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Abstract

In this work, the phase separation and gelation behaviors in poly(vinylidene fluoride)/tetra(ethylene glycol) dimethyl ether (PVDF/TG)
solutions were studied through the time-resolved light scattering and the gelation kinetic analyses. Combination of the phase diagram and the
results of gelation kinetics shows that the gelation behaviors in PVDF/TG solutions could be separated into three diverse regions. According
to the initial thermodynamic conditions, one can divide the gelation processes into two major parallel reactions. At the gelation temperature
above the spinodal temperatyfie> T;), the gelation should be virtually independent of phase separation and then the gelation should occur
in terms of bimolecular association and pure crystalline nucleation. WherT,, the crystallization and phase separation occur simulta-
neously and the gelation depends on the kinetic conditions of two competitive processes. Two gel regions could be separated by a kinetic
transition concentratiorGy.,sWhich is obtained from various rate-determining mechanisms at the gelation temperaturd b&idven the
lower concentration PVDF solutions undergo spinodal decomposition, the phase separation is the rate-determining step on the gelation and is
known as diffusion control. Meanwhile, the nucleation or reaction control is the rate-determining step for the higher concentration ones,
indicating that the influence of phase separation on the gelation behavior may be weakened when the concentration is increasgg,beyond
© 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction which undergoes a gelation simultaneously with phase
separation. Their results suggest that when gelation and
Thermoreversible physical gel is a three-dimensional phase separation occur simultaneously the kinetics and
network of polymer chains cross-linked by physical associa- morphology depend on the location of temperature and on
tion. It is well known that many factors affect the gelation the rates of phase separation and gelation. Similar results
behavior of polymer solution, such as the temperature, thehave also been found for PVDF/PMMA blends [9]. This
concentration of polymer, and the type of solvent used [1-3]. study applied the concept of the kinetic analysis of two
Therefore, it is of considerable interest to undertake the competitive processes to interpret the crystallization affected
kinetic study of how the structure forms during gelation. by the liquid—liquid phase separation. However, there are no
Generally, three fundamental mechanisms could be consid-quantitative analyses for the influences of thermodynamic
ered for the gelation behavior, i.e. the liquid—liquid phase and kinetic conditions on the initial gelation behaviors.
separation by spinodal decomposition [4,5], the liquid—solid  In this work, the relation between the phase separation
phase transition by crystallite formation of the polymer behavior and gelation kinetics in PVDF/TG solutions was
chain segments [6,7] and the percolation type associationfirst studied. The mechanism and characterization of gela-
[8]. Actually, the mechanisms of structural formation for tion and the dependence on temperature and concentration
polymer physical gels are so complex that the extremely are also discussed in this work.
subtle gelation phenomena have still have not been fully
elucidated. Ransil et al. [4] have studied the kinetics of

spinodal decomposition in gelatin/water/methanol mixture, o Experimental
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15 2.2.3. Time-resolved light scattering

The measurement was carried out using a Malvern series
4700 apparatus; the light source was a 25 mW He—Ne laser
with a wavelength of 633 nm with vertically polarized light,
which was focused on the sample cell through a tempera-
1.0 + ture-controlled chamber (the temperature being controlled
to within +0.1°C) filled with distilled water. The hot homo-
geneous solutions were quickly quenched in a water-bath at
constant temperature and then kept for 1 min to stabilize the
solutions before light-scattering measurements. The time

tge|'1( min™)

0.5 1 dependence of scattered intensity during the isothermal
phase was measured using the step-scattering measurement
] ¢ in the scattering vectormy range of 2012x 10 °cm ! =
q=2674x10 °cm ! [q= (4wn/)) sin(6/2), where 6 is
0.0 - the scattering anglay is the refractive index of the medium

and A is the wavelength of incident light].
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Fig. 1. Apparent gelation ratgg as a function of concentrations for PVDF/

TG solutions at various temperature®)30°C; (O) 40°C; () 60°C; (¢ S .
70°C; () 80°C. P ) ©) ) ©) 3.1. Kinetics of gelation

