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ABSTRACT: Two asymmetric poly(ethylenepropylene-b-dimethylsiloxane) diblock copolymer melts have
been examined by rheology, small-angle X-ray scattering (SAXS), and small-angle neutron scattering
(SANS). The two copolymers have total molecular weights of 24 400 and 23 900 and PDMS volume
fractions of 0.12 and 0.10, respectively. The latter copolymer was obtained by extensive fractionation of
the former, the difference in composition arising primarily from the removal of traces of PDMS
homopolymer. The order-disorder transition (ODT) is unambiguously identified by rheology and SAXS.
Above the ODT the SANS and rheological properties are consistent with the recently proposed disordered
micelle regime, whereby the copolymers are associated in micellar aggregates that are not ordered on a
lattice. The viscosity of the melt in this regime is greater than that of a poly(ethylenepropylene)
homopolymer of the same total molecular weight. The SANS structure factors were analyzed by a
generalized inverse Fourier transform and by direct fitting to a model based on the Percus-Yevick
structure factor and either a spherical or an ellipsoidal form factor. Both approaches give comparable
results, and the average micelle core radius, effective hard-sphere radius, and volume fraction were
extracted as a function of temperature. The fitting suggests that as temperature increases the micelles
remain relatively unchanged, but their number density and volume fraction decrease steadily. The
fractionated copolymer has a significantly smaller micellar core than its precursor and therefore a
significantly smaller aggregation number. These differences are attributable to the partitioning of PDMS
homopolymer into the micellar cores. For these samples the critical micelle temperature (cmt), where
the volume fraction of micelles should become negligible, was not accessed, even 100 deg above the ODT.

Introduction

Because of the chemical bond linking the different
components, block copolymers tend to exhibit “mi-
crophase separation” instead of macroscopic phase
separation. This self-association phenomenon endows
block copolymers with appealing physical and mechan-
ical properties that have received considerable
attention.1-4 A great deal is known about the factors
that dictate the selection of a particular morphology
within the ordered state, and self-consistent mean-field
(SCMF) theory in particular is often capable of near-
quantitative calculations of ordered state free energies
and structural details. However, in the vicinity of the
order-disorder transition (ODT) and in the disordered
state away from the ODT, such quantitative success is
still lacking. Furthermore, there remain significant
unresolved issues even at the qualitative level. Several
of these concern highly asymmetric copolymers, which
adopt the bcc packing of spherical micelles in the
ordered state. In this paper we present a detailed
experimental examination of two such copolymers at
and above the ODT, in an attempt to clarify aspects of
the behavior in this regime.

In Leibler’s pioneering mean-field theory,5 the equi-
librium state of a diblock copolymer in the weak
segregation limit is determined by only two parameters.

These are the volume fraction of the minor block (f) and
the product øN, where ø (∼1/T) is the Flory-Huggins
parameter characterizing the enthalpic interactions
between the different segments and N is the total
number of segments in the chain. For asymmetric
diblock melts, Leibler predicted a direct first-order
phase transition to a body-centered-cubic (bcc) phase
from the disordered melt on increasing øN. The disor-
dered state was treated via the random phase ap-
proximation (RPA), i.e., as a random mixture of Gauss-
ian chains. Fredrickson and Helfand presented the first
attempt to incorporate the effect of composition fluctua-
tions near the ODT6 and were able to capture at least
qualitatively many of the experimental deviations from
the Leibler theory.7 However, this treatment becomes
quantitatively less reliable as either N or f decreases.
Schweizer and co-workers used the PRISM model to
study the equilibrium properties of the disordered
state.8-10 Although for symmetric copolymer melts they
obtained similar results to the Fredrickson-Helfand
theory, the microscopic origin of the fluctuations was
found to be enthalpic rather than entropic in nature;
furthermore, the differences between the two ap-
proaches increase as f decreases. However, as a liquid
state theory the PRISM model cannot find the ODT
directly.

Part of the difficulty with asymmetric copolymers
arises because as f decreases the expected value of
(øN)ODT increases, from ca. 10 when f ) 0.5 to ca. 50
when f ≈ 0.1. Consequently, the degree of segregation
is rather strong even in the disordered state, and
treatments based on perturbations about a Gaussian
reference state may encounter difficulties. Semenov
recognized this feature and considered the ODT for
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asymmetric copolymers in terms of the relative stability
of various packings of preexisting spherical micelles.11,12

Under certain conditions phase sequences such as
disordered f face-centered cubic (fcc) f hexagonally
close-packed (hcp) f bcc upon cooling were anticipated.
Detailed SCMF calculations by Matsen and Bates
reached a similar conclusion, namely that there was a
narrow window of a stable close-packed structure (i.e.,
fcc or hcp) between bcc and disorder.13 As far as we are
aware, such a close-packed sphere phase has yet to be
reported for a diblock copolymer melt. Recently, we
extended Semenov’s approach to consider the possible
stability of a disordered micelle regime above the ODT
and found that such a state can indeed intervene in
place of a close-packed structure.14

Experimentally, three groups have studied the ODT
from bcc spheres and the neighboring disordered phase
in some detail, utilizing poly(styrene-b-isoprene) (SI)
diblock and triblock copolymers. Schwab and Stühn
employed small-angle X-ray scattering (SAXS) to ex-
amine the temperature dependence of S(q) for a polymer
with f ) 0.11.15,16 They reported a stable state of
liquidlike micelles between the microscopically homo-
geneous, fully disordered state at high temperature and
the bcc ordered array of spheres at low temperature.
They analyzed the scattering profiles quantitatively in
the framework of the Percus-Yevick theory for hard-
sphere liquids17 and found that both the micellar core
size and the hard-sphere radius decrease with increas-
ing temperature, through a decrease in the mean
aggregation number of the micelles. The number density
of micelles remained roughly constant, however. The
volume fraction (φhs) of hard spheres was about 0.47 at
the ordering transition, which compares favorably to the
value φhs ) 0.494 where a hard-sphere liquid adopts the
fcc packing.18

Register and co-workers have emphasized the location
of the ODT itself for SI copolymers, as determined by
SAXS and rheology.19,20 In the latter case, the low-
frequency dynamic elastic modulus G′ exhibited a sharp
drop at the ODT, in a manner qualitatively similar to
lamellar, cylinder, or gyroid-forming copolymers. Below
TODT they found a metastable liquidlike arrangement
of polystyrene spheres, which is kinetically trapped by
a combination of the high viscosity as the Tg of PS is
approached and the relatively small thermodynamic
driving force to form the bcc lattice. For some samples
this structure developed into a bcc phase after sufficient
annealing. Above the TODT, they attributed the deviation
of the scattering profiles from Leibler’s mean-field
theory to large-amplitude composition fluctuations, in
analogy with more symmetric copolymers. They further
suggested that the liquidlike spherical state may simply
result from the vitrification of large-amplitude composi-
tion fluctuations.

