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ABSTRACT: Mechanical rheometry and birefringence measurements are used to study the low-frequency
dynamics of a homogeneous, star diblock copolymer melt as it is cooled through its microphase separation
temperature (MST). Anomalouslow-frequency behaviorin both mechanical and optical properties are observed
at temperatures close to the MST. We conclude that a general condition must be satisfied before unusual
low-frequency behavior is observed, namely that the time scale of flow must be less than the relaxation time
of structural features perturbed by flow. Furthermore, because of the similarities between the low-frequency
dynamics of the present star diblock copolymer and those of linear diblock and triblock copolymers, we also
conclude that block copolymer architecture does not play a critical role in determining the low-frequency

behavior of these materials.

1. Introduction

Inthe vicinity of the microphase separation temperature
{MST), homogeneous block copolymer melts exhibit
unusual optical and rheological properties. Well-known
examples include large changes in optical anisotropy,’
dramatic increases in loss (G”) and storage (G’) moduli,~
and unusual frequency scalings of ¢’ and G’ in the so-
called terminal frequency regime!->. Anomalous changes
inrheological properties are particularly important because
they appear to be universal to all block copolymer
morphologies and architectures and have in fact become
a standard method for locating the MST.® Singular
behavior in the viscometric coefficients that occur as the
MST is approached is significantly more pronounced for
dynamically sheared diblock copolymer melts than for
low-molecular weight, critical fluid mixtures and polymer
blends.!!-1% It is believed that this difference makes it
easier to measure singular changes in rheological properties
of block copolymer melts and underscores the fact that
block copolymers do not belong to the same universality
class as do low-molecular weight fluid mixtures and
polymer blends. For example, while the low-frequency
dynamic moduli of homopolymer melts typically scale as
G” ~ w and G’ ~ w?, the dynamic moduli of block
copolymer melts exhibit frequency scalings that are
temperature dependent. At temperatures significantly
higher than the MST (T'> MST +30 °C), homopolymer-
like scalings are preserved, and as the temperature is
lowered through the MST, these scalings change dramati-
cally, G” = G’ ~ w?, where the exponent « varies from 0.7
to 0.4 depending on the temperature.

In this study, mechanical rheometry and dynamic
birefringence measurements are used to investigate the
role played by the MST in determining low-frequency
dynamics of a star diblock copolymer melt in shear flow.
In so doing, it is shown that anomalous low-frequency
behavior previously reported for diblock (1-arm star) and
triblock (2-arm star) are readily observed for hetero-arm
star diblock copolymers. The remarkable qualitative
similarities between these anomalies and those previously
reported for diblock and triblock copolymers leads us to
conclude that in the vicinity of the MST details of block
copolymer architecture are not crucial for understanding
their low-frequency dynamics. Inthisstudy we,therefore,
ignore architectural details and focus instead on under-
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standing the role played by slowly relaxing, structural
features in the low-frequency behavior of block copolymer
melts. Dynamic birefringence measurements are also
shown to provide important information about the low-
frequency flow-response of microphase separated block
copolymers,

In the following sections, it is proposed that anomalous
low-frequency rheological properties of block copolymer
melts result from the enhanced contribution of slowly
relaxing structural features to the overall dynamics close
to the MST. The precise mechanism by which the
relaxation of such features is slowed down close to the
MST depends on the specific nature of the features in
question. For example, if the MST and mean-field
spinodal temperatures are close, as they are in symmetric
critical diblock copolymers, composition fluctuations
become large close to the MST and slowing-down results
from a decrease in the quiescent thermal decay rate of
composition fluctuations, which is proportional to the
inverse of the structure factor; the structure factor diverges,
at least in theory, at the mean-field spinodal temperature.
On the other hand, slowing down may be caused by large
sluggish grains, which result from microphase separation,
that relax very slowly, if at all, after being perturbed by
flow.

