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ABSTRACT: The phase behavior of a poly(styrene-block-isoprene) copolymer (SI) with styrene volume
fraction f = 0.18 was studied by small-angle X-ray scattering (SAXS), optical birefringence, and rheology
conducted under quiescent conditions and under the influence of shear flow. This sample is located at
the border between ordered spheres and ordered cylinders. Near the order—disorder transition, SI block
copolymers with f < 0.18 form ordered spheres while those with /> 0.18 form ordered cylinders. Our
sample exhibits a phase transition from ordered cylinders to disordered micelles at 70 & 2 °C. The cylinder
phase obtained by a quiescent quench is highly defective and thus cannot be detected using birefringence.
However, birefringence measurements made in the presence of shear flow and high-resolution SAXS
measurements on both quiescent and sheared samples confirm the presence of ordered cylinders. The
data obtained from our sample differs qualitatively from all previously published data on SI copolymers
with f = 0.18. We show that the phase behavior, near the sphere—cylinder boundary, depends on all
three thermodynamic parameters: f, y, and N and not just f and yV, as is usually the case. This dependence
on f, x, and N is ascribed to fluctuation effects and the presence of micelles in the disordered phase. By
combining the data presented here with previous results in the literature, we estimate the range of

compositions over which disordered micelles are obtained in SI copolymer melts.

Introduction

Block copolymers can spontaneously self-assemble
into a variety of periodic structures such as spheres on
a body-centered-cubic lattice, hexagonally arranged
cylinders, etc. At sufficiently high temperatures, en-
tropic factors dominate, and a disordered phase is
obtained. In early theoretical work, Helfand and Leibler
determined phase behavior of A—B diblock copolymer
melts in the strong and weak segregation limits, using
f and the product yN as the independent variables.!-2
Here f is the volume fraction of one of the blocks, y is
the Flory—Huggins interaction parameter between the
blocks, and N is the total number of monomers in the
block copolymer chain. The results of subsequent stud-
ies, both experimental and theoretical, are invariably
expressed on yN vs f phase diagrams (e.g., refs 3—5).
In other words, the simplification that block copolymer
phase behavior is determined by only two parameters
(f and y¥N), and not three parameters (f, ¥, and N),
appears adequate in most cases.

The experimental methods used to probe the structure
of block copolymers include small-angle X-ray scattering
(SAXS), small-angle neutron scattering (SANS), trans-
mission electron microscopy (TEM), and optical bire-
fringence (or depolarized light scattering). In most cases,
the presence of anisotropic phases such as lamellae and
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cylinders is more readily detected if macroscopically
aligned samples are obtained.®~® There is, however, no
guarantee that the phases formed in the presence of flow
are identical to those formed under quiescent conditions.
In fact, flow-induced phase transitions, i.e., the creation
of structures under flow that are not observed under
quiescent conditions, have been observed in previous
experiments.19713 All of these flow-induced phase tran-
sitions take place in systems near phase boundaries,
and the field-induced structures revert to the equilib-
rium structures after cessation of the flow and sufficient
annealing. Application of external fields during micro-
phase separation may, in some cases, facilitate the
development of thermodynamically stable (equilibrium)
structures from metastable structures.415

There is a rich body of experimental literature on the
phase behavior of weakly ordered diblock copolymers
near the sphere-to-cylinder transition. The results
obtained by different research groups for polystyrene—
polyisoprene (SI) diblock copolymers with polystyrene
as the minority component are remarkably con-
sistent.16-2¢ Samples near the order—disorder transition
with f < 0.18 form ordered spheres, while samples with
/> 0.18 form ordered cylinders. This indicates that the
usual independent variables, ¥V and f, are adequate for
describing the phase behavior of these systems. At /'~
0.18, however, samples with different values of N
behave differently. An SI diblock copolymer (with N =
543, f = 0.18) studied in ref 23 exhibited an ordered-
cylinder-to-disorder transition, while another SI diblock
copolymer (with N = 870, f = 0.18) studied in ref 24
exhibited two phase transitions: a low-temperature
phase transition from ordered cylinders to ordered
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spheres and another high-temperature transition from
ordered spheres to disorder (IV is based on a 100 A?
reference volume).

