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Abstract
Poly(vinylidene fluoride) (PVDF) fibers with two molecular weights
were prepared via electrospinning process. In this process, the

concentration of spinning depended drastically on the gelation

Keywords: process. Also, it was experimentally smaller than obtained

Crystallization concentration in the solution entanglement number approach

Electrospinning Process (SENA). Proof of this incompatibility was explained by the
properties of PVDF and its solutions with DMF (i.e. PVDF

crystallization, microgel formation and spinodal decomposition).
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M,=275,000 g/mol. Finally, a mechanism was proposed for the
electrospinning of these solutions.
2012 JNS All rights reserved

1. Introduction electrospinning process is polymer concentration.

Most of the researchers considered the Shenoy et al. introduced a semi-empirical
applications of electrospun fibers. Recently, the methodology (solution entanglement number

concerted efforts have been accomplished to gain approach, SENA) to a priori predict the transition

deeper insights into the electrospinning process [1-
3]. But, there is a lack of knowledge with regards
to fiber formation and its relationship to the
polymer solution properties. One of these solution

parameters that more significantly affects the

from electrospraying and electrospinning in good
solvents [1]. In a good solvent, the electrostatic
forces between repeat units of the polymer and
solvent are favorable i.e. intermolecular forces

between solvent and monomer subunits dominate
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over intramolecular interactions. The polymer
appears swollen and occupies a large volume. In
their model, they defined solution entanglement
number (n.)s as ratio of polymer weight average
molecular weight (M,,) to entanglement molecular
weight in solution (M,)s.
M,  ¢M,
(M,),

(nc)fm—

Here, (M.),, is entanglement molecular weight in

the melt and ¢ is polymer volume fraction. Note

that an underlying assumption of this approach is
that chain entanglements are solely responsible for
both initiation of fiber formation and continuous
fiber formation under influence of an elongational
strain. Therefore, this approach is valid only for
good solvent case where polymer-polymer
[1]. But, the

concentration and electrospinning of these

interactions are negligible
solutions depends extremely on the gelation
process [4-7]. Moreover, the type of gelation
process differs in amorphous and semicrystalline
polymer solutions [4, 5, 8, 9]. Therefore, the
purpose of this research is to efficiently determine
the effect of concentration in the semicrystalline
polymers to achieve best mechanism in the
formation of fibers. In order to consider and
explain the electrospinnability, we used

poly(vinylidene fluoride) [3, 8].

2. Experimental procedure

As received poly(vinylidene fluoride) granules
(PVDF, Aldrich, M,~=180,000, M,=71,000 g/mol
and M,=275,000, M,=107,000 g/mol, d=1.74
g/mL) were first N, N-
dimethylformamide (DMF, Merck, d=0.94 g/mL)
at various concentrations, 20-25% wt. for
M,,=275,000 and 24-37% wt. for M,=180,000, and

solution temperature of 75+2°C. The solutions

dissolved in
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were magnetically stirred for at least one day. After
that, the electrospinning process was run and fibers
were spun at flow rate of 0.1£0.05 mL/h, applied
voltage of 15+0.1 kV. They were collected on
grounded aluminum tulle with distance of 20+3 cm
and temperature of electrospinning of 38+2°C [10].
The used electrospinning system in this research
was a homemade system (Fanavaran Nano-
Meghyas Co., Iran). The X-ray diffraction data
were collected by positioning of PVDF gels on a
holder
diffractometer with Cu K, radiation (Philips
PW1820, Netherland).

PVDF microgels were determined visually by an

sample mounted in the powder

optical microscope (Olympus BXS51). The small
pieces of sample were placed between a pair of
microscope cover slips. To prevent DMF loss by
evaporation, Teflon film of 200 pum thickness with
a circle opening was inserted between the cover
slips. The diameter of microgels was measured
with an image analyzer (Microstructure
Measurement software, Nahamin Pardazan Asia
Co.). For membrane preparation, the prepared
homogeneous solution was cast by using of a film
applicator to 350 pum clearance gap on a glass plate
substrate. The cast film was subsequently rested at
temperature 38+2°C and relative humidity of 23%
to complete the phase separation, where
evaporation of solvent (DMF) was induced [11].
The membrane surface and fibers were
characterized by scanning electron microscopy

(LEO 1455VP, England).