If slowing-down results from an increase in the relaxation
time of composition fluctuations, this would obviously
imply that anomalies previously associated with an
approach to the MST may actually result from proximity
to the mean-field spinodal. Indeed the closeness of the
mean-field spinodal temperature and MST for symmetric,
critical diblocks may explain why these observations have
in the past been associated with the MST. On the other
hand, slowing-down that results from the appearance of
a microphase structure would be most dramatic at the
MST, provided that the material is not in a supercooled
state during experiments. In either case, the origin of
unusual terminal frequency scalings of the loss and storage
moduli in block copolymers are believed to be similar to
that of the high frequency scalings of these quantities for
simple polymer fluids. We conclude that e universal
condition must be satisfied for “anomalous” low-frequency
scalings to be observed in block copolymer melts. Specif-
ically, the characteristic time scale of flow (v') must
exceed the longest relaxation time of structural features
perturbed by flow.
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2. Experimental Section

2.1 Sample. The sample used in this study was a
polystyrene—polybutadiene six-arm, star diblock copoly-
mer. This polymer is a research grade material provided
by the Shell Development Co. and has an arm molecular
weight of 27 800 g/mol (GPC), polydispersity index of 1.3,
and styrene content of 30 wt %. Film specimens ap-
proximately 0.3-mm thick were prepared by solvent casting
from a 10 wt % toluene solution that contained 1% Irganox
1010 antioxidant (Ciba Geigy Corp.). Solvent casting was
done at 50 °C using a slow evaporation technique that
lasted for a period of 2 weeks. Films were further dried
under vacuum at a temperature of 90 °C for 48 h and then
annealed under a constant load at a temperature of 120
°C for a period of 6 h. These films were found to contain
large, uniformly birefringent sections (approximately 5
mm X 25 mm), and electron microscopy indicated that
the morphology of this material consists of polystyrene
(PS) cylinders in a matrix of polybutadiene (PBD). Static
birefringence and dynamic mechanical measurements
indicated that this material disorders at a temperature
between 145 and 149 °C. The relatively large uncertainty
in locating the MST resulted from the fact that changes
in the birefringence at the MST were found to be less
dramatic’ than those previously observed for polystyrene—
polyisoprene (PS-PI) diblocks. In fact, the largest
changes in static birefringence appeared to occur at the
glass transition temperature of the PS block; indicating
the presence segmental alignment, perhaps resulting from
chain stretching, at temperatures below T;. As a result
of the uncertainty in locating the MST, temperatures in
the range 145 to 149 °C will be referred to as the apparent
MST of this material.

2.2Birefringence Measurements. The birefringence
of compositionally heterogeneous materials, such as block
copolymer melts, are of two distinct types, “form” and
“intrinsic”. Form birefringence results from anisotropy
in the spatial correlation of segment density and has the
following origin in block copolymer melts. The dielectric
constant, ¢, is related to the density, p, through the
Clausius—Mossottirelation, (e—1)/(e +2) = Ap. Therefore,
composition fluctuations present in block copolymer melts
result in a spatially varying dielectric tensor. In the
absence of an external perturbing field, wave vectors of
the associated composition pattern assume all possible
orientations, and the dielectric tensor is isotropic. In the
presence of shear flow, however, composition fluctuations
arerendered anisotropic, yielding an anisotropic dielectric
tensor. Anisotropy in the dielectric tensor results in an
anisotropic refractive index tensor (na,n,s = €4g) which in
turn leads to the observation of form birefringence in the
deformed material. Attemperatures belowthe MST, form
birefringence results largely from anisotropy in the mi-
crophase pattern. Intrinsic birefringence, on the other
hand, results from flow-induced anisotropic alignment of
molecular segments at all temperatures.

