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ABSTRACT: The monomer density reequilibration relaxation is directly observed for the first time from the
linear viscoelastic data of very high molecular weight linear polybutadiene, polyisobutene and polyisoprene. We
use a simple procedure of subtracting contributions of the high-frequency Rouse-like modes from the experimental
curves. The stress decay of the monomer redistribution process is characterized by a single exponential (Maxwell
form), and the observed relaxation strength is one-fourth of the plateau modulus. Moreover, the characteristic
relaxation time is close to the equilibration timeτe of an entanglement segment. The observed reequilibration
dynamics appears to be independent of polymer species. The high-frequency relaxation modes can be reconstructed
as a superposition of power law Rouse-like dynamics and Maxwell monomer reequilibration. The dynamic moduli
curves calculated in this way show excellent agreement with the experimental results in the high-frequency region.
We further propose a possible “experimental definition” forτe. It corresponds to an easily observable cross-point
between the extended plateau modulus and the power law region of the loss modulus.

Introduction

Linear viscoelasticity (LVE) is an essential aspect of polymer
rheological behavior1 as it reflects the distribution of relaxation
times, which is in turn strongly related to the molecular structure,
i.e., molecular weight (MW), molecular weight distribution
(MWD), and molecular architecture (star, H-, comb, ring, ...).2-5

Hence, LVE provides fundamental insights on the link between
polymer structure and dynamics. In the frame of popular “tube”
models, the main relaxation in the terminal region is identified
with a curvilinear “reptation” of the chains in the entanglement
network. This is equivalent to considering the motion of a
polymer molecule in a “tube”, representing the topological
constraints imposed by the surrounding chains.6,7 For quantita-
tive agreement, two additional relaxation mechanisms must be
accurately taken into consideration,8 i.e. “constraint release”
(CR) representing the mutual influence of relaxing chains9,10

and “contour-length fluctuations” (CLF) describing springlike
motions of the chain-ends.11,12

At short times, or equivalently high frequencies, the corre-
sponding fast motions of entangled polymer chains are usually
described by the Rouse model.1,13 A distinction is classically
made between the very fast dynamics of entanglement segments
themselves and the redistribution of segments along the tube.
The latter are constrained by the presence of the tube (“one-
dimensional” Rouse model), while the former are not. Alter-
natively, this redistribution or reequilibration of monomer
density can be pictured as a sliding motion of monomers through
slip-links. Hence, after a step deformation which disturbs the
monomer density along the tube, an entangled chain in the melt

or solution can return to the equilibrium situation, as opposed
to a covalently cross-linked network.

In the theory of rubber elasticity, the plateau stress tensorσ
can be linked to the average chain conformation as follows14

with Q being the conformation tensor

whereF is the polymer density,R is the gas constant,T is the
absolute temperature,Me is the molecular weight between two
entanglement points,E is the step deformation tensor,u is the
tangent unit vector along the chain,p is the pressure, andδ is
the unit tensor. The bracket represents the usual average over
all segmental orientations. Hence the stress derives from
segmental stretch (since|E.u| is larger than unity) as well as
orientation.

In contrast, because of the existence of monomer density
reequilibration, the stress for an entangled melt is modified by
Doi and Edwards with the tensorQ′ replacingQ in eq 1 and
given as7

The form of the conformation tensorQ′ ensures that only the
orientation of the chain contributes to the stress. Therefore, the
“equilibrated” plateau stress for the entanglement network is
smaller than the corresponding value for the cross-linked
network with the same cross-linking density. The idea that
entanglements behave as slip links can be validated by stretching
experiments of lightly cross-linked rubbers, which show a stress
softening in the low deformation regime and a hardening in
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the high deformation regime in the well-known Mooney-Rivlin
plot. The former is dominated by chain slippage; the latter is
due to the inextensibility of cross-linked segments at high
deformations.15

Lin16 has assumed, already in the eighties, that chain sliding
motions involve several entanglement segments, that the cor-
responding relaxation strength is1/4 of the plateau modulusGN

