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ABSTRACT: Anextensive quantitative agreement between the K, values (Kq = DM? where D is the diffusion
constant and M the molecular weight) obtained directly from the diffusion measurements and calculated
from the viscoelastic data in terms of the developed general theory has been obtained. The agreement
confirms that the theoretical bases in the Doi-Edwards theory are valid. Several results indicate that a chain
entanglement effect exists in the molecular weight (MW) region as low as M, to M.. The traditional idea
of describing the viscoelastic behavior in terms of the Rouse theory in this low-MW region should be abandoned.
It is shown that the entanglement effect as described by the developed general linear viscoelastic theory
explains the difference of a factor of 3 between the Ky value obtained from the diffusion measurements and
that calculated from the viscosity value at M, in terms of the Rouse theory. It is suggested that the difference
between the two K values in the case of polyethylene, which is more than can be corrected for by the factor

of 3, is related to its abnormally high M./ M, ratio.

As a polymer chain reptates out of its original tube
following a step deformation, the stress caused by the
deformation is relaxed, and the reptation process has a
definite effect on the translational diffusion of the center
of mass of a polymer chain.

The reptation chain modell has stimulated many
studies in both viscoelasticity and molecular diffusion of
nearly monodisperse polymers. The Doi-Edwards
theory2-5 gives the molecular weight (MW) dependence of
the zero shear viscosity and diffusion constant as

no = pPRTT*KM3/15M 2 (1)
Dy =K M? (2)

where K is the friction factor (={b2Ny2/kT72M?, where ¢,
b, and M/Nj are the friction constant, length, and mass
associated with each Kuhn segment) and Ky is related to
K as2367

K;=K.M,/37°K (3)

where K. is the ratio of the mean-square end-to-end
distance of the polymer molecule to the molecular weight
(Re?/M) and M, is the entanglement MW (=4pRT/5GN).
Equation 1 deviates somewhat from the experimental
observation of the 3.4 power law in the MW region above
M., where most experimental measurements have been
made. Either by getting around eq 1 or by using a further
developed theory, two approaches to check the consistency
between the viscoelasticity data and diffusion data have
been proposed:

(a) Theoretically both the Rouse theory®® and the Doi-
Edwards theory share the same K value.6710-12 Graes-
sley!! proposed using the viscosity value at M, (the critical
molecular weight, at which the zero shear viscosity transits
from «M to «<M34) to calculate the K value in terms of
the Rouse theory?®

K = 36m,(M,)/oRT*’M, (4)

and then the Ky value (eq 3) for comparison with that
obtained from the diffusion measurements. The relation
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linking K4 and no(M,) is
K, = (0RT)*K .M,/135G\n,(M,) ()

(b) The diffusion constant is for describing the motion
of the center of mass and thus to good accuracy should not
be affected by intramolecular motions. On the basis of
such a position, Lin"!3 compared the pure reptation time,
7.°, calculated from the diffusion data and that obtained
by correcting the terminal relaxation time (obtained from
the detailed shape analyses of the viscoelastic spectra in
terms of the developed general theory) for the effect of
chain contour length fluctuation, an intramolecular mo-
tion.

Through approach a Graessley!! using Gn = 2 X 107
dyn/cm? p = 0.767 g/mL, K. = 1 X 10716, and 9(M,) =
0.32 P at M, = 3800 calculated K4 = 0.34 (cm2 g) /(s mol?)
for linear polyethylene at 176 °C. This value is in good
agreement with Ky = 0.26 (cm? g)/(s mol?) obtained by
Klein.* However, later diffusion measurements of linear
polyethylene by NMR1517 and hydrogenated polybuta-
diene by neutron scattering!® gives K4 values to be 1.68-
2.9 and 0.58 (cm? g)/(s mol?), respectively (corrected to
176 °C). The no(M,) value used by Graessley appears too
small compared to more recent values. Based on viscosity
data obtained by Pearson et al.,!” 7(M,=3800) should be
at least 0.72 P (corresponding to ng = 0.96 P at M, = 5000,
corrected to 176 °C; and the value should be higher if
correction for the difference of free volume is made).
Lodge!® obtained n(M.) = 1.15 P at M. = 5200 (corre-
spondingly, n(M.) = 0.84 P at M, = 3800). On the basis
of these more recent viscosity data and by use of Gy = 2.7
X 107 dyn/cm?, p = 0.767 g/mL, and K.. = 1.1 X 10-16,20.21
the K4 value calculated according to eq 5 should be ~0.13.
This value is about 4.5-22 times smaller than the K4 values
obtained from the more recent diffusion motion mea-
surements.

