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INTRODUCTION

Poly(vinylidene fluoride) (PVDF) is a well-known ferroelectric poly-
mer possessing superior electrical characteristics such as piezoelec-
tricity and pyroelectricity. These electrical characteristics are caused by
the polarized structure between hydrogen (δ+) and fluorine (δ− ). The
crystalline structures of PVDF may be present in at least four types: α,
β, γ and δ phases. PVDF β phase (form I) is an all trans planar zigzag
conformation (TTTT), PVDF α phase (form II) is a trans-gauche twist
conformation (TGTGʹ), PVDF δ phase (form IV) is a different packing
structure of PVDF α phase and PVDF γ phase (form III) is an
intermediate conformation of PVDF β and α phases (TTTGTTTGʹ).1,2

The calculated peak differences of PVDF α and δ phases in x-ray
diffraction (XRD) and infrared spectroscopy (IR) are significant
only with respect to the intensity, and the experimental patterns and
spectra are similar. The differences in the PVDF α and δ phases are
paraelectric and ferroelectric. PVDF β phase possesses superior ferro-
electric properties because of the well-oriented polarized structure of
the all trans planar zigzag conformation. However, the crystalline
structure of PVDF obtained by the melting and solvent evaporation
method is generally PVDF α phase. The intramolecular interaction
energy of PVDF β phase is − 0.48 kcal mol− 1 molecular unit (m.u.),
whereas that of PVDF α phase is − 1.46 kcal mol− 1 m.u.1 The
intermolecular interaction energy of the PVDF β phase is
− 5.25 kcal mol− 1 m.u., whereas that of the PVDF α phase is
− 4.57 kcal mol− 1 m.u.1 On the basis of these data, the total potential
energy of the PVDF β phase is − 5.73 kcal mol− 1 m.u., and that
of the PVDF α phase is − 6.03 kcal mol− 1 m.u.1 Therefore, the
PVDF α phase is more stable than the PVDF β phase in terms of
potential energy. The PVDF β phase is typically produced by a
poling process while stretching a PVDF α phase film. The control
of PVDF crystalline structures has attracted much attention, with
many researchers reporting on the production of the PVDF β
phase.3–6

Previously, it was reported that PVDF crystalline structures
were prepared separately by the solvent-casting method using
different solvents.7 Hexamethylphosphoramide (HMPA), acetone

and dimethylacetamide (DMAc) were utilized in solvent-casting to
prepare the PVDF β, α and γ phase crystalline structures, respectively.
We focused on the difference in solvent-boiling points and demon-
strated that the crystalline structures of the β, α and γ phases can be
prepared separately using only a single solvent by controlling the
evaporation conditions.8 The crystalline structures of PVDF β, α
and γ phases were formed with an evaporation rate of less than
0.0001 g min− 1, more than 0.2 g min− 1, and between 0.03 and
0.00058 g min− 1, respectively. The PVDF β phase was obtained
using the spin-coating method by evaporating the solvent for
~ 2 months.
Polymer membranes can be fabricated by immersing the

casting polymer solutions into an antisolvent coagulation bath. The
membrane from the antisolvent addition forms a porous structure as a
polymer in solution induces phase separation and solidification
because of the decreased solubility caused by the antisolvent addition.
PVDF porous membranes prepared by antisolvent addition are widely
used for applications in microfiltration and ultrafiltration membranes,
reverse osmosis systems and electrode binders because PVDF possesses
high chemical and thermal resistance, and superior mechanical
characteristics.9–13 However, the crystalline structure of the PVDF
film prepared by the antisolvent addition method has only rarely been
discussed in detail. The antisolvent addition method has the advan-
tages of being able to control the reaction temperature and obtain the
film in a short period. Therefore, it is expected that the crystalline
structures of PVDF films can be easily controlled by utilizing the
antisolvent addition method in solvent-casting.
In this study, we developed a simple method for preparing

PVDF films using antisolvent addition and controlling their crystalline
structure. PVDF films were prepared by antisolvent addition utilizing
various PVDF-soluble solvents and deionized water as the antisolvent;
the resulting crystalline structures were evaluated by XRD and
FT-IR measurements. Furthermore, the relationship between the
properties of the solvents and the PVDF crystalline structure was
investigated.
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EXPERIMENTAL PROCEDURE

