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Chapter 1. Introduction
1-1. Overview

Long, flexible polymer chains are deeply overlapping with each other in concentrated
systems. Such chains mutually constrain their motion over large length scales, because the
real chains cannot pass each other. This constraint results in retarded viscoelastic relaxation
of the system, which is referred to as the “entanglement” effect in analogy with bundle of
sawing threads.

Dynamics of such entangled polymers under fast and large deformations is one of the
important subjects in polymer science and industry. Entangled polymers have long
relaxation times and are easily oriented and stretched at deformation rates typically attained in
polymer processing. In such a condition, the polymers exhibit non-equilibrium dynamics and,

5)

correspondingly, nonlinear viscoelastic behavior.'™ For example, entangled polymer melts

show a decrease of steady state viscosity with an increase of shear rate, which is referred to as

) Such nonlinear viscoelasticity and the underlying

the shear thinning behavior.'”
non-equilibrium dynamics of polymers are of interest from scientific as well as industrial
points of view. The non-equilibrium features under the industrial processing conditions, such
as the chain orientation/stretch, are preserved in the final products. Thus, it is desired to

understand the polymer dynamics in relation to the processing for optimizing the product

properties/performance.



Owing to the scientific and industrial interest, experimental investigations have been
performed on polymer dynamics under fast and large deformations, in particular for shear
deformations. Stratton” showed that the steady shear viscosity of entangled monodisperse
polystyrene melt decreases on an increase of the shear rate above the terminal relaxation
frequency at equilibrium. This result suggests that the polymer chain orientation under flow
results in this shear thinning behavior. Menezes and Graessley” studied the transient viscosity
growth of entangled solutions of monodisperse polybutadiene to report that the transient
viscosity shows an overshoot before reaching the steady state. Osaki et al® further
investigated this overshoot behavior and showed that the peak position is related to the strain
imposed through the flow (when the shear is relatively slow) and to a characteristic time for
relaxation of the chain stretching (when the shear is fast).

Attempts have been made to explain those experimental results, in particular with the
“tube model”. Edwards” proposed, for the first time, that the motion of mutually
overlapping/entangled polymer chains may be treated as the motion of a single chain
constrained into a tube-like region surrounding the chain. Then, the large-scale motion is
limited along the tube axis (that is essentially the same as the chain backbone). de Gennes'”
showed that the tube idea can explain several power-law relationships between dynamic

quantities at equilibrium (such as the diffusion coefficient and relaxation time) and the chain

molecular weight. Doi and Edwards''" derived a constitutive equation based on the tube



picture (DE model) to explain the nonlinear damping of the relaxation modulus (stress
normalized by the applied strain) on an increase of step shear strain. However, DE model has
a flaw in its description of the viscosity under fast shear flow; DE model predicts a decrease
of shear stress with an increase of shear rate at shear rates higher than the terminal relaxation
frequency at equilibrium. This problem of DE model results from over-orientation of the tube
and the chain therein along the flow direction.

Marrucci'? focused on this problem to propose a mechanism that reduces the orientation
under fast shear flow. This mechanism, referred to as “convective constraint release” (CCR),
results in contraction of a chain convectively stretched by the shear flow, and this contraction
induces disentanglement between the chains to reduce the orientation. The advanced tube

models">!?

incorporating the CCR mechanism are capable to describe quantitatively the
nonlinear viscoelastic properties that includes the nonlinear damping under step deformations,
the stress overshoot after start-up of fast shear flow, and the shear thinning of the viscosity
under fast steady shear flow.

There remain, however, a few open problems that have not been explained theoretically.
Cis-polyisoprene (PI) has the so-called type-A dipoles parallel along the chain backbone, and
its end-to-end fluctuation can be detected as the dielectric relaxation that occurs in the same

120

time scale as the viscoelastic relaxation. Watanabe et a utilized this feature to

dielectrically examine the end-to-end fluctuation of monodisperse PI under fast steady shear



flow. For entangled linear PI solutions, the end-to-end fluctuation in the shear gradient
direction was found to be insensitive to the shear flow, even at high shear rates where the

viscosity exhibited strong shear thinning.*”

On the other hand, for entangled solutions of
star-branched PI, the fluctuation was found to be accelerated moderately under fast shear, but
the magnitude of this acceleration was much less significant compared to the magnitude of
shear thinning of the viscosity. Teixeira et al*" used fluorescence microscopy to observe the
conformational dynamics of individual entangled DNA molecules on start-up of fast shear.
They found that the characteristic time of the conformational response is not dependent on the
shear rate.

The above results contradict the CCR idea that unavoidably leads to flow-induced
acceleration of chain motion/relaxation at shear rates higher than the terminal relaxation
frequency at equilibrium. This flow-induced acceleration has been predicted not only from
the tube model considering the CCR mechanism but also from the multi-chain sliplink
simulation.”” The simulation does not incorporate the CCR mechanism explicitly, but the
force balance between the chains considered in the simulation results in flow-induced, local
disentanglements that effectively activate the CCR relaxation. Indeed, some experiments
suggested flow-induced acceleration of chain motion. For isotactic polypropylene melt,

Somma et al* examined effects of small amplitude oscillatory shear superposed on steady

shear in the parallel direction. The characteristic relaxation frequency for the (apparent)



storage and loss moduli defined for the superposed oscillatory shear was found to increase
(i.e., the relaxation was accelerated) with an increase of the steady shear rate. Furthermore,
Wang et al***® performed similar experiments for entangled solutions of several DNA and
polybutadiene (PBD) samples to report that the acceleration is semi-quantitatively consistent
with the CCR theory. The acceleration has been also reported under large amplitude
oscillatory shear (LAOS) that periodically stretches/orients the polymer chains in the

26,27)

material: Isayev and Wong reported that the fundamental and higher harmonics of the

shear stress under LAOS are consistent with the calculation based on the viscoelastic

constitutive equation of Leonov,z&”)

although there were some deviations for storage
modulus (corresponding to the fundamental component).

In relation to the problems mentioned above, a question is to be asked from an
experimental viewpoint for the flow uniformity that has been implicitly but widely assumed in

the molecular theories/models. Tapadia et al***"

utilized micrometer-sized tracer particles to
examine the flow profile in entangled solutions. They utilized a cone-plate geometry, the
geometry widely used in rotational rheometer to measure shear viscosity, that is supposed to
give a uniform flow field. Nevertheless, Tapadia et al found that the velocity profile in the
entangled PB solutions is not uniform but split into two flow regions with different shear rates.

Furthermore, Wang et al*? reported that the flow non-uniformity emerges when a rotation
g p y g

speed of the cone-plate geometry exceeds a certain critical value and this critical value



depends on the material. If the flow were not uniform at the conditions for the experiments

mentioned earlier, it is not so straightforward to discuss the nonlinear viscoelastic behavior in

relation to the CCR mechanism.

Thus, there still remain open problems for the polymer dynamics under fast and large

deformations, in particular for the shear effect on the chain relaxation time under fast, uniform

shear flow. For this problem, it is necessary to systematically measure the flow profile,

rheological response, and the dielectric response of a given entangled PI system(s) under the

same flow/deformation condition. Furthermore, explanation is desired if the results of such

measurements contradict the CCR theory.

1-2. Scope of this thesis

Concerning the questions asked in the previous section, this thesis makes detailed

investigation of viscoelastic and dielectric behavior for entangled PI chains under fast shear

with both theoretical and experimental approaches. The dielectric response of PI chains

detects fluctuation of the end-to-end fluctuation in the direction of the shear gradient, whereas

the viscoelastic response reflects the orientational anisotropy of the chains.  For the

theoretical approach, the molecular expression of the dielectric response under fast steady

shear and LAOS is formulated on the basis of the Langevin analysis and Green-Kubo theorem.

Anisotropy of local friction, that could have different effects on the viscoelastic and dielectric



responses under fast shear flow, is theoretically analyzed as well.  For the experimental
approach, well-characterized linear and star-branched PI samples are examined to elucidate
the flow-induced acceleration. The flow profile is also investigated to guarantee the flow
uniformity in these experiments.

This thesis is composed of six chapters.

Chapter 1 (this chapter) provides the overview and scope.

Chapter 2 summarizes current molecular pictures for the entangled polymer dynamics.

In Chapter 3, a theoretical analysis is conducted for the molecular expression of the
dielectric response of the type-A PI chains under steady shear and LAOS. The expression
relates the response to the conformational dynamics of the PI chains.

Chapter 4 describes a simple dynamic model of polymers having an anisotropic mobility
tensor under fast shear. The shear viscosity, the dielectric response function, and the
relaxation modulus under shear flow are deduced from the model.

Chapter 5 is devoted for experimental tests of the rheo-dielectric behavior of entangled
solutions of linear and star-branched PI under uniform steady shear and LAOS. The particle
tracking velocimetry (PTV) experiments are also conducted to examine if the
shear-insensitivity of the rheo-dielectric responses (already reported in literature®) is the real
feature under uniform shear without shear-banding and/or secondary flow. In fact, the shear

uniformity was confirmed. Thus, the rheo-dielectric difference between the linear and star



PI suggests an essential difference of the entanglement dynamics of linear and star chains, and

this difference is discussed within the context of the current molecular idea.

Finally, Chapter 6 gives the summary of the thesis.
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Chapter 2. Theoretical Basics and Literature Data
2-1. Microscopic Expression of Relaxation Functions at Equilibrium
2-1-1. Viscoelastic properties
For polymeric liquids, the stress tensor O'(¢) in long time scales (after completion of glassy
relaxation) is intimately related to anisotropy of the orientation distribution of the subchains
of the constituent polymer chains.  Specifically, for the liquid of monodisperse chains each
being composed of N subchains and altogether having the number density v (cf. Fig. 2-1),

O (?) can be expressed in terms of the end-to-end vector of nth subchain at time ¢, u(n,?), as:'™?

O (1) = 3vk,T Y S(n.1) - pI (2-1a)
with
S(n,1) = <M"f’”)> (2-1b)
gb ,

Here, kg and T are the Boltzmann constant and the }
subcham\

absolute temperature, respectively, p is the isotropic

pressure, and I is the unit tensor. The orientation /
IMONOMETIC
segment

tensor S(n,¢) defined by Eq. 2-1b is expressed in

terms of the dyadic of the subchain bond vector, uu, STl

Fig. 2-1. Schematic illustration of chain and

the number of monomeric segments per subchain, g, subchain.

and the effective step length of the monomeric segment, b. (The factor gh® gives the
mean-square end-to-end distance of the subchain at equilibrium.) <>y represents the

-11-



ensemble average over the subchains under strain y. Eq. 2-1 means that the stress is
equivalent to the orientational anisotropy of the subchains that can be detected as an optical
anisotropy. This equivalence is the basis for the experimentally established stress-optical rule

being valid in long time scales after completion of glassy relaxation.*®

Eq. 2-1 serves as the

basis for modeling rheology of polymeric liquids just through analysis of the chain motion

(time evolution of u(#n,t)).

2-1-2. Dielectric properties

For a dielectric material, the electrical displacement D(¢) (macroscopic charge) is stored
under a constant electric field £ and decays on removal of the field.”® D(r) is proportional
to £ when E is small, and a normalized dielectric relaxation function in the linear response
regime, O(¢), is defined as D(¢)/D(0)E, where D(¢) denotes the electrical displacement that
decays with time 7 (> 0) after its full evolution (to have the value D(0)) under the electric field
Eatr<0.

In the linear response regime, ®(f) (= D(t)/D()E ) is related to fluctuation of a

microscopic polarization P(¢) and expressed as the auto-correlation function,””

(2-2a)

Here, Pr is the component of P in the direction of the electric field, and <--->eq denotes the

ensemble average at equilibrium without any field (electric and shear fields, for example). If

-12-



the material is isotropic and homogeneous, Eq. 2-2a can be rewritten as:”
O(1)=—F——2 (2-2b)

The microscopic polarization P(¢) is given by a sum of all dipoles m in a unit volume:”"
P(1)= Sm (1) (2-3)
j

Some polymers such as cis-polyisoprene (PI) have the so-called type-A dipoles my that are
parallel along the chain backbone. m, is expressed in terms of the bond vector of subchains
u(n,t) as ma(n,f) = mu(n,t), with m being the magnitude of the dipole per unit length of the
backbone.'” From Eq. 2-3, P(¢) of such type-A polymers in the long time scale can be
expressed as:”

For linear chain without dipole inversion

P(¢) = Z, mu(n,t) =mR(?) (2-4a)

For star-branched chain with the arm dipoles converging to the branching point
P(1) =2, 2, muy(n,t) =m=Z R (1) (2-4b)

R(?) appearing in Eq. 2-4a denotes the end-to-end vector of the linear chain at time ¢, and

R (#) in Eq. 2-4b, the end-to-branching point vector of ath arm at time «. Egs. 2-2 and
2-4 give the molecular expression of the normalized dielectric relaxation function of type-A

polymers (at long ¢ where the so-called type-B dipoles perpendicular to the chain backbone, if

any, have fully relaxed):*

13-



CI)(t) = (for linear polymer) (2-5)

D (Rim(1)*RI(0))

(1) = 2=

eq
for g-arm star polymer 2-6
61<R§rm>eq (forg polymer) (2-6)

The dielectric relaxation intensity Ae is related to mean-square end-to-end distance

<R 2> and/or mean-square end-to-branching point distance <R:Im> as:”V
eq eq
4am* 5 .
Ae=F v<R > (for linear polymer) (2-7a)
eq
B
47om” )
Ae=F vq<Rarm> (for g-arm star polymer) (2-7b)
eq
B

Here, v is the number density of the chains, and F is a correction factor for a difference in the

strengths of microscopic and macroscopic electric fields.

2-1-3. Responses against oscillatory field.

The linear response is most fundamentally defined as the response against a constant

stimulus (e.g., strain and electric field) step-wisely applied to a material at times ¢ > 0.

Specifically, the shear stress o(f) against a step strain y and the polarization P(¢) against a step

electric field E are described as

on =G0y, P)= P(){1-O()}E (2-8)

where G(f) and ®(f) denote the relaxation modulus and normalized dielectric relaxation

function, respectively. G(¢) and ®(¢) are related to the chain conformation through Egs. 2-1,

-14-



2-5, and 2-6.

In actual measurements, however, the step stimulus is not so frequently utilized. Instead,
most of measurements are made with sinusoidal stimuli oscillating with the angular frequency
w, Nt) =y sin wt and E(t) = Ey sin wt. The responses for these stimuli are described as

o(t) = }/O{G' (w)sin wt + G"(w)cos wt} (2-9)

P(t)y= Eg {s‘(w)sin wt — €"(w)cos a)t} (2-10)

where &y (= 8.85x10"2 C*J' m™) is the absolute dielectric permittivity of vacuum. The
storage and loss moduli, G'(w) and G"(w), are related to the normalized relaxation
modulus u(?) = G(f)/Gy and the initial modulus Gy = G(0) (viscoelastic relaxation intensity) as
G*w) =G'(w)+iG"(w) =iwG, : ut)ye ™ dt  (i= \/—_l) (2-11)
Similarly, the dynamic dielectric permittivity &'(w) and dielectric loss &€"(w) are related to
the normalized dielectric relaxation function ®(f) and the dielectric intensity A€ as
Ae*(w) ={e'(0) - ¢'(w)} +ie"(w) = iwAe f 0°°<1>(t) e dt (2-12)
Thus, the w dependence of G*(w) and Ae*(w) represents the relaxation mode distribution of

w(t) and ®(7), respectively. This mode distribution can be explicitly described in terms of

the normalized viscoelastic and dielectric relaxation spectra {g,, 7, ,} and {f,7, ,}, as

2.2 .
t w'T + 10T,
u(t) = Eg,,exp(—r—, GH @)= G, )8, —tgmt (2-13)

2_2
p=l G,p p=l 1 +w TG,])

2.2 .
w ‘L‘w +l(1)‘L‘8’p

D7) = Ehpexp(-ri, AeH(w)= AeDh, (2-14)

2.2
= 1+w 7.,

e,p p=l

-15-



Egs. 2-13 and 2-14 are the basic equations that relate the G*(w) and Ae*(w) data to the

viscoelastic and dielectric mode relaxation times, 7, and 7, ,, and the normalized mode

intensities, g, and /4,  Specifically, G*(w) and Ae*(w) exhibit characteristic power-law

behavior at sufficiently low frequencies, w << 1/7,;, and/or 1/7,,:

G'(0)=0’G, 8,70, * ® (2-152)
P
G"(0) =G, Y, 8,75, *0 (2-15b)
P
Ag'(@) =£'(0) ') =’Ae ), h,T’, * (2-16a)
P
£"(0) =whe ) h,T}, x © (2-16a)

p=l

The second moment average relaxation time, being close to the relaxation time 7., and/or
T,, of the slowest mode, is defined with respect to the low-w asymptotes described by Egs.

2-15 and 2-16 as

2 2

8,7, h T

g P Gl(w) <7 A (w)

IG = = Gu ’ =
EngG,p @ (a)) w—0

p=l p=l

2-2. Literature Data under Fast Shear Flow

Entangled polymer chains are in a non-equilibrium state under fast flow. Namely, the
chains are oriented under flow at rates larger than the terminal relaxation frequency at
equilibrium, and also stretched at rates larger than the Rouse relaxation frequency for the

)

whole backbone of the chain.'” Nevertheless, the chains exhibit linear responses against

-16-



112 and weak electric field'>'?) superposed on

small stimuli (such as small oscillatory strain
the fast flow, although the relaxation functions underlying such linear responses are not
necessarily expressed in terms of the chain conformation in the same way as for the responses
at equilibrium explained in section 2-1."

As an example of the linear response under fast shear flow, Fig. 2-2 shows the storage
modulus G, of an entangled linear isotactic polypropylene (iPP) melt, having M,, = 3.8 x
10° and M,/M, = 6.8, measured at 220°C against a small-amplitude oscillatory shear
superimposed parallel to the steady shear flow.'” The steady shear was attained at the stresses
as indicated, and the shear rate 7 increased from 0.01 s™ to 1 s, the latter being well beyond
the terminal viscoelastic relaxation frequency at equilibrium, 1/75(0) (< 0.01 s). Clearly, the

terminal relaxation of G, is accelerated on an increase of the rate y of the background

steady shear. This behavior has been related to the acceleration of viscoelastic relaxation

due to the convective constraint release (CCR) mechanism explained in Chapter 1.'?
105 E AL | LA | AL |
10t L .
3 yIs 1
E 10° b ® rest 0
~ 3 o 100Pa ()01
) ' v 300 Pa
10 | v 5007Pa
s 700 Pa
| Wy o 1000 Pa
100/, ¢ 1500Pa
& 2000Pa 1
100 b tetdodbit] PR | NI B |
1072 10°! 100 10! 102

o (rad/s)
Fig. 2-2. Storage modulus G), of entangled linear iPP melt at 220°C measured against small
oscillatory strain superposed parallel to the steady shear.'? The steady shear was attained at

. . 12
stresses as indicated.'”
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Fig. 2-3 shows another example, the dielectric loss &" of a linear cis-polyisoprene (PI)
solution (M, = 1.19 x 10°, M,/M, = 1.11, dissolved in a vinyl-rich oligomeric butadiene at 15
wt%)."” The measurement was performed at 30°C under a weak electric field applied in the
shear gradient direction, and the shear rate was increased well beyond the terminal
viscoelastic relaxation frequency at equilibrium, 1/74(0) (= 0.014 s Contradictory to the
storage modulus data shown in Fig. 2-2, the dielectric loss data are hardly affected by the

shear flow, even at high shear rates where the viscosity exhibited significant thinning."®

5 st y1500)
:co - i o () 0
o 001 0.7
2z 201 71
31 - 032 23
3 2 -1 0 1

log (w/st)

Fig. 2-3. Dielectric loss ¢&" of an entangled PI solution at 30°C measured against a weak
electric field superposed perpendicular to the steady shear at the rates as indicated."”

2 T
s r76(0)
—0 0
= 0.03 0.4
o0 3t 080 A
= e 095 13
o 3 40
4 . .
-2 -1 0 1

log (w/s™)
Fig. 2-4. Dielectric loss ¢" of an entangled 6-rm star PI solution at 25°C measured against a

weak electric field superposed perpendicular to the steady shear at the rates as indicated.'”

Remarkably, the dielectric behavior of star polymers is affected by the shear. Fig. 2-4

-18-



shows &" data of a 6-arm star-branched PI solution (the arm molecular weight Mym, = 1.79 x
10°, My/M, = 1.03, dissolved in a vinyl-rich oligomeric butadiene at 20wt%) measured at
25°C."»  The shear rate was increased well beyond 1/74(0) (= 0.076 s)'?, and the terminal
dielectric relaxation is accelerated moderately and the dielectric intensity decreases a little at

such high rates.

2-3. Current Models for Entangled Polymer Dynamics
2-3-1. Tube models for linear chain at equilibrium

It has been established that the polymer dynamics in
entangled state can be cast into the dynamics of single chain
confined in the tube. Edwards'® and de Gennes'”
considered that diffusion of a linear chain lateral to its

backbone is significantly suppressed because the chain is

trapped in a parabolic potential in the lateral direction. Thus, Fig. 2-5. Schematic illustration
of reptation of linear chain in a

. .. . L fixed tube (of diameter a).
they assumed that the linear chain is constrained within a tube

having the diameter a (formed by surrounding the chain), and that the slow dynamics of the

chain is governed by the curvilinear diffusion along the tube referred to as “reptation”.

