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ABSTRACT: Hyperbranched polyurethanes were synthesized from poly(e-caprolactone) diol as a macroglycol, butanediol as a chain
extender, a monoglyceride of a vegetable oil (Mesua ferrea, castor, and sunflower oils separately) as a biobased chain extender, trietha-
nolamine as a multifunctional moiety, and toluene diisocyanate by a prepolymerization technique with the A, + B; approach. The
structure of the synthesized hyperbranched polyurethanes was characterized by "H-NMR and X-ray diffraction studies. M. ferrea L.
seed-oil-based polyurethane showed the highest thermal stability, whereas the castor-oil-based one showed the lowest. However, the
castor-oil-based polyurethane exhibited the highest tensile strength compared to the other vegetable-oil-based polyurethanes. All of
the vegetable-oil-based polyurethanes showed good shape fixity, although the castor-oil-based polyurethane showed the highest shape
recovery. Thus, the characteristics of the vegetable oil had a prominent role in the control of the ultimate properties, including the

shape-memory behaviors, of the hyperbranched polyurethanes. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 39579.
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INTRODUCTION

Nature shows examples of stimuli-responsive phenomenon. For
example, the leaves of Mimosa pudica fold inward rapidly when
they are touched, sunflowers bend toward the sun, and chame-
leons change color according to the environmental situation.'
Thus, to mimic nature, enormous efforts have been made to
design stimuli-responsive polymers, particularly segmented pol-
yurethanes, which have potential applications in the fields of
sensors, microactuators, intelligent biomedical devices, implant
materials, self-deployable structures, smart textiles, sporting
goods, and so on.”” Shape-memory polyurethanes are not only
stimuli-responsive  smart materials, which can
respond to a particular external stimuli such as temperature,
light, solvent, magnetic field, and electric field by changing their
shape, but also possess other desired properties.”®® The net
points, which are the chemically or physically crosslinked net-
work structures of segmented polyurethanes, determine the per-

polymeric

manent shape of the polymer network, whereas a switching
segment acts as a mobile phase.'®'? Shapes are driven by the
specific transition temperature (Ti.ns), which is either near the
glass-transition temperature (T,) or close to the melting tem-
perature (T,,). However, T, is generally considered because the
melting transition is sharper than T,.'>'* Thus, the synthesis of
elastic polyurethanes with different structures and properties is
an apt choice in recent times.

© 2013 Wiley Periodicals, Inc.
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Furthermore, the realization of finite petroleum resources,
growing environmental concerns, and waste disposal problems
encourage the utilization of bioresources such as vegetable oils
as raw materials for the preparation of polyurethanes.'>™® This
due to the fact that such oils have numerous advantages,
including easy availability, relatively low cost, versatility in
structure and properties, inherent biodegradability, and environ-
mentally friendliness.'® Again, the hydroxylation of vegetable
oils is one good approach for obtaining the required polyols to
be used in polyurethane synthesis. In this investigation, different
vegetable oils were modified through transesterification to
obtain the desired diols. The properties of vegetable-oil-based
polyurethanes depend on the characteristics, that is, the physical
and chemical structures, which include the number of hydroxyl
groups in the polyols, degree of unsaturation, length of the fatty
acid chains, and position of hydroxyl groups in the fatty acid
chain.?**! Thus, in this study, monoglycerides (MGs) of three
vegetable oils with different structures and compositions were
used to obtain shape-memory polyurethanes with unique struc-
tural architectures.

Among the different polymeric architectures, hyperbranched pol-
yurethanes are winning much attention from materials scientists
and technologists because of their highly functionalized, nonen-
tangled structure and easy synthesis.”> They offer many advant-
age, including a lower melt and solution viscosity, higher
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Scheme 1. Synthesis of the vegetable-oil-based hyperbranched polyurethanes.

solubility, and higher reactivity than their linear analogs. How-
ever, in general, they suffer from brittleness. This problem was
addressed in this study through the incorporation of a long, flexi-
ble macroglycol, polycaprolactone diol, and the presence of a
long, flexible hydrocarbon chain of the vegetable oils. Therefore,
hyperbranched polyurethanes with different vegetable oils and a
flexible macroglycol were synthesized as shape-memory polymers.

