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Failure of time-temperature superposition
in dilute miscible polymer blends

Abstract The dynamic viscosity for
miscible blends of 1,4-polyisoprene
and poly(vinyl ethylene) (PVE) at
the extremes of composition (1%
tracer in 99% matrix) has been
measured as a function of tempera-
ture. Time-temperature superposi-
tion failure is observed in these
tracer blends. This observation
indicates that intramolecular contri-
butions are crucial in defining the
local environment experienced by a
polymer segment, as anticipated by

self-concentration models. The tem-
perature dependence of the dynam-
ics of the PVE tracer has been
extracted, and compared with the
model of Lodge and McLeish. The
self-concentration effect was found
to be even stronger than predicted.
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Introduction

The dynamics of polymeric mixtures are of fundamental
importance for the understanding of a wide range of
phenomena, including the kinetics of phase separation,
the rheological response of block copolymers, and the
processing of polymer blends. Of the many different
classes of polymer mixtures, binary miscible blends are
perhaps the simplest, and thus the most amenable to
experimental study. In order to describe the macroscopic
rheological response of miscible blends, one must at
some point confront the often-complex temperature and
composition dependences of the chain dynamics of the
blend components.

Miscible polymer blends exhibit several well docu-
mented, and initially surprising, phenomena. The
empirical time-temperature superposition principle, lar-
gely successful for homopolymers, has been shown to
fail for several miscible blend systems [1, 2, 3, 4, 5]. The
calorimetric glass transition process can be unusually
broad in miscible polymer blends [3, 4, 6]. Tracer dif-
fusion measurements have revealed complex composi-

tion dependences for individual component dynamics [7,
8, 9]. These observations, along with others, have led to
the idea that each blend component experiences its own
unique effective glass transition temperature (7, cq) that
is composition dependent and differs from the homo-
polymer glass transition temperatures (7,) [10].

Two distinct factors are thought to contribute to the
difference in T,.x between blend components. Each
blend component retains some intrinsic characteristics in
its dynamic behavior. Additionally, each component
relaxes in a local environment that is compositionally
different from the macroscopic blend. At least three
approaches have been employed to describe this com-
positional heterogeneity. One extends the coupling
model [11] in which cooperativity between molecules
leads to a broad distribution of local environments, and
thus a broad distribution of relaxation times for each
component [12, 13]. The second approach stresses the
importance of thermodynamic composition fluctuations
in creating and determining the unique local environ-
ment experienced by each component [14, 15, 16, 17, 18].
The third approach postulates that the relevant length-
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scale for the determination of local composition is the
Kuhn length [19], and that within this region the com-
position will be biased by the effects of chain connec-
tivity [19, 20, 21, 22]. This chain-connectivity approach
has recently been shown to capture much of the com-
position and temperature dependence of miscible blend
dynamics [23, 24, 25, 26].

From a model-independent perspective, the local
composition surrounding a relaxing polymer segment
can be conveniently subdivided into intermolecular and
intramolecular contributions. In a miscible A/B blend,
intermolecular contributions provide both A and B seg-
ments to the local composition. The intramolecular
contributions to the local composition surrounding an A
segment only add other A segments. It would be useful to
isolate the intermolecular and intramolecular effects on
blend dynamics; tracer blends are helpful to this end. In a
blend consisting of a dilute A tracer in a pure B matrix the
local composition of A segments surrounding the tracer
are due solely to intramolecular contributions. Does the
time-temperature superposition principle hold, as in
homopolymers, or does it fail, as in blends with inter-
mediate compositions? The success or failure of time-
temperature superposition has implications regarding the
role of intermolecular A-A contacts in producing ther-
morheological complexity: successful superposition
could indicate that intermolecular effects are decisive,
whereas failure implies that intermolecular contributions
to the local composition are not required to produce
“dynamic heterogeneity”. In this way, tracer blends
provide an additional test of blend dynamics models. In
this paper, we assess time-temperature superposition for
blends consisting of a small fraction of polyisoprene (PI)
in a poly(vinyl ethylene) (PVE) matrix and a small frac-
tion of PVE in a PI matrix. Dynamic viscosity measure-
ments were made on PVE in PI and PI in PVE tracer
blends. In the former, the dynamics of the PVE tracer
could be extracted clearly, and the data were compared
with the predictions of the model of Lodge and McLeish.

