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Abstract

The morphology, polymorphism behavior and molecular orientation of electrospun poly(vinylidene fluoride) (PVDF) fibers have been inves-
tigated. We found that electrospinning of PVDF from its N,N-dimethylformamide/acetone solutions led to the formation of b-phase. In contrast,
only a- and g-phase was detected in the spin-coated samples from the same solutions. In the aligned electrospun PVDF fibers obtained using a ro-
tating disk collector, the b-phase crystallites had a preferred orientation along the fiber axis. The degree of orientation did not, however, vary sig-
nificantly with the speed of the rotation disk collector, and the b-phase was also not significantly enhanced with the increase in the rotation speed or
the decrease in the size of spinnerets. These facts indicated that the orientation was likely to be caused by Columbic force rather than the mechanical
and shear forces exerted by the rotating disk collector and spinnerets. The Columbic force may induce local conformational change to straighter
TTTT conformation, and hence promote the b-phase. The addition of 3 wt.% of tetrabutylammonium chloride (TBAC) into the polymer solutions
effectively improved the morphology of the electrospun fibers, and led to almost pure b-phase in the fibers. With spin coating, PVDFeTBAC did
not, however, show any strong b-phase diffraction peak. The synergistic b-enhancement effect of TBAC and electrospinning is possibly due to the
fact that while TBAC could induce more trans conformers, electrospinning promotes parallel packing, and hence inter-chain registration.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Poly(vinylidene fluoride) (PVDF) has drawn great attention
in recent years due to its attractive properties such as piezo-,
pyro- and ferroelectricity, as well as flexibility, light weight
and good processability. Although PVDF has a simple chemi-
cal structure, it is well established that it can exhibit five differ-
ent polymorphs depending on its processing conditions. These
crystal forms involve three different chain conformations,
namely: (1) all-trans (TTTT) planar zigzag for b-phase, (2)
TGTG0 for a and d phases, and (3) T3GT3G0 for g and 3 phases
[1]. When PVDF chains are packed into crystal lattices, their
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dipoles are either additive, which leads to a net dipole as in
b, g and d phases, or canceled among themselves, resulting
in no net dipole as in a and 3 phases [1]. Among the three polar
phases, the b-phase has the largest spontaneous polarization
( p) per unit cell and thus exhibits the highest piezo-, pyro-
and ferroelectric activities, which endues PVDF with great
potentials for various device applications [2,3].

When PVDF is cooled from melt, it normally crystallizes in
the non-polar a-phase. The polar b-phase can be obtained
through various post-treatments of the melt-processed sam-
ples, such as mechanical stretching of melt-spun films/fibers
in a certain temperature range [4e6] and thermal, corona or
high-field room-temperature poling of the a-phase thin films
[5e9]. The b-phase can also be induced directly under some
special conditions, such as by melt crystallization at high pres-
sure [10], in the process of vapor deposition of oligomeric
PVDF [11,12], or by blending with carbon nanotubes [13]

mailto:asxhlu@ntu.edu.sg
http://www.elsevier.com/locate/polymer


513W.A. Yee et al. / Polymer 48 (2007) 512e521
and organically modified nanoclay [14e16]. When deposited
from solutions PVDF commonly crystallizes in the a- and
g-form [17]. The b-phase has been found in solvent-cast
thin films when a highly polar but toxic solvent, hexamethyl
phosphoramide, was used [18], or hygroscopic/hydrated salts
were added in the solutions as additives [19].

Electrospinning has been established as a simple and versa-
tile method for drawing polymer fibers with diameters at nano-
meter- or submicron-scale [20e22]. The technique has been
applied to fabricate PVDF nanofibers and fibrous thin films
for various applications [23e26]. A previous study has shown
that electrospun PVDF fibers can be semi-crystalline [26] while
their polymorphic behavior has not been studied, and conse-
quently, their electroactive properties have not been explored.
This work was undertaken to investigate the crystalline phase
variation in PVDF fibers electrospun under various conditions.
We found that electrospinning of PVDF from its N,N-dimethyl-
formamide/acetone solutions led to the formation of b-phase.
In particular, with the addition of a small amount of tetrabutyl-
ammonium chloride (TBAC) into the PVDF solutions, the b-
phase became dominant in the electrospun fibers. In contrast,
for the spin-coated samples although the addition of TBAC
led to a significant increase in trans conformers it did not pro-
mote long-range order impressively. It is believed that while
TBAC induced local conformational changes electrospinning
played a critical role in promoting inter-chain registration. Mo-
lecular orientation in the electrospun fibers was also examined
and correlated to the polymorphism behavior of the fibers.