In this paper, we have used SAXS and birefringence
under both quiescent and shear flow to study the
properties of an SI copolymer with f~ 0.18. The SAXS
and birefringence data obtained from this sample are
very different from all previous studies on block copoly-
mers. In addition, the phase behavior of this SI copoly-
mer is qualitatively different from the previous two
studies on SI copolymers with £~ 0.18.23-2¢ We demon-
strate the need to go beyond the usual yN vs f phase
diagrams to understand the behavior of samples near
the sphere—cylinder border. Our results indicate that
optical birefringence data from quiescently ordered
block copolymers near the sphere—cylinder transition
can be misleading.

The effect of concentration fluctuations on the phase
behavior of block copolymer melts was first studied by
Fredrickson and Helfand.?5 This analysis led to a
significant improvement in our understanding of the
thermodynamic properties of block copolymer melts.?
Recent work has led to a clarification of the effect of
concentration fluctuations in asymmetric block copoly-
mers. A combination of theoretical and experimental
papers has established that the phase that forms upon
melting an array of ordered block copolymer spheres is
not devoid of structure but is, in fact, composed of
disordered micelles.?16720,24.26=31 Thjg is in agreement
with theoretical predictions of Semenov.? This body of
work provides fresh insight into the nature of concen-
tration fluctuations in block copolymers. By combining
the data presented here with previous results in the
literature, we estimate the range of compositions (f) over
which disordered micelles are obtained.

Experimental Details

A polystyrene—polyisoprene diblock copolymer was synthe-
sized by anionic polymerization under high vacuum. The
weight-averaged molecular weights of both polystyrene and
polyisoprene blocks were determined to be 6.7 and 26.5 kg/
mol, respectively, and we refer to this polymer as SI(7—26).
We also use this nomenclature to discuss SI samples studied
by other groups. The volume fraction of the polystyrene block
in SI(7—-26), £, is 0.179. Our synthesis and characterization
procedures are given in ref 32. Birefringence measurements
using a HeNe laser (633 nm wavelength) as the light source
were made on 1 mm thick SI(7—26) melts that were first
heated to 120 °C to erase the effect of thermal history. The
samples, placed between two crossed polarizers, were then
quiescently tempered at different temperatures (i.e., 22, 50,
60, and 65 °C) for well over 6000 min, and the total transmitted
laser intensity was recorded as a function of time. It took less
than 20 min for the sample to reach the final quench temper-
ature after the start of cooling. Time zero is defined as the
time when the cooling was started. Reciprocal shear was
applied to SI(7—26) using an apparatus described in ref 33.
The optic axes of the polarizer and analyzer in the shear
experiments were at 45° to the shear flow direction. The
sample was first disordered under quiescent conditions at 120
°C and then sheared using a strain amplitude of 200% and a
shear plate velocity of 1 mm/s as it was cooled to a final
temperature of 50 °C. The shear flow was started immediately
at the start of cooling. SAXS data from quiescent SI(7—26)
melts were obtained at the 8-ID-I beamline at the Advanced
Photon Source (APS) at Argonne National Laboratory, using
a thermal history that was similar to that used in the
birefringence experiments. Rheological measurements were
performed using an ARES rheometer from Rheometric Scien-
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Figure 1. Time dependence of the birefringence signal, P/P,,
of SI(7—26) under shear flow (200% strain amplitude and 1
mm/s shear velocity) at 7' = 50 °C. The inset shows a plot of
P/ P, vs time obtained by quiescently annealing SI(7—26) at
50 °C for several days.

tific Inc., with 25 mm parallel steel plates and 1 mm thick
sample. The frequency (w) dependence of the linear viscoelastic
shear moduli G' and G" were measured as a function of
decreasing temperature from 100 to 60 °C.