Materials and methods

Materials synthesis and characterization The two PI
samples (PI-5 and PI-78) and the two PVE samples
(PVE-5 and PVE-120) were synthesized via anionic
polymerization; the numerical designation corresponds
to the number-average molecular weight in kilograms,/
mole. The synthesis and characterization of PI-78 and
PVE-120 have been described elsewhere [25]. The PI-5
and PVE-5 samples were provided by N. Lynd and Z.
Zhou, respectively. All of these polymers are hydroxyl
terminated, which facilitates subsequent labeling with a
photochromic dye for tracer diffusion measurements by
forced Rayleigh scattering. The polymer molecular
weights and molecular weight distributions were

determined by size exclusion chromatography, and the
microstructures were determined by 'H NMR. The
characteristics of the four polymers are summarized in
Table 1. Blends were prepared by codissolving polymers
in methylene chloride with 0.5% by weight 2,6-di-tert-
butyl-4-methyl-phenol (antioxidant). The solvent was
evaporated under nitrogen, and the samples were
annealed under vacuum at 70 °C for 12 h. All blend
compositions are reported in percent by weight.

Rheology Dynamic viscosity measurements were made
with an ARES rheometer (Rheometric Scientific) using
25 mm parallel plates. Gap spacings of approximately
1 mm were employed for all measurements. The gap was
adjusted at each temperature and a thermal expansion
correction of 2.4 um/°C was applied in order to deter-
mine the gap width. Measurements were made at tem-
peratures ranging from —20 °C to 60 °C. The sample and
toolset were enclosed in a nitrogen convection oven; at
all times the sample temperature was maintained within
+0.5 °C of the set point. Measurements of the complex
viscosity (") as a function of frequency (w) were carried
out in the linear viscoelastic regime.

Results and discussion

1 (w) was measured for four samples: PI-5 homopoly-
mer, PVE-5 homopolymer, a blend of 1% PVE-120/
99% PI-5, and a blend of 1% PI-78/99% PVE-5. The
component of 7" in phase with the rate of strain (5’) and
the phase angle (J) are plotted in Fig. 1 for PI-5 and the
1% PVE-120/99% PI-5 blend at selected temperatures.
At all temperatures, the magnitude of 1” was greater for
the tracer blend than it was for the pure PI matrix. This
difference reflects the increase in viscosity due to the
addition of a small amount of high molecular weight,
higher T\, material (PVE-120) to a low molecular weight,
lower T, matrix (PI-5). The difference between blend
and matrix viscosities increased as the measurement
temperature decreased. It should also be noted that the
presence of the tracer PVE has a significant effect on 6.
For the pure PI-5 matrix polymer, ¢ is approximately
90° over most of the frequency range examined, con-
sistent with a purely viscous response. The addition of

Table 1 Characteristics of PI and PVE homopolymers

Sample M, (kg/mol) MM, Microstructure
1.4 34
PI-5 5.5 1.01 93% 7%
PI-78 78 1.02 95% 5%
1,2 1.4
PVE-5 5.3 95% 5%
PVE-120 120 95% 5%
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Fig. 1 Dynamic viscosity results for polyisoprene (PI)-5 and 1%
poly(vinyl ethylene) (PVE)-120/99% PI-5 at selected temperatures.
Viscosity (1°) for PI-5 (black squares) and for 1% PVE-120/99% PI-
5 (white squares), and phase angle () for PI-5 (black circles) and for
1% PVE-120/99% PI-5 (white circles) are plotted

the tracer PVE to the PI matrix brings about a clear
change in J, suggesting that it should be possible to
isolate the contribution of the PVE tracer to the mac-
roscopic rheological response of the blend.

