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ABSTRACT: This article investigates the effects of solvent polarity and salt addition on b-phase poly(vinylidene fluoride) (PVDF) for-

mation. Films were solvent cast in aprotic solvents of varying polarities with or without salt addition. Characterization was done by

Fourier transformed infra-red spectroscopy, differential scanning calorimetry, and scanning electron microscopy. Decreasing fractions

of b-phase PVDF was observed with increasing drying temperature when less polar solvents were used. The most polar solvent (hex-

amethylphosphoramide) consistently produced films with at least 90.0% b-phase PVDF within the crystalline regions. Melting tem-

peratures increased in correlation to absolute proportions of b-phase PVDF. Salt addition increased the formation of b-phase PVDF

by 30%, with salts of higher valencies and smaller ionic radii resulting in more significant increases. Taken collectively, using solvents

of higher polarities and addition of salts with high cationic valencies and small ionic radii will maximize b-phase formation in

solvent cast PVDF films. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

Poly(vinylidene fluoride) (PVDF) exists in at least four polymorphs

(a, b, c, and d) that give rise to varying net dipole moments across

the polymer chains.1,2 Among the polymorphs, b-phase PVDF pos-

sesses the strongest dipole moment lateral to the chain axis, result-

ing in significant piezoelectric properties.3,4 This makes b-phase

PVDF particularly interesting in applications such as microelectro-

mechanical systems, sensors, and actuators.5,6 More recently, PVDF

also attracted attention as a biomaterial because of its biostability,

lower bending stiffness, and ability to evoke minimal host tissue

response.7 Results from our earlier study further suggested that

varying cellular responses can be induced by different PVDF poly-

morphs.8 To deepen our understanding on PVDF polymorphs to-

ward cellular behavior, we aim to fabricate films with controlled

and known b-phase for evaluation.

A number of reports on fabrication strategies to induce higher

proportion of b-phase PVDF are available.9–12 Although solvent

casting using different solvents in the presence of salts has been

suggested, mechanical stretching remains the most direct and is,

therefore, popular.2,13 However, mechanical stretching can result

in undesirable structural deformations that may affect the appli-

cation.14 Better understanding of the influence of solvents and

salts in b-phase PVDF formation could, therefore, help to pre-

vent this. Several polar solvents have been demonstrated to

favor the production of b-phase PVDF films fabricated by

solvent casting,11,15,16 but results have been controversial due to

a lack of consistency in casting conditions.

Increased percentages of b-phase PVDF have also been reported

after salt addition,14,17,18 but the mechanism for this is unclear.

Yoon et al. suggested that interactions of cationic salts, in their

case Ca2þ, toward the carbonyl oxygen of dimethylformaldehyde

(DMF) induced electropositive and negative ends, thereby result-

ing in PVDF orientating and aligning in the all-trans b-phase

arrangement.14 Indeed, affinity of the electronegative carbonyl ox-

ygen in DMF toward cations from inorganic salts was observed

using infrared spectroscopy.19,20 Phadke et al. concluded that

higher electronic cloud density around the cationic salt induced a

red shift in C¼¼O stretching in DMF solvent, which can be corre-

lated to stronger solvent-salt interaction.20 It was further sug-

gested that the presence of large anions will create steric hin-

drance for solvent-cationic salt interactions toward electropositive

nitrogen atom in DMF.20,21 Thus, the electronic cloud density of

cations and ionic radii ratios of anions to cations will together

influence the magnitude of stretching frequency and result in

higher proportions of b-phase PVDF.19,20 However, the salts used

in these studies had variations in cationic sizes and valencies

which may have confounded the results. Besides addition of salt,

several strategies have also been developed in favor of the growth

of b-phase PVDF. The addition of nanoparticles or fillers and

hydrated salts can also increase the formation of polar phases by
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inducing interactions between the negatively charged entities and

dipole moments of PVDF.22–24 In the same principle, improved

miscibility of polyelectrolyte/polymer blends also favors the for-

mation of the b-phase PVDF.25

Despite observations that solvent polarity and the presence of

salts influenced the proportion of b-phase PVDF obtained, there

is limited understanding of the chemical mechanisms of these

phenomena. In this study, we, therefore, attempted to systemi-

cally compare the effects of solvents and salts on b-phase PVDF

formation, while keeping other fabrication conditions constant.

