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CHAPTER 1

Introduction

1-1. General

Polymeric materials consisting of flexible chains have been extensively utilized over past
several decades. The processing, providing a desired shape to these materials, is intimately
related to dynamics of polymer chains therein. In addition, the dynamics of flexible polymer
chains is one of the most important subjects in the field of polymer physics. Thus, the chain
dynamics has been extensively investigated from both scientific as well as industrial points of
view.

At equilibrium, the flexible chains behave as random coils because of a huge freedom in
the spatial arrangements of their constituent units (monomers).” Corresponding to this huge
freedom, the chains exhibit various types of motion according to the time and spatial scales of
observation. In general, the fast dynamics corresponds to the chain motion in small spatial
scales, while the slow dynamics reflects the motion over large spatial scales. The very local,
rapid motion in the scales of chemical bonds (e.g., the bond vibration) is not significantly differ-
ent from that in low molecular weight (M) materials and is essentially determined by the chemi-
cal structure of the chains. However, at larger scales, the polymer chains exhibit unique dy-
namic features not found for the low-M materials. These features, corresponding to the motion
in the spatial scales well above the monomer size and strongly influenced by the chain connec-
tivity, are very similar for the polymer chains of various chemical structures®. This universality
(independence from the chemical structure) is indicative of the existence of the global dynamics
common for various kinds of polymer chains.

The motion of polymer chains is reflected in many kinds of dynamic properties, e.g.,
viscoelastic (rheological) and dielectric properties. Among these properties, the viscoelastic
properties have been most extensively studied (partly because of their intimate relationship with
practical processing). A comprehensive summary of results of early studies is given in Ferry’s -
textbook? and Graessley’s review.¥ Those studies revealed some important dynamic features of
polymer chains to establish the corresponding molecular concepts (including the universality
explained above). ,

Probably, the firstly noted basic features were the viscoelastic memory effect of polymeric
liquids and the dependence of some viscoelastic quantities on the chain molecular weight M.
Examples of this M dependence for monodisperse linear chains are shown in Fig. 1-1 (for the
dynamic storage and loss moduli, G' and G", of linear polystyrenes (PS))” and in Fig. 1-2 (for the
zero-shear viscosity 7, of these linear PS chains): As noted in Fig. 1-1, the behavior of high-M
polymers is similar to that of cross-linked rubbers at high frequencies w where G' (an elastic
component of the modulus) is insensitive to @ and G"(a dissipative component) is much smaller
than G'. Thus, at such high @ (at short time scales), the high-M polymers behave as elastic
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Fig. 1-2 Molecular weight dependence of zero-shear viscosity 77, of monodisperse, linear polystyrene samples at

160°C.% The free volume correction® was made for the 77, data for M =9 x 10* and 15 x 10° ‘to compare the data at an

iso-frictional state.

solids. However, both G' and G" decreases with decreasing @ and the mechanical response is
dominated by G" (>> G") at low @, meaning that the polymers behave as viscous fluids in long
time scales. This change in the response most clearly represents the viscoelastic relaxation of
high-M polymer chains. Since a characteristic time of this relaxation increases with M, the
frequency for crossover from the elastic behavior to viscous behavior (the relaxation frequency)
decreases with M (cf. Fig. 1-1) and the viscosity 7, increases with M accordingly (cf. Fig. 1-2).
Under the recognition that the mechanical stress of polymeric liquids is related to the
anisotropy in the chain conformation induced by the applied strain/flow, the viscoelastic relax-
ation (such as seen in Fig. 1-1) is related to the chain motion that reduces this anisotropy and
allows the stress to relax. This stress-conformation relationship, known as the stress-optical
rule,>” enabled investigation of the chain motion through viscoelastic quantities and contributed

significantly to the development of molecular concepts of the polymer dynamics.

1-2. Attempts of Molecular Explanation
Molecular concepts of the polymer dynamics have been developed to explain the experi-
mentally observed viscoelastic features such as those seen in Figs. 1-1 and 1-2. In this develop-

ment, the universality of the slow viscoelastic relaxation enabled the use of coarse-grained
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models that account for no chemical details of the chain but preserve the essential structural
character, the chain connectivity.

For description of the viscoelastic behavior, the Rouse model® was firstly developed. In
this model, the chain is divided into coarse-grained submolecules. The submolecules are further
replaced by beads that have a M-independent friction coefficient { and are connected by springs
of strength x. The Rouse model was originally formulated for an isolated chain in dilute solu-
tions. However, because of the lack of hydrodynamic interaction in the model, this model
cannot describe the behavior of dilute solutions. Nevertheless, this model was found to describe
the viscoelastic behavior of short, linear chains in concentrated systems very welll.2; Prediction
of this model is in close agreement with the zero-shear viscosity data (1 =< {M; Fig. 1-2) and
the w dependence of the G' and G" data (Fig. 1-1) for low-M polymer chains.

In concentrated systems, long chains exhibit viscoelastic features quite different from those
of short chains. For such high-M linear chains, 7, increases in proportion to M 3.5 (Fig. 1-2) and
G' exhibits a plateau region (having M-independent height) that extends to lower @ with increas-
ing M (Fig. 1-1). This kind of strong M-dependence is attributed to a dynamic interaction be-
tween long chains referred as 'entanglement' 2.3 This entanglement effect originates from
uncrossability of mutually interpenetrating long chains.

An attempt was made to modify the Rouse model to describe this entanglement behav-
ior.23) In order to explain the slow dynamics of long chains, a modified version of the Rouse
model considered two types of beads: some of them have a friction coefficient proportional to
M3, and others have M-independent friction coefficient. This model can explain the 7, data (o<
M3-5) in high-M region. However, the viscoelastic relaxation mode distribution reflected in the
@ dependence of G' and G" cannot be described by the modified Rouse model. i

Breakthrough of this situation was brought by de Gennes” who proposed a totally different
molecular picture for the dynamics of entangled chains. For a linear chain trapped in a cross-
linked network , he considered that the large scale of motion of the chain is limited in a direction
of the chain backbone because the network disturbs the lateral chain motion over distances
larger than network mesh size. The resulting curvilinear diffusion along the chain backbone is
referred to as ‘reptation'.n)

Doi and Edwards® 1D extended this reptation picture to polymer melts/solutions and devel-
oped a model that enables consistent calculation of various dynamic properties of entangled
linear chains. The chains in the entangled melts/solutions form a dynamical mesh to mutually
constrain their large scale motion. For a given chain (probe) in this mesh, the Doi-Edwards
(DE) model assumes that the large scale probe motion is constrained in a tube-like region sur-
rounding the probe backbone and this constraint survives (i.e., the tube is fixed in space) in a
time scale of the probe relaxation. For this motion at equilibrium, the DE model introduces a
further approximation that the probe contour length measured along the tube axis does not
fluctuate with time. For this case, reptation is the only possible large scale motion of the probe;
this motion is described in terms of a few, well defined molecular parameters and all kinds of

dynamic quantities corresponding to this motion, i.e., those in the linear response regime, are
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Fig. 1-3 Schematic illustration of star-branched chain.

readily calculated. ’ ,

The tube concept was applied also to entangled star-branched polymers!2-14 (Fig. 1-3). In
the bead-spring model for star chains (developed in a way similar to that for the Rouse model),
the branching point for the star arms affects the degeneracy of the motional modes (eigenmodes)
of the chain but raises no essential difference in the chain dynamics.!> Thus the proportionality
between 1, and M is commonly predicted from the bead-spring models for the star'> and linear®
chains. In contrast, in the tube model for entangled star chains,!>14 the branching point signifi-
cantly changes the chain dynamics: The branching point is assumed to be fixed in space thereby
prohibiting the reptation of the star-arms. Consequently, the model considers that the arm mo-
tion in the tube is associated with changes in its contour length (arm retraction). Since the arm
retraction results in a decrease of conformational entropy, the predicted viscoelastic features of
the star chains corresponding to this retraction are quite different from these of the reptating
linear chains; for example, 1, of the star is predicted to increase exponentially with the arm
molecular weight M,,!314 and this M, dependence is much stronger than that for the linear
chains. This prediction of the tube model is in qualitative agreement with experiments.!6)

The above, early versions of the tube models stimulated, either explicitly or implicitly,
extensive experimental studies of various dynamic properties of entangled chains. Some prop-
erties such as the nonlinear damping function under large step strains!’-2D) were found to be well
described by tube model.  For the star chains, the Pearson-Helfand (PH) model!® considering
the arm retraction in the fixed tube was found to quantitatively describe the linear viscoelastic
moduli, G' and G". However, nontrivial differences were also observed for a wide variety of
properties: For example, the observed 7, of linear chains is proportional to M3*02 (cf Fig.1--
2) while the DE model® predicts 7 o< M?3. For blends of long and short linear chains of widely
separated molecular weights, the DE model cannot explain the observed acceleration of the
relaxation of the long chains with decreasing long chain content.!6.22-29 Furthermore, for the star
chain, a parameter value in the PH model!® giving the excellent description of the G' and G"
data was considerably different from the value intrinsically deduced from the model. (In other

words, the excellent agreement with the data was obtained after an adjustment of this parameter.)

-
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Considering these discrepancies between experiments and predictions of the early versions
of the tube models, theoretical efforts have been made to generalize the tube model by incorpo-
rating extra mechanisms of large scale chain motion not considered in the earlier models. These
mechanisms include the contour length fluctuation (CLF) of the chain trapped in the tube and
the tube motion that allows large scale lateral motion of the chain therein.

The CLF concept?5-2) was naturally incorporated in the DE model that originally consid-
ered a flexible probe chain (Rouse chain) constrained in the tube. The latter concept of tube
motion?7-3D) was also naturally introduced for the chains in entangled melts/solutions because the
chains entangling with a given probe chain can exhibit the motion equivalent to the probe mo-
tion; for example, if a linear probe chain in monodisperse systems reptates in its tube, the sur-
rounding (tube-forming) chains equivalent to the probe should also reptate in their own tubes to
induce, in principle, the motion of the tube for the probe.

The tube motion has two important effects on the probe dynamics. The tube motion allows
large scale motion of the probe in a direction lateral to its backbone to induce the probe relax-
ation.?’-3D This type of probe relaxation is referred to as the constraint release (CR) relaxation.
The tube motion also increases an effective tube diameter (effective entanglement mesh size) for
the probe in a coarse-grained time scale, i.e., on an increase of an unit time of observation (be-
low which the probe motion is averaged). This concept3?3? is referred to as dynamic tube
dilation (DTD). In particular, recent models343® incorporate the DTD mechanism as an impor-
tant mechanism for relaxation. These models describe the viscoelastic data of linear and star

chains considerably well.

1-3. Scope of This Thesis

Despite the significant effort in the development of the recent, modified tube models
considering the reptation, arm retraction, contour length fluctuation, constraint release (CR), and
dynamic tube dilation (DTD) mechanisms, a fundamental problem still remains in the molecular
description of the chain dynamics. These models have been tested for viscoelastic data, and
good agreement with those data is obtained.

However, the viscoelastic relaxation detects only a limited aspect of the stochastic chain
motion, i.e., decay of orientational anisotropy with time, and the success of the modified tube
models does not guarantee that the chains actually move in a way considered in the models.
Thus, the chain motion itself needs to be experimentally examined to critically test the models.

This experimental examination can be most efficiently conducted through comparison of
different types of dynamic properties that differently average the stochastic chain motion. Fol-
lowing this strategy, this study focuses on dielectric and viscoelastic properties of cis-polyiso-
prene (PI). The PI chains have so-called type-A dipoles3? parallel along the chain contour, and
the global chain motion results in not only viscoelastic but also dielectric relaxation.40-42  The
viscoelastic relaxation reflects decay of orientational anisotropy due to the chain motion (the
behavior summarized as the stress-optical rule2), while the dielectric relaxation detects decay

of a memory of initial chain configuration.42-45) Thus, the viscoelastic and dielectric properties

is_



differently average the same stochastic chain motion, and comparison of these properties can
reveal detailed features of the chain motion (that cannot be resolved from anyvsingle property).

This thesis presents results of the study on the basis of this idea.

The thesis is composed of nine chapters including this introductory chapter.

Chapter 2 summarizes methods of preparation and characterization of the samples, linear
and star-branched cis-polyisoprene (PI) chains. The principle and methods of physical measure-
ments are also explained in this chapter.

Chapter 3 explains molecular expressions of viscoelastic and dielectric properties of type-
A chains. These expressions serve as a rigid basis for analyzing/discussing these properties.

Chapter 4 gives a summary of molecular models for entangled chains relevant to this
study.8.9.27.32.33.35 A summary is given also for models developed in this study. These models are
utilized for discussing the viscoelastically and dielectrically detected chain dynamics.

Chapter 5 investigates dielectric behavior for a series of linear PI chains in three different
environments having different constraint release (CR) contribution to the chain dynamics. These
PI chains have almost identical molecular weight but differently once-inverted type-A dipoles.43-
45) Thus, the global motion is the same but the dielectric response is different (due to the differ-
ence of the inversion point) for the series of PI chains. This dielectric difference is utilize to
experimentally determine eigenfunctions for the chain motion in the three environment. These
eigenfunctions and the associating relaxation times are compared with those of molecular models
and discussed in relation to the CR contribution from the three environmentsh.

Chapter 6 utilizes the eigenfunctions and relaxation times f;, and 7, determined in Chapter
5 to examine detailed features of the chain dynamics. Specifically, viscoelastic moduli are
calculated from f, and 7, for two specific cases, one case for perfectly correlated (coherent)
motion of different submolecules in the chain and the other case for uncorrelated (incoherent)
submolecule motion. From comparison of these calculated moduli and the viscoelastic data, the
degree of coherence in the submolecular motion is experimentally specified. Furthermore,
effects of the CR mechanism on this coherence of submolecule motion is discussed in relation to
the molecular models explained in Chapter 4.

Chapter 7 is devoted for an experimental test of the dynamic tube dilation (DTD) mecha-
nism for linear chains. Specifically, a DTD relationship between viscoelastic and dielectric
relaxation functions (@ and ) of linear type-A chains, derived in Chapter 4, is tested for linear
PI chains (without dipole inversion) in monodisperse systems and blends. The results are uti-
lized to discuss the criteria for the validity of the DTD mechanism.

Chapter 8 examines the DTD mechanism for star branched PI chains. For this purpose, a -
DTD relationship between ® and [ of these chains, formulated in Chapter 4, is tested experimen-
tally. In addition, the viscoelastic and dielectric data of the star chains are compared with the
predictions of recent tube models and the limitation of these models is specified. The results are
discussed in relation to the DTD criteria, with an emphasis being placed on the similarity/differ-
ence between the star and linear chains.

Finally, Chapter 9 presents a summary of this thesis.
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CHAPTER 2

Materials and Measurements

2-1. Introduction
In this thesis, all polymeric samples were synthesized via anionic polymerization and
characterized with gel permeation chromatography (GPC). These samples were subject to rheo-
logical and dielectric measurements. This chapter explains the methods of the sample prepara-

tion / characterization as well as the methods and principle of the measurements.

2-2. Preparation and Characterization of Samples
2-2-1. Preparation

Linear polyisoprene (PI) and polybutadiene (PB) chains and star-branched PI chains were
synthesized via anionic polymerization. The PI and PB chains were polymerized at room tem-
perature in heptane and benzene, respectively, and sec-butyllithium was utilized as the initiator
for both cases. The PI and PB chains obtained under these conditions have the microstructures,
cis: trans: vinyl =75: 25: 5 (for PI) and 40: 50:10 (for PB).!-3 The PI sample with this micro-
structure have the type-A dipoles parallel to the chain backbone. )

In addition to these PI and PB samples prepared in this study, some PI and PB samples
synthesized previously (under similar conditions)3-5) were also utilized. These previous samples
were sealed in Ar atmosphere and stored in a deep freezer (under presence of antioxidant, butyl
hydroxytoluene (BHT)) until use in this study. For these samples, GPC measurements confirmed
lack of degradation.

The anionic synthesis in this study was conducted with high vacuum technique!.? utilizing
glass flasks and breakable seals. The linear PI and PB chains were obtained via a standard
polymerization/termination (with methanol) procedure!.2) under conditions explained above. The
star PI chains were obtained by the anionic coupling method!-? described below.

A series of star PI samples having the same arm molecular weight M, (= 35.5 x 103) but -
different arm numbers g (= 4, 6, 9, and 15) were synthesized from the same batch of living arm
anions. After completion of polymerization of linear PI anions (arm anions), an aliquot, termi-
nated with methanol, was recovered for characterization of the arm. The remaining arm anions
were divided into three reaction flasks (in vacuum) to separately synthesize the star PI samples
withg=4,6,9, and 15. The 4- and 6-arm star chains were prepared via coupling of the arm
anions with tetra- and hexa-functional couplers, bis(dichlorosilyl)ethane and
bis(trichlorosilyl)ethane, respectively. The coupler concentration was adjusted to be ~90%
equimolar of the arm anions in the reaction vessel to ensure full coupling (no contamination of
insufficiently coupled star chains). The coupling reaction at 40°C was completed in a week.
After this reaction, the crude product was repeatedly fractionated from benzene/methanol mixed

solvent to remove the excess (unreacted) arm anions and recover the monodisperse, 4- and 6-arm



star samples.

The star samples with the arm numbers g =9 and 15 were prepared via end-modification of
the living arm anions with an equimolar of divinyl benzene (dianionic end-crosslinker) and
successive coupling with bis(trichloromethyl silyl)ethane (~90% equimolar to the anions). The
crude product had bimodal molecular weight distribution (detected by GPC) with rather sharp
peaks corresponding to the stars with ¢ =9 and 15. This product was thoroughly fractionated
from benzene/methanol mixtures to recover these star samples. GPC traces of these star samples
are shown later in Fig. 2-1.

A series of 6-arm star PI samples having various M, were also synthesized via coupling
with bis(trichlorosilyl)ethane. The synthetic procedure was similar to that utilized for the first

series of star PI (except that the anion-dividing step was omitted).

2-2-2. Characterization

The PI and PB samples synthesized in this study (including the linear precursor PI (arm)
for the star PI samples) were characterized with GPC (CO-8020 and DP-8020, Tosoh) combined
with a low-angle laser-light scattering (LALS) photometer (LS-8000, Tosoh). The eluent was
THEF, and the monodisperse linear PI and PB samples synthesized in previous studies3-5) were
utilized as the elution standards.

The molecular weights of the linear samples were determined from the elution calibration
for the refractive index (RI) increment signal. In contrast, the molecular weights of the star PI
samples were determined from the RI and LALS signal intensities Ary and Ay A1 (obtained for
dilute solutions):® My, = K Apars/Ar] With K being the instrumental constant determined for
standard PI samples.

As an example of the GPC results, Fig. 2-1 shows RI and LALS signals for the first series
of star samples having the same M, but different g (=4, 6, 9, and 15). For comparison, the
signals are shown also for their precursor (arm). For all samples, the signals are shown with the
same sensitivity so that the sample molecular weights (e< Ap a1 s/AR1) can be easily compared.
The elution volume decreases and the LALS signal increases on an increase of the arm number
g, as well known for the star chains.1.27.8) (Note also that the fractionation was successfully
conducted to obtain the stars with very small polydispersity.)

Characteristics of all the samples utilized in this study (including the previously synthe-

sized samples) are summarized in Tables 2.1.-2.4.

2-3. Viscoelastic Measurements
2-3-1. Principle
When a material is subjected to a step shear strain yat a time ¢t =0, the shear stress o(¢)
arises at r = 0 and decays with time. In the linear response regime for y<< 1, this o(f) is written

asy

o(t) = Gy ' @2.1)



(a) precursor (arm)

(b)g=4

()g=6

(d)g=9 N\

(e)q: 15 /I \\
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Fig. 2-1 GPC traces of star PI chains with various arm numbers g and their precursor.

(a) linear precursor (arm) with molecular weight M = 35.5x10° (b) star chain with g=4 (c) star chain with =6 (d) star
chain with ¢g=9 (e) star chain with g=15. The thick solid and thin dashed curves indicate the R and LALS signals,
respectively. For all samples, the signals are shown with the same sensitivity so that their molecular weights (< A, /

A,,) can be easily compared.



Table 2.1. Characteristics of Linear PI and PB Samples Used in Chapters 5 and 6

code 103M,, MM n*/Na
Series of Dipole-Inverted Polyisoprenes?
I-1 49-0¢ 48.8 1.05 0
1-1 50-6 55.4 1.06 0.109.
1-135-9 44.4 1.05 0.213
I-135-14 47.6 1.07 0.283
I-128-18 47.4 1.06 0.396
I-124-244 47.7 1.06 0.5
Regular Polyisoprenes (without dipole inversion)
114 13.7¢ 1.05¢
119 19.0¢ 1.05¢
Polybutadienes
B263 263¢ 1.05¢
Bob 9.24 1.07

@ Normalized location of the dipole inversion point.

b Synthesized/characterized in previous studies3»#) and stored under Ar in a deep freezer until use in this study.

€ 11 49-0, without dipole inversion, is included in this series as an extreme case of the inversion at the chain end.

d With symmetrically inverted dipoles.

€ Determined from elution calibration of GPC. (LALS-GPC analysis gave My/Mp values smaller than those shown

here.)

Table 2.2. Characteristics of Linear PI Samples Used in Chapter 7

103M,, MM, Na
9.49b 1.07 1.9
20.75 1.05 4.1
48.8b 1.05 9.8
94.0¢ 1.05¢ 19
180¢ 1.06¢ 36
308¢ 1.08¢ 62

4 Number of entanglements per chain, N=My/M¢ (Me: entanglement spacing of PI;Me = 5000 in monodisperse
“bulk state).
b Synthesized in previous study3) and stored under Ar in a deep freezer until use in this study.

¢ Determined from elution calibration of GPC. (LALS-GPC analysis gave My,/My values smaller than those

shown here.)



Table 2.3. Characteristics of 6-arm Star PI Samples Used in Chapter 8

103M, 4 103M,b Ne M, /M, 4
54.2¢ 9.49 1.9 1.05
117¢ 20.7 4.1 1.06
182 306 6.1 1.04
249 40.7 8.1 1.03
354 59.0 12 1.05
459 80.1 16 1.06

@ Determined from LALS combined with GPC.
b arm molecular weight determined from elution calibration of GPC.
€ Number of entanglements per arm, No=My/Me (Me: entanglement spacing of PI; Me = 5000 in monodisperse bulk

state).

d Determined from elution calibration of GPC. (LALS-GPC analysis gave My /My, values smaller than those shown

here.)
¢ Synthesized and characterized in previous studyS) and stored under Ar in a deep freezer until use in this study.

Table 2.4. Characteristics of Star PI Samples with Different Arm Number g Used in Chap-

ter 84

qb 103M,c M /M4
4 145 1.02
6 208 1.02
9 313 1.03
15 524 1.05

.

@ All samples were prepared from the same batch of living arm anion and had the same Mj (=35.5 x 103).
b The number of arms g was evaluated as My/Mjp. The rounded g values shown here are very close to the Myw/My

ratios of respective star PI.
¢ Determined from LALS combined with GPC.

d Determined from elution calibration of GPC. (LALS-GPC analysis gave My/Mp, values smaller than those shown

here.)



Here, G(¢) is the shear relaxation modulus that specifies all linear viscoelastic features of the
material. For example, the zero-shear viscosity (defined under slow steady shear) is given by
an integral of G(f) with respect to ¢ (= 0 - o).

In the linear regime, Boltzmann's superposition principle? is valid. Thus, for a shear strain

of arbitrary history Ut), the shear stress o(¢) is given by?

o(f) = ] G(—1) % dr 22

On the basis of this superposition, linear viscoelastic measurements are typically conducted
under sinusoidal shear strain that oscillates with time at an angular frequency @ and amplitude ¥
(<< 1),

At) = Y sin wt ' (2.3)

As noted from eq 2.2, the resulting stress o(¢) in a stationary state oscillates at the same @ but

with a phase difference from {#). This o(f) is conveniently expressed as®
o(t) = W [G'(w)sin ot + G"(w)cos wr] 2.4)

The storage and loss moduli, G' and G", characterize the elastic and viscous components of the
stress that are in-phase and out-phase with respect to the sinusoidal strain. These moduli are

related to the relaxation modulus G(¢) through Fourier transformation,
Glw) = mj Go)sin o dr, G"(w)= wj G(t) cos or dt (2.5)
0 0

Thus, G’ and G" are equivalent to G(¢) and specify all linear viscoelastic features. These G' and

G" are frequently expressed as a complex modulus, G* = G' + iG" with i =\—1.

2-3-2. Viscoelastic mode distribution and relaxation time.

For flexible polymers such as polyisoprene examined in this thesis, G(¢) reflects the orien-
tational relaxation (as explained in details in Chapter 3). These chains have a huge freedom in
their conformation and thus exhibit a distribution of the orientational relaxation modes.10) This
distribution leads to a viscoelastic mode distribution of G(¢) that is conveniently represented

as9,10)

G(t) = ¥, hyexpl—t/1g,] = |_H(1) expl~1/1] din (2.6)
14



Here, hp and Tg,p are the intensity and characteristic time for the p-th viscoelastic mode. (The
first subscript ”G” for 7indicates that T6p is the viscoelastic time.) The relaxation modes are
numbered with a decreasing order of their characteristic times (76,1 >T62>7g,3 ). The quan-
tity H(7) in eq. 2.6, referred to as the viscoelastic relaxation spectrum,? gives an continuous

expression of the mode intensity distribution. In all viscoelastic expressions explained below,

H(7) can be used instead of hp after the replacement 7, p 7T and Zp - r; .dnz

Corresponding to the above feature of G(¢), the storage and loss moduli G'(®) and G"(®)
also exhibit the mode distribution. This distribution is expressed in terms of gp and 7, » (cf. egs
2.5 and 2.6),

TGp

G@ =Y bk %
- P 1+ 0?[15,

o 0t @2.7)

G'(w) = wz hy,
_ p

Since the mode intensity &p is magnified by [TG’ p]2 for G' and by T6p for G", weak but slow
modes (having large 7 p) are more sensitively reflected in G' than in G", while intensive and fast
modes are more clearly detected in G".

As noted from eq 2.7, G' and G" exhibit the terminal behavior, G' o< o and G" « @ at @
well below [TG,I]—I‘ The zero-shear viscosity 1 (= [G"/®] ,_,q) and the steady state compliance
Je (=[G'/(G")2] w—0)» Characterizing this terminal behavior, are expressed in terms of hp and T6,p0

D g, hy
14

[g s ]2 (2.8)

Mo =2 Gphp, Je =
p .

As noted from this expression, J, is very sensitive to slow relaxation modes.

From eq 2.8, two types of average relaxation times are defined:10,11)

2 [TG,p]th - Z T

<TG>w =JeNy= L_7 <tc>n =MNy/Gn = N 2.9)
2 TG /W Z hy, :
p J’I p : :

Here, G (= G'(%)) is the high-® plateau modulus; for entangled polymers, the rubbery plateau
modulus? is used as Gy. The second-moment relaxation time <7,>, is an average of 7, » with a
weighing factor 7, php. This factor enhances the contribution of slow modes to <7;>_ and thus

<T;>,, is usually close to the longest relaxation time 7; ;. On the other hand, the first-moment



relaxation time <7;>, has the weighing factor hp and is shorter than <7;>,. A product of J, and
G\ that coincides with a <7;>,/<7> ratio, gives a measure of a width of the relaxation mode

distribution,

2.10
[ 2 TG.php }2 : (2.10)
. .

(The product J Gy, increases as the mode distribution broadens.)

2-3-3. Method

Linear viscoelastic measurements were conducted with strain-controlled laboratory rheom-
eters, RMS605 and ARES (both from Rheometrics), in a coaxial parallel-plate geometry with the
plate diameter of 2.5 cm. In the measurements, one of the plates was sinusoidally displaced
around the axis to impose the strain to the material sandwiched between the plates. The strain
amplitude was kept small (< 0.1) so as to ensure the linearity of the viscoelastic response. The
stress of the material was detected by a transducer attached to the other plate and converted into

the storage and loss moduli according to eq 2.4. (This conversion was made with the rheometer

program.)

2-4 Dielectric Measurements
2-4-1. Principle
 On application of a constant electric field E to a dielectric material (placed in a dielectric
cell), an electrical displacement evolves with time. In the linear response regime, the electrical

displacement density D (= displacement normalized per unit area of the electrode) is written as'?
D(9) = [eg — AeD(D)]Eeyac With Ae= g~ & (2.11)

Here, ®(?) is the normalized dielectric relaxation function!2.13) (®(0) = 1 and ®(0) = 0), & is the
static dielectric constant, £. is the unrelaxed (high frequency) dielectric constant, Ag is the
dielectric relaxation intensity, and &y, is the dielectric constant of vacuum. (&g, €., and A€ are
defined as the quantities relative to vacuum.) Normalized dielectric features of the material are
represented by P(z).

In the linear response regime, Boltzmann's superposition principle is valid. Then, D(z) for

a field of arbitrary history E(¢) is written as

D(@) = €vac (soE(t) - AEL D(-t) 5%2 dr (2.12)



On the basis of this superposition, the dielectric measurements are frequently carried out by

subjecting the material to a sinusoidal electric field,
E(t) = Eg sin ot (2.13)
The resulting electrical displacement density in the stationary state is given by (cf. eq 2.12)
D(t) = &yacFp [€(@)sin ot — £"(w)cos wt] (2.14)

The (relative) dynamic dielectric constant £(w) and dielectric loss £"(®) appearing in eq 2.14
specify the storage and loss of electrostatic energy. As noted from eq 2.12 (after integration by
parts), € and £" are given by the Fourier transformation of the dielectric relaxation function
O(p),12.13)

d0) Gn wrdr  (2.15)

= dd(r)
dr

gw)=¢,— As[ cos wtdr, €'(w) = Ae]
o ¥

Thus, € and €" are equivalent to @(7) and specify all dielectric features.

2-4-2. Dielectric mode distribution and relaxation time

For the type-A polyisoprene chains examined in this study, ®@(¢) reflects the decay of
orientational correlation (as explained in details in Chapter 3). Because of the flexibility of
these chains, ®(¢) exhibits the dielectric mode distribution. As similar to the treatment for the

viscoelastic G(¢), the mode distribution of ®(f) is conveniently expressed as!?

D) = Y, gyexpl—t/1e,] with ®O0)= Y, g, =1 (2.16)
14 14

where g and Tgp (Tg1 > Tg2 > Tg3 ...) are the normalized intensity and characteristic time for the
p-th dielectric mode. The subscript ”€” is added to the dielectric 7, to avoid confusion with
the viscoelastic 7, » defined in eq 2.6.

From eqs 2.15 and 2.16, £(w) and £"(®) are expressed in terms of & and T,

§-€@ _ 0y, T £O_ Y g

Ae D 1+w218?p ’ D 1+a)2 2 2.17)

As noted from this expression, the dielectric terminal behavior specified by the power-law de-
pendencies, & — £ « @ and £" < @, is observed at @ well below [7(]71.
Since the above expression for gy — € and £" are formally identical to that for G' and G"

(eq. 2.7), some quantities characterizing the terminal dielectric relaxation can be defined in a



way similar to that for the viscoelastic relaxation. For example, two types of average relaxation

times (analogous to <7g>w and <7g> given by eq 2.9) are defined as!3)

[eo-e@Ya?] ; 7,28

Ty = . = (2.18)
[ £'(w) o] 0 2 T, ,8p
2
and

[ £"(w)/w)] 2 e p8p

<Top = L= (2.19)
£ Z 2 .
p

The <To>y/<Te>q ratio quantifies the dielectric mode distribution; this ratio increases as the
mode distribution broadens. (<Tg>w/<Tg>p =1 for the single relaxation process.)

As noted from eqs 2.7 and 2.17, the dielectric and viscoelastic relaxation processes are
described within a formally identical phenomenological framework. However, from a molecular
point of view, an important difference exists between these processés. The viscoelastic relaxation
corresponds to the decay of orientational anisotropy while the dielectric relaxation detects decay
of the orientational correlation, as explained in Chapter 3. Thus, the two relaxation processes

reflect the same dynamic process (thermal motion of the chain) in different ways.

2-4-3. Method

Dielectric measurements were conducted with the transformer bridge (TB) method at
rather short times (high frequencies) where the direct current (dc) conductance due to ionic
impurities was negligible compared to a relaxational current due to the chain motion. The ad-
sorption current (AdC) method was utilized at long times where this dc conductance was not

negligible.

