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ABSTRACT: The nonlinear relaxation modulus was examined for styrene—isoprene (SI) diblock copolymer
micelles having rigid (glassy) S cores and flexible I corona blocks. These micelles, being dispersed randomly
in entangling and/or nonentangling matrices of homopolyisoprene (hl), exhibited fast and slow relaxation
processes. The fast process reflected the orientational relaxation of the corona I blocks, and the slow
process detected the relaxation of the Brownian stress og. This op reflected the anisotropy of micelle
distribution and relaxed through the micelle diffusion. The fast and slow processes exhibited the nonlinear
damping of the modulus under large step strains (y), and the time-strain separability was observed for
both processes in either the entangling or nonentangling matrices. For the fast process, the damping
function A«(y) hardly changed with the SI micelle concentration Cs; and matrix molecular weight Matrix
and was close, in magnitude, to A(y) of homopolymers. The nonlinearity of the corona relaxation
characterized with this 2(y) was attributed to retraction of the strain-elongated corona blocks occurring
prior to their rotational motion (orientational relaxation). The damping function A4(y) of the slow process,
being smaller than idy), decreased with increasing Cg;. This nonlinearity of the slow process, similar to
that of Brownian suspensions, reflected the y-insensitivity of the micelle distribution anisotropy for large
y, and the strong Cs; dependence of hi(y) was attributed to relative rotation of concentrated micelles
colliding with each other under large strains. (This rotation is similar to random mixing, thereby reducing
the anisotropy and enhancing the damping.) Interestingly, the damping of the slow process was weaker
in the entangling matrices than in the nonentangling matrices. This effect of the corona—matrix
entanglement, observed for both the concentrated and dilute micelles with and without corona—corona
entanglement, was attributed to the elasticity of the entangling matrices that disturbed the relative
rotation of the mutually colliding micelles. A similar elastic effect of the corona—corona entanglement on
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the damping behavior was also noted.

1. Introduction

Styrene—isoprene (SI) diblock copolymers with rela-
tively small S content form spherical micelles having S
cores and I corona in homopolyisoprene (hI) matrices.
These micelles are randomly dispersed in the matrix
when the intercorona osmotic interaction is efficiently
screened by the matrix hl chains, i.e., when the micelles
are not highly concentrated and the matrix chains are
sufficiently shorter than the corona blocks.!™® Such
micellar dispersions behave as viscoelastic liquids to
exhibit multistep relaxation:1=9 After the relaxation of
the matrix chains, the micelles exhibit fast and slow
relaxation processes. The fast process represents the
orientational relaxation of the corona I blocks, and the
slow process detects the relaxation of the Brownian
stress og due to micelle diffusion.®=? This op is equiva-
lent to the viscoelastic stress of Brownian suspensions
of nanoparticles!~16 and reflects an anisotropy of the
spatial distribution of the micelles raised by the applied
strain.

Under large strain/fast flow, the micellar dispersions
exhibit significant nonlinearities according to the above
relaxation mechanisms. Previous studies®!? revealed
that the SI micelles having no corona—corona entangle-
ment and being dispersed in a nonentangling matrix
exhibit nonlinear damping of the relaxation modulus
G(t,y) for both the fast and slow processes. The time-
strain separability held for each process!'” and the non-
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Newtonian behavior under fast flow were well correlated
with this damping behavior through a BKZ constitutive
equation.!® The nonlinearity of the fast process (corona
relaxation), characterized with a damping function Agy)
that was hardly dependent on the micelle concentration
and close to A(y) of homopolymers, was attributed to
retraction of the strain-elongated corona blocks occur-
ring faster than their rotational motion (orientational
relaxation). In contrast, the damping was larger for the
slow process, and its damping function hs(y) decreased
strongly with increasing micelle concentration. These
features of the slow process were very similar to those
of the Brownian suspensions'®1® and reflected the
nature of the Brownian stress op:!” The distribution
anisotropy of the micelles becomes insensitive to the
applied strain y with increasing y. Thus, for large y, op
determined by this anisotropy is only weakly dependent
on y to give the strong damping of G(¢,y) (= og/y at long
times ¢). This damping is enhanced when the strain
leads to intermicellar collision, thereby activating rela-
tive rotation of the colliding micelles and reducing the
distribution anisotropy, as similar to the situation for
the Brownian suspensions of silica particles.!®16 The
strong decrease of hs(y) with the micelle concentration
is attributable to this collision-induced reduction of the
anisotropy.

Thus, experiments have revealed the similarities in
the nonlinear behavior of the micelles having no corona—
corona and corona—matrix entanglements and the
Brownian silica suspensions. For the micelles having
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Table 1. Characteristics of Samples

sample code 1073Msg 10-3M7 M /M,
SI Diblock Copolymer
SI 68-122¢ 67.8 122.0 1.06
SI 14-29° 13.9 28.8 1.06
Homopolyisoprene
1-33¢ 33.4 1.04
1-19¢ 19.2 1.05
I-8¢ 8.2 1.03
I-2¢ 1.6 1.14

@ Ms (weight-average molecular weight) of the precursor S block
was determined from GPC elution volume calibration with mono-
dispese polystyrenes (Tosoh), and M1 was evaluated from this Mg
value and the UV/RI GPC signal ratio measured for the copolymer
sample. The M/M, ratio of the copolymer sample was evaluated
from the elution volume calibration. ® Synthesized and character-
ized in the previous study.? ©M; (weight-average molecular
weight) and M/M, ratio were determined from GPC elution
volume calibration with standard monodispese homopolyisoprenes.
d M, of I-2 was determined from a ratio of XH NMR signals from
the sec-butyl group (initiator fragment) and monomers, and M,/
M, ratio was evaluated with the GPC elution volume calibration.
The M; shown in Table 1 (= weight-average molecular weight)
was obtained from these M, and M/M, values.

these entanglements, the linear viscoelastic behavior
was studied,?3® but no experiment was made in the
nonlinear regime. Thus, we examined effects of the
entanglements on the nonlinear relaxation of the SI
micelles. It turned out that the corona—matrix entangle-
ment weakened the nonlinearity possibly because the
elasticity of entangling matrices disturbed the relative
rotation of colliding micelles. A similar elastic effect of
the corona—corona entanglement on the damping be-
havior was also noted. Details of these effects are
presented in this paper.

