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ABSTRACT: Poly(vinylidene fluoride) (PVdF) converts easily to thermally reversible
gel at room temperature in aliphatic ketones or cyclic ketones such as 3-pentanone, 3-
hexanone, cyclohexanone, and g-butyrolactone, etc. Gelation of PVdF in these ketones
took place through crystallization of polymers from solution. The crystallization process
was investigated in detail by Fourier transform infrared (FTIR) measurements. The
FTIR spectra were recorded continuously at room temperature until the solution con-
verted to gel. It was suggested from spectral data that polymer chains packed together
(i.e., crystallization took place) into the TTTGTTTGV conformation in the case of PVdF/
g-butyrolactone solution, followed immediately by gelation. On the other hand, crystal-
lization occurred into the TGTGV conformation in the case of other ketones and gelation
immediately took place. Melting temperatures Tg

m of PVdF gels thus prepared from
these solvents were measured. Tg

m showed a solvent dependence. q 1997 John Wiley &
Sons, Inc. J Appl Polym Sci 65: 1517–1524, 1997

INTRODUCTION leagues6 reported thermoreversible gelation of
PVdF in g-butyrolactone solution.

It was considered in our previous study thatIt is well known that poly(vinylidene fluoride)
(PVdF) can crystallize mainly to the following gelation took place through crystallization in the

case of a highly crystalline PVdF sample. In thisthree structures, depending on the crystallization
conditions: Form I (b-type crystal with planar zig- sense, crystallization is one of the necessary con-

ditions for gelation of PVdF solution. There are,zag conformation), Form II (a-type crystal with
the TGTGV conformation), and Form III (g-type however, no reports regarding correlation be-

tween crystallization and gelation of PVdF solu-crystal with the TTTGTTTGV conformation). Be-
sides the Forms I, II, and III, two other crystal tion.

The main purpose of this study was to examinestructures (ap -type and 1-type) were observed re-
cently. These crystal structures have been studied crystallization and gelation of PVdF solution, ob-

serving its solution directly by Fourier transformin detail by many investigators1–4 from X-ray dif-
fraction measurements. infrared (FTIR) spectrometry. Furthermore, de-

tailed characterizations of the PVdF gels wereIn our previous study,5 PVdF in organic sol-
vents (such as acetone, ethyl methyl ketone, or carried out by differential scanning calorimetry

(DSC), X-ray diffraction, and microscopic obser-ethyl acetate) was found to convert to a thermally
reversible gel at room temperature. In that study, vation.
morphological study of the gel was carried out
using transmission and scanning electron micros- EXPERIMENTAL
copy. Independent of our study, Cho and col-

Materials

The sample used here is PVdF-1, which was sup-Correspondence to: T. Homma.
q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/081517-08 plied by Kureha Chemical Industry Co. Physical
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Table I Typical Physical Properties of PVdF Sample

Sample MU w 1 1004 a Tm
b (7C) DHm

c (J/g) Xc
d (%)

PVdF-1 47 176.2 60.5 57.8

a Weight-average molecular weight determined by intrinsic viscosity.
b Melting temperature.
c Heat of fusion.
d Degree of crystallinity estimated from DSC measurement.

properties of the sample are listed in Table I. X- [h] Å 2.01 1 1004MU

0.675
w (2)

ray diffraction measurements showed that this
Solvents for gelations are g-butyrolactone,sample (original sample) had the Form II crystal

cyclohexanone, cycloheptanone, 3-pentanone, 3-structure, as shown in Figure 1(a).
hexanone, 3-heptanone, and 3-octanone. TheseDegree of crystallinity (Xc ) of the present sam-
solvents are reagent grade and were used withoutple (PVdF-1) was determined from its DSC curve
further purification.[Fig. 1(b)] using the following equation:

Xc Å [DHs
m /DH*m ] 1 100(%) (1) Preparation Method of Gel

A known amount of sample was dissolved com-
where DHs

m and DH*m are the heats of fusion of pletely in a solvent at 1807C using a sealed glass
the present PVdF sample and of perfectly crystal- tube of about 50 cm length and 1 cm diameter.
line PVdF, respectively. In this study, a value of Then the sample tube was immersed in a well-
104.7 Jg01 was used for DH*m , which was reported stirred water bath kept at 307C for 12 h to prepare
by Rosenberg and associates.7 a gel.