The n” and 6 results for PVE-5 and the 1% PI-78/
99% PVE-5 blend are presented for selected tempera-
tures in Fig. 2. The magnitude of #’ for the blend was
greater than for the PVE-5 matrix, but the extent of this
difference was much less than observed for the PVE
tracer blend. At temperatures below 30 °C, the fre-
quency dependences of ¢ for the blend and PVE-5
samples are almost identical. This suggests that below
30 °C the PVE matrix is dominating the frequency
dependence of the viscoelastic response of the blend.
Above 30 °C, 6 of PVE-5 has almost no frequency
dependence, and the dependence of J in the blend is
likely due to the dynamics of the PI tracer. These
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observations on the PI tracer blend have consequences
for the time-temperature superposition analysis reported
in the next section.

Time-temperature superposition and comparison
of component dynamics

Time-temperature superposition was attempted on the
two tracer blends. The apparent shift factor (at) for each
temperature was determined by attempting to superpose
tan(o) versus w plots for different temperatures. The
“best” superpositions are shown in Fig. 3a and Fig. 3b
for the PVE tracer blend and the PI tracer blend,
respectively. In Fig. 3a the failure of time-temperature
superposition is evident in the ar o range of 10°-
10° rad/s. The scatter in tan(d) at low values of atw is
due to the experimental difficulty of resolving the phase
angle as the rheological response of the material
becomes increasingly viscous in nature. This generally
occurs as tan(d) nears a value of 100. This phase angle
resolution problem generally cannot be overcome by
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Fig. 2 Dynamic viscosity results for PVE-5 and 1% PI-78/99%
PVE-5 at selected temperatures. 5’ for PVE-5 (black squares) and
for 1% PI-78/99% PVE-5 (white squares), and 6 for PVE-5 (black
circles) and for 1% PI-78/99% PVE-5 (white circles) are plotted

increasing strain amplitude. In Fig. 3b, time-tempera-
ture su4perpositi0n failure occurs in the at w range of
10°-10% rad/s. For the PI tracer blend in Fig. 3b, the
failure is most pronounced when comparing data at
20 °C and 30 °C; at temperatures above approximately
30 °C the PI tracer begins to dominate the frequency
response of J as discussed above, whereas below 30 °C
the PVE matrix controls the frequency response of d.

Extraction of monomeric friction factor
from tracer rheology experiment

The contribution of the PVE tracer to 5" (w) of the 1%
PVE-120/99% PI-5 blend was extracted in order to al-
low for a quantitative comparison of the temperature
dependence of the dynamics of each blend component.
The blend was assumed to be unentangled (i.e. Rouse-
like), and thus n*(w) of the blend can be described by:
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where wpyg and wpy are the weight fractions of PVE and
PI, respectively. This is similar to the analysis of a dilute
polymer solution, where in this case the “solvent” is the
PI-5 matrix, which has some viscoelasticity at low tem-
peratures. Both n;,..4 () and 55, (w) were experimentally
measured, so the application of Eq. 1 to extract #pyg(w)
is straightforward. This approach was not as successful
for extracting the PI tracer dynamics from the 1% PI-78/
99% PVE-5 blend, as the contribution of PI-78 to
Miena (@) 1s relatively small, and thus the extracted
1p;(w) contains an unacceptably high level of noise.

A master curve for npyg(®) from the 1% PVE-120/
99% PI-5 blend was created via time-temperature super-
position. A plot of tan(d) versus at w for the PVE tracer
contribution to the blend is shown in Fig. 4; as can be
seen, time-temperature superposition is successful for
HpyE(®). This allows for the determination of at as a
function of temperature for the PVE tracer in the blend.
These shift factors for the PVE tracer are plotted in Fig. 5,
along with the shift factors for PI-5 that were deter-
mined via time-temperature superposition of the PI-5
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homopolymer measurements (not shown). Both compo-
nents were shifted to a common reference temperature of
50 °C. At 20 °C, the PVE shift factor is a factor of
approximately 2.5 greater than the PI shift factor. This
result is consistent with, and quantifies the time-temper-
ature superposition failure presented in Fig. 3a.
Monomeric friction factors ({) can be extracted for
PVE from the tracer rheology experiment in the fol-
lowing manner. For higher temperature measurements,
in this case 7> 0 °C, the zero shear viscosity (1,) can be
extracted by taking the value of n‘pyg(w) in the limit

