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a b s t r a c t

Many efforts have been performed on the poly(vinylidene fluoride), PVDF, due to its piezoelectric, pyro-
electric and ferroelectric potentials. In this regard, how to fabricate the PVDF with high content of b-
phase, which is also the direct contribution to PVDF’s prominent property, becomes a critical issue. In this
study, starting with the a-phase dominated sample, the PVDF with extremely high content of b-crystal-
line phase was obtained by the incorporation of multiwalled carbon nanotubes (MWCNTs) modified by
hyperbranched copolymers (HBCs). We proved that, via XRD, DSC as well as the structural characteriza-
tions from the polarized optical microscopy and transmission electron microscopy (TEM), the success of
this strategy was ascribed to the enhanced dispersibility and stability of MWCNTs endowed by the HBCs,
which significantly favors the formation of the b-crystalline phase of PVDF.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction phase could be formed by high-pressure quenching from a melt or
Over the last decade, poly(vinylidene difluoride) (PVDF) has
attracted much research interest owing to its potential applica-
tions as piezoelectric, pyroelectric and ferroelectric materials. As
well investigated, this potential was directly rendered by the spe-
cific distribution of crystal phases. Being one of the polymers with
copious polymorphs, PVDF is able to crystallize in five different
forms, which involve three different chain conformations, namely,
TTTT for b phase, TGTG0 for a and d phases, TTTGTTTG0 for c and e
phases [1].

Although each PVDF polymer chain has an effective molecular
dipole moment, while in molecular scale, only the b and c phases
have dipole moment in the crystalline state. In contrast, the PVDF
chains in the a phase stack with their respective polarizations in
alternating directions, resulting in a paraelectric behavior, there-
fore it is nonpolar. The all-trans b phase is the most polar with
the polymer chains stacking with their respective polarizations
aligned in the same direction. As a consequence, enhancement of
the content of the polar b phases and simultaneous suppression
of the nonpolar a phase in PVDF material is of great importance
for its applications. To this end, many efforts have been performed
on how to acquire pure or high content b phase. As reported, the b
ll rights reserved.
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by casting from a strongly polar solvent, such as DMF or DMAc
[2–4]. It can be also transformed from b phase by uniaxial or biax-
ial drawing [5,6].

Besides, two protocols are more frequently used for this aim.
One is the incorporation of layered silicate (often referred as nano-
clay) [7–13] or chemically-modified carbon nanotubes [14,15] into
PVDF. The related results imply that the existence of ion–dipole
interaction between negatively charged clay and positive CH2

dipoles of PVDF results in the preferential formation of the b phase.
Apart from these additives, oxidic spinnel Ni–Zn ferrite nanoparti-
cles(NPs) [16,17] or CoFe2O4, Ni Fe2O4 NPs [18] had been added
into the PVDF matrix. As another alternative, electrospinning,
which involves the uniaxial stretching of a viscous polymer solu-
tion or melt in an electric field due to the electrostatic repulsions
between surface charges along the jet, is a novel and effective tech-
nique to form the b phase of PVDF nanofiber [19–21].

Nowadays, minimization and high efficiency become a prere-
quisite in many application fields, such as sensor, information
storage, etc. To meet this end, special attention has been paid for
the preparation of the nanoscale thin films of PVDF containing high
content of b-phase. The methods based on evaporative deposition
[22], low-pressure chemical vapor polymerization [23], electro-
spray technique [24], and spin coating based thin film fabrication
[25,26] have been investigated.

Meanwhile, hyperbranched polymers (HBCs) have good solubil-
ity, lower melt viscosity, and extremely high density of functional
groups at the surface compared with the linear analogs, and there-
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Fig. 1. Chemical structure formulas and abbreviations of hyperbranched copolymers used in this study. Hyperbranched p-chloromethylstyrene (a) and hyperbranched
polystyrene copolymer (b).
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fore increase the solubility of multiwalled carbon nanotubes
(MWCNTs) or nanoparticles, such as Ag [27], and the stability of
dispersion system. Herein, with the addition of MWCNTs which
modified by four different HBCs (Fig. 1), we prepared stable, flexi-
ble PVDF nanofilms with relatively higher b phase content.
2. Experimental

2.1. Materials

Analytical grade dimethylformamide (DMF), sulfuric acid, nitric
acid, from Regent Comp., Beijing, were used as received without
further purification. The MWCNTs were purchased from Aldrich.
They were first functionalized by refluxing in sulfuric acid and ni-
tric acid mixture (3:1 = V/V) at 120 �C for 3 h, to give surface car-
boxyl groups at the defect sites of the outer graphene layer of
the nanotubes and to remove residual metal-catalyst impurities
[28]. Poly(vinylidene fluoride) (Mn = 300,000) with MFI (melt flow
index) of 15 g/10 min was obtained from Wuxi Fluorine ST Co.,
China.