PVDF from Kureha Co., Tokyo, Japan, KF polymer #1100, was used.
The PVDF was dried at 100 °C for 1 day before use. HMPA, propylene
carbonate (PC), gamma-butyrolactone (GBL), DMAc, triethyl phos-
phate (TEP), cyclohexanone (CHN) and acetone were used as PVDF
solvents without further purification. Deionized water was used as the
antisolvent.
PVDF was dissolved in HMPA, PC, GBL, DMAc, TEP and CHN at

a concentration of 20 wt%. The dissolution process for each sample
was 25–200 °C for 1 day (HMPA: 25 °C, PC: 150 °C, GBL: 150 °C,
DMAc: 25 °C, TEP: 150 °C and CHN: 200 °C). These solutions were
spin-coated on a three-inch Si wafer (76.2 mm diameter), and the
solution weight on the substrate was adjusted to ~ 0.2–0.3 g using spin-
coating conditions. The samples were immersed in 500 ml of deionized
water, which was used as the antisolvent for 3 min at 25 °C. After
immersion, the samples were removed from the deionized water and
dried under atmospheric conditions. The dimension and thickness of
the PVDF films after evaporation were ~ 2×103 mm2 and 40–50 μm,
respectively. The evaporation rate of the samples was quantified by
measuring the sample weight using an electronic balance.
Crystalline structures of the PVDF films were evaluated by FT-IR

(Shimadzu Co., Kyoto, Japan, IR Prestige-21) and XRD (Rigaku Co.,
Tokyo, Japan, Mini Flex II). Cu-Kα ray was used for XRD, and the
scanning rate was 2° min− 1 (θ–2θ method).

RESULTS AND DISCUSSION

PVDF films were prepared by antisolvent addition utilizing various
PVDF solutions. The PVDF film was transparent or translucent just
after removal from deionized water and developed white turbidity
upon evaporation into the atmosphere. Figure 1 plots the weight
decrease of the PVDF film prepared by antisolvent addition utilizing
HMPA, DMAc and TEP versus evaporation time. The weight values in
Figure 1 do not include the weight of the substrate. The weight of the
PVDF film decreased with increasing evaporation time and was
constant after ~ 1 h. The slopes of the curves at the initial stage of
evaporation were nearly identical, and the values of the HMPA, DMAc
and TEP systems were 4.7, 4.4 and 5.7 mg min− 1, respectively.
Figure 2 shows the FT-IR spectra of PVDF solutions and PVDF films
just after removal from deionized water. The deionized water on the
surface of the PVDF films was removed carefully. Much of the solvent

was removed from the PVDF films, and ionized water diffused into
the PVDF films during the antisolvent immersion process. In addition,
the PVDF films after evaporation formed porous structures at the
surface (Figure 3). The formation of porous structures presumably
occurred via phase separation because of solvent exchange and
diffusion of deionized water into the film. The findings described
above indicate that the evaporation rates depended on the evaporation
of deionized water diffused into the PVDF films.
The crystalline structures of the PVDF films prepared by antisolvent