Aldrich Chem. Co., USA) was used in this work. The The apparent gelation rate is obtained from the reciprocal

solvent, tetra(ethylene glycol) dimethyl ether (TG) was of lgelation Itimevtgely V¥hiCh ;18 theltimej requi;ed for the
first dried by using 3 Amolecular sieve and then filtered POYMEr SO utions to form the gels. Fig. 1 SNOWS l@é

by using 0.02um Teflon filter for removing dust. The values of the PVDF/TG solutions as a function of polymer
homogeneous PVDF solutions were prepared by dissolving concentration at various gelation temperatures. The result

the PVDF powder at 18C in sealed test tubes which were shows that thege increases with increasing concentration
then quenched to the ambient temperature for measure-and with decreasing temperature. In order to determine the
critical concentration for gelatiorGge, which is an impor-

ments. tant parameter to understand the mechanism of gelation, all
curves in Fig. 1 were extrapolated to zero gelation rate. The
2.2. Measurements Cqel Value apparently depends on the gelation temperature.
. Generally, the gelation of polymer solutions should tack
2.2.1. Gelation rate place above the chain overlapping concentrati@,

Firstly, PVDF solutions with various concentrations in - oykura et al. [10] have studied the gelation of PVA in a
sealed test tubes were kept in an oven at’@8for about  pmsO/water mixture and pointed out that the chain overlap
1 h to make the solutions homogeneous before measuringconcept can be applied to gelation from a homogeneous
Then the hot solutions were quickly transferred into a water polymer solution and th€* or Cie Was considered to be
bath kept at a given temperature, controlled withi@.1°C. independent of temperature. However, t8& value is
The test tube tilting method was used for determining the gisagreeing with th€; value and depends on the tempera-
gelation time {e), which was defined by observing the tyre for PVA gels formed at certain temperature region
cessation of the solution flow inside the test tube when it implying that the liquid—liquid phase separation or spinodal
was tilted. The reciprocal of gelation time of the solution is decomposition may strongly affect the gelation behavior.
referred as the apparent gelation ragg, According to the observations in PVA solutions as

mentioned above, the gelation process of the PVDF/TG
solution may also be concerned with the liquid—liquid
ephase separation. In this work, the gelation rate of PVDF/
TG solution depends on the concentration and also on the
gelation temperature. Hencéer can be expressed as a

2.2.2. Gel melting temperature

The test tube upside-down method was used to determin
the gel melting temperaturel§) of PVDF gels prepared
from various concentrations. The solutions were prepared o ; .
in sealed test tubes and heated until they turned homo_comblnanon of the concentration and temperature function
geneous. The solutions were quenched t6C3for one [11.12]
day to' form gels. The test tube with Fhe gel \ivas kePlt upside t§e1| oc f(C)F (T) D
down in a thermostat oven at a heating rate“@ iin - so
as to allow even heating. The temperature at which the gelln order to give a general character of the concentration
begins to flow was defined as tfi& of the gel. function, the reduced concentration and the expoment
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Fig. 2. logtge versus lo§(C — Cge)/Cyeil plot of PVDF/TG gel at 3€C.

should be introduced. Therefore, at a given temperature R(@ =
the gelation rate can be given as a general relationship by

writing

tgel o< [(C — Cge)/Cgell” 2
wheren is an exponent value depending on the gelation
mechanism.

Fig. 2 shows the double logarithmic plots tgﬁ as a
function of reduced concentration at°8) Two different

rate-dependent regions were found at low and high concen-

trations and then values, obtained from the slope of each

concentration region, are about 1 and 2, respectively. This
discrepancy may be ascribed to the fact that the gelation
behavior in PVDF/TG solution possesses various kinetic
processes. Ohkura et al. [12] studied the gelation rate on

PVA solution and reported that the exponents value “2”
could be regarded as the binary association of segments i
the cross-linking loci. However, it is presently difficult to

explain the physical meaning of the exponent value “1” for

Table 1
The critical gelation concentratiog, transition concentratioyaand
exponentn values for PVDF/TG gels

