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Poly(vinylidene fluoride) (PVF2) gels in glyceryl tributyrate (GTB) with fibrillar morphology in the dried state.
The gels are transparent and WAXS results indicate the presence ofa-phase PVF2 crystals in the gels. The
gelation rate (t ¹ 1

gel ) has been measured by the test tube tilting method and has been analysed with the equation
t ¹ 1
gel ~ f (c)f (T), wheref(c) ¼ concentration function andf(T) ¼ temperature function. At a fixed temperature, the

variation oft ¹ 1
gel with concentration suggests that the nature of the connectedness in this system obeys the three

dimensional percolation mechanism. On the other hand, at a fixed concentration, the variation of the gelation rate
with temperature suggests that the gelation is a two step concerted process of conformational ordering and
crystallization, the former acting as the rate determining step. The formation of fibrillar gels in this system has
been attributed to the solvation of the TGTḠ conformer of PVF2 through compound formation in a 3:1 molar ratio
of the monomeric units of PVF2 and GTB.q 1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

Recently, studies on the thermoreversible gelation of
poly(vinylidene fluoride) (PVF2) have gained considerable
momentumbibr1–3 because of the piezo and pyroelectric
properties of the polymer4. Different polymorphs of PVF2
are produced during the gelation and different mechanisms
have been proposed for the gelation processes1–3. Crystal-
lization is the cause of gelation for PVF2 gels in
acetophenone and in ethyl benzoate2, whereas liquid–
liquid phase separation has been considered as the cause
of gelation for PVF2 gels in g-butyrolactone1,3. The
morphology of these gels after drying is spheroidal as
evidenced from scanning electron micrographs1,3,5. Here,
we report a PVF2 gel whose morphology in the dried state is
not spheroidal but fibrillar in nature. We believe that the
morphologies of the gels will not be affected much due to
drying and, therefore, we assume throughout the rest of the
paper that the undried gels possess the same types of
morphology as the dried gels.

Elucidation of the gelation mechanism of thermorever-
sible polymeric gels is a main problem in condensed
polymer systems and various sophisticated techniques are
used for this purpose6–11. The mechanism of thermorever-
sible gelation is usually described in two ways: (a) a
macroscopic mechanism and (b) a microscopic mechanism.
The former deals with the nature of the connectedness
(physical crosslinking) whereas the latter sheds light on the
mechanism by which the physical crosslinking occurs. The
gelation rate may be used to delineate both mechanisms,
along with other techniques2. It is usually expressed as a

combination of concentration functionf(c) and temperature
function f(T)2,13:

t ¹ 1
gel ~ f (c)f (T) (1)

wheretgel is the gelation time andt ¹ 1
gel is usually expressed as

the gelation rate. By keepingf(T) constant, the dependence of
the gelation rate on the concentration yields the macroscopic
mechanism of gelation. On the other hand, by keepingf (c)
constant and studying the variation of the gelation rate with
temperature, the microscopic mechanism of gelation can be
explored2,3,13, with the help of other techniques. In our
previous work2 we have shown from the variation oft ¹ 1

gel
with f(c) (equation (1)) that the PVF2 gels in acetophenone
and in ethyl benzoate obey a three dimensional percolation
model. Also, from the temperature dependence of the gelation
rate it has been concluded that crystallites are involved in the
formation of the three dimensional crosslinking.

The purpose of the present study is to elucidate both the
macroscopic and microscopic mechanisms of PVF2 gels in
glyceryl tributyrate (GTB). Since the morphology of these
gels is quite different from the PVF2 gels so far studied1–3, it is
important to know the mechanism by which the fibrillar gels
of PVF2 are produced and also whether the percolation
mechanism of gelation is suitable for the formation of these
fibrillar gels. Apart from the gelation rate measurement, wide
angle X-ray scattering (WAXS), scanning electron micro-
scopy (SEM), and differential scanning calorimetry (d.s.c.)
have been used to elucidate the mechanism of gelation.

