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ABSTRACT: For cis-polyisoprene (PI) chains having dipoles parallel along their backbone, viscoelastic
relaxation reflects orientational anisotropy of subchains (stress-generating units) at respective times while
the dielectric relaxation reflects orientational correlation of the subchains at two separate times. This
difference between viscoelastic and dielectric relaxation processes enables us to examine the short-time
coherence of subchain motion in individual chains through comparison of these processes. Specifically,
for the two extreme cases of perfectly coherent or incoherent subchain motion, viscoelastic moduli GZ,,
and G}, are explicitly calculated from the relaxation times 7, and eigenfunctions f, defined for a local
correlation function describing fundamental features of the dielectric relaxation. On the basis of these
backgrounds, the G, and G},.,;, Were calculated for a Pl chain (M = 48800) dilutely blended in a high-M
entangling polybutadiene (PB) matrix (M = 263000). (The 7, and f, data necessary for this calculation
were obtained dielectrically in Part 1 of this series of papers.) The G, was in excellent agreement with
the G* data of the PI chain while G}, was significantly different from the data, meaning that the
subchain motion was highly coherent for the PI chain in the high-M PB matrix. In contrast, the subchain
motion of the same PI chain was found to be incoherent in an entangling PB matrix of smaller M (=9240).
The constraint release mechanism made a negligible contribution to the global dynamics of the PI chains
in the high-M matrix while it dominated the dynamics in the low-M matrix. These results indicate that
the constraint release is an important factor that determines the degree of coherence of the subchain

motion.

I. Introduction

For cis-polyisoprene (PI1) chains having dipoles paral-
lel along their backbone, slow dielectric relaxation due
to the global chain motion has been extensively studied
in a variety of environments.!™'® To describe this
relaxation, we divide the PI chain into N segments. On
time scales longer than a characteristic time te for
equilibration within the segment, the dielectric features
of the PI chain are described in terms of the equilibrium
motion of these segments. Thus, the segment size can
be arbitrarily chosen according to the time scale of out
interest, and the Gaussian segments (or subchains)
having no isochronal orientational correlation are often
used for description of the dielectric features of the PI
chains.'” Since each segment has the dipole parallel or
antiparallel to its bond vector (end-to-end vector), all
fundamental features of the slow dielectric relaxation
of the PI chains (on time scales >t¢) are described by a
local correlation function:®

C(n,t;m) = (1/a®)(n,t)-u(m,0)d 1)

Here, u(n,t) is a bond vector for the nth segment at a
time t and a2 = W20

The local correlation function C(n,t;m) can be decom-
posed into eigenmodes having the eigenfunctions fy(n)
and relaxation times 7,
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2 N
C(n,t;m) = Npr(n) f,(m) exp[—t/z,] (2)
&

The fp(n) and 7, can be determined from dielectric data
of a series of specially designed Pl chains having the
same M but differently once-inverted dipoles.® We
synthesized this series of dipole-inverted PI chains (with
M = 50000) and determined f,(n) and 7, for the slowest
three eigenmodes (p = 1—3) of the chains in the
monodisperse bulk state,® in solutions,'° and in a matrix
of short, entangling polybutadiene (PB) chains (B9; M
= 9240).15

In Part 1 of this series of papers,’® we have deter-
mined f,(n) (in an integrated form) and z, of the dipole-
inverted PI chains in a high-M entangling PB matrix
(B263; M = 263000). The P1/B263 blends are chemically
identical to the previously examined P1/B9 blends,*® but
the dynamics of the dilute PI probes is quite different
in these blends. The constraint release (CR) mechanism
(probe relaxation induced by matrix diffusion)20-22
makes a negligible contribution to the PI relaxation in
the B263 matrix while it dominates the relaxation in
the B9 matrix.’® Despite this difference in the CR
contribution, fy(n) (p = 1—3) are almost identical and
the decay of the 7p/71 ratio with p is nearly the same in
the two matrices.'® We also established the nonsinu-
soidal feature of fy(n) (p = 1—3), which rules out the
pure reptation mechanism even in the high-M B263
matrix.'8

We now move on and compare the dielectric and
viscoelastic behavior of the dipole-inverted Pl chains,
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which leads to important insights on the chain dynam-
ics. The global motion of the PI chains results in
dielectric as well as viscoelastic relaxation. In the
consistent description of these relaxation processes, the
segment is chosen to be sufficiently large so that it
includes many monomeric units and behaves as an
entropic strand. This segment is a stress-generating
unit on long time scales and is referred to as the
subchain in the remaining part of this paper. The
motion of the subchain after imposition of a small step
strain (i.e., in the linear regime) is identical to the
equilibrium motion. For a chain subjected to this strain
at t = 0, fundamental features of the slow, linear
viscoelastic relaxation are described by the orientation
function representing the orientational anisotropy of the
subchain at t > 0:17:19¢