2. Experimental Section

2.1. Materials. A styrene—isoprene diblock copolymer, SI
68-122, and four homopolyisoprene (hI) samples, 1-33, 1-19,
1-8, and I-2, were anionically synthesized with sec-butyllithium
in benzene. These samples were characterized with GPC (CO-
8020 and DP-8020, Tosoh) equipped with refractive index (RI)
and ultraviolet absorption (UV) monitors (LS-8000 and UV-
8020, Tosoh). The I-2 sample was also characterized with 'H
NMR (JNM-AL400, JEOL). The molecular characteristics of
these samples are summarized in Table 1, where the code
numbers indicate the molecular weights in unit of 1000.

The systems subjected to rheological measurements were 5
and 15 wt % blends of SI 68-122 in the hI samples and a 15
wt % blend of a previously utilized SI copolymer,'718 ST 14-29
(molecular characteristics shown in Table 1), in I-19. These
blends were prepared by first dissolving prescribed masses of
the SI and hI samples in benzene to make homogeneous
solutions (of concentration =5 wt %) and then allowing benzene
to thoroughly evaporate. Since the S content in these blends
was small (<6 vol %), spherical micelles having S cores and I
corona were formed in these blends. The matrix hl chains were
considerably shorter than the corona I blocks and efficiently
screened the intercorona osmotic interaction. Thus, the SI
micelles were randomly dispersed in the hl matrices to exhibit
the terminal relaxation reflecting their diffusion. (The corona
I blocks of these micelles should have been in the wet brush
state.”)

The corona I blocks of the SI 68-122 and 14-29 micelles and
the I-33 and I-19 matrix chains have the molecular weights
well above the entanglement molecular weight for bulk hI,¥
M.° =5 x 103. Thus, the corona—matrix entanglement was
well developed in all SI/I-33 and SI/I-19 blends examined. The
corona blocks are barely entangled with the matrix chains in
the SI/I-8 blends (Mmatix = 1.6M.°), and no corona—matrix
entanglement was formed in the SI/I-2 blends (Mmatix =
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0.3M.°). Furthermore, the neighboring micelles in the 15 wt
% SI 68-122 blends were mutually entangled through their
corona I blocks, as judged from the corona molecular weight
(M; =122 x 10%) being larger than a critical molecular weight
for the corona—corona entanglement, M. = M¢°/¢ccorona = 50 X
103 (¢corona = corona volume fraction in the matrix phase). On
the other hand, the micelles were not mutually entangled in
the 5 wt % SI 68-122 blends and 15 wt % SI 14-29 blend.

Hereafter, the micelles with and without mutual entangle-
ments are simply referred to as the concentrated and dilute
micelles, respectively, although the dilute micelles examined
here are not in the infinitely dilute state.

2.2. Measurements. For the SI/hI micellar dispersions
(blends), rheological measurements were conducted with a
laboratory rheometer (ARES, Rheometrics) in a cone—plate
geometry of the plate diameter = 2.5 cm and the gap angle
between cone and plate = 0.1 rad.

Dynamic measurements were conducted at several temper-
atures (—20 °C = T =< 80 °C) below T of the S block (micelle
core) but well above T, of the corona I blocks and hI matrix
chains. The amplitude of the oscillatory strain was kept small
(=0.05) to ensure the linearity of the storage and loss moduli,
G'(w) and G"(w), measured as functions of the angular
frequency w. The time—temperature superposition was valid
for these G' and G" data (because the micelle structure did
not change with T at T' < T,®), and the data were reduced at
25 °C.

For all SI/hI blends, stress relaxation experiments against
step strains of magnitude y (=4) were conducted at 7= 5 and
25 °C to measure the nonlinear relaxation modulus G(t,y) as
a function of time ¢. The G(¢,y) data at 5 °C were reduced at
25 °C with the aid of the shift factor for the linear viscoelastic
G' and G" data. For the series of the SI/I-19 blends, steady
flow measurements were also conducted at 25 °C for complete-
ness of rheological characterization.

3. Results and Discussion

3.1. Overview of Linear Viscoelastic Behavior.
For the SI 68-122/1-19 blends with the SI concentration
Cst = 5 and 15 wt %, Figure 1 shows the storage and
loss moduli G' and G" reduced at 25 °C. Spherical SI
micelles with glassy S cores and flexible I corona are
formed in these blends. As explained earlier, the corona
blocks are entangled with the matrix I-19 chains in both
blends, and the neighboring micelles in the 15 wt %
blend are mutually entangled through their corona. The
dotted curves indicate the behavior of the matrix I-19
chains in their bulk state. The blends clearly exhibit
three-step relaxation process, with the highest-w process
being attributed to the orientational relaxation of the
matrix chains. The middle-w and low-w processes detect
the fast and slow relaxation processes of the SI micelles.
Similar behavior was observed for all SI/hI blends
examined.