In the case of polystyrene, more consistent viscosity
and diffusion data are available. Diffusion data at 237 °C
obtained by Bueche?? via radiolabeling can be corrected
to 174 °C by using the temperature dependence results of
viscosity at high MWs.22 This gives K4 = (9 £ 2.8) X 102,
Kramer et al.24% using forward recoil spectrometry and
a marker displacement method obtained at 174 °C Kq =
8x 103 and 7 X 1078, respectively, in good agreement with
the result of Bueche. Antonietti et al.26 using forced Ray-
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leigh scattering of polystyrene with a low-concentration
dye label obtained K4 = 8 X 1073 (corrected to 174 °C) in
close agreement with the above values.

Based on the results of Plazek and O’Rouke? and
corrected for the T, difference at different MWs in the
low-MW region,?’ no(Mc) at 174 °C should be in the close
neighborhood at 2810 P at M, = 33 000. Lodge!? obtained
n(M,) = 2760 P at M, = 33 000 (corresponding to his value
n(M.) = 2930 at M, = 35 000). Using the obtained n(M,)
value, K. = 0.43 X 10-16:20.2829 Gy = 2.1 X 108 dyn/cm?26:30
and p = 0.96 g/mL, K is calculated to be 0.0023, which
isabout a factor of 3 smaller than the K4 values determined
from the diffusion motion measurements. Recently
Lodge!® pointed out this difference factor and suggested
that, in addition to the reptation process, other modes of
motions contribute to the diffusion mobility. If it were
80, since the diffusion motion should be independent of
the intramolecular motions, the possible remaining choice
could be one of the constraint release models.31-34

The detailed shapes of the linear viscoelastic spectra
have been extensively analyzed in terms of the developed
general theory, which takes the chain contour length
fluctuation effect into account.83%38 Equivalently to
approach b, one can calculate the K4 value through eq 3
from the friction factor, K, obtained from the line-shape
analyses of the viscoelastic spectra.f It has been tested
with experimental results that the K value is independent
of MW to MW as low as 1.24M,.35 At 185+ 1and 154 %
1°C, the K values have been determined to be 4.8 X 10718
with M, = 13000 and 1.85 X 10°!! with M, = 13 800,
respectively.6 Using the temperature dependence of
viscosity,?? Ky is calculated to be 1.39 X 102 and 1.30 X
1072 at 174 °C from the above two sets of data. The K
values were obtained by using samples whose MWs are
relatively high (>14M,).5 It has been discussed?35% that,
because of the broader molecular weight distribution
(MWD) in this relatively high MW region, the K values
obtained from the line-shape analyses are about 30%
smaller than what they should be. Corrected for this effect,
K4 = 9.4 X 1072 (the average of the two).

K =5 %1079 (see Figure 17 of ref 35, the K value in the
MW region below 100 000, where the effect of MWD
appears to be negligible) with M, = 13 500 has been
obtained from the line-shape analyses of the linear vis-
coelasticspectraat 127.5 £ 0.5 °C. Corrected for the tem-
perature dependence,?® K, is calculated to be 8.8 X 103
at 174 °C from this set of data.

In the high-MW region (>100 000), the contributions of
the two fast relaxation processes, ua(t), the Rouse motion
of an entanglement strand, and ux(t), the chain slippage
through entanglement links, to the zero shear viscosity
are negligible.6%53€ When these two processes are ne-
glected, the zero shear viscosity as a function of MW can
be derived from the general theory and has the following
analytical form§3

N9 = E_____KMa[(l (Me/m05)3+ ( /M)I.S]

KGNM[(l (MM + M,/ M)] (@)

When the viscosity data of Plazek and O’Rourke? at M,
= 189 X 10% and 600 X 103 is used, the K values are
determined to be 2.5 X 10712 and 2.8 X 10712, respectively,
at 174 °C from eq 6 with M, = 13 500. In turn, Kq = 7.8
X 1073 and 7.1 X 1072 are calculated from eq 3.

