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Effects of Polydispersity on the Linear Viscoelastic Properties of
Entangled Polymers. 1. Experimental Observations for Binary
Mixtures of Linear Polybutadiene
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ABSTRACT: Viscoelastic effects of polydispersity for linear polymers in the entanglement regime were studied
with binary mixtures of nearly monodisperse polybutadiene. Five series of mixtures (7-10 compositions in
each) were investigated for component molecular weight ratios, R = My /Mg, from 2.5 to 10.7. Storage and
loss moduli, G/(w) and G"(w), were measured for each composition over a wide range of frequencies at several
temperatures and reduced to master curves at 25 °C. Viscosity ny and recoverable compliance J,° were obtained
and compared with a variety of proposed mixing laws. The peaks in G"(w) were used to estimate relaxation
times and weighting factors for the individual component contributions. The compositional dependence of
these quantities was in fairly good agreement with the tube model and constraint lifetime ideas applied to

mixtures.

Introduction

The viscoelastic properties of polymer melts and solu-
tions are strongly influenced by molecular weight distri-
bution. In dilute solutions the effect of polydispersity is
straightforward. If the chains do not interact, the poly-
meric contribution to stress is obtained by simple addition.
In concentrated solutions and melts the chains overlap
extensively; if they are long enough the behavior is dom-
inated by entanglement interactions. How polydispersity
affects linear viscoelastic behavior in such strongly inter-
acting systems is a subject of longstanding interest.>

The shear stress relaxation modulus G(¢) contains all
information on the linear viscoelastic behavior of a liquid
and is a convenient property for discussion purposes. The
dynamic shear modulus G*(w) = G{w) + iG"(w) is more
commonly measured and is related to G(t) by Fourier
transformation:

G*(w) = iwj:G(t) exp(~iwt) dt (1)

The values of steady-state viscosity at zero shear rate 7,
and steady-state recoverable shear compliance J.° can be
obtained from the moments of G(¢) or from the storage
modulus G'(w) and loss modulus G(w) at low frequencies:

//(w)

f G() dt = lim )

0024-9297 /85/2218-2630$01.50/0

Gw)
J.° f (G(e) dt = lim ——= Y (3)

The relaxation spectrum H(7) is an equivalent expression
of linear response which can be derived from data on G(t)
or G*(w) by an integral inversion, e.g.

G*(w) = f T H(r) dln -~ 4)

Extensive measurements have been made on highly
entangled systems of nearly monodispersed linear chains.
The response at long times or low frequencies is found to
assume a universal form.2* Thus, in the plateau and
terminal regions

G(@) = Gy°U(t /1) (5)

where U(t/ 1) is a universal function, normalized to give
U(0) = 1, Gy° is the plateau modulus, and 7, is a char-
acteristic time:

7o = 1gde° (6)

The terminal spectrum is quite narrow, and this, together
with its large separation from the transition region for long
chains (M > M,), results in a prominent and well-defined
peak in the loss modulus, G,,” at w,, and a rapid approach
of G {w) to Gn° beyond w,,. The dimensionless products

© 1985 American Chemical Society
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wpTo ~ 2 and J,°Gy° ~ 2.3 appear to be universal con-
stants for highly entangled linear polymers with narrow
molecular weight distribution.*®

Viscosity is proportional to M** for molecular weights
greater than M, ~ 2M,. Recoverable compliance is in-
dependent of M beyond M, ~ 3M_; below M, the values
are in reasonable agreement with the modified Rouse
model expression?

_2 M
5 CR(;T

where c is the polymer concentration (weight/volume), R

is the universal gas constant, and T is the temperature.

The entanglement molecular weight M, is defined in terms
of the plateau modulus?

M, = cR;T/Gy° (8)
and M/M, is the entanglement density. When M >» M,,

both Gy\° and J,.° change with dilution according to power
laws:

J°

(7)

GN° @« Cd (9)
J° o« ¢ (10)

with 2.0 < d < 2.3 for many polymers and diluents.%%’

The effect of polydispersity for entangled linear chains
has been studied extensively with binary mixtures of nearly
monodisperse components.2®® The following features
seem clearly established.

(a) Viscosity depends primarily on the weight-average
molecular weight. Thus, for pure components and mix-
tures

Mo = KMwa (11)
where a ~ 3.4,2
M, = ¢ My, + ¢psMy (12)

and the ¢’s and M’s are volume fractions (equal to weight
fractions) and molecular weights of the long-chain (L) and
short-chain (S) components.

(b) Recoverable compliance is very sensitive to poly-
dispersity. The value of J.° rises steeply as small amounts
of L chains are added to an S-chain matrix, passes through
a maximum, (J/,°) oy at (¢1)may, While L is still the minority
component (¢, < ¢g), and finally approaches (J,°),, along
the power law for simple dilution (eq 10)

J° = (J 0oL (13)

The values of (J,°) ., become larger and (¢r),,.; becomes
smaller as the ratio of component molecular weights, R =
M; /Mg, increases.

(c) Contributions of the individual components can be
observed rather directly in G*(w) when both are entangled
and R is significantly larger than unity. Two peaks-appear
in G"(w); the low-frequency peak (G,,”);. increases and the
high-frequency peak (G.,”)g decreases with increasing ¢;.
The storage modulus G{w) has a corresponding inflection
between (w,,);, and (w,)s. If the S component is well en-
tangled (Mg > M,), G/(w) approaches the pure component
plateau modulus between (w,)s and the transition region,
demonstrating that Gn° is independent of polydispersity.

A variety of generalizations about polydispersity effects
have been proposed. Some of these take the form of em-
pirical mixing laws, using simple combinations of the
component spectra. Weighting factors, time scale shifts,
and cross-term forms are chosen to force agreement with
such features as 7, « M,3* and constancy of Gy°.1722-26

Viscoelastic Properties of Entangled Polymers 2631

Others are motivated by molecular arguments,?"? modified
with adjustable parameters,?® alternative forms for the
weighting factors,!®% or generalized to incorporate com-
peting mechanisms. 3! Still others focus on polydispersity
effects in 7, or J,° alone.'®323 Some of these proposals
are clearly incompatible with observations on entangled
mixtures,? but even the more promising approaches have
been tested for only limited ranges of R and Mg/M..

This paper reports experimental results on G*(w) for
several series of highly entangled binary mixtures of linear
polybutadiene. Like polystyrene, upon which most recent
studies are based, polybutadiene can be synthesized with
high molecular weight and narrow distribution by anionic
polymerization. Polybutadiene has certain advantages,
hewever, which are related to both its low T, ~ -97 °C
and small M, = 1850, compared with T, ~ 100 °C and M,
= 18000 for polystyrene. Measurements can be made in
the vicinity of room temperature for polybutadiene even
in highly entangled mixtures (Mg/M, > 1) with moderate
to large values of R. Elevated temperatures are required
for polystyrene, and thermal degradation precludes mea-
surements for ranges of Mg/M, and R which are rather
easily attained with polybutadiene. To gain these ad-
vantages, polybutadiene must be stabilized against oxi-
dation, and care must be taken to minimize variations in
chemical microstructure (cis-1,4, trans-1,4, and 1,2 vinyl
enchainment) among the samples.

Five series of mixtures have been investigated, four in
the undiluted state and one at 50 wt % of polymer. In all
cases Mg/ M, is larger than 20. The ratio of component
molecular weights ranges from R = 2.5 to R = 10.7. For
three series this ratio is approximately the same (R ~ 4.5)
but achieved with different values of Mg and M,. Some
results on polybutadiene mixtures have already been re-
ported'>!® and a few data are available with low molecular
weight polybutadiene as the diluent.**®* Changes in com-
ponent contributions to G*(w) with mixture composition
are discussed here, and 5¢(¢,R) and J.°(¢,R) are com-
pared with calculations based on some proposed mixing
laws. A second paper will follow, comparing 5, and J,°
behavior with predictions based on the Doi-Edwards tube
model® as modified to include the effect of tube constraint
lifetimes.?1:3838 A third -paper will present a detailed
molecular theory for the frequency dependence.®® A fourth
paper will report the experimental results for several series
of linear—star and star-star mixtures.*

Experimental Procedures

1. Molecular Characterization. Several samples of nar-
row-distribution polybutadiene were prepared by anionic po-
lymerization in cyclohexane at 50 °C. Polymerization was initiated
by sec-butyllithium and terminated by the addition of dry 2-
propanol. The polymers were precipitated with methanol, sta-
bilized, dried, and stored as described previously.®4!

