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We investigated the effect of the chemical structure of alkylammonium salt on the crystallization behavior of poly(vinylidene
fluoride) (PVDF) by DSC, optical microscopy, light scattering, and FT-IR. .e nonisothermal and isothermal crystallizations of
PVDF were accelerated by adding alkylammonium salt consisting of short alkyl chains and small anion species, and the spherulite
size and the ordering in the spherulite became smaller due to the nucleation agent effect. .e FT-IR spectra revealed that
electroactive c-phase was preferentially formed by adding alkylammonium salts though the accelerated crystallization was
suppressed due to the steric hindrance effect by the long alkyl chain and large anion species. On the other hand, the formation of
the c-phase was suppressed when the dispersion of the salt in the PVDF matrix was poor due to the high melting temperature.

1. Introduction

Poly(vinylidene fluoride) (PVDF) is widely used for in-
dustrial applications such as chemical valves, membranes for
water treatment, and sensors due to its excellent chemical
resistance, weathering resistance, and ferroelectricity [1, 2].
PVDF forms at least four crystal polymorphs: orthorhombic
α-, β- and δ-phases, and monoclinic c-phase [3–6]. .e α-
and δ-phases have a trans-gauche conformation (TGTG′),
the β-phase has an all-trans planar zigzag conformation
(TTT), and the c-phase has a sequence of three trans linked
to a gauche conformation (TTTGTTTG′). Electrically active
β- and c-phase crystallites are promising for their electric
properties such as ferroelectric and piezoelectric ones [2, 4].

.e crystalline phase of PVDF depends on processing
methods [3, 4, 7]. An electrically inactive α-phase is obtained
by conventional melt crystallization. On the other hand,
electrically active β-phase is obtained by specific processing,
for instance, heat elongation of the α-phase crystallites [8, 9],
plastic deformation [10], electrospray deposition [11],
crystallization in polar solvents [12, 13], polymer blending

[14], and melt crystallization at ultrahigh cooling speed [15].
.e electrically active c-phase is generally obtained by melt
crystallization at high temperature [16] or annealing at high
temperature [17]. It is also known that polar β- or c-phase
can be effectively induced by adding inorganic filler [18]
such as nanoclay [19–21], graphene oxide [22], and carbon
nanotube [23–27]. .e polar phase can also be induced by
adding ionic salts [18] such as ionic liquids [28], KBr [29],
cetyltrimethylammonium bromide (CTAB) [30–32], ionic
fluorinated surfactant [33], onium salt [34, 35]. .e in-
duction of the polar phase is explained by ion-dipole in-
teractions between ionic salts and PVDF chains. It is
revealed that the crystallization rate of PVDF increases
significantly by adding the positive nucleation agents, and
the nucleation effect is caused by the specific ion-partial
dipole interaction. Since the dipole moment of CF2 dipoles
is much stronger than that of CH2 dipoles, the ion-dipole
interaction is derived from the interaction between posi-
tively charged nucleation agents and CF2 dipoles in PVDF
[36]. It is suggested that the surface charge by the nucleation
agents is important to control the crystallization behavior of
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PVDF; i.e., the ion-dipole interaction causes the polymer
chain to align on the surface of the alkylammonium salt,
resulting in the preferential formation of β- or c-phase
[32, 36, 37]. .e polar phase is induced in the early stage by
ion-dipole interactions in the presence of CTAB [32].

It has been reported that the crystallization rate of the
c-phase is much slower than that of the α-phase [7, 38].
Well-known nucleation agents such as flavanthrone and
poly(tetrafluoroethylene) (PTFE) only accelerate the crys-
tallization of α-phase crystallites [39]. On the other hand,
ionic salts are able to accelerate the crystallization of c-phase
crystallites. c-phase crystallites were obtained by isothermal
crystallization at a high temperature of 165°C by adding KBr
powders [29], and the crystallization time of c-phase
crystallites was drastically shortened by adding ammonium
salts [36, 40].

It has been widely accepted that the polar phase of PVDF
is formed by the ion-dipole interactions between alky-
lammonium salt and PVDF chains. However, the effect of
the chemical structure of alkylammonium salts such as the
length of the alkyl chain and the size of anion species, has not
been clarified. Most of the crystallization kinetic studies of
PVDF in the presence of onium salt were carried out using
DSC [40], in which spherulite size is not estimated, though
nucleation agents also affect the spherulite size. In this study,
we investigated the crystallization kinetics and crystalline
structure of PVDF added with a series of alkylammonium
salt consisting of various lengths of alkyl chain and various
sizes of anion species. .e crystallization behavior was
discussed by the results of DSC and light scattering mea-
surements for crystallization kinetics, polarized optical
microscopic observation for the spherulite structure, and
FT-IR for the crystalline phase.

