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Abstract. Effect of solution-blended poly(styrene-co-acrylonitrile) (SAN) copolymer on crystallization of poly(vinylidene
fluoride) (PVDF) was investigated by Fourier transform infrared spectroscopy (FTIR), differential scanning calorimetry
(DSC) and wide angle X-ray diffraction (WAXD). Acrylonitrile segment in SAN copolymer was partially miscible with
PVDF. Styrene segment in SAN reduced the copolymer’s polarity and its miscibility with PVDF. FTIR and WAXD tests
both showed as-prepared PVDF was mainly B-phase. We employed an index Ap divided by X, suggesting that blended
SAN could decrease the content of B-phase of PVDF. By DSC, the smaller content of PVDF made the system more misci-
ble so that the T san of pure SAN decreased from 86.6 to 81.6°C of sample PVDF/SAN = 20/80; further increase PVDF to
50/50, the T, san had a relative increase to be 84.2°C. However, for SAN by melt molding, T, san increased with the
increase of PVDF content, which might be due to the incorporation of SAN into inter-spacing of PVDF lamellae, because
PVDF molecular chains had not enough mobility to retreat from the SAN’s embrace and crystallize despite of the exit of
SAN.
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1. Introduction

Poly(vinylidene fluoride) (PVDF) is known for its
polymorphism of five crystalline phases with dif-
ferent conformations, like all trans (TTTT) planar
zigzag for B-phase, TGTG’ for o- and -phases and
T3GT3G’ for y- and e-phases [1, 2]. If the PVDF
chains pack in crystals to form parallel dipoles, the
crystal possesses a net dipole moment as in polar
form -, y- and d-phases; whereas, in antiparallel
chain dipoles, the net dipole moment vanishes as in
non-polar o~ and e-phases [3]. o- and B-phases are
most popular among the five. o-phase is obtained
directly from the melt [4-6] and B-phase is usually
obtained from solution under 70°C [7] or by the
mechanical stretching of o-phase films to a certain
percent elongation at a given temperature.
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PVDF can be blended with hydrophilic or polar
polymers, such as poly(methyl methacrylate)
(PMMA) [8, 9], poly(vinylpyrrolidone) (PVP)
[10], polyacrylonitrile (PAN) [11], poly(vinyl
acetate) (PVAc) [12], poly(3-hydroxybutyrate)
(PHB) [13] to improve its hydrophilicity. From an
exclusively thermodynamic point of view, the
blends may be classified as miscible, partially mis-
cible, and immiscible systems [14]. Among these
polymers, PMMA (at- or syn-) was miscible with
PVDF; PAN was partially miscible with PVDF.
Besides these homopolymers, more and more atten-
tion has been concentrated onto copolymers, like
PMMA-b-PEO, or others. We also used
poly(styrene-co-acrylonitrile) (SAN) copolymer to
melt blend with PVDF in our previous works. The
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miscibility of PVDF/SAN (acrylonitrile content =
26 wt%) blends, lamellar thickness, the crys-
tallinity and the hydrophilicity of PVDF depended
on the content of SAN, and only o-phase PVDF
was obtained from the melt crystallization [15].

In this work, the solution casting method was used
to prepare the PVDF/SAN blend with an acryloni-
trile content of 33 wt% in solvent N,N-dimethylfor-
mamide (DMF). The effects of adding SAN on the
crystallization behavior and crystal structure of
PVDF was studied. Differential scanning calorime-
try (DSC) was used to study the crystallization
behaviors of PVDF in the blend. The crystal struc-
tures and forms were determined by wide angle X-
ray diffraction (WAXD) and Fourier transform
infrared spectroscopy (FTIR).

2. Experimental

2.1. Materials

PVDF (1\7IW = 371000, M,/M, = 2.5) was supplied
by EIf Atochem of North America Inc. (USA).
SAN (acrylonitrile content is 33 wt%) was pur-
chased from Zhenjiang Guoheng Chemical Co.,
Ltd (China). DMF was obtained from Sinopharm
Chemical Reagent Co., Ltd (China). All the chemi-
cals are used as received.

2.2. Film preparation

Homogeneous solutions were obtained by dissolv-
ing the blends with different PVDF content (100,
90, 80, 70, 50, 20 and 0 wt%) in DMF at 50°C. The
initial polymer concentration of the solution was
5 wt%. After evaporation of the solvent for 24 h at
50°C in a vacuum oven, the films were peeled from
the glass substrates. The melt blending of PVDF/
SAN was prepared at 180°C using a torque rheogo-
niometer (Shanghai Kechuang Machinery XSS-
300, China) with the rotor speed of 60 r/min for
5 min and with different PVDF content (100, 90,
80, 70, 50, 20 and 0 wt%).