TB method: In the TB method, the material charged in a guarded parallel plate cell (with a
vacant capacity Co = 120 pF) was subjected to an oscillating electric field (of amplitude Eg < 10
V/mm) at various angular frequencies @/s~! =6 x 102- 1 x 106. The resulting sinusoidal cur-
rent was compensated with a transformer bridge (1620A, QuadTech) by tuning the capacitance C
and conductance G of this bridge. The dynamic dielectric constant £ and dielectric loss €" of the

material were obtained from these C and G values as
g(w) = C(w)/Cy, £'(w) =G(w)/Cow (2.20)

AdC method: In the AAC method, the material charged in the same dielectric cell was subjected



9
[

X

—— — ——— e - — s -

[

function
generator

2

digital |______ C
recorder “ ‘AD

N[
\

(b) V

Fig. 2-2 Schematic explanation of the adsorption current method. (a) block diagram of the circuit. (b) Applied

voltage (V) and resulting current (I).



to an oscillatory rectangular voltage V(¢) (of amplitude V= 18 and/or 27 V) with a homemade
circuit schematically shown in Fig. 2-2a. The polarity of the voltage was periodically switched
with a function generator (WF1944, NF Corporation), and the resulting current /() was mea-
sured with an electrometer (TR8411, Advantest) and stored in a digital recorder (DL708G,
Yokogawa). ,

The stationary changes of V(#) and I(¢) with time ¢ are schematicaliy shown in Fig. 2-2b.

This V(#), composed of Fourier components, is written as

Vit = Vy 2 E‘%sm Wyt with a),,=p— (2.21)

p=odd fo

where @), is a frequency of the p-th Fourier component determined by the haif-period tg of V().
The corresponding current, I(f) =A{dD(z)/dt} (A = the electrode area) is contributed from the
current Ire1ax(#) due to the dielectric relaxation (reflecting the chain motion in the material) and

the dc current I3.(f) due to ionic impurities,
I(1) = 19c(2) + Lrelax(?) with Igc(t) = AGion V(D) (2.22)

Here, Gjoy, is the dc conductance of the impurities.
As noted from eq 2.12, the relaxation current fe1ax(7) is related to the dielectric relaxation

function ®(¢) as

av As[[ QD(1—1") dV() dz‘)

Lietax (8) = 4 €vac ({ €g—Ag} dr oo ot dr

L

fo p=odd dt p=odd

= Yolo (sm Y cosapt - A DS cos ay-17) dt") (2.23)
Here, L is the gap between the electrodes (= sample thickness) utilized for converting V into the

(macroscopically defined) electric field E = V/L, and the vacant capacity of the cell Cy is given
by Co=Aégyac/L. Asnoted from eqs 2.15 and 2.23, £ and &" are obtained by integration of

Lelax(t) = I(t) — Iqc(0),

10

| I
£ = Lie1ax (1) cos @,¢ di
(@p) WoCo b 1ax (1) cos @, (2.24)
. L [ -
£ = Tro1ax () sin @, d1
(@) 2,Co _L lax (7) sin @, (2.25)
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Fig. 2-3 Adsorption current (unfilled circles) measured for a 6-arm star PI with M =59.0 X 10° at 40°C. Filled

circles indicate the relaxation current /_ _(¢) obtained by subtracting dc contribution from I(£).

relax

In actual measurements, the I(¢) signal was averaged over 32 periods to reduce the electri-
cal noise. The half-period tp was chosen to be 6 - 10 times longer than the terminal viscoelastic
relaxation time <7g>yw (eq 2.9) so that the chain relaxation in the material was completed within
the time #g. With this choice, the Ijc was clearly observed and accurately evaluated as a flat
(time-independent) part of I(¢) at long time side in each period. An example of such I(¢), mea-
sured for a 6-arm star PI sample at 40°C, is shown in Fig. 2-3 (unfilled circles). The Irejax(?) »
obtained by subtracting this I from I(#) was integrated according to eqs 2.24 and 2.25 to obtain
£andég".

This integration was limited to # > 0.1 s where the response of the circuit (Fig. 2-2a) accu-
rately followed the dielectric change in the material. (For # < 0.1, a delay in the circuit itself was
not negligible). Consequently, the € obtained by this integration did not include the instanta-
neous response (characterized by &.) and thus corresponded to £ — €.. Since the dielectric loss
is not contributed from the instantaneous response, the limitation of the integration range (to ¢t >
0.1 s) did not introduce any significant uncertainty in the £" obtained with eq 2.25.

With the above choice of fy (= 6<7>w - 10<T5>w), the Le1ax(?) practically coincides with
2AeVoCo{—dD(r)/dt}(cf. egs. 2.15 and 2.25). Thus, Iejax(f) was expressed in terms of the di-

electric relaxation times 7, and intensities g, (cf. eq 2.16),



Lretax (t) = 2VoCoAE ), %exp[—tlra )
o e

10

= Orelax Z %exp[—tlfap] with Qrelax :J Treax (£) dt (2.26)
o e

0

In derivation of eq 2.26, Qrelax is regarded to coincide with an integral j:; Lielax(t) dt (because the

exp[—#/7¢p] terms (almost) fully decay to zero at =19 2 6<Tc>w). On the basis of eq 2.26, the

measured Jrelax()/Orelax ratio was decomposed into exponentially decaying modes to evaluate

Tgp and g, for small p (< 8). Atlow w, the € and ¢&" calculated from these 7., and g (cf. 2.17)

agreed well with those obtained from the integration (eqs 2.24 and 2.25). Thus, the £ and &"

obtained from the mode decomposition of the liejax()/Orelax ratio were utilized together with
those obtained from eqs 2.24 and 2.25.
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CHAPTER 3

Theory: Molecular Expression of Dynamic Properties

3-1. Introduction
In this thesis, viscoelastic and dielectric properties are examined for polyisoprene (PI)
chains having the type-A dipoles. These properties are utilize to discuss detailed features of the
chain motion. This chapter presents the molecular expressions of the viscoelastic and dielectric

properties that serve as a rigid basis of this discussion.

3-2. Coarse-Grained Chain

Slow dynamic properties of flexible polymer chains are insensitive to chemical structure of
the chains and governed only by the chain connéctivity; see Chapter 1. This fact enables a use of
coarse-grained chainsD to express a relationship between those properties and time evolution of
the chain conformation. Some features of this coarse-grained chain are explained in this section.

Firstly, a concentrated, monodisperse system of linear chains (each composed of m mono-
mers) is considered as the simplest system. The excluded volume effect is negligibly small in
the concentrated system,! and the chain has the Gaussian conformation!.2 in large spatial scales.
A coarse-grained chain is obtained by dividing the real chain into N submolecules each contain-
ing g (= m /N) monomers; see Fig. 3-1a. The number g is chosen to be sufficiently small so that
the coarse-grained chain has a large freedom in its conformation. At the same time, g is chosen

to be sufficiently large so that the coarse-grained chain preserves the Gaussian nature,!.3)

<u(npun' pH>= 43-2— Onn 1 at equilibrium 3.1

Here, u(n,p) is the bond-vector (end-to-end vector) of the n-th submolecule at time ¢ (cf. Fig. 3-
la), 8, . is the Kronecker delta, and I is a unit tensor (having the components Sij). The dyadic
<u(n,Hu(n',f)> measures the isochronal orientational correlation of two submolecules. The
average size of the submolecule a , appearing in eq 3.1, is related to the effective step length of

the monomer, b, as!2)
a* = gb’ (3.2)

The coarse-grained star chain is similarly defined as a bundle of coarse-grained arms each
composed of N, submolecules (N, = my/g with my being the monomer number per each arm); cf.
Fig. 3-2. The bond vector of the n-th segment in o-th arm at time ¢ is denoted by ug(n,f). This

U, satisfies the Gaussian relationship,



Fig. 3-1 Schematic illustration of the real chain and coarse-grained chain. In part a, the small beads connected by
rods indicate monomeric segments, and the dotted circles represent the submolecules of the coarse-grained chain. Part
b shows a hypothetical photograph of the real chain taken with a certain exposure time.

Fig. 3-2 Schematic illustration of the coarse-grained star-branched chain. Notation is the same as that in Fig. 3-
1.



U (' 5> = %3 S S’ 1 at equilibrium (3.3)

It should be emphasized that the spatial and time scales are synchronously coarse-grained
when the real chain is represented as a sequence of N submolecules. This fact can be noted from
a hypothetical experiment of taking a photograph'of the real chain with an exposure time #¢x.3
An example of this photograph (for a linear chain) is shown in Fig. 3-1b. For large fcx, the chain
looks like a fuzzy thread with a width a; >> b because of the chain motion over the time Zex.
This motion and the local conformation in the spatial scale < a; are averaged in the photograph,
and the successively taken photographs (with the exposure time Zex for each) represent the chain
motion in the spatial and time scales larger than a; and tex, respectively.

The coarse-grained chain (Fig. 3-1a) is a discretized representation of this fuzzy thread.
In each submolecule, the monomer positions (local conformations) are equilibrated within a
certain characteristic time, 7%. This 7* and the submolecule size a correspond to f.x and ay of the
fuzzy thread, and the static and dynamic properties of the coarse-grained chain coincide with
those of the real chain in the spatial scale > g and time scale > 7*. Thus, any coarse-grained
chain can be utilized to examine the dynamic features of the real chain as long as its
submolecular equilibration time 7* is longer than the unit time of the observation, zop. (In fact,
the chains of different degree of coarse-graining exhibit the same properties as long as their 7* is
smaller than #,p. This point is demonstrated later in sections 3-3-2 and 3-4-2.)

The coarse-grained chain, utilized throughout this thesis, is hereafter referred to as the
“chain” unless its coarse-grained nature is to be emphasized. The viscoelastic and dielectric
properties in long time scales are expressed in terms of u(n, ) of the coarse-grained chains.

These expressions are summarized below.

3-3. Expression of Linear Viscoelastic Properties
3-3-1. Relaxation modulus

Since Boltzmann's superposition holds in the linear regime (for small strains), all linear
viscoelastic features are described by the relaxation modulus G(f) defined against the step
shear;® see Chapter 2. Thus, all viscoelastic data obtained in this study are discussed/analyzed
on the basis of an expression of G(¢) in terms of the bond vectors u(n,f) of the coarse-grained
chain. '

The proportionality between the mechanical stress and optical anisotropy, known as the
stress-optical rule,}4.% is well established from extensive experiments for concentrated, homoge-
neous polymeric liquids. The optical anisotropy detects non-isotropic orientation of chemical
bonds in the real chain and thus corresponds to the orientational anisotropy of the submolecules
in the (coarse-grained) chain.

For the linear chains subjected to the step shear ¥, this anisotropy is quantitatively repre-

sented by an orientation function,!-3)



S(nyp) = —12‘ <uy(nHuy (> for linear chains (3.4)
a

Here, the shear and shear gradient directions are chosen as x and y directions, and uy(n,f) and
uy(n,p) are the x and y components of u(n,7). The ensemble average <--> is taken for all chains in
the system. Similarly, for the star chains, the orientational anisotropy in the o.-th arm is repre-

sented by

So(ngp) = % <Ug, x (MU, y (N> for star chains (3.5)
a

The shear stress o(f) is proportional to a summation of the orientational anisotropy of all
submolecules in unit volume. Thus, the shear relaxation modulus G(7) (= o(t)/}) is represented in

terms of the orientation function,!-3)

3vieT &
G = ~_YB~ Z S(ng) for linear chains (3.6)
n=1
3vkpT & W
G = vyB z Z Sa(n#) for g-arm star chains 3.7)
o=} n=1

Here, ky is the Boltzmann constant, 7 is the absolute temperature, v is the chain number density,
N and N, are the number of submolecules per each linear chain and star arm, respectively, and g
is the number of arms per star chain. All linear viscoelastic quantities are readily calculated from
these G(¢); see Chapter 2.

The relationship between S(n,f) and G(7) (eqs 3.6 and 3.7) does not change with the type of
chain dynamics. Thus, this relationship provides a rigid basis for examining the chain motion
(inducing decay of S(n,1)) through the viscoelastic properties. |

At the same time, it should be emphasized that the n and ¢ dependencies of S(n,f) and the ¢
dependence of G(#) change with the type of chain dynamics. (Some examples are found for the
molecular models explained in Chapter 4.) Specifically, the distribution of the orientational
decay modes of S(n,f), determining the viscoelastic relaxation modes through eqs 3.6 and 3.7,
changes with the type of chain dynamics. This point becomes a key in detailed discussion in
Chapters 5 and 6.

3-3-2. Insensitivity of G(f) expression to degree of coarse-graining ,
The expression of the relaxation modulus (eqs 3.6 and 3.7) is formally dependent on the

choice of the submolecule (choice of N and/or N), and one might consider this dependence as a



Fig. 3-3 Schematic illustration indicating combination of successive submolecules into a larger submolecule.

deficiency (non-definiteness) of the use of the coarse-grained chain. However, this formal
dependence is related to magnitudes of the coarse-graining: There is no real difference of G(z)
calculated for submolecules of different sizes.

To demonstrate this point, one can calculate the modulus sustained by successive 8
submolecules in a chain; cf. Fig. 3-3. The equilibration time for the monomers in each
submolecule, 7, is shorter than the unit time of observation, fyp.

Now, the bond-vectors of the 8 submolecules, w(n,7) (n = 1, 2,.., B), are allowed to equili-
brate under a constraint that their sum is kept at w'. If a characteristic time 7¢* of this equilibra-

tion is smaller than #,p, U(n,7op) can be generally written as3)
U(nfp) = W V() | (3.8)

where v is an isotropically distributed vector (having <vyvy> = 0) that is uncorrelated with u'.
Then, the modulus sustained by the ensemble of the 3 submolecules is expressed as (cf. egs 3.5-
3.7)

ﬁ 3kgT
Gp= 2 L <ux(ntop)uy (M iop)> = % ﬁa% <u'yu'y> (3.9)

This modulus is identical to the modulus calculated for an enlarged submolecule being composed
of B submolecules and having an average size f!2a. Namely, the mutually equilibrated
submolecules behave as an enlarged, modulus-sustaining unit as a whole.

The above result demonstrates that the calculation of the modulus is not affected by the
choice of the submolecule if the chosen submolecule is internally equilibrated within fop. In
other words, all coarse-grained chains composed of submolecules having 7 < ,p exhibit the
same modulus at ¢ > t,p, meaning that the modulus expression for these chains (eqs 3.6 and 3.7)

gives the same, correct G(f) value.



At the same time, it should be emphasized that eqs 3.6 and 3.7 cannot be applied to the
coarse-grained chains if their submolecules are not internally equilibrated within #op. If the 8
submolecules preserve their initial orientational anisotropy S, the modulus sustained by these
submolecules is given by Gg = 3BkpTSo/7 (cf. eq 3.6), not by Ggeq = 3kg750/y calculated for
the equilibrated f submolecules. In other words, the equilibration over 3 submolecules reduces
the modulus by a factor 1/f. This fact becomes a key in the test of the dynamic tube dilation

mechanismé-9 described later in Chapters 7 and 8.

3-4. Expression of Dielectric Properties
3-4-1. Dielectric relaxation function.

Since Boltzmann's superposition holds in the linear regime, all dielectric features are
described by the relaxation function ®(r) defined against a constant electric field; see Chapter 2.
Thus, the analysis of the dielectric € and €" data presented in this thesis just requires an expres-
sion of ®(¢) in terms of the bond vectors u(n,f) of the coarse-grained chains.

At equilibrium (where the £ and £" data were obtained), ®(¢) is given by an auto-correla-

tion of the polarization P(z),10.1D

(P(1)- P(0))
D) = —F—— 3.10
(P > (3.10)

The relationship between P(¢) and u(n,7) changes with the relative arrangement of the type-A
dipoles with respect to the chain backbone.!2.13) For the linear and star chains, this relationship is

separately summarized below.

3-4-1-1. Linear chains
This study utilizes linear polyisoprene (PI) chains having once-inverted type-A dipoles.14-

16) For these chains each composed of N submolecules, the polarization P(¢) is written in terms

of u(n,r) of the submolecules as

N
P() = vmg O, B(mu(ng) (3.11)

n=1

Here, v is the chain number density, and mq is a magnitude of the type-A dipoles reduced to unit
length of u. (Equation 3.11 assumes that all chains have the same arrangement of the mono-
meric type-A dipoles and that the dipoles in each submolecules are aligned in the same direction
along the chain backbone. These assumptions are satisfied for the monodisperse PI chains

utilized in this study.)
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Fig. 3-4 Schematic illustration of a linear, dipole-inverted type-A chain. Thin long arrows indicate the bond

vectors of submolecules, and the thick short arrows denote the sum of the type-A dipoles in each submolecule.

A vectorial sum mgypy, of these type-A dipoles in each submolecule is either parallel or
anti-parallel to u. The parameter ¥(n) in eq 3.11 specifies this direction of mgym: 0(n) = 1 (or —
1) if mgym 1s parallel (or anti-parallel) to u for the n-th submolecule; see Fig. 3-4.

In principle, ®(¢) includes cross-correlation terms for different chains, <ugy(n,f)euy(n',0)>
with o and o'(# o) being the chain index (cf. eqs 3.10 and 3.11). However, for non-polar chains
like PI having only weak dipoles, this cross-correlation can be safely neglected for the following
reason. Since the dipole-dipole interaction energy of these chains is negligibly small (compared
to the thermal energy kgT), the n'-th submolecule of the a'-th chain take two opposite configura-
tions, ua.(n',O) and — u,(n',0), with the same probabilities for a given configuration of the n-th
submolecule of o-th chain, u,(n,0).13) Thus, the cross-correlation terms vanish when summed

over all chains, i.e., 2, )<ua(n,t)° u,(n',0)>=0.

o (o
From the above argument, ®() is written in terms of the auto-correlation of respective
chains,
N N
W=4; X, D, dwdr)Ansn) (@O)=1) (3.12)
n=1 n=1
with
C(nt;n) =L2 <u(nf)yu(n',0)> (3.13)
4 :

Here, <> indicates an ensemble average at equilibrium. (The normalization constant, 1/N
appearing in eq 3.12, reflects the Gaussian nature of the submolecules.!3)

The quantity C(n,t;n'"), referred to as a local correlation function,'® specifies the orienta-
tional correlation of two submolecules in the same chain at times # and 0. The global chain
motion results in decay of the orientational memory to decrease the C value. This leads to the
dielectric relaxation (decay of @; cf. eq. 3.12).

It should be emphasized that the functional form of C(n,t;n') and the corresponding ¢
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Fig.3-5 = Schematic illustration of star chain being synthesized by anionic coupling. This chain has the type-A

dipoles aligned in each arm. Thin arrows indicate bond vectors of the submolecules of the arm chain, and thick short

arrows denote the sum of the type-A dipoles in each submolecule.

dependence of ®(¢) change with the type of chain dynamics (as noted, for example, from the
behavior of the models summarized in Chapter 4). Specifically, distribution of the memory
decay modes of C, affecting the dielectric relaxation modes through eq 3.12, changes with the

types of chain dynamics. This point becomes a key in detailed discussion in Chapters 5 and 6.

3-4-1-2. Star chains
For the star PI chains prepared by the anionic coupling method (cf Chapter 2), the type-A

dipoles are aligned in the same direction in each arm but are inverted at the branching point; see
Fig. 3-5. For such star chains, the polarization P() of the a-th arm is proportional to a vector
Ry (?) that connects the branching point and the free arm end. Thus, the dielectric relaxation

function of those star chains is expressed as'*!?

q
__ 1 .
*0 = N2 2 <R ORO> for g arm stars (3.14)
a o,a =1

where N, is the number of submolecules per each arm.

It should be emphasized that this ®(f) includes a cross-correlation of different arms,
<Ru(t)*Ry (0)> with o # o' If the branching point is fixed in space in the time scale of terminal
dielectric relaxation (as assumed in the tube model?-9.18.19)), this cross-correlation vanishes and eq
3.14 is simplified to!®

D) = Fa_ <R, RO> g fixed branching point (3.15)

(Here, the arm index o stands for a representative arm.) However, the branching point is not



fixed and the cross-correlation emerges when the constraint release motion occurs,202b as ex-
plained in Chapter 4. This cross-correlation becomes a key in the discussion of the terminal

dielectric behavior of the star chains presented in Chapter 8.

3-4-2. Insensitivity of ®(¢) expression to degree of coarse-graining.

The expression of the dielectric ®(z) (egs 3.12 and 3.14) is formally dependent on the
choice of the submolecular size (choice of N and/or N,). However, this formal dependence is
related to a magnitude of the coarse-graining, and no real difference exists for the ®(¢) values
calculated for submolecules of different sizes.!3) ‘

This point is easily demonstrated by calculating the polarization Pg() of successive 8
submolecules in a chain; see Fig. 3-3. If the type A dipoles are parallel to u(n,) of thesé

submolecules, this polarization is given by

i , |
Pit)=ma), u(ns) = mau'(r) (3.16)

n=1

Thus, the polarization is always equal to that defined for the enlarged bond vector, u'(f) =

¢ u(nt). This result means that the d(¢) value calculated for such enlarged'bond vectors (for

n =1
enlarged submolecules) coincides with that calculated for the smaller submolecules. In other
words, the calculated ®(¢) value is insensitive to the choice of the submolecular size.

It should be noted that this insensitivity is derived irrespective of the equilibration over 3
segments. Namely, the equilibration does nor change the () value (unless the enlarged u'
fluctuates). This feature of ®(¢) is different from the feature of G(¢); the equilibration alWays
leads to the decay of G (cf. section 3-3-2).

3-5. Difference between Viscoelastic and Dielectric Properties*'® |

The viscoelastic and dielectric relaxation processes reflect the same, stochastic motion of
the chain. However, the expressions of G(f) (eqs 3.6 and 3.7) and ®(¢) (eqs 3.12 and 3.14)
demonstrate two important differences of these processes.

The first difference concerns the time included in G(¢) and ®(). " The viscoelastic relax-
ation reflects the decay of the isochronal orientational anisotropy, and the correlation at two
separate times (¢ and 0) is not included in G(¥); see eqs 3.6 and 3.7. In contrast, the dielectric
relaxation detects this correlation (because the electric current emerges only when the polariza-
tion changes in a interval of time between 0 and t), and ®(¢) includes this correlation; see eqs
3.12 and 3.14.

The second difference is for the correlation of different submolecules. G(f) reflects the

orientational anisotropy of individual submolecules (eqs 3.6 and 3.7), while ®(f) detects the



cross-correlation of different submolecules in addition to the auto-correlation of respective
submolecules (egs 3.12 - 3.14).

These differences of G(f) and ®(¢), intrinsically related to the nature of mechanical and
electrical phenomena, in turn indicate an interesting possibility that detailed features of the chain
motion (differently averaged in G and ®) can be experimentally tested via comparison of the
viscoelastic and dielectric properties. This test is successfully made in this study, as demon-

strated in Chapters 5-8.
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CHAPTER 4
Molecular Models of Chain Dynamics

4-1. Introduction
In this study, the global motion of type-A chains (polyisoprene; PI) is discussed through
their viscoelastic and dielectric properties on a basis of the molecular expressions of these prop-
erties explained in Chapter 3. Some molecular models are utilized for convenience of this dis-
cussion. This chapter summarizes dynamic features of these models relevant to this study.

Models developed in this study are also explained.

4-2. Bead-Spring Models'-*
4-2-1. Rouse model'*

The Rouse model is formulated for a linear chain composed of N Gaussian submolecules
and placed in a uniform, frictional medium. Each submolecule, composed of g monomers, is
further modeled as a bead having a friction coefficient { = g{, ({,= monomeric friction), and
neighboring beads are connected by a Gaussian spring with a spring constant K = 3kBT/a2 (@ =
<“2>equilibrium); see Fig. 4-1.

The Rouse model is a model for an isolated, non-entangled chain. However, the tube
model for entangled chains is formulated on the basis of the Rouse dynamics, and the constraint
release model considers that the tube moves according to this dynamics. Because of this impor-

tance of the Rouse model, its features are summarized below.

4-2-1-1. Viscoelastic properties

The time evolution of the bond vectors u is described by the Rouse equation of motion that
considers a balance of the elastic and frictional forces as well as the Brownian force acting on
respective beads.34) The orientation function S(n,f) (eq 3.4) is calculated by solving this equa-
tion against a step shear strain 7. In a continuous limit (for N >> 1), the result is cast in a com-

pact form,34)

u(n,zt)

Fig.4-1 Schematic illustration of bead-spring chain.

_35__.
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S(n.1) = —NX Z sin?| Z27) exp (—%) @

Here, the longest viscoelastic relaxation time of the Rouse chain, 7, ., is given by

{a?N?
6TCZkBT

4.2)

R,G =

For a monodisperse system of Rouse chains with the number density v, the relaxation

modulus is calculated by inserting eq 4.1 into eq 3.6 (with a replacement 2, — J’IOV ... dnin the

continuous limit). The result is

4.3)

N tp2
G() = vkgT D, exp (-?R—G
=1 ’

From eq 4.3, the viscoelastic relaxation time 7g,, and intensity Ay, of p-th viscoelastic mode

appearing in eqs 2.6 and 2.7 are obtained as
Top = /P> By = VkgT . (4.4
From these 7 » and hp, the storage and loss moduli are readily calculated (cf. eq 2.7).

4-2-1-2. Dielectric properties

The local correlation function (eq 3.13), calculated from the Rouse equation motion at

equilibrium, is cast in a compact form (in the continuous limit),4>)

y | n n t
- 13 sl sl
with
_ SN 46
R kT 9

The longest relaxation time of this C, g ¢, is twice of the viscoelastic Tr ¢ (eq 4.2).
For a given arrangement of the type-A dipoles represented by 9¥(n) in eq 3.11, all dielectric
properties are calculated from the above C(n,f;n') through eq 3.12 and eqs 2.15-2.17. Specifi-

cally, the dielectric relaxation time and intensity appearing in eqs 2.16 and 2.17, 7¢, and gp, are



given by

2
4.7)

| N . (pm
Tep=Welp? g = ]%“0 B(n) Sm(l’_N”_) dn

(This gp is obtained from eqs 4.5 and 3.12 with a replacement Sn — J.SJ ..dnineq3.12.)

4-2-2. Ham model ?

The Ham-model for unentangled, g-arm star chains is formulated for a star-branched bead-
spring chain with each arm being composed of N, beads; see Fig. 4-2a. The Ham equation of
motion is formulated by considering a balance of the elastic, frictional, and Brownian forces
acting on respective beads.

The motional modes calculated from this equation is similar to those derived from the
Rouse equation, except that the odd modes inducing no motion of the branching point (BP) is
degenerated by a factor of g—1 (because each odd mode corresponds to antisymmetric motion of
a pair of the arms) while the even mode inducing the BP motion activates synchronized symmet-
ric motion of all arms and is not degenerated;24 cf. Fig. 4-2b. The viscoelastic and dielectric

properties, calculated from these motional modes, are summarized below.

4-2-2-1. Viscoelastic properties*™®
The orientation function Sy(n,t) of o-th arm of the g-arm Ham chain (cf. eq 3.5) is contrib-

uted from the degenerated odd modes and the undegenerated even modes. The corresponding

G(), calculated from eq 3.7 (with a replacement Zn - _[8’ ... dn), is given by

N,
_ y tp?
G() = kaTZ1 dpexp |- (4.8)
p =

with

dy,=q— 1 (for p = 0dd), 1 (for p = even) (4.9)
and

T _24’612]\/32 (4 10)

hG T 2T '

Here, v is the chain number density, and a’p represents the mode degeneracy. From eqs 4.8 and

4.9, the relaxation time 7, , and intensity &, of p-th viscoelastic mode are obtained as

Tp = Tu,g/P = VigTdp (4.11)



(2)

branching point

Ncr entanglement
segments

(b)
odd eigenmode even eigenmode
=1 p=2)
Fig.4-2 (a) Schematic illustration of star-branched bead-spring chain (Ham chain). (b) Schematic illustration of

odd and even modes of this chain. For the star chains having the dipoles (thick arrows) inverted at the branching point,
all odd eigenmodes and a subset of even eigenmodes (having the mode indices = twice of even integers) are dielectrically

inert.

The above viscoelastic behavior of the Ham chain is similar to that of the linear Rouse
chain composed of 2N, submolecules, except that the mode distribution specified by 4, (eqs 4.4

and 4.11) is a little narrower for the former.

4-2-2-2. Dielectric properties>®

The star polyisoprene chains utilized in this study have symmetrical inversion of the type-
A dipoles at the branching point. The odd modes of the Ham chain activate antisymmetric
motion of two arms (cf. Fig. 4-2b) and induce no change of the polarization of the dipole-in-
verted star chains. These odd modes are dielectrically inert. Thus, the dielectric ®(¢) (eq 3.14)
of those star chains is contributed only from the even modes.5

In a continuous limit (for Ny >> 1), this D(¢) is written as6)



2
o) = Z 8 exp (—% for dipole-inverted stars 4.12)
p =odd P22 He
with
L @.13)
e kT '

The dielectrically observed terminal relaxation time, Ty ¢/4 (cf. eq 4.12), is half of the viscoelas-
tic Ty ¢ (eq 4.10) because the slowest motional mode (odd mode with p=1), contributing to G(7),

is erased in the dielectric response of the dipole-inverted star chains.

4-3. Doi-Edwards Model "%

For entangled chains, the entanglement mesh size is conveniently chosen as the
submolecular size a. The corresponding submolecular molecular weight M,, often referred to as

the entanglement spacing, is evaluated from the entanglement plateau modulus Gy,9

M, = cRT (4.14)
GN

Here, c is the chain concentration in mass/volume unit, and R is the gas constant. Thus, fhe
entangled linear chain of the molecular weight M is coarse-grained into a chain composed of N =
M/M. submolecules. This particular submolecule is referred to as the entanglement segment.

Entangled chains are deeply interpenetrating with each other. In the molecular picture of
Doi and Edwards (DE), a given linear chain (probe chain) in the system moves anisotropically
with respect to its backbone:3.7:8) The lateral motion is restricted by the surrounding chains (ma-
trix chains) within a small distance a, while the motion along the backbone is not constrained by
the matrix and occurs freely over large distances. In other words, the DE model considers that
the probe motion is limited in a tube-like region of the diameter a; cf. Fig. 4-3.

The DE model further introduces simplifying assumptions that the probe length measured

along the tube does not fluctuate with time and that the tube is fixed in space during the course of

N entanglement segments

Fig.4-3 Schematic illustration of reptating chain.



the probe relaxation.”.8) Under these assumptions, the global motion of the probe occurs only
through reptation, the curvilinear diffusion along the probe contour; this diffusion is character-
ized with the number N and friction coefficient { of the entanglement segments. The linear
viscoelastic and dielectric properties of the DE model derived from this reptation picture are

summarized below.

4-3-1. Viscoelastic properties
The time evolution of the orientation function S(#,?) of the reptating chain is described by a
diffusion equation (with the curvilinear diffusivity kg7/N{). This equation is solved against a

step strain yto give3.7.8

_ 4o (7 p(_f_zﬁ)
Sn=S Y, = sm( o exp 4.15)
p =odd
with
So = 4y15 (DE initial condition) (4.16)
and
{N3a2
Ly (4.17)

Here, Trep is the reptation time required for the chain to escape from the tube.

Equations 4.15-4.17 and eq 3.6 (with a replacement 2., — Jg ... dn) are utilized to calculate

the relaxation modulus G(f) of the reptating chains ,

G = GNprep(t) (4.18)
with
_ 8 tpz)
)= ——€Xp|—F— 4.19
prep( ) p ——%dd P2 2 P Trep ( )

Here, Gy is the entanglement plateau modulus, and piep(?) is the normalized relaxation modulus
for the reptation process.  From this G(¢), viscoelastic relaxation times and mode intensities
appearing in eqs 2.6 and 2.7 are obtained as

Ip?, h, =8Gnlp*n? (for p = odd), h,=0(forp=even) (4.20)

TG, P = Trep



A comment needs to be added for the above expression of G(f). From the DE initial condi-
tion for § (eq 4.16), the molecular weight of the entanglement segment is calculated to be M, =
4cRT/SGN.3® This M, is 4/5 times smaller than that defined by eq 4.14. However, effects of
this difference of M. on the viscoelastic properties are adsorbed in the Gy factor in eq 4.18. In
other words, the difference of M. rises no difference of the G() expression as long as the Gy
value is experimentally determined. This situation is common for all dynamic properties calcu-

lated from vartous versions of the tube model described in this chapter.

4-3-2. Dielectric properties
For the reptation process, the time evolution of the local correlation function C(n,t;n") 1is

again described by a diffusion equation.+ A solution of this equation (at equilibrium) gives4>)

prn'
N

Trep

2
C(n,t;n") =% 2 sin( N )sin eXp(— 'p ) 4.21)
p=1 . ‘

Here, Trep is the reptation time given by eq 4.17. From eqs 4.21 and eq 3.12 (with a replacement

X, = J{)V ... dn'), the relaxation time and intensity of the p-th dielectric mode, 7¢, and gp, are

obtained as

N 2
. T
Tep = Teplp? 8, = é{ JO B(n) sm(p—NE)dn} (4.22)

Here 0(n) is a parameter specifying the arrangement of the type-A dipoles (cf. eq 3.12).

4-3-3. Comment for the reptation and Rouse dynamics

As noted from egs 4.20 and 4.22, the dielectric ¢ p of the reptating chain is identical to the
viscoelastic 7g,p. In addition, for the chain without the dipole inversion (3(n) = 1 for n =0 - N),
the dielectric mode intensities given by eq 4.22 are identical to the normalized viscoelastic mode
intensities, hp/GN (eq 4.20). Thus, the normalized viscoelastic and dielectric relaxation functions
Hrep and @y, are exactly the same for the reptating type-A chain having no dipole inversion.

