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Via time-resolved Fourier transform infrared spectroscopy (FTIR), we examined the real-time investi-
gation of the conformational changes of poly(vinylidene fluoride) (PVDF) chain segment during crys-
tallization of neat PVDF and the corresponding nano-composites having intercalated structure. It was
shown that in the following crystallization processes the crystal growth was virtually the same in both
nano-composites and neat PVDF. We have examined an annealing at an infinitely long time at 200 �C
(w20 min) to erase the thermal history in the nano-composites. The dispersed titanate nano-filler
particles exhibited strong contribution to enhance the heterogeneous nucleation for the formation of
both g- and b-phase crystals.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

A new polymorph of poly(vinylidene fluoride) (PVDF) was
introduced in PVDF-based nano-composites [1–4]. The phase is
preferentially crystallized in the b polymorph in the presence of the
organically modified montmorillonite (organo-clay). They reported
that similar crystal lattices between clay and the b polymorph, and
the large flat surface of the clay are the key factors to interact
between polymer and inorganic materials [4].

In our previous paper [5], we described the effect of the nano-
filler particles on the crystallization kinetics and crystalline struc-
ture of poly(vinylidene fluoride) (PVDF) upon nano-composite
formation. We specifically discussed the crystallization behavior
and its kinetics including the conformational changes of the PVDF
chain segment during crystallization of neat PVDF and nano-
composite by using differential scanning calorimetry, wide angle
X-ray diffraction, light scattering (LS), and infrared spectroscopic
analyses.

The neat PVDF predominantly formed a-phase in the crystalli-
zation temperature range of 110–150 �C. On the other hand, PVDF/
layer titanate (HTO) nano-composite exhibiting mainly a-phase
crystal coexists with g- and b-phase at low Tc range (110–135 �C).
The major g-phase crystal appeared at high Tc (¼140–150 �C),
owing to the dispersed layer titanate particles as a nucleating agent.
oto).

All rights reserved.
The overall crystallization rate and crystalline structure of pure
PVDF were strongly influenced in the presence of layered titanate
particles [5].

Unfortunately, as discussed in previous paper, we could not
employ LS photometry due to the big negative birefringence origi-
nated from the dispersed silicate (montmorillonite (MMT) and
synthetic fluorine hectorite (syn-FH) [6]) nano-fillers in matrix
PVDF as compared with that of well-crystallized neat PVDF. So far,
the studies on the crystallization kinetics in PVDF/syn-FH system
have been restricted by LS experiment.

Recently, a full analysis of the crystallization of PVDF in nano-
composites has been done by Dillon et al. [7] and Buckley et al. [8].
Using Fourier transform infrared spectroscopy (FTIR), they reported
that a-form coexists with b- and g-phase, and the amount of b-
phase increases with increasing MMT-clay content. However, we
know, by now, that the crystallization kinetics of the nano-
composites is not very well explored in the literatures except our
previous paper [5]. In this regard, we need to pin down the crys-
tallization kinetics of the PVDF/silicate nano-composites.

To better understand the kinetics, time-resolved Fourier trans-
form infrared spectroscopy (FTIR) is a very powerful tool on the
basis of the skeletal and chain conformational changes of the PVDF
during isothermal crystallization. It motivated us to investigate the
time development of the different polymorph in the PVDF upon
nano-composite formation.

In this communication, via FTIR, we examined the real-time inves-
tigation of the conformational changes of the PVDF chain segment
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Fig. 1. Time-resolved spectra of (a) neat PVDF, (b) PVDF/HTO-C18TM and (c) PVDF/syn-
FH-DC18DM in the region of 930–590 cm�1 during isothermal crystallization for
30 min at 130 �C after annealing at 200 �C for 3 min.
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Fig. 2. Difference spectra of (a) neat PVDF and (b) PVDF/HTO-C18TM in the region of
930–590 cm�1.
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during crystallization of neat PVDF and the corresponding nano-
composites.
2. Experimental

2.1. Materials

The PVDF-based nano-composite used in this study was the
same material used in our previous studies [5]. The nano-
composite was prepared through the melt extrusion method with
organically modified layered fillers (OMLFs) (HTO intercalated with
octadecyl tri-methylammonium (C18TM), and syn-FH intercalated
with di-octadecyl di-methylammonium (DC18DM) cations [9–11])
content of 5 wt% and henceforth will be termed as PVDF/HTO-
C18TM and PVDF/syn-FH-DC18DM, using a Mini-MAX Molder (CS-
183, Custom Scientific Instruments Inc.) operated at 190 �C for
4 min to yield intercalated PVDF-based nano-composite strands.
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Fig. 3. Time variation of the reduced intensities for the characteristic bands in neat
PVDF taken at 130 �C. The arrow indicates the crystallization half-time s1/2. Upper panel
indicates temperature drop profile during crystallization of the sample.
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The PVDF-based nano-composites exhibited well-ordered interca-
lated structure. Details regarding the structure analysis can be
found in our previous paper [5].

