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ABSTRACT:

Poly(vinylidene fluoride) (PVDF) nanofibers were prepared by electrospray deposition (ESD). In the

present work, the additive effect of ionic fluorinated surfactants—anionic and cationic surfactants —on the diameter,
morphology, and crystalline structure of PVDF nanofiber was investigated. The addition of ionic fluorinated surfactants
is useful for the formation of bead-free homogeneous fiber. At a higher concentration of the ionic surfactants, thicker

fiber was formed. In addition, the Fourier transform infrared spectroscopy and the wide angle X-ray diffraction meas-

urements showed that the addition of both ionic fluorinated surfactants causes a complete change in conformation from
the initial a-phase of to the B-phase of PVDF during ESD. A possible mechanism based on the interaction between the

polymer and surfactant molecules during ESD is discussed.
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Recently, nanofibers and nanofiber mats with high
specific surface area have attracted much attention
for the applications such as filter media,' protective
clothing,> aerospace materials,® electronic devices,*
tissue engineering,>® sensors,’” and biomedical uses.?’
Particularly, the slip flow effect on the surface of
nanofiber is potentially useful for high-efficiency air
filters.!0-13

Poly(vinylidene fluoride) (PVDF) is widely used
for industrial applications because of its excellent
chemical stability, mechanical strength, and ferroelec-
tricity. PVDF has several crystalline structures: o, S,
and y-phases, based on the chain conformation as
trans or gauche linkages.'*?* The a-phase is the most
energetic stable states and the g-phase has useful
piezoelectric and pyroelectric properties.'*! Many
researchers have studied the formation of the B-phase
structure of PVDF by a range of polymer processes:
poling under a high electric field,'” annealing,'®!?
crystallization under high pressure,”® polymer blend-
ing,?! stretching?? or using additives.”> However, it
is difficult to obtain the B-phase crystalline structure
of PVDF by conventional processes. Electrospray
deposition (ESD) is an electric field induced spray
processing and a versatile method for the preparation
of nano-microscaled fiber.?* Our previous study re-
vealed that the addition of nonionic hydrofluorocar-
bon remarkably enhanced the formation of the g-

[doi:10.1295 /polymj.PJ2006233]

phase structure of the PVDF nanofiber during the
ESD process.?* In the ESD process, ionic additives
are also effective for controlling the fiber diameter.?
The aim of the present work is to investigate the effect
of ionic fluorinated surfactant on the diameter, mor-
phology, and crystalline structure of PVDF nanofiber
by ESD.

EXPERIMENTAL

Materials

Poly(vinylidene fluoride) (PVDF, M, = 141,000,
M, = 64,000, KF1100) and N,N-dimethylacetamide
(DMAc) were obtained from Kureha, Japan and
Wako, Japan, respectively. Anionic fluorinated surfac-
tant having a carboxylic acid group (Surflon® S-113)
and a cationic fluorinated surfactant having a tri-
methyl ammonium group (Surflon® S-121) were from
Seimi Chemical, Japan. Before use, PVDF was dis-
solved in N,N-dimethylformamide at 60 °C and then
precipitated in methanol. Thereafter, PVDF was wash-
ed with methanol and then vacuum-dried for 24 h.
Other reagents were used without further purification.
A spray solution was prepared as follows: Purified
PVDF and ionic fluorinated surfactant were dissolved
in DMAc and then stirred at 60 °C for several hours.
Thereafter, the solution was cooled to a room temper-
ature.
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Electrospray Deposition (ESD)

The ESD setup is the same as that previously men-
tioned.”? The conditions of ESD were as follows: the
distance between the nozzle tip and the grounded
collector (Al sheet) was 12cm, the applied voltage
was 15kV, and the feeding rate of spray solution
was 2 uL./min.

Characterization of Nanofiber

The morphology of the PVDF nanofiber made by
ESD was observed using a scanning electron micro-
scope (SM-200, Topcon, Japan) operated at 10kV.
All samples were sputter-coated with Au. The average
fiber diameter was analyzed from the SEM image
using Adobe Photoshop 7.0 Software (Adobe, USA).
The crystallinity of the PVDF nanofiber was measured
by a differential scanning calorimeter (DSC 6100,
Seiko Instruments, Japan). The crystalline structure
of the PVDF nanofiber was analyzed by a Fourier
transform infrared spectrometer (FT-IR-410, Jasco,
Japan) and an X-ray diffraction meter (X’ Pert Pro,
Phillips, Netherlands).