Tgel (°C) Coer (g dl™h? Crrans (9 dI™)° n N

30 13 7.7 1.18 2.17
40 1.6 9.5 0.95 2.15
60 4.5 12.5 0.98 1.97
70 7.0 15.8 0.93 1.93
80 12.2 2.00
85 13.0 1.98
90 14.5 1.95
Average 1.01 2.02

2 Obtained in this work by extrapolation tgel, =0.
P The transition concentration was determined from the intersection of
two lines from the plots of Iogg’e} versus l1o§(C — Cgye)/Cyell in Fig. 2.

n
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the gelation process in PVDF/TG solutions. The kinetic
transition concentrationCyans could be determined from
the intersection of two straight lines. These characteristic
values 0fCge, Cyans@andn for the kinetic processes of gela-
tion are summarized in Table 1.

3.2. Spinodal decomposition

As mentioned above, since th&y, value evidently
depends on the gelation temperature, it is likely that the
gelation of PVDF/TG solutions occurs in the heterogeneous
solution caused by phase separation. The spinodal decom-
position mechanism at the initial stage of phase separation
could be described well through Cahn’s linear theory
[13,14]. The scattered intensity is then given as follows:

1(q,1) = I(q,t = 0) exp2R(Q)t] 3

wherel(q,t) is the scattered intensity at a given scattered
vectorg and timet. TheR(q) value which is the growth rate
of concentration fluctuation, is given by

2
chz{— S—sz - ZKQZ}
whereD, is the cooperative diffusion coefficient of polymer
chains in solutionf is the free energy of mixingC is the
concentration of solution, and is the concentration-gradi-
ent energy coefficient defined by Cahn. According to Eq.
(3), the exponential increase in the scattered intensity with
time can be described by a linear theory. Fig. 3 shows the
change in the logarithm of the scattered intensity as a func-
tion of time at various scattering vectors for 3.2 g'dl
PVDF/TG solution at 3. From Fig. 3 the In{ versust
sigmoid curve could be separated into three various regions.
Firstly, the induced period of the liquid—liquid phase
separation was found in which the scattered intensity
shows no remarkable change with time. Then, the scattered
intensity increases exponentially with time. Finally, the
scattered intensity deviates from the exponential relation-

4

ship. This deviation is considered to be a consequence of the
coarsening effect at the later stage of spinodal decomposi-
tion, which has been discussed in many studies [15,16]. The
result in Fig. 3 shows that the In(versust relationship is
indeed linear after the induced time. Therefore, we assume
that this result might be suitable to be described by Cahn’s
linear theory. According to the linear theory described by
Eg. (3), one can estimate the concentration fluctuation rate
R(qg) at a giveng value from the slope of straight line in the
plot of In(l) versust, the slope yielding R(q), as shown in
Fig. 3. Linear results were also obtained for other solutions
with various concentrations and temperatures.

Fig. 4 shows the result &(q)/q” as a function ofj” based
upon Cahn'’s linear theory for 3.2 gd1PVDF/TG solution
at various temperatures. Fairly good linear relationships
were obtained. From the plots and Eqg. (4) one can estimate
the characteristic parameters which describe the dynamics
of the phase separation such as, the apparent diffusion
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Fig. 3. Time evolution of the logarithm of the scattered intensity at various
q measured for 3.2 g df PVDF/TG solution at 3&C.