2. Experimental

2.1. Materials

PVDF powders (Solef 11008) was used as received.
N,N-Dimethylformamide (DMF), acetone and acetic acid were
supplied by Aldrich, and TBAC by Fluka.

2.2. Electrospinning

DMF/acetone mixtures were prepared at DMF/acetone
weight ratio of 60/40, 70/30 and 80/20, respectively. PVDF
was dissolved in the solvent mixtures at PVDF concentration,
namely polymer/solvent weight ratio, of 15 and 20 wt.%, re-
spectively. The PVDF solutions were then placed in a plastic
syringe fitted with a needle of tip-diameter of 200, 30 and
1 mm, respectively. PVDF fibers were electrospun at 15 or
21 kV with a high-voltage power supply. A syringe pump
was used to feed the polymer solution into the needle tip, and
the feed rate of the syringe pump was fixed at 0.25 ml/h. A
grounded aluminum foil was located at a fixed distance of
15 cm from the needle tip to collect the fibers. The fibers
were randomly deposited on the collector plate forming a fi-
brous thin film (random mat). In parallel to the above, 3 wt.%
of acetic acid and TBAC (the mass of the additive/the mass
of solvents) were added into the 20 wt.% PVDF polymer
solution (DMF/acetone¼ 60/40), respectively, and the solu-
tions were electrospun at 21 kV using the 27G needle
(tip-diameter¼ 200 mm). The 20 wt.% PVDF polymer solu-
tions, with and without TBAC, were also electrospun at
15 kV using the setup shown in Ref. [24]. The fibers were
collected using the setup shown in Ref. [27] at the rotating
disk speed of 600, 1000, 1500 and 2000 rpm, respectively,
with the fibers aligning in the rotation direction. All electrospun
fibers were dried in vacuo at room temperature overnight prior
to characterization.

2.3. Spin-coating

The 20 wt.% PVDF solutions in 60/40 DMF/acetone mix-
ture, with and without 3 wt.% TBAC, were spin-coated at
2000 rpm using a Cost Effective Equipment (CEE) Model
100 spin-coater. The thin films obtained were dried in vacuo
at room temperature overnight prior to characterization.

2.4. Scanning electron microscopy (SEM)

The morphology of the electrospun fibers was examined
using a JEOL 5600 SEM. A thin layer of gold was sputtered
on the sample surface before the examination.

2.5. Wide angle X-ray diffraction (WAXD)

WAXD patterns were recorded with a Bruker GADDS X-ray
diffractometer equipped with a two-dimensional (2D) area
detector using Cu Ka radiation. The random mats were rolled
to make tubes of w1 mm diameter for the X-ray measurement
while the aligned samples were measured directly without roll-
ing, as shown in Fig. 1. For all samples, 2D diffraction patterns
were collected in the 2q range of 15�e50�, and integrated to ob-
tain azimuthal average intensity against 2q plots using GADDS
software package. To examine crystal orientation, the same
software was used to obtain the radial average intensity of
equatorial reflections versus azimuthal angle (c) plots.

2.6. Differential scanning calorimetry (DSC)

The DSC curves of the materials were measured using a TA
Instruments Modulated DSC 2920. The sample was heated at
20 �C/min from 25 to 200 �C. All experiments were performed
under a nitrogen purge.

2.7. Attenuated Fourier transform infrared spectroscopy
(AT-FTIR)

FTIR spectra were collected using a Perkin Elmer FTIR
System Spectrum GX equipped with a Golden Gate Single
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Fig. 1. A schematic of the geometries of the WAXD experiments.
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Diamond Attenuated Total Reflection (ATR) unit (Grasby
Specac ATR 10500). The samples were placed on top of the
ATR set and scanned from 4000 to 600 cm�1. The incidence
angle used was 45�. A total of 16 scans were collected for
signal averaging.

3. Results and discussion

3.1. Electrospinning versus spin-coating

SEM micrographs of PVDF fibers prepared by electrospin-
ning from 20 wt.% PVDF solutions in DMF/acetone with
different DMF/acetone ratios are shown in Fig. 2. With the
increase of the DMF/acetone ratio, the average fiber diameter
was decreased while the population and size of beads were
increased, which can be attributed to the higher polarity and
boiling point of DMF over that of acetone [23,26].