Results

The time dependence of the birefringence signal, P/P,,
where P is the transmitted power and Py is the incident
power, measured after quiescently quenching SI(7—26)
from 120 to 50 °C is shown in the inset of Figure 1. We
find that there is no growth of the birefringence signal
after quenching. Similar data were obtained after
quenches from 120 °C to 22, 60, and 65 °C. Since the
sample is located at the sphere—cylinder transition, we
only consider the possibility of obtaining ordered spheres,
ordered cylinders, and disordered phases. On the basis
of a large number of previously published analyses of
birefringence data,232~44 we would have concluded that
either SI(7—26) was composed of ordered spheres or it
was disordered, at temperatures between 22 and 120
°C. We show below that neither of these conclusions is
correct.

The time dependence of the birefringence, obtained
after quenching SI(7—26) from 120 to 50 °C under
reciprocating shear flow, is shown in Figure 1. We find
that P/Py increases rapidly to unity until £ = 21 min,
then decreases, and levels off. The large birefringence
signal indicates the presence of a cylindrical phase
under shear flow at 50 °C.

In previous studies we have shown that the cusplike
shape of the P/P, curve indicates that the retardation
of the incident beam exceeds 7. The expressions used
for interpreting the birefringence data are

L —sin¥Cp,/2) for0<Tp<a (O
0

and

P£ =sin®(mr — T$,/2) form<T¢, <27 (2)
0

where I' is the retardation of a perfect cylindrically



7092 Abuzaina et al.

1

0.8

3 0.6
©

0.4

0.2

0

0 20 40 60 80 100 120
Time (min)

Figure 2. Time dependence of the single-crystal volume
fraction, ¢, of SI(7—26) under shear flow (200% strain
amplitude and 1 mm/s shear velocity) at 7" = 50 °C.

ordered single-crystal sample with path length L (I’ =
2xLAn /1), An is the birefringence of the single crystal,
and ¢ is the single-crystal volume fraction.

There was no measurable depolarized light scattering
at finite scattering angles at any time during the shear
flow experiment. On the basis of previous work,33:3¢ we
take this as an indication that the fraction of randomly
oriented grains is either negligible or nearly parallel to
the flow direction. Assuming that ¢s. approaches unity
as t — o when the sample is under high-shear condi-
tions, we estimate that An = 4.9 x 1074 This assump-
tion was confirmed qualitatively through reasonable
agreement with 4.7 x 1074, our estimate of the form
birefringence of the sample based on the known refrac-
tive indices of polystyrene and polyisoprene, 1.59 and
1.52, respectively. Our estimate does not include inter-
mixing of chains in the microdomains and intrinsic
birefringence due to chain stretching.® We use our
measured value of An along with eqs 1 and 2 to compute
the time dependence of ¢s.. The results of the calculation
are shown in Figure 2. It is clear that at 50 °C the
formation of a cylindrical single crystal takes about 30
min. This is in sharp contrast to the quiescent birefrin-
gence results where no sign of order formation was seen
for 6000 min (4 days) at 50 °C (inset in Figure 1). The
shear aligned state was perfectly stable at room tem-
perature. We were thus able to remove the sample from
the shear cell and examine it by SAXS. Standard
signatures of oriented, hexagonally packed cylinders
were obtained. Since these results were similar to
previously published results,?® we do not show them in
this paper.

The shear-oriented sample was heated in steps under
quiescent conditions. A discontinuous decrease in the
birefringence signal was observed when the sample was
heated from 68 to 72 °C. We thus conclude that the
cylinders obtained under shear give way to either
ordered spheres or disorder at 70 + 2 °C. We performed
a variety of shear experiments, changing shear strain,
shearing velocity, and sample temperature. In all cases,
we obtained a disordering temperature of 70 + 2 °C.