In contrast, the Rouse model predicts a significant difference between these mode distribu-
tions; see eq 4.4 and eq 4.7 (with 9(n) = 1 for n = 0 - N). Furthermore, the Rouse and reptation-
predictions are the same for the dielectric mode distribution (cf. eqs 4.7 and 4.22) but different
for the viscoelastic mode distribution (cf. eqs 4.4 and 4.20).

These results serve as a good example demonstrating the important difference between the
dielectric and viscoelastic properties (cf. section 3-5): The dielectric properties detect the orien-
tational correlation at two separate times while the viscoelastic properties reflect the orientational

anisotropy at respective times. Thus, the same stochastic chain motion is differently averaged in



these properties, thereby giving the above difference between the Rouse and reptation predic-

tions for the mode distribution.

4-4. Thermal Constraint Release Model *''*

The tube introduced in the DE model represents the topological constraint for a given chain
(probe) from the surrounding chains (matrix). Thus, the tube moves according to the motion of
the matrix chains. This tube motion is important in particular for polydisperse chains (e.g.,
blends) and/or star chains. B

The tube motion affects the probe dynamics through two different but related mechanisms.
4 The tube motion allows a large-scale lateral motion of the probe (with respect to its back-
bone).10-13) This mechanism is referred to as the constraint release (CR). The tube motion can
also increase an effective tube diameter for the probe in a coarse-grained time scale.414.15 This
mechanism is referred to as the dynamic tube dilation (D'TD).

This section explains models for thermal CR induced by equilibrium matrix motion. The

models incorporating the DTD mechanism is explained later in sections 4.5 and 4.6.

4-4-1. Linear chains

Fig. 4-4a shows a conventional molecular picture for the CR motion of the probe (filled
thread) induced by diffusion of the tube-forming (entangling) matrix chains.!%-13 When a matrix
chain (unfilled thread) diffuses away, an entanglement segment of the probe acquires a freedom
to locally jump. After this jump, either the same or different matrix chain approaches the probe
to reform the constraint for this segment. Accumulation of this type of local jumps leads to the
global CR motion of the probe.

Graessley!2) evaluated a mean Waiting time f,, for the local jump due to pure reptation of

linear matrix chains (with no contour length fluctuation). The result is given by

. 2 e
t,=AT__ with A= 51;(’1‘—2) (4.23)

Here, Tpat is the matrix relaxation time that is assumed, in the Graessley model, to be given by
the reptation time of the matrix chain composed of N entanglement segments; Tmgat = Trep(N1)
(cf. eq 4.17). The zg is an average number of constraints per each entanglement point.  The ¢,
given by eq 4.23 is regarded as a lifetime of one entanglement point.

Graessley assumed that the local jump occurs immediately after the local constraint is
removed and that the probe contour length is preserved during this jump.!? Under these as-
sumptions, the thermal CR motion of the probe is described by a local bond-flip model!®) for
freely jointed rods each having the constant length ¢ and being constrained by the slip-link of the
finite lifetime t,; see Fig. 4-4b. Irrespective of details of the bond-flip stochastics, slow dy-
namic properties of this model coincide with those of the Rouse model.

Thus, for the linear probe chain composed of N, entanglement segments, the longest vis-

_42._,
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Fig.4-4 Schematic iltustration of consraint release (CR) process.

coelastic and dielectric relaxation times Tcgr ¢ and Tcg ¢ obtained from the Graessley model are

written as1?

2t N2 = 2{Aa?

1 — “w
T, = =7 = =
CRG™ 3 "CRe = 5 "2 ke T

NJ2N}? (4.24)

The viscoelastic and dielectric properties for the Rouse-CR process are described by eqs 4.3, 4.4,
and 4.7 after replacing the Tr g and g ¢ therein by 7cr g and 7cR ¢ (eq 4.24). This replacement
corresponds to a replacement of { for the Rouse chain by an effective friction coefficient for a
tube segment, {ybe = 12kpTtw/a?. Equation 4.24 (with the A factor different from that given by
eq 4.23) is obtained also from the CR models of Klein!® and of Daoud and de Gennes.!)

Real matrix chains have fluctuating contour length and do not exhibit the purely reptative
motion.34 Thus, the N| dependence of fy (<N}3; cf. egs 4.17 and 4.23) changes accordingly.
However, in a refined CR molecular picture considering multiple contribution!3 of several
matrix chains to a given entanglement point of the probe, the dependence of f,, on the matrix
relaxation time 7p5; also changes from that shown in eq 4.23.9 These two changes almost cancel
each other, resulting in the Nj dependence of 7Tcg ¢ and 7cg ¢ almost indistinguishable from that ‘

shown in eq 4.24.9

4-4-2. Star chains

The CR model for a g-arm star probe chain can be formulated on the basis of the Ham
dynamics described in section 4-2-2. For this star probe having N, entanglement segments in |
each arm, the viscoelastic and dielectric properties are described by eqs 4.8-4.13 with the 7y ¢

and 7y ¢ therein being replaced by 7cr g and 7cg ¢ given below.)

2 2N2

3n2kgT



For monodisperse star chains, the entanglement lifetime ¢y, is not given by eq 4.23 (formulated
for linear matrix chains) but can be self-consistently calculated from the arm motion. Details of

this calculation is described in Chapter 8.

4-5. DTD Model for Linear Chains
4-5-1. Marrucci model .

Marrucci!4 developed a concept of dynamic tube dilation (DTD) and calculated G(z) on
the basis of this concept. Although he did not specify the condition required for the DTD pro-
cess to occur, his model includes all basic ideas utilized in more elaborated DTD models.!5.17-20)
Considering this importance of the Marrucci model, its features are summarized below.

For a probe chain composed of N entanglement segments (of size a), the enlarged (dynami-
cally dilated) tube is defined at respective t. This tube is composed N'(¢) enlarged segments of
the size a'(f) (> a), and each enlarged segment includes f(f) entanglement segments, where N'(7)
= Na?/[a' (1)]? and B(t) = [a'(t)]*/a?. The central quantity in the Marrucci model is a fraction of
the enlarged segments that survive at the time ¢, ¢'().

The meaning of this ¢'(¢) is schematically explained in Fig. 4-5.4) The filled (gray) and
unfilled circles indicate the entanglement segments of the chain at times O and ¢, respectively.
The enlarged tube at the time ¢ has the diameter a’= /1/2a.  As a reference for this tube, every 3
entanglement segments at the time 0 are combined into an enlarged segment to define the initial,
enlarged tube of the diameter a’. At the time ¢, the hatched portion of this initial, enlarged tube
still constrains the chain. The ¢'(¥) is defined as a ratio, ngyy/N, where ngyy is the number of
entanglement segments at time ¢ that remain in this portion of the enlarged tube.

If the tube is fixed, this ¢'(¢) is identical to the surviving fraction ¢(¢) of the non-dilated
tube of the diameter a. However, when the tube dynamically dilates, ¢'(7) is not identical to
(1), because of the mutual equilibration of [ entanglement segments in each enlarged tube

segment.

4-5-1-1. Viscoelastic properties of monodisperse systems

For a monodisperse system of entangled linear chains each composed of N entanglement
segments, the normalized relaxation modulus () = G(¢)/Gy deduced from the Marrucci model

1s written as!4

N@)

H() = 290 (4.26)

Here, N'(t) is the number of the enlarged segments per chain at the time ¢, and @'(¢) is the surviv-
ing fraction of these segments explained in Fig. 4-5.
In polymer solutions in usual solvents, the entanglement mesh size agq) scales with the

polymer volume fraction v as aso] = av~%2 (o = 1-1.3).9 Marrucci assumed that the fully
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Fig.4-5 Schematic illustration of an initial, enlarged tube for a linear chain in a dynamically dilated tube. The
hatching indicates the surviving portion of this initial tube having the fraction ¢'(?), and the filled (gray) and unfilled

circles indicate the entanglement segments of the chain at times 0 and ¢.

relaxed portion of the chain (the portion out of the initial, enlarged tube) behaves as the sol-
vent.19 Then, a'(¢) is replaced by a[¢'(£)]=%2. The corresponding expressions for N'(¢) and

the number f(¢) of the entanglement segments in an enlarged tube segment are given by
N@®=Ne®I* B =I[¢nI* (4.27)

From eq 4.27, eq 4.26 is rewritten as

ue) = [@O"* (a=1-13) (4.28)

Some comments need to be added for this u(r) expression. Among the N entanglement
segments, only N¢'(¥) segments staying in the initial, enlarged tube (hatched portion in Fig. 4-5)
contribute to p(t). In the Marrucci model, these N@'(r) segments are (implicitly) assumed to have
partially relaxed in a way that successive f(r) segments are instantaneously equilibrated at any ¢
under a constraint of preserving a vectorial sum of their bond vectors.#) In other words, the f(¢)
segments are assumed to be instantaneously coarse-grained into a larger modulus-sustaining unit
(cf. section 3-3-2). Thus, the fractional memory of the initial chain orientation is given by ¢'(r)/
B(o) = [@ O]+ (cf. eq 4.27). This fractional memory, being equivalent to an average of the
orientation function S(n,t) defined for the entanglement segments,# agrees with the p(f) deduced
from the Marrucci model (eq 4.28). This agreement means that the Marrucci model satisfies the
stress optical rule (under the assumption of the instantaneous equilibration of the B(f) entangle-
ment segments).4)

However, these B(f) segments should have finite equilibration times determined by the
entanglement lifetime ty:4) A time 7% ~ 1,,[B(1)]? is required for their mutual equilibration (via
the constraint release dynamics) in the dilated tube segment. A longer time T#** ~ t,,N? is neces-
sary for complete equilibration of the chain contour length measured along the dilated tube.

Thus the Marrucci expression of [u(¢) (eq 4.28) is valid only in time scales > 7**, and the repta-

tion in the dilated tube (assumed in the Marrucci model) would occur only at times > 7+*%,



For explicit calculation of the t dependence of 1L(f), Marrucci considered decay of the
orientational anisotropy via reptative diffusion and convection, the latter due to shortening of the

tube during the DTD process.!4 The resulting Ji(7) is written as |
w® =[1 - 1/ 5ep(V)]? fora=1 (4.29)

where Trep(NV) is the pure reptation time given by eq 4.17. In a range of 1 £ 0.4Tep(N), this pW(#) is
not significantly different from a single-exponential decay function, exp (-2.5t/ Trep)-14) This J
result means that the DTD mechanism formulated in Marrucci’s way accelerates the relaxation of
monodisperse chain by a factor of 2.5 compared to the no dilation case (pure reptation case).

This acceleration is in accord to experiments.

4-5-1-2. Viscoelastic properties of blends

For blends of linear chains, Marrucci!4 considered reptation of the component chains in
respective dilated tubes. The surviving fraction of the dilated tube for the i-th chain component
at the time ¢, defined in the way explained in Fig. 4-5, is denoted by ¢;'(r). Then, an average

survival fraction is given by
PO= 2, 10,0 (4.30)
i

where v; is the volume fraction of the i-th component. The corresponding () is calculated with
an argument similar to that for the monodisperse system. For the case of the dilation exponent o

= 1, the result is!4
u(n = [2 Y; ‘Pl-'(t)}2 =) (4.31)

Thus, the blending can affect the ¢ dependence of ¢'(¢) but does not change the relationship
between p(f) and @'(¢) (cf. eqs 4.28 and 4.31).

For the above case of o0 = 1, Marrucci again considered reptative diffusion and convection
to calculate (in an approximate way) the 7 dependence of (?) of binary blends. The resulting
L(#) exhibits two-step relaxation processes;!4) the fast process corresponds to the relaxation of
both short and long chain components, and the slow process reflects the relaxation of the long
chain component. The relaxation intensity of the slow process scales as square of the volume
fraction v, of the long chain component, while the terminal relaxation time scales as v,. These

features are close to those observed for actual binary blends.®

4-5-2. Supplement to Marrucci model (a model developed in this study?")

The DTD molecular picture introduced in the Marrucci model can be easily applied to the



dielectric behavior of linear chains having non-inverted type-A dipoles, although Marrucci did
not examine this behavior by himself. Thus, the dielectric relaxation functioﬁ for the DTD
process was formulated in this study.2D) The results obtained for monodisperse systems and
blends are summarized below.
4-5-2-1. Dielectric properties of monodisperse systents

From eqs 3.12 and 3.13 with & = 1 for n = 1-N, the dielectric relaxation function ®(¢) of

the type-A chain composed of N entanglement segments is written as

N N
o= Y <u@nouE,0)> 4.32)
Na- n=1n=1

Now, every successive 3 segments are combined into an enlarged segment having the bond

vector u',

ip
ui@n= . ume, i=1,2..N (=Np (4.33)
n=1+(-1)8

Because of an identity Zn-1 = Zi-1 Zo-1.ip, the @(F) given by eq 4.32 is rewritten, in any time

scale, in terms of this u' as

N N
o =—1— % 3 <wlnuop>wih (a')?=pF=<u®> @434
Ni{a'¥ i=1j=1

This result indicates that the ®(f) value does not change even if the 8 segments are mutually
equilibrated in each enlarged segment under the constraint of preserving u'. This feature of P(7)
is different from the feature of G(f); the mutual equilibration reduces the G(¢) value by the factor
1/B; cf. section 3-3-2.

The above dielectric feature is utilized to calculate () of the chain in the dilated tube.
Under the situation depicted in Fig. 4-5, the size of the enlarged segment utilized in eq 4.34 can
be chosen to be identical to the dilated tube diameter. These segments preserve their initial
memory when they are in the surviving portion of the dilated tube (hatched portion). Thus, the
averages in eq 4.34 are given by <u'(j,f)*u'(j,0)> = (a')? if the i-th and j-th enlarged segments at
times t and O are located at the same position in this surviving portion. For the other cases,

<u'(i,f)su'(j,0)>=0. From these arguments, ®(¢) is expressed as2D



(1) =ﬁ2 2' 8 = Q@) (4.35)
i

where the summation X' is taken for the enlarged segments in the surviving portion of the dilated
tube.

This result leads to an interesting relationship between the dielectric ®(¢) and viscoelastic
‘W(t) of the chain in the dilating tube (cf. eqs 4.28 and 4.35),

W) = [P+ = [D(n)]? (4.36)

This relationship, deduced from the general arguments for the expressions of ®(¢) and G(?), is
valid for the dominant part of relaxation at z < 7; (terminal relaxation time) for N >> 1 irrespec-
tive of details of the chain motion in the dilating tube.42D In other words, eq 4.36 holds not only
for the Marrucci model! but also for the other models considering the chain in the dilated tube,
e.g., the model of Viovy et al.22 The DTD relationship, eq 4.36, is experimentally tested later in
Chapter 7.

4-5-2-2. Dielectric properties of binary blends?)
In the binary blends considered here, the probe and matrix chains (referred to as the com-

ponents 2 and 1) may be chemically different but are uniformly mixed and entangled with each
other. The number fractions of the entanglement segments of the probe and matrix are denoted
by v'5 and v'j, respectively. (These v'; are reduced to the volume fractions if the probe and
matrix are chemically identical.2D) Either the probe or matrix chains, or both, have the non-
inverted type-A dipoles. The survival fractions of the dilated tubes for the probe and matrix,
@'(t) and ¢1'(?), are defined in the way explained for the Marrucci model, and the average sur-
vival fraction is given by ¢'(¢) = v'1¢;'(£) + V20, (¢).

For both probe and matrix chains, the mutual equilibration of successive entanglement
segments (DTD process itself) does not lead to decay of the dielectric memory. (This situation is
similar to that explained for the monodisperse system.) Thus, the dielectric ®(f) of the blend as a

whole can be written as2D
D) = p'1P1(D) + P2DP2(0) with Di(1) = @;'(r) (4.37)

Here, ®;(f) and 5'; are the dielectric relaxation function and intensity coefficient of the compo-

nent i, the latter being defined by

~ 1)','6
U= VIO + Uad (i=1,2) (4.38)

In eq 4.38, J; represents the squared magnitude of type-A dipoles per entanglement segment of



the component i (¢; = 0 if this component has no type-A dipoles). The 7 is reduced to the
volume fraction of the component i if the probe and matrix are chemically identical.

For the DTD process (with the dilation exponent o = 1), eqs 4.31 and 4.37 specify the
relationship between the viscoelastic and dielectric properties of the blend. Hereafter, a focus is
placed on a special class of blends in which the probe is dilute and entangled only with the
matrix chains and only the probe has the type-A dipoles (6; = 0 in eq 4.38).

The dilute probes do not affect the behavior of the matrix chains. Then, the average tube
survival fraction ¢'(¢) in the blend should coincide with the fraction ¢ ,'(¢) in the monodisperse
system of the matrix. This ¢ n'(f) can be expressed in terms of the normalized relaxation modu-
lus [y m(?) of this system if the DTD picture is valid; @y m'(£) = [, m()11/2 (cf. eq 4.28 with o =
1). Thus, if the DTD pre-requisite (immediate CR equilibration of entanglement segments on
removal of topological constraints) is valid for the dilute type-A probe in the blend, eqs 4.31
and 4.37 are combined to give a relationship between [, (f) and D(r) of this probe,2D

() = @O (1) = [W1,m(D]V2 Dy(r) , (4.39)

This DTD relationship is tested experimentally in Chapter 7.

4-6. DTD Model for Monodisperse Star Chains
4-6-1. Ball-McLeish model'

Within the context of the tube model, the branching point of a star chain is assumed to be
fixed in space (in the time scale of full relaxation), and the star arm is considered to relax by
retracting along the tube.®

The early models proposed by Doi and Kuzuu (DK)23) and by Pearson and Helfand
(PH)24 assumed the arm retraction in a fixed tube. This retraction over a curvilinear distance z
measured along the arm contour (with z = O corresponding to the free arm end; see Fig. 4-6) is

associated with an entropic potential Upg(z),23:24)

Upk(z) =vgksT N z2 5 with Leq = aN, (equilibrium arm length) (4.40)
{Leq ,

Here N, is the number of entanglement segments in each arm. For the Gaussian arms, the coeffi-
cient Vg has a well-defined value, 15/8.3.15)

The DK and PH models predict that the terminal viscoelastic relaxation time Tapy (o<
exp[Upk (Leq)/kpT]) increases exponentially with Np.23:24  The predicted Tarm value as well as
the calculated viscoelastic mode distribution quantitatively agree with experiments if the coeffi-
cient v in the models is adjusted to = 0.6.24 However, for long arm stars, this adjustment
corresponds an adjustment of T,y by orders of magnitude;!> for example, for N, = 20, the Ty

value for vg = 15/8 (correct Gaussian coefficient) is 10!! times longer than the Ty, value for the
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Fig.4-6 Schematic illustration of dynamically dilated tube for star arm with the fixed end.

adjusted vg = 0.6. This tremendous difference suggests that the assumption of the fixed tube
made in the DK and PH models is not valid for monodisperse star chains. Focusing on this
problem, Ball and McLeish (BM)!5 applied the dynamic tube dilation (DTD) concept to the arm

retraction process. Features of the BM model are summarized below.

4-6-1-1. Arm retraction in dilated tube
If the arm once retracts over the curvilinear distance z (cf. Fig. 4-6), the entanglement

segments near the arm end are randomized to fully relax when the arm stretches to the original,
equilibrium length Leq. The number of the randomized segments is given by Nyz/Leq. The BM
model considers that these segments behave as a solvent and the tube dilates accordingly.!5)
This dilation leads to enlargement of the modulus-sustaining segment (in the sense explained for
the Marrucci model; cf. section 4-5-1). Consequently, the number of the enlarged segments Ny’
decreases as the tube dilates.

For a given retraction distance z, the BM model introduces a conditional survival fraction

of the dilated tube ¢'(z) = 1 — z/Leq to express N' as!s)
Ny' = @N, (4.41)

This expression corresponds to the dynamic dilation with the exponent o = 1; cf. eq 4.27. The
arm retraction over an infinitesimal distance dz from z to z+dz is assumed to be associated with
an entropic potential dUgwm (z) determined by this N,'. Specifically, utilizing the functional form
of the DK potential (eq 4.40) but replacing the N, factor therein by Ny, the BM model expresses
the potential as!>)

dUgym = 2_V~Gk_BT[Na?p'] zdz = MTP _J_) z dz (4.42)
{ Leq}2 { Leq} Leq

With this activation potential, the relaxation time Tgm(z+dz) for the segment located at the curvi-



UlkgT

0 0.2 04 0.6 0.8 1
Z/aN,

Fig.4-7 Comparison of the activation barriers for the star arm retraction, UDK, UBM, and UMM, utilized in the Doi-
Kuzuu and Pearson-Helfand models, the Ball-McLeish model, and the Milner-McLeish model, respectively.

linear distance z+dz is related to the relaxation time Tp(2) at z,

dUpm(z)

BM(z+dz) = TeM(2) ex (4.43)
kgT
Integration of eq 4.43 gives the BM prediction for the relaxation time,!5)
2 3
M) = T*exp[ M} with Ugm(z) =vGNkgT zc 220 4.44)
ksT L2 3Lg
Here, 7* is the Rouse relaxation time within one entanglement segment.
From eq 4.44, the longest relaxation time is found to be
VG N, :
Tam = TeM(Leq) = T¥exp [ %—a] (4.45)

This Tarm is much shorter than that predicted from the fixed tube model, Ty, = T*exp[Upk (Leq)/
kgT] = T%exp[VGNa]. In fact, the BM model effectively reduces the v factor in the fixed tube
model by a factor of 1/3 (cf. eq 4.45), thereby explaining the measured Ty, values with consid-
erable accuracy. This result is related to a reduction of the activation potential by the DTD
mechanism:!5 This reduction, made through the —2z3/3Leg3 term in Upw (eq 4.44), is more
significant for deeper arm retraction. Fig. 4-7 compares this Ugy potential with Upy utilized in

the fixed tube model.

4-6-1-2. Viscoelastic properties
In the BM model, the modulus sustained by the segments at the curvilinear distances

between z and z+dz is given by dG =d | {(§)2Gn}| = 2GN{1 — (z/Leq) }dz/Leq 415 The model




considers that these segments have a well-defined relaxation time 7Tgy(z) (eq 4.44) and this dG

relaxes at a rate 1/7gm(z). Thus, the relaxation modulus deduced from the BM model is given
by!S

Leq

G(t) = Gy f?q[o [1_Lij exp(—TB 1\’4 (Z)) dz (4.46)

(This expression of G(7) is consistent with the stress-optical rule because of the internal equili-

bration assumed for the chain in the dilated tube,® as discussed for the Marrucci model.)

4-6-2. Milner-McLeish model '"1®

Milner and McLeish (MM) refined the BM model by considering (1) the thermal fluctua-
tion of the arm contour length, (2) a solution of the first passage problem that gives a more
accurate expression of 7(z) than eq 4.44, and (3) the dilation exponent o = 4/3 suggested by
Colby and Rubinstein2> (instead of o = 1 utilized in the BM model).

For the point (1), Milner and McLeish focused on the arm retraction over a small curvilin-
ear distance z << Leq (= aN,). This shallow retraction occurs via the Rouse fluctuation3.17) free
from the activation potential (U(z) << kgT). Considering that the branching point of the arm
does not influence the shallow retraction and thus the time 7g,(z) for this retraction is indepen-

dent of N,, they evaluated Ty (z) as!?

3 4 ‘
T (2) = M(Z_r = mzét (4.47)

256 \Leg 256 a*

with 7* being the Rouse equilibration time within one entanglement segment.
For large z (deep retraction), the arm feels the potential. Considering the above point (3),

Milner and McLeish expressed the potential as17.18)

ZVGNakBT

UmM@ = 01 042)

- (1 _L)a+1(1 L (oFD)e
Leg

} (4.48)

- with o0 =4/3 and v = 15/8. This Uy is shallower than Ugw, as shown in Fig. 4-7. Solving the
first passage problem for the arm end motion under the potential Uy (the point (2)), they evalu-

ated the time 74,(z) required for the deep retraction over the curvilinear distance z.17:18) The

result is
N2 152 exp ——UMM(Zj
Tapl2) = el (449
30172 (£ p 1__z_~\20t+ 1-( 1 )—2(4+4(X)20t/(a+1)}
i e R T R



Milner and McLeish further combined this 74,(z) with 7(2) (eq 4.47) to obtain an (ap-

proximate) expression of the relaxation time in the entire range of z,17.18)

wa@ eoxpl A

Tsh(2) Umm(z)
St ( keT )

mm(2) = (4.50)

The crossover from the shallow retraction (eq 4.47) to the deep retraction (eq 4.49) occurs at z =
Na!2a (= thermal fluctuation length of the arm).

In the MM model, the modulus sustained by the segments at the curvilinear distances
between z and z+dz is given by dG = d|{(@)**Gn} | = (0+ )Gy { 1-(2/Leq) }* dz/Leq. (Here,
@(z) = 1 = z/Leq 1s the conditional survival fraction of the dilated tube for a given z.) These
segments have a well-defined relaxation time Typ(z). ‘Thus, the relaxation modulus deduced

from the MM model is written as!7.18)

(a+1)

G() = Gy =7
eq

Leg
] ——2 ]%ex (— ! )dz with o= 4/3  (4.51
]0 { Leq} P ™mm(2), 41

4-6-3. Supplement to BM and MM models (a model developed in this study***")

The DTD molecular picture considered in the BM and MM models can be applied to the
dielectric behavior of the type-A star chains, although Ball, Milner, and McLeish did not exam-
ine this behavior by themselves. Thus, the dielectric relaxation function for the DTD process of

those star chains was formulated in this study.2627> The results are summarized below.

4-6-3-1. Arm motion in the dilated tube
Fig. 4-8 depicts the arm motion in the dilated tube of the diameter a'. The filled and un-

filled circles indicate the entanglement segments at times O and ¢, respectively. In Fig. 4-8, the
branching point is not fixed in space but allowed to displace in the dilated tube by Dy(f) (thick
dotted arrow). The tube survival fraction ¢g'(¢) for the o-th arm is defined as a ratio ny/N,,
where ng is the number of the entanglement segments of this arm remaining somewhere in the
entire surviving portion of the dilated tube, i.e., in the cross-hatched zone shown in Fig. 4-8a.

The average survival fraction of the dilated tube is given by?26)

M=

1 ¥o. (1) - (4.52)

i = 1
(D(t)—qa

The total number of entanglement segments in the surviving portion is g@'(£)Nj.
In consideration of the motion of the o-th arm, it is convenient to subdivide the contour of
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Fig.4-8 (a) Schematic illustration of motion of the star chain in a dilating tube of diameter a’(f); (b) magnified
view for motion of a particular (0-th) arm. In both parts (a) and (b), filled and unfilled circles indicate the entanglement
segments at time O and 7. The dotted tube indicates an initial thick tube defined at the time 0, and the cross-hatched

portion in part (a) represents the portion of this initial thick tube surviving at time ¢.

this arm at the time ¢ in two portions, the outer portion that has escaped from the dilated tube (via
any type of motion) and the inner portion remaining in this tube. The outer portion has an end-
to-end vector Ry ou(?) (thin solid arrow in Fig. 4-8b) that is uncorrelated with the initial chain
configuration characterized with the vectors connecting the branching point and arm ends, Ry
(0) with o' = 1 - g. This portion has no contribution to ¢y/(f). In contrast, the inner portion
preserves its initial memory to some extent and contributes to ¢'(7). '

At the time ¢, the end-to-end vector of this inner portion can be expressed as26)

Ro,in(f) = Rgin(0) + Do(2) — Dy(9) (4.53)

Here, Dy (?) is a displacement of the branching point, and D(7) denotes a displacement of the
entanglement segment of the o.-th arm at the outer edge of the surviving portion of the dilated
tube; cf. Fig. 4-8b. This edge-segment at the time ¢ is not necessarily the same as that at the time
0 because of the branching point displacement: D (?) is defined as the vector connecting the

edge-segments at these two times (thick solid arrow in Fig. 4-8b). Finally, R, j(0) is a vector



connecting the branching point and the edge-segment, both at the time O (thin dotted arrow).
Some general features of the arm motion can be specified without detailed knowledge
about the arm dynamics. The dilated tube diameter a'(¢) represents a length scale over which the
lateral motion of the arm can occur in a given time scale . Thus, the displacement Dy(¢) should
be uncorrelated with the initial configuration, as-long as its magnitude |Dy(r)| is smaller than a'.

This argument suggests a relationship,26)
<Dp()* Ry (0)>=0 (a'=1-q) (4.54)

A comment needs to be made for eq 4.54. For [Dy(#)| > a’, the branching point penetrates
into a tube for a particular (o'-th) arm to raise correlation between Dy(#) and Ry (0) and violate
eq 4.54; see Fig. 4-8b. For this case, the other arms are sucked into this particular tube. How-
ever, this sucked-in motion, similar to that of pom-pom chains in the nonlinear regime,2® is an
unlikely motion for the star chains in the linear regime. Thus, eq 4.54 can be safely assumed at
equilibrium (where the dielectric relaxation is detected).

The coincidence of the dilated tube diameter and the scale of lateral motion also means that
the displacement D (7) of the edge-segment has a magnitude |Da(t)| <a' . Thus, Dy(f) would
not be correlated with the initial arm configuration if the time scale considered is well below a
time Teq,in required for equilibration of the configuration of the inner portion, i.e., equilibration

of both length Ry jp = | Ra,inl and orientation Ry in/Re in. This argument suggests a relationship,
<Da(t).Ra' (0)> = O fOI' 1< Teq’in (OL' = 1 - q) (4.55)

A comment needs to be made also for eq 4.55. The complete orientational equilibration
occurs only when the arm escapes from the dilated tube, and Teq,in is close to the longest relax-
ation time Tyrm. Nevertheless, some degree of equilibration may occur even at f < Teq i and eq
4.55 may have to be modified accordingly. However, discussion of this modification is post-
poned to section 4-6-3-4 and, in the next section, the expression of the dielectric relaxation
function ®(¢) is derived in the simplest way by utilizing eq 4.55 (without the modification)
together with eq 4.54.

4-6-3-2. DTD relationship between @ and U of star chains
The dielectric ®(¢) of the g-arm star chains (eq 3.14) is contributed from the auto-correla-

tion and cross-correlation of the end-to-end vectors of the arms, <R (f)*Ry (0)> with o, o' =1 =
g. The outer portion of the arm having escaped from the dilated tube at time ¢ is uncorrelated
with Ry (0), as explained in the previous section. From eqs 4.53-4.55, the surviving correlation
terms <Rg in(1)* R (0)> are replaced by <Ry in(0)* R (0)>. Thus, ®(7) is rewritten as?6)
q
o =—L— 3 <Rein(©)Ra(0)> (4.56)

q Naa oo =1




At equilibrium, the <R in(0)*R¢(0)> terms included in eq 4.56 satisfy the Gaussian rela-

tionships,26)

<R, (0°R, (0> = <{R,(0)}*> 8, (4.57)
and
q q
Y <{Rein@}>= Y, <{Rgin(®)}?> = g@(N,a? (4.58)
a=1 a=1

In eq 4.58, the entire portion of the surviving dilated tube (cross-hatched portion in Fig. 4-8a) is
considered to contain the same number of entanglement segments at the times 0 and ¢. This
number is given by g@'(f)N,, where ¢'(¢) is the average survival fraction of the dilated tube
defined by eq 4.52.

Substitution of eqs 4.57 and 4.58 into eq 4.56 gives the expression of @(7),

@(r) = @'(¢) for the star chains (4.59)

As similar to the situation for linear chains, the normalized relaxation modulus pL(?) of the star
chains is given by [¢'())]1 % with . (= 1-1.3) being the dilation exponent; cf. eq 4.28. Thus, ®(¢)

and p(r) of the monodisperse star chains satisfy a DTD relationship2®)
w() = [e@]i+e (4.60)

This relationship for the stars, obtained with the aid of eq 4.55 and thus valid in a time scale
where eq 4.55 holds, is formally identical to the DTD relationship derived for the monodisperse
linear chains (eq 4.36), although the t dependence of ®(¢) is quite different for the star and linear
chains. In addition, the BM and MM models can be reformulated for ®(¢) to obtain the same
relationship in the dominant part of relaxation, as demonstrated in the next section.

Thus, the above DTD relationship has a rather wide applicability and holds whenever eq
4.55 holds and the tube dilates in a way considered in Fig. 4-8. This relattonship is experimen-

tally tested for the star polyisoprene chains later in Chapter 8.

