig.4). The rectangular strip
samples were deformed to the circle shape above the Tg (90 °C),
and the temperature was immediately cooled to room temperature
(T<Tg) under constant stress to fix the temporary shape. Then, the
deformed samples were placed on a platform at 90 °C. Surprisingly,
it is recovered to the original shape quickly within 33 s. However,
the pure PVA sample could not fully restore its initial shape within
90 s or even more than two hours. These results clearly show that
PVA-A10 nanocomposite exhibits a better shape memory behaviour
than pure PVA. This is attributed to the improved mechanical
properties resulting from the incorporation of Al,O; NPs as cross-
linking points.50

We also investigated the relationship between the
freezing/thawing cycle number and shape memory effect as shown
in Fig.S4. The shape recovery was more quickly with increasing the
number of freezing/thawing cycles. This may be resulted from the
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increasing of crystallinity and decreasing of amorphous phase.
Moreover, the temperature induced SME of the nanocomposite

Fig.4 The macroscopic shape recovery of PVA-SMP performed at
90 °C. The pristine PVA and PVA-A10 strip was coated with red
and blue dyestuft for easy observation. Permanent shape is straight
shape.
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Fig.5 Shape memory recovery ratio of PVA and PVA-A10 at 90 °C.

was quantified on the basis of report by Lendlein.”* As shown in
Fig.5, the shape fixity ratio (R;) and shape recovery ratio (R;) of the
PVA, PVA-A10-1, PVA-A10-3 and PVA-A10-5 samples were studied
in temperature-memory experiments. Compared with the pure PVA
film, PVA-A10-3 and PVA-A10-5 recover to original shape quickly
and the Rr can reach nearly 95%, though the R; is lower than PVA.
And the R; and R, of PVA and PVA-A10 with different
freezing/thawing cycles are shown in Table S1. According to the
experiments described above, we found that the PVA-A10
nanocomposite had the better thermoresponsive SME compared to
pristine PVA film. Therefore, only the PVA-A10 nanocomposite was
employed to study the water-responsive shape memory behaviour.
The deformed specimen was immersed into water at room
temperature and recorded with a digital camera. Similar to the
thermoresponsive shape recovery behaviour, the PVA-A10 film has
a better SME than the pristine PVA film. As shown in Fig.6, the
pristine PVA film cannot be fully restored. In contrast, the PVA-A10

nanocomposite film quickly recovers to its original shape within 70s.

These results demonstrate that PVA-A10 shows a better shape
memory behaviour than the pure PVA film. This clearly indicates
that Al,O3; NPs can serve as additional physically cross-linking points
and improve the tensile strength of the
nanocomposite, which resulted in good water-induced SME.

and modulus
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Moreover, the similar trend was observed for the dependence of
water-induced shape memory effect on the freezing/thawing cycles
(Fig.S5). Furthermore, it can be observed that the nanocomposite
had an obvious increase in weight in the wake of shape recovery
process (Fig.S3). This result was mainly attributed to the fact that
the sample absorbed a certain amount of water. Therefore, this
finding may support the previous statement that the SMP absorbed
solvent molecules, and cause the decline of switching temperature
and the interaction between the polymer chains.”’?®*? The reason
is that more free water molecule embedded into the PVA polymer
matrix and the molecule acts as plasticizer, leading to the decrease
of Tg and reducing the polymer stiffness,31 andresulting in the

spiral shape) in water. Permanent shape is straight shape.

shape recovery of PVA. When the switching temperature is lower
than room temperature, soft segments begin to move, and then the
shape recovery of PVA SMP occurred. The hydrogen bonding
between PVA and Al,O; was also influenced by water when the
sample was immersed in it. Fig.S6 presents the FTIR spectra of PVA-
10A with different immersion time. The peak of —OH shift from
3217 cm™ to 3244 cm™ which indicates the absorbed water forms
hydrogen bonding with PVA, thus, the hydrogen bonding between
PVA and Al,O; nanocomposite weakened. We also investigated the
thermal stability by TGA as shown in Fig.S7. The improved thermal
stability may be supposed to result from interactions between Al,O3
NPs and PVA.

In conclusion, we successfully prepared a novel dual-
responsive shape-memory nanocomposite with PVA and Al,O;NPs
by cyclic freezing/thawing method. The physical cross-linking of 10
wt% Al,0; NPs with PVA could significantly improve the mechanical
properties of the nanocomposite. Simultaneously, the PVA-A10
nanocomposite exhibits an excellent thermally-induced and water-
induced SME. Therefore, the multi-stimulus-responsive shape
memory materials could be potentially applied in various fields such
as biomedical and aerospace field.
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