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ABSTRACT: Polyurethane (PU) nanofibers were prepared
by the electrospinning method. The process parameters,
including the applied voltage, feeding rate, and solution con-
centration, were investigated carefully. The results showed
that the resultant nanofibers, electrospun from PU/N,N-
dimethylformamide (DMF) solutions, had ultrafine diameters
ranging from about 700 to 50 nm. In addition, it was found
that the diameters and morphology of the nanofibers were
influenced greatly by the process parameters. In particular,
the solution concentration played a main role in influencing

the transformation of the polymer solution into ultrafine
fibers, and the diameters increased with the solution concen-
trations increasing. Finally, it was concluded that uniform PU
nanofibers without beads or curls could be prepared by elec-
trospinning through good control of the process parameters,
such as 5.0–7.0 wt % PU/DMF solutions, 10–15-kV applied
voltages, and 0.06–0.08 mm/min feeding rates. � 2008 Wiley
Periodicals, Inc. J Appl Polym Sci 109: 406–411, 2008
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INTRODUCTION

Fibers with oriented polymer chains and diameters
of 100 nm or less (nanofibers) are of great interest in
science and technology.1 One of the preparation
methods for ultrafine fibers is electrospinning. It is a
process that produces continuous polymer fibers
with ultrafine diameters through the action of an
external electric field imposed on a polymer solution
or melt.2,3 Because of their large surface area to vol-
ume ratio and the unique nanometer-scale architec-
ture built by nanofibers, great potential applications
are being explored in many fields, such as tissue en-
gineering scaffolds, drug delivery media, filtration
media, and protective clothes.4,5 In principle, after
the molecular parameters and process parameters
are provided, nearly all soluble or fusible polymers
can be processed into nanofibers by electrospinning,6

including biopolymers or modified biopolymers
such as collagen and chitosan, water-soluble poly-
mers such as poly(ethylene oxide) and poly(vinyl ac-
etate), bioerodible polymers such as polylactide and
poly(e-caprolactone), organosoluble polymers such
as polyurethanes (PUs) and polystyrene, and melt-
electrospun polymers such as polyethylene and
polypropylene.

In particular, among PUs, there is one group of
very promising smart materials called shape-mem-
ory polyurethanes (SMPUs). They can change their
shape, hydroabsorbency, water vapor permeability,
self-cleaning ability, and optical and other properties
when external stimuli change.7,8 Their shape-mem-
ory effects, including shape fixity and shape re-
covery, are influenced by many factors, such as the
soft-segment length, hard-segment content, and ther-
momechanical conditions.9,10 Generally, the soft-
segment phase and hard-segment domains play the
roles of the reversible phase and fixed phase in the
shape-memory effect, respectively.9 In addition, it
has been proved that the high crystallinity of the
soft segment at room temperature and the formation
of stable hard-segment domains acting as physical
crosslink points in the temperature range above the
melting temperature of the soft-segment crystal are
the two necessary conditions for segmented PU
exhibiting a shape-memory effect.11 So far, SMPUs
have been widely researched by material scien-
tists.12–16 However, the research of SMPUs still stops
at the millimeter scale. Many unique properties have
not been explored, especially those on the nanometer
scale.

Another application of SMPUs in textiles is
strongly dependent on the manufacture of shape-
memory fibers. Traditional methods of preparing
polymer fibers include melt spinning, spinning from
a solution or liquid-crystalline state, and forming
fibers from a gel state.17–19 Recently, SMPU fibers
have been achieved by wet spinning and melt spin-
ning;20,21 but there are few related reports on electro-
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spinning. It is therefore necessary to develop this
novel technology to prepare SMPU nanofibers. They
are expected to be very novel and smart materials
having many unique properties.

Before the unique properties of SMPU on a nano-
meter scale can be investigated, good PU nanofibers
are expected to be prepared. Therefore, in this work,
the electrospinning method was used to spin PU
nanofibers, and conditional experiments were con-
ducted to evaluate the effects of various parameters
on the diameters and morphology of PU nanofibers,
such as the applied voltage, feeding rate, and solu-
tion concentration.

EXPERIMENTAL

Materials

Poly(e-caprolactone) diol (PCL; Daicel Chemical
Industries, Ltd., Tokyo, Japan), with a number-aver-
age molecular weight of 4000 g/mol, was dried and
degassed at 808C under 0.1–0.2 kPa for 12 h before
PU synthesis. N,N-Dimethylformamide (DMF;
Aldrich, Auckland, New Zealand) and 1,4-butanene-
diol (BDO; Acros, St. Louis, MO) were dried with
4-Å molecular sieves for several days before use.
Extrapure-grade 4,40-methylene diphenyl diisocya-
nate (MDI; Aldrich) was used directly.

