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Entanglements in Linear Polystyrenes
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ABSTRACT: Linear viscoelastic properties were examined on binary blends of monodisperse polystyrenes
(PS) having extremely short 1-chains and relatively long 2-chains (respectively with weight-average molecular
weights M, and M,,) to clarify the concept of entanglement. For dilute blends, in which 2-chains were not
entangled with one another, the longest relaxation time was proportional to M,,*M,,? for blends with M.,
larger than the molecular weight between entanglements M,° and to M,,,°M,,;? for blends with M,,; < M.°.
For concentrated blends, in which 2-chains were entangled with themselves, the 2-chains in blends with M,
< M.° behaved, at any frequency, as if they were in the solution, while for blends with M,; > M.,° this
solution-like behavior was observed only in the low-frequency terminal zone. These results indicate that 2-chains
in dilute blends with Mg, > M,° relax by tube renewal completely, while in concentrated blends they relax
by tube renewal only partially. On the other hand, in either dilute or concentrated blends with M,; < M,°
1-chains do not constrain 2-chains at all. On the basis of these experimental results and the tube model, we
conclude that at the onset of entanglement in monodisperse PS, the actual relaxation mode may change from
the Rouse-like mode, resulting from a (virtual) very rapid tube renewal, to the reptation-like mode, presumably

influenced by a partial tube renewal process.

Introduction

The effect of entanglements on the viscoelastic prop-
erties of flexible polymers of various topology is one of the
central problems in polymer rheology. Extensive experi-
mental data on narrow molecular weight distribution
(MWD) linear polymers have already been compiled,l?
while those on star-shaped®’ and H-form® polymers are
still being compiled. A number of attempts have been
made to interpret the entanglement effect in molecular
terms. 2917

Among these theories, the Doi-Edwards theory,!*"13
based on the tube model of de Gennes,*° appears to be
the most intriguing one in the sense that it provides per-
haps the simplest molecular picture of what would occur
in entangled systems of not only linear but also star-
shaped'®!” and H-form polymers. The Doi-Edwards
theory and its versions tell us that a variety of relaxation
modes are possible: for monodisperse linear polymers, the
relaxation modes are reptation without!'2 and with con-
tour-length fluctuation'®* and tube renewal;'415 for star-
shaped and H-form chains, an additional mode is path
breathing of a tethered (or anchored) chain.!*'6!7 For
identifying these various relaxation modes experimentally,
it is convenient to study the viscoelastic properties of
binary blends of various types.!#-23

Studying binary blends of poly(styrene-b-butadiene)
diblock copolymer and polybutadiene, we identified two
relaxation modes: (i) path breathing of a block poly-
butadiene chain with one end fixed (an anchored chain)
on a polystyrene microdomain and (ii) renewal of the tube
consisting of homopolybutadiene chains confining the
block polybutadiene chain.!® The former mode should be
identical with the mode observed in star-shaped polymers.

We also examined the viscoelastic properties of binary
blends of narrow MWD linear polystyrenes (PS) with low
and high (weight average) molecular weights M, and M,
(hereafter designated as 1- and 2-chains, respectively) and
obtained the following results.2!22

For binary blends of PS with M, at least 10 times larger
than M,,;, which was in turn larger than the molecular
weight between entanglements M,° (=18 X 10°) for bulk
PS,12 we could define a critical value w, for the content
wy of the 2-chain at which the behavior of the blends
changes its molecular weight dependence. At w,, the re-
duced molecular weight w,M,, of the 2-chain almost agreed
with the characteristic molecular weight M,° (=31 X 10%)

for narrow MWD PS in bulk,!? indicating that w, corre-
sponds to the onset of entanglement of the 2-chains with
themselves. We called the blends either dilute or con-
centrated, according to whether w, was below or above w,,
respectively.2l:22

In dilute blends, relaxation of 1-chains took place first,
after which 2-chains entangled only with 1-chains relaxed.
The longest relaxation time 7, and the intensity P,, of the
relaxation spectrum at r for blends with w, < w, and
My,/8 > My, > M,° were

Tm « WM M.,° (1a)
Pm & l'4~}21]\4'w10Mw2—1 (1b)