coefficient, D, = —Dc(9°f/0C?), from the intercept of
R/ at q= 0; g, the most probable wavenumber of
fluctuations that can grow, from the intercept gt at
which R(q)/o? = 0, andg, the most probable wavenumber
of fluctuations that can grow at the highest rajg,being
estimated fromg,, = q./2"2. These calculated parameters
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cannot be directly confirmed. Besides, the experimemtal
values in Fig. 5 correspond well to the calculated values
from the plot of R(q)/? versusg®. This fact directly indi-
cates that the phase separation behavior of PVDF/TG solu-
tions can be described using Cahn’s theory. Fig. 6 shows the
temperature dependence of tig,, value with various
concentrations. From the intercept on the temperature
axis, one can estimate the spinodal temperatige,at
which Dy, is zero. Table 2 also shows this result.
Combining the results in the light scattering and the gela-
tion kinetics, Fig. 7 shows the phase diagram of PVDF/TG
solution. The sol—gel transition curve was determined by
the critical gelation concentration and the gel-melting
curve was estimated by the conventional test tube upside-
down method. From the spinodal curve, it is confirmed that
the phase separation in PVDF/TG solution is an upper criti-
cal solution temperature (UCST) type. The phase diagram
of Fig. 7 is similar to that obtained from PV{butyrolac-
tone solution as reported by Kawanishi et al. [17], which
indicates the uniformity of the gelation behavior. One can
divide the phase diagram into four regions using the sol—gel
transition and spinodal decomposition curves. Infhe Tg
and C < Cg region, the solution is a homogeneous sol.
WhenT < Tg andC < C§e|, the solution should separate
into two distinct phases but the gelation does not occur.
The gel formation without liquid—liquid phase separation
occurs in theT > Ty andC > Cg region. Then, the gela-
tion and phase separation should occur simultaneously in

are summarized and shown in Table 2. In order to checkthe T < T and C > C;e, region. The phase diagram as

such a spinodal decomposition, tRéy) value was plotted
as a function ofg as shown in Fig. 5. The result clearly
shows a peak in all the plots, except in that the 3.27g d
solution. For this concentration, tteg, value in the early
stage exists outside the measuring region, thereforg,the

5

L 140°C
3] ]
2] ]
1 ]

0 T I T I L) L) l T l T

5
135°C
4 -

| T -

3

R(9)/q°X10"(cm? sec)

2 -

1 -

e

PR B |

0 A ——T
0O 3 6 90 3 6 9

92X10"%cm?)

Fig. 4. Plot ofR(q)/of versuso? for 3.2 g dI't PVDF/TG solution at various
temperatures.

mentioned above, mainly revealed two kinds of gels accord-
ing to the difference in the thermodynamic driving force.
One is pure liquid—solid phase transition or crystallization
intheT > TgandC > Cge, region, the main junctions in the
gel network are crystallites in nature [18]. On the other
hand, the liquid—liquid phase separation proceeds and
then the gelation/crystallization follows Ih < Tg andC <

C;e| region, since the liquid—liquid phase separation always
takes place below the spinodal temperature in the UCST
phase diagram. However, the gelation behavior in this
region should become much complex because it is not possi-
ble to quantitatively investigate the gelation behavior
simultaneously with phase separation by the equilibrium
thermodynamic phase diagram. Therefore, we will further
discuss the gelation kinetics in this region. The kinetic tran-
sition curve which is obtained b;..siS supplemented into
the phase diagram of Fig. 7. Now, below the sol—gel transi-
tion curve the phase diagram could be divided into three
distinguishable gelation regions labeled as Gel(1), Gel(2)
and Gel(3). For the Gel(1) region, the gelation occurs
above the spinodal temperature. For the Gel(2) region, the
gelation occurs simultaneously with liquid—liquid phase
separation and the kinetic characteristic exponent value is
approximately equal to 1. For the Gel(3) region, the
gelation behavior and the thermodynamic condition is
similar to Gel(2), but the kinetic characteristic exponent
is equal to 2.
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Table 2
Characteristic parameters describing spinodal decomposition of PVDF/TG solution
Conc. (g dI'®) Temp. (C) Dapp ( X 10 cm?fs) 0 (x10°cm™} Om (X107 °cm™} 0l (x10°s71Y Ts (°C)
3.2 30 3.56 2.67 1.89 2.53 76
35 3.17 2.82 1.99 2.52
40 2.72 2.78 1.97 2.10
45 2.40 2.80 1.98 1.88
4.2 30 3.54 2.84 2.01 2.85
5.8 30 5.06 3.05 2.16 4.70 82
40 4.54 3.02 2.14 4.14
50 3.20 3.01 2.13 2.9
60 2.16 2.86 2.02 1.77
8.7 30 7.87 3.13 221 7.71 78
40 7.36 3.12 2.20 7.16
50 5.97 3.10 2.19 5.74
60 3.39 2.96 2.09 2.97
18.5 45 61.23 3.27 231 65.47 71
50 50.25 3.19 2.26 51.13
55 35.43 3.16 2.23 35.38
64 18.51 3.12 2.21 17.67