RESULT AND DISCUSSION

Additive Effect of lonic Surfactant on Morphologies

The properties of the spray solution are summarized
in Table I. The viscosities of the spray solution
with anionic fluorinated surfactant were around
1100 mPas. The viscosity of the solution with the
cationic fluorinated surfactant slightly increased with
an increase in the surfactant concentration but was
in the range of 1100-1280 mPas. The surface tension
of all spray solutions shows a similar value, 34-37
mN/m.

Figure 1 shows the morphologies of PVDF nano-
fiber with and without the ionic surfactant as an addi-
tive. Without the ionic surfactant, there are beads
on the fiber string (Figure 1a). But by adding small
amount of the ionic fluorinated surfactant, bead-free

Table I. Properties of PVDF solution for ESD

Concentration of surfactant Viscosity  Surface tension
(Wt %) (mPas) (mN/m)
0 1090 35.83
Anionic 0.2 1047 36.13
surfactant 0.5 1060 36.23
1 1140 35.35
2 1195 37.15
3 1105 35.25
Cationic 0.2 1100 37.35
surfactant 0.5 1180 38.30
1 1210 36.85
2 1220 34.40
3 1280 34.0
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nanofiber was obtained. In comparison, in our previ-
ous work,?® bead-free nanofiber was obtained at a
higher PVDF concentration (26 wt%). The result
revealed that the addition of the ionic fluorinated sur-
factant is useful for the formation of bead-free homo-
geneous nanofiber. Park et al. have pointed out that
the addition of electrolyte to the polymer solution
increased the charge density in ejected jet and thus
stronger forces were imposed to the jet due to the
self-repulsion of the excess charges under the electric
field, resulting in substantially straighter shape of
as-deposited fiber.?

Figure 2 shows the effect of ionic fluorinated sur-
factant concentration on fiber diameter. In the range
of ionic fluorinated surfactant concentration, O to 0.5
wt %, the fiber diameter decreased with an increase
in the ionic fluorinated surfactant concentration.
Thereafter, above 0.5 wt %, the diameter of the fiber
gradually increased. To examine the formation of
the morphologies by ESD, we measured the volumet-
ric charge density of the spray jet during ESD (current
divided by flow rate of polymer solution). Figure 3
show the electrical properties of spray jet during
ESD. The volumetric charge density increased with
an increase in the ionic fluorinated surfactant concen-
tration. The contribution of anionic and cationic fluo-
rinated surfactants to the volumetric charge density is
almost same. Rutledge ef al. have pointed out that the
fiber diameter correlates with the charge density.
Therefore, increase in PVDF fiber diameter can be
explained by increased in the concentration of ionic
fluorinated surfactant concentration. When the con-
centration of ionic fluorinated surfactant is too high,

the electrospray phenomenon can not occur easi-
ly.27-30

Additive Effect of Ionic Surfactant on Crystalline
Structure

The crystallinity of the nanofibers determined by
DSC measurement is shown in Table II. Crystallinity
of the fiber is around 50-60%. Addition of ionic fluo-
rinated surfactant to the polymer solution influences
the physical properties of the PVDF nanofiber. Inter-
estingly, Table IT shows that the crystalinity of the
fiber with cationic fluorinated surfactant is lower than
that of other fibers. This result indicated that the inter-
action between the cationic fluorinated surfactant and
PVDF influenced the decreased in crystalinity of
PVDF.

The additive effect of the ionic fluorinated surfac-
tants on the formation of crystalline structure of the
PVDF nanofiber was analyzed by FT-IR and WAXD.
The FT-IR analysis shows that the vibration peaks
of a-phase crystal at 766cm~' disappeared for
both PVDF with the ionic fluorinated surfactants
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Figure 1. Surface SEM image of nanofiber by ESD from 20 wt % PVDF with various concentrations of ionic surfactant. (a) without the
surfactant; with (b) 0.2 wt %, (c) 0.5wt %, (d) 1 wt %, (e) 2wt %, and (f) 3 wt % cationic surfactant; and with (g) 0.2 wt %, (h) 0.5 wt %,

1) 1wt %, (j) 2wt % and (k) 3 wt % anionic surfactant.
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Figure 2. Effect of concentration of the ionic fluorinated sur-
factant on fiber diameter.