(Formulation of the reptation dynamics is summarized in Appendix 2A.) During the reptation

process, the chain backbone is considered to keep its equilibrium length, as shown in Fig. 2-5.
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Linear viscoelastic behavior predicted from the pure reptation
mechanism is, however, not in quantitative agreement with
experiments. For instance, the relaxation time of the linear
chain observed in experiments is shorter and more strongly
dependent on the molecular weight compared to the reptation
prediction.'®

Because of such disagreements, the tube model for the
linear chain has been refined through incorporation of
additional relaxation mechanisms referred to as the “contour
length fluctuation” (CLF)'® and “constraint release”
(CR)"™ depicted in Figs. 2-6 and 2-7. The CLF mechanism
results in fluctuation of the curvilinear length of the chain
along the tube, thereby shortening the effective length of the
tube to accelerate the relaxation. In contrast, the CR
mechanism allows the chain to fluctuate in a direction lateral
to the tube axis over a distance larger than the tube diameter
a, thereby activating local relaxation as depicted in the top

three cartoons in Fig. 2-7. The tube model is intrinsically a

mean-field model for single chain, but incorporation of the
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Fig. 2-6. Schematic illustration
of CLF of linear chain in a tube.

_Ll,
L1 accumulation
{1 (DTD)

Fig. 2-7. Schematic illustration
of CR/DTD of linear chain.



CR mechanism allows the tube model to describe/consider the motional correlation between
the focused chain and the surrounding, tube-forming chains, though in a very crude way.
The CR process has been cast in the theory in three different but related ways. The double

reptation (DR) theory, developed by Tsenoglou® and des Cloizeaux,*"

regards the
entanglement as a binary interaction (binary hooking), thereby allowing the disentanglement
on motion of one of the two entangling chains. Consequently, the relaxation modulus G()
deduced from the DR theory is given by G(f) = Gn{¢(7)}*, where Gy is the entanglement
plateau modulus and @(¢) is the tube survival probability (calculated for the reptation process
in the fixed tube in the simplest treatment”) .

As the second way (historically, at first), Graessley'® described the CR process as a
retarded Rouse process with its local relaxation frequency being determined by the
large-scale motion (e.g., reptation) of the tube forming chains, as depicted in the top three
cartoons in Fig. 2-7. (Formulation of Rouse dynamics is summarized in Appendix 2B.) This
CR-Rouse description is based on the idea that the local CR process is equivalent to flip of a
freely jointed pair of rods (each having the length a). Large-scale conformational changes
of a chain composed of freely-jointed N rods, resulting from accumulation of such local flips,
are equivalent to the changes described by the Rouse theory with the local relaxation

frequency being equivalent to the local flip frequency.'”

As the third way, Marrucci®® focused on this accumulation of local CR processes that
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increases a length scale allowed for the chain motion in a direction lateral to the tube axis.
As a result, the accumulation of local CR processes effectively dilates the tube diameter, as
depicted in the bottom cartoon in Fig. 2-7. During this dynamic tube dilation (DTD)
process, the chain is forced to move only along the dilated tube because the dilated tube
diameter aprp(?) (> @) specifies the maximum length scale allowed for the lateral motion of
the chain in a given time scale. Thus, the reptation process can be naturally/simply
combined with the CR process if this molecular view of DTD is adopted.

Nevertheless, the DTD picture requires aptp(f) to be explicitly specified in terms of
known molecular parameters. In the simplest view, the relaxed portion of the chains is
assumed to behave as a “solvent”, and only the unrelaxed portion having the fraction ¢'(¢)
(being identical to the survival probability of the dilated tube) is considered to constrain the
chain motion. In this view, ¢'(¢) is equivalent to a polymer concentration in an entangled
solution, and the tube fully dilates to a diameter in this solution, asn.prp(f) = a{¢' (1)} with
the dilation exponent d = 1-1.3.*” Correspondingly, the number of dilated entanglement
segments (enlarged stress sustaining units) having the size asn.prp(?) at time ¢ is smaller than
the number of undilated segments (of the size @) by a factor of {¢'(¢)}%, and the normalized
viscoelastic relaxation function u(t) = G(1)/Gy is simply expressed in terms of the survival

probability of the dilated tube ¢'(r) as™*?*¥

uepmo(t) = {@' ()} (2-18)
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However, this full-DTD picture assumes that the chain can explore, in time, all local
conformations within the length scale agnnpmo(f) = a{¢' (1)} If the CR dynamics does not
allow this exploration, the tube specifying the length scale of confinement for the chain
motion dilates only partially to a diameter aparia-nrn(f) = a/p(t), where f(¢) is the maximum

number of entanglement segments that can be CR-equilibrated in a given time scale of £#.2>%

The corresponding expression of the relaxation modulus is given by25’26)
upno(t) = @'(1)/B(7) (2-19)

For type-A chains having the dipoles parallel along the chain backbone, the survival
fraction of the dilated tube ¢'(r) can be dielectrically evaluated (¢'(¢) essentially coincides
with the normalized dielectric relaxation function ®(f) defined in section 2-1).27 In
addition, f(¢) can be evaluated from the CR time data.””  Thus, Eqgs. 2-18 and 2-19 have
been tested in a purely experimental way through comparison of the ¢'(¢) and viscoelastic
data:*?® It turned out that Eq. 2-18 is valid for monodisperse linear chains but fails for

binary blends of linear chains, whereas Eq. 2-19 works for the blends. (An example of the

test of Egs. 2-18 and 2-19 is later shown in Chapter 5.)

2-3-2. Tube models for star-branched chain at equilibrium
The tube model has been extended to star-branched polymers. For star polymers

composed of monodisperse linear arms being bound at their ends, reptation does not occur
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because the branching point impedes the chain sliding. Instead, the retraction of each arm

along the tube is considered to be the dominant mechanism of relaxation, as depicted in Fig.

2-8. This arm retraction is different from CLF of the linear

chain (Fig. 2-6) because the full retraction of the arm is

branch\iﬁg
. . o point
entropically unfavorable. CLF of the linear chain just

considers shallow fluctuation of the chain length associated
with no entropic penalty. Such shallow fluctuation occurs
also for the star arm, but the full relaxation of the arm

requires deep retraction back to the branching point and is

associated with the entropic penalty. Fig. 2-8. Schematic illustration
of arm retraction of star chain in

a tube.
Doi and Kuzuu®® first proposed a constitutive equation for

star polymers on the basis of the deep arm retraction mechanism. Later, Pearson and
Helfand*” analyzed the arm retraction process as a first-passage time problem to obtain the
linear relaxation modulus. The Doi-Kuzuu and Pearson-Helfand models considered no tube
dilation, so that the relaxation time deduced from these models is orders of magnitude longer
than the experiments if the entropic penalty for the arm retraction is faithfully calculated for
Gaussian chains, as pointed out by Ball and McLeish.*” For this problem, Ball and
McLeish®® refined the tube model by considering the dynamic tube dilation (DTD)

mechanism that reduces the entropic penalty for the arm retraction. Milner and McLeish®
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further refined the model by formulating the arm retraction process as the first passage
process, incorporating the higher Rouse modes of the arm retraction, and considering the
Colby—Rubinstein scalingm of the tube diameter for DTD. The full-DTD molecular picture
explained in section 2-3-1 was adopted in both Ball-McLeish and Milner-McLeish models.
Modern tube models incorporating the arm retraction and DTD have achieved significant
success to reproduce viscoelastic data.'** Nevertheless, those model do not describe the
dielectric data. Watanabe et al*® considered the fluctuation at the dilated tube edge to derive
the expression of the dielectric relaxation function for the Milner-McLeish model adopting
the full-DTD picture.” They found that the model excellently describe the viscoelastic data
of entangled star PI but the same model with the same parameter values does not consistently

)

describe the dielectric data.”®  (Adjustment of the parameter values allows the model to

describe the dielectric data, but then the model fails to describe the viscoelastic data.*?)

This problem is related to the very rapid CR-equilibration assumed in the full-DTD picture:*”
The star chains have intensive fast relaxation modes that significantly increase the dilated
tube diameter agn.prp considered in the full-DTD picture. However, actual CR process is
not that fast, and the star arm cannot explore, in time, all local conformations within the
length scale of amuprp. For this reason, the full-DTD picture (and the model adopting this

picture) is not valid for the star chain. Instead, the partial-DTD picture explicitly

considering the length scale of CR-equilibration (cf. section 2-3-1) is valid for the star
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chain.*?

2-3-3 Tube models under fast and large deformations

Although the theory under equilibrium has not yet been fully established as mentioned
above, attempts have been made to describe polymer dynamics under fast and large
deformations. Doi and Edwards®® assumed that the tube is affinely deformed, whereas the
chain contracts along the tube to maintain the contour length. Although the Doi—Edwards
model satisfactorily describe the magnitude of nonlinearity of entangled linear and/or star
chains under large step shear deformations, it fails, even qualitatively, for the other types of
flow/deformation.'” For example, the Doi-Edwards model predicts a decrease in the shear
stress on an increase in the shear rate above the terminal viscoelastic relaxation frequency at
equilibrium, 1/7(0). Such behavior is not observed in experiment, and thus, it is a flaw in the
model that arises when the tube is over-oriented along the flow direction. Marrucci and

) extended the Doi-Edwards model to take into account the chain stretching. Their

Grizzuti®*
model (known as the DEMG model) resulted in improved predictions of the Doi-Edwards
model for the transient response. Specifically, the DEMG model predicts an increase in the
shear stress with an increase of the shear rate above the contraction rate (given as the Rouse

relaxation frequency, 1/7r). However, if the flow rate is between 1/7(0) and 1/7r, the DEMG

model gives a decrease in the shear stress because the chain stretching does not affect the tube
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orientation.

An important ingredient to describe polymer dynamics under fast flow is the “convective
constraint release” (CCR) mechanism proposed by Marrucci.*”  CCR results from
contraction of a given chain convectively stretched by the shear, and this contraction leads to
disentanglements of the surrounding chains thereby eliminating the over-orientation of the
tube for those chains. Marrucci first proposed such a mechanism for a dumbbell model
(without entanglement).35) Later, Ianniruberto and Marrucci®® incorporated CCR into the

Doi-Edwards constitutive equation:37)

They assumed that the longest relaxation time
decreases with increasing shear rate (because of the convective motion) irrespective of the
other relaxation mechanisms. This decrease of the longest relaxation time is consistent with
the viscoelastic data measured for small-amplitude oscillatory strain superposed on fast steady
shear flow in parallel and/or orthogonal directions'"'® (cf. Fig. 2-2), but it contradicts the
flow insensitivity of dielectric response under fast shear flow' (cf. Fig. 2-3).

Several modified tube models have been formulated to implement all the mechanisms
explained above (i.e., reptation, CLF, CR/DTD, chain stretching, and CCR). Mead et al®
elaborated on construction of such a model, known as the MLD model. This model is a
full-chain model (also termed as contour-variable model) in which the subchain orientation

and the chain stretching are dependent on their curvilinear position along the chain. Following

Marrucci’s idea, the MLD model considers that the longest relaxation time decreases due to
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CCR (under the influence of flow-induced chain stretching).*® Graham et al®” proposed
another full-chain model (GLaMM model) in which CCR is considered on the basis of
molecular motion. They introduced Rouse dynamics of the tube (as in the formulation of CR
at equilibrium) to express CCR under the assumption that the Rouse bead friction corresponds
to the CCR rate.

The full-chain models are computationally demanding, and simplified versions (the
so-called single segment models) have been developed, specifically for the use in
computational fluid dynamics. Likhtman and Graham®® proposed the Rolie—Poly model, a
single mode version of the GLaMM model. Mead et al*® replaced the chain by a dumbbell in
the tube to formulate a simplified version of the MLD model. Marrucci and Tanniruberto*"
also proposed another single-segment model.

These modified tube models (full-chain models and single-segment models) are capable
of predicting nonlinear viscoelastic behavior semi-quantitatively, but not yet examined for the
relaxational quantities (cf. Figs. 2-2 and 2-3) under shear flow.
Appendix 2A: Formulation of reptation dynamics at equilibrium."?

Reptation is the coherent diffusive motion of the whole backbone of the chain along the

tube axis, as depicted in Fig. 2-5. Thus, the bond vector of nth subchain at time ¢, u(n,?),

obeys the time evolution equation at equilibrium,
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u(n,t+Af) = u(nt+An,t) (2-20)
where An indicates a stochastic displacement along the tube in an interval of time, A¢, being
normalized by the tube diameter a. For the one-dimensional diffusive motion along the tube
axis, An is related to Af as

<An>=0, <An>>=(2D.Ja>)At (2-21)
where D, indicates the curvilinear diffusion coefficient of the chain. Specifically, for the
chain composed of N entanglement segments each having the friction &, D, is expressed in
terms of N, &, Boltzmann constant kg, and absolute temperature 7, as

D, = kgT/NE, (2-22)

Eq. 2-20 can be solved directly if An is modeled as a stochastic variable having the
Gaussian distribution. However, usually, Eq. 2-20 is utilized to formulate a deterministic
time evolution equation for a macroscopic quantity that can be solved with a standard method.
For example, for the shear orientation function S(n,f) = <ux(n,t)uy(n,t)/a2>y (shear component
of the orientation tensor S defined by Eq. 2-1b; under small strain, the factor gh* appearing in
Eq. 2-1b is equal to the squared size of the entanglement segment, @), the time evolution

equation is obtained as

aS(n,t) D, 3*S(n,t)

2-23
ot a’ on’ ( )
The initial and boundary conditions for Eq. 2-23 are given by
S(n,0) = Sy (uniform orientation along the chain backbone) (2-24)
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S(0,¢) = S(V,¢) = 0 (no orientation at chain ends) (2-25)

With these conditions, Eq. 2-23 is solved to give

2
S(ny=S, 3 isin(@)exp _pt (2-26)
poeta DT N Trep
with
a2N2 _ C a2N3

T = ==¢ reptation time 2-27
w2 T kT (rep ) (2-27)

C

From Egs. 2-26 and 2-27, the relaxation modulus under small step strain, the basic relaxation

function for the viscoelastic data, is obtained as

2
G(Z) _ 3VkBT f(jVS(l’l,l) dn = GN E %exp(_p_t) (2-28)
y p=0ddp T rrep
with
Gy = SNk, T S, (entanglement modulus) (2-29)

In derivation of Eq. 2-28, the summation appearing in the stress expression (Eq. 2-1a) has
been replaced by integral. Sp= y/3 and Gn = vNkgT for the affine deformation at ¢t = 0,
whereas So= 4y/15 and Gx = 4vNkgT/5 after the local tension equilibration considered in the

Doi-Edwards model.'™

However, this small difference of Gy is not important, in particular
when the Gy data are utilized in Eq. 2-28.

The normalized dielectric relaxation function of type-A linear chain, ®(¢) defined by Eq.
1.8)

2-5, is expressed in terms of the local correlation function C(n,¢;m):

(1) = % [ c(n.tzm) dndm (2-30)
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with
C(n,t;m) = iz <u(n,t)*u(m,0) >, (2.31)
a

From Eq. 2-20, the time evolution equation for C(n,t;m) is obtained as

dC(n,t;m) B & J*C(n,t;m)

2-32
ot a’ on’ ( )
The initial and boundary conditions are given by
C(n,0;m) = 6(n-m) (Gaussian conformation at equilibrium) (2-33)
C(n,t;m) =0 for n, m =0 and N (no memory at chain ends) (2-34)
With these conditions, Eq. 2-32 is solved to give
C(n,t:m) = 32 sin(M)Sin(@)ex it (2-35)
N4 N N )P Trep
and
8 ’t
®()= > —exp[-L- (2-36)
p=odd Y Trep

It should be noted that the normalized viscoelastic relaxation function u(f) = G(#)/Gn (Eq.
2-28) and normalized dielectric relaxation function ®(¢) are exactly the same for the reptation
motion in the fixed (undilated) tube. In fact, the coincidence of u(f) and ®(¢) is concluded
whenever the tube is fixed, irrespective of the details of the chain motion (e.g., even for the
case of arm retraction of star chains).” Thus, the viscoelastic and dielectric data of type-A

chains have been frequently compared to judge if the tube (or entanglement) is fixed in space.
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Appendix 2B: Formulation of Rouse dynamics at equilibrium."?

In the Rouse theory, a chain is subdivided into N

subchains, as depicted in Fig. 2-9. The entropy elasticity of " subchain

.. . Fig. 2-9. Schematic illustration
each subchain is represented by a Hookean spring of the

of Rouse chain.

strength x (= 3kpT/a® with a being the size of the subchain at equilibrium). The subchain
friction & is localized in a bead, and the neighboring beads are connected by the spring. Each
bead is subjected to the elastic force from the neighboring beads (exerted by the springs), the
frictional force due to the motion against a medium, and the thermal Brownian force. The
inertia is neglected, so that the balance of these forces determines the motion of the Rouse
chain (motion of the beads). In the continuous limit, the equation of motion (in the absence

of flow at time ) is formulated for the end-to-end vector of the nth subchain at time ¢, u(n,?) (cf.

Fig. 2-9), as'?

ou(n,t) Pu(n,t)  OF,(n,t)
=K —+
ot on on

&, (2-37)
Here, Fp(n,f) is the Brownian force acting on the nth bead at time ¢. Fg(n,f) is modeled as a
white noise characterized by
<FB(n,t)FB (n',t')> =28 ,kxTO(n—n")o(t - 1')I (2-38)
Here, I is the unit tensor.

Eq. 2-37 can be explicitly and easily solved with a method of eigenmode expansion.

However, it is more convenient to formulate a time evolution equation for a macroscopic
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quantity of interest (as was the case also for the reptation calculation; cf. Appendix 2A). For
calculation of the relaxation modulus G(¢) for the Rouse dynamics, it is convenient to focus on
a cross-correlation function defined by

S,(n,m,t) = (1/a*) < u (n,nyu,(m,t) >, (2-39)
where the ensemble average <---> is made under a small step shear strain y. From Egs.

2-37 and 2-38, the time evolution equation for Sx(n,m,t) is formulated as

38, (n,m,t) @ &
=K + S, (n,m,t 2-40
S ot {&nz om* o ) ( )

The initial and boundary conditions are given by

S>(n,m,0) = (y/3)d(n-m) (no cross-correlation at ¢ = 0) (2-41)

S>(n,m,0) =0 for n, m = 0 and N (no orientation at chain ends) (2-42)

(The affine deformation is assumed in Eq. 2-41.) For these conditions, Eq. 2-40 gives

2y . pam) . (pmn) p’t
S, (n,m,t) =—— sin| —— |[sin| exp| - 2-43
A1) 3N2 ( N N )T (2-43)

R

with

761 = N _ a’N’
o 2km? 6mk,T

(longest viscoelastic relaxation time) (2-44)

Consequently, the relaxation modulus is obtained as (cf. Eq. 2-1a)

3vk,T

2
G(1) = f(jvS2(n,n,t) dn = kaTE exp(—f[—Gt]) (2-45)
)4 R

(In derivation of Eq. 2-45, the summation appearing in Eq. 2-la has been replaced by

integral.)
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The basic correlation function for the dielectric relaxation is the local correlation function
1 ) ) ) )
C(n,t;m) =— <u(n,t)*u(m,0) > (cf. Eq. 2-31). For this function, the time evolution
a

equation can be easily found from Egs. 2-37 and 2-38 as

JdC(n,t;m) » J*C(n,t;m)

%o ot on?

(2-46)
With the initial and boundary conditions given by Eqs. 2-33 and 2-34, respectively, Eq. 2-46

is easily solved to give

2 . (pmn) . ( ptm pt
C(n,t;m) =— sin| — |[sin exp| ——— 2-47
(ntsm) = (N)I(N)Xp(r[” (2-47)

)4 R

with

e EN?  Ga’N?
T = 2 2
kn®  3ak,T

(longest dielectric relaxation time) (2-48)

Consequently, the normalized dielectric relaxation function is obtained as (cf. Eq. 2-30)

D(f) = E %exp(—%) (2-49)
p=o0dd R

It should be noted that the Rouse dynamics gives quite different relaxation mode
distribution for the viscoelastic G(f) (Eq. 2-45) and dielectric ®(f) (Egs. 2-49). The
relaxation time is different as well (7' for the dielectric relaxation is twice of 7l for the
viscoelastic relaxation; cf. Egs. 2-44 and 2-48). These features of Rouse dynamics is quite
different from those of reptation dynamics, which in turn demonstrates that comparison of

viscoelastic and dielectric data for type-A chains is crucial for investigation of the details of

the chain motion. In particular, for the constraint release (CR) mechanism modeled as the
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retarded Rouse process, G(f) and ®(f) are given by Eqs. 2-45 and 2-49 with 7i’! and 7%

[G]

therein being replaced by the viscoelastic and dielectric longest CR times, 7., and

le] _ 7..IG]
Ter (E2T).
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Chapter 3. Expression of Dielectric Relaxation Function
under Steady Shear and LAOS

3-1. Introduction

Cis-polyisoprene chains have the type-A dipoles parallel along the chain backbone.
Thus, their large-scale motion is detected as both viscoelastic and dielectric relaxation
processes in long time scales, as explained in Chapters 1 and 2. In the linear response
regime (at equilibrium), the normalized viscoelastic and dielectric relaxation functions u(z) (=
G(1)/Gy) and P(7) are unequivocally related to the chain conformation through Egs. 2-1, 2-5,
and 2-6. In the nonlinear regime under fast flow/large deformation, Eq. 2-1 giving u(?) is
still valid as long as the chains are not highly stretched and the stress-optical rule is valid."?
However, Eqgs. 2-5 and 2-6 giving ®(¢) are not necessarily valid under fast flow/large
deformation, because the underlying Green-Kubo theorem™® does not hold rigorously in such
nonlinear regime. Thus, it is necessary to examine if Eqs. 2-5 and 2-6 are satisfactorily valid
in the nonlinear regime. For this purpose, this chapter makes analysis on the basis of
Langevin equation for linear type-A chains under steady shear. A simple calculation is

made also for the rheo-dielectric response under large amplitude oscillatory strain (LAOS).

