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ABSTRACT Poly(vinylidene difluoride)/organically modified montmorillonite (PVDF/OMMT) composite nanofibers were prepared
by electrospinning the solution of PVDF/OMMT precursor in DMF. Wide-angle X-ray diffraction (WAXD) and transmission electron
microscopy (TEM) show that in the bulk of the PVDF/OMMT precursor OMMT platelets are homogeneously dispersed in PVDF and
can be both intercalated and exfoliated. It is found that the diameter of the PVDF/OMMT composite nanofibers is smaller than that
of the neat PVDF fibers because the lower viscosity of PVDF/OMMT solution, which is attributed to the possible adsorption of PVDF
chains on OMMT layers and thus reduction in number of entanglement. The crystal structure of the composite nanofibers was
investigated using WAXD and Fourier transform infrared (FT-IR) and compared with that of thin film samples. The results show that
the nonpolar R phase is completely absent in the electrospun PVDF/OMMT composite nanofibers, whereas it is still present in the
neat PVDF electrospun fibers and in the thin films of PVDF/OMMT nanocomposites. The cooperative effect between electrospinning
and nanoclay on formation of polar � and γ crystalline phases in PVDF is discussed. The IR result reveals that electrospinning induces
formation of long trans conformation, whereas OMMT platelets can retard relaxation of PVDF chains and stabilize such conformation
due to the possible interaction between the PVDF chains and OMMT layers. This cooperative effect leads to extinction of nonpolar R
phase and enhances the polar � and γ phases in the electrospun PVDF/OMMT composite nanofibers.
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INTRODUCTION

Poly(vinylidene difluoride) (PVDF) is a semicrystalline
thermoplastic polymer with good mechanical and
electrical properties, which attracts much interest

because of its potential applications as piezoelectric, pyro-
electric and ferroelectric materials. PVDF is able to crystallize
in five different forms, which involve three different chain
conformations, namely, TTTT for � phase, TGTG′ for R and
δ phases, TTTGTTTG′ for γ and ε phases (1-3). Although
each PVDF polymer chain has an effective molecular dipole
moment, only the � and γ phases have dipole moment in
the crystalline state. In contrast, the PVDF chains in the R
phase stack with their respective polarizations in alternating
directions, resulting in a paraelectric behavior, therefore it
is nonpolar. The all-trans � phase is the most polar with the
polymer chains stacking with their respective polarizations
aligned in the same direction. As a consequence, enhance-
ment of the content of the polar phases and suppression of
the nonpolar R phase in PVDF material is of great impor-
tance for its applications. The � phase can be formed by
high-pressure quenching from a melt or by casting from a

strongly polar solvent (4-7). This phase can also be trans-
formed from R phase by uniaxial or biaxial drawing (7-9).

Besides, two other methods are frequently used to en-
hance the content of � phase in PVDF as well as for
improvement of other properties such as mechanical prop-
erties. The first is addition of layered silicate (often referred
as nanoclay) into PVDF (9-18). In PVDF/nanoclay system,
the effect of organically modified silicates on the crystalline
structure of PVDF matrix has been studied intensively. Priya
and Jog first prepared PVDF/nanoclay composites by melt
intercalation and found that addition of organically modified
silicates into PVDF films resulted in the formation of the �
form (10-12). Giannelis et al. investigated the impact of
unmodified and organically modified nanoclay on the crys-
talline structure of PVDF. The result showed that pristine
layered silicate did not significantly change the crystal
structure (13). They suggested that similar crystal lattices
between the organically modified nanoclay and the � form
should be the crucial factor to stabilize the � form, and the
flat surface of the nanoclay facilitated intimate interaction
between the polymer and nanoclay (13). Ramasundaram et
al. proposed an ion-dipole interaction model to illuminate
the interaction between exfoliated clay nanolayers and PVDF
in the melt state (18). The existence of such ion-dipole
interaction between negatively charged clay and positive
CH2 dipoles of PVDF resulted in preferential formation of the
� phase. Electrospinning is another simple technique to form
the � phase of PVDF nanofiber (19-24). Electrospinning
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process involves the uniaxial stretching of a viscous polymer
solution or melt in an electric field due to electrostatic
repulsions between surface charges along the jet. Electro-
spinning of PVDF promotes the TTTT conformation and
induces the formation of the � phase, possibly due to the
highly extensional flow of the polymer solution (22).

