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ABSTRACT: Viscoelastic properties of binary blends (bB) of monodisperse linear polystyrenes with low and
intermediate molecular weights M, and M, (designated 1- and 2-chain, respectively) were examined and compared
with those of ternary blends (tB) composed of the same 1- and 2-chains plus a third high molecular weight
Mj; component (3-chain). In tB, the 3-chain content w; was so small that no 3-3 entanglements existed. If
the content of the 2-chain w, was sufficiently large, the compliance J, and viscosity 7, of the 2-chain in bB
were proportional to wy? and w,?5, as in the case of concentrated solutions of the 2-chain in a low molecular
weight solvent. The range of w, where these relations were observed was wider for bB with larger M,/ M,
ratio. The relaxation time 73 of the 3-chain in tB was proportional to wy® if My/M; and w, were large; this
relation was not observed for small M,/M; and w,. To describe the slow relaxation behavior of the 2- and
3-chains in a unified way, we evaluated an effective entanglement spacing M., characterizing the terminal
relaxation modes of the 2-chain. M,; increased with decreasing w, and increasing M,/M; ratio. A universal
relation 73 = M, with M,, being determined for the corresponding bB was found for tB with large and small
M,/ M, ratio. Thus, bB'and tB respectively could be regarded in the long-time region as the concentrated
solution of the 2-chain and 3/2 blend having the effective entanglement spacing M,,. These results were
interpreted on the basis of the tube renewal concept.

Introduction

The effect of entanglement on the viscoelastic properties
of flexible linear polymers is one of the central problems
in polymer rheology. Extensive data have been accumu-
lated for entangled polymers with both narrow and broad
molecular weight distribution (MWD).}? However, the
detailed relaxation mechanisms of entangled polymers are
not yet fully understood.

Blends composed of narrow MWD polymers are simple
but important model systems for understanding this
problem because such blends often exhibit relaxation
modes not observable in narrow MWD polymers. Re-
cently, we carried out a series of systematic studies®® on
binary blends (bB) of narrow MWD linear polystyrenes
(PS) with low and high weight-average molecular weights
(M1 and M, respectively). The results obtained were
as follows.*®

The relaxation modes of the short-chain component
(hereafter designated the 1l-chain) were affected by
blending only slightly, while those of the long-chain com-
ponent (2-chain) were strongly dependent on M,,; and M,,,
as well as on the composition w; (I = 1, 2) of the blend.

When M, was larger than the entanglement spacing M,,
a power-law type dependence of the relaxation time of the
2-chain on M, and w; was observed for the blends under
the following extreme conditions.

(a) If My, >> M, > M, and w, < (w,), with (w,), being
the critical 2-chain content for onset of entanglements
between the 2-chains (2-2 entanglements), the retarded
Rouse-like relaxation of the 2-chain was observed at low
frequencies, and its characteristic time was®?

T2 @ $ow' M PMyo*M3 (1)

Here ¢, is the monomeric friction coefficient.
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(b) If M, >> M., > M, and w, >> (w,),, a rubbery
plateau due to 2-2 entanglements was observed at still
lower frequencies, and its characteristic time 7,, was®*

Tog « $oWot My "M %% 2)

(c) If M,; (>M,) approaches M,,, eq 1 and 2 were no
longer valid, and 74, became insensitive to w, and M.
The asymptotic form was speculated to be*

Top & oW’ My "M% (Mg — M) 3

On the basis of the generalized tube model involving the
reptation and tube renewal mechanisms, we interpreted
the above results as follows:*® In this model, the constraint
on the 2-chain is replaced by a tube, and the 2-chain can
relax by either reptation’ or tube renewal.3?

In the blends with M, >> M, > M,, the lifetime of the
tube due to the 1-chains is much shorter than the reptation
time of the 2-chain. Thus, if w, < (w,), and no 2-2 en-
tanglement exists, the 2-chain relaxes by tube renewal
alone, exhibiting a retarded Rouse-like mode. This led to
eq 1. On the other hand, if w, >> (w,),, both 1-2 and 2-2
entanglements exist, and the 2-chain first relaxes partly
by renewal of the tube composed of the 1-chain and af-
terward escapes from the remaining tube composed of
other 2-chains to relax completely. Thus, at the long-time
end, the 1-chains do not constrain the 2-chain. This led
to eq 2.

As M., approaches M, the renewal time of the tube
composed of the 1-chains increases and finally exceeds the
reptation time of the 2-chain. Then constraints due to the
1-chains remain effective even at the long-time end, and
the 2-chain behaves as in its monodisperse state. This led
to eq 3.

As described above, the results may be interpreted
clearly only for the blends at the extreme conditions. For
the blends with intermediate values of M,,/M,,; and w,,
no simple relations such as eq 1-3 were observed. The tube
renewal and reptation processes in such blends appear to
have the characteristic times of the same order of mag-
nitudes and contribute cooperatively to the slow relaxation
of the 2-chain.