In practice, intrinsic birefringence dominates form
birefringence for most systems.!® However, if the rate of
shear, v, is chosen such that it is less than the inverse of
the longest molecular relaxation time (y1, < 1) the time
during which segments remain aligned will be shorter than
the time required by the flow field to align them. Thus,
the contribution of “intrinsic” birefringence to the overall
birefringence is minimized. For the same reason, if the
frequency of the strain used in an oscillatory shearing flow
is less than the inverse of the longest molecular relaxation
time, the measured birefringence will be predominantly
“form” birefringence. This permits the study of flow-
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Figure 1. Geometry for 1-3 birefringence measurements; “laser
beam” denotes direction along which light propagates.
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Figure 2. Optical train for measuring birefringence: “laser”
HeNe laser; “P”, linear polarizer oriented along “x”; “PEM”,
photoelastic modulator oriented at +45° to “x”; “S”, oscillatory
shear cell; “A”, analyzing polarizer oriented at —45° to “x”; “D”,
photodiode.

induced anisotropy in critical fluctuations using birefrin-
gence measurements.

Dynamic birefringence measurements were performed
on block copolymer films produced using the method
outlined in section 2.1. These measurements were made
at temperatures covering a 50 °C range that bracketed the
apparent MST. To minimize mechanical history effects,
measurements at each temperature were preceded by a
quench from the homogeneous phase (30 °C above the
apparent MST). The quenched material was allowed to
equilibrate before measurements were performed. Equi-
librium times ranged from 30 min to 2 h and were
determined by observing the time it took for the bire-
fringence of the quenched material to stabilize. Bire-
fringence measurements were preformed using the 1-3
geometry (Figure 1). The optical train used in this study
has been described elsewhere!? and is presented in Figure
2. Forthis arrangement, the time-dependent birefringence
response to oscillatory shear flow can be shown to be of
the form11.12

AR'(t) = (An')® + (An'Y cos2uwt) + (An')” sin(2wt) (1)

where w is the frequency of the applied strain. The
quantities (An’)d, (An’Y, and (An’)” were obtained by
Fourier transforming the measured time-dependent bi-
refringence. Inthis work, these quantities will occasionally
bereferred to as the birefringence moduli. For all but the
lowest temperature studied, strain amplitudes were ad-
justed toensure thatstrains in the linear viscoelastic regime
were used. Strain amplitudes satisfying this condition
varied from 42% strain (at high temperatures) to 6% (at
the lowest temperature studied). In the low-frequency
regime, the lowest strain at which birefringence measure-
ments possessed suitable quality was found to be 8 %, which
places measurements at the lowest temperature in the
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weakly nonlinear regime. Linearity was verified by stress—
strain measurements.

2.3 Mechanical Measurements. Dynamic mechanical
properties of block copolymer films were studied at various
temperatures using a Rheometrics RDA II dynamic
analyzer. All measurements were performed using a
parallel plate geometry. The same procedures used in the
birefringence experiments to reduce the influence of
mechanical history and to ensure linearity of the strain
amplitude were used in the mechanical experiments. In
these measurements it was possible to use strains as low
as 0.1% and still achieve reasonable signal-to-noise. As
aresult, measurements at all temperatures fallin the linear
regime.

To verify that the PS-PBD samples do not degrade
during the course of our experiments, measurements at
high temperatures (above 150 °C) were repeated at lower,
equivalent, temperatures using concentrated solutions
(85%) of PS-PBD in DOP (a good solvent for both blocks).?
At this concentration, the MST was found to be shifted
to 110 °C, thereby permitting disordered phase measure-
ments to be made at more convenient temperatures. The
magnitudes and shapes of the dynamic moduli were found
to be identical to those obtained for the disordered,
undiluted material. This reassures us that no appreciable
thermal degradation of the material occurs under the
conditions of our experiment.

