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ABSTRACT: There have been many investigations on the effect of solvents on the
dynamic moduli of concentrated polymer solutions. However, most of the polymers
investigated were nonpolar, such as polystyrenes and polybutadienes. Moreover, the
samples were usually model polymers of very narrow molecular weight distribution and
were either linear or branched star. Our investigation was on a commercial polymer,
which is polar and has long branches but is ‘‘gel free.’’ The solvents used were polar
plasticizers. This study was motivated by the frequent observation that a small addi-
tion of plasticizers has little effect on the rubbery modulus or has an unexpectedly large
reduction of the rubbery modulus, depending on a polymer–plasticizer pair. This work
examines concentrated solutions of polyethylacrylate and three plasticizers (DBP,
DHP, and DOP) at concentrations above 50% for DBP and DHP and above 80% for
DOP. DOP did not dissolve the rubber at the lower concentrations. The temperature
range was 30–150°C, and the frequency range was 1022–102 rad/s. The time–tempera-
ture correspondence was applicable over the entire range of observation. The rubbery
modulus was found to be independent of the plasticizer type at all concentrations. With
dilution to 90% of polymer there was only small decrease of the modulus, and with
further dilution the modulus decreased with a slope of 1.8 in the double-logarithmic plot
of the modulus against concentration. © 1998 John Wiley & Sons, Inc. J Appl Polym Sci 69:
1727–1736, 1998
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INTRODUCTION

Plasticizers are widely used in the polymer indus-
tries to tailor the processability and end use prop-
erties. The most well-known example is polyvinyl
chloride (PVC) resin, which is softened by the
addition of a plasticizer. Although rubber is a soft
material, plasticizers are often used as a minor
component. Sometimes a small amount of plasti-
cizer causes a large drop in the rubbery modulus
and other times only a small drop, depending

upon the polymer–plasticizer pair. In spite of
rather frequent encounters, these observations
are seldom pursued from the fundamental point
of view. This work is a fundamental examination
of the concentration dependence of dynamic mod-
uli of rubber–plasticizer systems; the rubber is
polyethylacrylate (ACM), an oil-resistant, high
temperature resistant polymer and the plasticiz-
ers are a homologous series of phthalates.

There are a large number of studies in the
literature on the concentration dependence of the
dynamic moduli of polymer–solvent systems. The
concentration dependence of the rubbery plateau
modulus was found to obey a power-law rela-
tion,1–9
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where (GN
o )s is the plateau modulus of the solu-

tion, GN
o is that of the undiluted polymer, and V2

is the volume fraction of the polymer. In this
relation there are no previously stated anomalies
caused by a small addition of solvent (plasticizer).
Moreover, the exponent is n 5 2.0–2.33, which is
thought to be a constant independent of the poly-
mer and solvent type, whereas the anomalies are
material dependent.

There are several possibilities that account for
the discrepancy between the industrial observa-
tion and those in the literature. In the latter
polymers were linear and had narrow molecular
weight distribution. With a narrow distribution,
an equal arm star gave n 5 1.6 This implies that
the exponent may be variable if the samples are
mixtures of linear and star or of variable branch
patterns. Also, these model polymers were nonpo-
lar (i.e., polystyrenes and polybutadienes). Ferry
reported that some polar polymers had very high
values of the exponent n.10 Some commercial rub-
bers are polar, for example, nitrile butadiene rub-
ber (NBR) and ACM. They often contain branched
molecules, which vary in the degree of branching
and the branch patterns. Nakajima and Okuno11

found that the plateau modulus of an NBR
dropped sharply upon a small addition of plasti-
cizers and then decreased more slowly upon fur-
ther dilution. Apparently, eq. (1) was not obeyed.
In addition, the values of the plateau moduli de-
pended upon the plasticizer, a better solvent giv-
ing a higher modulus.