More recently, Han, Hashimoto, and Kim and co-
workers have examined similar systems by SAXS,
rheology, and TEM.21-24 Han et al. identify two transi-
tions, termed the lattice disordering/ordering transition
(LDOT) and the demicellization/micellization transition
(DMT).21 The LDOT is defined as a transition where
the long-range order of spheres is lost during heating,
giving rise to a disordered arrangement of spheres with
short-range liquidlike order; it thus corresponds to the
ODT of the other groups. The DMT is defined as a
transition where all the spheres disappear during
heating, leading to a micelle-free state in which the

block copolymers are fully mixed on a molecular level.
The experimental signatures of the DMT are much more
subtle than those of the LDOT/ODT, and in fact it is
not even clear whether a distinct transition exists. For
example, Dormidontova and Lodge conclude that there
is no phase transition where micelles disappear but that
rather the micelle number fraction decreases continu-
ously with increasing temperature.14 Thus, the disor-
dered micelle regime and the fully disordered state
belong to one disordered phase.

Following conventional terminology, we define the
ODT as the transition where long-range order disap-
pears and the critical micelle temperature (cmt) as the
highest temperature where distinct micelles can be
discerned experimentally. Thus, our ODT and cmt
should correspond to the LDOT and DMT of Han et al.,
respectively.21 The main objectives of this work are (1)
to confirm whether liquidlike micelles exist as a ther-
modynamic equilibrium state above TODT, as predicted
by recent theory14 and as reported by previous
workers,15,16,21-24 (2) to characterize the temperature
dependence of the liquid structure in this regime in
more detail, and (3) to assess whether there is a clear
transition (cmt) from a liquidlike micelle regime to a
micelle-free, “fully” disordered state. As a model system,
SI is far from ideal: it is hampered by a limited
accessible temperature range, bounded below by the
high PS Tg (ca. 100 °C) and above by the thermal
instability of PI (T g 200 °C). In addition to this limited
thermodynamic window, the strongly temperature-
dependent and sluggish PS chain dynamics often con-
tribute to severe kinetic limitations. In contrast, both
poly(ethylenepropylene) (PEP) and poly(dimethylsilox-
ane) (PDMS) have low Tg (<-70 °C), and the thermal
stability of PEP is far superior to the unsaturated PI
precursor. Consequently, PEP-PDMS copolymers offer
a wider accessible temperature window, with relatively
rapid chain dynamics. In this paper we report the
determination of the ODT via rheology and SAXS, and
a detailed examination of the liquidlike micelle regime
above TODT, via rheology and small-angle neutron
scattering (SANS), for two PEP-PDMS diblocks with
fPDMS ) 0.12 and 0.10.

Experimental Section
Synthesis and Characterization. Poly(ethylenepro-

pylene-b-dimethylsiloxane) (ED) was prepared by anionic
polymerization of a precursor polymer, poly(isoprene-b-di-
methylsiloxane) (ID), followed by hydrogenation/deuteration
of the polyisoprene (PI) block. Isoprene was polymerized in
cyclohexane at 45 °C using sec-butyllithium as initiator. After
4 h, ca. 5 mL of living PI solution was taken out through a
cannula, terminated with 2-propanol, and dried without
further purification to provide a PI precursor for characteriza-
tion. At room temperature we added hexamethylcyclotrisilox-
ane (D3) into the cyclohexane solution of living PI chains,
resulting in the termination of the isoprene polymerization by
the addition of three methylsiloxane units. The solution was
then stirred overnight to allow for complete reaction, before
250 mL of THF was added to start propagation at room
temperature. Because of PDMS redistribution reactions (which,
however, are slow compared to the propagation reaction), the
polymerization was terminated by 3-(trimethylsiloxypropyl)-
dimethylchlorosilane after 1 h, before complete conversion of
D3 was achieved. After most of the solvent was removed in a
rotovap, 50 mL of cyclohexane was added, and the reaction
solution was washed with distilled water six times to remove
salt. Finally, ID was precipitated in a mixture of methanol
and 2-propanol (volume 1:1) and completely dried in a vacuum
oven. ID was completely (>99.5%) hydrogenated or deuterated
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at 35 atm and 60 °C using palladium (5%) on calcium
carbonate as catalyst in cyclohexane, following standard
procedures.25

Nuclear magnetic resonance (NMR) was used to determine
the PI precursor molecular weight and microstructure, to
determine the ID and ED copolymer composition, and to check
the extent of hydrogenation of ED. Size exclusion permeation
chromatography (SEC) was used to characterize the polydis-
persity of the samples and the molecular weight of the PI
precursor using PI standards. The inset to Figure 1 shows the
SEC trace for ED in THF and indicates a narrowly distributed
polymer with a small bump corresponding to the coupled
triblock. This sample was subjected to SANS, SAXS, and
rheology measurements. However, certain aspects of the
results motivated recharacterization. An SEC trace for the
same polymer in toluene in Figure 1 reveals the presence of a
small amount of broadly distributed PDMS homopolymer,
which was not observed before due to the near refractive index
match between THF and PDMS. Accordingly, ED was frac-
tionated in a chloroform/methanol system at 2-5% w/v
concentration four times, to remove small amounts of triblock
and PDMS homopolymer. The SEC trace in toluene for the
fractionated sample is also shown in Figure 1, and it is evident
that most of the contaminants are removed. The characteriza-
tion results are summarized in Table 1, and the samples before
and after fractionation are designated ED-1 and ED-2, respec-
tively. NMR showed the PI microstructure to be ca. 95% 1,4-
and 5% 3,4-, and therefore ED contains some 2-propylethylene
segments in the PEP block after hydrogenation. The PI
molecular weight from NMR is slightly smaller than that from
SEC, due presumably to the low intensity of the initiator peak.
We take 20.7 × 103 g/mol as the PI molecular weight, and thus
the PEP block in ED has M ) 21.3 × 103 g/mol. From the ID
copolymer molar composition the PDMS block in ED-1 has M
) 3.1 × 103 g/mol, and the volume fraction f ) 0.120 at 25 °C
is estimated via the temperature dependence of the density
of PEP and PDMS:26

From the copolymer molar composition the PDMS block in
ED-2 has M ) 2.6 × 103 g/mol and volume fraction f ) 0.098
at 25 °C.