Synthesis of PU

PU resin (number-average molecular weight 5
180,000 g/mol), based on PCL containing a 75% soft-
segment content and 4000 soft-segment length, was
synthesized by the bulk polymerization method. The
reaction to prepare the prepolymer was carried out
in a 500-mL conical flask equipped with a mechani-
cal stirrer. First, PCL was mixed with MDI, and this
was followed by chain extension with BDO for
30 min at the ambient temperature. After they were
mixed evenly, the resulting prepolymer was poured
from the flask into a Teflon pan, and a postcuring
process was carried out in a vacuum oven at 808C.
After 10 h, the bulk-polymerized thermoplastic PU
resin was obtained.22,23

Preparation of the PU solution/PU bulk film

In this experiment, the PU/DMF solution for electro-
spinning was obtained after the PU resin was dis-
solved in DMF at the ambient temperature. For the
investigation of the concentration influence, the orig-
inal polymer solution was diluted with DMF into
several new solutions with concentrations of 3.0, 5.0,
7.0, 10.0, and 12.0 wt %. At the same time, the PU
bulk film was obtained after DMF had evaporated
completely from the PU/DMF solution on the Teflon
pan at 808C in the oven.

Electrospinning

The electrospinning technique, described extensively
in the literature,1–5 involves applying an electric field
to a polymeric solution to produce micrometer-to-
nanometer fibers. The shape and surface morphol-
ogy of the fibers depend on the electrospinning pa-
rameters used. The electrospinning process itself
involves applying a high voltage to the tip of a
syringe needle. Its schematic diagram has been
described in detail in the literature.24

The electrospinning apparatus, as shown in Figure
1, consisted of a 5-mL syringe connected to a syringe
pump. The solution flow rates were controlled by a
syringe pump and ranged from 0.04 to 0.10 mm/
min. The applied positive voltage was in the range
of 12–25 kV. The target for the electrospun fibers
was placed 15 cm from the needle tip and consisted
of grounded aluminum. The electrospinning process
was carried out at the ambient temperature.

Characterization

Scanning electron microscopy (SEM; model S450,
Hitachi, Tokyo, Japan) was used to investigate the
morphology of the samples. Samples for SEM were
obtained by the direct spinning of the nanofibers
onto aluminum foil. The nanofibers were dried over
a period of 2 days at the ambient temperature. The
samples were gold-coated before SEM.

Differential scanning calorimetry (DSC) testing
was performed with a PerkinElmer DSC machine
(Waltham, MA). The samples (ca. 5 mg) were heated
from 260 to 2508C at a heating rate of 108C/min;
then they were kept at a constant temperature of
2508C for 2 min and subsequently cooled to 2608C
at the same rate. Finally, the first heating scan was

Figure 1 Electrospinning apparatus.

PREPARATION OF PU NANOFIBERS 407

Journal of Applied Polymer Science DOI 10.1002/app



repeated. The result from the second heating scan of
each sample was used as a reference.

RESULTS AND DISCUSSION

Influence of the applied voltage

Figure 2 shows the SEM images of the resultant
nanofiber samples spun from the 5.0 wt % PU/DMF
solution at various applied voltages. In this study, it
was found that uniform nanofibers without beads
could not be obtained until the applied voltage
reached 12.0 kV. If the applied voltage was not high
enough (e.g., 10.0 kV), the PU solution could not be
spun into nanofibers because of the lower electrical
force. That is, 12.0 kV was a critical value for prepar-
ing uniform PU nanofibers with 5.0 wt % PU/DMF
solutions. However, when the applied voltages were
increased to a high value, such as 20.0 or 25.0 kV,
the diameters of nanofibers appeared to be not uni-
form, and many loops formed in the resultant sam-
ples [Fig. 2(c,d)]. Generally, these results are ascribed
to the excessively increased voltage. When the
applied voltage is beyond a critical value, the higher
electrical force will break the ideal balloon, and the
jet also will not be stable during the electrospinning
process.25

