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ABSTRACT: The self-assembly of four polystyrene (S) and poly(ethylene-alt-propylene) (EP) block copolymers was studied in
squalane, an EP-selective solvent. The polymers were prepared by sequential living anionic polymerization of isoprene and styrene,
followed by catalytic hydrogenation of the diene block(s). The four polymers had comparable total molar masses (ca. 90 ± 6 kg/
mol) and volumetric compositions ( f S ≈ 0.25 ± 0.01) but different architectures. Specifically, a diblock SEP(26-70), a symmetric
triblock EPSEP(30-24-30), and two asymmetric triblocks EPSEP′(8-26-62) and EPSEP′(15-28-52) were prepared, where the
numbers denote block molar masses in kg/mol. Micellization in dilute solution (volume fraction ϕ ≤ 0.01) was studied by dynamic
light scattering and small-angle X-ray scattering. All four polymers assembled into spherical micelles, and, as expected, the symmetric
triblock formed the smallest particles. The results suggest that the asymmetric triblocks form micelles with a two-layer corona, the
inner layer being enriched in the smaller endblock. Upon increasing concentration (ϕ = 0.1 and 0.3), SEP(26-70) and EPSEP(30-
24-30) micelles packed onto well-defined body-centered cubic lattices, also as expected. However, surprisingly, the asymmetric
triblocks did not adopt a lattice at these volume fractions but rather retained a liquid-like packing. This remarkable effect of
architecture was confirmed by linear viscoelastic measurements, which revealed striking differences between the asymmetric triblocks
on one hand and the “conventional” architectures on the other. This behavior is speculated to arise from a different inter-micellar
potential, stemming from the two-layer corona. At still higher concentrations, all four polymers adopted hexagonal packings, before
transitioning to lamellae for ϕ ≥ 0.8.

■ INTRODUCTION
The self-assembly of block polymers in solution and bulk
remains a topic of broad interest for many reasons, not the
least of which is the ongoing discovery of unexpected new
phenomena.1 A prime example is the recently revealed
propensity for simple diblocks to select complex packings
such as the Frank−Kasper and Laves phases.2−5 Other fruitful
strategies for discovering new nanostructures include architec-
tural variations,6−9 incorporation of three or more chemically
distinct blocks,10−14 and blending.15−17 On the other hand, in
certain situations, it can be advantageous to suppress ordering,
even at copolymer concentrations and molecular weights
where the product of the total degree of polymerization, N, and
the interaction parameter, χ, is well above the threshold for the
order−disorder transition. By maintaining the sample in a
disordered liquid-like state, mixing, formulation, or processing

can be facilitated. In this work, we exploit a simple architectural
variation in ABA triblocks and disclose the surprising
suppression of packing in concentrated solutions when the
two endblocks A and A′ have different lengths.
In the chosen system, the endblocks are poly(ethylene-alt-

propylene) (EP), obtained by catalytic hydrogenation of 1,4-
polyisoprene, and the midblock is polystyrene (S). Four
polymers of nearly constant N and composition f S are
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compared, over the complete concentration range from dilute
solution to the melt; the solvent is squalane, an EP-selective
oil. SEP diblock micelles have been studied extensively in the
past.18−21 Two asymmetric EPSEP′ triblocks are compared,
with an SEP diblock and a symmetric EPSEP triblock as
controls. All four polymers form well-defined spherical micelles
in dilute solution and adopt hexagonal and lamellar phases at
high volume fractions ϕ ≥ 0.5. However, at intermediate
concentrations, 0.1 ≤ ϕ ≤ 0.5, the asymmetric polymers retain
a liquid-like packing (LLP), whereas the two controls exhibit
very well-defined body-centered cubic (BCC) lattices. Possible
explanations for this remarkable result are considered; the
most likely is a change in inter-micellar potential due to the
“two-layer corona” caused by the bimodal EP block
distribution.

■ EXPERIMENTAL SECTION
Materials. All reagents were obtained from Sigma-Aldrich. One