Chemical microstructure of the polymers, determined by in-
frared spectroscopy,’ is reported in Table I. With increasing chain
length the cis-1,4 content decreases, the trans-1,4 content increases,
and there is a small decrease in 1,2 (vinyl) content. These trends
are consistent with earlier data for polybutadienes prepared by
a similar method.® They appear to have little effect on rheological
properties, although the slightly larger temperature coefficient
and slightly smaller plateau modulus of sample 41L (see below)
may be related to such differences. For this limited range of
microstructures and molecular weights the density of poly-
butadiene at 25 °C is 0.895 g/cm?® and the glass transition tem-
perature is 97 °C.641

Molecular weight distributions were estimated by gel per-
meation chromatography (Waters Associates, Model 200) in
tetrahydrofuran at room temperature.® Values of M, /M,, cor-
rected for axial dispersion, are given in Table I. No sample was
used in the rheological work unless its chromatogram was sym-
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Table I
Molecular Characterization Data on the Component Polybutadienes
sample % 1,4 cis % 1,4 trans % 1,2 {n](THF), dL/g M(IV)e M(LS) M, /M (GPC)
41L 42 50 8 0.65 40700 39000 1.04
98L 47 45 8 2.36 97 500 92 500 1.03
174L 50 43 7 1.93 174000 181000 1.04
435L 58 36 6 3.84 435000 450000 1.03

¢ Calculated from intrinsic viscosity in tetrahydrofuran with eq 12.

Table I
Characteristics of the Mixtures Investigated
range of

series ?p° R® M M,/M2
174L/435L 1.0 2.5 1850 98-243
98L/435L 1.0 4.5 1850 50-243
98L/435L(soln) 0.52 4.5 4400 21-103
41L/174L 1.0 4.3 1850 21-98
41L./435L 1.0 10.7 1850 21243

2Volume fraction of total polymer in the series. °Ratio of mo-
lecular weights of long-chain (L) and short-chain (S) components:
R = My /Mg ©Calculated with eq 8. M, values calculated with
eq 12 using M(IV) for the components.

metrical, free of high and low molecular weight tails, and gave
a value of M,/ M, less than 1.05. Candidate samples were further
screened on the basis of their rheological properties, as described
below.

Molecular weights were obtained from intrinsic viscosity
measurements and dilute solution light scattering. Values of M
were calculated from [5], measured in tetrahydrofuran at 25 °C,
using

[n] = 2.27 X 107*M°75 (14)

This equation was established earlier with other samples of similar
microstructure®! and confirmed more recently by other workers.*
The light scattering measurements was made in cyclohexane at
25 °C (Chromatix KMX-6, A = 632.8 nm). Molecular weights were
calculated with dn/dc = 0.110; ml./g, a value determined earlier
for similar polybutadienes.®

The data in Table I demonstrate fairly good agreement between
the two methods. We have used the molecular weights from
intrinsic viscosity in subsequent tables and figures only because
we regard them as slightly more accurate in relative values. That
choice does not affect the conclusions in any significant way. The
component polybutadienes are identified according to molecular
weight; e.g., 98L is the sample with M = 97700, as calculated from
[n] with eq 14.

2. Preparation of Mixtures. The polymer mixtures, 7-10
compositions for each series, were prepared by dissolving weighed
amounts of the individual components in a large excess of benzene.
The benzene mixtures were kept in the dark and stirred gently
until complete dissolution (~24 h). The benzene was then
evaporated and the samples dried at least 1 week in a vacuum
oven at room temperature. Solvent removal was considered to
be complete when the change in weight on successive days was
less than 0.01%. One series of mixtures was diluted 50% by
weight with Flexon 391 (Exxon Chemical Co.), a naphthenic
hydrocarbon oil of low volatility with 5, = 43.3 P and p = 0.979
g/cm?® at 25 °C.%% Benzene was again used to assist dissolution
and then removed as before. The volume fraction of polymer in

this series was 0.52, calculated from the component densities with
the assumption of no volume change upon mixing. The general
characteristics of the five series are summarized in Table II.

3. Rheological Measurements. Storage and loss moduli were
determined by the eccentric rotating disk (ERD) method with
a Rheometrics mechanical spectrometer. Parallel plates 25 mm
in'diameter were used with a typical gap spacing of 1.2 mm. The
samples were blanketed with nitrogen, and measurements were
made at several temperatures (25, 50, 75, and, in a few cases, near
0 °C). The full range of the instrument, 10 < w < 100 rad/s,
was used wherever possible. The strain amplitude was varied
somewhat over this range, depending on the magnitude of the
forces. Small strains (y ~ 0.05) were always used when |G*| was
large, but in no case were the strain amplitudes larger than v =
0.3. Linearity of response was checked repeatedly; all data re-
ported here were obtained well within the linear region.

Values of G'(w) and G”(w) were calculated from steady-state
forces and the strain, corrected for instrumental compliance.
Compliance corrections are necessary for G (w) at low frequencies,
where G'(w) << G"(w), and become important for both G/(w) and
G"(w) when |G*(w)| exceeds ~ 5 X 10% dyn/cm? For the pure
component polybutadienes the latter range is reached just beyond
the terminal loss peak in G*(w). As |G*(w)| approaches 10’
dyn/cm? the corrected values of the moduli, and especially of
G(w), become very sensitive to the choice of Kj, the radial com-
pliance of the instrument. The value used here for all the data,
K; = 4.835 X 10™° cm/dyn, was carefully estimated from mea-
surements at different gap settings and modulus magnitudes.*’
That value, however, may not be precisely correct for the undiluted
98L/435L series. Those data had been gathered early in the work,
prior to a mechanical modification of the instrument that may
have changed the stiffness slightly. The value of K given above
and the data for all other series were measured after the modi-
fication. We believe this small uncertainty in Kj is responsible
for the apparent anomalies at high frequencies, noted below, in
the undiluted 98L/435L series. The diluted 98L/435L series
should be the least affected by instrumental compliance because
the plateau modulus, and therefore |G*(w)| at high frequencies,
is much smaller for the solutions.

The data obtained at different temperatures were reduced to
master curves at 25 °C. Excellent superposition was obtained
by shifts in the frequency scale alone: no shift in modulus scale
was necessary. The temperature-frequency shift factor ay is
recorded for the pure components at 50 and 75 °C in Table III
and at 50 °C for the mixtures in Table IV. Average values of
ar = 0.36 at 50 °C, 0.17 at 75 °C, and ~6.0 at -7 °C, are in
reasonable agreement with measurements on other polybutadienes
of the same microstructure.2*® Master curves for one of the pure
components are shown in Figure 1 and for one series of mixtures
in Figures 2 and 3.

4. Evaluation of Rheological Parameters. Values of 5, were
obtained from G"(w) at low frequencies according to eq 2. Results

Table II1
Rheological Properties of Pure Component Polybutadienes
10%G,”, 107Gy, 107J,°,
sample 70(25 °C), P ar(50 °C) ar(75 °C) dyn/cm? wn(25 °C), 57! dyn/cm? cm?/dyn J°GN°

41L 1.3; X 10¢ 0.39 0.19 2.95 500 1.05 1.8 1.9
98L 3.1 X 10° 0.35 0.16 3.4; 32 1.25 2.0, 2.5
98L(soln) 6.9 x 10* 0.76 35 0.27 9.3;3 2.5
174L 2.9 x 108 0.35 0.15 3.4, 4.0 1.2, 1.8 2.2
435L 4.8 X 107 0.35 0.16 3.4; 0.25 1.25 (1.3) 2.1 2.6
435L(soln)® (1.05 X 107) (0.25)

¢Values obtained from G, with eq 16; value in parentheses from eq 17. ?Values estimated by extrapolation of results on the diluted

98L./435L series.