EXPERIMENTAL

Three commercial PVF2 samples—Sol-10, Sol-12 and KY-
201—are used in this work. The characteristics of the
samples are presented inTable 12. The samples are
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recrystallized from dilute solution (,0.3% w/v) in acet-
ophenone, washed repeatedly with methanol and finally
dried in vacuum at 608C for three days. The Sol-10 and Sol-
12 PVF2 samples are chosen to investigate the influence of
molecular weight on the gelation mechanism, whereas the
KY-201 and Sol-12 samples are chosen to study the
influence of chain structure [Head to Head (H–H) defect]
on the gelation mechanism of PVF2. The solvent, glyceryl
tributyrate (GTB) (Sigma, USA), is used as received.

The gels are usually prepared in sealed glass tubes except
for the gels used in thermal measurement. Appropriate
amounts of polymer and solvent are taken in glass tubes,
degassed by a freeze–thaw technique and are sealed in
vacuum (10¹3 mm Hg). The solutions are homogenized at
1808C and are quenched to the desired temperature for
gelation. The gelation rates are measured by the test-tube
tilting method1–3,13–16†. For the SEM study the gels
are removed from the sealed tubes, dried at 508C under
vacuum, gold coated and then micrographs are taken through
a SEM apparatus (Hitachi, S-415A). For the WAXS study a
Philips powder diffraction apparatus (model PW1710) is
used with nickel filtered Cu Ka radiation. The same mass of
the freshly prepared gel for each sample is taken into the same
glass groove and the instrument is scanned from 108 to 458 at
the rate of 0.98, 2v per min.

The thermal study of the gels has been done using a
Perkin–Elmer differential scanning calorimeter (DSC-7)
fitted with a 3700 data station. The instrument is calibrated
with indium before use. Measured quantities of polymer and
solvent are put into LVC capsules fitted with o-rings to
prevent any solvent loss during heating. The samples are
melted at 1808 and homogenized by shaking. Then they are
quenched to the desired gelation temperature. After standing
for a definite time (3 hrs) for each sample the instrument is
scanned at the rate of 108/min. The peak temperature(s)

have been taken as the gel melting temperature(s). In some
cases, the d.s.c. thermograms exhibit two melting peaks due
to melt recrystallization. So, for the comparison of enthalpy
of fusion (DH) values, they are measured by heating at a
higher heating rate (408/min) from the gelation temperature
(908C) to 1808C. The enthalpy of gel formation is measured
from the exotherm obtained by cooling a homogeneous
solution from 1808C at the rate of 58C/min. In Figure 1
representative d.s.c. thermograms for gel fusion and gel
formation are presented.
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Table 1 Characteristics of the samples

Sample M̄w
a 3 105 PDIb H–H defectc (mol. %)

Sol-10 4.48 2.09 4.19
Sol-12 7.74 2.57 4.06
KY-201 8.81 2.89 5.31
a Weight average molecular weight
b PDI ¼ polydispersity index
c H–H defect¼ Head to Head defect

Figure 1 Representative d.s.c. thermograms of PVF2 (KY-201)–GTB
gels (4 g/dL) prepared at (a) 508C (H.R.¼ 108/min), (b) 508C (H.R.¼ 408/
min), (c) 808C (H.R.¼ 108/min), (d) dynamic cooling (58/min) from 1808C

Figure 2 Scanning electron micrographs of PVF2 (KY-201) gels (4 g/dL)
in: (a) GTB, (b) ethyl benzoate and (c) acetophenone

† Perfection in the rate measurement has been arrived at up totgel ¼ 6 5 sec
by a trial and error procedure.



