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ABSTRACT:

Viscoelastic properties of fractionated poly(vinyl methyl ether) in melts were

measured in oscillation flow in the molecular weight range of 2.44 x 104—13.4 x 10*. It was found
that the molecular weight dependences of zero-shear viscosity #° and steady-state compliance J,
are qualitatively the same as those of other linear polymers, and the J, value in entangled region
is about 3 x 10™¢ (cm2dyn~!), while the plateau modulus G% is about 2.6 x 10® (dyncm~2).
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Poly(vinyl methyl ether) (PVME), which is
one of the important polymers, is widely used
for producing adhesives, coatings, plasticizers,
etc. in industries. Moreover, it is also used for
studying phase separation! 3 and viscoelastic
properties of polymer blends* ® in science
since polystyrene(PS)-PVME blends are sol-
uble below certain temperatures or have LCST
in the phase diagram. Recently, the effects of
shear flow on phase separation of polymer
blends are also studied by measuring small
angle neutron scattering and viscosity of
PS-PVME blends in steady-shear flow.® For
discussing these experimental data of PS-—
PVME blends in steady-shear flow, it is
important to know the viscoelastic properties
of each component of the blends.

The viscoelastic properties of PS have been
well studied,®~!2 but only a few viscoelastic
data of PVME have been published. Takatori
et al.® reported that the molecular weight
between entanglements M, evaluated from the
plateau modulus G of PS-PVME blend, in
which PS molecules are not entangled, is about
8.5x 10°. While Brekner et al.* reported that
M,~15x10* for PVME with a broad

molecular weight distribution. The main
reasons why the viscoelastic properties of
PVME have not been well studied are as
follows: 1) PVME is readily degraded by
oxidation.!3 2) It readily absorbs moisture. 3)
It is difficult to get the samples having narrow
molecular weight distribution over a wide range
of molecular weights.

In this work, therefore, we study the
molecular weight and temperature depen-
dences of viscoelastic properties, and the
critical molecular weight of entanglement for
well-fractionated PVME samples with various
molecular weights in melts taking care of the
degradation and the absorption of moisture.

EXPERIMENTAL

Fractionation

PVME sample was purchased from Poly-
sciences Inc. as a 50% aqueous solution. The
solution was mixed with toluene to extract
PVME and the toluene solution was dried by
calcium chloride. After that, the toluene
solution was added to a large amount of
n-hexane to precipitate PVME. The sample
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thus obtained were successingly fractionated
few times in a mixture of benzene/n-hexane
with the mixing ratio of about 1:4, by varying
the temperature. The final fractions were dis-
solved in benzene to be freeze-dried and kept
in a decicator in vacuo.

Characterization

The number average molecular weights M,
of four fractions (F5-1, F6-2, F6-3 and F6-4-4)
were measured by osmometry in toluene at
30°C using a Hewlett Packard High Speed
Membrane Osmometer Type 502. The weight
average molecular weight M, of a high
molecular weight sample, kindly supplied by
National Institute of Standards and Tech-
nology, was measured by light scattering in
2-butanone at 25°C with a Fica 50 Automatic
Light Scattering Photometer. The wave length
used was 436nm and the refractive index
increment was 0.0944cm?g~!.'* This sample
(M,,=4.95x 19%) was only used to make the
calibration curve for gel permeation chroma-
tography (GPC) mentioned below.

Elution volume of GPC were measured by
Tosoh High Speed Chromatograph HLC-802A
with GMHXL x 2 mixed column. The eluting
solvent used was tetrahydrofuran and the flow
rate was lcm®min~!. A calibration curve for
PVME was made by trial and error to repro-
duce the number and weight average molecular
weights of samples measured by osmometry
and light scattering. The M,, M,, and M, /M,
values of all the samples tabulated in Table I
were evaluated by using the calibration curve.
A fraction F1’ has a relatively broad molecular
weight distribution as it was not well
fractionated to need a large amount of the
sample for determining the temperature shift
factor ay.

Viscoelastic Measurements

Viscoelastic properties were measured by a
Mechanical Spectrometer type RMS800 of
Rheometrics Inc. in oscillation flow. A disk
and plate geometry with a diameter of 2.5cm
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Table I. Molecular characteristics of PVYME

determined by GPC

Sample code M,x107* M, x107* MM,
F4-2 8.42 13.4 1.43
F5-2 7.79 11.1 1.28
F5-1 5.83 9.90 1.40
Fé6-1 4.50 6.86 1.37
F6-2 3.22 4.82 1.35
F6-3 2.77 4.36 1.41
F6-4-2 2.90 3.98 1.24
F6-4-4 1.72 2.44 1.73
Fl’ 2.60 5.69

1.97

was used for all the measurements. Dry
nitrogene gas was used in the temperature
control system of RMS800 to prevent the
oxidation of PVME and also the absorption
of moisture. The shift factor a; for PVME was
determined by using F1’ in the temperature
range from 30°C to 130°C. In the measurement
of temperature dependence, a fresh sample was
used at each temperature in the high tem-
perature range to avoid the degradation and
the absorption of moisture.