For materials that obey the stress-optical rule, constitu-
tive equations predict the following relationships between
the birefringence moduli and mechanical moduli

AanH = G 2)
(Any « G'(w) — 1/2 G'(2w) (3)
(An')” « G"(w) - 1/2 G (2w) (4)

Here, w is the shear frequency. The constant of propor-
tionality in eqs 2—4 is related to the stress-optical coefficient
and is thesame for allmoduli. Asaresultof theserelations,
birefringence moduli may be used to determine the storage
and loss moduli of materials that satisfy the stress-optical
rule.!? Furthermore, because of the complex dependence
of (An’) and (An’)” on G’ and G”, respectively, these moduli
display features not present in G’ and G”. Only one of
these features is of importance to the following discussion;
we will elaborate only on it here. The reader is referred
to ref 12 for more examples.

For entangled homopolymer melts, and at high fre-
quencies, G’ is approximately independent of frequency;
G’'(w) is, therefore, larger than 1/2 G’(2w), which results
in a positive value for (An’)’. In the terminal frequency
regime, G”’s frequency scaling changes to w? Thus,
immediately after the inception of terminal behavior
(frequency slightly lower than the inverse of the longest
molecular relaxation time), 1/2G’ (2w) becomes larger than
G’ (w), and (An’)’ changes sign. In practice, the frequency
at which this sign change occurs is found to coincide roughly
with the inverse of the longest molecular relaxation time
of monodisperse homopolymer melts. Although PS-PBD
block copolymer melts are not expected to obey the stress
optical rule,’? in the next section we report sign changes
in (An’) similar to those observed for homopolymer melts.
At temperatures exceeding the MST, the frequency at
which these sign changes occur roughly coincides with the
inverse of the molecular relaxation time extracted from
step shear relaxation experiments. As temperature ap-
proaches the MST, a second sign change becomes apparent
at lower frequency. By analogy to the homopolymer
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Figure 3. (a) Experimental (An')¢ vs dimensionless frequency
for temperaturesmranging from 134 to 180 °C. (b) Experimental
(An’)” vs dimensionless frequency for temperatures ranging from
134t0180°C. NV indicates that (An’)” changessign and becomes
negative. (c) Experimental (An’)’ vs dimensionless frequency
for temperatures ranging from 134 to 180 °C. NV indicates that
(An’)’ changes sign and becomes negative.

observations, we assign this second sign change to the
appearance of a second, slower relaxation process as the
MST is approached.

3. Results

3.1 Birefringence Measurements. Birefringence
moduli obtained using the procedure described in section
2.1 are presented as a function of dimensionless frequency
in Figure 3a—c. Frequencies were nondimensionalized
using relaxation times, 71, determined from low-amplitude
step shear/relaxation experiments.’
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It is apparent from Figure 3a that at temperatures in
excess of 150 °C, plots of (An’)¢ versus dimensionless
frequency roughly superimpose unto a single curve which
scales as (wp)1-99~20 for dimensionless frequencies below
a value of about 1. This behavior is in agreement with
terminal frequency scalings observed for homopolymer
mixtures!? and is expected for disordered block copoly-
mers. Attemperatures below 150 °C, plots of (An’)? versus
dimensionless frequency superimpose onto a single curve
onlyat high frequencies. Atlowfrequencies, the frequency
scaling of (An’)? begins to deviate from the scalings
observed at high temperatures. In this region, a “power
law” scaling regime ensues where (An’)? ~ (wrp)®. The
exponent « varies from 0.64 to 0.12 as the temperature is
lowered. The magnitude of (An’)? is also observed to
increase dramatically as the temperature is lowered
through the apparent MST. These observations, although
unusual by homopolymer standards, are expected for block
copolymer melts. Indeed, the relationship between (An’)¢
and G’ presented in section 2.3 for homopolymer melts
that obey the stress-optic rule would appear to indicate
that these findings are in some sense related to those
previously reported for G’ for other block copolymer
architectures.