It should be noted that only addition of nanoclay in PVDF
or simple electrospinning of PVDF solution usually leads to
coexistence of the nonpolar R phase with polar � and γ
phases and difficulty in obtaining pure polar phases. Re-
cently, to improve the properties of the nanofibers, electro-
spinning of polymer solution containing spherical, cylindri-
cal, or lamellar nanoparticles has been reported (25-60).
Andrew et al. prepared PVDF electrospun fibers with dis-
persed ferrite and found that the amount of � and γ phases
in the fibers increased with the nanoparticle loading (58).
Huang et al. demonstrated that electrospinning of PVDF with
carbon nanotubes could induce highly oriented � form
crystallites (59). Cebe et al. reported that organically modi-
fied nanoclay can eliminate the nonpolar R phase in PVDF
nanofibers more effectively than unmodified nanoclay (60).
The synergistic effect between electrospinning and addition
of carbon nanotube or nanoclay has been deduced from the
enhancement of the polar phases. However, the direct
experimental evidence about the mechanism of the syner-
gistic effect are still lacking.

In the present work, the PVDF/organically modified
montmorillonite (OMMT) composite nanofibers were pre-
pared by electrospinning. The aim of this work is to obtain
PVDF nanofibers with pure polar crystalline phases by
utilizing both the interaction between PVDF and nanoclay
and the extensional force in electrospinning process. Special
attention was paid to uncover the mechanism for the
cooperative effect between these two factors.

EXPERIMENTAL SECTION
Materials. PVDF (Solef 1015) used in this study was obtained

from Solvay (Brussels, Belgium) in powdery form with a weight-
average molecular weight (Mw) of 970 000 g/mol. The organi-
cally modified montmorillonite (OMMT) nanoclay, Nanomer
1.44P, and unmodified montmorillonite, Nanomer PGW, were
purchased from Nonocor Inc. (USA). The OMMT was prepared
by the supplier, by ion-exchanging Na+ MMT with dimethyl,
dehydrogenated tallow.

Sample Preparation. PVDF/OMMT nanocomposites were
prepared by coprecipitation method with the nanoclay loading
of 1.0-3.0 wt %. First, PVDF was dissolved in N,N-dimethyl
formamide (DMF) at 50 °C with a concentration of 5 w/v%. On
the other hand, the nanoclay was dispersed in DMF and the
OMMT/DMF mixture was sonicated at 50 °C for 60 min. The
final solution was created by adding OMMT/DMF mixture to
the PVDF/DMF solution. After further stirring for 12 h, the
resultant mixture with a desired ratio of nanoclay to PVDF was
poured into a 1 L beaker containing 500 mL deionized water
and yellow stringy precipitate formed immediately. The pre-
cipitate and liquid was filtered under a vacuum and dried in a
vacuum oven for 2 days at 60 °C.

For electrospinning operation, the PVDF/OMMT nanocom-
posites with different OMMT contents (0, 1, 2, and 3 wt %)
prepared above were redissolved in DMF with a fixed solid/
solvent ratio of 20 w/v%. The mixtures were kept stirring for
12 h and sonicated at room temperature for 30 min until

dissolution. The solutions were then placed in a plastic syringe
with an iron needle of tip-diameter 200 µm. Electrospinning was
conducted at 15 kV at the feed rate of 0.5 mL/h. The collector
was a grounded plate covered by aluminum foil. The distance
between the needle and the collection plate is 15 cm. A
composite nanofiber nonwoven mat was collected on the
aluminum foil. All the electrospun fiber mats were dried in
vacuum at room temperature overnight before characterization.
The nanofibers electrospun from the PVDF solution containing
OMMT were named as PCN-m-n, where m represented the
weight percentage of the solid (PVDF and OMMT) in the
electrospun solution and n represented the weight percentage
of nanoclay in the PVDF/OMMT nanocomposites.