2. Experimental

PVDF was supplied by Kureha Corporation, Tokyo, Japan
(grade name KF1000). .e average molecular weight, de-
termined by gel permeation chromatography (GPC), is
Mw� 240,000. Figure 1 shows the chemical structures of a
series of alkylammonium salts consisting of various alkyl
chain lengths and anion species used in this study. .e
melting temperatures Tms and crystallization temperatures
Tcs of these alkylammonium salts are also shown in Figure 1.
Alkylammonium salts consisting of different alkyl chain
lengths are tetramethylammonium hydrogen sulfate (T1),
tetraethylammonium hydrogen sulfate (T2), tetrapropy-
lammonium hydrogen sulfate (T3), tetrabutylammonium
hydrogen sulfate (T4), tetrahexylammonium hydrogen
sulfate (T5), and hexadecyltrimethylammonium hydrogen
sulfate (H16). On the other hand, alkylammonium salts
consisting of different anion species are T4, tetrabuty-
lammonium tetrafluoroborate (T4FB), and tetrabuty-
lammonium p-toluene sulfonate (T4TS). T1, T5, H16, T4FB,
and T4TS were purchased from Tokyo Chemical Industry
Co., Ltd. T3 and T4 were purchased from Sigma-Aldrich and
Koei Chemical Company, Limited, respectively.

PVDF powder was added with alkylammonium salts at a
weight ratio of 99/1 in a twin blade mixer (Toyo Seiki, R60B,

Japan) attached to a motor and controller (Toyo Seiki, Labo
Plastmill 4C150-01, Japan) at 200°C and at rotation speed of
60 rpm for 5min. Film specimens with dimensions of
50mm× 50mm× 500 µm were prepared by hot pressing at
230°C, and then quickly cooled by a cold press at 20°C.

A DSC was carried out at a cooling rate of 10°C/min
under a nitrogen atmosphere in a temperature range from
230°C to 30°C using a DSC1manufactured byMettler Toledo
GmbH, Switzerland. For the nonisothermal crystallization,
the samples were heated to 230°C at a rate of 10°C/min under
a nitrogen atmosphere and held at 230°C for 5min in order
to eliminate the previous thermal history. .en, the samples
were cooled to 30°C at a rate of 10°C/min in order to evaluate
the crystallization temperature.

.e morphologies of PVDF samples were observed by
using a polarized optical microscope (Olympus BX53, Ja-
pan) equipped with a CCD camera (Olympus DP74, Japan).
.e structure under the polarized optical microscope was
observed by the optical microscope equipped with a sensitive
tint plate, with an optical path difference of 530 nm under
cross polarizers.

.e crystalline phase of PVDF was characterized by
measuring the infrared spectrum using an ATR-FTIR
spectrometer (Horiba FT-730, Japan). All spectra were
recorded from 600 to 4000 cm−1 by averaging 25 scans at a
resolution of 4 cm−1.

A polarized He-Ne laser with a wavelength of 632.8 nm
was applied vertically to the film specimen. .e scattered
light was passed through the analyzer and then onto a highly
sensitive charge-coupled device (CCD) camera with
800× 600 pixels (Tokyo Instruments pco.1600, Tokyo, Ja-
pan). We employed Hv geometries in which the optical axis
of the analyzer was vertical to that of the polarizer. .e input
data from the CCD camera were stored on a personal
computer for further analysis. .e test area irradiated by the
laser was about π (10 [3]) μm [2] and the area of a spherulite
was about π (10) μm [2]. Hence, the relative size of the test
area and the spherulite is about 104 when the diameter of the
spherulite is 10 μm.

