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ABSTRACT: The effects of phase separation on structural characteristics of poly(vinyl chloride)/
chlorobenzene (PVC/CIBz) physical gels were studied through the time-resolved light scattering, pulsed
NMR, and the gelation kinetic analyses. The present study clarifies the characteristics of PVC solutions
at various concentration regions and their influence on the gel structure formed from the spinodal
decomposition of the solutions. According to the physical meaning of the [#]C value capable of expressing
the characteristics of PVC solutions, one can divide the chain aggregation behaviors into four regions
with increasing PVC concentration. (1) At the concentration less than the macroscopic percolation
transition limit, the polymer-rich phase transforms into isolated droplets, and the gelation cannot occur.
(2) When the concentration is close to the critical gelation concentration C;el (ca. [7]C ~ 1.5), the gelation
behavior depends on the competition between transitions of the sol—gel type and the dynamic percolation-
to-cluster type; moreover, the structure and properties of gels are mainly dominated by the evolution of
the later-stage phase separation. (3) At the concentration exists between the C:, and the chain
overlapped concentration C* (ca. [#]C ~ 4), the initial stage phase separation controls mainly the structural
formation of PVC gels. (4) As the concentration is further increased more than [#]C ~ 4, i.e., the overlapping
between chains coils is present in this region, the influence of phase separation on PVC/CIBz gelation
would be weakened. It should be noted that the C* value is higher than the C;, value in this work,
implying that the chain overlapping is not a prerequisite for the gelation of Pvé solutions to undergo
liquid—liquid phase separation. Thus, the aggregation behavior of PVC solutions in region 3 was focused
in order to emphasize the effect of initial phase separation on gelation. As a result, the gelation mechanism

and the structural characteristics of PVC gels can be interpreted well by our proposed model.

Introduction

Thermoreversible physical gel is a three-dimensional
network of polymer chains cross-linked by physical
association. Basically, the gelation behavior of polymer
solution can be affected by many factors such as
temperature, concentration of polymer, and type of
solvent used.1~5 Therefore, the associated kinetic and
thermodynamic studies regarding how the structure
forms during gelation is of great interest to researchers.
Generally, there are three fundamental mechanisms to
be considered for the gelation behavior, i.e., the liquid—
liquid phase separation by spinodal decomposition,®” the
liquid—solid phase transformation by crystallite forma-
tion of the polymer chain segments,®° and the percola-
tion model (a statistical mechanical model of sol—gel
transition).1%11 However, the mechanisms involved with
structural formation for polymer physical gels are very
complex, resulting in difficulties to elucidate fully in
terms of the gelation phenomena.

The analysis of gelation kinetics is one of the most
important aspects of understanding the macroscopic
mechanism of gelation. As far as the percolation theory!?
is concerned, the gel fraction, G, which is the ratio of
the molecular content in a gel macromolecule to that in
the total molecular content, can be expressed by

GO(pP-p) (1)
where p is the conversion factor, i.e., the ratio of the
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actual number of bonds at any given moment to the
greatest possible number of such bonds in the three-
dimensional lattice, p. is the critical conversion factor
required for gelation, and f is a critical exponent (8 =
0.45 for a three-dimensional lattice model). Recently,
according to the aspect of chemical kinetics, Mal et al.1?
have expressed that the gel fraction is proportional to
the gelation rate, and it was used as a satisfactory
lattice percolation model to explain the gelation rate of
poly(vinylidene fluoride) physical gels. However, it is
necessary to mention that this model developed for
polyfunctional condensation of monomers is not the
keystone to the success of physical gelation of polymer
solution, although the experimental results obtained
from this approach clearly support this lattice percola-
tion model. Surprisingly, we have obtained further
understanding of polymer gelation by using the concept
of percolation model to develop a clear structural model
to be applied to the physical gelation of polymer solu-
tion. In other words, it has been demonstrated in this
paper that the percolation-type association for polymer
gelation is the consequence of intermolecular aggrega-
tion between chain coils in a phase separation process.