Diffusion experiments’ ® and analysis of the terminal
relaxation time236 indicated that the slow process of
similar SI micelles detects the relaxation of the Brown-
ian stress og due to the micelle diffusion over a distance
= the S core diameter. Dielectric experiments®68 (de-
tecting the motion of the corona I blocks having electri-
cal dipoles parallel along the chain backbone) and
analysis of the viscoelastic mode distribution267 indi-
cated that the fast process of the micelles is assigned
to the orientational relaxation of individual I blocks.
This assignment was confirmed also for our SI micelles,
as explained below.

For star-branched homopolymers having less than 18
arms per chain, the complex modulus normalized with
the arm molecular weight M, and concentration C,
Gy* = MaynG*/C with G* = G' + 1G", is universally
dependent on the normalized frequency wtgsta, at low w
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Figure 1. Linear viscoelastic behavior of the 5 and 15 wt %
SI 68-122/1-19 micellar blends at 25 °C (unfilled circles). The
dotted curves denote the behavior of the matrix I-19, and the
small filled circles show the behavior of the corona I blocks
deduced from that of star hl solutions. Thick and thin arrows
indicate the relaxation frequencies of the fast and slow
processes, 1/Tcorona and 1/7s. For further details, see text.

(tstar = relaxation time of the star arms).2° Considering
this universality, we utilized G* data of star hl in the
literature?! to estimate Gga* of star solutions having
M, and C identical to M7 and Cy of the micellar corona
I blocks. Since the corona relaxation in the I-19 matrix
is affected by the steric hindrance from the glassy S
core?™® as well as the corona—matrix entanglement,® the
estimated Ggior™ (being free from these effects) did not
agree with the G* data of our SI/I-19 blends when
plotted against uncorrected w. However, this Ggtar™
agreed well with the blend data when plotted against
an appropriately shifted frequency Aw; see Ggtar' shown
with the filled circles in Figure 1. This agreement means
that the relaxation mode distribution of fast process of
our SI micelle is close to that of the star arms, confirm-
ing that this process is attributed to the orientational
relaxation of individual corona I blocks.

3.2. Linear Viscoelastic Relaxation Times. The
above agreement between G* of the SI/hI blends and
star solutions allowed us to evaluate the corona relax-
ation time 7corona from the known shift factor 4 and the
relaxation time of the star arm 7sar aS Teorona = Tstar/A-
This Tcorona Well specifies the terminal regime of the fast
process; see thick arrows in Figure 1.

Similarly, the zero-shear viscosity and steady-state
compliance due only to the corona relaxation were
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Figure 2. Dependence of (a) zero-shear viscosity of the matrix
hI and (b) relaxation times of the fast and slow processes of
15 and 5 wt % SI 68-122/hl blends at 25 °C on the matrix
molecular weight. WLF correction was made for the data in
the shortest I-2 matrix to reduce the data at an isofrictional
state (= 25 °C in higher-M matrices).

evaluated as 10,corona = 7]0,star//1 and Jeorona = Jstar, With
no,star aNd Jstar being the know viscosity and compliance
of the star solution. From these 70 corona a0d Jcorona values
together with the viscosity and compliance data of the
SI/hI blends and pure matrix (obtained from their G*
data), we evaluated the terminal relaxation time of the
slow process as’

T, =

2 2 2
Jblend”/O,blend - Jcorona”/O,corona - ¢matrimeatrix770,matrix

77O,blend - 770,corona - ¢matrix770,matrix

(D

Here, ¢matrix is the matrix volume fraction in the blends.
This 75 well specifies the terminal regime of the slow
process; see thin arrows in Figure 1.

In Figure 2a,b, the matrix viscosity and the relaxation
times of the fast/slow processes of the SI 68-122/hl
blends at 25 °C are plotted against the matrix molecular
weight Mpatrix. For the lowest-M I-2 matrix having a
lower T, compared to that of the other matrices, we
made a standard WLF analysis!® to make a free-volume
correction for the monomeric friction {. The viscosity
data in this iso-¢ state show the well-known behavior!?
770,matrix O Mmatrix for Mimagix < M. and 770,matrix O Mmatrixg'5
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Figure 3. Comparison of linear viscoelastic 75 of the slow process of various SI and styrene—butadiene (SB) micelles with two
kinds of Stokes—Einstein diffusion time, 7sgmat and Tsgcor. The copolymer code numbers indicate 1073Ms—10"3Myp. Parts a and
b respectively show double-logarithmic plots of sk mat and sk cor against 7 for dilute micelles, and parts ¢ and d show the plots for
concentrated micelles. Solid lines indicate relationships, 7sgmat = 7s (in parts a and ¢) and tsgcor = 7s (in parts b and d). The data
for SI blends in entangling and nonentangling hI matrices are shown with the large symbols with and without pips, respectively,
and the data for SB blends in a nonentangling hB matrix* (M = 2 x 10%) are shown with the small filled symbols.

for Mpatrix > M. with M. = 10* for hI'? (cf. Figure 2a).
The M matrix dependence of Teorona (filled symbols in Figure
2Db) is related to the corona dynamics in the following
way: For Muyawix < M., the corona blocks exhibit their
intrinsic relaxation behavior free from an effect of the
corona—matrix entanglement and thus have Mnatrix-
insensitive Tcorona in the iso- state. In contrast, for
M atrix > M, Teorona INcreases with Mi.iix because of a
significant constraint release (CR) effect from the
matrix, as fully discussed previously.? (For the pure CR
mechanism, the corona relaxation is activated by the
motion of the entangling matrix chains to have 7 yona
essentially proportional to Tmatrix.)

