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ABSTRACT: Dynamic mechanical and dielectric measurements were carried out on
plasticized poly(vinyl chloride) (PVC). The complex shear moduli (G’ and G’/) in the
temperature range —196—+100°C were measured by means of a free-oscillating torsional
pendulum at about 0.3 Hz. The viscoelastic behavior of plasticizers was studied by the
TBA method. The added plasticizers were tricresyl phosphate (TCP), butyl benzyl
phthalate (BBP), dioctyl phthalate (DOP), dibutyl sebacate (DBS), and dioctyl sebacate
(DOS).

The effects of plasticizers on the a-, 8-, and y-dispersions of PVC appear in different
ways. The a-dispersion due to the glass transition shifts to a lower temperature as the
plasticizer content increases. The g-dispersion is completely suppressed by the presence
of a small amount (16 wt%) of plasticizers. A new dispersion labeled as 7, which is not
observed for both unplasticized PVC and pure plasticizers, appears in these mixed
systems with the exception of the PYC—TCP system. This is an example of the so-
called “‘diluent dispersion’’. The intensity of the y-dispersion increases with increasing
plasticizer content and shows a saturation tendency. The appearance of this dispersion
is highly sensitive to the nature of the additives and the ability of plasticizers to
provoke this dispersion is in the order of DBS>DOS>DOP>BBP. The y-dispersion
is also observed in the dielectric results and the activation energy is estimated to be
6.54-0.5 kcal/mol.
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with some diluents.

The purpose of the present work is to show
how the interaction between PVC and some
low-molecular-weight substances influences the
relaxation behavior of these mixed systems.
Especially we are interested in the ‘‘diluent
dispersion”’ of these systems.

Although numerous investigations have been
made concerning the low-temperature relaxation
behavior of polymers,'™ the majority of these
studies are devoted to pure polymers such as
amorphous and crystalline ones. Relatively few
reports direct their interest to the effect of added
diluents. The well-known example is the so-
called ‘‘water dispersion’’ of some nylons swollen

with water.l"-5 Recently Jan'éuv:ek, et al.,*® Paid EXPERIMENTAL
special attention to the swelling effect of various
diluents on the poly(methacrylic acid) esters. Samples
The relaxation behavior of polymer—diluent Commercial PVC, a product of Denki Kagaku
systems is quite complex and they have been Chemical Industries Co., Ltd., having an

generally interpreted in terms of the polymer—
diluent interactions. Some dispersions of pure
polymers are suppressed’™™ andjor shifted
to a higher temperature by the presence of
diluents.®"®'* In some cases, the creation of
new peaks is observed.'*’ At any rate, there
are many points which are not obvious in the
viscoelastic behavior of the polymers swollen
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average degree of polymerization of 1100, was
used. This PYC powder was blended with vari-
ous amounts of plasticizers and small amounts
of stabilizers, calendered in a hot roll for 10 min
at 170°C, and compression-molded into sheets of
0.5 mm in thickness. The plasticizers used were
all commercial materials: tricresyl phosphate
(TCP), butyl benzyl phthalate (BBP), dioctyl(di-
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2-ethylhexyl) phthalate(DOP), dibutyl sebacate
(DBS), and dioctyl(di-2-ethylhexyl) sebacate
(DOS). The plasticizer contents were 16, 32,
40, and 59 wt%.

Measurements

The complex shear moduli (G’ and G') in
the temperature range —196—100°C were
measured for the strip-shaped specimens
(0.5%12x 60 mm®) by a free-oscillating torsional
pendulum at about 0.3 Hz.

The dielectric constant and loss were measured
with a transformer bridge (Ando Denki TR-1B)
at constant frequencies of 1, 3, 10, and 30 kHz.

The viscoelastic behavior of the plasticizers
was studied by means of TBA (torsional braid
analysis) method.'” After dipping a glass braid
into the liquid plasticizers, these plasticizer-braid
systems were mounted on the torsional pendulum
apparatus, quickly immersed in liquid nitrogen
and then damping measurements were made.
The complex elastances of these systems are
obtained, but not the elasticities of plasticizers
by this technique. Since the glass braid shows
no mechanical dispersion, as confirmed previ-
ously, the observed relaxation phenomena are
considered to be due to the characteristics of
the impregnating compound itself.

