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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 tinngof 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”fgrit corresponds to an easily observable cross-point
between the extended plateau modulus and the power law region of the loss modulus.

Introduction 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 teasor
can be linked to the average chain conformation as foltbws

Linear viscoelasticity (LVE) is an essential aspect of polymer
rheological behavidras 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 _ 3pRT
(MWD), and molecular architecture (star, H-, comb, ring2:5). =y Qtpo 1)
Hence, LVE provides fundamental insights on the link between ¢
polymer structure and dynamics. In the frame of popular “tube” with Q being the conformation tensor
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 ch&ihBor quantita- ~ Wherep is the polymer densityR is the gas constant, is the
tive agreement, two additional relaxation mechanisms must beabsolute temperatur#/. is the molecular weight between two
accurately taken into consideratidri,e. “constraint release”  entanglement point£ is the step deformation tensaris the
(CR) representing the mutual influence of relaxing chdifis  tangent unit vector along the chajmjs the pressure, andlis

and “contour-length fluctuations” (CLF) describing springlike ~the unit tensor. The bracket represents the usual average over
motions of the chain-end4:12 all segmental orientations. Hence the stress derives from

segmental stretch (sind&.u| is larger than unity) as well as
orientation.
In contrast, because of the existence of monomer density

made between the very fast dynamics of entanglement segment ee_quilibration, the stress for an e’ntangle_d meI_t is modified by

themselves and the redistribution of segments along the tube. ol and Edwards with the tens€)’ replacingQ in eq 1 and

The latter are constrained by the presence of the tube (“one-g'ven as

dimensional” Rouse model), while the former are not. Alter- E-U)(E-u) 1

natively, this redistribution or reequilibration of monomer Q = @*EMD— =0 3)

density can be pictured as a sliding motion of monomers through E-ul 3

slip-links. Hence, after a step deformation which disturbs the The form of the conformation tens@' ensures that only the

monomer density along the tube, an entangled chain in the meltqienation of the chain contributes to the stress. Therefore, the
“equilibrated” plateau stress for the entanglement network is

Q = [E-u)(E-u)T— %5 )

At short times, or equivalently high frequencies, the corre-
sponding fast motions of entangled polymer chains are usually
described by the Rouse modéR A distinction is classically
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Figure 1. Master curves at 25C. Open symbols: original LVE data; filled symboB" 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°&.40

the high deformation regime in the well-known MooreRivlin Experiments

plot. The for_mer IS d_or_‘n_mated by Chz_i'n slippage; the Iatter IS Very high MW narrow disperse 1,4-polybutadiene (PBD-1.2M:
due to the inextensibility of cross-linked segments at high n, ="1240 kg/mol,M,/M, = 1.13, My/Me ~ 793), 1,4-polyiso-
deformations? prene (PI-1.3M:M,, = 1310 kg/molMy/M, = 1.1, My/M, ~ 278),

Lin'® has assumed, already in the eighties, that chain sliding and polydisperse polyisobutylene (PIB-2.6 It, = 2600 kg/mol,
motions involve several entanglement segments, that the cor-M,/M, = 6.1, M\/M. ~ 456) were used for linear viscoelasticity
responding relaxation strengthlig of the plateau moduluGy° measurements in this study. The measurements were made using a
and that the decay toward equilibrium is characterized by a TA ARES rheometer with 8 mm diameter parallel-plate geometry
single exponential. Likhtman and McLei€hhave recently to avoid the instruments compliance problem for high moduli (or

presented a diferent theortcal analysisof 1 phenomenon, 1 20hess f sehed becayse o sannes have ey g
which .they descrlbe as Ipng|tud|nal modes. of the stress loading of the samples. The TA Orchestrator software was used to
relaxation. According to Likhtman and McLeish, monomer