Macromolecules, Vol. 18, No. 12, 1985

Viscoelastic Properties of Entangled Polymers 2633

5.5

5 A = D% mA

6.0

™ T

:1%%

SR
41L174L, 9 -0.20 o

£

T T T T T T T
7+ s im0 e
Vol
---
?" e
¢ 4 ..‘--...
= oer o' g
E o" *
g e "
>
g G"f 4
; L 4
o ° y 4
& g 1
o .A L]
] ‘{ .0 G
S N : 7
a
A
3\.l 1 1 1 i
_a _3 -2 -1 0 1 2

Log way (sec 1)

Figure 1. Dynamic shear modulus for pure component sample
435L. Data were obtained at 25 (@), 50 (m), and 75 °C (4) and
shifted along the frequency axis to form master curves at 25 °C.
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Figure 2. Storage modulus master curves at 25 °C for selected
mixtures in the 41L/174L series. Master curves for the pure
components are shown as solid lines. Mixture data were ohtained
at 25 (0), 50 (1), 75 (A), and near 0 °C (0) for ¢, = 0.90 (1), 0.70
(2), 0.50 (3), 0.30 (4), 0.20 (5), 0.10 (6), and 0.025 (7).
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Figure 3. Loss modulus master curves at 25 °C for selected
mixtures in the 41L/174L series. Mixture compositions are as
given in Figure 2.

for the undiluted pure components at 25 °C (Table III) agree
reasonably well with a correlation of the data for narrow-dis-
tribution polybutadiene (~8% vinyl) content reported by many
investigators:

no = 3.63 X 10712pf341 P) (15)
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Figure 5. Storage compliance vs. storage modulus for selected
mixtures with small ¢;. Symbols denote data obtained at 0 (0),
25 (@, 0), 50 (O, W), and 75 °C, (4, A).

Values of n, for the mixtures are given in Table IV.

Values of J,° were obtained from the storage compliance ()
= G'(w)/|G*(w)|? at low frequencies (eq 3). Storage compliance
was plotted as a function of storage modulus, the result being a
single curve for all temperatures because the temperature shift
in modulus scale is negligible. Representative results are shown
in Figures 4 and 5.

The behavior of J/(w) is very sensitive to polydispersity,'4 and
we found that to be useful as a final screen in the selection of pure
components. Typical results for the nearly monodisperse pure
components and mixtures with a high concentration of the L
component are shown in Figure 4. In those cases J(w) settles
into its low-frequency limit, J,°, while G/(w) is still relatively large.
A few pure component candidates were in fact rejected because
J(w) continued to increase more or less indefinitely with de-
creasing G (w). Values of J,° are given in Table III for the com-
ponent polybutadienes. The average for the undiluted samples,

> = 1.9 X 107 cm?/dyn, agrees well with earlier results on similar
polybutadienes (M > M/ ~ 11000%).
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Figure 7. Loss modulus master curves for selected 41L/174 L
mixtures at 25 °C.

Values of J,° were always more difficult to estimate for mixtures
containing a small amount of the L component. Figure 5 shows
J(w) vs. G'(w) for several such mixtures. Limiting behavior was
reached at much lower modulus levels, and the correspondingly
small forces were difficult to measure accurately because of
transducer sensitivity and drift. Data gathered at high tem-
peratures were generally more reliable simply because the ERD
forces reached steady state more quickly. Results for the mixtures
are given in Table IV. We regard the reported values of JJ.° for
¢, = 0.025 as only reasonable estimates. For 0.05 < ¢y, < 0.15
the uncertainty is perhaps 20%; for ¢ > 0.15 and for the pure
components the uncertainty is about 10%.

Plateau moduli for the components (Table III) were estimated
from the loss modulus maximum:*

Gn® = 3.56G,,” (16)

A value was also obtained for sample 435L. by integrating the area
under the loss peak after resolving out a slight overlap from the
transition dispersion:%3°

Q—E = 1/
Gy -WLG (@ dlnw (17)

The average of values for the undiluted components, Gy° = 1.20
X 107 dyn/cm? agrees well with earlier results for this poly-
butadiene microstructure.243%40 Values of G(w) for pure com-
ponents and mixtures converge at high frequencies, confirming
that GN° is indeed independent of polydispersity. The ratio of
loss peak maxima for undiluted 98L and its solution in Flexon
391, (GoNsotn/ (G Vmere = 0.22, agrees well with the value expected
from an earlier study,? (0.52)>% = 0.23. The ratio of compliances,
(e eon/ (e mett = 4.7, compares reasonably well with the expected
value of (0.52)%% = 4.3, and so does (73&m) s/ (M0@m)mer, = 0-24,
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Figure 8. Loss modulus master curves for selected 98L/435L
mixtures at 25 °C.
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Figure 9. Loss modulus master curves for selected 41L/435L
mixtures at 25 °C. The dashed curve is the trajectory of (w)y,
values expected for dilution by monomeric solvents as discussed
later in the paper.
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Figure 10. Loss modulus master curves for selected mixtures
in the diluted 98L/435L solution series at 25 °C.

compared with (0.52)>22 = 0.23. The average of the product
J.°Gy° is 2.33 for the pure components, also in line with other
results.*® From eq 8, M, = 1850 for undiluted polybutadiene and
M, = 4400 for the diluted series.

Results

1. Observations on the Dynamic Modulus. Some
investigators have chosen to recast their results in terms
of the relaxation spectrum. Such manipulation of the
experimental data by numerical inversion of expressions
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Table IV
Viscoelastic Parameters

(a) Series 174L/435L (R = 2.5)

oL no(26 °C), P ar(50 °C) J.°, cm?/dyn (Gp™")1, dyn/cm? (wm)g, s7°
0.025 3.1 x 108 0.36 4.7 x 107 4.0
0.05 3.3; X 108 0.36 5.9 x 107 4.0
0.10 4.2 x 108 0.36 8.9 x 1077 3.2
0.15 5.1 X 108 0.355 10.5 x 1077 3.2
0.20 6.4, X 108 0.35 8.7 x 1077 2.8
0.35 1.05 x 107 0.40 6.8 x 1077 2.5
0.56 1.7 X 107 47 X 107 1.65 X 108 16
0.90 3.65 X 107 0.37 2.8 X 1077 2.7 X 108

(b) Series 98L/435L (R = 4.5)

b, 70(25 °C), P ar(50 °C) J°, em?/dyn (Gw')y, dyn/cm? (wm)sg, §
0.025 5.0 X 10° 0.39 2.5 X 107 32
0.05 5.0 X 10° 0.27 2.8 X 1078 32
0.10 8.5 X 10° 0.36 3.4 x 107 32
0.20 2.0, = 108 0.35 2.2 X 108 2.5 X 105 25
0.30 3.8 X 108 0.36 1.7 x 1078 4.0 X 10° 25
0.48 9.7 X 108 0.36 7.8 X 107 9.6 X 10° 20
0.80 2.7, X 107 0.36 3.6 X 1077 2.2 x 108 14
0.90 3.4; X 107 0.36 2.8 X 107 2.8, X 10¢ 10