Rheology. An Advanced Rheometric Expansion System
(ARES) was used with parallel plate fixtures (50 mm diameter)

and a ca. 1 mm gap. Three different types of experiment in
the oscillatory mode and one in the steady mode were
conducted. (1) Dynamic temperature ramp experiments: dy-
namic storage and loss moduli (G′ and G′′) were measured
under isochronal conditions at a fixed heating rate of 0.3 or
0.5 °C/min. (2) Dynamic strain sweep experiments: G′ and G′′
were measured as a function of strain amplitude (γ) ranging
from 0.1% to 100% to determine the linear viscoelastic regime
at fixed angular frequency (ω) and different temperatures. (3)
Dynamic frequency sweep experiments: G′ and G′′ were
measured as a function of ω ranging from 0.01 to 100 rad/s at
various fixed temperatures during a heating cycle. (4) Steady
rate sweep experiments: the viscosity (η) was measured as a
function of shear rate ranging from 1 to 100 s-1. This
measurement was used to obtain the zero-shear viscosity when
the dynamic frequency sweep failed to provide reliable data
(below ca. 200 Pa‚s). ED-1 and ED-2 samples were annealed
for 6 h at 185 and 160 °C, respectively, in an attempt to obtain
reasonably well-ordered bcc structures, and each specimen was
kept at a constant temperature for 30 min before the measure-
ments were begun. The temperature control was accurate to
within (1 °C, and all measurements were taken under a
nitrogen atmosphere. After the high-temperature rheology
tests the samples were checked by SEC for sample degrada-
tion; no measurable degradation was found for samples that
did not exceed 300 °C.

Small-Angle X-ray Scattering (SAXS). SAXS measure-
ments were performed at the University of Minnesota using
a Rigaku RU-200BVH rotating anode X-ray generator produc-
ing Cu KR radiation (λ ) 1.542 Å). The instrument makes use
of focusing optics (Franks mirrors) and an area detector
(Siemens). The sample-to-detector distance was 2.25 m, and
the sample was held in an O-ring (thickness ca. 1 mm) between
two Kapton windows. Temperature was controlled to within
(1 °C. Intervals for thermal equilibrium and exposure for each
scan were 10 and 15 min, respectively. The resulting two-
dimensional images were averaged azimuthally to obtain a
trace of intensity vs the scattering wave vector q (q ) 4π sin-
(θ/2)/λ, where θ is the scattering angle).

Small-Angle Neutron Scattering (SANS). SANS mea-
surements were performed on the NIST/Exxon/University of
Minnesota 30 m instrument (NG7) at the National Institute
of Standards and Technology, Gaithersburg, MD, using a
wavelength of λ ) 6.0 Å with ∆λ/λ ) 0.11 and sample-to-
detector distance of 7 m. Samples were loaded between quartz
disks separated by a 1.1 mm aluminum spacer and then sealed
with high-temperature adhesive. Partially deuterated d-ED-1
and d-ED-2 samples were annealed prior to the measurements,
at 180 ( 10 °C for 6 h and at 160 ( 1 °C for 5 days,
respectively. Temperature was controlled to within (1 °C in
the SANS heating stage. Raw data were corrected for detector
sensitivity and beam-blocked instrumental background detec-
tor counts and then normalized for sample transmission and
sample thickness. Absolute calibration was accomplished using
a Sil A5 standard. The two-dimensional scattering images were
averaged azimuthally to produce one-dimensional absolute
scattering intensity as a function of the scattering wave vector
q. The incoherent scattering intensity for pure d-PEP and
PDMS was used to estimate the incoherent scattering intensity
of d-ED.

Results
The results are organized as follows. First we locate

the ODT by rheology and SAXS and then describe the

Figure 1. SEC traces for unfractionated (ED-1) and fraction-
ated (ED-2) samples.

FPEP ) 1.054 exp(-6.977 × 10-4T) (g/mL) (1)

FDMS ) 1.195 exp(-6.998 × 10-4T) (g/mL) (2)

Table 1. Polymer Characterization

NMR SEC

polymer Mn (103 g/mol) xa f Mn (103 g/mol) Mw/Mn

PI 19.0 20.7 1.03
ID 0.128 1.05
ED-1 0.120 1.05
ED-2 0.110 0.098 1.04
a x is the mole fraction of the PDMS block in ID.
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SANS results in the disordered micelle regime in some
detail. In some cases data are presented for both ED-1
and ED-2, as the comparison affords useful insight into
which features of the copolymer response are influenced
by added homopolymer. To anticipate the main conclu-
sion in this regard, the qualitative features of the
response are unaffected, but the quantitative details of
the micellar structure in the disordered regime are
significantly altered.

The Order-Disorder Transition. The power of
rheology, and the low-frequency elastic modulus in
particular, to locate phase transitions in block copoly-
mers is well documented.4,27 Figure 2 shows the tem-
perature dependence of G′ and G′′ of ED-1 when the
sample was heated from 160 to 220 °C at 0.3 °C/min,
with ω ) 1 rad/s and γ ) 2.0%. The main feature is the
rapid 2 orders of magnitude drop in G′ that begins near
194 °C and is accompanied by maximum in G′′. This
rheological signature of the ODT is clearest when the
sample has been annealed for a sufficiently long time
in the ordered state to produce a well-defined bcc lattice.
At ca. 182 °C, G′ first starts to decrease rapidly and G′′
starts to increase during heating; this may be identified
as the first “softening” of the lattice. Above ca. 204 °C,
the rate of decrease of G′ and G′′ with increasing
temperature decreases rather abruptly; the possible
significance of this feature will be discussed subse-
quently. The inset of Figure 2 shows the temperature
dependence of G′ and G′′ of ED-2 when the sample was
heated from 120 to 195 °C at 0.5 °C/min, with ω ) 1
rad/s and γ ) 1.0%. The ED-2 profile is similar to ED-
1, but the ODT moves to lower temperature (TODT )
175 °C); this change in ODT is not due to the slightly
increased heating rate.