In Figure 2b, we also note that 75 (micelle diffusion
time) and 7Tcorona 0f 15 wt % blends exhibit nearly the
same Mpatrix dependence while for the 5 wt % blends
the dependence is stronger for 75 than for Tcorona. This
result suggests a difference in the diffusion behavior of
the concentrated (15 wt %) and dilute (5 wt %) micelles.
This difference can be examined by comparing the 74
data with two kinds of Stokes—Einstein (SE) time
utilizing the 70 matrix and 7o,corona data as the effective
viscosity for the micelle diffusion:®

ds2/kT 2)

TSE,mat =nR micelleno,matrix

— 2
TSE,cor - anicellenO,coronadS / kBT (3)

Here, kg is the Boltzmann constant, 7" is the absolute
temperature, dg is the S core diameter (= diffusion
distance for the slow process’™), and Rpicee is the
micelle radius: Rumicle is estimated to be 0.5ds + 2V2Ry g,
where Ry is the unperturbed end-to-end distance of the
I block and the factor 22 accounts for expansion of the
corona I blocks due to the steric repulsion?? from the S
core (having ds comparable to Ryg).24 The ds and Rig
values for our micelles, ds = 42 nm and Ry = 29 nm
for SI 68-122 and ds = 16 nm and R1y = 14 nm for SI
14-29, were estimated from SAXS data of structurally
similar micelles?? and the unperturbed radius of gyra-
tion of hI chains.2*

For the SI micelles examined in this study, Figure 3
shows plots of 7sg mat and 7sg cor against the 7 data. The
unfilled circles and square with pip indicate the plots
for the SI 68-122 and SI 14-29 micelles in the entangling
matrices (I-33 and I-19), and the unfilled circles without
pip are for the SI 68-122 micelles in the nonentangling
matrices (I-8 and I-2). The unfilled squares and triangle
without pip show the plots for the previously examined
SI micelles,2 SI 14-29 and SI 43-86 (Mg = 43.2 x 103,
M; = 85.8 x 103) in a nonentangling I-4 matrix (M =
4.1 x 10® < M.°), and the small filled symbols are for
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styrene—butadiene (SB) diblock copolymer micelles in
a nonentangling B-2 matrix* (M = 2 x 103). In all these
systems, the matrix chains were considerably shorter
than the corona blocks, and these blocks were in the
wet brush state.?

In parts a and b of Figure 3, sk mat and tsg cor 0f the
dilute micelles (having no corona—corona entanglement)
are double-logarithmically plotted against the 7, data.
As seen in part a, Tsgmat is in close agreement with 7.
An agreement is found also between tsg cor and s (part
b) because 70 corona 0f the dilute micelles examined were
incidentally close to 7o matrix. However, this incidental
agreement vanishes on a further decrease of the micelle
concentration: #ocorona Of the dilute micelles is es-
sentially proportional to the micelle concentration, and
thus 7sg cor (O 70,corona) Vanishes at infinite dilution, while
75 of those micelles becomes constant (>0) on infinite
dilution. In part b, this behavior is most clearly noted
for the dilute SI 14-29 micelles in the same matrix (I-4)
but having different concentrations (= 8 and 15 wt %);
see the unfilled squares connected with a dotted curve.
These results demonstrate that the diffusion of the
dilute micelles is governed by the matrix viscosity
7]0,matrix-

In contrast, for the concentrated micelles having the
corona—corona entanglement, 7sg mat 1S not correlated
with 7, and smaller than s, while 7sg cor is close to 75 (in
particular for the SI micelles); see parts ¢ and d of
Figure 3. Thus, the diffusion of the concentrated mi-
celles is governed by the corona viscosity #o,corona. This
result is naturally expected from a fact that the con-
centrated (mutually entangled) micelles are elastically
coupled through their corona blocks, and their diffusion
occurs only after these blocks relax.3:6

3.3. Overview of Nonlinear Relaxation Behavior.
For the 15 and 5 wt % SI 68-122 blends in the
entangling I-19 matrix, Figure 4 shows double-logarith-
mic plots of the nonlinear relaxation modulus G(¢,y) at
25 °C against the time ¢. The G(¢,y) data were measured
at 5 and 25 °C, and the data at 5 °C were reduced at 25
°C with the aid of the shift factor for the linear
viscoelastic G* data. At these temperatures, the S cores
were glassy (to have the modulus ~ 10° Pa) and hardly
deformed by the stress due to the step strain, yG(t,y).
The thick and thin arrows indicate the relaxation times
of the fast and slow processes of the SI 68-122 micelles
in the linear viscoelastic regime, 7¢orona and 7s, and the
solid curves denote the linear relaxation modulus G(¢)
evaluated from the G* data.

In Figure 4, the G(¢,y) data exhibit two-step relaxation
exclusively attributed to the fast and slow processes of
the micelles. (The relaxation of the matrix was too fast
to be detected in our experimental window.) G(¢,y)
agrees with G(¢) (solid curve), and the linear behavior
prevails for small strains y, while G(¢,y) for large y
exhibits nonlinear damping (decrease) from G(¢). This
damping is much stronger for the slow process than for
the fast process. We also note that the damping of the
slow process is more significant for the concentrated
micelles (Figure 4a) than for the dilute micelles (Figure
4b). Similar behavior was observed for all SI blends in
entangling/nonentangling matrices.