For comparison, hot-press films were also prepared from the
precipitated samples. A certain amount of the precipitated
sample was placed between two stainless metal plates and
pressed at 20 kpsi and at 200 °C for 5 min, then quenched into
water. The obtained films were placed at 150 °C for 120 min,
and cooled in air. The PVDF/OMMT nanocomposites films were
named as PCN-n, where n represented the weight percentage
of nanoclay in the nanocomposites.

The quenched films containing different loadings of nano-
clays were also cut into strips of dumbbell shape (drawing
region 20 × 6 mm). The samples were then drawn using a hot-
tensile instrument at a rate of 0.27 mm/s with a real drawing
ratio of approximately 6 at a drawing temperature of 130 °C.
The drawn PVDF and PVDF/OMMT samples were used for
Fourier transform Infrared (FT-IR) and optical microscope
characterizations. For comparison, the drawn samples were
also remelted at 180 °C for 10 min, and then cooled to 40 °C
at a rate of 2 °C/min.

Characterization. Room temperature wide-angle X-ray dif-
fraction (WAXD) experiments were performed on a Dmax/
2550PC X-ray diffractometer with X-ray wavelength λ ) 0.1542
nm, operated at 40 kV and 30 mA. The range of diffraction angle
for investigation was 2θ ) 2-30° and the scanning step is
0.02°. For bulk PVDF/OMMT nanocomposites, hot-press films
were used for WAXD experiments. For electrospun PVDF and
PVDF/OMMT composite nanofibers, the collected fiber mats
were used for WAXD characterization. The incident and dif-
fraction X-ray beams are in the same plane vertical to the fiber
mat, as shown in Figure 1.

Fourier transform Infrared (FT-IR) spectra were recorded on
a Nicolet 6700 spectrometer equipped with an attenuated total
reflectance (ATR) cell. The scanning range is from 4000 to 400
cm-1 with resolution of 4 cm-1. For quantitative analysis, the
FT-IR absorbance peaks were fitted with Laurentzian model
after subtraction of baseline and the areas of the peaks were
obtained.

The crystallinity of the electrospun nanofibers were deter-
mined by differential scanning calorimetry (DSC) method on a
TA Q200 instrument. The crystallinity (Xc) is defined as ∆Hf/
∆Hf

0, where ∆Hf is the fusion enthalpy measured and ∆Hf
0 is

the enthalpy for the 100% crystalline PVDF (104.6 J/g). Noting
that the same values of ∆Hf

0 are used for the polar crystal phases
and nonpolar crystal phase.

FIGURE 1. Schematic geometry of WAXD experiments for PVDF and
PVDF/OMMT electrospun fibers.
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Transmission electron microscope (TEM) observations were
carried out on a JEM-1230 TEM with an accelerating voltage of
80 kV. The PVDF/OMMT nanocomposite samples for TEM
experiments were prepared using an ultramicrotome at room
temperature.

The morphology of the electrospun fibers was examined with
a JSM-55102 V scanning electron microscope (SEM) with an
accelerating voltage of 25 kV. A thin layer of gold was sputtered
on the sample surface before the examination.

Rheological characterizations of electrospinning solutions
were performed on a stress controlled rheometer (AR-G2 rhe-
ometer, TA Instruments) using 40 mm diameter parallel plates
at 25 °C. Tests were carried out in a gap of 0.5 mm. Dynamic
strain sweeps at controlled frequency of 10 rad/s were con-
ducted to confirm the linear and nonlinear regimes, and further
rheological measurements in the linear regime were done at
5% strain. Small-amplitude oscillatory shear measurements
were carried out within a frequency range of 0.01-600 rad/s.
Storage modulus (G′) and loss modulus (G′′) were obtained by
rheological test and the complex viscosity (η*) was calculated
as η* ) [(G′/ω)2 + (G′′/ω)2]1/2, where ω is the angular frequency.