RESULTS AND DISCUSSION

Morphology and structure
The PVF2 gels in GTB are transparent at all the gelation

temperatures studied here. This is in sharp contrast to the
PVF2 gels in acetophenone or in ethyl benzoate where
they are turbid in nature2. In Figure 2 the SEMs of dried
PVF2 gels in GTB, acetophenone and ethyl benzoate are
compared for the KY PVF2 at the same magnification. It
is apparent from the Figure that in the former solvent the
gels have fibrillar morphology. In the latter two cases the
gels have spheroidal morphology, though in the ethyl
benzoate system some fibrillar morphology is also found.
In Figure 3 the WAXS patterns of the freshly prepared
gels of the three systems are compared. It is clear from the
Figure that the overall nature of the X-ray pattern is the
same for the three solvents, indicating the presence of
a-phase crystals17,18of PVF2 in the gels. However, there is a
gradation in the broadening of the amorphous scattering
(lower) zone and it follows the order acetophenone.
ethyl benzoate. GTB. The polymer solvent interaction
parameter (x) of the three solvents is determined
using the depression of the equilibrium dissolution tem-
perature2,19and has been found to be 0.09, 0.31 and 0.39, for
acetophenone, ethyl benzoate and GTB, respectively. So
the broadening order of the amorphous scattering is in
accordance with thex parameter values. From the peak
position, dhkl values are calculated and are presented in
Table 2. The dhkl values of the acetophenone and ethyl
benzoate systems are the same as those of pure PVF2

crystallized from the melt. On the other hand, thedhkl

values of GTB are slightly higher than the others,
indicating a small expansion of the unit cell. This small
expansion of the unit cell may be due to the fibrillar
nature of the crystal20, where a larger fraction of H–H
defects enter into the lattice causing the unit cell
expansion21,22.

Gelation rate
Figures 4aandb represent the gelation rate–concentration

diagrams of PVF2-GTB systems at indicated gelation
temperatures (Tgel). At a particularTgel the gelation rate
increases in a nonlinear way with concentration but at
higher concentrations it slowly levels up. At a fixed
concentration the gelation rate gradually decreases with
increase in temperature. To explain the concentration and
temperature dependency of the gelation rate, an explicit
expression (equation (1)) is necessary. Earlier2, it has been
shown thatf(c) ~ fn wheref is the reduced overlapping
concentration and is equal to[C¹ Cp

t ¼ a(T)]=Cp
t ¼ a(T);

Cp
t ¼ a(T) is the critical gelation concentration at temperature

T and can be measured from the extrapolation of the plots of
Figures 4aandb to the zero gelation rate; ‘n’ is an exponent
and it has been argued that it is equal to the percolation
exponentb of the expression23,24:

G¼ (P¹ Pc)b (2)

whereG is the gel fraction,P is the conversion factor andPc

is its critical value. The nature off (T) is dependent on the
process by which gelation occurs. Since gelation may occur
through crystallization2,13, coil to helix transition10,25,26,
spinodal decomposition27,28 etc., f (T) cannot be given a
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Figure 3 WAXS diffractograms of nascent PVF2 (KY-201) gels (6 g/dL)
in: (a) GTB, (b) ethyl benzoate and (c) acetophenone

Figure 4 (a) t ¹ 1
gel versusconcentration plot of KY-201 PVF2 in GTB at

indicated temperatures (8C). (b) t ¹ 1
gel versusconcentration plot of Sol-12

PVF2 in GTB at indicated temperatures (8C)

Table 2 dhkl (Å) of a-phase KY-201 PVF2 gels in GTB

Solvent d110 d200 d010

GTB 4.50 4.88 5.06
Acetophenone 4.46 4.82 —
Ethyl benzoate 4.46 4.84 5.00
Melt 4.43 4.82 5.00



generalized form. Details of these functions will be
discussed later.

In Figure 5 the gelation rates of different PVF2 samples
are compared for a 6% (w/v) solution at different gelation
temperatures. It is clear from the Figure that the higher
molecular weight PVF2 sample has the higher gelation rate.
This is because the critical gelation concentration for the
higher molecular weight sample is lower than that of the
lower molecular weight sample2,29. Consequently,f has a
higher value for the same concentration yielding a higher
gelation rate. Like the PVF2 gels in acetophenone or in ethyl
benzoate, here also the higher H–H defect content KY-201
PVF2 has a higher gelation rate than the others. The reason
for this higher rate will be presented later.