3. Results and discussion

In Figure 1, the solution entanglement number
approach (SENA) is shown for PVDF solutions
with each My, (i.e. 180,000 and 275,000 g/mol) [1].
We must figure out that entanglement molecular

weight in melt state (M.), for PVDF polymer is
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22,700 g/mol [12]. An advantage of this approach
is that required parameter for predictions is only
Mo
concentration and M,, affect the number of chain

According to this approach, both
entanglement in PVDF solutions. In a dilute
solution, below the critical value (38.4% wt. for
PVDF with M,,=180,000 g/mol and 28.6% wt. for
M,=275,000 g/mol), chain overlapping is absent.
As a result, there are no chain entanglements. In
this region, the surface tension is dominated and
the resulting electroprocessed mats consists of
beads only (i.e. electrospraying process). The
initiation of fiber spinning is at concentrations of
38.4% wt. for M,,=180,000 g/mol and 28.6% wt.
for M,=275,000 g/mol (due to PVDF chain
entanglements). As concentration increases, the
number of chain entanglements also increases.
Concentrations between 38.4-59.4% wt. for PVDF
with M,,=180,000 g/mol and 28.6-42.9% wt. for
M,,=275,000 g/mol, beaded-fibers are formed. In
these regions, the numbers of entanglements are
insufficiently. These entanglements do not stabilize
the jet of PVDF solutions that are under influence
of strong elongational flow field. Finally, a
continuous and beads-free fiber is collected at
concentrations 59.4% wt. for M,,=180,000 g/mol
and 42.9% wt. for M,=275,000 g/mol (due to the

formation of an elastically deformable network).
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Fig. 1. Approach of solution entanglement number for
PVDF solutions.
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But, the concentration of continuous PVDF fiber
formation differs experimentally with SENA's
concentration. This approach ignores the
interactions between polymer chains such as
formation of hydrogen bonding and types of phase
separation. In the electrospinning experiments for
PVDF-DMF solutions, the initiation of fiber
spinning was ~28% wt. for M,=180,000 g/mol,
whereas the continuous fibers were not obtained
due to the extreme gelation and blockage of
syringe. Also, the complete fibers were collected at
~20% wt. for M,=275,000 g/mol. These
concentrations are smaller than obtained
concentrations in above approach. The proof of
these differences can be explained with the

properties of PVDF and its solutions with DMF.
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Fig. 2. XRD of PVDF gels with A: 20% wt.,
M,=275,000 g/mol, B: 28% wt., M,,=180,000 g/mol
and C: 33% wt., M,,=180,000 g/mol.

PVDF is a semicrystalline polymer and due to
the presence of fluorine and hydrogen atoms, a
weak interaction is probably formed between their
chains. These interactions more drastically help to
PVDF crystallization. This has been supported by
extensive discussions on the gel melting behaviour
[4, 5, 13]. The presence of a broad XRD peak at
20=20° after a gelation time of more than 20 h
confirms this reason (Fig. 2). This diffraction peak
is assigned to the superposition of (110) and (200)
diffractions from [B-phase of PVDF crystallites.

When PVDF concentration increases, the amount
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of PVDF crystallization also increases. The
formation of PVDF crystallites in the solutions
earlier stabilizes the liquid jet.

Typical used methods to the synthesis of PVDF
polymer often lead to short or long chain branches
in their main chains (two molecular defects). It is
well known that the branches strongly influence on
the process ability of PVDF solutions. When the
polydispersity index (PI) of PVDF polymer is
above 2.5, we can result that chain branches exist
in the chains [14]. The presence of these branches
induces formation of microgel. In this research, PI
of these received PVDF polymers was 2.54 and
2.57 for PVDF with M,~=180,000 g/mol and
275,000 g/mol, respectively. We can obtain a good
result that these solutions have few microgels.
PVDF microgels were observed in this research by
using of an optical microscope with high
magnification. The size distribution of these
microgels is as well shown in Figure 3. The size at
the highest peaks was measured to be 0.86, 0.89
and 0.98 um. It provides a facile way to explain the
electrospinning of PVDF-DMF solutions that
microgels stabilize easier the ejected jet.
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Fig. 3. Size distribution of PVDF microgels for
M,=275,000 g/mol and 30% wt.