Figure 3 shows DSC curves of the nanofiber-
deposited membrane and its bulk film. There were
noticeable differences between the two samples, even
though they had the same composition. For instance,
the recrystallization peak appeared on the cooling
curve for the nanofibers, whereas it appeared on the
heating curves for the bulk film. This indicated that
higher tropism was formed in the nanofibers, and

they were easier to recrystallize during the cooling
process. Accordingly, the crystal of the soft segment
in the nanofibers would be more stable during the
heating process. As expected, the soft-segment melt-
ing temperature (ca. 46.348C) of the nanofibers was
much higher than that of the bulk film (ca. 38.538C;
shown in Fig. 3), and the enthalpy value of the nano-
fibers (ca. 40.85 J/g) was also much higher that that
of the bulk film (ca. 22.30 J/g). These results indi-
cated that the crystallization degree in the nanofibers
was much higher than that in the bulk film. In addi-
tion, an evident glass transition appeared on the
heating curves for the nanofiber samples, whereas it
is not easy to distinguish the glass transition in the
bulk film samples because of their lower heat
capacity change. This implied that the microphase
separation in the morphology of the nanofiber-de-
posited membrane was insufficient in comparison
with the bulk PU film. The reason is that the nano-
fiber-deposited membrane was spun directly at the
ambient temperature without an additional anneal-
ing process, whereas the bulk film was put in the
808C oven for 24 h in this experiment. Therefore, a
good microphase-separation morphology was more
easily formed in the bulk film, and its lower heat
capacity change during the glass transition could not
be tested easily by DSC. Most importantly, from the
DSC curves, it was found that the nanofiber-depos-
ited membrane and bulk film both had a crystalline
soft-segment phase. As mentioned previously, this
structure satisfied the requirements of SMPU.9,22

Moreover, the shape-memory behaviors of the PU
bulk film were demonstrated in the earlier report.22,23

Thus, this observation implied that PU was expected
to keep its original morphology, although it had been
spun into ultrafine fibers, that is, PU nanofibers.

In addition, as shown in Table I, the melting tem-
perature of the soft segment in the nanofiber mem-
brane increased with the applied voltage increasing,

Figure 2 SEM images of the nanofibers at different
applied voltages: (a) 12, (b) 15, (c) 20, and (d) 25 kV.

Figure 3 DSC curves of the resulting nanofiber-deposited
membrane and the bulk film.
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ranging from 40.4 to 43.28C on the heating scans,
and the recrystallization temperature also increased
with increasing applied voltage on the cooling scans.
This indicated that the PU nanofibers were easier to
crystallize during the cooling process when the
applied voltage was high because the higher electri-
cal force resulted in better tropism in the molecular
chain. This was another proof that the chain tropism
in the nanofibers increased with the applied voltage
increasing. More stable crystals could be formed in
the nanofiber soft-segment phase.

Influence of the feeding rate

As reported earlier,26 the feeding rate affects the vol-
ume charge density and electrical current of a poly-
mer solution. The electrical current increases with
the feeding rate increasing in certain polymer solu-
tions, whereas it decreases with the feeding rate
increasing in other polymer solutions. For instance,
it was observed by Theron et al.27 that an increased
feeding flow rate would increase the electrical cur-
rent in poly(ethylene oxide), poly(vinyl acetate), pol-
y(acrylic acid), and PU solutions, whereas it reduced
the electrical current in PCL solutions. Thus, increas-
ing the feeding flow rate would decrease the fiber
diameter, and the surface charge density would
decrease as the flow rate increases.26–28 It was also
pointed out by Zong et al.29 that a different mor-
phology could be achieved by control of the feeding
rate at a given electric field because a certain mini-
mum value of the solution volume suspended at the
end of the spinneret should be maintained to form
an equilibrium Taylor cone. Besides, Um et al.30

demonstrated that with the feeding rate of the poly-
mer solution increasing, the electrospinning perform-
ance for creating nanofibers improved; however, the
improvement was not sufficient to achieve a consist-
ent production of high-quality nanofiber membranes.

With reference to these studies, in this study, dif-
ferent feeding rates were used to investigate the

effect of the feeding rate on the morphology of the
nanofibers. Figure 4 shows the SEM images of elec-
trospun fibers spun at different feeding rates. The
larger diameter nanofibers were spun at a higher
feeding rate (e.g., 0.1 mm/min), and smaller and
uniform nanofibers were observed in the samples
spun at a lower feeding rate (e.g., 0.06 mm/min).
This result was quite different from the previous
observation by Theron and coworkers,27,28 but it was
confirmed by Kim et al.31 This happened because
the droplet suspended at the end of the spinneret at
the higher feeding rate was larger than that at the
lower feeding rate.17,21 That is, its solution jet could
carry a larger quantity of fluid; under the same
applied voltage, the electrical force was equal, and it
stretched the same-length nanofibers. However, they
were harder to dry before they reached the collecting
screen. Consequently, nonuniform and larger diame-
ter nanofibers were formed in the final morphology
because of the higher feeding rate [see Fig. 4(c,d)].
Knowing that the nanofiber performance could be
improved, we could electrospin uniform nanofibers
at a lower feed rate (e.g., 0.06 or 0.08 mm/min).