diblock, one symmetric triblock, and two asymmetric triblocks were
prepared by sequential anionic polymerization of isoprene and
styrene, followed by catalytic hydrogenation of the 1,4-polyisoprene
(PI) block using a homogeneous Ni/Al catalyst under 400 psi H2.
The initiator was sec-butyllithium, the solvent was cyclohexane, and
the polymerization temperature was 40 °C. Termination was achieved
with degassed methanol. The hydrogenation was also carried out in
cyclohexane at 77 °C; the catalyst was prepared by combining
triethylaluminum and nickel 2-ethylhexanoate in the solvent, with a
molar ratio of Al/Ni ≈ 2:1. The polymer solution was typically 1−2
wt %, and the catalyst loading was about 1:10 with respect to moles of
repeat units. In the case of the asymmetric triblocks, the shorter PI
block was polymerized first. Further synthesis details can be found in
previous publications.22−24 The polymers were characterized by a
combination of 1H NMR spectroscopy and size exclusion
chromatography with multi-angle light scattering detection (SEC-
MALS, Wyatt Technology DAWN). The first block molecular weight
and dispersity were determined by SEC-MALS. The subsequent block
molecular weights were determined via compositions from 1H NMR
spectroscopy, after narrow distributions were confirmed by SEC. The
diblock was reported previously.22 The degree of saturation of the PI
block was ≥99% in all cases. The resulting polymers are designated
SEP(26-70), EPSEP(30-24-30), EPSEP′(8-26-62), and EPSEP′(15-
28-52), where the numbers denote block molecular weights in kg/
mol. The total molecular weights and compositions are approximately
constant, and the dispersities are reasonable, as indicated in Table 1.
An asymmetry parameter, r, is defined as the ratio of the shorter to the
longer EP block molecular weight, such that the diblock has r = 0 and
the symmetric triblock has r = 1. Representative SEC traces are
provided in Supporting Information, Figure S1.

Polymer solutions in squalane were prepared using dichloro-
methane as a cosolvent, which was allowed to evaporate at room
temperature until constant weight was achieved. Dilute solutions for
light scattering were filtered through 0.2 μm PTFE filters to remove
dust.

Dynamic Light Scattering. Dynamic light scattering (DLS)
measurements were taken from room temperature to 190 °C, where
room temperature measurements were obtained at angles from 60 to
120° in 15° increments, using a Brookhaven BI-200SM goniometer
with wavelength λ = 637 nm. Intensity autocorrelation functions were
acquired for 20 min at each angle. High-temperature DLS
measurements were performed on a home-built light scattering
instrument, using a Brookhaven correlator and λ = 488 nm. Data were
acquired at an angle of 90°. Correlation functions were analyzed by
the method of cumulants,25 to obtain the mean decay rate and its
dispersity, and by the regularized positive exponential sum (REPES)
inverse Laplace transform method.26 Typically, ϕ ≤ 0.005 (≈5 mg/
mL) or even lower concentrations were prepared to avoid micelle
overlap. Mean decay rates were converted to hydrodynamic radii Rh
by the Stokes−Einstein−Sutherland relation.

Small-Angle X-ray Scattering. Small-angle X-ray scattering
(SAXS) was performed at the 5-ID-D beam line at the DuPont−
Northwestern−Dow (DND-CAT) station at the Argonne National
Laboratory. A beam energy of 17 keV, corresponding to λ = 0.73 Å,
and a sample-to-detector distance of 8.5 m were selected to give a
wavevector range of 0.003 ≤ q ≤ 0.15 Å−1, where q = 4πλ−1 sin(θ/2),
with θ being the scattering angle. Due to the high flux, only 1 s
exposure times were required, even for dilute micelle solutions.
Solution samples (ϕ ≤ 0.1) were loaded and sealed into capillary
tubes after the co-solvent procedure. Concentrated micelle solutions
(ϕ > 0.1) were loaded into hermetic aluminum pans by solvent
casting and then sealed under argon in a glovebox. A 16-position
capillary stage was available for room temperature, while an 8-position
hot capillary stage was used for temperatures from 25 to 200 °C. A
32-position stage was employed for heating and cooling samples in
aluminum pans. At each temperature, samples were annealed for 10
min to equilibrate thermally and then exposed to X-rays. A pure
solvent sample was measured as a background to be subtracted from
micelle solution scattering. Since the samples are isotropic, two-
dimensional scattering images were azimuthally averaged to the one-
dimensional intensity I(q) vs q in arbitrary intensity units.

Rheology. Rheological experiments were performed on a
rotational rheometer (ARES, TA Instruments) with 25 mm diameter
parallel plates. Concentrated (ϕ > 0.1) micelle solutions were loaded
at 120 °C under nitrogen, filling the gap (≈1 mm) between two
parallel plates. Samples were first tested on a strain−sweep mode
(0.1−100%) to find the extent of the linear regime. At an appropriate
strain amplitude (typically 1−10%), samples underwent frequency
sweeps from 100 to 0.1 rad/s at multiple temperatures from 30 to 150

Table 1. Polymer Characteristics

polymer Mn, PEP (kg/mol) Mn, PS (kg/mol) Mn, PEP′ (kg/mol) Đ f PS r

SEP(26-70) 26 70 1.04 0.24 0
EPSEP′(8-26-62) 8 26 62 1.05 0.24 0.13
EPSEP′(15-28-52) 15 28 52 1.04 0.26 0.29
EPSEP(30-24-30) 30 24 30 1.07 0.25 1