For dilute micelles in a nonenatngling matrix, the
time-strain separability was found in the previous
study.l” The data in Figure 4 suggest the separability
for the slow process of our concentrated/dilute SI 68-
122 micelles in the entangling I-19 matrix. This sepa-
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Figure 4. Double-logarithmic plots of nonlinear relaxation
modulus G(t,y) of the 15 and 5 wt % SI 68-122/I-19 blends at
25 °C against time ¢. The data were measured at 5 ad 25 °C,
and the data at 5 °C were reduced at 25 °C with the aid of the
shift factor for linear viscoelastic G* data. Solid curves indicate
the linear relaxation modulus G(¢) evaluated from the G* data.

rability is further tested in Figures 5 and 6 where the
G(t,y) data of all concentrated and dilute SI 68-122/hI
micelles are semilogarithmically plotted against the
time ¢. The terminal tail characterized with the linear
relationship between log G(¢,7) and ¢ is observed for all
micelles at long ¢, and the terminal relaxation rate is
insensitive to the strain y; see dotted lines. This
relaxation rate agreed well with the equilibrium relax-
ation frequency, 1/7s. Thus, the time-strain separability
holds for the late stage of the slow process of either
concentrated (15 wt %) or dilute (5 wt %) SI 68-122
micelles in both entangling and nonentangling matrices.
The damping function s4(y) of this process is evaluated
as a vertical shift factor required for superimposing the
terminal tails for large y on the tail in the linear
viscoelastic regime.

For respective series of the SI 68-122 micelles having
the same Cg; (= 15 and/or 5 wt %) in various matrices,
parts a—d of Figures 5 and/or 6 demonstrate that the
damping of the slow process becomes stronger with
decreasing matrix molecular weight. Similar behavior
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Figure 5. Semilogarithmic plots of nonlinear relaxation modulus G(¢,y) of 15 wt % SI 68-122 blends in various hl matrices
against time ¢. The data were measured at 5 and 25 °C, and the data at 5 °C were reduced at 25 °C with the aid of the shift factor
for linear viscoelastic G* data. Dotted lines indicate the terminal tails of the G(¢,y) data.

was observed for the 15 wt % SI 14-29 micelles in the
I-19 and I-4 matrices (the latter examined in the
previous study!?). Furthermore, the damping in each
matrix is stronger for larger Cgi, as noted from com-
parison of Figures 5 and 6. These features of the slow
process are later discussed in relation to the damping
mechanism of this process.

3.4. Evaluation of Damping Functions. In the
previous test of the nonlinear feature of the fast process
(corona relaxation),!” we subtracted the nonlinear re-
laxation modulus G(¢,y) for the slow process from the
raw G(t,y) data to evaluate the modulus for the fast
process, Gdt,y). We utilized this method to evaluate
Gt,y) for our SI 68-122/hI and SI 14-29/I-19 blends, as
explained below.

In this evaluation, we first focused on the raw G(t,y)
data at long ¢ = 107orona With Teorona being the corona
relaxation time in the linear regime (cf. Figure 2b). In
this range of ¢, the modulus due to the corona should
fully relax and the raw data should coincide with Gs(¢,y)
for the slow process. Thus, the data at those ¢ were fitted
with a sum of exponential decay functions Gsft = Y pgp.fit
exp(—t/tp 5t), and this Gsg was subtracted from the
G(t,y) data at shorter ¢ to evaluate Ggt,y). Figure 7
shows typical results obtained for the 15 wt % SI 68-
122/1-19 blend in the linear regime (y = 0.1) and the
highly nonlinear regime (y = 4). The raw data (unfilled

symbols) were well described by the fitted Gs gt (solid
curves) at long ¢, and the subtraction successfully gave
Gdt,y) (small filled symbols). For all blends examined,
Gt,y) were similarly obtained and Ggt,y) for small y
(= 0.2) were independent of y. In the following analysis,
Gqt,y) for y < 0.2 is utilized as the linear relaxation
modulus G¢) for the fast process.

As noted in Figure 7, the nonlinear G¢¢,y) data (for y
= 4) and linear G«¢) data (for y = 0.1) exhibit nearly
the same ¢ dependence at long ¢, suggesting the validity
of the time-strain separability Gdt,y) = hdy)G(t) at long
t. Indeed, this separability was found for all SI/hI
blends. As an example, Figure 8 shows the Gf¢,y) data
of the 15 and 5 wt % SI 68-122/I-19 blends normal-
ized by respective damping functions A«y). These data
are excellently superimposed on the linear Git) data
(= [GH¢,y)],<0.2), and the separability is confirmed.

Thus, for the concentrated/dilute micelles in either
entangling or nonentangling micelles, the time-strain
separability holds for both of the fast and slow processes,
and G(t,y) can be expressed as

G(ty) = hly) GLt) + hy(y) G|@) (4)
The linear relaxation modulus and damping function
for the fast process, G(t) and h(y), are evaluated with
the methods explained for Figures 7 and 8. The linear
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Figure 6. Semilogarithmic plots of nonlinear relaxation modulus G(¢,y) of 5 wt % SI 68-122 blends in various hl matrices against
time ¢. The data were measured at 5 ad 25 °C, and the data at 5 °C were reduced at 25 °C with the aid of the shift factor for linear
viscoelastic G* data. Dotted lines indicate the terminal tails of the G(¢,y) data.

modulus for the slow process, Gs(t), is evaluated as the
function Gt = > pgp.at €Xp(—t/7p 61) that fits the linear
G(t) data of the blends at long ¢ (= 10rcorona) and the
damping function A4(y) for this process is simply evalu-
ated as the vertical shift factor required for the super-
position of the terminal tails of the G(¢,y) data having
the y-insensitive 75 (cf. Figures 5 and 6). The non-
Newtonian behavior of the micellar blends under fast
flow was well correlated with the damping behavior
under large strains (eq 4) through a BKZ constitutive
equation, as explained in the Appendix.

