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Introduction

Watanabe, Osaki, and co-workers have recently re-
ported detailed linear and nonlinear viscoelastic mea-
surements on poly(styrene-b-isoprene) (SI) spherical
micelles dispersed in nonentangling polyisoprene (1)
matrices.™* Measurements were conducted at temper-
atures below the glass transition of the styrene cores
so that the micelles were effectively internally cross-
linked. As the concentration of micelles was increased,
a transition from liquidlike to solidlike behavior was
clearly evident. For the liquidlike solutions, three
relaxation processes were well resolved in the (linear)
dynamic shear modulus G*. The fastest corresponded
to the relaxation of the unentangled matrix homopoly-
mer. The intermediate mode was assigned to the
relaxation spectrum of the corona isoprene blocks, based
on favorable comparison with the terminal relaxation
behavior of polyisoprene stars.l=3 The slowest mode
was tentatively attributed to micellar diffusion, an
interpretation supported by estimates of the diffusivity
using the Stokes—Einstein relation, and on the similar-
ity of both the linear'® and nonlinear?—* viscoelastic
responses to that reported for suspensions of silica
spheres.>~7 For suspensions of hard spheres, this
terminal relaxation is understood as the diffusive
recovery to an isotropic spatial distribution of
particles.58-13 However, to assess this assignment, we
have undertaken direct measurements of the micellar
diffusion coefficients by forced Rayleigh scattering.

Experimental Section

Materials. The styrene—isoprene block copolymer, desig-
nated SI(14-29) and isoprene homopolymer, designated 1-4,
were synthesized by anionic polymerization as previously
described.! The molecular weights are 13 900 and 28 800 for
the styrene and isoprene blocks, respectively, and 4100 for the
polyisoprene; polydispersities are less than 1.06 for the
copolymer and 1.05 for the homopolymer. A portion of the
copolymer was labeled at the styrene block end with azoben-
zene for the FRS measurements, by termination with 4-(phe-
nylazo)benzoyl chloride.t
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Rheology. Linear viscoelastic measurements were per-
formed on blends containing 8, 15, 20, 25, and 30% S1(14-29)
by weight, using a Rheometrics RDA Il, as previously de-
scribed.! Blends with cs; < 20% clearly exhibited the terminal
flow behavior characteristic of random dispersions of micelles,
whereas those with cs; = 25 and 30% showed a low-frequency
plateau in the elastic modulus, G', indicative of a micellar
lattice. The short 1-4 matrix polymer swells the corona
isoprene blocks but does not entangle with them. In addition
there are no intermicellar entanglements for ¢s; = 8 and 15%,
whereas intermicellar entanglements begin to contribute to
the moduli for ¢cs; = 20%.! FRS measurements were performed
for the three lower concentrations, cs; = 8, 15, and 20%.

Forced Rayleigh Scattering. Samples were prepared by
codissolving appropriate amounts of labeled and unlabeled SI-
(14-29) and 1-4 in benzene, filtering through an 0.45 um filter,
and removing the solvent by slow evaporation followed by
drying under vacuum to constant weight. Each sample was
then transferred to an optical cell consisting of two glass disks
separated by a 1 mm thick spacer ring, which was finally
sealed under argon. The concentration of labeled chains was
maintained at 8—10% in the three blends.

FRS measurements were made in the phase-grating mode
at 30.0 °C.*4%5 Transient grating signals were recorded at
three to five different grating spacings, d, over a range from 1
to 5 um. This length scale is about 2 orders of magnitude
greater than the micellar dimensions, and thus a long-time
diffuson coefficient can be determined. As reported in previous
FRS investigations of diblock micellar diffusion under “wet
brush” conditions,'® the relaxation kinetics exhibited two
modes that were well-separated in time and made comparable
contributions to the total diffracted intensity. The slower
mode, which determines the long-time relaxational behavior,
was consistently well-described by a single-exponential func-
tion

I(t) = (A, exp(—t/zy) + C,)* + C,° (1)

where A is the fraction of the diffracted field amplitude
associated with the slow mode, 75 is the corresponding relax-
ation time, and C; and C; represent coherent and incoherent
background scattering contributions, respectively. A typical
example is shown in Figure 1. The diffusion coefficient for
this mode was determined from a plot of 1/z5 vs 1/d? (found to
be linear in all cases), according to
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where 7, is the thermal lifetime of the cis isomer of the
azobenzene moiety.

In contast to the slow mode, the fast mode could not be
accurately described by a single-exponential function, sug-
gesting the presence of a distribution of relaxation times. It
was possible to fit the entire decay using a stretched expo-
nential for the faster portion, i.e.

I(t) = (A exp[—(Uz)’] + A, exp(—tir)) + C,)* + C;° (3)

where the subscript f denotes the faster mode parameters; a
fit utilizing eq 3 is also shown in Figure 1. With decreasing d
the values of 5 decreased from ca. 0.5 to 0.1 and the quality of
the overall fit deteriorated noticeably. Consequently, we
cannot provide a definitive analysis of this mode at this point.
This faster relaxation possibly reflects nondiffusive motions
of the micelles, (i.e., caging effects, rotation) and/or contribu-
tions from free chain diffusion, as suggested by Schaertl et
a|.l7

Results and Discussion

In the previous work the reduced modulus of the
micelles, G, (w), was determined as

© 1998 American Chemical Society

Published on Web 05/08/1998



Macromolecules, Vol. 31, No. 11, 1998

Vpr——— T T T T

—

FRS signal, a.u.