To determine the limit of linear viscoelastic response
within these different temperature regions, we carried
out dynamic strain sweep experiments on ED-1 at 170,
190, 198, and 210 °C. For all these temperatures, the
higher the frequency, the greater the strain amplitude

that remained within the linear regime. At 170 °C, the
apparent low-frequency strain limit is 5%, consistent
with the reported small deformability of the bcc struc-
ture;28 in fact, it is quite possible that the true limit of
linear response is even smaller but extremely hard to
detect.29 As temperature increases, the width of the
linear viscoelastic regime increases continuously. At 210
°C, both G′ and G′′ are independent of strain amplitude
up to 100%, which is suggestive of a disordered state.

Using time-temperature superposition (TTS), G′ and
G′′ of ED-1 at different temperatures were compared
as a function of the reduced angular frequency (ωaT) as
shown in parts a and b of Figure 3, respectively. The
shift factor (aT) was determined from the temperature
dependence of the viscosity of a poly(ethylenepropylene)
(PEP) homopolymer with a molecular weight of 2.4 ×
104 g/mol using the following Williams-Landel-Ferry
(WLF) equation:30,31

It is apparent from Figure 3 that TTS does not work
very well, as expected for a material passing through a
phase transition, but the format shows clearly that there
are three regimes of behavior, especially in G′. Below
170 °C, there is a plateau in G′ extending over 4 decades
in reduced frequency; this behavior is symptomatic of
a cubic phase.29 Above 215 °C the profiles become
parallel to one another with G′ ∼ ω2 and G′′ ∼ ω,
indicating terminal or liquidlike behavior. It is worth
noting that there is a large drop in amplitude for both
moduli between 195 and 200 °C, which is just above the
ODT as determined in Figure 2. For the intermediate
regime, between 170 and 215 °C, the amplitude of G′
decreases and the apparent plateau narrows. It is also
instructive to plot G′ vs G′′, as shown in Figure 3c. In
this format three regimes are also clearly evident, with
the same boundaries as in Figure 3a,b: there is a low-
frequency plateau below 170 °C, an intermediate regime
up to ca. 215 °C, and then terminal behavior with
complete superposition of the traces for different tem-
peratures. The dynamic frequency sweep experiments
on ED-2 at different temperatures gave similar features
and so are not shown here.

Figure 4 shows the SAXS profiles of ED-1 at various
temperatures ranging from 161 to 225 °C during a
heating cycle. At 161 °C, there is a primary peak with
two clear higher-order peaks at q ) x2q* and q ) x3q*,
where q* is the primary peak position, indicating a well-
developed bcc structure. (Strictly these data are not
sufficient to rule out simple cubic packing, but based
on extensive experimental and theoretical precedent, bcc
is almost certainly the actual symmetry.) From 161 to
193 °C, the sharpness and intensity of the primary peak
decrease, while the higher-order peaks become gradu-
ally harder to discern. Near 195 °C the primary peak
broadens distinctly, and the higher-order peaks disap-
pear; thus, the long-range order of the bcc structure has
melted at the ODT. From 195 to 204 °C, the primary
peak still can be resolved although it continues to
broaden. By 225 °C the relatively weak signal and the
high-temperature limit on the SAXS instrument pre-
vented further measurement; however, this important
regime can be explored by SANS as discussed below.

To quantify the evolution of the primary peak with
increasing temperature, a Lorentzian fit was used over

Figure 2. Temperature dependence of the dynamic storage
and loss moduli (G′ and G′′) for ED-1 upon heating from 160
to 220 °C at 0.3 °C/min, with ω ) 1 rad/s and γ ) 2.0%. The
inset shows the temperature dependence of the dynamic
storage and loss moduli (G′ and G′′) for ED-2 upon heating
from 120 to 195 °C at 0.5 °C/min, with ω ) 1 rad/s and γ )
1.0%.

log aT )
-5.50(T - 25)
139 + (T - 25)

(3)
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a narrow interval around the maximum and above the
background to obtain the primary peak position, q*,
intensity, I(q*), and half-width at half-maximum (σ).
The reciprocal of I(q*) is plotted vs the reciprocal of the
absolute temperature (T-1) in Figure 5, and the square
of σ is shown in the inset. As temperature increases,
I(q*) decreases while σ2 increases. Both 1/I(q*) and σ2

show an abrupt increase between 193 and 195 °C,
indicating that the ODT is a first-order phase transition;
furthermore, the location of the ODT coincides with that
from rheology. The rate of increase of 1/I(q*) with
temperature in the ordered state starts to increase
perceptibly near 181 °C, where G′ and G′′ showed the
first indication of the approaching ODT (Figure 2). From
195 to 204 °C, 1/I(q*) does not change very much;
because of the proximity of the beam stop (see Figure
4) and the decreasing intensity, it is difficult to deter-
mine I(q*) and σ2 above 204 °C precisely. ED-2 gave
similar SAXS features near its TODT.

Figure 3. For ED-1, (a) G′ vs reduced frequency using shift
factors from pure PEP, at the indicated temperatures; (b) G′′
plotted as in (a); (c) G′ vs G′′ from the data in (a) and (b).

Figure 4. For ED-1, temperature dependence of the SAXS
profiles (intensity vs q) after heating to the indicated temper-
atures. Each trace has been shifted up by 1/3 decade relative
to the next lower temperature.

Figure 5. For ED-1, inverse primary SAXS peak intensity
vs inverse temperature; the ODT is clearly defined. The inset
shows the squared peak half-width at half-maximum, which
also increases abruptly at the ODT. Other temperatures are
indicated for comparison with the moduli in Figure 2.
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Disordered Micelle Regime. Parts a and b of
Figure 6 show the temperature dependence of SANS
profiles during a heating cycle at various temperatures
up to 280 °C for ED-1 and ED-2, respectively. The data
are shifted vertically for each temperature for clarity.
The features of scattering profiles for both samples are
similar, but the primary peak positions (q*) are clearly
different. Because of the lower resolution in SANS
compared with SAXS, the primary peak is not particu-
larly sharp, and the higher-order peaks are not well
resolved in the profiles below TODT. However, there is a
very clear shoulder on the high q side of the primary
peak for both samples. Most importantly, this shoulder
persists well above TODT, even up to the 280 °C limit of
the experiment. This feature confirms a nonrandom
arrangement of chains, that following the previous
workers15,16,21-23 we will interpret as micelles. In con-
trast, the mean-field theory of Leibler anticipates a
single broad peak due to the correlation hole effect and
cannot describe these data.5 It seems reasonable to take
approximate adherence to the Leibler structure factor
as a necessary condition for having passed through the
cmt; on this basis our results indicate that the disor-
dered micelle regime persists to at least 100 °C above
the ODT for these samples.