PVDF-DMF solutions are ready to form
thermoreversible gels on cooling to room

temperature within a few hours [8, 15]. The gel

formation occurs due to the hydrogen bonding
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between DMF molecules and PVDF chains and
can affects the electrospinnability to a great degree
[1]. Besides, the different types of phase separation
take place in PVDF solutions [6, 8, 15]. We
suggest that gelation is also induced by spinodal
decomposition into the polymer-rich and polymer-
poor regions [4, 5, 7, 15-17]. The verification of
this case can be achieved by a convenient and
effective procedure. For this matter, PVDF
membranes were prepared by dry phase separation
in the same electrospinning conditions (without
applying of charge and electric field) and their
surface was considered [11]. In the process of
membrane formation, DMF from the cast film is
evaporated by effecting of temperature and
increasing non-solvent concentration (air) induces
the phase separation of PVDF solution into a
polymer-rich and a polymer-poor phase. Further
evaporation of DMF will lead to an increase of the

concentration and to vitrification of PVDF.
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Fig. 4. SEM images of PVDF membrane surface at
different concentrations (A: 20% wt. and B: 30% wt.)
for M,=275,000 g/mol.
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Accordingly, nodular structures existed in the
membrane surface as shown in Figure 4 [17-19].
The nodules that normally characterize all PVDF
membranes exhibit a range of sizes and
compactness. Specifically, an increase in the
concentration of casting solutions results in the
increase of number and reduction of size.
Generally, these nodules are formed by spinodal
decomposition [17, 20]. As coarsening proceeds,
the interfacial energy considerations drive the
spheroidization of these material regions, which
are ultimately integrated as nodules on the
membrane surface. This phase separation is also
confirmed by concentration-temperature phase
diagram of PVDF solutions (Figure 5). This phase
diagram was computed by the use of Liao-Ping
Cheng's model [15] and was similar for each M. It
can be stated that they drastically help to the
of PVDF

observation results in the temperature-sensitive

electrospinning solutions.  This

solutions and a sol-gel transition [4, 6, 7].

100
= = = Spinodal Decomposition curve
— Sol-Gel Transition curve
80
275,000 g/mol
3)
Foof o7
Ty s
g ’
= /
§, s
2 L 7/
£ 40 7
= o
s
20 ¢
0 5 10 15 20 25 30 is

PVDF Concentration (%)

Fig. 5. Concentration-Temperature phase diagram of
PVDF-DMF solutions.

Based on these results, we will explain the
mechanism of PVDF fiber formation as shown in

Figure 5. In the case of PVDF with M,~=180,000

g/mol, solution is initially gelled by percolation

A. Akbari/JNS 2 (2012) 251-256

through hydrogen bonding (due to the temperature
reduction from 75 to 38°C). PVDF concentration
in DMF solvent is high, because of lower
molecular weight. It should be affirmed that
electrospinning process does not occur with dilute
solutions of this My,. Later, the network chains are
organized into the crystallites to form a fringed-
micelle type network swollen with DMF. Finally,
the spinodal decomposition follows. It is confirmed
by XRD data (Figure 2) [4-6, 13]. The amount of
crystallites and their formation rate is low for the
initiation of fiber spinning (i.e. beaded fiber) and
these help to the electrospinning. But, this gelation
prevents the formation of a continuous fiber in the
beginning of electrospinning due to high
concentration and thus, blockage occurs in the
metal syringe needle.

In PVDF solutions with M,;=275,000 g/mol,
spinodal decomposition takes place that is a fast
process. However, solution fails to change to a gel,
because the connectivity of polymer-rich region is
interrupted, resulting in isolated droplets of
polymer-rich phase. This is as the result of small
volume fraction of polymer-rich phase [7, 16]. The
development of polymer-rich and polymer-poor
and microgels in the solution helps to fiber
formation via electrospinning process. Then,
gelation in the polymer-rich region follows due to
the solvent evaporation that causes to obtain a solid
fibrous mat [6]. Of course, a complete gelation

occurs at the higher concentrations.

4. Conclusion

In this research, an attempt has been made to
explain the influences of concentration and obtain
a mechanism in PVDF (as semicrystalline
polymer) fiber formation and electrospinning
process. Two molecular weights were used for this
polymer i.e. 180,000 and 275,000 g/mol. We
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understand that three factors are resulted from
concentration effects i.e. PVDF crystallization,
microgel formation and spinodal decomposition
that causes to stabilize the liquid jet in the
electrospinning process and obtain fibers at lower
concentrations. For the stabilization, they huddle
some segments of PVDF polymer chains and make
This

significantly on the

inflexible contacts. produced network
fiber

development and hinders from breaking of fiber in

influences more
the electrospinning process. It should be taken into
consideration that amount of each factor is
sufficiently. High amount of these factors in
solution causes to gel and blockage of polymer
solutions. The reason of incompatibility between
solution entanglement number approach and these
experiments
mechanism for each M,,. The SENA does not take
into account these factors. Understandably, early

was carefully described by a

gelation inhibited from the fiber formation by
blockage of syringe needle with M,=180,000
g/mol and early spinodal decomposition helps to
fiber formation by isolated droplets of polymer-
rich phase with M, = 275,000 g/mol.
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