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Abstract: Block copolymers can form a broad range of self-
assembled aggregates. In solution, planar assemblies usually
form closed structures such as vesicles; thus, free-standing sheet
formation can be challenging. While most polymer single
crystals are planar, their growth usually occurs by uptake of
individual chains. Here we report a novel lamella formation
mechanism: core-crystalline spherical micelles link up to form
rods in solution, which then associate to yield planar arrays.
For the system of poly(ethylene oxide)-block-polycaprolactone
in water, co-assembly with homopolycaprolactone can induce
a series of morphological changes that yield either rods or
lamellae. The underlying lamella formation mechanism was
elucidated by electron microscopy, while light scattering was
used to probe the kinetics. The hierarchical growth of lamellae
from one-dimensional rod subunits, which had been formed
from spherical assemblies, is novel and controllable in terms of
product size and aspect ratio.

Block copolymers containing both soluble and insoluble
moieties can self-assemble in the presence of a selective
solvent.[1] The micelle-like structures thereby obtained are
morphologically diverse, and are central to a range of
advanced applications in nanotechnology.[2] Further innova-
tion in structure design requires control strategies for self-
assembly across multiple length scales to produce anisotropic,
patterned or hierarchical materials. Noteworthy advances
have been made through “living” crystallization-driven self-
assembly, where complex yet highly uniform aggregates could
be achieved.[3] Recent work indicates that poly(ethylene
oxide)-block-polycaprolactone (PEO-b-PCL) assemblies can
also be controlled morphologically through the crystallinity of
the PCL block.[4] In pure water, however, this system exhibits
generally slow dynamics, such that the latter effects are
usually mild.

Here we show that the influence of crystallinity in the
PEO-b-PCL system can be enhanced significantly by the
inclusion of PCL homopolymer into the micelle core, yielding
extended sheets that are akin to chain-folded crystalline
lamellae. The average sizes and aspect ratios of the products
depend on the amount of homo-PCL added during micelliza-
tion, offering easy access to multiple structures. An overview
of the latter approach is provided first, but emphasis is placed
on the underlying self-assembly mechanism which, to our
knowledge, has not been encountered before. Structures form
by a sequence of directional adhesion events, consisting of
linear aggregation of spheres to yield rods, followed by the
planar alignment of rods to form the lamellae. The rod
subunits are roughly equal in length to the lamellae, much like
the wooden logs in a raft. The novelty of this “raft” formation
mechanism emerges by comparison not only to other
examples in polymer science, but across a much wider
spectrum of self-assembled two-dimensional (2D) structures.
Some known strategies to organize materials in 2D include
the exfoliation of layered solids,[5] oriented attachment and
mesocrystal formation,[6] subunit pre-organization,[7] and
supramolecular chemistry.[8] While research in 2D self-assem-
bly is diverse, we are unaware of any example where highly
elongated subunits (aspect ratio > 50) align spontaneously to
form large yet discrete lamellae without help from a foreign
interface.

To prepare the micelles for this study, both the block
copolymer and the homo-PCL chains were co-dissolved in
dioxane, followed by the addition of water as a selective
precipitant for the PCL. Results obtained with two copoly-
mers are described; these materials contain a constant PEO45

block (subscripts give the number average of repeat units)
attached to hydrophobic blocks of either PCL18 or PCL24. The
best results were obtained by using the homopolymer PCL10,
which does not alter the initial spherical morphology under
the conditions examined here. Fresh spheres exhibit diame-
ters of 20–30 nm, as determined by dynamic light scattering
(DLS) and transmission electron microscopy (TEM); typical
results are shown in the supporting information (Figure S1 in
the Supporting Information (SI)). These spheres were also
freeze-dried and then analyzed calorimetrically (see Table S1
in SI).

Upon storage in water, spheres form higher-order struc-
tures with time, the shape of which depends on the amount of
homo-PCL used during assembly. From rods, to thin strips, to
much wider lamellae, the system is biased gradually towards
2D growth rather than linear association as the homo-PCL
content increases, as illustrated in Figure 1. The transforma-
tion rates increase with PCL10 content, which indicates further
its destabilizing effect on the spheres (see Figure S2 in SI). For
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spheres of equal homopolymer-to-block copolymer weight
ratio, the final product is the same regardless of the total
polymer concentration in water (see Figure S3 in SI);
formation rates, however, vary linearly with concentration,
as we reported previously for homopolymer-free PEO-b-PCL
spheres.[4c] The latter findings suggest that changes occurring
within isolated micelle cores may determine the overall
behavior.