In this work we chose another commercial rub-
ber, ACM. The plasticizers are the same as the
previous work.11 Even though NBR and ACM are
both polar, they are different in the following
respect: the NBR is a copolymer containing 33%
acrylonitrile, a polar comonomer, and 67% buta-
diene, a nonpolar comonomer, whereas the ACM
is a homopolymer (except for a few percent of the
cure-site comonomer). Another difference is the
nature of the polymer chain. The ACM has 73% of
its molecular weight as the pendant group. It is a
relatively fat and short chain for a given degree of
polymerization. The pendant group on the NBR is
CN, which is smaller and exists less frequently
along the chain. Both polymers are made via
emulsion polymerization with a free-radical initi-
ator. Therefore, they have a variable degree of
long branching, resulting from a chain-transfer
reaction.12,13

EXPERIMENTAL

Samples

The rubber sample was polyethylacrylate sup-
plied by Zeon Chemicals (HYTEMP 4051EP). It
had a Mooney index of 40 at 100°C. It was a
‘‘gel-free’’ grade but contained 2.5% gel when
measured through a Whatman no. 4 filter paper.

Plasticizers were DBP, DHP, and DOP. The
plasticizers DBP and DOP were supplied by Har-
wick Chemical Corp. and DHP was supplied by
Exxon Chemical Company.

Specimen Preparation

Concentrations of the polymer in the ACM–plas-
ticizer mixtures were 100, 90, 80, 70, and 50% by
weight for DBP and DHP and 100, 90, and 80% by
weight for DOP. DOP did not dissolve the rubber
at lower concentrations. Mixtures were prepared
by placing the capped bottle containing the re-
quired amount of polymer and plasticizer into an
oven at 60°C for 8 days. At this time the plasti-
cizer was completely taken up by the rubber. The
plasticizer–swollen rubber was gently pressed at
100°C into a thin sheet and then folded and re-
pressed many times to ensure homogeneity. The
weight was monitored to ensure no plasticizer
loss. An internal mixer was not used, because it
may cause a breakage of polymer chains and a
change in entanglement density. A volatile cosol-
vent was not used for mixing because the removal
of the solvent might not be complete or excessive
drying might cause a loss of plasticizers.

A sheet of about 1.5–2.0 mm thickness was
compression molded for 15 min at 115°C. A test
specimen was diced from different parts of the
mixture; then the reproducibility of the viscoelas-
tic data, which included the homogeneity of the
mixture, was examined.

Measurements

Dynamic Moduli of Undiluted Polymer and
Concentrated Solutions

The measurements were performed with a Rheo-
metrics mechanical spectrometer (RMS-800), us-
ing parallel plates of 25-mm diameter, in the os-
cillatory mode. The instrument calibration was
double checked with a sample of silicone rubber
(SE-30, General Electric). The reproducibility of
the silicone calibration was within 62–3%. The
linear viscoelastic response was observed by a
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strain amplitude sweep that was made at a con-
stant frequency of 10 rad/s in the shear strain
amplitude of 0.005–0.10. All the data were taken
at the strain amplitude of 0.03.

The temperature range was 30–150°C, and the
measurements were taken at every 20°C. The
frequency range was 1022–102 rad/s. After load-
ing the sample, 10–15 min was allowed for tem-
perature equilibration. At each temperature the
frequency sweep was made in the upsweep from
1022 to 102 rad/s and then the downsweep. This
was done to ensure that the sample did not un-
dergo any chemical changes such as crosslinking
or oxidation during the measurements. The sam-
ples tested at the lower temperature were taken
out carefully to check the contact with the lower
plate; if the contact was not proper, the test was
repeated. The frequency upsweep and downsweep
measurement at 175°C had a slight disagree-
ment; hence, these data were not included for this
study.