In concentrated blends, relaxation of 1-2 entanglements
appeared at intermediate times, after which relaxation of
2-2 entanglements took place. The r,, and P,, for such
blends with w, » w, and M,,/8 > M,, > M,° were

Tm & WolPMy"M,38 (2a)
Pm & wZZMWIOMWZO (2b)

On the other hand, for blends with M, close to M,
(>M.°), the relaxation modes changed strikingly, although
there was a relatively large crossover region of the M,,/M,,
ratio (perhaps 2 < M ,/M,, < 8) for this change. The
asymptotic forms of r, and Py, in the limit M, — M, >
M.° were given, regardless of w,, by

Tm & w20Mw10Mw2&5 (33)
Pm & w21Mw10Mw20 (3b)

We interpreted these results on the basis of the tube model
and proposed the following molecular picture.?!-22

In blends with M, >> M,; > M.°, the topological con-
straints due to 1-chains imposed on a 2-chain become
ineffective upon completion of renewal of the tube (com-
posed of 1-chains). In dilute blends, 2-chains entangle only
with 1-chains and, thus, relax completely by tube renewal.
The results of eq 1 agree with those predicted by Klein'®
and Graessley.!* In concentrated blends, however, 2-2
entanglements remain effective even after the tube com-
posed of 1-chains has been renewed. The 2-chain must
escape from the tube composed of other 2-chains by its
own reptation to relax completely. Equation 2 satisfies
this picture.
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Table I
Characteristics of PS samples
code 107°M,, M, /M,
L5® 5.2 1.08
L10° 10.5 1.08
L22 23.4 1.07
L36 38.9 1.07
L68 72.4 1.06
L83 88.5 1.07
L118° 124 1.05
L161¢° 172 1.07
1294 315 1.07
L407° 427 1.05
L1070 1190 1.11
L2580 2810 1.09

2Supplied by Toyo Soda Mfg. Co. Ltd.

In blends with M., close to M, the constraints due to
1-chains (on 2-chains) would survive even at long times.
The 2-chains do not recognize that they are blended with
1-chains. This picture leads to eq 3.

Recently, Montfort and co-workers® examined binary
blends of narrow MWD PS and reached essentially the
same conclusions as ours, although they did not refer to
the intensity Pp,.

The viscoelastic functions of condensed linear polymer
systems can be described essentially by two parameters:
the monomeric friction coefficient {, and the molecular
weight M, between entanglements. The former defines the
location of the viscoelastic functions along the time or
frequency scale, while the latter determines their shape
as a function of M/M,, characterizing the effects of en-
tanglement. For solutions, M, is defined as a function of
polymer concentration. (For bulk polymers, M, is written
as M.° for convenience.) _

The tube model introduced the parameters {; and M,,
especially the latter, as ad hoc parameters but did not tell
us their molecular meaning, although some attempts to
solve these problems have. been made.24?

Thus, we extended our study on binary blends of narrow
MWD PS to those with 1-chains of very low M, (<M.°)
to interpret the meaning of the onset of entanglement in
narrow MWD polymers. In this paper, we present the
results of these investigations.

Experimental Section

Anionically polymerized narrow MWD polystyrene (PS) sam-
ples were used. For convenience, hereafter we call such samples
“monodisperse”. The characterization of these samples was carried
out by gel permeation chromatography. The details were de-
scribed previously.?#2 Table I summarizes the codes and char-
acteristics of the samples used in this study.

To prepare test blends, prescribed amounts of the two PS
samples were dissolved in benzene to make a 5 wt % solution,
which was freeze-dried for 12 h at room temperature and further
dried at ~80 °C under vacuum for 24 h. The dried blend was
then molded at ~170 °C with a laboratory hot press into disks
of a suitable size to fit the theometer assembly.

Dynamic measurements were carried out on these disk samples
at several temperatures between 95 and 240 °C with a conventional
cone-and-plate rheometer (autoviscometer L-1II, Iwamoto Seis-
akusho, Kyoto). Two sets of the cone-and-plate assembly were
used. The radius of the cone and the gap angle were 15.0 mm
and 3.68° and 10.0 mm and 3.49°, respectively. The storage G’
and loss G” moduli were determined by the Markovitz equation®
without difficulty as long as 10 < [G’2 + G”2}}/2 (in dyn cm™®)
< 107 and 0.01 < G’/G” < 100. The time-temperature super-
position principle! was applicable.