addition utilizing various solvents were also identified from the results
of the XRD patterns and FT-IR spectra depicted in Figures 4 and 5.
Standard samples of each PVDF crystalline structure were prepared
based on previous research,7 and their FT-IR spectra and XRD
patterns were utilized to identify the crystalline structures of the
samples prepared by antisolvent addition. The XRD patterns of the
PVDF films crystallized from HMPA and PC exhibited unique peaks
at 20.7 and 41.2°, and the FT-IR spectra exhibited unique peaks at 840
and 1275 cm− 1, all of which are characteristic of the PVDF β phase.
The XRD pattern of the PVDF film prepared from GBL had a unique
peak at 20.3°, correlating with the PVDF γ phase, and the FT-IR
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Figure 1 Weight decrease at room temperature of poly(vinylidene fluoride)
(PVDF) films prepared utilizing HMPA (hexamethylphosphoramide; circles),
DMAc (dimethylacetamide; diamonds) and TEP (triethyl phosphate;
triangles) after immersion in deionized water under atmospheric conditions.
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Figure 2 FT-IR spectra of poly(vinylidene fluoride) (PVDF) solutions (gray
line) and PVDF films just after removal from antisolvent (black line).
Hexamethylphosphoramide (HMPA), dimethylacetamide (DMAc) and triethyl
phosphate (TEP) were utilized as solvents.
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Figure 3 Scanning electron microscopy image of poly(vinylidene fluoride)
(PVDF) film prepared by antisolvent addition utilizing hexamethyl-
phosphoramide (HMPA).
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spectrum had unique peaks at 840 and 1275 cm− 1, indicative of the
PVDF β phase, as well as at 766, 795, 974 and 1210 cm− 1, indicative of
the PVDF α phase. The XRD pattern of the PVDF film crystallized
from DMAc had a unique peak at 20.3°, a feature of the PVDF
γ phase, and the FT-IR spectrum confirmed unique peaks at 840 and
1275 cm− 1, indicative of the PVDF β phase, and 1234 cm− 1,
correlating with the PVDF γ phase. The XRD patterns of the PVDF
films prepared from TEP and CHN exhibited unique peaks at 18.7,
19.8 and 26.5°, and the FT-IR spectra had unique peaks at 766, 795,
974 and 1210 cm− 1, all of which are characteristic of the PVDF α
phase. The crystalline structures of PVDF films prepared by anti-
solvent addition utilizing HMPA and PC were identified as the PVDF
β phase. The PVDF films prepared utilizing TEP and CHN were
identified as the PVDF α phase. By contrast, PVDF films prepared by

antisolvent addition utilizing GBL and DMAc had XRD and FT-IR
features that could be assigned to more than two phases, and therefore
it was difficult to identify their crystalline structures with certainty.
PVDF films utilizing GBL and DMAc exhibited a mixture of PVDF α,
β and γ phases and should be able to undergo a phase transition
caused by small differences in the preparation conditions.
Next, we considered the results in terms of the PVDF crystalline

structures prepared by antisolvent addition utilizing various good
solvents for PVDF. The total potential energies of the PVDF α and
β phases are − 6.03 and − 5.73 kcal mol− 1 m.u., respectively.1 These
potential energies are similar, and we anticipate that the PVDF
crystalline structures can be changed by a relatively small difference
in the preparation conditions such as evaporation temperature and
pressure, solvent species, polymer and filler blending, film stretching
and electrical poling processes. In our previous study, the crystalline
structures of PVDF prepared by solvent-casting were predominantly
dependent on the solvent evaporation rate. The crystalline structures
of PVDF prepared using HMPA as a solvent were from β, γ and α
phases as the solvent evaporation rate increased. With the current
antisolvent additions, the evaporation rates of the PVDF films were
solvent-independent as the deionized water, used as the antisolvent,
diffused into the film and displaced the PVDF solvents during the
antisolvent immersion process. We thus expected that the crystalline
structures of the PVDF films prepared by antisolvent addition would
be affected by the interaction between the PVDF and its solvents.
Electrical poling changes the conformation of the PVDF α phase to the
β phase. The difference in electrostatic interactions between the PVDF
chain and the solvents may induce the formation of crystalline phases
during the immersion process of the antisolvent addition method.
On the basis of the above considerations, the crystalline structures

of PVDF films prepared by antisolvent addition are summarized in
Table 1, which lists the dipole moments of the used solvents. The
dipole moments of CHN, TEP, DMAc, GBL, HMPA and PC are
3.01,14 3.07,15 3.72,16 4.12,17 4.3118 and 4.94 D19, respectively. The
crystalline structures of PVDF films prepared by antisolvent addition
were in the regular order of α, γ and β phases while increasing the
dipole moment of the solvents. When the dipole moment of the PVDF
solvents exceeded 4.31 D, the crystalline structure of the PVDF films
were in the β phase. These results suggest that the electrostatic
interaction between the PVDF and the solvents dramatically affected
the crystalline structure of the PVDF films prepared by antisolvent
addition, rather than the by the solvent evaporation rate. To examine
the effect of the solvent species on PVDF crystalline formation,
concentrated PVDF solutions utilizing HMPA, DMAc and TEP as
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Figure 4 XRD patterns of poly(vinylidene fluoride) (PVDF) films prepared by
antisolvent addition utilizing hexamethylphosphoramide (HMPA), propylene
carbonate (PC), gamma-butyrolactone (GBL), dimethylacetamide (DMAc),
triethyl phosphate (TEP) and cyclohexanone (CHN) as PVDF solvents.
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Figure 5 FT-IR spectra of poly(vinylidene fluoride) (PVDF) films prepared by
antisolvent addition utilizing hexamethylphosphoramide (HMPA), propylene
carbonate (PC), gamma-butyrolactone (GBL), dimethylacetamide (DMAc),
triethyl phosphate (TEP) and cyclohexanone (CHN) as PVDF solvents.

