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ABSTRACT: We investigate the relaxation dynamics in the melt of entangled binary mixtures comprising a
small fraction of short polybutadiene, polyisoprene and polystyrene chains in a high molecular weight (MW)
matrix. In this way, we create model environments of quasi-permanent entanglements for probe chains, where
tube motions are suppressed at the time scale of the probe chains reptation, while contour length fluctuations
remain unaffected. The relaxation of a probe in its matrix presents several important features, which are independent
of polymer species. Because of the absence of tube motions, the probe chains terminal peak is narrower, with a
G′′(ω) ∼ ω-1/2 high-frequency slope, in agreement with the prediction of pure reptation theory. Moreover, the
position of theG′′ peak,ωmax (rad/s), shifts to lower frequencies, which means that the longest relaxation time
of the probe chains is increased, as compared to a melt of pure probe chains. Unambiguous and quantitative
comparisons between the terminal times of probe chains in a matrix or self-melt environments are obtained with
the help of an iso-free-volume correction. In this way, we clarify for the first time contributions from tube motions
to the terminal relaxation. The retardation factor for the terminal relaxation time is independent of the number of
entanglementsZ above 100 but increases steadily below that threshold asZ-0.3. TheZ dependence of the retardation
factor leads to different scalings for the terminal relaxation time of probe chains in self-melt or matrix environments.
The observed scaling exponent of 3.1 in the matrix is very close to the prediction of the original reptation model.
Our results hence indicate that the motions of surrounding chains have a dominant influence on the 3.4 exponent
for terminal relaxation times and zero shear viscosity. This is in sharp contrast with the conventional view attributing
the nonreptation scalings entirely to fluctuations but is in agreement with existing literature on tracer (probe)
chains and self-diffusion.

1. Introduction

The most successful molecular theory describing the melt
relaxation of entangled polymers is based on the reptation ideas
proposed by de Gennes1 and developed by Doi and Edwards.2

The original reptation model considers one long linear chain
trapped in a network of permanent entanglements. The network
“obstacles” hinder lateral motions of the test chain for length
scales larger than the network “mesh size”, and confine the
molecule within a 1D curvilinear tube. In real polymer melts,
the situation is more complicated since two additional mecha-
nisms must be considered for quantitative agreement. First, we
need to account for the mobility of surrounding chains. Indeed,
entanglements, i.e., topological obstacles formed by reptating
chains, are not completely permanent. This is usually referred
to as constraint release (CR) or “tube motions”. In addition,
contour length fluctuations (CLF), originating from springlike
motions of the chain in its tube, are also important.

The effect of tube motions (due to the nonpermanent character
of entanglements) on the relaxation of linear polymers is
extremely subtle. The release of topological constraints will
enable lateral motions of internal sections of the test chain,3-5

which can be modeled as Rouse motions of the tube. Tube

motion can lead to an enlarged “effective” tube diameter for
the test chain on a coarse-grained time scale, leading to dynamic
tube dilation ideas (DTD).6-8 Tube dilation mechanisms are
especially important for polydisperse and/or complex architec-
ture polymer melts.9,10 Several authors have addressed the
validity limits of models based on tube Rouse motions and/or
DTD.9-13 However, all models should provide an accurate and
self-consistent description for the simplest case, i.e., linear
monodisperse melts. Different CR models,5,12,14-16 the DTD
model,6 and the generalized double reptation model17,18 all
predict that tube motion accelerates the relaxation of linear
polymers by a factor higher than 2 (2-3).

An important and unsettled question is whether the accel-
erating factor depends on molecular weight (MW) or not.6,9,10

This issue is related to a long-standing problem with reptation
theory. While pure reptation predicts a scaling exponent of
3.0 for the terminal relaxation time,τd, with respect to MW,
the observed scaling is about 3.4 for real polymer melts.19,20

Conventionally, tube models16,21,22 credit the 0.4 difference
primarily to CLF, with little or no influence from CR. How-
ever, any MW dependence of CR effects should affect theτd

scaling. Recently, McLeish10 has argued that MW-indepen-
dence of CR effects might be idealistic considering that chain
ends are responsible for correlated CR events in their vicinity.23

Kavassalis and Noolandi24-26 have described entanglements as
a collectiVe topological constraint, and taken into account the
specific influence of chain ends on the entanglement network.
Their model predicts a specific transition from the entangled
to the unentangled state as chain length is shortened. In
consequence, the relaxation time and plateau modulus will
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deviate from pure reptation scaling through the small MW
dependence of the molecular weight between entanglements,
Me. This leads to MW-dependent CR dynamics. Similarly,
different scalings vs MW are observed experimentally for
entangled tracer (Dtr ∼ MW -2.0) and self-chain diffusion
coefficients (Ds ∼ MW -2.3),27,28 again suggesting a MW-
dependent CR dynamics.

Experiments comparing the relaxation behavior of test chains
in an environment of identical entangled chains or a permanent
network are in principle an excellent way to answer two
important and interrelated questions:

•How much longer is the terminal relaxation timeτd in the
absence of tube motions?

•What is the MW scaling forτd in a permanent network?
In the remainder of this paper, we use the term “self-melt”

to describe a situation where test chains relax in an environment
of identical chains, while we use the expression “probe chains”
when the test chains are dispersed in a (quasi-)permanent
network. Three techniques have been described in the literature
to create a “permanent network” for probe chains:1,20,29-40 (i)
chemically cross-linked networks with a small fraction of linear
chains,29,30,33-39 (ii) microphase separated block copolymers with
a high-Tg dispersed phase acting as cross-links and a low-Tg

continuous phase with the same composition as the probe,31,32

and (iii) a very high MW matrix with much longer reptation
time than a probe of identical composition.40 A compilation of
published terminal relaxation data for probes in a “permanent
network” is presented in Table 1. When tube motions are
suppressed, retardation of the probeτd and narrowG′′ peaks
are observed, but the measured retardation factors are incon-
sistent, ranging from 3,32,37-40 to 10,33 or even higher,34,35

depending upon the type of “network”. The MW scaling
exponent of the probeτd is also inconsistent, being either
3.029,31,32or 3.4.30,33,36-40 The reasons for the observed incon-
sistencies are explained below.