The morphology of PVDF crystals was observed on Olympus
BX-5 optical microscope equipped with a hot-stage and a digital
camera. Transmitted light was employed and only one polarizer
was used. Thin slices were cut from drawn sheets and melted
at 180 °C on the hot-stage. After holding at 180 °C for 10 min,
the samples were cooled to 40 °C at a rate of 2 °C/min, and
then observations were performed at room temperature.

RESULTS AND DISCUSSION
Morphology PVDF/MMT Composites in Bulk.

Before discussing the morphology and crystal structure of
electrospun PVDF/MMT composite nanofibers, we first ex-
amine the dispersion of MMT in the bulk of PVDF/MMT
nanocomposites. The PVDF/MMT nanocomposites were
prepared by solution blending in DMF. After precipitation
with nonsolvent and desiccation, the samples were used for
characterization. Figure 2 shows the WAXD profiles of the
pristine organically modified MMT (OMMT) and the PVDF/
OMMT nanocomposites with various OMMT contents. A
characteristic diffraction peak at 3.3° corresponding to the
(001) plane of OMMT with a d-spacing of 2.64 nm is
observed for the pristine OMMT. After blending with PVDF,
the (001) diffraction peak of OMMT slightly shifts to a lower
angle. This shows that a small portion of PVDF chains have
intercalated into the galleries of OMMT, leading to increase
of d-spacing. For PCN-3, the d-spacing is 2.92 nm (2θ )

3.0°), as compared with 2.64 nm for the pristine OMMT.
For PCN-1 and PCN-2, the (001) diffraction peak of OMMT
is much weak and the range of the peak is quite broad,
indicating that a few of silicate layers are exfoliated in the
PVDF matrix. Figure 3 shows the TEM images of the PVDF/
OMMT nanocomposite with a OMMT loading of 2%. One
can see from Figure 3 that the OMMT platelets are well-
dispersed in PVDF matrix and large aggregates of OMMT are
barely detected, though both intercalated and exfoliated
nanoclay layers are observed. This observation is in ac-
cordance with WAXD results. Moreover, we observed a good
orientation of the MMT platelets along the slicing direction
produced during preparation of TEM samples. This shows
that the compatibility between OMMT and PVDF is excellent,
therefore the orientation of PVDF can drive the orientation
of OMMT.

Morphology of the Electrospun Nanofibers. Fig-
ure 4 shows SEM images of neat PVDF and PVDF/OMMT
nanofibers electrospun from their solutions in DMF. It is
observed that the diameter of the neat PVDF nanofibers
increases gradually with the concentration of the electrospun
solution, which is about 300, 600, and 1000 nm when the
concentration of the electrospun solution is 18, 20, and 22%,
respectively (Figure 4a-c). It is also noticed that the diam-
eter of the neat PVDF nanofibers becomes more and more
uniform as the concentration of the electrospun solution
increases. These findings agree with the reports in literature
that increase in viscosity of the electrospun solution gener-
ally results in larger and more uniform diameter of the
obtained nanofibers (19-21).

For comparison, the SEM images of PVDF/OMMT com-
posite nanofibers electrospun from 20% solution in DMF
with different amounts of OMMT were also shown in Figure
4 (Figure 4d-f). The difference in the fiber diameter is not
evident for the three samples with different OMMT contents.
However, when compared with the diameter of the neat
PVDF nanofibers electrospun from the same concentration
(20%), the diameters of the PVDF/OMMT composite nanofi-
bers are obviously smaller. It is well-established that the
diameter of the electrospun fibers is related to the zero-shear
viscosity of the solution when the electrospinning conditions
are identical (57, 61, 62). We measured the complex viscos-
ity of PVDF-20 and PCN-20-2 solutions at the concentration
of 20 wt/v% under dynamic shear. As shown in Figure 5,
the complex viscosity of the PCN-2 solution is lower than
that of the PVDF solution at lower frequency shear. There-
fore we can deduce from Figure 5 that the PCN-20-2
solution has smaller zero-shear viscosity than the PVDF
solution. In PEO/laponite electrospinning solution, it was
believed that the laponite can adsorb PEO chains (63).
Ramasundaram et al. also proposed that there exists an ion-
dipole interaction between exfoliated clay nanolayers and
PVDF chains (18), leading to conformations favorable to
formation of polar � phase. It should be noted that the
electrospinning solution is a concentrated solution and there
are a large number of entanglements among the PVDF
chains. Here, the rheological result strongly supports the

FIGURE 2. WAXD patterns of OMMT and PVDF/OMMT nanocompo-
sites.