Results and Discussion

I. Dilute Blends. Figures 1 and 2 show the master
curves of storage G’ and loss G” moduli, respectively, ob-
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Figure 1. Master curves of the stroage moduli G’ of the L2580
blends reduced at T, where f, = 0.0644. The content w, of L2580
in the blends is 1 wt %, and 10%M,,; = 5.2, 10.5, 23.4, 38.9, 72.4,
and 124 from right to left. The dashed curves are for those of
the low molecular weight PS chains (1-chains). The arrows in-
dicate the characteristic times determined by eq 6.
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Figure 2. Master curves of the loss moduli G” of the same L2580
blends shown in Figure 1.

tained for blends consisting of 1 wt % L2580 as the 2-chain
and 1-chains with M_,/M,; > 20. All G’and G” data are
compared at an iso-free-volume state with the free volume
fraction f, = 0.0644.

Since the critical content w, (dependent only on M)
was between 1 and 2 wt % for these L.2580 blends,?! the
1 wt % 1.2580 blends may be classified as dilute blends.

As seen in Figures 1 and 2, the master curves at high
frequencies are the same as those of the constituent 1-
chains shown by the broken curves. On the other hand,
at low frequencies wedgelike shoulders appear, although
those for the G” curves are less prominent. The shoulders
in the G’ curves remain essentially unchanged for blends
with M_; below 10.5 X 103, while they extend rapidly to
the lower frequency side with increasing M, for M, above
23.4 X 108,

Figure 3 shows the temperature dependence of the shift
factor at for all the dilute blends and bulk 1-chains ex-
amined. The WLF equation! shown by the solid curve in
the figure represents all the data very well: At the ref-
erence temperatures T, f, = 0.0644 for all the systems. T,
for the dilute blends agreed with those for the constituent
1-chains within the experimental accuracy, because of the
small w; in the blends. The difference in T, (=146, 155,
and 167 °C for the blends with 103M,,, = 5.2, 10.5, and
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Figure 3. Temperature dependence of the shift factor ar reduced
at T, where f, = 0.0644. The solid curve represents the WLF
equation log ap = -6.74(T - T,)/(133.6 + T - T).

>23.4) corresponds to the difference in the glass transition
temperatures, T, (=87, 95, and 107 °C, respectively, for
the monodisperse PS having those M,;).Z The shift factor
for the concentrated blends also exhibited the same tem-
perature dependence when the w,-dependent T, was ad-
equately chosen so that f, = 0.0644.

Now we compare the characteristic relaxation times for
dilute blends having different M, and M,,. In our pre-
vious paper,?! we analyzed the G’ and G” master curves
for each blend to obtain the relaxation spectrum and
evaluated the characteistic times from the location of the
relevant peaks and shoulders in the spectrum. However,
such a procedure should involve a little uncertainty. Thus,
we made the following approach in this study.

First we introduce a blending law, eq 4,

Hg(7) = wH g(m;we,My,Mys) + woHop(riwe, My ,My,)
(4)

for the relaxation spectrum. In eq 4 the subscript B stands
for blend. The spectra H,z and H,p respectively for the
1- and 2-chains in the blend should, in principle, depend
on wy, M, and M,,, which characterize the particular
entanglement state in the blend. The contribution of H,g
and H,p to Hy must be additive on a weight fraction basis.
Thus, eq 4 should be applicable to any binary blend.

Generally, H;5 and Hyg cannot be replaced by H,(7) and
H,(7) of the 1- and 2-chains in the bulk state. As already
pointed out, however, the G’ and G” curves of the dilute
blends at high frequencies are the same as those of the bulk
I-chain (cf. Figures 1 and 2). This suggests that for the
dilute blends the relaxation modes of the 1-chains are the
same as those in the bulk and that Hg(r;ws,M,1,M,5) may
be replaced by H;(7) as long as w, < w, and M,; << M.