The HBCs used here were kindly supplied by Prof. L.Y. Zhang,
GUCAS, the details about the synthesis could be found somewhere
[29]. Some parameters of these HBCs were given in Table 1. It
should be noted that the main difference between these four HBCs
is the mole ratio between the styrene (St) and p-chloromethyl sty-
rene (CMS), which leads to minor difference in their structures.
2.2. Sample preparation

Solution coagulation was utilized to prepare the PVDF nano-
composites. All films, containing PVDF and MWCNTs, as well as
the pure PVDF were prepared by the solvent casting method (the
Table 1
Structure parameters of the HBCs.

Hyperbranched polymers St (mol.%)a CMS (mol.%)b

HBC-1 (homepolymer) 0 100
HBC-2 30 70
HBC-3 50 50
HBC-4 70 30

a Content of styrene in total monomers.
b Content of p-chloromethyl styrene in total monomers.
c Determined by GPC.
d Determined by 1H NMR.
detail could be found in the experimental part in the Supplemen-
tary information). Firstly, purified MWCNTs (0.9 mg) and HBC-1
(0.3 mg), were dispersed in DMF (15 ml), respectively, and the mix-
tures were sonicated at room temperature for 1 h. Meanwhile,
PVDF (0.3 g) was dissolved in DMF (15 ml). Then, the above solu-
tions were blended and then sonicated for an additional 3 h at
room temperature (Fig. 2). Finally, this uniform mixture was
poured into a standard glass Petri dish prior to drying in the
120 �C oven for 18 h to evaporate residual solvent and get equilib-
rium weight. This film (S3) was peeled off of the substrates for sub-
sequent measurements. In a similar way, a series of HBCs
(including HBC-2, HBC-3, HBC-4) wrapped CNTs/PVDF composites
films were prepared, i.e. S4, S5 and S6, respectively. Thus, these
films have the same mass ratio of 1:3:1000 = HBC: CNTs: PVDF.
As the control experiment, neat PVDF films were prepared under
the same conditions. Detail about the samples, including the neat
PVDF (S1), the CNTs-containing PVDF (S2) and the PVDF compris-
ing the HBCs modified-CNTs could be found in Table S1 in Supple-
mentary information.

2.3. Characterization

X-ray powder patterns were recorded on a D8 Advance, Bruker
diffractometer in reflection mode, using copper-radiation, Cu Ka1

radiation (k = 0.15418 nm) operated at 40 kV and 30 mA. All sam-
ples were measured with a h–2h configuration with a step size of
0.02�. Optical images were observed by a polarized optical micros-
copy (POM, E600POL, Nikon). The FT-IR spectra was collected in
the attenuated total reflection (ATR) mode with IR Tensor 27,
Bruker Corp., DSC measurements of films (sample weight: ca.
3 mg) were performed on a TA Q100 DSC system, over a tempera-
ture range from 20 to 200 �C at the heating/cooling rates of 10 �C/
min and a N2 flow of 50 mL/min. The morphologies of the films
Mn (KDa)c Mw (KDa)c Mw/Mn
c 2�-BCl/1�-BCld

6.9 27.3 3.95 0.30
7.4 35.1 4.74 0.28
6.3 18.6 2.96 0.25
6.9 21.8 3.13 0.13



Fig. 2. Schematic diagram of the procedure used to prepare the PVDF-based hybrids comprising of the MWCNTs and MWCNTs modified by hyperbranched copolymer (HBCs).
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were visualized by scanning electron microscopy (SEM) on a Hit-
achi S-4800 scanning electron microscopy at room temperature.
Transmission electron microscopy (TEM) was carried out on a JEOL
JEM 2100.