The first objective of this work was to characterize the effect of

four aprotic solvents with different properties on the fraction of

b-phase, degree of crystallinity, and surface morphology of

PVDF films synthesized under various conditions. This allows a

basis to understand the mechanism of b-phase PVDF formation

in solvents of different polarities.

The second objective was to profile the influence of different

chloride salts on b-phase PVDF formation. In this aspect, we

hypothesized that ionic charge and size play a direct role in

influencing the fraction of b-phase PVDF formed in solvent

cast films. Therefore, we evaluated the effects of adding chloride

salts with different cationic valencies at three concentrations, on

the fraction of b-phase, degree of crystallinity, and surface mor-

phology of PVDF films.

EXPERIMENTAL

PVDF Films Fabrication with Solvent of Varying Polarities

and Properties

Dimethylacetamide (DMAc, 3.72D, Aldrich), N, N-dimethylfor-

mamide (DMF, 3.86D, Tedia), N-methyl-2-pyrrolidone (NMP,

4.09D, Tedia), and hexamethylphosphoramide (HMPA, 5.54D,

Aldrich) were used to dissolve as-received PVDF homo-polymer

(SolefVR , Solvay Solexis) at 10–90 (w/v) %. Following dissolu-

tion, PVDF films were synthesized by solvent casting at three

drying durations (30, 60, and 90 min), drying temperatures

(60�C, 100�C, and 140�C), and casting thicknesses (0.3, 0.5, and

0.7 mm). The ‘‘N þ (N � 1)’’ method26 was used to titrate

these three casting parameters (Table I). Films were immersed

in 95% technical grade ethanol (Aik Moh Paints and Chemical)

for 24 h to remove residual solvents after cooling down to

room temperature in the oven.

PVDF Films Fabrication with Salt Addition

Sodium chloride (NaCl, Lab-Scan Analytical Science), potassium

chloride (KCl, Analar BDH), magnesium chloride (MgCl2,

Sigma), and calcium chloride (CaCl2, Merck) salts were mixed at

1, 3, and 5% (w/w) with PVDF homo-polymer before dissolution

into DMF solvent at 10–90% (w/v). PVDF films were solvent

cast onto glass substrates with wet thickness 0.5 mm and dried

for 1 week at room conditions before characterization.

Characterization of Synthesized PVDF Films

Short-range molecular arrangements of PVDF molecules were

validated using Fourier transform infrared spectroscopy (FTIR,

PerkinElmer Spectrum GX) set at the following parameters: range

400–1000 cm�1, resolution 1 cm�1, diaphragm diameter 1 cm.

Dry thicknesses of films were measured with a micrometer gauge

at five random points. Mean thicknesses were used for calculating

the fraction of b-phase PVDF present within the crystalline

regions of the films [F(b)], using a method first described by

Osaki and Ishida.8,27 Thermal properties were measured using

differential scanning calorimetry (DSC, TA Instrument Q10) at a

heating rate of 10�C/min from 100 to 200�C. Degree of crystal-

linity obtained from DSC results was used to calculate the abso-

lute proportion of b-phase PVDF (%b) within the crystalline

region of each film, represented by the following equation:

%b ¼FðbÞx degree of crystallinity (1)

Thermal gravimetric analysis (TGA) was used to determine the

percentage of residual solvent after film drying. Surface mor-

phology was assessed by scanning electron microscopy (SEM)

after 80 s gold sputtering at 18 mA. The SEM micrographs were

taken at 3.0 kV, spot size 40–50.