RESULTS AND DISCUSSION

The results of viscoelastic measurements are
shown in Figures 1—5, where the dynamic shear
moduli (G’ and G'’) are plotted against tempera-
ture at various plasticizer contents.
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Figure 1. Temperature dependence of G’ and G’/

for the PVC plasticized with DBS. The numbers
in this Figure are the DBS concentrations (wt%).
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Figure 2. Temperature dependence of G’ and G’/
for the PVC plasticized with DOS. The numbers
in this Figure are the DOS concentrations (wt%).
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Figure 3. Temperature dependence of G’ and G’/
for the PVC plasticized with DOP. The numbers
in this Figure are the DOP concentrations (wt%).
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Figure 4. Temperature dependence of G’ and G”/
for the PVC plasticized with BBP. The numbers
in this Figure are the BBP concentrations (wt%).
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Figure 5. Temperature dependence of G’ and G”
for the PVC plasticized with TCP. The numbers
in this Figure are the TCP concentrations (wt%).

Two dispersion regions are distinguishable in
the case of unplasticized PVC and are labelled
as o and B in order of decreasing temperature.
In the PVC—plasticizer systems, a new dispersion
near —165°C was observed and we designate it
as 7. The effects of added plasticizers on these
dispersions will be described in the following
sections.

The Effect on the a-Dispersion

The a-dispersion is associated with the glass
transition of these systems. The plasticizing
effect of additives is seen as resulting in the
shift of the a-relaxation region to the lower
temperature region. These features are illustrat-
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Figure 6. The a-peak temperatures of the PVC—
plasticizer systems plotted against plasticizer
content.
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ed in Figure 6, where the a-peak temperatures
are plotted against plasticizer content. The loss
peak temperatures due to the glass transition
of pure plasticizers were determined by the TBA
method (cf. Figures 7—I11). As seen from
Figure 6, the «-peak temperatures of the
plasticized PVC fall rapidly as the plasticizer
contents increase up to 50wt% and then
decrease gradually. The lower the glass transi-
tion temperature of plasticizer, the stronger is
the plasticizing effect.

The mechanical behavior in this region is not
simple; that is, the transition region broadens
at first”® and becomes narrower at higher
plasticizer content as shown in Figures 1—5.
This finding agrees with the results of the
mechanical,’®" the dielectric,”® and the heat
capacity measurements.*'

As long as some diluents like plasticizers are
homogeneously dispersed in the polymer matrix,
the glass transition of the diluents themselves
cannot be observed, Illers’® showed that
internal friction peaks due to the glass transi-
tion of diluents appear in his polystyrene
samples in whose matrix alcohols were embedded
heterogeneously.  Shen, er al.,* carried out
viscoelastic measurements for the poly(methyl
methacrylate) (PMMA)—dioctyl adipate (DOA),
and reported that the loss peak due to the glass
transition of DOA itself was observed at the
higher concentrations of DOA, but not at the
lower DOA concentrations. Quoting the Illers’
results, they considered that clustering of DOA
molecules is possible at the higher DOA con-
centrations.

In the work reported here, the loss maxima
due to the glass transitions of the plasticizers
themselves were not observed for the PVC—
plasticizer systems as illustrated in Figures 1—5.
From these facts we consider that the plasticizer
molecules are homogeneously solvated in the
PVC matrix up to a concentration of 50 wt%.
The domain formation of plasticizers might take
place in these samples above this concentration.
However, if so, one cannot distinguish the loss
peak of the plasticizer from that of the plasticized
PVC, since the a-dispersion region of the
plasticized PVC is situated in the glass transition
region of diluents as seen in Figure 6.

In the case of PYC—DBS. (Figure 1), a new
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dispersion was observed as a shoulder in the
region of —40°C. The temperature location of
this dispersion is independent of the DBS con-
centration. A possible mechanism for this
dispersion is the melting of the DBS domain
which may present in the PVC matrix as a
suspended cluster, if one takes into considera-
tion the fact that, as will be pointed out later,
the DBS is very crystallizable substance. This
idea is tentative and the details are not clear,
for there is some difference between the tempera-
ture of this dispersion and the melting tempera-
ture (about —11°C) of DBS.

The Effect on the B-Dispersion

It is generally recognized that the pB-disper-
sion of PVC is attributed to the local mode
motion of the main chain.?® The loss maximum
occurs at —55°C (0.3 Hz). The temperature
dependence of the relaxation time conforms to
the Arrhenius type relationship and the apparent
activation energy has been estimated to be
14.3 kcal/mol.” .