2 The characteristic rate of the spinodal decomposition proegss: Dappqg.

4. Discussion the liquid—solid phase transition by crystallite formation
of the polymer chain segments. According to the pervious
4.1. Gelation characterization in the Gel(1) region reports [18,21], the PVDF/TG gel gave thephase crystal

structure containing two polymer chains with TGtanfor-

It has often been reported [19,20] that the formation of a mation in a unit cell. Hence we may presume the gelation
three-dimensional physical network in polymer solution mechanism in Gel(1) region. The kinetics of gelation
through cross-linking process may be treated as a consecuprocess can be modeled as a consecutive chemical reaction.
tive chemical reaction. Then, the intermolecular associa- In this model the first step involves the two random coil
tions should overcome the activation energy barrier to chains in a solution which gather together to constitute an
form the junction points in the gel network. As stated order domain, e.g. TGTG@&onformation, this step can be
earlier, the gel formation without liquid—liquid phase described as the elementary reaction. These order domains
separation occurs in the Gel(1) regioh > T, and C > act as “nuclei” for the growth offibrils, leading to the forma-
C;e,). Therefore, the gelation may occur directly through tion of junction points in the gel network. Hence, the gela-

tion mechanism in Gel(1) region may be represented

25 schematically as [19]:
30°C

= 2(polymer segmen}sk'i nuclei— cross-link 5)

20 ~
wherek, is the nucleation rate constant. Assuming that the

15 4 216 8.7 gldL formation of nucleus is the rate-determining step in the

gelation process, and the rate of overall reaction is governed
just by the rate at which the nuclei are formed in this first

step. According to the mass action law the rate equation of
the overall reaction is

.
N
=4
-
-

R(q) X10%( sec”)

/).

5.8 g/dL

1.89
® N2

42 g/dL lGey = kn(c - Cgel) (6)

3.2 g/dL

0 +——r——1+1—1"T1"——

16 18 20 22 24 26 28 30 wherer_Gem) is ratg for the formatiqn of cros.s—linking.points
q X10'5(cm'1) per unit volume in the Gel(1) region ar@, is the critical
gelation concentration at a given gelation temperature. One
Fig. 5. Variation of growth rateR(q) of spinodal decomposition witky can discuss the details of the rate constianty the steady-
measured for various concentrations at@0 state nucleation theory [22]. The rate constant of nucleation,
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k., is approximately given by

vl (2]

whereEyp is the free energy of activation for transport across
the liquid—solid interfaceAG" is the Gibes free energy of
formation of a critical nuclei from a solution, R is the gas
constant, k is Boltzmann’s constanT, is temperature ankl

is a constant. If the thermodynamic potential barrier of
nucleation determines the nucleation rate rather than the
activation energy of the polymer segments that diffuse
across the liquid—solid interface, i.AG"/kgT > Ep/RT,

D

=)

RT 0

140
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© 100
o ]
*S 80 - Gel (1)
[ J
g
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20 I || 1

5 10 15
Concentration (g/dL)
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Fig. 7. Phase diagram of PVDF/TG solutio®)(sol—gel transition curve,
which was obtained fronCg;; (¢) spinodal curve; &) gel melting curve;
(m) kinetic transition curve, which was obtained fra,.s
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)

For the gelation from crystallization, the polymer chains
have to form intermolecular association, which is structu-
rally reminiscent of the fringed micelle model. The free
energy of formation of the fringed micelle nucleus in poly-
mer solutions has been suggested by Pinnings [23] and the
thermodynamic barrier for the formation of critical nuclei,
AG", can be obtained from following equation:

we may write

—AG"

k, =k’ exp(

32008 — (16@)0Zks T In(vp/X*)T5

AG*
ARZAT?

