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ABSTRACT: Shape memory effect (SME) was achieved
for cellulose—polyurethane (PU) blends of different compo-
sitions in wet—dry cycles, featuring that the amorphous cel-
lulose and the PU content served as the fixing phase and the
recovery phase, respectively. The dependence on the com-
positions of the fixity ratio and the recovery ratio was quan-
titatively measured by tensile tests. The morphological and
thermal properties of the blends were further investigated
by scanning electron microscopy and thermogravimetric
analysis. The storage modulus of the blends varied reversi-
bly in the wet-dry cycles, as determined by dynamic me-

chanical analysis. Furthermore, the microstructure of the
blends reversibly changed correspondingly, as determined
by wide-angle X-ray scattering diffraction and Fourier
transform infrared. It was predicted that the reversible tran-
sition in different amorphous cellulose structures triggered
by water led to the reversible variation in modulus as well
as the wet-dry SME of the blends. © 2011 Wiley Periodicals,
Inc. ] Appl Polym Sci 125: 657-665, 2012
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INTRODUCTION

Cellulose-synthetic polymer blends offer the promise
to produce new materials with synergistic improve-
ments in physical, physicochemical, and functional
properties. Over the last few decades, blends of cel-
lulose with various types of synthetic polymers have
been investigated widely, such as cellulose with
poly(ethylene glycol),! polyamide 66,> poly(vinyl
alcohol),® and polyacrylonitrile.* For the preparation
of cellulose blends, natural raw cellulose and syn-
thetic polymer were dissolved into solution individ-
ually, followed by mixing the two solutions homoge-
neously at a desired ratio. The cellulose blends were
then produced from the resultant mixture solution
by coagulation method. N,N-dimethylacetamide/
lithium chloride (DMAc/LiCl), as one of the most
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effective cellulose solvents, was widely used to pre-
pare the cellulose-synthetic polymer blends.”®
Because of lack of stress in the coagulation process,
the regenerated cellulose in the blends was retained
in noncrystalline structure. Multiple factors, including
the preparation process, individual characteristics of
the mixed polymers, and the interactions between the
two component polymers put dramatic influence on
the final properties of the obtained blends.

Shape memory polymers (SMPs) are a very impor-
tant set of polymers, which have been catching
extensive academic and industrial interests for sev-
eral decades. One of the most prominent characteris-
tics of the SMPs is their capacity of fixing a tempo-
rary shape, which returns to the original shape upon
exposure to external stimulus.”® Different kinds of
SMPs have been developed, some of which have
been commonly used in industrial applications, for
example, segmented polyurethane (PU).>'° The
novel SMPs reported in the recent years include
polymer blends containing elastomer styrene-butadi-
ene-styrene triblock copolymer and switch polymer
poly(e-caprolactone),’* chemically cross-linked acry-
late polymer networks,'*> supramolecular PU with
pyridine,'® and polymer networks containing revers-
ible quadruple hydrogen-bonding side groups.'*
However, there is very little literature on SMPs
derived from cellulose, except for cellulose acetate
derivatives modified with SH-group reported by
Aoki et al. in 2007." The cellulose derivatives devel-
oped by Aoki is solely limited to be redox
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responsive. Given the hydrophilic property of cellu-
lose in amorphous state, shape memory polymeric
material based on cellulose responsive to water,
rather than other stimulus, may be achievable by
facile blending method. To ensure enough elasticity
essential to the shape recovery, PU, an elastomer
commonly used in industry, was chosen to form the
blends with cellulose. This work presents the first
investigation on the reversible behaviors of the cellu-
lose-PU blends in wet-dry cycles. A heterogeneous
architecture model is further proposed to explain the
reversible behaviors of the blends. The finding may
be beneficial to extend the potential application of
cellulose in smart materials field.

EXPERIMENTAL
Materials

The raw resource of cellulose was a softwood pulp
consisting of cellulose with a weight-average molecu-
lar weight of 9.82 x 10°. Thermal plastic PU chips
[1.06-1.15 g/mL, 330-600 K (GPC-Mw/PMMA)], syn-
thesized with MDI (diphenyl methene-4'4" diisocya-
nate), PTMG (poly tetramethylene ether glycol), and
BDO (1,4-butanediol), came from Hong Kong Hi-Tech
Enterprises. DMAc (anhydrous, 99.8%), obtained as
HPLC grade, was used without further purification.
LiCl (Merck), obtained as p.a. grade, was dried under
vacuum at 180°C for 1 day before use.