0

and that the decay toward equilibrium is characterized by a
single exponential. Likhtman and McLeish12 have recently
presented a different theoretical analysis of this phenomenon,
which they describe as “longitudinal modes” of the stress
relaxation. According to Likhtman and McLeish, monomer
redistribution along the tube after a deformation relaxes1/5 of
the stress (equivalently,1/4 of the plateau modulus) and the
process extends betweenτe, the Rouse time of one entanglement
segment, andτR, the Rouse time of the whole chain. Other
models predict different values for the monomer redistribution
relaxation strength. The Milner-McLeish17 tube model predicts
1/3. The Rubinstein and Panyukov network model18 predicts3/7.
It is also worth noting that recent slip-link simulations find that
the equilibrated moduli of cross-linked and slip-link networks
differ by a factor of4/5.19

However, to our knowledge, no clearexperimentalrheological
evidence (the relaxation strength, the characteristic relaxation
time, and the relaxation form) of the “monomer density
reequilibration” or “longitudinal modes” has yet been presented
in the literature, since these dynamics are very subtle and locate
between the terminal relaxation and the high-frequency Rouse-
like relaxation, which significantly overlap for polymers with
typical MW. In the present paper, we detect, for the first time,
the relaxation process corresponding to monomer density
reequilibration by analyzing the linear viscoelastic response of
very high MW monodisperse polymers in order to achieve the
required frequency separation of the different relaxations.

Experiments

Very high MW narrow disperse 1,4-polybutadiene (PBD-1.2M:
Mw ) 1240 kg/mol,Mw/Mn ) 1.13,Mw/Me ∼ 793), 1,4-polyiso-
prene (PI-1.3M:Mw ) 1310 kg/mol,Mw/Mn ) 1.1,Mw/Me ∼ 278),
and polydisperse polyisobutylene (PIB-2.6 M:Mv ) 2600 kg/mol,
Mv/Mn ) 6.1, Mv/Me ∼ 456) were used for linear viscoelasticity
measurements in this study. The measurements were made using a
TA ARES rheometer with 8 mm diameter parallel-plate geometry
to avoid the instruments compliance problem for high moduli (or
high stiffness of samples).20 Because all samples have very long
terminal relaxation times, special care was taken to ensure optimal
loading of the samples. The TA Orchestrator software was used to
derive master curves at a reference temperature of 25°C with the
help of a two-dimensional residual minimization technique. The
details of samples and LVE measurements have been described
before.21,22Rheological data of PBD-410K (Mw ) 410 kg/mol,Mw/
Mn ) 1.01,Mw/Me ∼ 262) at 40°C have been kindly supplied by
Prof. Wang from Akron University to provide an independent check
and comparison with published data.23

Results and Discussion

Separations of the Different Relaxation Modes.The master
curves are presented in Figure 1 for all samples. Because the
number of entanglementsZ is very large, the terminal relaxation
and the fast Rouse-like relaxation are well separated for all
polymers, e.g., the values ofG′min are much higher than the
values of G′′min at the frequencyωmin where G′′ reaches a
minimum, and the terminal relaxation peaks are clearly identi-
fied. Among the polymers under study, PBD-1.2M has the
highest Z value (about 750 since the molar mass between
entanglement for polybutadiene∼ 1600 g/mol). Hence, the
terminal and Rouse-like relaxations arefully separated in that
case (the ratioG′min /G′′min is about 100, as shown in Figure
1a) and the interference between the terminal peak and the high-
frequency relaxation modes can be neglected. Figure 1a clearly

Figure 1. Master curves at 25°C. Open symbols: original LVE data; filled symbol:G′′ data from which the contributions of the high-frequency
power law relaxation are subtracted; straight line: power law corresponding to the high-frequency relaxation. Key: (a) PBD-1.2M with a slope of
0.71; (b) PI-1.3M with a slope of 0.68; (c) PIB-2.6M with a slope of 0.69; (d) PBD-410K with a slope of 0.71 at 40°C.
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shows that the high-frequency relaxation region of PBD-1.2M
is dominated by a power law behavioroVer more than three
decadesof frequency, with an experimental slope of 0.71. For
polyisoprene and polyisobutene, the slope is slightly lower (0.68
and 0.69 respectively, see Figure 1, parts b and c).

