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ABSTRACT: Poly(vinylidene flouride) (PVF;) gels in diethyl adipate (DEA) with fibrillar morphology.
The gels are transparent. The Wide-angle X-ray scattering pattern and FT-IR spectra of the gel indicate
the presence of solvated o-phase PVF, crystallites in the gel. The intensities of the X-ray diffraction
peaks of the gel are mostly different than those of the melt-crystallized sample. The plots of enthalpy of
gel fusion and enthalpy of gel formation with a weight fraction of PVF, (Wpve,) indicate a positive deviation
from linearity. Analysis of these results indicates polymer—solvent complex formation in the molar ratio
of 1:2 for the DEA and PVF; repeating unit, respectively. The phase diagram also supports polymer—
solvent complex formation with an incongruent melting point. The gelation kinetics is studied by the
test tube tilting method. Analysis of the concentration function of the gelation rate supports the theory
that this gelation process obeys the three-dimensional percolation mechanism. The temperature coefficient
analysis is done both by the Flory and Weaver theory of coil-to-helix transtion and by the growth rate
theory of fibrillar crystallization extended to the polymer—diluent system. A comparison of energy barrier
values of both the processes indicates that the gelation is a concerted process of conformational ordering

and crystallization.

Introduction

Thermoreversible gelation of poly(vinylidene fluoride)
(PVF,) has gained considerable interest’~> because of
its possible use as a polymer gel actuator (semirigid
transducer). In the thermoreversible gelation of PVF,,
usually crystallites act as junction points. PVF, can
crystallize in five different polymorphs (e.g., o, 5, v, 9,
and e¢), of these only the a-polymorph is produced under
normal crystallization conditions.®

The thermoreversible PVF; gels reported so far have
mainly spheroidal morphology.1=2 Only very recently,
we reported a PVF, gel where the morphology is
fibrillar.® It is now pointed out by some authors’ that
thermoreversible gels with spheoridal morphology do
not have adequate elastic property while the fibrillar
gels have a good elastic property. In our earlier report
we observed that PVF, gels in glyceryl tributyrate
(GTB) have fibrillar morphology,® so it is interesting to
have fibrillar gels of PVF; in other systems also to
understand the molecular mechanism of gelation in
these systems.

In this paper we shall draw attention mainly on the
structure and morphology of the gel. An attempt will
be made from the thermodynamic study of the gels to
understand the cause of formation of the fibrillar
morphology in this system. The kinetic study of the
gelation process will be done to understand the gelation
mechanism both from a macroscopic and microscopic
viewpoint. Thus, from both the thermodynamic and
kinetic study we shall try to understand the mechanism
of formation of a fibrillar PVF; gel.

Experimental Section

Samples. A commercial PVF, sample (ky-201, Pennwalt
Corp.,United States) is used in the work. The sample is
recrystallized from its dilute solution in acetophenone, washed
with methanol, and dried in a vacuum at 60 °C for 3 days.
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The polymer has a weight-average molecular weight (My) =
8.81 x 10°, polydispersity index = 2.82, and head-to-head (H—
H) defect = 5.31 mol %.2 The solvent diethyl adipate (DEA)
is purchased from Lancaster and is used as received.
Preparation of Gel and Its Characterization. The gels
are prepared in two ways. For morphology, structural, and
kinetic investigation they are made in glass tubes and for
thermodynamic study they are made in Perkin-Elmer LVC
capsules. In the first method an appropriate amount of
polymer and solvent is taken in a glass tube, degassed by the
freeze—thaw technique, and sealed under vacuum (10~2 mmHg).
They are made homogeneous at 180 °C and quickly gelled by
quenching at different temperatures. For SEM (scanning
electron microscopy) study the gels, prepared at 30 °C, are
taken out from the sealed tubes and dried at 35 °C under
vacuum for 3 days. They are then gold-coated and their
micrographs are taken in a SEM apparatus (Hitachi S-415A).
The TEM (transmission electron microscopy) study of the gel
is done by dropping a 1% solution of PVF; in DEA directly on
a carbon-coated copper grid and then dried at 35 °C in a
vacuum. The gel is then observed in the electron microscope
(Hitachi H-600). For the WAXS study of dried gel (dried in a
vacuum at 35 °C for 1 month) a Phillips powder diffraction
apparatus (model PW1710) is used with nickel-filtered Cu Ko
radiation. The gel is taken in a glass groove and the diffrac-
togram of the gel is recorded at the scanning rate of 0.09° 26/
min. For FT-IR study a Nicolet FT-IR instrument [Magna-
IR 750 spectrometer (series-11)] is used. The solvent spectra
are subtracted from the gel spectra to get the PVF; spectra in
a gel form using the computer attached to the instrument.
Thermodynamic Study. Thermodynamic study of gela-
tion is done using a differential scanning calorimeter (DSC-7,
Perkin—Elmer). The required amount of polymer and solvent
with varying compositions are taken in the Perkin-Elmer LVC
capsules and are tightly sealed with the help of a quick press.
They are made homogeneous by melting at 180 °C with
occasional shaking for 10 min. They are then quenched to 20
°C in a DSC, and after equilibrating for 20 min they are heated
at the rate of 40 °C/min. The higher heating rate is chosen to
avoid melt recrystallization during the heating process.>® The
peak temperature has been taken as the gel-melting temper-
ature. From the area of the peak the enthalpy of gel fusion is
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measured. The DSC is calibrated with indium before each set
of experiments.