2.3. Characterization techniques

FTIR spectroscopy was performed using spectrom-
eter (Vector-22, Bruker, Germany) with a nominal

resolution of 4 cm-! at 32 scans. The content of
[-phase was characterized by the absorbance ratio
Agp of the FTIR absorption peaks at 839 cm~! and
peaks at 2980 cm-! as Equation (1):

Ag =52 (1)

where Agzo represented the FTIR absorbance peak
height at 839 cm-!, characteristic of B-phase. The
absorbance peak height at 2980 cm~! (independent
on the crystalline phase of PVDF [16] and SAN
contents) was regarded as constant.
DSC was conducted using a TA Instruments Q-200
(USA) under a dry nitrogen atmosphere. The sam-
ple (10 mg) was first heated from room-tempera-
ture to 200°C at a rate of 10°C/min and kept at this
temperature for 3 min to eliminate thermal history,
followed by the scan to 0°C at a cooling rate of
5°C/min, finally a heating rate of 10°C/min to
200°C. The degree of crystallinity X, was evaluated
according to Equation (2) [17]:
X, = il :¢ 100% )
AH ¢
where AHy was the endothermic heat during the
melting process and AHf* was the heat fusion of a
perfect crystal, taken as 104.5 J/g [18] for PVDF.
¢ was the weight fraction of PVDF in the blend.
WAXD was done in a Shimadzu XRD-6000 dif-
fractometer (Japan) with the current of 30 mA, the
accelerating voltage of 40 kV, and the scanning
velocity of 4°/min with 0.04° steps over the 26
ranged from 5~50° using Cu-Kg, radiation. For fur-
ther analysis, the interplanar spacing d and the
lamellar thickness L were calculated according to
Equations (3) and (4) [19]:

A
= 3
2sin0 &
P 4)
pcosO

where A is the wavelength of the X-ray, taken as
0.1542 nm; O is the half of the scanning angle; k is
Scherrer constant, taken as 1; and ¢ is the full width
at half maximum (FWHM) of the diffraction peak.
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3. Results and discussion

3.1. FTIR

FTIR spectra of two major phases (o.- and 3-phases)
of PVDF has been under intensive investigation
recently [20-22]. Vibrational bands at around
530 cm~! (CFz bending), 615 and 765 cm-! (CF»
bending and skeletal bending) and 795 cm-! (CH2
rocking) refer to a-phase. Vibrational bands at
around 510 cm~! (CF bending) and 839 cm-! (CH»
rocking) correspond to B-phase [16, 23].

Figure 1 shows the FTIR spectra of PVDF blends
with different weight fractions of SAN (PVDF/
SAN: a) 100/0; b) 90/10; c) 80/20; d) 70/30;
e) 50/50; f) 20/80; g) 0/100) crystallized in DMF
at 50°C. For PVDF, 3020 and 2980 cm~! were
attributed to the symmetrical and asymmetrical
stretching vibration of CH» [16, 24]. For SAN, two
peaks at 2930 and 2850 cm~! corresponded to the
CH; vibration. The vibration of C=N band of SAN
appeared at 2237 cm-! [25]. The existence of
styrene segment in the blends was represented by

Absorbance [a.u.]

T T
2000 1000

Wavenumber [em™]
Figure 1. FTIR spectra of PVDF, SAN, and their blends
with various mass ratios: a) 100/0; b) 90/10;
¢) 80/20; d) 70/30; e) 50/50; f) 20/80; g) 0/100

T
3000

the aromatic C-H stretching at around 3010-
3100 cm-!, the out-of-plane hydrogen vibration at
the 759 cm~!, and the benzene ring C=C out-of-
plane bending at 699 cm-! [25, 26]. For PVDF as
prepared, there also existed weak absorption peaks
at 530, 613 and 763 cm~! corresponded to a-phase.
However, the absorption peaks at 530 and 763 cm~!
were overlapped with other absorption peaks from
SAN when SAN content was increased over
20 wt%. Thus, the detailed crystal forms seemed
unobservable from the FTIR spectra when SAN
content increased.