Statistics

All statistical analyses were carried out using IBM SPSS Statis-

tics 19 software. Results were analyzed for statistical significance

using one-way analysis of variance (ANOVA) with 95% confi-

dence interval and Tukey’s post-test for multiple comparisons.

P values less than 0.05 were considered to be significant.

RESULTS

Quantification of b-Phase PVDF in Solvent Cast Films

Using the ‘‘N þ (N � 1)’’ method of titration,26 the relationship

between casting conditions (drying duration, drying temperature,

Table I. Conditions for Synthesizing PVDF Films after Dissolution in Solvent According to the N 1 (N 2 1) Method of Titration26

Condition

Drying duration (min) Drying temperature (�C) Casting thickness (mm)

30 60 90 60 100 140 0.3 0.5 0.7

1 * * *

2 * * *

3 * * *

4 * * *

5 * * *

6 * * *

7 * * *

Asterisks stand for conditions for PVDF film fabrication.
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and casting thickness) and fraction of b-phase [F(b)] in PVDF

films were established for the four solvents used. While only

b-phase peaks were observed for HMPA synthesized PVDF

(HMPA-PVDF), FTIR spectra of all other three solvent cast

PVDF films dried at 100�C showed a mixture of a- and b-phase

peaks (Figure 1). Among them, DMAc-PVDF had notable

b-phase peaks at 510 cm�1 and 840 cm�1, whereas the most

prominent a-phase peaks were observed for NMP-PVDF at 615

cm�1 and 976 cm�1.

The graphs of F(b) against various PVDF synthesizing condi-

tions showed that F(b) was dependent of the polarity of sol-

vents but independent on drying duration or casting thickness

[Figure 2(a, b)]. Drying temperature exerted the greatest influ-

ence on F(b) among the three casting parameters studied. In

general, increasing drying temperature resulted in decreasing

F(b). Statistical analysis showed significant differences in F(b)

between PVDF films cast from the different solvents at 60�C

and 100�C drying temperatures (P < 0.05; ANOVA and Tukey’s

test). At 140�C, F(b) values for HMPA-PVDF were at least

90.0%, whereas the rest were significantly lower, at values

between 12.5% and 16.1% [Figure 2(c)].

The highest mean F(b) value of 53.3% was recorded for NMP-

PVDF at the drying temperature of 60�C, whereas a drastic

drop to 11.3% was observed when drying temperature was

increased to 100�C. No further increase in F(b) was observed

upon further increase in drying temperature of NMP-PVDF to

140�C. An equally significant drop in F(b) value, from 82.7% to

44.6%, was recorded for DMAc-PVDF as drying temperature

was increased from 60�C to 100�C. This dropped further to

16.1% when drying temperature was raised to 140�C. The

sharpest drop in F(b) value from 91.7% to 21.8% was recorded

for DMF-PVDF when drying temperature was increased from

60�C and 100�C. This value slide further to 12.5%, the lowest

F(b) value recorded for all solvent cast PVDF films at this con-

dition. Our results suggest that drying temperatures and F(b)

values in PVDF films were inversely related when DMAc, DMF,

and NMP were used as solvents.

HMPA-PVDF could not be produced at drying temperature of

60�C because complete drying could not be achieved over the

drying duration of 60 min used in this study. At all other con-

ditions used, the F(b) values for HMPA-PVDF were consistently

at least 90%. Drying at 100�C and 140�C yielded F(b) of 90.0%

and 93.1%, respectively, suggesting that the high polarity of

Figure 1. FTIR spectra of PVDF films cast with increasing solvent polar-

ities at 100�C. a-Phase peaks (532 cm�1, 615 cm�1, 764 cm�1, 795 cm�1,

855 cm�1, and 976 cm�1) were absent in HMPA-PVDF film, whereas

b-phase peaks (444 cm�1, 510 cm�1, and 840 cm�1) were observed.

a-Phase peaks dominated NMP, DMF, and DMAc-PVDF films, although

b-phase peaks were also noted.