Weight-average molecular weight (MV w ) was es-
timated from viscosity measurements. The intrin-

Measurement of Gel-melting Temperaturesic viscosity [h] was determined in dimethylaceta-
mide (DMA) at 257C and MV w was calculated using Gel-melting temperature (Tg

m ) was measured by
the so-called falling-ball method, which was pio-the following equation8:

Figure 1 X-ray diffraction pattern (a) and heating DSC curve (b) of PVdF sample
(PVdF-1).
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neered by Takahashi and coworkers,9 using a RESULTS AND DISCUSSION
steel ball of about 30 mg weight and 2 mm diame-
ter. In case of 30-mg-weight ball, it did not influ-

Gel-melting Temperaturesence Tg
m .10 A gel in a glass tube was heated from

307C at a rate of about 0.37C/min.
PVdF solutions converted to gels on cooling, which
in turn converted to sols on heating. These sol–

X-ray Diffraction Measurement gel transitions were thermoreversible. Gelation of
PVdF depended on the kinds of solvents; that is,

X-ray diffraction measurements were carried out gelation took place slowly at room temperature
using a Rigaku X-ray diffractometer, Model in g-butyrolactone or cyclohexanone, whereas it
RINT-2500 VHF, with an experimental condition occurred very quickly in aliphatic ketones such as
of 50 kV and 200 mA. 3-heptanone or 3-octanone. On the other hand,

Lyophilized gels were used as specimens for gelation did not occur in the solvents such as
X-ray measurements. Diffraction patterns were DMA, dimethylformamide (DMF), or dimethyl
recorded using Cu-Ka radiation with wavelength sulfoxide (DMSO). In a dilute solution below ca.
l Å 0.15405 nm. 1 g/100 cm3, all systems did not convert to gels

but crystalline precipitates were separated from
solution; that is, crystal–liquid phase separationFTIR Measurement
took place macroscopically.

When a hot PVdF solution (1807C) in a glassInfrared spectra were recorded using a JEOL Fou-
tube was immersed quickly in a water bath keptrier transform infrared spectrometer, Model JIR-
at 307C, a turbid gel was formed, as shown in3505. One hundred scans at a resolution of 4 cm01

Figure 2(b). This turbid gel included many spher-were averaged to obtain each spectrum.
ulites. On the other hand, as shown in FigureThe PVdF sample was completely dissolved in
2(a), almost-clear gel was prepared when the hota solvent at about 1807C for 2 h in a glycerin bath.
solution was cooled slowly from 1807C to 307C atAfter the solution was maintained at room tem-
a cooling rate of ca. 0.17C/min. In the slowly cooledperature for 10 min, it was poured into a KRS-5
gel, spherulites were not observed. Thus the mor-cell (CIC Photonics Inc.; horizontal stand type;
phology of PVdF gel is influenced strongly by thecapacity: ca. 3 cm3). The polymer chains in the
gel preparation method, particularly by the cool-cell soon crystallized from the solution at room
ing rate of the hot solution. In this article, thetemperature. The FTIR spectra resulting from the
focus is mainly on the rapidly cooled gel (i.e., acrystallization process were recorded by the ATR
quenched gel) .method at intervals of 10 min.

The relation between Tg
m and polymer concen-

tration (C ) is shown in Figure 3. For any gelation
Scanning Electron Microscopy (SEM) solvent, Tg

m rises gradually with increasing poly-
mer concentration. As a whole, Tg

ms are classified
Observation of crystallites formed in gel was car- broadly into two groups by the gelation solvents.
ried out using a JEOL scanning electron micro- One is the group of gels prepared from aliphatic
scope, Model JSM-T20. Specimens for SEM mea- ketones (i.e., 3-pentanone, 3-hexanone, 3-hepta-
surements were prepared as follows: After a gel none, and 3-octanone). Gel-melting temperatures
was lyophilized, it was coated with a thin layer of of this group are higher. The other group is gels
gold by the vacuum evaporation technique. prepared from cyclic ketones, such as cyclohexa-

none or cycloheptanone. In each group, a curve of
Tg

m becomes higher with increasing number of car-Differential Scanning Calorimetry
bon atoms of gelation solvent.