Density Measurement

The densities of the ACM mixtures were mea-
sured using a capillary rheometer (Monsanto pro-
cessability tester). Mass flow rate and volume
flow rate were measured at different tempera-
tures to calculate the density of the ACM mix-
tures. A die having a diameter (D) of 0.0397 in.
and a length/diameter ratio (L/D) of 30 : 1 was
used for the experiment. The density was mea-
sured at different mass and volume flow rates and
the plunger speed was found to have no effect on
density. The purpose of making the density mea-
surement was to see whether the magnitude of
the modulus shift factor bT agreed with the val-
ues of rT/roTo or not. Here r, T, and the subscript
o denote density, temperature, and reference
state, respectively.

RESULTS

The reproducibility of the data was examined
with the undiluted ACM and other ACM mixtures
at various temperatures. For the different speci-
mens of the same mixture, it was possible to su-
perpose the curves of log shear storage modulus,
G9, or log shear loss modulus, G0, as a function of
log frequency by shifting along the modulus axis
only. This indicates that the error was primarily
in the modulus axis.

The data for the undiluted rubber fell within
65% of the average of four runs at 110°C. The
mixtures were prepared by repeated pressing, but
the undiluted rubber was pressed only once be-
fore testing. To duplicate the same condition, un-
diluted rubber was pressed many times to see
whether the mixing procedure altered the rubber
or not. The data fell within 65% of the average of
the single-pressed undiluted rubber, indicating
that the repeated pressing did not alter the
rubber.

The homogeneities of the ACM mixtures were
checked by testing different specimens of the
same mixture. The reproducibility of the 90–10
(rubber–plasticizer) mixture was within 64%, the
80–20 mixture was within 63%, and the 70–30
mixture was within 66% for all the frequencies
tested at 150°C. The 50–50 mixture at 150°C was
the lowest polymer concentration and the highest
temperature of this work, hence, the moduli was
lowest and the equipment response was weakest.
Even at this condition the reproducibility was
within 69% at the lower frequencies.

The time–temperature superposition was per-
formed in the following sequence in order to ob-
tain the time shift and modulus shift indepen-
dently so that the error in the modulus shift and
that in the time shift would not influence each
other. First a curve of log tan d versus log v at
each temperature was prepared. From the super-
position of these curves along the frequency axis
the time shift, aT, was obtained because in tan d
the modulus shift cancels out. After the aT eval-
uation, a plot of log uG*u versus log vaT was pre-
pared for the data at each temperature. These
curves were superposed along the modulus axis to
obtain the modulus shift, bT. The values of the
time shift aT and bT are given in Tables I–III. The
magnitudes of bT were in agreement with the
measured values of rT/roTo within 610%, as is
evident from Table IV.

The results of the time–temperature superpo-
sition for ACM-DHP is shown in Figure 1(a) and
(b), and the reference state was 90°C. The ACM-
DBP and ACM-DOP system had similar results.
With 100% ACM and all ACM–plasticizer mix-
tures, a good time–temperature superposition
was obtained.

The time–concentration superposition was
performed in the following sequence. Plots of log
tan d versus log vaT as shown in Figure 2 were
shifted along the vaT axis to match the rubbery
region of the data. The magnitude of the shift was
aC. Then plots of log G9/bT versus log vaTaC were
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prepared. These plots are shown in Figure 3 for
ACM-DBP, ACM-DHP, and ACM-DOP. From
these plots the modulus shift (bC) in the concen-
tration superposition was found by shifting along
the G9/bT axis. The shift factors aC and bC are
shown in Table V.

The results of the time–concentration superpo-
sition are shown for G9 in Figure 4 for ACM-DBP,
ACM-DHP, and ACM-DOP. At higher frequencies
(i.e., the rubbery region) the concentration super-
position is applicable whereas at the lower fre-
quencies (i.e., the flow region) the moduli de-
creased with the increase in plasticizer concentra-
tion.

The modulus shift (bC) evaluated from G9
data was used to perform the concentration su-
perposition for G0. The results are shown in
Figure 5 for ACM-DBP, ACM-DHP, and ACM-
DOP. The curves did not superpose at the
higher frequencies and at the lower frequencies.
At the higher frequencies the deviation was a
result of the decrease of time range for the
rubbery region upon dilution. At the lower fre-
quencies the deviation was similar to that ob-
served with G9 data. This indicated the effect of
the decrease of the entanglement density on the
long relaxation times.