The experimental exponent forG′′ in the transition zone from
the rubbery plateau to the glassy plateau is significantly larger
than that expected from the Rouse model (∝ω0.5) in most cases.
This is already reported by Ferry for poly(n-octyl methacrylate)
(ref 1, p 343, Figure 12-9) and high MW PIB (1560 kg/mol;
ref 1, p 606, data in the table). Colby, Fetters and Graessley
(ref 24, Figure 7) clearly point out that the shape ofG′ andG′′
is certainly not consistent with the Rouse model for PBD since
the G′′ slope is larger than 0.5 not only above theG′-G′′
crossover but also below it forG′′. The continuity of theG′′
slope below (frequency-wise) the second crossover is very
significant. Indeed, while it can be argued that the quality of
the experimental data can be affected by compliance problems20

in the very stiff region above the crossover, this cannot be true
below the crossover.

Whether specific interchain interactions (hydrodynamic in-
teractions) or intrachain effects (local stiffness) play the key
role to explain the discrepancy with the Rouse model, is unclear
so far. For example, Smith et al.25 show by analyzing neutron
scattering experiments that “Rouse-type analytical models fail
to account for this non-Gaussianity leading to large deviations
between the experimental dynamic structure factor and model
predictions”. On the other hand, Harnau et al.26 argue that local
stiffness effects play an important role for the failure of the
Rouse model. More experimental work and theoretical analysis
is needed to resolve these issues. In summary, the Rouse model
does not work quantitatively in the transition zone for entangled
polymer melts. There is no consensus at the moment on the
molecular interpretation of this discrepancy. However, extensive
and consistent rheological data on high MW samples show a
distinct single power law region over a very broad frequency
range above and below theG′-G′′ crossover. The exact
exponent is slightly dependent on the polymer but is always
higher than the Rouse exponent. In the remainder of the paper,
we will only use the term “high-frequency power law relaxation”
without reference to the Rouse model.

Closer examination of Figure 1 reveals that the experimental
G′′ curves present a small shoulder at frequencies just below
the frequency whereG′ and G′′ have a cross-point. Because
minute details can always be questioned on master-curves, as
there is unavoidable residual uncertainty due to the superposition
procedure, we have also examined the single temperature data
for PBD-1.2M at-80 °C (corresponding to high-frequency data
in the master curve). The results are presented in Figure 2a.
The small peak is clearly visible. There are two ways to highlight
its presence. First, theG′′ data can bediVided by the power
law. The resulting peak is shown in Figure 2b. A second method
is tosubtractthe power law from theG′′ data (Figure 2c). Again,
a peak is detected. The same results can be observed as well
from data at-85 °C, as reported in Figure 2, parts d and e.

Figure 3a shows that the loss modulus of PBD-1.2M closely
follows the power law over more than 3 decades and the
“baseline” is clearly visibleaboVe as well as belowthe high-
frequency peak (see also Figure 2, parts a and d). Therefore, it
makes sense to subtract the contribution of the corresponding
high-frequency power law relaxation from the experimental
curve with an experimental exponent 0.71. We are encouraged
to follow this procedure based on the strong experimental
evidence of a single slopeon both sides ofthe crossover point.

On the high-frequency side, there is little doubt about the validity
of the observed power law, despite the discrepancy with existing
models. Indeed, interference with glassy modes, which would
significantly complicate the analysis, is unlikely since the system
is still far removed from the glass transition. Indeed,G′ does
not exceed 107 Pa at 108 rad/s, well above the peak in Figure
3a. In addition, with 8 mm plates, we have recently shown that
compliance problems are negligible whenG* is below 4× 107

Pa.20 On the low-frequency side, we simply follow the experi-
mental evidence again, despite the inconsistency with theory.

After subtraction of the high-frequency power law relaxation
spectrum, theG′′ data (filled cycle in Figure 1a) exhibit two
relaxation peaks, which correspond to the terminal peak and
the new high-frequency relaxation, respectively. The linear-
log plot in Figure 3b clarifies the situation. Indeed, the two peaks
are completely separated for PBD-1.2M. Furthermore, parts c,
d, and e of Figure 3 (also in the log-log plots of Figures 1b-
d) clearly show that a new relaxation peak appears at high
frequencies for all the samples tested, when using the same
subtraction procedure (with slightly different power law expo-
nents adjusted to the experimental curves: 0.68-0.71).