The K4 values obtained from the diffusion measure-
ments and from analysis of the viscoelastic results in terms
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Table I

K4 X 103, (cm? g)/
(s mol?) (174 °C)

Diffusion Measurements

(1) Bueche (1968), radiolabeling 9+ 28

(2) Kramer et al. (1984), forward recoil 8
spectrometry

(3) Kramer et al. (1985), marker 7
displacement

(4) Antonietti et al. (1984), forced Rayleigh 8o
scattering
ave. 8+ 10%

Viscoelastic Measurements
(1) Plazek and O’Rourke (1971)
no = 8.7 X 105 at M, = 189 X 103 at 174 °C 7.8
no = 4.7 X 107 at M, = 600 X 103 at 174 °C 71
analyzed in terms of eq 6 with M, = 13 500

(2) Lin (1984), shape analyses of the
viscoelastic spectra

K = 4.8 X 10-1% with M, = 13 000 at 9.5¢
1851 °C

K =1.85 X 107! with M, = 13 800 at 9
154 1 °C

30% correction due to a MWD effect
(see refs 35 and 36)

(3) Lin (1986), shape analyses of the
viscoelastic spectra
K =5 % 10° with M, = 13 500 at 8.82
1275+ 0.5 °C
(4) Plazek and O’'Rouke (1971), Lodge (1990)
no(M.) = 2808 at M, = 33 000
no(M,) = 2703 at M, = 33 000 7.1
analyzed in terms of Graessley’s method but
corrected for chain entanglement effect
existing in the MW region of M, to M, as
shown in Figure 1; also, including a 10%
correction for the difference between the
conventional and theoretical T correction
ave. 8.2+ 13%

¢ Corrected to 174 °C by using the temperature dependence of
viscosity data in ref 23.

of the general theory as described above are listed in Table
I. One can notice the consistent agreement within
experimental errors between the Ky values obtained from
these two types of studies.

This agreement is consistent with the conclusion that
the constraint release process is nil in a monodisperse
system as drawn from the quantitative line-shape analyses
of the linear viscoelastic spectra in terms of the proposed
general theory®71236.36 and also drawn from the studies of
the binary blend systems (consisting of two nearly mon-
odisperse polymers).37,38

Clearly, there is a discrepancy between the conclusions
reached at through approaches a and b. In this paper, we
explain what causes the difference.

The justification for using eq 5 is based on the idea that
in the MW region between M, and M, the Rouse theory
is applicable and there is no entanglement. This idea has
been traditionally accepted because, after correction to a
state of iso-free-volume at different MWs, the MW
dependence of the zero shear viscosity in the region
between M, and M, follows that of the Rouse theory (< M).%
However, several observations as listed below have been
made, which suggest that this concept be abandoned.

(1) It has been shown?8 that the line shape of the linear
viscoelastic spectrum of a nearly monodisperse polystyrene
sample just above M, (1.24M,) is not described by the
Rouse theory but is well described by the general theory,
which contains the effect of entanglement. Just below
M., the line shape is well described by the Rouse theory.
The transition point at M, appears quite sharp.
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Figure 1. Reproduced from Figure 2 of ref 36. Comparison of
the thecretical curve (curve 1) of the general linear viscoelastic
theery with K’/K = 5.5 and the power law relations 5y = M34
above M. and ng = M below M, (the dashed lines). Also shown
are the curves of the Doi-Edwards theory (curve 2) and the Rouse
theory (curve 3). The curves are calculated with M, = 13 500 for
polystvrene (M, determined from the plateau modulus is the
only parameter used in the calculation). M. occurring at 33 000
is predicted on curve 1. The theoretical curve calculated with
K’/K = 5.5 includes the contributions from K'/K = 3.3 (see eq
5 of ref 39) and the glassy relaxation (see ref 36 for details). The
theoreticel curves calculated with K'/K = 5.5 and K'/K = 3.3
over the whole MW range are virtually identical above M, and
differ ~20% at M,.

(2) The MW dependence of the polymer glass transition
temperature shows a clear transition point at M,. It has
been shown that this transition point is related to the
onset of the topological constraint effect due to entan-
glement at M 2% (2 is related to 1).