DISCUSSION

The G9 curves and G0 curves show two significant
differences between ACM–plasticizer [Fig. 1(a,b)]
and NBR–plasticizer11 systems [Fig. 1(c)]. One is
that with the ACM the time–temperature super-
position was achieved, but with the NBR it was
not. In the latter the moduli of the low frequency
region decreased with the increasing tempera-
ture. This indicated a decrease of the solvent
power with increasing temperature, resulting in
the decrease of entanglement density. The poly-
mer–solvent interaction between ACM and the
plasticizers may not be very temperature sensi-
tive in the temperature range. There may be an
additional reason as stated below. The other dif-
ference is in the slope of the curves at the lowest
frequency region. The ACM curves point down-

Table I Shift Factor aT for Temperature Superposition

Sample aT at Temperature (°C)

Component

ACM
Wt
(%) 30 50 70 90 110 130 150

ACM 100 4.41 3 102 3.30 3 101 4.52 3 100 1 3.01 3 1021 1.17 3 1021 5.78 3 1022

ACM-DBP 90 2.10 3 102 2.20 3 101 3.78 3 100 1 3.71 3 1021 1.67 3 1021 9.22 3 1022

80 1.06 3 102 1.51 3 101 3.22 3 100 1 4.15 3 1021 2.45 3 1021 1.49 3 1021

70 6.29 3 101 1.10 3 101 2.85 3 100 1 4.91 3 1021 3.10 3 1021 2.29 3 1021

50 2.86 3 101 6.90 3 100 2.35 3 100 1 5.31 3 1021 4.20 3 1021 3.10 3 1021

ACM-DHP 90 2.41 3 102 2.32 3 101 3.97 3 100 1 3.35 3 1021 1.37 3 1021 7.28 3 1022

80 1.31 3 102 1.64 3 101 3.40 3 100 1 3.65 3 1021 1.75 3 1021 1.14 3 1021

70 8.34 3 101 1.36 3 101 3.12 3 100 1 3.99 3 1021 1.96 3 1021 1.15 3 1021

50 4.21 3 101 8.81 3 100 2.60 3 100 1 4.61 3 1021 2.30 3 1021 1.78 3 1021

ACM-DOP 90 2.73 3 102 2.45 3 101 4.00 3 100 1 3.30 3 1021 1.35 3 1021 6.87 3 1022

80 1.61 3 102 1.90 3 101 3.58 3 100 1 3.50 3 1021 1.53 3 1021 8.04 3 1022

70 1.13 3 102 1.56 3 101 3.34 3 100 1 3.84 3 1021 1.73 3 1021 9.98 3 1022

Table II WLF Constants C1 and C2

Sample

ACM
Wt
(%) C1 C2

100% ACM 100 4.67 163.20
ACM-DBP 90 3.77 153.89

80 2.78 136.27
70 2.12 120.44
50 1.56 113.40

ACM-DHP 90 4.23 160.81
80 3.37 147.83
70 2.82 134.10
50 2.50 132.33

ACM-DOP 90 4.39 165.35
80 4.30 174.03
70 3.83 166.44
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ward with the increasing slope, a fact commonly
observed in the flow region. The NBR curves are
concave upward. This is caused by the entangle-
ment involving giant molecules with multi-
branches (gels). Both the ACM and the NBR con-
tain a few percent of gel. Because both polymers
were made via emulsion polymerization using a
free radical initiator, the branch pattern of the
gels must be similar. The critical difference is in
the shape of the chains: ACM is a relatively fat
and short whereas NBR is long and slender. The
branches of the gels in ACM must be short
enough to slip out easily in the flow region but
those in NBR act as constraints against flow.