In Figure 2, we employed an index Ag to detect the
crystal forms of PVDF with solution-blended SAN.
According to Figure 2, it was obvious that the con-
tent of B-phase of PVDF has a tendency to decrease
with the increasing content of SAN. However,
there also was a possibility: the whole degree of
crystallinity of PVDF decreased with the increasing
content of SAN, so that the decrease of B-phase
happened. Considering this hypothesis, we divided
Ap by X, from Table 1 (later in chapter 3.2). It was
also supporting the conclusion that blended SAN
could decrease the content of B-phase of PVDF.
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Figure 2. 3 phase content (m: Ag from Figure 1 and
*: Ap/X. from Table 1) vs. SAN weight fraction
of PVDF/SAN blends

Table 1. DSC data of melting traces of PVDF/SAN blends under solution molding with various mass ratios

Sample TesaN T, T2 T ATy AH,, Xe
PVDF/SAN [°C] [°C] [°C] [°C] [°C] [J/g] [%]
100/0 - 147.0 169.6 176.3 29.3 58.01 55.51
90/10 - 146.6 169.1 176.5 29.9 52.76 56.10
80/20 - 146.2 168.9 175.6 29.4 4328 51.77
70/30 - 145.4 167.8 1743 28.9 37.81 51.69
50/50 84.2 143.6 166.1 1733 29.7 26.36 50.45
20/80 81.6 1433 163.0 169.8 26.5 10.09 48.28

0/100 86.6 - - - - - -

T,2": onset melting temperature of PVDF; T%: peak melting temperature of PVDF; T}, final melting temperature of PVDF;

AT, = T,-T2"; AH,,: melting enthalpy of blend; X,: crystallinity of PVDF
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Figure 3. A schematic presentation of PVDF/PAN/DMF
phase diagram [29]

In solution crystallization, dipoles of the mixtures
had important effects on the crystallization of
PVDF in the solution. The stronger dipolar interac-
tions between PVDF and DMF might induce the
trans conformation packing of CH,—CF; dipoles of
B-phase [27]. Mixtures with lower dipole moment
resulted in the nonpolar o-phase [28]. Figure 3 is a
schematic presentation of PVDF/PAN/DMEF phase
diagram which demonstrates that PAN and PVDF
belong to partially miscible systems by adding
small amount of PVDF or PAN into the solution
[29]. SAN is a copolymer of styrene and acryloni-
trile comonomer. The nonpolar styrene segment in
SAN copolymer further reduces the homogenous
and partially miscible zones. However, this nonpo-
lar styrene also reduces the number of dipoles in the
mixtures which favors the formation the nonpolar
o-phase [28]. As used SAN has 33 wt% AN, in the
sample of 10 wt% SAN blended PVDF mixture,
there is 3.3 wt% AN which might have good misci-
bility with PVDF. So that nonpolar styrene around
acrylonitrile comonomer has more effect on the
crystallization of PVDF. In Figure 2, the observa-
tion that Ag has an abrupt decrease for 10 wt% SAN
blended PVDF mixture could be interpreted by the
above analysis.

3.2. DSC

Figure 4 presents DSC melting traces of PVDF/
SAN blends obtained under solution molding with
various mass ratios (a) 100/0; b) 90/10; c¢) 80/20;
d) 70/30; e) 50/50; £) 20/80; g) 0/100). The detailed
data derived from Figure 4 were listed in Table 1.

As shown in Figure 4, when SAN content exceeded
50 wt%, glass transition temperature of SAN
(T4, san) became discernable. The glass transition

Endo

Heat flow [a. u.]

— T T T T T T " T " T 7
60 80 100 120 140 160 180 200

Temperature [°C]

Figure 4. DSC melting traces of PVDF/SAN blends under
solution molding with various mass ratios:
a) 100/0; b) 90/10; c) 80/20; d) 70/30; e) 50/50;
f) 20/80; g) 0/100

temperature of PVDF was —39°C [30]. The glass
transition temperature of SAN was 86.6°C in
Table 1. For the sample of PVDF/SAN = 20/80, the
small content of PVDF also made the system par-
tially miscible according to Figure 3, so that the
Tgsan decreased to 81.6°C; but for sample of
PVDEF/SAN = 50/50, miscibility decreased so that
the Tg san had a relative increase to be 84.2°C com-
pared with the sample of PVDF/SAN = 20/80.