4-6-3-3. Reformulation of BM and MM models for @

In the BM and MM models, 15.17.18) the dielectric memory ®(z) for a given arm retraction
distance z is given by 1- z/Leq. (For this z, the memory is preserved for the entanglement seg-
ments located at curvilinear distances z' > z but vanishes for those at 7' < z; cf. Fig. 4-6.) Thus,
the dielectric memory sustained by the segments at the curvilinear distances between z and z+dz
is given by d | Fid | = dz/Leg. Within the context of the BM and MM models, this memory decays



with the well-defined relaxation time of these segments, Tzm(z) and/or Tuw(z) (eqs 4.44 and 4.50).
Thus, the dielectric relaxation functions of the stars deduced from the BM and MM models are

commonly written as26)

Leq
__1 _t : _
OIGES Ley jo exp( @) ) dz with ,T(Z) = Tgm(2) and/or Tmm(z) 4.61)

For long arms (N, >> 1), both Tsm(z) and 7um(z) increase exponentially on an increase of z
(> thermal fluctuation length ~ N,1/2a).  For this case, the exponentially decaying term appear-
ing in eq 4.61 can be approximated as exp{—#/7(z)} = 1 for z > z* and exp{—-#/7(z)} =0 for z <
Z*,15) where z*(¢) is an average retraction distance at the time ¢ determined from an equation,
Tem(z*(#)) = t and/or Tym(z*(#)) =¢. (Equations 4.44 and 4.50 need to be numerically inverted to
evaluate this z*.) This approximation, valid for the dominant part of the relaxation (at ¢ well
below the arm relaxation time Tar), means that the arm segments at z > z*(7) have hardly re-
laxed while those at z < z*(¢f) have fully relaxed at ¢.

With the above approximation, the integral (eq 4.61) leads to an expression of ®(f),26)

Dy=1-2D (4.62)
Leq

Here, the factor 1 — z*(#)/Leq is equivalent to the average survival fraction of the dilated tube.
With the same approximation, the normalized relaxation modulus p(#) = G(t)/Gn, originally
obtained in the BM and MM models (eqs 4.46 and 4.51), becomes20)

B B 2*(1) 1+ 3 ‘
un=i1 T (o =1 and 4/3 for the BM and MM models) (4.63)
€q

As noted from eqs 4.62 and 4.63, the BM and MM models also lead to the DTD relationship (eq

4.60) for the dominant part of the relaxation of the long arm stars.

4-6-3-4. Modified DTD relationship accounting tube-edge effect 7
Equation 4.55, utilized in derivation of the DTD relationship (eq 4.60), should be valid at a

time scale ¢ well below the time Teq in required for equilibration of both length and orientation of
the inner portion of the arm remaining in the dilated tube. However, as ¢ approaches Teq in, this
equilibration may gradually proceed and eq 4.60 may fail accordingly. For this case, the DTD
relationship needs to be modified. In this section, this modification is made for a special case
that the branching point is fixed in space and the star arms move independently (as assumed in
the BM and MM models).

For this case, the end-to-end vector of the inner portion Ry in(?) (eq 4.53 with Dy(2) = 0)

and its squared average are given by



Roin(®) = Ro,in(0) + Do () (4.64)
<{Rein(®)}?> = <(Re,in(0)} 2> + 2<Dei()*Retin(0)> + < (Do)} 2> (4.65)
For the case of the fixed branching point, the surviving portion of the dilated tube for each arm
should contain the same number of the entanglement segments in fully equilibrated states at the

times 0 and .27 Then, as noted from eq 4.65, <{Ra,in(t)}2> coincides with <{Rg,in(0)}2> to

raise a correlation between Dy (#) and R, i,(0),27
<Do(1)*Ro,in(0)> = = 1 <(Daf0)) 2> (4.66)

Under an assumption that the edge segment at times O and ¢ is located at an arbitrary posi-
tion in the edge of the dilated tube shown in Fig. 4-8b (designated as &-1 plane), the mean-square
displacement of this segment in the interval of time between 0 and ¢ is calculated as2”)

(4.67)

D> =L [ (=& + (n-moP} d& dEodmamo=
e (a'l2)

R
a-a

2
Here, (£, n) and (&, 1) represents the coordinates of the edge segment at times ¢ and 0, respec-
tively, and the integral is conducted in a circular region of diameter a'-a specified by an inequal-
ity, £2+12 < (a'-a)?/4), i.e., in the region available for the center of mass of the segment. (The
displacement is set to be zero when the tube is not dilated.)

From eqs 4.64 - 4.67 together with eq 3.15 (definition of ®(¢) for the case of fixed branch-

ing point), an expression of (ID(t) can be obtained as27)

d() = —L <R, i, ()°Ry i (0)>
0= Ly Ren ORein©

-1 - (0}R..: -1
= vz [Rain OrRain 02>~ <(Du(0))

= P()- < (o2 1] (@=1-13) (4.68)

Here, ¢'(¥) = <R0Lin(())-Roz’in(O)>/Naa2 is the survival fraction of the dilated tube (for the case of
the fixed branching point), and the expression for the dilated tube diameter a’ = a{ ¢'(f)}~%/2 was
applied to <{Dy(1)}2> = (a'-a)/4.

At t < Tyrm, €q 4.68 overestimates the effect of the displacement of the edge segment
(tube-edge effect) on the dielectric relaxation because the complete equilibration (assumed for eq

4.66) requires a time ~ Tyry. Thus, the above expression of d(r) is to be considered as an ex-



treme expression for the case of the maximum tube-edge effect. This expression is different
from the expression without the tube-edge effect (eq 4.59) by a factor ~[{ ¢'(£) }~%/2—1]2/8Nj.
This factor, representing the (maximum) tube-edge effect, becomes important at long ¢ where
¢'(1) decays to the order of N,~/(1+®) and the factors ¢' and { ¢'}~%/N, become comparable in
magnitudes.

The above tube-edge effect does not introduce significant changes in the expression of the
normalized relaxation modulus, () = {¢'(t)} 112 (for the dominant part of the arm relaxation).
Thus, the DTD relationship between (f) and ®(z) of the star chains, being modified for this
effect (eq 4.68), can be written as27)

) = (o)) — L[ (u(nyeni+e (4.69)

Again, the difference between this expression and the expression given by eq 4.60 (without the
tube-edge effect) becomes important at long ¢ where (p’(t) ~ O(Na—l/(“a)) and W(?) ~ O(1/N,).
Experiments® indicate that the steady state compliance J of well-entangled star chains is close
to the Rouse-Ham value, Jry = 2(15g—14)M/5(3g—2)?cRT = 2N,/3Gy (for the arm number g >
6). Thus, the normalized terminal relaxation intensity W(Zarm) scales as 1/GnJe ~1/GnJry = 3/
2N,, suggesting that the tube-edge effect becomes important at long ¢ ~ O(Tarm) Where W(z)
decays to O(1/N,p). 271 ’

The tube-edge effect can be also incorporated in the BM and MM models reformulated for
®(1) (section 4-6-3-3). With this effect, the dielectric memory ¢(z) for a given arm retraction
distance z is evaluated as the @ given by eq 4.68 with ¢' being replaced by 1-z/Leq. Then, the
dielectric memory sustained by the entanglement segments at the curvilinear distances between z

and z+dz can be expressed as

a|®| = 1+L(1_J_)—(0t+1)_ o (1_4_)—<1+a/2>} dz. 4.70)

8Na\  Leg 8Na|  Leg Leg

Within the context of the BM and MM models, this memory decays with a well-defined relax-
ation time, 7(z) = gm(z) and/or Tym(z) (eqs 4.44 and 4.50). Thus, () deduced from the BM

and MM models in presence of the (maximum) tube-edge effect can be written as27)

‘%
_ 1 o f(1_ z \o+D) _ ({_ _z \-(+ar2) q (_ L)
d@) = 1+ 1 1 ) ex dz
® KnLeq ’o 8N, {( Leq) ( Leq ‘ P - @)
2
ith 7.= L. — =2 ¢ L[y = Ze o 471
with zo = Leg—a and K, » + SN, {1 (1 Leq) } 4.71)

In eq 4.71, the upper bound of the integral z. is introduced to avoid divergence of the integral.



(This upper bound value was chosen according to a fact that the entanglement segment closest to

the branching point fully relaxes when the arm end retracts by a distance Leq — a.) The Kpis a

normalization factor ensuring ®(0) = 1.
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CHAPTER 5
Effects of Constraint Release on Eigenmodes of Dilute Probe

in Blends.

5-1. Introduction

Cis-polyisoprene (PI) chains have dipoles parallel along their backbone,! and their global
motion induces molecular weight (M) dependent dielectric relaxation at long time scales. Utiliz-
ing this feature, extensive dielectric studies have been carried out for PI chains in various envi-
ronments such as the bulk state,1-0) solutions,47-11) and blends.4.12-16)

The fundamental aspect of the slow dielectric relaxation of linear PI chains is described by
a local correlation function C(n,t;n') (eq 3.13).9 The global motion of individual PI chains,
being reflected in C(n,t;n'), depends on the dynamic nature of the surrounding environment.

Most of the dielectric studies so far carried out have been for linear, regular PI chains with
no inversion of the dipoles.1.24.5.79.12.16) For the regular PI chain composed of N segments, the

polarization P is proportional to the end-to-end vector R and the dielectric relaxation function

@(?) (eq 3.10) is related to C(n,t;n") as (cf. 3.12 with a replacement Y, — J.I(Y ..dnand ¥(n) =1
forn=0-N)® -

N N ’ )
_ <R@'RO> _ 1 ' .
o) = ————<R2> = NL dn fo dn' C(nt;n") 5.1

The n and n' dependence of C(n,t;n') is averaged in ®(1). Thus, details of the chain dynamics
reflected in this dependence were not well elucidated in the studies of the regular PI chains.
These details can be dielectrically examined for a series of specially designed PI chains
that have identical M but differently once-inverted dipoles.®) The structure of these chains is
shown schematically in Fig. 5-1. For a PI chain having its dipole inversion at the n*-th segment,
the polarization is proportional to the difference vector AR = R, — Ry, with R, and R, being two

end-to-center vectors (see Fig. 5-1). Thus, in a continuous limit, the dielectric relaxation func-

n=N

Fig.5-1 Schematic illustration of a dipole-inverted linear type-A chain.



tion ®(¢) is related to C(n,t;n') as (cf. eq 3.12 with 8(n) =1 for n = 0 - n* and ¥(n) = ~1 for n = n*

_N)6)
n* N n* N
D(t;n*) = ﬁ I dn — f dn f dn' - J dn'| C(n,t;n) (5.2)
0 n* 0 n*

The above series of dipole-inverted PI chains having the same M (or N) are dynamically
identical to each other and thus have the same C(n,t;n"). However, ®(t;n*) of these chains are
different because of the difference in n*. The dielectric data from these chains can be used to
experimentally determine the eigenfunctions fp(n) and relaxation times ¢, defined for
C(n,t;n"),%

N

fp(m)fp(n') expl—t/Tgp) (5.3)
p=1

C(ntn") = ]%—

(This symmetric form of the eigenmode expansion of C reflects the symmetry of the orienta-
tional correlation, <u(n,f)eu(n',0)> = <u(n'.f)*u(n,0)>.9) The f,(n) and 7, separately determine
the n and t dependence of C(n,#;n") and contain detailed information regarding the chain dynam-
ics.

Watanabe et al. examined the dielectric behavior of such a series of dipole-inverted PI
chains and determined f,,(n) and 7¢p for the lowest three eigenmodes (p = 1-3) in the bulk state,®
solutions,10.11) and blends.!% Of particular importance to this study is the behavior of dilute,
dipole-inverted PI probe chains in a matrix of much shorter, entangling polybutadiene (PB)
chains.!> These probe chains relaxed with the constraint release (CR) mechanism due to motion
(diffusion) of the matrix PB chains (see section 4-4-1).19-21)

The CR relaxation of the probe has been considered to proceed via retarded Rouse-like
dynamics (cf. section 4-4-1).19-21) However, for the dipole-inverted PI probes in the short PB
matrix, fp(n) is non-sinusoidal with respect to n and not explained by the Rouse-type CR model
(despite a success of this model for describing the CR relaxation time).!> On the basis of this
result, the dynamics of the dipole-inverted PI chains in a high-M PB matrix (where the CR
mechanism makes a negligible contribution to the PI relaxation) is investigated in this and next
chapters to elucidate further details of the CR effect on the eigenmode.

In this chapter, f,(n) and ¢, (p= 1-3) are dielectrically determined for the dipole-inverted
PI chains dilutely blended in the high-M PB matrix. The CR effect on the eigenmodes of the PI
chains is examined by comparing f,(n) and 7, for the same PI chains in the high-M and low-M
entangling PB matrices as well as in the monodisperse bulk state of the PI chains. (The CR
contribution to the PI relaxation is different in these environments.)

The next chapter3!) addresses the relationship between dielectric and viscoelastic quanti-

ties. Specifically, the f,(n) and ¢ data obtained in this chapter are utilized to calculate vis-

i62_~_



coelastic moduli. Short-time coherence of the PI motion is examined in a purely experimental

way through comparison of the calculated moduli and the viscoelastic data.

5-2. Experimental
5-2-1. Materials -

Table 2.1 summarizes molecular characteristics of the dipole-inverted PI, regular PI (with-
out dipole inversion), and PB samples used in this chapter. The dipole-inverted PI chains are
composed of two PI blocks connected in a head-to-head fashion, and the dipoles are aligned in
the same direction in each block but inverted at the block junction.®) The sample code for those
PI chains indicates the molecular weights of the two blocks in units of 1000; for example, I-1 35-
14 is the dipole-inverted PI composed of two blocks of molecular weights 35 x 103 and 14 x 103,
As shown in Table 2.1, the dipole-inverted PI chains have nearly the same M but differently
inverted dipoles that are specified by the reduced location of the inversion point, n*/N (cf. Fig. 5-
D). : :

The systems subjected to dielectric measurements were homogeneous blends of the dipole-
inverted PI chains in the B263 matrix (having Mpp >> Mp;). The blends were prepared by dis-
solving prescribed amounts of the PI and B263 samples in benzene and then allowing benzene to
completely evaporate. The PI volume fraction in the blends was kept small (¢p; = 0.05) so that
the PI chains (M = 50 x 103) were not entangled among themselves and homogeneously mixed
in the B263 matrix. "

Blends of the regular PI chains (114 and I19) in the B263 matrix (¢p; = 0.05) were also
prepared with the method explained above. These blends were utilized to evaluate the longest

relaxation time of the dipole-inverted PI chains in this matrix.

5-2-2. Measurements

For the homogeneous blends of the dipole-inverted PI chains in the B263 matrix (¢p; =
0.05), dielectric measurements were carried out with a high precision transformer bridge (Model
1620A, QuadTech). Details of the measurement were explained in section 2-4-3. The dielectric
loss £" was measured at various temperatures between 0°C and 130°C. Time-temperature super-
position worked well and the £" data were reduced to a previously used reference tempera-
ture,6:15) T; = 40°C. The B263 matrix chains had no type-A dipoles and exhibited negligibly
small €" at the angular frequency @ examined. Thus the dielectric dispersion seen for the blends
was exclusively attributed to the global motion of the PI chains.

For the dipole-inverted PI chains, the slowest eigenmode does not always have the largest
dielectric intensity.6,10.15)  Specifically, the slowest eigenmode is dielectrically inert in the case
of symmetrical dipole inversion (n* = N/2); cf. eq 5.3 and eq 3.12 with %(n) =1 forn =0- N/2
and 9(n) = —1 for n = N/2 - N).6.10.15) Thus, for those chains, the relaxation time ¢ ; of the slow-
est eigenmode was not easily determined from their £" data in particular when n* was close to N/
2. To evaluate ¢ for the dipole-inverted chains, dielectric measurements were also carried out
for blends of the regular PI chains (114, 119, and I-I 49-0) in the B263 matrix (¢p; = 0.05). The
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Fig.5-2 Temperature dependence of the shift factors for the dielectric data of dilute PI chains (with and

without dipole inversion) entangled with PB matrices (unfilled circles). For comparison, the shift factors for
viscoelastic moduli of 1-149-0/B263 blend (¢p1 = 0.05) and bulk B263 are also shown (filled squares).

€" data for these regular chains were reduced to 40°C, and their 7, data were interpolated/
extrapolated to determine 7g; for the dipole-inverted chains.

The shift factors at ¢ used in the above time-temperature superposition were the same for
the dipole-inverted and regular PI chains in the B263 matrix. These at ¢, data are shown in Fig.
5-2. For comparison, Fig. 5-2 also shows the shift factor ar ¢ for viscoelastic moduli G* of the
P1/263 blends and bulk B263 matrix (cf. Chapter 6).31) Excellent agreement is noted for the at ¢
(unfilled circle) and at ¢ (filled square). The at ¢ represents the acceleration of the motion of the
dilute PI chains in the B263 matrix with temperature, while at ¢ essentially reflects the accelera-
tion of the motion of the B263 chains.!3) Thus the coincidence of at ¢ and at g indicates that the
PI and B263 chains are uniformly mixed and the segmental motion of the dilute PI chains is

activated by that of the surrounding B263 chains, as also noted in a previous study.!3

5-3. Results
5-3-1. Dielectric behavior of regular PI chains in B263
In the dielectrically inert B263 matrix, each of 114, 119, and I-1 49-0 chains (¢p1 = 0.05)
exhibited a sharp £" peak immediately followed by a terminal tail (¢" e @) on lower- side of
the peak. Since these chains have no dipole inversion, the terminal dielectric mode characterized
by this peak corresponds to the slowest eigenmode.6.10.15 Thus, the relaxation time 7¢; for this

eigenmode was evaluated from the angular frequency @peak at the £" peak,

Te1 = 1/Copeak (5.4)

For regular chains of various M, close coincidence of this 7¢ ; and the second-moment average

relaxation time <7g>y (eq 2.18) has been confirmed.32)
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Fig. 5-3 Longest relaxation time 7¢ 1 of dilute PI chains (without dipole inversion) entangled with PB matrices of

various molecular weights Mg as indicated (large symbols). The 7,1 data at 40°C are plotted against the PI molecular
weight My. The 7, data for Mg = 263 x 10° were obtained in this study, and the other data were from previous
work.*1>19 Small filled circles indicate the ¢ of dipole inverted PI chains calculated from an empirical equation (eq

5.5; shown with the solid line).

In Fig. 5-3, these 7g; data obtained in the B263 matrix are plotted against the PI molecular
weight Mj (unfilled circles). For comparison, the 7 ; data are also shown for PI chains (¢p; <
0.06) in the other entangling PB matrices examined in previous studies. 3,19

In PI/PB blends, the PI chains are not entangled among themselves if they satisfy the
criterion, My < 2Me / ¢p1, where M. is the molecular weight between entanglements for the PI
chains placed in the PB matrix (M= 1.7 X 103 for ¢p; = 0.05; see Chapter 6).  (Validity of this
criterion has been confirmed from the ¢p; -independence of the reduced loss £"/¢p; of dilute PI
chains satisfying the criterion.13) All PI chains examined in Fig. 5-3 satisfy the criterion. Thus
the 7g 1 data shown there characterize the global motion of the dilute PI chains entangled only
with the PB matrices.

Fig. 5-3 demonstrates characteristic features for the constraint release (CR) relaxation of
the PI chains: In the matrices of PB chains not much longer than the PI chains, 7¢; decreases,
i.e., the global motion of the PI chains is accelerated with decreasing matrix molecular weight -
Mpg. This acceleration is indicative of the enhanced contribution of the CR mechanism to the PI
dynamics. This CR contribution becomes smaller with increasing My. In particular, for the PI
chains with My= 10 x 103 - 50 X 103, no change of Te,1 15 observed upon increasing Mg from
152 x 103 to 263 x 103. Thus the CR mechanism makes negligibly small contributions to the
motion of these PI chains in the matrices with Mp = 152 x 103 and 263 x 103. In these matrices,
the ¢ data for M; = 10 x 103 - 50 x 103 are well described by an empirical equation (solid line



in Fig. 5-3),
Teifs = 7.2 X 10718 py3.2 (5.5)

As explained in the experimental section, Tg | of the dipole-inverted PI chains are not easily
determined from their &" data, in particular when the inversion point is close to the chain center.
Thus, the molecular weight M of the dipole-inverted PI chains was utilized in eq 5.5 to evaluate
Tg,1 of those chains in B263 matrix. The results are shown in Fig. 5-3 (sméll filled circles).

The above empirical equation is different from the relationship, 7g 1 < M3, deduced from
a conventional molecular picture of pure reptation33) in very long matrices (see section 4-3). For
PI chains with Mj in the narrow range between 24 x 103 and 50 x 103, the 7 ; data (Fig. 5-3) can

be also cast in this conventional relationship within experimental uncertainties,
Teils = 6.4 x 10717 M3 (5.6)

The 7¢,1 values for the dipole-inverted PI chains evaluated from eqs 5.5 and 5.6 were very close
to each other. However, the difference between the power-law indices in eqs 5.5 and 5.6 raises
a conceptually important problem about the probe chain dynamics in high-M matrices.3D) This

problem is discussed in Chapter 6.

5-3-2. Overview of dielectric behavior of dipole-inverted PI chains

Fig. 5-4 shows the dielectric behavior of the dipole-inverted PI chains (q)ﬁ =(.05) in the
B263 matrix at 40°C (circles). The behavior of the same PI chains in a shorter B9 matrix (¢p; =
0.05)15) and in their monodisperse bulk state (¢p; = 1)® is also shown (triangles and squares,
respectively). The B263 and B9 matrices exhibited negligibly small £" at the w examined, and
the dispersions seen in Fig. 5-4 are attributed to global motion of the PI chains. (For both PI and
PB chains, the segmental motion is too fast to be detected in the @-range examined.)

In the B263 and B9 matrices, the dipole-inverted PI chains (with Mj = 50 x 103) satisfy the
criterion for lack of entanglements among themselves, My < 2Me i/¢p; (Me1= 1.7 X 103 for ¢p; =
0.05; see Chapter 6). The My/Me  ratio for these PI chains in the PB matrices is M/M = 29.
The ratio for the same PI chains in the monodisperse bulk state is Mi/Me 1= 10 (Me1=5 X 103
for bulk PI343).

In Fig. 5-4, the £" data are reduced by the total dielectric intensity for the global chain
motion Ag (= (2/m) ) €' dine with the integral being conducted in the global relaxation regime)
and plotted against a reduced frequency @7 | so that differences of ¢p; and the monomeric
friction in the three environments are compensated and the dielectric mode distribution is best
compared. For the dipole-inverted PI chains in the B263 matrix, the 7¢; values used in these
reduced plots were determined from Fig. 5-3. For the same chains in the B9 matrix and in the
monodisperse bulk state, the g ; values were determined in the previous work.6.15)

In the reduced plots, small differences in Mj of the dipole-inverted PI chains have been
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Fig.5-4 Frequency (w) dependence of dielectric loss £" of dilute dipole-inverted PI chains (¢py = 0.05) en-

tangled with the B263 matrix at 40°C (unfilled circles). For comparison, the £" data are shown for the same chains
in their monodisperse bulk stated) (filled squares) and in the B9 matrix!5) (¢p = 0.05; unfilled triangles). For best
comparison of the dielectric mode distribution of the PI chains in the three environments, the £" data are reduced by
the total dielectric intensity for the global chain motion Ag and plotted against the reduced frequency wt 1, with 7¢

being the longest relaxation time defined for the local correlation function (cf. eq 5.3).

compensated by the factor 7g 1 involved in the reduced frequency. Thus, in respective environ-
ments examined in Fig. 5-4, the global motion is regarded to be exactly the same for all six
dipole-inverted samples.3®> However, the dielectric behavior is quite different because of the
difference in the location of the dipole inversion point, n*: The £" curve becomes broader and -
then narrower with the shift of n* from 0 (chain end) to N/2 (chain center). The shape of the &"
curve is almost identical for I-1 49-0 and I-1 24-24 but the €" peak is located at higher @ for the
latter.

The relative distribution of the slow dielectric modes is reflected in the shape of the &"
curve at low @. For PI chains having no dipole inversion, previous studies revealed that the

shape is insensitive to the PI content in concentrated solutions,’-10) to M; and My in entangling



PI/PB blends,!3.14.16) and to M| in monodisperse bulk systems (cf. Chapter 7).1415.32) In Fig. 5-4,
a similar result is found for the I-1 49-0 chain: The shape of the €" curve of this chain is almost
identical in the three environments. In contrast, the dipole-inverted chains having n* between 0
and N/2 display modest differences in the shape of the €" curve at intermediate @ in the three

environments .

5-3-3. Estimation of CR contribution i

In the three environments examined in Fig. 5-4, the CR mechanism due to the matrix
motion should contribute differently to the relaxation of the PI chains. This difference can be
quantitatively examined with the ratio of the characteristic time 7cg for this mechanism to the
observed longest relaxation time Tg 1 for the I-1 49-0 chain. In matrices of long chains that ex-
hibit very slow diffusion, I-I1 49-0 relaxes via its own motion irrespective of the matrix diffusion
and has 7¢; << Tcg. On the other hand, in entangled matrices of sufficiently short chains, the
relaxation is induced by the matrix diffusion and 7g | coincides with Tcg. Thus the Tcr/7Tg ) ratio
(='1) can be utilized as a measure of the CR contribution to the observed relaxation of the I-I 49-
0 chain: The larger the ratio, the smaller this contribution.

Extensive viscoelastic studies on binary blends of polystyrenes revealed that the relaxation
of dilute probe chains (with molecular weight Mprobe) entangled with much shorter matrix chains
(of molecular weight Mmai) is governed by the CR mechanism and the 7cg of such probes is
proportional to Mpmbeszat3 (cf. eq 4.24).1422-25) For dilute PI probe chains in entangling PB
matrices, a previous study!3) gave an empirical equation for 7cg ¢ including the proportionality

constant,
Tcre/s = 8.94 X 1025 M2 M3 (at 40°C) 5.7

From this equation and the 7¢ ; data for the I-I1 49-0 chain in the B263 and B9 matrices, thetcg ¢/
Tg,1 ratio of this chain was evaluated. The results are summarized in Table 5.1.

For dilute PI probes in entangling PI matrices, only a limited amount of viscoelastic/
dielectric data has been reported and no accurate empirical equation of 7cg ¢ is found in literature.
Here, an attempt is made to estimate the Tcg ¢ /7¢) ratio from dielectric data for the entangling PI/
PI blends reported by Adachi et al.12 They compared the 7, i data of dilute PI probes with the
prediction of a modified tube model2® that incorporates the Rouse-type CR and pure reptation

processes. The Tcg ¢ /7Tg,1 ratio deduced from this model is written as20
Tere/Tet = 1+ [2(W2/12)2 N2 / zgn?] (5.8)

Here, N represents the M/M_ ratio for the probe chain (with M. = 5 x 103 for bulk PI systems),
and 7, is a parameter representing the number of topological constraints per each entanglement
point for the probe chain (cf. section 4-4-1). The 7¢; data of Adachi et al.12) are reasonably well
described by eq 5.8 with zg =4. For the I-1 49-0 chain in its monodisperse bulk state, the Tcg ¢ /



Table 5.1.
Ratio of the CR relaxation time to
the observed longest relaxation time

for the dilute 1-1 49-0 chain in various

environments. .
matrix TCR,&/ Tg, 1
B263 5600
I-149-0 35+0.32
B9 1.1 ‘

a: rough estimate for I-1 49-0 in

the monodisperse bulk state.

Tg,1 Tatio evaluated from eq 5.8 with this z, value is shown in Table 5.1.

The above model predicts the pure reptation behavior for the probe in matrices of very
long chains. The I-I 49-0 chain in such a matrix (B263) does not exhibit this behavior (cf. Fig.
5-6 shown later). Because of this difference, the Tcg ¢ /7¢,1 ratio obtained from eq 5.8 should be
regarded as a rough estimate. However, this estimate is still useful for the argument below.

As seen in Table 5.1, the Tcg ¢ /¢ ratio for the dilute I-1 49-0 chain is much larger than
unity and very close to unity, respectively, in the B263 and B9 matrices. Thus the CR mecha-
nism makes a negligible contribution to the global motion of I-I 49-0 in the B263 matrix while
this mechanism dominates the I-I1 49-0 motion in the B9 matrix. The CR contribution for bulk I-

149-0 is between these two extreme cases.

5-3-4. Evaluation of f, and 7
The dielectric loss €"(@;n*) of a PI chain having the dipole inversion at the n*-th segment
is given by the imaginary part of Fourier transform of the dielectric relaxation function ®(r;n*)

(eq 5.2). Thus, £" can be expressed in terms of f,(n) and 7¢p, ,9

3 0T
e'(n*) = ), gyn*) ’ (5.9)
p=1 1+ 212,

with

gp(n*) = Ae[2F,(n*) - Fp(\)] 2 (5.10)
and

n* ,
Fyn®) =12 f fpn) dn (= 0 for n* = 0) (5.11)
0



Here, Ae is the total dielectric intensity for the global motion of the chain, and Fj(n*) is an
integrated eigenfunction. As seen in eq 5.10, Fj, is evaluated from the normalized intensity
factor gj,(n*) for the p-th dielectric mode for the PI chain having the dipole inversion at the n*-th
segment. (The requirement of smooth and continuous n* dependence of Fj(n*) as well as
symmetric features of F(n*) are utilized in this determination.®))

The gp(n*) values for the lowest three eigenmodes (p = 1-3) can be determined from the &"
data at low @ where the higher order eigenmodes with p > 4 have already relaxed.37) At such

low @ well below 1/7¢p for p 2 4, eq 5.9 becomes®

3
'(wn*) = Sp"(a);n*) + a)el‘,’24(n*) (5.12)
p=1
with
Con®) = o (n¥) D ED o, (m¥) =Y gy(n* 5.13
&"(;n*) = gp(n*) PRI 8,24(” ) = gp(n )Tg,p (5.13)
1+ w1, p>4

Here, &,"(w;n*) represents the contribution of the p-th eigenmode to the £" data, and the term @
£p>4(n*) indicates the low- asymptote of the contribution from all higher eigenmodes with p >
4. If the 7¢; - T¢3 values are known, eq 5.12 becomes a linear function of the unknown quanti-
ties, gp(n*) (p = 1-3) and g,54(n*). Then, these quantities are best determined from a linear least-
square fit® of the &"(w;n*) data with eq5.12.

The g1 - T¢;3 values required in this fit are determined in the following way. Since the two
ends of a chain have equivalent effects on the chain motion, the eigenfunctions f,(n) should be
either symmetric or anti-symmetric with respect to the chain center, i.e., fp(n) = f(N — n) for p =
odd and fp(n) = — f(N — n) for p = even.®  Because of these features of f,, only odd eigenmodes
contribute to €" for a chain having no dipole inversion (g,(0) = 0 for p = even) while only even
eigenmodes contribute to €" for a chain having symmetrical dipole inversion (g,(N/2) = 0 for p =
0dd);® see eqs 5.10 and 5.11. Thus the terminal dielectric mode corresponds to the slowest and
second slowest eigenmodes for I-1 49-0 (n* = 0) and I-1 24-24 (n* = N/2), respectively. Since the
" peak of these chains is immediately followed by the terminal tail (€" e« ®) on the low-® side
(see Fig. 5-4), the peak corresponds to the terminal dielectric mode. Thus 7 and 7, for I-1
49-0 are evaluated as the reciprocal of the peak frequencies for I-I 49-0 and I-1 24-24, respec-
tively, with 7¢, being subjected to a minor correction for the small difference in M of these
chains. (The correction factor is given by the ratio of the 7 values of those chains, where 7¢
of I-I 24-24 is determined from Fig. 5-3.) The 73 value for I-1 49-0 is evaluated from a linear
least-square analysis®) of the " data of this chain.

For the dilute I-1 49-0 in the B263 matrix, the above method gave

Te1 =776 x 10735, Ter=1.95x 1035, Te3=0.854 x 1035 (at40°C)  (5.14)
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Fig.5-5 Decomposition of the £" data (unfilled squares) of dilute dipole-inverted PI chains (¢py = 0.05)

entangled with the B263 matrix at 40°C into contributions from eigenmodes. The contributions from the slowest,
second slowest, and third slowest eigenmodes are shown with the thin dash-dot, dashed, and solid curves, respec-
tively, and the contribution from all higher (faster) eigenmodes (p > 4) is indicated with the filled diamonds. The

thick solid curves indicate the sum of all these contributions.

From eqs 5.12 and 5.13 with these ¢ | - T¢ 3 values, the linear least-square fitting analysis was
made for the £"(w;n*) data of the dipole-inverted PI chains in the B263 matrix. The results are
shown in Fig. 5-5. The contributions of the slowest three eigenmodes,ep"(a);n*) with p =1, 2, 3
(eq 5.13), are shown with the thin dash-dot , dashed, and solid curves, respectively. The filled
diamonds indicate the contribution of the higher eigenmodes with p 2 4, £"j>4(@;n*) = Zp>4
&,"(w;n*): This €")>4 was obtained by subtracting &," with p = 1-3 from the data (squares). Note
that £"p>4(;n*) satisfies the prerequisite for the fit, £",>4(w;n*) — W€ (n*) o< wat sufficiently
low w (cf. eq 5.12).