S(nt) = )TN Yunhd (>0 (3

Here, the shear and shear gradient directions are taken
as the x and y directions, and uy(n,t) and uy(n,t) are the
x and y components of the bond vector (end-to-end
vector) u(n,t) of the nth subchain. The average stress
arising from the anisotropy of the nth subchain is given
by 3kTS(n,t) (k = Boltzmann constant, T = absolute
temperature),1® and this stress relaxes when the ani-
sotropy vanishes (due to the equilibrium chain motion
in the linear regime). This relationship between the
stress and S(n,t) leads to the stress-optical rule.19¢23

The fundamental functions describing the dielectric
and viscoelastic relaxation, C(n,t;m) and S(n,t), are
related to the first- and second-order moments of u(n,t),
the bond vector at time t (see eqs 1 and 3). Thus, the
motion of the PI chain is reflected differently in these
functions. Utilizing this difference, we can examine
changes in the bond vectors of two subchains in a short
interval of time.’>17 These changes are perfectly cor-
related if the subchains move coherently in this interval,
while the changes are uncorrelated for the case of an
incoherent subchain motion. For these two extreme
cases of subchain motion, we can explicitly calculate the
linear viscoelastic moduli Gf,, and G}, from the
dielectrically determined fy(n) and z.1>1" Comparison
of these moduli with the G* data enables us to experi-
mentally specify the coherence of the subchain motion.

For PI chains in solutions, we utilized this strategy
and found that the short-time motion of the subchains
is incoherent in the nonentangled solutions and some
degree of coherence emerges in entangled solutions.”
However, even for the case of well-entangled Pl in a
monodisperse bulk state (M/Me = 10 and 28), imperfect
coherence was found.l” This result reminds us that the
constraint release (CR) mechanism makes a consider-
able contribution to the viscoelastic relaxation of chains
in monodisperse systems with M/Me as large as 30.1424.25
Upon removal of the constraints, the subchains would
acquire the freedom to move in a more or less random
(uncorrelated) way. Thus, the CR mechanism could lead
to a lack of perfect coherence of the subchain motion
even in these well-entangled systems.

To examine this hypothesis about the CR effect on
the coherence of the subchain motion, we compare the
viscoelastic and dielectric quantities for dilute PI chains
(M = 48800) in various environments having different
extents of the CR contributions to the PI relaxation. In
section 11, we summarize the theoretical framework and
strategy of this study. In section Ill, we explain
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experimental procedures. In section IV, we present the
viscoelastic data of the dilute PI chains in the high-M
and low-M PB matrices (B263 and B9). In section V,
we calculate these moduli and compare the results with
the G* data of the PI chain. We also make a direct
comparison of the mechanical and dielectric loss data.
We conclude with a summary of our study in section
VI.

Il. Theoretical Section

I1-1. General. Relationships between the dielectric
and viscoelastic quantities have been derived for the two
extreme cases of coherent and incoherent subchain
motion.'>” For convenience, this section summarizes
the results for entangled linear chains with molecular
weight M and concentration c.

To describe the global motion of an entangled chain,
we naturally choose the entanglement segment as the
subchain, the stress-generating unit for slow viscoelastic
relaxation. For a chain composed of N subchains (N =
M/Me; M = molecular weight between entanglements),
we consider a change in the subchain bond vector u in
a short interval of time between t and t + At. This
change is generally determined by the chain conforma-
tion at time t and described by a time-evolution equation
of the form?’

u(n,t+At) = L*(n;At) u(n,t) + thermal noise terrr(14)

Here, L*(n;At) (=1 for At = 0) is an operator acting on
u at time t: L* is determined by the nature of the global
chain dynamics and the operation L*u may involve
either local or nonlocal operations (or both).1> Equation
4 enables us to formulate time evolution equations (in
the continuous limit) for the local correlation function
and orientation function. Solving these equations, we
can find expressions for dielectric and viscoelastic
guantities.

11-2. Expression for €'. For the local correlation
function C(n,t;m), the time evolution equation derived
from eq 4 is'’

a%C(n,t;m) = Lo(n) C(n,t;m) 5)

Here, the operator L¢ is defined in terms of L* (eq 4) as

olL*(n;At
Lc(n):[ B(Zt )ELt——o

Under a boundary condition representing random ori-
entation at the chain ends (C(n,t;m) =0 forn, m =0
and N), the eigenfunctions fy(n) and the relaxation times
7, accompanying eq 5 are determined by’

Lc(n) () = [z ]fp(n) (f,(0) =f,(N) =0) (V)

From the symmetry of the orientational correlation,
(n,t)-u(m,0)0= W(m,t)-u(n,0)] the solution of eq 5 is
written in a form of eigenmode expansion given by eq
2.% (The fy(n) used in eq 2 are normalized so as to satisfy
an initial condition representing the Gaussian confor-
mation of the chain, C(n,0;m) = 6pm.518)

From this solution, we obtain an expression for the
dielectric loss €' of Pl chains at an angular frequency
o in terms of fy(n) and 7,,.61%1517 Specifically, for regular
P1 chains having no dipole inversion, we find”

(6)
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2 T

(8)

N T1
¢'(w) = ZAGpZ‘ ’N [ M,(n) dn

1+ wzrpz

Here, Ac is the total dielectric intensity for the global
chain motion.