Relaxation Strength of the High-Frequency Peak.Thanks
to the excellent separation of the terminal and the high-frequency
relaxations, the respective relaxation strengths can be calculated
by numerical integration over the corresponding loss moduli,
based on the Kronig-Kramers relation:

with G0
peakthe difference betweenG′ moduli above and below

the transition. The integral values of the terminal peak (G0
term

) 1.15 MPa) and the high-frequency peak (G0
HF ) 0.26 MPa)

also are shown in Figure 3b. As expected, the value ofG0
term is

equal to the experiment plateau modulusGN
0 of PBD

(1.16 MPa).21 On the other hand, the integral area of the high
peak is about1/4 of the area of the terminal peak for PBD-
1.2M. The results for the other samples are consistent with this
ratio, although it is difficult to obtain quantitative conclusions
from Figure 3c-e because of the incomplete separation of the
terminal peak and the high-frequency peak.

This experimental observation strongly suggests that the high-
frequency peak is indeed associated with the monomer redis-
tribution process, since it is located on the frequency scale in
the vicinity of the second crossover, i.e., around 1/τe, and the
relaxation strength is consistent with well-known predictions7

for the ratio between plateau stresses of cross-linked rubbers
and entangled melts. Apparently, the monomer reequilibration
process is responsible for the relaxation of1/5 of the stress
initially stored in the entangled network. It is a rather intriguing
result, because whereas the Lin16 and Likhtman-McLeish
models12 predict the same value, they use very different
relaxation forms, which will be discussed later. The factor1/5
is in excellent agreement with recent slip-link simulations, which
find that the equilibrated moduli of cross-linked and slip-link
networks differ by a factor of4/5.19 Moreover, other models
predict quite different ratios.17,18

Characteristic Relaxation Time of the High-Frequency
Monomer Reequilibration Peak.On the basis of the discussion
above, 1/ωmax_reeq, with ωmax_reeqthe angular frequency where
the subtractedG′′ peak reaches a maximum, must be a
characteristic time of the monomer reequilibration process. The
angular frequencyωmax_reeqis very close theωG′′-GN

0 whereG′′
is equal toGN

0, or ωG′-G′′ whereG′ andG′′ have their second

G0
peak) 2

π ∫G′′peak(ω) d(lnω) (4)
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cross-point, as shown in Figure 3a. The experimental values of
the three characteristic frequencies for all samples are reported
in Table 1. The ratiosωG′′-GN

0/ωmax_reeqand ωG′-G′′/ωmax_reeq

are also listed in Table 1. A common behavior is observed: the
ωG′′-GN

0/ωmax_reeqratio is close to 1 and theωG′-G′′/ωmax_reeq

ratio is close to 3 for all samples. Therefore, all three times
scale in the same way and should logically be very close toτe.
An accurate determination ofτe (or equivalently of the monomer
friction coefficient, ú0) is an important subject that remains
controversial.

The most accurate method is to measure the kinematic
viscosity of short chains belowMc, the critical molecular
weight.24 The monomer friction coefficient,ú0, can be evaluated
from the Rouse model expression for kinematic viscosity. This
method is very complex, since the kinematic viscosities of
several short chains lengths must be obtained and adjusted to
constant monomer friction coefficient. The second method is
to fit the dynamic moduli at high frequencies by the Rouse
model. However, Colby et al.24 previously pointed out that the
shape ofG′ andG′′ is certainly not Rouse-like (Figure 7 in ref