Figure 2. Calculated fraction of b-phase over increasing (a) drying dura-

tion (at drying temperature of 140�C), (b) casting thickness (at drying

temperature of 140�C), and (c) drying temperature. Increasing drying

temperature influenced the fraction of b-phase PVDF formation

significantly.
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HMPA could be the dominant factor responsible for the high

F(b) of HMPA-PVDF films within the range of parameters

evaluated.

Melting Temperature and Crystallinity of PVDF Films

DSC results showed that the melting temperature (Tm) of PVDF

films varied with the solvent used. The mean Tm of HMPA-

PVDF was the highest compared with other solvent-cast PVDF

films. Specifically at the drying temperature of 140�C, DMAc-

PVDF recorded the lowest mean Tm, of 170.9�C, whereas

HMPA-PVDF had the highest mean Tm of 174.5�C, which was

significantly higher than the other groups [Figure 3(a)].

The degree of crystallinity for all samples fluctuated in the range

of 41.0–50.9%. No significant differences were observed for PVDF

films cast with the different solvents (P > 0.05; ANOVA and

Tukey’s test), suggesting minimal effect of solvent polarity on crys-

tallinity [Figure 3(b)]. The plot of mean degree of crystallinity

against %b showed that crystallinity did not change significantly

with increasing absolute amounts of b-phase PVDF, indicating no

correlation between the two parameters [Figure 3(c)].

When DSC and FTIR results were taken collectively, a linearly

increasing correlation between Tm and %b for the three less po-

lar solvents was observed. However, no significant difference

was concluded statistically. Only HMPA-PVDF films showed

significantly higher Tm and %b at the drying temperature of

140�C.

Surface Morphology of PVDF Films

Surface morphology of PVDF films was analyzed via SEM imag-

ing of the top surfaces which were exposed to air during the cast-

ing process. Spherulites were evident on most sample surfaces

but their sizes and distribution were not always homogeneous.

Randomly distributed pores at spherulite boundaries were also

observed on some samples (Figures 4 and 5). No significant

trends were observed in the surface topographies and spherulite

sizes of films subjected to different drying duration (data not

shown). However, the spherulite sizes of DMF-PVDF, DMAc-

PVDF, and NMP-PVDF increased with increasing drying temper-

atures (Figure 4). In these three groups, smaller spherulite size,

typically less than 1.5 mm in diameter, corresponded to higher

F(b) values of 82.7% and above [Figure 4(a1,b1)], whereas larger

spherulite size, occasionally in excess of 30 mm in diameter, cor-

responded to lower F(b) values of 16.1% and below [Figure

4(b3,c3)]. At 100�C and 140�C drying temperatures, spherulite

sizes increase in the order DMF < DMAc < NMP, corresponding

to increasing boiling temperatures. Spherulite morphology was

less defined in HMPA-PVDF samples (Figure 5), with surface

undulations appearing as large grains in the sample dried at

100�C [Figure 5(a)]. In contrast to the other three groups,

increasing drying temperature to 140�C induced significantly

smaller surface grains/spherulites that are covered with submicron

pores distributed all over the film surface [Figure 5(b)].

Quantification of b-Phase PVDF in Films Solvent

Cast with Salts

PVDF films were cast in DMF and dried at room condition

over a 1 week period to evaluate the influence on b-phase for-

mation in the presence of chloride salts. The assortment of

mono and divalent salts was chosen to assess the influence of

ionic size and charge on b-phase PVDF formation. Films syn-

thesized without salt but under the same drying conditions

were used as controls. Addition of 1 wt % NaCl, KCl, MgCl2,

and CaCl2 distinctly weakened the characteristic a-phase peaks

in corresponding FT-IR spectrums (data not shown), and raised

Figure 3. Comparison of melting temperature and crystallinity across the

four solvents used. (a) DSC profiles showing mean melting temperatures

(Tm) of PVDF films synthesized at the drying temperature of 140�C.