11-3. Expression for G*. For a chain subjected to
a small step shear strain at t = 0, we consider orienta-
tional relaxation at t > 0. We define an orientation
function for two different subchains:

S,(n,m,t) = (1/a%)m,(n,tyu,(m, )0
(=S(n,t) for n=m) (9)

For this function, the time evolution equation deduced
from eq 4 is written as’

%Sz(n,t;m) = Lg(n;m) S,(n,t;m) (10)

Here, Ls is an operator defined in terms of L* (eq 4):

OL*(n; At)L*(m;At)
oAt E}Atﬂo (11)

This Ls is given as the second-order moment of L* while
the operator Lc for C (eq 6) includes the first-order
moment. Thus, a relationship between Ls and Lc
changes with the stochastic nature of the chain dynam-
ics represented by L*, implying that the solution of eq
10 cannot be generally expressed in terms of fy,(n) and
7p defined for C(n,t;m). However, for two extreme cases,
we obtain specific expressions.

For the case of incoherent subchain motion where the
short time motions of two subchains in individual chains
are not correlated at all, eq 11 is decoupled as Ls(n;m)
= L¢(n) + Lc(m). For this case, we can explicitly expand
So(n,m,t) with respect to f, and 7, and obtain the
relaxation modulus G(t) (O3 Sz(n,n,t) dn).” The re-
sulting expression for the reduced linear viscoelastic
modulus, G; = G*M/cRT (R = gas constant), is%’

Lg(nim) =

iwrp/2

* _ s 1 N 2
Gr,incoh(‘u) - Zle[Nv/E) {fp(n)} dn] 1+ inP/Z

(i=v-1) (12)

For the other case of coherent subchain motion where
the subchain motions are perfectly correlated in indi-
vidual chains to satisfy a relationship, [[L*(n;At)L*-
(Mm;AD)SB2(n,m,t) Jo=m = DL*(N;ADS2(n,N,t) + O(At?),
So(n,m,t) is expanded differently with respect to f, and
7. For this case, G; is given by'’

N 1 N
pZ\ Nﬁ’ f,(n) dn

Here, Gy is the plateau modulus of the chains having
molecular weight M and concentration ¢ (in mass/
volume units). In eqs 12 and 13, we have used an
expression of Go for affine deformation, Go = cRT/M, =
NcRT/M. (If we use the Doi—Edwards expression, Go
= 4cRT/5Me, eq 12 is slightly modified (the front factor
of 2 becomes 8/5)15 but eq 13 remains the same.l?)

The calculated moduli are quite different for the above
two cases, and we can examine the coherence of the

2G,M 2 i,

G (o) =
r,coh( ) cRT

(13)

Tp
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Figure 1. Linear viscoelastic moduli of the I-1 49-0/B263
blend (¢ = 0.05) at 40 °C (unfilled symbols). The dashed
curves indicate the moduli of the bulk B263 matrix. The filled
circles indicate the loss moduli Gy of the dilute I-1 49-0 chains
in the blend evaluated from eq 15.

subchain motion by comparing these moduli with the
Gy data. The coherence can also be examined through
a direct comparison of the ¢’ and G" data: If the
subchain motion is coherent, these data of regular PI
chains (with no dipole inversion) obey a simple relation-
ship!? (cf. egs 8 and 13)
€'(w)Ae = G"(w)IG, (for regular PI1) (14)
Thus, we can conclude that some degree of incoherence

exists if a difference is found between the €"'(w)/Ae and
G"(w)IGo data.

I11. Experimental Section

A regular Pl sample, I-1 49-0 (M = 48800), and two
polybutadiene samples, B263 (M = 263000) and B9 (M = 9240)
were used. The molecular characteristics of these samples
were summarized in Table 1 of Part 1.18

Linear viscoelastic measurements were carried out with
laboratory rheometers (ARES and RMS 605, Rheometrics) in
a parallel-plate geometry of diameter =2.5 cm. Storage and
loss moduli, G' and G", were determined for homogeneous
blends of I-1 49-0 (with the volume fraction ¢p = 0.05) in the
B263 and/or B9 matrices prepared with the method explained
in Part 1*® and also for bulk B263 and B9 matrices. The
moduli were measured also for the bulk I-1 49-0 system, and
the results were in excellent agreement with the previous
data.'” Time—temperature superposition worked very well for
all these G' and G" data, and the data were reduced to T, =
40 °C and directly compared with the dielectric data of the
same systems obtained in Part 1'8 and in previous studies.515

The shift factors arc for G* was the same for the I-1 49-0/
B263 and I-1 49-0/B9 blends as well as for respective matrices
in the bulk state. The arc data for the I-1 49-0/B263 blend
and bulk B263 matrix, shown in Figure 2 of Part 1,8 coincided
with ar . for €' of the I-1 49-0 chains in the B263 matrix. This
result strongly suggests that the dilute I-1 49-0 chains (¢p =
0.05) were uniformly mixed with the B263 matrix. Similar
results were found for the I-1 49-0/B9 blend*® and other PI1/PB
blends containing dilute PI chains.'?