To describe the behavior of the blends with large and
small M,,/M,,; and w, in a unified manner, we extended
our study to ternary blends (tB) composed of the 2/1
binary blends (bB) and a very high molecular weight third
component of the weight-average molecular weight M,
{designated the 3-chain) and compared their behavior with
that of the precursor bB. In the tB systems examined the
3-chains were dilute, so as to entangle only with much
shorter 1- and 2-chains. The relaxation rate of such a
3-chain should be determined by diffusion of the sur-
rounding 1- and 2-chains.!® Thus, the 3-chain can be re-
garded as a probe for examining the molecular motion of
the 1- and 2-chains in the blends. In this paper, we present
the results and discuss possible relaxation mechanisms of
the constituent chains, especially of the 2-chain.

Experimental Section

Anionically polymerized narrow MWD (hereafter designated
as monodisperse) linear polystyrene (PS) samples were used.
These samples were characterized by gel permeation chroma-
tography, as described previously.>* Table I surmmarizes the codes
and characteristics of the samples used in this study.

The blends examined were bB and tB systems of the PS sam-
ples listed in Table I. The L.2810 sample was used as the 3-chain,
the L315 sample was used as the 2-chain, and the L89 or L42
samples were used as the 1-chain. The 2/1 and 3/1 bB systems
and the monodisperse 1- and 2-chain systems were also examined
as the reference.
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Table I
Characteristics of Polystyrene Samples
code® 10-3M,, M, /M,
L42 41.5 1.06
Lgg® 88.5 1.07
L315% 315 1.07
L2810% 2810 1.09

¢Code number represents 103M,. ®Supplied from Toyo Soda
Mfg. Co. Ltd.

(3 (w3,tB=I wie)

i8 DBP 1 2

*.8" M8

— wp = 60 Wi N

p-b8 bDBP 1 2

Figure 1. Schematic representation for the composition of the
3/2/1/DBP ternary and corresponding 2/1/DBP binary blends.

First, we attempted to carry out rheological measurements on
tB in the molten state. However, unless the content of the 2-chain
in tB was sufficiently small, the 3-chain did not relax completely
at manageable temperatures (5220 °C) and frequencies (2107
s1). To avoid this, we added dibutyl phthalate (DBP; Wako Pure
Chemical Industries, Ltd., guaranteed grade) to the blends as a
plasticizer. ’

Figure 1 schematically shows the composition of the 3/2/1/
DBP (tB) and 2/1/DBP (bB) systems examined: DBP was always
40 wt % of the whole system, and the total polymer content w,
was 60 wt %. IntB, w; was always 1 wt % of the whole system,
and no entanglement between the 3-chains existed.> These blends
were prepared by the method described previously.® Since the
densities of DBP and PS are almost the same, the weight fraction
w; of the i-chain (i = 1-3) was assumed to be equal to the volume
fraction.®

Dynamic measurements were made at several temperatures
between 10 and 120 °C with a cone-and-plate rheometer (Auto-
viscometer L-III, Iwamoto Seisakusho, Kyoto). The details were
described previously.) The time-temperature superposition
principle! was applied to the storage (G) and loss (G*) moduli.

In the following, to distinguish the quantities for the tB, bB
or monodisperse (m) systems, we use a second subscript tB, bB,
or m in addition to the subscript i (= 1-3) specifying the i-chain.
For example, w;,p represents the content of the 2-chain in bB.
The second subscript will be omitted whenever possible.

Results

Figures 2 and 3 respectively show the G’and G” curves
for the L2810/L315/L42/DBP and L2810/L315/L89/
DBP tB systems at 45 °C. The broken curve indicates the
behavior of the 2/1/DBP system with the same w,/w, ratio
as that of the corresponding tB system. Such a binary
blend is designated a parent-binary blend (p—bB) for the
tB system (cf. Figure 1).

We have already carried out viscoelastic measurements
on the binary blends of L2810 (3-chain in this study) and
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Figure 2. Master curves of (a) storage G’ and (b) loss G”’ moduli
of L2810/L.315/1.42/DBP ternary blends with the total polymer
content w, = 60 wt % and the L2810 content w; = 1 wt % at 45
°C. The groken curves indicate the behavior of corresponding
L315/1L42/DBP binary blends.

low molecular weight samples with w, = 60 wt % and w;
=1 wt % The relaxation time of the L.2810 chain in the
1.2810/1.42/DBP system was about 3 times longer than
that in the L2810/L23/DBP system with M,,; = 23.4 X 103
(<M,) at an iso-{, state, for example. Thus even the
shortest chain, L42, used here affected the relaxation of
the L2810 chain, i.e., entangled with the L2810 chain in
bB with w, = 60 wt %.

