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Introduction

Poly(vinyl methyl ether) (PVME) has been widely
employed in studies of polymer mixtures, both in the
melt and in solution, because it exhibits miscibility with
polystyrene (PS) over a wide range of conditions.»2 For
example, we have employed PVME as a matrix polymer
to investigate tracer diffusion of linear and branched
PS chains and PS latex particles in semidilute and
concentrated solutions and gels.2=8 Others have exam-
ined the phase behavior of PS/PVME blends in the melt,
where lower critical solution temperature (LCST) be-
havior is displayed.”"12 Diffusion behavior and rheo-
logical properties in PS/PVME blends have also been
investigated.’3* PVME is typically prepared by cat-
ionic polymerization, but chain transfer processes keep
the average molecular weight low (M,, < 10°) and the
polydispersity high (M\/M,, = 2). Living cationic po-
lymerization of PVME has been demonstrated, but only
for My, = 2 x 10435 One consequence of this is that, so
far as we are aware, there have been no studies of the
viscoelastic properties of highly entangled PVME
samples. To this end we report measurements of the
frequency (w) and temperature (T) dependences of the
dynamic shear modulus G* for a PVME melt with M,,
= 1.3 x 10% and Mw/Mp, ~ 1.3.26 This material was
synthesized by cationic polymerization and fractionated
as previously described;!7 it has been used as a matrix
material in several of our solution diffusion studies.3*6
The resulting information about the molecular weight
between entanglements M, and the monomeric friction
factor ¢ should facilitate quantitative interpretation of
the dynamic properties of melt blends. Furthermore,
the frequency dependence of the loss modulus in the
entanglement zone is compared with the predictions of
recent models.18-20

Experimental Section

Determination of Tg4. The glass transition temperature
T, of the PVME was determined using a Perkin-Elmer DSC-7
thermal analysis system. The melting temperatures of ice and
indium were used as references for temperature calibration.
The sample was heated at 10 °C/min under a nitrogen
atmosphere. A clear thermal transition was observed between
—26 and —20 °C, with a midpoint at —22.9 °C.

Rheology. Rheological measurements were performed on
a Rheometrics Solids Analyzer (RSA-II) in the shear sandwich
geometry (15.95 mm x 12.65 mm x 0.5 mm). The sample was
loaded at 150 °C and then cooled to 50 °C to trim the excess
material along the edges. Oscillatory shear experiments were
conducted at nine temperatures from —10 to +240 °C under a
nitrogen atmosphere. The sample was allowed to equilibrate
for 30 min at each temperature before the start of frequency
sweep measurements. The storage (G') and loss (G') moduli
were measured over 3.5 decades of frequency (0.02—100 rad/
s) at small strains (typically 1% at the lowest temperature and
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Figure 1. Reduced dynamic shear moduli for high molecular
weight poly(vinyl methyl ether). The straight lines are guides
to the eye and have slopes of —0.15 and 0.57.

25% at the highest temperature). The data for various
temperatures and frequencies were superimposed in the
standard manner.?! Horizontal shift factors (ar) were deter-
mined by eye, using the data for each temperature plotted as
the phase angle 6. The vertical shift factors (p,To/pT), where
p is the density and the subscript o denotes the reference
temperature, were determined using p(T) reported by Shiomi
et al.1°

Results and Discussion

The resulting master curves for Gk and Gg as func-
tions of reduced frequency war are shown in Figure 1
(the subscript R, which will be omitted henceforth,
indicates that the density correction has been applied).
The data extend over approximately 10 decades in
reduced frequency, with terminal, plateau, and transi-
tion regimes of viscoelastic behavior evident. However,
the majority of the data lie in the plateau regime.
Overall, the superposition is satisfactory. The value of
the plateau modulus Gy, may be established in several
ways.2122 The preferred method would be to integrate
under the terminal loss peak