The coherent neutron scattering intensity of a spheri-
cal micelle system can be written

where P(q) is the form factor, accounting for the intra-

particle correlations, and S(q) is the structure factor,
accounting for the interparticle correlations. We now
employ two independent approaches to analyzing the
SANS data: an indirect Fourier transform and a direct
model fitting. Both approaches have limitations, espe-
cially for data that are relatively limited in q range and
intensity, but in this case they provide consistent
results. First, we use the Global Indirect Fourier
Transformation (GIFT) software developed by Glatter
and co-workers to fit the scattering profiles.32 In GIFT,
there is no model or analytical restriction for P(q), but
S(q) is parametrized with up to four parameters for a
given interaction model. We find that the Percus-
Yevick (PY)17 apparent average hard-sphere model,
combined with an unconstrained form factor for a poly-
disperse system, fits the data very well over the entire
q range and at all temperatures above the ODT for both
samples. Parts a and b of Figure 7 give two examples
of the fitting, for ED-1 at 231 °C and ED-2 at 220 °C,
respectively. From these fits we extract the number-
average micelle core radius, Rc, from P(q) through the
micelle core size distribution D(Rc), and an effective
hard-sphere radius, Rhs, and volume fraction of effective
hard spheres, φhs, from S(q). The results are listed in
Tables 2 and 3 for ED-1 and ED-2, respectively. The
main features of these parameters for both samples are
similar. The average micelle core radius remains con-
stant at first, before increasing slightly for ED-1 or
decreasing slightly for ED-2 with increasing tempera-
ture above 240 °C, and the volume fraction of micelles

Figure 6. Temperature dependence of the SANS profiles
(intensity vs q) after heating to the indicated temperatures.
Each trace has been shifted up by 1/3 decade relative to the
next lower temperature. (a) ED-1 and (b) ED-2.

I ∝ P(q) S(q) (4)

Figure 7. SANS traces (a) ED-1 at 231 °C and (b) ED-2 at
220 °C, compared to fits from the generalized inverse Fourier
transform (GIFT) and the Percus-Yevick effective hard-sphere
model with spherical and ellipsoidal form factors.
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for both samples decreases steadily throughout this
temperature range. There is no clear evidence of any
distinct transition above the ODT, such as a cmt.

Figure 8 shows typical GIFT structure factors S(q)
for ED-1 at different temperatures. The oscillations
become progressively less pronounced with the increas-
ing temperature, indicating that the higher the tem-
perature, the lower the intermicellar correlations, but
the presence and liquidlike arrangement of micelles are
indicated across this temperature range. As shown in
the inset, q* remains nearly constant below 240 °C and
then shifts to lower q values, implying that the mean
distance between micelles does not change much below
240 °C and then increases with temperature. (Note that
the exact value of q* may not be simply related to any
physical length in the system, during the evolution from
a lattice of spheres to a melt of chains.) Figure 9 shows
typical size distribution functions D(Rc) at various
temperatures for ED-1. Because the shape of D(Rc) can
be sensitive to the upper bound on Rc (Rmax), Rmax was
varied to obtain the best fit; Figure 9 shows the results
where Rmax is around 16 nm for all temperatures. There
are small oscillations for Rc < 7 nm that probably arise
from the noise in the data at high q and the instrumen-
tal smearing. In summary, the GIFT analysis shows
that the scattering intensity can be well described by a
spherical form factor P(q) combined with an S(q) in the
PY hard-sphere approximation.

We now use the PY model to fit the ED-1 scattering
profiles directly, taking into account core size polydis-
persity, interfacial thickness, and instrumental smear-
ing effects, in hope of extracting a more detailed picture
of the micelles above TODT. This approach is very similar
to that employed by Kinning and Thomas33 (who fitted
experimental data of Berney et al.34) and Schwab and
Stühn.15,16 For monodisperse solid spheres P(q) can be
represented by

where R is the radius of the sphere. For the micellar
melt we take R ) Rc, where Rc is the radius of the
micellar core formed by the PDMS block and PDMS
homopolymer; in other words, the system is viewed as
a suspension of PDMS spheres in a homogeneous matrix
comprising the corona chains plus free diblock copoly-
mer chains. Polydispersity in the micellar core radius
is accounted for by convoluting the spherical form factor
with a distribution function. Previously, a Gaussian
distribution with a standard deviation of σc has been
used, and to account for the details at higher q, a diffuse
sphere boundary parameter ê was introduced.33 In this
way P(q) becomes

where P(q,R) is given by eq 5.
For S(q) the simplest correlations to consider result

from a hard-sphere potential between micelles, with
disordered (liquidlike) packing of the micelles in the
matrix. Ornstein and Zernike first described the direct
correlation between two hard spheres,35 which Percus
and Yevick approximated by a function with an analyti-
cal solution.17 The resulting expression, referred to as
the Percus-Yevick (PY) model, is

Table 2. Summary of GIFT Fitting Parameters for ED-1

T, °C Rc, nm Rhs, nm Rhs - Rc, nm φhs

199 11.0 16.8 5.8 0.376
209 11.0 16.8 5.8 0.367
218 11.0 16.8 5.8 0.358
231 11.0 17.0 6.0 0.347
241 11.0 16.6 5.6 0.328
260 11.6 17.3 5.7 0.288
270 12.0 17.6 5.6 0.262
280 12.5 18.0 5.5 0.223

Table 3. Summary of GIFT Fitting Parameters for ED-2

T, °C Rc, nm Rhs, nm Rhs - Rc, nm φhs

180 8.1 13.3 5.2 0.328
200 8.1 13.2 5.1 0.307
220 8.1 13.0 4.9 0.275
240 7.8 13.1 5.3 0.266
260 7.8 13.0 5.2 0.233
280 7.8 13.3 5.5 0.213

Figure 8. Representative structure factors S(q) from the
generalized inverse Fourier transform at the indicated tem-
peratures for ED-1. The inset shows the position of the
scattering maximum.