Figure 4 shows the temperature dependence of the shift
factor ap for the bB and tB systems examined in Figures
2 and 3. These data are well described by the WLF
equation! (solid curve)

logar=-722(T-T,) /(1246 + T~ T)) (4)

with the reference temperature T, = 45 °C. Thus, at 45
°C, all of these systems have the same free-volume-fraction
f: (=0.0601 evaluated from eq 4) and hence the same ¢,

As seen in Figures 2 and 3, the p~bB systems exhibit
2-step relaxation consisting of the fast and slow processes
of the 1- and 2-chains. When the w,/w; ratio is not very
small, the G’and G curves of each tB at intermediate to
high frequencies almost coincide with those of p-bB, in-
dicating that the relaxation of the 1- and 2-chains in tB
is nearly the same as that in p~-bB. At low frequencies,
the G’ curve of each tB exhibits a wedgelike shoulder due
to the relaxation of the 3-chain.
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Figure 3. Master curves of (a) storage G’and (b) loss G” moduli
of 1L.2810/1.315/L.89/DBP ternary blends with the total polymer
content w, = 60 wt % and the L2810 content w; = 1 wt % at 45
°C. The groken curves indicate the behavior of corresponding
L315/L89/DBP binary blends.
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Figure 4. Temperature dependence of the shift factor ar of the
binary and ternary blends examined in Figures 2 and 3. The solid
curve represents the WLF equation (eq 4) with the reference
temperature 7, = 45 °C,

Analysis of the Dynamic Data. Binary Blends. To
analyze the data for bB, we use the previously proposed
blending law® for the relaxation spectra Hyg of bB

Hyp(7) = wyppH1p(7) + wappHops(7) (5)
with H;p (i = 1, 2) being the spectrum of the i-chain
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Figure 5. Dependence of the compliance J,, and viscosity ny,p
of the 2-chain (L315) in the binary blends examined in Figures
2 and 3 on the 2-chain content w, 5 (large half-filled circles). The
small circles represent the compliance Jyp and viscosity npp of
the binary blends. The triangles are the data for the L315/DBP
solutions with the concentration ws,, = wyyp. All these data are
compared at the iso-f, state with f, = 0.0601.

(reduced to its unit volume) in bB. Since the behavior of
the 1-chain does not differ much in bB and in its mono-
disperse system, we may replace H; yg(7) by H; {7/ Ay 18)
with H ,(7) being the spectrum of the monodisperse 1-
chain (reduced to its unit volume) in the solution with w, ,,
= 60 wt %. (This monodisperse system is designated the
parent—-monodisperse (p—m) system for the bB system.)
The factor A; g represents the increase in the relaxation
time of the 1-chain due to blending.

Employing eq 5 and making the above replacement, we
evaluated the viscosity nqpp, the elastic coefficient A, yp
and the compliance J,,p of the 2-chain in bB directly from
the data for the bB and p—m systems:

NapB = Imwz,bBTHz,bB dln 7 = nyg - Wy A pBT W/ Wim
(6a)

Agpp = j:mwszTsz,bB dlnr=
App ~ Wi pp(A;pe)? Ay /Wy (6b)

Jors = Aspp/ (n218) (6c)

(Here the relations 7, = w; o [ Z.7H  n(7) dIn rand A,
= w, mf_mr H m(7) d In 7 were used.) The product
J2,bB’72,bB is the weight-average relaxation time of the 2-
chain in bB. In Figures 2a and 3a, the characteristic fre-
quencies (J,,gn558)"! are indicated by the thin arrows.

To evaluate A, g, we calculated Hy,g from the G’and G
curves and compared the shift of the peak of H,g corre-
sponding to the relaxation of the 1-chain: A ,g was unity
for small w, and increased to 2-3 at large w,. The values
of 1,5, Ay, and J, determined by eq 6 were scarcely affected
by the small ambiguity in the evaluation of \; ,g because
for bB with large w, (i.e., with A; 5 > 1) the second terms
in eq 6a and 6b were usually much smaller than the first
ones.

Figure 5 shows the w, dependence of J, g and 7, of
the 2-chain at 45 °C (large half-filled circles) examined in
Figures 2 and 3. The small circles indicate the compliance
Jyp and viscosity myp of the whole bB system. The triangles
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are the data for 2/DBP solutions at the iso-f, state with
f: = 0.0601. The arrow indicates the critical 2-chain con-
tent

(wopp)e = MO/M,, ~ 98 wt % (7)

above which the 2-2 entanglements exist.> Here M_° (=31
X 10%! is the characteristic molecular weight for butk PS.

In Figure 5, we see that Jy,5 « wy™ and nypp = w, for
wy < (wy),, similar to dilute solutions. These results in-
dicate that no 2-2 entanglement exists and H, g does not
change with w, in such blends. With increasing w, > (w,),,
Jypp and 7nypp become more strongly dependent on w,,
indicating the change of H,p due to 2-2 entanglements.
At sufﬁc1ently large Wy, Jypp and n, 15 become proportional
to wy? and wy’S, respectlvely, approachlng the compliance
and viscosity of the concentrated 2/DBP solutions (tri-
angles). However, we also find a crossover region of w,
where the bB system behaves as neither a dilute nor a
concentrated solution. This crossover region is wider for
the L315/L.89/DBP system with small M,,/M,, ratio than
for the L.315/L42/DBP system, as seen more clearly for
the ny,p data. Similar results were obtained for molten
PS/PS blends.!!