A
R
T
IC

LE

www.acsami.org VOL. 2 • NO. 6 • 1759–1768 • 2010 1761



presence of adsorption of PVDF chains on the surface of
MMT, which may decrease the number of entanglement and
thus lower the viscosity of the PVDF solution. Similar
phenomenon has been reported in electrospinning of polya-
mide/OMMT solution (64).

The PVDF/OMMT composite nanofibers are also more
irregular than the corresponding neat PVDF nanofibers, even
a few beads or bead fibers are present in the mat as the
amount of OMMT in the nanofiber increases. The change in
local conductivity and viscosity is the main reason for the
formation of irregular morphology, which may be related
to the coexistence of different dispersion states of OMMT
in PVDF including intercalated and exfoliated OMMT plate-
lets. As the loading of OMMT increases, it is expected that
OMMT tactoids will also be present.

Crystal Polymorphism in Electrospun Fibers.
WAXD is a powerful tool to characterize crystal structure of
polymer. The WAXD patterns of the electrospun fibers from
neat PVDF and PVDF/OMMT solutions are shown in Figure
6. As can be seen from Figure 6, the neat PVDF fibers exhibit
two diffraction peaks at 2θ ) 18.5 and 20.0°, respectively.
The peak at 2θ ) 18.5° corresponds to (020) reflection of
the R phase, but it is severely overlapped with the amor-
phous halo. Both the (110) reflection of the R phase and the
(200)/(110) reflections of the � phase produce diffraction
peaks around 2θ ) 20.0° (65, 66). In the WAXD pattern of
the PVDF/OMMT composite nanofibers, the peak at 2θ )
18.5° becomes weak and the broad amorphous halo can be
clearly seen. In addition, the peak at 2θ ) 20.0° shifts to 2θ
) 20.4°. This result shows that the content of the polar �
phase is possibly enhanced in the electrospun composite
nanofibers (14). However, because the (110) reflection of the
R phase and the (200)/(110) reflections of the � phase are
severely overlapped, WAXD is not a good method for
unambiguous indentification of the crystal structure of PVDF
in the present work. As a result, FT-IR was used to further
identify the crystal structure in the electrospun fibers.

FT-IR spectra of all the PVDF/OMMT composite nanofi-
bers are shown in Figure 7a; for comparison, Figure 7b
shows the FT-IR spectra of the hot-pressed PVDF/OMMT thin
films. In the FT-IR spectra of PVDF, the bands at 764, 796,
976, 1150, 1214, and 1384 cm-1 correspond to the TGTG′
conformer of R the crystal phase, and the bands at 842,
1234, and 1274 cm-1 are related to the trans sequences

longer than TT (67). More specifically, the band at 1234 cm-1

is assigned to the TTTG conformation in the γ phase, which
contains TTTGTTTG′ conformation. The band at 1274 cm-1

is attributed to much longer trans sequences, which belongs
to all trans conformation of � phase. The bands at 842 cm-1

is the absorbance of trans chains longer than TT, which is
produced by both � and γ phases.

For the thin film samples, one can see that the relative
intensities of the bands corresponding to the � and γ phases
increase gradually as the content of OMMT increases, indi-
cating that OMMT can induce the formation of � and γ
phases to some extent. However, when comparing the FT-
IR spectra of the PVDF/OMMT thin films and those of the
neat PVDF nanofibers, we can see that the bands corre-
sponding to the polar � and γ phases are much stronger in
the neat PVDF nanofibers than those in the PVDF/OMMT
thin films. This shows that electrospinning is more efficient
in formation of the polar � and γ crystalline phases than
addition of nanoclay. We notice that the nonpolar R phase
is always present in the thin film samples, even for the
sample containing 3% OMMT. There also exists R phase in
the neat PVDF electrospun nanofibers, though the intensities
of the bands due to the R phase are very weak. This shows
simple electrospinning of PVDF solution or only addition of
OMMT into the bulk of PVDF can not completely eliminate
the nonpolar R phase. In contrast, the nonpolar R phase
completely disappears in the composite nanofibers electro-
spun from PVDF/OMMT solutions, even for the sample
containing only 1% OMMT.