Athigh temperatures (T'= 150 °C) plots of (An’)” versus
dimensionless frequency also approximately collapse onto
a single curve. In the low-frequency regime this curve
scales linearly with dimensionless frequency (Figure 3b).
At a temperature of 145 °C, the low-frequency scaling of
(An’)” is observed to change dramatically, while at still
lower temperatures it abruptly changes sign. The fre-
quency at which the sign change occurs is an increasing
function of temperature and is lower than the inverse of
the longest relaxation time.

The frequency dependence of (An’) (Figure 3c) is
somewhat more complex than those observed for (An’)¢
and (An’)”. Athigh temperatures (7> 150 °C) it displays
a single sign change that occurs at a dimensionless
frequency close to 1.0. At temperatures lower than 160
°C (An’Y is observed to undergo two sign changes: the
first sign change occurs at wrr, = 1.0 and the second at a
lower dimensionless frequency &.. It is apparent that &,
is an increasing function of temperature. The first sign
change, as well as the value of the dimensionless frequency
at which is occurs, can be rationalized in terms of the
discussion presented in section 2.3. Aspointed out earlier,
the value of the frequency at which this sign change occurs
roughly coincides with the reciprocal of the longest
molecular relaxation time for monodisperse molecular
weight distributions. For this reason, the appearance of
a second sign change in (An’)’ appears to indicate that a
second relaxation process, with relaxation time greater
than the first, becomes important as the MST is ap-
proached. Judging from the temperature at which this
process first appears, this relaxation is most likely that of
composition patterns made anisotropic by flow. Although
similar sign changes observed for (An’)” have no parallels
in the study of homopolymer melts, their appearance for
adisordered block copolymer melt close toits MST appears
to indicate that they are of the same origin as those
observed for (An’)’.

These observations, including the reduction of & with
decreasing temperature, can be predicted, at least quali-
tatively, by crude fluctuation based dynamical mean-field
theories.’> The presence of an apparent slower relaxation
mode in the dynamics of the present block copolymer close
toits MST is consistent with results reported earlier from
photon correlation spectroscopy measurements on poly-
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Figure 4. (a) Experimental G” vs dimensionless frequency for
temperatures ranging from 130 to 180 °C. (b) Experimental G’
vs dimensionless frequency for temperatures ranging from 130
to 180 °C.

(dimethylsiloxane-b-methylethylsiloxane) diblock copoly-
mer melts.14

3.2 Mechanical Measurements. Values of the dy-
namic moduli obtained using the procedures described in
section 2.3 are presented as a function of dimensionless
frequency in Figure 4a,b. The same procedure used for
nondimensionalizing frequency in the birefringence mea-
surements was repeated for these measurements. As
observed for the displacement component of the bire-
fringence ((An/)9), plots of G”” and G’ versus dimensionless
frequency superimpose onto a single curve for tempera-
tures greater than or equal to 150 °C. At these tempera-
tures, the low-frequency scalings are those expected for
homopolymer melts. At temperatures less than 150 °C,
however, G and G’ both increase dramatically and display
anomalous low-frequency scalings: G” ~ w?and G’ ~ o7,
where « varies from 0.6 t0 0.35 and T from 0.8 t0 0.43. We
believe that these unusual low-frequency scalings have
the same origin as the anomalous low-frequency behavior
of the birefringence moduli, namely the appearance of
slowly relaxing structural features at the MST.

It is possible to obtain a rough estimate of the x
parameter for the present PS-PBD six-arm star diblock
copolymer from published temperature dependent values
of the x parameter for PS-PBD diblocks, PS-PBD random
copolymers, PS/PBD blends, PS~PI diblock copolymers,
and PS-PI six-arm star diblock copolymers.8® Results
from these studies yield the following expression for x, x
= 0.0181 + 3.540/ T, where T is the absolute temperature.
Mean-field theory predicts that the spinodal of a six-arm
star diblock copolymer, with the same composition as the
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one used in this study, occurs at (xNp)s = 11.78.15 Ny is
the total number of monomer units present in each arm
of the copolymer and has a value of 440 for the star-diblock
used in thisstudy. The mean-field spinodal temperature,
T, of this material is thus expected to be 135.2 °C; some
10-14°Clower thanits apparent MST. Using small-angle
X-ray scattering (SAXS) measurements, Hashimoto and
co-workers have observed a separation of 18-20 °C between
these temperatures for a PS-PI star diblock copolymer
melt of similar composition and comparable molecular
weight.”