Ternary Blends. To analyze the tB data, we use a
blending law for H,g similar to eq 5:

3
Hig(r) = gwi,tBHi,tB(T) (8)
i=

Here H; g is the spectrum of the i-chain (reduced to its
unit volume) in tB (i = 1-3). Since the behavior of the
Jj-chain in the present tB system is nearly the same as that
in p-bB (cf. Figures 2 and 3), we may replace H;;z by H;15
of the j-chain in p~bB (§ = 1, 2). Thus, using the relation
Wy p/ Wi pp = Waosp/Wo g for tB and p~bB (cf. Figure 1), we
obtain

wysHy 18(7) + wypHyp(7) = wogHyg(7) /wops (9)

where the subscript bB represents the p—bB system.
Employing eq 8 and 9, we evaluated the viscosity 73,p,

elastic coefficient A;.5, and compliance J; i of the 3-chain

in tB from the quantities of tB and p—bB systems as

N38 = B — WoBMB/ WobB (10a)
Az = Ap — WopAne/Wops (10b)
Jam = Asn/(n3.8)° (10c)

The product 35755 is the weight-average relaxation time
of the 3-chain in tB. The thick arrows in Figures 2a and
3a indicate the characteristic frequencies (J3:pn3:p)™"

Figure 6 shows the w, dependence of J;;573,5 (small
circles). The filled triangles are the data for the limiting
case of tB with w, = 0 wt %, i.e., for 3/1/DBP systems
with wy = 1 wt % and w, = 60 wt %. The open triangles
represent the other limiting case of tB with w, = 0 wt %,
le., the 3/2/DBP systems with wy; = 1 wt % and w, =
23.6-99 wt % (or w, = 24.6-100%). All these data were
compared at the iso-f, state with f, = 0.0601. Since the
relaxation time of the 3-chain was too long to be deter-
mined accurately for the 3/2 (L2810/L315) system in the
molten state {(w, = 100 %) as described in the Introduc-
tion, we estlmated it from the previous empirical equation®
for the molten 3/2 systems with M,,, < 124 X 10°

We defined the critical 2-chain content in B by

(wQ,LB)C = (MCO/MWQ) - w:;,tB ~ 88wt % (11)

at which the 2- and 3-chains together begin to form an
entanglement network. The arrow in Figure 6 indicates
(wy,.p).. We expect that the effect of 2-2 and 2-3 entan-
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Figure 6. Dependence of the weight-average relaxation time
J318m3,4p Of the 3-chain (L.2810) in the ternary blends examined
in Figures 2 and 3 on the 2-chain content wy,g (small circles). The
filled and open triangles respectively represent the data for the
3/1/DBP and 3/2/DBP systems. The large half-filled circles are
the J3:pn;18 data plotted against the effective 2-chain_content
D48, Which gives the effective entanglement spacing M, char-
acterizing the terminal relaxation modes of the 2-chain. All these
data are compared at the iso-f; state with f, = 0.0601.

glements on the behavior of the 2-chain appears for wy;p
> (w2,tB)c'

As seen in Figure 6, J;3pn; .5 becomes proportional to
w,% and approaches the relaxation time of the 3-chain in
the 3/2/DBP systems at w, >> (w,).. In the range of
intermediate w,, we see a crossover region where such a
simple relation is not observed. This crossover region is
wider for tB with smaller M,/ M, ratio. Thus, we see a
clear correlation between the behaviors of tB and p-bB
systems: If w, is sufficiently large and the 2-chain in p-bB
behaves as in the 2/DBP system, the 3-chain in tB behaves
as in the 3/2/DBP system.

Discussion

Effective Entanglement Spacing. As seen in Figure
6, the relaxation time of the 3-chain in tB with w, > (w,),
is significantly longer than that in the 3/1/DBP system
(filled triangles). This suggests that the constraints due
to 1-chains disappear before the 3-chain relaxes completely
and that the slow relaxation of the 3-chain in such tB is
essentially affected by the 2-chains. The behavior of the
2-chain is nearly the same in tB and p~bB. Thus, using
the results for p—bB shown in Figure 5 as a clue, we at-
tempted to describe the relaxation of the 3-chain in tB with
large and small M_,/M,, ratio in a unified way.

The results shown in Figure 5 indicate that the slow
relaxation behavior of the 2-chain in bB is close to that
in the concentrated 2/DBP solution only when M, >>
M., and w, >> (w,),.. This situation can be related to the
change in the effective entanglement spacing M ,(¢t) for the
2-chain with time ¢, which is schematically shown in Figure
7.

In the short-time region (Figure 7a), the constraints due
to the 1-chains are still effective and M,(¢) is given by

My@t) = M0 /w, (for short t) (12)
where M %(=18 X 10%! is the entanglement spacing for

bulk PS. However, such constraints become weakened and
M ,(t) increases with ¢ (Figure 7b) as the 1-chains diffuse
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Figure 7. Schematic illustration representing the change in the
effective entanglement spacing M,(t) for the 2-chain in bB with
time t; (a) At short ¢, the constraints due to the 1-chains are still
effective and M,(t) = M.%/w.; (b) M,,(¢) increases with ¢; (c) M(t)
asymptotically approaches the entanglement spacing M.°/w, due
only to the 2-2 entanglements.

away. If we use the tube model, this process is identical
with the renewal of the tube composed of 1-chains. After
sufficiently long times, M,(t) approaches the entanglement
spacing M.°/w, for the solution of the 2-chain with the
concentration w, (Figure 7c).