From the g,(n*) factors (p = 1-3) determined from the above fit, the integrated
eigenfunctions were obtained for the I-1 49-0 chain (cf. eqs 5.10 and 5.11). In Fig. 5-6, these
functions in the B263 matrix (circles) are compared with the integrated eigenfunctions previ-

ously determined for the same chain in the B9 matrix (triangles)!S and in the monodisperse bulk
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Fig.5-6 Dependence of integrated eigenfunctions Fp(n*) for the slowest three eigenmodes of the dilute I-T 49-
0 chain (¢p = 0.05) entangled with the B263 matrix on the reduced segment position n*/N (unfilled circles). For
comparison, the eigenfunctions are shown for the same chain in its monodisperse bulk state® (filled squares) and in
the B9 matrix15) (¢p; = 0.05; unfilled triangles). For the best comparison of the behavior of I-1 49-0 in the three
environments, the plots are shown for the base-shifted eigenfunctions AF; p(n*) =F p(n*) -F p(N/2) that have a value
0 irrespective of the dynamic nature of the environment. The dashed curves indicate the sinusoidal eigenfunctions

commonly deduced from the pure reptation and Rouse-type CR models.

state (squares).® The normalization and orthogonality of these eigenfunctions are summarized in
the Appendix 5SA. For the clearest comparison of these eigenfunctions, Fig. 5-6 shows plots of
the base-shifted eigenfunctions AF,(n*) = Fj(n*) — Fp(N/2) that have the value of 0 at n* = N/2
irrespective of the environment. The dashed curves indicate the sinusoidal eigenfunctions
AF,°(n*) commonly deduced from the reptation and Rouse-type CR models (cf. eq 5.17 shown
later).

Fig. 5-7 shows dependence of the eigenmode relaxation time on the mode index p (=1, 2,
3) for the I-1 49-0 chain in the B263 matrix (eq 5.14), in the B9 matrix, and in the monodisperse
bulk state. The 7, data for the latter two cases were obtained in the previous work.6.15 The
segmental friction { of the I-I1 49-0 chains is the same in the blends with the B263 and B9 matri-
ces, and the difference of 7 p in these blends reflects the difference of the CR contribution to the
[-149-0 dynamics. On the other hand, {is different in the I-I 49-0 bulk and blend systems, and
this difference also contributes to the difference of 7¢ ), in these systems. For convenience for

later comparison with models, Table 5.2 summarizes the T¢»/Tg 1 and g 3/7T¢ | ratios that are not
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Fig.5-7 Dependence of the relaxation time 7g p on the eigenmode index p for the dilute I-I 49-0 chain (¢p; =

0.05) entangled with the B263 matrix at 40°C (unfilled circles). For comparison, the Tg,p data at 40°C are also
shown for the same chain in its monodisperse bulkvstate@ (filled squares) and in the B9 matrix15) (¢p; = 0.05;

unfilled triangles).

Table 5.2.
Te,2/ Te, and Tg 3/ T ratios for the dilute
I-1 49-0 chain in various environments.

matrix Teol Te,y Te 3/ Te,1

observed results
B263 0.251 0.110
I-149-0¢  0.257 0.135
B9 0.277 0.154

model prediction?
0.250 0.111

a: 1I-149-0 in the monodisperse bulk state.
b: ratios commonly deduced from pure reptation

and Rouse-type CR models.



affected by this difference of { .

5-4. Discussion
5-4-1. CR effects on eigenmodes

In Fig. 5-6, good agreement is seen for AF,(n*) in the B263 matrix and in the monodis-
perse bulk state. AFj,(n*) is nearly the same also in the low-M B9 matrix, although small differ-
ences may be noted for AF(n*) at n* < 0.2N. The CR contribution to motion of the I-1 49-0
chain is significantly different in these three environments (Table 5.1). Thus, the CR mecha-
nism hardly affects the eigenfunctions AFp(n) and fp(n) (= {N/\/ 2HdAFp(n)/dn}; cf. eq 5.11) for
the slowest three eigenmodes.

In Fig. 5-7, the 7 data can be described by a power-law relationship, 7g,p o pB (solid
lines). The power-law index f slightly decreases with increasing CR contribution, from f8=2.0;
in B263 to = 1.9g in bulk state and further to 8= 1.85 in B9 (see also Table 5.2). However, this
decrease of Bis very mild compared to the huge increase in the CR contribution (Table 5.1).
Thus the relaxation time spacing for p= 1 -3 is only slightly affected by the CR contribution.

In Fig. 5-4, modest differences are observed in the shape of the £" curve for each dipole-
inverted PI chain (0 < n* < N/2) in the three environments. The differences are the most promi-
nent at intermediate ®; see, for example, the data of I-1 35-9. These differences are partly due to
the small differences of the slowest three eigenmodes in those environments (e.g., the small
differences in the 7¢ /7 ratio). However, the shape of the £" curve at intermediate @ is more
strongly affected by the higher eigenmodes (p = 4), and the shape differences are expected to be
essentially due to differences in these higher eigenmodes. This expectation is examined below.

In Fig. 5-5, the dielectric loss €",>4 due to the higher eigenmodes (p = 4) is shown with the
filled diamonds. The relative contribution of these eigenmodes to the £" data is specified by the
ratio, £"p>4/€". At intermediate @ where the " curves exhibit modestly different shapes in the
three environments, the £",>4/€" ratio was found to increase with increasing CR contribution to
the PI dynamics. For example, for the I-1 35-9 and 35-14 chains in the B263 (CR-free) and B9

(CR-dominant) matrices, the £",>4/€" ratio at a representative frequency, @ = 10/7¢ 1, is
p p q y g,

£',24/€" = 0.25 (I-1 35-9), 0.27 (I-135-14) in B263 (5.15)

£",24/€" = 0.49 (I-135-9), 0.44 (I-135-14) in B91) (5.16)

The above results strongly suggeét that the functional form of fy,(n) and the relaxation time
spacing (Tg,p/Te,1 1atio) for the higher eigenmodes (p= 4) change with the CR contribution. Nev-
ertheless, the shape of the €" curve for I-1 49-0 is almost identical in the three environments and
is hardly affected by the changes in the higher eigenmodes (Fig. 5-4). This result is related to the
fact that only a half of the eigenmodes (i.e., odd eigenmodes) contribute to the £" of I-1 49-0 and
the intensities of those modes, g,(0) (cf. eq 5.10), rapidly decrease with increasing p (because
Jp(n) oscillates with n more frequently for larger p). Due to this rapid decrease, the £" of I-1 49-0
(Fig. 5-4) is not significantly affected by the changes in the higher eigenmodes. The situation is



similar for I-I 24-24: For this case, only even eigenmodes contribute to £" and their intensities
(gp(N/2); cf. eq 5.10) decrease rapidly with increasing p, thereby giving an almost identical
shape to the €" curve in the three environments(cf. Fig. 5-4).

In summary, the CR mechanism has an only minor effect on the distribution of the slowest
three eigenmodes (g /T, ratio and the functionat form of f,) but the effect is enhanced for

higher eigenmodes.

5-4-2. Comparison of AF, and 7, data with models

The pure reptation and Rouse-type CR models, frequently used in interpretation of dy-
namic data for entangled chains, commonly have sinusoidal eigenfunctions, (cf. eqs 4.5 and
4.21)2021,33)

Jp°(n*) = sin(prn*/N) , (5.17a)
Fpe(n*) = (2/pm)[1 = cos (prn*/N)] (5.17b)

The base-shifted eigenfunctions of the models, AF),°(n*) = F,°(n*)— F,°(N/2), are shown in Fig.
5-6 with the dashed curves. The observed AF), are non-sinusoidal and deviate from these AF)°.

One might suspect that the non-sinusoidal feature of AF), may be an artifact due to uncer-
tainties in the analysis (eqs 5.9 - 5.11 and 5-12). However, the same analysis 'yielded sinusoidal
AF), for the dipole-inverted PI chains in dilute solutions (at ¢ = 0.8¢*),!0) as anticipated from
coincidence!® of their £" data with the " calculated from the bead-spring model having the
sinusoidal AF,°. Thus, the non-sinusoidal feature of AF), found for the P1 chains in the blend
and bulk systems (Fig. 5-6) reflects the real nature of the chain dynamics in these environments.

This feature can be inferred also from the direct comparison of the normalized loss (s"/Aé)
of I-1 49-0 with that calculated from the Rouse-CR/reptation models having the sinusoidal F,°.
At @ well above Wpeak, the data and calculation commonly exhibit the power-law behavior, €"/Ag
o< %, However, the calculated exponent (o = 1/2) is significantly larger than the measured
exponent (o = 1/4; see Fig. 5-4).

The non-sinusoidal feature of F), indicates that the behavior of the I-1 49-0 chain is not
accurately described by the Rouse-type CR and pure reptation models even for the two extreme
cases where the CR mechanism makes either a negligible or a dominant contribution to the chain
motion (in B263 or in B9). The corresponding failure of the pure reptation model is noted for
viscoelastic moduli.3D

The eigenfunction equation for the sinusoidal f,°(n) coincides with the Schrodinger equa-

tion for a quantum particle in a square well potential (having the boundaries at n = 0 and N),

ol ==

_N? | 4> "(n) (5.18)
TCZTS’]) n2f}7
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Fig.5-8 Schematic illustration of length-variable local CR jump. The slip-links indicate the entanglement con-

straints, and the small circles represent the monomers. The slip link removed at ¢ = ty, is reconstructed at t = ty+tr.

Thus, [};,"(n)]2 is analogous to the probability density of this particle.6-15 This analogy can be
utilized to attribute the difference between f,°(n) and f,,(n) (between F, and F),°) to an additional
potential near the well boundaries that decreases the probability density [fp(n)]2 near the bound-
aries.®15 This potential corresponds to a relaxation mechanism(s) not considered in the Rouse-
type CR and reptation models. This extra mechanism enhances the relaxation near the chain
ends to provide f, (and F)) with the non-sinusoidal feature.

For the non-Rouse type CR relaxation observed for dilute probes entangled with much
shorter matrix chains, a previous study!> suggested one possible mechanism enhancing the
relaxation near the chain ends, the contour-length variable local jumps schematically shown in
Fig. 5-8. The tension unbalance induced by this jump activates the extra motion at chain ends
thereby providing the extra relaxation source.!) ‘

However, any mechanism enhancing the relaxation near chain ends can yield the non-
sinusoidal feature of f,,.6:15 In other words, the origin of this feature is not necessarily identical
for the two cases of CR-free and CR-dominant environments. Further theoretical studies are
desirable to clarify this problem.

In contrast to the differences between AF), and AF),° (Fig. 5-6), the observed 7 /7 ratios
(Table 5.2) are close to the ratios deduced from the pure reptation and Rouse-type CR models,

Tep/Te1 = p2 (5.19)

In particular, excellent agreement with the models is noted for I-1 49-0 in the CR-free B263
matrix. Thus the above mechanism enhancing the relaxation near the chain ends hardly affects
the relaxation time spacing deduced from the reptation and Rouse-type CR models.

Finally, it is important to note that the CR effect is quite different for dielectric and vis-
coelastic relaxation: In contrast to the behavior seen in Fig. 5-4, changes in the CR contribution
to the chain dynamics result in drastic changes in the viscoelastic mode distribution.14.23.25.26.31)
This reflects an essential difference between the local correlation function and the orientation
function!5:17.33) describing the fundamental features of the dielectric and viscoelastic relaxation
processes, respectively (cf. section 3-5). Chapter 6 utilizes this difference to examine detailed

features (short-time coherence) of the chain motion.

i76,,



5-5. Concluding Remarks

For the dipole-inverted PI chains in a long entangling matrix, eigenfunctions fj,(n) and
relaxation times Tgp accompanying the local correlation function were dielectrically determined.
For the slowest three eigenmodes, f,(n) and 7 p/T¢ 1 ratios are hardly affected by changes in the
CR contribution to the chain motion, as revealed from comparison of f,,(n) and 7g in the B263
matrix and these in shorter matrices (B9 and I-1 49-0). For higher eigenmodes, some CR effects
are noted. In all matrices, fp(n) (p = 1-3) are non-sinusoidal with respect to the segment position
n and deviate from the eigenfunctions deduced from the pure reptation and Rouse-type CR
models, although the Tg,p/ Tg,1 ratios are close to the model prediction. These results provide an
important starting point for refining molecular models that describe the dynamics of entangled

chains in various environments.

Appendix SA. Characteristic Relationships for the Eigenfunctions

In general, the fundamental form of eigenfunctions f,(n) changes with the type of chain
dynamics. Specifically, the functional form of f,(n) is determined by the type of the chain dy-
namics. Thus, some relationships between the eigenfunctions of different order, fp(n) with p =
1,2, 3, ..., are not universal and change with the type of dynamics. However, a universal

relationship(s) can be also found, as explained below.

Normalization: In the blends and monodisperse bulk system examined in this study, the PI
chains should have the Gaussian conformation. As noted from eqs 3.13 and 5.3, this conforma-

tion determines the initial condition of the local correlation function C(n,t;n'),
N
Cn0m) = 23, fo(m)fy(n) = Bu 5A.1)

p=1

Equation 5A.1, indicating the equilibrium feature of the chain, specifies a relationship between
~ the eigenfunctions that is valid irrespective of the type of chain dynamics. In particular, eq S5A.1

holds for any set of eigenfunctions that are expanded in a form,

fo(n) = Y, apg sin (amn/N) (5A.2)
o
where a,q are the components of a normalized, orthogonal matrix defined by
Z ap(x aw = Je Z apa apB = SaB (5A3)
o P ‘

For the integrated eigenfunctions Fp(n) (Fig. 5-6) determined from the £" data, eq SA.11s

rewritten as

N
2 Fy(n) Fp(n') =n/N (for n<n), n'IN (for n>n') (5A4)
p=1
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Fig.5-9 Plots of the sum 2 F p(n) F p(n') for the I-1 49-0 chain in the three environments against the reduced
p=1

segment position #/N. The plots are shown for representative n'/N values. The solid curves indicate the sum

calculated for the sinusoidal Fjp°(n) with p = 1-3.

3
The sum 21 Fp(n) Fp(n') was evaluated for the F »(n) data (p = 1-3) to examine the validity of eq
p =

5A.4. For some representative n'/N values, the n/N dependence of this sum is shown in Fig. 5-9.
The solid curves indicate the sum calculated for the lowest three sinusoidal eigenfunctions,
Fp°(n) = [N2/pm]{1- cos [pra/N]} with p = 1-3.

The plots shown in Fig. 5-9 are based only on the experimentally available set of F), with p
= 1-3. Thus, eq 5A.4 cannot be expected to hold rigorously for the data shown in Fig. 5-9.
However, these data qualitatively reproduce the characteristic feature of eq 5A.4, the linear
increase of the sum for n < n' and the leveling-off for n > n'. In addition, good agreement is
noted between the data (in particular for the PI chains in B9) and the solid curves for the sinusoi-

dal Fj,° (p = 1-3) . These results confirm the Gaussian nature of the PI chains.

Orthogonality: The orthogonality holds for any set of non-sinusoidal f,, given by eqs 5A.2 and
5A.3,1e.,

N
Ipg = ]%— fo Jpm) fn) dn =8y, (5A.5)



Table 5-3.
Second-order integrals? of eigenfunctions

for the I-1 49-0 chain in various environments.

Iy I13. I I33
in B263 0.95 -0.18 0.74 1.29
in B9 1.04 -0.07 0.84 1.22
bulk 0.98 -0.17 0.73 1.08

a: Ty = QIN) I £ (n) £fm) dn

To test this orthogonality relationship for the empirically determined eigenfunctions, the AFy(n)
data for the I-1 49-0 chain in the blends and monodisperse bulk system (Fig. 5-6) were numerically
differentiated to evaluate fp(n) = [N/\/2] [dAFy(n)/dn]. This differentiation was carried out for
curves smoothly connecting the AF}, data points in respective environments.

From the symmetry of fp, fp(n)= fp(N—n)forp=1,3 and fo(n) =—f2(N- n), the inte-
grals I,; (= I5p) automatically vanish for [p,q]= [1,2] and [2,3]. The integrals for the other set of
[p.q] are summarized in Table 5-3. The 1113/ is considerably smaller than I} and I33 and the
differences between Ip4 and 5pq are within the estimated uncertainties (less than 40% for the
product f,f5). Thus the orthogonality relationship (eq 5A.5) appears to be valid for the f, data.
This result is consistent with the form of eigenmode expansion for C(n,t;n') (eq 5.3).

Finally, it should be emphasized that the eigenfunctions are orthogonal for many types of
chain dynamics. In other words, the orthogonality itself does not specify the type of chain dy-

namics.
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The coincidence of the shape of the €" curves for I-1 49-0 and I-1 24-24 was confirmed in
each environment (B263, B9, and monodisperse bulk system) from excellent superposition
of the curves mutually shifted along the frequency axis.

In principle, The £" data at higher @ can be utilized to determine g,(n*) for higher p (= 4).
However, the ¢ spacing was too narrow for those p and the higher dielectric modes were
not accurately resolved. Thus, as before,6:10:15) the g,(n*) factors were determined only

for p=1-3.



CHAPTER 6
Effects of Constraint Release on the Coherence of the
Submolecule Motion in Linear Chain

6-1. Intruduction

In Chapter 5, the eigenfunctions fp(n) (in an integrated form) and relaxation times 7, (eq
5.3) defined for the local correlation function C(n,t;n') (eq 3.13) were experimentally determined
for the dipole-inverted PI chains in a high-M entangling PB matrix (B263; M= 263 x 103). The
PI/B263 blends are chemically identical to the previously examined PI/B9 blends,D but the
dynamics of the dilute PI probes is quite different in these blends. The constraint release (CR)
mechanism (cf. section 4-4-1)2-4) has a negligible contribution to the PI relaxation in the B263
matrix while it dominates the relaxation in the B9 matrix. Despite this difference, f,(n) (p = 1-3)
are almost identical and the decay of the ¢ /7, ratio with p is nearly the same in the two matri-
ces. Furthermore, the observed eigenfunctions are non-sinusoidal, ruling out the pure reptation
mechanism even in the CR-free, high-M B263 matrix.

On the basis of the above result, this Chapter compares the dielectric and viscoelastic
behavior of the dipole-inverted PI chains. The global motion of the PI chains results in the
dielectric as well as viscoelastic relaxation. The local correlation function and orientation
function describing the dielectric and viscoelastic relaxation, C(n,t;n") and S (ﬁ,t), are related to
the first- and second-order moments of the bond vector at the time t, u(n,t) (see eqs 3.4 and
3.13). Thus the motion of the PI chain is differently reflected in these functions. Utilizing this
difference, one can examine changes in the bond vectors of two submolecules in a short interval
of time.1.5 These changes are perfectly correlated if the submolecules move coherently in this
interval, while the changes are uncorrelated for the case of incoherent submolecular motion. For
these two extreme cases of the submolecule motion, the linear viscoelastic moduli G¢op* and
Gincoh™ can be explicitly calculated from the diclectrically determined fj(n) and 7gp.!>) Com-
parison of these moduli with the G* data specifies the coherence of the submolecular motion.

For PI chains in solutions, this strategy was utilized to reveal that the short-time motion of
the submolecules is incoherent in the non-entangled solutions and some degree of coherence
emerges in entangled solutions.5 However, even for the case of well entangled PI in 2 monodis-
perse bulk state (M/M. = 10 and 28; M, = entanglement spacing), imperfect coherence was
found.>

This imperfect coherence could be related to the constraint release (CR) mechanism that
has a considerable contribution to the viscoelastic relaxation of chains in monodisperse systems
with M/M. as large as 30.58 Upon removal of the constraint, the submolecules would acquire
the freedom to move in a more or less random (uncorrelated) way. Thus the CR mechanism
could lead to lack of perfect coherence of the submolecule motion even in these well entangled
systems.

To test this hypothesis about the CR effect on the coherence of the submolecule motion,
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this Chapter compares the moduli data with Geon* and Gincoh™ calculated from €" data for dilute
PI chains (M = 48.8 x103) in various environments. Firstly in section 6-2, the theoretical frame-
work and strategy of this test are explained. Then, the remaining part of this Chapter is devoted
for comparison of the measured and calculated moduli to elucidate the CR effect on the coher-

ence of submolecular motion.

6-2. Theoretical
6-2-1. General

Relationships between the dielectric and viscoelastic quantities have been derived for the
two extreme cases of coherent and incoherent submolecular motion.!:5 The results for entangled
linear chains with molecular weight M and concentration ¢ are summarized below.

For description of the global motion of an entangled chain, the entanglement segment is
naturally chosen as the submolecule, the modulus-sustaining unit for slow viscoelastic relax-
ation. For a chain composed of N submolecules (N = M/M.; M. = entanglement spacing), a
change in the submolecular bond vector u in a short interval of time between f and ¢ + At is
considered here. This change is generally determined by the chain conformation at time ¢ and

described by a time-evolution equation of the form,>

u(n,t + Af) = L¥(n;At) u(n,f) + thermal noise term (6.1)

Here, L*(n;Af) (= 1 for At = 0) is an operator acting on u at time ¢: L* is determined by the

nature of the global chain dynamics and the operation L*u may involve either local or non-local
operations (or both).) On the basis of eq 6.1, the time evolution equation can be formulated (in
the continuous limit) for the local correlation function and orientation function, and the dielectric

and viscoelastic properties are calculated accordingly.

6-2-2. Expression of £"
For the local correlation function C(n,t;n'), the time evolution equation derived from eq 6.1

is given by

O Clnsin) = Letw Clnsm) 62)

Here, the operator L¢ is defined in terms of L* as

o<L*(n;AH)>
JdAt

Lc(n) =

Ar—=0 6.3)

Under a boundary condition representing the random orientation at the chain ends (C(n,t;n") = 0
for n, n' = 0 and N), the eigenfunctions fp(n) and the relaxation times 7g;, accompanying eq 6.2

are determined by>)
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Lem)fp(n) = ~[Uteplfp(m)  (fp(0) =fp(N) =0) (6.4)

From the symmetry of the orientational correlation, <u(n,f)*u(n',0)> = <u(n',t)*u(n,0)>, the
solution of eq 6.2 is written in a form of eigenmode expansion given by eq 5.3.10 (The f,,(n)
used in eq 5.3 are normalized so as to satisfy theinitial condition representing the Gaussian
conformation of the chain, C(n,0;n") = 0,,,;.9:10)

From the solution of eq 6.2, the dielectric loss £"(w) of PI chains at angular frequency o is
expressed in terms of fp(n) and Tgp. (cf. eqs 5.3, 3.12, and 2.15)1.59.1D Specifically, for regular

PI chains having no dipole-inversion, £"(®) is given by>)

2

Y N o7
e =20ey, | LI foydn| —52— (6.5)
o1 | N, 1+ 0212,

Here, A¢ is the dielectric intensity for the global chain motion.
6-2-3. Expression of G*

- For a chain subjected to a small step shear strain at # = 0, an orientation function for two (n-
th and n'-th) submolecules is defined as,

Sa(nn' 1) = (aP)<uy(n,Huy(n', 0> (t>0) (6.6)

For n = n', this §7 is reduced to the orientation function S(n,t) defined by eq 3.4.
For Sy(n,n’,7), the time evolution equation deduced from eq 6.1 is written as>

a—atSz(n,t;n') = Lg(n;n') So(npin') (6.7)

Here, Lg is an operator defined in terms of L* (eq 6.1),

o<L*(n;ADL*(n';At)>
0At At—0

Lg(n;n') = (6.8)

This Lg is given as the second-order moment of L* while the operator L¢ for C (eq 6.3)
includes the first-order moment. Thus, a relationship between Lg and L¢ changes with the sto-
chastic nature of the chain dynamics represented by L*, implying that the solution of eq 6.7
cannot be generally expressed in terms of f,(n) and 7g; defined for C(n,;n"). However, for two
extreme cases, specific expressions are obtained.

For the case of incoherent submolecular motion where the short time motions of two



submolecules in individual chains are not correlated at all, eq 6.8 is decoupled as Lg(n;n') =

Le(n) + Le(n').  For this case, S2(n,n'1) can be explicitly expanded with respect to fp and ¢, to

obtain the relaxation modulus G(¥) (o< J-IOV Sy(n,n,t) dn; cf. eq 3.6).5) The resulting expression for

the reduced linear viscoelastic modulus, G* = G*M/cRT = G;' + iG;"(R = gas constant), is>)

[ OTg p/2

e i=yTT) (69
T+iwz (7D 69

N
N
Gr,incoh™(@) = 2 2 ILVf %(”)}2 dn
p=1 0

For the other case of coherent submolecular motion where the submolecule motions are
perfectly correlated in individual chains to satisfy a relationship, [<L*(n;Af)L*(n';Af)>S2(n,n',t)
In=n' = <L*m;AD>S2(n,n,t) + O(AL2), Sr(n,n' ) is differently expanded with respect to fp and

Tep. For this case, reduced modulus G* is given by>)

2

N N .
' 2GNM) 1 1 0T¢p
* = —— - — 6.10
Greon*(0) = 25 plefO pdn e (6.10)

Here, Gy is the plateau modulus of the chains having the molecular weight M and concentration
¢ (in mass/volume units). (Equations 6.9 and 6.10 are derived on the basis of an expression of
Gy for affine deformation, Gy = cRT/M, = NcRT/M. If the Doi-Edwards expression, Gy =
4cRT/I5M., is used, eq 6.9 is slightly modified (the front factor of 2 becomes 8/5)V but eq 6.10
remains the same.>)

The calculated moduli are quite different for the above two cases, and the coherence of the
submolecular motion can be examined by comparing these moduli with the G* data. The coher-
ence can be also examined through direct comparison of the €" and G" data: If the submolecule
motion is coherent, these data of regular PI chains (with no dipole-inversion) obey a simple
relationship3) (cf. eqs 6.5 and 6.10)

' (w)yAe = G"(w)/GN (for regular PI) (6.11)

Thus, some degree of incoherence can be concluded if a difference is found between the £"(w)/
Ae and G"(w)/Gy data. '

6-3. Experimental
A regular PI sample, I-I 49-0 (M = 48.8 x 103), and two polybutadiene samples, B263 (M =
263 x 103) and B9 (M = 9.24 x 103), were used. The molecular characteristics of these samples
were summarized in Table 2.1.

Linear viscoelastic measurements were carried out with a laboratory rheometer, RMS 605
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Fig.6-1 Linear viscoelastic moduli of the I-1 49-0/B263 blend (¢p| = 0.05) at 40°C (unfilled symbols). The
dashed curves indicate the moduli of bulk B 263 matrix. The filled circles indicate the loss moduli Gy" of the dilute
I-1 49-0 chains in the blend evaluated from eq 6.12.

(cf. section 2-3-3). 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 and for
bulk B263 and B9 matrices. The moduli were measured also for bulk I-I 49-0 system, and the
results were in excellent agreement with the previous data.5) Time-temperature superposition
worked very well for all these G' and G" data, and the data were reduced to T = 40°C and di-
rectly compared with the dielectric data of the same systems obtained in Chapter 5 and in previ-
ous studies.1.9 ,

The shift factors at g 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 ar ¢ data for the I-1 49-0/B263 blend and
bulk B263 matrix, shown in Fig. 5-2, coincided with at, for €" of the I-I 49-0 chains in the B263
matrix. This result indicates that the dilute I-I 49-0 chains (¢p; = 0.05) were uniformly mixed
with the B263 matrix and the segmental motion of the I-I chains is activated by the motion of B
matrix segment. Similar results were found for the I-1 49-0/B9 blend! and other PI/PB blends

containing dilute PI chains.!?)

6-4. Results
6-4-1. Overview of viscoelastic behavior of I-1 49-0/PB blends
Figs. 6-1 and 6-2, respectively, show the master curves of linear viscoelastic moduli for the
I-1 49-0/B263 and I-1 49-0/B9 blends at 40°C. The unfilled squares and circles indicate Gy' and
Gy" of the blends. For comparison, the moduli Gy,' and G," of respective matrices in the bulk
state are shown with the dashed curves. The dilute I-I1 49-0 chains (¢p; = 0.05) are entangled
only with the B263 and/or B9 matrices, as explained later in section 6-5-1. The constraint

release (CR) mechanism has a negligible contribution to the relaxation of the dilute I-I 49-0
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Fig.6-2 Linear viscoelastic moduli of the I-I1 49-0/B9 blend (¢p; = 0.05) at 40°C (unfilled symbols). The
dashed curves indicate the moduli of bulk B9 matrix. The filled symbols indicate the moduli Gi* of the dilute I-T
49-0 chains in the blend evaluated from eq 6.12.

chains in the B263 matrix while it dominates the relaxation in the B9 matrix;!0 cf. Chapter 5.

Fig. 6-1 demonstrates that Gp" is larger than G," and exhibits a shoulder at wat > 20 s~1
where Gp,' shows a well defined rubbery plateau. At lower war, Gp" becomes 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; cf. section 2-
3-2)

The fast and weak relaxation process seen above corresponds to the relaxation of the dilute
I-1 49-0 chains in the blend: At wat well above 20 s—1, the I-1 49-0 chains hardly relax and
effectively contribute to Gy' of the blend. On the other hand, at wat < 20 s~1, these chains
completely relax and behave as a "solvent" for the much longer B263 chains. The difference
between Gp* and G* at low war reflects this "solvent-like" role of 1-I 49-0 for the terminal
relaxation of the B263 matrix.

In Fig. 6-2, a different feature is noted 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" (be-
cause slow and weak relaxation modes are more sensitively detected in G' ). At war < 104 s~1,
Gy' is significantly larger than G, and exhibits a clear shoulder while Gy," is only moderately
larger than Gp,". This shoulder corresponds to the terminal relaxation of I-I 49-0 in the B9
matrix. These results indicate that the B9 matrix chains, being much shorter than the I-1 49-0
chain, behave as the "solvent" for the terminal relaxation of I-1 49-0. This type of the matrix

behavior has been also noted in the other blend systems.6-8.13-15)



6-4-2. Evaluation of G * for I-1 49-0 in PB matrices
From the Gp* and G, * data shown in Figs. 6-1 and 6-2, the viscoelastic moduli Gy* of the
dilute I-I 49-0 chains in the B263 and B9 matrices are evaluated in the following way.

6-4-2-1. Gi* in B9 matrix -
The coincidence of Gpy* and Gp* at war > 10* s7! (Fig. 6-2) indicates that the dilute I-I 49-

0 chains do not affect the terminal relaxation of the B9 chains. Thus, the contribution of the B9

matrix to the viscoelastic modulus of the blend is given by ¢pGrn*(@), where ¢y, (= 0.95) is the
matrix volume fraction in the blend and G, *(®) is the modulus of bulk B9. At war < 10*s™
where the I-I 49-0 chains exhibit their terminal relaxation, the B9 chains have fully relaxed and
behave as a "solvent” for the I-I 49-0 chains. In this range of wat, Gi* is simply evaluated by

subtracting the matrix contribution from the Gp* data,
Gr*(@) = Gb*(@) = dnGm™(w) , , (6.12)

The validity of this subtraction has been confirmed in previous studies for long, dilute probe
chains entangled with much shorter matrix chains.6-8.13-15)

At wat < 104 s~1, G and G;" thus evaluated are shown in Fig. 6-2 with filled diamonds
and filled circles, respectively. Since Gy' (unfilled squares) is significantly larger than Gy’
(dashed curve) and G’ is close to Gy’ in this range of war, uncertainties in the evaluation of Gr
are negligibly small. Although Gy" (unfilled circles) is not much larger than G," (dashed
curve), Gy and Gy" obtained from eq 6.12 exhibit the Kramers-Kronig type consistency (that
resembles the dependence deduced from bead-spring models)19) in their at dependence. This
result strongly suggests that Gy" is also evaluated satisfactorily. In particular, at sufficiently low
wart (< 100 s~1) where the blend and bulk matrix exhibit respective zero-shear viscosities, 1o

and 1o.m, Gi" is accurately evaluated from eq 6.12 as Gi"(@) = @[Nop — dm"0,m]-

6-4-2-2. Gr*in B263 matrix
In the B263 matrix, the I-1 49-0 chains relax at wat > 20 s~!; see Fig. 6-1. The evaluation

of Gr* in this matrix requires some molecular considerations. Specifically, the evaluation is

made for two cases.

Case 1: If the dilute I-1 49-0 chains do not affect the relaxation behavior of the B263 matrix at
wat > 20 s~1, Gr*(w) is given by eq 6.12 with G, * being the modulus of the bulk B263 matrix.
The Gy"(w) data evaluated in this way are shown in Fig. 6-1 with filled circles. Since Gp' and
Gn' are close to each other, the Gy’ evaluated from eq 6.12 exhibited a large scatter. Those Gt

data are not shown in Fig. 6-1.