The concentration functionðf ðcÞÞ: percolation mechanism
At a fixed temperature equation (1) can be expressed as

t ¹ 1
gel ~ fn (3)

and, therefore,n can be measured from the slope of double
logarithmic plots oft ¹ 1

gel andf. In Figure 6 representative
plots are shown for the KY-201 PVF2 sample at indicated
Tcs. It is clear from the Figure that the data are very well

fitted by a straight line for each temperature. The slopes of
these plots for all the PVF2 samples are presented inTable 3
and vary from 0.40 to 0.64. The values are very similar to
those obtained for PVF2-acetophenone and PVF2-ethyl
benzoate gels and are close to theb value (0.45) for perco-
lation in the three dimensional lattice. Thus, the exponent
value is independent of the morphology of the gel and is
completely different from the value ‘2’ as proposed by
Ohkura et al.13. It is also much lower than the classical
value of unity, where gelation has been considered as a
chain reaction30,31. Recently, Pekcanet al.32 observed an
‘n’ value equal to 0.38 during sol–gel transitions by free
radical crosslinking copolymerization using a fluorescence
technique. Therefore, it can be concluded that gelation, in
general, obeys the three dimensional percolation mechanism
and ‘n’ in equation (3) may be replaced by 0.45.

The temperature function
When a polymer solution is cooled conformational

changes occur11. Since the WAXS of the gels corresponds
to thea-phase of PVF2, it is evident that the PVF2 coil first
adopts the TGT̄G conformation and this conformer then
produces the fibrillar a-crystallites, causing gelation.
Schematically

Coil → TGTḠ conformer→ a crystallites
(fibrillar gel)

: (4)

Since the formation of fibrillara-PVF2 is very uncommon
we want to search for the cause of inhibition of the chain
folding process to produce the fibrillar gels. In most gelation
processes solvent molecules form compounds with the con-
former and thereby prevent chain folding yielding fibrillar
morphology of the gels9,12,26,33,34. As an evidence of the com-
pound formation the enthalpy of gel fusion and the enthalpy
of gel formation show a maximum with composition. In this
system we also observed from the enthalpyversuscomposi-
tion plot an evidence of compound formation at a weight
fraction of PVF2 ¼ 0.40. This corresponds to the molar ratio
of 3:1 for the PVF2 segment and GTB respectively35. The
dipole–dipole interaction36,37 of three .C¼O groups of
GTB and.CF2 group of each monomeric unit of PVF2 is
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Figure 5 t ¹ 1
gel versustemperature plot of PVF2 (6 g/dL) in GTB :W—Ky-

201,A—Sol-12 andK—Sol-10

Figure 6 log t ¹ 1
gel versuslog f plot of KY-201 PVF2 gels in GTB at

indicated temperatures (8C)

Table 3 Exponent ‘n’ values of PVF2 gels in GTBdetermined from least
square slopes of doublelogarithmic plots oft ¹ 1

gel andf

Temp. (8C) KY-201 Sol-10 Sol-12

70 — 0.64 0.62
75 0.40 0.64 0.64
80 0.40 0.65 0.63
85 0.43 0.63 0.61
90 0.49 0.56 0.56
95 0.50 0.51 0.50
Av. 0.44 0.60 0.59
St. Dev. 0.05 0.05 0.05

Figure 7 Schematic representation of Gibbs free energy (G) versus
reaction coordinate of the gelation process



responsible for the compound formation which causes the
inhibition of chain folding. As shown in equation (4) the
gelation is a two step process25 and each step has its own
activation energy (Figure 7). So, it is necessary to make a
temperature coefficient analysis for both the processes.