S A derive master curves at a reference temperature 6C2bith the
redistribution along the tube after a deformation relaXesf help of a two-dimensional residual minimization technique. The

the stress (equivalently/s of the plateau modulus) and the details of samples and LVE measurements have been described
process extends betweesnthe Rouse time of one entanglement  before2!.22Rheological data of PBD-410K\(,, = 410 kg/mol,My/
segment, andg, the Rouse time of the whole chain. Other M, = 1.01,M,/M, ~ 262) at 40°C have been kindly supplied by
models predict different values for the monomer redistribution Prof. Wang from Akron University to provide an independent check
relaxation strength. The MilnetMcLeish” tube model predicts ~ and comparison with published d&ta.
1/3. The Rubinstein and Panyukov network mdéeredicts®/-.
Itis also worth noting that recent slip-link simulations find that
the equilibrated moduli of cross-linked and slip-link networks Separations of the Different Relaxation ModesThe master
differ by a factor of4/s.19 curves are presented in Figure 1 for all samples. Because the
However, to our knowledge, no cleexperimentatheological number of entanglemenksis very large, the terminal relaxation
evidence (the relaxation strength, the characteristic relaxationand the fast Rouse-like relaxation are well separated for all
time, and the relaxation form) of the “monomer density polymers, e.g., the values @'nin are much higher than the
reequilibration” or “longitudinal modes” has yet been presented values of G',n at the frequencywmin where G reaches a
in the literature, since these dynamics are very subtle and locateminimum, and the terminal relaxation peaks are clearly identi-
between the terminal relaxation and the high-frequency Rouse-fied. Among the polymers under study, PBD-1.2M has the
like relaxation, which significantly overlap for polymers with  highest Z value (about 750 since the molar mass between
typical MW. In the present paper, we detect, for the first time, entanglement for polybutadiene 1600 g/mol). Hence, the
the relaxation process corresponding to monomer density terminal and Rouse-like relaxations drdly separated in that
reequilibration by analyzing the linear viscoelastic response of case (the ratids' yin /G"min is about 100, as shown in Figure
very high MW monodisperse polymers in order to achieve the 1a) and the interference between the terminal peak and the high-
required frequency separation of the different relaxations. frequency relaxation modes can be neglected. Figure 1a clearly

Results and Discussion
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shows that the high-frequency relaxation region of PBD-1.2M On the high-frequency side, there is little doubt about the validity
is dominated by a power law behaviorer more than three of the observed power law, despite the discrepancy with existing
decadeof frequency, with an experimental slope of 0.71. For models. Indeed, interference with glassy modes, which would
polyisoprene and polyisobutene, the slope is slightly lower (0.68 significantly complicate the analysis, is unlikely since the system
and 0.69 respectively, see Figure 1, parts b and c). is still far removed from the glass transition. Inde&ji,does

The experimental exponent &' in the transition zone from  Not exceed 10Pa at 18 rad/s, well above the peak in Figure
the rubbery plateau to the glassy plateau is significantly larger 3. In addition, with 8 mm plates, we have recently shown that
than that expected from the Rouse mod&bf-9) in most cases. compliance problems are negligible w_h@n is below 4 x 107 _
This is already reported by Ferry for patyoctyl methacrylate) ~ Pa?® On the low-frequency side, we simply follow the experi-
(ref 1, p 343, Figure 12-9) and high MW PIB (1560 kg/mol; mental evidence again, despite the inconsistency with theory.
ref 1, p 606, data in the table). Colby, Fetters and Graessley After subtraction of the high-frequency power law relaxation

(ref 24, Figure 7) clearly point out that the shapefandG” spectrum, theG'" data (filled cycle in Figure 1a) exhibit two
is certainly not consistent with the Rouse model for PBD since relaxation peaks, which correspond to the terminal peak and
the G" slope is larger than 0.5 not only above t@e—G" the new high-frequency relaxation, respectively. The lirear
crossover but also below it fd&". The continuity of theG" log plot in Figure 3b clarifies the situation. Indeed, the two peaks

slope below (frequency-wise) the second crossover is very are completely separated for PBD-1.2M. Furthermore, parts c,
significant. Indeed, while it can be argued that the quality of d, and e of Figure 3 (also in the legog plots of Figures 1b

the experimental data can be affected by compliance proBtems d) clearly show that a new relaxation peak appears at high
in the very stiff region above the crossover, this cannot be true frequencies for all the samples tested, when using the same
below the crossover. subtraction procedure (with slightly different power law expo-