3-2. Formulation of Dielectric Response under Fast Steady Shear

An ensemble of linear type-A chains each being composed of N+1 subchains is
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considered. The steady shear is applied in x direction, and a weak, constant electric field E

is applied at time 7 = O in the direction of the

shear gradient (y direction), as shown in Fig.

3-1. The total dipole of the chain is expressed

as mR (1), where m is the magnitude of dipole

Fig. 3-1. Schematic illustration of chain under

per unit length of the chain backbone and R (7) steady shear and electric field
is the y component of the end-to-end vector of the chain. Thus, the unnormalized dielectric
relaxation function is expressed as
@) =" (R @), - (RO)_,} (3-1)
where v is the number density of the chain, and the average <--->SS’E is taken for the chains
under steady shear in the presence of the electric field. The end-to-end vector fluctuation under
steady shear in the absence of the electric field is described by an auto-correlation function,
W(5:7) = (R (OR,©) (3-2)
If the shear rate y is sufficiently small, the Green-Kubo theorem works to guarantee the
proportionality between ®.'(#;7) and W, (#;7). However, under fast shear, this theorem is
not rigorously valid. The relationship between ®_ (#;7) and W (#;7) for such cases needs
to be analyzed on the basis of the chain motion described by a Langevin equation.
The type-A chain under the electric field is equivalent to a totally neutral chain having

negative and positive charges —m and m at zero-th and Nth subchains, as depicted in Fig. 3-1.
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Thus, the electric force acting on nth subchain can be expressed as

0
F*(n,t) =|mE{5(n-N)-38(n)} (3-3)
0

The chain motion is determined by a balance of the frictional force, intra- and inter-chain
potential forces (such as the thermal tension along the chain backbone and the excluded
volume force, the latter resulting from the uncrossability of chains and raising the
entanglement effect for long chains), the Brownian force, and this F"(n,r). The time
evolution of the position r(n,) of nth subchain is described by a Langevin equation
representing this force balance. Within the mean-field treatment where the interactions of a
given chain with the surrounding chains are pre-averaged, this equation can be cast in a rather

general form,

“{i(-Ter(n} +A@mperng +F(no +Fnn=0 (3-4)
with
0y O
I'={0 O 0| (shear rate tensor) (3-5)
0 0 0

In Eq. 3-4, & is the subchain friction coefficient, and F>(n,f) is the stochastic Brownian force
that can be safely assumed to have a white-noise character, <FB(n,t)FB(n',t')> =
201Gk TO(n — n")o(t —t') with I = unit tensor. In general, A(n;y) is a 3-dimensional tensorial
operator with respect to n (having components A, with «, 8= x, y, and z) and may explicitly

depend on the shear rate y. This A, giving the potential forces for a given chain
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conformation r(n,) thereby governing the chain motion, is determined by an effective

Hamiltonian of the chain under steady shear. In general, the chain motion can be

decomposed into eigenmodes. For such cases, A is considered to be a linear operator within

the framework of the mean-field treatment, i.e., A®(r +r') = A°r + Aer'.

From this consideration, the position r(n,f) can be expanded with respect to the Rouse

eigenfunctions, cos(pmn/N) with p =0, 1, 2, .., as

X, (1)
r(n)=Y | Y, cos(%) (3-6)
p=0 Z,(1)

The Rouse eigenfunctions are not necessarily the eigenfunctions of the chain motion

determined by A but are chosen as the base functions for easy calculation. From Egs. 3-3,

3-4, and 3-5, the unnormalized dielectric relaxation function, ®.'(#;7) (Eq. 3-1), and the

end-to-end vector auto-correlation function, W (#;7) (Eq. 3-2), both being defined in the

shear gradient direction, can be calculated with a standard method explained in Appendix 3A.

The results are summarized as

O (1;7) = E gy exp(-A,1) (3-7a)
B=1
with
1 _
gy = A—{E(cos pr=1) Q5,4 HE(COS p'r-1) Qﬁgp,_,} (3-7b)
B | p=1 p'zl
and
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(y)— Eg;‘”exp( o) (3-8a)

pal

with

g;sly]=2 )L )L {EQﬁaQﬁ (x}

B'=1 az=1

x {E (cos pmr —1) Q3p-1,ﬁ }{E (cosp'm ~1) Q;;,}p'—l}

p=1 p'=zl

(3-8b)

The parameters 45 Q, ;, and Ql‘ll appearing in Eqgs. 3-7 and 3-8, being dependent on y in

principle, are related to an infinite matrix A having the components,

X Xy . -4
A3p—2,3q—2 - ap,q’ A3p—2,3q—l - ap,q + CV, A3p—2,3q - ap,q’
R _ W vz _
A3p—1,3q—2 =da,4 A3p—l,3q—l =4, A3p-2,3q apq (3 9)
— X — 2y — Z —
A3p,3q—2 =4, A3p,3q—l =d,4 A3p,3q =4, (p, q= 1,2, )

Here, al‘f G, j=1,2, ..; a f=ux y, z) are the expansion coefficients of the Rouse

eigenfunction defined with respect to the a8 component of the operator, A, as

. jmn p imtn ..
A _(my)cos| — | = a’tcosl—| (i,j=1, 2,.. 3-10
o (17) (N)E,,, (N)(] ) (3-10)

i=l

(Equivalently, a®

i, j

=Q/N) [} dncos(imn/N){A ; cos(joan/N)}.) The parameter A; is the
pth eigenvalue of the matrix A divided by & @, is the i,j component of a matrix Q that
diagonalizes A, and Ql‘ll is the ij component of the inverse matrix Q'; namely,
{Q'IAQ}aﬁ = -CA40,5 with §,,being Kronecker delta.

Eqgs. 3-7a and 3-8a indicate that the dielectric relaxation function @ (#;y) and the
end-to-end vector auto-correlation function W (#;y) have the same relaxation rates of the

modes, A, Namely, in rather general cases where Eq. 3-4 is valid, the dielectric and
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fluctuation modes have the same relaxation times 1/A; under steady shear. Thus, the
terminal relaxation time of the end-to-end vector fluctuation can be rigorously evaluated as
the terminal dielectric relaxation time, even under the steady shear.

As for the mode distribution of ®'(#;y) and W (#;7), it should be noted that the

operator A is determined by the effective Hamiltonian, so that the coefficient afjg appearing

Xy X
= ay

in Egs. 3-9 and 3-10 is invariant on exchange of a and §, e.g., a,, =a,,.

Thus, the matrix
A is symmetric at equilibrium (i.e., A; = A; in Eq. 3-9 with y —0), and the diagonalizing
matrix Q is orthogonal for this case (Q™' = Q" with Q* = transpose matrix of Q). Then, the
term appearing in eq. 3-8b, X, 0;,0; . reduces to 8y, (cf. 2,050, = 2., 0,.0

a,f'

for this case) so that the mode intensities ggp] (Eq. 3-7b) and ggy] (Eq. 3-8b) exactly

coincide with each other. Since ®" and W have the same relaxation times 1/A, this
coincidence of g means that ®"" and W are rigorously proportional to each other and satisfy a
relationship @™ (¢) = {m2v/kBT}‘P(t) at any #. This fact confirms the validity of the
Green-Kubo theorem at equilibrium.

Under steady shear, the symmetry of A breaks because of the y term contributing to

the component A, ,, ; cf. Eq. 3-9. For a case that the dynamics in the y and z directions

x

are not coupled with that in the x direction, i.e., for the case of a;f =,

=0, A;, 5,., and
A, 5,., vanishes and a subset of A specifying the dynamics in the y and z directions remains

symmetric even under steady shear. For this case, ggp] and ggy] exactly coincide with
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each other so that the Green-Kubo theorem is rigorously valid for ®_' and W,. However, in

a more general case where A, poldg2 * 0, the exact coincidence of g vanishes and the
dielectric mode distribution measured under steady shear does not rigorously agree with the
fluctuation mode distribution under the same condition. Nevertheless, even for this general
case, an argument related to the shear symmetry can specify the dielectric mode distribution,
as discussed below.

Obviously, the relaxation rate A; as well as @ (¢;y) and W (#;7) are invariant on

inversion of the shear direction and thus even functions of y. Then, these quantities can be

expanded as

Ay (1) = X9 + 72X+ O(7) (3-11a)
O (1,7) = OV (1) + PO (1) + O 51) (3-11b)
W (1:7) =P (0) + 7P (1) + O(7*:0) (3-11c)

where the superscript “(0)” denotes the quantities at equilibrium (y — 0), the subscript “(2)”
stands for the second-order expansion coefficients of respective quantities, and O(7*) and
O(7*;t) represent quantities of the order of y* (or higher) Some details of these
coefficients can be examined with the aid of two types of correlation functions,
S, (n.n' 1) = (u,(n,t)u,(n',0)) and S, (n.n',t) = (u,(n,t)u,(n',0)), defined with respect to the
y and x components of the bond vector of the subchain u(n,t) (=dr(n,t)/0n) under steady shear.

Clearly, S),x(n,n',t) changes its sign on inversion of the shear direction while S),y(n,n',t) is
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invariant to this inversion, meaning that S),x(n,n',t) and S),y(n,n',t), respectively, are odd
and even functions of y. From analysis of the perturbation coefficients of S (n,n',r) and
S, (n,n',t) as well as d7(1;7) and W (r;7) on the basis of this shear symmetry, the
validity of the Green-Kubo theorem (proportionality between ®.'(#;7), and W (7;7)) is
deduced at least up to the order of §7, as explained in Appendix 3B.

Apart from the above argument, Eq. 3-11 suggests that A;,, @' and W are affected by

the steady shear to the same order of y. Thus, in a semi-quantitative sense, the shear effect

is expected to be insignificant for any two of A, @, W if the remaining one is not

ss ? Ss
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significantly affected by the shear in the range of y examined. Experiments
that the terminal dielectric relaxation time 7, of entangled linear PI chains, being identical to
the terminal time for the end-to-end vector fluctuation (cf. Eqs. 3-7a and 3-8a), is quite
insensitive to the shear rate y in arange of y <30/t;, with 7. being 7, at equilibrium (cf.
Fig. 2-3 in Chapter 2). This fact means that the j°-order term for Az (Eq. 3-11a) is actually
negligible compared to the 7°-order term at those 7. Thus, this should be the case also for
®" (Eq. 3-11b) and W, (Eq. 3-11c) of linear PI at y <30/t) and these ®.' and W
should be satisfactorily approximated by the equilibrium functions.

From the above arguments, the Green-Kubo theorem should be valid at least up to the

order of j° and, more importantly, in the range of 7 actually examined for PI. Thus, the

time evolution of the polarization under steady shear (in the shear gradient direction), P(t),
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can be satisfactorily described by an equation formally identical to the equation deduced from

the Green-Kubo theorem at equilibrium,

WZ2
kT

oD (t-5)

P(= —-"(R}) [ " dsE(s) — (3-12)

with the normalized dielectric relaxation function ®(#) (= 1 at # = 0) being given by

(R, (R, ) (3-13)

W)=
(8,

The corresponding dielectric intensity under steady shear, Agg, is written as

47m* 5
- ) v(RY) (3-14)

In Eq. 3-14, the correction factor for the internal electric field, F, and the pre-factor of 4 (in

MKSA units) have been introduced.

3-3. Literature Data and Simulation under Fast Steady Shear

The Green-Kubo theorem is satisfactorily valid under steady shear (at y <30/t), as
explained in the previous section. However, this validity does not mean that the chain
dynamics remains close to that at equilibrium. In fact, significant nonlinearities observed for
viscoelastic quantities indicate that the chain dynamics under fast steady shear is far from that
at equilibrium. As an example, unfilled symbols in Fig. 3-2 show data of the steady state

viscosity 7, the terminal dielectric relaxation time 7, (= 1/A4)), and Ag_ reported for an

entangled PI solution with the molecular weight M, = 1.2x10° and concentration Cy = 15
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wt% (in an oligomeric solvent).” These data

are normalized by respective values at log Ag(})/Ageq + 0.5

05— o o

- ~eo._log Te(})/Te°
T

equilibrium and plotted against the normalized
shear rate yr,°. The dielectric 7, and Aeg

data, related to the end-to-end vector 15 b logn@me— 0.5

log Te/Te°, log Ae/Ageq, log /Mo
S

fluctuation, are hardly dependent on 7y '2_0 s (') 0' 5 ; 1'5 5

log YT¢°
(<30/7.), whereas n strongly decreases with
Fig. 3-2. Dielectric relaxation time 7, (y),
increasing y. Thus, the chains at those y dielectric relaxation intensity Ae(y), and the

viscosity n(y) measured at 30°C for an

are in the prominently non-equilibrium state to entangled PI solution (in oligomeric butadiene;

My =12 x10° and Cp = 15 wt% for PI) under
exhibit the significant thinning of the viscosity,  fast steady shear.” Filled symbols indicate the

normalized 7, (y) , Ae(y), mn(y) obtained
together with the y -insensitive dielectric from the NAPLES simulation (cf. Appendix

30).

behavior.

The above results, in particular the general coincidence of the dielectric and end-to-end
fluctuation relaxation times 1/ Aﬁ (cf. Egs. 3-7a and 3-8a), verify the expression of ®(7) (Eq.
3-13). This ® () decays monotonically with # and can be generally expressed as a sum of
exponential terms, as similar to ®(7) at equilibrium (cf. Eq. 2-14). Thus, the polarization
P (1) (Eq. 3-12) against the oscillatory electric field, E(f) = E,sinwt (with E;<< 1), oscillates
with 7 only at the angular frequency w of this field (cf. Eq. 2-10). Because of this feature,

the rheo-dielectric behavior under steady shear is fully characterized with ¢'(w) and €"(w)
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that are related to ®@(7) and Ag through Eq. 2-12. It should be emphasized that the situation
is different under LAOS, as explained in the next section.
In relation to the above verification, it is informative to examine results of a preliminary

) The simulation was

molecular simulation (NAPLES simulation) reported in literature.’
based on the primitive chain network model,” and positive and negative charges (m and —m;
cf. Fig. 3-1) were placed at the chain ends.” In the simulation, a weak electric field was
applied to an ensemble of the type-A chains and the macroscopic polarization P () due to this
field was directly evaluated from the spatial distribution of the chain ends. The resulting
macroscopic dielectric relaxation function was found to agree well with @ (7) defined by Eq.
3-13, lending support to the argument presented in the previous section.

The NAPLES simulation has been conducted also in this study, with the calculated
results being statistically averaged for more chains and over a longer time scale compared to

those in literature.”

Details of the simulation is described in Appendix 3C. The simulation
mimics the behavior of entangled linear PI considerably well, as shown with the filled
symbols in Fig. 3-2. Although the simulated 7,(y) decreases with y more rapidly than
the experimental 7,(y) data and the dynamics considered in the simulation needs to be

refined, a difference of the nonlinearities for 7,(y) and n(y) (stronger for the latter) is

qualitatively captured by the simulation.

-49-



3-4. Dielectric signal from PI under LAOS
3-4-1. Green-Kubo analysis.
The dielectric response of entangled linear PI chains under large amplitude oscillatory

strain (LAOS) has been examined experimentally.g’lo)

However, no analysis has been made
for the fundamental molecular expression of the rheo-dielectric response under LAOS. Thus,
this analysis is attempted in the remaining part of this Chapter.

In principle, the validity of the Green-Kubo theorem under LAOS needs to be examined
at first through the Langevin analysis similar to that under the steady shear explained in the
previous section. However, the analysis becomes much more complicated under LAOS
because the shear rate tensor (cf. Eq. 3-5) oscillates with time for this case. Nevertheless,
the Green-Kubo theorem is satisfactorily valid for PI under steady shear in a range of y <
30/7,°, which suggests that the theorem should be also valid under LAOS to same level of
accuracy, as long as the shear rate y under LAOS stays in a similar range. Then, the
analysis of the rheo-dielectric response under LAOS can be started with the Green-Kubo

expression of polarization,>*'"

m2 t
P os(D) = iy [ dsE(s) s
d
x [dp dq {{2 R, j(t)}a{z R, j(s)}} i ros (oS

Here, E(s) represents a weak electric field at time s being superposed on the LAOS field, and

frros(P-q,s) is the conformational distribution function in the phase space (with p and q being
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the generalized momentum and coordinate) at time s under LAOS. This f, ,os 1s defined in
the absence of the electric field (which is a consequence of the Green-Kubo theorem).

For the rheo-dielectric response under steady shear, Eq. 3-15 is valid but f ,os(P.q,5)
therein is replaced by a s-independent distribution function. For this case, Eq. 3-15
straightforwardly gives Eqs. 3-12 and 3-13. In contrast, under LAOS at an angular
frequency 2, 1(#) = y,sin (1 + §,) with O, being the phase difference from the electric field at
time 0, f; ,os(P,q,s) should be synchronized with LAOS to oscillate at the LAOS frequency €2
with some phase difference, 0(€2). (8(£2) is not necessarily identical to 0,.) In the simplest

case, this f; ,os(P,q,s) can be written in a form

K™ (p,q) + K (p,q) sin(Qs + )
17 + I°°sin(Qs + 6)

fLAos(p,qas) = (3-16)
Here, K"™*(p,q) and K°(p,q) indicates the stationary (base) part of f,,os(P.q.s) and an

amplitude of the oscillatory part, and I™* and I°° are given by the following integrals.

Ibase - f dp dq Kbase(p’q), Iosc - f dp dq KOSC(p’q) (3_17)

Ibase

The factor appearing in the denominator of Eq. 3-16, +17sin(Qs + §), guarantees the

normalization condition, f dpdq fi.0s(P:q,5) =1 atany s.
If the LAOS effect on f,,os(P.q.s) is rather mild to give a ratio r=1I1°/I" being

smaller than unity, Eq. 3-16 can be expanded as

Kbase ) Kosc , )
fraos(P-Q8) = { Ibg: L Ig: i) rsin(Qs + 6)}
x ¥ (=r)"sin*(Qs+9) (3-18)
az0
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From Egs. 3-15 and 3-18, P, s 1s expressed as

vm® i oW (t,5)  IW(t,s)
P aos(D) = dsE . . in(Qs + 0
bos= [ ds (s){ T S rsin(Qs+0)
x ¥ (=r)"sin*(Qs+9) (3-19)
a=0

Here, v is the chain number density, and ¥™*(z,s) and W**(z,s) denote correlation functions
defined by

base _ fdp dq {R}(I)R}(S)} Kbase(p’q)

W (1,5) = (R(DR,(5)) = [ dp dg K™ (p.g)

(3-20a)

we _ Jdpdg {R(OR,(9)} K™(p.q)
A0S Jdpdgk*(p.g)

W (ts) = (R, (DR, (5)) (3-20b)

A stationary state, where a correlation of quantities at times 7 and s (< ) is dependent only
on a time interval 7-s, is not attained under LAOS because of the oscillation of f ,og, In
particular when the time interval is shorter than the LAOS period, 2/Q2. Thus, in a rigorous
sense, both W**(¢,s) and W**(z,s) depend on ¢ and s separately. However, the correlation of
the chain conformation at two times ¢ and s should decay, in general, on an increase of the
interval 7—s beyond the LAOS period, in particular when the LAOS effect on f| o is rather
mild. Then, for examination of the slow dynamics, W"™°(t,s) and W™“(z,s) can be
approximated as functions of 7-s:
base

W ()= (R (1~ 9)R (0))

LAOS

-(R?)" aEl P exp{—m} (3-21a)

base.a
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W =W (1-5) = (R (t- R, 0))

LAOS

(R, e E} B eXp{—(;;s)} (3-21b)

with
D Byer = D, e =1 (3-22)

and

(e [ dp dq R} K" (p.q) (R Jf dp dq R} K™ (p.q)
y/LA0S f dp dq K base(p’q) v/Laos fdp dq K Osc(p’q)

(3-23)
In Eq. 3-21, the correlation functions Ye(r—s) (E = base, osc) are factorized into an
intensity part, <Ry2 >iAOS , and a normalized time-dependent part, X h.  exp{-(t-s)/t. } (=1
ats =1).

Substitution of Eq. 3-21 into Eq. 3-19 gives the final expression of P, ,qs(f) and/or the
relaxational current Ilx(f) = dPraos(f)/dz.  Some characteristic features in this final

expression are summarized below.

3-4-2. Rheo-dielectric response for a constant electric field superposed on LAOS.
For E(s) = E (time-independent electric field), /i.1.x(f) obtained from Eqgs. 3-19 and 3-21 is
expressed as

Leax(D) = 1IN, (D) + 15! (1) (3-24a)
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with

2E base base osc
i = -2 S0 SO SIS yin (3-24b)
k,T dr dr dr |~
and
2EQ base / 1 [ya]
iy = R O a8 |,
kT Jo ds' ds'

Ea(-r)“ sin® ' {Q(t - 5') + 8Ycos{Q(t - s') + 8}  (3-24c)

az=l

Eq. 3-24 indicates that /.jax(f) under LAOS oscillates around its average that monotonically

decays with 1, I7°(1) =(Q/2mf'*7'2 1, (t)d'. This oscillation is contributed from

relax

1[2]

relax

(1), and I%°(r), from both 1! (1) and I (r). In principle, the oscillation includes
all orders of LAOS harmonics having the angular frequencies Q, 292, 322, ..., as easily noted
from Eq. 3-24c. However, for the case of mild LAOS effect on fia0s, the magnitude of this
effect should be essentially determined by the invariance of the strain tensor and thus the
leading term of this effect should scale as y*. For this reason, the main component of

oscillation of Ipax(f) due to the mild LAOS effect should be the oscillation of y* = y” sin® Qt =

(70" /2)(1- cos 2Q¢) that occurs at the angular frequency 2Q, or, the period time of 7/Q.