Figure 9. Representative size distribution functions D(Rc) for
the micellar core radius at the indicated temperatures for ED-
1.

P(q,R) ) [3(sin(qR) - qR cos(qR))

(qR)3 ]2
(5)

P(q,Rc,σc,ê) )

exp(-4π2ê2q2)

σcx2π
∫0

∞
exp(-(R - Rc)

2

2σc
2 )P(q,R) dR (6)

S(q,Rhs,φ) ) 1

1 +
24φG(A)

A
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where A ) 2qRhs, with Rhs the effective hard-sphere
radius and φhs the effective volume fraction of spheres.
This expression can be used for any spherical system
in a liquid state where the interaction between particles
can be represented by a hard-sphere potential. This also
works well for block copolymer micelles because of the
strong entropic repulsion between micelles from the
corona brushes.33

The calculated neutron scattering intensity was
smeared to fit the measured SANS intensity I(q0) by
convoluting it with the instrumental resolution function,
R(q-q0), as follows:36

where R(q-q0) can be approximated by another Gauss-
ian function:

where the variance of the resolution σq is determined
by the neutron wavelength spread, detector resolution,
and instrumental geometry.36 For the configuration
employed here σq

2 (nm-2) ) 4.19 × 10-4 + 2.18 × 10-1q2.
It should be noted that the smearing correction has a
rather minor effect on the resulting parameter values,
and thus the absence of a smearing correction in the
GIFT analysis is not a serious limitation.

Figure 7a also provides an example of this fitting.
Except for some deviations in the higher q range, the
fitting works very well. We do not attribute much
significance to these deviations, partly because of the
weak intensity and large error bars and partly because
of the inevitable uncertainty in the incoherent back-
ground subtraction. The extracted parameters are sum-
marized in Table 4. Comparing Tables 2 and 4, the
primary conclusion is that the two approaches give

identical results. The effective volume fraction φhs of
micelles decreases continuously, and Rc remains nearly
constant as the temperature increases above TODT,
implying that a decrease in the number of micelles is
the main reason for the decrease in φhs. The fact that
the PDMS core volume fraction (φc ) (Rc/Rhs)3φhs,
assuming the core is pure PDMS) is less than the PDMS
block volume fraction (f ) 0.12) suggests that some
PDMS blocks are not in micelles and are mixed with
the PEP matrix. This is consistent with theoretical
expectation.13,14,37 The higher the temperature, the
higher the concentration of free chains in the melt. In
other words, even in the one component melt micelles
and free chains can coexist above TODT. (Note that this
is not a violation of the phase rule, as the system
remains a single disordered phase.) There is some
evidence of a weak transition around 240 °C, where both
the micellar core size and its polydispersity (σc) first
start to increase, and the corona width, which is
associated with Rhs - Rc, starts to decrease. Finally, it
is worth noting that the diffuse sphere boundary, ê, does
not change much with the temperature. On the basis
of the approach suggested by Hashimoto et al.,38 the
boundary between the core and corona is equal to
(2π)1/2ê, which gives a value of 0.2 nm in this case.
Compared with the core size, we can conclude that the
interface is very sharp in the liquidlike micelle regime,
although this value is of course too small to be taken
literally. The Helfand-Tagami theory, for example,
would predict an interfacial width of ca. 1.5 nm for these
polymers in this temperature range.39

The aggregation number of the micelles can be
estimated from the core size and the density of PDMS:

where NA and MPDMS are Avogadro’s number and the
molecular weight of the PDMS block, respectively. Over
the whole temperature range Nagg is around 800, which
is larger than the typical case for block copolymer
micelles (Nagg of order 102). However, this number
includes some PDMS homopolymer is presumably pref-
erentially sequestered in the core.

We now turn briefly to the analysis of the SANS data
for ED-2. The GIFT results collected in Table 3 show
similar behavior to ED-1, except that the core size is
significantly reduced (and consequently the inferred
aggregation number, about 300). Most importantly, the
volume fraction of hard spheres also decreases mono-
tonically with increasing temperature. The direct fitting
of the ED-2 SANS data was not quite as successful as
with ED-1, however. A more elaborate model, which
allows for some ellipticity to the micelles, was able to
give a satisfactory description, as shown in Figure 7b,

G(A) ) R
A2

(sin A - A cos A) + â
A3

[2A sin A +

(2 - A2) cos A - 2] + γ
A5

{-A4 cos A +

4[(3A2 - 6) cos A + (A3 - 6A) sin A + 6]}

R )
(1 + 2φ)2

(1 - φ)4

â )
-6φ(1 + φ/2)2

(1 - φ)4

γ )
φ(1 + 2φ)2

2(1 - φ)4
(7)

I(q0) ) ∫I(q) R(q-q0) dq (8)

R(q-q0) ) 1
x2πσq

exp(- 1
2(q - q0

σq
)2) (9)

Table 4. Summary of Direct Fitting the Sphere Model for ED-1

T, °C Rc, nm Rhs, nm Rhs - Rc, nm φhs φc
a σc, nm ê, nm Nagg

199 10.7 16.6 5.9 0.363 0.097 1.72 0.08 803
209 10.7 16.7 6.0 0.355 0.093 1.70 0.07 798
218 10.7 16.7 6.0 0.348 0.092 1.74 0.08 793
231 10.9 16.8 5.9 0.338 0.092 1.94 0.09 831
241 10.7 16.5 5.8 0.324 0.088 1.85 0.12 780
260 11.4 17.3 5.9 0.290 0.083 2.29 0.14 931
270 11.9 17.5 5.6 0.262 0.082 2.53 0.12 1052
280 12.5 17.8 5.3 0.219 0.076 2.74 0.10 1210

a φc ) (Rc/Rhs)3φhs, i.e., the volume fraction of the PDMS core.

Nagg )
4πRc(T)3F(T)NA

3MPDMS
(10)
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but the addition of another parameter makes us rather
skeptical of the significance of this result. For example,
it is not clear to what extent the various parameters
such as polydispersity, interfacial width, and ellipticity
are interacting in the fit. Consequently, we are inclined
to place more weight on the GIFT results in this
instance.