SAXS experiments were used to clarify the phase
behavior of SI(7—26) melts under quiescent conditions.
The sample was disordered at 120 °C, annealed at 50
°C for 48 h in a vacuum, and then taken to the APS.
The scattering profile [I vs q, where I is the scattering
intensity and ¢ is scattering vector, defined by g = (47/
A) sin(6/2), where 1 and 0 are the wavelength of the
incident X-rays and the scattering angle, respectively]
obtained at 50 °C is shown in Figure 3. The locations of

the higher order peaks at «/g, «/Z, NG , \/5, and V12,
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Figure 3. SAXS profile of an extensively annealed SI(7—26)
sample at 7'= 50 °C. The relative positions of the higher order
scattering peaks are labeled on the profile.
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Figure 4. Time evolution of SAXS profiles obtained at 50 °C
for SI(7—26); t = 0 min is the time at which the cooling of the
sample from 70 °C was initiated. The arrows indicate the
location of the +/3 and v/4 peaks obtained 557 min after
quenching the sample.

relative to the primary peak, indicate the presence of
hexagonally packed cylinders. The primary peak, lo-
cated at ¢ = 0.314 nm™1, indicates that the intercylinder
distance is 23.1 nm, and the cylinder radius is 5.12 nm
using the block copolymer composition information. The
sample was heated in 10 °C steps. The step from 60 to
70 °C resulted in an abrupt change in the width of the
primary SAXS peak and disappearance of the higher
order peaks. We thus conclude that the order—disorder
transition temperature of SI(7—26) under quiescent
conditions is 65 + 5 °C and that the ordered phase is,
in fact, cylindrical. This is in reasonable agreement with
the order—disorder transition temperature determined
from the birefringence experiments on the aligned
sample.

To confirm that the formation of ordered cylinders in
SI(7—26) was not caused by the perturbations experi-
enced by the sample while it was transported to the
APS, we disordered the sample at 120 °C and cooled
the sample in the SAXS instrument in steps of 10 °C.
We waited for 57 min at 60 °C (the first step into the
ordered state) and found no sign of order formation.
Because of limited access to the SAXS instrument, we
cooled the sample further to 50 °C (to increase the
thermodynamic driving force for order formation) and
then held it at that temperature until we saw higher
order peaks in the SAXS profiles. In Figure 4 we show
data obtained at selected time intervals during the 50
°C experiment. At £ = 557 min (¢ = 0 min is the time at
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Figure 5. (a) SAXS profiles obtained from SI(7—26) at
selected temperatures (70, 80, 140 °C) in the disordered state.
(b) A plot of the normalized SAXS intensity Ix(g) at 70 and 80
°C. The arrow indicates the appearance and the location of
the broad shoulder that marks the disordered micelles.

which the cooling of the sample from 70 to 60 °C was

initiated), the v/3 and v4 peaks of the cylinder phase
are evident in the SAXS profiles. Note, however, that 8
h of annealing is needed before signatures of the ordered
state are clearly detected in SI(7—26) at 50 °C.

In Figure 5a we show SAXS profiles obtained from
SI(7—26) at selected temperatures in the disordered
state (70, 80, and 140 °C). The main feature in these
scattering profiles is the presence of a peak due to
periodic concentration fluctuations at ¢ = 0.32 nm™1.
To probe the possibility of obtaining disordered micelles,
we calculate I,(q), the I(q) data obtained at the temper-
ature of interest (70 and 80 °C) normalized by that
obtained at temperatures deep in the disordered state
at 140 °C.46

@)z
I = 3
@) I(@)140°c ®

If decreasing the temperature of SI(7—26) melt had led
to a simple increase in the amplitude of the concentra-
tion fluctuations as proposed by Leibler? and Fredrick-
son and Helfand?> (i.e., there are no micelles), then I,,(q)
would only have a primary peak at gpeax = 0.32 nm™!
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Figure 6. Rheological measurements on SI(7—26) from 60 to
100 °C: (a) in-phase modulus G'(w); (b) out-of-phase modulus
G'"(w). For temperatures greater than or equal to 70 °C,
terminal behavior is observed.

and no secondary features. This can be readily seen by
computing theoretical I,,(¢) curves, using the equations
given in refs 2 and 25. In Figure 5b we show a plot of
I,(g) at 70 and 80 °C. In addition to the main peak at
@peak = 0.32 nm™1, we see a broad shoulder around g =
0.55 nm~1, as indicated by the arrows in Figure 5b. On
the basis of previous reports,16-20:24.27-31 e propose that
this shoulder in I,,(¢) indicates the presence of disor-
dered micelles.