24), and values ofú0 deduced from the two procedures have
been found to disagree by a factor up to 3. The third method is
to identify τe by comparison of the experimental terminal
properties with corresponding values predicted with the help
of a tube model. However, the validity of the extracted parameter
is critically dependent on the accuracy of the model and the
magnitude ofτe can differ by a factor of about 3.0 for different
tube theories.27 A comparison ofτe values reported in literature
for 1,4-PBD is presented in Appendix A. For both the “Rouse”
and the “tube model” methods, the discrepancy between the
predicted and experimental high-frequency slopes of the dy-
namic moduli remains a significant issue and explains the large
uncertainty onτe. For instance, the sophisticated Likhtman-
McLeish tube model12 predicts two distinct slopes forG′′ in
the high-frequency region: a classical 0.5 Rouse slope above
the secondG′-G′′ cross-point, corresponding to unhindered
Rouse motions of segments shorter than the entanglement length,
and an average 0.7 slope below the cross-point (changes slightly
with frequency: refer to Figure 7a in ref 12), corresponding to
the tube-constrained Rouse motions of segments longer than

Figure 2. (a) LVE data of PBD-1.2M at-80 °C. A straight line represents the high-frequency power law. (b) ReducedG′′ at -80 °C. Original
G′′ data are divided by (Aω0.71). (c) SubtractedG′′ at -80 °C. Power law (Aω0.71) subtracted from originalG′′ data. (d) LVE data of PBD-1.2M
at -85 °C. A straight line represents the high-frequency power-law. (e) ReducedG′′ at -85 °C. OriginalG′′ data are divided by (Aω0.71).
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the entanglement length. This double slope is clearly inconsistent
with the wide frequency range single slope actually observed
in Figure 1a-d. Because of the discrepancy between existing
models and experiments in the high-frequency region, model-
independent determinations of the fundamental scaling param-
eter τe remain very desirable. The monomer redistribution
relaxation peak appears to offer such an opportunity because
the reequilibration process is governed mainly byτe. Moreover,
the location of the peak is very close the cross point between
the extended plateau andG′′ in the power law region (refer to

Figure 3a). This provides a convenient method for a model-
independent experimental determination ofτe.

Shape of the High-Frequency Monomer Reequilibration
Peak. The monomer redistribution peak is quite narrow by
comparison with the terminal peak (refer to Figure 1a-d and
Figure 3b,c). For example, the integral area of the redistribution
peak,G0

reeq is about 0.26 MPa, while the value ofG′′ at the
maximum,G′′max, is around 0.135 MPa for PBD-1.2M. There-
fore, ratio ofG0

reeq/G′′max, reflecting the width of the peak, is
about 2. This is typical for a Maxwell peak. The corresponding

Figure 3. (a) High-frequency region of PBD-1.2M. Dashed line is the plateau modulusGN
0 ) 1.16 MPa. The experimental equilibration timeτe

is defined as the cross point betweenG′′ andGN
0. (b) Linear-log plot corresponding Figure 1a. The integral areas of the terminal peak and the

reequilibration peak calculated from eq 4 are 1.15 and 0.26 MPa, respectively. (c) Linear-log plot corresponding Figure 1b. (d) Linear-log plot
corresponding to Figure 1c. (e) Linear-log plot corresponding to Figure 1d.

Table 1. Characteristic Frequencies (rad/s) and Ratios

sample ωmax_reeq ωG′′-GN
0 ωG′-G′′

ratio of
ωG′′-GN

0/ωmax_reeq

ratio of
ωG′-G′′/ωmax_reeq

PBD-1.2M 6.5× 106 5.4× 106 1.9× 107 0.83 2.9
PI-1.3M 1.15× 105 1.25× 105 4.5× 105 1.1 3.9
PIB-2.6M 420 380 1300 0.90 3.1
PBD-410K 1.07×107 9.7× 106 3 × 107 0.91 2.8
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value for the terminal peak is 3.56.21,28 Lin16 has previously
assumed that the stress decay toward equilibrium by chain
sliding motions is characterized by a single exponential (Max-
well form):

whereτX is the characteristic relaxation time. When a Maxwell
loss modulus peak is shifted to superimpose on the reequili-
bration peak, a good agreement is observed, as shown in Figure
4a. However, to confirm the Maxwellian shape, it is important
to also compare the experimental and predicted transitions for
G′. This is more complicated since the monomer redistribution
relaxation only represents a very small contribution toG′. In
order to obtain the net contribution of the reequilibration
transition, we first subtractGN