Conformational ordering. Flory and Weaver38 gave an
expression for the rate constant (K) for conformational
ordering from coil to helix of a dilute aqueous collagen
solution:

K ¼ const: exp( ¹ A=kTDT) (5)

whereA ¼ 2jDF/DS, j is the surface energy in the new
surface produced due to conformational ordering,DF is
the free energy of activation at the melting temperature
per repeating unit andDS is the overall entropy change
per repeating unit for the conformational transition. Though
originally it was believed that PVF2 in thea-phase crystal-
lizes in a 21 helical structure with an alternatingcis and
transconformation, extensive research in this field suggests
that TGTḠ is the appropriate conformation in thea-phase39.
However, the above expression for the rate constant of the
coil to helix transition can be applied to any change in con-
formation forming an ordered conformer. This is because,
like a helix, this TGT̄G conformer also produces a new
surface, different from the melt, with surface energyj,
and there will be a loss of entropy for the formation of the

ordered conformer. The absolute values ofj, DSandDF may
vary from conformer to conformer producing an ordered
structure. Since, in the gelation process, conformational
ordering is the first step, the gelation rate can be expressed as:

t ¹ 1
gel ¼ const: exp( ¹ A=kTDTgel) (6)

for a particular concentration. To analyse the gelation rate
the equilibrium gel melting temperature (T0

gm) is needed to
calculateDTgel (¼T0

gm ¹ T), and to measureT0
gm the Hoff-

man–Weeks procedure40 for measuring the equilibrium
melting point (T0

m) of polymer crystals has been applied
and is shown inFigure 8. In the Figure, the gel melting
temperature (Tgm) obtained by d.s.c. and also by the test
tube tilting method are presented. It is apparent from
Figure 8that at some gelation temperatures (Tgel) two melt-
ing peaks are observed due to melt recrystallization, but at
higherTgel it shows one peak. Extrapolation of this plot to
the Tm ¼ Tgel line corresponds to an equilibrium melting
point T0

gm equal to 1308C. The gel melting temperature
determined by the test tube tilting method when extrapo-
lated also givesT0

gm at 1308C‡. But at higher temperatures
no gel is produced; rather solution crystals are produced16.
The melting points of the solution crystals are dependent on
Tc and extrapolation of this plot yields the equilibrium dis-
solution temperature (T0

d). T0
d is approximately equal to the

value obtained by the visual method2,19. So there are two
equilibrium melting points: (1)T0

gm and (2) T0
d. Now the

question is why two equilibrium melting points arise in
the same system. The reason is the critical gelation concen-
tration which increases with increase in temperature (Figure
4)2,15. At higher temperatures, therefore, though crystals are
produced no gelation occurs even after ageing the solution
for 7 days. Taking theseT0

gms, log t ¹ 1
gel has been plotted

against 1/TDTgel and is shown inFigure 9. The data fit a
straight line very well. From the least square slopes of these
lines the ‘A’ values are calculated and are presented inTable
4. It is clear from the Table that KY-201 PVF2 gels have a
lower A value than the others, explaining their higher gela-
tion rate compared to the other samples at a particular tem-
perature. The DF values are calculated taking the
experimental lateral surface free energy (j) values of each
sample from a crystallization kinetic study41,42 and taking
DS equal toDH0

u/Ca
43, whereDH0

u ¼ enthalpy of fusion
(1.6 kcal/mol) andCa is the chain characteristic ratio
(5.5)§ of PVF2. TheDF values calculated from these results
are also presented inTable 4 and they vary from 11 to
14 kcal/mol, quite a reasonable value to permit the indivi-
dual isolation of the conformers45. Moreover, from the
potential energy diagrams of the isolated PVF2 chain the
energy barrier between the lowest and the highest energy
conformers is about 9 kcal/mol46. The DF value shows a
composition dependency; the higher the polymer concen-
tration, the higher is its value. However, extrapolation of
these values to zero polymer concentration yieldsDF ¼ 9–
10 kcal/mol. So theDF values are in good agreement
with the theoretical potential energy barrier of the isolated
PVF2 chain. This analysis of the gelation rate supports the
view that conformational ordering is the first step for this
gelation process.
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Figure 8 Hoffman–Weeks plots of gel melting temperature and crystal
dissolution temperature of KY-201 PVF2 gels (4 g/dL).A—Tgm by d.s.c.,
X—Tgm 2nd peak (d.s.c.),K—Tgm by test tube tilting method, andW—
dissolution temperature by d.s.c.