(3) The general theory explains very well the MW
dependence of the zero shear viscosity including (a) the
3.4 power law in the MW region above M., where most
experimental measurements have been made, (b) the
transition point, M., and (c) the linear dependence on M
inthe MW region between M, and M..6363? The solid line
1 in Figure 1 is calculated from the general theory with
K’/K = 5.5 (K’ being the K value in the glass-rubber
transition region, i.e., the ua(t) process region. From the
shape analyses of the linear viscoelastic spectra, it has
been found that K’/ K decreases from a plateau value (3.3
at MW > 10M,) to 1 as the decreasing MW approaches
M. (see eq 5 of ref 39 and the figure caption of Figure 1),
remaining constant over the whole MW range, and cor-
responds to the theoretical values at the iso-free-volume
state. See ref 35 and 36 for details. It is clear that the
calculated zero shear viscosity between M, and M., while
apparently proportional to M as would be expected from
the Rouse theory, is larger than the Rouse value by a factor
of about 2.8. Thisisdue tothe effect of chain entanglement
existing at MW as low as M, to M,.

In the case of polystyrene, the K4 value calculated from
eq 5 is smaller than that obtained from the diffusion
measurements by a factor of about 3, as mentioned above.
On the basis of the result described in point 3, the
experimental viscosity value no(M.) used in eq 5 to calculate
K4 is in fact about 2.8 times larger than the Rouse value,
which, though nonexistent between M, and M., should
have beenused. Corrected for this factor,the two Kqvalues
become in good agreement. In other words, approach a,
after this correction is made, becomes consistent with
approach b in comparison of the viscoelasticity and
diffusion data of polystyrene. This agreement supports
specifically that the developed general theory bridges the
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gap between the Rouse theory and the Doi-Edwards
theory. This conclusion was previously reached in the
study of a series of concentrated polystyrene solutions!?
consisting of a nearly monodisperse high-MW polystyrene
component (M > M,) and another nearly monodisperse
polystyrene component with MW just below M,. The
contribution to the total viscoelastic spectrum from the
high-MW component was analyzed in terms of the general
theory and that from the low-MW component in terms of
the Rouse theory. Within experimental error, the friction
factor in the general theory part is found to be identical
with that in the Rouse theory part.

Note that a figure similar to Figure 1 showing the factor
of difference of ~2.8 was first published in 1984,% when
the general theory was proposed. It was suggested then
that the entanglement constraint effect exists in the M,
< M < M, region.

On the basis of the MW dependence of T values?” and
the temperature dependence of viscosity data?® of poly-
styrene, it is found that between M, and M, the conven-
tional iso-free-volume correction is not exactly identical
with that based on comparison of theoretical viscosity
values [namely, comparison of calculated values using
K'/K = 5.5 or K’'/K = 3.3%:36 over the entire MW range
and using the MW dependence of K’/ K (eq 5 of ref 39)].
Listed is the comparison of the correction factors.

conventional theoretical
MW (corrected to 174 °C) K'|K=55 K'[K=33
15000 2 1.8 1.5
33 000 1.6 1.4 1.2

The conventional way of correction does not take ani-
sotropy of the friction factor (i.e., K’/ K > 1) into account.
It has been shown from the detailed shape analyses of the
measured viscoelastic spectra that K is independent of
MW toaslowas 1.24M,. K being independent of MW has
a buffering effect on the degree to which the MW
dependence of free volume or T affects the viscosity value
in the MW region of M, to M., especially at M,. This is
most likely the reason why the conventional correction is
slightly larger than the theoretical correction. The dif-
ference of the correction factors is not great. It can be
easily buried within the experimental errors of the
measured viscosity and T, values. When approach a is
used to calculate K, as described above, the no(M.) value
used in the calculation is based on the conventional
correction. Thus, the correction factor for K4 should be
slightly larger than 2.8 and is around 3.1. This brings
approaches a and b into closer agreement. This corrected
K, value is also listed in Table 1.

In the case of polyethylene, the two K4 values differ by
a factor more than can be corrected for by the factor of
3.1. As explained below, this can be associated with the
unusually large M,/ M, ratio of polyethylene.