0 from the experimental storage
modulus, as the contribution of terminal relaxations. The
resulting “low-frequency subtracted” storage modulusG′ - GN

0

runs almost parallel toG′′ in the power law region. Next, the
contribution of high-frequency relaxation onG′ can be removed
by subtracting a power law with the experimental exponent 0.71
from G′ - GN

0 (as was done forG′′). It is worth noting that the
observed scaling behavior ofG′ - GN

0 and G′′ in the power
law region is rather consistent with the prediction of the Zimm
model29 (2/3 as opposed to the Rouse scaling1/2). This is also
true for the ratioG′′/(G′ - GN

0), which is equal to 1.9, quite
close to the Zimm prediction ofx3.1,7 The net reequilibration
storage modulus transition is plotted in Figure 4a along with
the corresponding loss modulus peak. Again, a good agreement
with the Maxwell shape is observed, which is a logical
consequence of the Kronig-Kramers relation but also confirms
the consistency of the data and subtraction procedures used.

DE7 or Likhtman and McLeish12 calculate that the longitu-
dinal modes relax1/5 of the stress betweenτe andτR through a
limited Rouse spectrum relaxation:

Figure 4b shows the result of eq 6 forτR ) 1s andZ ) 1000
(henceτe ) 10-6s). The peak of the correspondingG′′ relaxation
is located around 1/(3τe) but is very broad and tails all the way
down to 1/τR. This shape can be compared to the Maxwell peak
with the same maximum frequency (lines in Figure 4b). The
difference between the two shapes is very evident. The narrow
experimental reequilibration peak following a Maxwell shape
implies the reequilibration dynamics may only involve “a few”

Figure 4. (a) Monomer reequilibration relaxation (subtracted from
master curve of PBD-1.2M at 25°C) vs Maxwell model, as discussed
in the text. (b) Longitudinal modes (Z ) 1000) proposed in the
Likhtman-McLeish model vs Maxwell model, as discussed in the text.

G(t) ) exp(- t
τX

) (5)

Figure 5. (a) Reconstruction of high-frequency relaxation modes by
eqs 7 and 11, as discussed in the text. (b) Comparison ofG′ andG′′
curves for PBD-1.2M and predictions of eq 11. Two material parameters
areGN

0 ) 1.16 MPa andτe ) 1.8× 10-7s. (c) Comparison ofG′ and
G′′ curves for PBD-410K and predictions of eq 11. Two material
parameters areGN

0 ) 1.16 MPa andτe ) 1.0 × 10-7s.

G(t) )
1

5Z
∑
p)1

Z

exp(-
p2t

τR
) (6)
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entanglement segments and not the entire chain. For significantly
longer segments than the entanglement length, a power law
behavior is apparently recovered, with the same exponent as
the one observed above the crossover, i.e. for segments shorter
than the entanglement length.

Fitting of the High-Frequency Relaxation Region.We take
advantage of the complete isolation of the terminal relaxation,
on the one hand, and the clear superposition of a power law
and Maxwell relaxation at high frequencies, on the other hand,
to empirically model the rheological response of PBD-1.2M in
the region extending on both sides of the second crossover
(below the glassy-dominated region and above the fluctuations
dominated region). The total response can be split into
independent contributions30 and written as

whereG/* term, G*high-freq, andG* reeqare the respective contri-
butions of the low-frequency terminal relaxations, high-
frequency power law relaxation and monomer redistribution
relaxation to the total modulusG* total.

The low-frequency relaxation can be approximated (in the
region of interest) by a constant elastic contribution equal to
the plateau modulus:

The power law observed in a very broad region (over 3 decades
in Figure 1a or 3a) extending on both sides of the monomer
redistribution relaxation can be represented as

with R varying slightly from 0.68 to 0.71 depending on the
polymer tested. The numerical factor∼1.72 is consistent with
the exponent of the power law and works for all the samples.
We assumeG′′high-freq(1/τe) ) GN

0 as a reasonable experimental
definition for the basic relaxation timeτe, (refer to Figure 3a).