To confirm that the high-¢ SAXS shoulder obtained
at 70 and 80 °C was not due to the formation of an
ordered phase, we measured the rheological properties
of SI(7—26). In Figure 6a,b we plot G' and G"' vs w.*7 At
temperatures greater than or equal to 70 °C we obtain
terminal behavior with G' ~ w? and G" ~ w! in the low-
frequency limit. This is a standard signature of a
disordered phase.? At temperatures less than or equal
to 60 °C we obtain significant departures from terminal
behavior. For brevity, we only show the 60 °C data in
Figure 6. The rheological data support our earlier
conclusion based on birefringence and SAXS that the
order—disorder transition of this sample is located at
65 + 5 °C.

Two methodologies have been used to detect the
presence of disordered micelles:16-20.24.27-31 (1) Micellar
systems exhibit a high-q¢ (g > @peax) shoulder in the
disordered state I vs ¢ plots due to the product of the
form factor of the spherical cores and the interparticle
structure factor.2? It is has been found, however, that
the height of the micelle-related shoulder in the I vs g
plot depends on a number of factors such as the
magnitude of the concentration fluctuations, the number
density of micelles, their aggregation number, etc. Thus,
while the presence of a high-q shoulder indicates the
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presence of micelles, the absence of a high-g shoulder
does not rule out the presence of micelles. (2) The
presence of disordered micelles can also be detected by
noting the I vs g power law in the high-g limit.2427 In
the disordered state where the block copolymer chains
are mixed at the molecular level, the scattering intensity
exhibits a g2 power law at high g, while micellar
disordered phases exhibit ¢=* power law due to Porod
scattering from the micellar interfaces.*® The range of
g values where these power laws are observed, however,
depends strongly on the magnitude of the concentration
fluctuations, the statistical segment lengths of the
chains, etc. Unambiguous determination of the high-g
I vs g scaling laws requires access to g values that are
factors of 4 or 5 higher than the location of the primary
scattering peak.2” Determining the scattering profile at
such large ¢ values may not always be feasible due to
instrument limitations, background scattering, etc. Our
proposal of examining I,(g) provides a complementary
model-free method for identifying the presence of a
temperature-dependent micellar regime for cases where
the high-g shoulder is not clearly identifiable and SAXS
data at very high-q values is not available.

Having established that the ordered phase is in fact
cylindrical, we use the quiescent birefringence data
(inset of Figure 1) to obtain an upper limit for the
average grain size in our system. We start by evaluating
the following equation for the depolarized scattered
intensity (see ref 38) in the forward direction
(as g — 0):

k1, Vn*(n, — n,)’

sin (qr)
157 dr

I(q) = rr— 4)

./:orQC(r)

where the propagation constant & = 27/4, 1 is the
wavelength of the incident beam, I is the incident beam
intensity, V is the illuminated sample volume, n is the
average refractive index of the medium, and n, and n,
are the local extraordinary and ordinary refractive
indices, respectively. For simplicity, we assume that C(r)
is a Gaussian correlation function of the form

C(r) = exp(—r?*/2w?) (5)

Substituting eq 5 in eq 4 at ¢ = 0 yields the following
expression:

10) k*Va*(n, — n)w® ©
I, 15v27L?

where 1(0) is the forward scattering intensity, Ls is the
sample-to-detection plane (lens location in our setup)
distance (150 mm), and w is an average grain length.
The ratio 1(0)/Iy fluctuates between 0 and about 1.2 x
1078, which is near the background noise level of our
detection system, for the sample annealed at 50 °C.
Using the higher value (1.2 x 1078) for the ratio, the
average grain length is calculated from eq 6 to be 135
nm. We thus conclude that the average grain length in
SI(7—26) after several days of annealing is less than
135 nm due to the complexity of the conversion of
disordered micelles into ordered cylinders.