For pure PVDF crystallized from 5 wt% DMF solu-
tion, the single melting peak at about 169.6°C can
be attributed to the melting of B-phase with small
amounts of a-phase [7, 23, 31, 32]. As SAN con-
tent increased in the blends, the melting enthalpy
and melting point decreased. In Table 1, the influ-
ence of SAN component on PVDF crystallization
was decreasing the onset of melting temperature
(T,9™), the final melting temperature (T,J;) and the
peak melting temperature (7%). Small amount of
SAN of 10 wt% did not show any effect on the
crystallinity of PVDF. When SAN exceeded
20 wt%, it decreased X. by about 4-5%. The crys-
tallinity of PVDF had the tendency to decrease with
increase of SAN content in the blends. However,
the lower acrylonitrile content based PVDF/SAN
(D-178, acrylonitrile content = 26 wt%) is a par-
tially miscible system [15]. In this work, the higher
acrylonitrile units in SAN (D-168, acrylonitrile
content = 33 wt%) result in worse miscibility. In
addition, the low concentration (5 wt%) solution,
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which results in the good mobility of the PVDF
molecular chains, also favors the crystallization of
PVDF. PVDF can crystallize independently in a
wide range of concentration. Therefore, the differ-
ence in the crystallinity of PVDF in the blends can-
not be so remarkable. Likewise, the AT, = T,-T,2"
also had no distinct changes, which suggested that
blending SAN did not decrease the crystal homo-
geneity of PVDF, except the sample with a SAN
content of 80 wt%.

For comparability, DSC melting traces of PVDF/
SAN blends after eliminating thermal history with
various mass ratios (PVDF/SAN: a) 100/0;
b) 90/10; ¢) 80/20; d) 70/30; e) 50/50; f) 20/80;
g) 0/100) are shown in Figure 5. The detailed data
derived from Figure 5 were listed in Table 2. These
PVDF/SAN blends were prepared by melt molding
as in our previous work [15].

Heat flow [a. u.]

L 1
100 120 140 160 180 200
Temperature [°C]

Figure 5. DSC melting traces of PVDF/SAN blends after
eliminating thermal history with various mass
ratios: a) 100/0; b) 90/10; ¢) 80/20; d) 70/30;
e) 50/50; £) 20/80; g) 0/100.

60 80

For pure SAN by melt molding, 7,san was
109.3°C. For sample of PVDF/SAN = 80/20 by
melt molding, Tgsan was 111.2°C. As PVDF con-
tent increased, 7, san had an obvious increase. This
situation is contrast to that obtained by solution
casting. A reasonable explanation should consider
the incorporation of SAN into inter spacing of
PVDF lamellae, which was similar to the PVDF/
PMMA system [9]. When PVDF/SAN blends were
prepared by casting from 5 wt% DMF solution, vis-
cosity was low and PVDF molecular chains had
mobility to retreat from the SAN’s embrace; how-
ever, when PVDF/SAN blends were prepared by
melt molding, viscosity was high and PVDF molec-
ular chains had less mobility to crystallize despite
of the exit of SAN. So with decreasing of SAN con-
tent, the ratio of incorporated PVDF increased and
the T¢san increased. Besides, T, san by solution
casting was much lower than 7, san by melt mold-
ing, which might be attributed to the entanglement
which has been intensively studied [33, 34]. In
Table 2, the addition of SAN did not show obvious
effect on the melting temperatures of PVDF until
SAN exceeded 20 wt%, which resulted in similar
AT, = T,ﬁ—T,Z". However, the crystallinity X. of
PVDF crystallized from the melt increases from
41.58 to 47.41% by a little incorporation of SAN
(£10 wt%). And at higher addition, it is reduced.
The change of X, in Table 2 could also be explained
based on the hypothesis of incorporation of SAN
into inter spacing of PVDF lamellae. The partially
miscible SAN had mobility when PVDF began to
crystallize before 111.2°C. In other words, SAN
could be the diluent when PVDF began to crystal-
lize, especially SAN was small amount of the
blends because of the above-mentioned reason.
Therefore, the crystallinity of PVDF in blends in
Table 2 were mostly higher that that of the pure

Table 2. DSC melting results of PVDF/SAN blends after eliminating thermal history with different compositions

Sample TgsAN T T2 T AT, AH,, Xe
PVDF/SAN [°Cl] [°C] [°C] [°C] [°Cl] [J/g] [%]
100/0 - 160.7 171.0 176.4 15.7 43.45 41.58
90/10 - 161.2 168.4 175.1 13.9 44.59 47.41
80/20 111.2 160.9 168.1 175.2 14.3 38.85 46.47
70/30 110.6 160.4 169.1 175.0 14.6 33.57 45.89
50/50 110.0 160.3 168.1 174.3 14.0 22.22 42.53
20/80 109.6 158.4 167.6 172.8 14.4 8.47 40.52

0/100 109.3 - - - - - -

T,2": onset melting temperature of PVDF; T%: peak melting temperature of PVDF; T}, final melting temperature of PVDF;

ATy = TL=T2"; AHpy: melting enthalpy of blend; X.: crystallinity of PVDF
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PVDF obtained by melt molding, except the sample
of PVDF/SAN = 20/80, which was probably
because too much SAN restricted the mobility of
PVDF chains.

