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ABSTRACT: Three blends were prepared from a high molecular weight of poly(vinyl chloride) (PVC)
(My, = 173 000, My/Mp = 2.0) and a low molecular weight PVC (M, = 39 400, M\/M, = 1.7). Dynamic
viscoelastic properties of these PVC blends in bis(2-ethylhexyl) phthalate (DOP) were measured at 40 °C
as a function of polymer concentration, and the effect of long chains on gelation has been studied. The
scaling exponent n at the gel point was found to be constant (=0.75), independent of molecular weight
and molecular weight distribution. The critical concentration ¢y for the sol—gel transition still followed
the relation ¢y O M,,%, which was unchangeable with the molecular weight distribution and was also in
good agreement with the previous results. As a result, ¢y was well expressed by a mixing rule, 1/cy =
Wwi/Cg1 + WalCgz, Where wi is the weight fraction of the component polymer i. The gel strength Sy at the gel
point did not obey the relation Sq O M,,"%, but scaled as Sy O M, to show the effect of long chains on
gelation. In the postgel state, the gel elasticity determined by the quasi-equilibrium modulus G, still
followed the scaling law, Ge U €%, where ¢ is the relative distance to the gel point and z = 2.6 for the (PVC
blend)/DOP samples, but the G values at the same ¢ were observed to be dominated by the long chains

of PVC.

Introduction

The typical gelation of a physically gelling material
is rheologically described by three stages: pregelation
(sol), sol—gel transition, and postgelation (gel). The
following three scaling laws!~7 are applied correspond-
ingly to the three stages of gelation:

no O e’ for pregelation (@)
G ~G"Ow"  atthe gel point )
G, O¢  for postgelation (3)

where 7o is the zero shear viscosity, G' is the dynamic
storage modulus, G" is the dynamic loss modulus, G is
the quasi-equilibrium modulus, o is the angular fre-
quency, ¢ is the relative distance (=|c — cgl/cq, where ¢
is the polymer concentration) to the gel point cg, and y,
n, and z are the scaling exponents for the three scaling
laws, respectively.

We have conducted a series of rheological studies of
poly(vinyl chloride) (PVC) gels to examine the above
scaling laws.8~11 It has been observed that (1) the zero
shear viscosity 7o diverged according to the scaling law
of eq 1 where y was 1.5; (2) the dynamic moduli at the
gel point were characterized by the power law of eq 2
where n was 0.75; and (3) the elasticity evolution beyond
the gel point, expressed by the quasi-equilibrium modu-
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lus Ge, scaled with the relative distance € by the power
law of eq 3 with z of 2.6. It should be emphasized here
that all three scaling exponents (y, n, and z) were found
to be independent of the PVC molecular weight (the
weight-average molecular weight ranged from about
40 000 to 173 000) studied. The PVCs used in the
previous studies®'1 were linear polymers and had
polydispersity indices (My/Mp) of about 2. Also, we
observed that the critical concentration cy for the sol—
gel transition and the gel strength Sy at the gel point
deceased as ¢y 0 Myt and Sy 00 My, 2, respectively. The
molecular weight dependence of cg or Sy suggests that
both the critical gel concentration and the gel strength
are significantly affected by the molecular weight of
polymer. However, it is not studied here how the
molecular weight distribution (MWD) would alter the
scaling laws. As the percolation model? describes the
probability of cluster connections passing through the
system, one may imagine that the longer polymer chains
have a higher probability for the percolation than that
the shorter chains because it can be considered that
some connections exist already in longer chains. On the
other hand, a large portion of free ends of shorter chains
should limit their contribution to formation of the gel
network. No theoretical predictions have been proposed
to deal with the effect of MWD on the scaling laws for
physical gelation.