Discussion

Theoretical predictions indicating that the phase
behavior of diblock copolymers cannot be determined
from f and yN alone are contained in the theoretical
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Figure 7. Experimental results shown in a yN vs N plot, for
a particular value of f (f~ 0.18), where OC = ordered cylinders,
OS = ordered spheres, and DM = disordered micelles. The
filled diamond represents sample SI(6—22) from ref 23. The
filled square and filled triangle each represent sample SI(9—
36) from ref 24. The filled circle represents sample SI(7—26)
(present work).

work of Fredrickson and Helfand,?> who proposed a
methodology for incorporating fluctuation corrections
into Leibler’s theory. The phase diagrams obtained by
Fredrickson and Helfand were dependent on all three
parameters (f, y, and N). For concreteness, we discuss
the theoretical results of Fredrickson and Helfand for
a particular value of f (f = 0.4). For values of N < 108,
there is a direct transition from disorder to ordered
cylinders, while for N > 108, the disordered phase forms
bce spheres, which then give way to ordered cylinders.
The Fredrickson—Helfand approach cannot be imple-
mented for highly asymmetric block copolymers (e.g., f
= 0.18) because the Hartree analysis, which is the basis
for these calculations, is not valid for f values far
removed from 0.5.4°

There are some qualitative similarities between the
phase behavior observed in SI diblock copolymers with
f~ 0.18 and the theoretical predictions of Fredrickson
and Helfand. In Figure 7 we show the different phases
formed by the f ~ 0.18 samples on a yN vs N plot. We
used eq 7, proposed by Dormidontova and Lodge?® for
asymmetric SI block copolymers, to calculate y.

x = —0.0208 + 21.1/T (7

Both y and N were based on a 100 A3 reference
volume. As shown in Figure 7, at N = 870, two
transitions, from cylinders to spheres and from spheres
to disordered micelles, are obtained, as reported in ref
24. When N is decreased to 645, a direct transition from
ordered cylinders to disordered micelles is obtained
(present work). Similarly, an N = 543 sample with /'~
0.18 also shows a cylinder-to-disorder transition as
discussed in ref 23. There was no discussion of the
nature of the disordered phase in ref 23, which was
written before a detailed understanding of the disor-
dered micelle regime was available. On the basis of
considerations given in ref 32 and this paper, however,
it is likely that the disordered phase at N = 543 also
contains micelles. The opening of the ordered sphere
window at high N in SI diblocks with f ~ 0.18 is
qualitatively similar to the predictions of Fredrickson
and Helfand described in the preceding paragraph.
However, the values of N at which we observe changes
in phase behavior experimentally are orders of magni-
tude lower than those indicated by the Fredrickson—
Helfand theory. This discrepancy underscores the need
for more complete and systematic theories of the phase
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behavior of block copolymers, regardless of f. While we
have focused on the large differences in N of the
polymers discussed in Figure 7, the values of f differ
slightly from sample to sample (f of SI(6—22), SI(7—26),
and SI(9—36) are 0.188, 0.179, and 0.181, respectively).
In our analysis, we have ignored these differences,
which are within experimental error.

Our experiments on SI(7—26) indicate that ordered
cylinders can be obtained directly by cooling disordered
micelles. In previous studies on diblock copolymers, only
the formation of ordered spheres from disordered mi-
celles has been reported.®® It is likely that the mecha-
nism of the transformation from disordered micelles to
ordered cylinders is more complicated than the trans-
formation from disordered micelles to ordered spheres.
The first step may involve an increase in the number
density of the disordered micelles, followed by a conver-
sion of the micelles into wormlike cylinders that eventu-
ally are organized on a hexagonal lattice. We propose
that our observations of extremely slow ordering, and
small grain sizes in quiescently ordered SI(7—26) are
due to the complexity of the processes that must occur
during the disorder-to-order transition. On the other
hand, we find the presence of micelles does not hinder
the formation of a well-aligned cylinder phase when
shear flow is applied during order formation (Figures 1
and 2).