Preparation of cellulose-PU blends

Homogeneous cellulose solution in DMAc/LiCl was
prepared upon the previous literature.”® The prepara-
tion process was briefly described as follows: pulp cel-
lulose cut into small pieces was activated in DMAc at
150°C for 30 min. Afterward, the activated cellulose
pieces were filtered and stirred in DMAc in the pres-
ence of LiCl at 90°C for 2 h under nitrogen atmosphere.
The mixture was cooled down to the room tempera-
ture. Homogeneous cellulose solution was generated
by keeping stirring at the room temperature for 10 h.
Blends of cellulose and PU were prepared by mix-
ing the two contents solution under stirring at the aid
of ultrasonic treatment and coagulating the mixture
with ethanol and water. For the complete removal of
residual DMAc and Li", the blend films were used in
a 2-day washing process.'® The obtained blends in
the desired cellulose/PU weight ratio of 9/1, 6/1, 4/
1, and 2/1 were coded as CP91, CP61, CP41, and
CP21 in turn. For reference, neat samples of cellulose
and PU, coded as rC and PU, were prepared as well.

Characterization of structure

Fourier transform infrared (FTIR) spectra of the sam-
ples were obtained in the wave number range of
4000-650 cm ' using a Perkin-Elmer System 2000
FTIR spectrophotometer.
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Wide-angle X-ray scattering diffraction (WXRD)
patterns of the samples were carried out on an X-ray
diffractometer (Rigaku RINT 2200V). The diffraction
intensity of Cu Ka radiation (wavelength of 0.1542
nm, under a condition of 40 kV and 30 mA) was
measured in a 20 range between 5° and 40°.

A JEOL JSM-6490 scanning electronic microscopy
(SEM) instrument was used to investigate the frac-
ture surface morphology of the samples. Before the
investigation, the samples were frozen and broken
in liquid nitrogen. The cross section was coated with
gold on JEOL JEC-1100E ion sputter coater. The SEM
micrographs were obtained by using 7 kV secondary
electrons.

Thermal property

Samples in the swollen state were gently pressed
between two issues to remove extra water. Thermogra-
vimetric analysis (TGA, Netzsch STA449C) for the
samples was carried out in the range 30 to 200°C at the
rate of 10°C per minute with Argon as the purge gas.

Mechanical properties

Dynamic mechanical analysis (DMA) of the samples
was performed by using a Perkin-Elmer instrument at
a frequency of 2 Hz. The size of the samples was 15 mm
x 10 mm x 1 mm (length x width x height). The mod-
ulus variation of the samples in the states of wet and
dry was measured. Dry-state samples were used at the
beginning of the tests, which were transferred into wet
state by immersion into water for 8-10 min. Reversibly,
the wet-state samples were transferred into partially
dry state in predefined thermal program (heating from
room temperature to 90°C within 8-10 min).

Cyclic tensile tests were performed by using an INS-
TRON 5566 universal tensile tester equipped with a
temperature control chamber. The size of the samples
for the tensile tests was 20 mm length, 5 mm width,
and 1 mm distance between two clamps. Wet-state
samples were extended by 10% elongation (g,,) at 10
mm/min. Afterward, the extension was fixed when
the samples were transferred into the dry state in a
suitable heating program. The strain was released
from ¢, to 0 in an unloading procedure. After that, the
wet—dry recurrent process was started. Two parame-
ters, defined to characterize the shape memory effect
(SME), fixity ratio (Ry), and recovery ratio (R,), were
determined as the formulas given below,

Ry = 2 % 100%
=
Em — &

R, = x 100%

Em

where ¢, represents the maximum strain in the
cyclic tensile testing, €, is the residual strain after
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unloading in the dry state, and ¢, is the residual
strain values of the two successive tensile cycles af-
ter shape recovery.