The 2-chain in bB with My, >> M, and w, >> (w,),
would not relax completely as M ,(t) has reached M0 /w,.
The terminal (slowest) relaxation modes of such a 2-chain
are characterized by the effective mesh size M.°/w, con-
taining no contribution of the 1-chains. That is, the 1-
chains simply act as a diluent in the terminal region. On
the other hand, the 2-chain in bB with intermediate
Mo/ M, and w, seems to relax completely before M. ,(t)
reaches the asymptotic value M,°/w,. The terminal modes
of the 2-chain in this case are characterized by an effective
mesh size (<M,°/w,) to which the 1-chains are also con-
tributing to some extent.

We know the functional form of M,.(¢) in the entire
range of ¢ only qualitatively. However, the relaxation time
of the 3-chain in tB as well as nyp5 and Aypp of the 2-chain
in p-bB (cf. eq 6) should be dominantly affected by the
terminal modes of the 2-chain. Thus, using an effective
mesh size M, that characterizes only those terminal
modes, we should be able to describe the slow relaxation
of the 3-chain. We may assume My = Mo(t)|s=y,,,. one
is close to the terminal relaxation time of the 2-chain, as
shown by the thin arrows in Figures 2a and 3a.)

Here, instead of evaluating M., itself, we define the
effective 2-chain content 0,5 for p~bB by

Wopm = M,/ Moy (13)
and evaluate its value as follows: For a concentrated 2/
DBP system (designated 2m system) with w,,, and M,

(<wy ™), the viscosity 1, and elastic coefficient A, may
be written as

772,m « w2,m/Me2A5 < w2,m3'5 (14&)
Agp @ Wor/M* = wy 0 (14b)

If we regard the p-bB with w, 5 > (Wspp). as a solution
of the 2-chain having the mesh size M,,, we obtain

o 25 - 95
No,pB & Worn/Meo™® = Woyptlspp (15a)

Agpp @« Wops/Mep?! « woypilspt (15b)
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Figure 8. Comparison of the effective (iD,,p) and actual (wqyp)
2-chain content at 45 °C in the binary blends examined in Figures
2 and 3. The open circles indicate ;g determined from the
elastic coefficient data and the filled ones those from viscosity
data.

Thus, from the data of the p~bB and 2m systems having
Wau = Waypp at the iso-f, state, we can determine @, ,p as

Wopp = Wopn(nape/Mom)/%®  (from eq 14a and 15a)
(16a)

w2,bB = 1,()2‘1,3(1‘12’|3B/A‘lg‘m)l/4 (from eq 14b and 15b)
(16b)

Figure 8 compares the effective (i35} and actual (w;,p)
2-chain content for p-bB with woyp > (Wyp),. We see that
iy,p determined by eq 16a (filled circles) and eq 16b (open
circles) approximately agree with each other, although a
small (ca. 20%) difference is observed at small w,p.1? As
a crude approximation, we may say that A,y and nopp
are described by the same M,,. That is, the slow relaxation
modes of the 2-chain in bB may be approximated as those
in an equivalent solution having the effective mesh size
M,,.

Now we turn to the tB system. The behavior of the
2-chain is nearly the same, meaning that M, is nearly the
same for the tB and p-bB systems. Thus the effective
2-chain content 0,5 for tB may be evaluated from iby 3,5
determined for p-bB as

Wom = (ML/My) — wyp = Wops — wee  (17)

where w;,p represents a small contribution of the 3-chain
to M,, for the 2-chain in tB.

We have already shown the double-logarithmic plots of
J3BM38 V8. Wyp in Figure 6 by large half-filled circles. We
see that the data for tB with large and small M,,/M,,
ratios, together with those for 3/2/DBP systems (open
triangles), are reduced satisfactorily by @,,5. Thus we
obtain a universal relation

(Mw3 >> Mw2r Mwl > Me)
(18)

for the 3-chain in the matrix of much shorter 1- and 2-
chains. This result, together with those shown in Figure
8, indicates the validity of the concept of the effective mesh
size M,, for describing the slow relaxation of the 2- and
3-chains in bB and tB with w, > (w,)..

The 3-chain relaxes as the constraints due to much
shorter 1- and 2-chains are released. Equation 18 suggests
that this process may be approximated in the long-time
region as the renewal of the effective entanglement net-
work (tube) with the mesh size M,;: The 3-chain relaxes

=~ 3 7 -3
Ja,tBTIS,tB * Wotp~ & M.,
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Figure 9. Master curves of the storage moduli Gopp’ of the 2-chain
in the L315/1L42/DBP systems. The broken curves represent Gyp'.
The arrows indicate the characteristic frequencies (J5,g7958) 7,
and the horizontal dash—dot lines indicate Gy = wyoRT/(MS/w,).

as the surrounding 2-chains diffuse away in this effective
network. The effect of the 1-chains appears through M,,.