3. Results and Discussion

3.1. Nonisothermal Crystallization. Figure 2 shows the DSC
thermograms recorded during the cooling process at a rate
of 10°C/min from the molten state at 230°C for neat PVDF
and the PVDF added with 1 wt% of various alkylammonium
salts consisting of different lengths of alkyl chain and dif-
ferent sizes of anion species..e list of onset, peak, and offset
temperatures of crystallization obtained from Figure 2 is
shown in Table 1. .e DSC thermogram of the neat PVDF
showed an exothermic peak at around 140°C due to the
crystallization; i.e., the crystallization started at 143°C and
ended at 136°C during the cooling process. .e onset
temperature of the crystallization was found to shift to a
higher temperature by adding tetraalkylammonium salts
such as T1 – T5, e.g., the shift was about 6°C for PVDF by
adding T1, T2, and T4, while it was about 4°C by adding T3
and T5 (Figure 2(a) and Table 1). .e results suggest that
crystallization of PVDF is accelerated by adding
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tetraalkylammonium salt with a short alkyl chain. On the
other hand, the PVDF added with hexadecyl-
trimethylammonium salt H16 exhibited a small shift,

suggesting that the acceleration is small by adding alky-
lammonium salt with a long alkyl chain. T1–T5 showed
similar nucleation effects even though the melting
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Figure 2: DSC thermograms during the nonisothermal crystallization of neat PVDF and PVDF added with various alkylammonium salts at
cooling rate of 10°C/min: (a) PVDF added with T1, T2, T3, T4, T5, and H16 and (b) PVDF added with T4, T4FB, and T4TS.
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Figure 1: Chemical structures Tm and Tc of a series of alkylammonium salts with various lengths of alkyl chain and various sizes of anion
species added in PVDF.
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temperature Tm and crystallization temperature Tc of the
alkylammonium salt were different as shown in Figure 1,
e.g., the melting temperatures of T2, T4 and T5 were 240°C,
174°C, and 104°C, respectively. .us, the physical properties
of alkylammonium salts such as melting temperatures and
crystallization temperatures are not important on the
accelerated crystallization, but the ion-dipole interaction of
alkylammonium salts and PVDF is important to accelerate
the crystallization of PVDF [32, 36, 37]..e alkylammonium
salts consisting of short alkyl chains such as T1-T5 exhibit
large accelerated crystallization due to the ion-dipole in-
teraction of salts and PVDF chains, while H16, having a long
alkyl chain, exhibits small accelerated crystallization due to
the steric hindrance derived from the long alkyl chain which
weakens the ion-dipole interaction of the alkylammonium
salt and PVDF.

.e onset crystallization temperature and the exo-
thermic peaks of PVDF were shifted to a higher temper-
ature of about 5°C by adding tetrabutylammonium salts
such as T4 and T4FB having small size of anion species,
while the acceleration was small by adding T4TS having
p-toluene sulfonate in which the size of the anion species is
larger than those of T4 and T4FB (Figure 2(b) and Table 1).
.e result suggests that steric hindrance by large anion
species weakens the ion-dipole interaction of alky-
lammonium salt and PVDF and the accelerated crystalli-
zation is suppressed, as suggested in the steric hindrance in
the alkylammonium salts consisting of long alkyl chains
shown in Figure 2(a).

3.2. Isothermal Crystallization. To confirm the accelerated
crystallization of PVDF by alkylammonium salts, isothermal
crystallization behavior was investigated by light scattering
measurement. .e crystallization kinetics can be estimated
by the integrated light scattering intensity in Hv mode, i.e.,
the invariant QHv defined as follows [41–43]:

QHv � 􏽚
∞

0
I(q)q

2dq, (1)

where q is the scattering vector, q� (4π/λ) sin(θ/2), λ and θ
are the wavelength and the scattering angle, respectively, and
I (q) is the intensity of the scattered light of theHvmode at q.
.e invariant in Hv mode QHV is described by the mean
square optical anisotropy <δ >[2]as follows:

QHv∝ 〈δ
2〉 � ϕs αr − αt( 􏼁

2
, (2)

where ϕs is the volume fraction of the spherulite, and αr and
αt are the radial and tangential polarizabilities of the
spherulite, respectively [42]. Since (αr − αt) in equation (2) is
ascribed to the intrinsic anisotropy of the crystalline region
and the orientation function for the optical axis of the
crystalline region, the ordering in the spherulite can be
provided quantitatively by the light scattering intensity in
addition to the volume fraction of the spherulite.