3-4-3. Rheo-dielectric response for a sinusoidal electric field superposed on LAOS.
For a sinusoidal electric field E(s) = Eysinws superposed on LAOS, Egs. 3-19 and 3-21

give
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kBT 2 base 1 . an"base,a
vE, P ros() = (R >LAOS {(2} Prese m) sinwr ~ (2 Mossea 22— |COSO!

base,a az=1 base,a
%{Sﬁ’m((u,g) sin(w - Q)1 + C™(,9Q) cos(w - Q)1

{82 (@.Q)sin (@ + Q1 + C™ (0.Q)cos (0 + Q)1}

.

>

o)

w
N~

{Sf“(a),Q) sin(w - Q)1 + C*(w,Q) cos(w — Q)t}

=

>

o)

w
N~

%{Sf“(w,@) sin (0 + Q) + C*(w,Q)cos (o + Q)t}
+ O(r" sin(w = BR); = 2) (3-25)

with

(0 -Q)t, , €080 +sind

1+ (w-Q)7°7,

c0sd - (w - )7, , sind
1+ (w-Q)7°7,

, C(@0.Q) =Yg,

S (0.Q)= Y g,

az1 az1
(w+Q)T.  cosd—sind cosd + (w + Q)T. sind
Sg ,2) = Ea , C§ 0,Q) = Ea
(.5 aglgg’“ 1+ (w+Q)°7,, .8 (Zlgg’“ 1+ (w+Q)°7,,
(& =Dbase, osc) (3-26)

Namely, P, ,os(?) for the sinusoidal electric field splits into a series of components oscillating
at the angular frequency of the electric field w and at w+fQ with =1, 2, ..., as clearly
noted from Eq. 3-25. The components oscillating at =+ fQ emerge because of the
interference between the sinusoidal electric and LAOS fields. This interference makes a
contrast between the rheo-dielectric responses under LAOS and steady shear: As explained
earlier, the response under steady shear oscillates only at the frequency of the electric field w
(and is more easily analyzed compared to that under LAOS) because the distribution function
under steady shear is independent of time.

The information for the correlation function W"°(f) under LAOS, i.e., the mode
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distribution {/, > Tt and the intensity <Ry2 >tj:; (Egs. 3-21a and 3-23), is included in the
component of P, ,os(?) oscillating at w, as can be easily noted in the first line in Eq. 3-25. On

the other hand, the information for W**(r), {h } and <Ry2 >§:OS (Egs. 3-21b and 3-23),

05C,,0? Tosc,u

is included in the components oscillating at w+ pQ (=1, 2, ...); cf. coefficients S and C
given by Eq. 3-26.  Namely, the full information for the chain dynamics under LAOS,
being represented by a set of W*°(r) and W**(¢), can be obtained only when the magnitudes of

all these components are measured. However, in the rheo-dielectric studies under LAOS

9,10)

conducted so far,”” only the component oscillating at @ was measured and converted to

€ r0s (@) and g ,os"(w). Thus, the full information for the chain dynamics under LAOS
was not obtained in those studies.

Nevertheless, it is still informative to examine the molecular consequence of the

9,10)

€ a0s (@) data in literature. The second term in the first line of Eq. 3-25, gives

wT

€ roc"(0) = Ag h, = ——basea 3-27
LAOS ( ) LAOSOtg1 base,a 1 +CU2 Tgase,a ( )
with
4.7777’12 2 base
Ay o5 = F kT V<Ry >LAOS (3-28)

(In Eq. 3-28, F is a correction factor for a difference between the macroscopic and internal

electric field intensities, and the pre-factor of 4.z converts the dielectric intensity into MKS A

10)

units; cf. Eq. 3-14.) For well entangled linear PI, Hofl et al” and Capaccioli et al'” reported

that the wdependence of the ¢ ,,"(w) data (i.e., relative dielectric mode distribution)
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hardly changes under LAOS. This fact suggests that the mode distribution and terminal
relaxation time of the unnormalized correlation function, W*(¢), are insensitive to LAOS.
This result appears to be in harmony with the shear-rate insensitivity of the rheo-dielectric
data of PI measured under steady shear (cf. Figs. 2-3 and 3-2).

For further examination of this insensitivity, the NAPLES simulation was conducted in
this study for type-A chains (9.6 entanglements per chain on average) under the LAOS
condition, as explained in Appendix 3C. The LAOS frequency, €, was set at 3/7, with 7,
being the terminal dielectric relaxation time at equilibrium, which mimics the experimental
condition by Hofl et al.” Each chain is polarized to have small charges m and -m at its
ends, as explained in the previous section. In the simulation, the macroscopic polarization
and the corresponding ¢ " (w) were directly evaluated from the spatial distribution of the
chain ends (distribution of these charges) without utilizing any correlation function. In Fig.
3-3, this & ,o5"(w) is normalized by the dielectric intensity at equilibrium, Ae,, and
double-logarithmically plotted against the normalized frequency of the electric field, wT,.
The simulated dielectric relaxation time T, (y,;€2) (~ reciprocal of the peak frequency)
decreases with increasing LAOS amplitude y,. Experiments indicated no significant
decrease of 7/(y,;€2) with y, which suggests necessity of refining the chain dynamics
considered in the simulation. Nevertheless, the simulated dielectric mode distribution (seen

n

as the shape of the ¢ ,,¢" curve in the double-logarithmic plot) is not significantly affected
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by LAOS, which is in harmony with the experiments.”'”
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Fig. 3-3. Dielectric loss &" of entangled PI (9.6 entanglements per chain on average) under

LAOS obtained from the NAPLES simulation; cf. Appendix 3c. The LAOS condition, ¥, (<

3.2) and Q (=3/7,), is similar to the experimental condition utilized by Hofl et al.”

Hofl and coworkers” also reported that the rheo-dielectric intensity Ag s of well
entangled bulk PI (My, = 55x10°; ~ 10 entanglements per chain) decreased rather significantly
with increasing y,. Specifically, at the LAOS angular frequency Q = 3/7,°, Ag ,os decreased
by a factor of = 30% with increasing LAOS amplitude to y, = 1.6.” (A decrease of Ag s,
though weaker in magnitude, was also reported by Capaccioli et al.'”) This decrease is
qualitatively captured by the NAPLES simulation shown in Fig. 3-3.

On the basis of Eq. 3-23, this decrease of Ag ,os may appear to result from a decrease of
the average size of a PI chain in the shear gradient direction. However, this assignment is
not valid because the squared average of the chain size, <R}2 >LAOS, is correctly defined as an

average of Ry2 over the distribution function f; ,o5(P,q,s) during one cycle of LAOS (for a

time period of 2m/€2), not as the average <Ry2 >tj:; defined just with respect to the
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non-oscillatory component of this function, K™*(p,q) (Eq. 3-23). From Eq. 3-16 together

with a mathematical formula, [ dx {l+ acosx}Y' = w/Al-a®> 0 <a< ), <Ry2> is

LAOS

obtained as

<R; >LAOS = % fozms2 dsf dp dq R; Jraos(P-Q-5)
ase 1- 6 osc
- (R o)

with

2 0SsC osc
9=<"'>A and r=2 O<r<l) (3-30)

base base
2
(&7) !
>/ LAOS

In general, the oscillatory component of the distribution function, K**(p,q), would give a
stronger rheo-dielectric effect and thus r (= { fdpdq K °S°(p,q)} /{ fdpdq K base(p,q)}) would

increase with increasing y,. On this increase of r, <Ry2 >LAOS would become considerably

larger than <Ry2 >tj:; (cf. Eq. 3-29), suggesting that the decrease of Ag o5 (< <Rf >EE:ZS) is not

equivalent to a decrease of <Ry2 >LAOS.

The above difference between <Ry2 >LAOS and <Ry2 >tj:; can be further examined from the

NAPLES simulation (cf. Appendix 3C) under the LAOS condition mimicking the

experiment.” The simulation straightforwardly gave <Ry2 >L as the squared end-to-end

AOS

distance of the chain in the shear gradient direction averaged over many chains during one

base

cycle of LAOS. It also gave the <Rf> /<Ry2 > ratio as a ratio of the dielectric intensity
eq

LAOS

A& os under LAOS to Aeg, at equilibrium. In Fig. 3-4, the <Rf> R2> and
eq

LAOS < y

< Rz>base /< Ry2>eq ratios are plotted against the LAOS amplitude, y,.  Clearly, the

Y /LAOS
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<R§ >base /<R2> ratio (squares) decreases considerably with increasing y,to 3.2 but the
LAOS Y /eq

<Rf> /<R2> ratio (circles) decreases less significantly. This result is in harmony with
LAOS Y /eq

the above argument.

NAPLES
under LAOS (Q = 3/%:°)

base
Fig. 3-4. <R3> /<RV2> and <R3> /<RV2> ratios obtained from the NAPLES simulation for
LAOS 2 leq “leq

LAOS

entangled PI (9.6 entanglements per chain on average) under LAOS; cf. Appendix 3C. The LAOS

condition, ¥, (< 3.2) and Q (= 3/7), is similar to the experimental condition utilized by Hofl et al.”

3-5. Conclusion

This chapter has examined the molecular expression of rheo-dielectric response of PI
having type-A dipoles. Up to a fairly high shear rate where rheological nonlinearity is
clearly noted, the rheo-dielectric response under steady shear can be satisfactorily expressed
as the end-to-end vector auto-correlation (in particular when the dielectric relaxation time is
not much affected by the shear). Consequently, the rheo-dielectric intensity at those shear
rates is proportional to the mean-square chain size in the shear gradient direction, <Ry2> (=

average over the time-independent conformational distribution function).
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In contrast, under large amplitude oscillatory strain y = y,sin €27 (LAOS), the distribution
function f; ,os 1s coupled with the LAOS field to oscillate with time, and the rheo-dielectric
response detects this oscillation of f; ,os. Thus, the response against a constant electric field
exhibits an oscillatory decay (with the dominant oscillation period of 7/€2). The response
against the sinusoidal electric field splits into a series of components oscillating at @ and
wxpQ (B =1, 2, ...), where w is the angular frequency of electric field. The
rheo-dielectric intensity under LAOS, evaluated from the component oscillating at @, is no

longer proportional to <Ry2 >

Appendix 3A: Solution of Langevin Equation

The Langevin equation describing the time evolution of the subchain position r(n,t), Eq.
3-4 in the main text, can be rewritten as a series of time evolution equations for the
amplitudes of the Rouse eigenmodes, {X,(?), Y (1), Z,(1)} with p = 0, defined by Eq. 3-6 in the
main text. Because of the independence of the internal motion of the chain and the center of
mass motion, this series of equations can be compactly expressed with the use of extended
amplitudes § having the components &;, () = X,(?), &,,(1) = Y (1), and &, (1) = Z,(1) (p = 1):

C%E(t) =A*E@®O+B@®+D (3-31)

Here, € is the subchain friction coefficient, and A is the matrix defined by Eqgs. 3-9 and 3-10

in the main text. B is a vector with its components being defined as the Fourier components
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of the Brownian force in the «a direction, Fy (n,f) (¢ =X, y, 2):
2 N prn
B(1) = = fo dn F, ,(n,t) cos ~
with j =3p-2, 3p—-1, and 3p for a = x, y, and z, respectively (3-32)

D is a vector composed of Fourier components of the electrical force F* (cf. Eq. 3-3),

D;=0 forj=3p-2and 3p, D,= ZIZE (COSpfl‘ - 1) for j =3p-1 (3-33)
A matrix Q that diagonalizes A is helpful for solving Eq. 3-31. The solution, obtained

for Y,(t) (= &;,.,(1)) and X (1) (= &;,.,(1)), can be expressed in terms of Q and its inverse matrix

Q"' as
X,0] @ [Qpas
x{ng exp[-At]+ éE [idr Q;[B.(t)+D,] expl-A, (- t')]} (3-34)
with
=Y Q&) (3-35)

jz1

Here, Q;; and Qlffj are the i,j components of Q and Q', respectively, and Ay is pth
eigenvalue of A divided by &; Namely, {Q'IAQ}aﬁ = —=CA0,4
Since the y component of the end-to-end vector is given by R (1) = Z ., Y (H){cos prt - 1}
(cf. Eq. 3-6), the polarization P(t) under steady shear at a time ¢ after imposition of a small
constant electric field, E, is straightforwardly obtained from Eq. 3-34 as
P(t:)=vm(R,(t+ D)) = E{® 0:})- @ (1:1)} (3-36)

Here, ®!(#;7) is the unnormalized dielectric relaxation function given by
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O (1;7) = E gy exp(-A,1) (3-37a)
B=I

with

g[‘p] ——{E(cospﬂ DO, lﬁHE(COSP m-1) Qﬁ 3p- ,} (3-37b)

/3 p=l p'zl

A relationship deduced from the white noise character of the Brownian force, <Bj(n,t)> =0
has been utilized in derivation of Eq. 3-37.

Similarly, the other relationship deduced from this white noise character, <Bi(t)B j(t')> =
4CkTN™ 15 ;0(t=1'), can be utilized in Eq. 3-34 with D, = 0 (in the absence of the electric

field) to obtain an expression of the end-to-end vector correlation function,

‘Pgs(t;)?)E<R},(t)Ry(0)>ss _2kT TEg[ﬁ‘”exp( Agt) (3-38a)
B=1

with

g'=y e {EQ,MQM}

B'=1 azl

X{E(COS pr-1) 0, 5 Hz(cos pr-1) Q;;jp,_]} (3-38b)

p=l p'=l

Eqgs. 3-37 and 3-38, being identical to Eqgs. 3-7 and 3-8 in the main text, clearly
demonstrate that the dielectric modes and the end-to-end vector fluctuation modes have the
identical relaxation times, 1/A; even under steady shear. In contrast, the mode intensities
ggp] and gm do not exactly coincides with each other (cf. Egs. 3-37b and 3-38b).

Nevertheless, an argument related to the shear symmetry suggests the coincidence of g[q’]

and gm at least up to the order of §°, as explained in Appendix 3B.
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Appendix 3B: Perturbation Expansion
3B-1. Expansion of matrix Q diagonalizing the interaction matrix A
Because the matrix A defined by Eqgs. 3-9 and 3-10 (with respect to the operator A)
depends on the shear rate y in general, the diagonalizing matrix Q and its inverse matrix
Q"' introduced in Appendix 3A are also dependent on . Thus, Q and Q' can be
expanded, up to O(7°), as
Q=-Q0"+Q"+7Q?, Q'=Q”+iQ" +7Q? (3-39)
Here, the superscripts “(0)”, “(1)”, and *“(2)” stand for the zero-th, first-, and second-order
expansion coefficients. The zero-th Q® and Q are identical to Q and Q7' at
equilibrium, respectively, and satisfy an orthogonal relationship (because A is exactly
symmetric at equilibrium),
Q(O) = [Q(O)]_1 = [Q(O)]+ (transpose of Q) (3-40)
The first- and second-order coefficients for Q~', Q® and Q(2), are not necessarily identical
to the inverse matrices of the coefficients for Q, Q" and Q. Because QQ'=Q7'Q=1I,

the matrices QQ™' and Q™'Q are of the order of 7°. Thus, the coefficients should satisfy

relationships,
QA" +QYQ = QUQV+Q"Q® =0 (3-41)
QUO? +Q"Q" +Q2Q® = QVQ? +QUQY + QPQ® =0 (3-42)
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3B-2. Symmetry of expansion coefficients of Q

It is convenient to introduce two correlation functions, Syx(n,n',t)s <uy(n,t)ux(n',0)>
and Syy(n,n',t)E<uy(n,t)uy(n',0)> defined with respect to the y and x components of the
bond vector u(n,t) (=dr(n,t)/dn) under steady shear, for examining the relationship between

the dielectric relaxation function ®

w(t;7) (Eq. 3-37) and end-to-end vector auto-correlation
function W (#;y) (Eq. 3-37): W, (#;y) is identical to [ 8’ dndn' S (n,n'.t) and has the same
symmetry as S, (n,n',f) with respect to y. Specifically, ¥ and S, should be even
functions of y, because they remain the same on reversal of shear direction. In contrast,
S, (n,n',t) should change its sign on the shear reversal and is an odd function of y. This
S, 18 introduced as a reference for expansion of S, .

The steady state is already achieved at time O (when the electric field is applied). Then,

from Eq. 3-34, §,, and S, are easily calculated as

s Myx

' . (pmn\ . (p'an'
Syx(n,n',t)=2 pl;\]z sln(pN )Sln(pN )<Yp(t+1:)Xp,(1:)>r_)oo (3-43a)
p.p'
with
ak. T o |lexp(=Ag1)
Y (t+1)X (T =—B - ol L TP (3-43b
< p( ) p( )>Tﬁoo NC /3;21 Q3P—1,ﬁQ3p—2-ﬁ {g Qﬁ,aQﬁ ,a} )Lﬁ +)¥/5v ( )
and
'‘7* . (pmn\ . (p'an'
Syy(n,n"t)=2 pljy\ﬁ Sln(pN )Sln(pN )<YP(I+T)YP'(T)>,_M (3-44a)
p.p'
with
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4k, T
<YP (t+ T)YP'(T)>H«7 = k {E Qﬁ «Op Q}M (345
pp= o Mg + Mg

Because S, is an odd function of y, the terms of the order of }'/2" (k=0, 1,...) obtained after
expansion of <Yp(t+17)Xp.(17)>ﬁoo (Eq. 3-43b) should vanish at any time ¢ and for any
indices p and p'. Similarly, the terms of the order of y**' (k = 0, 1,...) obtained after
expansion of <Yp (t+ T)Yp,(r)>Hoo (Eq. 3-44b for the even function S,)) should vanish at any
time ¢ and for any indices. The <Yp (r+ T)Xp.(r)>ﬁw and <Yp (t+ T)Yp,(r)>Hoo terms
include the relaxation rate Aﬁ and the components of the matrices, Q and Q™'. Thus, these
terms can be straightforwardly expanded with respect to y, with the aid of Eq. 3-11a (4, =
)60) + )/2)62) + O(7*); even function of §) and Eq. 3-39 (expansion of Q and Q") as well as
the orthogonal feature of Q' (Eq. 3-40). The results in turn give useful information for Q
and Q™', as explained below.
() The O(7") term for (Y, (t+ r)xp.(r)>m

This term, given by {2I<BT/N§}=2ﬁ21 Qg(;)_l ﬁQ(O)_z ﬁ{)ég ! exp{—)»(/? 't} (cf. Eq.3-43b), is required
to vanish for any p, p' and at any 7. This requirement is satisfied when the following
relationship is valid.

Qg(;)_l’ﬁQg?,_z’ﬁ =0 forany p,p',and f3 (3-45)
Namely, Q3p .p and Q3p L at equilibrium cannot simultaneously have non-zero values
when their second indices (f) are the same. In fact, this feature of Qg(;)_,,ﬂ and Qg(;) 25
necessary to guarantee the Gaussian conformation of the chain at equilibrium.
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(i) The O(7') term for (Y, (t+7)Y, (7))

T —>0

This term is given by {2I<BT/N§}=2ﬁ21 w {%g)}‘lexp(—)é[?)t), with the coefficient w'"

p.p.B p.p'B

being specified as

O A0 AD O A0
Wy =31 5Dipoip + Qs pQipip

200 ﬁQ(O) )

3p-LBX3p'-1p' A0 AD L AD AHO)

+ — oo 1 2\ QO + O ana} (3-46)

;, 1+ LA 1A {;( 205l + 010F)

Because <Yp (t+ T)Yp,(r)> . is an even function of 7, this wg’)p,ﬁ is required to vanish for

any set of the indices, p, p', and B. This is a strong requirement when combined with Eq.

3-45, and a “sufficient condition” to meet this requirement is given by

Qg(jj_lﬁle;,_Lﬁ + leg_,,ﬁQ;‘j;_l,ﬁ =0 foranyp, p' and . (3-47)
and

E(Q(O;Qg)a + Q(I?QQ(‘?’)O{) =0 forany fand p' (3-48)

az=l

Furthermore, combination of Eq. 3-48 with Egs. 3-40 and 3-42 gives

Q" = [Q(l)]+ (transpose of Q®) (3-49)

Namely, Q" is an orthogonal matrix. Eqs. 3-47 and 3-48 are not identical but close to the

@

“sufficient and necessary” condition for the requirement, w,’,

=0foranyp, p' and .

(i) The O(7*) term for (Y,(t+7)X (7))

T—>00

This term is expressed as {2I<BT/N§}=2ﬁ21 w? {%g)}‘lexp(—)é[?)t) (cf. Egs. 3-40, 3-45,

p.p'.B

and 3-48), with the coefficient w'”) p being given by

p.p'
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e © A2 O A0 @ A0
Wy =31 5Qipap + QaporpQapap + Qiporpapap

2QgO) 1[5Q50) 2.8

r-l p'-2.p' (0) A(2) (1) AL (2) ~(0)

> T+ (A0 /400 {E(Q Lt oyt Gl "‘)} =0
B'=1 !

az=l1

Because <Yp (t+1)X p‘(r)> . is an odd function of 7y, this wﬁ;

s 18 required to vanish for
any set of the indices, p, p', and B. This is again a strong requirement when combined with
Eqgs. 3-45 and 3-47, and the “sufficient” condition for this requirement (close to the “sufficient
and necessary” condition) is specified by QY .00 .+ 0 Q(” apt o, .00

3p-1,B=3p'-2.8 3p-1.B 3p-1.p3p' 2.8 =

(for any p, p' and p) and

E(Q‘O) oy, + 05,05, + 0705 ) 0 for any Band B' (3-51)

az=l

Combination of Eq. 3-51 with Egs. 3-40 and 3-42 gives

Q¥ = [Q(z)] (transpose of Q) (3-52)

Namely, Q(z) is an orthogonal matrix.