This kind of interest has motivated us to conduct the
present study on how MWD can influence the scaling
laws for physical gelation. A simple way to broaden
MWD of PVC, is to mix a low MW PVC with a high MW
PVC. Of previously studied PVCs, we selected the
lowest MW one (M,, = 39 400) and the highest one (My
= 173 000) to make the PVC blends for preparation of
three gelling systems with three blend compositions.
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Table 1. Molecular Characteristics of Poly(vinyl
chloride)s (PVC) and Their Blends

PVC4:

PVC PVC17 M/1032 M /103P M,/103P Mn/108° My/MpyP°
PVC4 39.4 58.2 40.0 23.7 1.69
PVC17 173 271 155 77.9 1.99
PVC3-1 31 72.8 185 70.0 28.5 2.46
PVC1-1 11 106 236 98.1 35.5 2.76
PVC1-3 13 140 261 127 49.9 2.55

a Measured by light scattering in THF at 25 °C for PVC4 and
PVC17. For the others (blends), My, was calculated from those of
the component PVCs. P Determined using GPC with a universal
calibration by polystyrene standards.

Each gelling series of PVC blend in bis(2-ethylhexyl)
phthalate (DOP) was prepared to undergo the rheologi-
cal range from the pregelation to the postgelation by
changing polymer concentration. The dynamic vis-
coelastic measurements have been carried out on the
(PVC blend)/DOP samples to allow examination of the
effect of long chains on the gelation.

Experimental Section

Materials. Two poly(vinyl chloride)s (PVC), designated as
PVC4 and PVC17, were used in this study. As described in
the previous studies,® ! the polymers were made at about 50
°C by suspension polymerization. Prior to molecular charac-
terization and sample preparation, two PVCs were purified
by using tetrahydrofuran (THF)/methanol as the solvent/
precipitant. Characterization by light scattering in THF at
25 °C provided the weight-average molecular weight My,: 3.94
x 10* for PVC4 and 1.73 x 10° for PVC17. In this work, we
performed the GPC measurements with a universal calibration
by polystyrene standards. This procedure gives the M, values
close to those measured using light scattering, as shown in
Table 1. The polydispersity index (Mw/M,) becomes somewhat
smaller than before, but it is considered that they are within
the experimental errors. In this study, we prefer to use the
weight-average molecular weights determined by light scat-
tering to discuss the effect of molecular weight on gelation
because they are more reliable, but we have to use the GPC
results to analyze the effect of molecular weight distribution
on gelation since light scattering does not provide the informa-
tion about molecular weight distribution. The 3C NMR
experiments showed that two PVCs had similar tacticities.®

To study the effect of molecular weight distribution on
gelation, we prepared the gelling systems made from a blend
of a high molecular weight (MW) PVC (PVC17) and a low MW
PVC (PVC4). Three gelling series with three compositions (i.e.,
PVC4:PVC17 = 1:3, 1:1, and 3:1 in weight) were prepared at
room temperature from THF solutions (about 70 wt % of THF)
of the PVCs and DOP. The PVC concentration in each series
was varied to cover the range from the pregel state to the
postgel state. No stabilizers or additives were added.

Molecular characteristics of the PVC blends have also been
measured using GPC with a universal calibration. The results
are presented in Table 1 to show that the obtained M,, values
are almost the same as those calculated from M,, (measured
by light scattering) of the component PVCs. Mixing of the two
PVCs with three ratios results in the broader molecular weight
distributions (My/M, = 2.5).

The evaporation of THF from each solution proceeded at
room temperature (about 30 °C), and it took longer than 2
weeks. After THF evaporated completely, transparent and
viscoelastic samples were obtained. Since a sufficiently long
time was taken for the evaporation and the equilibrium of
gelation prior to rheological measurements, each sample was
stable with time. The rheological reproducibility was con-
firmed from some selected samples.

Rheological Measurements. The PVC/DOP sample was
transferred from the flat laboratory dish into the dynamic
rheometer (Rheometric Scientific, ARES 100FRTN1). Then,
depending on the viscoelastic properties of each sample, 25 or
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Figure 1. Storage modulus G' of PVC3-1/DOP as a function
of angular frequency w for various concentrations of PVC3-1,
as indicated.
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Figure 2. Storage modulus G' of PVC1-1/DOP as a function
of angular frequency w for various concentrations of PVC1-1,
as indicated.