10
ar o (rad/s)

w — 0. For lower temperature data, where the low fre-
quency limiting value of n‘pyg(w) cannot be observed, 7,
can be determined by the relationship:

ar(7T)
’70<T> - aT(Tref) 710(Tref> (2)
where T, is a reference temperature where #, can be
reliably determined. We have omitted the contribution
of the vertical shift factor bt in Eq. 2, as it is generally a
weak function of temperature, and has at most a very
modest effect on the value of #,. In order to determine {
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Fig. 4 Time-temperature
superposition analysis for ex-
tracted PVE-120 tracer contri-
bution. tan(d) vs at ® is plotted
for the PVE-120 tracer contri-
bution to dynamic viscosity at
selected temperatures

Fig. 5 Shift factors as a func-
tion of temperature for the PI-5
matrix and the extracted PVE-
120 tracer of the 1% PVE-120/
99% PI-5 blend

from 7., the Rouse model was assumed to govern the
dynamics of the PVE tracer chain, and thus the relation

between { and 5, is [27, 28]:
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where p is the density, N,, is Avogadro’s number, b is
the polymer statistical segment length, M is the molec-
ular weight, and M, is the molecular weight of a repeat
unit. The extracted values of { are plotted in Fig. 6 as a
function of temperature.
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Significance of time-temperature superposition failure
for tracer blends

The time-temperature superposition failure for the two
tracer blends suggests that each blend component retains
a distinct and separate temperature dependence even at
the dilute tracer compositions examined. This, in turn,
indicates that intramolecular contributions to local
composition, such as self-concentration, combined with
intrinsic differences in component dynamics are suffi-
cient to cause time-temperature superposition failure.
Recent dynamic Monte Carlo simulation results have
examined a similar tracer blend scenario [29]. In the
simulation, the diffusion coefficient of a high T, polymer
tracer had a different temperature dependence from the
low T, polymer matrix, in qualitative agreement with the
time-temperature superposition failure reported above
for PVE tracer in PI matrix. In the same simulation
study, the diffusion coefficient of the low T, polymer had
the same temperature dependence as the high T}, matrix
[29], a conclusion which is at odds with the time-tem-
perature superposition failure observed here for the PI
tracer in PVE matrix. The authors of the simulation
study found that the low T, (faster) polymer had to wait
until the higher T, (slower) polymer moved and opened
up space for a subsequent relaxation of the faster poly-
mer [29]. This is a sensible explanation of the Monte
Carlo simulation results, where the length-scale of mo-
tion is related to and fixed by the lattice spacing, and
other monomers that reside within this length-scale will
have to move out of the way in order to make room for

local motion. These neighboring monomers are mostly
from the slower moving component, and therefore the
motion of these slower moving monomers becomes the
rate-limiting step in the relaxation of the faster moving
monomers. In an experimental situation, the length-scale
and mechanism of local motion remains unclear, though
the experimental results presented here and published
elsewhere [30] imply that the motion of the faster moving
tracer component in a blend is not constrained so much
by the slower moving component that the two compo-
nents’ dynamics have the same temperature dependence.

Comparison of { with the Lodge-McLeish model

The model of Lodge and McLeish (L-M) [19] has re-
cently been shown to be successful in capturing some
aspects of the dynamics of miscible polymer blends [23,
24, 25, 26]. Here, we briefly recap the implementation of
the L-M model and compare it to the experimental
measurements of { in PVE tracer blend.

The primary postulate of the L-M model is that the
local relaxations that determine { are influenced by
the mean composition within a Kuhn length (¢) of the
relaxing segment. The volume (V) of this region is taken
to be ¥ ~ £;. Due to chain connectivity, a certain frac-
tion of ¥ must be occupied by neighboring monomers
from the same chain as the relaxing segment. Thus, the
composition in V' is different from the macroscopic
blend composition (¢), and the relaxing segment senses a
composition that is enriched in itself. This effective local

Fig. 6 Comparison of extracted S = |
{(T) for PVE-120 tracer to the 10
Lodge and McLeish (L-M) .

model. Also plotted is mono-
meric friction factor [{(T)] for 10'6 -
PVE-120 homopolymer from
[24]. The dotted line through
the homopolymer data
represents a Williams-Landel-
Ferry fit with the parameters
Cf =10.86, C5 =50 °C,
{,=0.571 dyn s/cm, and
T,=0°C