The surface charge density is particularly important because it
determines the interlayer structure of intercalants as well as cation
exchange capacity (CEC). The characterizing method consists of
total elemental analysis and the dimension of the unit cell [9]:

Surface charge : e�=nm2 ¼ z=ab (1)

where z is the layer charge (1.07 for HTO and 0.66 for syn-FH; a and
b are cell parameters of HTO (a¼ 3.782 Å, b¼ 2.978 Å [9]) and syn-
FH (a¼ 5.24 Å, b¼ 9.08 Å [9]). For syn-FH, however, about 30% of the
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Fig. 4. Time variation of the reduced intensities for the characteristic bands in PVDF/
HTO-C18TM taken at 130 �C. Upper panel indicates temperature drop profile during
crystallization of the sample.
interlayer Naþ ions are not replaced quantitatively by intercalants
due to the non-active Naþ for ion-exchange reactions [9]. For HTO,
only 27% of interlayer Hþ (H3Oþ) is active for ion-exchange reactions.
The remaining part is the non-active sites in the HTO. Thus the
incomplete replacement of the interlayer ions is ascribed to the
intrinsic chemical reactivity. HTO has highly surface charge density
of 1.26 e�/nm2 compared with that of syn-FH (0.971 e�/nm2).

2.2. Fourier transform infrared spectroscopy (FTIR)

FTIR spectra were collected at 2 cm�1 nominal resolution using
a Varian FTS7000 spectrometer equipped with a MCT detector in
transmission mode. The spectra were obtained by averaging 32
scans with a mean collection length of 1 s per spectrum. The
background spectra used for reduction were collected at the same
crystallization temperature (Tc) with the sample. The homogenous
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Fig. 5. Time variation of the reduced intensities for the characteristic bands in PVDF/syn-
FH-DC18DM taken at 130 �C. Upper panel indicates temperature drop profile during
crystallization of the sample.
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mixture of KBr powder and PVDF (fine powder) or PVDF-based
nano-composites (powder) in the weight ratio 95:5 was prepared.
The mixtures were then converted into disks with a thickness of
w0.4 mm by pressing. The disks were placed in a homemade
environmental heating chamber, which allowed to reach the
desired Tc in a very short time (w2 s). Each sample was kept at
200 �C for 3 min to erase any thermal history, and it was immedi-
ately cooled to Tc. After attaining Tc, a time-resolved FTIR
measurement was carried out in the temperature range of 110–
150 �C. The collected data were processed by soft ware (Grams/AI�,
Thermo Galactic Co., USA).
3. Results and discussion

3.1. Time-dependent spectral evolution

Fig. 1 shows typical time-dependent spectral variations of neat
PVDF and the corresponding nano-composites (PVDF/HTO-C18TM
and PVDF/syn-FH-DC18DM) in the region of 930–590 cm�1 during
isothermal crystallization at 130 �C. The frequencies and the
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Fig. 6. Temperature dependence of the reciprocal half-time of the different polymorph
in neat PVDF and PVDF upon nano-composite formation.
vibrational assignments for the neat PVDF and nano-composites
are reported in our previous paper [5,12]. For neat PVDF, bands
located at 763 and 614 cm�1, which are common to a-phase crys-
tallite, arise and their intensities increase until the crystallization is
complete (w30 min).

On the other hand, the behavior of the nano-composites for the
same bands suggests the following: the small increment especially
in PVDF/syn-FH-DC18DM implies that the formation of a-phase is
suppressed as compared with well-crystallized neat PVDF, while
the intensity of band at 840 cm�1 yields a strong growth, which is
an indication of long trans sequences, as characteristic of b-phase.

The time variation of the band of 811 cm�1 (attributed to the
CH2 rocking mode in g-phase) for neat PVDF is negligible at 130 �C
so that nothing happens up until 30 min.