50 mm diameter parallel plates were used for the dynamic
measurements. Shear storage modulus G' and loss modulus
G'" were measured as a function of angular frequency w at 40
°C. The measuring temperature was chosen to minimize the
effect of forming temperatures (the room temperature might
change with season). Prior to each measurement, a reasonable
time was taken at 40 °C for the sample to be stable. Depend-
ing on the viscoelastic properties of each sample, the linearity
of dynamic viscoelasticity was ensured by applying the suitable
amplitude of shear.

Results

Dynamic Viscoelastic Properties of (PVC Blend)/
DOP. Figures 1—3 present the dynamic storage modu-
lus G' as a function of angular frequency o for the
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Figure 3. Storage modulus G' of PVC1-3/DOP as a function
of angular frequency w for various concentrations of PVC1-3,
as indicated.

PVC3-1/DOP, PVC1-1/DOP, and PVC1-3/DOP samples,
respectively. The polymer composition of each PVC
blend is given in Table 1. All the polymer concentra-
tions are indicated in each figure. The PVC/DOP
samples show the following liquidlike terminal behavior
at very low concentrations:
G'(w) Dw?® (atw—0) (4)
while G'(w) deviates from the above relation as the PVC
concentration increases. After the PVC concentration
exceeds a certain amount, the behavior of G'(w) =
constant, independent of w, is observed, indicating
formation of a gel network. The variation from the
pregel state to the postgel state is phenomenally con-
sistent with that observed in the PVC/DOP systems
where the PVCs had a polydispersity index (Mw/M;) of
about 2.8
Determination of the Gel Point ¢y, the Scaling
Exponent n, and the Gel Strength Sy. The following
scaling law, eq 2, at the gel point gives access to
determination of the gel point. Furthermore, eq 2
ensures establishment of the relation

G"(w)/G'(w) = tan ¢ = tan(nx/2) (5)

This frequency independence of loss tangent in the
vicinity of the gel point has been examined for chemical
and physical gels6~811718 and also been widely used to
determine the gel point. The definition of the gel point
by this power law is excellent because a gelation
variable loses its dependency on frequency and con-
verges at the gel point. The experimental results have
shown that this method is reliable and valid for deter-
mination of the gel point such as the critical gelation
time (or degree of cross-linking)1314.18 or the critical
gelation concentration.®

The gel point was determined from a multifrequency
plot of tan 6 versus gel concentration in this work. An
example of this type of plot is illustrated in Figure 4
for the PVC3-1/DOP samples. All curves pass through
the common point at a certain polymer concentration,
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Figure 4. Loss tangent, tan 6, as a function of polymer
concentration ¢ for PVC3-1/DOP samples at various angular
frequencies (0.1 rad/s, O; 0.398 rad/s, ®; 1 rad/s, A; 3.98 rad/s,
A; 10 rad/s, O0; 39.8 rad/s, B; 100 rad/s, V).

Table 2. Critical Concentration cg for the Sol—Gel
Transition, the Scaling Exponent n at the Gel Point, and
the Gel Strength Sy

series cq (g/L)2 cq (g/L)P n Sy (PasM)
PVC4 66.0 0.753 0.835
PVC3-1 315 31.9 0.746 0.219
PVC1-1 21.4 21.0 0.747 0.166
PVC1-3 16.2 15.7 0.751 0.157
PVC17 125 0.748 0.154

a Experimental values determined using the frequency inde-
pendence of loss tangent. P Calculated values using the blending
rule 1/cy = wi/cg1 + WalCg2, where cg; = 66.0 g/L and ¢z = 12.5
g/L.

which is defined as the gel point cg. It is apparent that
the gel point for each gelling system is accurately
determined by means of this method. The values of cg,
as shown in Table 2, vary as a function of the composi-
tion in PVC blends. We discuss the results in the next
section. On the other hand, the scaling exponent n was
simply calculated from the gel point using eq 5. Being
consistent with the previous results for the PVCs having
a Mw/M,, of about 2,2 the value of n was also found to be
constant (=0.75), independent of the PVC molecular
weight and MWD.