3B-3. Relationship between mode intensities of ®. and ¥

The above results can be utilized to examine the relationship between the dielectric
relaxation function @ (t;7)=®""(t) + y0""(¢) + 7*®"?(r) and the end-to-end vector
auto-correlation function, W (t;y) = wO>r) + lI’“)(t)+ yz‘P(z)(t) From Egs. 3-37 and 3-38
combined with Eqgs. 3-39 and 3-40, the zero-th order terms of these functions, ®"”(¢) and

WO(1) (at equilibrium), are expressed as
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0" (1) = 2V O exp(-A%) and W) = 2L P 0exp(-401)  (3-53)
N B=1 N p=1

with

g¥ = ! {E(Cospﬂ—l)Qg(;)_lﬁ} (3-53b)

Namely, ®"O(t) = {@’v/k,7}¥”(t) at any ¢, and these functions are rigorously
proportional to each other (which confirms the validity of Green-Kubo theorem at
equilibrium).

For W_(t;7), the first order expansion coefficient W!’(¢) vanishes because of Egs. 3-47

and 3-48 (because W (#;7) is an even function of y). The first order expansion coefficient

should vanish also for ®

un
SS

(t;7) (an even function of y). This fact can be confirmed from
Eqgs. 3-37 that give

DUV(1) = 2m*v/INEYZ,., gh exp(-4t) (3-54a)
with

1 :
gl o B (cos pr - 1)(cos p'rr ~1(QL) ;00,5 + OV ,00.,,)  (3-54b)

B p.p'=l
As seen from Eq. 3-47, this ggb]“) vanishes and thus ®""(r) = 0 at any ¢. It should be

SS

also noted that gi’"" = {2/)»([?)}{2[)21(005 pr-1)QY } x {Zp,zl(cosp'ﬂ -HoY } and thus

3p-1,8 3p'-1B

the relationship ggb]“) =0 is equivalent to a relationship
Y (cosp'm-1)Q%). ;=0 forany f (3-55)
p'zl

Finally, from Eqs. 3-40, 3-47, 3-48, 3-51, 3-52, and 3-55, the second order expansion

coefficients for W _(#;7) and @ '(z;7) are obtained as
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(@) _ 2kBT (2) (0) un(2) _ 2ﬂ2V (2) (0)
W (1) = Y &5 (t) exp(-4t) and ®UV(r) = Y & (t) exp(-4t)
pJC B=1 pJC B=1

with

2
g = W{E(COS pr =105, HE(COS p'mw= DQQ—W}
B

p=l p'zl

2
1A
- W{T@WE’I . (cos pr = QY. (3-56)
B B

p=l

Thus, ®"?(t;9) = {@’v/k,TYW2(t;y) at any t. This result, combined with eq. 3-53,
strongly suggests that the Green-Kubo theorem, ®(t;7) = {@’v/k,TYW, (t;7), is valid at

least up to the order of 7 (or higher).

Appendix 3C: NAPLES Simulation

Masubuchi et al” developed a method of coarse-grained molecular simulation (NAPLES)
for entangled chains based on the primitive chain network model. In this model, the network
is composed of Gaussian chains that are pair-wisely connected at temporary sliplinks (that
represent entanglements), and the chains are allowed to slide along the array of sliplinks
according to a balance of forces acting on each portion of the chains between sliplinks (this
portion is referred as a strand); the forces considered are the frictional force from a medium,
the elastic force due to the conformational entropy of a strand, the Brownian force activating
diffusion, and the thermodynamic force reducing any spatial gradient of segment density (a

force due to chemical potential).  The segment number in each strand is allowed to
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fluctuate according to a similar force balance. The sliplink fluctuates/moves in space
following the force balance for the strands. In addition, the sliplink penetrated by a strand at
the chain end is occasionally removed/created on decrease/increase of the segment number in
this strand below/above critical values. Mathematical formulation of these kinetic changes
has been fully explained in literature.”*'*'¥

Masubuchi et al”*'*'¥ demonstrated that the NAPLES simulation describes considerably
well the linear and nonlinear viscoelastic behavior of entangled homopolymers including PI
(and the dielectric behavior of linear PI at equilibrium). For PI under steady shear, they also
conducted a preliminary NAPLES simulation” incorporating the convective constraint release

19 mechanism to

(CCR) mechanism and the so-called hidden entanglement appearance (HEA)
calculate the rheo-dielectric response. The CCR mechanism represents the release of the
entanglement for a given chain due to contraction of surrounding chains under the shear, and
the HEA mechanism considers that a chain that was neighboring to but not entangled with the
given chain before occurrence of CCR is hooked by that chain after CCR. In the
rheo-dielectric simulation, Masubuchi et al”’ put positive and negative charges at respective
ends of the entangled linear chains and directly evaluated, by monitoring the spatial
distribution of these charges, the macroscopic polarization P (f) induced by a weak electric

field E. These charges are equivalent to a sum of type-A dipoles of the chain. Thus, the

simulation well mimicked the actual rheo-dielectric experiments for PI under steady shear.
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In the simulation, the macroscopic dielectric relaxation function directly obtained from this
P(r) agreed with the auto-correlation function of the end-to-end vector R, in the shear
gradient direction,” lending support to Egs. 3-12 and 3-13 in the main text.

In this study, the NAPLES simulation incorporating the CCR and HEA mechanisms was
conducted again (but with better statistics) for the rheo-dielectric behavior of entangled linear
PI under steady shear as well as LAOS. The HEA parameter [°, specifying a spatial range
where the entanglement can be created, was set at 2.0, as done in the previous study.”

The simulation was made for monodisperse linear chains each having 9.6 entanglement
segments on average at equilibrium. The simulation box size and segment density were
(16a)’ and 10a”, respectively, with a being an average length of entanglement segment.
This box was subjected to steady shear and/or LAOS, both being generated with SLLOD and

Lees-Edwards boundary condition.”

The steady shear rate as well as the LAOS frequency
and amplitude in the simulation mimicked the actual experimental conditions.  For each
chain in the box, a positive charge m was attached to one end, and a negative charge —m to the
other end. (These charges are equivalent to the type-A dipoles summed along the chain
backbone.) = The chains under steady shear or LAOS were also subjected to a small
oscillatory electric field (E(f) = E,sin wr) in the shear gradient direction. The resulting,

macroscopic polarization P(¢) was directly evaluated from the spatial distribution of the chain

ends, and the dielectric loss was calculated from this P(#). The mean-square end-to-end
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distance <R}2 >LAOS was also evaluated under steady shear and LAOS. The simulated results

are shown in Figs. 3-2, 3-3, and 3-4 in the main text.
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Chapter 4. Dynamical Model with Anisotropic Mobility Tensor for
Polymers under Shear
4-1. Introduction
As briefly shown in previous Chapters, the linear response theory states that the linear
responses of a system to weak external (perturbation) fields can be expressed by the
Green-Kubo formula. Namely, the response function Kyp(#-¢’) of a physical quantity 4 at
time ¢ to a perturbation, which is conjugate to a physical quantity B, at time ¢’ (< ?),

1,2
becomes'?

K =—— L (aB), (1)
k,T dt q

B

Here, k3 is the Boltzmann constant, 7 is the temperature of the system, and < . ->eq represents

the equilibrium statistical average. Eq. 4-1 is useful because it relates an experimentally
observed macroscopic linear response function and the time correlation function of
microscopic, molecular-level physical quantities. For example, one can validate theoretical
models, or obtain molecular scale dynamic information from experiments, on the basis of Eq.
4-1. Actually, the linear viscoelasticity and the dielectric response have been successfully
analyzed on the basis of the Green-Kubo theorem.””

However, it should be also noted that the Green-Kubo theorem at equilibrium is generally

invalid in non-equilibrium systems (even if the system is in steady state). Therefore, in

general, a blind use of the Green-Kubo formula, Eq. 4-1, for the analysis of some response
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functions in a non-equilibrium state, will lead to qualitatively incorrect results.  For some
limited cases such as the rheo-dielectric response of polymers with type-A dipoles®",
fortunately, the Green-Kubo theorem (approximately) holds even in non-equilibrium sheared
states, as demonstrated in Chapter 3. However, the rheo-dielectric data by themselves poses
a serious question about the chain dynamics; the dielectric intensity and relaxation time are
hardly affected by the shear, whereas the shear viscosity exhibits strong shear thinning (cf.
Fig. 3-2). The conventional idea such as the “convective constrain release” (CCR)U) cannot
explain this apparent inconsistency observed experimentally.

The dynamic equations of coarse-grained molecular models are often cast in a form of

) Formulation of the Langevin equation requires the mobility (or the

Langevin equations.’'
friction coefficient) as well as the potential energy (or the free energy). According to the
fluctuation-dissipation relation, " the mobility is formally given as the correlation function of
the physical quantity in equilibrium. If the system is near equilibrium (if the applied
perturbation is weak), the Langevin equation reproduces the correct Maxwell-Boltzmann
distribution and describes the dynamics. Conversely, the validity of the Langevin equation
is generally not guaranteed in non-equilibrium systems. Indeed, the simple extrapolation of
the equilibrium dynamics models of entangled polymers into polymer systems under fast

shear cannot describe experimental data such as rheo-dielectric responses. To model the

non-equilibrium dynamics of polymers, the non-equilibrium version of the Langevin
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equation'” will be required.

Besides, recently new linear response theories have been proposed for non-equilibrium
steady states, some of which give generalized Green-Kubo type relations.'*"  Thus,
rigorous analysis will be possible with the tools developed in the field of non-equilibrium
statistical mechanics. Combination of the non-equilibrium Langevin equation and the
generalized Green-Kubo formula will be helpful to understand the dynamics of polymers
under fast shear.

In this chapter, the non-equilibrium version of the Langevin equation for weakly
entangled polymers under fast shear is constructed, on the basis of the non-equilibrium
statistical physics and simulation data. Then, the linear response against a weak field
superposed on the steady shear is calculated. The concept of the “anisotropic mobility”,
which naturally arises from the physical arguments, plays an important role for the dynamics

of weakly entangled polymers under shear.

4-2. Model

In equilibrium, the dynamics of a weakly entangled polymer chain is expected to be
described by the Langevin equation. The required degrees of freedom depend on the target
phenomena. For the long-time dynamics, detailed conformation of a polymer chain is not

important, and a simple Langevin equation for the end-to-end vector R can be employed:
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dR(t)=_i dF (R(1)) N
dt &, OR(?)

Eo(?) (4-2)
Here, & is the effective friction coefficient, and F is the (effective) free energy being

expressed as

3k, T2

2AR),,

Eo(¢) is the Gaussian white noise that satisfies the following fluctuation-dissipation relation.'

F(R(1) = (4-3)

)

2k,T

(Bo(1)) =0, (E (NEy(1)) = 8(t -l (4-4)

0

(<- . > represents the statistical average and I is the unit tensor in three dimensions.)
If the system is subjected to a weak shear flow, of which the velocity gradient tensor x is

given as

Kup ={y o=xl =) (4-5)

0 (otherwise)

with y being the shear rate, the Langevin equation for a sheared system is obtained by

simply adding a convection term to Eq. 4-2:

dR(?) B _i dF (R(?))
d & OR®)

+K-R(?) + §,(1) (4-6)
Eq. 4-6 holds near or in equilibrium, and rheological properties such as the zero shear
viscosity and the shear relaxation modulus can be calculated by Eq. 4-6. However, it is not
Jjustified for a polymer under fast shear and thus the construction of a Langevin equation for
non-equilibrium state is required.

McPhie e al'® considered the non-equilibrium Langevin equation for Lennard-Jones

particles under shear. They employed the projection operator method" together with the
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diffusion coefficient tensor obtained by the molecular dynamics (MD) simulations. They
proposed the Langevin equation involving the anisotropic friction tensor as the dynamic
equation under shear. Hunt and Todd*” performed MD simulations of polymers under shear
flow at various shear rates, and reported that the diffusion behavior becomes highly
anisotropic under fast shear. These results imply that the dynamics of polymers under fast

shear can be modeled with an anisotropic mobility tensor, as follows.

dR(t) _-M(j)- oF (R(1))

” IR() +K - R(1) + & (731) (4-7)

Here, M(y) is the (anisotropic) mobility tensor that depends on the shear rate, and §(y;¢) is
the Gaussian white noise that also depends on the shear rate.  Although the
fluctuation-dissipation relation is not required to hold under shear, it may be reasonable to
assume validity of this relation under shear. Then, the noise and the mobility tensor can be
related as

(& (150)=0, (& (150 & (731)) =2k, T(r - 1 YM(}) (4-8)

The explicit form of the mobility tensor M(y) is not trivial. The symmetry argument
and some physically natural requirements limit the form of the mobility tensor. The
diffusion data obtained from MD simulation is also helpful to consider the explicit form of the
mobility tensor (because the mobility tensor is proportional to the diffusion coefficient tensor).
These information limits the possible form of the mobility tensor. The mobility tensor

should satisty the following requirements.
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(1) The mobility tensor should be positive definite (all the eigenvalues should be

positive), to make the steady state under shear thermally stable.

(2) The eigenvalues of the mobility tensor should be unchanged on reversal of shear,

Y ==

(3) The xx-component of the mobility tensor should increase as the shear rate

increases, whereas the shear rate dependence of the yy- and zz-components

should be weak.

(4) The xy-component should be independent or just weakly dependent on the shear

rate.

(5) The xz- and yz-components of the mobility tensor should be zero.

(6) The mobility tensor should reduce to the equilibrium mobility tensor in the limit

of y=0.

A simple form which satisfies these requirements is

AMy) 0 0
M(y)=i 0 10 (4-9)
°lo 0 1

where )1()‘/) is an even function of y that monotonically decreases with increasing y. The
following phenomenological power-law type form for )1()‘/) will be useful.
A7) =1+ (@)1 (4-10)

Here, 7. is the characteristic crossover time and a < 1 is the characteristic exponent. The
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crossover time is expected to be comparable to the relaxation time of the end-to-end vector,
7,=8, <R2>eq /3k;T. As shown later, the exponent « is related to the exponent of the shear
thinning. If the shear rate is sufficiently larger than 7.”', Eq. 4-10 reduces to 5»()'/) = (T, )"
and dynamics becomes anisotropic. On the other hand, if the shear rate is sufficiently small,
Eq. 4-10 becomes )1()'/) =1 and the equilibrium Langevin equation (Eq. 4-2) is recovered.
Egs. 4-7 to 4-10 give the explicit form of the dynamic equation for R. The resulting
dynamic equation is linear in R, and thus is analytically solvable. (The Fokker-Planck
equation” and the path integral formalism can be utilized to solve the Langevin equation.)
Thus the “anisotropic mobility model” shown above can give the analytic forms of

experimentally observable quantities such as the rheo-dielectric response function.

4-3. Results
4-3-1. Steady state shear viscosity

Following the stress-optical rule, the microscopic stress tensor is expressed as

vk, T

(&),

Here, v is the average number density of polymer chain. The steady state shear viscosity

o(R) = RR (4-11)

and the first normal stress difference are calculated to be

. <Ox >Ss 3v .k, T 2
n(y) = ; = K;zgeq <Rny>SS = n()m (4-12)
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2

_oyy>ss _ vk, T @
AN+ A

W(7) = on o = 2(R?) (RI-R}), =
eq

(4-13)
4 14

where (...);s represents the statistical average under steady shear, 70=vokzTto/2 and
Y, o»=voksT 70>/2 are the zero shear viscosity and first normal stress coefficient, respectively.
Fig. 4-1 shows the steady state shear viscosity and first normal stress coefficient calculated
from the anisotropic mobility model (Eqgs. 4-12 and 4-13) with = 9/11. Under fast shear
(7,7 >>1), Eqs. 4-12 and 4-13 reduce to n(y) x7“ and W(y) 7>, which are consistent

with experimentally observed behavior.?"

N(Y) /1), w—
Yi(7) /\Pu) —
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Fig. 4-1. The steady state shear viscosity and first normal stress coefficient, n(y) and W (y), by

MET | M AT
10! 102

the anisotropic mobility model for a= 9/11 (an experimentally observed a value*"). 7, and U2

represents the zero-shear viscosity and first normal stress coefficient, respectively.
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4-3-2. Rheo-dielectric response
The rheo-dielectric response of the anisotropic mobility model can be calculated by using

the Baiesi-Maes-Wynants formula,“””)

a generalization of the Green-Kubo formula for
non-equilibrium steady states. Baiesi-Maes-Wynants formula states that the response
function in non-equilibrium steady state is expressed by the sum of two terms; the
Green-Kubo term (which has the same form as the equilibrium case) and the frenetic term.
At equilibrium, the frenetic term coincides to the Green-Kubo term and the equilibrium
Green-Kubo formula is recovered.

The dielectric response function is the response of the electric flux density to the applied
electric field. The electric flux density of a polymer with the type-A dipole in the y-direction
is

D, =4mvmR, (4-14)
with m being the magnitude of effective dipole per unit segment, and v, the chain number
density. (For simplicity, the instantaneous response due to the fast dynamics and the
Onsager correction factor are ignored here.) The physical quantity conjugate to the

perturbation (the electric field) is the dipole in the y-direction, P =mR . Then, the

Baiesi-Maes-Wynants formula gives the following expression of the rheo-dielectric function.

pt-r:) =L g b)) +1i<Ry<r>iw> (4-15)

k,T |2dt =0 2 dr &y OR(1)

where the average (...) is taken under steady shear in the absence of the electric field.

ss,E=0
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This @(¢-1';7) can be evaluated as

. 1
@(t';7) =A5()T_CXP(_I/TO) (4-16)

0

where Ag, = 4m/0m2<R2> /k,T. The Fourier transform of eq (4-16) gives the dielectric
eq

response in the frequency domain, which is the single Debye form.

T,

&'(w;y) = Ag, ' (w;7) = Ag (4-17)

’1+ (w7,

1
1+ (wt,)*’

Eq. 4-16 means that both the rheo-dielectric intensity and the rheo-dielectric relaxation time
are independent of the shear rate. Namely, the anisotropic mobility model predicts the
insensitivity of the rheo-dielectric response to the shear rate, which is consistent with the

) This is because the

experimental data for an entangled linear polyisoprene (PI) solution.®
dynamic equation of R, does not contain R,, and thus it does not depend on the shear rate. It
should be noted that the anisotropic mobility model predicts the shear thinning under fast
shear; cf. Fig. 4-1. Thus, it can reproduce the shear thinning of the shear viscosity and the

shear rate independent rheo-dielectric response simultaneously, without introducing further

artificial mechanisms.

4-3-3. Parallel and perpendicular moduli
The parallel modulus is the linear response of the xy-component of the stress tensor

22-24)

to the xy-component of the strain tensor. Similarly, the perpendicular modulus is the

linear response of the zy-component of the stress tensor to the zy-component of the strain
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tensor, 222%

Because the perturbations in these cases cannot be expressed as the perturbation
potentials, the Baiesi-Maes-Wynants formula cannot be utilized to calculate the parallel and
perpendicular moduli. For such cases, the Seifert-Speck formula'™ can be utilized instead.
The Seifert-Speck formula, being a generalization of the Baiesi-Maes-Wynants formula,
states that the linear response function in the non-equilibrium steady state is expressed as the
correlation function which involves the time derivative and the convection velocity.

For the anisotropic mobility model, the Seifert-Speck formula gives the following

expressions for the parallel and perpendicular moduli (in the time domain).

], 1 [dR()
G//(%f t )_ BT<Oxy(R(t)) Ry(t ) MXX(V)[ dr'
IF(R(1)) 19
Mxx(y)W_ YR, (1') >SS
STV R ~ 1 [dR(1)
G (y;t—=1) —kBT<OZy(R(f)) R (1") M) dr

OFR(1"))
MZZ(Y)—BRZ(I') ]

> (4-19)

Here, (---) stands for the average in the absence of the superposed sinusoidal strain. ~Eqs.

4-18 and 4-19 can be evaluated to give the following simple forms.
G, (1t 1) = Gyexp[-(1+ At /T, (4-20)
G,(7;t—-1") =G exp[-2t/7,] (4-21)

Here, Gy =vk3T is the characteristic modulus, and 7y is the dielectric relaxation time appearing

in Eq. 4-16. Eqgs. 4-20 and 4-21 means that the perpendicular modulus of the anisotropic
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mobility model is independent of the shear rate, while the parallel modulus depends on the
shear rate rather strongly. The parallel and perpendicular relaxation times are given as
T,(7)=1,/[1+ )N\,('}'/)] and 7,=7/2, respectively. The parallel relaxation time reduces as the
shear rate increases, as the same way in the steady state shear viscosity. The Fourier
transforms of Eqgs. 4-20 and 4-21 give the storage and loss parallel and perpendicular moduli

(in the frequency domain),

. wt,(7) . [wt, ()]
G, (1,w)=G,——"—, G, (y;0)=G,——L—=— 4-22
r =Gy o O PO = S or, o7 (422)
. wt, /2 . [wt, /2]
G (1w =G, —220'2 G () =G, e lA 4-23
L (1) *1+[wr, /2] L (o) “1+[wt, /2] (4-23)

o

107 10T 100 10 10
To®

Fig. 4-2. The parallel storage and loss moduli, G,'(y;w) and G,"(y;w), by the anisotropic

mobility model for &= 9/11 (an experimentally observed a value®). G, and 7, are the characteristic

modulus and equilibrium relaxation time. The shear rates are 7_y=0 (equilibrium), 2, and 4.
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Fig. 4-2 shows the storage and loss parallel moduli of the anisotropic mobility model for
o= 9/11 and several different 7 y. (The characteristic time 7. is taken to be identical to the
dielectric 7.) The experimental studies showed that the parallel relaxation time is largely
accelerated as increasing the shear rate, while the perpendicular relaxation time is only mildly

d.*?Y  Although the anisotropic mobility model cannot perfectly explain the

accelerate

experimental data, it can at least reproduce the different shear rate dependence for the parallel

and perpendicular moduli, which is one of the essential points of the experimental data.