RESULTS AND DISCUSSION
Preparation and morphologies of the blends

Figure 1 shows the molecular structures of cellulose
and PU. The mixing solution of cellulose and PU
was visibly homogeneous. The obtained blend films
coagulated from ethanol and water were transparent
and gel-like in appearance. However, it was difficult
to form visibly homogeneous films when the PU
content was more than 50 wt % in the blends. There-
fore, all the blend samples were designed to contain
cellulose as the prominent content in this work. The
blends gradually lost their transparency and became
increasingly heterogeneous under heat treatment
from room temperature to 90°C, indicating that
phase separation occurred in the blends. The SEM
images of the blends are shown in Figure 2. It was
found that cellulose and PU were partially miscible
in microscale. Compared to the morphologies of the
blends in different compositions, the blends
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Figure 1 Molecular structures of cellulose and PU.

decreased the homogeneity with the increase of the
PU content. Obvious phase separation was absent
for CP91. However, CP41 and CP21 had microscale
PU aggregates embedded in the cellulose matrix.
The similar heterogeneous morphology was
observed in other cellulose-synthetic polymer sys-
tems as well. For instance, polyamide formed
domains appeared like “marbles” or beads, whose
size and distribution were very irregular, embedded
in an amorphous cellulose matrix in cellulose/

Figure 2 SEM images of cellulose-PU blends in different compositions.

Journal of Applied Polymer Science DOI 10.1002/app
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Scheme 1 [Illustration of the wet-dry shape memory
cycle for the cellulose-PU blends. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

immersion|

polyamide blends'’; cellulose/poly(vinyl pyrroli-
done) blends also showed two-phase-separated struc-
ture where cellulose served as a continuous matrix.'®

SME of the blends in the wet-dry cycles

Intrigued by the thermally induced shape memory
procedure, a wet—dry cycle was explored for the cel-
lulose-PU blends, typically containing three steps
described as follows (Scheme 1): first, the blends
swollen by water (wet state) were extended by 10%
under external force; second, the extended blends
were heated from the room temperature to 90°C
within 8-10 min (partially dry state). The extension
was gradually fixed due to the water loss; third, the
fixed blends recovered to their original shape by
dropping water on the blends to swell (wet state).

The reason that the maximum extension was
defined to be 10% was to avoid possible irreversible
part of the large-scale deformation in the blends. The
heating program for the shape fixing was determined
upon the results of TGA tests (shown in Fig. 3). All
the wet-state samples rapidly decreased their weights
in the temperature range 50-120°C. When the temper-
ature reached to 200°C, neat sample rC had the great-
est percentage of weight loss of around 60%, whereas
CP21 had the least of 28%. The results indicated that
the amorphous cellulose content, instead of the PU in
the blends, contributed to the primary water absorp-
tion. Furthermore, arising the temperature from room
temperature to around 90°C was found ensuring all
the swollen samples lose more than 50% of the water
content. The TGA curves provided necessary refer-
ence to determine the heating program used to real-
ize the state transition for the blend samples from
swollen state toward partially dry state, which
allowed the shape fixing. As a result, the temperature
program that heating from the room temperature to
90°C within 8-10 min was applied in the wet-dry
shape memory cyclic measurements.

The wet-dry SME of the cellulose-PU blends were
quantitatively measured by tensile tests. Figure 4
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shows the stress—strain curves of the neat sample rC
and the four blend samples. The two parameters to
assess the SME, R; and R,, were calculated corre-
spondingly. Figure 5 shows the dependence of the
Rrand the R, on the compositions of the blends. The
blends had lower Rfand higher R, with the increase
of the PU content. Sample rC had the highest Ry of
93% and the lowest R, of 52%. By contrast, CP21
had the lowest R of 55% and the highest R, of 95%.
The variation in Ry and R, against the compositions
provided strong evidence that cellulose and PU
played different role for the wet-dry SME of the
blends. Speaking in detail, the cellulose content was
responsible for the shape fixing, whereas the PU
content was responsible for the shape recovery. The
former served as fixing phase, which can be trig-
gered by water reversibly, while the latter served as
recovery phase providing sufficient elasticity for the
shape recovery. Increase of the PU content made rel-
atively higher R, achievable, meanwhile, led to
lower Ry The weight ratio of 5/1 was predicted to
be an optimized composition, ensuring that the
blends obtain a balance between the Rf and R, both
of which were more than 80%.

Dynamic mechanical analysis of the blends in the
wet-dry cycles

Modulus variation under external stimulus was pre-
requisite for polymers to achieve SME.*"*! To fur-
ther characterize the SME of the cellulose-PU
blends, DMA measurements were performed for the
blends in wet-dry cycles. Figures 6 and 7 show the
dependence on time of the storage modulus E' of
the neat samples and the blends in the wet-dry
cycles. All the samples experienced the wet-dry
cycles for three times, including three times of heat-
ing and swelling. The dashed lines were used to
separate the heating and swelling periods in the
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Figure 3 Thermogravimetric analysis of cellulose-PU

blends.
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Figure 4 Cyclic stress—strain curves of the neat sample rC and the blends.

figures. The modulus of the wet-state blends was as
low as near 1 MPa in the beginning of the tests. Sub-
sequently, the modulus gradually increased, reached
around 6 MPa when the samples were heated up to
90°C from the room temperature. The increased
modulus of the blends fell to near 1 MPa by immers-
ing into water. Except for the neat cellulose sample
rC, all the blend samples exhibited reversible modu-
lus variation between near 1 MPa and near 6 MPa in
the cyclic state transition of wet and dry.