DSC measurements were carried out with a Shi- Takahashi and coworkers11 derived the follow-
madzu heat flux differential scanning calori- ing equation for Tg

ms of crystalline polymer, as-
meter, Model DSC-50, equipped with a thermal suming the junction points of gel to be crystallites
analysis data system for baseline correction, tran- comprised of z units in length and r crystalline
sition temperature, and calculation of the transi- sequences in cross section:
tion heat. All experiments were carried out at a
heating rate of 107C/min using a 10 mg sample
under a constant flow of nitrogen gas. 1/Tg

m Å A 0 B ln(V2N ) (3)
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Figure 2 Comparison of two morphologies (a, b), of lyophilized gels. Both are PVdF-
1/3-pentanone systems with the same concentrations: 10 g/100 cm3. In (a), the word
‘‘PVdFrrrrr’’ behind the glass tube can be read through the gel and thus the clear
gel is prepared.

where A and B are constants containing thermo- gelation solvents are illustrated in Figure 4. As
expected, an excellent straight line was obtaineddynamic parameters and junction size z , V2 is the

volume fraction of the polymer, and N is the for each gelation solvent. Taking account of the
linear relationship obtained between 1/Tg

m andweight-average degree of polymerization.
According to eq. (3), it is expected that a plot ln(V2N ) as shown in Figure 4, it is considered that

junction points of PVdF gel are made up of crystal-of 1/Tg
m versus ln(V2N ) yields a straight line for

each gelation solvent. The plots obtained for all lites.

Figure 3 Relation between Tg
m and polymer concentration (C ) . One sample (PVdF-

1) and seven kinds of gelation solvents are used.
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Figure 4 Plots of 1/Tg
m versus ln(V2N ) according to eq. (3).

FTIR Spectra bands at 511 cm01 and 484 cm01 become larger
with increasing time. On the other hand, in Fig-

When a PVdF solution in an FTIR cell was main- ure 5(c) , the absorption band at 532 cm01 appears
tained at room temperature, polymers were even- after ca. 30 min (though this absorption is not
tually crystallized from the solution and soon con- observed after 20 min) and this 532 cm01 band
verted to gel. This crystallization process was re- becomes larger with increasing time. In Figure
corded by FTIR. The FTIR spectra obtained for 5(a), however, any characteristic absorption
three systems, i.e., PVdF in (a) DMA, (b) g-butyr- band changing with time is not observed. In this
olactone, and (c) cyclohexanone, are shown in Fig- system (PVdF/DMA), crystallization and gela-
ure 5. The ‘‘time’’ shown in the left-hand side of

tion did not occur.each spectrum is the time measured after a PVdF
Benedetti and coworkers12 studied FTIR spec-solution was poured into the FTIR cell. In systems

tra of PVdF films, which were obtained by casting(b) and (c), gelation took place. In system (a),
solutions in ethyl methyl ketone. According tohowever, gelation did not occur. An absorption
their report, the absorption band at 532 cm01 isband associated with the appearance of TGTGV

characteristic of the conformation TGTGV ( i.e.,conformation (i.e., crystallization) was observed
Form II). On the other hand, the lack of bands aton the FTIR spectra. However, an absorption
532 cm01 and 471 cm01 , and further, the presenceband associated with gelation (i.e., sol–gel transi-
of absorptions at 511 cm01 and 484 cm01 , gener-tion) was not observed in the FTIR spectra. So,
ally indicate the presence of Form III.in order to investigate the correlation between

Taking into account the study of Benedetti andcrystallization and gelation of PVdF solution, the
associates,12 gelation of the present system PVdF/judgment whether PVdF solution was converted
g-butyrolactone solution [Fig. 5(b)] may occurto gel or not was carried out by the test-tube tilt-
taking the conformation TTTGTTTGV from ran-ing method.
dom coil chains in solution, i.e., through crystalli-It is well known that the region 400–600 cm01

zation of Form III. On the other hand, gelationis sensitive to the PVdF conformation.12 It is char-
acteristic in Figure 5(b) that the absorption of the system PVdF/cyclohexanone solution [Fig.
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shown in Figure 6(b), lyophilized gel showed
large diffraction peaks near 2u Å 18.47, 20.07, and
26.67. It is well known that these diffraction peaks
are characteristic of the Form II crystal struc-
ture.3 On the other hand, in Figure 6(a), the dif-
fraction peaks at 2u Å 18.57 and 20.17 are ob-
served, and these peaks are characteristic of the
Form III crystal structure.3 Accordingly, it was
found from X-ray diffractions that the system
PVdF/g-butyrolactone [see Fig. 5(b)] gave the
crystal structure of Form III, i.e., g-type crystal
with TTTGTTTGV conformation; whereas the sys-
tem PVdF/cyclohexanone [see Fig. 5(c)] gave the
crystal structure of Form II, i.e., a-type crystal
with TGTGV conformation.