4-4. Discussion
4-4-1. Anisotropic mobility tensor

As shown above, the anisotropic mobility model can qualitatively explain experimental
data, whereas the conventional convective CCR model fails. The CCR model assumes that
the effective relaxation time of a chain is accelerated by applied shear flow,'” and is similar
to the anisotropic mobility model in a sense. However, the CCR model leads to the isotropic
acceleration and is quite different from the anisotropic mobility model. This difference can
be easily noted by rewriting the Langevin equation with the CCR effect in a form similar to
that for the anisotropic mobility model. The original CCR model by Marrucci'® reduces to
the following mobility tensor model, together with Eqgs. 4-7 and 4-8.

M(7) = [i 4 Pec . <RR>]I = Ci[l + M<R R (4-24)

Co  kyT 0 B ’

-87-



where fccr is a parameter of the order of unity. (In the steady state under shear, (R(R,) is an
odd function of y which monotonically increases with y, and thus the mobility tensor M is
an even function of y.) It is clear from Eq. 4-24 that the CCR model isotropically
accelerates the dynamics of R.

From the viewpoint of the symmetry, such isotropic acceleration is possible. The
symmetry argument requires that the mobility tensor is unchanged under certain transforms.
If the shear rate is not large, the symmetry argument gives the following general form for the

mobility tensor.
M(7) =Ci M+ L(k+x)+ Ltr(c- k") + L k' + L' K +...] (4-26)
0

Here {Ek} is the set of expansion coefficients. The anisotropic mobility model introduced
in this Chapter is obtained by setting I, = L, = L, =0, whereas the CCR model is obtained by
setting L, =L, =L, =0. Both models may belong to special cases of the non-equilibrium
Langevin equation. Different forms may be also possible. For example, if L, is non-zero,
the resulting Langevin equation has a kinetic coupling between the x- and y-components,
which leads mild acceleration of the dielectric relaxation. The rheo-dielectric behavior of a
star PI solution,'” which show mild acceleration of the dielectric relaxation time, may be
modeled by tuning the isotropic acceleration and/or the kinetic coupling. From these

discussions, the anisotropic mobility tensor appears to be essential in non-equilibrium systems.

By incorporating the anisotropic mobility into the detailed molecular models such as the tube
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and sliplink models, and tuning the mobility tensor, the quantitative description for the

dynamics of entangled polymers under shear may be possible.

4-4-2. Different shear rate dependence of linear response functions

The anisotropic mobility model predicts anisotropic acceleration of the relaxation
dynamics of a polymer chain under fast shear. This is qualitatively different from the CCR
model, which predicts the isotropic acceleration of the relaxation. The difference between
the anisotropic and isotropic acceleration effects is worth detailed discussion.

The anisotropic acceleration of the dynamics might be suspected to be not realistic and
physically inappropriate, even if it is allowed by the symmetry. Although the anisotropic
acceleration may not be popular in the molecular models of polymers, it has been employed
widely in the constitutive equation models to successfully reproducing various rheological
properties of complex fluids. For example, the Giesekus model® and the Johnson-Segalman

model*®

can be interpreted as the kinetic models that incorporate the conformation-dependent
anisotropic mobility, and thus they predict the anisotropic acceleration. Although the
molecular basis of the mobility in these constitutive models is not so clear, they can reproduce,
at least qualitatively, the macroscopic rheological properties of complex fluids including

polymer solutions. The success of the constitutive models with anisotropic mobility lends

support to the validity of the anisotropic mobility tensor and the anisotropic acceleration.
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Recently, Suzuki er al*” reported the nonlinear rheological properties of an associating
telechelic polymer aqueous solution. They measured the steady state shear viscosity and
first normal stress coefficient of a telechelic polymer solution, reported that only the shear
viscosity shows the shear thickening behavior, and proposed that the reassociation kinetics of
telechelic polymers becomes anisotropic under fast shear. This result implies the
universality of the anisotropic acceleration of polymer dynamics under shear and may support
the validity of the anisotropic mobility model.

In the non-equilibrium statistical mechanics, the linear response function is considered to
contain the information about the entropy production, which is a measure of the distance from

the equilibrium.'*"*'?

Some generalized Green-Kubo relations contain terms which are
directly related to the non-equilibrium entropy production characteristic to non-equilibrium
systems. For example, the Lagrangian moving frame picture interprets the violation of the
equilibrium Green-Kubo form as the result of the non-equilibrium entropy production.
However, the rheo-dielectric response function of the anisotropic mobility model does not
violate the equilibrium Green-Kubo form, and thus one cannot analyze the non-equilibrium
entropy production from the rheo-dielectric response function. This is because the
expression of the generalized Green-Kubo type relation strongly depends on the type of the

applied perturbation. The situation becomes especially serious if the dynamics is anisotropic.

This example demonstrates that one linear response function is not sufficient to
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understand the non-equilibrium polymer dynamics. Combination of several physical
quantities such as various linear response functions and steady state viscosity is required.”>”
As mentioned, the anisotropic mobility model is qualitatively consistent with the experimental
data of a linear PI solution, and thus the situation is common for the analysis of experimental

rheo-dielectric data.

4-5. Conclusion

In this Chapter, the non-equilibrium Langevin equation model for weakly entangled
polymers, incorporating anisotropic mobility tensor (the anisotropic mobility model), was
constructed and analyzed. The anisotropic mobility tensor was phenomenologically
constructed with the symmetry argument and the diffusion data by simulations. In the
anisotropic mobility model, the dynamics of a polymer is anisotropically accelerated, and
both the shear thinning of the steady state viscosity and the shear rate insensitive
rheo-dielectric response function are naturally reproduced. This is in contrast to the
conventional CCR model, which incorporates the isotropic acceleration. The anisotropic
mobility model can also reproduce the different shear rate dependence of the parallel and
perpendicular moduli. These results suggest that the anisotropic acceleration is one of the

essential features in the dynamics of polymers under fast shear.
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Chapter 5. Rheo-Dielectric Responses of Entangled cis-Polyisoprene
under Uniform Steady Shear and LAOS
5-1. Introduction
Nonlinear viscoelastic features of entangled polymers, for example, shear-thinning of
viscosity under fast steady shear and nonlinear damping of relaxation modulus under large
step strain, have been attributed to large orientation/stretch of the chain due to the
flow/deformation and successive chain contraction, and dynamic models have been developed

)

on the basis of this molecular picture,' " as explained in Chapters 1 and 2. In the context of
p p p

the widely utilized tube model, this nonlinear relaxation due to the contraction of convectively
stretched chain is modeled as “convective constraint release (CCR)”.°® The nonlinear
viscoelastic behavior, including the shear thinning of viscosity, is considerably well described
by the refined tube model(s) incorporating the CCR mechanism.””

However, a problem(s) still remains for this description. The CCR mechanism itself
accelerates the large-scale (global) motion/relaxation of the chain isotropically in all
directions, but the rheo-dielectric behavior of the linear polyisoprene (PI) chains, detecting the
end-to-end fluctuation in the shear gradient direction, is hardly affected by the shear flow in
the thinning regime for the viscosity;'? cf. Figs. 2-3 and 3-2. This fact suggests that the

non-linear thinning of viscosity (and the other nonlinear features explained above) is not so

straightforwardly related to the CCR mechanism, as discussed in Chapter 4.
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In fact, the problem is more complicated if the steady shear is not uniform due to
shear-banding and/or secondary flow. Such non-uniformity of flow has been reported for
highly entangled melts/solutions at the shear rate y exceeding the terminal relaxation
frequency wg at equilibrium,”*"® but the flow profile was not examined in the previous
rheo-dielectric studylz) (reported earlier than Refs. 13-15). If the shear-banding occurs in the
shear gradient direction, the rheo-dielectric data detect the harmonic average of the responses
from PI in the fast and slow bands weighed by the volume fraction of respective bands.
Then, the observed lack of the shear-induced acceleration of the data did not necessarily mean
the lack of acceleration of the global motion if the fast band had just a small volume fraction
and the chain dynamics in the slow band was close to the equilibrium dynamics. The same
problem arises if the wall slippage occurs and/or a slipping place is formed in the material.

This problem of flow uniformity is revisited in this Chapter. Specifically, both
rheo-dielectric behavior and flow profile were examined for an entangled solution of linear PI,
and also for an entangled solution of star-branched PI for comparison. It turned out that the
flow remained homogeneous (no shear-banding) in the shear-thinning regime examined (y <
8.5/7G), but the shear effect on the rheo-dielectric behavior was less significant (negligible and
just mild acceleration for linear and star PI, respectively, as noted previously'?) compared to
the effect on the viscosity. This Chapter presents details of these results and discusses the

difference between the linear and star PL
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In addition, the rheo-dielectric behavior and flow profile of the linear and star PI solutions

were also examined under large amplitude oscillatory strain (LAOS). The data for both

linear and star PI suggested that the conformational distribution of the chains is coupled with

LAOS and thus the rheo-dielectric response against a constant electric field is composed of a

monotonically decaying part and an oscillating part. This result lends support to the analysis

made in Chapter 3. The monotonic part of the rheo-dielectric response was rather

insensitive to LAOS, which was consistent with the results obtained under steady shear.

Details of these results are also presented in this Chapter.

5-2. Experimental

5-2-1. Materials.

Linear and 6-arm star-branched PI samples having high molecular weights (M) were

utilized. The star PI sample was synthesized/fractionated/characterized in a previous

' This sample, containing a small amount (~ 0.1 % to PI) of antioxidant,

study.
butylhydroxytoluene (BHT), has been sealed in Ar and kept in a deep freezer until use.

The linear PI sample was living-anionically polymerized in this study. Benzene and
s-butyllithium were utilized as the polymerization solvent and initiator. The polymerized

sample was fractionated twice from benzene/methanol mixtures, and a final benzene solution

was dried in high vacuum at 50°C for 2 days to recover the purified sample. A small amount
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of BHT (~0.02 wt% to the PI sample) was added to the final benzene solution.

The linear PI sample thus obtained was characterized with GPC (CO-8020 and DP-8020;
Tosoh) equipped with a refractive index (RI) monitor (RI-8020, Tosoh) and a low-angle laser
light scattering (LALLS) detector (Viscotek 270, Malvern) connected in series: Its
weight-average molecular weight M,, and polydispersity index M,/M, were evaluated from
the LALLS/RI signal ratio measured at respective sections of elution volume. The elution
solvent was tetrahydrofuran (THF), and monodisperse linear PI  samples
synthesized/characterized in the previous studies'®'® were utilized as the RI/LALLS
standards. = The GPC trace was also examined for the previously synthesized star PI
sample'? to confirm lack of degradation during the storage.

Table 5-1 summarizes the molecular characteristics of the linear and star PI samples thus
determined. The materials subjected to rheo-dielectric measurements under steady shear and
large amplitude oscillatory strain (LAOS) were solutions of linear and star PI samples in an
oligomeric butadiene (0B2; Nisseki PB2000 obtained from Nisseki Co; 1,2-vinyl:1,4-cis/trans
=83:17, My = 2x 103, MM, = 2).12’19) The PI concentration was 5 and 20 wt% for the linear
and star PI solutions, respectively. These solutions were prepared by firstly dissolving
prescribed masses of PI and 0B2 samples in benzene (at a concentration ~ 5 wt%) and then
allowing benzene to thoroughly evaporate, firstly in ambient condition for 1 day and then in

high vacuum at 50°C for 2 days. In addition to the neat PI/oB2 solutions, solutions
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containing a small amount (600 ppm wt/wt in the solution) of hollow silica particles with the
diameter of = 10 um (HGS-10, Deantec Dynamic) were also prepared with the same method.
These particles served as the tracer for detecting the shear velocity profile in the samples, as
14)

in the experiment by Wang et al.

Table 5-1. Molecular characteristics of PI samples

107*M,, MM,

Linear PI 144 1.12
Star PI* 17.9 (for arm) 1.03

a: synthesized/characterized in Ref.12.

5-2-2. Measurements.
5-2-2a. dielectric measurements.

For the linear and star PI solutions in oB2 containing no tracer particles, dielectric
measurements were conducted with an impedance analyzer/dielectric interface system (1260
and 1296; Solartron) and a homemade circuit, the latter being comprising of a function
generator (1941, Wave Factory), an electrometer (6485 Picoammeter, Keithley), and a digital
recorder (DL708E, Yokogawa). (No dielectric measurement was attempted for the solution
containing the particles because the particles introduced ionic impurities to disturb the
measurements.) The former system was utilized for measurements under a sinusoidal
electric field (at angular frequencies @ = 0.1-10° ™), and the latter circuit, for measurements

under rectangular electric field on the basis of the adsorption current (AdC) method reported
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in literature,'>2%-%?

The measurements utilized cone and plate electrodes mounted on a laboratory rheometer
(ARES, TA Instruments). Fig. 5-1 schematically shows the structure of the electrodes.
The electrodes, made with stainless steel, were designed/machined in the previous study.'?
The plate radius was r, = 2.5 cm, and the gap angle between the cone and plate was 6, = 2.0°.
The cone had a truncated head to avoid contact with the plate electrode (counter electrode).
The cone and plate electrodes were attached to to stress detector of rheometer

the driving shaft and the torque detector of the

insulator

rheometer, respectively. Thus, the cone 1 em
electrodes

electrode rotated during the rheo-dielectric

guard ——

measurements under steady shear, whereas the insulator contac ring

N
b

outer edge of the cone, mutually insulated by a i Hg reservoir

plate electrode was fixed. The inner part and

to electrically grounded
teflon block, served as the main and guard rheometer drive

Fig. 5-1. Schematic illustration of cone and
electrodes, and the inner (main) electrode was plate electrodes mounted on a rheometer.'”
connected to a metallic contact ring immersed in a mercury reservoir so that the rotation of
this electrode did not disturb the measurement: The impedance analyzer/dielectric interface

system and the homemade circuit explained above were connected to the mercury reservoir,

and the rotation of the contact ring in this reservoir gave negligibly small electrical noise for
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the signal from the sheared samples. The electrical contact to the counter electrode (plate
electrode) was made with a thin coaxial wire that did not disturb the stress measurement (for
the stress > 10 Pa).

The rheo-dielectric measurements under steady shear flow and large amplitude oscillatory
shear strain (LAOS) were conducted with the AdC method for the linear and star PI solutions
at reference temperatures 7. = 23°C and 18°C (room temperature), respectively.

The measurements at equilibrium (no flow/LAOS) were made with the AdC method at
these 7; and also with the standard method (utilizing the sinusoidal electric field) at several
temperatures including those 7:. Time-temperature superposition was valid, and the data

obtained with the standard method were reduced at 7.

5-2-2b. particle tracking velocimetry:'"” The PI/oB2 solutions containing the tracer particles
were subjected to the steady shear/LAOS in the cone-and-plate geometry (electrodes)
explained above. The local velocity profile therein was determined by tracing the particles
with a high-speed video camera (VW-6000, Keyence Corporation). The camera was set just
beside the cone-and-plate geometry, and its focus was placed on the geometry edge to record
the trajectories of the particles nearby the edge. The video images of those particles were
digitized to determine the particle position / (height in the cone-and-plate gap measured from

the plate surface) and the velocity v in the shear direction. The viscoelastic data explained
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below were indistinguishable for the solutions with and without particles because the particles

were dilute. Thus, the velocity profile of the particles was utilized as the flow profile in the

particle-free solutions.

5-2-2c. rheological measurements: For the linear and star PI/oB2 solutions at respective

reference temperatures, 7; = 23 and 18°C, steady shear and LAOS measurements were

conducted with the cone-and-plate geometry (electrodes) mounted on the rheometer. These

rheological measurements were made for the solutions with and without the tracer particles,

and the rheo-dielectric measurement was simultaneously conducted for the particle-free

solutions. The rheological data agreed for the solutions with and without the particles.

Thus, the dilute tracer particles had no detectable effect on the rheological behavior of the

solutions, and quite possibly no effect on the flow profile as well. For this reason, the

velocity profile of the particles was utilized as the flow profile in the particle-free solutions

for which the rheo-dielectric behavior was examined.

For comparison, the above rheological measurements were made also with a smaller

cone-plate geometry (standard accessory of ARES) having the radius r, = 1.25 cm and the gap

angle 6., =5.73° (0.1 rad). The rheological data obtained with this geometry agreed with

those from the large geometry utilized for the rheo-dielectric measurements, confirming

accuracy of the data obtained with the latter geometry. In addition, dynamic viscoelastic
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measurements at a small strain amplitude (y = 0.1 in the linear response regime) were made
for the particle-free solutions at several temperatures including the reference temperature 7
explained above. The time-temperature superposition was valid for the storage and loss
moduli G' and G" thus measured, and the shift factor ar was identical to that obtained for

the dielectric data. These moduli data were reduced/compared at 7.

5-3. Analysis of Data in Linear Regime.

Under small strain and weak electric field, any material (including the PI solutions
examined in this Chapter) exhibits linear responses. In particular, under a small-amplitude
sinusoidal strain oscillating at an angular frequency w, y(f) = ysin wt, the linear viscoelastic
responses are characterized with the storage and loss moduli G'(w) and G"(w) explained
in Chapter 2 (cf. Egs. 2-9 and 2-11). Similarly, the linear responses against a weak
sinusoidal electric field E(f) = Epsin wt are characterized with the decrease of dynamic
dielectric constant Aeg'(w) (=¢€'(0)-¢€'(w)) and dielectric loss &"(w) (cf. Egs. 2-10 and
2-12). These linear responses are intimately related to the relaxation spectra (cf. Egs. 2-13
and 2-14), and they exhibit the characteristic power-law behavior at low w where all
relaxation processes are completed; G'(w), Ae'(w) xw” and G"(w), €"(w) xw at such
low w (cf. Egs. 2-15 and 2-16). The terminal viscoelastic and dielectric relaxation times Tt

)

. . 23
and 7,, defined as the second-moment average relaxation times,”” are evaluated from the
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data in this power-law regime (flow regime), as explained for Eq. 2-17:

_— =[A€'(‘") } (5-1)

we" (W)

T; =

[ G'(w)
wG"(w)

In contrast, under fast shear at a rate y well above the linear viscoelastic relaxation
frequency 1/t,, the molecular motion in the liquid is highly disturbed and significant
nonlinearity prevails. This nonlinearity is characterized, for example, by the steady state

viscosity defined in terms of the steady state stress oy as

) ="T(V) (5-2)

5-4. Analysis of Rheo-dielectric Data in Nonlinear Regime.

Either in the absence or presence of fast steady v

shear flow, any material (including PI) exhibits

“linear” dielectric responses against a weak electric ]

N N

field (superposed on the steady flow). It should ﬁ /-

be noted, however, that those linear dielectric
Fig. 5-2. Schematic illustration of

crer . voltage and current in AdC method.
responses do not reflect the equilibrium dynamics g

if the dielectric data are obtained under fast steady shear, as discussed in Chapters 3 and 4.

12,20-22
d,'> )

In the experiments with the adsorption current (AdC) metho a rectangular voltage

V(¥) is applied to a material, and the resulting current /() is measured, as schematically shown

in Fig. 5-2. The voltage has the Fourier components specified by*”
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V() =V, > isinwpt (5-3)
where w, = p/t,is the angular frequency of pth component determined by the half-period 7, of
the voltage; cf. Fig. 5-2. The linear response to this V(#) is the current I(f) that is
contributed from motion of ionic impurities giving the dc current /,, and from motion of

dipoles in the system giving the relaxational current /., (#). (In this study, a method of ion

124)

removal through adsorption on a freshly baked glass wall”™” was employed to minimize /,..)

The I

relax

(r) data (= I(¢) - 1,.), given by a convolution of the electric field (o V(t)) and the

normalized dielectric relaxation function ®(¢), are compactly written as*”

£, Ecosa)pt—Asf:(M;—y) Ecoswp(t—t’)dt' (5-4)

p=odd p=odd

_4vC,
()-2

relax
where C) is the vacant capacitance of the dielectric cell (cone and plate electrodes; cf. Fig.
5-1), ¢, is the high-frequency dielectric constant, and A¢ is the dielectric relaxation intensity.
(This 1,,(f) corresponds to the time-derivative of the polarization, dP(f)/dz, discussed in
Chapter 3.) On the basis of Eq. 5-4, the dynamic dielectric constant (permittivity) &'(w)

and dielectric loss &"(w), that are usually measured with a standard method utilizing the

sinusoidal voltage, can be obtained through the Fourier integral of I, (£):*”

' 1 )

€ (a)p) = W, fo Ire]ax(t)cosa)pt dr (5-5a)
" 1 ) .

£ (a)p) = Ve, fo Irelax(t)sma)pt dr (5-5b)
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The same information can be obtained by measuring the /., (#) data for sufficiently long

elax

time (until it decays below the experimental resolution and I(f) coincides with the

t-independent /,)) and then decomposing the I, (7) data into exponential relaxation modes

a2
L (1) = 2V,C A Y h, exp(—L) -0, , exp(-L) (5-6)
“~T,, T,, “~T,, T,,
with
O = [} )t (= 7 1(s) 1) ()

The mode relaxation time 7, , and the normalized mode intensity 4, (satisfying %, 4, = 1)

obtained from the above decomposition coincide with those defined in Chapter 2 (cf. Egs.

2-14), so that ¢'(w) and ¢€"(w) are expressed as

0’T’ +i0T
{£0)-&'(@)} +ic" (@) =Ae Y h, e - V-1) (5-8)
~ +w'T,

(In this study, €'(w) and &"(w) at equilibrium/under steady shear flow were evaluated on

the basis of either Eq. 5-5 or Eq. 5-8. The data obtained with these two methods were found

to coincide with each other.)