Unlike the morphology, polymorphic behavior of the elec-
trospun PVDF fibers did not vary with the DMF/acetone ratio,
as indicated by the WAXD patterns of the fibers obtained at
different DMF/acetone ratios (Fig. 3). In all the diffraction pat-
terns there were apparently five peaks, and the positions and
intensities of the peaks did not significantly vary with the
DMF/acetone ratio. The presence of a very strong peak at
2q¼ 20.6�, which corresponds to 200/110 reflections of the
b-phase, and distinctive peaks at around 18.5� and 27.4� 2q,
which correspond to 020 and 111 reflections of the a-phase,
respectively [28], indicated the co-existence of the a- and
the b-phase in the electrospun PVDF fibers. This is corrobo-
rated by the FTIR spectrum of the fibers, shown as curve
a in Fig. 4, where the a-phase related bands can be observed
at 614, 765, 795 and 975 cm�1 and the b-phase related bands
at 840 and 1278 cm�1 [29].

In contrast to the electrospun fibers, the spin-coated film ex-
hibited very weak and broad diffraction peaks, which were due
to the small size of the crystallites. Fig. 4 also shows that the
relative intensities of the a-phase infrared absorption bands are
slightly higher for the spin-coated sample (curve b in Fig. 4)
than its electrospun counterpart (curve a in Fig. 4). In addition,
the b-phase band at 1278 cm�1 is absent while a g-phase re-
lated band appears at 1225 cm�1 for the spin-coated sample,
which confirms that by spin-coating PVDF crystallizes mainly
in the a- and g-form from its solution in acetone/DMF [17].
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Fig. 3. WAXD patterns of PVDF fibers electrospun at 15 kV from PVDF in

DMF/acetone solutions with DMF/acetone weight ratios of: (a) 80/20, (b)

70/30 and (c) 60/40; the samples were in the form of rolled random mats.

(d) The WAXD pattern of the spin-coated PVDF film from PVDF in DMF/

acetone solution with DMF/acetone weight ratio of 60/40. The PVDF concen-

tration was 20 wt.% for all samples.
Fig. 2. SEM micrographs showing morphology of PVDF fibers electrospun at 15 kV from PVDF in DMF/acetone solutions with DMF/acetone weight ratios of:

(a) 60/40, (b) 70/30 and (c) 80/20. The PVDF concentration was 20 wt.% for all samples.
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Fig. 4. FTIR spectra of: (a) PVDF fibers electrospun from a PVDF in DMF/acetone solution without TBAC, (b) PVDF film spin-coated from a PVDF in DMF/

acetone solution without TBAC, (c) PVDF fibers electrospun from a PVDF in DMF/acetone solution with 3 wt.% TBAC, (d) PVDF film spin-coated from a PVDF

in DMF/acetone solution with 3 wt.% TBAC and (e) PVDF fibers electrospun from a PVDF in DMF/acetone solution with 3 wt.% TBAC and collected using

a rotation disk collector at 1500 rpm. The DMF/acetone ratio and PVDF concentration were 60/40 and 20 wt.% for all samples.
The above comparison between the electrospun and spin-
coated samples demonstrated the effect of electrospinning in
promoting the b-phase, which may be attributed to spinning-
induced conformational change, i.e. change from TGTG0 and
T3GT3G0 to straighter TTTT conformation.

3.2. Crystal orientation

During electrospinning, a polymer solution experiences two
forces. One is a shear force when it flows through a capillary
(needle) at a very high rate. The other one is a Columbic force
when the jet is elongated and accelerated by the high electric
field applied. When a rotation disk collector is used to collect
the fibers, a mechanical force may also be applied. The above
three forces may cause polymer chains be aligned and/or
stretched in the spinning direction. To study the role that
each force plays, a rotating disk collector was used to collect
electrospun PVDF fibers at various rotation speeds, and the
morphology, orientation and polymorphism behavior of the
aligned fibers were characterized.