This replacement enables us to evaluate umambiguously
the characteristic relaxation time of the 2-chains as follows.
First we calculate the contributions AAg and Az, of the
2-chains to the elastic coefficient and zero-shear viscosity,
respectively, by

AAg = w?[Gg'(w) - WGy ()]~ (5a)
Ang = &[G (w) — w,G{"(w)] 40 (5b)

Macromolecules, Vol. 18, No. 7, 1985

4 T T T T
PS/PS, t,=0.0644 PS/PS, f,=0.0644
szle1§ 8 / MWZ/MM 2z 8
W< W, Wy < w -
2.4

3 3

H 2

15 / 5 89
2F 4k 4

234

/1:5552
16 /
w2
b 2810 - % -

1180

log((AAGIAN,)/s)

/
ok 4k N
«27
Mo M
-1 4 44 L ) s
3 4 5 5 6 7
log My tog My

Figure 4. Dependence of AAg/An, at T, of the dilute blends with
the ratio My,/M,, = 8 on M,,; and M.

where subscript 1 stands for bulk 1-chain. The ratio
AAg/Ang is the weight-average relaxation time of 2-chain
in the dilute blend defined by

Mc/bmg = f Hygrdr/ f Hpdr (6

Figure 4 shows the M,,; and M, dependence of Adg/An,
at the iso-free-volume state with f, = 0.0644 for the dilute
blends with M,/ M, = 8 including our previous data.?>%
Both AAg and An, were proportional to w,, indicating that
H,p and AAg/An, are independent of w, for the dilute
blends. The M, dependence of AAg/An, markedly
changes with increasing M_;. At large M, AAg/An is
almost proportional to M,;°, but at small M,,, it is inde-
pendent of M;. This change is relatively sharp, and its
critical molecular weight M* (=20 X 10%) is very close to
M.° (=18 x 10% and also not far from M,° (=31 X 10%).
On the other hand, the M, dependence of AAg/An, does
not change and is always given by M,,%. These results are
summarized as

AAg/Ang = 1024°M,,3M,* (in's)
(M.,/8 > M, > M*; f. = 0.0644) (Ta)

AAG/AT]O = 10_11'8Mw10Mw22 (in S)
(Mw2 > M* > Mwl; fr = 0'0644) (7b)

Here it should be emphasized that the M,,;® dependence
found in eq 7a appears only for the blends with the
Mo/ M, ratio sufficiently larger than a certain value
(=8).22 Figure 5 shows an example for 1.294 blends which
do not exhibit the power-law type M,,;® dependence. Since
M, of L294 is only by a factor of 16 larger than M*, the
range of M, where M,,/8 > M, > M* is narrow so that
we cannot clearly observe any power-law relation between
M, and AAg/Ane. In the crossover region of 1 < M,/ M.,
< 8, the observed M, dependence is weaker than that
described by eq 7a.

This uncertainty in the exponents for Adq/Any vs. My,
and M, relations is also the case even for the L.2580 blends
having the highest M,. With increasing M, closer to M,
to extend the range of M, the power-law relation becomes
unsatisfactory, since the increase in AAg/An, with M,
becomes slower as M, approaches M, (cf. Figure 5). If
the data are cast into a power-law form, the exponents
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Figure 5. M, dependence of AAg/Ang of the 1294 blends at
T, where f, = 0.0644.

should be always smaller than the correct values. For this
reason, we adopted the exponents 3 for M,,; and 2 for M,
in eq 7a, although we may as well choose the slightly
smaller values of 2.7 and 1.7, respectively, within experi-
mental error.

Equation 7a agrees with the theoretical results for tube
renewal proposed by Klein'® and Graessley.* As described
previously,? the relaxation of a 2-chain in a dilute blend
with M, >> M, > M* completes by the tube renewal.

On the other hand, eq 7b suggests that, if M, is smaller
than M*, 1-chains impose no topological constraints on
2-chains. In other words, 1-chains do not entangle with
2-chains but determine {; of the system. Thus, AAg/Ang
is independent of M, at the iso-free-volume state, where
{ is constant. This conclusion might sound trivial, because
M* is quite close to M,° or M.°, which are said to be the
molecular weights characterizing the onset of entangle-
ment. However, we point out that the molecular meaning
of the onset of entanglement has not yet been stated
specifically, as far as we know, but was introduced as a
mere assumption. The above results on dilute blends may
give a clue to understand the meaning, as discussed later.