1V. Results

IV-1. Overview for Viscoelastic Behavior of I-I
49-0/PB Blends. Figures 1 and 2, respectively, show
the master curves of linear viscoelastic moduli for the
1-1 49-0/B263 and I-1 49-0/B9 blends at 40 °C. The
unfilled squares and circles indicate G, and Gy of the
blends. For comparison, the moduli G, and G, of
respective matrices in the bulk state are shown with the
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Figure 2. Linear viscoelastic moduli of the I-1 49-0/B9 blend
(¢e1 = 0.05) at 40 °C (unfilled symbols). The dashed curves
indicate the moduli of the bulk B9 matrix. The filled symbols

indicate the moduli G; of the dilute I-1 49-0 chains in the
blend evaluated from eq 15.

dashed curves. The dilute I-1 49-0 chains (¢p; = 0.05)
are entangled only with the B263 and/or B9 matrices;
we establish this in a subsequent section (eq 19). The
constraint release mechanism makes a negligible con-
tribution to the relaxation of the dilute I-1 49-0 chains
in the B263 matrix while it dominates the relaxation
in the B9 matrix.'®

In Figure 1, we note that Gy is larger than G, and
exhibits a shoulder at war > 20 s~ where G, shows a
well-defined rubbery plateau. At lower war, Gj be-
comes smaller than G;,. These results indicate that
the blend has a fast relaxation process of small intensity
that is absent in the bulk matrix. This relaxation
process is also seen for the G' data, though less
prominently. (In general, G" has a higher sensitivity
to fast and weak relaxation modes than G'.)

The fast and weak relaxation process seen above
corresponds to the relaxation of the dilute I-1 49-0 chains
in the blend: At war well above 20 s71, the I-1 49-0
chains hardly relax and effectively contribute to G of
the blend. On the other hand, at wat < 20 s71, these
chains completely relax and work as a “solvent” for the
much longer B263 chains. The difference between Gj,
and G}, at low war reflects this “solvent-like” role of 1-1
49-0 for the terminal relaxation of the B263 matrix.

In Figure 2, we note a different feature for the I-1 49-
0/B9 blend. For this case, the I-1 49-0 relaxation is
slower than the matrix relaxation. Thus, the difference
between the blend (unfilled symbols) and bulk matrix
(dashed curve) is more prominently observed for G’ than
for G" (because slow and weak relaxation modes are
more sensitively detected in G'). At wat < 10%s7%, G
is significantly larger than G;, and exhibits a clear
shoulder while Gy is only modestly larger than Gj,.
This shoulder corresponds to the terminal relaxation of
I-1 49-0 in the B9 matrix. These results indicate that
the B9 matrix chains, which are much shorter than the
I-1 49-0 chain, work as the “solvent” for the terminal
relaxation of I-1 49-0. This type of matrix behavior has
been noted in other blend systems.14.24-28
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IV-2. Evaluation of G} for I-1 49-0 in PB Matri-
ces. From the G} and Gy, data shown in Figures 1 and
2, the viscoelastic moduli G; of the dilute I-1 49-0
chains in the B263 and B9 matrices are evaluated in
the following way.

IV-2.1. Gj in the B9 Matrix. The coincidence of G,
and Gj at war > 10* s™! (Figure 2) indicates that the
dilute I-1 49-0 chains do not affect the terminal relax-
ation of the B9 chains. Thus, the contribution of the
B9 matrix to the viscoelastic modulus of the blend is
given by ¢mGr(w), where ¢m (=0.95) is the matrix
volume fraction in the blend and G}, (w) is the modulus
of bulk B9. At wat < 10* s~ where the I-1 49-0 chains
exhibit their terminal relaxation, the B9 chains have
fully relaxed and work as a “solvent” for the I-1 49-0
chains. In this range of war, G is simply evaluated by
subtracting the matrix contribution from the G} data:

Gi(@) = Gy(@) ~ ¢mGp() (15)

The validity of this subtraction has been confirmed in
previous studies on long, dilute probe chains entangled
with much shorter matrix chains.14.24-28