From aT values the WLF constants,10 C1 and
C2 were calculated and are listed in Table II.
Then, from C1 and C2, the free volume fraction, fo,
and the thermal expansion coefficient, af, were
calculated as relative measures:

fo 5 B/2.303C1 (2)

af 5 B/2.303C1C2 (3)

The concentration dependence of these parame-
ters for ACM-DBP were found to be

fo/B 5 20.37V2 1 0.454 (4)

Table III Shift Factor and bT for Temperature Superposition

Sample bT at Temperature (°C)

Component

ACM
Wt
(%) 30 50 70 90 110 130 150

ACM 100 6.52 3 1021 8.05 3 1021 9.20 3 1021 1 1.09 3 100 1.18 3 100 1.27 3 100

ACM-DBP 90 7.75 3 1021 8.44 3 1021 9.27 3 1021 1 1.08 3 100 1.15 3 100 1.23 3 100

80 7.75 3 1021 8.41 3 1021 9.25 3 1021 1 1.08 3 100 1.18 3 100 1.28 3 100

70 7.92 3 1021 8.56 3 1021 9.19 3 1021 1 1.08 3 100 1.18 3 100 1.29 3 100

50 7.63 3 1021 8.39 3 1021 9.28 3 1021 1 1.08 3 100 1.16 3 100 1.28 3 100

ACM-DHP 90 7.89 3 1021 8.56 3 1021 9.21 3 1021 1 1.08 3 100 1.16 3 100 1.24 3 100

80 7.99 3 1021 8.52 3 1021 9.31 3 1021 1 1.08 3 100 1.16 3 100 1.24 3 100

70 8.00 3 1021 8.52 3 1021 9.25 3 1021 1 1.08 3 100 1.17 3 100 1.37 3 100

50 7.60 3 1021 8.33 3 1021 9.25 3 1021 1 1.08 3 100 1.18 3 100 1.24 3 100

ACM-DOP 90 8.12 3 1021 8.74 3 1021 9.31 3 1021 1 1.07 3 100 1.13 3 100 1.20 3 100

80 7.69 3 1021 8.38 3 1021 9.29 3 1021 1 1.07 3 100 1.13 3 100 1.17 3 100

70 7.79 3 1021 8.55 3 1021 9.24 3 1021 1 1.08 3 100 1.14 3 100 1.21 3 100

Table IV Density Measurement Results and Comparison with bT from Time–Temperature
Superposition

Sample
Type

Temperature
(°C)

Plunger
Speed

(mm/min)

Mass
Collected

(g)

Time of
Collection

(s)

Volumetric
Flow Rate

(cm3/s)

Mass
Flow
Rate
(g/s)

Density
(g/cm3)

Actual
rT/roTo bT

100% 50 0.05 1.2145 180 0.3619 0.4048 1.1183 0.8906 0.805
100% 90 0.48 1.2943 20 3.4749 3.8829 1.1173 1 1
100% 150 2.70 3.5173 10 19.5468 21.1038 1.0796 1.1259 1.27
10% DHP 70 0.20 1.5798 60 1.4479 1.5798 1.0910 0.9473 0.921
10% DHP 90 0.35 1.3788 30 2.5533 2.7576 1.0883 1 1
20% DHP 50 0.15 1.1975 60 1.0859 1.1975 1.1027 0.9196 0.852
20% DHP 90 0.55 2.1241 30 3.9817 4.2482 1.0669 1 1
30% DHP 70 0.20 1.5393 60 1.4479 1.5393 1.0631 0.9662 0.925
30% DHP 90 0.55 3.4496 50 3.9817 4.1395 1.0396 1 1

The density of 100% ACM is 1.12 g/cm3 at 25°C.14
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af/B 5 23.80V2 1 4.25

for ACM-DHP:

fo /B 5 20.16V2 1 0.256
(5)

af /B 5 21.45V2 1 2.01

and for ACM-DOP:

fo /B 5 20.057V2 1 0.149
(6)

af /B 5 22.86V2 1 8.46

Figure 2 Plot of log(tan d) versus log(vaT) for ACM-
DHP systems: (E) 100% ACM, (h) 90% ACM-DHP, (‚)
80% ACM-DHP, (ƒ) 70% ACM-DHP, and ({) 50%
ACM-DHP.