Whether specific interchain interactions (hydrodynamic in- Nents adjusted to the experimental curves: €631).
teractions) or intrachain effects (local stiffness) play the key  Relaxation Strength of the High-Frequency PeakThanks
role to explain the discrepancy with the Rouse model, is unclear to the excellent separation of the terminal and the high-frequency
so far. For example, Smith et # show by analyzing neutron  relaxations, the respective relaxation strengths can be calculated
scattering experiments that “Rouse-type analytical models fail by numerical integration over the corresponding loss moduli,
to account for this non-Gaussianity leading to large deviations based on the KronigKramers relation:
between the experimental dynamic structure factor and model
predictions”. On the other hand, Harnau ef%drgue that local o _ 2 "
stiffness effects play an important role for the failure of the G peac= 7 f G peal) d(in) “)
Rouse model. More experimental work and theoretical analysis
is needed to resolve these issues. In summary, the Rouse modekith G%eathe difference betwee@' moduli above and below
does not work quantitatively in the transition zone for entangled the transition. The integral values of the terminal pe@Re(m
polymer melts. There is no consensus at the moment on the= 1.15 MPa) and the high-frequency pe&@®(- = 0.26 MPa)
molecular interpretation of this discrepancy. However, extensive also are shown in Figure 3b. As expected, the valu8%fn is
and consistent rheological data on high MW samples show aequal to the experiment plateau modul@?® of PBD
distinct single power law region over a very broad frequency (1.16 MPa)! On the other hand, the integral area of the high
range above and below th€'—G" crossover. The exact peak is about/s of the area of the terminal peak for PBD-
exponent is slightly dependent on the polymer but is always 1.2M. The results for the other samples are consistent with this
higher than the Rouse exponent. In the remainder of the paper ratio, although it is difficult to obtain quantitative conclusions
we will only use the termHigh-frequency power law relaxatibn  from Figure 3e-e because of the incomplete separation of the
without reference to the Rouse model. terminal peak and the high-frequency peak.

Closer examination of Figure 1 reveals that the experimental  This experimental observation strongly suggests that the high-
G" curves present a small shoulder at frequencies just belowfrequency peak is indeed associated with the monomer redis-
the frequency wher&' and G' have a cross-point. Because tribution process, since it is located on the frequency scale in
minute details can always be questioned on master-curves, ashe vicinity of the second crossover, i.e., around.,1and the
there is unavoidable residual uncertainty due to the superpositionrelaxation strength is consistent with well-known predictions
procedure, we have also examined the single temperature datdor the ratio between plateau stresses of cross-linked rubbers
for PBD-1.2M at—80 °C (corresponding to high-frequency data and entangled melts. Apparently, the monomer reequilibration
in the master curve). The results are presented in Figure 2a.process is responsible for the relaxation6f of the stress
The small peak is clearly visible. There are two ways to highlight initially stored in the entangled network. It is a rather intriguing
its presence. First, th&" data can balivided by the power result, because whereas the ¥%irand Likhtmanr-McLeish
law. The resulting peak is shown in Figure 2b. A second method modeld? predict the same value, they use very different
is to subtractthe power law from th&" data (Figure 2c). Again, relaxation forms, which will be discussed later. The fadfer
a peak is detected. The same results can be observed as welk in excellent agreement with recent slip-link simulations, which
from data at—85 °C, as reported in Figure 2, parts d and e.  find that the equilibrated moduli of cross-linked and slip-link