The modulus contrast of the samples in the wet
and the dry states was affected by the sample com-
positions. Neat cellulose sample rC had the mini-
mum modulus contrast of around two, whereas the
blend samples had around six. Furthermore, for the
dry-state blends, the addition of the PU content pro-
nounced increased the modulus. For instance, the

maximum modulus of the neat sample rC in the dry
state was around 2 MPa, while it was enhanced to
more than 5 MPa when the PU content was added.

Reversible variation in microstructure of the
blends in the wet-dry cycles

The WXRD profiles of the raw material and the neat
samples, including the cellulose pulp, rC, and PU,
are shown in Figure 8. A broad diffraction peak
located at 19.69° for PU and three obvious peak sig-
nals located at 9.0°, 17.83°, and 20.08° for cellulose
pulp. It was reported that the crystalline scatter of
22.5° for cellulose I or of 19.8° for cellulose II as well
as the amorphous reflection of 18° for cellulose I or
16° for cellulose TI, respectively.”** Therefore, the
broad peak of the cellulose pulp in the range 18°

Journal of Applied Polymer Science DOI 10.1002/app



662

1.0, —'—i,
R — _*
i 4 g
091 ™~y 1
.a"\.\! i
o 08
= ¢
o™ 0.7 /
0.64 /
] L]
05 . ,

10 91 61 41 2/
weight ratio ( cellulose/PTU )

Figure 5 Dependence of Ry and R, on compositions of
the cellulose-PU blends. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com. |

and 22° can be assigned to the combined amor-
phous-crystalline structures in the pulp. In compari-
son with the cellulose pulp, the diffraction peaks
due to crystalline structure nearly disappeared for
rC in both wet and dry states, indicating that the
crystalline structure in the cellulose pulp was dis-
rupted fully in the process of dissolution and coagu-
lation. Figure 9 shows the WXRD profiles of blends
CP91, CP61, CP41, and CP21 in the wet and the dry
states. Although sharp peaks due to the crystalline
structure were absent in all the profiles of the
blends, broad diffraction peaks were observed at
near 27° for the wet-state blends. In particular, the
broad diffraction peaks became much sharper and
shifted to near 20° from 27° when the blends were
transferred into the dry states. Immersion of the
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Figure 6 Variation in storage modulus of rC and PU
against time in wet-dry cycles determined by DMA.
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Figure 7 Variation in storage modulus of the blends
against time in wet-dry cycles determined by DMA. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

blends into water again resulted into the diffraction
peaks shifted back to the locations at higher degree.
Meanwhile, the intensity of the peaks was decreased
correspondingly. The variation in the location and
the intensity of the diffraction peaks indicated that
some changes in the microstructures of the blends
occurred during state transition between the wet
and the dry states. In general, the partially dry-state
blends had much compact microstructure compared
to the wet-state blends in the almost fully
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Figure 8 WXRD profiles of rC and pulp cellulose.
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Figure 9 WXRD profiles of the blends in the wet (left) and the dry (right) states.

amorphous structure. The variation in the micro-
structure of the blends was further investigated by
FTIR method. Figures 10 and 11 show the FTIR spec-
trum in the range 1600 cm ' and 800 cm ™' for the
neat samples and the blends in the wet and the dry
states. Obvious absorption peaks appeared for PU
and rC in Figure 10. It seemed that water had little
influence on the absorption of the PU. On the other
hand, the rC exhibited significant difference on the
absorptions according to the states. The dry-state rC
had much intensive peak located at 1427 cm ™' and
less intensive peak located at 895 cm ™' compared to
the wet-state rC. The similar phenomenon was
observed for the blends in Figure 11. When the
blends were transferred into the dry state from the
wet state, the absorption band locating at 1427 cm ™'
increased; meanwhile, the band locating at 895 cm !
decreased remarkably. Natural cellulose was well
known for the polymorphs. The absorbance inten-
sities in the range 1427-1430 cm ™' as well as in the
range 987-893 cm ' were very sensitive to the
amount of crystalline versus amorphous structure.”> >

wet-state rC

dry-state rC
150014001300 120011001000 900 800

wavenumbers ( cm™ )

Figure 10 FTIR spectrum of the neat samples rC and PU.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

To analyze the microstructure changes of the cellu-
lose-PU blends in the wet-dry cycles quantitatively, a
combined compact index (CCI) for the blends was
defined as the absorbance ratio of the bands at
1427 and 895 cm . The calculation formula is shown
as below,

A1427 cm~!
CCl=—"F——
A895 cm™!