Finally, the monomer reequilibration dynamicsG* re-eq(ω) is
described by a Maxwell relaxation, in accordance with the
experimental findings:

Here, the relaxation strength is1/4 of GN
0, and the charac-

teristic relaxation time is equal to the basic relaxation timeτe

(Table 1).
The total storage modulusG′ and loss modulusG′′ at high

frequencies can thus be written as

Figure 5a shows the fitting of the data by eq 11.Gterm
/ (ω) +

Ghigh-freq
/ (ω) are displayed as open symbols. Filled symbols

represent the total relaxation modulus. The reequilibration
relaxationGre-eq

/ (ω) is shown as lines.
To fit this simple model to the experimental data in Figure

3a, two material parameters are required: the plateau modulus
GN

0 and the equilibration timeτe. GN
0 is taken as 1.16 MPa in

agreement with the consensus value.21 For the horizontal scale,
we shift the calculatedG′ and G′′ curves to overlap with the
experimental results for PBD-1.2M (Figure 5b). This sets the
actual value ofτe. The agreement between the experimental
results and predictions is excellent in the high-frequency region.
The calculated moduli almost perfectly capture the relaxation
dynamics in the entire transition region. It is worth noting that
the horizontal shift factor is 5.4× 106, correspondingτe is 1.8
× 10-7s, agrees with the results of tube model within a factor
of about 3.12,22 When the same procedure is applied to PBD-
410K, the agreement between the data of and predictions is also
good, as shown in Figure 5c. The only difference is the
horizontal shift factor, equal to 10× 106 (correspondingτe )
1.0 × 10-7s), since the reference temperature for the master
curve is now 40°C.23 See also Appendix A.

Conclusions

The monomer density reequilibration relaxation is directly
observed for the first time from the linear viscoelastic data of
very high MW PBD, PI, PIB samples. We use a simple
procedure of subtracting contributions of the high-frequency
power law relaxation from the experimental curves with an
experimental exponent close to 0.7. The stress decay of the
monomer redistribution process is characterized by a single
exponential (Maxwell form), and the relaxation strength ob-
served is 1/4 of the plateau modulusGN

0. Moreover, the
characteristic relaxation time is close to the equilibration time

Table 2.τe Evaluated by Different Methods for 1,4-PBD

method related parameter τe × 107 (s) ref and (ref of data)

Rouse model fitting dynamic data ú0 ) 1.8× 10-7 g/s 5.9 1
kinematic viscosity ú0 ) 1.1× 10-7 g/s 3.6 31
kinematic viscosity ú0 ) 2.6× 10-7 g/s 8.5 24
tube model fitting data of star PBD ú0 ) 0.85× 10-7 g/s 5.1 34
tube model fitting data of linear PBD 4 or 4.9 12 (35)

2.9 12 (36)
tube model calculation τrep ∼ 0.2 s ∼0.56 37 (24)

ωG′′-GN
0 cross point 5.4× 106 rad/s 1.8 (PBD 1.2 M)

∼ 6 × 106 rad/s 1.7 (24)
∼ 3 × 106 rad/s 3.3 (35)
∼ 5 × 106 rad/s 2 (36)
9.7× 106 rad/s (at 40oC) 2 at 25oC (1 at 40oC) (PBD 410K, 23)

G′′re-eq (ω) ) 1
4
GN

0
ωτe

1 + (ωτe)
2

G′total(ω) ) GN
0(1 +

(ωτe)
R

1.72
+ 1

4

(ωτe)
2

1 + (ωτe)
2) (11)

G′′total (ω) ) GN
0((ωτe)

R + 1
4

ωτe

1 + (ωτe)
2)

G* total(ω) ) G* term(ω) + G*high-freq(ω) + G* re-eq(ω)
(7)

G′term(ω) ) GN
0 (8)

G′′term(ω) ) 0

G′high-freq (ω) = GN
0(ωτe)

R/1.72 (9)

G′′high-freq (ω) = GN
0(ωτe)

R

G′re-eq (ω) ) 1
4
GN

0
(ωτe)

2

1 + (ωτe)
2

(10)
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τe. The observed reequilibration dynamics appear to be inde-
pendent of polymer species.