When the rotation speed was less than 600 rpm, the fibers
could not be effectively aligned in the rotation direction.
With the rotation speed of 600 rpm or higher, we achieved
the unidirectional alignment of PVDF fibers at very short
collection time, as shown in Fig. 5(a). After a long period of
collection with the rotating disk collector, although the electro-
spun fibers were still generally aligned in the rolling direction,
there was a slight element of randomness in the fibrous thin
film produced, as shown in Fig. 5(b). This could be due to
the presence of residual charges on the electrospun fibers.
When the collection time was short, the surface charges on
the fibers repelled each other resulting in a wide space between
each other. However, as the collection time increased, the accu-
mulation of fibers resulted in an increase in this repelling force,
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Fig. 5. SEM micrographs showing morphology of the electrospun PVDF fibers collected using the rotating disk collector at 1000 rpm for: (a) 10 s and (b) 5 min.

The DMF/acetone ratio and PVDF concentration were 60/40 and 20 wt.% for both samples.
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resulting in the fibers to be deposited in a direction slightly off
the rolling direction.

Fig. 6 shows 2D WAXD patterns of the aligned PVDF fibers
collected at the rotation speed of 1000 and 2000 rpm. Only
equatorial areas are shown because the intensities for other
reflections are too low to be seen clearly. In both patterns,
the peak at 2q¼ 20.6�, which corresponds to 200/110 reflec-
tions of the b-phase, appears as an arc centered on the equator,
while the intensity of the peak at 2q¼ 18.5�, which corre-
sponds to 020 reflection of the a-phase, seems to be distributed
uniformly along a ring. The difference between the two peaks
can be seen more clearly from their radial average intensity
versus azimuthal angle (c) plots (Fig. 7). In Fig. 7(a), for the
b-phase reflection there is a fairly sharp peak at c¼�90�

(equator) while for the a-phase reflection the intensity varia-
tion with the azimuthal angle is much smaller. This indicates
that the c-axis of the b-phase crystallites has preferred orienta-
tion along the fiber axis while the a-phase crystallites have
a much lower degree of orientation. The fact proves that the
formation of the b-phase in electrospun PVDF fibers is closely
related to the orientation and/or stretching of the chains along
the fiber axis induced by the forces exerted in electrospinning.

From Fig. 7(b), it was observed that the degree of crystal
orientation did not vary significantly with the speed of the ro-
tation disk collector. The variation in the rotation speed also
did not lead to significant enhancement of the b-phase, as
demonstrated by the very slight variation of the intensity ratio
of 020ae200/110b diffraction peak with the rotation speed
(Fig. 8 and Table 1). The combination of the above two facts
implies that the b-phase is mainly induced by the forces ap-
plied during the spinning process rather than the mechanical
force exerted by the rotation disk collector. The role of the
mechanical force is mainly to align the fibers. There was only
a very slight increase in crystallinity and melting temperature
with the increase of the rotation speed, as shown in Table 1.
The slightly increased crystallinity is likely to be contributed
by the growth of g-phase as evidenced by the appearance of
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Fig. 7. Radial average intensity versus azimuthal angle plots obtained from

scanning the 2D WAXD patterns in Fig. 6. (a) Intensity profiles of 200/110b

peak (solid line) and 020a peak (dashed line); for both the rotation speed

was 2000 rpm; the 2q range was 18.0�e19.2� for the a peak and 19.6�e
20.8� for the b peak. (b) Intensity profiles of the b peak for the fibers collected

at the rotation speed of 1000 rpm (solid point) and 2000 rpm (void point).
Fig. 6. 2D WAXD patterns of PVDF fibers electrospun at 15 kV from a PVDF in DMF/acetone solution and collected using the rotating disk collector at: (a) 1000

and (b) 2000 rpm. The DMF/acetone ratio and PVDF concentration were 60/40 and 20 wt.% for both samples.
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a weak shoulder peak at about 19� 2q for the fibers collected at
2000 rpm [28].

3.3. Micron-sized needles as the spinneret

The motivation of use of micron-sized needles as the spin-
neret was to increase the shear force in the capillary, and
investigate whether it could promote the formation of the
b-phase.

SEM micrographs of the PVDF fibers prepared by electro-
spinning from 15 wt.% PVDF solution in 80/20 DMF/acetone
with different needle tip-size are shown in Fig. 9. A high pop-
ulation of beads was observed in the electrospun fibers when
27G needles (D¼ 200 mm) were used. By reducing the needle
tip-diameter, the size of the beads was decreased and the shape
of the beads became more elongated. The possible reasons for
the phenomenon are that the dimension of the Taylor cone
formed during the electrospinning becomes smaller and the
surface tension is reduced [30].