Figure 12 shows the curves of CCI against composi-
tions for the wet-state and the dry-state blends. All
the blend samples increased CCI up to 2.0-3.2 in the
dry state while decreased the index to 0.8-1.2 in the
wet state. Both the dry-state and the wet-state blends
slightly decrease the CCI with the increase of the PU
content. rC in the dry state had the maximum value
of 3.2, whereas CP21 in the wet-state had the mini-
mum value of 0.5. Given the deformation was fixed
for the dry-state blends as well as the shape was
recovered for the wet-state blends in the shape
memory cycles, this phenomenon was consistent
with the tensile results that rC and CP21 obtained
the best fixity ratio and the recovery ratio, respec-
tively. The FTIR measurement not only disclosed
that the dry-state blends had much compact struc-
ture near to the crystalline structure compared to the
wet-state blends, but also revealed that the structure
changes of blends in the wet-dry cycles primarily
attributed to the cellulose, rather than PU. The FTIR
results coupled with the observation using WXRD
provided strong evidence on the variation in the
microstructures of the blends, which laid important
foundation to disclose the underline mechanism for
the wet—dry SME of the blends.

Combined heterogeneous architecture model for

the cellulose-PU blends

Hishikawa et al.”® have revealed that the noncrystal-
line phase of cellulose was not composed solely of

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 11 FTIR spectrum of the blends in the wet (left) and the dry (right) states. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

homogeneous domains nor were they totally amor-
phous but rather were found to have a heterogene-
ous organization. Given the absence of signals
assigned to the crystalline structures in the investi-
gation on the microstructure of the blends, it was
reasonable to assume that the cellulose in the blends
formed different amorphous regions primarily con-
sisting of the fully amorphous region and the com-
pact amorphous region. A combined heterogeneous
architecture model was further proposed to explain
the reversible behaviors of the blends in the wet-dry
cycles, which is shown in Scheme 2. The wet-state
blends had a loose structure where the fully amor-
phous cellulose and the PU were combined. Because
of the abundant hydroxyl groups of the cellulose,
water was easy to diffuse into or be removed from
the amorphous regions. When the blends were
applied into the heating program, the fully amor-
phous region was reversibly transferred into a much
compact architecture accompanied with the water
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Figure 12 Dependence on compositions of CCI of the
wet and the dry state samples. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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loss. The above-mentioned results from the WXRD
and FTIR measurements were predicted to support
the assumption. Frantz et al.*’ have demonstrated
that heat treatment could change not only the mobil-
ity of water content but also the relaxation behavior
of cellulose chains. The impact of thermal and aque-
ous treatment on the phase behaviors of the cellulose
was also reported in other literature.>! The reversi-
ble transition of the cellulose in different amorphous
regions provided a possible mechanism for the wet-
dry SME of the blends.

CONCLUSIONS

Cellulose-PU blends with different compositions
were prepared by coagulation method. The blends
were visibly homogeneous. The two polymer con-
tents were partially miscible in the blends. With the
increase in the content ratio, PU tended to form
microscale aggregates embedded in the amorphous
cellulose matrix. SME was realized for the blends
when applied into a specifically explored wet-dry
cycle. PU content served as the recovery phase,

cellulose

PU aggregates
wet state dry state
Scheme 2 Heterogeneous architecture model of the cel-
lulose-PU blends. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]



ACHIEVING SHAPE MEMORY

while the cellulose content served as the fixing
phase in the blends. The modulus and the micro-
structure of the blends varied reversibly in the wet-
dry cycles. The cellulose was able to arrange into
different types of amorphous structures including a
fully amorphous structure and a much compact
structure according to the wet or dry state of the
blends. Water can be absorbed or removed from the
amorphous cellulose structures, resulting into the re-
versible variation in the microstructure of the blends
as well as the wet—dry SME.
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