With various scattering techniques Takeshita et al.13
have already proposed a good model for the hierarchic
structure of poly(vinyl alcohol) gel from the spinodal
decomposition of the solution. Moreover, they qualita-
tively explained a possible mechanism of the gelation
process for PVA solution under spinodal decomposi-
tion.* However, they have not proposed a complete and
clear structural model for understanding the effect of
phase separation on structural formation and charac-
teristics of physical gels. In our previous paper,® it is
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illustrated from the thermodynamic and kinetic point
of view that the essential effects of having crystallization
and phase separation on the gelation of poly(vinylidene
fluoride)/tetra(ethylene glycol) dimethyl ether solutions.
Concurrently, it is clarified that the gelation when
occurred in a phase separation system can be divided
into two regions by a Kkinetic transition concentration,
Cian- As the low concentration solution undergoes
spinodal decomposition, the phase separation is the
rate-determining step for gelation. Meanwhile, the
crystalline nucleation is the rate-determining step for
the high concentration one, indicating that the influence
of phase separation on gelation behavior may have been
weakened. Similarly, the kinetics of spinodal decompo-
sition in phase-separating systems must dominate the
morphology, structure, and properties of the gels,1516
especially in the low-concentration region. Therefore,
the gelation mechanism and its dependence on thermo-
dynamics, i.e., the temperature, and on Kinetics, i.e., the
concentration, should be discussed in detail, and the
relation between the phase separation, gelation behav-
iors of polymer solution, and network structure should
be clarified.

In this work, we first clarified the characteristics of
PVC solutions at various concentration regions and
their influence on the structural formation of gels from
spinodal decomposition process. Then initial phase
separation of the solution was discussed as well to
highlight its effect on structural formation of gels.
Finally, we shall explain the process of gelation and the
corresponding characteristics of hierarchic structure
using our proposed model.

Experimental Section

Materials. Poly(vinyl chloride) (PVC) powder (M, = 2.33
x 105, Aldrich Chemical Co.) was used in this experiment. The
polydispersity index (Mw/M;, = 1.94) was determined from GPC
measurement of a 0.5 g/dL tetrahydrofuran solution of PVC.
The solvent, chlorobenzene (CIBz), was filtered by using 0.02
um Teflon filter (Whatman International Ltd, England: Ano-
top 25 plus syringe filter) for removing dust. The homogeneous
PVC solutions were prepared by dissolving the PVC powder
at 130 °C in sealed test tubes and then quenched to the
ambient temperature for measurements.

Gelation Rate. First, PVC solutions with various concen-
trations containing in sealed test tubes (8 mm i.d. and 10 cm
in height) were kept in an oven at 130 °C for about 1 h to
make the solutions homogeneous before measurements. Then
the hot solutions were quickly transferred into water bath
being kept at a given temperature to be controlled within £0.1
°C. The test tube tilting method was used for determining the
gelation time (tge), which was defined by observing cessation
of the liquid flow inside the test tube when it was tilted, and
the gelation time was monitored just after the test tube was
put into the thermostatic bath. The reciprocal of gelation time
of the solution is defined as the apparent gelation rate, t;ell.

Intrinsic Viscosity. The determination of the viscosity of
dilute PVC solution was carried out using an Ubbelohde
viscometer immersed in a thermostatic water bath to be held
at 30 £ 0.1 °C for 1 h. The intrinsic viscosity, [5], was obtained
by the Huggins equation:'’

t—t,
t,C

=22 = ] + KD’C @

where t is the flow time of the dilute solution, to the flow time
of the pure solvent, C the concentration of polymer, s, specific
viscosity, and k' the Huggins constant.

Time-Resolved Light Scattering. The measurement was
carried out using a Malvern series 4700 apparatus with the
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light source being a 25 mW He—Ne laser. In addition, a
vertically polarized light having a wavelength of 633 nm was
focused on the sample cell through a temperature-controlled
chamber (the temperature being controlled to within +0.1 °C)
filled with distilled water. The hot homogeneous solutions were
quickly quenched in the temperature-controlled chamber at
constant temperature. The time dependence of scattered
intensity during the isothermal phase was measured using the
step scattering measurement within the scattering vector (q)
range between 2.012 x 10 °and 2.674 x 10 5cm™1 [q = (4xzn/
A) sin(0/2), where 6 is the scattering angle, n is the refractive
index of the medium, and 1 is the wavelength of incident light].
In this work, the light scattering measurement was carried
out by rotating the test tube to reduce the effect of sample’s
inhomogeneity.

Pulsed 'H NMR. The measurement was performed by a
MARAN-20 pulsed NMR spectrometer operating at a fixed
frequency 20 MHz. The recovery time of the spectrometer
following a sequence of pulse was 10 us. The spin—spin
relaxation time, T,, was determined by the Carr—Purcell—
Meiboom—Gill (CPMG) method?*® [90°,7(180°27)n](z = 50 us,
P90° = 2.9 us,n = 4096) to eliminate the effect of the
heterogeneity in the static magnetic field. The CPMG pulsed
sequence was available for the long T, samples, e.g., the wet
gels.