HMPA synthesized PVDF films (HMPA-PVDF) recorded significantly

higher Tm compared with the rest. (b) Mean degree of crystallinity of all

four solvent cast PVDF films showed no significant differences at the dry-

ing temperature of 140�C (P > 0.05). (c) Fluctuations in the degree of

crystallinity were minimal, over increasing %b.
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the calculated mean F(b) values to 93.1%, 88.4%, 95.8%, and

94.9%, respectively, compared with 64.4% in controls (P <

0.01). F(b) values of DMF-PVDF cast in the presence of KCl

was found to be significantly lower than all other groups at all

weight percentages [P < 0.05; Figure 6(a)]. From the same

graph, it was observed that increasing salt concentration did not

significantly increase F(b) values, regardless of salt type. How-

ever, F(b) values decreased with increasing ionic radii [ionic

radii arranged in descending order: Kþ (1.38 Å), Naþ (1.02 Å),

Ca2þ (0.99 Å), Mg2þ (0.72 Å)28].

Mean melting temperatures were not statistically different

from control when salt was added (data not shown). Like-

wise, increasing salt concentration from 1 wt % to 5 wt %

did not change Tm significantly for each salt type. However,

Tm of films cast in NaCl was lower than in the other salt

types, although this was statistical significant only when com-

pared with MgCl2 and CaCl2 at 3 wt %. Although the mean

degree of crystallinity of control films dried at room temper-

ature (59.6%) was significantly higher than films dried at

60�C (49.8%), 100�C (47.6%), and 140�C (47.1%), addition

of any of the chloride salts did not result in significant

changes in the degree of crystallinity. The absolute propor-

tion of b-phase (%b) was calculated to be above 51.5% for

all salt types at all concentrations studied. This percentage

was higher than any HMPA-PVDF films, which had the high-

est proportion of b-phase among films synthesized without

the addition of salts.

Surface Morphology of PVDF Films Solvent Cast with Salts

Surfaces of all films with salt addition at all concentrations

were rough, porous, and void of spherulites. Increasing salt

Figure 4. Scanning electron microscopy images of (a1–a3) DMF-PVDF, (b1–b3) DMAc-PVDF, and (c1–c3) NMP-PVDF. Films were dried at 60�C, 100�C,

and 140�C for 60 min. Increasing spherulite size was observed with increasing drying temperatures for DMF-PVDF, DMAc-PVDF, and NMP-PVDF.

Figure 5. Spherulite morphology of HMPA-PVDF samples dried at (a) 100�C and (b) 140�C. Spherulite size at 140�C was significantly smaller, and cov-

ered with submicron pores as compared with films dried at 100�C.
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concentrations from 1 wt % to 5 wt % showed no increase in

pore densities or change in topography for all salt types [Figure

6(b–d)].

DISCUSSION

Solution casting is the technique chosen for fabricating b-phase

PVDF films in our work. It is preferred over spin casting and

electrospinning due to the ease of obtaining uniform microme-

ter thick films using a calibrated doctor blade. Even though

spin-coat films were reported to have enhanced b-phase forma-

tion, it is limited to fabrication of nano-scaled thickness films,

which only allow evaluation of the surface properties for bulk

applications. It will be interesting to obtain micron-scale thick-

ness films with a-phase and polar b-phase directly from solu-

tion casting technique, due to its advantages in easy manufac-

turing and downstream modifications.

