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ABSTRACT: We have found that the width and shape (from rectangular to
elliptical, to almost circular in cross-section) of the crystalline core of fiberlike
micelles of polyferrocenyldimethylsilane (PFDMS) diblock copolymers can be varied
by altering the degree of polymerization of PFDMS, and also the chemistry of the
complementary corona-forming block. This enabled detailed studies of living
crystallization-driven self-assembly (CDSA) processes that involved the addition of
unimers with a short, crystallizable core-forming PFDMS block to a seed solution of
short micelles with a large diameter crystalline core, derived from block copolymers
with a longer PFDMS block. The morphology of resultant micelles was found to be
highly dependent on the polarity of the solvent and temperature. For example, linear
micelles were formed in less polar solvents (which are moderately poor solvents for
PFDMS) and/or at higher temperatures. In contrast, the formation of branched structures could be “switched on” when the
opposite conditions were used. Thus, the use of more polar solvents (which are very poor solvents for PFDMS) and ambient or
subambient temperatures allowed the formation of branched micelles and block comicelles with variable and spatially distinct
corona chemistries, including amphiphilic nanostructures. Rapid crystallization of added unimers at the seed micelle termini
under nonequilibrium self-assembly conditions appears to facilitate the formation of the branched micellar structures as a
kinetically trapped morphology. This is evidenced by the transformation of the branched micelles into linear micelles on heating
at elevated temperatures.

■ INTRODUCTION

Branched structures are ubiquitous in biological systems where
they enable numerous vital and complex functions. In addition,
the recent preparation of branched nanoparticles, such as
multipod nanocrystals,1 hyperbranched2 and treelike nano-
structures,3 and their hierarchical self-assembly into colloidal
superlattices4 illustrate pathways to promising new optical and
electronic materials through advanced morphology control. In
contrast, despite observations of branched micelle structures in
self-assembled soft-matter-derived surfactant systems of both
low and high molar mass,5,6 these morphologies occupy a very
restricted window in terms of phase space and self-assembly
conditions, and no significant control over the degree of
branching and junction location has been reported.
Over the past few decades, the self-assembly of block

copolymers has received considerable attention due to the
formation of a wide variety of morphologies either in bulk or in
solution.7,8 It is well-known that, when dissolved in a block
selective solvent, block copolymers self-assemble to form
micellar aggregates with a range of interesting applications.8

The morphologies of these micelles can be controlled
thermodynamically by a variety of parameters, including chain
stretching of the core-forming block, intercoronal chain
repulsions, and the interfacial free energy between the solvent
and the micellar core. This has enabled the preparation of a
diverse array of micellar morphologies such as spheres, fibers,

and vesicles.8 In addition, kinetic manipulation techniques have
enriched the morphology pool of block copolymer self-
assemblies.9 Compared to low molecular weight amphiphiles,
block copolymers show much slower dynamics in selective
solvents and the exchange of chains between micelles is
generally inhibited.9,10 Hence, metastable aggregates are
frequently observed that are resistant to morphological
transformation to thermodynamically more stable forms. This
has resulted in the observation of a wide range of kinetically
trapped morphologies, such as branched micelles,6 multi-
compartment micelles and hierarchical superstructures,11,12

helical nanostructures,13 and toroidal micelles.14 To date, the
overwhelming majority of these studies involve a core-forming
block that does not crystallize and resulting micelle cores are
amorphous. Although remarkable morphological diversity has
been demonstrated, the ability to predict micelle shape
(especially for nonspherical structures) and to control
dimensions is generally limited.
Crystallization-driven self-assembly (CDSA) of amphiphilic

block copolymers with a crystalline core-forming block has
recently emerged as a promising and versatile complementary
method with which to generate one- and two-dimensional
structures.15,16 In particular, CDSA can often be used as a
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“living” process analogous to living covalent polymerizations of
molecular monomers, allowing access to micelles of predictable
shape that are both complex and well-defined.16g,j,q,17 Living
CDSA can be accomplished through two different routes
(Scheme 1), namely, seeded growth17a,b and self-seeding.17c,d

Seeded growth usually involves vigorous sonication of
preformed polydisperse fiberlike micelles to produce very
short micelle seeds and the subsequent addition of further
unimers to enable elongation through epitaxial growth at the
seed termini. On the other hand, in a self-seeding process, free
unimers are released from micelles by a partial dissolution
process involving regions of lower core crystallinity through
either thermal annealing, or addition of a small amount of a
good solvent for both the core- and corona-forming blocks. The
remaining micelle fragments subsequently function as seeds for
epitaxial growth of released unimer on cooling or removal of
the good solvent. While self-seeding is generally used to
improve the monodispersity of fiberlike micelles or to create
micelle seeds from block copolymers that are sensitive to
sonication, seeded growth can be widely applied to generate a
rich variety of micellar structures.16−20 For example, living
CDSA has allowed access to fiberlike micelles with narrow
length distribution and block comicelles with spatially distinct
coronal or core chemistries, as well as micelles with a variety of
complex two-dimensional shapes.16−20

In this paper, as a follow-up to our preliminary
communication,21 we report full details of our attempts to
form branched micelle structures using living CDSA. The
approach that we have explored involves two steps. First, we
targeted the preparation of seed micelles with a crystalline core
of large diameter from poly(ferrocenyldimethylsilane)
(PFDMS) block copolymers with a long crystallizable
PFDMS core-forming block. In a second step, we then
investigated the addition of unimers of block copolymers
with a shorter crystallizable PFDMS core-forming block to the
large diameter micelles as seeds under a variety of conditions.
The materials utilized in our initial studies were the diblock
copolymers PFDMS-b-PI (PI = polyisoprene) and PFDMS-b-
P2VP (P2VP = poly(2-vinylpyridine)), which contain hydro-
phobic and hydrophilic complementary blocks, respectively
(Chart 1).