To analyze NMR’s decaying signals, the Weibull function

was used to express the decay of the transverse magnetization
intensity, M(t).1%20

M(t) = M, exp[—(1/a)(/'T,)’] ®

where My is a constant proportional to the total number of
the nuclei with magnetic moment, T, is the transverse
relaxation time, and t is the decay time. The a factors are the
shape parameters, which could be disposed to become a hard
(immobile) component and a soft (mobile) component for a =
2 (Gaussian decay) and a = 1 (exponential decay), respectively.
As the heterogeneous gel led to the heterogeneity on the
molecular motion, the CPMG signals could be decomposed into
several decaying components with various T, values, as shown
in eq 4.

M() = ) Mo exp[—(1/a)(tT,)’] @

where M; is the magnetic moment fraction of ith component.

Results and Discussion

Kinetics of Gelation. The analysis of gelation Kinet-
ics is an important step to understand the gelation
mechanism, and it is usually done through the analysis
of the apparent gelation rate. The apparent gelation rate
can be obtained from the reciprocal of gelation time, tgel,
which is the time required for the polymer solution to
form the gel. Figure 1a shows the t_; values of the
PVC/CIBz solutions as a function of po?ymer concentra-
tion at various gelation temperatures. The result shows
that the t;el, increases with increasing concentration
and increases with decreasing temperature. To deter-
mine the critical concentration of gelation, C;e,, all
curves in Figure 1a were extrapolated to zero gelation
rate. The Cg, values at 30 and 40 °C are about 1.9 and
2.1 gdL™%, respectively. Generally, the gelation rate can
be conveniently expressed as a function of concentration.
To provide a general description of the concentration
function, the reduced concentration and the exponent
n should be introduced. Therefore, at a given temper-
ature the gelation rate is expressed as a general
relationship by12.21.22
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B C _ C* | n
tgell O —*Qe (5)
gel

where n is exponent value depending on the gelation
mechanism. Figure 1b shows the double-logarithmic
plots of t;el, as a function of reduced concentration at
various gelation temperatures. From the slope it can be
seen that the n value is very close to 0.45 for the
percolation exponent 8 in a three-dimensional lattice
model.!! In this work, the exponent values are quite
different from those in our previous study for the
gelation of PVDF/TG solutions; i.e., the exponent value
is “2” for bimolecular association in the cross-link
process®??2 and “1” for the diffusion of polymer chains
in the phase separation process. The n value of 0.45 is
similar to that reported by Nandi et al.122! for the study
of PVDF gels. To understand the relation between the
kinetic exponent “n” and the corresponding gelation
mechanisms, we may consider that the gelation process
exists a competitive situation of these phenomena as
stated above. For PVC/CIBz solutions, the gelation
depends on the formation of three-dimensional percola-
tion structure, implying that the gelation may be related
to the phase transition after the collection of finite
clusters to become an infinitely large network structure.

Generally, the gelation of polymer solution should
take place beyond the chain overlapping concentration
C*. On the other hand, the intrinsic viscosity [y] is a
characteristic function of the single polymer chain in a
solution. Intuitively, the intrinsic viscosity can aptly
reflect the effective hydrodynamic volume of the polymer
chain in a solution because of its unit.23 Hence, Frisch
and Simha?* suggested that the dynamic behavior of
polymer solution could be classified into several regions
using the semiempirical rule based on the interaction
degree between polymer chains. In the infinite dilution
limit, which is defined as a concentration below [7]C ~
1, the polymer chain acts as an isolated coil. If the
concentration of polymer in a solution is raised, the
hydrodynamic screening limit will be reached, and the
relative proximity of neighboring chains allows polymer—
polymer intermolecular interactions to influence the
motion of the polymer chains. Perturbation of the
polymer motion by this mechanism is expected to occur
above a concentration as defined by [#]C > 1. The effect
may be expected to be cumulative up to the concentra-
tion corresponding to the chain overlapping concentra-
tion, where the close packing of polymer coils in solution
exists at the concentration of [#]C ~ 4. Once the
overlapping concentration is attained, the polymer
motion will be dominated by the presence of direct
polymer—polymer interactions. If the increasing con-
centration rises beyond the limit of [y]C ~ 10, the
interpenetration of the polymer coils or the pseudo-
matrix-gel will be formed. To obtain more detailed
information on the characteristics of the PVC/CIBz
solution over a wide concentration regime, the [5]C
value could be employed as a simple, approximate, and
overlap criterion to express the aggregation behavior of
polymer solutions.