Figure 1 Results of time–temperature correspon-
dence of (a) storage modulus for ACM-DHP systems:
(E) 100% ACM, (h) 90% ACM-DHP, (‚) 80% ACM-
DHP, (ƒ) 70% ACM-DHP, and ({) 50% ACM-DHP; (b)
loss modulus for ACM-DHP systems: (E) 100% ACM,
(h) 90% ACM-DHP, (‚) 80% ACM-DHP, (ƒ) 70% ACM-
DHP, and ({) 50% ACM-DHP; and (c) storage modulus
for NBR-DHP systems: (E) 100% NBR, (F) 90% NBR-
DHP, (ƒ) 80% NBR-DHP, (�) 70% NBR-DHP, and (h)
50% NBR-DHP.11

1732 NAKAJIMA AND VARKEY



As stated earlier, the observed values of bT
agree with those calculated from density and tem-
perature.

Because the time–concentration superposition
is applicable only in the rubbery region, the en-
suing discussion on aC and bC is pertinent to the
behavior of the rubbery region only. The following
relation was found in aC:

log aC 5 a 1 bV2 (7)

or

2log aC 5 bV1 (8)

because at V2 5 1, log aC 5 0. The value of b is
4.61 for the ACM-DBP system, 4.58 for the ACM-
DHP, and 4.07 for the ACM-DOP. The values of b
are positive, because log aC is negative as shown
in Table V. As V1 increases, the value of 2log aC
increases. Therefore, the value of b, analogous to
the effect of free volume on the time–temperature
superposition, is a measure of facilitating the mo-
tion of the chain with dilution. As may be ex-
pected, the b value is larger for the lower molec-
ular weight plasticizer.

The modulus shift (bC) is a relative measure of
the plateau modulus in which 100% ACM is taken
as the reference. Figure 6 is a double logarithmic
plot of bC versus the volume fraction of the poly-
mer V2. Apparently, the relation given by eq. (1)
was not obeyed. Also, the plateau modulus is a
function of concentration only and is independent
of the plasticizer type.

The magnitude of plateau modulus is a func-
tion of entanglement density.10 In a better solvent
the polymer chain is more extended, resulting in
a higher entanglement density and giving a
higher plateau modulus. Because the plateau
modulus is found to be independent of the solvent
type, these plasticizers for the ACM must be neu-
tral solvents. Many investigators have reached a

Figure 3 Results of applying concentration shift fac-
tor, aC, to time–temperature correspondence of storage
modulus for (a) ACM-DBP systems: (E) 100% ACM, (h)
90% ACM-DBP, (‚) 80% ACM-DBP, (ƒ) 70% ACM-
DBP, and ({) 50% ACM-DBP; (b) ACM-DHP systems:
(E) 100% ACM, (h) 90% ACM-DHP, (‚) 80% ACM-
DHP, (ƒ) 70% ACM-DHP, and ({) 50% ACM-DHP; and
(c) ACM-DOP systems: (E) 100% ACM, (h) 90% ACM-
DOP, (‚) 80% ACM-DOP, and (ƒ) 70% ACM-DOP.
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Figure 4 Results of time–concentration correspon-
dence of storage modulus for (a) ACM-DBP systems, (b)
ACM-DHP systems, and (c) ACM-DOP systems. Refer-
ence state: 100% ACM at 90°C.

Figure 5 Results of time–concentration correspon-
dence of loss modulus for (a) ACM-DBP systems, (b)
ACM-DHP systems, and (c) ACM-DOP systems. Refer-
ence state: 100% ACM at 90°C.
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similar conclusion with a number of model poly-
mers that are nonpolar and have very narrow
molecular weight distributions.1–9 However, this
result is different from the observation of Naka-
jima and Okuno11 in their work on NBR–plasti-
cizer systems.