3. Results and discussions

To reveal the crystal phase in the hybrid films, X-ray diffraction
experiments are preformed and the results are given in Fig. 3. The
neat PVDF sample displays three peaks at 2h = 18.0 ± 0.2� and
26.5 ± 0.1�, corresponding to the (1 0 0), (0 2 0) and (1 1 0) reflec-
tions of a phase, respectively [30]. Whereas, the peak appears at
2h = 20.2 ± 0.2� corresponding to the (1 1 0) and (2 0 0) b planes,
implying the existence of the b-phase [30]. In addition, the c form
diffraction, which normally appears at 14.8�, is not detectable [31].

As contrast, the intensity of a-phase is much lower than that of
b-phase, which lead to a serious overlap at 2h = 18.0 ± 0.2� by the
b-phase peak. To evaluate the relative quantity of the different
phase in the PVDF and PVDF hybrids, the peak fitting step is pro-
cessed via the area of the peaks [30], by which we can calculate
the quantity ratio between a and b phase with the following equa-
tion 1:

F1ðbÞ ¼
Sb

Sa þ Sb
ð1Þ

where Sa, Sb are the integral area of a and b phase in XRD patterns
after the peak-fitting of superposition of the a and b phase,
respectively.

Upon the addition of MWCNTs, particularly the addition of
HBCs–dispersed MWCNTs, the variation in the polymorph of the
hybrid films will be found. And this aspect could be well visualized
Fig. 3. XRD profiles of the pure PVDF (S1), hybrid films S2–S6.
from the significant decrease in the 26.5� peak, the diffraction so-
lely ascribed to the b phase. Based on the peak-fitting process,
the b phase will increase gradually, as a sharp comparison with
that of the neat PVDF, which has ca. 9% of b phase content
(F1(b)). While, in the case of S4, the F1(b) can reach to a maximum
of ca. 65%, implying a b phase dominant hybrid.

A surprising consistence could be also verified from the differ-
ential scanning calorimetry (DSC) measurement. DSC heating and
cooling curves were plotted in Fig. 4, and the corresponding data
were summarized in Table S2 in Supplementary information. As
clearly indicated in the first DSC heating curves in Fig. 4a, dou-
ble-melting phenomena appear for all samples, including the neat
PVDF, MWCNTs-incorporated PVDF and four hybrids comprising
the PVDF and HBCs–dispersed MWCNTs. As a well documented
phenomena, the exact assignment of the two melting peak is still
in debate. As a more-accepted viewpoint, the two peaks located
at 162 �C and 167 �C are related to melting of a and b phase,
respectively [32,20]. In this context, it can be concluded that the
neat PVDF is still a-phase dominated; upon addition of MWCNTs
and HBCs–dispersed MWCNTs to the PVDF, the amount of a-phase
decrease with a simultaneous increase of b phase. The exact con-
tent of b-phase (F2(b)) can be calculated with the following
equation:

F2ðbÞ ¼
Sb

Sa þ Sb
ð2Þ

where Sa and Sb are the area of a and b phase after the peak-fitting
process of the DSC melting peaks, respectively, and the detail could
be found in Fig. S1 in Supplementary information. As exhibited, the
F2(b) display a maximum value of 57% in the case of S4. One thing
noteworthy is, when the above samples are cooling down to room
temperature and then subject to the second DSC heating scan, all
the hybrids indicated a very similar shape as the neat PVDF
(Fig. 4b). And from the melting point (�162 �C), it can be concluded
that a-phase became the solely phase again in all samples, very sim-
ilar to the single a-phase melting in the first DSC heating process of
the montmorillonite clay based PVDF nanocomposites [33]. In addi-
tion, as clearly shown in the DSC cooling curves, the crystallizing
points of the hybrid films (S2–S6) become lower than that of the
neat PVDF (S1) (Fig. 4c). S4, particularly, has the lowest crystallizing
point among the hybrid films. One possible reason behind this phe-
nomenon is due to the relatively high thermal conductivity of
MWCNTs comparing that of polymer matrix. Thus, even when small
amount of MWCNTs is added into the hybrids, there would be a
considerable improvement on the thermal conductivity of the
composite [34,35]. More importantly, the more homogeneous dis-
persion of CNTs in the PVDF matrix would lead to a higher thermal
conductivity of the hybrids, as previously reported for epoxy resin
based composites with MWCNTs [36].



Fig. 4. DSC first-melting (a), second-melting (b) and crystallization (c) traces of the pure PVDF (S1), hybrid films S2–S6.

Fig. 5. FT-IR spectra of the pure PVDF (S1), hybrid films S2–S6.