Figure 2a shows the #s/C versus C for PVC/CIBz
solution at 30 °C. From the linear relationship in Figure
2a, the [#] value can be obtained from the intercept of
nsp/C at C = 0. According to the semiempirical rules
proposed by Frish and Simha, Figure 2b shows the
apparent gelation rate as a function of the [»]C value
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Figure 2. (a) Plot of the #5,/C versus C for PVC/CIBz dilute
solution. (b) Apparent gelation rate, t;el, versus [y]C at 30 °C.

at 30 °C. Some distinct features can be seen to be
dependent on the [#]C value. At the concentration below
[#7]C ~ 1, i.e., an infinite dilution region, the gelation
will not happen. The gel formation occurs in the
concentration region of 1 < [#]C < 4, where the
concentration range is located within the hydrodynamic
screening region. In this region, the polymer—polymer
intermolecular interactions will begin to affect the
aggregation behavior of polymer chains in solution, and
the apparent gelation rate rises rapidly with the in-
creasing concentration. However, it should be noted that
the polymer solution does not reach the chain overlap-
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ping concentration, C*, in this region. As the concentra-
tion increases beyond the C* (ca. [#]C ~ 4), the polymer
coils start to overlap, and the apparent gelation rate is
almost independent of the concentration. Ohkura et al.25
studied the gelation of PVA in a DMSO/water mixture
and pointed out that the homogeneous solution at the
concentration less than C* could not form a gel, because
the cross-linking points were not capable of connecting
among themselves across the whole system. Therefore,
the chain overlapping is a prerequisite to gelation for
homogeneous solution. In this study, the chain-over-
lapped concept concluded in the gelation of PVC/CIBz
solutions was invalid, because the gelation may occur
in a heterogeneous solution system. In other words, the
liquid—Iliquid phase separation or spinodal decomposi-
tion may strongly affect the structural formation of PVC
gels.

Spinodal Decomposition. The phase separation of
PVC/CIBz solution can be described by the linear theory
of spinodal decomposition which has been applied to
some physical gelation systems,>~7 if the gelation be-
havior is related deeply with phase separation as
discussed above. In fact, the spinodal decomposition at
the initial stage of phase separation should be described
well using Cahn’s linear theory.?627 The scattered
intensity is given as follows:

I(q,t) = 1(g,t=0) exp[2R(q)t] (6)

where 1(q,t) is the scattered intensity at a given scat-
tered vector g and time t. The R(q) value being the
growth rate of concentration fluctuation is given by

2
R(q) = chz{ - % - 2xq2} @

where D. is the cooperative diffusion coefficient of
polymer chains in solution, f is the free energy of mixing,
C is the concentration of solution, and « is the concen-
tration-gradient energy coefficient defined by Cahn.
According to eq 6, the exponential increase in scattered
intensity with time can be described by a linear theory.
Figure 3 shows the change with respect to logarithm in
terms of the scattered intensity as a function of time at
various scattering vectors for 3.9 g dL™! PVC/CIBz
solution at 30 °C. First, the scattered intensity increases
exponentially and then deviates from the exponential
relationship with the lapse of time. From Figure 3, the
slope of the straight line with its number being derived
from eq 6 as 2R(g) can be used to estimate the
concentration of fluctuation rate R(q) at a given value
g. Linear results were also obtained for other solutions
at various concentrations and temperatures.

Figure 4 shows the result of R(q)/g? as a function of
g? for 3.9 g dL~! PVC/CIBz solution at various temper-
atures, contributing to fairly good linear relationships.
From these plots along with eq 7, one can estimate the
following characteristic parameters used to describe the
dynamics of phase separation: (1) such as the apparent
diffusion coefficient Dapp = —Dc(3%f/0C?) from the inter-
cept of R(q)/g? at g = 0, (2) the most probable wave-
number of fluctuations, q;, which can grow from the
intercept of g2 at R(q)/g? at g = 0, and (3) the most
probable wavenumber of fluctuations that can grow at
the highest rate to be estimated from g, = q/2Y2. The
calculated parameters are summarized and shown in
Table 1. Practically, in Figure 3 the gm, which the
growth of scattered intensity is maximal in the early
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stage of phase separation, exists outside the measuring
region at this concentration and temperature conditions.
Therefore, the g, cannot be directly observed. To check
such spinodal decomposition, the R(qg) value was plotted
as a function of q at various temperatures, as is shown
in Figure 5. The result clearly showed a peak in the plot
except the result at 30 °C. Besides, the experimental
gm Vvalues correspond well to the calculated values from
the plot of R(q)/g? vs g2. This fact directly indicates that
the phase separation behavior of PVC/CIBz solutions
could be described using Cahn’s theory. Figure 6 shows
the temperature dependence of Dapp value at various
concentrations. The spinodal temperature Ts can be
obtained with Dypp equal to zero from the intercept on
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Table 1. Characteristic Parameters Describing Spinodal
Decomposition of PVC/CIBz Solution