The plasticizers exert a peculiar effect on this
dispersion. With increasing plasticizer content,
this peak decreases in ‘magnitude and shifts to
a lower temperature. regiou,9 and then completely
disappears at about 16 wt% of plasticizer content
as, shown in Figures 1—5. This behavior is
observed significantly in the PYC—TCP, PVC—
BBP, and PVC—DOP systems. In the other
two systems, however, the disappearance of the
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Figure 7. Temperature dependence of the complex
elastance for TCP—Braid system. The upper and
the lower curves correspond to the real part and
to the imaginary part of the complex elastance

respectively.
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B-dispersion is not obvious because of the onset
of the a-dispersion. The suppressing effect of
plasticizers on the p-dispersion has been
adequately discussed previously’ in connection
with the ‘‘antiplasticization’ in the slightly
plasticized PVC.

The Effect on the y-Dispersion
The p-dispersion, which is absent in the case
of unplasticized PVC, is observed in the PVC—
plasticizer systems. Whether the plasticizers
show a loss maximum in this temperature
region or not, it must be examined at first.
We carried out the viscoelastic measurements
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Figure 8. Temperature dependence of the complex
elastance for BBP—Braid system. The upper and
the lower curves correspond to the real part and
to the imaginary part of the complex elastance
respectively.
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Figure 9. Temperature dependence of the complex
elastance for DOP—Braid system. The upper and
the lower curves correspond to the real part and
to the imaginary part of the complex elastance
respectively.
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Figure 10. Temperature dependence of the com-
plex elastance for DOS—Braid system. The upper
and the lower curves correspond to the real part
and to the imaginary part of the complex elastance
respectively.
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Figure 11. Temperature dependence of the com-

plex elastance for DBS—Braid system. The upper
and the lower curves correspond to the real part
and to the imaginary part of the complex elastance
respectively.

for the plasticizers by the TBA method.” The
samples were quickly cooled to a solid and then
the temperature was gradually raised. Interesting
results were obtained and these are shown in
Figures 7—11. The TCP and the BBP show a
single mechanical transition which is associated
with the glass transition. These plasticizers are
vitrifiable substances. In the case of DOS
(Figure 10), a decrease in the storage modulus
occurs at the glass transition between —100—
—80°C. A subsequent increase in modulus is
observed, which indicates the crystallization of
the sample in the glass braid. The final decrease
near —45°C is due to the melting of crystals.
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Figure 9 (DOP) shows an intermediate feature
between those of TCP and DOS. The DBS is
a very crystallizable substance and shows no
glass transition. A decrease in storage modulus
due to the fusion is observed at about —11°C.

The most important finding in Figures 7—11
is that the plasticizers show no loss maximum
in the temperature region from —196°C to their
glass transition temperatures, and therefore this
new p-dispersion cannot be attributed to the
diluent molecules alone. Consequently it is of
interest that the peculier y-dispersion appears in
the mixed systems of PVC and plasticizers,
whereas both components are viscoelastically
inactive in this temperature region.

Shen, et al.,*”® emphasized that theé mechanical
properties of plasticized polymers in the glassy
state cannot be predicted on the basis of either
the polymers or the diluents alone. The term
“/diluent dispersion”’, in spite of having no clear
definition, is generally applied®®*" for a
certain dispersion which appears in polymers
swollen with some low-molecular-weight sub-
stances. The y-dispersion of our samples must
be an example of the ‘‘diluent dispersion”’.

The y-peak is located near —165°C at about
0.3 Hz, though the accurate positions cannot be
determined because of their flatness. The posi-
tion of the p-dispersion is independent of the
plasticizer contents and its intensity becomes
stronger with the increase in plasticizer content
with the exception of PVC—TCP systems. The
loss moduli of the y-peaks, G,”’, are plotted as
a function of plasticizer contents in Figure 12.

8
&
£
NS
6
c
>
=
©
lo 4
=
2
Brecrees s greneeeeesng TCP
] 1 1 1 1 1 1
20 40 60 wt%
Figure 12. The loss modulus of the y-peak of

plasiicized PVC plotted against plasticizer content.
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The dependence of the G,’’ values on the
plasticizer contents is not linear and shows a
saturation tendency. In the case of PYC—TCP,
the values of the loss moduli in this temperature
region are lower than that of the unplasticized
PVC owing to two reasons; the g-dispersion of
PVC disappears in the presence of plasticizers
and the PVC—TCP systems do not show the
r-dispersion.

These facts mentioned above suggest that the
7-dispersion originates from the interaction
between PVC and the diluents. Moreover the
appearance of this dispersion seems to be highly
sensitive to the nature of the additives.

The ability of plasticizer to provoke the r-
dispersion is in the order of

DBS >DOS >DOP > BBP , TCP .

Although the TCP is incapable of bringing
about the y-dispersion, we put it in this sequence
for the convenience of later discussion.