S1 S2 S3 S4 S5 S6

F
β))

Samples

 XRD
 DSC
FT-IR

0.0

0.2

0.4

0.6

0.8

1.0

Fig. 6. The b-phase content derived from XRD, DSC and FT-IR measurements (a) and
the comparison of the b-phase content, F(b), from some recent publications.
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FT-IR is another good technique for unambiguous identification
of the crystal structure of PVDF. The bands at 532, 615, 764, 796,
855, 876, 976 and 1218 cm�1 are correspond to the TGTG0 con-
former of the a crystal phase; while the bands at 510, 840,1274
and 1284 cm�1 are related to the TT trans sequence (b phase),
and the bands at 812 and 1234 cm�1 are assigned to c phase
(Fig. 5) [20]. Here, as the absorbance of trans chains, the band at
840 cm�1 is contributed by both b and c phases. In this case, the
c phase can be firstly excluded by the absences of the 812 and
1234 cm�1 absorptions. Based on this observation, together with
the above XRD result indicating no related diffraction peak, the c
form can be removed. For neat PVDF, the appearance of 615, 764,
796 and 976 cm�1 which are indicative of a phase, suggesting
the sample was a-form dominated (curve S1). With the addition
of the MWCNTs, the intensity at 840 cm�1 become stronger, while
the bands (including 615, 764, 796 and 976 cm�1) indicative of



Table 2
The comparison of the b-phase content, F(b), from some recent publications.

Methods a b c d e f g h i j

F(b) (%) 54.0 74.5 75.0 76.1 80.0 85.0 86.1 86.5 87.0 97.0

a. PVDF samples obtained from homogeneous phase reactions in supercritical CO2

[36].
b. PVDF/nanosilica composites were prepared by solution blending [32].
c. PVDF fibers prepared by electrospinning from DMF solutions [20].
d. PVDF/MWCNTs composites prepared by solution blending [43].
e. PVDF films prepared through changing the drying temperature in the two dif-
ferent solution [38].
f. PVDF (Kynar films) treated by stretching procedure [39].
g. Commercial b-PVDF films immersed in eight different reagents for different
exposure times [40].
h. PVDF films produced via film blowing extrusion [41].
i. Our PVDF/MWCNTs-modified by HBCs films prepared by solution coagulation.
j. Nylon-6/PVDF blends prepared by melt-blending under stretching [42].
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a-crystal form become weaker, implying that a-phase is gradually
replaced by b-phase. Similar observation had previously reported
in this group [32]. Surprisingly, when the HBCs–assisted MWCNTs
Fig. 7. Polarized optical microscopy images of the pure PVDF (
(HBCs–CNTs) are incorporated, all a-phase-related bands are
weakened profoundly, replaced by the evidently enhanced
840 cm�1 band. As noted, although the loadings of HBCs are all
the same for samples, ca.0.3% (mass fraction) for S3–S6, different
types of HBCs–CNTs show a difference in the improvement of the
b-phase content of PVDF. From the FT-IR results, the content of b
phase F3(b) can be calculated by following equation [13,37], i.e.

F3ðbÞ ¼
Ab

1:26Aa þ Ab
ð3Þ

where Aa, Ab are the integral area of bands at 763 (a phase) and
840 cm�1 (b phase), respectively.

The conclusive comparison concerning the F(b) values from dif-
ferent techniques, including XRD, DSC and FT-IR measurements is
displayed in Fig. 6. As we mentioned above, three set of data pres-
ent the same tendency and all b-phase increase noticeably upon
the addition of HBCs modified MWCNTs. For S4, specifically, the
hybrid has the highest F(b) values. In order to comparatively show
our success, we intentionally give some results of F(b) values,
S1, a), hybrid films S2 (b), S3 (c), S4 (d), S5 (e) and S6 (f).