concn T  Dapp x 10* ¢ x 107° gm x 1075 Ama x Ts
(g/dL) [y#]C (°C) cm?/s) (cm™1) (cm=t)  10%(cm) (°C)
2.0 15 30 20.26 2.75 1.94 3.23
25 18 30 13.60 3.35 2.37 265 50.7
35 10.62 3.12 2.20 2.86
38 8.69 2.59 1.83 3.43
40 6.82 2.42 1.71 3.67
29 21 30 16.32 3.54 2.50 251 513
35 12.00 3.09 2.18 2.88
38 9.68 2.88 2.04 3.08
40 8.72 2.57 1.82 3.45
3.9 29 30 13.93 3.98 2.82 2.23 51.8
35 10.61 3.42 2.42 2.59
38 9.48 3.18 2.26 2.78
40 6.94 2.84 2.01 3.13
54 39 30 18.29 4.02 2.84 221 534
35 13.95 3.71 2.62 2.39
38 11.68 3.35 2.37 2.65
40 9.69 3.23 2.29 2.74

2 The characteristic dimension of concentration fluctuation, Am,
= 27/Qm.
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Figure 5. Variation of growth rate R(q) of spinodal decom-
position with g measured for 3.9 g dL~! PVC/CIBz solutions
at various temperatures: (®) 30 °C; (¢) 35 °C; (a) 38 °C; (W)
40 °C.

the temperature axis using Figure 6, and this result is
shown in Table 1 as well.

To obtain more detailed information on the gelation
characteristics, the relationship between the phase
separation and the gelation time is discussed. Figure 7
shows the relationship between the phase separation
and gelation for PVC solutions with various concentra-
tions at 30 °C. The data at the initial stage of each phase
separation demonstrate that there exists an exponential
increase in the scattered intensity with respect to time
at various concentrations. As time is increased, the
scattered intensity deviates from the exponential rela-
tionship. Comparing the results with the gelation kinet-
ics, this deviation can be attributed to the gel forma-
tion except for the solution with the lowest concentration
([71C = 1.5). In concentration regions [#]C > 1.5, the
gelation takes place immediately after the initial phase
separation. Since the phase separation does not go
through intermediate or later stage’s spinodal decom-
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Figure 7. Relationship between the phase separation and
gelation behaviors for various concentrations at 30 °C.

position, the characteristics of percolating structure at
its early stage are pinned due to the onset of gelation.
This also indicates that the phase separation at the
initial stage controls the gel morphology mainly and
thus makes a direct impact on the structure and
properties of the gels in these concentration regions.
Regarding the concentration at [#]C = 1.5, which is close
to the critical gelation concentration C;e,, the gelation
occurs after the initial phase separation. In other words,
the gel starts its formation process beyond the time
frame of spinodal decomposition period, i.e., from the
exponential growth at the early stage to intermediate
or later stages. Hence, the deviation of scattered inten-
sity from the exponential relationship is considered to
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be attributable to a consequence of coarsening effect at
the later stage of spinodal decomposition. From the
viewpoint of structural design we believe that the
morphological development relating to the later stage
of spinodal decomposition is crucial to the structural
formation of gels at the concentration close to Cg.
With this we believe that there are two effects related

to the gelation at the concentration near the Cge,: Q)
the structure and properties of the gels should be
concerned with the development of the phase separation
domain structure in later stage’'s spinodal decomposi-
tion, and (2) the formation of three-dimensional network
structure strongly depends on whether the dynamical
percolation-to-cluster transition takes place or not. This
transition during the coarsening process of spinodal
decomposition has been suggested by Hasegawas et al.28
from their study on phase separation behavior of the
polymer blend. However, the quantitative investigation
of the kinetic competition between the gelation and
dynamic percolation-to-cluster transition is very com-
plex. Up to now, the critical gelation phenomena have
not been fully elucidated. Studies on this critical gela-
tion region require further works including both theories
and experimentation. In this article, we focus only on
the effects that are related to spinodal decomposition
at early stage in gelation.