Fast Relaxation Modes of the 2-Chain in Binary
Blends. Now we attempt to resolve fast modes involved
in the relaxation of the 2-chain in bB. Replacing H, ;5(7)
in eq 5 by H; ;,(7/ A p), we evaluated the complex modulus
Gpp* of the 2-chain in bB from those of the bB and p—m
systems as

Gopp*(w) = Gpa*(w) — wypeGyn* (WA pB) /Wy, (19)

Figure 9 shows examples of the G,pp’ curves for the
L315/L42/DBP systems examined in Figure 2. Two
rubbery plateaus at high and low frequencies («) and a
broad crossover region at intermediate w are observed for
bB with w, > (w,),. The height of the plateau at high «
is close to Gy = wypRT/(ML/w,) (horizontal dash—-dot
lines) with p being the density of bulk PS, indicating that
the constraint due to 1-chains is still effective in this high
w range (cf. Figure 7a).

As shown in the previous section, the slow modes of the
2-chain in bB may be reduced to those in the equivalent
solution with the effective mesh size M,,. The plateau
modulus of such a solution should be proportional to the
number of effective mesh strands per unit volume, w,/M.,
o Wolby, and the relaxation time to M5 « 0,5, Thus
the complex modulus Gy,,* of this solution may be ap-
proximated by Gy ,* of the L315/DBP system with w, =
60 wt % as'®

Gg'sol*(w) = [waz/wpz]Gzym*(waI'swp—Ls) (20)

Figure 10 compares G,,,* (broken curves) and G, ,p*
(solid curves) for the L.315/1.42/DBP bB systems with w,
> (wy).. The Gyuu* and Gy up* curves are close to one
another at low w, but are largely different at high w. The
difference, AGyup* = Gopp* — Gyenr®, is shown by open and
filled circles. These AG,,p* curves exhibit a plateau and
wedgelike shoulder, suggesting that the relaxation spec-
trum of the 2-chain in bB is boxlike at short times and
wedgelike at intermediate times.

To separate the contributions of these boxlike and
wedgelike components, we attempted to fit the plateau of
AG,yp* at high w by an adequately shifted G* curve of a
certain monodisperse system having a boxlike spectrum.'4
We tested the values of G* obtained experimentally so far
and found that G* of the L89/DBP system with w, = 60
wt % gave a satisfactory fit for the bB examined in Figure
10, as shown there by the dotted curves. Hereafter, the
G* curve used for this fitting is designated Gyp,y*: This
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Figure 10. Comparison of the G,yp* (solid curves) and Gy ,*
(broken curves) for the bB systems examined in Figure 2. The
wy/w; ratios are 20/80, 40/60, and 60/40 for curves d, e, and f,
respectively. The open and filled circles represent AG, g’ and
AG,p”, respectively. The dotted G,,* curves were obtained by
adequately shifting the G* curve of the L89/DBP system (with
wy, = 60 wt %) to fit the AG,pp* curves at high frequencies.

curve represents the contribution of the boxlike spectrum
at short 7 to G, p*.

Figure 11 compares the sum [G q* + Gogy*] and Gy pp*
for the bB systems examined in Figure 10. At high and
low w, the sum (broken curves) agrees well with Gypg*
(solid curves). However, we find a considerable difference,
Gap* = Gopp* — [Goga* + Gamy*] (circles), between these
curves at intermediate w, suggesting a significant contri-
bution of the intermediate modes:'® For bB with w,/w,;
= 20/80 (curve d), Gy»* is as much as 30% of the G, p*
and appears to be wedge-shaped. The terminal frequency
of this Gyy* curve appears to be close to that of the 2-chain
in bB with w, < (w,), indicated by the arrow.

With increasing ws, the contribution of the intermediate
modes, Gy, *, becomes less prominent because of the in-
creasing contribution of the slow modes (G4, *), as seen
for bB with wy/w, = 60/40 (curve f).

Figure 12 shows the results of a similar analysis on the
L315/1.89/DBP bB systems. The solid, broken, and
dotted curves respectively represent Gypp*, Goqq*, and
Gypy*, and the circles denote the sum [Gy* + Gypy*1. The
difference between the sum and G,g* is small (<7%) in
the entire range of w even for the bB with w,/w, = 20/80
(curve d). The wedgelike G;)* curves observed for the
L315/L42/DBP systems in Figure 11 were not identified
here.