Normalized low-frequency amplitudes of (An")4, G”,and
G’ are presented as a function of temperature distance
from the mean-field spinodal temperature in Figure 5. All
amplitudes are determined at a dimensionless frequency
of 0.2. Twodistinct regions are observed: attemperatures
above 150 °C, these quantities are all independent of
temperature, while for temperatures in the range 130-150
°C, they all increase rapidly with decreasing temperature.
In the latter interval, the following scalings are observed,
1€An)e]| ~ ((xNos = xNo) 134, | G”|| ~ ((xNo)s = xNo) 022,
and ||’ ~ ((xNo)s — xNo)1%8, where (xNp)s is the value
of xNy at the spinodal.

4. Discussion

As pointed out earlier, a number of the qualitative
observations reported in this paper are consistent with
the predictions of simple dynamical mean-field theories.!%
Such theories, however, suffer serious quantitative limita-
tions because noncritical contributions to the birefringence
and mechanical moduli are not included and, for non-
symmetric block copolymers, the mean-field spinodal
temperature may fall well below the MST making it
difficult toneglect the contribution of structures that result
from microphase separation. Nevertheless, it is useful to
consider the form of the fluctuation contribution to the
low-frequency loss and storage moduli predicted by such
theories:'57 G ~ Gy’ (S) [(w/®@)/ (w?+ &) and G’ ~ Gy'-
(S)[w?/(w? + &?)]. Here & is the quiescent thermal decay
rate of composition fluctuations and Gy’ and Gy’ are
functions of the structure factor S.

The similarity of these forms to those of the mechanical
moduli predicted by the Rouse model for simple polymer
fluids is readily apparent;197 G = L;G;[ (w/T})/ (w? + T'2)]
and @ = L;Giw?(w? + 72). Here G; is the modulus
associated with the ith Rouse mode, I'; = 1/\;, and \;is a
characteristic molecular relaxation time. Forslow modes,
corresponding, for example, to the collective motion of all
strands constituting a polymer chain, the Rouse model
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predicts that A; « -2 and that G; is independent of i and
the following frequency scalings are recovered for the
dynamic moduli

G ~ w?

w <K T, { . (liquid-like response)
~ W

and

!~ 0
w>» T, {G” “" (solid-like response)

G 0

For “intermediate” frequencies, where frequency and
relaxation time are of the same order of magnitude, G’ ~
G’ ~ w'/2, In fact, it can be shown that any model that
predicts A; « i and G; = constant will yield moduli that
scale as G” ~ G’ ~ w!'/® for “intermediate” frequencies.

It is, therefore, apparent that if the quiescent decay
rate of composition fluctuations becomes smaller than
experimentally accessible frequencies, as it would close to
the mean-field spinodal temperature, the low-frequency
scalings of the moduli produced by composition fluctua-
tions become similar to the high-frequency scalings
predicted for simple polymer fluids by the Rouse model.
Thus, as the spinodal temperature is approached, fluctua-
tions cause the so-called “terminal” frequency regime to
be progressively pushed to lower frequencies, which results
in the appearance of power-law frequency scalinngs at the
lowest experimentally accessible frequencies.