As mentioned above, the phase separation process at
the initial stage within the 1.5 < [5]C < 4 region controls
the morphology of gels. The characteristic of percolating
structure at the initial spinodal decomposition is re-
strained due to the onset of gelation. Hence, at the
initial spinodal decomposition process, the characteristic
size of the phase separation domain, Ay = 27/gm, is the
most important parameter used to describe the struc-
tural characteristics of gels in terms of the spacing
between polymer-rich regions. From Table 1, the char-
acteristic size, Am, seems to be dependent on concentra-
tion and temperature simultaneously. According to the
theory concerning spinodal decomposition of polymer
solution proposed by Van Aartsen,?® the characteristic
fluctuation wavelength, An, is theoretically given by

A, = 2;15[3(1 - Tl)]” ®)

where & is the range of molecular interaction, and T and
Ts are the experimental and spinodal temperatures,
respectively. Equation 8 expresses that the A, value
decreased with the increasing of the difference between
the experimental and spinodal temperatures if the
range of molecular interaction is independent of tem-
perature. This theory is rather reasonable in very
concentrated solutions, because it used the Flory—
Huggins relationship to express the free energy of
mixing (the mean-field approximation). In contrast, Van
Aartsen’s equation does not hold in the dilute concen-
tration region since the fluctuation effects are too large
and the mean-field approximation tends to break down.
For this reason we consider such a solution to be a more
or less homogeneous system as [#]C > 1. It may be still
possible to use this relationship to discuss the charac-
teristic size of the phase separation domain. Figure 8a
shows the A, value as a function of [3(1 — T/Ts)] Y2
Fairly good linear relationships were obtained, and the
Am value will be zero at spinodal temperature. From
the plot and eq 8 the & value obtained from the slope of
straight line in Figure 8a is shown in Figure 8b. The &
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Figure 8. (a) Relationship of Am as a function of [3(1 —
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(m) 5.4 g dL1. (b) The range of molecular interaction, &, versus
IC.

value varies slightly from 18.3 to 15.7 nm with increas-
ing concentration. On the basis of the study of critical
opalescence in polymer solution, Debye3°—32 suggested
that the range of molecular interaction’s value should
be equal to the radius of gyration of polymer chain,
assuming that the segment density of polymer coil
follows a Gaussian distribution. Comparing the & value
with the size of chain coil reported in our previous
paper,? this value is very close to the hydrodynamic
radius of PVC coil in dilute solution. Although the
hydrodynamic radius primarily reflects the hydrody-
namic behavior of the polymer coil, the value of &
depends on the thermodynamic quality. However, it is
sufficient to fully relate the actual meaning of interac-
tion range. Therefore, it directly indicates that the range
of molecular interaction corresponds, at least in the
order of magnitude, to the average distance between the
polymer coils in such a solution. This may also imply
that the intermolecular associations between chain coils
play an important role in the initial concentration
fluctuation.

On the other hand, Van Aartsen pointed out that the
& value would depend on the thermodynamic quality of
the solvent, temperature, and most probably on the
concentration. The last point is especially important in
the rather concentrated solutions. When the polymer
concentration is increased beyond the C* ([#]C = 4)
where the coils start to overlap with each other, we may
expect that the range of molecular interaction would
proportional to the mesh size or correlation length. Then
these phenomena can be expressed by a certain scaling
relationship between the range of molecular interaction
and concentration. However, in the present system it
is very difficult to quantitatively explain the concentra-
tion dependence of the & value, because the gelation rate
is so fast to interfere with spinodal decomposition
process as the increasing concentration rises beyond the
[7]C ~ 4 limit. Nevertheless, we could still qualitatively
explain the structural characterization of gels formed
at the 1.5 < [y]C < 4 region through the characteristic



Macromolecules, Vol. 33, No. 26, 2000

1.0 Original CPMG signal (a)
C
0.8 4
4d 0086
0.6 -
e | A0.04
= s
04 4 %02
0.2 4 o004 Y Ny
{ /o 50 100 150 200
. time (ms)
0.0 T I L] r T I T
0 100 200 300 400
time (ms)
3200
' Gel y (b)
2400 i Polymer-poor phase
1600 :
N - e
g; 40 . Pi)lymer-rich phase
ol 35 I
1 T2C
25 i’ ' Junction zone
R '.—._'_l._l_.____.
| |

v T ' 1
1 2 3 4 5
I C

Figure 9. (a) CPMG decaying signals of 5 g dL~* PVC/CIBz
gel at 30 °C. (b) Spin—spin relaxation time T, of each
component as a function of [y]C.

fluctuation wavelength and the range of molecular
interaction simultaneously.