In Figure 6 the rubbery modulus is shown to
decrease very little upon a 10% addition of the
plasticizers. A further addition of the plasticizer
causes the rubbery modulus to decrease with a
slope of 1.8. Figure 7 shows a similar plot for
NBR–plasticizer systems.11 A sharp decrease in
modulus occurs initially and then a gradual de-
crease occurs upon further dilution.

The difference between ACM and NBR systems
with small additions of solvents (plasticizers) may
be interpreted on the basis of polymer–polymer
interaction (2,2) and polymer–solvent interaction
(1,2). With ACM the 2,2 interaction is stronger
than and relatively favored over the 1,2 interac-
tion. The ACM rubbers are known to exhibit a
strain-induced association upon large extension,
a behavior similar to the strain-induced crystal-
lization.15–17 This fact also implies the strong 2,2
interaction. The nature of the polar groups and
the structure of the homopolymer have something
to do with the observation. With NBR systems the
1,2 interaction is favored over the 2,2 interaction.
In NBR, a copolymer from polar and nonpolar
monomers, the 2,2 interaction may be more easily
replaced by the 1,2 interaction.

CONCLUSION

The rubbery plateau modulus of ACM dropped
only by a small amount upon addition of plasti-
cizers up to around 10% dilution. Further dilution
caused the drop in plateau modulus at a slope less
than 2.

Table V Shift Factors aC and bC for
Concentration Superposition

Sample

Component

ACM
Wt
(%) aC bC

ACM 100 1 1
ACM-DBP 90 2.61 3 1021 9.62 3 1021

80 8.85 3 1022 7.57 3 1021

70 3.09 3 1022 6.25 3 1021

50 3.98 3 1023 3.24 3 1021

ACM-DHP 90 2.89 3 1021 9.62 3 1021

80 1.02 3 1021 7.57 3 1021

70 3.15 3 1022 6.25 3 1021

50 3.63 3 1023 3.24 3 1021

ACM-DOP 90 3.35 3 1021 9.62 3 1021

80 1.30 3 1021 7.57 3 1021

70 4.42 3 1022 5.69 3 1021

Figure 6 Plot of bC versus V2 for ACM–plasticizer
systems: (E) DBP, (h) DHP, and (‚) DOP. Reference
state: 100% ACM at 90°C.

Figure 7 Plot of bC versus V2 for NBR–plasticizer
systems: (E) DBP, (F) DHP, and (ƒ) DOP. Reference
state: 100% NBR at 90°C.

POLAR SOLVENT EFFECT ON DYNAMIC MODULI 1735



The plateau modulus of NBR dropped
sharply upon a small addition of plasticizers
and then decreased more slowly upon further
dilution.

The plateau modulus of ACM was independent
of the type of plasticizers. The plateau modulus of
NBR was dependent on the type of plasticizers.

The ACM, NBR, and plasticizers used were all
polar. The above stated difference in the behavior
of ACM and NBR systems might be explained in
terms of the difference in the shape of the chain,
polymer–polymer (2,2), and solvent–polymer (1,2)
interactions. In the case of ACM systems the 2,2
interaction is stronger than and relatively fa-
vored over the 1,2 interaction. With the NBR sys-
tems the 1,2 interaction is favored over the 2,2
interaction. Also, another major difference that
could contribute to the above observed behavior is
the fact that the ACM chain is relatively fat and
short compared to NBR for the same degree of
polymerization.

The simple power law relation on the concen-
tration dependence of plateau modulus that holds
true for linear, narrow molecular weight distribu-
tion, nonpolar (model) polymers does not neces-
sarily hold true for nonmodel polymers.

For the ACM system the concentration shift
factor (aC) has a simple linear relationship to
the volume fraction of the polymer with the
constant of proportionality different for differ-
ent plasticizers.

This article was presented at the 151st Meeting of the
Rubber Division of the American Chemical Society in
Anaheim, CA, on May 6–9, 1997.
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