©

We substitute Eq. (9) into Eq. (8) to obtain the rate constant
of nucleation

AT) = 320,0¢ — (18@)okgT IN(Vy/X*?)

-AMTE

o 10
Kg ARZTAT? (19

k, =K exp[

where

wherea is the cross-sectional surface area of a chainand
andosare the surface free energies of the interfacial and the
lateral per unit area, respectively. The logarithmic term
represents the entropy of nucleation and arises from the
spontaneous occurrence of a number of polymer chains
localized by the nucleus is the number of segments of
polymer chain and, is the volume fraction of the polymer.
The parameteb (0 =< 6 = 1/2) was introduced to express
the localization free energy of the chains protruding from
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0.0 -k .
homogeneous-solutie® heterogeneous-solution

n=0.91 o , Ko (12
2(molecular chains in polymer-rich domaigs nuclei

n=0.97
— cross-link

wherekp is phase separation rate constant. As mentioned
-0.6 - above, the kinetic characteristic exponent of the gelation
process is about equal to 1 in the Gel(2) region. To see
whether this characteristic exponent depends on the phase
separation, we plot the characteristic rate of phase separa-
tion in the early stages” = Dape, as a function of
reduced concentration on a log—log scale in Fig. 9. An
examination of Fig. 9 reveals a good straight line with a
slope quite close to 1. This result clearly suggests that the
gelation in the Gel(2) region is basically controlled by a

* * phase separation process. Since the phase separation is the
|°9[(C'Cgel )/ Cgel ] rate-determining step in the gelation process, the rate equa-
tion could be given as

log 10'1 (min'1)

1.2 e e s S
05 00 05 1.0 15

Fig. 9. Plot of logro * versus lo§(C — Cyep)/Cell for PVDF/TG solutions at
the indicated temperature®) 30°C; (M) 40°C. rcekz) = Ko(C — C;el) (13

This rate equation also indicates that the diffusion of poly-
mer chains into polymer-rich domain from homogeneous
solution can be similarly discussed by unimolecular hetero-
geneous reaction in solution. Considering that the driving

force for the diffusion of polymer chains is due to spinodal
](C — c;e.)z (11 decomposition. Hence

the interface. Hence@,‘e} can be expressed by

2
t.01_'e|1 o Ieyy) o K’ exp[ IM
kp oc 70" = Dapglle (14)

Fig. 8 shows a semi-logarithmic plot of 151,} as a func-
tion of TZ/[T(AT?)]. Good linear relationships were

obtained, indicating that the gelation in this region is

According to the linear theory of spinodal decomposition,
the D,pp and g are given as

confirmed by kinetic aspects, and that the mechanism of ; _ 9\ ,  9%/0C? 1
gelation is bimolecular association, controlled by the crys- —arp A\ agc2 ) c 2K (15
talline nucleation rate.
thenkp could be rewritten as
. o . De [ 8% \°
4.2. Gelation characterization in the Gel(2) region kp oc e\ 7c2 (16)
K

In the Gel(2) region the liquid—liquid phase separation On the other hand, Van Aartsen [24] suggested that the
should always occur because of the thermodynamic driving y2f/9C? could be expressed by

force,9*f/0C* < 0. One can consider that the gel formation

in this region was crystallization combined with liquid— ﬂ _ ZE( — 1) (17)
liquid phase separation. This is considering that the phase dC? Vi AT XT

separation takes place anteriorly and then followed by crys-
tallization. Hence, the gelation mechanism in this region

may be based on the analogy of heterogeneous reaction
For a general idea of the heterogeneous reaction, it would
be expected for a mechanism in which the first step involves
the process that polymer chains diffuse to create the poly-

where yt is the polymer—solvent interaction parameter at a
given temperaturdl and v, is the molar volume of the
solvent. We substitute the interaction parameiess A +
(Bv4/RT) where A and B are constants, into Eq. (17) to
obtain

mer- and solvent-rich domains. The nucleation of polymer ﬁ — 7B T _ 1 (18)
chains in the polymer-rich domain must be faster than that 9gc2 — TS

in the solvent-rich domain. Hence, the contribution of . .