Most polymers (e.g., polystyrene, poly(a-methylstyrene),
poly(vinyl acetate), polyisocbutylene, polyisoprene) have
M./ M, ~ 2.4, while some polymers, typically those with
high values of the plateau modulus have significantly larger
M./ M, ratios (M;/ M, ~ 5.2-6.8 for polyethylene and M./
M, = 4.3 for polybutadiene).?*4! We may consider M,/
M, ~ 2.4asa“normal case”. Thedeveloped general theory
should explain very well the viscoelastic data including
those in the region of M, to M. of the polymers in this
category, as has been demonstrated in the case of poly-
styrene.3%3¢ It was suggested®® that the higher M./M,
values of the polymers in the “abnormal” category should
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Figure 2. Reproduced from Figure 2 of ref 33. Comparison of
the zero shear viscosity data (no/ M® vs M/M,) of nearly mon-
odisperse polybutadiene (@ from Table XI of ref 41; O from ref
42) and polystyrene (B from ref 36) samples with the general
theory (curve 2). The experimental values are without the iso-
free-volume correction and so is curve 2 (see ref 39 for details).
The M, values used for normalizing MW (for the horizontal
coordinate) in plotting the experimental data are 1480 and 13 500
for polybutadiene and polystyrene, respectively. Alsoshown are
the line of slope 0.4, and the values calculated by using the same
value of the friction factor, X, from the Rouse theory (- - -) and
the Doi-Edwards theory (- ~). At M,, the zero shear viscosity
value of curve 2 is higher than the Rouse value by ~30%. Curve
1 is calculated from the general theory without including the
ua(t) and ux(t) processes (eq 29 of ref 6).

be caused by (perturbation) effects additional to those
considered in the general theory.

Figure 2 (reproduced from Figure 2 of ref 39) shows the
comparison of the viscosity data of polystyrene3® and po-
lybutadiene*!#2 with the general theory in a normalized
way: 1o/ M3vs M /M,. Unlike the solid line shown in Figure
1, curve 2 (calculated from the general theory with the
MW dependence of K’'/K as shown in Figure 1 of ref 39,
i.e.,eq 5 of ref 39) and experimental values shown in Figure
2 are all without the iso-free-volume correction. As
explained in ref 39, it is preferable to compare these
theoretical and experimental results all without the
correction. Doing 8o or not does not affect the main point
we are going to make here: While the experimental data
points of polystyrene are in good agreement with the
theoretical values (curve 2) over the whole MW range; the
data points of polybutadiene in the region of M, to M. (M,
isabout at the minimum point of 5o/ M?) are 40-70% higher
than the polystyrene points and curve 2. It is apparent
from Figure 2 that the high viscosity values of polybu-
tadiene in the region of M, to M, are associated with its
unusually high M./M, ratio. Having a very high M./M,
ratio, polyethylene should have a similar effect. Then,
one would expect that the ny(M.) value used in eq 5 for
calculating the Ky value of polyethylene be larger than
the Rouse value by a factor significantly larger than 3.
This would lead to the large difference between the Ky
value for polyethylene obtained from the diffusion mea-
surements and that calculated from the viscosity at M. in
terms of the Rouse theory (approach a).

In summary, an extensive quantitative agreement
between the K4 values obtained directly from the diffusion
measurements using different techniques and calculated
from the viscoelastic data of reliable sources in terms of
the developed general theory has been obtained. The
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agreement confirms that the theoretical bases in the Doi—
Edwards theory are valid. The deviation of 79 « M? as
given by the pure reptation model from the experimental
results (7o « M?4) in the MW region above M, where most
experimental measurements have been made is mainly
due to the chain contour length fluctuation effect as
incorporated into the general theory. This is in accord
with the earlier conclusion that the viscoelastic relaxation
is not affected by the so-called constraint release process
inamonodisperse system as drawn from the detailed shape
analyses of the linear viscoelastic spectra in terms of the
general theory571235.36 gnd also drawn from the studies of
the binary blend systems.3"3 The developed stress
relaxation function contains the structural factors for the
relaxation strengths and times of four relaxation modes
and the friction factor K (K’ in the us(t) region). The
combined theoretical form of the structural factors allows
for quantitative shape analyses of the viscoelastic spec-
tra.83% The theory explains the MW dependence of the
zero shear viscosity and the steady-state compliance and
their respective transition points, M, and M.’ .63 Here it
isshown that the developed general theoryis quantitatively
valid as well in considering the friction factor (i.e.,
comparing the Ky values).

As pointed out in earlier reports,527:35.339 chain entan-
glement already affects the viscoelastic behavior in the
region of M, to M,. The two K4 values obtained for
comparison in approach a for polystyrene are in good
agreement after correcting for a factor of about 3.1 due to
the chain entanglement effect as described by the general
theory. It is suggested that whatever effect that causes
the unusually high M,/ M, ratio of polyethylene should be
responsible for the large difference between its two Ky
values obtained in approach a. It has been shown that
some uncertainty of the diffusion constant of polyethylene
measured using pulse field gradient NMR can be due to
the molecular weight distribution of the sample,!” but the
error cannot account for the large difference between the
two K4 values obtained in approach a for polyethylene.
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