The enthalpies of gelation and the gel formation tempera-
ture are measured in DSC by the dynamic cooling method.
The LVC capsules containing homogeneous solution at 180 °C
are cooled at the rate of 5 °C/min from that temperature to 20
°C and the exotherms are recorded. From the peak temper-
ature and the peak area, the gel formation temperature and
the enthalpy of gelation are measured.

The equilibrium gel melting (Tgm) and the equilibrium
dissolution temperature(Tg) are measured using the Hoff-
man—Weeks procedure.® After being kept at 180 °C, the above
DSC capsules are quenched to the desired isothermal gelation
temperature and are kept for a definite time (3 h) for each
case. The instrument is then scanned at the rate of 10 °C/
min from that temperature to 180 °C. The peak temperature
is taken as the gel-melting temperature.®> The dissolution
temperatures are obtained by crystallizing the LVC capsules
above 60 °C for 12 h at each temperature. The instrument is
then scanned as above.

Kinetic Study. The kinetics of gelation is studied by the
test tube tilting method.1™>19712 To make gels at different
polymer concentrations, 0.5 mL of diethyl adipate (density =
1.009 g/mL) and an appropriate amount of PVF, (5—60 mg)
are taken in glass tubes (8-mm i.d. and 1-mm thick). They are
degassed by the freeze—thaw technique and are sealed under
vacuum (1072 mmHg). They are made homogeneous at 180
°C and are quickly transferred to a thermostatic bath set at a
predetermined temperature. The gelation time (tge) is counted
as the time where no flow occurs after the tube is tilted. The
perfection in the rate measurement has been reached up to
(tger) = £5 s by a trial and error procedure.

Results and Discussion

Morphology and Structure. The PVF;, gels in
diethyl adipate are colorless and transparent materials.
The scanning electron micrograph and transmission
electron micrograph of dried PVF, gel in DEA are
presented in Figure 1. From both the micrographs it
is clear that the dried gel consists of fibrils which
constitute the network structure. Of course, it is
necessary to maintain here that it has been assumed
throughout the paper that the PVF; gel in the undried
state also has a similar morphology. In Figure 2 the
WAXS pattern of dried gel is presented and it corre-
sponds to that of the a-polymorph.13-16 The dqy values
are calculated from the Bragg equation and are pre-
sented in Table 1. The experimental d values tally
excellently with the calculated d values using a pseudo-
orthorhombic unit cell. In the last two columns of the
table the relative intensities of the diffraction peaks are
compared with respect to its 110 peak for both the melt-
crystallized PVF, and also for the PVF, gel. A com-
parison of the intensity ratios of the two columns
indicate that except in a few cases the intensity ratios
do not match each other. This result indicates that
though the crystal system and the d spacing remain the
same, the atomic positions of the statistical up-and-
down arrangment of the chains in the unit cell may be
somewhat changed. This may be due to the orientation
effect of the solvent during gelation and will be dis-
cussed later. However, we are unable to assign here
the diffraction peaks at 20 = 16.9, 22.6, and 24.0 with
the literature value,’3715 and it may be argued that
these peaks are newly observed in the gel form of PVF,.