Focusing on the hdy) and hs(y) data thus obtained,
we examined the damping mechanisms for the SI
micelles in the entangling/nonentangling matrices. The
results are summarized below, first for the fast process
detecting the corona relaxation and then for the slow
process reflecting the micelle diffusion.

3.5. Damping Mechanism for Fast Process. For
all ST micelles examined, the fast process satisfies the
time-strain separability. In Figure 9, the hdy) data for
this process (large symbols) are compared with the A(y)
data for entangled linear/star homopolymers?526 (small
circles) and nonentangled linear homopolymers?’ (small
squares).

For the entangled homopolymers, A(y) is universally
dependent on vy irrespective of their molecular

weight.28730 This behavior is attributed to the retraction
of the strain-elongated chains that occurs before the
global rotational motion (orientational relaxation) of the
chain, and the universal y dependence is close to the
tube model prediction.??39 The time-strain separable
damping observed for the nonentangled chains?’ indi-
cates that a similar mechanism (retraction faster than
rotation) works also for these chains, although the
damping is weaker for the nonentangled chains than
for the entangled chains, and the details of this mech-
anism for the nonentangled chains have not been
clarified yet.

As seen in Figure 9, the hdy) data of the SI micelles
are close to the h(y) data of the homopolymers. This fact
strongly suggests that the damping of the fast process
of the micelles is similar to that of the homopolymers
and thus related to the retraction of the strain-elongated
corona blocks occurring in prior to the orientational
relaxation of the corona. A detailed inspection indicates
that the hfy) data of the mutually entangled and
nonentangled corona blocks respectively are close to but
a little smaller than A(y) of the entangled and non-
entangled homopolymers. This difference may be partly
related to the filler effect from the rigid S cores (that
enlarge the local strain and enhance the damping).
However, this difference is rather minor, and the
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Figure 7. Separation of the G(¢,y) data of the 15 wt % SI
68-122/1-19 blend into the moduli G(t,y) and Gs(¢,y) for the
fast and slow relaxation processes. The results are shown for
y = 0.1 (in the linear regime) and y = 4 (in the nonlinear
regime).

nonlinear damping of the fast process of the SI micelles
is essentially attributable to the retraction of the strain-
elongated corona blocks.

3.6. Damping Mechanism for Slow Process. For
the concentrated/dilute SI micelles in either entangling
or nonentangling matrices, the slow process (micelle
diffusion process) exhibits the time-strain separable
damping. For the concentrated and dilute micelles, the
hs(y) data of the slow process are shown in Figure 10a,b.
For comparison, Figure 10a also shows the A(y) data
for the Brownian suspensions of silica particles (of
radius = 40 nm) in ethylene glycol/glycerol mixture
containing salt (KC1);1516 cf. small filled symbols. The
effective volume fraction ¢ of these particles, repre-
senting the bare volume fraction plus a contribution
from a short-ranged interparticle electrostatic repulsion
not fully screened by the salt, ranges from 0.36 to 0.59.

For the silica suspensions, A(y) decreases with in-
creasing ¢.sr (see Figure 10a). Similarly, hs(y) of the SI
micelles in a given (either entangling or nonentangling)
matrix decreases with the micelle concentration Cg; (cf.
Figures 4—6 and 10). Furthermore, 24(y) of the micelles
are close, in magnitude and y dependence, to i(y) of the
silica suspensions (see Figure 10a). These similarities
between the SI micelles and silica suspensions provide
us with a clue for examining the entanglement effects
on the nonlinearity of the SI micelles, as discussed
below.

For the silica suspensions, G(¢,y) detects the nonlinear
relaxation of the Brownian stress op. This op reflects
the anisotropy of the spatial distribution of the particles,
and the damping is attributed to the y-insensitivity of
this anisotropy for large y.15:16 At large ¢.f, the particles
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Figure 8. Comparison of the normalized relaxation moduli
hi'Gt,y) (y = 0.1—4) for the fast process of the 15 and 5 wt
% SI 68-122/1-19 blends.

SI micelles
m SI68-122/1-2 5 wt% D\ Y
O SI 68-122/1-2 15 wt% N G

-  SI68-122/1-8 5 wi%

= o SI68-122/1-8 15 wt%

o0 ® SI68-122/1-19 5 wi%

=~ _1 Lk osSI681221-19 15wt%

A SI68-122/1-33 5 wt%

A SI68-122/1-33 15 wt%

+ S114-29/1-19 15 wt% A

X SI 14-29/1-4 15 wt%

homopolymer system

o entangled
o ponentangled

-2 1 1
-2 -1 0 1
log y

Figure 9. Damping function k«y) for the fast process of the
SI/hI blends as indicated (large symbols). For comparison, A(y)
data are also shown for entangled linear/star homopolstyrene
solutions??6 (small circles) and nonentangled linear homopoly-
styrene solutions?’ (small squares).

significantly collide with each other on imposition of a
large step strain to exhibit relative, rotational motion.
This motion occurs nonaffinely and is similar to random
mixing. Thus, the distribution anisotropy is reduced by
the particle collision/relative rotation, resulting in the
enhancement of the damping for larger ¢e.1%

Similarity, the nonlinear damping of the slow process
of the micelles can be attributed to the y-insensitivity
of the micelle distribution anisotropy under large strains,
and the decrease of hg(y) in a given matrix with
increasing Cs; can be related to the strain-induced
collision/relative rotation of the micelles enhanced for
larger Cgr.
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Figure 10. Damping function A4(y) for the slow process of (a)
concentrated SI/hl blends and (b) dilute SI/hI blends as
indicated (large symbols). For comparison, A(y) of Brownian
suspensions of silica particles!®!® having effective volume
fractions ¢er = 0.36—0.59 are shown in part a (small filled
symbols).