The high-frequency relaxation modes can be reconstructed
as a superposition of high-frequency power law relaxation and
Maxwell monomer reequilibration. The calculatedG′ andG′′
curves show excellent agreement with the experimental results
over the high-frequency region. It is clear that the proposed
superposition (i.e., distinction) between power law and Maxwell
relaxations aroundτe is at odds with current ideas about Rouse
motions in a tube, as developed for instance in the Likhtman-
McLeish theory.12 However, current tube models do not
correctly predict the observed slope and therefore the proposed
superposition, although empirical, can be considered as an
alternative description. In addition, we propose a possible
“experimental definition” for the basic relaxation timeτe. It
corresponds to an easily observable point (G′′(1/τe) ) GN

0), at
least for highly entangled samples.
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Appendix A. Summary of τe values reported in literature
for 1,4-PBD

The values of the Rouse time of an entanglement strand
at 25 °C reported in literature are listed in Table 2. The
comparison of the literature values forτe needs to consider the
consistency of the definition, the material parameters and the
temperature.

Ferry1 deduces the monomer friction coefficient,ú0, from
dynamic measurements in the transition region. The parameter
ú0, is also evaluated from the Rouse model expression for
kinematic viscosity by Roovers31 and Colby et al.,24 respectively.
The values ofú0 are transformed toτe by the expression:

Here Me ) 1570 g/mol,M0 ) 54 g/mol, andb ) 0.688 nm.
We use this particular value forMe because it is convenient for
comparison with results obtained by tube model fitting.
Likhtman and McLeish12 use the definition ofMe with the
4/5 prefactor (for the definition of entanglement spacing,
see also the paper of Larson et al.32). For the statistical
segment lengthb, the value comes fromb2/M0 ) 〈R2〉0/M )
0.876 Å2 mol/g listed in the Fetters and co-workers review
paper.33

It is worth noting that Colby et al. adjust the viscosity of
low molecular weight PBD samples to the iso-free-volume state
of the high molecular weight samples. The correction accounts
for a factor 2 difference in friction coefficient. The value ofú0

or τe (the maximum in Table 2) reported in Colby’s paper are
probably too high, because the corresponding predicted line in
Figure 7 of ref 24 forG′andG′′ by the Rouse model not only
has the wrong slope, but also is biased toward low frequency
(hence long relaxation times).

Vega et al.34 fit the viscosity data of star PBD with the help
of the Milner-McLeish model to obtainú0. However, sinceτe

and Me are fitting parameters in their paper, the value ofú0

was actually obtained fromτe with the help of eq 12 by using
the fittedMe value (2120 g/mol). The true value ofτe, which

must be recovered fromú0 with the sameMe and is 5.1×
10-7 s.

Likhtman and McLeish12 fit the LVE data of linear PBD to
obtainτe with the help of their tube model with contour-length
fluctuations and constraint release corrections. They use the
dynamic measurements reported by Baumgaertel et al.,35 Juliani
and Archer.36

Rubinstein and Colby37 calculateτe, from the experimental
reptation time of the chainτrep ) 0.2 s with the help of the
tube model:

They use the dynamic rheological data measured by Colby et
al.24 andMe ) 1900 g/mol for the calculation. The corresponding
value of τe of about 1× 10-7 s must be adjusted to 0.56×
10-7 s if we useMe ) 1570 g/mol for consistency with the
other data in Table 2. The value is very low. A possible reason
is that authors use the original reptation model and do not
consider contour-length fluctuation and constraint release effects.
We also notice the definition in the paper of Larson et al.32 is
τrep/τe ) 3(M/Me)3. All possible corrections will increase the
value ofτe.

Clearly, literature values evaluated by different methods differ
by a factor larger than 3.

The “experimental definition” forτe proposed in the paper,
corresponding to an easily observable cross-point frequency
between the extended plateau modulus and the power law region
of the loss modulus, provides a convenient method for a model-
independent experimental determination ofτe. The values
obtained from different sources23,24,35,36 are quite consistent
(within a factor of 2), when the data at 40°C are converted to
25 °C.
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