The crystalline polymorph involved in the gel forma-
tion is also ascertained by FT-IR spectra of the gel. It
has been done to understand if any change in the
polymorphic structure occurs during drying. The solvent-
subtracted FT-IR spectra of the gel are shown in Figure
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Figure 1. (a) The scanning electron micrograph of dried PVF;
gel (6 g/dL) in diethyl adipate prepared at 30 °C. (b) The
transmission electron micrograph of dried PVF; gel (1 g/dL)
in diethyl adipate prepared at 30 °C.
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Figure 2. The WAXS pattern of dried PVF; gel (6 g/dL) in
diethyl adipate prepared at 30 °C.

3. This figure clearly indicates the presence of a-crys-
tallites in the gel because the peak at 532 cm~? corre-
sponds to that of the a-polymorph only with TGTG
conformation.t’-29 The other peaks tally excellently
with those of the a-PVF; except the two shoulders at
640 and 589 cm~1. The reason for the appearance of
these two shoulders is not yet known. Thus, it may be
concluded that during the drying of the gel in a vacuum
at room temperature (35 °C) no change in the polymor-
phic structure occurs. However, the new diffraction
peaks in the X-ray pattern may be due to the solvated
structure of the a-form crystals of PVF,.21:22
Thermodynamics of Gelation. In Figure 4a,b the
representative thermograms of the PVF; gels in diethyl
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3. Solvent-subtracted FT-IR spectra of PVF; gel (6

g/dL) in diethyl adipate prepared at 30 °C.

Table 1. X-ray Data of PVF,—DEA Gel [dhk (Calculated)
for a-Phase PVF, with a = 5.02 A, b = 9.63 A, and ¢ = 4.62
A and 19, = Observed Intensity]

O dhii /19120 T30

hkl (calculated) (observed) melt crystal415 (gel)
5.24 0.34

100 5.02 4.97 0.52 0.52
020 4.81 4.82 0.64 0.58
110 4.45 4.43 1.0 1.00
011 4.17 4.20 0.17 0.33
3.93 0.23

3.70 0.14

021/101 3.33 3.35 0.70 0.91
121 2.79 2.79 0.41 0.17
130 2.70 2.69 0.48 0.17
200 2.51 2.50 0.54 0.16
131 2.33 2.34 0.52 1.40
002 2.31 231 1.44
211/041 2.15 2.13 0.51 0.25
230 1.98 1.98 0.19 0.21

adipate produced at different conditions are presented.
In all cases a single melting peak/gelation peak is
observed. In Figure 5 the gel-melting enthalpies and
gel formation enthalpies are plotted for the whole
composition range of PVF, in the gel. It is apparent
from the figure that there is a positive deviation from
linearity from the line joining those of the pure compo-
nents. The enthalpy of gel melting or enthalpy of gel
formation (AH) may be considered to consist of three
terms:

AH(per g) = w;AH; + w,AH, + AH, Q)

where w represents the weight fraction, subscripts 1 and
2 represent the solvent and the polymer, respectively,
AH; and AH; are the melting or crystallization enthal-
pies of the solvent and polymer, respectively, and AH,
arises due to the formation of any organized structure
(e.g., polymer—solvent compound formation) in the gel.
In the present case of interest the contribution of the
first term is zero since the solvent does not crystallize
at the temperature of interest. So

AH — w, AH, = AH_ )

The left-hand side (lhs) of eq 2 corresponds to the
positive deviation (A) from linearity in Figure 5.

In Figure 6, the deviation (A) is plotted with wpyr,
and there is a maximum in the plot. This indicates that
there is a polymer—solvent complex formation in the
system.2® In analogy with Tamman'’s plot the maximum
indicates the composition of a polymer—solvent complex
formation.?*=27 The stoichiometry of the complex cal-
culated from the composition of the maximum is equal
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Figure 4. (a) Representative DSC thermograms of the PVF,
gel (Weve , = 0.54) in diethyl adipate: (1) gelled at 20 °C for
20 min and scanned at 40 °C/min. (2) Cooled from 180 °C at 5
°C/min. (b) Representative DSC thermograms of the PVF; gel
(7.2 g/dL) in diethyl adipate (1) gelled at 40 °C for 3 h and
scanned at the heating rate 10 °C/min. for (Tgm). (2) Crystal-
lized at 65 °C for 12 h and scanned at 10 °C/min (for Tg).