The first step for fabricating PVDF films using any techniques

described previously is solvation. Solvation is the formation of

chemical bonds between a solvent and solute. The solution sta-

bility is consequently influenced by hydrogen bonds, dipole

moments, and solvent polarities. In our attempt to correlate sol-

vent properties to b-phase PVDF formation, four aprotic sol-

vents with different boiling temperatures [DMF (153�C), DMAc

(165�C), NMP (203�C), HMPA (232�C)], polarities [DMAc

(3.72D), DMF (3.86D), NMP (4.09D), HMPA (5.54D)], and

structures were used for casting. Our findings suggest that dry-

ing duration and casting thickness have minimal effects, whereas

drying temperature exerted the most significant influence on

the fraction of b-phase PVDF [F(b)] formed using each of the

four solvents. This is in contrast to results presented by Cardoso

et al., where thinner films produced on a spin coater gave rise

to increased b-phase PVDF.29 However, in spin coating, poly-

mers were stretched in all directions of a plane. It was reported

that the extension of molecular chain during high-speed rota-

tion and subsequent crystallization can freeze the PVDF chain

in its extended b-phase morphology.30 The speed of spin coat-

ing, solution viscosity, humidity, and temperatures influenced

the percentage of b-phase in PVDF, but with controversies

because the complete processing conditions were often not

mentioned.31 Similarly, electro spinning also stretch the poly-

mers, but uniaxially. The end product of an electrospun sample

consists of nanofibers with diameters in the order of several

hundred nanometers, making up meshes of interlocking b-phase

fibers with high porosity.

The solvents used in our study had different structures and

dipole moments. These differences alter the local conformation

around the carbonyl oxygen atom, which influenced the steric

effect in aprotic solvents.32 The high polarity of HMPA is a

result of the higher incidences of polar NAP and O¼¼P bonds.

As a consequence, more electrostatic interactions between the

PVDF molecular chains and HMPA accelerate the rate of

Figure 6. Variation of the (a) fraction of b-phase PVDF [F(b)] and representative SEM images of PVDF films cast in DMF, in the presence of (b) 1 wt

%, (c) 3 wt %, and (d) 5 wt % salt. All films were cast in DMF with a wet thickness of 0.5 mm and dried at room condition over 1 week. F(b) of con-

trol films (without addition of salt) were significantly lower than all groups with salt addition (**P < 0.01). Addition of KCl at all three percentages

gave lower F(b) compared with other salt types (*P < 0.05). Surfaces were rough, porous, and void of spherulites. All the salt types produced similar

film surfaces over the concentrations used.
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dissolution, favoring the formation of trans-state b-phase PVDF.

The lower solvent evaporation rate of HMPA further enhanced

this effect because the extended duration of drying due to its

higher boiling point, favors the formation of the thermody-

namically stable b-phase PVDF, in agreement with existing liter-

ature.1 Despite that, TGA analysis confirmed a negligible per-

centage of residual HMPA-PVDF samples after ethanol

immersion (data not shown).

Although DMAc and DMF solvents have lower boiling tempera-

tures and polarities among the four aprotic solvents, denoting

higher evaporation rate at the same drying temperature, F(b)

values of DMAc-PVDF and DMF-PVDF films were higher than

NMP-PVDF at drying temperatures of 60�C and 100�C [Figure

2(c)]. This can be explained by the local bulkiness of NMP

molecules that played a role in solvation steric effects.32 Steric

hindrance due to the cyclic structure of NMP molecules pre-

vented effective electrostatic interactions with PVDF, thereby

discouraging the formation of polar polymorphs, evidenced by

low F(b) values in NMP-PVDF samples. In this aspect, influ-

ence of steric hindrance on PVDF polymorph formation was

more dominant than solvent polarity at 60�C. The drop in F(b)

value for NMP-PVDF when drying temperature was increased

to 100�C suggests that the higher rate of evaporation resulted in

more randomized phase formation. This was also reflected by

the lower degree of crystallinity.

Drying below 70�C is known to favor the synthesis of b-phase

PVDF. At the relatively lower drying temperature of 60�C in

our experiment, the higher polarity of DMF compared with

DMAc allowed stronger electrostatic interactions between DMF

and PVDF in comparison with DMAc and PVDF. The stronger

electrostatic interactions in turn overwhelmed the contribution

of evaporation rates in determining conformational phases,

depicted by the higher F(b) value in DMF-PVDF. When drying

temperature was increased to 100�C, the higher rate of evapora-

tion of DMF compared with DMAc fixed the PVDF chains in

metastable and amorphous states, resulting in a lower F(b)

value for DMF-PVDF. As crystal perfection determines the melt-

ing temperature,33 we observed slightly higher melting tempera-

tures for DMAc-PVDF than DMF-PVDF films dried at 60�C,

although this was not statistically significant.