The shear relaxation modulus G(t) at the gel point

exhibits a power law behavior with a slope of —n:
6,7,8,11-18

G(t) =S,t™" (6)

Here Sy is the gel strength and has a unit of Pa s". The
application of the Boltzmann superposition principle!®

to the dynamic moduli G' and G" using eqs 5 and 6 leads
t07,12,16,l7

G'(w) = G"(w)tan(nm/2) = Sgw”F(l — n) cos(nz/2)
Q)

where T'(1 — n) is the gamma function. By knowing n,
one can calculate Sy from G'(w) or G"'(w) at the gel point
using eq 7.

Taking advantage of eq 7, we are able to obtain the
gel strength Sy at the gel point by plotting G'(w) and
G'"(w)tan(nn/2) against polymer concentration ¢c. An
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Figure 5. Plots of G' (solid lines) and G''/tan(nx/2) (dashed
lines) against polymer concentration ¢ for PVC3-1/DOP samples.
The angular frequency o was varied from 0.1 to 100 rad/s. n
= 0.75 was used to calculate G"/tan(nn/2). The gel point cq is
indicated by the arrow. Values of G' and G"/tan(nz/2) are
represented by the marks as shown below.
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example of this kind of plot is illustrated in Figure 5
for the PVC3-1/DOP samples. Since the gelling system
at the gel point follows the frequency independence of
tan o, all crossover points excellently appear at the gel
point of ¢y = 31.5 g/L, which is consistent with that
obtained using the frequency independence of tan ¢.
Using the value of G'(w) at any crossover point and eq
7, we obtained the value of Sg. The values of Sy obtained
in this way are presented in Table 2.

Discussion

Critical Behavior in the Vicinity of the Sol—-Gel
Transition. A universal value of the scaling exponent
n (=0.75 or 3/4) has been found for our PVC/DOP gelling
materials.® The important conclusion is that n is
independent, not only of the PVC molecular weight but
also of the molecular weight distribution. Rheologically,
the meaning of n can be understood from the definition
in eq 5. Since the phase angle ¢ varies from 0 to /2 as
n takes a value between 0 and 1, n measures the
viscoelastic distance from a completely viscous liquid
(6 = a/2) or from a completely elastic solid (6 = 0). In
general, a lower value of n implies formation of a more
highly elastic gel, and the same value of n means an
equivalent viscoelasticity. But, it should be noted here
that we do not take account of the absolute values of
G'(w) or G"(w) for comparison of the viscoelasticity
because n does not directly contain the information
about the dynamic moduli. The universal value of n
found for the PVC/DOP samples may suggest a similar-
ity in the gel structure at the gel point.

To examine the effect of molecular weight on the
critical concentration, cg was plotted against the weight
average molecular weight My, in Figure 6 along with
the data for the component PVCs. The other PVCs
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Figure 6. Dependence of the critical concentration cy on the
weight-average molecular weight My, for the (PVC blend)/DOP
samples (opened circles). My, of PVC blends was calculated
using M,, of component PVCs, PVC4 and PVC17. ¢4 versus My
for PVC9 (M, = 87 400, M,/M,, = 2.0)/DOP and PVC10 (M, =
102 000, My/M,, = 2.0)/DOP, studied previously,® is presented
here for comparison. The solid straight line has a slope of —1.

(PVC9, My, = 87400, Mw/M, = 2.0; PVC10, My, =
102 000, My/M,, = 2.0) studied previously®~10 were also
presented in the figure for comparison. The data in
Figure 6 were able to be approximately expressed by
the straight line to give a relation as

c, OM, (8)

for the molecular weight dependence of the gel point.
This is well consistent with the result obtained in the
previous study.® This result demonstrates that, in the
range of PVC molecular weights studied, the critical
gelation concentration is related only to the weight-
average molecular weight My, of PVC and not influenced
by changing the PVC molecular weight distribution.