The presence of disordered micelles also sheds light
on complexities noted in early attempts to obtain the y
parameter in polystyrene—polyisoprene block copoly-
mers. In ref 32, the y parameter between polystyrene
and polyisoprene chains was measured by comparing
SANS profiles from a series of disordered block copoly-
mers with the theoretical predictions of Leibler.? For
polymers with 0.25 < f < 0.5, y was found to be
independent of molecular weight and copolymer com-
position and was given by

% = —0.0043 + 13.31/T (8)

The agreement of y obtained from different systems
strongly suggests that the disordered phase in systems
with 0.25 < f < 0.5 was devoid of structure (i.e., it did
not contain micelles) regardless of N. It was noted in
ref 32 that the y parameters obtained from low molec-
ular weight asymmetric block copolymers with f < 0.25
were larger than those obtained from eq 8 by factors as
large as 2. The discrepancy was more noticeable at low
temperatures near the order—disorder transition than
at high temperatures. In no case was y obtained from
the asymmetric systems lower than that given by eq 8.
It is now clear anomalously large values of y obtained
from disordered asymmetric block copolymers are sig-
natures of the presence of micelles. (This was one of the
explanations offered tentatively in ref 32.) In ref 32 two
copolymers, SI(4—13), and SI(8—22), with nearly identi-
cal compositions (f ~ 0.23) were examined. The y
parameters obtained from SI(8—22) were in agreement
with eq 8, while those obtained from SI(4—13) were
significantly larger than that predicted by eq 8. We
conclude that the disordered phase of SI(4—13) contains
micelles while that of SI(8—22) is devoid of structure.
It is clear that f ~ 0.23 represents the border between
structureless disordered phases and micellar disordered
phases.

While our understanding of disordered micelles began
with the theoretical prediction of Semenov,? quantitative
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Figure 8. Experimental phase diagram (yN vs fps) for
asymmetric SI block copolymers with PS as the minor com-
ponent. OC = ordered cylinders, OS = ordered spheres, DM
= disordered micelles, and DIS = micelle-free disorder. The
filled triangles and the open squares at f= 0.16 and f = 0.13
correspond to samples SI(7—29) and SI(10—53) from ref 20.
The filled circle and the filled triangle at f = 0.147 correspond
to sample SI(10—50) from ref 17. The filled circle at f = 0.141
represents sample SI(14—72) from ref 22. The filled diamond
at /= 0.188 represents sample SI(6—22) from ref 23. The filled
square at f = 0.23 represents sample SI(8—22) from ref 32.

understanding of this regime is due to the careful
experimentation of several groups!6-20.2427-31 gnd more
complete theories.26 Theoretical work of Dormidontova
and Lodge shows that as temperature increases, samples
in the disordered-micelle regime become increasingly
homogeneous. Despite the lack of a sharp discontinuity
between the disordered micelle regime and the disor-
dered regime, they were able to determine the temper-
ature at which the concentration of disordered micelles
was negligibly small.26

The above discussions allow us to plot a refined
experimental phase diagram for asymmetric SI block
copolymers with polystyrene as the minor component,
as shown in Figure 8. Using the data presented here
and that in refs 17, 20, 22, 23, and 32, we have identified
four kinds of regimes: ordered sphere phase (OS),
ordered cylinder phase (OC), disordered micelles (DM),
and micelle-free disorder (DIS). The full lines represent
phase boundaries. The filled circles represent OC to OS
phase transitions identified in refs 17 and 22, while the
filled triangles represent the OS to DM phase transi-
tions identified in refs 17 and 20. The vertical line at f
= 0.18 indicates the inadequacy of the yN vs f format
for describing the phase behavior of systems in this
region (see Figure 7). There is considerable uncertainty
in the location of the ordered sphere and cylinder phases
in the 0.15 < f < 0.18 regime in Figure 8. One source of
uncertainty is the fact that the terminus of the sphere—
cylinder boundary at f= 0.18 will depend on N (Figure
7). In addition, we were unable to find any experimental
determination of the sphere—cylinder boundary in the
0.15 < f < 0.18 regime in the literature. The filled
diamond in Figure 8 represents the OC—DM phase
transition reported in ref 23, while the filled square
represents the OC—DIS phase transition reported in ref
32. The curve connecting the diamond and square is
simplistic because the location of the terminus of that
curve at f = 0.23 depends on N (disordered micelles are
obtained at N = 324 but not at N = 582). The open
squares in Figure 8 represent the crossover from
disordered micelles to the disordered state reported in
ref 20. The dashed curve connects these data (open
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squares) with our conclusion that disordered micelles
do not exist at f > 0.23 (filled square).