(c) Series 41L/174L (R = 4.3)

o n0(25 °C), P ar(50 °C) J°, cm?/dyn (Gy'")L, dyn/cm? (wm)g, 871
0.025 2.1 x 10* 0.35 1.4 X 1078 500
0.05 2.6 X 104 0.34 2.5 X 1078 500
0.10 4.4 x 10 0.36 3.1x 108 500
0.15 6.6 X 10* 0.35 2.9 x 1076 360
0.20 1, X 10° 0.35 2.5 X 1078 400
0.30 2.0, X 10° 0.36 1.5 X 1078 4.2 X 10° 360
0.50 6.0 X 10° 0.35 7.1 X 1077 8.9 x 10° 225
0.70 1.3 X 108 0.36 4.2 X 1077 1.6 x 108 180
0.80 1.7 X 108 0.36 3.2 x 107 2.0 x 108 170
0.90 2.3 X 108 0.35 2.3 X 1077 - 2.4 % 108 115

(d) Series 41L/435L (R = 10.7)

& 70(25 °C), P ar(50 °C) J.°, em?/dyn (Gw)1, dyn/cm? (wm)g, 872
0.025 2.9 X 10* 0.35 1.7, X 107 500
0.05 6.0 X 10* 0.35 2.7 X 1078 500
0.10 1.91 x 10° 0.36 1.6 X 1075 4.2 x 104 400
0.15 4.05 X 10% 0.39 9.8 X 1078 6.3 x 10* 400
0.26 1.7, X 108 0.37 49 x 107°® 1.8 x 105 360
0.36 3.7 x 108 0.36 2.4 X 1078 3.1; X 10°
0.56 1.04 X 107 0.37 8.7 x 1077 8.5 X 10° 180
0.70 1.7, = 107 0.38 5.0 X 1077 1.48 X 108
0.80 2.3; X 107 0.34 3.7 x 107 1.9, % 108
0.90 3.4 x 107 3.0 X 1077 2.7 x 108

(e) 98L/435L Solution Series (R = 4.5)
¢L 770(25 OC), P JeO! cmz/dyn (Gm”)Li dyn/cm2 ("'Jm)Sr S_l 770/(170)°° Jeo/(']eo)oa
0.0 6.99 X 104 9.3; X 107 35 0.22 4.7
0.025 1.0 X 105 8.7 X 1078 35 0.21 3.5
0.05 1.1, X 10% 1.0 X 1075 35 0.23 3.6
0.10 1.65 X 10° 1.6 X 1075 35 0.20 4.6
0.20 4.2, X 10° 1.0, X 1075 26 0.21 46
0.30 8.3 X 10° 7.9, X 107 23 0.22 4.8
0.48 2.35 X 108 3.4 %108 (1.9 X 10%) 21 0.24 4.4
0.80 6.9 X 108 1.7 x 1078 4.8 X 10° 14 0.25 4.8

(no)° and (J,°)° are the values for undiluted mixtures of the same polymer composition.

such as eq 4 is unnecessary in our judgment, and it also
introduces some additional uncertainty, making the com-
parison among studies more prone to error. Plots of G(w)
vs. log w provide a rather direct and convenient alternative.
Results in this form are shown in Figures 6-10 for the five
series of mixtures.

The general character of such plots for a binary mixture
of intermediate composition, showing terminal loss peaks
for the L and S components and the tail of the loss peak
from the transition region, is sketched in Figure 11. In
principle, the transition contribution is independent of
molecular weight when M is large, and thus its contribution

to G(w) at each frequency should be independent of
mixture composition. Furthermore, the area under the
combined L and S terminal peaks depends only on the
plateau modulus (eq 17) and thus should also be inde-
pendent of mixture composition. For a linear mixing law
the individual areas would be proportional to ¢y, and ¢s,
respectively.??

Rather than attempt to resolve the individual peaks (the
dashed lines in Figure 11), we have used simply the loss
peak maxima, (G,/);, and (GL,”)s, and loss peak frequen-
cies, (wy);, and (wg)g, to characterize the effects of com-
position. Broadly speaking, the reciprocal of w,, corre-
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Figure 11. Schematic behavior of the loss modulus for a binary
mixture of nearly monodisperse components.
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Figure 12. Compositional dependence of the loss modulus
maximum for L chains in undiluted mixtures. Symbols denote
values for the 411 /435L series (A), the 98L/435L series (O), the
1741./435L series (O), and the 41L/174L series (0). The line
indicates behavior for nearly monodisperse polybutadienes diluted
by a monomeric solvent.*

sponds to a mean relaxation time. With 7, defined by eq
6 we find

wyt ~ 0.457, (18)

for the pure components (sample 411 has a somewhat
larger numerical coefficient). Likewise, G, corresponds
to the weighting factor associated with the relaxation.

In interpreting changes in G, and w, with mixture
composition, however, it is necessary to bear in mind some
possible complications. First, those values may be affected
by peak overlap. This problem is less severe for the L
peak, which has interference only on the high-frequency
side. The S peak, sandwiched between the L peak and the
transition region, has interference on both sides. Sensi-
tivity to overlap can be gauged to some extent by com-
paring behavior for mixtures with different peak separa-
tions, i.e., different values of R and Mg/M,, but even this
test is ambiguous because those compositional differences
could, in themselves, influence the positions of even per-
fectly resolved peaks. Second, «, and G,,” track the mean
relaxation time and spectral weighting only if the shape
of the loss peak does not change with composition. The
effect of shape changes is considered in more detail below.

A. Properties of the L Peak. Values of (G,,”"), for the
mixtures are recorded in Table IV. Figure 12 shows (G,,”)r,
vs. ¢, for the four undiluted series. The solid line is the
behavior obtained for monomeric diluents, including an
oligomeric polybutadiene with M < M G,/ « ¢ >%.4
Dilution with S chains gives the same behavior in the
high-¢;, range even when Mg > M_. Departure from this
solvent-like dependence appears eventually in all series,
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Figure 13. Expanded plot of loss modulus for mixtures of the
41L/174L series near the S peak.

and it appears at smaller ¢, for larger R. For R = 10.7 (the
411,/435L series) the ¢;>% behavior persists down to ¢,
~ 0.2. For constant R ~ 4.5 but different entanglement
levels (the 41L/174L and 1741 /435L series) the relation-
ship between (G,"”);, and ¢, is the same even after de-
parture from the ¢;>% power law.

Interestingly, (w,);, appears not to change at all with
dilution by S chains. Thus, 7, = (wy). " is independent
of ¢y, at least over the composition range where an L peak
is actually visible. Furthermore, and in contrast with
{Gy”)L, the behavior of 1, differs fundamentally from that
expected if the S component acted like a monomeric di-
luent. In the latter case, 7, would change in the same way
as the product 7yJ,° changes with solvent dilution at
constant monomeric friction coefficient.? In polybutadiene
solutions, J,° = ¢2% 4 and at constant monomeric friction
coefficient, 5y « ¢$3440.23543 Thus, for an isofriction mo-
nomeric diluent, 71, would vary as ¢1*18, and (w,);, would
shift to higher frequencies no less rapidly than ¢; 2. That
behavior is shown by the dashed line in Figure 9; the
progression of (wy);, for a well-entangled diluent is ob-
servably different.

The shape of the L peak below (w,);, changes slightly
with dilution by S chains. The values of G(w) at w =
(wg)p,/10 fall slightly more rapidly with dilution than
(G itself. There may also be an effect of R, since these
differences only begin to appear for ¢;, < 0.56 for the
411 /435L series (R = 10.7), but they are already present
at ¢, = 0.9 in the others.

B. Properties of the S Peak. Figure 13 shows an
expanded plot of G"(w) vs. log w for the 411, /1741 mixtures
in the S peak region. At ¢ = 0.025 and 0.05 (not shown)
the S peak is virtually unchanged, but at ¢;, = 0.10 (G,,”)s
is higher while (w,)g is still unchanged. Then, (G, ")s
begins a somewhat erratic descent as ¢, increases further
and finally disappears in the growing high-frequency tail
of the L peak. Beyond ¢;, = 0.20, (w,)g shifts slowly but
persistently to lower frequencies.