Cpyg (N's/m)
1

10 |

oo L‘M ﬁt (¢self= 0.5)

ot —— L-M prediction (¢ = 0.20)
1 1

| 1 | | | L
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composition for blend component A (Per.a), is calcu-
lated by [19]:

Geira = Psa + (1- ¢5,A)¢ (4)

where ¢ a is the “self-concentration” for component A.
¢s.a 1s simply the fraction of a region of size V' that is
occupied by a Kuhn length’s worth of monomers [19]:

o 5

d)s B npNav V

where C., is the characteristic ratio and » is number of
backbone bonds per repeat unit. As noted previously,
Eq. 5 could also contain a prefactor of order unity, as
the definition V = éi is somewhat arbitrary [19].

In order to calculate {, two additional steps are nec-
essary. The Fox equation is used to calculate an effective
glass transition temperature (Tgen) from Pegn:

1 _ ¢eff 1— d)eff
Tg,eff Tg‘A Tg,B

(6)

where T, o and T, g are the glass transition temperatures
of polymers A and B. The final step in the calculation of
{ is to use the Williams-Landel-Ferry (WLF) relation-
ship [31]:

(7)) —Ci[T — Tyer(d)]
log < Ce ) G AT — Tyen(9)

where {,,C;, and C, are WLF parameters for the poly-
mer component that are assumed to be independent of
composition. This general approach has recently been
shown to describe the temperature and composition
dependence of PI dynamics in PI/PVE blends in a near
quantitative manner and to capture the major trends in
the temperature and composition dependence of PVE in
PI/PVE blends [25].

In Fig. 6, a comparison is made between the experi-
ment and the L-M prediction for {(7) for a PVE tracer
in a PI matrix. Also plotted for reference in Fig. 6 is the
experimentally determined {(7) for PVE homopolymer.
The solid line represents the L-M prediction using
¢spve=0.2, as has been suggested by previous
measurements [25]. With this self-concentration value
the L-M model underpredicts the value of { for the PVE
tracer by roughly an order of magnitude. The dashed
line in Fig. 6 represents a best fit of the L-M model to
the experimental data, using ¢, pyg=0.5. While better
agreement between theory and experiment occurs in this
case, the L-M fit still does not have the same tempera-
ture dependence as the experimental data.

(7)

We note that in Fig. 6 the L-M prediction that
employs ¢ pye=0.2 (corresponding to a self-concen-
tration length-scale approximately equal to the Kuhn
length) overpredicts the effects of blending with PI
when compared with experimental data. This result is
important, because it suggests that the self-concentra-
tion effect predicted by the L-M model is not strong
enough to account for the tracer dynamics of PVE in
a PI matrix. In other words, in the framework of the
L-M model, the results in Fig. 6 suggest that the
length-scale for self-concentration for PVE in the tracer
limit is significantly less that the Kuhn length. From
Eq. 5, the length-scale is estimated to be approximately
8 A, less than the 12 A value that was previously ex-
tracted [25].

Conclusions

We have reported the measurement of dynamic viscosity
for blends consisting of a tracer of PI in a PVE matrix
and a tracer of PVE in a PI matrix. Time-temperature
superposition failure was observed for both of the tracer
blends. The monomeric friction factor of the PVE tracer
was extracted and compared to the model of Lodge and
McLeish. The predictions of the L-M model using the
expected value of self-concentration underestimated the
tracer monomeric friction factor by roughly an order of
magnitude. A best-fit value of self-concentration was
obtained. The central results of this paper are:

-1. In PI/PVE blends at the extremes of composition (i.e.
tracer blends) the dynamics of a particular compo-
nent retain a unique temperature dependence, dis-
tinct from that of the other blend component.

-2. This result indicates that the net contribution of like
segments to the local environment of a test segment is
dominated by intramolecular effects. By extension,
long-range concentration fluctuations are not neces-
sary to observe superposition failure.

-3. The self-concentration effect for a PVE tracer in a PI
matrix is significantly stronger than anticipated by
the L-M model, suggesting that the relevant length-
scale may be even shorter than the Kuhn length in
this case.
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