For respective series of the SI 68-122 and/or SI 14-29
micelles having the same Cg; in various matrices, Ag(y)
increases and the nonlinearity is reduced with increas-
ing matrix molecular weight Myatix, as clearly noted
in Figure 10a,b. This behavior can be related to the
above damping mechanism: The strain-induced colli-
sion/relative rotation of the micelles should raise an
extra strain in the matrix, and the matrix elasticity
would tend to diminish this strain, thereby disturbing
the rotation and reducing the nonlinearity. This elastic
effect should be enhanced in the high-M matrices
forming long-lived corona—matrix entanglements, and
the reduction of the nonlinearity with increasing M atrix
is attributed to that effect.

In relation to this molecular picture, one may expect
that the corona—corona entanglement of the SI 68-122
micelles formed on the increase of Cgr (from 5 to 15 wt
%) also tends to disturb the relative rotation of the
colliding micelles and reduce the nonlinearity. This
disturbance counteracts an enhancement of the strain-
induced collision/rotation of micelles intrinsically oc-
curring on the increase of Cg (collision probability ~
Cs?). Since the relaxation of the corona—corona en-
tanglement becomes slower with increasing M yatrix (due
to the constraint release effect from the matrix; cf.
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Figure 2b), the disturbance for the rotation due to this
entanglement would be more important and thus the
decrease of hy(y) on the increase of Cg; would be less
significant for larger Mpauix. This argument is in
harmony with the experimental observation.

3.7. Additional Comment for the Time-Strain
Separability of the Slow Process. The time-strain
separability holds for the micelle diffusion process (slow
process) because the terminal relaxation time of this
process, s, does not change with the strain y. Since 75
for the concentrated and dilute micelles are governed
by the corona and matrix viscosities (cf. Figure 3), the
separability means that these viscosities are indepen-
dent of y in a time scale of micelle diffusion. This
argument may sound trivial because the micelle diffu-
sion is much slower than the corona/matrix relaxation
(cf. Figure 2b) and the corona blocks/matrix chains
should exhibit their linear viscoelastic (equilibrium)
behavior in that time scale. However, a comment needs
to be added for the early stage of the micelle diffusion
in relation to the experimental results reported by Isono
and co-workers®!=35 and Archer and co-workers.36:37

Isono and co-workers examined the entanglement
density of high-M polyisobutylene and poly(vinyl eth-
ylene) under large step strains by superimposing a
small-amplitude oscillation thereon. They found that a
viscoelastic modulus defined for this oscillation (of the
frequency at the middle of the rubbery plateau zone) is
smaller than the linear viscoelastic modulus and con-
cluded a decrease of the entanglement density due to
large step strains.?® This decrease was also noted by
Archer and co-workers3” from analysis of the nonlinear
relaxation modulus data of high-M polystyrene solu-
tions. Archer®® also examined the nonlinear behavior
under fast flow by superimposing a small step strain
thereon and found a flow-induced decrease of the
entanglement density.

Under step strains, the entanglement density gradu-
ally recovers its equilibrium value with time, but this
recovery is slower than the stress relaxation3735 (as
most clearly observed in Figure 3 of ref 34). This result
is conceivable if we consider a fact that the stress
reflects both of the orientational anisotropy and en-
tanglement density of the chain®'737 and the stress
relaxes whenever the anisotropy vanishes even before
the complete recovery of the equilibrium entanglement
density. (This recovery appears to require a mutual
displacement of the chains over a considerably large
length scale, as judged from the results by Isono and
co-workers.) In relation to this point, Archer and co-
workers®” suggested that the recovery (reentanglement)
occurs on a time scale of constraint release (CR): For
high-M linear chains, the CR time is considerably longer
than the measured stress relaxation time.2?

This behavior of homopolymers suggests that the
entangled corona blocks and matrix chains in our SI/hl
blends would recover their linear viscoelastic viscosity
and the equilibrium entanglement density in a time
scale longer than respective relaxation times. However,
for the matrix chains having the relaxation time 7patrix
much shorter than 7, for the micelle diffusion (Tpatrix <
10~4z; cf. Figure 1), a strain-induced nonlinear decrease
of their viscosity would vanish at ¢ < 75, and even the
early stage of micelle diffusion would be negligibly
affected by this decrease. In contrast, the mutually
entangled corona blocks of the concentrated micelles
have Teorona = 107274 (cf. Figure 2b), and the nonlinear
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decrease of their viscosity may remain in the early stage
of the micelle diffusion (but not in the late stage detected
as the terminal relaxation of the SI/hI blends). For this
case, the early stage diffusion of the concentrated
micelles is expected to be accelerated under large
strains. It is an interesting subject of future work to test
this expectation (through a diffusion measurement for
dye-labeled micelles under large strains, for example).