35—

AH (J/g. of gel)
[N} ~ (75
A

.a
o
I

10—

|
0 0.5 1.0
Weve,

Figure 5. Enthalpy changes during the gel-melting/gelation
process of PVF./diethyl adipate gels vs the wpyg, plot: O,
melting; @, gelation.

to wpyr, = 0.39. This corresponds to a 1:2 complex
formation in the molar ratio of DEA and PVF, repeating
unit, respectively. Since >C=0 group have some specific
interaction with >CF, dipoles of PVF,, it may be
presumed that the compound formation is occurring
through the dipole—dipole interaction of the above two
groups.2%28  However, the detailed structure of the
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Figure 6. Deviation (A) vs the wpyr, plot of PVF./diethyl
adipate gel.
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Figure 7. Gel-melting temperature and gelation temperature
vs the weye, plot of PVF,/diethyl adipate gel: O, gel melting;
A, gelation.

complex is not yet known. So from this analysis, it can
be stated that this polymer—solvent complex formation
inhibits the chain-folding process, yielding the fibrillar
morphology of the gel.?® A polymer chain passing
through many such fibrils entrap the solvent to produce
the gel. This is in sharp contrast to thermoreversible
gelation of rodlike polymers where the end-to-end
aggregation of the chain (enthalpic interaction) entraps
the solvent to produce the gel.3°

In Figure 7, the gel-melting (peak) temperature and
the gelation peak temperature (obtained by dynamic
cooling) are plotted with the blend composition. The
nature of the plot is the same for both cases; however,
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Figure 8. log t;ell vs the concentration plot of PVF,/diethyl
adipate gel at the indicated temperatures.

there is a gap of about 40 °C between the plots and it is
due to the hysteresis effect of the first-order phase-
transition process.” The phase diagram of this system
corresponds to the compound formation with an incon-
gruent melting point.2426:31 The thermograms used in
making the phase diagram have a single peak (endo-
therm or exotherm) and no separate peak for the
compound is observed. So it may be considered that the
melting endotherm is actually composed of two nondis-
tinguishable peaks. The peak temperature of the first
of these indistinguishable peaks is invariant with the
concentration and it corresponds to

compound — liquid + solid 3)

and the second endotherm whose associated tempera-
ture is concentration-dependent corresponds to

solid — liquid (4)

In the figure the nonvariant transition is indicated by
dotted lines as they are not directly detected in the DSC
thermograms. Thus, the phase diagram also supports
the formation of polymer—solvent complexes.

Kinetics of Gelation (Gelation Mechanism). Ki-
netics of gelation is an important tool to understand the
gelation mechanism.1=® It can provide both the mac-
roscopic and microscopic mechanism of gelation and
this is usually done from the analysis of the gelation
rate (t;el,) which is usually expressed as a combination
of two terms: the concentration term f(C) and temper-
ature function f(T).24.510

tye O F(C)F(T) (5)
The gelation rate is usually considered as the inverse
of the gelation time (tfell) which is measured by the test
tube tilting method®-540-12 for different polymer con-
centrations at different temperatures. In Figure 8 the
gelation rate is plotted with the PVF, concentration at
the indicated temperatures. The extrapolation of each
curve to the zero gelation rate yields the critical gelation
concentration (C::a) which is an important parameter
to analyze the gelation rate.210

The Concentration Function: Macroscopic Mech-
anism. An analysis of the concentration function of the
rate expression usually yields the macroscopic mecha-
nism of gelation.> At a fixed temperature

t 0 F(C) (6)
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Figure 9. log t;el, vs log ¢ plot of PVF,/diethyl adipate gel at
the indicated temperatures.

Table 2. C* and Exponent “n” Value for PVF,—DEA Gels

Tgel, °C C*, g/dL n

33 0.50 0.44
40 0.70 0.34
45 0.85 0.38
50 0.95 0.42
55 1.10 0.39
60 1.30 0.46
avg. 0.41
st. dev. 0.04

However, f(C) is equal to ¢", where ¢ is the reduced
overlapping concentration:

¢ =[{C — Cr_o(MHC ()]

and is analogous to the p—p. term of the percolation
theory.3233 In Figure 9 the logarithmic plot of t_; and
¢ are shown and it is apparent from the figure that
straight lines are obtained at each temperature. The n
values are measured from the least-squares slope of
each plot and are presented in Table 2. From the table
itis clear that n values lie between 0.38 and 0.46. These
values are very much close to 3 (0.45) for the percolation
in a three-dimensional lattice.323% Therefore, the present
data lend support to the theory that the three-dimen-
sional percolation is a suitable model for the gelation
also in this system.245

The Temperature Function: Microscopic Mech-
anism. Analysis of the temperature coefficient of the
gelation rate may provide a detailed molecular mech-
anism of gelation.> When the PVF; solution is cooled,
it adopts an ordered TGTG conformation which is
stabilized by a polymer—solvent complex formation, as
discussed earlier. This ordered conformer then produces
fibrillar crystals as evidenced from the SEM and TEM
pictures of dried gel (Figure 1). The gelation process
in this system can, therefore, be presented as

coil — TGTG conformer —
o-crystal (fibrillar gel) (7)

In the following sections we shall analyze the data of
the gelation rate for both the processes.

Formation of the TGTG Conformer. The rate
constant (K) for the transformation of the coil-to-TGTG
conformer may be treated similarly to that of the coil-
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Figure 10. A representative Hoffman—Weeks plot of PVF,/
diethyl adipate gel (7.2 g/dL) to obtain the equilibrium gel-

melting temperature (Tgm) and equilibrium dissolution tem-
perature (TY).

to-helix transition of a dilute aqueous collagen solu-
tion.34

K = const. exp(—A/KTAT) (8)

Since in the gelation process the first step is conforma-
tional ordering, at a particular concentration

tyo = const. exp(—A/KTAT ) (9)
where A = 20AF/AS, o is the surface energy arising due
to the formation of a new surface in the ordered
conformer, AF is the free energy of activation to produce
the ordered conformer, and AS is the overall entropy
change for the conformational ordering. ATge = Tgm -
T, where Tgm is the equilibrium gel-melting tempera-
ture. To obtain the Tom, the Hoffman—Weeks® proce-
dure is applied and a representative plot is shown in
Figure 10. The gel-melting temperatures are deter-
mined by DSC at each gelation temperature for a fixed
gelation time (3 h) in each case. As evidenced from
Figure 8, above 60 °C no gelation rate could be mea-
sured because at those temperatures no gel is detected
within a reasonable time period (24 h) but solution
crystals are produced. So the Hoffman—Weeks plot of
the solution crystals produced at higher temperatures
are also presented in Figure 10; an extrapolation of this
line to the T, = T¢ line yields the equilibrium dissolu-
tion temperature (Tg). Thus, it is interesting to have
two equilibrium melting temperatures (T;,, and Tg) in
the same system. The Tgm represents the equilibrium
temperature when the network structure breaks.
Though crystals act as junction points, the equilibrium
dissolution temperature is different from the equilibri-
um gel-melting temperature. This is because the criti-
cal gelation concentration (C*) increases with an in-
crease in T, and at higher T though crystals are
produced, no gel is produced. In other words, the
crystals which constitute the network structure are
strained crystals and have much lower equilibrium
melting than the solution crystals which are strain-free.

In Figure 11 plots of Iog(t_el,) versus 1/TAT for three
different concentrations of t?‘le solution are presented.
The straight line nature of the plot supports the theory
that conformational ordering is the first step in this
process. From the least-squares slope values the values
of AF are calculated using AS = AHY/C, [AH? = the
enthalpy of fusion per repeating unit of PVF; (1.6 kcal/
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Figure 11. log t vs 1/TATg plot of PVFo/diethyl adipate
gel at three different concentrations: @, 10.8 g/dL; A, 7.2 g/dL;
O, 4.7 gldL.

Figure 12. A model for the formation of fibrillar crystal from
solution.

mol) and C, is the chain characteristic ratio of PVF;
(5.5)1%° and o =1.38 kcal/mol® and are presented in Table
3. From the theoretical calculation of Farmer et al.3®
the potential energy (PE) barrier between the highest
and lowest energy of the conformer is equal to 9 kcal/
mol. Thus, the AF values presented in (Table 3) are
almost in the same order as those with the theoretical
PE barrier values.