solvent-rich domain on the gelation process may be Substitution of Eq. (18) into Eq. (16) leads to
neglected. The rate equation can be deduced if we introduce D, B T 1 2 19
the phase separation process into the consecutive reaction.ko . 2K (_S 19
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whereD. is the cooperative diffusion coefficient aiigis the
spinodal temperatur®, can be evaluated using the Stokes—
Einstein relationD, = kg T/6wmo&, whereng is the solvent
viscosity and¢ is the correlation length. The temperature
dependence of)y can be examined through the Arrhenius
relation: ng oc exp(E/RT), where E, is the activation
energy. Finally, the gelation rateg’e}, is proportional to

10
1@
9 -
e 8 _- Early stage of spinodal decomposition seetitt
E 7 - T Gel formation
4 twl
6 000000000 the d intensity i
b with time and the Slope = 2R(q)
5 . T . T .
0 750 1500 2250
10
1{(b) e
9 e .
Early stage of soo®”
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Fig. 11. lllustration of the relationship between phase separation and gela-
tion behaviors: (a) 18.5 g dt solution at 40C (in Gel(3)); (b) 5.8 g dI*
solution at 40C (in Gel(2)).
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I'ceii2) and is represented by the following equation

2 2
BkBT(T _1) exp(

3mék \ Tg
The influence of phase separation on gelation is borne out by
Fig. 10, which shows a semi-logarithmic plot of
In{ tgel/[T(T/Ts — 1)1} as a function of 1T from Eq. (20).
It is clear that the observed values are very well fitted by
straight lines for PVDF/TG solutions at the concentrations
of 6 and 7 g dI'%, indicating that the gelation behavior in the
Gel(2) region is controlled mainly by thermodynamic driv-
ing force for the spinodal decomposition. On the other hand,
a variance in the experimental result for concentrated PVDF
solutions, 15 and 17 g dt. This discrepancy may be attrib-
uted to the fact that the mechanism of gelation is not deter-
mined by the first step of phase-separation control in
concentrated solutions.

-E,
RT

)(C - Céel)
(20)

-1
tgel o€ Igelo) ©C

4.3. Gelation characterization in the Gel(3) region

As discussed above, the slow phase-separation step
followed by rapid nucleation process has been said to be
diffusion controlled, because the rate of overall reaction is
the same as the rate of the initial step of phase separation.
On the other hand, the gelation behavior may be similarly
described by the crystalline nucleation control, since the
kinetic characteristic exponent is equal to 2 in the Gel(3)
region. If the spinodal phase separation of concentrated
solution is too fast compared with that of the nucleation in
the second reaction, the concentration of polymer-rich phase
must increase rapidly and then reach an equilibrium concen-
tration. In other words, there must be a rapid pre-equili-
brium of phase separation followed by a slow nucleation
step. In order to obtain more detailed information on the
gelation characteristics of the Gel(2) and Gel(3) regions,
the relationship between the phase separation and the gela-
tion time is shown in Fig. 11. In this result, the light-scatter-
ing measurement was carried out by rotating the test tube to
reduce the effect of inhomogeneity of the sample. Fig. 11(a)
shows the relationship between the phase separation and
gelation behaviors for the Gel(2) region. The data for initial
stage show that the exponential increase in the scattered
intensity with time can be observed and described by Cahn’s
linear theory. With increasing time, the scattered intensity
deviates from the exponential relationship. Comparing the
results with the gelation kinetic, this deviation is considered
due to the gel formation. In this region, the gelation takes
place immediately after the initial phase separation. This
result directly confirms that the phase separation process
is the rate-determining step during gelation and agrees
with the discussion in Section 4.2. As shown in Fig. 11(b),
the gelation in Gel(3) occurs after the phase separation, i.e.
the gel forms beyond the time evolution of spinodal decom-
position from the exponential growth in early stage to
intermediate or late stages. Hence, the scattered intensity
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-0.5 percolation-to-cluster transition can be neglected because
i the system always retains a continuous polymer-rich phase
10 during the phase-separation process. Therefore, the kinetics
of gelation only depends on the concentration of the poly-
1 mer-rich domain. When this condition is satisfied, the
;; -1.5 4 assumption of pre-equilibrium during phase separation can
= . be established.
~ 204 If the nucleation process is the rate-determining step in
‘B ] the Gel(3) region, then the overall reaction rate can be
il written as
£ 25+
E lGe3) = kn(Cponmer-rich_ CSeI)2 (21
-3.0 According to the equilibrium assumption [25] the nuclea-
. tion rate is too slow to disturb the equilibrium homogeneous
35 ———————— solution— polymer-rich phase