In general, if PVC1/DOP and PVC2/DOP exhibit the
critical concentrations cg; and cyp, respectively, and cq;
Z Cgo, the ¢g of a gelling system made from a PVC1/PVC2
blend would be expected to have a value between cg
and cg. Furthermore, according to the relation ¢y O
Mw 1 in eq 8, one can directly derive a relation of 1/cg =
Wi/Cq1 + Wolcgz where wj is the weight fraction of
component polymer i. The direct calculation using this
relation gives ¢y = 31.9 g/L for PVC3-1/DOP, ¢4 = 21.0
g/L for PVC1-1/DOP, and ¢y = 15.7 g/L for PVC1-3/DOP.
All the calculated values of ¢y are in good agreement
with the experimental ones, as shown in Table 2,
indicating establishment of the mixing rule

/ey = w,/cy; + wWylcy, 9)

for (PVC blend)/DOP samples. Figure 7 shows the
reciprocal of ¢y for (PVC blend)/DOP as a function of
PVCL17 content (wt %), where the solid straight line was
obtained using the rule 1/cy = wi/cg1 + wolcg2. A good
consistency is given between the experimental values
of cg and the calculated ones.

Influence of Long Chains on the Gel Strength
Sg. The gel strength Sy at the gel point does not exhibit
the same dependence on My, as cg does. As shown in
Figure 8, S¢(My) deviates significantly from the solid
line, which represents the relation, Sq O M,,~?, found
in the previous work.2 All the Sy values from the blends
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Figure 7. Critical concentration ¢y of a (PVC blend)/DOP
sample, prepared from PVC4 and PVC17, as a function of
PVC17 content. The solid line indicates the blending law c4™*
= W1Cq1 ™t + WaCg t Or Cg71 = Cg1 7t + Wa(Cg2 ™t — g1 7?), where wi
is the weight fraction of the component PVC i, 1 = PVC4 and
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Figure 8. Dependence of the gel strength Sy on the weight-
average molecular weight M,, for the (PVC blend)/DOP samples
(opened squares) and the PVC/DOP samples (filled squares).
n = 0.75 was used to obtain S,.

are much lower than the corresponding values of the
solid line when compared at the same M,,. As a result,
the relation Sq O My,~* no longer holds for the (PVC
blend)/DOP samples. The reason for the deviation from
the relation is considered to be due to long chains of
PVC in the system, which have a crucial contribution
to the gel strength. The fact that the gelling system
prepared from the high molecular weight of PVC
(PVC17) has only 18.4% of the gel strength of the system
from the low molecular weight of PVC (PVC4), implies
that the gel strength is dominated by the long chains.
As shown in Table 2, the addition of 25 wt % PVC17 to
PVC4 was able to make the gel strength drop by about
74% while the addition of 25 wt % PVC4 to PVC17
resulted only in a slight increase in the gel strength
from 0.154 to 0.157 Pa s%75. The results in the present
study support the above hypothesis that the long chains
govern the gel strength at the gel point.

As well-known, the average molecular weights, M,
Mw, and M, are separately defined as ratios of differ-
ently sensitive portions of molecular weight distribution.
In other words, the contribution of short chains to the
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Figure 9. Dependence of the gel strength Sy on the z-average
molecular weight M, for the (PVC blend)/DOP samples (opened
squares) and the component PVC/DOP samples (filled squares).
n was 0.75.

average molecular weight is reflected in M, while the
contribution of long chains appears in M,. My, has an
average level between M, and M,. The plots of Sy
against the z-average molecular weight M, are pre-
sented in Figure 9 in order to examine if Sy of a (PVC
blend)/DOP system can be expressed by a relation of S
0 M, where the exponent K is a constant. M, values
of the component PVCs and PVC were determined using
GPC with a universal calibration by polystyrene stan-
dards and are shown in Table 1. Being consistent with
the discussion in the last paragraph, the dependence of
Sy on molecular weight distribution results in a new
relation: Sy O M, 1. This relation is not inconsistent
with the previous relation Sy 0 M, 1. Because M,/M,,
is almost constant for PVC4, -9, -10, and -17.