4. Concluding Remarks

We have examined nonlinear relaxation behavior of
SI micelles randomly dispersed in homopolyisoprene
matrices. These micelles exhibited fast and slow relax-
ation processes in the linear viscoelastic regime, the
former representing the orientational relaxation of
individual corona I blocks tethered on glassy S cores and
the latter detecting the relaxation of the Brownian
stress op. This op reflects the anisotropy of the micelle
distribution and its relaxation is induced by the micelle
diffusion (over a distance = S core diameter). Under
large step strains, the time-strain separable nonlinear
damping was observed for both of the fast and slow
processes, and the damping was much stronger for the
slow process. The thinning corresponding to this damp-
ing was observed under fast shear.

For the concentrated/dilute micelles with/without the
corona—corona entanglement, the damping function for
the fast process hdy) was close to A(y) of homopolymers.
This result, commonly observed in either entangling or
nonentangling matrices, indicates that the damping of
the fast process is essentially attributed to retraction
of the strain-elongated corona blocks occurring in prior
to their rotational motion (orientational relaxation), as
similar to the situation for homopolymers.

The damping function for the slow process hs(y) was
close to h(y) of Brownian suspensions of silica particles,
suggesting that the damping of this process reflects the
strain insensitivity of the anisotropy of the micelle
distribution for large y. Furthermore, for the concen-
trated/dilute micelles, the damping was weaker in the
entangling matrix than in the nonentangling matrix.
This result suggests that the corona—matrix entangle-
ment elastically disturbs the relative rotation of the
micelles on the strain-activated intermicellar collision.
(This rotation is similar to random mixing so that the
disturbance for the rotation reduces the nonlinearity and
weakens the damping.) The corona—corona entangle-
ment gives a similar elastic effect on the damping
behavior.

Appendix. Non-Newtonian Behavior under Fast
Flow

Our previous studies showed that the dilute ST 14-29
micelles in the nonentangling I-4 matrix exhibit the
time-strain separable damping under large strains!’
(G(t,y) = hdy)Gdt) + hs(y)Gs(t); eq 4), and their non-
Newtonian flow behavior can be well correlated with
this damping behavior through a BKZ constitutive
equation incorporating eq 4.18 In this study, we con-
firmed the time-strain separability for the concentrated/
dilute SI micelles in both entangling and nonentangling
matrices (cf. Figures 4—6 and 8). For completeness of
rheological characterization, we conducted the steady
flow measurements for the SI 68-122 and SI 14-29
micelles in the entangling I-19 matrix and compared the
viscosity data with the BKZ calculation. The results are
summarized below.
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Figure 11. Steady-state viscosity #s; at 25 °C obtained for
various SI micelles as indicated (circles). The thick solid curves
denote 7g1 calculated from a BKZ constitutive equation utiliz-
ing the nonlinear damping data, and the thin solid and dotted
curves indicate the viscosities 7d7) and () calculated for the
fast and slow processes, respectively. For further details, see
the Appendix.

Combining the BKZ equation with eq 4, we can

calculate the steady-state viscosity 7(y) of the micellar
blends at a shear rate y as!®

77(7/) = d’matrixno,matrix + 77f(7) + ’YS(V) (Al)

with

1) = j; G0, Lptdt x=15) (A2

Here, ¢matrix is the volume fraction of the matrix in the
blend, y; (= y x ¢) is the strain at time ¢ imposed through
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the flow, and G,(¢) and h,(y) are the linear relaxation
moduli and nonlinear damping functions for the fast and
slow processes (x = f and s). (Equation Al assumes the
Newtonian behavior of the matrix at the shear rates
examined, which was consistent with experiments for
the pure matrix.) The viscosity due only to the micelles
is given by 7si(7) = ndy) + ns(y).

For the concentrated SI 68-122 micelles and dilute
SI 68-122/ST 14-29 micelles in the entangling I-19
matrix, parts a—c of Figure 11 compare the BKZ
calculation with the 5g1(j) data (obtained by subtracting
the matrix contribution @matrix/7o,matrix from the #n(y)
data). The comparison is also made for the previously
examined dilute ST 14-29 micelles in the nonentangling
I-4 matrix!8 (part d). For all cases, the BKZ calculation
(thick solid curves) is close to the data (circles), confirm-
ing that the thinning behavior of the concentrated/dilute
micelles in both entangling and nonentangling matrices
is well correlated to the damping behavior. Although
not shown here, the BKZ calculation also described the
time-dependent (transient) growth of the stress after
start-up of flow. These results strongly suggest that the
thinning has the same molecular origin as the damping.
Thus, for the concentrated/dilute micelles in either
entangling or nonentangling matrices, the thinning is
attributable to the j-insensitive micelle distribution
occurring at small y (cf. #spkz shown with the thin
dotted curves in Figure 11) and the flow-induced distor-
tion of the corona block conformation occurring at large
y (cf. ngBrz shown with the thin solid curves).

Here, a comment needs to be added for the BKZ
calculation. Equation 4 assumes the ¢-independent
Gdt,y)/Get) and G(t,y)/Gs(t) ratios in the entire range
of ¢t. However, these ratios actually decay with ¢ and
converge to the ¢-independent damping functions Ag(y)
and A4(y) only in respective terminal regimes of the fast
and slow processes (cf. Figures 5, 6, and 8). Thus, eq 4
incorporated in our simple BKZ calculation is ap-
proximate. Nevertheless, the viscosity is dominated by
G4t,y) and Gg(t,y) in respective terminal regimes. This
allowed the simple BKZ calculation to satisfactorily
describe the data.
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