0.00 005 010 0.15 020 0.25 * *
T 2/ [ T (AT)Z] (Cpolymer—rich - Cgel) = kﬁ(chomogeneous_ Cgel) (22
m

Fig. 12. Plot of Inty versusTa/[T(AT)?] for PVDF/TG solutions in the Insertion of Eq. (22) into Eq. (21) gives

Gel(3) region at various concentrations (in g%l (O) 15; (@) 17. knk% 5
*
lGel3) = K2 (Chomogeneous_ Cgel)
-D

2 ® N2
deviation from the exponential relationship is considered a = knK“(Chomogeneous~ Cgel) (23

consequence of the coarsening effect at the late stage ofyherek , is the rate constant of the reverse reaction and
spinodal decomposition. For this, we consider that there \« _ ko/k_p is the equilibrium constant for the pre-equili-

are two effects on gelation processes in the later stage ofyjym_ Finally, the gelation rate in the Gel(3) region can be
spinodal decomposition: (1) the concentration in the poly- represented by the following equation:
mer-rich phase reaches the equilibrium concentration; and

. . . . . 2
(2) with time evolution, the phase separation domain struc- -1 oc KK exp —A(MTx
ture caused by the dynamic percolation-to-cluster transition 9~ e® ks ARZTAT2
has been suggested by Hasegawa et al. [26]. In the higher
concentration region, i.e. in Gel(3), the effect of dynamic X (Chomogeneous™ Cgel)2 (29
k,
I
T>T, Nucleation/Reaction control
|
Homogeneous D Initial . :
solution nitial solistion Gelation/Crystallization
D Solvent-rich phase
Polymer-rich phase
|
b L
Phase separation Nucleation

IDiffusion control [Reaction control

Heterogeneous solution Gelation/Crystallization

Fig. 13. Schematic picture of the initial gelation mechanism for PVDF/TG solution. According to the initial thermodynamic conditions, one eahedivid
gelation processes into two major parallel reactions. WhenTs, the gelation should be virtually independent of phase separation and the gelation in terms of
pure crystalline nucleation control. Whén< Tg andkp < k;,, the phase separation process is the rate-determining step on gelationTWh&pandky >

kn, then the crystalline nucleation process is the rate-determining step on gelation.
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In the high-concentration region and in a narrow tempera- concentration is increased more than the kinetic transition
ture range the contribution df on the gelation rate is  concentration.

neglected and th& value can be considered as constant.
Although this equation is a very rough approximation, it
may be used to analyze the data in the Gel(3) region. Fig.
12 shows a semi-logarithmic plot of tglj versus
Tr/[T(AT)"] for Pl\/DF/TG _solutions at the concentration The authors would like to thank the National Science
of 15 and 17 g dI", respectively. The result shows clearly Council of the Republic of China for financially supporting

th.at the gelation ?n the Gel(3) rggion is in 9°°d agreement this research under Contract No. NSC-89-2216-E-011-021.
with the mechanism of crystalline nucleation control and

bimolecular association in polymer solutions.
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