We have not attempted a detailed analysis of (G,."")s.
Identification of the part due to S chains would involve
an uncertain resolution of peaks to remove the L chain and
transition region contributions. The behavior of (G,")g
is also not systematic from one series to another. For
moderate additions of L chains (¢;, ~ 0.1) the value of
(GL”)s increases in the 98L/435L solution series as well
as 41L./174L (Figure 13), but it remains constant or has
already begun to descend in 411 /435L and 174L/435L.
The behavior of undiluted 98L/435L appears to be even
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Figure 14. Frequency at the loss modulus maximum for the S
peak vs. colume fraction of L chains at 25 °C. Symbols indicate
the 41L/435L series (a), the 981:/435L series (O), the 174L./435L
series (O), the 41L/174L series (0), and the diluted 98L/435L
solution series (®).

more anomalous, but those data are suspect for instru-
mental reasons (see Experimental Section).

For (wy)s, on the other hand, the pattern of behavior
is not only systematic but also virtually the same in all the
series (Figure 14). Peak separations, governed by R and
Mg/ M,, vary widely among the series, so the influences of
peak overlap are different; nevertheless the shifts in (w,)g
with ¢, are similar. Also these data for the various un-
diluted samples were gathered near |G*(w)| ~ 107 dyn/cm?,
so instrumental effects might be a problem (see Experi-
mental Section). However, the relationship between (w,)g
and ¢, is the same for the solution series, and in this case
the moduli near (w,)g are much smaller.

A short extrapolation in Figure 14 gives (wy)s at ¢p =
1, which we interpret to be the reciprocal of an average
relaxation time for isolated S chains in a matrix of the L
chains. Accordingly, 75 = (wy)s™ shifts from its pure
component value (an S-chain matrix) to a somewhat larger
value in a matrix of longer chains. From Figure 14, the
shift factor is 4.8 for sample 41L in either a 1741, matrix
(R = 4.3) or a 435L matrix (R = 10.7). The shift factor
is 8.7 for 98L in a 435L matrix, either undiluted or diluted
50% by Flexon 391 (R = 4.5), and 4.5 for 174L in a 435L
matrix (R = 2.5). Similar shifts of rq with composition
have been noted recently for polystyrene mixtures.?!

The results here parallel closely the observations of
Ferry and co-workers on the relaxation of linear poly-
butadiene chains dilutely dispersed in a polybutadiene
network.** Relaxation times in that case, corresponding
to ¢, ~ 1 and R = =, were reported to be larger than the
self-matrix values (¢;, = 0) by about half an order of
magnitude, i.e., by roughly a factor of 3.

The relaxation time of entangled linear chains in a
matrix of longer chains is evidently larger than the pure
component value. For polybutadiene the ratio of times
is approximately 4 and, within the accuracy of the data,
independent of both Mg and M, for values of R as small
as 2.5. The ratio must of course return finally to unity at
the self-matrix limit of R = 1.

C. Comments. The behavior of (w,,);, implies that the
relaxation time of chains in mixtures with shorter but still
well-entangled chains (Mg/M, > 1) is independent of
mixture composition. That conclusion is valid here
(Mg/M, = 20) for R as large as 10.7 and for L-chain con-
centrations as small as ¢;, ~ 0.25. It does not apply for
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Figure 15. Schematic representation of relaxation time vs. matrix

molecular weight for highly entangled linear chains. The matrix

molecular weight is M*; M; and M, are molecular weights for two

sizes of relaxing chains.

dilution by oligomers (M < M) or isofriction monomeric
solvents, and it is contrary to observations on entangled
polystyrene mixtures where (w,,);, shifts similarly to mo-
nomeric dilution,!14172021 The behavior of (wy)g, on the
other hand, implies that the relaxation time is increased
by a matrix of longer chains. The shift in that case de-
pends only on ¢;, reaching a value of approximately 4 (R
2 2.5) for dilutely dispersed short chains (¢, — 1).

These observations on highly entangled mixtures are
summarized in Figure 15 in terms of 7(M,M*), the terminal
relaxation time for chains of molecular weight M (con-
centration ¢) in a matrix of molecular weight M*. For M*
< M, r(M,M*) shows L-chain behavior, remaining constant
at the homologous liquid value, 7(M,M) at ¢ = 1, down to
concentrations as low as ¢ = 0.25 and possibly beyond. For
M*> 2.5M, 1(M,M*) shows S-chain behavior, increasing
with dilution by matrix from (M, M) to about 4 times that
value at its dilute limit, ¢ = 0. The crossover occurs
somewhere between M* = M and M* = 2.56M.

The behavior of (G,,”);, implies that the weighting factor
for the terminal relaxation is roughly quadratic in con-
centration (actually $2?¢, and applying at the left of the
M = M* line in Figure 15). Prest?* drew a similar con-
clusion from his polystyrene data and also found the S-
chain weighting factor to be linear in ¢5. Our somewhat
erratic results for (G,,”)g are not inconsistent with the Prest
proposal; if we accept it, the weighting factor is ¢ for M
< M* (on the right of the M = M* line in Figure 15).

Masuda et al.? have recently suggested a mixing law
that includes both these features as well as a cross term:

H(7) = ¢ 2 Hy1 (1) + ¢rosHs(7) + ¢sHss(r)  (19)

where the subscripts denote spectra they associated with
pairwise L-L, L-8, and S-S interactions. Watanabe et al.?!
have used this form to interpret data on entangled poly-
styrene mixtures in terms of reptation?® and tube renew-
al®** %8 contributions to relaxation. We offer below a slightly
different interpretation, but based on the same idea.

According to the tube model® the individual compo-
nents in an entangled mixture contribute to stress in
proportion to their volume (or weight) fractions. Thus,
for a two-component system in the terminal region

G(t) = oGt/ TL) + ¢sGs(t/Ts) (20)

where T}, and Ty are reptation (tube disengagement) times.
The partial moduli, Gy (t/T}) and Gg(t/Ts), are identical
in form and apply at all concentrations if the tubes are
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Figure 16. Schematic representation of the primitive path for
an L chain in a binary mixture. The filled circles represent
constraints supplied by other L chains; the open circles are those
supplied by other L chains; the open circles are those supplied
by S chains. The dashed line is the path defined by L constraints
alone.

permanent, i.e., if the constraints that define the tubes
have lifetimes much longer than both 77, and 7. In highly
entangled liquids (M, Mg » M,) the constraints are
supplied by neighboring chains which are also reptating.
The assumption of tube permanence improves for S chains
when diluted by L chains, but it worsens for L. chains when
diluted by S chains. Thus, we expect Gi(t/T1) in par-
ticular to change with the composition of the mixture. If
Ty « T, the relaxation of L chains will occur in two stages.

A qualitative discussion of the effects of constraint re-
lease is given here.’? A quantitative theory will be pub-
lished elsewhere.?® Figure 16 depicts the primitive path
of an L chain, comprising a large number Ny, of inde-
pendently directed steps, each of length a.% We assume
for simplicity that each junction of steps is localized by
one constraint, supplied by either an S chain (fraction ¢g
with lifetime ~ Tyg) or an L chain (fraction ¢;, with lifetime
~Ty). We treat the L constraints as effectively permanent
and assume that the path configuration between them
obeys Orwoll-Stockmayer dynamics®*% with hop frequency
~Tg! and hop distance ~a.

Up to a time of order Tg the path configuration is frozen.
Beyond T'g the path configurations between successive L
junctions relax by random hopping: G (t/TL) decreases
rapidly and then more slowly beyond Tg, eventually
reaching t™V/2 (Rouse-like) behavior if ¢, is small (many
steps between L junctions). That part of the relaxation
will cease when the path configurations between L junc-
tions reach equilibrium, and the fraction of G (¢/Typ) re-
maining will be ¢, i.e., the fraction of unrelaxed junctions.
This leads directly to a weighting factor proportional to
#1.2 for the final relaxation according to eq 20.* The shape
and final relaxation time for the remaining portion of
GL(t/Ty) depends on how the disengagement time is af-
fected by constraint release.