Fig. 10 shows the WAXD patterns of the electrospun fibers
using spinnerets of different size. Obviously the reduced
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Fig. 8. WAXD patterns of the electrospun PVDF fibers collected using: (a)

a static collecting plate, (b) the rotating disk collector at 1000 rpm and (c)

the rotating disk collector at 2000 rpm. The voltage applied was 15 kV, and

the DMF/acetone ratio and PVDF concentration were 60/40 and 20 wt.% for

all samples.

Table 1

The intensity ratio of 020ae200/110b diffraction peak, as well as the heat of

fusion and peak melting temperature obtained from the 1st heating DSC

curves, of electrospun PVDF fibers

Speed of the

rotating disk

collector (rpm)

Spinneret

size (mm)

Intensity ratio of

020ae200/110b

diffraction peak

Heat of

fusion (J/g)

Melting

temperature

(�C)

2000 200 0.70 47.3 157.0

1500 200 0.68 46.1 156.9

1000 200 0.71 46.1 156.6

ea 200 0.74 46.3 156.2

ea 30 0.69 47.3 157.1

ea 1 0.72 47.8 160.3

The DMF/acetone ratio and PVDF concentration were 60/40 and 20 wt.% for

all samples.
a A static collecting plate was used.
needle diameter did not lead to significant enhancement of
the b-phase, as demonstrated by the insignificant change in the
intensity ratio of 020ae200/110b diffraction peak with the
spinneret size (Table 1). However, the use of 1 mm needle
led to slight sharper peaks for all a and b reflections. The
DSC data of the fibers (Table 1) indicated a slight increase
in the heat of fusion as well as the melting temperature with
the reduction in spinneret size. It implies that the increase of
the shear force in the capillary may have led to a higher degree
of disentanglement and parallel packing, which justifies the
slightly higher crystallinity and larger crystal size, but relaxa-
tion, especially the conversion of trans conformers back to
gauche conformers, occurred very quickly. Taking note of
the ineffectiveness of the use of the rotation disk collector
and micro-sized spinnerets in further enhancing the b-phase,
the formation of the b-phase in the electrospun fibers is likely
to be mainly brought by the Columbic force.

3.4. Effects of additives

For polymers that exhibit polymorphism, the inclusion of
additives has often been found to exert an important effect
on the type of crystal phase developed [14e16,31,32]. In
this work, two polar compounds, acetic acid and tetrabutyl-
ammonium chloride (TBAC), were selected to be added into
the polymer solutions mentioned above at a concentration of
3 wt.% (mass of additive/mass of solvents) to study their
effects on morphology and polymorphism of the electrospun
fibers. Both compounds were in free ion form to some extent
in the DMF/acetone mixtures, which led to a tremendous in-
crease in electrical conductivity of the solvents, as shown in
Table 2. The conductivity increment became, however, much
smaller after PVDF was dissolved in the solvent mixtures
because the positive charged ions may interact strongly with
fluorine atoms on the PVDF chains. Nevertheless the addition
of TBAC into the PVDF solutions still brought about an
increase in conductivity by three orders as compared to the
increase of about 50% for the addition of acetic acid.

From the SEM micrographs shown in Fig. 11, we can see
that the addition of acetic acid significantly reduced the
density and size of the beads, while the addition of TBAC
effectively removed all traces of beads from the electrospun
fibers. The fiber diameter was reduced in both cases. The mor-
phological improvement of the electrospun fibers can be attrib-
uted to the increase in the charge density of the polymer
solutions [30].

The WAXD patterns of the fibers electrospun from the
PVDF solutions containing acetic acid and TBAC are shown
in Fig. 12. For the system with acetic acid, the diffraction pat-
tern is very similar to that without any additive. This implies
that the crystallization occurred after acetic acid had almost
evaporated off. While for the system with TBAC, the absence
of the a-phase peaks at 18.6� and 27.4� 2q clearly signals out
the dominance of the b-phase in the electrospun fibers. The
above result agrees well with the FTIR spectrum of the
PVDF/TBAC fibers, shown as curve c in Fig. 4, where the
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Fig. 9. SEM micrographs showing morphology of PVDF fibers electrospun at 15 kV from a PVDF in DMF/acetone solution using needles of diameter of: (a)