Relaxation Mechanisms of the 2-Chain. The results
shown in Figures 10-12 may be summarized as a blending
law for Hyyp of the 2-chain in bB

woH, pp(7) =
H(7)|gh.r + HY(Dling., + (wally/ W] Ha p ™ 2w,157) (57)
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Figure 11. Comparison of Ggp* (solid curves) and the sum
[Goga® + Gogy*] (broken curves) for the bB systems examined
in F‘igures 2,9, and 10. The w,/w; ratios are 20,80, 40/60, and
60/40 for curves d, e, and f, respectively. The open and filled
circles represent Gy’ and G, respectively. The arrows indicate
thcz te;‘minal frequency (Joppnaps) " of the 2-chain in bB with w,
< Wo)ee

where H® and H™ are the boxlike and wedgelike spectra
at short and intermediate 7, respectively, and H,,, is the
boxlike spectrum of the monodisperse 2-chain (reduced
to its unit volume) in the L.315/DBP system with w, = 60
wt % (cf. eq 20). The first, second, and third terms cor-
respond to Gopy*, Gyp*, and Gggq*, respectively. The
second term is unidentifiable when M, is close to M,,, or
wy is much larger than (wy)..

We should emphasize that only the last term in eq 5
can be evaluated from the data for monodisperse 2-chains,
i.e., eq 5 is only a formal blending law. However, 7,5 and
Jypp (and hence n,5 and Jy,5) dominated by the last term
may be approximately predicted if we know the depen-
dence of i, on M,,; and w; (i = 1, 2) quantitatively. In fact,
Struglinski and Graessley!® showed that the blending law
for n,p and Jy5 proposed by Montfort and co-workers!’ was

- fairly successful, although that law contains no terms

corresponding to the first and second terms in eq 5. In
other words, it is difficult to formulate the blending law
for Hyg(7) in the entire range of 7 only from the Ji5 and
n,p data, being insensitive to the fast relaxation modes.

On the basis of the generalized tube model, we may
attribute the three terms appearing in eq 5’ to the different
relaxation modes of the 2-chain in bB with M, >> M,
> M, and w, > (w,), taking place in a stepwise manner:®
the first and third terms to the reptation-like modes in the
entanglement network with the mesh size M,’/w, at short
times and M., at long times, and the second term to the
Rouse-like mode due to partial tube renewal at interme-
diate times. Struglinski and Graessley'® also reached a
similar molecular picture (case II in Figure 17 in ref 16).

For bB with small M,/M,, ratio, the second term in
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Figure 12. Comparison of Gypp* (solid curves) and G,,q* (broken
curves) for the bB systems examined in Figure 3. The w,/w; ratios
are 20/80, 40/60, and 60/40 for curves d, e, and f, respectively.
The dotted Gy* curves were obtained by adequately shifting
the G* curve of the L315/DBP system (with w, = 60 wt %) to
fit the AG,g* curves at high frequencies. The circles represent
the sum [GZSOI* + G2(h)*]'

eq 5’ vanishes and the intensity of the third term (ew,ib,)
is larger than that (<w,?) for the solution (cf. Figures 8 and
12). The partial tube renewal and reptation modes seem
to take place cooperatively, merging into a single mode at
long times.

Here we examine the partial tube renewal time in bB
with M, >> M., and wy > (wy).. If the Rouse-like motion
of the 2-chain due to partial tube renewal is confined be-
tween the adjacent 2-2 entanglement points, its charac-
teristic time should decrease with increasing w, and differ
largely from the tube renewal time for w, < (w,).. How-
ever, as can be seen from Figure 11, the characteristic times
of the Gy* curves due presumably to partial tube renewal
appear to be little dependent on w, and close to the re-
laxation time of the 2-chain (tube renewal time) in bB with
wy < (wy), (cf. the arrows): The molecular motion not
confined between the 2-2 entanglement points might
emerge during the partial tube renewal process.’® Further
study is necessary on this problem.
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List of Symbols

bB, tB: binary and ternary blends
MO, MP: entanglement spacing and characteristic mo-
lecular weight for bulk PS
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{o: monomeric friction coefficient

f:: free-volume fraction

M, weight-average molecular weight of i-chain (i = 1-3)

w;x: content of i-chain in monodisperse (X = m), bB (X
= bB), and tB (X = tB) systems (i = 1-3)

wy: total polymer content

(wypB)e: critical 2-chain content for the onset of the 2-2
entanglements in bB

(wgsp)e: critical 2-chain content at which the 2- and 3-
chains in tB together begin to form the entanglement
network

Hyg, Hp: relaxation spectra of bB and tB

H;x: relaxation spectrum of i-chain reduced to its unit
volume in monodisperse (X = m), bB (X = bB), and
tB (X = tB) systems (i = 1-3)

7. relaxation time

App: factor representing the increase in the relaxation
time of the 1-chain due to blending

mx Aix, Jix: viscosity, elastic coefficient, and compliance
of the i-chain in monodisperse (X = m), bB (X = bB),
and tB (X = tB) systems (i = 1-3)

7%, Ax, Jx: viscosity, elastic coefficient, and compliance
of bB (X = bB) and tB (X = tB) systems

M (t): time-dependent effective entanglement spacing for

_ the 2-chain in bB and tB

M,,: effective entanglement spacing that characterizes only
the terminal relaxation modes of the 2-chain  _