The relation between the scaling exponent n and the
gel strength Sy have been reported and discussed
especially for the chemical gels'#1617 in which increasing
the cross-linking density led to a reduction of n. How-
ever, in this study, since n is constant for the PVC/DOP
gels and Sy varies with M,, the Sy cannot be directly
considered to be a function of n.

To further understand the meaning of Sy, Sy was
normalized by the corresponding gelation concentration
Cg to give the result shown in Figure 10. If Sy is only
related to the total mass of polymer in the system, the
gel strength per unit of mass should be independent of
molecular weight. Although the normalized gel strength
Sylcg was found to be almost constant (Sy/cy ~ 0.0127)
for PVC4, -9, -10, and -17/DOP systems,® the (PVC
blend)/DOP samples prepared from the two polymers
do not like to follow this rule by showing the strong
dependence of Sglcy on molecular weight M,. For
example, the PVC3-1/DOP system exhibits a Sg/cq value
of about half of that of the PVC4/DOP system. It is not
been clear at present why the normalized gel strength
Sylcy can be significantly lowered by adding a second
PVC.

Scaling Law for Elasticity Evolution beyond the
Gel Point and the Contribution of Long Chains.
One of the most important characteristics of a gel is
illustrated as its elasticity evolution as a function of the
relative distance € defined as € = (c — cg)/cg, as usually
described by Ge U €%, eq 3. The term “quasi-equilibrium”
refers to the difficulty (or even sometimes the impos-
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Figure 11. Quasi-equilibrium modulus G, as a function of
the relative distance ¢ for PVC4/DOP (the solid line), PVC3-
1/DOP (O), PVC1-1/DOP (a), PVC1-3/DOP (O), and PVC17/
DOP (the other solid line) samples. The broken lines were
obtained by calculating G, from the PVC4 and PVC17 lines
based on an assumption that G, for a (PVC blend)/DOP sample
follows the relation G, = 104(M,/1.5)724¢25,

sibility) of obtaining the thermodynamic equilibrium
modulus of a physical gel.’® In the previous study,!°
we found that the scaling law for the elasticity evolution,
Ge = ke?, held well for all the PVC gels with various
molecular weights, where z = 2.6, being excellently
consistent with the theoretical prediction (z = 8/3) using
the percolation model.3# In this work, we also examine
whether the scaling law of eq 3 still holds for the (PVC
blend)/DOP systems.

The gel elasticity characterized by the quasi-equilib-
rium modulus Gg is presented in Figure 11 as a function
of the relative distance ¢ to allow examination of the
scaling law, eq 3. In this figure, two solid straight lines
with a slope of 2.6 represent G versus ¢ for PVC4/DOP
and PVC17/DOP obtained in the previous work.1® There
are two features observed from Figure 11: (1) The quasi-
equilibrium modulus G of (PVC blend)/DOP grows

Rheological Images of Poly(vinyl chloride) Gels 7477

according to the same scaling law, G, O €26, but (2) the
Ge value is not in proportion to the ratio of PVC4 to
PVC17 in the blend. As discussed below, the second
feature is the most interesting for us to elucidate the
effect of long chains on the gel structure.

In the previous study, we found a general relation Ge
= 10¥M,,24€26, which could be used to describe the gel
elasticity evolution as a function of molecular weight
M, and the relative distance €. The application of this
relation to fitting the data was largely successful for the
PVCs having a polydispersity index (M/M;) of about
2. However, this relation failed to predict the elasticity
evolution for the (PVC blend)/DOP systems. All the G
data for the (PVC blend)/DOP samples in Figure 11 tend
to approach the straight line for PVC17. This result
implies that G is governed by long chains in the system,
very similarly to the gel strength S, at the gel point, as
we have discussed in the last section. In other words,
the long chains of PVC make more contribution to the
reduction of elasticity than the short chains when
compared at the same relative distance ¢ to the gel
point. Then, we would like to propose another but
consistent relation G, = 10%4(M/1.5)724¢26 instead of
Ge = 10™M,, 2426, Because M,/M,, is about 1.5 for
PVC4, -9, -10, and -17 studied previously. The experi-
mental data are consistent with the calculated values
of Ge using the above relation, which are presented in
Figure 11 with the broken lines as a function of the
relative distance e to correspond to three ratios of PVC4:
PVC17 = 3:1, 1:1, and 1:3. Therefore, we believe that
the quasi-equilibrium modulus G, of PVC/DOP gels is
a function of M, as well as the gel strength at the gel
point Sg.