We intend to discuss the y-dispersion from
the viewpoint of the chemical structure of added
plasticizers. ‘Note that the inactive TCP is
mainly composed of three benzene rings, but
not of alkyl chains. The BBP which has a
short butyl group and two benzene rings is
weak in the effect of giving rise to the -
dispersion. The effective DOP consists of two
octyl groups and a benzene ring. The other
plasticizers (DBS and DOS) which have long
alkyl chains and no benzeme ring are more
effective in bringing about the p-dispersion.
Consequently the above order shows that the
intensity of the y-peak increases as the alkyl
chain length of the diluents increases. On the
basis of the above discussion, the y-dispersion
in the PVC—plasticizer systems could conceiv-
ably be attributed to the molecular motion of
the alkyl chain  sequences in the plasticizers
under the condition that the plasticizers do exist
in the PVC matrix.

It is contrary to the above expectation that
the DBS is more effective than the DOS, be-
cause the alkyl chain length of the latter is
longer than that of the former. This fact may
be due to the branching of the DOS; the
branching parts of the DOS hinder the molecular
motion of whole alkyl chains in DOS more
markedly compared to the case of DBS.

Polymer J., Vol. 5, No. 3, 1973
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Figure 13. Temperature dependence of dielectric
loss for the plasticized (40wt 95) PVC at 10kHz.

The dielectric results for the plasticized
(40wt%) PVC are shown in Figure 13. The
¢’/ of the unplasticized PVC gradually increases
with increasing temperature, which corresponds
to the lower temperature side of the g-disper-
sion. The ¢’ values in the PYC—TCP system
are lower than those of unplasticized PVC
because of the disappearance of the g-dispersion
and of the absence of the y-dispersion. For the
other systems the y-dispersion appears as a peak
or as a shoulder. These results coincide with
our mechanical ones. But the effectiveness of
plasticizers for the y-peak intensity in the
dielectric observations is not similar to that in
mechanical ones. This discrepancy is not ex-
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Figure 14. Logarithmic frequency of dispersion
plotted against reciprocal absolute temperature of
dielectric loss maximum (r-dispersion).
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plained clearly at present and is left unsolved
for future study. At any rate, this finding in
the dielectric experiments appears to prove that
the polar groups, in addition to the nonpolar
alkyl chain sequences, are essentially responsible
for this y-dispersion.

The transition maps are shown in Figure 14.
The activation energy was estimated to- be
6.540.5 kcal/mol, which is independent of the
systems studied. This value closely resembles
the activation energy found for the relaxation
process of the side-chain alkyl groups in the
poly(methacrylic acid) esters.®"*

Janacek, er al., assumed that the low-tempera-
ture dispersions of pure polymers are transform-
ed into another dispersions by the presence of
diluents; for example,®" the transformation from
the y-dispersion of dried nylons to the g-disper-
sion of wet nylons, and from the y-dispersion of
pure poly(hydroxyethyl methacrylate) (PHEMA)
to the p-dispersion of PHEMA containing low
molecular organic substances.

Judging from the concentration dependence of
both y and g-dispersion of our samples, it is
impossible to suppose transformation from the
B-dispersion to the p-dispersion due to the
presence of plasticizers.

There is another possibility for the transfor-
mation.  Goldstein, ez al.,” reported that
secondary dispersions are observed for mixtures
of low-molecular-weight substances in the glassy
state. The secondary dispersions of low-mole-
cular-weight substances in the glassy state were
also observed for some alcohols by Illers*® and
for enantholactone by Koleske, et al.® These
results suggest that the plasticizers used in this
study may have some dispersions at cryogenic
temperatures. However, it is not confirmed at
present and is the subject for future study.
Therefore, we cannot exclusively conclude that
the y-dispersion of the PVC—plasticizer systems
results from the transformation of the secondary
dispersion of plasticizers themselves.

Shen, et al.,'”® proposed a ‘‘dual mechanism”
for the interpretation of ‘‘diluent peak”. This
idea is not applicable to our cases.

CONCLUSION

The most important finding reported in this
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paper is that a new ‘diluent dispersion’ (y-
dispersion) is observed for the PVC plasticized
with some diluents in the low-temperature region
where peither of the components shows a loss
maximum. It is some interaction between
diluents and PVC matrix that bring about the
7-dispersion. The appearance of this dispersion
depends upon the diluent concentration as well
as on the species of the diluents. Low-tempera-
ture y-relaxation seems to be assigned to the
cooperative motion of the alkyl chains in the
diluents including some motion of the polar
groups.

Our observation is concerned with one example
of the diluent dispersion, and we believe that
the accumulation of more data in regard to the
““diluent dispersion’’ is necessary at present and
it will lead to an adequate interpretation for its
mechanism.
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