To quantitatively characterize the content of polar crystal-
line phases in the composite nanofibers, the band at 1072
cm-1 is selected as a reference, which is regarded as only
proportional to the sample thickness (68). All crystalline
phases and amorphous phase contribute to this band. The
area ratio of the FT-IR absorbance at 842 cm-1 (�- and
γ-phases) with respect to the reference band (A842 cm

-1/
A1072 cm

-1) is plotted as a function of OMMT content, as
shown in Figure 8. It is found that the relative content of the
polar crystal phases is enhanced in a loading of 1 wt %
OMMT, but decreases with further increase in OMMT con-
tent. The data of absolute crystallinity determined by DSC
are presented in Figure 8 as well. It shows that the crystal-
lnities are 61.5, 60.7, 60.9, and 59.9%, respectively, for the

FIGURE 3. TEM images of PCN-2 nanocomposite.
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electrospun nanofibers with OMMT loadings of 0, 1, 2, and
3%. This indicates that there is barely difference in the
absolute crystallinity of the electrospun nanofibers with
different OMMT loadings. As we can see, there exists dis-
crepancy between the IR and DSC results for the content of
the polar phases. Such a difference may originate from the
different measurement mechanisms of IR and DSC. How-
ever, at least we can conclude that the content of the polar
phases increases at low OMMT loading when combining FT-
IT and DSC results.

Possible Mechanism for the Cooperative Ef-
fect. The FT-IR result reveals that electrospinning of the

PVDF/OMMT solution can completely suppress the forma-
tion of nonpolarR crystalline phase, whereas electrospinning
of PVDF solution or simple addition of OMMT into PVDF
cannot eliminate the R crystalline phase. As a result, one
question is raised: Is there any synergistic or cooperative
effect between electrospinning and nanoclay on the forma-
tion of PVDF polar crystals? To answer this question, we
designed the following experiment: Thin films of PVDF/
OMMT nanocomposite first underwent tensile drawing. The
stretched thin films were then melted at 180 °C for 10 min
and cooled to room temperature for recrystallization. The
contents of polar crystalline phases in the stretched thin

FIGURE 4. SEM images of electrospun composite nanofibers of PVDF/MMT with different nanoclay contents: (a) PVDF-18; (b) PVDF-20; (c)
PVDF-22; (d) PCN-20-1; (e) PCN-20-2; (f) PCN-20-3.
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films and melt-recrystallized thin films were investigated.
For the convenience of morphological observation by optical

microscopy, here we used thin film to substitute the nanofi-
ber mat for study, because the extensional deformation of
polymer chains occurs both in electrospinning and tensile
drawing processes.

Figure 9 shows the FT-IR spectra of the stretched PVDF
and PCN-2 thin films before and after melting-recrystalliza-
tion. One straight impression of the FT-IR spectra is that the
bands corresponding to various crystalline phases become
weak after melting-recrystallization due to decrease in crys-
tallinity. However, one can see that the intensity of the band
at 842 cm-1 due to polar � and γ decreases more severely
than that of the band at 764 cm-1 due to nonpolar R
crystalline phase for the neat PVDF thin film after melting-
recrystallization. In contrast, the decrease in the intensity
of the band at 842 cm-1 is not evident for the PVDF/OMMT

FIGURE 7. FT-IR spectra of PVDF and PVDF/OMMT samples. (a) electrospun fibers; (b) thin films.

FIGURE 5. Plots of complex viscosity versus frequency for PVDF-20
and PCN-20-2 solutions.