II. Concentrated Blends. Figures 6 compares the G’
and G” data of w, = 40 wt % blends of 1.407/L10 (rep-
resented by open circles) and L407/L36 (filled circles)
reduced at the iso-free-volume state with f, = 0.0644. The
broken curves in the figure represent the data for 1-chains
(L10 and L36). The critical content w, is about 10 wt %
for these blends,?* which therefore may be classified as
concentrated blends.

As seen in Figure 6, the G’ and G” master curves for the
1.407/1.36 and L407/L10 blends almost coincide with each
other both in the low-frequency terminal zone and the
rubber-to-glass transition zone at high frequencies. How-
ever, they differ appreciably with each other at interme-
diate frequencies in the region between 0.1 and 10%/s™%:
The L407/L36 blend exhibits a two-step rubbery pla-
teau'®?! typical of a concentrated blend with M, > M,
> M*, but the L407/L10 blend shows only a single-step
rubbery plateau typical of a concentrated solution in a low
molecular weight solvent. The values of G’ and G” are
larger for the former than for the latter at these frequen-
cies.
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Figure 6. Master curves of the storage G’ and loss G” moduli
of L407/L10 and L407/L36 blends at T,. The L407 content w,
is 40 wt % for both blends.

IT1. Contribution of 2-Chains in Concentrated
Blends. Starting from eq 4, we can define the contribution
AG* of the 2-chains to the complex modulus Gg* of the
blend by

lwT
1+iw7dln7 ®

AGHw) = Ge*(w) - w, [ Hyg

For the dilute blends, H;g can be replaced by H;, and
thus, the second term on the right-hand side of eq 8 by
w,G*(w). However, for concentrated blends with M, >
M, > M*, such a replacement is not always justifiable.
The wedgelike portion of the master curves corresponding
to the rubber-to-glass transition is unchanged by blending,
but the first-step rubbery plateau is always extended a
little to the lower frequency side. (Compare the behavior
of L.36 and L407/L36 in the region w < 10%s7.)

For such a concentrated blend, H,g should be divided
into two portions: the short-time portion, corresponding
to the transition zone, and the long-time portion, corre-
sponding to the first-step rubbery plateau. Strictly
speaking, only the former can be replaced by H,. However,
since the shift of the first plateau is usually small, we may
approximate H,g(r;we,My;,My9) by Hi(r/\y) by intro-
ducing a small shift factor A; for the longest relaxation
time of the 1-chain. Then AG* becomes

AG*(w) = GB*(O)) - lel*()\uw) (8,)

Figure 7 shows the contribution AG* = AG’ + iAG” of
the L407 sample to Gg* of the blends examined in Figure
6. For the L407/L10 blend, we used A;; = 1 because the
L10 sample did not exhibit the (first step) rubbery plateau.
For the L407/1.36 blend, \;; was estimated to be 10%! to
10%2, However, the difference in AG* calculated by eq &
for A;; = 1 and 102 was negligibly small (£10%%) in the
region of interest, w < 10 5%, Thus, AG* for the 1.407/1.36
blend with A;; = 1 is shown in the figure.

The behavior of a concentrated blend with M, > M,
at low frequencies is known to be similar to that of a
concentrated solution of the same M, and w, (cf. eq 2).!
However, at intermediate frequencies a difference may
arise, because the topological interaction between the 1-
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Figure 7. Frequency dependence of AG* at T, for 1L.407/L10 and
L.407/136 blends examined in Figure 6.

and 2-chains is effective only in the former. Thus, we
attempted to compare AG* of the blends over the entire
range of frequency with those of the corresponding solu-
tions.