In this study, hyperbranched polyurethanes with long segments,
therefore, were synthesized with MGs of different vegetable oils
(Mesua ferrea, castor, and sunflower oils) to investigate the
effects of the structure and composition of vegetable oils on var-
ious properties, including the shape-memory behavior. Polyur-
ethane without vegetable oil was synthesized for comparison
purposes.

EXPERIMENTAL

Materials
M. ferrea L. seeds were collected from Darang, Assam, India,
and the oil was isolated by a solvent soaking method and puri-
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fied by an alkali refining technique. Sunflower oil (Sigma,
Germany), castor oil (Aldrich Chemical, Castle Hill, Australia),
glycerol (Merck, India), poly(e-caprolactone) diol (PCL; Solvay
Co., Japan, number-average molecular weight = 3000 g/mol),
1,4-butanediol (Merck, Germany), and triethanolamine (Merck,
India) were used after they were dried in a vacuum oven at
60°C for 12 h. Calcium oxide (S. D. Fine Chemical, Ltd., Mum-
bai) and toluene diisocyanate (80% of 2, 4, and 20% 2,6 iso-
mers, toluene diisocyanate (TDI), Sigma Aldrich, Germany)
were used as received. Xylene (Merck, India) was vacuum-
distilled and kept in 4A-type molecular sieves before use.

Preparation of the MGs of the Oils

The MGs of the oils were prepared by a glycerolysis process, as
reported earlier.”> Briefly, a 250-mL, three-necked, round-
bottom flask equipped with a nitrogen inlet tube, a thermome-
ter, a heating mantle, and a mechanical stirrer was used for the
preparation of the MGs of the vegetable oil. The required
amounts of oil (0.023 mol) and glycerol (0.046 mol) were
placed in this flask with constant stirring. An amount of 0.05%
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Figure 1. FTIR spectra for (a) CHBPU, (b) MHBPU, (c) SHBPU, and
(d) HBPU.

(with respect to the oil) CaO was added to the reaction mix-
ture, and then, the temperature was gradually increased up to
220°C. Then the mixture was stirred for 2 h. The formation of
the MGs was confirmed by their solubility in methanol (MG/
methanol = 1:3 v/v) at room temperature.

Synthesis of the Hyperbranched Polyurethanes

The hyperbranched polyurethanes were synthesized by a two-
step, one-pot A, + B; approach (Scheme 1). A 250-mL, three-
necked round-bottom flask equipped with a mechanical stirrer,
nitrogen inlet tube, and a thermometer was placed in an oil bath
for this polymerization reaction. The MGs of M. ferrea L. seed
oil (3.78 mol) and PCL (2.8 mol) were placed in the reaction
flask with 30 mL of xylene with constant stirring. TDI (14.76
mol) was slowly injected into the previous reaction mixture at
room temperature. The reaction mixture was allowed to react for
3 h at 80 £ 5°C to obtain the prepolymer. The reaction mixture
was then allowed to cool to room temperature, and then, 1,4-
butanediol (2 mol) and triethanolamine (4.12 mol) were added
drop by drop to the prepolymer (NCO/OH ratio = 1.0). The
temperature of the reaction mixture was again raised to 80 = 5°C
and stirred continuously for about another 3 h. After the com-
pletion of the reaction, a part of the viscous product was precipi-
tated in water and then dried in a vacuum oven at 60°C for 24 h
for the NMR analysis. The remaining part was solution cast on
different substrates for other testing. The same procedure was fol-
lowed for the synthesis of other vegetable-oil-based polyurethanes
(the content of MGs of the vegetable oil was 10 wt % in all of
the cases) and without oil-based polyurethane. The synthesized
hyperbranched polyurethanes were coded CHBPU, MHBPU,
SHBPU, and HBPU for castor, M. ferrea, sunflower, and no oil-
based polyurethanes, respectively.