Pulsed NMR Analyses. Recently, the heterogeneous
structures of multicomponent polymer systems (e.g.,
polymer gels, polymer blends, and polymer solutions)
have been studied through pulsed NMR measure-
ments.#33-36 The decaying signals of heterogeneous
materials in pulsed NMR measurement can be decom-
posed into various components having different relax-
ation times, indicating that the difference in chain
mobility must be related to the structural heterogeneity.
In this section, the pulsed NMR analysis is used as well
to investigate the heterogeneous structure of PVC/CIBz
physical gels. Figure 9a shows the CPMG signals of the
5 g dL™1 PVC/CIBz gel at 30 °C. The decaying signals
of PVC gels can be roughly decomposed into three
exponential decaying components. First, the component
A and B are the protons with the spin—spin relaxation
time T, existing in the polymer-poor and polymer-rich
phases, and the T, and T5 values are about 1800 and
35 ms, respectively. The third Gaussian decaying com-
ponent C with a very short T, value (ca. Tg = 1.8 ms)
can be separated from the decaying signals. The samples
begin to exhibit this hard component at C > C’g‘e,. Itis
well-known that the molecular motion with the time
scale of T, ~ 0.01 ms reflects a polymer crystal domain
that has strong dipole interaction between the spins.3’
Actually, we cannot find any T, ~ 0.01 ms component
in the PVC gels with the free induction decay (FID)
analysis® in pulsed NMR measurement, although it is
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carried out using the solid echo pulsed sequence avail-
able for a short T, component, e.g., the crystalline
domain in the gel system. Our previous study?#* also
showed that the wide-angle X-ray diffraction curves for
PVC gels could only present an amorphous scattering
peak, indicating that the crystalline diffraction of mi-
crocrystals in gel network may be too small. Therefore,
we suggest that the syndiotactic PVC sequences in the
polymer-rich phase be associated with each other to act
as order domain. Subsequently, the order domain and
the denser aggregation of chain coils may construct a
junction zone, leading to the formation of gel network.
From the above consideration and the pulsed NMR
results, the component C should be related to the
molecular mobility of the protons in the junction zone,
because the T, value (ca. 2 ms) is the time scale between
the crystalline domain (ca. 0.01 ms) and polymer-rich
phase (ca. 30 ms).

Figure 9b shows the T, values of three components
which are separated from the CPMG decaying signals
for PVC gels as a function of the [#]C value at 30 °C.
The component of the junction zone began to appear at

C > Cy, and the TS values are almost independent of
the concentration, indicating that the molecular mobili-
ties of the protons in the junction zone are similar
regardless of gelation conditions; i.e., the quality of the
junction zone is the same. Figure 9b also shows that
both the T, and T3 values related respectively to the
spin—spin relaxation time of polymer-poor and the
polymer-rich phases decrease with concentration. This
fact may be due to the initial spinodal decomposition.
Because the phase separation of the solutions might not
proceed fully into the equilibrium concentration of two
coexisting phases, thus the concentration fluctuation of
the spinodal decomposition process at the early stage
is still observed. This result also indirectly confirms that
the phase separation process of initial stage at the 1.5
< [#]C < 4 region controls the morphology and makes
a direct impact on the structure and properties of the
gels.

Structural Characteristics of PVC Gels. By using
the various scattering techniques Taleshita et al.1314
have proposed a good model for the hierarchic structure
of PVA gel formed with the spinodal decomposition of
the solution. However, our present study clarifies clearly
the characteristics of various concentration regions and
their influence on the structural formation of gels based
on the spinodal decomposition process. This feature of
PVC gelation is schematically illustrated in Figure 10a.
In the concentration region of [#]C > 1, one can divide
the gelation characteristics into four regions with
increasing PVC concentration. (1) In the concentration
region less than macroscopic percolation transition
limit,3° the polymer-rich phase transforms into isolated
droplets, and the gelation cannot occur. (2) When the
concentration is close to C;e, (ca. [y]C = 1.5), the
gelation depends on the competition between the sol—
gel and the dynamic percolation-to-cluster transitions;
moreover, the structure and properties of gels are
dominated by the evolution of the later-stage phase
separation. (3) At the concentration between Cj,, and
C* (ca. [#]C ~ 4), the phase separation of initiafJ stage
controls the structural formation and characteristics of
gels. The result derived from this concentration region
that agrees with our previous study for the gelation of
PVDF/TG solution; i.e., the phase separation is the rate-
determining step on gelation in the low-concentration
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Figure 10. (a) Schematic picture for the effect of phase separation on structural formation of PVC/CIBz gelation at various
concentration ranges. (b) Schematic model of hierarchic structure shows the effect of initial phase separation on gelation and the
structural characteristic of gel at the concentration region of 1.5 < [y]C < 4.

region.5 (4) When the concentration is further increased
more than [»]C ~ 4, the influence of phase separation
on PVC/CIBz solution would be weakened due to the
chain overlapping effect.