At war < 10* s, G| and Gy thus evaluated are
shown in Figure 2 with filled diamonds and filled circles,
respectively. Since Gy (unfilled squares) is signifi-
cantly larger than Gy, (dashed curve) and G; is close to
G, in this range of war, uncertainties in the evaluation
of G} are negligibly small. Although Gy (unfilled
circles) is not much larger than G, (dashed curve), G|
and G obtained from eq 15 exhibit the Kramers—
Kronig-type consistency?® in their o dependence (that
resembles the dependence deduced from bead-spring
models). This result strongly suggests that G;'is also
evaluated satisfactorily. In particular, at sufficiently
low war (<100 s™1) where the blend and bulk matrix
exhibit respective zero shear viscosities, 70p and 7o m,
G)'is accurately evaluated from eq 15 as G|(w) = w[nob
— ¢mmo,m]-

IV-2.2. Gy in the B263 Matrix. In the B263 matrix,
the I-1 49-0 chains relax at wat > 20 s71; see Figure 1.
The evaluation of Gy in this matrix requires some
molecular considerations. Specifically, we consider the
evaluation in two cases.

Case 1: If the dilute I-1 49-0 chains do not affect the
relaxation behavior of the B263 matrix at war > 20 s7%,
Gj(w) is given by eq 15 with G}, being the modulus of
the bulk B263 matrix. The Gj(w) data evaluated in
this way are shown in Figure 1 with filled circles. Since
Gy and Gy, are close to each other, the G| evaluated
from eq 15 exhibited a large scatter. Those G| data are
not shown in Figure 1.

Case 2: If the dilute I-1 49-0 chains work exactly as a
“solvent” for the B263 matrix at war > 20 s71, Gj(w) is

obtained by subtracting the modulus G, (w) of a “solu-
tion” of B263 (with the volume fraction ¢m = 0.95) from
the Gj(w) data. Since ¢m is close to unity and the
“solvent” is the polymeric I-1 49-0 that is chemically
similar to B263, we may consider the segmental friction
of B263 in this solution to be identical to that in bulk
B263. For this case, G;,(w) of the B263 solution is
given by1426.28

Gio(@) = ¢ G ) (16)
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Figure 3. Comparison of the linear viscoelastic moduli Gy of
the 1-1 49-0 chains (¢p; = 0.05) in the B263 matrix evaluated
from eq 15 (filled circles) and eq 17 (filled triangles and unfilled

squares). The Gj evaluated from eq 17 are multiplied by a
factor of 0.75. The solid and dashed curves are shown as a
guide for eye.

where G} (w) is the modulus of bulk B263 at the
frequency w. In eq 16, the front factor, ¢m?, accounts
for the dilution of B263 to the volume fraction ¢, and
the increase of M, (O ¢m~1) on this “dilution”, and the
factor ¢m® multiplying @ accounts for acceleration of
the B263 relaxation due to this increase of M. In fact,

*

w(w) given by eq 16 agrees very well with the Gj
data at low war < 5 s™! where the I-1 49-0 chains fully
relax and actually work as the solvent for the B263
chains (cf. Figure 1). We thus evaluate Gj(w) as
Gi(@) = Gi(®) ~ ¢ Gr(¢m @) (17)

Validity of Equation 15: At sufficiently high w where
the dilute I-1 49-0 chains have not relaxed, the behavior
of the B263 matrix chains in the blend should be close
to the behavior in their bulk system. These B263 chains
begin to adjust their M in the blend to that in the
solution after the I-1 49-0 relaxation is completed, and
this adjustment requires some time. Thus, during the
I-1 49-0 relaxation at wat > 20 s~1, the behavior of the
B263 chains in the blend would be essentially the same
as that in their bulk system. This argument suggests
that case 1 is close to the real situation and the G}
evaluated from eq 15 is to be used as the modulus for
the 1-1 49-0 chains in the B263 matrix.

Here, we examine an uncertainty of the G} evalu-
ated for case 1 (eq 15) by comparing this Gy with the G}
for case 2 (eq 17): Among all possibilities for the
evaluation of Gj, eq 15 gives the lower bound on Gj
while eq 17 gives the upper bound. Thus, the true
modulus of I-1 49-0 is determined from eq 15 with no
uncertainty if the two Gy obtained from egs 15 and 17
are indistinguishable. This comparison is made in
Figure 3. The Gj for the case 1 (eq 15) is shown with
the filled circles. The Gj' for case 2 (eq 17) exhibited a
peak that was =25% higher than the peak of G| for
case 1. For the best comparison of the viscoelastic mode
distribution (o dependence of G}) for cases 1 and 2, G,
and Gj'for case 2 are multiplied by a factor of 0.75 and
shown with unfilled squares and filled triangles. Good
agreement is found for the filled circles and triangles
over the entire range of w examined. This result
demonstrates that the true viscoelastic mode distribu-
tion of the I-1 49-0 chain is satisfactorily determined by
eq 15. In addition, the agreement suggests that the G|
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Figure 4. Comparison of Gy, (solid curves; eq 12) and
Gy con (dashed curves; eq 13) evaluated from the dielectrically

determined fp(n) and 7, (p = 1—3)%!518 with the G; data of the
I-1 49-0 chain. The comparison is made in the three environ-

ments at 40 °C. For evaluation of the G; data, see the text.

determined by eq 15 includes the uncertainty of less
than 25%. Thus, we can safely use this Gj'in tests of
the coherence of the subchain motion.