Measurements

The infrared spectra of the hyperbranched polyurethane were
recorded by an Impact 410 Nicolet Fourier transform infrared
(FTIR) spectrophotometer (Madison, WI) with KBr pellets.
The '"H-NMR spectrum of the polymer was recorded by a
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Figure 2. X-ray diffractograms for (a) CHBPU, (b) MHBPU, (c) SHBPU,
and (d) HBPU.

400-MHz NMR spectrometer (JEOL, Japan) with hexadeuter-
ated dimethyl sulfoxide as the solvent and TMS as an internal
standard. The X-ray diffraction (XRD) study was carried out
at room temperature (ca. 25°C) by a Rigaku X-ray diffractome-
ter (Miniflex, United Kingdom) over a range of 20 = 10-70°.
The thermal analysis was done by a Shimadzu thermal analyzer
(TG50, Japan) with a nitrogen flow rate of 30 mL/min at a
heating rate of 10°C/min. The differential scanning calorimetry
(DSC) study was done by a DSC 60 instrument (Shimadzu) at a
3°C/min heating rate under a nitrogen flow rate of 30 mL/min
from —30 to 150°C. The tensile strength and elongation at break
were measured with the help of a universal testing machine
(Zwick Z010, Germany) with a 10 X 10>-N load cell and a
crosshead speed of 0.05 m/min with sample dimensions of 0.1
X 0.01 X 0.00035 m’. The scratch resistance of the dry film
was measured with a scratch hardness tester (model number
705, Sheen Instruments, Ltd., United Kingdom) with a stylus
accessory and a travel speed of 0.03-0.04 m/s. The impact
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Figure 3. "H-NMR spectra for (a) CHBPU, (b) SHBPU, (c) MHBPU, and
(d) HBPU.
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Table I. Structures and Composition of Vegetable Oils

Fatty acid Structure M. ferrea L. seed oil Sunflower ail Castor oll

Palmitic acid (%) NAANANANANCO0H 15.9 5.2 =

Stearic acid (%) NANANANNANCO0H 9.5 2.7 -

Oleic acid (%) NNAA=ZANAN 0N 52.3 37.2 =

Linoleic acid (%) NAAN=A=AIMNNN 00N 22.3 53.8 -

Linolenic acid (%) = N\=A= ST = 1.0 =

ici i id (9 A MNA=ANNNA — —

Ricinoleic acid (%) o COOH 95
resistance was measured by an impact tester (S. C. Dey & Co., Shape recovery (%)=[(L1—L3>/Lo]><100 (1)
India, 1.0 m was the maximum height) with the standard ASTM
D 1037 falling weight method. A weight of 0.85 kg was allowed Shape fixity (%) =[(L,—Ly)/ L] X 100 (2)

to fall on the mild steel plate coated film from minimum to
maximum height up to which the film was not damaged. The
maximum height was taken as the impact resistance.

Shape-Memory Behavior Study

The shape-memory properties of the hyperbranched polyur-
ethanes were determined through a series of thermocyclic tensile
experiments by the help of a universal testing machine with a
thermal cabinet attachment from Jinan (Republic of China)
with a 500-N load cell. At first, the films were cut into rectan-
gular strips with dimensions of 0.04 X 0.005 X 0.0006 m’ and
heated at 60°C (T,,+20°C) for 5 min. Then they were
stretched to twice of their original length (L,) with a stretching
rate of 0.02 m/min, and the stretched length was denoted as L;.
Immediately, the stretched samples were frozen at 0-5°C
(T,,—40°C) for 5 min to fix the temporary shape, and the
length was measured as L, after the removal of the load. Subse-
quently, the samples were reheated at the same temperature
(60°C) for the same period of time for shape recovery, and the
length obtained was denoted as Ls;. The same procedure was fol-
lowed for the repeated cycles of testing. The shape recovery and
shape fixity were two shape-memory parameters calculated
from the following equations:

100 -
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o (=] o
1 1 L

Weight residue (%)
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o
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Figure 4. Thermogravimetric analysis thermograms for (a) MHBPU,
(b) SHBPU, (c) HBPU, and (d) CHBPU.