The most important problem concerning the published
literature on “probe rheology” is the existence of (slight)
differences in chemical composition between the “network” and/
or the probe. These differences obscure the conclusions about
relaxation times because the latter are very sensitive to variations
of the monomeric friction coefficients,ú0. First, for diene-based

chemical networks (polybutadiene (PBD), and polyisoprene
(PI)), the cross-linking reaction takes place at high temperature.
Even in the absence of oxygen, the formation of branched
molecules and a broadening of the MW distribution of the probe
are unavoidable because of side-reactions involving the double
bonds. There are also differences from batch to batch for the
cross-linking density.39 In addition, static stress relaxation
experiments have been used in most of the early studies29,30,32-35

and are difficult to interpret because the contribution of the host
network has to be subtracted from the probe relaxation. Second,
for probes in block copolymers,31,32 the inherent complexity of
the systems also leads to inaccurate values of the probeτd.
Finally, one paper only40 describes the use of a high MW PBD
matrix as “permanent network”. However, an important param-
eter has been disregarded in the published study: the micro-
structure and hence the monomeric friction coefficients are not
exactly the same for different probes. This effect has not been
accounted for, resulting in uncertainty about the probeτd and
corresponding retardation factor.

In this work, we investigate the relaxation dynamics of a small
fraction (10%) of short probe chains in a high MW matrix and
compare it with the behavior of the corresponding self-melts.
Three polymers have been tested: 1,4-polybutadiene (PBD),
1,4-polyisoprene (PI) and polystyrene (PS). In all cases,
particular care has been taken to carefully correct for the effect
of minute variations of microstructure. This approach is referred
to as “probe rheology”. In this way, we create a model
environment of “quasi permanent” entanglements for the probe
chains, where tube motions are suppressed (at the time scale of
the probe chains reptation) but reptation and CLF of the probe
chains are otherwise unaffected. Comparing the relaxation
dynamics of the probes in two environments, either as a self-
melt or diluted in a high MW matrix, clearly reveal contributions
of tube motions to the terminal relaxation.

2. Experiments

Narrow distribution linear 1,4-polybutadiene (1,4 addition>
90%), 1,4-polyisoprene (1,4 addition> 90%) and polystyrene were
purchased from Polymer Source, Inc. Two additional PBD samples
were obtained from Goodyear R&D Division. Molecular charac-
terizations of the samples are provided in Table 2. Blends of 10%
probe and 90% matrix mixed with 0.2% w/w Ciba IRGANOX B215
antioxidant were dissolved in excess solvent (toluene for PBD and
PI, tetrahydrofuran for PS) over 2-3 days in the dark at room
temperature with periodic manual stirring. Following complete
dissolution of the polymers, solvent was driven off in a vacuum
oven at room temperature for at least 1 week until the sample had
less than 0.02% solvent left (as tested by weighing).

Linear viscoelastic (LVE) properties of the binary mixtures and
the pure polymers were measured using a TA ARES rheometer
with 8 mm diameter parallel-plate geometry. Because all blends
containing 90% high MW matrix have very long relaxation times,
special care was taken to ensure optimal loading of the samples.
In particular, the PBD blends have been loaded and equilibrated at
25 °C. First, 10-15 layers of PBD cast films (with 50-100 µm
thickness) are stacked on the lower fixture. Second, the upper fixture
is lowered onto the sample until a normal force about 10 N is
reached. Third, the edge of sample is carefully trimmed. Since the
relaxation timeτd of the PBD-1.2 M matrix is about 30 s at 25°C
as calculated fromωmax, a waiting period of more than 1 h (about
100 timesτd) is used. After this period, the normal force exerted
by the polymer on the fixtures has decayed below 0.2 N. Last, the
edge of sample is carefully trimmed again.

Measurements were made under nitrogen atmosphere between
0.1 and 100 rad/s with 20 points per decade and temperatures
ranging from+25 to -80 °C for PBD, from+25 to -40 °C for
PI, and from 230 to 120°C for PS. Repeated measurements at the

Table 1. Terminal Relaxation Data of Probes in “Permanent
Network” Systems, Taken from the Literature

probesa matrixb
type of

networkc

test
method
for τd

d
retardation
factor ofτd

τd scaling
in

network ref

PIB BR C τ1/2 n.d. 3.0 29
EP EPT C τ1/2 n.d. 3.5 30
PBD (SB)n B ωmaxG′′ n.d. 3.1 31
PBD SBS B τ1/2 ∼3 3.0 32
SB PBD C τ1/2 10 3.4 33
PBD PBD C τ1/2 >10 n.d. 34
PDMS PDMS C τ1/2 10-100 n.d. 35
PI NR C τmg 1 3.3 36
PI NR C ωmaxε′′ 2.5 3.3 37
PBD PBD C ωmaxG′′ 1.9-3.2 3.35 38
PDMS PDMS C ωmaxtanδ n.d. 3.6 39
PBD PBD H ωmaxG′′ 2.0-3.0 3.3 40
PI PI H ωmaxε′′ 2.0-4.0 3.0 49

a Key: PIB, polyisobutylene; EP, ethylene-propylene copolymer; PBD,
polybutadiene; SB, styrene-butadiene copolymer; PDMS, poly(dimethyl-
siloxane); PI, polyisoprene.b Key: BR, butyl rubber; EPT, ethylene-
propylene terpolymer; (SB)n, multichain styrene-butadiene block copoly-
mer; SBS, styrene-butadiene-styrene block copolymer; NR, natural rubber.
c Key: C, cross-linked; B, block copolymer; H, high MW.d Key: τ1/2,
relaxation time for the portion of the modulus to decay to half of the plateau
value;ωmax, frequency at whichG′′ or tanδ or ε′′ has a maximum.
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initial temperature after complete frequency sweep series did not
show any significant change. The TA Orchestrator software was
used to derive master curves at a reference temperature 25°C for
PBD and PI, 190°C for PS, by a two-dimensional residual
minimization technique.