0.1F

0 1000 2000 3000 4000 5000

Time, sec

Figure 1. Typical FRS decay for cs; = 20% at 30 °C with d =
3.14 um. Key: dashed line, fit to eq 1 (zs = 790 s); solid line,
fit to eq 3 (1 = 15.3 5, § = 0.25, 75 = 816 s). The inset shows
the same data in double logarithmic format.
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where ¢, and My, are the concentration and molecular
weight of the corona isoprene blocks, and the subtracted
term on the rhs represents the matrix (“solvent”)
contribution.! At the frequencies of interest here, this
term was much smaller than G§,..4(w) and thus repre-
sents a minor correction. The elastic and loss contribu-
tions to G%, (w) are shown in Figure 2. Two modes are
evident, with the faster occurring at frequencies war >

10® rad/s. The slower mode has a much stronger
dependence on cs;.

As mentioned in the Introduction, the faster mode
was previously assigned to the relaxation of the corona
blocks, which is expected to be similar to the relaxation
of the arm of a star.218 Thus, in Figure 2 the smooth
curves represent the reduced modulus for a star,

G¥ar ((w), defined as

M
G;\iar,r(w) = (pRar-Ir—n)G:tar(w) )

where the G%,,(w) data were obtained in the melt for a
four-arm polyisoprene star with My m = 36 700,° which
is similar to My,. For comparison to the SI/I blends with
different concentrations, the star data are plotted
against wo(rstar/trve), Where tryve is the viscoelastic
relaxation time for the faster process (determined
previously!) and zs,r is the terminal time for the star
melt. In Figure 2 it is apparent that the fast relaxation
process for the micelles and the terminal relaxation
process for the stars are in good accord, supporting the
assigment of the former to orientational relaxation of
the tethered corona blocks.13

We take advantage of this coincidence to use the
Giarr data (plotted against w(rstar/trve)) as a reduced
modulus for the fast process of the micelles, to extract
the terminal relaxation time for the slow micellar
process, 71ve, as follows. At sufficiently low o, both
Gfastr ( Gstar r) and GSl,r (:Gz;st,r + G:Iow,r) exhibit
terminal behavior: G' ='Gw? ~ w? and G" = nw ~ w,
with G and » representing elasticity and viscosity
coefficients, respectively; see Figure 2. Thus we deter-
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Figure 2. Reduced dynamic shear moduli for blends of SlI-
(14-19) in 1-4. The smooth curves correspond to data for
polyisoprene stars, as discussed in the text. The arrows denote
the (inverse) longest relaxation times for the micelles deter-
mined from eq 6.

Table 1
csi/wt % log(z1.vels) log(D/cm2s1) OIA
8 —-1.99 —10.59 126
15 —-1.41 —11.07 141
20 —0.84 —11.70 132

mined these coefficients in the respective terminal
regimes (e.g., war < 103 s~ for G%,, and war < 30s™!
for G, ,, both for cs; = 8%) to evaluate the viscoelastic
relaxation time as

GSI - Gfast _ ,f_O:oHslow(r)f2 d(ln T)
Ns1 — Mtast f_ " Hyow(™)7 d(In 7)

T1vE =

This 731 vg, related to the relaxation spectrum Hgjoy Of
the slow process as indicated above, is close to the
longest viscoelastic relaxation time of the SI micelles,
as shown by the thick arrows in Figure 2 (the definition
of 71.ve differs slightly from that utilized previously,!i.e.,
Tsve = Gsi/si).

These longest relaxation times and the diffusion
coefficients associated with the slow FRS mode, both
obtained at 30 °C with estimated uncertainties better
than +30%, are collected in Table 1. An average
distance, 6, that an SI micelle diffuses during an
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interval 71 vg, is obtained as
O = (6D7y )" @)

The values of 6 are also collected in Table 1. Even
though both D and 71 ve change by more than an order
of magnitude over this concentration range, o is ef-
fectively constant, at 133 + 10 A. Interestingly, this
distance corresponds closely to the estimated diameter
of the styrene micellar cores, 160 Al Thus we may
conclude that the terminal relaxation process of the
micelles corresponds to the diffusion of the micelles over
a distance of approximately one micellar core.

For highly concentrated spherical silica particles, the
longest viscoelastic relaxation time corresponds to dif-
fusion over distances comparable to the particle diam-
eter, but the diffusion coefficient in question is the short-
time diffusion coefficient,® in contrast to the long-time
or tracer diffusion coefficient measured here by FRS.
For the relatively dilute SI micelles examined here, any
difference between the short-time and long-time diffu-
sion coefficients could be rather small. Thus it remains
an interesting unresolved question whether the termi-
nal relaxation of heavily interentangled micelles will
still correspond to the tracer diffusion coefficient over
the same distance scale.
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