Mnh\"‘lfi‘.'} WWW.MATERIALSVIEWS.COM
1

39579 (4 of 8)

RESULTS AND DISCUSSION

Infrared Spectroscopic Study

FTIR spectra of all of the synthesized hyperbranched polyur-
ethanes are shown in Figure 1. The bands appeared at 3406-3430
cm~ ' for the hydrogen-bonded —NH stretching vibrations,
1720-1725 cm™ " for the —C=0 stretching vibrations, and 1061
cm~ ! for the C—O—C stretching vibrations; these are the three
characteristic bands of the urethane group. Polyurethane contains
a proton donor group (—NH) and a proton acceptor group
(>C=0). The —NH groups of the urethane linkages in polyur-
ethane were hydrogen-bonded with —C=O of the urethane link-
ages and ether oxygen of the soft segments. The bands appearing
for the hydrogen-bonded —NH stretching vibrations at 3364
cm™ ' of HBPU were shifted to 3351, 3359, and 3365 cm ™' for
the CHBPU, MHBPU, and SHBPU, respectively. Therefore, the
—NH stretching frequency shifted to a lower frequency.”*** The
band appearing at 2926 cm ™' was assigned to the —CH stretch-
ing of —CH, and —CHj;. The bands at 870 and 730 cm”~ ! were
due to the substituted aromatic ring of TDI. The disappearance
of the band at 2250-2270 cm™ ' indicated that there was no
residual —NCO group present in the hyperbranched polymer
structure, and the reaction was assumed to be completed. All of
the previous bands confirmed the formation of urethane groups
in the synthesized hyperbranched polyurethanes.

XRD Study

Figure 2 shows X-ray diffractograms of all of the hyperbranched
polyurethanes. XRD analysis confirmed the presence of crystal-
linity of the thermoplastic hyperbranched polyurethanes. There
were two strong diffraction peaks at 20 =21.6 and 23.7° due to

Table II. Thermal Properties and Degree of Crystallinity of the Hyper-
branched Polyurethanes

Tm Degree of Ton Tmax Tenp
Code Q) crystallinity (%)  (°C) Q) (°C)
CHBPU 428 209 234 332 441
MHBPU 40.7 23.2 243 371 452
SHBPU 40.1 211 243 360 450
HBPU 394 21 243 346 443
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Figure 5. DSC curves for (a) CHBPU, (b) MHBPU, (c) SHBPU, and
(d) HBPU.

the (100) and (200) planes of PCL crystals. M. ferrea L. seed-
oil-based polyurethane showed the highest crystallinity com-
pared to the other vegetable-oil-based polyurethanes.

NMR Study

The structure of the hyperbranched polyurethanes was studied
by 'H-NMR spectral analyses. 'H-NMR spectra of all of the
hyperbranched polyurethanes are shown in Figure 3. The 'H-
NMR spectrum of polyurethane confirmed the presence of the
urethane group, TDI moieties, and other characteristic moieties,
such as double bonds, chain —CH,—, and terminal —CHj. The
peaks at 0 = 0.80-0.87, 1.19-1.27, and 0 = 1.47-1.51 ppm were
due to the terminal methyl group, all internal —CH,— groups,
and the protons of the —CH,— groups attached next to the ter-
minal methyl group of the fatty acid chain of the MG of the
oil, respectively.”»*® The protons of allylic —CH,—, —CH,—
adjacent to —O— of the urethane group and —CHj; of TDI
showed peaks at 0 = 2.19-2.26, 2.23-2.27, and 2.40-2.68 ppm,
respectively. The —CH,— protons of the triethanolamine moiety
attached to the urethane linkages and —CH,— protons attached
to —OH groups were found at 0 =3.1-3.3 and 3.96-4.03 ppm,
respectively. The integration ratio of these two peaks indicated
the extent of substitution of the —OH of the branch-generating
moiety, triethanolamine. The observed ratio was found to be
2.50 for the CHBPU, which indicated that out of three —OH
groups, 2.50 groups were substituted; that is, the degree of

Table III. Mechanical Properties of the Hyperbranched Polyurethanes
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branching was about 0.83. Similarly, the degrees of branching
were found to be 0.76, 0.70, and 0.64 for MHBPU, SHBPU, and
HBPU, respectively. The protons of the aromatic moiety were
observed around 0 = 7.7-8.00 ppm. However, there was another
peak for the castor-oil-based hyperbranched polyurethane at
0=3.8 ppm for the —CH— proton attached to the —OH of
the ricinoleic moiety. All of the previous spectral analyses con-
firmed the formation of the hyperbranched polyurethane. The
structures and composition of all of the vegetable oils that we
used are given in Table 1.