The argument for the B263 matrix relaxation at war
> 20 s~! suggests that the G; for the case 1 (eq 15) is
the true storage modulus of the I-1 49-0 chains in this
matrix. However, direct application of eq 15 to the G},
and G}, data resulted in scattered estimates of G|. The
results shown in Figure 3 enable us to avoid this
difficulty. The G| and Gj' for case 2 (eq 17) exhibit the
Kramers—Kronig-type consistency?® in their o depen-
dence (cf. unfilled squares and filled triangles), and the
latter multiplied by the factor of 0.75 coincides well with
the true G| determined by eq 15. These results indi-
cate that the true G, (for case 1) can be evaluated as
the G, for case 2 multiplied by the same factor. Thus,
G) and Gy'for case 2 multiplied by 0.75 are used later in
Figure 4 as the true moduli of the I-1 49-0 chains.

V. Discussion

V-1. Entanglement Spacing for I-1 49-0 in PB
Matrices. In Figure 1, the G| data for the dilute I-I
49-0 chains in the B263 matrix (determined by eq 15)
exhibit a sharp peak; see filled circles. Thus, we can
evaluate the plateau modulus Gy of these chains as G
= (2In)/2,,Gyd(In w). From this Gy, the entanglement
spacing (or the molecular weight between entangle-
ments) for the I-1 49-0 chains is obtained as Me; =
podPIRT/Go, (op = density of the blend). For the solid
curve smoothly connecting the G| data points in Figure
1, the above integration was numerically carried out to
give
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Gy, = 7.0 x 10* Pa for dilute I-1 49-0 in PB
(¢ = 0.05) (18)

M, = 1700 for dilute I-1 49-0 in PB (19)

Since Gp and M. of monodisperse systems are indepen-
dent of the molecular weight,?°3° Gy and M, are deter-
mined by local topological interactions of the chains.
Thus, Gy and M. of I-1 49-0 in both B263 and B9
matrices should be given by egs 18 and 19.

Note that the Mg, value is close to the Mgg value
(=1900)%° for bulk PB. For dilute PI chains in entan-
gling PB matrices, a previous study!® determined a
hypothetical monodisperse state as a state where the
Pl chains and PB matrices have the same relaxation
time. This state was found to be realized when the PI
and PB chains have the same molecular weight, mean-
ing that the dynamics of the dilute Pl chains is
equivalent to the dynamics of the PB matrix chains
having the same M. This result appears to be in
harmony with the above coincidence of M, and Mg g

From the M value given by eq 19, we can specify a
critical Pl molecular weight M, that is required for Pl
chains in the PB matrix to be entangled among them-
selves. In usual solutions, the chains with a volume
faction ¢ are entangled among themselves if their M is
larger than M¢ = 2MZ/$,2°3 where Mg and Mg are the
characteristic molecular weight and entanglement spac-
ing in the bulk state. Applying this criterion to the Pl
chains in PB matrices and using the above Mg, value,
we find that the PI chains of ¢p; = 0.05 are entangled
among themselves if their M, is larger than 2Me /¢p| =
68000. According to this result, the PI chains are not
entangled among themselves in any of the PI/PB blends
used in Part 18 and Part 2 (this paper).

V-2. Calculation of G; ., and Gy ;,.on- For the I-I
49-0 chains in the B9 matrix (¢p; = 0.05) as well as in
their monodisperse bulk system, the eigenfunctions fp-
(n) and the relaxation times 7, (p = 1—3) of the local
correlation function (eq 2) have been determined in
previous studies.®1517 In these studies, the integrated
eigenfunctions Fp(n*) were obtained from analyses of
€' data of dipole-inverted Pl chains, and fy,(n) were
evaluated from numerical differentiation of Fp(n*)

)
f(d(n/N)) (20)

For the I-1 49-0 chains in the B263 matrix (¢p; = 0.05),
AFp(n*) = Fp(n*) — Fp(N/2) and 7, for the lowest three
eigenmodes (p = 1—3) were obtained in Part 1.18 As
before,>17 we carried out the numerical differentiation
(eq 20) for the solid curves shown in Figure 6 of Part 1
that smoothly connect the AF,(n*) data points.

For the I-1 49-0 chains in the above three environ-
ments, we utilized the fp(n) and 7, data for p = 1—-3 to
calculate the reduced moduli for the two extreme cases
of incoherent and coherent subchain motion, Gy ;. (€q
12) and Gy, (eq 13). The Gy and Gy, thus
obtained are different from (smailer than) the moduli
contributed from all eigenmodes (p = 1-N). For
Gy incon(w) rather insensitive to fast eigenmodes, this
difference is negligibly small at w < 6/t1c where 716 is
the longest relaxation time of Gy .,n.1"3! Since the
intensity factor for G, (O[(L/N)/fo(n) dn]?; eq 13)
decays with increasing p more strongly than the factor

Fo(n*) = % e ) dn, f(n) =
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for Gi incon (D(l/N)fg‘{fp(n)}2 dn; eq 12), the difference
between the moduli calculated for p=1-3andp=1—N
is smaller for G| ., than that for G, ;.. Thus, at w <
6/t1c, we can safely compare these storage moduli
calculated for p = 1—3 with the G; data.