3.3. WAXD

The wide angle X-ray diffraction of PVDF/SAN
blends are shown in Figure 6. The diffraction peak
at 20 of about 20.5° is corresponding to the (110)
and (200) combined reflections of the B-form [23,
35] and the small peak at about 40° is assigned to
the combined reflections of (201) and (111) planes
of the B-phase [36]. It is demonstrated that all the
solution cast samples, regardless of the various
SAN weight fractions in the blend, present predom-
inantly the B-phase. The two peaks here both
decreased their intensity when the SAN was added,
especially for the peak at 20 of about 40°, when the
content of SAN was larger than 20 wt%, it even

Intensity [a.u.]
> II

g

10 20 30 40 50
20[°)

Figure 6. X-ray diffractograms of PVDF/SAN blends
under solution molding with different mass
ratios: a) 100/0; b) 90/10; ¢) 80/20; d) 70/30;
e) 50/50; f) 20/80; g) 0/100.

disappeared. WAXD results further confirm that
the addition of SAN hinders the crystallization of
PVDEF. According to the FTIR results, solution
crystallized samples with a little incorporation of
SAN (£10 wt%) presents B-phase with a small
amount of o-phase, but it is so little that it can just
be detected by FTIR measurement. WAXD result
demonstrates that B-phase of PVDF is present pre-
dominantly in solution crystallized samples.
Detailed data of WAXD are listed in Table 3. As
shown in Table 3, there was no distinct change for
d value between the different samples, i.e., the lat-
tices parameter of the -phase was not affected by
SAN. All the observed L values were higher than
that of the neat PVDF. The results were similar to
those obtained from PVDF/PMMA blend [9]. In
the miscible binary blend system including crys-
talline and non-crystalline component, the non-
crystalline component can be sandwiched in the
regions between lamella; that is the lamellar thick-
ness L increases as the non-crystalline polymer
composition increases [9, 37].

4. Conclusions

In this study, FTIR, DSC and WAXD were used to
characterize the effect of solution-blended SAN
with acrylonitrile content 33 wt% on the crystal-
lization of PVDF. By FTIR, typical 510 and
839 cm~! was corresponded to the B-phase of
PVDF in the PVDF/SAN blends. There also existed
weak absorption peaks at 530, 613 and 763 cm~!
corresponding to o.-phase. Blended SAN could
decrease the content of B-phase of PVDF from the
index Ap/X.. Nonpolar styrene reduced the dipoles
of the mixtures which favored the formation the
nonpolar o-phase. Through the DSC analysis, the
smaller content of PVDF made the system more
miscible so that the Tgsan of pure SAN decreased

Table 3. WAXD data of PVDF/SAN blends under melt molding with various mass ratios

Sample hkI (110, 200) hkl (201, 111)
PVDF/SAN 20 [°] d[A] L[A] 20[°] d[A] L[A]
100/0 20.40 435 67.7 39.72 227 3914
90/10 20.36 436 81.3 39.87 2.26 306.4
80/20 20.36 436 748 39.80 2.26 -
70/30 20.44 434 - 39.57 227 -
50/50 - - - - - -
20/30 - - - - - -
0/100 - - - - - -

—: not observed; 0: bragg angle; d: the interplanar distance; L: the thickness of the lamellar crystal (1 A=10"10m)
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from 86.6 to 81.6°C of sample PVDF/SAN =
20/80; further adding PVDF to 50/50, the T san
had a relative increase to be 84.2°C. However, for
SAN obtained by melt molding, 7T san increased
with the increase of PVDF content, which might be
due to the incorporation of SAN into inter spacing
of PVDF lamellae because PVDF molecular chains
had not enough mobility to retreat from the SAN’s
embrace and crystallize despite of the exit of SAN.
According to the WAXD analysis, all the solution
casting samples, regardless of the various SAN
weight fractions in the blend, present predomi-
nantly the B-phase.
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