Thermal Properties

The thermal stabilities of all of the hyperbranched polyur-
ethanes are shown in Figure 4. The thermal stability of the poly-
urethane depended on the structures of the hard segment and
soft segment, the degree of the urethane linkage, the hard seg-
ment to soft segment ratio, the extent of physical crosslinking,
and the molecular weight and its distribution. From the results,
we observed that the synthesized polyurethane exhibited a two-
step degradation pattern. The first step was due to the degrada-
tion of the aliphatic chains and the breakage of the urethane
linkages, whereas the second step was due to the degradation of
the aromatic moieties. From the thermograms, we observed that
the castor-oil-based polyurethane showed the lowest thermal
stability. The hydroxyl functionality of the castor oil was higher
than the other oils, and therefore, the degree of urethane linkage
was greater. It was reported that higher the degree of urethane
linkage is, the lower the thermal degradation will be.”” The
M. ferrea L. seed-oil-based polyurethane showed the highest
thermal stability compared to the other different vegetable-oil-
based polyurethanes. This may have been due to the higher crys-
tallinity, as supported by the XRD study. The onset decomposition
temperature (Toy), temperature corresponding to the maximum
rate of weight loss (Tyax), and initiation of end-set decomposi-
tion temperature (Tgnp) for all of the hyperbranched polyur-
ethanes are shown in Table II and in the thermograms (Figure 4).

DSC curves of all of the hyperbranched polyurethanes are
shown in Figure 5. As shown in the figure, the castor-oil-based
hyperbranched polyurethane showed the highest T,, (Table II).
In the castor-oil-based polyurethane, the degree of urethane
linkages was greater, and hence, the secondary interactions, such
as H-bonding and polar—polar interactions, were also greater.
The crystallinity of these hyperbranched polyurethanes came
from the crystalline nature of the PCL moiety. The crystalline
peak at about 40°C was due to the PCL moiety present in the

Property CHBPU MHBPU SHBPU HBPU
Tensile strength (MPa) 75=0.2 6.2+0.2 5+x0.4 54+03
Elongation at break (%) 607 =3.2 614 +3.4 620+3.1 595+3.3
Scratch hardness (kg) 602 54+01 5+01 5+x0.2
Impact resistance (m)® 0.9+0.05 0.9+0.05 0.9+0.05 0.9+0.05
Bending (m) <0.001 <0.001 <0.001 <0.001
Gloss (60°) 88+3 862 85+3 85+3

21.0 m was the limit of the instrument.
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Figure 6. Stress—strain curves for (a) CHBPU, (b) MHBPU, (c) HBPU,

and (d) SHBPU.

polymer chains, as supported by various studies from the litera-
ture.”® No other T,, was found for this vegetable-oil-based poly-
urethane, as supported by reports on
polyurethanes.”® The hyperbranched polymers as such were
amorphous, but in this case, as a crystalline, long-segmented
macroglycol, PCL was used, so a crystalline peak was observed
in the DSC curves.