(Figure 4). The ratio of the 8-phase to a-phase, which
is calculated from the absorbance of the respective
vibration band peaks of FT-IR spectra (B-phase:
840cm~' and «-phase: 766cm~'),23 are shown in
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Figure 3. Volumetric charge density of spray jet as a function
of surfactant concentration.

Table II. The WAXD diagram also shows that 2 theta
peak at 20.3, corresponding to B-phase crystal,® was
observed for PVDF with both ionic fluorinated surfac-
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Table II. Total crystallinity and ratio of S-phase
to a-phase of the PVDF nanofibers by ESD

Total

skok
Sample crystallinity (%)* Bl

as-received PVDF 77.0 2.12
as-deposited PVDF 61.9 3.24
as-deposited PVDF
with 1wt % 527 c;mg:;e
cationic surfactant P
as-deposited PVDF
with 1wt % 62.4 Complete

B phase

anionic surfactant

*Determined by DSC measurements. **Calculated from the
absorbance of the vibration band peaks of FT-IR spectra at
840cm~! and 766 cm~!.23
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Figure 4. FT-IR spectra of PVDF nanofiber by ESD with and
without ionic surfactant. The concentration of the anionic surfac-
tants is 0.5 wt %, and the concentration of cationic surfactant is
1 wt % respectively.

tants; and that the peaks at 17, 18.6, and 26 to 32,5
corresponding to a-phase crystal, was not observed
for PVDF with both ionic fluorinated surfactants
(Figure 5b). For comparison, the crystalline structure
of the as-deposited PVDF with water and isopropanol
(IPA) was analyzed by WAXD, because the ionic sur-
factant used here contains the mixture of water and
IPA as a solvent. The WAXD diagram demonstrated
that PVDF with the solvents contained both «- and
B-phase crystals (Figure 5a). These results indicate
that the addition of ionic fluorinated surfactants is
effective for the formation of complete B-phase crys-
tal of PVDF during ESD.

We proposed the mechanism on rearrangement
of the PVDF crystalline structure in the presence of
the ionic fluorinated surfactants by ESD process
(Figure 6). This mechanism is mainly induced by
the interaction between the positive charge in the
ionic surfactant and fluorine atom in PVDF molecule
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Figure 5. WAXD diagram of PVDF nanofiber by ESD. a) as-
deposited PVDF with water and isopropanol as additives (the
water concentration is 1wt% and isopropanol concentration is
1 wt %). b) as-deposited PVDF with and without ionic surfactant
(the concentration of anionic surfactants is 1wt %, and the con-
centration of the cationic surfactant is 1 wt % respectively).

(or negative charge in the ionic surfactant and hydro-
gen atom in PVDF molecule) and high electric filed.
Our previous paper, however, showed that non-ionic
fluorinated additive enhanced the formation of B-
phase crystalline structure of PVDF but the formation
of complete B-phase structure was not accomplished.
This result supports that the effect of ionic groups
of fluorinated surfactant is substantial for the forma-
tion complete B-phase crystalline structure of PVDF
during ESD.

CONCLUSION

In the present study, the additive effect of ionic
fluorinated surfactants on diameter, morphology and
crystalline structure of PVDF nanofiber by ESD was
investigated. The addition of ionic fluorinated surfac-
tants is useful for the formation of bead-free homo-
geneous fibers. With greater concentration of the ionic
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Anionic surfactant

Cationic surfactant

Figure 6. Mechanism of the « to S-phase crystalline transfor-
mation.

fluorinated surfactants, a thicker fiber was formed.
The FT-IR and the WAXD measurements showed that
the initial o-phase of as-received PVDF was com-
pletely converted to B-phase PVDF during ESD from
PVDF solution with the anionic or cationic fluorinated
surfactant. This indicates that the interaction between
the hydrogen atom or fluorine atom of PVDF and the
charge group of surfactant plays an important role in
the formation of the B-phase structure during ESD.
These results also provide fundamental information
about the formation of B-phase PVDF. The B-phase
PVDF is a promising material for high efficiency filter
media (e.g., air filter for charged molecules) sensors,
and actuators.
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