The situation is a little different under large amplitude oscillatory strain (LAOS). The

analysis in Chapter 3 suggested that the relaxational current 7, (f) against a constant electric

field exhibits oscillatory decay. Indeed, this oscillatory decay was confirmed from

experiments. Thus, the [,

relax

() data under LAOS could not be decomposed into the
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exponentially decaying modes in a way shown in Eq. 5-6. Such features of the /1, (7) data

are discussed in more detail later in section 5-5-4a.

5-5. Results and Discussion
5-5-1. Overview of data in linear regime

In the PI/oB2 solutions examined, the number of entanglements per linear PI chain and/or

span (two arms) of the star PI are evaluated as”)

N=M/(M./¢"?) = 5.9 for linear PI (in 5 wt% solution) (5-9a)

Nypan = 2Mam/(M.°/ ¢') = 8.8 for star PI (in 20 wt% solution) (5-9b)
where M.* denotes the entanglement molecular weight of bulk PI (= 5x10°)*> and ¢ is the
volume fraction of PI in the solution. Thus, in the solutions the linear and star PI chains
were in a moderately entangled state.

For these linear and star PI solutions at 7, = 23 and 18°C, respectively, Figs. 5-3 and 5-4
show double logarithmic plots of the linear viscoelastic storage and loss moduli, G'(w) and
G"(w), the decrease of the dynamic dielectric constant from the static permittivity, Ae'(w)
= £(0)-¢'(w), and the dielectric loss &"(w) against the angular frequency w.  The filled
and unfilled circles, respectively, indicate the dielectric data obtained with the standard
method (utilizing the sinusoidal electric field) and with the adsorption current (AdC) method

(utilizing the rectangular electric field) explained earlier. With the latter method, the
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relaxational current /.j.x(¢), obtained by subtracting a direct current contribution due to ionic

impurities, was Fourier-transformed to give A¢'(w) and &"(w). (The l.x(?) data are later

shown in Figs. 5-15 and 5-16.) These A¢'(w) and €"(w) data agree well with the data

obtained with the standard method.

linear PI/oB2 o J'
3 | 23°C ﬂgfwu
<
S
<)
1)
°
. -1
=
& 5
S 12 0;
& o
13 2
m:
4

log (wa/s!)

Fig. 5-3. Viscoelastic and dielectric behavior of
linear PI/oB2 solution (5 wt%) at 23°C. Thin blue
curves indicate the viscoelastic moduli calculated
from the dielectric data on the basis of full-DTD

relationship.

star PI/oB2
18°C

log (G'/Pa), log (G"/Pa)
(3}

log (way/s™)

Fig. 5-4. Viscoelastic and dielectric behavior of star
PI/oB2 solution (20 wt%) at 18°C. Thin blue and
thick red curves, respectively, indicate the
viscoelastic moduli calculated from the dielectric
data on the basis of full-DTD and partial-DTD

relationships.

As explained in section 5-3, the linear viscoelastic and dielectric data shown in Figs. 5-3

and 5-4 exhibit the flow behavior characterized with the power-law behavior at sufficiently

low , G'(w), Ad'(®w)xw’ and G"(w), Ae"(w)*xw . The second-moment average

viscoelastic relaxation time (cf. Eq. 5-1) is evaluated from these power-law tails as

76(0) =22 s for linear PI, 75(0) = 34 s and star PI (5-10)
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where “(0)” explicitly shows that the relaxation time was evaluated in the linear regime. If

the steady shear is applied at rates y > 1/75(0), the dynamics of the PI chains deviates from

equilibrium to prevail significantly nonlinear viscoelastic behavior, as discussed later Fig. 5-9.

5-5-2. Test of molecular picture of dynamic tube dilation for data in linear regime
Because the PI chains have type-A dipoles parallel along the chain backbone, their
normalized dielectric relaxation ®(#) in the linear regime is given by the auto-correlation

functions, as explained in Chapters 2-4:%-%2"

(R.(OR,0) -
T (for linear PI) (5-11)

> (Rl (R 0)

(D(t) = a,o'=1
4(Rims ).,

D(1) =

(for g-arm star PI) (5-12)

Here, R,(¢) indicates the component of the end-to-end vector of the linear chain in the
direction of the electric field (chosen to be y direction), and <--->¢, specifies the ensemble
average at equilibrium (in the absence of the electric field). Rgf‘nl’y(t) denotes the y
component of the end-to-branching point vector of ath arm of the star chain (composed of ¢
arms). The terminal viscoelastic relaxation reflects the decay of the orientational anisotropy
throughout the chain backbone (cf. Eq. 2-1). Thus, the large-scale motion of linear/star PI

chains activates the dielectric relaxation in the same range of frequency as that for the

viscoelastic relaxation, as confirmed in Figs. 5-3 and 5-4.
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Despite this similarity in the relaxation time scale of the viscoelastic and dielectric data,
there is an important difference between these data. Namely, the normalized viscoelastic
relaxation function w(?) (= G(t)/Gy) reflects the isochronal orientational anisotropy of the
subchains (cf. Eq. 2-1), whereas the dielectric ®(¢) detects orientational correlation of all
subchains at two times (¢ and 0; cf. Eqgs. 5-11 and 5-12). Thus, the chain motion is
differently averaged in u(z) and ®(¢), which leads to lack of a unique relationship between
w(f) and B(p), 16172830

This lack of uniqueness in turn means that the chain dynamics can be characterized
through a particular relationship between u(f) and ®(¢) experimentally observed for PI chains.
Specifically, for entangled chains, a simple analysis of chain conformation specifies several
characteristic relationships according to magnitudes of the dynamic tube dilation (DTD)

considered in the tube model:!'®!72%30

(i) For no DTD: u(t) = ®(¢) (5-13)
(ii) For full DTD: u(f) = {¢' ()} = {®@)}* (d=13forPI)  (5-14a)
. , _ L ) -d/2 2 _
with ¢'(r) = ®@f) + N' [{(p (0} 1] (5-14b)

(N' =4N and 8Ny, for linear and star PI)

(iii) For partial DTD:
wit) = ¢'(O/p1) (5-15a)
1 2
ith ¢'(r) =®()+ — S| 5-15b
with ¢'() =) + —[(pw}" 1] (5-15b)

(N' =4N and 8Ny, for linear and star PI)

The viscoelastic u(¢) and dielectric ®(¢) coincide with each other if the constraint release
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(CR) mechanism is quenched to activate no DTD; cf. Eq. 5-13. The dynamics of dilute
probe chains in a matrix of much longer chain is known to fall in this case.*®

On the other hand, the DTD process is undoubtedly activated if the CR mechanism is not
quenched. Specifically, the relaxed portions of the chains behave as a “solvent” to fully
loosen the entanglement constraint to a level expected for a solution in this “solvent”, if the
chain rapidly explores all local conformations within a length scale of the dilated tube
diameter agq.prp in this solution.  For this case of full-DTD, the tube survival fraction

@'(r) determines the dilated tube diameter as asmuprp = a{¢@'(?) }‘d/2

(with a being the
diameter of undilated tube), thereby giving wu(z) = {(p'(t)}Hd (Eq. 5-14a) with the dilation
exponent d = 1.3 for PI.  ¢'(¢) is in turn related to the dielectric ®(¢) through Eq. 5-14b.
The second term in RHS of Eq. 5-14b, involving the number of entanglements per linear
chain N and/or per arm of the star chain Nym, represents a minor correction for the dielectric
relaxation activated by the chain fluctuation at the edges of the surviving portion of the

dilated tube.'®!"*

This correction becomes important only in the terminal relaxation

regime at long ¢, and ¢'(r) essentially coincides with ®(z). Consequently, w(?) is

numerically close to {®(#)}* (cf. Eq. 5-14a) in the entire range of #, as shown later in Fig. 5-5.
If the chain cannot explore, in time, all local conformations within the length scale of

asi-ptp, the tube diameter does not effectively increase to amy.prp. For this case of

partial-DTD, the tube dilates to a@partiat-pTD = a{/g’(t)}”2 (< agmnprp), where the number of
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entanglement segments f(¢) corresponding to @paria-ptp 1S determined by competition of the
CR mechanism with the other mechanisms of chain motion along the tube such as
reptation/arm retraction. In general, B(¢) specifies the upper bound of spatial coarse-graining
in a given time scale, and f(¢) coincides with {¢'(¢) }'d if the CR mechanism allows the tube
to fully dilate to anu.pp in the sense explained above. The viscoelastic u(¢) for partial-DTD
is given by Eq. 5-15a, where the tube survival fraction ¢'(¢) is evaluated from [(¢) and the
dielectric ®(¢) (cf. Eq. 5-15b). The second term in RHS of Eq. 5-15b gives the minor
correction explained above, and ¢'(r) essentially coincides with d(7) also in the case of
partial-DTD.

G*(w) and Ae*(w) in the frequency domain are equivalent to the relaxation functions wu(¢)
and ®(7) in the time domain. Thus, the dynamics of the linear and star PI chains in the oB2
solutions can be assigned to one of the three cases explained above through comparison of the
G*(w) and Ae*(w) data. Figs. 5-3 and 5-4 clearly show differences in the @w dependence of
the G*(w) and Ae*(w) data. Thus, without any further analysis, the data lead to a conclusion
that the DTD process activated by the CR mechanism contributes to the relaxation of both
linear and star PI chains.

The Ae*(w) data shown in Figs. 5-3 and 5-4 were subjected to inverse Fourier
transformation to give ®(f). Ae*(w) re-calculated from this ®(7), shown in Figs. 5-3 and 5-4

with the thin green curves, agree well with the Ae*(w) data (green plots), indicating a
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satisfactory accuracy of ®(¢) thus obtained. This d(¢) was utilized in Eq.5-14b to calculate

@'(r) for the case of full-DTD through the

iteration method reported in literature.'® 0 &

star PI/oB2

Furthermore, ¢'(7) is utilized in Eq. 5-14a

1+d
).

to evaluate urprn(?) (= {¢'(2)} As an

[ * Ueprp(D)
o Uy prp(D)

log u(1), log {®(1)}?
S

example, ueprp(f) for star PI is shown in 3 2 1 0

log (1/s)
Fig. 5-5 (small blue dots). This uepp(?) is

Fig. 5-5. Comparison of normalized viscoelastic

relaxation function for the cases of full- and

numerically close to the squared dielectric partial-DTD, uepro(f) and  wypro(f), with

squared dielectric relaxation function, {®(7)}7,
relaxation function (large green squares), as

for star PI (20 wt%) in the oB2 solution at 18°C.
already explained for Eq. 5-14a.

In Figs. 5-3 and 5-4, Geprp*(w) for the case of DTD, calculated from ueprp(?) (Eq. 2-11
with Gy being replaced by the entanglement modulus Gy), are shown with the thin blue curves.
For linear PI (Fig. 5-3), Geprp™®(w) is close to the G*(w) data, except at high w (> 1 s') where
the local Rouse relaxation within the entanglement segment (not considered in Eq. 5-14)
significantly contributes to the data. In contrast, for star PI (Fig. 5-4), Geprp*(w) significantly
deviates from the G*(w) data in the dominant part of the terminal relaxation at low w (< 1s™).
Thus, the full-DTD relationship is valid for linear PI but not for star PI, which is in harmony
16,17,28-30)

with the conclusion for bulk PI reported in literature.

A test of partial-DTD relationship (eq. 5-15) requires data for the dielectric CR relaxation
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time 7j,. The ty, data for monodisperse systems, to be evaluated from extrapolation of
7o, data for binary blends, are not available for the 20 wt% solution of star PI in oB2.
Nevertheless, the viscoelastic 7. data for monodisperse star PI in bulk suggest that 7.’ is
close to twice of the measured terminal viscoelastic relaxation time g for star PI having Nypan
= 2N,m= 9, as noted from Fig. 9 of Ref. 30. For the Rouse CR process, the viscoelastic and
dielectric CR times satisfy a relationship 7, =27, as explained in Chapter 2. ~ Thus, for
the star PI chain in the 0B2 solution having Nypan = 8.8, the best estimate was obtained as 7,
= 415(0) = 136 s (cf. Eq. 5-10). With this estimate of (., the Rouse-CR function ycr(?)
and the maximum possible number of CR-equilibrated entanglement segments Scr(?) (=

)

1/1cr(7)) were calculated for the star PI solution, as did in literature.”” (For simplicity, the
Y plicity.

)

intrinsic Rouse fluctuation considered in literature’?” was not involved in the current

calculation.) Fig. 5-6 compares this Scr(?) with 08
star PI/oB2 N
, d . 06 | 18°C am )
Prnom(?) (= { @' () }7°), the latter being
Q
@ 04 f
obtained in the calculation of urprp(?) for the oo
02 r "
case of full-DTD. Clearly, Bri-ntp(f) exceeds 0 |
-3 -2 -1 0 1 2

. . log (1/s)
Pcr(?) in the entire range of ¢ up to 7(0),

Fig. 5-6. Comparison of the maximum

meaning that the CR mechanism does not allow possible number of entanglement segments of
star PI that can be CR-equilibrated in time,
the tube for the star PI chain to dilate up to the Per(), and the number of segments

coarse-grained in the case of full-DTD,

diameter assumed in the full-DTD picture. Bran-o(?).
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This result explains why the full-DTD relationship fails for star PI (cf. thin blue curves in Fig.
5-4). In contrast, for linear PI, Buu.pro(¢) did not exceed Pcr(?) (results not shown here) to
ensure validity of the full-DTD relationship.

For star PI, uy.prp(?) for the partial-DTD process was obtained from Eq. 5-15a with f(7)
therein being replaced by fcr(f) shown in Fig. 5-6. (¢'(r) was re-evaluated from this Bcr(?)
and the dielectric ®(¢) data; cf. Eq. 5-15b.)  This w,-pro(?), shown in Fig. 5-5 with red circles,
relaxes slowly compared to urpro(f). This slow relaxation of u, prp(?) partly results from
rather slow growth of fScr(?) (that reaches the number of entanglements per arm, Nym, at ¢ ~
76(0); cf. Fig. 5-6.) In Fig. 5-4, Gp.pp™(w) calculated from w, prp(?) is shown with the thick
red curves. This G,.prp*(w) agrees well with the G*(w) data, except at high w (> 1 s) where
the local Rouse relaxation (not considered in Eq. 5-15) significantly contributes to the data.
Thus, the partial-DTD relationship is valid for star PI, which again confirms the conclusion for
bulk PI reported in literature.**~"

In summary, the validity and invalidity of the full-DTD picture have been confirmed for
the linear and star PI in the solutions. This result suggests that an extra room for tube dilation
remains for the star PI but not for linear PI in the linear viscoelastic regime (at equilibrium).
This difference between the linear and star PI at equilibrium could be one of the key factors for

understanding a difference in their rheo-dielectric behavior under fast shear flow, as discussed

in the following sections.

-114-



5-5-3. Rheo-dielectric behavior under steady shear.

5-5-3a. experimental observation.

5)
linear PI/oB2, 23°C
yis! A oo
Figs. 5-7 and 5-8, respectively, show =% — 0 (equilibrium) g
0 o 0.03
_“, 3| = o1
the Ae'(w) and ¢"(w) data of the <& 803
g
linear and star PI solutions under steady
4 . . .
43 -2 -1 0 1
shear flow at the rates y as indicated. log (w/s™)
Fig. 5-7. Rheo-dielectric behavior of linear PI/oB2
(The data were obtained with the AdC solution (5 wt%) at 23°C.
method and the relaxational current was
star PI/oB2, 18°C
Fourier transformed to obtain Ag'(w) 2 vt
— 0 (equilibrium)
o 0.03
'2 o 0.1
and ¢"(w), as explained for Figs. 5-3 s a 025
2 4|
and 5-4.) The Weissenberg number
. . -4
775(0) defined with respect to the 5
terminal viscoelastic relaxation time in
:(Q
3
the linear regime, 7g(0) (Eq. 5-10), =
ranges from 0.7 to 6.7 for linear PI and ,
=3 -2 -1 0 1
from 1.0 to 8.5 for star PI. For log (afs™)

Fig. 5-8. Rheo-dielectric behavior of star PI/oB2

comparison, the data at equilibrium (y = solution (20 wt%) at 18°C

0; already shown in Figs. 5-3 and 5-4) are reproduced with the solid curves.

The Green-Kubo (GK) theorem, relating the dielectric signal of PI to the end-to-end (or
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end-to-branching point) fluctuation, is satisfactorily valid under steady shear, at least up to the
order of 7°, as discussed in Chapter 3. Consequently, the dielectric relaxation function under

steady shear, ®(7), is safely described by Eqgs. 5-11 and 5-12 with the average < . > being taken

under the steady shear. Thus, the data
presented in Figs. 5-7 and 5-8 serve as a rigid
basis for discussing the fluctuation in the
shear-gradient direction (the direction of the
electric field).

This fluctuation is rather insensitive to the
steady shear for linear PI but moderately
accelerated for star PI, as noted in Figs. 5-7
and 5-8. This behavior can be quantitatively
examined in Fig. 5-9 where the terminal
dielectric relaxation time 7, (defined by Eq.
5-1) under steady shear is normalized by its
equilibrium value 7,(0) and plotted against the

Weissenberg number defined with respect to

the terminal relaxation time, yt;(0). For

comparison, the viscosity 7 measured simultaneously with the Ag¢' and &" data are also shown
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(a) linear PI/oB2, 23°C
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Fig. 5-9. Shear rate dependence of the
rheo-dielectric relaxation time (filled red
circles) of the linear and star PI solutions. For
comparison, plots are shown also for the
non-Newtonian viscosity (7; blue squares) and
the dynamic viscosity in the linear regime (7';

blue curves).



in a normalized form (7(y) data reduced by the zero-shear viscosity 7). The thin blue curves
indicate the normalized dynamic viscosity 7n'(w)/n, (with n'(w) =G"(w)/w) plotted against
the normalized frequency, wt;(0). The viscosity 1(y) exhibits considerable thinning, and its
y dependence is close to the w dependence of the linear viscoelastic 1'(w) (namely, the

empirical Cox-Merz rule”” is valid). Despite

. . (a) linear PI/oB2, 23°C
this nonlinear feature of mn(y) , the 300
ysl
o 0.03
rheo-dielectric 7, of linear PI hardly decreases 5, 200 201
E
£
. . . S B
(by ~10% at the maximum) in the range of y 160
. o 0 : - :
examined. For star PI, 7, exhibits a 0 02 04 06 08 1
h/H
~ 0 1
detectable decrease (by ~50%) but this (b star PL/oB2, 18°C
. . . /s
decrease is considerably milder compared to 200 b 3;33
- A 0.1
o ‘ ; 0025
the thinning of n(y). All these features are 2 100
similar to those explained in Chapter 2.
0 L 1 L
0 02 04 06 08 1
The flow velocity profile determined by hH

Fig. 5-10. Flow velocity profile in the PI
tracing the dilute particles dispersed in the PI solutions determined with particle tracking

velocimetry. The particle velocity in the shear

solutions is shown in Fig. 5-10, where the direction, v, is plotted against the particle height

h from the fixed plate normalized by the gap H.
particle velocity v is plotted against the Solid lines show the profile for uniform flow (no

shear banding/no secondary flow).

particle height 4 from the fixed part of the

rheometer (plate) normalized by the gap H between the cone and plate. The particles did not
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affect the viscoelastic data, as explained earlier. For the shear rates examined in Fig. 5-10, the
measured profiles (plots) agree, within experimental resolution, with the solid lines that represent
the profile for uniform flow associated with no shear banding/no secondary flow. Flow
instability due to the edge fracture (partly similar to the shear banding reported in literature'*™"'”)
was observed for the linear PI solution at 7 = 0.6 s'. The mild deviation of the plot from the
line seen in Fig. 5-10a for y = 0.3 s might be attributed to a weak heterogeneity in the flow
profile (a pre-effect of such flow instability). However, the lowest local rate evaluated from the
least steep part of the plot for 7 =0.3 5", Jioea = 0.22 s, is well above 1/76(0) (= 0.045 s™) so
that the weak heterogeneity, if any, hardly affects the plot of 7, in Fig. 5-9a. Thus, the weak y

dependence of 7, (in particular for linear PI) associated with strong thinning of 1 reflects a real

feature of the chain dynamics under uniform flow.

5-5-3b. origin of weak shear effect on the rheo-dielectric behavior

The weak y dependence of 7, of linear and star PI is the real feature under uniform flow,
as confirmed in the previous section. This weak dependence could be attributable to several
different mechanisms.

The first mechanism to be considered is the convective constraint release (CCR)
mechanism®” that is incorporated in the current tube model as the key mechanism to suppress

unphysical decrease of the stress on an increase of y (> 1/16(0)). This mechanism
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unavoidably results in a decrease of 7, that is similar, in magnitude, to the decrease of 1, as
explained in Chapter 4. More specifically, this strong 7 dependence of . is directly found
in the expression of the relaxation time in the CCR model firstly proposed by lanniruberto and
Marrucei,’ 1/76(7) = 1/76(0) + Ky with the factor K being determined by the chain
orientation. Furthermore, detailed calculation based on the current tube model(s) results in a
strong acceleration of the dielectric relaxation under fast shear. An example is shown in Fig.
5-11 for the Graham-Likhtman-McLeish-Milner (GLaMM) model.” The model calculation,

kindly made by Dr. R. Graham at University

PI 1190k/0B-2 O OCECROOECE
of Nottingham, targets an entangled linear 5 2 | D% EEB
vt o
o " H
- Ecefe <
PI/oB2 solution (Mp; = 1.19x10° and wp; = S &°
g e 17.0) 77
= 3L o 0 0
‘ o ) B Ae' o 89 0.2
15 wt%) examined in literature. He 0505 ° 0
1 1 |
-1 0 1 2

. . log wt (0
calculated the local correlation function g 0t (0)

o L.GLaMM (N = 25)
C(n,t;m) defined by Eq. 2-31 with the ¥ oooooooooooooo(?ogjé
_;) e"IAe 0008@0000 00008809000000
1) OO o OO OO OO
. . . . 1 O
closure approximation similar (through not § ° 5 &o° %°ooo %o,
s -1 - o e} (¢]
_2 o OO OOOOOOQ
. . . .. O Ag' > o} . :
identical) to that in the original GLaMM & ABie o 770 7%
o 0 0
© O 39 0.31
2 1 I 1
model, and further evaluated the dielectric -1 0 1 2
log wt,(0)

relaxation function by integrating C(n,t;m) Fig. 5-11. Comparison of rheo-dielectric data of
entangled linear PI solution® (top panel) with

. . . . ] 9
with respect to the subchain indices # and m. calculation of GLaMM model” (bottom panel).