Case 2: If the dilute I-1 49-0 chains behave exactly as a "solvent" for the B263 matrix at war >
20 s~1, Gr*(w) is obtained by subtracting the modulus Gso1*(@) of a "solution" of B263 (with the
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volume fraction ¢y, = 0.95) from the Gp*(w) data. Since ¢, is close to unity and the "solvent"
is the polymeric I-I 49-0 that is chemically similar to B263, the segmental friction of B263 in
this "solution" would be close that in bulk B263. For this case, Gso1*(®) of the "B263 solution"
is given by13,15,16)

Gsol*(0) = P Gm*(Pm! - 0) (6.13)

where G * () is the modulus of bulk B263 at the frequency . In eq 6.131 the front factor, ¢m2,
accounts for the dilution of B263 to the volume fraction ¢p, and the increase of Me (=< ¢p,"1) on
this "dilution", and the multiplication factor ¢p,!-> for @ accounts for acceleration of the B263
relaxation due to this increase of M. In fact, Ggo1*(w) given by eq 6.13 agreed very well with
the Gp* data at low wat < 5 s~! where the I-I 49-0 chains fully relax and actually behave as the
"solvent" for the B263 chains (cf. Fig. 6-1). Thus, in the case 2, Gy*(w) is evaluated as

Gr*(@) = Go*(@) - $m?Gm*($m! ) (6.14)

Validity of eq 6.12: At sufficiently high @ where the dilute I-I1 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-149-0 relaxation is completed, and this adjustment requires some time. Thus, during the I-I 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 the case 1 is close to the real
situation and the Gr* evaluated from eq 6.12 is to be used as the modulus for the I-1 49-0 chains
in the B263 matrix.

Here, an uncertainty is examined for the Gy* evaluated for the case 1 (eq 6.12) by compar-
ing this Gr* with the Gi* for the case 2 (eq 6.14): Among all possibilities for the evaluation of
Gr*, eq 6.12 gives the lower bound for the Gi* value while eq 6.14 gives the upper bound. Thus,
the true modulus of I-1 49-0 is determined from eq 6.12 with no uncertainty if the two Gy* ob-
tained from eqs 6.12 and 6.14 are indistinguishable. This comparison is made in Fig. 6-3. The
Gp" for the case 1 (eq 6.12) is shown with the filled circles. The G;" for the case 2 (eq 6.14)
exhibited a peak that was = 25% higher than the peak of the Gy" for the case 1. For the best
comparison of the viscoelastic mode distribution (@ dependence of Gi*) for the cases 1 and 2,
the Gy and Gy" for the case 2 are m'ultiplied by a factor of 0.75 and shown with unfilled squarés
and filled triangles. Good agreement is found for the filled circles and triangles over the entire
range of @ examined. This result demonstrates that the true viscoelastic mode distribution of the
I-1 49-0 chain is satisfactorily determined by eq 6.12. 1In addition, the agreement suggests that
the G;" determined by eq 6.12 includes the uncertainty less than 25%. Thus, this Gy" can be
safely utilized in tests of the coherence of the submolecule motion.

The above argument for the B263 matrix relaxation at wat > 20 s~1 suggests that the Gy’

for the case 1 (eq 6.12) is the true storage modulus of the I-1 49-0 chains in this matrix. How-
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Fig.6-3 Comparison of the linear viscoelastic moduli G1* of the I-1 49-0 chains (¢p] = 0.05) in the B263

matrix evaluated from eq 6.12 (filled circles) and eq 6.14 (filled triangles and unfilled squares). The G1* evaluated
from eq 6.14 are multiplied by a factor 0.75. '

ever, direct application of eq 6.12 to the Gp* and G * data resulted in scattered estimates of Gy'.
The results shown in Fig. 6-3 are helpful to avoid this difficulty. The Gy and Gt" for the case 2
(eq 6.14) exhibit the Kramers-Kronig type consistency!0) in their @ dependence (cf. unfilled
squares and filled triangles), and the latter multiplied by the factor of 0.75 coincides well with
the true Gy" determined by eq 6.12. These results indicate that the true Gy (for the case 1) can be
evaluated as the Gy' for the case 2 multiplied by the same factor. Thus the Gj' and Gp" for the
case 2 multiplied by 0.75 are used later in Fig. 6-4 as the true moduli of the I-1 49-0 chains.

6-5. Discussion

6-5-1. Entanglement spacing for I-I 49-0 in PB matrices
In Fig. 6-1, the Gy" data for the dilute I-I 49-0 chains in the B263 matrix (determined by eq
6.12) exhibit a sharp peak; see filled circles. Thus, the plateau modulus Gy of these chains can

be evaluated as Gy | = (2/) j:o G" dlnd). From this Gy 1, the entanglement spacing for the I-1

49-0 chains is obtained as Me 1 = pp ¢p1 R T/Gn 1 (pp = density of the blend). For the solid curve
smoothly connecting the Gi" data points in Fig. 6-1, the above integration was numerically

carried out to give

Gn1=7.0x 104 Pa for dilute I-1 49-0 in PB (¢p = 0.05) (6.15)

and
M.1=1700 for dilute I-149-0 in PB ' (6.16)

The Gy and M. of monodisperse systems are independent of the molecular weight and deter-

mined by local topological interactions of the chains.!® Thus, Gy and M of I-I 49-0 in both



B263 and B9 matrices should be given by eqs 6.15 and 6.16.

It should be noted that the Me 1 value is close to the M g° value (= 1900)!7 for bulk PB.
For dilute PI chains in entangling PB matrices, a previous study!® determined a hypothetical
monodisperse state as a state where the PI 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,
meaning that the dynamics of the dilute PI chains is equivalent to the d}'lnamics of the PB matrix
chains having the same M. This result is in harmony with the above coincidence of Me | and
Me,BO.

The M value (eq 6.16) specifies a critical PI molecular weight Mc, that is required for PI
chains in the PB matrix to be entangled among themselves. In usual solutions, the chains with a
volume faction ¢ are entangled among themselves if their M is larger than M.°/¢ = 2M°/¢,16.17)
where M;:° and M.° are the characteristic molecular weight and entanglement spacing in the bulk
state. From this criterion with the above M., value, the PI chains of ¢p; = 0.05 are concluded to
entangle among themselves if their M is larger than 2Me /¢p; = 68 X 103. According to this
result, the PI chains are entangled among themselves in none of the PI/PB blends (M < 50 x 103)
used in this Chapter and Chapter 5.

6-5-2. Calculation of G cn* and Gyjncon™®

For the I-I 49-0 chains in the B9 matrix (¢pr = 0.05) as well as in their monodisperse bulk
system, the eigenfunctions f,(n) and the relaxation times g (p = 1-3) of the local correlation
function (eq 5.3) have been determined in previous studies.!5? In these studies, the integrated
eigenfunctions Fp(n*) were obtained from analyses of &" data of the dipole-inverted PI chains,

and fp(n) were evaluated from numerically differentiation of Fj(n*),

Fyn®) =12 n*f(n>dn f(n)=L(9€’5"—)) 6.17)
p N 0 P > P y2 \ d(n/N) ’

For the I-1 49-0 chains in the B263 matrix (¢p1 = 0.05), AF,(n*) = F, p(n*) — Fp(N/2) and 7, for
the lowest three eigenmodes (p = 1-3) were obtained in Chapter 5. As done before,!-5 the nu-
merical differentiation (eq 6.17) was made for the solid curves shown in Fig. 5-6 that smoothly
connect the AFy,(n*) data points to evaluate f,(n).

For the I-149-0 chains in the above three environments, the f,(n) and 7, data for p=1-3
were utilized to calculate the reduced moduli for the two extreme cases of incoherent and coher-
ent submolecule motion, Gyincon™ (€q 6.9) and G con* (eq 6.10). The Giincon™ and Gy con™® thus
obtained are different from (smaller than) the moduli contributed form all eigenmodes (p = 1-N).
For the storage modulus G jncon'(®) being insensitive to fast eigenmodes, this difference is negli-

gibly small at @ < 6/7¢,; where 75, is the longest relaxation time of Gy jncon™.519 Since the
intensity factor for Gycor' (o< [(1/N) ,[8] Jp(n) dn]?; eq 6.10) decays with increasing p more
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Fig.6-4 Comparison of Gy incon™ (solid curves; eq 6.9) and Gy con* (dashed curves; eq 6.10) evaluated from the

dielectrically determined fp(n) and 7¢,p (p = 1-3) with the Gr* data of the I-I 49-0 chain. The comparison is made in

the three environments at 40°C.

strongly than the factor for Gyincon' (o< (1/N) J’{)v {fp(m)}2dn; eq 6.9) the difference between the
moduli calculated for p = 1-3 and p = 1-N is smaller for G,y than for Gyjneon' - Thus, at @ < 6/
761, these storage moduli calculated for p = 1-3 can be safely utilized in comparison with the Gy’
data. v

The situation is somewhat different for the loss modulus being more significantly contrib-
uted from fast eigenmodes than the storage modulus. In the zero-shear regime at @ < 1/7¢, the
difference between the loss moduli calculated for p = 1-3 and p = 1-N is estimated to be = 20%!9
for Grincon" and = 10%?20) for G, .. This difference specifies an error in the G calculated for p
=1-3. For both G;incon" and Grcon", the error becomes larger at higher . Thus, the Gy jncon" and
G:con" calculated for p = 1-3 can be compared with the G;" data only in the zero-shear regime,

and the uncertainties in this comparison are 10% ~ 20%.

6-5-3. CR effects on coherence of submolecule motion
Fig. 6-4 compares the calculated moduli, Gy jncon™ (solid curves) and G con™® (dashed
curves), with the G,* data at 40°C for the I-1 49-0 chains in the B263 and B9 matrices and in the

monodisperse bulk system. The Giincon' and Gycon' are shown at @ < 6/7g; while the Giineon” and



Gicon" (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-149-0 system, the G* data are straightforwardly converted to the reduced modulus G+*
= G*M;/pi°RT (pr° = bulk PI density). For the I-I 49-0 chain in the B263 and B9 matrices (cf.
Figs. 6-1 and 6-2), the G* data determined from eq 6.12 were used to evaluate G;* = Gry*M/
Po@PIRT (pp = blend density).

For the I-1 49-0 chain in the B263 matrix, the true Gr" values are determined by eq 6.12;
see section 6-4-2. However, the @ dependence of this Gy" is almost identical to that of the Gy"
determined by eq 6.14 and the magnitude is larger for the latter by a factor of 25%; see Fig. 6-3.
Thus, Gr' and G;" are also evaluated from the Gy’ and Gy" determined by eq 6.14 and multiplied
by 0.75: These G;' and G;" are shown in Fig. 6-4 with the unfilled circles and filled circles, the
latter almost indistinguishable from the filled squares.

Fig. 6-4 demonstrates the following features of the I-I 49-0 chain in the three environ-
ments. In the B9 matrix, Gpincon' 1 in excellent agreement with the G;' data. The agreement of
Grincon" and the G;" data is also satisfactory if the small error (= 20%) in the calculated Gyincon”
is considered. In contrast, significant differences are found between G con* and the G;* data.
Thus, the incoherence of the short-time motion of the submolecules is concluded for the dilute I-
1 49-0 chains entangled with highly mobile, low-M B9 matrix.

For the monodisperse bulk I-1 49-0 system, some degree of coherence of the submolecule
motion is noted from the deviation of Gyjncon™® from the G* data. However, G;con* 1s also differ-
ent from the G,* data, indicating that the coherence is not perfect in this system.

For the I-I 49-0 chain in the B263 matrix, the G;* data may include the small uncertainty
explained earlier (less than 25%). The calculated G con* agrees with the G* data within this
uncertainty, while G incon™ exhibits significant deviation. Thus, the submolecule motion is highly
coherent for the I-I1 49-0 chain in the B263 matrix.

Fig. 6-5 compares the Gi" and £" data of the I-1 49-0 chain. According to eq 6.11, Gy" is
reduced by the plateau modulus, G = 4.8 X 103 Pa for bulk I-149-0 and Gy = 7.0 x 104 Pa (eq
6.15) for the I-1 49-0 chains in the B263 and B9 matrices (¢p; = 0.05), while " is reduced by the
dielectric intensity A€ in respective environments. Since Gy was evaluated from the Gy" data,
the small uncertainty (< 25 %) of G1" in the B263 matrix is canceled in the comparison of the
normalized losses, G1"/Gn, and €"/Ag. Thus, Fig. 6-5 clearly tests whether the submolecule
motion is perfectly coherent or not by comparing these losses over a wide range of @.

For the I-1 49-0 chain in the B263 matrix, the G1"/Gn and €"/A¢ data agree with each other
within experimental scatter and eq 6.11 is valid. This result confirms that the submolecule
motion is highly coherent for the dilute I-I 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 be-
tween the Gy"/Gn 1 and €"/Ae data. In fact, Fig. 6-4 demonstrates that the submolecular motion is
perfectly incoherent in the B9 matrix. (Note that the comparison in Fig. 6-5 specifies whether
the coherence is complete or not. In contrast, the comparison of G;incon™® and Gy con™ with the G*

data (Fig. 6-4) specifies whether the submolecule motion is perfectly coherent or perfectly inco-
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indicated. The solid curve shown for the I-I 49-0 chain in the B263 matrix indicates G1"/GN,1 and €"/A& calculated
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 G1"/GN ] and £"/A€ data.)

herent.)

The constraint release (CR) contribution to the PI dynamics, measured by the ratio of the
CR relaxation time Tcg ¢ to the observed longest relaxation time 7¢, is quite different in the three
environments: As explained in Chapter 5, the CR mechanism dominates the PI dynamics in the
B9 matrix (7cr ¢/ Te,1 = 1.1) while it has negligible effects in the B263 matrix (Tcr ¢/ Te,) = 5600)
and modest effects in the monodisperse bulk I-I 49-0 system (7cg o/ g1 = 3.5); see Table 5.1.
From this result and those found in Figs. 6-4 and 6-5, the CR contribution to the probe chain ‘
dynamics is concluded to be the dominant factor that determines the short-time coherence of the
submolecule motion in the probe: The larger this contribution, the smaller the degree of coher-
ence.

Here, it should be emphasized that the magnitude of entanglements measured by the M/M,
ratio is not a factor determining the degree of the coherence: This ratio is = 29 for the dilute I-1
49-0 chains in both B263 and B9 matrices (M 1= 1.7 X 103 for ¢p; = 0.05; eq 6.16) and = 10 in
the bulk I-I 49-0 system (M 1° = 5 x 103 for bulk PI'6.17). Despite the coincidence of the My/
M rratio in the B263 and B9 matrices, the submolecular motion is much more coherent in the

former.



6-5-4. Comparison with tube model

Here, the reptation model is examined for the I-1 49-0 probe in the high-M B 263 matrix
(Fig. 6-5). The solid curve shown there is the normalized losses, G1"/Gn and €"/Ag , for a chain
relaxing by the perfectly coherent, pure reptation mechanism; cf. section 4-3. (The frequency
scale for this curve is adjusted so that the curve has the maximum at the same frequency as the
G1"/Gng and €'/Ae data.) Despite the high coherence of the submolecular motion experimen-
tally found in the B263 matrix, the Gy"/Gn and £"/A¢ data are significantly different from the
pure reptation curve. This difference, found for the normalized losses, inditates that the highly
coherent motion of the I- 49-0 chains in the B263 matrix results from a mechanism other than
pure reptation. This conclusion is in harmony with that of Chapter 5.

One may argue that the M/M 1 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 fluc-
tuation mechanism?3.21,22) has a significant contribution to the dynamics of the chain. In fact, a
power-law exponent for the data of the I-I 49-0 chain in the B263 matrix at high @, G1"/Gn1 =
€"/A€ < =% with o = 1/4 (see Fig. 6-5), is in close agreement with the exponent theoretically
deduced for the combined mechanism of reptation plus contour length fluctuation.2 In addition,
the My dependence of 7 1 for the PI chains in matrices of much longer chains (eq 5.5) is not far
from the dependence deduced for this combined mechanism.21.22)

However, the eigenfunctions f,(n) for the local correlation function (eq 5.3) have not been
calculated for the combined mechanism of reptation plus contour length fluctuation. Thus, it is
still uncertain whether the experimentally obtained non-sinusoidal f,(n) can be explained by this

mechanism. Further theoretical studies are desirable to clarify this problem.

6-6. Concluding Remarks

The short-time coherence of the submolecule motion in individual chains was examined by
comparing viscoelastic and dielectric data of dilute PI chains in various environments. The
comparison unequivocally indicated that the constraint release (CR) mechanism determines this
coherence: The larger the CR contribution to the PI dynamics, the smaller the degree of the
coherence. None of available molecular models seems to explain these experimental findings.
Specifically, it is still unclear whether the results can be explained within the framework of the
generalized tube model considering the CR, contour length fluctuation, and reptation mecha-
nisms. Further tests for the dynamics in monodisperse systems and blends are conducted in
Chapter 7. ‘
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CHAPTER 7

Test of Tube Dilation Molecular Picture for Linear Chains

7-1. Introduction

This chapter focuses on the dynamic tube dilation (DTD) mechanism for entangled linear
chains at equilibrium (in the linear response regime): cf. section 4-5. The stress partially relaxes
when the chain explores all local configurations in the dilated tube, and the terminal relaxation is
accelerated if the chain reptates along the dilated and shortened tube with its intrinsic curvi-
linear diffusion coefficient.

The validity of DTD for linear chains combined with reptation is sometimes questioned."?
However, the tube dilation process itself has been neither verified nor disproved from experi-
ments for systems in which the tube can, in prinéiple, dilate in time scales of the chain relax-
ation.

For this problem, an interesting possibility of testing the DTD molecular picture is noted
through comparison of the viscoelastic and dielectric properties. For a chain having the type-A
dipoles” that are parallel along its backbone, the global motion is differently reflected in these
properties and the comparison provides some detailed information for this motion,” see Chapter
3. In fact, the comparison on the basis of the eigenmode analysis (Chapter 6) revealed that the
entanglement in monodisperse systems provides the chain with some degree of coherence in its
submolecule motion and that the CR mechanism tends to decrease this coherence.

For the experimental examination of the DTD picture, a specific relaﬁonship was derived
between the viscoelastic and dielectric properties that should hold if the tube dilates in time
scales of the chain relaxation; see section 4-5. Furthermore, this relationship was tested for
linear cis-polyisoprene (PI) chains having the non-inverted type-A ‘dipoles and the tube was

found to actually dilate in monodisperse systems. The results are summarized in this chapter.

7-2. Theoretical Background

7-2-1. Monodisperse systems

For the viscoelastic and dielectric relaxation functions [L(f) and ®(¢) of a monodisperse
system of linear, Gaussian type-A chains, the DTD relationship, {1(f) = [®(£)]1+% = [®(1)]% (eq
4.36), was derived in section 4-5.

In presence of the viscoelastic and dielectric mode distributions of the chain, eq 4.36 can
be further rewritten for the dielectric loss £"(®) and complex modulus G*(w) = G'(w) + iG"(w) (i
= y—7) at the angular frequency . ( €" and G* are given as the Fourier transformation of @ and

i.) For the case of o = 1, the result is simply written as



e'(w) _ W)

and
) 2 .
G(o) + iG"(®) W21y, + 0T,
o T Xt (7.2)
p.r pp'
with
o= R 73
pp' = 8p8p' M Tpp' = |Tep + Ty (7.3)

Here, {gp, Ty} is the dielectric spectrum, Ag is the dielectric relaxation intensity due to the global
motion of the chain, and Gy is the entanglement plateau modulus. The £"(®) and G*(w) should
satisfy the relationship specified by eqs 7.1-7.3 when the tube actually dilates in the time scale of

the chain relaxation.

7-2-2. Blends

For binary blends, the DTD relationship between () and ®(¢) was also derived in section
4-5. For the blend composed of monodisperse, dilute probe chains having non-inverted type-A
dipoles (hereafter referred to as component 2) and dielectrically ineat matrix chains (component
1), the DTD relationship is given by Wy(r) = [y m(D]12 Do(9) (eq 4.39). Here, pa(f) and P (¢) are
the dielectric and viscoelastic relaxation functions of the probe, respectively, and [; n(?) is the
viscoelastic relaxation function of the matrix chains in their monodisperse bulk state.

This result can be rewritten for &" and G,* of the probe: If the dielectric modes of the
probe have the relaxation times and intensities ¢, and gp, (cf. eq 7.1), the modulus G,* of the

probe in the dilated tube should be written as

G(@) +iG'@) _ 5 0T+ W,
= pp (7.4)
p.p

GN2 2% 2
1+ w Top'

with

- _ _41-1
Fipp = 8pryr and % = | 720+ 7)) (1.5)

Here, Gny (= 1oGn with 1 being the probe volume fraction) is the probe contribution to the
plateau modulus, and 7, and r;; are the characteristic times and intensities for the relaxation

modes of [l m(#)]12.

7-3. Experimental

A linear cis-polyisoprene (PI) was synthesized/characterized via anionic polymerization, as
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Fig. 7-1 Normalized dielectric constant {gg—€'}/A€ and dielectric loss £"/Ag at 40°C measured for entangled lin-

ear PI chains with N (=M/Mg) 2 1.9. These linear PI chains have the non-inverted type-A dipoles.

explained in section 2-2. Characteristics of all PI samples examined in this chapter are
summeized in Table 2.2. For these samples, linear viscoelastic and dielectric measurements were
conducted with the methods explained in sections 2-3 and 2-4. The time-temperature superposi-
tion® worked very well for the dielectric and viscoelastic data (with the same shift factor at).
These data are reduced and compared at 40°C.

7-4. Results and Discussion

As explained in section 4-3-1, the numerical prefactor in the expression of Gy in terms of
M. changes a little according to the choice of the initial condition for the orientation function
S(n,1), GN = [4/5]1cRT/M. for the Doi-Edwards condition and GN = ¢cRT/M. for the affine-
deformation condition. However, this change does not affect eqs 7.1-7.5 deduced for the nor-
malized viscoelastic and dielectric quantities of the chains in the dilated tube. Hereafter, the
affine deformation is adopted to specify the entanglement density in the system as N = M/M, =
GnN/VkgT (v = chain number density).

7-4-1. Monodisperse systems
Fig. 7-1 shows the normalized dielectric constant {gy—¢'}/A¢€ and dielectric loss £"/A€ of

monodisperse PI chains with the entanglement densities N as indicated. The dielectric test
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Fig. 7-2 Test of the DTD relationship (eq 4.36) for highly entangled linear PI chains (N = 36 and 62) at 40°C.
Normalized moduli data, G'/Gy (unfilled circles) and G"/Gy (filled circles), are compared with the moduli calcu-

lated from dielectric data through this relationship (curves).

covers a low-@ range comparable to that examined in typical viscoelastic tests. The adsorption
current method (section 2-4-3) was very helpful to cover such low w where the highly entangled
PI chains exhibited the terminal dielectric relaxation.

At the reference tempareture, Ty = 40°C, the local (or segmental) relaxation of PI emerges
at @> 107 s~1.9 Thus, the dielectric relaxation observed in Fig. 7-1 is exclusively attributed to
the global motion of the PI chain.

The mode distribution of this global dielectric relaxation is insensitive to N, as noted from
the N-insensitive shape of the {&—¢£'}/A¢ and £"/Ae curves (Fig. 7-1). This N-insensitivity is
similar to that known for the viscoelastic distribution in the well entangled regime.>”

These dielectric data were utilized to evaluate the dielectric spectrum of each linear PI
chain with an iteration method explained in Appendix 7A. The G'/Gn and G"/Gy for the DTD
process were calculated from these dielectric spectrum (through eqs 7.2 and 7.3), and compared
with the G'/Gy and G"/Gy data. Fig. 7-2 shows typical results (obtained for linear PI with N =
36 and 62). The DTD predictions (curves) are close to the measured moduli (circles), meaning
that the DTD picture holds (as a very good approximation) for the highly entangled linear Pl
chain. This success of the DTD picture was found also for less entangled linear PI chains shown
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in Fig. 7-1. (The validity of the DTD picture seen for the linear PI chains is further discussed
later in section 8-4-5 in relation to the behavior of the star chains.)

It should be emphasized that the above validity of eqs 7.1-7.3 just suggests that the tube
dilates in the time scale of the chain relaxation. In other words, this validity does not necessar-
ily mean that the chain reptates along the dilated tube with its intrinsic curvi-linear diffusion
coefficient, D (= N{/kgT). The non-reptative motion in the dilated tube (that satisfies eqs 7.1-
7.3) is found, for example, in the model by Viovy et al:” In the chain reptation regime in their
model, the chain reptates with D, along the thin (non-diluted) tube of diameter a and this thin
tube fluctuate in the dilated tube (supertube in their terminology). Viscoelastic relaxation attrib-
utable to this type of chain motion was observed by Struglinski and Graessley for polybutadiene
(PB) blends.”

For examination of the chain motion in the dilated tube, useful information can be found in
the ratio of the global constraint release (CR) relaxation time 7cg (e< N° in the monodisperse
systems)”'? to the observed terminal relaxation time 7; (e< N3-5). For the PI chain with M =
48.8 x 103, the ratio was estimated (from PI/PI blends data!D) to be Tcg ¢/T¢ | = 3.5. (Table 5.1 in
Chapter 5) From this Tcr o/T¢,1 value, the Tcr ¢/ T¢,1 ratio for the other linear PI samples exam-
ined in this study were evaluated. For example, Tcr o/7¢1 = 55 for PI with the highest M (= 308
x 103). These results suggest that the terminal relaxation of the well-entangled linear PI chains is
faster than the global CR relaxation. The reptation in the dilated tube would occur only after the
chain contour length measured along this tube is equilibrated via the global CR mode, i.e., at t >
Tcr, as suggested from the viscoelastic data of blends.'” Thus the motion of the PI chains exam-
ined in Fig. 7-2 may be more or less similar to that considered in the model by Viovy et al”
(although their model does not incorporate the contour length fluctuation (CLF) mechanism and
its prediction for 7¢; is quantitatively different from experiments.'?)

Since the tube dilates as a result of mutual equilibration of successive entanglement seg-
ments through their CR motion,”-13.14) the DTD picture is valid only at times longer than the CR-
equilibration time 7%*. - A test of this DTD criterion (¢ > 7¢*) is postponed to Chapter 8 where

the behavior of linear and star PI chains is compared.

7-4-2. Dilute PI probe in blends

In Chapters 5 and 6, the &" and G,* data were obtained for the dilute PI probe (M, = 48.8
% 103, v, =0.05) in high-M and low-M linear polybutadiene (PB) matrices with 10-3M; = 9.24
and 263 (M/M. = 5.0 and 142; M. = 1.85 x 103 for bulk PB¥. The matrix PB chains have no
type-A dipoles. Thus the Go* data are expected to be described by eqs 7.4 and 7.5 if the tube
dilates in the time scale of the probe relaxation. This expectation is examined below.

719 were utilized to determine the

As done for the monodisperse PI systems, the &" data
dielectric spectrum {gp, Tep} of the PI probe; see Appendix 7A. For evaluation of the relaxation
times and intensities 7,y and r,y for [p1 m(£)]!/2 of the pure PB matrices, the G* data (Chapter 6)

of these matrices were converted into G(f) with the method of Ninomiya and Ferry,5 )
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Fig. 7-3 Square-root of the normalized relaxation moduli, [K],m(£)] 172 _ [G(H/GN] Y 2, of two monodisperse

polybutadienes (PB) at 40°C. These PB were utilized as the matrices of the blends examined in Fig. 7-4.

G = [G'(w) - 0.40G"(0.400) + 0.014G"(10®) } ¢y = 11 (7.6)

Fig. 7-3 shows the [l1 ()12 = [G(#)/GN]}/2 thus obtained (symbols). From fit of these
[11.m(H]1/2 data with a sum of exponentially decaying terms, T and r,y were determined. The
solid curves, indicating the [[L; (#)]1/2 re-calculated from these 7., and r,, demonstrate that 7.
and r,y were evaluated accurately. ‘

In Fig. 7-4, the G,*/Gn; data (Chapers 5 and 6) for the dilute PI probe are compared with
the G>*/Gn; calculated from the g, T¢ p, 1y, and 7, determined above.  The data (symbols),
obtained by subtracting the matrix PB contribution from G* of the PI/PB blends, are shown only
at low @ where the uncertainties due to the subtraction is acceptably small (cf. Chapter 6). At
such low o, the glass-to-rubber transition modes have negligible contributions to the G,*/Gnp
data. Thus, the data exclusively reflect the global motion of the dilute PI probe in the PB matri-
ces. \

In the PB matrices, the entanglement spacing for the dilute PI probe was found to be M 5 =
1.7 x 103 (Chapter 6). Thus, the PI probe examined in Fig. 7-3 has N, = My/Me o =287 and is in
a well entangled state. Nevertheless, the G;*/Gn; data are quite different in the two matrices.
This difference reflects a different contribution of the constraint release (CR) mechanism in these
matrices: ratio of the CR relaxation time 7cr and the observed terminal relaxation time 7j, Tcr/
71, 1s a good measure of this CR contribution. The 7cg ¢/7¢ 1 value is 5600 for the PI probe in the
high-M PB matrix (Table 5.1) and thus the probe relaxation is much faster than the CR relax-
ation; namely, the CR mechanism has a negligible contribution to the probe relaxation in this
matrix (cf. Chapter 6). In contrast, the PI probe in the low-M matrix has Tcre/7e1 = 1.1 (Table
5.1) and its relaxation is dominated by the CR mechanism.

As noted in Fig. 7-4a, the G>*/Gny data (symbols) in the high-M matrix coincide with the
G,*/Gny calculated from eqs 7.4 and 7.5 (curves). In this matrix, [{| ,()]1/2 hardly decays and
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Fig. 7-4 Comparison of normalized viscoelastic moduli G2*/Gny of dilute PI probe (M3 = 48.8 x 103, volume

fraction v = 0.05) in entangling matrices of high-M and low-M linear PB chains (10_3M 1=9.24 and 263) at 40°C
with the moduli calculated from the dielectric spectra for the case of tube dilation (eqs 7.2 and 7.4). The G2'/Gn2
and G;"/GNp data are shown with the unfilled squares and filled circles, respectively, and the calculated G2'/Gnp and
G2"/GNp are denoted with the solid and dotted curves. (The normalized relaxation moduli of the matrices, utilized

in the calculation, are shown in Fig. 7-3.)

the tube diameter (determined by this |t i) does not increase in the time scale of the probe
relaxation (2 < 1072 s, or, @ 2 102 s71); see Fig. 7-3. The above coincidence of the observed and
calculated G,*/Gny reflects this lack of tube dilation. In fact, the relationship G,"/Gng = €"/Ag
(eq 6.11) derived from eq 4.39 with [u; m(H)]1/2 = 1 (no dilation) was confirmed to be valid for
the viscoelastic and dielectric data of the probe in the high-M matrix; see Fig. 6-5. All these
results are consistent with the CR-free nature of the probe relaxation in this matrix (Tcr ¢/ 7,1 =
5600 >> 1): Since the tube dilates as a result of the CR motion of the probe, no dilation occurs
in the CR-free environment.

In the low-M matrix (Fig. 7-4b), the CR mechanism dominates the probe relaxation (Chap-
ters 5 and 6) and the tube can dilate in principle. Nevertheless, the G>*/Gyp calculated for the
tube dilation process (eqs 7.4 and 7.5) is significantly different from the data. Specifically, the
calculated probe relaxation is considerably faster than the data: The terminal relaxation time
<>y = [G210Gy" ] ps0 is 5 X 1073 s for the calculation and 7 X 10~4 s for the data. These
results demonstrate the importance of the mutual equilibration of the entanglement segments of

the probe,lS) as explained below.
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The tube dilation process includes two steps, the removal of the constraints due to diffusion
of the matrix chains and the CR motion of the probe chain activated by this removal. This CR
motion results in the above equilibration of the probe segments and allows the tube to dilate.
The DTD relationship (eq 4.39) assumes that the CR equilibration completes immediately on the
removal of the constraints to allow the tube to dilate instantaneously. (The factor [[1 ()12 in
eq 4.39 reflects this assumption.) However, the actual CR motion requires a characteristic time
%% ~ (1, where ty, is the entanglement lifetime determined by the matrix diffusion and S is the
number of the probe entanglement segments involved in this motion.!2) Thus the tube diameter
increases to a' = $1/2q only at t > f°t,,. This difference between the model assumption and the
behavior of the actual probe leads to the difference between the observed and calculated Go*
(Fig. 7-4b). In fact, Chapters 5 and 6 demonstrated that the dilute probe in the low-M matrix
relaxes completely via the CR mechanism during the equilibration process, i.e., before the ex-

pected tube dilation is completed.

7-5. Concluding Remarks

For entangled monodisperse linear PI chains (V = 1.9 - 62) having non-inverted type-A
dipoles, the DTD relationship between viscoelastic and dielectric properties was found to hold as
a good approximation. This result suggests the importance of tube dilation for the terminal
relaxation of these PI chains, although the chains do not necessarily reptate along the dilated tube
with their intrinsic curvi-linear diffusion coefficient. \

In contrast, for dilute probe PI chain in the low-M entangling PB matrix, the relationship
completely failed at long r. This result indicates that the probe fully relaxes via the CR mecha-
nism during the mutual equilibration of its entanglement segments, demonstrating the impor-
tance of the CR motion of the probe in the tube dilation process. The lack of the tube dilation
was also confirmed for the probe in the high-M PB matrix where the CR mechanism negligibly

contributed to the probe relaxation.