Figure 3a shows that the loss modulus of PBD-1.2M closely networks differ by a factor of/s.!° Moreover, other models
follows the power law over more than 3 decades and the predict quite different ratio%'8
“baseline” is clearly visibleabave as well as belowthe high- Characteristic Relaxation Time of the High-Frequency
frequency peak (see also Figure 2, parts a and d). Therefore, itMonomer Reequilibration Peak. On the basis of the discussion
makes sense to subtract the contribution of the correspondingabove, 1dbmax reeq With wmax_reeqthe angular frequency where
high-frequency power law relaxation from the experimental the subtractedG" peak reaches a maximum, must be a
curve with an experimental exponent 0.71. We are encouragedcharacteristic time of the monomer reequilibration process. The
to follow this procedure based on the strong experimental angular frequenCymax reeqS very close thevg g0 whereG"
evidence of a single slogen both sides othe crossover point. is equal toG\?, or we - whereG' andG"" have their second
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Figure 2. (a) LVE data of PBD-1.2M at-80 °C. A straight line represents the high-frequency power law. (b) RedGteat —80 °C. Original
G'" data are divided byAw®™). (c) Subtracteds” at —80 °C. Power law Aw®™) subtracted from originaG" data. (d) LVE data of PBD-1.2M
at —85 °C. A straight line represents the high-frequency power-law. (e) Red@teat —85 °C. Original G data are divided byAw?™).

cross-point, as shown in Figure 3a. The experimental values of24), and values of, deduced from the two procedures have
the three characteristic frequencies for all samples are reportedbeen found to disagree by a factor up to 3. The third method is
in Table 1. The ratio$vg -y ®max_reeq@Nd Wc -G /Wmax_reeq to identify 7 by comparison of the experimental terminal
are also listed in Table 1. A common behavior is observed: the properties with corresponding values predicted with the help
W0l Wmax_reeqratio is close to 1 and thes—c/wmax reeq of a tube model. However, the validity of the extracted parameter
ratio is close to 3 for all samples. Therefore, all three times is critically dependent on the accuracy of the model and the
scale in the same way and should logically be very clogg.to  magnitude ofr. can differ by a factor of about 3.0 for different
An accurate determination of (or equivalently of the monomer  tube theoried? A comparison ofr. values reported in literature
friction coefficient, &o) is an important subject that remains for 1,4-PBD is presented in Appendix A. For both the “Rouse”
controversial. and the “tube model” methods, the discrepancy between the
The most accurate method is to measure the kinematic predicted and experimental high-frequency slopes of the dy-
viscosity of short chains below/, the critical molecular namic moduli remains a significant issue and explains the large
weight24 The monomer friction coefficient,, can be evaluated  uncertainty onre. For instance, the sophisticated Likhtran
from the Rouse model expression for kinematic viscosity. This McLeish tube modéf predicts two distinct slopes fd&" in
method is very complex, since the kinematic viscosities of the high-frequency region: a classical 0.5 Rouse slope above
several short chains lengths must be obtained and adjusted tdhe secondG'—G'" cross-point, corresponding to unhindered
constant monomer friction coefficient. The second method is Rouse motions of segments shorter than the entanglement length,
to fit the dynamic moduli at high frequencies by the Rouse and an average 0.7 slope below the cross-point (changes slightly
model. However, Colby et &f previously pointed out that the  with frequency: refer to Figure 7a in ref 12), corresponding to
shape ofG' andG" is certainly not Rouse-like (Figure 7 in ref  the tube-constrained Rouse motions of segments longer than
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Figure 3. (a) High-frequency region of PBD-1.2M. Dashed line is the plateau modsilfis= 1.16 MPa. The experimental equilibration time

is defined as the cross point betwe@ti and G\°. (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)-tiogalot corresponding Figure 1b. (d) Linedog plot

corresponding to Figure 1c. (e) Linedog plot corresponding to Figure 1d.
Table 1. Characteristic Frequencies (rad/s) and Ratios
ratio of ratio of
sample (Wmax_reeq WG'—-G\° WG -G wG”—GND/wmaxfreeq G)G'—G”/wmaxfreeq