Figure 3 shows time evolutions of the invariant QHv
during isothermal crystallization at 155°C after a temper-
ature drop from 230°C for neat PVDF and PVDF added
with various alkylammonium salts consisting of different
lengths of alkyl chain and different sizes of anion species.
.e QHv increased with time by associating with the
spherulite growth and leveled off when spherulites filled the
whole space as expected from the ϕs in equation (2). .e
crystallization of neat PVDF started to occur at around
3min and ended at around 15min. .e end time of
crystallization was found to shifted to a shorter time by
adding alkylammonium hydrogen sulfate of T1 – T5, i.e.,
the end time was shifted to 4 – 5min by adding T1-T5,
while it was shifted to about 7min by adding H16
(Figure 3(a)). .ese results indicate that T1-T5 showed
accelerated crystallization of PVDF; i.e., alkylammonium
salts consisting of short alkyl chains from methyl to hexyl
accelerated the crystallization of PVDF. On the other
hands, the alkylammonium salt of H16 consisting of a long
hexadecyl chain showed a small acceleration due to the
steric hindrance effect by the long alkyl chain. .ese results
support the accelerated crystallization by alkylammonium
salts consisting of short alkyl chains suggested by the
nonisothermal crystallization behavior shown in
Figure 2(a).

.e end time of crystallization of PVDF was shifted to
shorter time of 5min by adding T4 and T4FB, while the
shift was small in the PVDF by adding T4TS (Figure 3(b)).
Hence, tetrabutylammonium salt consisting of small anion
species such as hydrogen sulfate and tetrafluoroborate
shows large acceleration due to the ion-dipole interaction
of salts and PVDF chains, while T4TS consisting of large
anion species shows small acceleration due to steric hin-
drance by the large anion species which weakens the ion-
dipole interaction of alkylammonium salt and PVDF..ese
results support the accelerated crystallization by alky-
lammonium salts consisting of small anion species as
suggested by the nonisothermal crystallization behavior
shown in Figure 2(b).

As shown in Figure 3, the QHv of the PVDF became
smaller by adding alkylammonium salt. Since the volume
fraction of the spherulite ϕs in equation (2) was 1 when the
crystallization was ended, the difference of the QHv is
attributed to the polarizability difference in the spherulite
αr − αt. Since (αr − αt) is ascribed to the intrinsic anisot-
ropy of the crystalline region and the orientation function
for the optical axis of the crystalline region, the small value
of QHv is attributed to the low orientation of the optical
axis along the radial direction in the spherulite. .us, the

Table 1: DSC Parameters of nonisothermal crystallization for neat
PVDF and PVDF with alkylammonium salts.

Nonisothermal crystallization
Onset (°C) Peak (°C) Offset (°C)

PVDF 143 140 136
PVDF+T1 148 144 141
PVDF+T2 148 144 140
PVDF+T3 147 143 139
PVDF+T4 149 145 141
PVDF+T5 147 143 139
PVDF+H16 145 141 138
PVDF+T4FB 148 144 141
PVDF+T4TS 145 141 138
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result suggests that the order of the crystallites in the
spherulite of PVDF becomes smaller by adding alky-
lammonium salt.

Figure 4 shows the polarized optical micrographs of
neat PVDF and PVDF added with various alkylammonium
salts obtained by isothermal crystallization at 155°C. .e
spherulites of the PVDF added with alkylammonium salt
except for H16 and T4TS were definitely smaller than those
of the neat PVDF. .e decrease of the spherulite size by
adding alkylammonium salts is attributed to the increase of
the crystal nuclei. .us, the accelerated crystallization
shown in Figure 3 is caused by the nucleation agent effect of
the alkylammonium salts due to the ion-dipole interaction
of the alkylammonium salts and PVDF. It is considered
that ion-dipole interaction between the positive surface of
nucleation agents and the partially negative CF2 dipoles of
PVDF causes a decrease in the free energy barrier for
nucleation [32, 36, 37]. In the PVDF added with T1, ag-
gregates of T1 were observed due to poor dispersion of T1
in the PVDFmatrix owing to the high melting temperature,
i.e., the melting temperature of T1 was above 260°C. In spite
of the poor dispersion, the spherulite was smaller than that
of neat PVDF, indicating the nucleation agent effect of the
T1. .e PVDF added with T16 and T4TS showed vivid
interference color similar to that of the neat PVDF, while
the interference color was light in the PVDF added with
those of other salts in which the QHv in Figure 3 was small.
.ese results suggest that crystallization of PVDF is
accelerated due to the nucleation agent effect, and the
ordering of the crystallites in the spherulite becomes

smaller by adding alkylammonium salt consisting of short
chains and small sizes of anion species, as suggested by the
light scattering measurements shown in Figure 3.