We now turn attention on region 3 to highlight the
effect of initial phase separation on gelation. In our
previous paper,® combining the dynamic light scattering
and viscometric results, we have already proposed an
aggregation mechanism for poly(vinyl chloride)/dioxane
solution to explain the dynamic behavior of the solutions
under phase separation. Similarly, the dynamic behav-
iors of PVC/DOA solutions could also be classified into
three regions based on the [#]C value. In the hydrody-
namic screen region, i.e., 1 < [y]C < 4, the relaxation
time distribution was divided into two major relaxation
modes; i.e., the fast mode is resembled as the individual
PVC coil in the dilute solution, and the slow mode is

related to the cluster formed from the aggregation of
individual coils. When the PVC concentration is further
increased, the third relaxation mode due to the transient
gel network originated from the aggregation of clusters
was observed. At the same time, the fast mode can still
be found, and its diffusion coefficient has no remarkable
change compared with that of individual chain coil in
the dilute solution. With this we can conclude that the
characteristics of intermolecular aggregation between
the chain coils is the consequence of the initial spinodal
decomposition in the semidilute region. Hence, the
intermolecular association between chain coils, which
occurs simultaneously in semidilute region with phase
separation, is considered the most important feature
during the gelation. It is possible to consider that the
process of phase separation induces the aggregation of
the chain coils in semidilute solutions. Then it would
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increase the scattering level by concentration fluctua-
tion. At the same time, the formation of a three-
dimensional network structure should occur in the
polymer-rich domain. If we consider that a chain coil
occupies a lattice in a model of three-dimensional
lattices, the gelation of percolation type could be sug-
gested to describe the gelation behavior in the polymer-
rich domain. Nevertheless, this concept is schematically
illustrated in Figure 10b, and the process of gelation
and the corresponding structural characteristics can be
explained by a proposed model. One of the main
characteristics of the spinodal decomposition at the
early stage is to form the overall connected morphology,
i.e., the spatially bicontinuous percolation structure, and
since the phase separation process was restrained by
macroscopic gelation, we can qualitatively explain the
structural characterization of gels at the concentration
region of 1.5 < [#]C < 4 through the characteristic
fluctuation wavelength, An. For a general idea of
heterogeneous gelation, it would be expected that the
intermolecular cross-linking occur only in the continu-
ous polymer-rich phase because the polymer concentra-
tion in the polymer-poor phase is very diluted, especially
for the present system. Hence, the contribution of the
polymer-poor to gelation process may be neglected.
Furthermore, we applied the concept of the percolation
theory, which has been confirmed by an experiment on
the gelation kinetics to interpret the structural forma-
tion of the three-dimensional network in the continuous
polymer-rich phase. The centers of polymer coils occupy
all sites of a three-dimensional periodic lattice, and then
each bond between two nearest—nearest sites is formed
randomly with probability. This concept would be
rationalized when the gelation takes place near the
chain-overlapped concentration due to the fact that the
concentration fluctuation is relatively small at the early
stage of spinodal decomposition, and it is approximately
equal to the initial concentration. This approach has
been used to reasonably demonstrate that the percola-
tion-type association for polymer gelation is the conse-
quence of intermolecular aggregation between chain
coils in a phase separation process. Figure 10b also
represents schematically the spin—spin relaxation times,
T,'s, originating from polymer-rich, polymer-poor do-
mains, and junction zone in gels.

Conclusion

The present study clarifies the characteristics of
PVC solution at various concentration regions and their
effect on the structural formation of gels with respect
to the spinodal decomposition process. On the basis of
the [#]C value, one can divide the gelation character-
istics into four regions according to their increasing PVC
concentration. Furthermore, we confirmed that the
percolation-type association for polymer gelation is the
consequence of intermolecular aggregation between the
chain coils during the initial stage of the phase separa-
tion process. A proposed model can explain this concept
and its corresponding structural characteristics. How-
ever, it is necessary to mention that the gelation
phenomenon has not been fully elucidated as the
concentration nears the critical gelation concentration.
Investigation of this critical gelation phenomenon re-
quires further work including both theory and experi-
mentation. To understand whether the critical gelation
takes place in the phase separation region, we should
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clarify the two dynamical aspects. One of them is the
sol—gel phase transition process, which may be dealt
with a correlated percolation model, and the other is
the dynamic percolation-to-cluster transition. The latter
has been suggested that it may occur during the
coarsening process of the spinodal decomposition. It may
be expected that the gelation depends strongly on
whether the dynamic percolation-to-cluster transition
takes place or not. In general, the gelation does not occur
once the percolated domain structure degenerates into
isolated droplets.
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