It is well known that thermoreversible gel is
formed from solution as a consequence of the for-
mation of a three-dimensional network whose
junction points consist of physical bonding.13

Therefore, various types of three-dimensional net-
works of gels are formed from solutions depending
on the mode and magnitude of molecular interac-
tion between polymer and solvent. For example,
the following three types of networks are ob-
served14–16 : (1) a network whose junction points
are crystallites; (2) a two-phase system accompa-
nied by liquid–liquid phase separation (or spino-
dal decomposition); and (3) a network by molecu-
lar association, such as a hydrogen-bonding inter-Figure 5 Relation between absorbance and wave
action. The type (2) network is usually formed innumber obtained for three systems with the same con-

centrations: 4 g/100 cm3. PVdF-1 (a) in DMA solution; the polymer-rich phase.
(b) in g-butyrolactone solution; and (c) in cyclohexa- In the systems studied here, gelations occurred
none solution. These FTIR spectra were recorded by through crystallization and thus junction points
the ATR method. of gel network are considered to be made up of

crystallites. According to the results in Figure
5(b,c) , it may be possible to suppose that random

5(c)] may occur taking the conformation TGTGV , coil chains in a PVdF solution gather together to
i.e., through crystallization of Form II. For other take the specific conformation with increasing
gelation solvents (such as cycloheptanone, 3-pen- time, e.g., TGTGV conformation in the case of cyclo-
tanone, 3-hexanone, 3-heptanone, and 3-octa- hexanone solution and TTTGTTTGV conformation
none), the same FTIR spectra as Figure 5(c) were in the case of g-butyrolactone solution.
obtained, and thus the gelation in these solvents In addition, difference in Tg

m measured in dif-
is considered to occur through crystallization of ferent solvents should be noticed (see Fig. 3). This
Form II. The structures of crystallites formed in indicates the presence of a solvent effect on the
gels were investigated in more detail by X-ray PVdF gel. Recently, solvent effect on the physical
diffraction. gelation in cooling polymer solution has been criti-

cally reviewed by Guenet.17 In PVdF/organic sol-
vent systems studied here, there probably is aX-ray Diffractions
process in which solvent molecules with func-
tional groups are placed at specific positions nearX-ray diffraction patterns are shown in Figure 6,

where (a) is the diffraction pattern obtained for PVdF chains by specific interaction (e.g., hydro-
gen-bonding interaction) between polymer andlyophilized gel of PVdF/g-butyrolactone system

[see morphology (d)] and (b) is the diffraction solvent. Differences in interaction intensities be-
tween polymer and solvent may cause the differ-pattern obtained for lyophilized gel of PVdF/

cyclohexanone system [see morphology (e)] . As ent kinds of conformation forms. Crystallization
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Figure 6 X-ray diffraction patterns [(a–c)] and morphologies [(d, e)] of lyophilized
gels with the same concentrations: 20 g/100 cm3.

then occurs taking the specific conformation, fi- CONCLUSION
nally leading to gelation. In fact, solvents con- The present study clarifies the following results for

the crystallization and gelation of PVdF solution:taining v

u
C|O group were dominant to form

1. PVdF in organic solvents (particularly inPVdF gel structure in this experiment. Interac-
ketones such as 3-pentanone, 3-hexanone,tion between v

u
C|O group in poly(methyl meth-

cyclohexanone, and cycloheptanone, etc.)
acrylate) (PMMA) and PVdF molecules in their converts to a thermally reversible gel from
blending has been already reported.18 Taking this a moderately concentrated solution.
report into account, it is strongly expected in this 2. Crystallization and gelation occur, taking
study that there are interactions between PVdF the conformation of TTTGTTTGV in g-butyro-
gel and the solvent. lactone solution and TGTGV in other ketones.

According to the study of Cho and colleagues,6 3. Gel-melting temperature increases slowly
gelation of the PVdF/g-butyrolactone system is with increasing polymer concentration and
caused by liquid–liquid phase separation in the obeys well the Takahashi theory, sug-
early stage of gelation, and crystallization occurs gesting that junction points of PVdF gel
in the late stage of gelation. At any rate, in order are made up of crystallites.
to discuss the detailed mechanism of gelation it
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molecules, 21, 2988 (1988).toku Tech. Univ., B-12, 167 (1988).

8EA4 4317/ 8ea4$$4317 06-16-97 21:04:51 polaal W: Poly Applied