Table 2. Micelle Characteristics at 90 °C

polymer Nagg
a Rcore (nm)b Rh (nm) μ2/Γ2c Lcorona

d (nm) CMT (°C) Rh(190 °C)/Rh(90 °C)e

SEP(26-70) 84 ± 5 9.2 ± 0.8 43 ± 2 0.08 34 ± 3 >200 0.9
EPSEP′(8-26-62) 75 ± 3 8.8 ± 0.9 42 ± 3 0.1 33 ± 2 >190 0.7
EPSEP′(15-28-52) 82 ± 9 9.6 ± 1.0 38 ± 4 0.1 28 ± 3 >190 0.5
EPSEP(30-24-30) 47 ± 5 7.5 ± 0.8 24 ± 1 0.06 17 ± 1 ≈150 n/a

aComputed from Rc assuming no solvent in the core. bFrom SAXS fitting. cNormalized second cumulant from DLS. dComputed as Rh − Rcore.
eComputed using data in Figure S3, confirming that the CMT decreases monotonically with r.
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°C. At each temperature, samples were annealed for 10 min to
thermally equilibrate before dynamic shear measurements.

■ RESULTS
Dilute Solutions. All four copolymers formed spherical

micelles with narrow size distributions (dispersity ≤ 1.1) in

dilute solution. DLS provided the mean hydrodynamic radius,
Rh, and associated dispersity. REPES analysis confirmed
monomodal and narrow size distributions (see Supporting
Information, Figure S2). Temperature-dependent DLS was
used to obtain the approximate location of the critical micelle

Figure 1. SAXS patterns and model fits for ϕ = 0.01 solutions of (a) EPSEP′(8-26-62) and (b) EPSEP′(15-28-52) triblock micelles at multiple
temperatures. Note that data at different temperatures are vertically shifted for clarity.

Figure 2. Micelle characteristics at 90 °C: (a) aggregation numbers and (b) core radius, corona thickness, and hydrodynamic radius, as a function
of the asymmetry parameter.

Figure 3. Cartoon of chain packing into spherical micelles, emphasizing the assumed formation of an inner corona layer containing the shorter PEP
blocks.
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temperature (CMT), as shown in Supporting Information,
Figure S3. The micelle characteristics are collected in Table 2.
SAXS profiles for dilute solutions of the two asymmetric

triblocks at four selected temperatures are shown in Figure 1;
qualitatively similar curves for the diblock and symmetric
triblock have been obtained previously. The first minimum
associated with a spherical core form factor is clearly evident,
although the core−corona interface becomes progressively less
sharp as the temperature increases. A weak maximum
associated with a hard sphere structure factor is also visible
at lower q. All of the curves are well-described by a micelle
form factor model with the Percus−Yevick structure factor
(see the Supporting Information for details).27−29 The key
parameter is the radius of the core, Rcore, which is used to
compute the micelle aggregation number, Nagg, under the
assumption of a “dry” core. The corona thickness, Lcorona, can
also be estimated as Rh − Rcore.
These various size parameters are plotted as functions of the

asymmetry parameter, r, in Figure 2. The symmetric triblock (r
= 1) forms the smallest micelles and the diblock (r = 0) forms
the largest. This result confirms a previous work,23 and it is

well-understood that each triblock has two corona chains,
thereby increasing the corona crowding and favoring a lower
Nagg, compared to that of a diblock with the same Ncore.
Consistent with this, the symmetric triblock has the lowest
CMT, ca. 150 °C, and the diblock has the highest (>200 °C).
The two asymmetric triblocks fall in between in terms of size
and CMT, but both are much closer to the diblock. This result
suggests two possibilities: the smaller PEP block inserts into
the core, or the smaller PEP block forms an inner corona layer,
allowing the larger PEP block to find much more conforma-
tional freedom in a relatively dilute outer corona. This latter
situation is depicted in cartoon form in Figure 3. An
intermediate state between these limits is also conceivable.
However, based on the molecular weights of the shorter PEP
blocks, 8 and 15 kDa, it seems very unlikely that there is
significant insertion into the core. Partial insertion also seems
unlikely, based on the well-defined spherical form factor
minima at lower temperatures; partial insertion would lead to a
broad interface, smearing the form factor minimum. Finally,
the packing of the micelles at higher concentrations, to be