earlier similar

Mechanical Properties

The mechanical properties of all of the hyperbranched polyur-
ethanes are shown in Table III, and the stress—strain profiles are
shown in Figure 6. The performance of the polyurethane
depends on the degree of the urethane groups, virtual or physi-
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cal crosslinking density, and the various interactions, such as H
bonding and polar—polar interactions. All of the polyurethanes
showed overall good tensile strength. However, the castor-oil-
based polyurethane showed the highest tensile strength. This
may have been due to the unusual characterization of the castor
oil, which is typically composed of 95% ricinoleic acid and has
an average hydroxyl value of 2.7. Therefore, the degree of ure-
thane linkages and physical crosslinking was higher in the
castor-oil-based polyurethane than the others. However, the
elongation at break was lower than the other vegetable-oil-based
polyurethanes because of the rigidity of the structure that was
generated through various secondary interactions in the poly-
mer chains. All of the synthesized polyurethanes exhibited over-
all good scratch hardness. However, the castor-oil-based
polyurethane exhibited the highest scratch hardness because of
the increased overall toughness of the material. All of the syn-
thesized vegetable-oil-based polyurethanes showed excellent
impact resistance. The impact resistance of the material may
have been due to the angle of toughness of the films, that is,
the ability to absorb the applied external energy and the transfer
of energy to its adjacent molecular networks. All of the samples
exhibited good flexibility, as shown by the bending test, as the
films could be bent onto a rod 1 mm in diameter without any
fracture. This was due to the high flexibility of the soft segments
and the presence of long-chain fatty acid moieties in the struc-
ture of the polyurethanes. The results revealed that the castor-
oil-based polyurethane exhibited mechanical properties superior
to those of the other vegetable-oil-based polyurethanes.

Shape-Memory Study
The shape-memory behaviors of the different hyperbranched
polyurethanes are shown in Figure 7. The samples were

Figure 7. Shape-memory behaviors of the hyperbranched polyurethanes: (a) original shape, (b) extended shape, (c) fixed shape, and (d) recovered shape.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table IV. Shape-Memory Behavior of the Hyperbranched Polyurethanes

Sample code Shape fixity (%) Shape recovery (%)

CHBPU 98+ 0.1 98.5+0.2
MHBPU 98+0.2 96 +0.1

SHBPU 96.5+0.3 94.8+0.2
HBPU 32.5+0.3 96.5+0.1

stretched above T,, (60°C) of the hyperbranched polyurethanes
and were subsequently frozen at a low temperature (0 to 5°C)
to fix the deformed shape. The shape fixity temperature of
0-5°C was chosen on the basis of the fact that it could be
achieved easily under the experimental conditions that we used
and because it was a much lower temperature than the crystal-
line T,, of the soft segment. The crystalline T,, was considered
the switching temperature because the melting transition was
sharper than T, All of the vegetable-oil-based polyurethanes
exhibited good shape fixity; this indicated that the micro-
Brownian movements of the molecular chains in the physical
network of the soft segment were frozen at the fixing tempera-
ture and, thereby, stored the applied load as strain energy. The
vegetable-oil-based polyurethanes showed a higher shape fixity
than the oil-free polyurethane. This may have been due to the
presence of long-chain fatty acid moieties in the structure,
which enhanced the secondary interactions during the vitrifica-
tion. All of the vegetable-oil-based polyurethanes showed good
shape recovery, although the castor-oil-based one showed the
best shape recovery (Table IV). This could be attributed to the
presence of more physical crosslinking due to the higher ure-
thane linkages, which caused the storage of more deformed
energy in the system. The sample immediately released the
deformed stored energy and returned to its original shape on
reheating. The M. ferrea L. seed-oil-based hyperbranched poly-
urethane also exhibited good shape recovery. This may have
been due to the presence of various secondary interactions and
the highly crystalline region of this hyperbranched polyurethane.
No significant change in shape fixity or shape recovery was
obtained for any of the hyperbranched polyurethanes for five
cycles of testing.

CONCLUSIONS

In this study, different vegetable-oil-based polyurethanes were
synthesized successfully. All of the synthesized polyurethanes
showed overall good performance. However, the castor-oil-
based hyperbranched polyurethane exhibited the highest tensile
strength, whereas the M. ferrea L. seed-oil-based one showed
the highest thermal stability among all of the studied hyper-
branched polyurethanes. The castor-oil-based polyurethane
showed the highest shape recovery, although all of the polyur-
ethanes showed good shape fixity except the oil-free one. Thus,
the characteristics of the oils had a strong influence on the per-
formance and shape-memory effect of the hyperbranched poly-
urethanes. These synthesized vegetable-oil-based hyperbranched
polyurethanes might be used in the different potential fields,
such as in surgical sutures, catheters, drug delivery, microactua-
tors, and sensors.
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