By subtracting the initial spectrum of melt state (at 200 �C) from
the consecutive spectra, a difference spectrum can be achieved.
Fig. 2 shows the representative difference spectra of neat PVDF and
PVDF/HTO-C18TM corresponding to Fig. 1. The bands in the positive
regions are crystalline-dependent peaks while those in the nega-
tive regions are amorphous-dependent. These results suggest that
major g-phase crystal that coexists with b- and small a-phase is
formed in the nano-composite systems, while neat PVDF
predominantly forms a-phase despite of the small evolution of the
TT sequence in the molecular conformation, as discussed in our
previous paper [5].

Figs 3–5 show typical examples of the time variation of the
reduced intensities for the characteristic bands taken at 130 �C for
neat PVDF and nano-composites. We notice that the intensity
growth at 840 cm�1 is very rapid in neat PVDF as compared with
that of the nano-composites. This feature is also observed in the
temperature dependence of the crystallization rate (see Fig. 6).
Then taking the crystallization half-time s1/2 at which the reduced
intensity reaches 1/2, we define 1/s1/2 as a measure of the overall
crystallization rate at each characteristic band [13]. Now, assuming
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Fig. 7. Time-resolved spectra of (a) neat PVDF, (b) PVDF/HTO-C18TM and (c) PVDF/syn-
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that the rate constant 1/s1/2 is of Arrhenius-type, then, 1/s1/2 is
given as

1=s1=2wexpðEa=RTÞ (2)

where Ea is the activation energy for the crystallization, RT is the
thermal energy.

To confirm our consideration for the crystallization kinetics, in
Fig. 6 we constructed an Arrhenius plot of 1/s1/2 versus reciprocal of
the absolute temperature, 1/T, for the growth behavior of the
different polymorph in the PVDF upon nano-composite formation.
For neat PVDF and all nano-composite systems examined the plots
nicely conform to straight lines in each characteristic band
regardless of the presence of the nano-fillers. For neat PVDF, the
front factor for 1/s1/2 versus 1/T plots for the band at 840 cm�1 is
about ten times larger than that for the intensity growth of other
bands at Tc range of 130–150 �C, as discussed above.

The slope that reflects the activation energy of the crystalliza-
tion process is virtually same (w4 kJ/mol) in all nano-composite
systems regardless the type of the nano-fillers having different
charge density and different crystal lattice parameters. This value is
comparable to the value reported for various polymer crystalliza-
tion near Tm [14]. The result implies that in the following crystal-
lization processes the chain folding mechanisms of the crystal
growth are virtually the same in both nano-composites and neat
PVDF (see Fig. 6(a)).
3.2. Effect of thermal history on following crystallization process

Now we turn our attention to the primary nucleation. To erase
the thermal history of the systems, we examined annealing at an
infinitely long time where the effect of the thermal history had
been observed (it was in fact w20 min for the samples).

Fig. 7 shows the representative time variation of the intensities
of neat PVDF and the corresponding nano-composites in the region
of 930–590 cm�1 during isothermal crystallization at 130 �C. In
neat PVDF, the band at 840 cm�1 arose when the annealing time is
3 min, however for 20 min that band does not appear. Due to the
erase of the thermal history incompletely, long trans sequences
might be contained in neat PVDF. Fig. 8 shows the representative
time variation of the intensities of neat PVDF and its nano-
composites. In nano-composites, the intensity growth of bands is
faster than that of neat PVDF. Furthermore, the bands at of 811 and
840 cm�1 derived from g-phase and long trans sequences exhibit
more rapid growth compared with that of 614 and 763 cm�1. That
is, the dispersed nano-filler particles have strong contribution to
enhance the heterogeneous nucleation as seen in Fig. 7 (induction
time t0 versus crystallization temperature Tc plot) in our previous
paper [5].

Further studies are currently in progress to elucidate the effect
of thermal history on the crystallization in the nano-composites
and will be clarified shortly [15].

4. Conclusions

Via time-resolved FTIR, we have investigated the conformational
changes of the PVDF chain segment during crystallization of neat
PVDF and the corresponding nano-composites having intercalated
structure (PVDF/HTO-C18TM and PVDF/syn-FH-DC18DM). It was
shown that in the following crystallization processes the crystal
formation was virtually the same in both nano-composites and neat
PVDF. The activation energy of the crystallization process is virtu-
ally same (w4 kJ/mol) in all nano-composite systems regardless the
type of the nano-fillers having different charge density and
different crystal lattice parameters [5]. We have examined an
annealing at an infinitely long time at 200 �C (w20 min) to erase
the thermal history in the PVDF/HTO-C18TM system. The dispersed
titanate nano-filler particles exhibited strong contribution to
enhance the heterogeneous nucleation for the formation of both g-
and b-phase crystals.
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