The situation is somewhat different for the loss
modulus which is more significantly contributed from
fast eigenmodes than the storage modulus. In the zero
shear regime at o < 1/t; 6, the difference between the
loss moduli calculated for p = 1-3 and p = 1-N is
estimated to be =20%% for G} ., and =10%3 for

reon-  This difference specifies an error in the Gy
calculated for p = 1-3. For both Gy}, and G{;,, the
error becomes larger at higher w. Thus we compare
the G/;.on and Gy, calculated for p = 1-3 with the G/
data only in the zero shear regime, keeping in mind the
small errors of these G/; .o, and Gy .

V-3. CR Effects on Coherence of Subchain Mo-
tion. In Figure 4, we compare the calculated moduli,
Grincon (solid curves) and Gj ., (dashed curves), with
the G} data at 40 °C for the I-1 49-0 chains in the B263
and BQ matrices and in the monodisperse bulk system.
The G} ;n and G; ., are shown at w < 6/t1 ¢ while the
G incon and G\ con (the short straight lines with slope of
unity) are shown only in the zero shear regime for the
reasons explained above. The unfilled and filled squares
indicate the G; and G, data: For the bulk I-1 49-0
system, the G* data obtained in this and previous’
studies were used to evaluate the reduced modulus G
= G*MI/p{RT (p; = bulk PI density). For the I-1 49- O
chain in the B263 and B9 matrices, the G| data
determined from eq 15 (cf. Figures 1 and 2) were used
to evaluate G} = GiM/pw¢pIRT (pp = blend density).

For the I-1 49-0 chain in the B263 matrix, the earlier
arguments suggest that the true G} is determined by
eq 15. However, the o dependence of this Gy is almost
identical to that of the G| determined by eq 17 and the
magnitude is larger, by a factor of 25%, for the latter;
see Figure 3. Thus, G; and G| are also evaluated from
the G| and G| determined by eq 17 and multiplied by
0.75: These G; and G, are shown in Figure 4 with the
unfilled circles and filled circles, the latter almost
coinciding with the filled squares.

Figure 4 demonstrates the following features of the
I-1 49-0 chain in the three environments. In the B9
matrix, Gy ,n IS in excellent agreement with the G,
data. The agreement of G{;,.,, and the G'data is also
satisfactory if we consider the small error in the
calculated G\;,.on (=20%). In contrast, we find signifi-
cant differences between Gy, and the G; data. Thus,
we conclude that the short-time motion of the subchains
is incoherent for the dilute I-1 49-0 chains entangled
with the highly mobile, low-M B9 matrix.

For the monodisperse bulk I-1 49-0 system, some
degree of coherence of the subchain motion is noted from
the deviation of Gy; ., from the G; data. However,
G; con is also different from the G; data, indicating that
the coherence is not perfect in this system.

For the I-1 49-0 chain in the B263 matrix, the G}
data may include the small uncertainty explained
earlier (less than 25%). The calculated Gy, agrees
with the G} data within this uncertainty, while G}

r,incoh

exhibits a S|gn|f|cant deviation. Thus, the subchain
motion is highly coherent for the I-1 49-0 chain in the
B263 matrix.
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Figure 5. Comparison of the G|/Go, and €'"'/Ae data at 40 °C
for the I-1 49-0 chain in the three environments as indicated.
The solid curve shown for the I-1 49-0 chain in the B263 matrix
indicates G|/Gy, and €''/Ae deduced from the pure reptation
model. (The frequency scale of this curve is adjusted so that
the curve has the maximum at the same frequency as the
G|/Go, and €""/Ae data.)

In Figure 5, we compare the G'and ¢" data of the I-1
49-0 chain. According to eq 14, Gy is reduced by the
plateau modulus, Go = 4.8 x 10° Pa for bulk I-1 49-0
and Gp = 7.0 x 10* Pa (eq 18) for the I-1 49-0 chains in
the B263 and B9 matrices (¢p; = 0.05), while €" is
reduced by the dielectric intensity Ae in respective
environments. Since Go, was evaluated from the G}
data, the small uncertainty (<25%) of G| in the B263
matrix (cf. Figure 3) does not affect the results of
comparison of the normalized losses, G|/Gg, and €'/Ae.
Thus, in Figure 5, we can clearly examine whether the
subchain motion is perfectly coherent or not by compar-
ing these losses over a wide range of w.