(This evaluation method is valid because the Green-Kubo theorem holds satisfactorily for the
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end-to-end fluctuation under steady shear flow.)

Fig. 5-11 clearly shows that the calculated rheo-dielectric relaxation exhibits an
order-of-magnitude acceleration under the fast shear at the terminal-time-based Weissenberg
number yr,(0) = 39 (Rouse-time-based Weissenberg number yr, = 0.31), whereas the

data'?

show much less acceleration (by a factor of ~30% even at yz,(0) =29). Thus, even
the GLaMM model, the most elaborated tube model available now, does not reproduce the
rheo-dielectric behavior (that reflects the orientational memory of the chain between two times,
0 and ¢), although this model excellently describes the viscoelastic data as well as the small
angle neutron scattering data®" (both detect the isochronal segment distribution or orientation).
Furthermore, the multi-chain sliplink simulation based on the primitive chain network model
(NAPLES), that automatically exhibits the CCR behavior, describes the 7 data very well but
overestimates the y dependence of 7, as already shown in Fig. 3-2. Thus, some factor is
still missing in the current tube model(s) and sliplink simulations.

One possible hypothesis to explain the weak shear effect on the rheo-dielectric behavior
can be found in the concept of “hidden entanglement appearance” (HEA) proposed by
Ianniruberto and Marrucci.’”? Namely, if the CCR-induced removal of entanglements of a
given chain (probe) is compensated by rapid, isotropic reformation of entanglements with the

surrounding chains, the orientational anisotropy/stress of the probe chain does not change, in

principle, thereby retaining the strong thinning of 7, whereas the path length for

-120-



reptation/arm retraction increases (toward the length at equilibrium) on this reformation to
reduce the shear effect on 7,.

This isotropic entanglement reformation under flow would occur for both linear and star
chains. However, at equilibrium, the full-DTD relationship is valid for the linear chain but
not for the star chain (cf. Figs. 5-3 and 5-4). This result suggests that the star chain at
equilibrium has an extra room for tube dilation compared to the linear chain. Then, under
the steady shear, the CCR effect competing with the isotropic entanglement reformation could
be stronger for the star chain than for the linear chain to give the mild y dependence of t, for
the star chain (that is still weaker than the dependence of 7).

The above hypothesis sounds reasonable but does not complete the whole molecular story.
First of all, a recent experiment®™ for binary PI/PI blends composed of dilute short probe
chains in a matrix of much longer chains suggests that monodisperse linear PI chains at
equilibrium exhibit reptation along a partially dilated tube that wriggles in the fully dilated
tube. In other words, the full-DTD picture valid for those chains at equilibrium just specifies
the relation between the tube survival fraction and the modulus, i.e., the stress level, but does
not predict the relaxation time (that is determined by the reptation path length). No
corresponding data are available for star PI blends containing dilute short probes, and it
remains unknown if the retraction path length of the star arm at equilibrium is shortened by

the CR/DTD mechanism more significantly compared to the reptation path length of the
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linear chain. Thus, the above argument for the difference of 7, of the linear and star chains

under flow, being based on the validity/invalidity of the full-DTD picture at equilibrium,

needs to be further tested experimentally.

The second possible hypothesis is the anisotropy of the subchain mobility under shear

flow, as discussed in Chapter 4. If the chain is highly oriented under shear flow, the

mobility in the shear (x) direction may become enhanced whereas that in the shear gradient ()

direction could remain unaffected. If this is the case, the chain motion in the x direction is

accelerated to reduce the orientational anisotropy/stress thereby providing the viscosity with

strong y dependence, whereas the motion in the y direction is less accelerated to give

y-insensitive t,, as verified for the anisotropic mobility model in Chapter 4.  Nevertheless,

the difference in the y dependence of 7, was noted for the linear and star PI in essentially the

same range of the Weissenberg number y7,(0) where 1 decreases similarly for linear and

star PI (Fig. 5-9). This fact suggests that the anisotropy in the mobility is not determined

only by the chain orientation but could depend on the mode of chain motion. This point is to

be further examined with the aid of dynamic models and/or simulation.

5-5-4. Rheo-dielectric behavior under LAOS.

5-5-4a. behavior detected with constant electric field:

For the linear and star PI solutions, respectively, Figs. 5-12a and 5-12b show the stationary
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Lissajou’s  patterns  (stress-strain  patterns) (a) linear PI/oB2,23°C, Q =15

400
obtained under LAOS at the angular frequencies o 200 1 "
5 o — o1
= - 05
Q =1and 0.1 s™', respectively. These Q values -200 — 1
-400 — 4
were chosen to be well above the terminal
. . . . (b) star PVoB2, 18°C, Q = 0.1 5
viscoelastic relaxation frequency of the solutions, 3000
X _ 1500
wg(0) = 1/176(0) = 0.045 and 0.029 s for linear g ;
B 0 (!
T£ - 0.1
) -1500 — 05
and star PI, respectively (cf. Eq. 5-10). The —
-3000 ; — 2
405 0 05 1
LAOS amplitude y, was varied from 0.1 (in the b
(¢) nonlinear moduli
. . 5
linear regime) to 2 or 4, and the stress o(f) and ¢
_ 4 | Qs
g II—LL\.\
strain ¢(¢) (= ysin Qf) shown in the Lissajou’s *a B o1e g o Sl
S
Eﬂ I 101——.—&
patterns are normalized by y. The patterns are 25 | 1e—e~@\§i‘;m
)

. . . 45 -1 05 0 05 1
distorted from ellipsoid on an increase of y > 0.5. f—

This distortion corresponds to contribution of Fig. 5-12. Lisssajou’s patterns obtained for

linear and star PI solutions under LAOS at the
higher order odd harmonics to o(f) for large frequency €2 and amplitude y as indicated
(panels a and b). In panel ¢, the magnitude of

33,34) apparent modulus is plotted against y.

Yo
Nonlinearity under LAOS provides the Lissajou’s pattern with not only the distortion but
also a decrease of the maximum value of the normalized stress, o(f)/y, that can be defined as

the magnitude of apparent modulus ‘Gapp *‘ (‘Gapp *‘ reduces to the magnitude of the

G*\

well-defined linear viscoelastic modulus |G * under small strains.) In Fig. 5-12c, app
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evaluated from the Lissajou’s patterns (a) and (b) is plotted against the LAOS amplitude y

(unfilled symbols). For comparison,

Gy *‘ of the linear and star PI solutions obtained at

higher Q are also shown (filled symbols). For both solutions, the decrease of

G*\

app
becomes significant for yp > 0.5. The decrease in this range of y and at Q > wg is well known
for entangled polymers. **~%

Uniformity of the strain field under the above LAOS condition was examined by tracing
particles in the samples. For the linear PI solution, the particles were clearly observed for all
Q and y, values examined and the particle positions were digitalized/analyzed as explained
earlier. This was the case also for the star PI solution (except at Q =1 s and y, = 1 where the
sample surface became wavy and the particles were not clearly observed; no analysis was
attempted for this case). It turned out that the oscillation of the particle position was in phase
with the macroscopic oscillation of the moving part (cone) of the rheometer, and the maximum
velocity vmax Of the particles (in the shear direction) was observed when the particles were
located at the center of oscillation.

For the linear and star PI solutions, Umax thus determined is shown in Figs. 5-13 and 5-14,
respectively. Umax 18 plotted against the particle height /4 from the fixed part of the rheometer
(plate) normalized by the gap H between the cone and plate. The solid lines indicate the

relationship realized for uniform oscillatory strain field without shear-banding and/or

secondary flow,
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h
Umax = EyOBCPrPQ (5-16)
where 7, and 6, denote the plate radius and the gap angle between the cone and plate,

respectively. The data (plots) coincide, within experimental uncertainty, with the lines,

confirming the uniformity of the LAOS field.

linear PI/oB2, 23°C 200 star PI/oB2, 18°C
— -1 _ 1
3000 | @ Q=1 & @Q=01s
o 1so p
B o 0.1 e o 0.1
2 o 0.5 )/ ] iy
g 2000 o1 = o 05
g o2 3 100 f
\g 4 é
3 =
S 1000 F 0 |
0 0
0 02 04 06 08 1 0 02 04 06 08 1
h/H WH
20000
() Q=10s1
_ 15000 400
= 2
= 10000 \83:
g g 200
S g
5000 S
0 0 1 1

0 0.2 0.4 0.6 0.8 1

WH
Fig. 5-13. Maximum velocity vy, of particles

. . . . . Fig. 5-14. Maximum velocity vpm. of particles
dispersed in the linear PI solution. v, is £ Y Uma P

) ) ) ) dispersed in the star PI solution. vp, is plotted
plotted against the particle height / from the fixed

plate normalized by the gap . Solid lines show against the particle height /# from the fixed plate

Umax realized for uniform oscillatory strain field. normalized by the gap . Solid lines show vpax

realized for uniform oscillatory strain field.

The adsorption current (AdC) method explained earlier was utilized to obtain the relaxational
current /i.1.x(¢) under the rectangular electric field. Figs. 5-15 and 5-16 show the [i.1.x(?) data

obtained for the linear and star PI solutions, respectively. For comparison, the I

relax

(t) data at
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equilibrium (without LAOS) are shown with the thick solid curves. (Those I:!

relax

(t) data were

utilized to evaluate Ae'(w) and &"(w) shown in Figs. 5-3 and 5-4.) Clearly, the I}

relax

(t) data

decays monotonically with time, whereas /.j.x(?) under LAOS oscillates around I

relax

(t). This

oscillation never vanished even at long ¢ >> 75(0) (= 1/wg(0)) where I°]

relax

(1) fully decayed to
zero. I (t) oscillates with a period of #/Q2 in most cases, although the oscillation is not
perfectly sinusoidal and thus contributed from harmonics oscillating with different periods (for

the higher harmonics of LAOS).

linear PI/oB2, 23°C star PI/oB2, 18°C
0.012 5 0.0015
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f b)Q=10s1 0.004 { §@E=1s
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0.002 .
-0.04 ' 0 4 8 12 16 20
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. . Fig. 5-16. Relaxational current [ .x(t) measured
Fig. 5-15. Relaxational current /., (t) measured for

. . . for the star PI solution under the LAOS condition
the linear PI solution under the LAOS condition as

o . . as indicated. Thick solid curve shows the I cp.x(t)
indicated. Thick solid curve shows the I,.«(t) data

o . data at equilibrium (without LAOS).
at equilibrium (without LAOS).

-126-



The oscillation of I..x(f) observed under LAOS is intimately related to the oscillation of
the conformational distribution function fiaos coupled with LAOS, as analyzed in Chapter 3.

Specifically, the analysis indicates that this oscillation of fiaos forces I.i.x(?) to oscillate

t+m/Q Iave
t-x/Q Trelax

around a monotonically decaying average, I (1)=(Q/2m)[ (t')dr' . This

relax
oscillatory feature of Zrc1ax(?) is consistent with the data in Figs. 5-15 and 5-16, lending support
to the analysis in Chapter 3.

The analysis in Chapter 3 also suggests that the oscillation includes, in principle, all
harmonics of LAOS (having periods of 27/pQ with p = 1, 2, 3,...) because of the normalization
condition for faos (cf. Egs. 3-16 and 3-18), but the oscillation dominantly occurs with the period
wQ (p = 2) accompanying the squared strain, y* (= y2sin®Qr = {y2 /2}{1-cos 2Q¢}) if the
LAOS effect on fraos is rather mild. This theoretical argument is also consistent with the
experiments, as noted in Fig. 5-17 where the Fourier power spectra J(w) of the Aliclax(?) = Lrelax(?)

— I«

relax

(1) data (= Leax(?) — I, (¢); oscillatory component of /.x) are shown for the linear and

relax

star PI solutions subjected to fast LAOS (at Q = 10 and 1 s™', respectively).

In a very qualitative sense, the decay of the average I (f) becomes faster if the
end-to-end fluctuation is accelerated by LAOS, and vice versa, as noted from the analysis in
Chapter 3. The data in Figures 5-15 and 5-16 suggest no significant acceleration of the decay of
I (1) under LAOS, which is in harmony with the results obtained under steady shear (Figs.

relax

5-7 and 5-8).
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It may look tempting to make detailed (@ linear PUoB2, 25°C, @ = 105"

analysis of the [x(f) data under LAOS 40 | ?
;30| £
. . g :
(and their power spectra) for extracting S Ll . |
= 0123456789 +g‘?l
@l/Q —— 0.5
o . . 10 | — 1
quantitative molecular information from —2
0 2 J
o 1 2 3 4 5 6 71 8 9
w/Q

those data. Such analysis is interesting

" (b) star PI/oB2, 18°C,Q =15

and important but, unfortunately, highly
40 | 2
complicated to be achieved rigorously, 5 30l §1
% <
because the conformational distribution 0123456789 )
10} 2 ol
- (\'”
. . . 0 W
function fraos is coupled with LAOS to o 1T T
W/Q
oscillate with time, as explained in Fig. 5-17. Fourier power spectra J(w) calculated

from the relaxational current /,.x(f) data for the linear
Chapter 3. This oscillation leads to and star PI solutions (Figs. 5-14 and 5-15) at the

highest LAOS frequencies  examined for respective

oscillatory decay of the [...x data, but the solutions.  J(w) is plotted against a normalized
angular frequency w/Q2. The inset magnifies the weak

oscillatory parts of fi aos and /relax are not but detectable harmonics.

in proportion to each other and a relationship between these parts depends on the functional

form of fiaos. In other words, fiaos cannot be straightforwardly and uniquely determined

from the /.ax data, unless some approximation is made. For this reason, this Chapter attempts

no detailed/molecular analysis of the data shown in Figs. 5-15 and 5-16.
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5-5-4b. comment for measurements with sinusoidal electric field:

In relation to the above complication in the analysis of the data obtained for the constant
(rectangular) electric field, one might consider that the apparent dielectric loss &"(w) under
LAOS is to be measured with the standard method utilizing the sinusoidal electric field. In

3336 However, those

fact, such &"(w) data have been reported and discussed in literature.
€"(w) data are equivalent to the Fourier transformation of /.j.x(t) that exhibits the oscillatory
decay (cf. Figs. 5-15 and 5-16) and are affected by the interference between the LAOS and
electric fields, as explained in Chapter 3. (No similar interference occurs under steady shear):
This interference provides &"(w) with an artificial relaxation process that is in a sense similar
to the resonance at w = pQ with p =1, 2, ...; cf. Eq. 3-25 in Chapter 3 (where the relaxational
current /.x(f) corresponds to the time derivative of polarization, dPpLaos/dz.) Furthermore,
<Ry2 > evaluated from the relaxation intensity of &"(w) under LAOS deviates from the real
<Ry2 > averaged during the LAOS period (cf. Fig. 3-4), meaning that the &"(w) data under
LAOS do not include the full/straightforward molecular information of the chain dynamics
under LAOS. Analysis of such &"(w) data is extremely complicated even compared to the
analysis of the /l..x(f) data under the constant electric field. This analysis, if made for the

data under LAOS, should result in a physically unreasonable molecular picture. For this

reason, this Chapter did not attempt to measure/analyze ¢"(w) under LAOS.
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5-6. Conclusion

This Chapter examined the rheo-dielectric behavior of entangled solutions of linear and

star PI chains subjected to steady shear. The particle tracking velocimetry confirmed

uniformity of the flow field (lack of shear banding/secondary flow) in the range of

Weissenberg number Wi (= yt,(0)) examined. For linear PI examined at Wi < 7, the

dielectric behavior was hardly affected by the steady shear, whereas the viscosity 7 exhibited

considerable thinning. In contrast, for star PI, the dielectric relaxation was mildly

accelerated by the steady shear in a similar range of Wi (< 8.5), but this acceleration was less

significant compared to the thinning of 7. These rheo-dielectric features were observed

under wuniform steady shear, which suggests that the linear and star PI chains exhibit

essentially different dynamics under steady fast shear. This difference possibly reflects a

difference of the constraint release effect for those chains at equilibrium/under flow and is

also related to anisotropy of the subchain mobility (cf. Chapter 4) that would emerge if the

chains are highly oriented.

The rheo-dielectric behavior of the linear and star PI chains was examined also under

LAOS. The uniformity of the LAOS field was confirmed from the particle tracking

velocimetry. The relaxational current under a constant (rectangular) electric field exhibited

oscillation around the monotonically decaying average current, and the main period of

oscillation was close to /€2 with Q being the LAOS angular frequency. This behavior lent
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support to the analysis made in Chapter 3 on the basis of the Green-Kubo theorem. The

decay of the average current was not significantly affected by LAOS, which was in harmony

with the behavior observed under steady shear.
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Chapter 6. Summary

Following the general introduction (Chapter 1) and the description of current molecular
pictures for the entangled polymer dynamics (Chapter 2), the results of theoretical analysis
and experiments for rheo-dielectric behavior of type-A cis-polyisoprene (PI) chains are
described/discussed in Chapters 3 to 5. The findings in these chapters are summarized below.

In Chapter 3, a theoretical analysis is conducted for the molecular expression of the

dielectric response of the type-A PI chains under steady shear and LAOS. The analysis

based on the Langevin equation suggests that the rheo-dielectric response under steady shear
can be satisfactorily described by the end-to-end vector auto-correlation function and thus the
Green-Kubo theorem holds satisfactorily for the end-to-end fluctuation even at high shear
rates where significant nonlinearities are observed for viscoelastic properties. In particular,
exact coincidence of the dielectric relaxation time and end-to-end fluctuation time is
concluded from the analysis. In addition, the rheo-dielectric intensity under steady shear is
found to be proportional to the mean-square chain size in the shear gradient direction, <Ry2>
(that is an average over the time-independent conformational distribution function).

In contrast, under large amplitude oscillatory strain y = yosin Q¢ (LAOS), the Green-Kubo
analysis shows that the conformational distribution function f;aos is coupled with the LAOS

field to oscillate with time, and the rheo-dielectric response detects this oscillation of fi aos.
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Thus, the response against a constant electric field exhibits an oscillatory decay (with the
dominant oscillation period of 77/Q2). The response against the sinusoidal electric field splits
into a series of two components oscillating at w and w=+pQ (b =1, 2, ...), where w is the
angular frequency of electric field, and a resonant-like feature is noted for the latter
component.  Consequently, the rheo-dielectric intensity under LAOS, evaluated from the
former component, is no longer proportional to <Ry2>

In Chapter 4, a non-equilibrium Langevin equation model for weakly entangled polymers,
incorporating anisotropic mobility tensor (the anisotropic mobility model), was formulated
and analyzed. The anisotropic mobility tensor was phenomenologically introduced on the
basis of the symmetry argument and diffusion simulation. In the anisotropic mobility model,
the dynamics of the polymer chains is anisotropically accelerated, and both the shear thinning
of the steady state viscosity and the shear rate insensitive rheo-dielectric response function,
observed experimentally, are naturally reproduced (though qualitatively). This is in contrast
to the conventional CCR model, which incorporates the isotropic acceleration that
unavoidably results in the acceleration of the rheo-dielectric relaxation. The anisotropic
mobility model can also reproduce the difference in the shear rate dependence of the parallel
and perpendicular moduli detected with a small oscillatory strain imposed on the steady shear
in respective directions.

Chapter 5 is devoted for experimental tests of the rheo-dielectric behavior of entangled
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solutions of linear and star-branched PI under uniform steady shear and LAOS. The particle

tracking velocimetry confirmed uniformity of the flow field (lack of shear banding/secondary

flow) in the range of Weissenberg number Wi (= y7,(0)) examined. For linear PI examined

at Wi < 7, the dielectric behavior was hardly affected by the steady shear, whereas the

viscosity 717 exhibited considerable thinning. In contrast, for star PI, the dielectric relaxation

was mildly accelerated by the steady shear in a similar range of Wi (< 8.5), but this

acceleration was less significant compared to the thinning of 7. On the basis of the

molecular expression of the rheo-dielectric response function analyzed in Chapter 3, these

rheo-dielectric features, observed under uniform steady shear, suggest an essential difference

in the dynamics of the linear and star PI chains under steady fast shear. This difference

possibly reflects a difference of the constraint release effect for those chains at

equilibrium/under flow and is also related to anisotropy of the subchain mobility (cf. Chapter

4) that would emerge if the chains are highly oriented.

The rheo-dielectric behavior of the linear and star PI chains was examined also under

LAOS, where the strain uniformity was confirmed from the particle tracking velocimetry.

The relaxational current under a constant (rectangular) electric field exhibited oscillation

around the monotonically decaying average current, and the main period of oscillation was

close to 7/Q2 with Q being the LAOS angular frequency. This behavior lent support to the

analysis made in Chapter 3 on the basis of the Green-Kubo theorem. The decay of the
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average current was not significantly affected by LAOS, which was in harmony with the

behavior observed under steady shear.
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