During time intervals of order Tg the directions of all
steps in the path are fixed. The time for an L chain to
diffuse one step distance along its path is approximately
Ti/Np2 If Ty /N2 «< T, the diffusion distance for di-
sengagement is equal to the path length aNy, even though
the directions of individual steps of the path may change
many times during the full course of disengagement. For
this case the final relaxation time is 7}, and is independent
of ¢g and Ng. On the other hand, if Ty /N2 > Tg, the S
chains do not constrain the local diffusion directions during
movements from one junction to the next. The diffusion
distance is shorter because only L junctions are involved
(Figure 16). There are now ¢ Ny, steps of length a/ ¢ '/,
giving a disengagement time in this case of (aNp¢;!/?/
aN )Ty, = ¢, Tr. Thus, the relaxation time for L chains

Macromolecules, Vol. 18, No. 12, 1985

Case !

=3

P

Ditute Limit
(N <1)

GLtV/G(Ts)

¥ t '

Case Il

o

P / Y

Dilute Limit
(&N <1) \

GL{tYG(Ts)
S
}

| L
t

Figure 17. Schematic representation of the partial modulus for
the long chains in entangled binary mixtures. Case I corresponds
to M M2/ Mg® < 0.1; case II corresponds to M M. 2/ Mg® 2 0.1.

Table V
Comparison of Constraint Release Parameter for Entangled
Mixtures
series R Mg/M, MNZ2/MS® source

Undiluted Polybutadiene (M, = 1850)

174L/435L 2.5 94 2.8 X 10*  this work
41L/174L 4.3 22 8.8 X 107 this work
98L/435L 4.5 53 1.6 X 10 this work
41L/435L 10.7 22 2.2 X102 this work

Diluted Polybutadiene (M, = 4400)
98L/435L 4.5 22 9.0 X 10  this work

Undiluted Polystyrene (M, = 18000)
125L/267L 2.1 7 4.4 %X 1072 Akovali®®

97L/411L 4.2 5.5 1.5 X 10"  Prest and Porter!*
160L/670L 4.2 9 5.3 X 10  Marin et al.?®
87L/500L 5.8 5 3.6 x 167! Mills and Nevin*®
161L/294L 1.8 9 2.3 X 10?  Watanabe et al.?
83L/294L 3.5 4.5 1.7 x 107

36L/294L 8.2 2 2.0 X 10°

36L/407L 113 2 2.8 X 107

100L/2700L 27 5.5 80 x 10  Montfort et al.?

decreases with decreasing ¢p. The latter behavior is also
predicted for mixtures by Marrucci’s expanding-tube
model*® and is the result expected for dilution by an iso-
friction monomeric solvent.

These conclusions are summarized in Figure 17. The
dilute limit shown there for each case is reached when Ny
< ¢yl Forcase I (T./N;? « Tg), the longest relaxation
time at the dilute limit is T'; for case II (T /N2 » Ty),
the longest relaxation time at the dilute limit is ~TgNy 2

For pure reptation, Ty/Ts = (My/Mg)® and Ny, ~
M /M,. Thus, from G*(w) measurements on well-entan-
gled binary mixtures we expect

(w1, = (wp,° (case I) (21a)
for all ¢, and Mg when M| M2/ MJ® « 1, and

(0, = ()L™ {case II) (21b)
for all M, and N, > ¢! when M{ M 2/M¢® >> 1. The same
criterion was proposed earlier by Daoud and de Gennes®
for the absence (case I) or presence (case II) of constraint
release (tube renewal) effects on diffusion coefficients.
Recent measurements by Kramer and co-workers*” on
tracer diffusion in various polystyrene matrices suggest
that the crossover occurs near My M2/ Mg = 0.1. Values



Macromolecules, Vol. 18, No. 12, 1985

r ( ]
I (8
r‘ &
107
R
-g 108
=
= F
105}
L Ll L i "
104 108

My
Figure 18, Viscosity vs. weight-average molecular weight for

binary mixtures of polybutadiene at 25 °C. Pure component
values are indicated by filled symbols. The solid line is eq 15.

for the polybutadiene mixtures used here and for several
polystyrene mixtures used in studies of viscoelastic be-
havior are given in Table V. The polybutadiene mixtures
clearly belong in the case I category. The values of
MM 2/ Mg are much larger for the polystyrene mixtures
and generally fall in the case II category (M M2/ Mg >
0.1) when R is large enough to provide a relatively clear
picture of (w,);, behavior. This seems, therefore, to account
satisfactorily for the observed differences between poly-
butadiene and polystyrene in (w,); dependence on ¢;.

There still remains, however, the question of why 7-
(M,M*) shifts in magnitude near M = M* (Figure 15) even
though matrix effects on the relaxation time are supposed
to be negligible in our case I mixtures. We believe that
shift merely reflects a change in relaxation spectrum shape
from the pure reptation form for M < M*/2.5 and small
¢ to the reptation—constraint release form otherwise. The
definition 7 = (w,)! is quite arbitrary, of course, and,
considering that the weighting factor for the peak changes
from ¢? to ¢ near M = M*, a corresponding shift in peak
shape is not surprising. Furthermore, the increase in 7-
(M,M*) with decreasing ¢ for M < M* should be viewed
as an influence of changing spectral shape with decreasing
constraint release contributions, not as a shift in relaxation
time, per se.

2. Viscosity. The viscosity n, is shown as a function
of weight-average molecular weight A—{w in Figure 18 for
the four undiluted series. Values of M, were calculated
from ¢ and the component molecular weights with eq 12.
The line is eq 15, the pure component relationship for
polybutadiene, and data for the mixtures fall nicely along
that line. The departures are small and seem mainly re-
lated to deviations of the pure component values for eq
15, perhaps due to small inaccuracies in the molecular
weights. That uncertainty can be eliminated by expressing
the weight-average dependence in terms of pure compo-
nents viscosities.!” From eq 11 and 12

n0 = [ps(mo)s'/® + dr(no)Lt/*1® (22)

Viscosities from Figure 18 are replotted in Figure 19 as a
function of ¢;. The solid lines were calculated from eq 22
with @ = 3.41 from eq 15. Midrange departures which
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Figure 19. Viscosity vs. volume fraction of long chains in binary
mixtures of undiluted polybutadiene at 25 °C. Symbols indicate
data for the 41L/435L series (0), the 1741 /435L series (O), the
98L/435L series (&), and the 4110174 series (O). The solid lines
were calculated from eq 22 with o = 3.41.

increase with R are visible but clearly small even at R =
10.7.

Other forms of dependence on polydispersity have been
proposed. According to Malkin et al.l®

no = K(M,)*4(M,/M,)'* (23)

which closely resembles an early prediction by Bueche.*®
From the Doi-Edwards theory,?8%° adjusted to give the
observed pure component behavior (eq 15),

o = K(MwMzMz+l)3'4l/3'0 (24)

These expressions can be recast in terms of moments
of the weight distribution function

Q; = Mg, (25)

and for two-component mixtures
Q= MJ[1 + (R - D¢y) (26)

If eq 23 is correct, the expression for 5, in eq 22 should be
multiplied by (Q,/@,%)'?, and if eq 24 is correct, the ex-
pression for ny in eq 22 should be multiplied by (Qg/
Q,%)%41/3, The result for eq 24 for the 41L/174L series is
shown by the dashed line in Figure 19. Departures from
the unmodified eq 22 are clearly much smaller.