The scattering evidence for the existence of some kind
of micellar aggregates in the melt above TODT is strong,
but the low-frequency viscoelastic response (Figure 3)
is liquidlike. If there were no micelles, the viscosity of
the disordered diblock copolymer melt should be similar
to that of a molecular-weight-matched homopolymer.
Figure 10 shows the temperature dependence of the
zero-shear viscosity for ED-1 and for a PEP homopoly-
mer of the same total molecular weight. Over this high-
temperature range the viscosity of PEP can be well
described by an Arrhenius equation (which is still
consistent with eq 3 at lower T). Above 204 °C η0 of ED-1
also follows the Arrhenius equation, but with a larger
activation energy. However, the copolymer viscosity is
systematically higher, and from 190 to 204 °C η0
decreases strongly as temperature increases. Even at
270 °C, η0 of ED-1 is about 2.5 times greater than that
of PEP. This result is strong evidence for some form of
interchain association well above the ODT. Note that
this viscosity enhancement is much too large to be
attributed to the small amount of triblock, or to the
PDMS homopolymer, or to the chemical difference
between PDMS and PEP. In particular, PDMS has both
a lower friction factor and lower entanglement density
than PEP.

Discussion
Order-Disorder Transition. Our experimental

results show that the ODT can be determined unam-
biguously by both SAXS and rheology. In SAXS the
discontinuous changes in I(q*)-1 and σ2 as temperature
increases (Figure 5) locate TODT (194 ( 2 °C). Below the
TODT, the micelles are arrayed on a bcc lattice, as higher-
order peaks are clearly resolved in the scattering
intensity profiles shown in Figure 4; these reflections
are not evident above TODT. The rheological signatures
of the ODT are also clear. A slow temperature ramp at
low frequency reveals a large drop in G′ at the ODT
(Figure 2). Below the ODT G′ shows a low-frequency
plateau (Figure 3a) which is a consistent feature of cubic

phases in block copolymers; this plateau disappears
above the ODT. This combination of SAXS and rheo-
logical signatures of the ODT is in excellent agreement
with previous reports of several groups, but others have
questioned the reliability of G′(T) to locate the ODT.21,23,40

One possible cause of this difference is a poorly formed
bcc lattice on the low temperature side of the ODT. It
is sometimes the case that long annealing times (i.e.,
days) are not sufficient to form a highly organized
structure, due to a combination of a small thermody-
namic driving force and slow kinetics. Even in the
current system, where the chain dynamics are relatively
facile, several hours of annealing just below the ODT
is not sufficient to guarantee a high degree of long-range
order.

It should also be noted that the ODT has a finite
width in these experiments. On the low temperature
side the rheological properties announce the impending
transition about 10 deg below TODT; this “softening” of
the lattice possibly reflects the expulsion of some chains
from each micelle. At and above the ODT the decrease
in G′ with T is not as sharp as is often seen in, for
example, lamellar systems. This is attributable to the
nature of the disordered state: the interactions among
the congested micelles lead to a more gradual loss of
dynamic elasticity. Another factor to consider is com-
positional heterogeneity. Although the molecular weight
distribution and composition distribution of asymmetric
copolymers are typically narrow and comparable to
those for symmetric systems, in the asymmetric case
the location of the ODT is much more sensitive to f; in
other words, whereas ∂(øN)ODT/∂f ≈ 0 for lamellar
systems, it is much larger for f ≈ 0.1. Consequently, the
transition itself could be broadened due to phase
coexistence, i.e., between a bcc phase rich in larger f or
N copolymers and a disordered micelle phase rich in
lower f or N molecules. Note, however, that the rheo-
logical signatures of the ODT for ED-1, which contains
some triblock and some PDMS homopolymer, are com-
parable to those for ED-2 (see Figure 2), and therefore
we conclude that polydispersity is not playing a sub-
stantial role. The small difference in TODT for the two
samples is directly attributable to the small change in
f upon fractionation.

The last issue to consider with respect to the ODT
for highly asymmetric copolymers is whether it corre-
sponds to the ODT for lamellar, gyroid, and cylinder-
forming systems or is something distinct, as proposed
for example by Han, Hashimoto, and Kim.21-23 In
particular, these authors argue that the transition
considered here, which they term the LDOT or LDT, is
unique to sphere-forming copolymers. We do not feel
that there is a fundamental difference between the ODT
for the different ordered state symmetries in block
copolymers. As discussed at length elsewhere, the
disordered micelle regime is part of the disordered phase
and is not a separate phase.14 Accordingly, there is only
one thermodynamic phase transition between the bcc
ordered state and the high temperature disordered
state, the ODT, just as with cylinder and lamellae-
forming copolymers. Furthermore, in all cases this
transition can be consistently located by a combination
of SAXS and rheology.

Disordered Micelle Regime and Micelle Param-
eters. The experimental results and data fitting provide
a consistent picture of a liquidlike packing of micelles;
the structure factors in Figure 8, especially, echo the

Figure 10. Reciprocal temperature dependence of the zero-
shear viscosity of PEP and ED-1.
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structure factor of a hard-sphere fluid as a function of
density. This state represents a compromise between
the entropic drive for complete disorder and the enthal-
pic drive to segregate the two monomers. On heating
from the low-temperature ordered state, the balance
between chains in micelles and free chains shifts in
favor of free chains, eventually disrupting the bcc lattice
at the ODT but without destroying all the micelles.
These results are at least broadly consistent with the
pioneering experimental work of Schwab and Stühn15,16

and of Hashimoto, Han, and Kim21-23 on the styrene-
isoprene system. Furthermore, the recent calculations
provide a rationale for the observation of this disordered
micelle state,14 in place of the close-packed sphere phase
anticipated by self-consistent mean-field theory.13

Although the inversion and the direct fitting give
consistent results, it is important to recognize that such
analysis is often rather delicate, and it is difficult to
establish that a given model is the correct one. In this
case the SANS data exhibit a clear peak, a higher q
shoulder, and one or two distinct dips. Whether these
features are sufficient to justify the number of param-
eters in Table 4 is questionable. However, the SANS
curves are clearly not describable by a Leibler-like
structure factor, so there is evidently some nontrivial,
average local structure in the fluid. Furthermore, the
temperature dependence and magnitude of the viscosity
are compelling evidence for the same conclusion. Con-
sequently, although one may question the detailed
values of the parameters of the fits, they do provide a
plausible interpretation. Furthermore, the relative val-
ues of a given parameter, either from temperature to
temperature or from ED-1 vs ED-2, are probably
significant.