Fig. 8. TEM images of the purified MWCNTs (a), hybrid films S2 (b), S3 (c), S4 (d), S5 (e) and S6 (f). The insets in (d), (e), (f) are the high-resolution of TEM images showing the
morphologies of MWCNTs in the PVDF matrix.
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which were collected from recent publications (Table 2). As clearly
seen, the F(b) obtained by our protocol is comparable or better
than others considering the fact that the exceptional high F(b)
value (ca. 95%,) was obtained in the polymer blend of Nylon-6
and PVDF, rather than the neat PVDF [34]. As matter of fact,
MWCNTs had a positive effect on the increase of the b-phase crys-
talline forms of PVDF, while the agglomeration from the MWCNTs
is still a serious concern [24]. Hence, we believe that the substan-
tive improvement in F(b) of PVDF should be originated from the
strong dispersive effect from the HBCs. In this case, the chemical
composition and the special structure will endow the HCPs with
the amphiphilic-like property of surfactant in the dispersion of
CNTs in the PVDF matrix [27]. Accordingly, then, how the HCPs af-
fect the beta phase formation is understandable. Take the S4 as the
example, in which the HBC-2 was used as the dispersing agent.
Comparing other 2 HCPs employed, the HBC-2 has highest molec-
ular weight (Mw = 35.1 kD) and highest content of p-chloromethyl
styrene (70 mol.%) (see Table 1), and accordingly has the highest
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concentration of polar chloro-group. Therefore, we believed that,
the enhanced electrostatic force between the HCPs (chloro-group,
mainly) and PVDF host (F atoms) will result in the improved beta
phase content to [35].

Polarized optical microscopy (POM) images in Fig. 7 shows viv-
idly the morphologies of isothermally crystallized samples of neat
PVDF (S1, Fig. 7a), MWCNTs-added PVDF (S2, Fig. 7b) and PVDF hy-
brids with different HBCs–wrapped MWCNTs (S3–S6, Figs. 7c and
6f). As indicated, the spherulitic size decreases with the addition
of MWCNTs, and this observation become particularly evident with
the introduction of HBCs–wrapped MWCNTs. Obviously, HBCs–
wrapped MWCNTs indicate a higher nucleating ability than the
naked MWCNTs. Further, the smaller and highly packed spherulite
also implies the homogenous distribution of HBCs–wrapped
MWCNTs. This aspect is also consistent with the SEM results of
the samples (see Fig. S2 in Supplementary information). In addi-
tion, the relatively uniform and homogeneous features of the hy-
brids films can be seen in Fig. S3.

Moreover, the effect of HBCs on the dispersion of MWCNTs is
assessed directly via TEM and the results are given in Fig. 8. Com-
pared with the naked MWCNTs in the PVDF (Fig. 8b), the MWCNTs
wrapped by varied HBCs, without obvious aggregation or preferred
alignment, are more homogenously and randomly dispersed in
PVDF matrix (Fig. 8c–f). Upon close checking, most of MWCNTs re-
main curved or even interwoven throughout the PVDF matrix, indi-
cating their extreme flexibility [43]. Moreover, the entangling
degree is tremendously reduced, with a large percentage of indi-
vidual nanotubes being present. Comparing the TEM images of
purified MWCNTs (Fig. 8a), direct evidence for the presence of
PVDF molecules on the MWCNTs surface can be found in the hy-
brid films (Fig. 8c–f); i.e. the purified MWCNTs surfaces are very
smooth and demonstrate clear edges, while the MWCNTs surfaces
of the hybrids are covered by a polymeric layer, which results from
the adsorption of segment of PVDF by the nonspecific molecular
interactions between the C–H groups of PVDF and MWCNTs
[44,45]. This interaction would be inevitably favorable for the for-
mation of the all-trans b phase, possessing the polymer chains
stacked with their respective polarizations aligned in the same
direction.

4. Conclusions

In summary, we have demonstrated that the crystal distribution
in PVDF could be alternated significantly by the addition of trace of
MWCNTs wrapped by hyperbranched copolymers. By using com-
bined measurements, we obtained a highly consensus in regarding
to the ratio of crystal phases in PVDF, i.e. the b-phase can be en-
hanced remarkably with the HBCs–wrapped MWCNTs. As de-
scribed, this presented procedure has the advantages of facile,
fast and efficient to obtain the b-phase content which comparable
or higher than otherwise reports. As far as we know, this is the first
case that the HBCs are used to enhance the crystal distribution in
PVDF.

Since the filler uses in this case is MWCNTs, which is in nano
scale, thus the success in tuning the phase distribution can be
attributed to the good dispersion being rendered by the highly
branched three-dimensional globular architecture created by the
HBCs. Therefore, the method described herein offers a unique pos-
sibility to prepare uniform, robust and thermal stable thin films
with enhanced b-phase and this result will accordingly influence
the electroactive response of the materials [46].
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