The dynamic moduli G*,,, of concentrated solutions of
monodisperse polymers can be specified by the terminal
frequencies w* and w, of the rubber-to-glass transition and
rubbery plateau regions, respectively, and the height of the
rubbery plateau.! If these parameters for a solution are
compared with those of the corresponding bulk at the
iso-free-volume (and hence, the iso-{;) state, w*,,, of the
solution is lower by a factor w,? than w*,y, of the bulk,
wpsoim Of the solution is higher by a factor w,™* than w,
and the rubbery plateau height of the solution is lower by
a factor w,? than that of the bulk as schematically shown
in Figure 8a. Hence we can deduce G*,, for 1407 solution
with w, = 40 wt % by the following two alternative pro-
cedures.

In the first procedure, we employed G*44; of the bulk
L407 and obtained G*,, by shifting G*; ; first vertically
by a factor w,? and then horizontally by a factor w,™5, as
schematically shown in Figure 8b (although the G” curves
are not shown). However, the resulting curves,
Wl G*pyor(Wwql%w), coincide with those for the solution only
in the terminal zone, but not in the transition zone, since
G*L407 is shifted inadequately in this zone by the above
procedure.

In the second procedure we employed G*4; of the bulk
L161 sample. As can be seen in Table I, L161 has mo-
lecular weight M, 116 = 172 X 10%, quite close to the re-
duced molecular weight woM,, 1457 (=171 X 10%) of the L407
solution with w, = 40 wt %. Hence w16 of L161 in bulk
is higher by a factor (M,,1 407/ My 1161)°° = w,85 than that
wp,L4o7 Of 1407 in bulk, while the plateau moduli are the
same. Thus, as illustrated in Figure 8¢, we obtain G*, ),
by shifting G*; 4, first vertically by a factor w,? and then
horizontally by a factor w,? (compare (a) and (c) in the
figure). Since the G’and G” curves in the transition zone
are almost proportional to w'/2,12 the above procedure also
gives the correct shift for the transition zone, differing from
the first procedure using G*y ;.

These two curves, woG*1407(we %w) and wo2G* 6 (wy2w),
are shown in Figure 7 by the thin broken and thick solid
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Figure 8. Schematic illustration representing the difference in
the plateau height and terminal frequencies for bulk and solution
samples.

curves, respectively. We notice that AG* of the 40 wt %
L407/1L.10 blend coincide with wy2G*y ;(wo %) only at
frequencies below 10708 57! but with wy?G*y;¢;(wy 2w) over
the entire frequency range examined. This result implies
that the L407/L10 blend behaves as a 40 wt % solution
of L407 in the L10 chains having M,; < M* at any fre-
quencies and that the L10 chains do not entangle with the
L407 chains.

On the other hand, AG* of the 40 wt % 1.407/1.36 blend
coincide with both of the calculated curves only at low
frequencies. With increasing frequency, it begins to deviate
even from w,2G* ¢, (ws%w) and exhibits a two-step rubbery
plateau. Furthermore, the lower plateau in AG* is not flat
but seems to contain a small maximum, which is more
prominent in the AG” curve. The location of this small
maximum corresponds to AAg/An, (shown by the arrow)
for the dilute 1.407/L36 blends (cf. Figure 4).

The results for the 40 wt % 1.407/L36 blend may be
interpreted as follows. At high frequencies, the L407
chains in the blend do not distinguish the topological
constraints by the 1- and 2-chains, because the former are
still effective. Thus, it exhibits a first-step rubbery plateau
similar to that of L407 in bulk. In fact, this plateau was
lower by a factor of w, (not a factor of w,? expected for
solutions) than that of L407 in bulk, indicating that the
entanglement spacing in the first-step plateau region for
the L1407 chains in the blend is essentially the same as that
in bulk. With further decreasing frequency, the constraints
due to 1-chains become ineffective by tube renewal, leading
to partial relaxation and an increase in the entanglement
spacing of 2-chains. The small maximum found in Figure
7 corresponds to this process. After this process, 2-chains
must escape from still-existing entanglements among
themselves to relax completely.?!

IV. Entanglements in Monodisperse Polymers. We
now attempt to interpret the effect of entanglements in
monodisperse flexible-chain polymer systems on the basis
of the tube model, using the empirical results on the binary
blends described above as a key clue.