The largest departures from eq 22 occur for the 41L/
435L series (R = 10.7) near ¢;, = 0.2-0.3. At ¢, = 0.26,
the experimental value is 7, = 1.75 X 10° P (Table IV).
Equation 24 gives 12.5 X 10° P, eq 23 gives 3.9 X 10° P,
and eq 23 with (M,/M,)'5 replaced by M,/M,, (eq 23b in
ref 30) gives 0.23 X 10® P. None of these provides an
improvement on the simple weight-average law (eq 22),
which gives 7, = 1.07 X 10° P, about 40% smaller than the
experimental value. _

Figure 20 shows 7, vs. M, for the diluted and undiluted
98L/435L series. The lines are parallel; the average ratio
of viscosities (diluted/undiluted) at constant M, is 0.22.
The free volume correction for the viscosity of poly-
butadiene in Flexon 391 (volume fraction of polymer ¢,
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Figure 20. Viscosity vs. weight-average molecular weight for the
diluted and undiluted 98L/435L and solution series of binary
mixtures at 25 °C. Symbols indicate the undiluted mixtures (O)
and 50 wt % solutions in Flexon 391 (O).

= 0.52) is 0.508 at 25 °C.18% The ratio of viscosities at
constant M, and constant monomeric friction coefficient
is therefore (0.22)(0.508) = 0.112. That value agrees well
with a 3.41 power dependence on concentration, (0.52)34!
= ().108 and is different from the 4.0 power law reported
earlier,!® (0.53)* = 0.073. The viscosity data for diluted
and undiluted 98L/435L series, corrected to constant
monomeric friction, would superimpose accurately if
plotted as a function of ¢, M,,.

In summary, the “weight-average” law for viscosity (eq
11) works very well indeed for entangled binary mixtures,
as many previous workers have found.?%1417:3350 That
relationship goes over directly to 7y = K(¢ M) for R —
«, which is also the behavior for dilution by isofriction
monomeric solvents,? as we have shown here as well.

3. Recoverable Compliance. The relationship be-
tween J,° and ¢r, for the four undiluted series is shown in
Figure 21. As expected, J,° passes through a prominent
maximum, (J,°)may 8t (@) max. AS R increases, (J,°) ., Tises
rapidly and (¢y) . moves to lower values. Interestingly,
(#1.) max changes with R in such a way that (M) ./ Ms =
1 4 (R — 1)¢pa is nearly a constant, (M,) .../ Mg ~ 1.35,
over the observed range, 2.5 < R < 10.7.

For the data here, J,°/(J,°)g vs. ¢1, is a function of R
alone. Within experimental error, /,°{¢,) coincides for the
98L/435L (R = 4.5) and 41L/174L (R = 4.3) series, and
J.°(soln) /J °(melt) is practically independent of compo-
sition for the diluted and undiluted 98L/435L series (Table
4e). Thus, the reduced compliance J.°/(J,°)s, expressed
as either a function of ¢; or M,,/ Mg, is independent of both
entanglement spacing M, and distance from the entan-
glement threshold Mg/M..

The line in Figure 21 corresponds to J,° = ¢ 2%, the
relationship for entangled polybutadienes in monomeric
solvents and polybutadiene oligomers (M < M).* All four
series approach this behavior at high ¢;, and, as in the case
of (G,")y, (Figure 12), the agreement with the monomeric
dilution law persists to smaller ¢, as R increases, reaching
as low as ¢, ~ 0.2 for R = 10.7 (the 41L/435L series).

Various relationships between J,° and polydispersity
have been proposed. They take the form®

J° = (J.°)*P (27)

where (J,°)* is the pure component value (equal to either
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Figure 21. Recoverable compliance vs. volume fraction of the
long chains for the undiluted binary mixtures. The symbols denote
data for the 1741 /435L series (A), the 98L/435L series (0), the
174/435L series (0), and the 41L/174L series (0). The line (slope
= ~2,24) represents the behavior of entangled polybutadienes
diluted by monomeric solvents and oligomeric polybutadiene.
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Figure 22. Reduced compliance vs. weight-average molecular
weight for mixtures in the 41L/174L series. The curves are
calculated from the polydspersity factors according to Doi and
Edwards (eq 30), Montfort (eq 31), and Mills (eq 28).

(J.°)g or (J,°)1, for M beyond M.) and P is the polydis-
persity factor. Mills® has suggested

P=(M,/M)* = (Q/ )Y (28)
and for the modified Rouse model®?
P=MM, /M =Q;/Q’ (29)
According to the Doi-Edwards theory?84°
P =Q,/Q (30)

and from Montfort et al.,'” for a viscosity exponent of 3.4
and (JeO)S = (JeO)L,

P=Q,./ " (31)
Agarwal®* has suggested
P = MzMz+1/MnMw = QSQ—I/Q12 (32)

and other forms have been considered as well,21,23,25.27,29.30
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Table VI
Properties of the Recoverable Compliance Peak in Binary Mixtures
series R M/ M, Omas (M o/ Mg) mas (Je®) max/ (J%)s source
Polybutadiene
174L/435L 2.5 98 ~0.15 ~1.25 5.4 this work
41L/174 4.3 31 ~0.10 ~1.35 16 this work
98L/435L 4.5 50 ~0.10 ~1.35 17 this work
98L./435L(soln) 4.5 21 ~0.10 ~1.35 17 this work
41L/435L 10.7 21 ~0.05 ~1.5 160 this work
Polystyrene
125L/267L 2.1 7 ~0.30 ~0.35 1.9 Akovalil®
97L/411L 4.2 5.5 ~0.10 ~1.3 9 Prest and Porter!*
160L./670L 4.2 9 ~0.15 ~15 10 Marin et al.’8
87L/500 5.8 5 ~0.15 ~11.7 20 Mills and Nevin!?
100L/2700L 27 5.5 ~0.05 ~2.3 ~300 Montfort et al.®
1000 T T T 1000 T
300 4
L]
100 ~
s 100 | .
? 30 T =
1 7 E Rouse
3
3 4
10+ .
1 4
15
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Figure 23. Reduced recoverable compliance vs. weight-average ] / ! L
molecular weight for mixtures in the 411./435L series. The curves 1 10 100

were calculated from the polydispersity factors according to
Agarwal (eq 32), Rouse (eq 29), Mills (eq 28), and Montfort (eq
31).

Comparisons with some of these proposals are shown in
Figure 22 (the 41L/174L results, R = 4.5) and Figure 23
(the 41L/435L results, R = 10.7).

The Doi~-Edwards form does not agree with the data at
R = 4.5 (Figure 22) and the disagreement is even more
pronounced for larger R. The Mills expression gives rea-
sonable agreement for R = 10.7 (Figure 23) but predicts
values which are too small for R = 4.5 (Figure 22). Ex-
pressions which involve smaller powers of M,/ M,?% must
of course be even less satisfactory in this regard. The
Montfort form gives remarkably good agreement for R =
4.5 (Figure 22). Although predicting a maximum that is
somewhat too large for R = 10.7 (Figure 23), eq 31 nev-
ertheless locates the maximum at M, /M, ~ 1.27 for R =
2.5, which is close to the observed result (Table VI) and
a property not given by the other forms. The Agarwal and
Rouse expressions predicts a maximum which is much too
small at R = 10.7 (Figure 23).

We have not examined exhaustively the various sug-
gested expressions for P. The forms tested above were
selected on the basis of simplicity and absence of arbitrary
parameters. Of these, the form suggested by Montfort et
al.l7 is by far the most satisfactory for our data. The
molecular basis of the assumed mixing law is by no means
evident however. _

Estimates of (%) max/ (Je°)1s Omaxe a0 (M) e/ Mg are
given in Table VI for literature data on polystyrene mix-
tures where both components are entangled. As in mix-
tures of polybutadiene, (J,°)na/ (J.°)1, increases rapidly
with R, going roughly as R? or slightly stronger, and (¢p)may
drifts to smaller values such that (M,)y.,/ Mg remains
nearly constant. The results in Figure 24 show that
(%) max/ (J°)y, is slightly smaller at each R for the poly-
styrene mixtures. This may be another example of case

R

Figure 24. Maximum recoverable compliance in binary mixtures
as a function of the component molecular weight ratic. The data
for polybutadiene mixtures (O) and polystyrene mixtures (®) were
taken from Table VI. The Rouse locus was calculated from eq
29.