Crystal perfection and total degree of crystallinity will collec-

tively determine the melting temperature.33 The variations of

Tm between the four PVDF groups could be correlated to the

absolute amounts of a- and b-phase PVDF present.34 Specifi-

cally, higher Tm has been attributed to b-phase PVDF while

lower Tm to a-phase PVDF,35 an observation that we also made

in our earlier study.8 Indeed, our current data for HMPA pro-

duced films at all tested conditions also showed significantly

higher melting temperature for higher absolute proportion of

b-phase. However, similar observations could not be made for

PVDF produced by the three less polar solvents.

When effort was made to fabricate as high a concentration of

a-phase PVDF as possible, spherulitic structures of average diam-

eter 50 mm were observed.30 Gregorio and de Souza Nociti

showed that increasing drying temperature up to 140�C resulted

in larger PVDF spherulites (12 mm in diameter) due to the maxi-

mum crystallization rate occurring close to 145�C, when NMP

and HMPA solvents were used.1,36 Congruent to this, we

observed increased spherulite sizes in DMF-PVDF, DMAc-PVDF,

and NMP-PVDF with increasing drying temperature from 60 to

140�C (Figure 4), but a decline in F(b). Interestingly, this trend

was reversed in our results for HMPA-PVDF (Figure 5), presum-

ably due to the dominant effects of high polarity and high boiling

temperature of HMPA. To the best of our knowledge, the reason

for this difference has not been reported, but a lower rate of

evaporation at any particular drying temperature would have

given the spherulites time to grow. In addition, cooling rate will

also affect spherulite sizes.37 In our case, because all the PVDF

films were allowed to cool to room temperature in the oven after

drying at the stipulated temperatures, we assumed similar cooling

rates for films dried at the same temperature. It was documented

that HMPA formed its peroxide readily when exposed to oxygen

and light.38 However, there are no reports on the effect of HMPA

peroxide toward polymer dissolution to date.

In our study, monovalent and divalent chloride salts were used

to determine their effects on the formation of b-phase in PVDF

films dried at room conditions. Our findings suggested that

F(b) was more significantly affected by the salt type rather than

salt concentration. Longer duration of drying combined with

addition of salt significantly increased the F(b). In addition, the

value of F(b) decreased with increasing ionic radii of cation.

Enhanced ion-dipole interaction could also potentially induce a

larger fraction of b-phase PVDF.39 Stronger electronic clouds

around divalent Mg2þ and Ca2þ compared with monovalent

Naþ and Kþ consequently result in higher strengths of interac-

tion between the divalent cations and the resonant structures of

DMF molecules. Ion-dipole interactions between the cation and

carbonyl O encourage arrangement of PVDF chains into trans-

state b-phase, with the alignment of electronegative fluorine

atoms on one side of the PVDF carbon backbone (Figure 7). As

a result, higher F(b) values were recorded in PVDF films made

in the presence of MgCl2 and CaCl2, compared with KCl [Figure

6(a)]. However, this difference was not observed when com-

pared with the NaCl group. Lower ionic radii ratio of NaCl

compared with KCl caused stronger ion-dipole interaction

between Naþ and the carbonyl O, comparable with the divalent

salts. Therefore, higher F(b) values were recorded in the NaCl

group compared with the KCl group at all concentrations tested.