Concluding Remarks

The phase behavior of an asymmetric SI diblock
copolymer, SI(7—26), was studied by small-angle X-ray
scattering and optical birefringence under both quies-
cent and shear-flow conditions and by rheology. In the
absence of shear flow, the sample did not exhibit any
measurable birefringence. In the presence of shear flow,
however, a well-aligned cylinder phase was obtained.
High-resolution SAXS measurements indicated that
ordered phase formed under quiescent conditions was
cylindrical and that the disordered phase obtained above
the order—disorder transition contained micelles. We
conclude that the complexity of the conversion of
disordered micelles into ordered cylinders results in a
highly defective order that cannot be detected by
quiescent birefringence experiments. SI(7—26) is the
only cylindrical block copolymer sample that we have
studied with a negligible quiescent birefringence signal
in the ordered state.*1:465152 To our knowledge, this
work provides the first evidence of a direct transforma-
tion from disordered micelles to ordered cylinders in
diblock copolymers.

A significant portion of this paper is devoted to
integrating the data obtained from SI(7—26) with the
available literature on asymmetric SI block copolymers
with polystyrene as the minor component. We present
a comprehensive phase diagram obtained from a syn-
thesis of several independent studies.17-20-22.23.32 For most
of the samples we find that the usual parameters yNV
and [ are adequate for describing phase behavior.
However, samples with different IV values located near
the phase boundaries show qualitatively different phase
behavior. We suggest that this may be due to the
inadequacy of mean-field theories, which include the
random phase approximation and self-consistent-field
theory.

Given the large number of papers written on block
copolymer phase behavior, and the numerous yN vs f
phase diagrams that are available in the litera-
ture,2421:2553-59 gne might argue that block copolymer
phase behavior is a solved problem. However, our
knowledge of these systems is based on a limited
number of samples. While the paucity of data in Figure
7 might be considered as a limitation of this work, we
are not aware of any asymmetric block copolymer where
the thermodynamics of more than three samples with
the same value of f have been studied. Given the
considerable investment needed to synthesize block
copolymers and study their phase behavior as a function
of both f and N, our work provides the motivation for
more complete studies of systems with = 0.18 and f=
0.23.

While this work was under review, a theoretical paper
on the formation of disordered micelles in block copoly-
mer melts was published by Wang et al.%0 This work
provides considerable support for some of our experi-
mental findings. An important conclusion of ref 60 is
that the presence of disordered micelles leads to phase
behavior that depends on all three parameters, y, N,
and f. In Figure 7 of ref 60 Wang et al. examine the
properties of a block copolymer with f = 0.10. At low
values of N, they find a direct transition from a
disordered micelle phase to an ordered bec phase. With
increasing N, they find that an intermediate face-
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centered-cubic (fcc) phase is stable between the disor-
dered and bcc phases (Figure 7 of ref 60). This is
qualitatively similar to the behavior that we report in
Figure 7 of this paper. Quantitative differences arise
because Wang et al. did not consider cylinder formation
in their study, while in our case we obtain cylinders at
f ~ 0.18. Despite this, Wang et al. predict that the
disordered micelles regime terminates at = 0.22, which
is nearly in agreement with our conclusion that this
region terminates at f = 0.23 (Figure 8). One of our
proposed signatures of disordered micelles, namely
higher neutron scattering intensity than what is ex-
pected from the Leibler structure factor, is shown to be
true in theory (Figure 9 of ref 60).
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