Conclusions

Poly(vinyl chloride) (PVC) gels prepared from THF
solutions were composed of a blend of two PVCs [a low
molecular weight (MW) PVC and a high MW PVC] and
bis(2-ethylhexyl) phthalate (DOP). The gelling samples
were prepared to cover a wide range of PVC concentra-
tion to allow the rheological observation of the sol—gel
transition as well as the elasticity evolution beyond the
sol—gel transition. By analyzing the dynamic viscoelas-
tic properties of the (PVC blend)/DOP gelling samples,
we found (1) the scaling exponent n for eq 2 was 0.75,
independent of the molecular weight distribution (MWD);
(2) the gel point ¢y obeyed the relation cqg O My, 1, where
My, is the weight-average molecular weight and ¢y was
well expressed by the mixing rule 1/cg = wi/cgr + wof
Cg2, Where w; is the weight fraction of the component
polymer i; (3) the gel strength at the gel point Sy did
not scale with the weight-average molecular weight M,
and dropped as a function of the blend composition, but
Sy followed Sy O M,1, where M, is the z-average
molecular weight; and (4) the elasticity evolution beyond
the sol—gel transition still followed the scaling law, Ge¢
0 €25, as observed in the PVC gelling systems with the
narrower MWDs of PVC, and the G, at the same relative
distance € was controlled by M, of PVC.

Acknowledgment. Authors thank Rheometric Sci-
entific F. E. Ltd. (Japan) for access to the ARES
rheometer.

References and Notes

(1) de Gennes, P. G. Scaling Concepts in Polymer Physics; Cornell
University Press: Ithaca, NY, and London, 1979.



7478 Aoki et al.

@

~

Stauffer, D. Introduction of Percolation Theory; Taylor and
Francis: London, 1985.

Martin, J. E.; Adolf, D.; Wilcoxon, J. P. Phy. Rev. Lett. 1988,
61, 2620.

Martin, J. E.; Adolf, D. Annu. Rev. Phys. Chem. 1991, 42,
311.

Chambon, F.; Winter, H. H. Polym. Bull. 1985, 13, 499.
Winter, H. H.; Chambon, F. J. Rheol. 1986, 30, 367.
Chambon, F.; Winter, H. H. J. Rheol. 1987, 31, 683.

Li, L.; Aoki, Y. Macromolecules 1997, 30, 7835.

Li, L.; Uchida, H.; Aoki, Y.; Yao, M. L. Macromolecules 1997,
30, 7842.

Li, L.; Aoki, Y. Macromolecules 1998, 31, 740.

Watanabe, H.; Sato, T.; Osaki, K.; Aoki, Y.; Li, L.; Kakiuchi,
M.; Yao, M. L. Macromolecules 1998, 31, 4198.

(12)
(13)
(14
(15
(16)

(17
(18)

(19)

Macromolecules, Vol. 31, No. 21, 1998

Vilgis, T. A.; Winter, H. H. Colloid Polym. Sci. 1988, 266,
494,

Nijenhuis, K.; Winter, H. H. Macromolecules 1989, 22, 411.
Scanlan, J. C.; Winter, H. H. Macromolecules 1991, 24, 47.
Izuka, A.; Winter, H. H.; Hashimoto, T. Macromolecules 1992,
25, 2422.

Kjoniksen, A.-L.; Nystrom, B. Macromolecules 1996, 29,
5252.

Mours, M.; Winter, H. H. Macromolecules 1996, 29, 7221.
Koike, A.; Nemoto, N.; Watanabe, Y.; Osaki, K. Polym. J.
1996, 28, 942.

Ferry, J. D. Viscoelastic Properties of Polymers; John Wiley
& Sons: New York, 1980.

MA971889F