Dy, Wosp: effective 2-chain content corresponding to M,
in bB and tB

w: frequency

Gpe*: complex moduli of bB

G;n*: complex moduli of monodisperse i-chain (i = 1-3)

Gypp*: complex moduli of the 2-chain in bB (cf. eq 19)

Gaeor*: complex moduli of a solution having the effective
entanglement spacing M,,. This quantity represents
the contribution of the slow relaxation modes of the
2-chain to Gypp*. (cf. eq 20)

AG,pp*: contribution of the fast and intermediate modes
of the 2-chain to GZ,bB*; AGzle* = GZ,bB* - G2,sol*

Gom*: contribution of the fast relaxation modes of the
2-chain to Gy pp*

Gy*: contribution of the intermediate relaxation modes
of the 2-chain to GZ,bB*; G2(i)* = G2,bB* - [GZ(h)* +
GZ,soI*]

HP: boxlike relaxation spectrum of the 2-chain at short
7 corresponding to Gyp)*

H"¥: wedgelike relaxation spectrum of the 2-chain at in-
termediate 7 corresponding to Gag;)*

Registry No. Polystyrene, 9003-53-6.
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ABSTRACT: Polymers, terminally attached to a d;-dimension penetrable interacting hypersurface, are described
by using the two-parameter model of excluded volume, a pseudopotential polymer—surface interaction model,
and the renormalization group method. The dimensionality of the hypersurface is fixed as d; = 2, so that
the e-expansion (¢ = 4 - d with d the dimension of space) method can be applied to both the polymer—polymer
and polymer-surface interactions. Then the mean-square end-to-end vector distance (R?) is calculated to
first order in ¢ as a function of polymer—surface and polymer-polymer interactions. The result is compared
to (R?) for a terminally attached polymer at an impenetrable interacting surface. An increase in the chain
expansion due to repulsive excluded volume interactions leads to a decrease in the effects of repulsive
polymer-surface interactions on the polymer dimensions. This phenomenon is an apparent consequence of
the lower density of the chain upon expansion and the resultant lower probability of the chain encountering
the surface. Scaling arguments, on the other hand, indicate that attractive surface interactions amplify the

effect of the excluded volume interaction.

I. Introduction

The theoretical description of isolated polymers in the
presence of an interacting boundary has been considered
by using both lattice random walk and continuum random
walk models. Rubin! has studied lattice random walks
interacting with an impenetrable surface for the full range
of the polymer—surface interaction and has calculated
many of the important configurational properties of ideal
polymers with no polymer—polymer interactions. de
Gennes? and Lépine and Caillé® have also made important
contributions to the continuum formulation of the random
walk model of a chain interacting with an impenetrable
surface.

Some recent work has focused on extending these earlier
calculations to consider penetrable surfaces. Hammersley
et al.* give exact lattice random walk model calculations
for an interacting penetrable surface. Kosmas® introduces
a continuum model of a Gaussian polymer interacting with
a penetrable surface of continuously variable dimension
d,, and Nemirovsky and Freed® consider the exact analytic
treatment of the special case of penetrable and impene-
trable surfaces having a dimension one less than that of
the embedding space, d; = d ~ 1. More recently, Douglas
et al.” studied the exact treatment of the penetrable in-
teracting surface model® for Gaussian chains where the
adsorbing surface dimension d, is a variable. Wang et al.®
generalize the Nemirovsky and Freed® calculation by in-
cluding three surface interactions, one for each side of the
surface and one describing the “penetrability” of the
surface. The penetrable surface model®” with variable d,
can be similarly extended to include three surface inter-

action parameters, but this is left for future work.

The introduction of polymer—polymer excluded volume
interactions is an important extension of the lattice ran-
dom walk and continuous Gaussian chain models. Ham-
mersley et al.* perform exact calculation for lattice self-
avoiding walks (SAW’s) for both penetrable and impene-
trable surfaces, and there are numerous Monte Carlo and
direct enumeration calculations® for SAW’s interacting
with an impenetrable surface. Recent lattice calculations
by Ishinabe!® and Kremer!! consider SAW’s interacting
with a penetrable surface.

The development of renormalization group (RG) meth-
ods enables the extension of surface-interacting Gaussian
chain models to incorporate the excluded volume inter-
action, provided the polymer—polymer interactions are not
strongly attractive.”'?2 The first extensive treatment of
surface-interacting polymers by Eisenriegler et al.’® uses
the polymer-magnet analogy in conjunction with Monte
Carlo and scaling methods to consider numerous properties
of surface-interacting polymers. Freed!* employs the
equivalent two-parameter (TP) model of excluded volume
and evaluates some basic radial properties such as (R2)
and the end-to-end vector distribution function for a
polymer at an impenetrable reflecting surface where the
polymer-surface interaction vanishes. Eisenriegler!® cal-
culates some similar properties in this limit within the
magnetic analogy model and also considers the concen-
tration dependence of polymers near impenetrable sur-
faces. Nemirovsky and Freed® generalize the TP approach
to treat the full “double crossover dependence” of polymer
properties on the polymer—polymer and polymer—surface
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