6.5x 10° 5.4x 10° 1.9x 10 0.83 2.9
1.25x 10° 45x 1P 1.1 3.9

1300 0.90 3.1
0.91 2.8

1.15x 1P

420
1.07x 10

PBD-1.2M
PI-1.3M
PIB-2.6M

380
9.7 x 10°

in Figure 1a-d. Because of the discrepancy between existing

3 x 107

Shape of the High-Frequency Monomer Reequilibration

PBD-410K
the entanglement length. This double slope is clearly inconsistentFigure 3a). This provides a convenient method for a model-
with the wide frequency range single slope actually observed independent experimental determinationcgf

models and experiments in the high-frequency region, model- Peak. The monomer redistribution peak is quite narrow by

independent determinations of the fundamental scaling param-comparison with the terminal peak (refer to Figure-tlaand
eter 7o remain very desirable. The monomer redistribution Figure 3b,c). For example, the integral area of the redistribution
relaxation peak appears to offer such an opportunity becausepeak, G%ceqis about 0.26 MPa, while the value &' at the

m

the reequilibration process is governed mainlyrhyMoreover,

maximum,G'' max IS around 0.135 MPa for PBD-1.2M. There-

about 2. This is typical for a Maxwell peak. The corresponding

the location of the peak is very close the cross point between fore, ratio 0f G%eedG"max reflecting the width of the peak, is

the extended plateau ai@' in the power law region (refer to
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Likhtman—McLeish model vs Maxwell model, as discussed in the text.

value for the terminal peak is 3.3628 Lin16 has previously

assumed that the stress decay toward equilibrium by chain
sliding motions is characterized by a single exponential (Max-

well form):
G(t) = exp(— Tl)
X

wherery 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
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4a. However, to confirm th? Maxwellian shape, It is Im.p.ortant Figure 5. (a) Reconstruction of high-frequency relaxation modes by
to also compare the experimental and predicted transitions foreqs 7 and 11, as discussed in the text. (b) Comparis@ ahd G"

G'. This is more complicated since the monomer redistribution
relaxation only represents a very small contributiondo In
order to obtain the net contribution of the reequilibration
transition, we first subtradB\® from the experimental storage
modulus, as the contribution of terminal relaxations. The
resulting “low-frequency subtracted” storage moduRis- Gy°
runs almost parallel t&" in the power law region. Next, the
contribution of high-frequency relaxation @i can be removed
by subtracting a power law with the experimental exponent 0.71
from G' — G\° (as was done fo@"). It is worth noting that the
observed scaling behavior & — G\° and G" in the power
law region is rather consistent with the prediction of the Zimm
modef® (%3 as opposed to the Rouse scalitg). This is also
true for the ratioG"/(G' — G\9), which is equal to 1.9, quite
close to the Zimm prediction of3.17 The net reequilibration
storage modulus transition is plotted in Figure 4a along with

curves for PBD-1.2M and predictions of eq 11. Two material parameters
areGy\° = 1.16 MPa and. = 1.8 x 107’s. (c) Comparison o&' and

G" curves for PBD-410K and predictions of eq 11. Two material
parameters ar&\° = 1.16 MPa and. = 1.0 x 107’s.

DE’ or Likhtman and McLeisk calculate that the longitu-
dinal modes rela¥/s of the stress between andzg through a
limited Rouse spectrum relaxation:

1Z ’t
G(t) = —Z ex - -
SZ= TR

Figure 4b shows the result of eq 6 fag = 1s andZ = 1000
(hencere = 1075s). The peak of the correspondi@f relaxation

is located around 1/¢3) but is very broad and tails all the way
down to 1tr. This shape can be compared to the Maxwell peak

(6)

the corresponding loss modulus peak. Again, a good agreementvith the same maximum frequency (lines in Figure 4b). The

with the Maxwell shape is observed, which is a logical
consequence of the Kronigkramers relation but also confirms
the consistency of the data and subtraction procedures used.