As is well-known,2 the M., dependerice of the zero-shear
viscosity n, and steady-state compliance J.° of linear
monodisperse polymers shows a sharp change at the
characteristic molecular weights, M.° (for n,) and M,’° (for
J0). It is known that the mechanical relaxation of the
polymers is strongly retarded by so-called entanglements
in analogy with a bundle of flexible and long threads.

Thus, the questions to be asked are the following: What
occurs at the onset of entanglements? Why do the mo-
lecular weight dependences of 5, and J,° change rather
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Figure 9. Schematic illustration of the possible relaxation modes
in monodisperse systems. The chains (obstacles) surrounding the
test chain are represented by the filled circles when they are
constraining the test chain, but by the open circles when the
constraints become ineffective as a result of their motion. Note
that this figure does not necessarily imply that the inequality
Trep < Ttube < TRouse AlWays holds.

abruptly at M,° and M/°, despite the facts that the seg-
ment density of the polymer is essentially unchanged and
the polymer coils still overlap one another at these critical
molecular weights? The answer to these questions was
suggested by Klein'® by introducing the concept of tube
renewal.

In condensed monodisperse polymer systems, there are
at least two potential modes which lead to the complete
relaxation of the chains. The characteristic times of these
modes should depend on M,,. The actual relaxation modes
prevail as a result of the competition between these modes.

In the framework of the tube model, one arbitrarily
chooses a polymer chain in the system called the fest chain
and assumes two extreme relaxation modes: (1) reptation,
i.e., the disengagement of the test chain from a spatially
fixed tube; and (2) tube renewal, i.e., the release of con-
straints by disappearance of the tube confining the test
chain. These modes are schematically illustrated in Figure
9.

The characteristic time 7., for mode 1 is given as®1?

Trep = Krepg-OMws or 3.5 (9)

where K, is a constant independent of M,,.

To define the characteristic time for mode 2, first we
must evaluate the time 7, required for the change of the
tube. It was given by Klein!® and Graessley'* as

Ttube = I{t,ubeg'()Mw5 (10)

where K, is another constant independent of M,,.

The test chain has an intrinsic relaxation time Tgqyges
determined by its M,, and {; but independent of the to-
pological constraints on it:

TRouse = KRouseg-Osz (11)

where K. is also a constant independent of M,. It
should be noted that rg is the shortest relaxation time
allowed for the test chain. No other mechanisms with a
relaxation time shorter than 7, are permissible. Hence,
we must classify mode 2 into two modes, modes 2a and 2b,
depending on whether 7., is longer or shorter than 7y,
respectively, as illustrated schematically in Figure 9.

mode 1:
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Figure 10. Comparison of the characteristic times Trqy, (broken
line), 7, (solid line), and 7y, (dash—dot line) and the observed
weight-average times %, (circles) for monodisperse PS samples.
TRouse AN Tope Were estimated from the data for the binary blends.
All data are compared at T, where f, = 0.0644.

Mode 2a is realized for the test chain that can follow the
change of the tube without delay, and thus, its charac-
teristic time 74, is defined as

mode 2a: Toa = Ttube (for TRouse < Tiube) (12)

The relaxation mode often called “(constraint release by)
tube renewal” corresponds to mode 2a. Klein'® and
Graessley assumed in their theories, either explicitly or
implicitly, that the test chain follows the change of the tube
immediately. On the other hand, mode 2b is the mode for
the test chain that cannot follow this change in the tube
and has the characteristic time

(fOI‘ Ttube < TRouse) (13)

Figure 10 compares the M,, dependence of 7, (the solid
line), 7y, (the dash~dot line), and 7gqe (the broken line).
The relative location of the lines can be determined by the
front factors of these characteristic times, and we have
done so using monodisperse PS data and the binary blend
data in the manner discussed later. Since these charac-
teristic times exhibit different M,, dependences, the lines
representing the reptation (1), tube renewal (2a), and
Rouse (2b) modes (with subscripts r, t, and R, respectively)
cross one another at different molecular weights, M, Mg,
and My,.