FIGURE 6. WAXD patterns of electron fibers of PDVF and PVDF/MMT
composite.

FIGURE 8. Plot of A842 cm-1/A1072 cm-1 versus OMMT content and
crystallinity determined by DSC for the PVDF electrospun composite
nanofibers.
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(PCN-2) thin film after melting-recrystallization. A parameter
R is used to describe the retention ratio of the polar phases
after melting-recrystallization for the stretched thin films,
which is defined as:

Where A842 cm-1 and A1072 cm-1 are the areas of the bands
at 842 and 1072 cm-1, respectively. (A842 cm-1/A1072 cm-1)s

and (A842 cm-1/A1072 cm-1)m represent the relative content of
the polar phases in the stretched thin films and in the
melting-recrystallized thin films, respectively.

The retention ratios of the polar phases after melting-
recrystallization for different samples are shown in Figure
10. It is found that the retention ratio of the polar phases
increases with the content of OMMT. The data in Figure 10
clearly show that the OMMT can stabilize the trans confor-
mation in the polar crystalline phases. The more OMMT
added, the stronger the stabilization effect. This is the first
solid evidence for the stabilization effect of nanoclay on the
conformation of PVDF, though such an effect has been
inferred from the melting temperature after annealing by
Priya (14). We also notice that in FT-IR spectra of the
stretched PCN-2 thin film (Figure 9c,d), the band at 1234
cm-1 corresponding to γ crystalline phase becomes stronger
after melting-recrystallization, whereas the band at 1274
cm-1 produced by the � phase becomes weaker. This
indicates that most of the � crystals are converted into γ

crystals after melting-recrystallization when OMMT is present.
Considering the different conformations of PVDF in the �
and γ phases, we infer that some of the trans conformers in
the long TTTT... conformation sequences are transformed
into isolated G or G′ conformers after melting-recrystalliza-
tion, leading to formation of TTTGTTTG′ conformation in the
γ crystalline phase.

Optical microscopy observation also confirms the stabi-
lization effect of OMMT. Figure 11 shows that optical mi-
crographs of the stretched PVDF and PCN-2 thin films before
and after melting-recrystallization. The fiber-like crystals
observed are � crystals (69). Crystals with good orientation
are observed for both stretched thin films, but the crystal
size in the PCN-2 thin film is smaller than that in the neat
PVDF thin film due to the nucleation of the OMMT. After
melting-recrystallization, the neat PVDF thin film becomes
featureless. This is possibly due to the smaller size of the
PVDF crystals. The neat PVDF sample also undergoes a
dissolution-precipitation process as the PVDF/OMMT nano-
composites. Such a process has a purification effect on
PVDF, resulting in difficulty in heterogeous nucleation during
crystallization, and thus spontaneous homogeneous nuce-
lation is predominant and crystals of smaller size are formed.
Anyway, no apparent orientation is observed for the stretched
PVDF thin film after melting-recrystallization. In contrast, the
orientation of the crystals in the PCN-2 thin film is retained
to some extent, as indicated by the arrows in Figure 11d.

Combining above results obtained by various methods,
we can give an overall picture about electrospinning of
PVDF/OMMT (Figure 12). During electrospinning, the exten-
sional flow of the polymer solution under electric field leads
to orientation of polymer chains and this is the major factor
that leads to formation of long trans conformation (as shown
in Figure 7) (22). However, when OMMT is absent, relaxation
can occur to the PVDF chains and the long trans conformers
may be changed before crystallization. In contrast, when
OMMT is added into the PVDF, relaxation of polymer chains
is retarded and the long trans conformation is stabilized, as
revealed by the melting-recrystallization experiment of the
stretched PVDF/OMMT thin films. Even if relaxation of PVDF
chains still occur, only some isolated T conformers are

FIGURE 9. FT-IR spectra of PVDF and PVDF/OMMT thin films. (a)
PVDF thin film after stretching for 600%; (b) melting-recrystallized
PVDF thin film in a; (c) PVDF/OMMT thin film after stretching for
600%; (d) melting-recrystallized PVDF/OMMT thin film in c.