Appendix 7A. Iteration Method for Evaluation of Dielectric Spectrum

7A-1. Iteration Method

In calculation of the dielectric spectrum with the iteration method,m)

a constant logarithmic
interval of the dielectric relaxation times, log [Tep/Tgp+1] =A (p=1,2,...), was assumed and a
corresponding set of the dielectric intensities gp that reproduced the normalized £”/Ae data
(written in terms of Tgp and gp; cf. eq 2.17) was determined. The A value was chosen to be
sufficiently small (A <0.2), meaning that the spectrum was determined in a semi-continuous

sense.
As a first estimate of gy, g1 = 0.5n{€"(w=1/7,)/Ae}ops being suggested from the crudest

approximation for the spectrum?”) was chosen. (Hereafter, the superscript enclosed in parenthesis
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denotes the number of iterated calculation cycles.) The {g" /Ag}é;{c calculated from the first set

of gp() and ¢, were obviously different from the €"/Ae data. Thus, the convergence factor for

Cp(l) was introduced:

S

C (1 _ {8"(a)=1/Tp)/A8}ObS
p - (7TA.1)

(e"(w=1/T,)/Ae}))

calc

Here, the exponent d adjusts the rate of convergence and magnitude of oscillation in the calcula-
tion. The d value was chosen to be 0.4-0.7. Utilizing this C,,(1) factor, the intensity in the sec-
ond cycle of iteration was evaluated as g, = C,(Dg)(1).

The calculation cycles were iterated in this way, with the convergence factor C,(™ being re-
evaluated at the end of each cycle. After the iteration over 30 cycles, the difference between the
calculated and measured €"/Ae became less than 0.01 %, which was much smaller than the
experimental uncertainties in the £"/Ag data. Thus, the g,(9) values were utilized as the dielec-
tric intensities to calculate G*/Gy for the DTD process (cf. eqs 7.1-7.5).

For different A values (< 0.2), different dielectric spectra {g,0, 7¢ ), } that equally repro-
duced the £"/A€ and {&y—¢'}/Ae data were obtained. This non-uniqueness is a well known prob-
lem in empirical determination of semi-continuous spectra. However, the non-uniqueness did
not disturb the test of the DTD relationship because the dielectric spectra for different A values
(£0.2) gave indistinguishable G*/Gn. Thus, the G*/Gy calculated A = 0.1 was utilized in Figs.
7-2 and 7-4 (as well as in Figs. 8-3 and 8-6).

7A-2. meaning of the use of dielectric spectrum in the test of DTD picture

In principle, the test of the DTD relationship (eqs 4.36 and/or 4.39) does not require the
explicit evaluation of the dielectric spectrum: The @(7) and/or ®,(¢) values can be directly
obtained as a function of ¢ via the numerical, inverse Fourier transformation of the £"/Ag data (cf.
2.15). Then, the moduli for the DTD process can be numerically calculated as the Fourier
transformation of [®(£)]2 (eq 4.36) and/or [ul’m(t)]l/ 2d,(1) (eq 4.39). However, this straightfor-
ward method required a long calculation time (for the numerical transformation in two steps).
Thus, in Chapter 7, the dielectric spectrum was utilized to calculate the moduli in a semi-analytic
way (cf. eqs 7.2 and 7.4). In this sense, the use of the spectrum in the test of the DTD relation-
ship is just for convenience of calculation.

A further comment needs to be added for the dielectric spectrum itself. In description of
the slow entanglement dynamics, the entanglement segment are naturally chosen as the motional
unit; see Chapter 6. Then, in a discretized expression, ®(¢) of a chain composed of N entangle-
ment segments is contributed from N modes. In contrast, in Chapters 7 and 8, the semi-continu-
ous spectrum contributed from more than N modes was evaluated with the method explained in
Appendix 7A-1.

Since the test of the DTD relationship just requires the ®(¢) value, the test can be safely

made by the use of this semi-continuous spectrum (instead of the discretized N-mode spectrum)

— 105 —



as long as the former spectrum reproduces the £"(w) and ®(7) data with a high accuracy, e.g.,

with a difference less than 0.01 %. This was the case for the spectra utilized in Chapters 7 and

8.
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CHAPTER 8

Tube Dilaﬁon Process in Star-Branched cis-Polyisoprenes

8-1. Introduction

In the previous chapter, comparison of the normalized viscoelastic and dielectric relaxation
functions p(f) and ®(r) was made to experimentally test the validity of the DTD molecular
picture for a typical type-A polymer, cis-polyisoprene (PI): For monodisperse linear PI chains
having non-inverted type-A dipoles, (t) and ®(¢) satisfy the relationship () = [®(1)]? (eq 4.36)
if the tube dilates in the time scale of the chain relaxation. For the PI chains examined (M <
62M. with M, being the entanglement spacing), this relationship was valid and the DTD picture
gave a good approximation for the behavior of those chains. In addition, the analyses of the CR
time suggested that no simple reptation occurs along the dilated tube: The chain appeared to
move with its intrinsic (Rouse) diffusivity D along an undilated tube that fluctuated in the
dilated tube (the supertube considered by Viovy et al.‘i).

A DTD relationship between (¢) and ®(¢) in blends was also derived (Chapter 4). This
relationship did not hold for dilute PI probes entangled with much shorter matrix chains (cf.
Chapter 7), indicating the importance of the CR motion of the probe. This CR motion, enabling
the probe to explore all local configurations and equilibrate itself in the dilated tube, is required
for the tube to effectively dilate. Those dilute PI probes fully relaxed via the CR mechanism
during this equilibration process (before the tube dilation was completed) to violate the DTD
relationship.

In relation to this CR equilibration, it has been argued that the tube dilates more easily for
star chains than for the linear chains because the star chains have broad relaxation mode distribu-
tion and their intensive fast modes may help rapid equilibration in the dilated tube.*® This
argument might sound plausible for stars having large arm molecular weight M,. In fact, the
viscoelastic behavior of entangled star chains is well described by the Ball-McLeish (section 4-6-
1)? and Milner-McLeish (section 4-6-2)* models considering the arm retraction in the dilating
tube (under an assumption of very rapid CR equilibration).

However, for the star chains, the DTD process itself has been neither verified nor disproved
from experiments. In attempt to test the validity of the DTD picture, this chapter compares the
viscoelastic and dielectric behavior of monodisperse star PI. The results are discussed is relation

to the DTD criterion, and the DTD model is modified accordingly.

8-2. Theory
For the normalized dielectric and viscoelastic relaxation functions @(¢) and W(z) of well-
entangled type-A star chain, the simplest DTD relationship in absence of tube-edge effect, |L(r) =
[®(1)]2 (eq 4.60), was derived in section 4-6-3-2.  In addition, viscoelastic and dielectric prop-
erties of the Ball-McLeish (BM) and Milner-McLeish (MM) models were calculated (in section



4-6). These models were utilized in the detailed test of the DTD picture with/without the tube-
edge effect.

8-3. Experimental

8-3-1. Materials

A series of 6-arm star PI samples having various M, (= 30.6 x 103 - 80.1 x 103) and the
other series of star PI samples having the same M, (= 35.5 x 103) but differe;lt arm numbers ¢
were anionically synthesized/characterized; cf. section 2-2. These star PI samples were sub-
Jected to the dielectric and viscoelastic measurements explained below.

In addition, 6-arm star PI synthesized by Yoshida et al® were also utilized.
For these star PI samples (M, = 9.49 x 103 and 20.5 x 103), the data were available for both the
dynamic dielectric constant € and dielectric loss €". Those samples, containing an anti-oxidant,
butyl-hydroxytoluene (BHT), had been sealed in Ar atmosphere and stored in a deep freezer. In
this study, no degradation of these stored PI samples was confirmed through GPC measurements.
In fact, the € and &" data were reproduced in this study. Characteristics of all these PI samples

are summerized in Tables 2.3 and 2.4.

8-3-2. Measurements

For the star-PI samples explained above, linear viscoelastic and dielectric measurements
were conducted with the methods explained in sections 2-3 and 2-4. The time-temperature
superposition® worked very well for the dielectric and viscoelastic data with thé same shift factor

ar. These data were reduced at 40°C and compared with each other.

8-4. Results and Discussion
8-4-1. Overview of dielectric data

Fig. 8-1 shows the dielectric data of the monodisperse 6-arm star PI chains with the num-
ber of entanglement segments per each arm N, (= My/Me; Me =5 x 103)® as indicated. The data
cover barely-to-highly entangled regimes. These data were normalized by the dielectric inten-
sity Ae . (Ae was evaluated from the £" data as Ae = (2/m)|e" dln @, where the integration was
conducted in the @ range for the global relaxation.)

As noted from Fig. 8-1, the dielectric tests cover a low-w range comparable to that exam-
ined in typical viscoelastic tests. The adsorption current method was very useful to detect
dielectric responses at such low @ where the highly entangled star PI chains exhibited the termi-
nal relaxation.

At the reference temperature, 40°C, the local (or segmental) relaxation of PI chains
emerges at @ > 107 s71.57 Thus, the dielectric relaxation observed in Fig. 8-1 is exclusively
attributed to the global motion of the star PI chains. At sufficiently low @, these chains exhibit

the terminal tails {&—€'} < @? and €" o< @ characterizing the completion of the global dielectric
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Fig. 8-1 Dielectric data of monodisperse 6-arm star PI chains with N as indicated. These PI stars have the

type-A dipoles inverted at the branching point.

relaxation. From these tails, the second-moment average relaxation time <7Tg>yw (eq 2.18) is
evaluated. This <7g>y is related to the dielectric spectrum {gp,7,} in a well-defined way (eq
2.18) and close to the longest dielectric relaxation time.*” In fact, <7g>y is analogous to the
viscoelastic terminal relaxation time <Tg>w = Jeo (eq 2.9).

For the linear and star PI chains examined in Figs. 7-1 and 8-1, Fig. 8-2 shows plots of
<Tz>w (unfilled symbols) and <7g>y, (filled symbols) against the span molecular weight 2M, (for
the star PI) and/or the total molecular weight M (for the linear PI). For comparison, the terminal
relaxation times are shown also for lightly entangled/unentangled PI chains examined in the
previous studies.”*'*'? For both star and linear PI chains, <7g>y and <7g>y are close to each
other. This result confirms that the viscoelastic and dielectric relaxation processes detect the
same global motion of the chains.

Figs. 7-1, 8-1 and 8-2 clearly demonstrate differences in the dielectric behavior of the star
and linear chains. As seen in Fig. 8-2, <tg>y, of the entangled linear chains increases in propor-
tion to M3-5%0.1 while the entangled stars exhibit much stronger, exponential M, dependence of
<Tg>w. (This difference has been well known for the viscoelastic <7g>y.”**"*'® This study
confirms the same difference for the dielectric <7g>y in the well-entangled regime.)

A more important difference between the linear and star chains is noted for the dielectric
mode distribution reflected in the @ dependence of {&—¢'}/Ae and €"/Ae . For the linear PI
chains, this distribution is insensitive to N; see Fig. 7-1.

In contrast, the dielectric mode distribution of the star PI chains broadens significantly with
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Fig.8-2 Dielectric and viscoelastic terminal relaxation times, <7g>y (unfilled symbols) and <7G>w (filled

symbols) at 40°C, plotted against the span molecular weight 2M; (for P1 stars) and/or the total molecular weight M
(for linear PI chains).

increasing N,; see Fig. 8-2. In particular, the stars with N, > 12 exhibit two broad peaks of £".
This result indicates the existence of a dielectric relaxation process much faster than the terminal
relaxation process. Viscoelastic G" of highly entangled stars exhibit a similar high-@ peak'*'®
(with an example seen later in Fig. 8-3), and this peak has been assigned to the Rouse-type
thermal fluctuation of the arm length. Thus, the fast dielectric process reflected in the €"-peak at
wat = 50-100 s~1 (for N = 12 and 16; cf. Fig. 8-1) can be also attributed to this fluctuation.
With decreasing N, , the terminal relaxation process is significantly accelerated to reduce the
separation between the fast and terminal relaxation processes. Thus, for the star PI with N, =
8.1, the fast fluctuation process does not give a well-resolved £"-peak but is observed as a shoul-
der of the £" curve at war = 200 s~1; cf. Fig. 8-1. For the shorter stars with N, < 4.1, the two
processes merge with each other to give a single broad £"-peak at wat =400 s~1.

The ¢"-peak/shoulder assigned to the arm length fluctuation shifts to lower @ with increas-
ing N, ; see Fig. 8-1. This shift is quantitatively consistent with the N,~2-6 dependence reported
for the G"-peak frequency.'” (

Differing from this fluctuation process, the terminal viscoelastic/dielectric relaxation of the
entangled stars is exponentially retarded with iricreasing Ny ; cf. Fig. 8-2. On the basis of the
excellent agreement of the tube model prediction and viscoelastic data,>” one may assign the
retarded terminal relaxation to the full retraction of the star arm along the dilated tube. However,
the test of the DTD picture utilizing both viscoelastic and dielectric data poses a question for this

assignment. The results of this test are summarized below.
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Fig.8-3 Test of the simplest DTD relationship (eq 4.60; derived in absence of the tube edge effect) for highly
entangled PI stars at 40°C. Normalized moduli data, G'/Gy (unfilled circles) and G"/Gy (filled circles), are com-

pared with the moduli calculated from dielectric data through this relationship (curves).

8-4-2. Test of DTD relationShip in absence of tube-edge effect
The DTD relationship derived for the star PI chains in absence of the tube-edge effect, eq
4.60, can be easily tested. If these chains satisfy eq 4.60 with the smallest possible dilation

exponent o = 1, their normalized moduli should be related to the dielectric spectrum {gp, ¢} as

G@) _ o hop Ty , G (@) _ hpp Top' (8.1)
GN ppzl 1+02T2, GN ppzl 1+ @275

with
hyp = 8o and T =[ 10+ 7)) (8.2)

For a given dielectric ®(¢), eqs 8.1 and 8.2 specify the slowest possible viscoelastic DTD relax-
ation. (For the general cases of o > 1, the viscoelastic relaxation is faster than that for o = 1; cf.
eq 4.60.)

The dielectric data shown in Fig. 8-1 were utilized to evaluate the dielectric spectrum of
the highly entangled star PI with the iteration method” explained in Appendix 7A. In Fig. 8-3,
the G'/Gy and G"/Gy calculated from this spectrum for the star PI with N, = 12 and 16 are
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shown with the solid and dotted curves. These calculated moduli are close to the G'/Gn and G/
G data (unfilled and filled circles) at high wat > 10 s=! where the G"-peak attributable to the
arm length fluctuation is observed. However, at lower m, considerable differences are noted for
the measured and calculated moduli. Specifically, the viscoelastic DTD relaxation calculated
from the dielectric data is faster than observed. Since the dilation exponent utilized in the calcu-
lation (o = 1) gives the slowest possible DTD relaxation, the result seen in Fig. 8-3 unequivo-
cally indicates the failure of the DTD picture (in absence of the tube-edge effect) at long times
where the highly entangled PI stars exhibit the terminal relaxation. This failure was observed

also for less entangled star PI.

8-4-3. Effect of branching-point fluctuation in dilated tube

The above failure of the DTD molecular picture for the star chains suggests that the relax-
ation of the portion of the star arm near the branching point (BP), occurs before the CR-equili-
bration (pre-requisite of DTD) for this portion is completed: Since the portion near BP is mostly
entangled with quickly relaxing portions near the free ends of the arms, the dynamic situation for
the former portion is similar to the situation for long, dilute probe chains entangled with much
shorter matrix chains (Chapter 7). Extensive experiments indicated that such probes relax with
the CR mechanism.'” This seems to be the case also for the portion of the star arm near BP. For
this point, further discussion is made later in section 8-4-3-4.

However, the DTD relationship (u(#) = [D(D]?: eq 4.60) for the star chains was derived
under the assumption of short-ranged BP fluctuation in the dilated tube. Although this assump-
tion sounds reasonable within the context of the DTD model, there still remains a non-negligible
possibility that the failure of this relationship observed for the 6-arm star PI is due to breakdown
of this assumption.

In relation to this problem, the viscoelastic and dielectric properties were examined for a
series of star PI chains having the same arm molecular weight M, (= 35.5 x 103) but different
arm number g (= 4 - 15). Since the entropic penalty for large-amplitude BP fluctuation increases
with increasing g, the DTD relationship should become valid for large g if the breakdown of the
above assumption was the main reason for the failure observed for g = 6. Thus, this relation-
ship was tested for the series of star PI chains having different g. The results are summerized

below.

8-4-3-1. Test of DTD relationship for star chains with various g

Fig. 8-4 shows the dielectric behavior for the series of well entangled star PI chains having
identical M, (= 7TM.) and different g (=4, 6,9 and 15). For convenience of later comparison
with viscoelastic data, the dielectric data are presented in a normalized form, {g—¢€'}/Ae and &"/
Ag plotted against war; cf. eq 2.17. |

The dielectric relaxation seen in Fig. 8-4 is exclusively attributed to the global motion of
the star PI chains. (The relaxation due to local segmental motion occurs at high @ not covered

here.) The w dependence of {&—¢€'}/Ae and £"/A¢ is nearly the same for the star PI chains of
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Fig. 8-4 Normalized dielectric data at 40°C obtained for the star PI chains having identical M; (= 7M;) and
various g (=4, 6,9, and 15). The solid curves indicate the {&—¢'}/A€ and £'/Ag of the chains with ¢ = 6 and 15 re-

calculated from the dielectric spectra.

various ¢g. In particular, the dependence is indistinguishable for ¢ =4 and 6. The dielectric
mode distribution of the well entangled star PI chains, reflected in this dependence, is broader
than that of linear PI chains. The dielectric relaxation spectrum {g,, ¢ ,} (eq 2.17) was deter-
mined from the €"/Ae data with the method described in Appendix 7A.

For the star PI chains with g =4, 6, 9, and 15, the normalized viscoelastic moduli G'/Gy
and G"/Gy are shown in Fig. 8-5. The dominant part of the viscoelastic relaxation, seen at @ <
103 s~1, is hardly contributed from the fast rubber-to-glass transition and reflects the global chain
motion.

Extensive experiments indicated that the viscoelastic mode distribution for well entangled
star chains is much broader than the distribution for linear chains.”'” This is the case also for the
star PI examined here, for which the mode distribution is observed through the @ dependence of
the moduli (Fig. 8-5). This distribution is almost identical for the star PI with ¢ = 4 and 6 and
becomes a little broader at low @ for the star PI with larger ¢ (=9 and 15). Similar broadening
is noted also for the viscoelastic data of star polybutadienes reported by Adams et al.'"” This
moderate broadening of the mode distribution may be partly related to suppression of the branch-

ing-point fluctuation for large g.
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Fig. 8-5 Normalized viscoelastic moduli at 40°C obtained for the star PI chains having identical M, (= TMe)

and various ¢ (=4, 6, 9, and 15).

The dielectric mode distribution (Fig. 8-4) changes with g less prominently compared to
the viscoelastic mode distribution. This difference may reflect the intrinsic difference of the
viscoelastic and dielectric properties, the former representing the isochronal orientational anisot-
ropy while the latter detecting the orientational correlation at two separate times (cf. Chapter 3).

For the star PI chains with g = 4, 6, 9, and 15, Fig. 8-6 compares the G'/Gy and G"/Gy data
(unfilled squares and circles) with those calculated from the dielectric spectra (dashed curves).
The small filled circles indicate the £"/Ae data, and the thin dotted curve is the £"/Ae re-calcu-
lated from the spectra. Differences observed between the £'/Ae and G"/Gy data unequivocally
indicate that the tube is not fixed in space. (In the fixed tube, the chains have p(r) = ®(r) and
their normalized dielectric and viscoelastic losses coincide with each other.”)

More importantly, Fig. 8-6 demonstrates that the moduli calculated for the case of DTD are
different from the data to nearly the same extent for the star PI chains of various ¢g. For all PI
chains, the observed viscoelastic relaxation is slower than that expected for the case of DTD with
o= 1. Since this expected relaxation represents the slowest possible viscoelastic DTD relaxation

for a given dielectric spectrum, the difference between the observed and calculated moduli seen
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Fig. 8-6 Comparison of normalized viscoelastic moduli G/Gy (unfilled squares) and G"/Gy (unfilled circles)
of the star PI chains with the moduli calculated from the dielectric spectra through the DTD relationship with ot =1
(eq 4.60 derived in absence of the tube edge effect; thick solid and dashed curves for G'/Gy and G"/Gy). Small
filled circles indicate the normalized dielectric loss €"/A¢ of respective PI chains, and the thin dotted curves repre-

sents the £"/A¢ re-calculated from the dielectric spectra.
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here indicates that the failure of the DTD relationship is not due to breakdown of the assumption

of the short-ranged BP fluctuation but is intrinsically related to the star chain dynamics.

8-4-3-2. DTD criteria in absence of tube-edge effect

The DTD process occurs as a result of mutual CR-equilibration of entanglement segments.
For the tube diameter to dilate from a to a', successive (a'/a)? segments.need to be equili-
brated.>”" This CR-equilibration requires a time,313) ¢** = fla'/a)*ty,, where fy, is an average

lifetime?2 of the entanglement point and fis a numerical prefactor. The entanglement lifetime

has some distribution, and #y is an effective CR time-unit that determines the rate of CR-equili-
bration over (a'/a)? segments. This lifetime distribution is further discussed in the next section.

The tube can dilate up to @’ only in a time scale longer than 7%*, meaning that the coarse-
graining of the spatial scale (the DTD molecular picture) is intrinsically associated with the
coarse-graining of the time scale.”” This DTD criterion corresponds to that discussed by Milner
et al. for star/linear blends.”” In addition, the DTD picture loses its sound meaning when a’
becomes comparable to/larger than the chain dimension R (= N1/2a and N,1/2a for the linear
chain and star arm composed of N and N, entanglement segments, respectively).

These DTD criteria can be summarized as,

t2f [@rtw 1) (8.3)
a(pP? : . .
[ p } < N (for linear chains), N, (for star chains) 8.4)

The prefactor f is estimated in the next section.

The DTD picture is valid only in the time scale where eqs 8.3 and 8.4 are satisfied. In this
time scale, the dielectric ®(f) coincides with the survival fraction of the dilated tube (cf. eq 4.59)
in absence of the tube-edge effect, and the diameter of this tube is given by a'(f) = a[®(r)] /2310
Then, eqs 8.3 and 8.4 can be rewritten, in terms of experimentally measured/estimated quantities,

as

}1/2 55

O(1) > {f%

D7) 2 ]% (for linear chains), ]—Vl— (for star chains) (8.6)

a

For representative highly entangled linear PI (N = 62) and 6-arm star PI (N, = 12) having almost
identical relaxation times, the validity of eqs 8.5 and 8.6 are examined later in Fig. 8-7. The f

and #, values utilized in this test are estimated below.
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8-4-3-3. Estimation of f and ty,

For linear chains compared of entanglement segments, the prefactor f and effective en-

tanglement lifetime r,, can be estimated on the basis of the Graessley model® considering the
Rouse-like CR process. The global, dielectric CR relaxation time deduced from this model is

expressed as (cf. section 4-4-1)"%?

Tere = ﬂ‘i‘iN 2 (for linear chain) (8.7)
T

The factor [a7a]* appearing in eq 8.3 is the squared number of CR-equilibrated entanglement
segments and corresponds to the factor N2 in eq 8.7. Thus, the f for linear chains is estimated to
be 4/n2.

For dilute linear probe in linear matrices, the Graessley model relates t, to the matrix
reptation time T rep as ty = (n2/12)z8 Tm,rep/Zg, Where zg represents a number of constraints per
entanglement (cf. eq 4.23). Adachi et al.24 examined the dielectric behavior of blends of linear
PI and reported that the terminal dielectric relaxation time 7¢ of the probe PI is close to the model
prediction with z; =4. The probe and matrix are identical in monodisperse systems. Thus, the
tw of the monodisperse linear PI (N = 62) can be estimated from this z value as ty = (t2/12)28 14/
zg =0.117.>

. For the star chains, no explicit expression of f is available. In addition, no dielectric data
are available for blends of star PI chains, and the #,, of the monodisperse star PI cannot be esti-
mated with the above method. However, viscoelastic experiments for polystyrene blends indi-
cated that the relaxation time of monodisperse star chains with N, < 6 is close to the global CR
relaxation time."”*® This would be the case also for the monodisperse star PI (N, = 12), and the

measured Tg (= Tcr ¢ ) may be expressed in terms of f and t,, as
Te= TCR,e = ftwNa? (8.8)

Thus the product fty, for the star PI is estimated to be T/N,2.

Here, a few comments should be added for the entanglement lifetime for a linear probe
chain. This lifetime, being determined by the first passage of surrounding chains, should have a
distribution. The DTD criterion using the single, effective lifetime ty, (eq 8.5) is approximate in
this sense. However, for the dilute linear probe (having the lifetime distribution as suggested by
Rubinstein and Colby*”), the CR model with the single #,, well describes the relaxation data at
long times:"” The slow (global) CR relaxation of the probe results from cooperative motion of
many entanglement segments therein, and smearing/averaging of the lifetimes of those segments
possibly leads to this validity of the single-ty, model. Correspondingly, the single-ty criterion (eq
8.5) can be safely utilized to test the DTD picture for the monodisperse linear chains in long time

scales.
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The situation would be different for monodisperse star chains. Since the monodisperse star
chains have much more widely distributed motional modes compared to the linear chains, the
distribution of the entanglement lifetime would be broader for the former. This suggests a limita-
tion of the single-tw DTD criterion for the star chains.”® However, the smearing/averaging of the
lifetimes explained above is expected also for the star chains in the long time end of the relax-

ation. Thus, in the following section, this criterion is utilized at long times.

8-4-3-4. Origin of failure/validity of DTD picture

On the basis of the DTD criteria (eqs 8.5 and 8.6), the reason why the DTD picture is valid
for the monodisperse linear PI in the terminal regime (Fig. 7-2) but not for star PI (Figs. 8-3 and
8-6) can be specified. For the representative linear PI (V = 62) and 6-arm star PI (N, = 12),
respectively, Fig. 8-7 shows plots of the dielectric ®(¢) data, the { fty/t}1/2 factor, and N or N,
against a reduced time #/7¢. The f and #y; utilized in the plots were estimated in the previous
section (f = 4/m2 and ty = 0.117 for the linear PI and fty = To/N,?2 for the star PI), and the termi-

nal dielectric relaxation time 7z was evaluated from the € and £" data as the second-moment

average dielectric relaxation time through eq 2.18.

In Fig. 8-7, a range of t where the DTD criteria are satisfied can be specified: For the linear
PI, ®(?) (circles) is comparable with and/or larger than both { fty/t}1/2 (solid line) and 1/N (dot-
ted line) in a considerably wide range in the terminal regime, 7¢/8 <t (< T¢). Similar results
were found for the other linear PI chains (with N < 36) examined in the previous chapter. This
wide validity of the DTD picture reflects a fact that ®(f) of well-entangled linear PI chains has a
M-insensitive, narrow mode distribution and relaxes just moderately at f < 7¢: Since O(f) re-
mains considerably large at t < 7¢ (because of this distribution), the tube diameter can increase
only up to a’ (7g) = a[®(1¢)]"1"2 = 2.2a. In this rather thin tube, the chain can equilibrate itself
(through the CR motion) within the given time scale ¢ and thus the tube actually dilates at ¢t > 7/
10.29) This result is consistent with the validity of the DTD relationship (eq 4.36) observed for
the viscoelastic G* and dielectric £" of linear PI in a wide range of w (Fig. 7-2).

In contrast, the DTD criterion fails for the star PI; see left pannel of Fig. 8-7. Similar
results were found for the other star PI examined in this chapter. This failure of the DTD picture
in the dominant part of the terminal relaxation, being consistent with the violation of eq 4.60 for
G* at low o (Figs. 8-3 and 8-6), is related to the broad dielectric mode distribution of the star:
Because of this broadness, ®(¢) significantly decays at short ¢ and the tube diameter expected
from the DTD picture at long ¢ (a’ = a®~1/2 = 3.6a at t = 7¢) becomes too large to allow the CR-
equilibration to occur in time.

Concerning this result, it should be emphasized that the [ftw/t]1/2 factor at a given #/7¢ is
considerably larger for the linear PI than for star PI (cf. Fig. 8-7). Nevertheless, the DTD crite-
rion (eq 8.5) at long 7 is more easily satisfied for the linear PI because of its narrow distribution
of motional modes (reflected in the dielectric and viscoelastic spectra). Thus, the difference
between the linear and star PI chains (success and failure of the DTD picture at long ¢) is related

to the difference in the dynamics of these chains. The star dynamics intrinsically results in the
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Fig.8-7 Test of DTD criteria (in absence of the tube-edge effect) for highly entangled star and linear PI chains
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broad motional modes that lead to this failure.

This broadness reflects large differences in the relaxation rates of the portions of arm near
the branching point (BP) and free end (FE). In this sense, the monodisperse star chains may be
regarded as a blend of slowly relaxing, dilute species (the portion near BP) entangled with
quickly relaxing matrix (the portion near FE). This situation is analogous to that for dilute linear
probe chains in much shorter matrix chains (Chapter 7). Such probe PI fully relaxes via the CR
mechanism, and the DTD picture fails. Thus, the relaxation of the portion of the star arm near
BP, observed as the terminal relaxation of the monodisperse star P, is possibly dominated by the
CR mechanism due to fast motion of the portions near FE. This result is consistent with the
coincidence of the terminal relaxation time and the global CR time found for monodisperse stars
with N, < 6.13.20)

8-4-4. Comparison of data with DTD model in absence of tube-edge effect

The above test revealed the failure of the simplest DTD picture (eq 4.60) for the highly
entangled star PI. Here, the models considering the DTD relaxation (BM and MM models in
absence of the tube-edge effect) are utilized to test the DTD picture in a more quantitative sense.

For these models, the normalized moduli G'/Gn and G"/Gy are calculated as the Fourier
transformation of p(?) (= G(£)/GN) given by eq 4.46 (BM) and eq 4.51(MM). For the highly
entangled PI stars with N, = 12 and 16, respectively, the top panels of Figs. 8-8 and 8-9 compare
the moduli data (circles) with the MM prediction (solid curves). For the star with N, = 12, the
data are also compared with the BM prediction in the top panel of Fig. 8-10. In the calculation,
the N, value was allowed to be adjusted a little (N cq1 = 15 and 20 instead of Ny = 12 and 16) to

achieve the best agreement of the calculated and measured moduli. This adjustment (~ 20%) is
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Fig.8-8 Comparison of viscoelastic/dielectric data (circles) of a PI star (N, = 12) with predictions of MM

model without the tube-edge effect (solid curves). Dashed curves indicate the prediction of the model combined
with the tube-edge effect on the dielectric behavior. Dotted curves represent the prediction of the DTD-CR model
(= MM model modified through incorporation of the CR process).

comparable in magnitude to uncertainties in the experimental M, and Gy values utilized in
calculation of Ny = M,GN/pRT (p = density). In fact, the adjustment of similar magnitude was
made in previous studies.”

The remaining model parameter, the Rouse relaxation time within one entanglement seg-
ment 7* (cf. eqs 4.44, 4.47, and 4.49), was determined in a way that the BM/MM models (with
the above N, ca values) reproduced the viscosity 7 of the PI stars. As noted in the top panels of
Figs. 8-8, 8-9 and 8-10, the models with this choice of 7* excellently describe the moduli data in
the dominant part of the terminal relaxation (wat < 100 s~1); compare the solid curves and
circles. In particular, the MM model excellently reproduces the G" peak (at wat = 10-100 s~1)
attributable to the Rouse fluctuation of the star arm length. Similar agreement between the

viscoelastic data and models was demonstrated previously.*®
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Fig.8-9 Comparison of viscoelastic/dielectric data (circles) of a PI star (Ny = 16) with predictions of MM

model without the tube-edge effect (solid curves). Dashed curves indicate the prediction of the model combined
with the tube-edge effect on the dielectric behavior. Dotted curves represent the prediction of the DTD-CR model
(= MM model modified through incorporation of the CR process).

The dielectric ®(¢) formulated for the MM model in absence of the tube-edge effect is
given by eq 4.71 with a0 =4/3, z¢ = Leg, Ky =1, and the pre-exponential factor in the integral
being replaced by unity. The model predictions for {&—€'}/A¢ and £"/A¢ of the PI stars, calcu-
lated as the Fourier transformation of this ®(r), are shown with the solid curves in the middle and
bottom panels of Figs. 8-8 and 8-9. The values of the model parameters (N, . and 7¥) are the
same as those giving the excellent agreement between the calculated and measured moduli (top
panels). Nevertheless, the calculated {&—¢€'}/Ae and £"/A¢ are considerably different from the
data in the terminal regime, although the model fairly well describes the high-w €" peak attribut-
able to the Rouse fluctuation.