3. Comparison of the Relaxation Dynamics of the Probe
in Two Environments

The master curves for monodisperse PBD samples (self-melts)
are presented in Figure 1a. The different PBD and PI samples
used in this study do not have exactly the same microstructure,
as can be inferred from the minor differences between the glass
transition temperatures,Tg (see Table 2). Indeed,Tg of PBD
and PI (and henceú0 as wellτe) correlate with the content of
1,2-addition units in the polymer (see also Figure 1 in ref 41).
It is important to correct for these slight variations when
comparing self-melts and matrix-probe chain systems. To this
effect, we have used an “iso-free-volume state” correction
according to Colby et al.15 The reference system for this
correction is the high MW matrix. The procedure is described
in Appendix A. For matrix-probe chain systems, the low
concentration of the probe chains (10%) makes this correction
unnecessary.

Figure 1b shows the storage and loss moduli master curves
for the 10% probe and 90% high MW matrix mixtures. The
intermediate frequencyG′′ peaks correspond to the terminal
relaxation of the probe in the mixtures. The consistency of the
dynamic moduli is reflected by the excellent overlap of the high-
frequency Rouse-like relaxation for all samples, and the identical
WLF shift factors aT and bT as shown in Figure 1c. The
corresponding WLF parameters areC1 ) 3.76, C2 ) 175 K.
As a comparison, Figure 1c also shows the WLF shift factors
found by Colby et al.15 for high MW PBD samples (corre-
sponding toC1 ) 3.48, C2 ) 163 K). The slight difference
observed in the low-temperature range may come from a minor
systematic deviation of the temperature control systems between
the two rheometers. However, the secondG′-G′′ crossover
point at high frequency, which is related toτe and ú0,15,20 is

very close toωC ) 1.5 × 107 rad/s andGC ) 2.5 × 106 Pa at
25 °C in both cases (see also Figure 3 in ref 15), which confirms
the consistency between the two sets of data. It is worth noting
that Colby’sbT data (and hence ours) are close to the standard
FT ratio shown in Figure13 of ref 15.

Typical master curves for the matrix, a representative probe
self-melt (PBD-99K) and the corresponding probe-matrix
mixture are shown in Figure 2. By comparison with the pure
matrix in Figure 2a, the mixture presents two well-separated
peaks for the loss modulusG′′, corresponding to the terminal
relaxations of the matrix and the probe. The frequency of the
G′′ maximum,ωmax, is connected to the longest relaxation time
τd by the following simple relation.38-40,42

In all cases except PBD-323K, the ratio between the matrix
and probe relaxation times is above 100 because of the ratios
of the component MWs are above 5 (roughly 53 > 100).
Therefore, the high MW matrix really acts as a permanent
network at the time scale of the probe terminal relaxation. By
comparison with the homopolymer self-melt in Figure 2b, the
relaxation of the probe in the matrix presents two important
differences. First,ωmax of the probe shifts toward lower
frequencies, which means thatτd of the probe is larger in the
quasi-permanent network.29-40 Second, the negative slope at the
high-frequency side of the probeG′′ peak is steeper in the matrix
as compared to the self-melt, and hence theG′′ peak is
narrower.38-40 Actually, the largerτd and narrowerG′′ peak
are interrelated, and both result from the suppression of tube
motions. This will be discussed in detail below.

To obtain the pure dynamic modulus of the probe in the
matrix, the matrix contributions have to be subtracted. Here,
we follow the procedure described by Ferry32 and Roovers.40

A matrix diluted with 10% very low-MW linear PBD (Mw )
1.8 × 103 g/mol, Z ∼ 1) was prepared and tested. The master
curve of the diluted matrix is included in Figure 1b. The probe
loss and storage moduli in a mixture were obtained by

Table 2. Molecular Characterization and Terminal Relaxation Results

ωmax of probe
(rad/s)

sample in melt in matrix

exptl
retardation

factor
Tg

(°C)

iso-free
volume

correction

corrected
retardation

factor
Mw

(kg/mol) Mw/Mn Mw/Me
a

PBD Matrix 0.035 -99.5 1240 1.13 792
PBD-14K 18 000 3500 5.14 -97.0 1.10 5.7 13.2 1.05 8.3
PBD-22K 5500 1300 4.23 -100 1.0 4.3 22.8 1.05 14.5
PBD-39K 550 185 2.97 -96.6 1.20 3.6 38.6 1.03 24.6
PBD-99K 24 9.5 2.50 -97.7 1.12 2.8 98.8 1.03 63
PBD-160K 4.5 2.0 2.25 -97.5 1.07 2.4 163 1.01 104
PBD-323K 0.47 0.4 1.17 -83.0 2.32 2.7 323 1.15 206
PBD-1.8Kb 1.8 1.1 ∼1

PI Matrix
0.0023 -62.5 1310 1.1 278

PI-82K 39 6.7 5.82 -66.5 0.80 4.7 81.8 1.07 17.3
PI-145K 8.7 2.0 4.35 -65.6 0.83 3.6 145 1.05 30.6

PS Matrix 0.038 1425 1.14 96.3
PS-234K 11.5 2.1 5.5 234 1.04 15.8

sample

exptl
retardation

factor
Mw of matrix

(kg/mol)
Mw

(kg/mol) Mw/Mn Mw/Me
a

PBD-41Lc 4.2 174 40.7 1.04 25
PBD-41Lc 4.5 435 40.7 1.04 25
PBD-98Lc 3.2 435 97.5 1.04 62
PBD-100Kd 2.8 410 99.1 1.01 63

a 1570 g/mol for PBD (F ) 896 kg/m3 at 25 °C), 4730 g/mol for PI (F ) 900 kg/m3 at 25 °C), 14 800 g/mol for PS (F ) 959 kg/m3 at 180°C.).43,47

b Diluted matrix.c Obtained from ref 45.d Obtained from ref 46.