Similar observations of increased formation in b-phase PVDF

had also been reported with the addition of onium salts.40 It

was suggested that the onium salts acted as nucleating agents,

resulting in the formation of spherulites of 7 mm diameter with

the addition of 1% onium salt. In agreement with our data

[Figure 6(b–d)], addition of onium salts also resulted in PVDF

surfaces that were rough, porous, and without distinct spheru-

lite boundaries. It is also worthy to note that PVDF films pro-

duced without salt but dried at room temperature resulted in

an increase in F(b) up to 64.4%. This may be related to the fact

that b-phase PVDF is favored thermodynamically and kineti-

cally at this drying condition. The long duration for evapora-

tion favored the formation of higher amounts of b-phase PVDF.

It had been demonstrated that addition of NaCl from 0 to 6 wt

% resulted in an increase followed by a decrease in the degree
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of crystallinity of PVDF, cast in DMF dried over 7 days at

50�C.41 The postulation was that when NaCl was added in mi-

nute amounts, the salt combined with free radicals near the

crystallite surfaces to increase crystalline volume. However,

beyond a critical percentage of NaCl, excess salt will interact

with PVDF on the crystallite surfaces to dislocate the atoms,

resulting in a fall in the degree of crystallinity. Our results

showed that the degree of crystallinity in the salt-added PVDF

films (between 55.5% and 62.6%) was higher than in PVDF

synthesized without salt addition, dried at 60�C, 100�C, or

140�C. Although the degree of crystallinity was higher with salt

addition, crystal structures may not be perfect, resulting in

lower Tm.33 Environmental humidity during the drying process

could also affect the crystallization process,11,42,43 and the rela-

tive humidity in our drying condition was between 55 and

65%. Addition of hydrated salt was also shown to promote

nucleation and crystallization of b-phase, although the exact

mechanism of that is unclear.17,42 It was suggested that the

hydrogen bonding between the water molecules stored in hydro-

scopic salt and polar CAF bonds of PVDF was responsible for

the b-phase formation. Because DMF is a hygroscopic solvent,

we postulate that water molecules in the atmosphere interact

with DMF and PVDF molecules via hydrogen bonding when

the PVDF films were left to dry in atmospheric conditions for 1

week, in this study. The small proportion of a-phase PVDF after

salt addition may be attributed to the presence of free DMF and

self-associated DMF molecules that do not form salt-DMF com-

plexes.44 In this case, PVDF chains will be randomly organized,

thus preferentially forming the kinetically favorable a-phase

polymorph.

Taken collectively, cations present in the solvent-PVDF mixtures

will have an affinity toward the electronegative fluorine atoms

along the PVDF chains and the carbonyl oxygen in DMF,

thereby favoring the formation of b-phase PVDF.

CONCLUSIONS

In this study, we characterized the effects of using four aprotic

solvents with different polarities and addition of chloride salts

on b-phase PVDF formation in solvent cast films. Our results

revealed that solvent type and drying temperature influenced

the fraction of b-phase PVDF while the duration of drying and

casting thickness did not. Specifically, HMPA which has the

highest polarity among the four solvents studied, consistently

produced films with at least 90.0% b-phase PVDF within the

crystalline regions, regardless of other casting parameters. The

other solvents with relatively lower polarity produced decreasing

fractions of b-phase PVDF with increasing drying temperature.

Melting temperature increased with increasing absolute propor-

tion of b-phase PVDF. An absolute b-phase PVDF proportion

of about 40% was associated with melting temperatures of

about 174�C, whereas an absolute b-phase PVDF proportion of

less than 20% was associated with melting temperature of about

171�C. Spherulite size observed on PVDF film surfaces increased

with increasing drying temperatures in all groups except those

cast in HMPA, where the reversed was observed.

The fractions of b-phase PVDF increased with the addition of

NaCl, KCl, MgCl2, and CaCl2 salts during casting, to levels com-

parable with HMPA cast films. However, increasing salt concen-

tration from 1 wt % to 5 wt % did not translate into signifi-

cantly higher fractions of b-phase. Salts that produced cations

of higher charge or smaller cationic size resulted in higher frac-

tion of b-phase produced, supporting our hypothesis that ionic

charges and size can influence the fraction of b-phase PVDF

formation.
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