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”
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Table 2.7, Evaluated by Different Methods for 1,4-PBD

method related parameter Te x 107 (S) ref and (ref of data)
Rouse model fitting dynamic data £o=18x107gls 5.9 1
kinematic viscosity Co=11x107gls 3.6 31
kinematic viscosity {o=2.6x107"gls 8.5 24
tube model fitting data of star PBD £o=10.85x 1077 gls 5.1 34
tube model fitting data of linear PBD 40r4.9 12 (35)
2.9 12 (36)
tube model calculation Trep~ 0.2s ~0.56 37 (24)
Wa'—G,° Cross point 5.4« 1CPrad/s 1.8 (PBD 1.2 M)
~ 6 x 10Prad/s 1.7 (24)
~ 3 x 10frad/s 3.3 (35)
~5x 10°rad/s 2 (36)
9.7 x 10°rad/s (at 40C) 2 at 25°C (1 at 40°C) (PBD 410K, 23)
entanglement segments and not the entire chain. For significantly G" () = }G 0o W
longer segments than the entanglement length, a power law re-eq 47N 44 (er)z

behavior is apparently recovered, with the same exponent as

the one observed above the crossover, i.e. for segments shorter Here, the relaxation strength ¥ of Gy, and the charac-

tha'? t_he entangl_ement length. . . teristic relaxation time is equal to the basic relaxation tirge
Fitting of the High-Frequency Relaxation Region.We take (Table 1).

advantage of the complete isolation of the terminal relaxation, " The total storage modulud’ and loss modulu§' at high

on the one hand, and the clear superposition of a power 'anrequencies can thus be written as

and Maxwell relaxation at high frequencies, on the other hand,

to empirically model the rheological response of PBD-1.2M in @t)* 1 (wwz
the region extending on both sides of the second crossover G pal@) = GNO 1+ = (11)
(below the glassy-dominated region and above the fluctuations L7241+ (wr)?
dominated region). The total response can be split into
independent contributiofsand written as G (@) = GO (wT)* + 1 % )

o 41+ (01)?

G*total(a)) = G*term(w) + G~ high—freq(w) + G* re—eq(w)
™ Figure 5a shows the fitting of the data by eq G, (w) +

G’,ﬁigh_freq (w) are displayed as open symbols. Filled symbols

represent the total relaxation modulus. The reequilibration

relaxationGy, (@) is shown as lines.

whereGs* rm, 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 moduluS* g

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

re—

To fit this simple model to the experimental data in Figure
3a, two material parameters are required: the plateau modulus
G\ and the equilibration time.. G\° is taken as 1.16 MPa in
agreement with the consensus vali€or the horizontal scale,
we shift the calculate®’ andG" curves to overlap with the
, 0 experimental results for PBD-1.2M (Figure 5b). This sets the
G'em(@) = Gy 8) actual value ofre. The agreement between the experimental

G'. (0)=0 results and predictions is excellent in the high-frequency region.
term The calculated moduli almost perfectly capture the relaxation

) . dynamics in the entire transition region. It is worth noting that
The power law observed in a very broad region (over 3 decadesye norizontal shift factor is 5.4 10F, correspondinge is 1.8

in Figure 1a or 3a) extending on both sides of the monomer , 1475 agrees with the results of tube model within a factor
redistribution relaxation can be represented as of about 31222 When the same procedure is applied to PBD-
410K, the agreement between the data of and predictions is also

G high-freq (@) = G Awr)"1.72 9) good, as shown in Figure 5c. The only difference is the
B o N horizontal shift factor, equal to 18 10° (correspondinge =
G high-freq (@) = Gy (7o) 1.0 x 1077s), since the reference temperature for the master

curve is now 40°C.23 See also Appendix A.
with o varying slightly from 0.68 to 0.71 depending on the ]
polymer tested. The numerical factel.72 is consistent with ~ Conclusions
the exponent of the power law and works for all the samples.  The monomer density reequilibration relaxation is directly
We assum&' hign-req(1/7e) = GnC as a reasonable experimental observed for the first time from the linear viscoelastic data of
definition for the basic relaxation time, (refer to Figure 3a).  very high MW PBD, PI, PIB samples. We use a simple