τd ) 1/ωmax (1)
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subtracting the corresponding moduli of the diluted matrix from
the moduli of the mixture:

where suffixes P, T, and DM refer to the probe, total mixture,
and diluted matrix, respectively. This is almost equivalent to
assuming that the probe acts as a short-chain solvent for the
relaxation of the matrix thanks to the wide separation of the
relaxation processes. The modulus subtraction procedure is in
fact equivalent to a relaxation times spectrum subtraction when,
as is the case here, the spectra of the long and short chains
barely overlap each other. This assumption is essentially true

for the shorter probes, but has some problems for the longer
ones, especially PBD-323K.

The “probe dynamic moduli” of the PBD-99K, -39K, and
-13K samples, calculated according to eq 2, are shown in Figure
3a. TheG′′ curve of the PBD-99K self-melt is also plotted as
a reference. The corresponding curves for PBD-160K and -22K
are shown in Figure 3b. Two important observations are can
be made.

First, the terminal curves for all probes aresimilar to those
of the corresponding self-melts (but not exactly the same): the
well-knownG′ ∝ ω2 andG′′ ∝ ω “terminal” regimes are indeed
observed, and the firstG′-G′′ crossover frequency is close to
the ωmax as it should be for monodisperse samples. The
subtraction procedure is remarkable considering that the dynamic
moduli curves of the five probes cover over 6 decades of
frequency. Because the ratio of the component MWs is below
5 for the PBD-323K probe, the condition for valid use of eq 2
is not satisfied. Therefore, the probe modulus curves of PBD-
323K are poor (not shown). The influence of the matrix is
already noticeable for PBD-160K at low frequencies (Figure
3b). The probe plateau modulusGN,probe

0 (high-frequency limit)
ranges between 2.0× 105 and 2.2× 105 Pa. On the basis of
simple dilution considerations:9,10

with GN
0 the pure melt plateau modulus andφmatrix the matrix

volume fraction ()0.1). The dilution exponent is taken as 2.
On the basis of eq 3, the measured probe plateau modulus is
consistent with accepted values ofGN

0 for PBD: 1.05-1.15
MPa calculated compared to 1.15 MPa as reference value.43

Figure 1. (a) Master curves of monodisperse PBD (160K, 99K, 39K,
22K, 14K) and high MW PBD-1.2M matrix. (b) Lines: master curves
for the 10% PBD probe in high MW matrix systems. The small G′′
peaks correspond to the relaxation of the probes in the matrix. Dots:
matrix diluted with 10% very low-MW linear (PBD-1.8K) prepared
for subtracting the matrix contribution. (c) WLF shift factors (open
circles) of the matrix and probe-matrix mixtures as a function of
temperature. The WLF parametersC1 ) 3.76,C2 ) 175 K at 25°C,
were obtained from the best fit (line) of allRT data. Comparison with
the WLF shift factors (filled squares) obtained from ref 15.

[G′′(ω)]P ) [G′′(ω)]T - [G′′(ω)]DM (2)

Figure 2. (a) Master curves for the PBD-1.2M matrix, and the
representative PBD-99K probe-matrix mixture. (b) Master curves of
the PBD-99K self-melt and the representative PBD-99K probe-matrix
mixture.

GN,probe
0 ) GN

0(1 - φmatrix
2) (3)
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A second important observation is that the shape of the probe
loss peak for well-entangled samples, for instance PBD-99K
and PBD-160K, is close to the prediction of pure reptation, i.e.,
a ω-1/2 power law forG′′ at the right side ofωmax. This power
law changes toG′′ ∼ ω-1/4 at higher frequencies, due to contour-
length fluctuations.16,21,22To our knowledge, this is the first time
that the reptation and CLF slopes are clearly observed for
moderate MW samples. This of course results from the
suppression of tube motions, which otherwise obscure the
frequency separation of CLF and reptation relaxations. The
probeG” peak is distinctly different from the corresponding
self-melt, i.e., aω-1/5 power law at the right side ofωmax for
the PBD-99K self-melt (Figure 3a). An important point has to
be kept in mind, namely that the effective mesh size of the
diluted matrix is larger than the molecular weight between
entanglements of monodisperse PBD at all relevant frequencies
while this is only the case for the probe-matrix systems at
frequencies lower than 1/τdprobe. This might affect the shape of
the probe terminal peak at high frequencies in the CLF-
dominated region. However, because of the low concentration
of probe chains used (10%), this problem is not serious. The
shape ofG′′P will only be affected at the very high frequencies.44

In particular, the location of the probe terminal peak maximum
can be accurately determined and even the shape at higher
frequency is preserved as discussed in section 5.

In summary, all results indicate that tube motions are indeed
suppressed for all but the highest MW probe and that the matrix
acts as a permanent network. We will compare the results of

probe rheology with theoretical predictions of tube models in
section 5. We now consider the retardation factor forτd.