The homopolymer effect is also latent in the present
system, in contrast to immediate effects seen elsewhere.[9]

Alone, PCL10 does not produce the same structures in water,
but aggregates to form heterogeneous clusters instead; the
material is entirely hydrophobic, and much smaller amounts
than present in the micellar samples just described yield
turbid solutions. If a solution of PCL10 in dioxane is added to
pre-formed spheres of PEO-b-PCL in water, the system also
does not yield lamellae and is rendered turbid instantly.
Besides globular clusters, TEM images reveal that 1D
structures also abound (see Figure S4 in SI). Perhaps the
post-assembly addition of PCL10 mediates adhesion between
spheres to some extent, in this case with a 1D bias. As similar
results were shown in another core-crystalline system, the
phenomenon may be quite common.[9c] Crucially, however,
these samples do not evolve beyond the stage of long strips,
suggesting that the two polymeric components must be co-
assembled initially in order to form “rafts”.

In reconstructing the steps involved in “raft” formation,
we highlight certain features of the lamellar products. First,
the rod-like fibrils emerge only at the opposing narrow edges,
while the longer edges appear smooth. As illustrated in
Figure 2a, the long edges of the lamellae exhibit no structural
defects due to single sphere vacancies, as would be expected if
the lamellae were grown directly from the spheres without the
rods serving as intermediates. A subset of the lamellae exhibit

apparent twinning, which produces heart-shaped aggregates
(example shown in Figure 2b). Twinning occurs at angles of
roughly 608 or 1208, which is consistent with the hexagonal
shape known for PEO-b-PCL single crystals.[10] It is worth
mentioning that similar twinning behavior also exists in
inorganic nanoparticle systems.[11] Structures are not always
symmetric about the axis associated with twinning, and some
lamellae contain more than one of these axes. Other side-
products include rods which bend repeatedly at sharp angles
(ca. 608), and additional structures shown in the supporting
information (see Figure S5 in SI). For twinned lamellae, the
absence of imperfections along the twinning axis, and lack of
a clearly distinguishable rod in the central region, is note-
worthy. It suggests that it may not be the rod ends that align
along the twinning axis, but kinks present in the rods (see
Figure S5 in SI for images of kinked rods).

A closer look reveals that the lengths and widths of
individual lamellae are proportional. Qualitatively, this
feature is seen in TEM images of large numbers of lamellae,
such as those shown in Figure 2 c. One example of this length-
width relation is shown in Figure 2d, in which the fringe
lengths were excluded from the measurements. Although the
lamellae are polydisperse in size, their aspect ratio is
predictable based on this relation. Notably, extrapolation of
this graph to zero width yields a finite length; the relation

Figure 1. Morphological transformations induced by incorporation of
PCL10. TEM images show products obtained in samples of a) PEO45-b-
PCL18 and b) PEO45-b-PCL24 as a function of PCL10 content (increasing
left to right). Scale bar: 2 mm.

Figure 2. Structural features of PEO-b-PCL “rafts.” Typical TEM images
showing a) details of both smooth and fringed edges, b) examples of
crystallographic twinning (note the recurrence of 608 and 1208 angles),
and c) collection of “raft”-type lamellae. d) Correlation between length
and width of individual lamellae in samples of PEO45-b-PCL24 contain-
ing 10 % (w/w) PCL10; the sample composition is the same as for
Figure 2c. e) Average lengths and widths of lamellae of PEO45-b-PCL24

as a function of PCL10 content; error bars represent the standard
deviation. Scale bar: 2 mm.
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varies somewhat with sample composition, and lengths
between 0.8 mm and 1.6 mm are obtained as the width
approaches zero (see Table S2 in the supporting information).
Thus, within any given sample, the narrowest possible lamella,
as extrapolated in this manner, describes a rod micelle.

Despite the broad size distribution, the average lamella
sizes vary with homo-PCL content, as shown in Figure 2 e with
a series of isochronally-aged samples. Even though only
lamellae are considered, the graph provides valuable insight
on morphological trends from rods to lamellae. For instance,
the average predicted width is zero as the PCL10 content
approaches values below 1.3% (w/w), which predicts accu-
rately that homopolymer-free samples contain rods rather
than lamellae, whereas samples containing 2% (w/w) PCL10

can develop small fringed lamellae (see Figure S6 in the
supporting information). At zero PCL10 content, length values
extrapolate to 1.6 mm in Figure 2e, which is in agreement with
the lengths of rods found in homopolymer-free samples.