Go = %fG"(a)) dinw 1)

but the data do not extend to sufficiently low frequency
to firmly establish the terminal behavior. Conse-
quently, three semiempirical methods were employed:
the value of G' at the minimum of G"; the value of G’
at the inflection point in G’; the maximum value of G”
in the terminal loss peak, divided by 0.207.21 All three
methods yielded equivalent values, G}, = 0.407 =+
0.007 MPa at 30 °C. This corresponds to a molecular
weight between entanglements M, given by18.22

M, = 22T _ 5100 @)
5 G,

The frequency dependence of G" exhibits two regimes
of power law behavior for wz; > 1, associated with the
entanglement plateau and transition zones of viscoelas-
tic response. In the former, the apparent exponent is
approximately —0.15, as shown in Figure 1 (the lines
are guides to the eye, not fits). This is close to, but

© 1997 American Chemical Society



Macromolecules, Vol. 30, No. 12, 1997

4

T T L T T

Poly(vinyl methyl ether)
M=13x 10° 1

T =30.6 °C
o

log ap

C, =85
4} o .
C,=128"C
6 1 1 1 ) 1
-50 0 50 100 150 200 250

T,°C

Figure 2. Time—temperature superposition shift factors for
poly(vinyl methyl ether), and the fit to the WLF equation for
a reference temperature of 30.6 °C.

Table 1. Properties of Poly(vinyl methyl ether)

property value
Muw, g/mol 1.3 x 108
Mw/Mp 1.3

o, g/mL? 1.051

Ty °C —22.9

Gp,2 MPa 0.407
Me,2 g/mol 5100

Cy2 8.5
Cx2°C 128

cd 14.4

Cj, °C 71.5
fy/B 0.030
Aa, °C1 4.2 x 107

a At, or relative to, the reference temperature of 30.6 °C.

slightly smaller than, the values recently reported for
polybutadiene (—0.18) and polystyrene (—0.23).23 These
entanglement zone exponents are considerably less than
the value of —0.5 associated with the Doi—Edwards
model,'® but are at least roughly consistent with the
recent mode-coupling theory of entangled polymer dy-
namics?® and are a natural consequence of the proposed
Baumgaertel—Schausberger—Winter relaxation spec-
trum.1® Jackson et al., noted that the value for poly-
butadiene approaches —0.23 in the high M limit, and
suggest that the exponent may be universal.?® The
value for PVME does not support this view, although
the finite polydispersity may play a role. In the transi-
tion zone the exponent is approximately 0.57, which
agrees rather well with the Rouse value of 0.5. Corre-
sponding values of 0.71 and 0.67 have been reported for
polybutadiene and polystyrene, respectively.23

The temperature dependence of the time—tempera-
ture superposition shift factor ar, or equivalently, of the
monomeric friction factor ¢ is shown in Figure 2. The
smooth curve represents the best fit to the Williams—
Landel—Ferry (WLF) equation:?!

Cy(T—-Ty)

| = o
W1

®3)

with the reference temperature T, = 30.6 °C; the
resulting values of the WLF coefficients C; and C, are
given in Table 1. This function can then be extrapolated
to Ty, and the data can be refitted with Ty as the
reference temperature. The resulting WLF parameters
CY and CJ and the corresponding free volume quanti-
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ties fy/B and Ao are also given in Table 1. These fits
extend up to +241 °C, which is far beyond the canonical
domain of validity of the WLF equation, ie., Tg < T <
Ty + 100 °C. However, the fit is quite good over the
entire range. Furthermore, if the fit is restricted to the

data with T < 91 °C, the values of C¢ and C3 change by
only 2—4%.

Summary

We report values for the plateau modulus G}, =
0.407 MPa and the molecular weight between entangle-
ments, M = 5100 g/mol for poly(vinyl methyl ether),
on the basis of the viscoelastic measurements on a high
molecular weight sample. The loss modulus exhibits
power law behavior in both the entanglement and
transition zones. In the former regime, the associated
exponent of approximately —0.15 is not consistent with
the predictions of the Doi—Edwards model, but is in
reasonable accord with the BSW relaxation spectrum
and mode-coupling theory. The temperature depen-
dence of the monomeric friction factor is extracted from
the time—temperature superposition shift factors.
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