4. Retardation Factors for τd in Self-Melt and High MW
Matrix Environments

We callR the retardation factor forτd in the high MW matrix
vs the self-melt environment:

with suffixes “Melt” and “Probe” referring to the self-melt and
probe-matrix environments, respectively. An accurate determi-
nation ofωmax is required for the calculation ofR. For the probe
systems, we consider that all probe chains are diluted in the
same matrix environment (i.e., have the same monomeric
friction coefficient) and hence we apply no correction factor.
Moreover, we obtain the sameωmax values if we either use the
measured curves or the subtracted probe curve: the discrepancy
between the two methods (with or without subtraction) is close
to the experimental error of 0.05 log units (1.12 times), as shown
in Figures 4a and 4b. For the self-melt environment, an iso-
free-volume state correction15 as described in Appendix A is
required for the PBD and PI melts due to the small difference
of microstructure between the probe chains and the matrix. On
the other hand, the PS probe does not require any correction
since there are no structural variations. For poorly entangled
samples (PBD-14K and PS-234K), the accuracy ofωmax is
further improved by removing the contribution of Rouse modes
(taken as a power law extrapolation of the high-frequency data)
from the experimentalG′′ curve.43 This is shown in Figure 4,
parts b and d. The obtainedωmax values in the matrix and self-
melt environments, and the correction factors (when needed)
are reported in Table 2. In all cases except PBD-323K, the
correction factors are small (0.8-1.2) but crucial for the
accuracy of the quantitative conclusion.

Figure 4 shows selected comparisons between theG′′ terminal
peaks of the probe and self-melt systems. For PBD-99K withZ
∼ 63, the measured retardation factorR equals 2.5 (Figure 4a)
and becomes 2.8 after adjustment for structural differences. On
the other hand, for the short probe PBD-14K withZ ∼ 9, the
measuredR equals 5.1 (Figure 4b) and becomes 5.7 after
adjustment. The measuredR is 5.8 for PI-82K withZ ∼ 17
(Figure 4c) and the adjusted value is 4.7. The measured
retardation factor is 5.5 for PS-234K withZ ∼ 16 (Figure 4d)
and requires of course no correction.

Rare results on binary mixtures from literature45,46have also
been reanalyzed. Struglinski and Graessley45 have investigated
the linear viscoelasticity of a series of PBD binary mixtures
with varying ratios of the high and low MW components. Figure
5 shows thatωmax of the short chains (the probe) decreases
exponentially with increasing fraction of long chains (the
matrix). Another set of results reported by Wang et al.46 is also
included in Figure 5 and follows the exact same trend. Two
important observations can be made concerning Figure 5. First,
because of the exponential dependence ofωmaxProbewith respect
to blend composition, it is legitimate to obtain the retardation
factor from a single measurement of a composition with a small
fraction of probe chains. This validates our choice of 10% probe
chains as a good compromise between (i) closeness to the
“diluted probe” extrapolated value and (ii) experimental sen-
sitivity limitations (no clear probe peak can be observed below
10%). Obviously, although 10% probe chains cannot be
considered truly diluted in the matrix (in the sense that they
still have some entanglements among themselves), this does not
represent a critical limitation. Second, it is also worth noting

Figure 3. (a) Probe moduli for PBD-99K, -39K, and -14K: theG′
andG′′ moduli were obtained by subtracting the corresponding modulus
of the diluted matrix from the total modulus of the mixture according
to eq 2, as discussed in the text. TheG′′ curve of the PBD-99K self-
melt is plotted as a reference. The-1/2 slope forG′′ is the prediction
of pure reptation theory,1,2 and the-1/4 slope is the prediction with
contour-length fluctuations.16,21,22The experimental slope for the PBD-
99K self-melt is-1/5. (b) Probe moduli according to eq 2 for PBD-
160K, and PBD-22K. The perturbing influence of the matrix is observed
on theG′′ curve of PBD-160K at the low frequencies.

R ) τdProbe/τdMelt ) ωmaxMelt/ωmaxProbe (4)
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thatωmaxProbeis independent of the matrix MW, once the blend
components MW ratio is beyond 5. Indeed, for sample 41L,
the retardations factors are indistinguishable in the two matrices
(174L or 435L). Moreover, the observed retardation factors
(4.2-4.5 for probe PBD with MW∼ 40K and 2.8-3.2 for probe
PBD with MW ∼ 100K) are in good agreement with our results
for PBD-39K and PBD-99K.

All corrected R values listed in Table 2 are plotted as a
function of entanglement numberZ in Figure 6a. The MW
between entanglements is taken as 1570 g/mol for PBD, 4730
g/mol for PI, and 14800 g/mol for PS.43,47,48All samples show
a universal trend including two regions depending solely onZ:
(i) for well-entangled chains withZ > 100, the retardation factor
is independent ofZ and has a value of about 2.5; (ii) at lower
Z, the retardation factors are larger than 2.5 and increase as a
power law with decreasingZ.

In a study on the dielectric relaxation of binary mixtures,
Adachi et al.49 have reported a similar MW dependence for the
normal mode relaxation time of short polyisoprene probes in a
high MW matrix. However, as already explained in the
Introduction, no consistent trend for the retardation factor can
be extracted from literature (Table 1) due to several types of
experimental issues. An interesting example is the paper by
Ndoni et al.38 who have investigated the relaxation dynamics
of PBD probes trapped in randomly cross-linked PBD networks.
Retardation factors between 1.9 and 3.2 were found for probes
with MW in the range 10-900 kg/mol and no obvious MW
dependence of retardation factors was observed. Significant
experimental problems have not been given proper consideration
in ref 38. First, four linear PBD samples withdifferent Tg (and
henceú0) were employed as network components, thus all
networks are not strictly the same. In some cases, theTg

differences between the probe and the network are in excess of
10 °C (Figure 2 in ref 38), but no correction was reported.
Second, different rheometers were employed for measuring the
melts and networks, therefore systematic errors on temperature
cannot be excluded. Last, the authors reported that the probe
ωmax was not sensitive to the probe fraction in the range 10-
50%, which is quite strange from a physics standpoint and
contradicts the systematic trend observed in Figure 5.