5. Summary

In this work, dynamic birefringence and mechanical
measurements are used to study the dynamics of a star
diblock copolymer melt subject to oscillatory shear flow.
It is shown that anomalous low-frequency scalings of the
dynamic mechanical moduli similar to those observed in
diblock and triblock copolymer melts are also observed in
star diblock copolymers. Anomalous low-frequency dy-
namics is also observed in the various dynamic birefrin-
gence moduli. We use ideas from the Rouse model for
simple polymer fluids to argue that such scalings occur
whenever the experimental frequencies become compa-
rable to the relaxation rate of structures perturbed by
flow. Although we point out that a number of the
qualitative features of our experimental observations are
consistant with the predictions of dynamical mean-field
theories for composition fluctuations, quantitative dis-
crepancies as well as the asymmetry of the present
copolymer make it impossible to ascertain the exact cause
of these anomalies. Nevertheless, inlight of the apparent
similarities of the low-frequency dynamics observed for
the present star architecture and those observed in linear
copolymers, we conclude that architectural details do not
play a great role in determining the low-frequency
dynamics of these materials.

Acknowledgment. We are grateful to Shell Develop-
ment Co. for providing the PS-PBD block copolymer used
inthisstudy. We thank the National Science Foundation
for supporting this study.

References and Notes

(1) Gouinlock, E. V.; Porter, R. S. Polym. Eng. Sci. 1977, 17, 535.

(2) Vinogradov, G.V.; Dreval, V. E.; Malkin, A. Ya.; Yanovsky, Yu,
G.; Barancheeva, V. V.; Borisenkova, E. K.; Zabugina, M. P,;
Plotnikova, E. P.; Sabsai, O. Yu. Rheol. Acta 1978, 17, 258.



Macromolecules, Vol. 27, No. 17, 1994

(3) Bates, F. S. Macromolecules 1984, 17, 2607. Rosedale, J. H.;
Bates, F. S. Macromolecules 1990, 23, 2329.

(4) Balsara, N. P.; Perahia, D.; Safinya, C. R.; Tirrell, M.; Lodge,
T. P. Macromolecules 1992, 25, 3896.

(5) Bates, F. S,; Fredrickson, G. H. Annu. Rev. Phys. Chem. 1990,
41, 525.

(6) Lyngaae-Jorgensen,d. In Processing, Structure and Properties
of Block Copolymers; Folkes, M. J., Ed.; Elsevier: New York,
1985,

(7) Archer, L. A,; Fuller, G. G. Submitted to Macromolecules.

(8) Owens, J. N.; Gancaraz, L. S.; Koberstein, J. T.; Russel, T. P.
Macromolecules 1989, 22, 3380. Bates, F. S.; Berney, C. V.;
Cohen, R. E. Macromolecules 1983, 16, 1101. Roe, R. J.; Zin,
W. C. Macromolecules 1970, 13, 1221.

(9) Ijichi, Y.; Hashimoto, T.; Fetters, L. J. Macromolecules 1989,
22, 28117.

Properties of a Star Diblock Copolymer Melt 4809

(10) Doi, M.; Edwards, S. F. The Theory of Polymer Dynamics;
Clarendon: Oxford, 1986.

(11) Ferry, J. D. Viscoelastic Properties of Polymers; Wiley: New
York, 1980.

(12) Kornfield,J. A,; Pearson, D.; Fuller, G. G. Rheol. Acta 1990, 29,
105.

(13) Lodge, T. P.; Amelar, S. Rheol. Acta 1992, 31, 32.

(14) Anastasiadis, S. H.; Fytas, G.; Vogt, S.; Fischer, E. W. Phys.
Rev. Lett. 1993, 16, 2415,

(15) Archer, L. A. Ph.D. Thesis, Stanford University, 1993,

(16) Fredrickson,G. H.J. Chem. Phys. 1986,85,5306. Fredrickson,
G. H.; Larson, R. G. J. Chem. Phys. 1987, 86, 1553. Larson, R.
G.; Fredrickson, G. H. Macromolecules 1987, 20, 1897. Onuki,
A. J. Chem. Phys. 1987, 87, 3692.

(17) Larson, R. G. Constitutive Equations for Polymer Melts and
Solutions; Butterworths: Boston, 1987.