200 mm, (b) 30 mm and (c) 1 mm. The DMF/acetone ratio and PVDF concentration were 80/20 and 15 wt.% for all samples.
absence of the a-related bands at 614, 765, 795 and 975 cm�1

was observed.
A major difference between acetic acid and TBAC is that

acetic acid evaporates off during the electrospinning process
while TBAC molecules remain in the system. The b-phase en-
hancement effect induced by TBAC is likely to be caused by
the hygroscopic nature of the salt, which retains water in the
fibers and leads to hydrogen bonding between the water mol-
ecules and the fluorine atoms of PVDF [19]. An evidence for
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Fig. 10. WAXD patterns of PVDF fibers electrospun at 15 kV from PVDF in

DMF/acetone solutions using needles of diameter of: (a) 200 mm and (b) 1 mm.

The DMF/acetone ratio and PVDF concentration were 80/20 and 15 wt.% for

all samples.
this is the appearance of a weak and broad infra absorption
band at about 3400 cm�1, as shown in Fig. 13, which is usu-
ally assigned to hydrogen-bonded NeH or OeH stretching vi-
bration. As both PVDF and TBAC do not have NeH or OeH
bonds, this broad peak is likely to be from the residue water in
the system.

In contrast to the electrospun PVDFeTBAC fibers, but
similar to the spin-coated PVDF film (without TBAC), the spin-
coated PVDFeTBAC film exhibited very weak and broad
diffraction peaks, as shown in Fig. 12(d). The FTIR spectrum
of the spin-coated PVDFeTBAC film, given as curve d in Fig. 4,
shows, however, the b-phase related band at 1278 cm�1, which
is not seen for the spin-coated PVDF film (curve b in Fig. 4).
The above fact implies that with the spin-coating the addition
of TBAC has induced more TTTT conformers but the crystal-
linity and crystal size, as measured by X-ray diffraction, are not
increased. The apparent ‘‘different’’ observations obtained in
WAXD and FTIR measurements arise because X-ray diffrac-
tion measures long-range order as a result of chain packing,
while FTIR measures the concentration of the ‘‘crystalline iso-
mers’’, which is in fact, a short-range order phenomenon. The
presence of TTTT conformers is a necessary condition for the

Table 2

Electrical conductivities of the solvents and polymer solutions

Solvent composition

and additive

Conductivity

without PVDF

(mS/cm2)

Conductivity

with 20 wt.%

PVDF (mS/cm2)

DMF/acetone 60/40 1.6 2.6

DMF/acetone 60/40þ 3 wt.% acetic acid 10.2 4.1

DMF/acetone 60/40þ 3 wt.% TBAC 3770 1969
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Fig. 11. SEM micrographs showing morphology of PVDF fibers electrospun at 15 kV from: (a) a PVDF in DMF/acetone solution without any additive, (b) a PVDF

in DMF/acetone solution with 3 wt.% of acetic acid and (c) a PVDF in DMF/acetone solution with 3 wt.% of TBAC. The DMF/acetone ratio and PVDF concen-

tration were 80/20 and 15 wt.% for all samples.
b-phase to be present, but the TTTT conformers may exist
without the presence of long-range order, as inter-chain regis-
tration is the dominant factor for the formation of stable
b-phase nuclei from the highly entangled polymer solutions.
Although the interaction between fluorine atoms and water
may have induced more TTTT conformers in the spin-coated
PVDFeTBAC film, the long-range order was not well estab-
lished as such molecular interaction was ineffective in
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Fig. 12. WAXD patterns of: (a) PVDF fibers electrospun from a PVDF in

DMF/acetone solution with 3 wt.% TBAC, (b) PVDF fibers electrospun

from a PVDF in DMF/acetone solution with 3 wt.% acetic acid, (c) PVDF

fibers electrospun from PVDF in DMF/acetone solution without any additive,

and (d) PVDF film spin-coated from a PVDF in DMF/acetone solution with

3 wt.% TBAC. The DMF/acetone ratio and PVDF concentration were 60/40

and 20 wt.% for all samples.
promoting inter-chain registration. Unlike the spin-coated
PVDFeTBAC sample, in the electrospun PVDFeTBAC fibers
the local conformational change was induced by TBAC while
the development of long-range order was promoted by electro-
spinning, i.e. the addition of TBAC and electrospinning had
synergistic b-enhancement effect. The role of electrospinning
played in this case is mainly inducing disentanglement and par-
allel packing and hence facilitating inter-chain registration.