Coming back to our work, the limiting retardation factor
around 2.5 at highZ is in agreement with existing CR
models,5,12,14-16 as well as the DTD model6 and the (generalized)
double reptation model.17,18

At lower Z, the increasing retardation factors with decreasing
Z point to an acceleration of tube motion and/or a gradual
transition from the entangled to the unentangled state.24-26

Actually, the retardation factor scales asZ-0.3 for Z in the range

Figure 4. (a) Retardation of the probe in matrix relaxation peak for
PBD-99K. Open circles:G′′ self-melt. Filled circles: G′′ probe in
matrix. Filled squares:G′′ probe modulus after subtracting the
contribution of the matrix according to eq 2. (b) Retardation of probe
in matrix relaxation peak for PBD-14K. Open circles:G′′ self-melt.
Filled circles: G′′ probe in matrix. Filled squares:G′′ probe modulus
after subtracting the contribution of the matrix according to eq 2. Open
squares:G′′ of self-melt after subtraction of Rouse contribution.43 (c)
Retardation of the probe in matrix relaxation peak for PBD-76K. Open
circles: G′′ self-melt. Filled circles: G′′ of probe in matrix. (d)
Retardation of the probe in matrix relaxation peak for PS-240K. Open
squares:G′′ self-melt after subtraction of Rouse contribution.43 Filled
circles: G′′ of probe in matrix.

Figure 5. Angular frequencyωmax of peak maximum for probes as a
function of matrix volumetric fraction. Data obtained from refs 45 and
46. See Table 2 for sample details.
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10-100 (shown as the bold line in Figure 6a). Therefore, theZ
dependence of the probe relaxation time in the high-MW matrix
should be close to a power law with an exponent 3.1) (3.4-
0.3), because it is well-known that the viscosity of monodisperse
PBD is proportional toZ3.4.15 The uncertainty on the slope is
certainly less than 0.1, considering that even a-0.2 slope cannot

correctly represent theZ dependence of the retardation factor
in Figure 6a. Our results clearly indicate a contribution of tube
motions (i.e., the nonpermanence and/or imperfection of en-
tanglements) on theτd scaling. So far, no CR model is able to
predict this trend. Values ofτdMelt and τdProbeare plotted as a
function of Z in Figure 6b to highlight the change of scaling
exponent. In Figure 6, PI and PS data are superimposed on the
PBD data by an arbitrary vertical shift (obviously identical for
all samples of the same polymer). As expected, the observed
scaling exponent for the self-melt has the well-known 3.4 value.
On the other hand, the scaling exponent for the probe is about
3.1, which is very close to the prediction of the original reptation
model. The change of scaling is better revealed by plottingτd/
Z3 vsZ,15,27as shown in Figure 6c. In this format, the horizontal
solid line represents the reptation asymptote, hence any devia-
tions from the predictedZ3 are clearly exposed. A slope of∼0.1
is compatible with the probe results. It is important to keep in
mind that any error on the MW of the samples will be
emphasized in theτd/Z3 vs Z plot. On the other hand, theR vs
Z plot mostly screens out these errors since the retardation factor
is a relatiVe shift.

Since the permanent network only suppresses tube motions
but does not affect CLF (in the classical view of tube models),
our results prove that the contribution of CLF on theτd scaling
is quite weak. If CLF effects were the dominating factor as
expected by Doi,21 the same scaling exponent of 3.4 would be
observed even in the permanent network. A detailed comparison
with CLF-dominated tube models will be carried out in the next
Section. The weak CLF effect observed fromτd scaling in the

Figure 6. (a) Retardation factors ofτd for probe chains in matrix as a
function of the entanglement numberZ. Retardation factors for
additional PBD samples were extracted from refs 45 and 46. The
horizontal dash-line represents the constant retardation factor about 2.5
predicted by the DTD model6 for the well-entangled case. CR
models12,16predict slightly different constant numerical values (around
3). The bold line represents the MW dependence of the retardation
factor, as discussed in the text. The dotted line represents the fit by
equationR ) 2.5(1+ 13/Z). (b) The longest relaxation timeτd of the
probe chains in two entangled environments (self-melt or matrix) as a
function of entanglement numberZ. The PI (circles) and PS (triangle)
data were superimposed on the PBD (square) data by a vertical shift.
(c) Data from Figure 6b replotted asτd/Z3 vs Z to highlight deviations
from the reptation scaling. The error bar is 20%, which is estimated
conservatively as 10% for rheological test (τd) and 10% for MW (or
Z). The horizontal line represents the reptation asymptote. The bold
line represents a power law with a 0.4 slope for self-melts, the dash
line corresponds to a constant retardation factor about 2.5.

Figure 7. (a) Comparison between loss moduli of PBD-99K as probe
and self-melt. TheG′′ peak for the self-melt was shifted to overlap
both horizontally and vertically with the peak of the probe. (b)
Comparison ofG′ and G′′ curves for the PBD-99K probe and
predictions of the LM model16 with a constraint release parametercv

) 0. The predicted curves withZ ) 63 were shifted vertically and
horizontally to overlap with the peak of the PBD-99K probe. The-1/2
slope forG′′ is the prediction of original reptation theory,1,2 and the
-1/4 slope is the prediction of the contour-length fluctuations mod-
els.16,21,22
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present work is consistent with the conclusion of our recent
study about theZ dependence of the apparent plateau modulus,50

and also consistent with the reptation scaling-2.0 observed in
tracer diffusion.27,28 The significant physics extracted from all
experimental facts are discussed in detail in a separate paper.51

5. Comparison with Tube Models

Likhtman and McLeish16 have recently developed a quantita-
tive theory for the linear viscoelasticity of linear entangled
polymers, which self-consistently combines CLF and CR with
reptation (LM model). In this model, CR dynamics are
controlled by a constraint release parametercv, with cv ) 1
corresponding to the Rubinstein-Colby model12 andcv ) 0 to
the complete absence of tube motions. Hence it is easy to switch
off CR effects in the model by settingcv to 0. Actual predictions
of the LM model are available forZ ranging from 2 to 1000.16

We therefore are able to compare our probe rheology results
with the predictions of the LM model. We first compare the
G′′ peaks of the PBD-99K probe and self-melts in Figure 7a
by freely shifting the melt curve so that it overlaps to the probe
peak. As already discussed, the narrowerG′′ peak for the probe
indicates the suppression of tube motions. We next freely shift
the predicted curve of the LM theory forZ ) 63 (based onMe