Figure 4. SAXS patterns and fits to particle form factors of (a) SEP(26-70) diblock and (b) EPSEP′(8-26-62), (c) EPSEP′(15-28-52), and (d)
EPSEP(30-24-30) triblock copolymer solutions at different polymer volume fractions ϕ. Measurements were taken at 120 °C. Red and blue curves
indicate fits to spherical and cylindrical form factors, respectively.
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presented next, also argues against full insertion as the behavior
is quite different from that of the diblock.
Concentrated Solutions. The packing of chains was

examined by SAXS for higher volume fractions, ranging from ϕ
= 0.1 to the melt (ϕ = 1). Representative traces are shown for
all four polymers at 120 °C in Figure 4. The diblock (Figure
4a) and symmetric triblock (Figure 4d) behave as expected;
namely, they exhibit a well-defined BCC lattice at ϕ = 0.1 and
ϕ = 0.3, hexagonal packing (HEX) at ϕ = 0.5, 0.7, and 0.8, and
lamellae (LAM) in the melt.20,21,30,31 Measurements were not
taken at enough concentrations to assess whether the double
gyroid phase appears between HEX and LAM. In contrast, the
two asymmetric triblocks are quite different (Figure 4b,c). No
BCC peaks are evident at ϕ = 0.1 and ϕ = 0.3. Instead, the
profiles retain the signature of spherical cores (red fitted
curves) with an increasingly prominent structure factor peak,
indicative of a liquid-like packing of spheres. At ϕ = 0.5 and ϕ
= 0.7, there is evidence of hexagonal packing of cylinders,
including form factor oscillations (blue fitted curves), similar to
those of the diblock and symmetric triblock. However, the
asymmetric triblocks form well-defined lamellae at ϕ = 0.8,
whereas the other two polymers are still in a hexagonal phase.
Note that all the samples were annealed for extended periods
well above the glass transition of the core blocks. Failure to
pack onto a lattice is most apparent at the lower polymer
concentrations. Both of these features argue strongly that the

unusual behavior of the asymmetric triblocks is not a simple
kinetic effect. Also, in measurements32 and simulations33

documented elsewhere, time-resolved chain exchange measure-
ments on these polymers in dilute solution indicate that the
asymmetric triblocks exchange between micelles more rapidly
than the diblocks, again indicating that chain mobility alone is
not an important contribution to the observed failure to pack
on a lattice. Furthermore, all four polymers have similar total
molecular weights and compositions, so the difference in
packing must be attributed entirely to the asymmetric
architecture.
Viscoelastic properties also provide compelling evidence of a

profound difference in packing between the asymmetric
triblocks on one hand, and the diblock and symmetric triblock
on the other. Figures 5 and 6 show time−temperature
superposed master curves for all four polymers, at ϕ = 0.1
and ϕ = 0.3, respectively. The superposition is not perfect, as
expected, but still quite reasonable, indicating that there are no
substantial changes in the structure with temperature in any of
these samples. The diblock and symmetric triblock show clear
plateaus in the elastic modulus G′ (Figures 5a,b and 6a,b),
consistent with cubic packing, as discussed in detail else-
where.34 In contrast, the asymmetric polymers show no hint of
a plateau but rather approximately power law behavior with
non-canonical exponents. Importantly, the magnitudes of the
lower frequency moduli are much smaller for the asymmetric

Figure 5. Storage and loss modulus vs frequency master curves at a polymer volume fraction ϕ = 0.1 for (a) SEP(26-70), (b) EPSEP(30-24-30),
(c) EPSEP′(8-26-62), and (d) EPSEP′(15-28-52).
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systems, typically by 1 to 2 orders of magnitude, suggestive of a
more liquid-like state and consistent with the SAXS results.

■ DISCUSSION
Having established a remarkable phenomenon that asymmetric
triblock copolymer micelles do not pack on a BCC lattice,
whereas diblocks and symmetric triblocks of comparable
concentration, composition, and total molar mass do, it is
appropriate to consider possible explanations. For the reasons
noted previously, we can discount simple kinetic limitations as
a significant contributor. The next possibility is that the
micelles formed by the asymmetric triblocks are too disperse in
size to adopt a BCC packing, in which each lattice site is
necessarily equivalent. From DLS analysis (Table 1), the
dispersity of the asymmetric polymer micelles is about 1.1,
compared to 1.08 for the diblocks and 1.06 for the symmetric
triblocks. However, the SAXS profiles indicate qualitatively
similar form factor minima among the four polymers,
suggesting that micelle core dispersity does not vary
significantly among the samples. Furthermore, the relatively
rapid chain exchange of the asymmetric triblocks should be
able to mitigate any deleterious effects of micelle size
dispersity; the molecular dispersity is small and comparable
across the four samples. The extensive literature on block
copolymers in concentrated solutions and melts indicates that
molecular dispersity does not inhibit packing onto a lattice,