The BM predictions for {g—¢€'}/Ae and £"/Ag, calculated in a similar way (except that o, is
set to be unity in eq 4.71), is shown with the solid curves in the bottom panel of Fig. 8-10. Dif-

ferences between the model and experiments are noted not only in the terminal regime but also
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Fig.8-10 Comparison of viscoelastic and dielectric data (circles) of a PI star (N = 12) with the predictions of
BM model (solid curves).

in the Rouse-fluctuation regime. The high-® €" peak, reproduced by the MM model, is not
predicted from the BM model. Correspondingly, the BM model does not describe the G" peak
at wat = 50-100 s~1; see the top panel of Fig. 8-10. The BM model focuses on the terminal
relaxation and does not incorporate the Rouse fluctuation mechanism, thereby exhibiting this
disagreement at these .

As noted in Fig. 8-8, 8-9 and 8-10, the BM and the MM models (with slightly adjusted N,
values) commonly predict the dielectric terminal relaxation slower than observed if the model
parameters are chosen to excellently reproduce the moduli data. The models with non-adjusted
N, was found to give no better agreement with the dielectric data. Thus, the deviation between
the dielectric data and model prediction is not due to the minor adjustment of N,.

As shown in Fig. 8-3, the viscoelastic DTD relaxation calculated from the dielectric data
(in absence of the tube-edge effect) is faster than observed. Consequently, the dielectric relax-
ation calculated from the viscoelastic data through the DTD relationship (eq 4.60) is slower than
observed. This result is in harmony with that seen in Figs. 8-8, 8-9 and 8-10. In particular, the
() of the MM model is numerically close to [®(7)]? in the entire range of ¢ (although the rigor-
ous DTD relationship for this model is given by u(¢) = [®()]1+% = [d(£)]7/3 at short 1); see
Appendix 8A. Thus, the result seen in Fig. 8-3 (failure of the simplest DTD relationship) is

almost equivalent to those observed in Figs. 8-8 and 8-9.
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8-4-5. Comparison of data with DTD model in presence of tube-edge effect

For the highly entangled PI stars, the previous sections confirmed the failure of the DTD
picture in absence of the tube-edge effect. However, the DTD relationship (eq 4.60) is modified
if the tube-edge effect on the dielectric ®(7) is considered. Thus, the validity of the DTD picture
needs to be also tested in presence of this effect. Here, this test is made through comparison of
the data of the PI stars and the MM model combined with the tube-edge effect. (The MM model
is utilized in this test because this model can describe the Rouse-fluctuation of the arm length.)

For the largest possible displacement of the segment in the tube-edge, the ®(¢) formulated
for the MM model is given by to eq 4.71 (with o = 4/3). This displacement induces no signifi-
cant change in the expression of () (eq 4.51). Thus, in the calculation of {&—¢&'}/A¢ and £"/Ae
in presence of the tube-edge effect, the parameters (N, ca and %) giving the best agreement
between the moduli data and the MM prediction without this effect (cf. top panels of Figs. 8-8
and 8-9) were chosen. The dielectric behavior thus calculated is shown with the dashed curves
in the middle and bottom panels of Figs. 8-8 and 8-9. Since eq 4.71 is formulated for the maxi-
mum tube-edge effect, these dashed curves overestimate this effect for the PI chains. (Thus, the
dielectric curves calculated for a realistic magnitude of the tube-edge effect should be between
the dashed and solid curves.)

As noted in Figs. 8-8 and 8-9, the tube-edge effect moderately increases the terminal
dielectric intensity of the DTD process because the displacement of the edge segment is larger in
a more dilated tube at longer ¢; cf. dashed and solid curves. However, the calculated terminal
relaxation time does not change with this effect, and the calculated dielectric relaxation is still
slower than observed.

From this result as well as those demonstrated in the pervious sections, it can be concluded
that the PI star arm does not retract along the fully djlated tube (with the diameter a’= a{¢'(#)}~
/2y atlong t. This failure of the DTD picture (either with or without the tube-edge effect)
suggests an important contribution of the constraint release (CR) mechanism to the terminal
dynamics of the star chains, as pointed out also in the previous sections. From this point of view,
the MM model is to be modified by incorporating the CR process (though in a crude way. The
method of this modification is described in the next section.

Here, a comment should be added for the DTD relationship for linear chains modified for
the tube-edge effect. This modified relationship is cast in a form similar to that shown in eq 4.68
(with 1/8N, factor being replaced by 1/4N; N = the total number of entanglement segments).*”
Thus, in principle, the tube-edge effect changes the viscoelastic moduli of the linear chains
relaxing through the DTD mechanism. However, for the linear chains with N >> 1, the terminal
viscoelastic modes have a considerably narrow distribution and pi(f) remains considerebly close
to unity up to ¢ = <7g>yw. For this case, the correction term due to the tube-edge effect, having
the order of p(r)~%(1+0/N (cf. second term in eq 4.68), can be neglected in the entire range of ¢
up to <Tg>y. For this reason, the DTD relationship without this effect is valid for the highly

entangled linear chains, as observed in Fig. 7-2.
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8-4-6. Effect of terminal CR relaxation

The DTD molecular picture is valid in a time scale ¢ > 7%*, where 7%* is a time required for
CR-equilibration of the successive (a'/a)? entanglement segments in the dilated tube. In the MM
model, every segment has the relaxation time Tym(z) determined by its curvilinear coordinate z;
cf. eq 4.50. Thus, the DTD formulation in this model may be valid for the segments having
™MM(2) > TF*(2) but a modification (explicit incorporation of the CR prdcess) is required for
those having Tym(z) < T#*(z), where 7%*(z) is the CR-equilibration time over the (1-z/Leq)~4/3
segments. Here, Leq (= Naa) is equilibrated arm length. (Note that the dilation to the diameter a'
= a(1-z/Leq)~23 is equivalent to the equilibration over (1-z/Leq)™3 segments.)

Following this molecular picture, the segment coordinate z** specifying the crossover
from the DTD picture (z < z** and Tyv > 7+*) to the CR picture (z > z** and M < T¢*) was
estimated and the MM model was modified by incorporating the CR process for the segments at

7> z**. Features of this modified model and results of comparison with experiments are sum-

marized below.

8-4-6-1. Estimation of z** and t
Graessley formulated the entanglement lifetime #y, for a linear chain as a mean waiting

time for the first removal of local constraint due to motion of surrounding linear chains:* ty, =

f BQ {F(®)?= dr with F(f) being an appropriate relaxation function (that coincide with the tube

survival fraction in the Graessley model) and zg representing the number of constraints per each
entanglement point; see section 4-4. .

In the above DTD-CR crossover molecular picture for the star arm, the first removal of
constraint for an entanglement segment in a given arm can occur through two modes: If the
entangling partner (a segment in the other arm) has the curvilinear coordinate z < z**, the re-
moval would be dominated by the MM-type arm retraction. On the other hand, if the partner has
Z>z**, the removal can occur at the time 7y, through the CR motion of this partner. Applying

the Graessley formulation to this dual-mode removal, the #,, for the star arm may be estimated as

ty = j : {F(tydt

with F(?) —Lleq ’; exp(— - h’; (Z,)) dz +{1 - Zgi}exp(— ;lv;) (8.9)

From the t obtained by numerically solving eq 8.9, the CR-equilibration time 7%* can be
estimated in the following way.

Characteristic times of the actual CR process are close to those predicted by the Rouse-CR
model."”*” In this model, an effective friction coefficient for the CR motion of the entanglement

segment is given by12kgTty/a?. Thus, for a given retraction distance z (that leads to a’ = (1-z/
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deduced from the MM model (solid curve) with the time 7**(z) required for CR-equilibration over (l—z/Leq)_4/ 3
segments (dashed curve). This CR equilibration is necessary for the tube to dilate in a way assumed in the model;
the assumed full dilation occurs if Tvm(z) > T7%*(2), and CR process dominates the relaxation if Tym(z) < T¢%(2).
The N, dependence of the curvilinear coordinate z** specifying this DTD-CR crossover is shown in the inserted

panel. )

Leq)~?/3 if the DTD picture is valid), T#* can be estimated as an orientational Rouse-equilibra-

tion time for successive f§ entanglement segments:

_lw oo
ﬁﬂ@—zsm2bm (8.10)
with
1 | ®8.11)

- (1 _ Z/Leq)4/3

Here, the discretized Rouse dynamics®" is uitilized so that the resulting expression of 7¢* (eq
8.10) is applicable in the entire range of B (= 1). For large f3, eq 8.10 is reduced to the continu-
ous Rouse-CR expression, 7* = f(a la)*t,, (utilized in section 8-4-3-2).

For the stars of various N,, T%*(z) was calculated from eqs 8.9 and 8.10 (with z** in eq 8.9
being replaced by z) and the DTD-CR threshold z** was estimated by comparing this 7%*(z) with
Twum(z) (eq 4.50). The results for N, = 15 and zg = 1.5 are shown in Fig. 8-11, where 7%*(z) and

Tum(z) reduced by the Rouse relaxation time in one entanglement segment 7%* are plotted against
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the reduced coordinate z/Leq. The threshold, z** = 0.84L¢q, is evaluated as the coordinate where
the 7%*(z) and nv(z) curves cross each other. For z > z**, e+ is larger than Ty and the CR-
equilibration (pre-requisite for DTD) does not occur in time.

The DTD-CR threshold z** evaluated in this way increases gradually with Ny; see the
insert in Fig. 8-11. However, for N, < 20 (a practically accessible range of N,), z** remains
considerably smaller than Leq. Thus, a non-negligible number of segments near the branching
point should relax at long ¢ through the CR motion, not through the full arm retraction along the
dilated tube, ’ |

Of course, the z** value changes with the choice of zg and the method of estimating #y,. In
addition, the distribution of the entanglement lifetime, having a delicate effect on the CR dynam-
ics, may also change the t**(z). However, irrespective of these details, the insufficient CR
equilibration (= failure of the DTD picture) seems to be concluded for large z (for slow relax-
ation). Thus, in this study, the z** determined in Fig. 8-11 is utilized to modify the MM model
by explicitly incorporating the CR process (though in a crude way). The aim of this modifica-
tion is to examine the importance of the CR mechanism and explore a direction of the model
refinement, not to obtain numerical agreement with the data through incorporation of many

adjustable model parameters.

8-4-6-2. CR-relaxation process

During the CR process for the segments at z > z**, the branching point is allowed to move
with the characteristic time #y. Thus, the Rouse-Ham model****" (allowing this motion; section
4-4-2) is utilized to formulate the viscoelastic and dielectric relaxation functions ucgr(f) and
Pcr(?) for the CR process of these segments. These [Lcr(f) and Dcr(?) are defined as the nor-
malized functions satisfying cr(0) = Pcr(0) = 1.

The Rouse-Ham model describes the stochastic motion of a star-branched bead-spring
chain having a frictionless branching point; cf. Fig. 4-2a. The arm is composed of N¢gr beads
each having an effective friction coefficient {efr. For the CR process at long ¢, the bead (mo-
tional unit) is equivalent to the entanglement segmént of the size a. Thus, the bead number

(=spring number) and the spring constant K are chosen to be

NCR=Na(1——Z;—* and x=3’2§T (8.12)
€q

Here, z** is the DTD-CR threshod (evaluated in Fig. 8-11). Since this Ncr is not very large (< 4
for the PI stars examined in Figs. 8-8 and 8-9), the pcr(f) and ®cr(?) are to be calculated from
the discretized Rouse-Ham equation.

In the Rouse-Ham model for monodisperse g-arm star chains, the eigenmodes of the chain
motion are classified into two series; see Fig. 4-2b. The odd eigenmodes activate the synchro-
nized motion of a particular pair of arms (chosen from the ¢ arms). Thus, the odd modes for a

given relaxation time has a degeneracy of g—1.***" In contrast, the even eigenmodes activate the
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synchronized motion of all g arms. These even modes are not degenerated.
These Rouse-Ham eigenmodes (calculated from the discreteized RH equation) were uti-
lized to obtain Ucr(?) and Dcr(?):

1 NCR 2 NCR 2
_ _ _ =zt {
R =t Y (g 1)exp( 24y exp(— (CR)) (8.13)
p=I Lp-1]  p=1 Tp
and
. VA
CI)CR(t)=L sm—Z( p )ex -1
KCR p:o(gchR 2NCR T(z(;R) (8.14)
with
_ o[ PT
Ker= D, sin (ZNCR) (8.15)

p=0dd <Ncr

CR)

The eigenmode relaxation times ’L'(p , and T;;R) appeariﬁg in eqs 8.13 and 8.14 are given by

v _ Geff . o {2p-lim _
= e aoN ety ] Proddmodes (=12 M) (16
. T :
T;;R) = %”—f’(ﬁsm—?(zg CR) foreven modes (@ =1,2,...,Ncr) (8.17)

The coefficient (et included in these relaxation times is specified later in relation to the arm
motion during the terminal CR process at long .

Here, a few comments should be added for the above expression of pcr and @cr. First of
all, the dielectric mode relaxation times are identical to the eigenmode relaxation times 7,(CR) (1
< o0 < 2Ncr) while the viscoelastic mode relaxation times are half of 7,(CR), as noted from the
decaying terms exp{—#/7,(CR)} and exp{-21/74(CR)} included in eqs 8.13 and 8.14. This differ-
ence reflects a difference between the dielectric and viscoelastic properties, the former detecting
the orientational correlation at two times ¢ and O (cf. eq 3.14) while the latter representing the
tsochronal orientational anisotropy (cf. eq 3.7). Because of this difference, the ®cgr and iR for
the incoherent CR process include the first-order and second-order moments of the eigenmode
amplitudes that decay as exp{—#/7(CR)} and exp{-2#/15(CR)}, respectively (cf. Chapter 6).

It should be also noted that ®cRr(?) is contributed only from a subset of even eigenmodes
having the mode indices equal to twice of odd integers; see eq 8.14. This dielectric extinction of
the other eigenmodes reflects the inversion of the type-A dipoles at the branching point.’” Be-
cause of this inversion, the odd eigenmodes do not change the total polarization of the chain and
are dielectrically inert; see Fig. 4-2b. The even eigenmodes with the mode indices equal to twice

of even integers are also inert because these modes activate the same displacements for the arm

— 127 —



end and branching point to induce no change in the polarization in each arm. (Of course, all

eigenmodes contribute to the viscoelastic [lcr (eq 8.13) irrespective of the dipole inversion.)
Even with the inverted dipoles, this extinction does not occur if the motion of the g arms is

not synchronized and not described as a sum of eigenmodes. From this point of view, the dielec-

tric extinction can be regarded as a characteristic feature of the (Rouse-Ham type) CR process.

8-4-6-3. Effective friction for terminal CR relaxation .
The motional unit considered in the CR process (eqs 8.13 and 8.14) is the entanglement

segment of the size a, not the coarse-grained (dilated) segment considered in the DTD process.

The effective friction coefficient {e¢r specifies an average hopping rate of this unit during the
terminal CR process.

The friction coefficient defined for the local CR-hopping over the distance a is written as
{local) = 45z, (= 12kpTtw/a?),** where ty, is the local entanglement lifetime (cf. eq 8.9). The

corresponding longest relaxation time 7; is calculated from eq 8.16 with p = 1 and {efr = {UocaD);

Ty {gUocah } = 7, sin2 (m) (8.18)

However, for the terminal CR relaxation to occur, the Ncr-th segments located at z**
(shown with the filled circles in Fig. 4-2a) need to hop over a distance Ncg!/2a2. This hopping is
allowed only after the arm retracts over the distance z** to release these segments, namely, only
at t > Tym(z**). The 17 for this retraction-determined CR hopping process can be calculated by
re-modeling the RH arm (Fig. 4-2a) as an arm composed of only one end-segment that is bound
to the branching point through a spring of the strength ¥’ = k/Ncg: The friction coefficient {{ret)
for that hopping process is given by 4x' tvm(z**), and the corresponding 7; is obtained from eq
8.16 with Ncg = 1, p = 1, and k and (et being replaced by k' and {{ret):

7 { {0} = 4ypi(z**) (8.19)

The prefactor of 4 appearing in eq 8.19 reflects a fact that the terminal CR relaxation requires the
anti-symmetric motion of fwo end-segments.

The difference between 71 { C(fe‘)}‘and 7{ {llocal)} suggests that the entanglement lifetime
has a distribution determined by the length scale (and direction) of the CR hopping. The lifetime
for the local hopping over the distance a is given by ty (cf. eq 8.9), and the tube should dilate as
a result of accumulation of such local hopping (in both radial and axial directions of the tube).
However, the terminal CR process requires a larger scale hopping (predominantly in the axial
direction of the dilated tube at = Tvm(z**)), and the entanglement lifetime assigned to each
segment during this process should be different from t,,.

The effective friction coefficient (¢ (included in egs 8.16 and 8.17) is determined accord-

ing to this distribution of the lifetime. Accumulation of the local CR hopping leads to the termi-
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nal CR relaxation, and this accumulation requires the time 7, { {{local}, Thus, if 71 { {llocal} >
71 { {{reD)}, this relaxation should occur at 7;{ {llocal)} . For this case, 7;{ {(locab} and 7;(CR) (eq
8.16) can be equated to obtain (eff = 4Kty

On the other hand, if 7;{{{reV} > 7, { {{locaD} the terminal CR relaxation rate should be
determined by the arm retraction over the distance z**. For this case, 7;{ "V} and 7;(CR) can be

equated to evaluate (qfr as

Cef = 16 KTvm(z**) sin? (Tﬂm) (8.20)

(This situation is similar to that for a pom-pom chains:*” The trunk of this chain relaxes only
after the relaxation of the arms attached to the trunk ends is completed, and the friction factor for
the trunk is determined by the arms.)

For the highly entangled PI stars with N, = 12 and 16 (cf. Figs. 8-8 and 8-9), the DTD-CR
threshold z** shown in Fig. 8-11 was utilized to calculate 7y {{{local} and 7;{ {rev} (cf. egs 4.50,
8.9, 8.18, and 8.19). For these stars, 7;{ {{reY} was found to be longer than 7y { {loca} . Thus,
the viscoelastic and dielectric properties for the combined DTD-CR process were calculated
from eqs 8.13-8.17 together with eq 8.20. Comparison of these calculated properties and data is

presented below.

8-4-6-4. Comparison of DTD-CR model with experiments

Combining the CR relaxation functions for the entanglement segments at z > z** (eiqs 8.13-
8.17 and 8.20) and the DTD relaxation functions for those at z < z** (cf. eqs 4.51 and 4.71 with
o = 4/3), the CR process can be incorporated in the MM model (with the tube edge effect) to

formulate the viscoelastic p(t) and dielectric ®(¥) as

7 [Tz e p(_ t )

H = 1- ex dz + Icr,G Hcr@) (8.21)

ol 3Leq fO { Leq] ™MMm(2) ROHCR
Z**
d(; ~ 1 1+ 1 (1__2_)—7/3__(1__2_)—5/3‘ ex (_ ! )dz + 1 DOer(®)
(8.22)
with
2

Icr,6 = 1—Z*—*)7’3, I =1~Z*—*—L{1—(1—Zﬁ)‘w} (8.23)

CR,G ( . CR.e L, BN, Leq

Here, z** is the DTD-CR crossover coordinate (Fig. 8-11). This modified MM model is hereat-

ter referred to as the DTD-CR model. The fundamental parameters included in this model are
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Na, 7¥*, and 7** (the Rouse relaxation time in one entanglement segment). All other parameters
are uniquely calculated from these fundamental parameters.

In eqs 8.21 and 8.22, the first integration terms indicate the DTD contribution, and the
second terms represent the CR contribution with the relative relaxation intensities Icr ¢ and Icg ¢
given by eq 8.23. These intensities were evaluated by subtracting the intensities for the DTD
process (the integration terms at 7 = 0) from unity. It should be noted that these intensities are
smaller than the initial memory (= 1-z**/Leq) sustained by the segments at z,> z**. Thus, in the
DTD-CR model, these segments partially relax during the DTD process and fully relaxes during
the CR process.

For the highly entangled PI stars with N, = 12 and 16, the viscoelastic and dielectric prop-
erties calculated from the above DTD-CR model are shown with the dotted curves in Figs. 8-8
and 8-9. The pcr and Dcg terms included in eqs 8.21 and 8.22 require Ncg to be integer (cf. eqs
8.13 and 8.14), but the Ncr(eq 8.12) obtained from z** (Fig. 8-11) was not an integer number.
Thus, in the calculation, the Ncr was replaced by the closest integer ncr (= 2 and 3 for Ny = 12
and 16), and the z** value was adjusted accordingly (z** = Leq(1-ncr/Na)). The Ny cq) values
utilized in the calculation were the same as those for the original MM model (N, ca) = 15 and/or
20), and the only remaining parameter 7% was chosen in a way that the calculated 1o coincided
with the 7, data.

As noted in the top panels in Figs. 8-8 and 8-9, the incorporation of the CR process in the
MM model hardly changes the model prediction for the viscoelastic moduli; compare solid and
dotted curves. This result reflects a fact that a large fraction of the initial modulus sustained by
the entanglement segments at z > z** has relaxed during the DTD process and only a small
intensity Icr g (eq 8.23) remains for the CR process of these segments. In other words, the CR
process is hardly detected through the viscoelastic moduli.

In contrast, the dielectric behavior is significantly affected by the CR process (because a
considerably large dielectric intensity Icr  remains for this process); see the middle and bottom
panels of Figs. 8-8 and 8-9. The terminal dielectric relaxation calculated from the DTD-CR
model is considerably faster than that deduced from the MM model (with/without tube-edge
effect) and appears to be in better agreement with the data; compare the dotted and dashed/solid
curves.

For further comparison of the DTD-CR and MM models, Fig. 8-12 shows N, dependence
of the experimentally detectable longest relaxation time Tiax predicted from these models. In
the original MM model, the terminal relaxation is achieved through full retraction of the arm
along the dilated tube, and the viscoelastically and dielectrically detectable Tax's coincide with
Tum(Leq)-

In the DTD-CR model, the rigorously defined viscoelastic Tmax is given by a half of the
slowest CR eigenmode relaxation time, 76(CR) = 7(CR)/2; see eq 8.13. However, the terminal
CR mode has a very small viscoelastic intensity Icr . Thus, the experimentally detectable
viscoelastic Tmax, that should be close to the measured <7g>y (Fig. 8-2), is decreased to the time

Tvmm(z**) required for the retraction over the curvilinear distance z**.
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Fig.8-12 N3y dependence of the experimentally detectable longest relaxation time Tygx predicted from the MM

and DTD-CR models.

The situation is different for the dielectric behavior of the DTD-CR model. Because of the
dipole inversion of the PI stars, the slowest CR eigenmode is dielectrically inert. Thus, the
dielectrically detectable 7.« (that should be close to the measured <7z>y,; Fig. 8-2) coincides
with the relaxation time of the second-slowest CR eigenmode, 7(CR) = 7(CR). This 7-(CR) is
close to the viscoelastic Tmax (= Tum(z**)) but is considerably smaller than Tym(Leq). This differ-
ence between 7g(CR) and Tum(Leq) is reflected in the acceleration of the terminal dielectric
relaxation due to the CR mechanism (cf. solid and dotted curves in the middle/bottom panels in
Figs. 8-8 and 8-9).

As noted in Fig. 8-12, the incorporation of the CR process in the MM model decreases the
viscoelastic and dielectric Tmax values but hardly changes the exponential N, dependence of
Tmax- (Note that the semi-logarithmic plots of Tum(z**), T(CR), and Tym(Leg) have an almost
identical slope). Thus, the DTD-CR model can describe the experimentally observed N, depen-
dence of <T2>y and <7g>y (Fig. 8-2) with the accuracy similar to that for the MM model. From
this result as well as the moderate improvement of the prediction for the dielectric behavior by
incorporation of the CR process (Figs. 8-8 and 8-9), the combination of the DTD and CR pro-

cesses appears to be essential for accurate description of the star chain dynamics.

8-5. Concluding Remarks
For highly entangled PI stars having the type-A dipoles in each arm, the viscoelastic and

dielectric relaxation behavior was examined within the context of the tube model considering the

DTD and CR processes. Comparison of the viscoelastic and dielectric data indicates that the
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simplest DTD picture, the arm retraction in the fully dilated tube (having @' = a{ ¢'(1)}~%2), fails
in the dominant part of the terminal relaxation. This result, found irrespective of the tube-edge
effect on the dielectric ®(r), suggests that the CR mechanism has a significant contribution to the
terminal relaxation of the star chains.

On the basis of this result, the MM model was refined by explicitly incorporating the CR
process. This modification was made by introducing the DTD-CR crossover coordinate z** and
simply adding the DTD and CR relaxation functions (the latter being defined only for the en-
tanglement segments at z > z**). This crude modification, separately treatin,c;! the relaxation of
the segments at z > z** and z < z**, moderately improved the model prediction for the dielectric
behavior. This improvement is related to the extinction of some CR eigenmodes in the dielectric
@(?) due to the dipole inversion at the branching point.

Of course, the real DTD-CR crossover would be gradual (not occurring sharply at z*#*),
and the real CR dynamics is not necessarily identical to the Rouse-Ham dynamics assumed in the
above DTD-CR model. In addition, a self-consistent treatment would be necessary for the
effect of the relaxed segments at z < z** on the terminal CR relaxation of the segments at 7 >
7**. (In the DTD-CR model, this effect was considered in a crude way explained for eqgs 8.18-
8.20) Furthermore, the experimentally observed failure of the simplest DTD picture may be also
related to the other possible relaxation route, the arm retraction in a partially dilated tube (having
a' <al{@)}~%2), as suggested by McLeish.” Refinement for these points would improve the
model prediction.

The DTD model (MM model) excellently describe the viscoelastic behavior of PI stars.
However, the results presented in this chapter unequivocally demonstrate the importance of the
CR mechanism in accurate description of the arm motion (that determines all kinds of relaxation

phenomena including the viscoelastic relaxation).

Appendix 8A. Viscoelastic and Dielectric Features of BM and MM Models
For convenience of the detailed test of the DTD picture within the context of the tube
model, this appendix summarizes viscoelastic and dielectric features of the BM and MM models
in absence of the tube edge effect.

The p(t) (=G(£)/Gn) of the BM and MM models is given by eqs 4.46 and 4.51. The ®(¢)
formulated for these models is given by eq 4.71 with z¢c = Leq, Ky = 1, and the pre-exponential
factor in the integral being replaced by unity. For a star with N, = 15, Fig. 8-13 shows plots of
these p(r) and () against a reduced time 7/ Tarm. Here, Tarm denotes the longest relaxation time
deduced from the models; Tarm = Tam(Leq) and/or Tyum(Leg) (cf. eqs 4.44 and 4.50).

For these models, validity of the simplest DTD relationship, p(f) = [®()] % (eq 4.60) is
tested in Fig. 8-13. The p(#) calculated from the ®gy(#) and Oy (7) through this relationship are
shown with the solid curve (in top panel; oo = 1 for the BM model) and dashed curve (in bottom
panel; o = 4/3 for the BM model). At short 7, these curves agree with the Ugyv(#) and pym(z) of
the models directly calculated from eqs 4.46 and 4.51 (unfilled circles). However, a deviation is
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Fig. 8-13 Plots of pu(f) and ®(f) of BM model (top panel) and MM model (bottom panel) against a feduced time

T/ Tarm (Tarm = longest relaxation time deduced from the models). The solid and dashed curves indicate plots of
[CI)(z‘)]2 and [CD(t)]7/ 3, respectively. '

observed at long ¢ (in a vicinity of 7y ), meaning that the simplest DTD relationship does not
hold for the BM/MM models at long ¢. This deviation reflects a fact that the simplest DTD
relationship is derived from the analysis of average tube survival fraction ¢' (section 4-6-3-3)
while the BM/MM models are formulated on the basis of the conditional tube survival fraction @
= 1-7/Leq defined for a given retraction distance z (section 4-6-3-3).

From the above result, one might argue that the observed failure of the simplest DTD
relationship (Fig. 8-3) does not indicate the failure of the BM/MM models. However, Figs. 8-8,
8-9 and 8-10 clearly demonstrate that the models (with/without the tube-edge effect on ®) excel-
lently describe the viscoelastic data but fail for the dielectric data; cf. dashed/solid curves and
circles. This result indicates a necessity of modification of the models (through explicit incorpo-
ration of the CR process).

In addition, the pym(?) of the MM model (unfilled circles in the bottom panel of Fig. 8-13)
is numerically close to [@yy(£)]? (solid curves) in the entire range of ¢ < Ty, Thus, the simplest
DTD relationship with o = 1 holds for the MM model as a good approximation (although the
intrinsic o value of this model is 4/3). This approximate validity of the DTD relationship with o
= 1 was confirmed for the MM model in a wide range of N, between 5 and 30. Thus the failure

of this relationship (Fig. 8-3) is almost equivalent to the deviation of the MM prediction from the
dielectric data (Figs. 8-8 and 8-9).
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CHAPTER 9

Summary

In this thesis, the viscoelastic and dielectric properties of cis-polyisoprene (PI) have been
investigated to elucidate the molecular dynamics of entangled chains. In the linear response
regime, these properties detect the same molecular motion in different ways: The viscoelastic
properties reflect decay of isochronal orientational anisotropy of the chain, and the dielectric
properties detect decay of orientational correlation at two times (z and 0). Comparison of these
properties provides detailed information of the chain dynamics.

The results and discussions of the viscoelastic and dielectric tests are described in Chapters
5-8, with the general introduction in Chapter 1, the explanation for preparation of materials and
the methods and principles of measurements in Chapter 2, the relationship between the (macro-
scopic) dynamic properties and the (microscopié) chain motion in Chapter 3, and the summary of
the various version of the tube models for entangled chains in Chapter 4. The contents in Chap-
ters 5-8 are summarized as follows:

In Chapter 5, eigenfunctions f(n) and relaxation times 7¢ , accompanying the local corre-
lation function for the dipole-inverted PI chains (dilute probe) in a long, entangling matrix were
dielectrically determined. For the slowest three eigenmodes, f,(n) and 7,/ T¢, ratios are hardly
affected by changes in the constraint release (CR) contribution to the chain motion, as revealed
from comparison of f;,(n) and 7g in the entangling polybutadiene (PB) matrices of different
molecular weights M. For higher-order eigenmodes, some CR effects are noted. In all matrices
examined, fp(n) (p = 1-3) of the dilute probe PI are non-sinusoidal with respect to the segment
position n and deviate from the eigenfunctions deduced from the pure reptation and Rouse-type
CR models, although the 7¢ /7 ratios are close to the model prediction. These results provide
an important starting point for refining molecular models that describe the dynamics of entangled
chains in various environments.

In Chapter 6, the short-time coherence of the submolecule motion in individual chains was
examined by comparing the viscoelastic and dielectric data for dilute PI probe chains in various
environments. The comparison unequivocally indicated that the constraint release (CR) mecha-
nism determines this coherence: The larger the CR contribution to the PI dynamics, the smaller
the degree of the coherence.

In Chapter 7, the viscoelastic and dielectric properties of linear PI chains having non-
inverted type-A dipoles were tested within the context of the current tube model. A specific
relationship derived in Chapter 4, that should be valid when the tube dilates in the time scale of
the chain relaxation, was utilized in this test. This relationship was found to be valid for the
monodisperse PI chains with M/M. = 1.9 - 62. This result suggests the importance of the dy-
namic tube dilation (DTD) for the terminal relaxation of these PI chains, although the chains do
not necessarily reptate along the dilated tube with their intrinsic curvilinear diffusion coefficient.

In contrast, for the dilute probe PI chain in the low-M entangling PB matrix, the relation-
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ship was not valid. This result indicates that the probe fully relaxes via the CR mechanism
during the mutual equilibration of its entanglement segments (before the expecfed tube dilation is
completed), demonstrating the importance of the CR motion of the probe in the tube dilation
process.

In Chapter 8, the viscoelastic and dielectric relaxation behavior of the entangled star-
branched PI chains having the type-A dipoles in each arm was examined within the context of
the tube model considering the DTD and CR processes. Comparison of the viscoelastic and
dielectric data indicated that the simplest DTD picture, the arm retraction in the fully dilated
tube, fails in the dominant part of the terminal relaxation. The same comparison, made for a
series of star P1I with different arm numbers, confirmed that this failure of the DTD picture is not
attributed to the assumption of small branching point fluctuation in the dilated tube (underlaying
the DTD relationship). This result, found irrespective of the tube-edge effect on the dielectric
d(7), suggests that the CR mechanism has a significant contribution to the terminal relaxation of
the star chains. _

On the basis of this result, Milner-McLeish (MM) model was refined by explicitly incorpo-
rating the CR process. This modification was made by introducing the DTD-CR crossover
coordinate z** and simply adding the DTD and CR relaxation functions (the latter being defined
only for the entanglement segments at z > z**). This crude modification, separately treating the
relaxation of the segments at z> z** and z < z**, moderately improved the model prediction for
the dielectric behavior. This improvement is related to the extinction of some CR eigenmodes in
the dielectric @(¢) due to the dipole inversion at the branching point.

The DTD model (MM model) excellently describe the viscoelastic behavior of PI stars.
However, the results presented in this chapter unequivocally demonstrate the importance of the

CR mechanism in accurate description of the arm motion.
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