R )
(A842cm-1/A1072cm-1)m
(A842cm-1/A1072cm-1)s

(1)

FIGURE 10. Retention ratio of the polar � and γ crystal phases after
melting-recrystallization of the stretched PVDF and PVDF/OMMT thin
films.
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transformed into G or G′ conformers. The stabilization effect
of nanoclay on long trans conformation shows that there
exists an interaction between the PVDF chains and OMMT.
The presence of such an interaction is supported by the
lower zero-shear viscosity of the PVDF/OMMT electrospin-
ning solution. The interaction between PVDF chains and
OMMT nanoclay layers may decreases the number of en-
tanglement, leading to viscosity. The stabilized long trans
conformation is favorable to formation of polar � and γ

phases upon crystallization. In a word, extensional flow
caused by electrospinning and OMMT plays different but
cooperative roles in formation of polar � and γ phases. This
cooperative effect leads to complete elimination of nonpolar
R phase and high content of polar � and γ phases in the
electrospun PVDF/OMMT composite nanofibers.

One remaining question is the origin of the interaction
between PVDF and OMMT. It can be either from PVDF/
organic modifier interaction or from PVDF/MMT platelet

FIGURE 11. Optical micrographs of PVDF and PVDF/OMMT thin films. (a) PVDF thin film after stretching for 600%; (b) melting-recrystallized
PVDF thin film in a; (c) PVDF/OMMT thin film after stretching for 600%; (d) melting-recrystallized PVDF/OMMT thin film in c.

FIGURE 12. Schematic showing the proposed mechanism about electrospinning PVDF/OMMT composite fibers.
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interaction. Therefore, unmodified MMT (PGW) was blended
with PVDF and the corresponding composite nanofibers
were prepared by electrospinning. We find that in the bulk
of PVDF/unmodified MMT the dispersion of the MMT plate-
lets is not so good as that of the organically modified MMT
(see Figure S1 in the Supporting Information). However, the
unmodified MMT can reduce the relative content of the non-
polar R phase and enhance the relative content of the polar
phases in both thin film samples and in composite nanofi-
bers (see Figure S2 in the Supporting Information). Com-
pared with PVDF/OMMT composite nanofibers, the relative
content of the nonpolar R phase is slightly higher in the
PVDF/unmodified MMT composite nanofibers. As a result,
the unmodified MMT can also reduce the nonpolar R phase
as the organically modified MMT, but less efficiently than
the organically modified MMT, possibly due to the worse
dispersion of the unmodified MMT in PVDF. This shows that
the interaction between PVDF and OMMT originates from
PVDF/MMT platelets interacton, instead of from PVDF/
ogranic modifier interaction. For the organically modified
MMT, even though parts of the surface are covered by
organic modifier, more surface will be exposed for interac-
tion between PVDF and the MMT platelets after exfoliation.
Such an interaction may be based on ion-dipole interaction,
as proposed by Ramasundaram et al. (18).

CONCLUSION
PVDF/OMMT nanocomposites were successfully pre-

pared by solution blending. The OMMT platelets are either
exfoliated or intercalated and are homogeneously dispersed
in PVDF. PVDF/OMMT composite nanofibers were prepared
by electrospinning solution of PVDF/OMMT in DMF. The
lower viscosity of PVDF/OMMT solution than the neat PVDF
solution leads to smaller diameters of the composite nanofi-
bers. FT-IR result reveals that nonpolar R phase completely
disappears in the electrospun PVDF/OMMT composite nanofi-
bers, whereas R phase can still be observed in PVDF elec-
trospun fibers and in the bulk of PVDF/OMMT nanocompos-
ites. Both electrospinning and addition of OMMT can enhance
the content of polar � and γ phases. Melting-recrystallization
of the stretched PVDF/OMMT thin films shows that OMMT
can stabilize the long trans conformation. The cooperative
effect between electrospinning and OMMT leads to complete
elimination of nonpolar R phase and high content of polar
� and γ phases in the electrospun PVDF/OMMT composite
nanofibers.
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