) 1570 g/mol) andcv ) 0 to overlap with the peak of the PBD-
99K probe (Figure 7b). The agreement between the experimental
results and predictions is striking for this highly entangled case.
Theoretical predictions including CLF effects almost perfectly
capture the relaxation dynamics of the probe chain in a high

MW matrix, i.e., a reptation-controlledω-1/2 power law at the
immediate right side ofωmax and a CLF-controlledω-1/4 power
law at higher frequencies.16,21,22

We further compare the LM theory with our results for
different PBD probes in Figure 8. We now fix the vertical shift
factor as (1- φmatrix

2). GN
0 according to the classical dilution

relationship.GN
0 is taken as 1.15 MPa.43,47 For the horizontal

scale, we freely shift the predictedG′ andG′′ curves (Z ) 63,
24, 9) to overlapωmax with the experimental results (Figure
8a). The corresponding shift factors are 5.2× 106, 4 × 106,
and 2× 106 for PBD-99K, -39K, and -14K, respectively. Again,
the agreement is excellent for the PBD-99K probe, which proves
the empirical dilution relation is effective for the well-entangled
case. However, predicted dynamic moduli are too low at high
frequencies for the “short” probes. The most important discrep-
ancy between the predictions and experiments is the secondG′
- G′′ crossover, which correlates with the monomeric friction
coefficientú0 and the segmental timeτe.15,20 Alternatively, we
can consider identical horizontal shift factors (corresponding
to identicalτe) for all samples. This is done in Figure 8b, where
we use the correct value for PBD-99K (5.2× 106). The
predicted curves do not match the experiments well for the
shorter probes, because the whole predictedG′′ peaks follows
a 3.4 exponent scaling, while the experimental peaks follow a
3.1 exponent scaling.

The mismatch is not difficult to understand, since the LM
theory, as all current advanced tube models,16,21,22credits the
3.4 exponent scaling forη0 andτd mainly to CLF, whereas CR
or DTD only contribute a constant acceleration factor around
2.5-3.0.6,12,16 To illustrate this, a retardation factor equal to
2.5 is plotted in Figure 6c (dashed line). The discrepancy with
the experimental results is evident and has the same origin as
the mismatch of thewhole G′′ peak for the shorter probes
observed in Figure 8b, i.e., an overestimation of CLF effects.

6. Conclusion

By mixing a small fraction of short “probe” chains in a high
MW matrix of the same composition, we have created model
environments of quasi-permanent entanglements for the probe
chains, where tube motions are suppressed at the time scale of
the probe chains reptation, while contour length fluctuations
remain unaffected. These model systems have been compared
with pure probe chain melts (“self-melts”). As we use the same
high MW matrix for all probe experiments and further apply
an iso-free-volume state correction for the self-melts, we obtain
unambiguous and quantitative comparisons for the first time.
The relaxation of a probe in a high MW matrix presents several
important features, which are independent of polymer species.
Because of the absence of tube motions, the probe chains
terminal peak is narrower, with aG′′(ω) ∼ ω-1/2 high-frequency
slope, in agreement with the prediction of pure reptation
theory.1,2 Moreover, the position of theG′′ peak,ωmax (rad/s),
shifts to lower frequencies, which means that the longest
relaxation timeτd of the probe chains is retarded, as compared
to a melt of pure probe chains.

The retardation behavior of theτd exhibits two regions
depending onZ. For well-entangled chains withZ > 100, the
retardation factor is independent ofZ and has a value about
2.5. This agrees with a generalized double reptation picture or
DTD or Likhtman-McLeish models. At lowerZ, the retardation
factor is larger than 2.5 and increases with decreasingZ,
approximately asZ-0.3, which points to an acceleration of tube
motions, presumably linked to a gradual transition from the
entangled to the unentangled state.

TheZ dependence of the retardation factor leads to different
scalings for probe chainsτd in self-melt or high MW matrix

Figure 8. (a) Comparison between theG′′ peaks of the probes and
the predictions of the LM model for the PBD-99K, -39K, and -14K.
The predictedG′ and G′′ curves with Z ) 63 24, 9 were shifted
horizontally to overlap with the corresponding peaks of the probes by
factors 5.2× 106, 4 × 106, and 2× 106. The vertical shift factor was
fixed as (1- φmatrix

2)GN
0 (1.15 MPa for PBD). (b) Data from Figure

8a. The same horizontal shift factor, 5.2× 106 (correct for PBD-99K),
was used to move all predicted curves.
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environments. The scaling exponent of 3.1 for the probe in a
high MW matrix is very close to the prediction of the original
reptation model. Our results hence indicate that the motions of
surrounding chains have a significant influence on the 3.4
exponent forτd and η0. This is in sharp contrast with the
conventional view attributing the nonreptation scalings entirely
to fluctuations16,21,22but is in agreement with existing literature
on tracer (probe) chains and self-diffusion.27,28,51

From theZ dependence of the apparent plateau modulus, we
have recently found that current tube models overestimate the
influence of CLF on the stress relaxation.49 Now, we also find
an over-reliance on CLF effects for the relaxation time (and
confirm the stress scale problem). We conclude that the current
tube models do not give enough credit to the effects of tube
motions, in particular the MW dependence of CR effects forZ
< 100. The observedZ dependence of the retardation factorR,
of the order ofZ-0.3 for 10 < Z < 100, is not accounted for in
any existing model. Graessley5 only predicts a rapidly vanishing
Z-2 dependence because the characteristic constraint release time
is proportional toZ2τd for monodisperse polymers.