3.3. Crystalline Structure. Figure 5 shows the representative
FT-IR spectra of the neat PVDF and the PVDF added with
various alkylammonium salts obtained by isothermal crys-
tallization at 155°C. .e characteristic bands of the α-phase
were observed at 766, 795, and 976 cm−1 in the neat PVDF,
indicating that α-phase crystallites are obtained during the
isothermal crystallization in the neat PVDF. On the other
hand, the characteristic band of the c-phase was observed at
1234 cm−1 in the PVDF added with T1, T4, H16, T4FB, and
T4TS, indicating that c-phase is induced by adding alky-
lammonium salt during the isothermal crystallization at
155°C. A small peak was seen at 766 cm−1 in the PVDF added
with T1, while no characteristic peak of the α-phase was seen
in the PVDF added with T4, H16, T4FB, and T4TS, indi-
cating that α-phase remains by adding T1, while α-phase
does not remain by adding T4, H16, T4FB, and T4TS.

.e fraction of the c-phase ϕ(c) is given as follows
[4, 44]:

ϕ(c) �
Ac

Kc/Kα􏼐 􏼑Aα + Ac

, (3)

where Aj is the baseline-corrected absorbance at j cm−1, and
Kα and Kc are the absorption coefficients at the respective
wavenumbers, i.e., Kα and Kc are 0.365 and 0.150 cm−1,
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Figure 3: Time evolutions of the invariant QHv for neat PVDF and PVDF added with various alkylammonium salts during isothermal
crystallization at 155°C: (a) PVDF added with T1, T2, T3, T4, T5, and H16 and (b) PVDF added with T4, T4FB, and T4TS.
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respectively. Table 2 shows the fraction of α- and c-phase in
the neat PVDF and the PVDF added with alkylammonium
salt obtained from Figure 5 and equation (3). .e c-phase
was obtained in the PVDF by adding the alkylammonium
salt, indicating that alkylammonium salt acts as a nucleation
agent for the c-phase. .e ion-dipole interaction causes the
polymer chain to align on the surface of the alkylammonium
salt, resulting in the preferential formation of β- or c-phase
[32, 36, 37]. .e interesting result here is that the c-phase
was also induced by adding alkylammonium salts consisting
of long chains and large sizes of anion specie such as H16
and T4TS though the nucleation agent effect was small. On

the other hand, the α-phase remained by adding the alky-
lammonium salt of T1 due to the poor dispersion owing to
the high melting temperature of T1, though the nucleation
agent effect for the accelerated crystallization was large. .e
fast crystallization rate by adding T1 might be attributed to
the crystallization of the α-phase, because the crystallization
of the α-phase is faster than that of the c-phase. .us, good
dispersion of the alkylammonium salt is required for the
formation of the c-phase while the short chain of the
alkylammonium salt and the small size of the anion species
are required for the nucleation agent effect on the
accelerated crystallization.
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Figure 4: Polarized optical micrographs of neat PVDF and PVDF added with various alkylammonium salts obtained by isothermal
crystallization at 155°C. (a) PVDF. (b) PVDF+T1. (c) PVDF+T2. (d) PVDF+T3. (e) PVDF+T4. (f ) PVDF+T5. (g) PVDF+H16. (h)
PVDF+T4FB. (i) PVDF+T4TS.
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4. Conclusion

.e crystallization of PVDF was accelerated in the non-
isothermal and isothermal procedures by adding an
alkylammonium salt consisting of short chains and small
sizes of anion species due to the nucleation agent effect, and
the size of the spherulite and the ordering of the crystallites
in the spherulite became smaller. .e alkylammonium salts
also acted as nucleation agents for the electroactive
c-phase. .e short chain of the alkylammonium salt and
the small size of the anion species are required for the
nucleation agent effect on the accelerated crystallization of
PVDF to cause a decrease in the free energy barrier for
nucleation by ion-dipole interaction between the positive
surface of the alkylammonium salt and the partially neg-
ative CF2 dipoles of PVDF. On the other hand, good
dispersion of the alkylammonium salt in the PVDF matrix
is required for the formation of the c-phase to align on the
surface of the alkylammonium salt by the ion-dipole
interaction.
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