Figure 9 Log t ¹ 1
gel versus1/TDTgel plots of PVF2 gels (4 g/dL) in GTB:

W—KY-201, X—Sol-12 andK—Sol-10

‡ The gel melting temperature determined by this method corresponds
approximately to the peak end temperature of the 2nd peak in d.s.c.
thermograms.
§ TheCa value of the PVF2 chain (Ca ¼ r̄2

0=nl2, wherer̄2
0 is the mean square

unperturbed end-to-end distance,n is the number of segments, andl is the
length of each monomeric unit) has been calculated taking the mean square
unperturbed dimension (r̄2

0=M̄ ¼ 4:1 3 10¹17 cm2) from viscosity results
44

.



Aggregation of ordered conformers producing fibrillar
crystals. Due to the cohesive force of attraction and ade-
quate symmetry of the ordered conformers they immedi-
ately undergo crystallization. Since crystallization is a
nucleation controlled process, gelation is also a nucleation
controlled process2. Therefore,

t ¹ 1
gel ¼ Const: v2 exp

ED(v2) ¹ DFp(v2)
kT

� �
(7)

where v2 is the volume fraction of polymer,ED(v2) and
DF*(v2) denote the free energy of transport and free energy
for the formation of a critical size of nucleus, respectively, and

DFp(v2) ¼
8pj2

uje ¹ 4pkTj2
u ln v2

(DH0
uDT)2 (T0

d)2 (8)

whereju andje are the lateral and end surface free energies,
andDT ¼ T0

d ¹ T. In Figure 10 t¹ 1
gel has been plotted against

(T0
d)2/TDT2 and straight lines are observed. This supports

the idea that the gelation is a nucleation controlled process.
At a first approximation, the slope values of the plots are
equated to 8pj2

uje=DH2
u as earlier2, and j2

uje values are
calculated. In Table 5 j2

uje and the mean interfacial

energy values (j6) are presented. The values are very
close to those of the PVF2/acetophenone and PVF2/ethyl
benzoate gels and are also close to those of the pure
PVF2 samples2. These results, therefore, conclude that
crystallization is the 2nd or final step in the gelation process.

Now to conclude this section one must know the
activation energy value of the crystallization process. At the
lowest undercooling studied here, for a 4% solution,Df*(v2)
calculated from equation (8) has values of 6.8 and 7.0 KCal/
mol for KY-201 and sol.-PVF2 samples, respectively. At
higher undercooling and also for higher concentration, this
activation energy decreases for each system. Consequently, in
comparison with the activation energy of the conformational
ordering, the activation energy of crystallization is less.
Therefore, crystallization follows immediately and it is
difficult to distinguish the process responsible for gelation.
So, gelation occurs here by a concerted two step process, the
conformational ordering being the rate determining step.

CONCLUSIONS

From the study it can be concluded that PVF2 gels in GTB
with fibrillar morphology. The formation of this fibrillar
morphology is believed to be due to the dipole–dipole
interaction of the.C¼O group of the ester and the.CF2

group of the PVF2 chain, making a compound at a 3:1 molar
ratio of each PVF2 segment and GTB. Analysis of the
gelation rate yields that the nature of the connectedness in
this system obeys the three dimensional percolation
mechanism and gelation in this system is a concerted two
step process of conformational ordering and crystallization,
the former acting as the rate determining step.
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