Fig. 14 shows the 2D WAXD pattern of the electrospun
PVDFeTBAC fibers collected using the rotating disk collector
at 1500 rpm. The strongest reflection was clearly an arc
centered on the equator, which again proved the preferred
orientation of the c-axis of the b crystallites along the fiber
axis.

Fig. 15(a) compares the WAXD patterns of the electrospun
PVDFeTBAC fibers collected with and without the use of the
rotating disk collector. The absence of the a-phase peak at
2q¼ 27.4� indicated the dominance of the b-phase in both
cases. The fibers collected using the rotating disk collector
showed an additional weak shoulder peak at 2q¼ 19.2�, which
is likely to be a g-phase peak [28]. FTIR spectra of the random
PVDFeTBAC fibrous thin film and the aligned PVDFeTBAC
fibers collected at 1500 rpm are given as curves c and e in
Fig. 4. The difference between the two spectra is that an addi-
tional band appears at about 1225 cm�1 for the fibers collected
using the rotating disk collector, which is a characteristic g-
phase band. This verified that when TBAC was added into
PVDF solutions, the g-phase was promoted slightly by using
the rotating disk collector. It is worth noting that with the
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Fig. 13. FTIR spectra of: (a) PVDF fibers electrospun from a PVDF in DMF/acetone solution without TBAC, (b) PVDF film spin-coated from a PVDF in DMF/

acetone solution without TBAC, (c) PVDF fibers electrospun from a PVDF in DMF/acetone solution with 3 wt.% TBAC and (d) PVDF film spin-coated from

a PVDF in DMF/acetone solution with 3 wt.% TBAC in the OeH and CeH mode regions. The DMF/acetone ratio and PVDF concentration were 60/40 and

20 wt.% for all samples.
addition of TBAC, the crystallinity was in general reduced due
to the hindrance effect of the additive. Fig. 15(b) shows that
the use of the rotating disk collector resulted in a small in-
crease in the heat of fusion (from 28.2 to 31.4 J/g) and melting
temperature as compared to that of PVDFeTBAC random
mats, which signals an increase in crystallinity and crystal
size. The increased crystallinity is likely to be contributed
by the growth of g-phase, as discussed above.

Fig. 14. Two-dimensional WAXD pattern of the aligned fibers electrospun at

15 kV from a PVDF in DMF/acetone solution with 3 wt.% TBAC and col-

lected using the rotating disk collector at 1500 rpm. The DMF/acetone ratio

and PVDF concentration was 60/40 and 20 wt.%, respectively.
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Fig. 15. (a) WAXD patterns and (b) the 1st heating DSC curves of the electro-

spun PVDFeTBAC fibers collected using (i) a static plate collector and (ii) the

rotating disk collector at 1500 rpm. The DMF/acetone ratio and PVDF concen-

tration were 60/40 and 20 wt.% for both samples.
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4. Conclusions

1. Electrospinning of PVDF from its DMF/acetone solutions
promoted the formation of the b-phase. In contrast, only
the a- and g-phase was detected in the spin-coated sam-
ples from the same solutions. The DMF/acetone ratio
affected the fiber morphology significantly but did not
alter polymorphic behavior of the PVDF fibers.

2. In the aligned electrospun PVDF fibers, the c-axis of the b-
phase crystallites had preferred orientation along the fiber
axis. The degree of orientation and the polymorphism
behavior of the fibers did not, however, vary significantly
with either the rotating disk speed or the size of the spinneret
used. This implies that the formation of the b-phase is likely
to be caused by the Columbic force imposed by the electric
field rather than the mechanical and shear force exerted by
the rotation disk collector and spinnerets. The Columbic
force may cause conformational changes to straighter
TTTT conformation, and hence promote the b-phase.

3. The addition of 3 wt.% of TBAC into the polymer solu-
tions can effectively improve the morphology of the elec-
trospun fibers due to the great increase in the conductivity
of the solutions, and lead to almost pure b-phase in the
fibers. With spin-coating, PVDFeTBAC did not, however,
show any strong b-phase diffraction peak. The synergistic
b-enhancement effect of TBAC and electrospinning is pos-
sibly due to that TBAC, a hygroscopic salt, could retain
water in the fibers, which may lead to hydrogen bonding
between the water molecules and the fluorine atoms of
PVDF and hence more trans conformers, while electro-
spinning-induced disentanglement and parallel packing,
and hence promoted inter-chain registration.
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