Influence of the concentration

Five PU/DMF solutions with different concentra-
tions (3.0, 5.0, 7.0, 10.0, and 12.0 wt %) were used to
spin PU nanofibers. During the experimental pro-
cess, jet formation was not observed in the PU/DMF
solutions above 12.0 wt % because of their higher
viscosity, whereas in a too diluted solution (e.g.,
<3.0 wt %), the jet broke into droplets; electrospray-
ing instead of electrospinning was observed. This

TABLE I
Electrospinning Parameters and Thermal Properties of

the As-Spun Nanofibers

Sample
Applied

voltage (kV)
Concentration

(wt %)
Tm

(8C)
Tc

(8C)

N1 12 3 42.11 —
N2 12 5 40.95 —
N3 12 7 40.63 —
N4 12 12 40.31 21.19
N5 12 5 40.71 22.12
N6 15 5 41.04 20.96
N7 20 5 41.08 1.39
N8 25 5 43.06 3.98

Tm 5 melting temperature of the soft segment; Tc 5
recrystallization temperature of the soft segment.

Figure 4 SEM images of the nanofibers at different feed-
ing rates: (a) 0.04, (b) 0.06, (c) 0.08, and (d) 0.1 mm/min.

PREPARATION OF PU NANOFIBERS 409

Journal of Applied Polymer Science DOI 10.1002/app



means that continuous nanofibers also cannot be
prepared if the viscosity is too low. This is because
higher electrical forces are required to overcome
both the surface tension and the viscoelastic force for
stretching into fibers as the concentration or, equiva-
lently, the viscosity increases. Thus, the concentra-
tions of 3.0 and 12.0 wt % were called the lower and
upper crucial concentrations for electrospinning a
PU/DMF solution into nanofibers, respectively, in
this system.

SEM images of electrospun nanofibers spun with
solutions of different concentrations are presented in
Figure 5. They show a significant difference in the
diameter and morphology of the nanofibers. As pre-
viously discussed, it was very difficult to spin a con-
tinuous fiber at a concentration below 3.0 wt %.
Even though the solution could be successfully spun
into nanofibers, the resultant nanofibers were usually
not uniform because of its too low surface tension
and viscoelastic force. Thus, it was observed that a
mixture of beads (or drops) with nanofibers were
prepared [Fig. 5(a)]. In contrast, with too high con-
centrations (e.g., >10.0 wt %), nanofibers were also
harder to dry well because of their high surface ten-
sion before they reached the collecting screen. Then,

the resultant nanofibers usually combined with
another, as shown in Figure 5(d,e).

In addition, the diameters of the nanofibers were
also quite different. For example, 50–100-nm nanofib-
ers were prepared from a 3.0 wt % solution, and
600–700-nm nanofibers were observed in the 12.0 wt %
spun samples (shown in Fig. 5). In fact, the diam-
eters increased linearly with the concentration
increasing. In this way, nanofibers with different
diameters can be easily prepared by control of the
concentration solution. At the same time, from the
thermal properties of the nanofiber-deposited mem-
branes, it could be found that the melting tempera-
ture decreased when the polymer solution concentra-
tion increased (shown in Table I). This result also
could be ascribed to the microphase-separation struc-
ture of the nanofibers. The higher concentration
resulted in less microphase-separation structure in
comparison with the low concentration because it
was harder to dry during the electrospinning process.

CONCLUSIONS

In this experiment, PU nanofibers were successfully
prepared from PU/DMF solutions by the electro-
spinning method; the applied voltage, feeding rate,
and solution concentration influenced the diameters
and morphology greatly. The following conclusions
could be drawn:

1. In this system, the best nanofibers could be
electrospun from a 5.0 wt % solution concen-
tration with a 12.0-kV applied voltage and
0.08 mm/min feeding rate after the distance
between the capillary tip and grounded collec-
tor was controlled, and the diameter, ranging
from 50 to 700 nm, could be changed by adjust-
ments of the electrospinning parameters.

2. The DSC results indicated that the resultant
nanofibers showed a morphology similar to that
of the bulk film that could satisfy the structure
requirements of PU having a shape-memory
effect.

3. A low applied voltage results in more uniform
nanofibers, and the largest diameter fibers were
formed at the higher solution feeding rates. The
solution concentration played a main role in
affecting the diameter and morphology; the
nanofiber diameters increased with the concen-
tration linearly.
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