For poorly entangled chains, an important consideration is
the very nature of entanglements. Kavassalis-Noolandi24-26

have presented acollectiVe picture of entanglements in terms
of an average number of neighboring polymer segments
restricting the lateral motion of the test chain. As chains get
shorter, more and more dangling ends are present in the
coordination sphere. Those ends are excluded from contributions
to entanglements and their concentration scales as∼Z-1. A
dilution effect by dangling ends is at least qualitatively in line
with the experimental findings shown in Figure 6a. Indeed, we
can fit the experimental results for the probe systems as

This fit is shown in Figure 6a. Equation 5 would suggest that
CR effects can be decomposed in a “limiting” MW-independent
part (the 2.5 factor) and a MW-dependent effect indeed scaling
as the concentration of chain ends. The prefactor is however
very large, much larger than predicted from a straightforward
chain ends dilution effect, which would rather lead toR ∝ (1 -
Z-1)-1 = (1 + Z -1).

Finally, our probe rheology observations (summarized in
Figure 6a) as well a wealth of studies on the relaxation of long
chains in a low MW matrix,52-54 reinforce the notion that CR
is very complex. For the simple case of binary blends, the
relaxation of the short chains is retarded by the long chains,
and that of the long chains is accelerated by the short chains.
Most efforts have focused on the latter effect,9,10,52-54 while
the former has received insufficient attention. A rigorous
treatment of CR for polydisperse polymers undoubtedly remains
a formidable task due to the intrinsic “many-body” nature of
the problem.
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Appendix A. Iso-Free-Volume State Correction

For 1,4-polybutadiene and 1,4-polyisoprene (PBD and PI),
slight differences in chemical microstructure, in particular 1,2-
addition content,41 are unavoidable between samples polymer-
ized under different conditions. This results in different glass
transition temperatures,Tg, hence different monomeric friction
coefficients and segmental times at the same temperature.

Therefore, the probe samples may have different segmental
times in self-melt and high MW matrix environments,τeMelt and
τe_in_Matrix, if the probe and the matrix have differentTg (see
Table 3). TheTg of the mixtures is very close to theTg of the
matrix because the matrix represents 90% of the mixture.
Therefore, all probe-in-matrix terminal times can be compared
without correction since the corresponding segmental times are
identical. However, we are also interested in the self-melt
terminal times in order to calculate the retardation factors. We
need to correct those for differences inTg. This can be done by
the iso-free-volume state correction according to refs 15 and
55.

The terminal timeτd can be considered as the product of the
segmental timeτe and a structural factorF:15,20

The structural factor for monodisperse linear polymers depends
on the number of entanglements only. The segmental timeτe

reflects the local dynamics, through the monomeric friction
coefficient, and hence depends on the chemical structure and
the temperature. Through the WLF equation, the self-melt
segmental timeτeMelt at a given temperature is related toτg, the
segmental time atTg:

Following refs 20 and 55, we assume that the WLF coefficients
referenced with respect to Tg have the same values,C1

g and
C2

g, for samples with very similar microstructure. The assump-
tion can well be tested by the WLF parameters of PBD samples
listed in Table 3. All experimentalC1

g andC2
g data are close

to the average values of 13.0 and 51.2.
Similarly, the probe segmental time in the matrixτe_in_Matrix,

follows:

Here Tg_Matrix is the Tg of the matrix. Finally, the correction
factorτeMelt/τe_in_Matrixat different temperatures, can be calculated
by combining the two equations above sinceτg is the same.20,55

The correction factors forτeMelt at 25°C are listed in Table 2.
This procedure has been validated by two tests.
The shift factors calculated from eqs A-2 and A-3, and the

correction factorsτeMelt/τe_in_Matrixhave been plotted as a function
of temperature for PBD-39K in Figure 9a. The correction factor
decreases with increasing temperature. It takes the values 1.19
and 3.08 at+25 and-80 °C, respectively. The correction factor
at-80°C could be checked independently from the comparison
between the “self-melt” and “probe in matrix” high-frequency
cross-points ofG′ andG′′ (Figure 9b). Indeed, this frequency
is correlated the segmental time.15,20We observe that the cross-
point frequency for the PBD-39K self-melt is 3.2 times lower
than that of the mixture, so the experimental correction factor

R ) 2.5(1+ 13Z -1) (5)

Table 3. WLF Parameters for PBD Samples atT0 ) 25 °C, and the
RespectiveTg

C1
T0 C2

T0 Tg C1
Tg a C2

Tg b

PBD-39K 3.91 172.8 -96 13.0 51.8
PBD-990K 3.78 172.8 -97.5 13.0 50.5
PBD-160K 3.83 174.1 -97.5 12.9 51.6
PBD-1.2M 3.76 175.3 -99 12.8 51.3

a C1
Tg ) C1

T0 × C2
T0/C2

Tg. b C2
Tg ) C2

T0 + Tg - T0.

τd ) τe F (A-1)

log(τeMelt

τg
) )

C1
g[T - Tg]

T - Tg + C2
g

(A-2)

log(τe in Matrix

τg
) )

C1
g[T - Tg Matrix]

T - Tg Matrix + C2
g

(A-3)
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τeMelt/τe_in_Matrix should be 3.2, which is a good agreement with
our calculated value of 3.08. The correction factors for other
probes also could be checked by above method.

Second, the correction factors at 25°C for different PBD
and PI samples were plotted as a function of theTg difference
between the probe and the matrix (Figure 10). As expected,
there is a good relationship between the correction factor and
∆Tg. In conclusion, the corrections forτeMelt are small in most
cases (0.8-1.2) but crucial for the quantitative conclusion in
this study.
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Figure 9. (a) Shift factorsτe/τg and correction factorsτe Melt/τe_in_Matrix

as a function of temperature for PBD-39K self-melt and probe in matrix.
(b) Rheological data for PBD-39K self-melt and probe-matrix at
-80 °C. The frequency of theG′ andG′′ cross-point is correlated with
the segmental timeτe.15,20

Figure 10. Correction factors at 25°C for different PBD and PI
samples plotted as a function of theTg difference between the probe
and the matrix.
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