For the I-1 49-0 chain in the B263 matrix, the G|/Go,
and €'"'/Ae data agree with each other within experimen-
tal scatter of the data. Thus, eq 14 is valid. This result
confirms that the subchain motion is highly coherent
for the dilute I-1 49-0 chains in the B263 matrix. The
coherence is incomplete in the bulk I-1 49-0 system and
in the B9 matrix, as noted from the differences between
the G|/Go, and €''/Ae data. In fact, Figure 4 demon-
strates that the subchain motion is highly incoherent
in the B9 matrix. (Note that the comparison in Figure
5 specifies whether the coherence is complete or not. In

contrast, the comparison of Gj .., and Gy, with the
G; data (Figure 4) specifies whether the subchain
motion is perfectly coherent or incoherent.)

The constraint release (CR) contribution to the PI

dynamics, measured by the ratio of the CR relaxation
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time 7cr to the observed longest relaxation time 73, is
quite different in the three environments: As explained
in Part 1,'® the CR mechanism dominates the PI
dynamics in the B9 matrix (tcr/t1 = 1.1) while it has
negligible effects in the B263 matrix (zcr/t1 = 5600) and
modest effects in the monodisperse bulk I-1 49-0 system
(tcr/t1 = 3.5). Considering this result and those found
in Figures 4 and 5, we can now conclude that the CR
contribution to the probe chain dynamics is one of the
important factors that determine the short-time coher-
ence of the subchain motion in the probe: The larger
this contribution, the smaller the degree of coherence.

We have to emphasize that the magnitude of en-
tanglements measured by the M /M. ratio is not a factor
determining the degree of the coherence:3 This ratio is
=29 for the dilute I-1 49-0 chains in both B263 and B9
matrices (Mg = 1700 for ¢p; = 0.05; eq 19) and =10 in
the bulk I-1 49-0 system (Mg, = 5000 for bulk P12°%0),
Despite the coincidence of the M/Mg ratio in the B263
and B9 matrices, the subchain motion is much more
coherent in the former.

V-4. Comparison with the Tube Model. We focus
on the I-1 49-0 subchain motion in the B263 matrix
(Figure 5). The solid curve shown there is the normal-
ized losses, G}/Go, and €'"/Ae, for a chain relaxing by
the perfectly coherent, pure reptation mechanism. (The
frequency scale for this curve is adjusted so that the
curve has the maximum at the same frequency as the
G)/Go, and €"/Ae data.) Despite the high coherence of
the subchain motion experimentally found in the B263
matrix, the G}/Go, and ¢"/Ae data are significantly
different from the pure reptation curve. This difference,
found for the normalized losses, allows us to conclude
that the highly coherent motion of the I-1 49-0 chains
in the B263 matrix results from a mechanism other than
pure reptation. This conclusion is in harmony with that
of Part 1.18

One may argue that the M/M¢ ratio (=29) of the I-I
49-0 chain in the B263 matrix is not large enough to
allow the purely reptative motion of this chain and that
the contour length fluctuation mechanism?19:¢21.3435 hag
a significant contribution to the dynamics of the chain.
In fact, a power-law exponent for the data of the I-1 49-0
chain in the B263 matrix at high w, G|/Go, = €"/Ae O
w™* with o = Y/, (see Figure 5), is in close agreement
with the exponent theoretically deduced for the com-
bined mechanism of reptation plus contour length
fluctuation.®* In addition, the M, dependence of 7, for
the PI chains in matrices of much longer chains (eq 6
in Part 1)8 is not far from the dependence deduced for
this combined mechanism.34.3%

However, we have to also note an important fact that
the contour length fluctuation results from the Rouse
motion of the chain trapped in a fixed tube.3435 It is
not clear whether the experimentally observed high
coherence of the subchain motion in the B263 matrix is
consistent with this Rouse motion (that leads to the
perfect incoherence under the absence of the tube
confinement). In addition, the eigenfunctions f,(n) for
the local correlation function (eq 2) have not been
calculated for the combined mechanism of reptation plus
contour length fluctuation. Thus, it is not clear whether
the experimentally obtained nonsinusoidal fy(n) can be
explained by this mechanism. Further theoretical stud-
ies are desirable to clarify these problems.
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V1. Concluding Remarks

Comparing viscoelastic and dielectric data from dilute
PI chains in various environments, we have examined
the short-time coherence of the subchain motion in
individual chains. The comparison unequivocally indi-
cated that the constraint release (CR) mechanism is one
of the important factors that determine this coherence:
The larger the CR contribution to the PI dynamics, the
smaller the degree of the coherence. We also found that
the coherence is not determined by the magnitude of
entanglements measured by the M/Me ratio. No avail-
able molecular models seem to explain these experi-
mental findings. Specifically, it is not clear whether the
results can be explained within the framework of the
generalized tube model considering the CR, contour
length fluctuation, and reptation mechanisms. Further
theoretical studies are necessary to clarify this problem.
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