Formation of Fibrillar Crystals in the Solution.
In Figure 12 a model for fibrillar crystallization is
presented.3” The free energy of formation of the fibrillar
nucleus of lateral dimension d and length | in the
polymer melt may be expressed as

AG = 4ldo, — d’lAg (10)

where os is the surface energy of the fibrillar crystal
and AG is the bulk free energy of the crystal per unit
volume. In a polymer diluent mixture it can be ex-
pressed as

AGy, = 4ldo, — d?lAg — kT(d/by) Inv,  (11)

where the last term is an entropy contribution to the
free energy arising because of the dilution of the
crystallization unit by the diluent. v, is the volume
fraction of the polymer, by is the molecular width of the
crystalline sequence, and k In v,(@) indicate the prob-
ability of selecting a number of d/by crystalline se-
guences of length I from the mixture.®® Assuming the
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Figure 13. (In ty; — 0.123T¢/AT) In v, vs Tg/TAT plot of
PVF,/diethyl adipate gel for indicated concentrations. A, 10.8
g/dL; @, 7.2, g/dl; O, 4.7, g/ dL.

length | to be constant, the energy barrier for the
formation of the fibrillar nucleus may be obtained by
minimizing AGg; with respect to d (i.e. SAGg;/dd = 0.38:39
This yields the critical lateral dimension:

* = 20/Ag — (KT/2bylAg) In v, (12)

Putting the d* in eq 11, the energy barrier for the
formation of the fibrillar nucleus:

AGy, = 4lo2IAg — (20kT/byAg) Inv,  (13)

The bulk free energy of fusion (Ag) may be approxi-
mated to*°

Ag = AHIAT/TS

where AHS = the enthalpy of fusion per mole of the
crystallizing unit and AT = T — T where T is the
melting point of the crystalline phase in the mixture.
Hence,

AGy = 4o TYAHIAT — 2 (0 kTTYby AHIAT) In v,
(14)
Using the Lauritzen—Hoffman expression,*° the growth
rate of fibrils can be written as
G = G, exp[—G,/KT] exp[—4lo TYKTAHAT +
(20, TYbAHIAT) In v,)

Taking G = the gelation rate (ty;

logarithmic form

) and rearranging in

1 — 20, TYbAHIAT) In v, =

Int,

A — 4o *TYKTAHIAT (15)
where A = In Gy — Go/KT. Thus, a plot of the lhs of eq
15 with TS/TAT should yield a straight line. In Figure
13 plots are shown and in each case straight lines are
observed. This indicates that the gelation rate is also
proportional to the growth rate of the fibrillar crystal.
Taking os = 12.2 erg cm~2 41 and AH? = 2.01 x 10° erg
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Table 3. Kinetic Parameters for Conformational
Changes and Crystallization Process of PVF,—DEA Gels

conc., T A, AF, TS, 1, AG*,

g/dL °C  kcal/mol  kcal/mol °C A kcal/mol
4.7 106 143.1 15.1 146 65 16.6
7.2 108 149.0 15.7 1475 65 16.2

10.8 110 158.9 15.7 1495 71 16.7

cm~3 42 the length of the fibrils are calculated from the
slopes and are presented in Table 3. It is about 65 A
and is almost constant with concentration.

It is now pertinent to calculate the energy barrier for
fibrillar crystallization from eq 13 and these values are
presented in the Table 3. It is apparent from the table
that the energy barrier values for both the processes
(conformational ordering and crystallization) are almost
equal to each other. So it can be concluded that gel
formation in this system is a concerted process, of
conformational ordering and fibrillar crystallization.

Conclusion

From this study it may be concluded that PVF; gels
in diethyl adipate producing a-phase PVF; crystals with
a fibrillar morphology. The X-ray and FT-IR spectra
indicate a solvated TGTG conformation of PVF; in the
gel. The intensities of the X-ray diffraction peaks are
mostly different from those of the melt-crystallized
sample. The gels are transparent and thermodynamic
study indicates polymer—solvent complexation which
inhibits the chain folding. The phase diagram of this
gel indicates compound formation with an incongruent
melting point. Analysis of the kinetic data indicates
that the gelation process obeys a three-dimensional
percolation model.

The theory of fibrillar crystallization in the melt has
been extended to a polymer solution and the gelation
rate has been analyzed with this extended theory. The
fibrillar length was found to be 65 A, and from a
comparison of the energy barrier values of the two
processes it has been concluded that the gelation of this
system is a concerted process, of conformational order-
ing and fibrillar crystallization.
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