The parameters collected in Tables 2 and 3 (from
inverse Fourier transformation) and Table 4 (from direct
model fitting) provide a more detailed picture of the
evolution of the structure within the liquidlike micelle
regime for both ED-1 and ED-2. Beginning with Tables
2 and 3, the most important parameters are the hard-
sphere volume fraction, φhs, and the associated hard-
sphere radius, Rhs. These values are determined pri-
marily by the height and location of the main peak of
S(q) and are therefore relatively robust. The close
agreement among the hard-sphere volume fractions
extracted from Tables 2 and 4 is reassuring. The trends
with temperature are clear: φhs decreases steadily,
whereas Rhs remains more or less constant, except above
240 °C when it apparently increases slightly. In short,
the main change with temperature as one traverses the
liquidlike micelle state from the ODT on up is the
progressive dissolution of some micelles in favor of free
chains. This is at least qualitatively consistent with the
recent theory.14 These results can be compared with that
of Schwab and Stühn.15,16 They also inferred the pres-
ence of spherical micelles, based on a detailed decon-
volution of SAXS profiles. However, in contrast to our
results, they found that the number of micelles re-
mained constant but the micelle size decreased with
increasing temperature. The origin of this difference is
not clear.

The other important parameter to consider is the core
radius, Rc. This comes from the form factor and is based
on a simplified view of the structure of the fluid, namely
as a suspension of PDMS spheres in a homogeneous
matrix of corona blocks and free chains. Thus, the values
of Rc should be viewed with some caution. For ED-1,

the core size remains constant above the ODT up to
about 240 °C, before increasing by a few percent. As the
length of a PDMS chain in the core determines Rc, and
Rc is about 3 times the unperturbed chain size (〈h2〉1/2

≈ 3.8 nm),26 the PDMS blocks in the core would be
strongly stretched, except that the presence of PDMS
homopolymer plays a role. The core sizes imply a
micellar aggregation numbers of 800-900, which might
be unrealistically large. However, the presence of PDMS
homopolymer within the PDMS core contributes to this
number significantly over the entire temperature range.
The difference between Rhs and Rc gives the effective
thickness of the “impenetrable” corona, which is con-
stant at ca. 5.5-6 nm. This is less than the unperturbed
PEP chain size, indicating that there is significant
interpenetration of the corona with the surrounding
matrix. For ED-2 Rc remains constant and is signifi-
cantly smaller, again suggesting that solubilization of
homopolymer leads to the high aggregation numbers for
ED-1.

The recent calculations of the nature of the disordered
micelle regime are in qualitative agreement with the
trends reported here.14 The theory anticipates a steady
decrease in the volume fraction of micelles with increas-
ing distance above the ODT, consistent with these data.
However, there should be a slight decrease in the
micelle core dimensions, which is not really established
in these results. This theory does not take into account
the presence of contaminants such as homopolymers,
nor does it incorporate the possibility of micellar asym-
metry or polydispersity. Finally, using estimates of the
temperature dependence of ø for the PEP-PDMS
system, the theory anticipates a narrower temperature
window of disordered micelles than is observed experi-
mentally. The origin of this difference remains to be
resolved.

Critical Micelle Temperature. For the cmt to be a
meaningful concept in this context, there should be a
particular temperature (or narrow temperature range)
where it occurs and which should be independently
identifiable by at least two different methods. The
alternative would be a smooth progression in all experi-
mental observables from just above the ODT down to
the fully disordered state. From the experiments on
these two ED samples no cmt is apparent; if one exists,
it must lie at higher temperatures. Consequently, we
cannot resolve this interesting question at this point.
However, measurements on a lower molecular weight
ED sample with a lower ODT do extend into the mean-
field regime; these results will be discussed in a separate
publication.41

It is worth briefly reconsidering whether the rheo-
logical feature at 204 °C for ED-1 (see Figure 2) could
correspond to the cmt. If this were the cmt, then the
interval between the ODT and the cmt would be much
smaller and in better agreement with the theory.14

However, the difficulty with this interpretation is
threefold. First, there is no signature of this transition
in the scattering, particularly with respect to the SANS
results. Second, the rheological features have a natural
explanation within the context of the disordered micelle
state, namely as a consequence of the sharp increase
in viscosity (and longest relaxation time) on cooling as
the spheres come in close proximity just prior to the
ODT. Third, the SANS data remain resolutely non-
mean-field to much higher temperatures; this is not
consistent with the fully disordered state. Consequently,
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if the cmt separates the disordered micelle regime from
a fully disordered (mean-field) state, then it does not
occur at 204 °C or within the temperature window of
these experiments. An alternative picture would be to
ascribe all of the experimental signatures to a broad
fluctuation regime, in analogy to more symmetric
copolymers. In particular, although the hard-sphere
model is very successful in fitting the SANS structure
factors, this is presumably not a unique interpretation.
In this point of view there would be no experimental
distinction between the fluctuation regime and the
disordered micelle state. On the basis of the experimen-
tal results presented here, the scenario of a disordered
micelle regime is favored, but the fluctuation description
cannot be discounted.

Summary
We have examined the temperature dependence of the

rheological and small-angle scattering properties of two
asymmetric diblock copolymers in detail. The principal
conclusions are the following:

1. The samples undergo the order-disorder transition
from a bcc array of spherical micelles into a disordered
state, at 194 ( 2 and 175 ( 2 °C for ED-1 and ED-2,
respectively. The ODT is consistently located by the
temperature dependence of G′ at low frequency, by the
frequency dependence of G′ and G′′ as a function of
temperature, and by the intensity and width of the
principal SAXS peak.

2. The disordered state above the ODT is consistent
with the proposed “disordered micelle state”, whereby
some copolymer chains remain in micellar aggregates,
but the micelles themselves adopt a liquidlike
packing.15,16,21-23 Detailed analysis of SANS curves
suggests that as temperature increases the micelles
remain relatively unchanged, but their number density
and volume fraction decrease steadily. The viscosity of
the fluid throughout this regime is higher than that of
a corresponding homopolymer melt, which is also at-
tributable to the presence of a significant fraction of
micelles.

3. The details of the micellar characteristics are
sensitive to the presence of small amounts of homopoly-
mer, amounts that in fact are not readily discerned in
routine SEC analysis. Whether such traces of ho-
mopolymer were present in previous studies is not clear,
but the possibility should be considered. However, the
main features of the results are not influenced greatly
by such contaminants.
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