Table 1 Relationship between the crystalline structures of PVDF films

prepared by antisolvent addition and the dipole moment of the PVDF

solvents

Crystalline structure

PVDF solvent XRD FT-IR Dipole moment (D)

PC β β 4.9419

HMPA β β 4.3118

GBL γ β+α 4.1217

DMAc γ β+γ 3.7216

TEP α α 3.0715

CHN α α 3.0114

Abbreviations: CHN, cyclohexanone; DMAc, dimethylacetamide; GBL, gamma-butyrolactone;
HMPA, hexamethylphosphoramide; PC, propylene carbonate; PVDF, poly(vinylidene fluoride);
TEP, triethyl phosphate.
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solvents were evaluated by FT-IR, as shown in Figure 6. The PVDF
concentration of these solutions was ~ 30 wt% and the specific peaks
from the β, γ and α phases were identified. The crystalline structures of
the PVDF films with residual solvent were changed to the order of
α, γ and β phases with increasing solvent dipole moment. PVDF has a
permanent dipole moment of 2.1 D per monomer unit in the β phase
and 1.3 D in the α phase. When PVDF is dissolved by a solvent having
a high dipole moment, the PVDF and the solvent interact, and the
higher electrostatic interaction induces locally extended chain coil
formation. Consequently, PVDF in a solvent having a higher dipole
moment easily formed the all trans conformation, that is, β phase
crystalline structure. By contrast, when PVDF is solvated by a solvent
having a low dipole moment, the electrostatic interaction is lower and
the PVDF chain forms random coils. Consequently, PVDF in a solvent
having a lower dipole moment would form twist conformation more
readily. Furthermore, processing at lower temperatures with the
antisolvent addition method should also be important for controlling
PVDF crystalline structures. It has been reported that the PVDF
β phase content at different isothermal crystallization temperatures for
DMAc decreased with increasing temperature due to higher chain
mobility.20 In contrast, the PVDF β phase content at different
isothermal crystallization temperatures for CHN did not depend on
the temperature because CHN has little interaction with the PVDF
polar structure.20 The antisolvent addition method should make it
possible to crystallize a concentrated PVDF solution while keeping the
chain formation in the solution at a lower processing temperature.

CONCLUSION

In this study, PVDF films were prepared using a simple method
involving immersion of a PVDF-casting solution into an antisolvent,
and the resulting crystalline structures were evaluated. PVDF films
were quickly formed by evaporation under atmospheric conditions
after immersion of the PVDF solution-casted substrate into ionic-
exchanged water. The crystalline structure of the PVDF films prepared

utilizing HMPA and PC as solvents was confirmed to be the PVDF
β phase based on the results of XRD and FT-IR. When TEP and CHN
were used, the crystalline structure was confirmed to be PVDF α
phase. When DMAc and GBL were used as the solvents, the resulting
crystalline structures were confirmed to be a mixture of PVDF α, β
and γ phases. The crystalline structures of the PVDF films prepared by
antisolvent addition were predominantly affected by the dipole
moment of the solvents. PVDF films prepared by antisolvent addition
using various solvents produced crystalline structures in the order of
PVDF α, γ and β phase with increasing dipole moment of the solvent.
We found that PVDF films can easily be prepared by the antisolvent
addition method and the crystalline structure controlled by the dipole
moment of the solvents used.
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Figure 6 FT-IR spectra of concentrated poly(vinylidene fluoride) (PVDF)
solutions using hexamethylphosphoramide (HMPA), dimethylacetamide
(DMAc) and triethyl phosphate (TEP) as solvents. 30 wt% of PVDF dissolved
in solvents.
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