The involvement of rods in lamella formation is also
apparent in the early stages of sample evolution: the system
does not seem to produce lamellae without first having
formed rods. TEM images of rods formed within a period of
hours following self-assembly, which exhibit a tendency to
associate laterally and to coalesce, are shown in Figure S7 in
the Supporting Information. In DLS experiments, rod for-
mation is reflected in the appearance of a secondary slow-
diffusing mode; only later are even larger modes observed,
which reflect lamella formation. To verify whether lamellae
were being formed directly from spheres, the samples were
filtered through a narrow-pore membrane, which isolates the
spherical micelle fraction from samples in the midst of the
transition. After the large species were removed, the remain-
ing spheres did, indeed, form rods, from which new lamellae
were produced only later (see Figure S7 and S8 in SI).

The co-existence of rods and polydisperse lamellae within
individual samples suggests that the system probably does not
initiate growth in a synchronous fashion. In fact, new “rafts”
seem to be forming while in the presence of other full-sized
products, which is also consistent with the ability of filtered
samples to form more “rafts”. Thus, intermediates can be
found alongside the “rafts” in most samples, as shown in
Figure 3a. These oligomeric structures seem to resist disso-
ciation and transfer of cylindrical units to the larger crystal-
line species. Moreover, it is remarkable that the growth of
lamellae formed at early times does not dominate the
transformation profile, and no evidence suggests that lamellae
keep growing to macroscopic sizes. If the samples are filtered
at a stage where changes start slowing down, conveniently, the
intermediates persist for longer periods, facilitating their
characterization; images of aligned rods, partially fused
together in 2D, are shown in Figure 3b. Notably, these
images, which were obtained in isochronal samples containing
increasing amounts of PCL10, also resemble a hypothetical
sequence describing the growth a “raft” with time: First,
laterally adhesive rods come together to form oligomers,
matching rod lengths in order to maximize overlap. Once the
rods are fused together, the assembly becomes irreversible.
Finally, the “raft” can continue to grow by uptake of more
rods along the edges, provided that their lengths are

comparable. As a result, while the association of spheres in
1D controls the length of the “rafts”, their width is regulated
independently by the 1D aggregation of aligned rods.

Prior examples of free-standing PEO-b-PCL lamellae of
comparable sizes are limited to solution-grown single crystals
in organic media.[10] To show how such crystals are related to
the self-assembled “rafts”, we grew crystals without PCL10 in
n-hexanol through a protocol inspired by the original studies.
A typical TEM image of the products is shown in Figure 4a.
By sedimentation, these lamellar crystals were then trans-
ferred into water where, as illustrated in Figure 4b, they
developed fringed edges and also released rod-like fragments.
These distortions may be caused by the expansion of PEO
coils in water from a compact state in n-hexanol.[10b] Note that
the fragmentation mirrors, in reverse, the associative steps of
“raft” formation: in the micellar samples, linear structures are
formed first, which then align and fuse together in parallel;
the inverse sequence seems to occur as crystals formed in n-
hexanol fall apart in water, perhaps due to preferential
fracture lines in the crystal. Lacking the growth history
associated with “rafts”, the recrystallized products release
rod-like segments of various sizes in water, many of which are
branched (see Figure S9 in SI). Note that these crystals do not
fragment completely, suggesting that PCL10 is not necessary to
maintain their integrity in water. However, only by co-
assembly with homo-PCL can lamellar crystals actually form
directly in water from these particular copolymers.

In summary, a novel mechanism of lamella formation,
involving the 2D alignment of block copolymer rod micelles,
is described. This new mechanism is involved in generating
the morphological continuum that becomes easily accessible
for a single copolymer sample by using homopolymer chains.

Figure 3. Intermediates in the formation of PEO-b-PCL “rafts”. a) TEM
images showing oligomeric structures as well as rod subunits, both
free and bundled, which co-exist with larger lamellar aggregates.
b) TEM images of small lamellar structures found in filtered micelles
of PEO45-b-PCL24 containing PCL10 (amount listed above each image).
The samples were aged for 2 days before imaging. Scale bar: 1 mm.
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The unique feature here is the evolution of dimensionality in
a sequence of 1D assembly steps: sphere aggregation provides
the building blocks for growth along an orthogonal direction.
The rods align and, thus, determine the size of the final 2D
product.
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