For system i with M;, < Mg,, TRouse > Trep > Ttuber aNd
for system ii with Mg, < My, < Mg, Trep > TRouse > Ttubes
implying that the tube does not persist for the time scale
Of TRouger For system iii with Mg < M, < My, Tyep > Toupe
> TRouses iMplying that the tube persists for the time scale
longer than g, but shorter than 7., Finally, for system
iv with My > My, Tobe > Trep > TRouser iMPlying that the
tube persists for the time scale longer than 7,

In the first two cases, the test chain practically feels no
constraints and must relax by its intrinsic mode 2b, be-
CaUSE Tyype < TRousee This was the situation we observed
on the dilute blends with M,,; < M*. On the other hand,
in the last two cases, Since TRrouwe < Tiube, the test chain feels
constraints from the tube and thus must relax either by
the tube renewal mode 2a in case iii or by reptation mode
1 in case iv. The former was the case we observed for
dilute blends with a large M,/ M, ratio but M, > M*.

mode 2b: Tab = TRouse
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Hence, for monodisperse polymers, we expect that the
realizable relaxation time should be 7y for M, < Mg,
Teube fOr Mig < My, < M., and 7, for M, < M,, as shown
by the heavy line in Figure 10.

Now we examine whether the above picture is acceptable
or not, by comparing the relaxation time, J,%,, observed
for the monodisperse PS samples with the expected 7.,
Treps 8Nd TRy lines. We have already observed the tube
renewal mode 2a for the binary blends. Thus, the 7., line
was drawn in Figure 10 by substituting M,; = M, = M,,
in the empirically determined eq 7a. Likewise, the Tgqu
line was drawn by using eq 7b for the mode 2b in the
binary blends.

In Figure 10, we first notice that the J.,%, data points
(circles) for the monodisperse PS samples with M, >»> M*
(=M, in the above notation) fall between the 7,y
(broken) and 7, (dash-dot) lines. Thus, as a first ap-
proximation, we may assume that the tubes are fixed in
space until the actual polymer chains with M, >»> M*
complete the relaxation essentially by reptation. We may
cast the J %, data shown in Figure 10 for the PS samples
with M, > M//° (the so-called fully entangled state) equal
to 7pep 88

Trep = Je0np = 5 X 1071°M,38 (in s)
(M, > M/°; f. =0.0644) (14)

By extrapolating eq 14 to small M,,, we can locate M,
and M,y for the PS samples, as the intersections of the
solid, dash-dot, and broken lines. They are interestingly
enough very close to M.,° and M.° of the PS samples,
respectively.

As can be seen in Figure 10, the data points for the PS
samples follow the heavy line. However, the range of M,,
satisfying Mz < M, < M, is so narrow that we hardly
observe the pure mode 2a taking place. This means that
a8 500N a8 Tyyp, €Xceeds Tgyu.e Of the chain with increasing
M, above M*, 7. also exceeds 7., In other words, the
tube becomes practically fixed in space. Hence, we may
say that the onset of entanglements in a monodisperse
polymer corresponds to the change of the relaxation mode
from the Rouse 2b mode to the reptation 1 mode. The
essential point is that this change of the relaxation mode
takes place as a result of the competition between the tube
renewal and the intrinsic mode.

At this point, we should also note that the difference
between the observed J.'n, and 7., is not very large,
especially in the crossover region slightly above M*. Even
at M, as high as 300 X 103, 7, is larger only by a factor
of 10 than 7, or J.%7. Thus, although the tube theory
implicitly assumes that the modes 1 and 2a do not occur
simultaneously,? the actual relaxation mode may contain
a contribution of the tube renewal mode to some extent
even in this high-M,, region. This speculation may be
supported by the fact that linear free chains trapped in
a cross-linked rubber network have a longer relaxation time
than that in the un-cross-linked bulk state.?®
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Finally, we must admit that the above interpretation of
the onset of entanglements still has not answered the
question why M.,° is 18 X 10 for PS but 2 X 103 for po-
lybutadiene.!? The value of M,.° was determined by the
position where eq 9, 10, and 11 cross one another and hence
by the values of prefactors K,.,, Kiybe, and Kpouse The
chemical properties of the polymers, the dimension and
the segment concentration of the polymer coils, etc. should
determine the prefactors and the value of M,° (or M,°) of
the individual polymers.2#% These are questions still to
be answered.
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