Measurements for all the other samples were
carried out at 80.6°C to study the viscoelastic
properties at the terminal region. Viscoelastic
properties of the sample F5-1 was also
measured at 30°C to cover the wide range
of frequency. After each measurement, the
molecular weight distribution of the sample
was measured by GPC to examine the deg-
radation.

RESULTS AND DISCUSSION

Temperature Dependence

Figures 1 and 2 show the master curves of
storage modulus G’ and loss modulus G” for
the samples F1’ in the temperature range from
30°C to 130°C, and for F5-1 at 30°C and
80.6°C, respectively. In these figures, the
reference temperature 7, is 80.6°C, and G’ and
G" are shown by the solid and broken lines,
respectively. It is well known that the shift
factor a; is independent of molecular weight
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Figure 1. Master curves of G’ (solid line) and G” (broken

line) for sample F1'. The reference temperature is 80.6°C.
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Figure 2. Master curves of G’ (solid line) and G” (broken
line) for sample F5-1. The reference temperature is 80.6°C.

and molecular weight distribution, if the mo-
lecular weight of sample is high enough.'®*?
This is also the case for PVME since the a;
values used at 30°C in Figures 1 and 2 are the
same. Therefore, we use the a; values in Figure
1 for PVME in melts.

Figure 3 shows plots of log ar vs. T~ (K™1).
The data are connected smoothly by the solid
line, which follows the WLF equation (eq 1).

—C(T-T)

log ar=-—

— 1
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Figure 3. Plots of log ay vs. T~ (K™') for PVME. The
solid line shows the WLF equation.

where C, and C, are the constants, which are
determined to be 4.01 and 136.9, respectively,
from the slope and the intercept of plots of
—(T—-T)/log ar vs. (T—T,).

Plateau Modulus, Zero-Shear Viscosity and

Steady-State Compliance

In Figure 2, we may regard the high fre-
quency region where way is around 10*s™!
as a rubbery plateau region, since the mag-
nitude of G” is smaller than that of G','? but
we cannot determine precisely the plateau
modulus G since G’ increases very slightly but
continuously, and the maximum in G” does not
clearly appear. This may be due to the fact that
the PVME sample used has the wider molecular
weight distribution than other . anionically
polymerized samples such as polystyrene (PS),
which shows a relatively flat plateau in G’ and
the maximum in G”.}° Therefore, we assume
that the mean value of G’ (2.58 x 10° dyncm ™ ?)
at the high frequency region in Figure 2 is equal
to G%. Then we have M ~1.2x10* from
M,=pRT/G% where p=1.01gem™* at
80.6°C.% The M, value thus estimated is slightly
higher than the value reported by Takatori et
al.® but slightly lower than the value reported
by Brekner et al.* Graessley and Edwards'®
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Figure 4. Double logarithmic plots of #° vs. M,, for
PVME at 80.6°C.
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Figure 5. Double logarithmic plots of J, vs. M, for

PVME at 80.6°C.

presented a universal power law, relating G
to the unperturbed dimension and reported
that it is valid for GY in melts of 15 polymer
species so far published. It is to be noted that
the GR value of PVME assumed in this work
also follows the universal power law.

As shown in Figure 2 as an example, we
observe the terminal region where G’ ocw? and
G"ocw, in the low frequency range for all the
samples. Therefore, the zero shear viscosity 5°
and the steady state compliance J, can be
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evaluated by using the following equations.

"

n° = lim — Q)
00
J.=lim %% 3)
=01 w

Figure 4 shows double logarithmic plots of #°
vs. M,,. It is clear from the figure that all the
data can be represented by the 3.4th power law
like other linear polymers,'!*? though the data
are somewhat scattered. This figure reveals that
the critical molecular weight M for entangle-
ment effects on #° is lower than M,,=2.44 x
10*. If we assume the relationship Mc~2M,,
which is valid for ordinary linear poly-
mers,' 1215 we have M~2 x 10* for PVME.
This value is consistent with the viscosity data.
Figure 5 shows double logarithmic plots of
J. vs. M. Here, we use M,, as usual, though,
J, strongly depends on molecular weight

distribution.’™'? In the low M, region, J, is
proportional to M,, and seems to become
independent of M,, in the high M, region. The
critical molecular weight M( and the limiting
value of J, are estimated to be about 9 x 10*
and 3x10"®cm~?dyn~!) from this figure,
respectively. The order of J, is the same as that
for other linear polymers so far studied and
the value is slightly higher than that of PS.10 12
The product GJ, can be regarded as a measure
of the breadth of terminal relaxation time
distribution, and its values were reported to be
3—S5 for nearly monodisperse polymers.'!+12:13
The GRJ, value for PVME in this work is about
7.7, reflecting the broad relaxation time
distribution as can be seen in Figure 2.

In summary we conclude that the molecular
weight dependences of #° and J, of fractionated
PVME are qualitatively the same as those of
other polymers studied well such as PS. The
characteristic molecular weights, G and J,
values are in the same order with most of other
polymers so far studied.
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