although it can certainly modulate the choice of lattice and its
dimensions.35−38 Therefore, we are inclined to discount this
possibility. However, it should be possible in the future to
make self-consistent mean field (SCFT) calculations to explore
whether modest dispersity exhibits an unexpectedly large effect
for asymmetric triblocks.
A further possibility is that the micelles formed by the

asymmetric triblocks are actually ellipsoidal in shape. For
example, consider a prolate ellipsoid. If the longer PEP blocks
were to locate preferentially at the poles, where the curvature is
higher, the corona crowding penalty would be reduced, while
the shorter corona blocks could be distributed more toward
the micelle equator. The same argument could be applied to an
oblate ellipsoid, with the larger PEP blocks preferentially
located around the rim. However, in either case, this benefit
would be countered by an increase in interfacial area plus a
modest decrease in mixing entropy of the endblocks. Clearly,
from the success of the spherical form factor fits to the SAXS
data, the eccentricity of any ellipsoidal particle would have to
be rather subtle. This is a difficult hypothesis to test
experimentally; DLS, for example, gives no direct information
about shape. It is possible that simulations could provide
insights as to how much eccentricity of soft particles would be
required to suppress packing onto a BCC lattice. On the
whole, however, we do not believe that this is the correct
explanation.

Figure 6. Storage and loss modulus vs frequency master curves at a polymer volume fraction ϕ = 0.3 for (a) SEP(26-70), (b) EPSEP(30-24-30),
(c) EPSEP′(8-26-62), and (d) EPSEP′(15-28-52).
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The third possibility, and the one that appears the most
plausible, is that the concentration of PEP monomers as a
function of distance away from the core−corona interface
varies in a way that is significantly different for the “bimodal
brush”. This possibility is suggested by the cartoons in Figure
3; the location of the shorter PEP blocks in an inner corona
layer could lead to an inter-micellar potential with a very soft
outer region and a denser interior zone. Conceivably, such a
profile does not favor BCC but some other micellar
packing.39,40 Candidates could include one of the Frank−
Kasper or Laves phases, recently extensively documented in
diblock copolymer sphere packings, such as σ, A15, C14, and
C15, which are characterized by unit cells containing micelles
of 5, 2, 3, and 2 different sizes, respectively. In the future,
SCFT could be used to explore whether these architectural
variations lead to a change in relative free energies of various
sphere packings. However, it is important to bear in mind that
SCFT cannot address the free energy of the liquid-like packing
observed, and thus, we cannot directly address whether these
samples are trapped in a metastable state. Even if chain
exchange were relatively facile, the time to adopt such a
complicated packing could be substantial.41 In contrast, close-
packed phases such as face-centered cubic and hexagonally
close-packed, which have been amply documented in spherical
block copolymer micelles,42−46 feature a single micelle size and
no extra kinetic barriers to their formation.

■ SUMMARY
The self-assembly of two asymmetric ABA′ triblocks has been
examined, from dilute solution in a selective solvent up to the
melt. The results are compared in detail to a diblock and a
symmetric triblock, all four polymers having very comparable
total molar mass and compositions. All four polymers form
spherical micelles in dilute solution (ϕ ≤ 0.01), with the
hydrodynamic radius decreasing with increasing asymmetry
parameter r (defined as the ratio of the shorter to the longer
endblock). This result is consistent with the asymmetric
triblocks forming a “two-layer” corona, with the shorter
endblock enriched in the inner layer. At the other extreme,
in the melt, all four polymers form lamellae. At intermediate
concentrations, however, the results are quite distinct. Whereas
the diblock (r = 0) and the symmetric triblock (r = 1) readily
form well-defined BCC packings at ϕ = 0.1 and 0.3, the
asymmetric triblocks retain a liquid-like packing until ϕ ≈ 0.5.
These SAXS results are corroborated by linear viscoelastic
measurements, which confirm the solid-like nature of the BCC
samples versus more liquid-like dynamic moduli for the
asymmetric systems. Possible explanations for these observa-
tions are considered; the most likely appears to be that the
modified inter-micellar potential for the asymmetric triblocks
destabilizes the BCC packing. Potentially, the system would
prefer a more elaborate structure, such as a Frank−Kasper or
Laves phase, in which the necessity of forming distinct micelle
populations with different aggregation numbers could provide
a substantial kinetic barrier to ordering. In any event, this
system demonstrates a rather straightforward strategy for
retaining liquid-like structures at copolymer molar masses and
concentrations where ordering would be expected, which could
be advantageous for processing and formulation.
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