I vs. case II differences, discussed earlier under Comments.
The prediction of the Rouse expression (eq 29), which
describes farily well the behavior at relatively low entan-
glement densities,? is shown for comparison. Perhaps the
polydispersity dependence moves progressively from Rouse
behavior at low entanglement densities, through case II
behavior where the L-chain relaxation time is shifted by
dilution with S chains, and finally to case I behavior where
the presence of S chains does not change ;.

It is interesting to compare behavior of J,° vs. ¢, for
various values of R, when both components are well en-
tangled, with monomeric dilution behavior, corresponding
to the nonentangled S-chain limit of R = . Figure 25
shows smoothed curves for M = 435000 with shorter
chain “diluents” of Mg = 174000 (R = 2.5), Mg = 97700
(R = 4.5), and Mg = 40700 (R = 10.7). The dashed line
represents monomeric diluent behavior, which we have
constructed as follows.

At high concentrations, J,° = 2.1 X 107¢; 2% % and this
persists until a crossover to ¢; ! Rouse behavior (eq 7 with
¢ = p¢p).> For M = 435000 that crossing occurs at ¢, ~
0.05. In the dilute regime, J,° « ¢, and according to the
Zimm model?

Min) %
RT
Ignoring excluded volume effects, which are probably not
relevant here anyway, 1]y, = ([1]pL)e = 117 cm3/g for po-
lybutadiene with M = 435000,! giving J,° = 0.044¢;.
Intersection with the Rouse line occurs near the overlap
concentration ¢r* ~ 1/p[nly, giving (J.°)pex ~ 4 X 107

J° = 0.205 oL (33)
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Figure 25. Comparison of recoverable compliance for sample
435L diluted by shorter chains and solvents. The solid curves
are smoothed data for the 174L/435L series (R = 2.5), the
98L/435L series (R = 4.5), and the 41L/435L series (R = 10.7).
The dashed curve is the behavior in a monomeric solvent, con-
structed as described in the text.

cm?/dyn for a monomeric diluent. In the observable range,
the J,° vs. ¢;, curves for the entangled mixtures are con-
tained nicely within the envelope provided by monodis-
perse (R = 1) and monomeric diluent (R = «) behavior.
The dependence approaches the R = « curve rapidly with
increasing R: (J,°)max/ (%), = (4 X 1074 /(2 X 1077) = 2000
for a monomeric diluent, and that ratio is already 160 at
R = 10.7 and rising rapidly. From an extrapolation based
on Figure 24, (J,°) ./ (J.°)1, would reach 2000 at R ~ 30,
corresponding to Mg ~ 435000/30 = 14500. It is possible
that the monomeric dilution curve for a polymer represents
an upper bound on J.° vs. ¢y, for all its mixtures with
smaller species, but that it still not known.

Summary and Conclusions

Dynamic moduli in the plateau and terminal regions
were measured for binary mixtures of linear polybutadiene.
Relaxation times and weighting factors for the individual
components were obtained from the L (long chain) and S
(short chain) peaks in the loss modulus. These varied
systematically with mixture composition and accorded well
with expectations based on reptation and constraint release
ideas. Differences between these results and data on en-
tangled polystyrene mixtures appear to be related to the
magnitude of M M2/ Mg®, a parameter which governs the
effect of constraint release on the relaxation time of the
L-chain component. Viscosity and recoverable compliance
varied systematically with mixture composition, n, gov-
erned primarily by M,, for the mixture, and J,.° passing
through an increasingly prominent maximum at interme-
diate compositions with increasing M /Mg. Several pro-
posed mixing laws were compared with the data on », and
J.°. The Montfort proposal was the most successful, but
none of those with a molecular basis could be considered
adequate.
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ABSTRACT: In order to estimate the relative importance of various features to the melting transition of
polyethylene it is useful to make estimates, based on as much data as possible, of how much each feature
contributes to the entropy change and to the enthalpy change. Most of the enthalpy change (980 cal/mol
CH,) is accounted for by a cohesive, van der Waals energy term (AUgw ~ 720 cal/mol) and a rotameric term
(AUg ~ 200 cal/mol). The entropy change (2.36 eu) is adequately accounted for by a conformational term
(AS¢ ~ 1.7 eu), an excluded volume term (ASyx ~ -0.7 eu), and a volume expansion term (ASy ~ 1.3 eu).
In view of the differences between these results and previous results, the statistical mechanical fundamentals
of such decompositions are discussed in detail and reasons for rejecting some previous conventions are given.
The magnitudes of the volume term ASy and the cohesive term AU 4w indicate that such interactions and
the concomitant volume expansion are major factors in the melting of polyethylene.

I. Introduction

To being to understand a phase transition it is useful
and appropriate to do some simple approximate, pheno-
menological calculations to evaluate those features that
one thinks might play major roles in the transition. One
procedure is to identify the different distinct features that
might be important and then to study them quantitatively
one at a time. In the case of polymer melting such cal-
culations have usually focused on the entropy, which has
been decomposed® 1 as follows:

ASy = AS¢ + ASy (1)

In eq 1 ASy is the measured entropy of melting obtained
from the measured enthalpy, AH), divided by the melting
temperature, Ty. The first term of the decomposition,
ASg, is the increase in conformational entropy of single
chains. The second term in the decomposition, ASy, is
defined to be the entropy increase that would have oc-
curred if the measured volume increase had occurred
without any other kinds of disordering, such as confor-
mational disordering. A more refined decomposition!-1?
that has in fact led to the previous one is

ASM = ASR + ASV + ASD (2)

The term, ASg, where the R stands for rotational isom-
erism, accounts for chain conformational entropy, but it
also includes excluded volume effects. The final term, ASp,
has been called the disordering entropy. It includes all
other effects. It has been associated with the communal
entropy’? and it has been called the disordering entropy
common to all liquids;'"!% other possible sources will be
mentioned later.

Another decomposition, one that has not received so
much attention, focuses on the enthalpy as follows:!4%7

AHM = AUR + AUvdW + AUO + PAV (3)
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where each U, is the internal energy for the ith feature in
the system, AUj is the change in trans—gauche rotameric
energy, AU w is the change in cohesive van der Waals
energy due to the volume change, and AUj is a small error
term that includes all other effects. The PAV term is
numerically negligible for polymer melting at atmospheric
pressure, amounting to less than 0.01% of the total en-
thalpy® of melting in polyethylene (AH); = 980 cal/mol
CH,), but this term will be included formally for com-
pleteness.

The first reason that decompositions such as the ones
in eq 1-3 could be useful is that, if the sum of the de-
composed terms adds up to the measured total, then one
has some confidence that one knows all the most important
features of the transition. The second reason concerns the
relative magnitudes of the substituent contributions to
AHy; or ASy. These relative magnitudes give some mea-
sure of the relative importance of the various features that
give rise to them. Of course, in a complete statistical
mechanical treatment of a model with several different
features, the ensuing transition is really due to all the
features. For example, it is possible that two model fea-
tures may be essential for the transition in the sense that
it would not occur at all if either were absent. Another
example is that the change in excluded volume interaction,
AUy, is by definition zero, so excluded volume interactions
play no role in the enthalpy decomposition; nevertheless,
no sharp transition would ever occur without them.
Therefore, such decompositions, even if performed accu-
rately, should be interpreted cautiously. Nevertheless, if
one of the terms in both the entropy and the enthalpy
decompositions is small compared with the others, then
the corresponding physical feature can often be said to be
minor. Then, when one attempts to construct complete
statistical mechanical theories, one has some justification
in ignoring such minor features so that the model can be
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