Finally, the monomer reequilibration dynami@$e—e((®) is procedure of subtracting contributions of the high-frequency
described by a Maxwell relaxation, in accordance with the power law relaxation from the experimental curves with an
experimental findings: experimental exponent close to 0.7. The stress decay of the

monomer redistribution process is characterized by a single
1, (or e)Z exponential (Maxwell form), and the relaxation strength ob-

(10) served is 1/4 of the plateau modul@\°. Moreover, the

Gl eq(@) =G
q N 2
471+ (w7e) characteristic relaxation time is close to the equilibration time
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Te. The observed reequilibration dynamics appear to be inde-

pendent of polymer species.
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must be recovered fronjy with the sameM, and is 5.1x
1077 s.

The high-frequency relaxation modes can be reconstructed Likhtman and McLeisk fit the LVE data of linear PBD to
as a superposition of high-frequency power law relaxation and obtainze with the help of their tube model with contour-length

Maxwell monomer reequilibration. The calculatéd and G"

fluctuations and constraint release corrections. They use the

curves show excellent agreement with the experimental resultsdynamic measurements reported by Baumgaertel & &bljani

over the high-frequency region. It is clear that the proposed and

superposition (i.e., distinction) between power law and Maxwell
relaxations around, is at odds with current ideas about Rouse
motions in a tube, as developed for instance in the Likhtman
McLeish theoryt? However, current tube models do not

correctly predict the observed slope and therefore the proposed
superposition, although empirical, can be considered as an

Archer®
Rubinstein and Colb¥ calculatere, from the experimental
reptation time of the chaime, = 0.2 s with the help of the

tube model:
ﬁ’ — G(M)B

= M, (13)

alternative description. In addition, we propose a possible They yse the dynamic rheological data measured by Colby et

“experimental definition” for the basic relaxation time. It
corresponds to an easily observable poit((Lire) = G\9), at
least for highly entangled samples.
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Appendix A. Summary of 7 values reported in literature
for 1,4-PBD

al2* andM. = 1900 g/mol for the calculation. The corresponding
value of . of about 1x 1077 s must be adjusted to 0.56
1077 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?a
TredTe = 3(M/Mg)3. All possible corrections will increase the
value of ze.

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

The “experimental definition” for. proposed in the paper,

The values of the Rouse time of an entanglement strand corresponding to an easily observable cross-point frequency

at 25 °C reported in literature are listed in Table 2. The
comparison of the literature values farneeds to consider the

between the extended plateau modulus and the power law region
of the loss modulus, provides a convenient method for a model-

consistency of the definition, the material parameters and theindependent experimental determination @f The values

temperature.
Ferry* deduces the monomer friction coefficierdt, from

obtained from different sourc&43%:36are quite consistent
(within a factor of 2), when the data at 4CQ are converted to

dynamic measurements in the transition region. The parameter25 °C.

o, is also evaluated from the Rouse model expression for

kinematic viscosity by Roovetsand Colby et al?* respectively.
The values of;y are transformed te. by the expression:

(Me)2 g
T,= |—
¢ M 3.7'[2|(BT

12)

Here M = 1570 g/mol,Mp = 54 g/mol, andb = 0.688 nm.
We use this particular value fdde because it is convenient for
comparison with results obtained by tube model fitting.
Likhtman and McLeiskF use the definition oM. with the
4/5 prefactor (for the definition of entanglement spacing,
see also the paper of Larson et®3l. For the statistical
segment lengttb, the value comes from?/My = RJM =
0.876 & mol/g listed in the Fetters and co-workers review
papers?

It is worth noting that Colby et al. adjust the viscosity of
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