■ RESULTS

1. Variations in Core Dimensions and Cross-Sectional
Shape of Fiberlike Micelles via Changes to the Length
of the PFDMS Core-Forming Block. (a). PFDMS-b-PI Block
Copolymers. Although living CDSA has provided a method to
access fiberlike micelles of controlled length and narrow length
distributions, methods to control micelle width have not been

reported. In principle, variation of the length of the core-
forming block should allow this parameter to be varied.22

However, in micelles with a crystalline core, the presence of
chain folding might be expected to complicate any relationship
between degree of polymerization of the core-forming block
and core diameter. To investigate the potential of this
prospective method of controlling core size, we first prepared
two PFDMS-b-PI diblock copolymers with very different
lengths for the core- and corona-forming blocks, namely,
PFDMS133-b-PI1250 and PFDMS21-b-PI132 (the subscripts refer
to the number-average degree of polymerization). Fiberlike
micelles were prepared by dissolution of the diblock
copolymers in hexane, which is a selective solvent for the PI
block, followed by sonication and self-seeding at 70 °C (see the
Supporting Information for details).17c,d After dissolution in a
selective solvent, PFDMS block copolymers with a long
PFDMS core-forming block (e.g., PFDMS133-b-PI1250) initially
form a mixture of spherical micelles (with amorphous cores)
and fiberlike micelles. The transition from spheres to fibers at
ambient temperature usually requires a substantial period of
time to complete (normally over a week) due to slow core
crystallization.23 However, self-seeding at a higher temperature
effectively accelerates this transition.
As shown by transmission electron microscopy (TEM)

images which reveal the electron dense Fe-containing core
(Figure 1a,d), the PFDMS133-b-PI1250 fiberlike micelles (core
width, Wcore = ∼23 nm) possessed a significantly thicker core
than those for the PFDMS21-b-PI132 micelles (Wcore = ∼8 nm)
(Scheme S1). Atomic force microscopy (AFM) analysis (Figure
1b,c,e,f) showed that the height of the PFDMS133-b-PI1250
micelles (Hmicelle = ∼9.5 nm) was also larger than that for the
PFDMS21-b-PI132 fibers (Hmicelle = ∼7 nm). As the Hmicelle
values include a contribution from the corona, they provide an

Scheme 1. Schematic Representation of Two Living CDSA Routes: (Bottom) Seeded Growth and (Top) Self-Seeding

Chart 1. Structures of PFDMS-b-PI and PFDMS-b-P2VP
Diblock Copolymers
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upper limit for the height of the core. However, based on the
observation that the micelle width is much larger than the
height by AFM, the low Tg PI corona appears to spread out on
the substrate and so the coronal contribution to the measured
value of Hmicelle is expected to be relatively small.
The TEM and AFM data clearly suggest that the cores of the

PFDMS133-b-PI1250 micelles possess either an elliptical or
rectangular cross-section based on the smaller value for the
height than the width (9.5 nm (AFM) vs 23 nm (TEM)). To
probe this interesting issue further, TEM images of slices
microtomed from solid samples of micelles dried from the
hexane solutions were obtained (Figure 2; see the Supporting
Information for experimental details).24 The PFDMS133-b-
PI1250 micelles showed a highly elliptical and almost rectangular
cross-section for the core with the height Hcore = ∼8 nm and
width Wcore = ∼20 nm (Figure 2a,c), which were in accordance
with the values determined by AFM and by TEM, respectively.
On the other hand, the cores of the PFDMS21-b-PI132 micelles
exhibited a more circular and apparently only slightly elliptical
cross-section with a diameter of ∼7 nm (Figure 2b,d), which is
similar to the values for Wcore = ∼8 nm from TEM analysis of
individual isolated micelles (Figure 1d) and Hcore ~ Hmicelle =
∼7 nm by AFM.
(b). PFDMS-b-P2VP Block Copolymers. In order to explore

the generality of the approach to varying micelle core width, we
also studied fiberlike micelles formed by two PFDMS-b-P2VP
diblock copolymers with large differences in the degrees of

polymerization for PFDMS, namely, PFDMS48-b-P2VP414 and
PFDMS20-b-P2VP140.

21 In this case, isopropanol was used as
the selective solvent for the hydrophilic P2VP corona-forming
block. Similar to the case for the PFDMS-b-PI micelles, TEM
and AFM analyses (Figure S1) revealed that the diblock
copolymer with a higher degree of polymerization for PFDMS,
PFDMS48-b-P2VP414, formed fiberlike micelles with a core of
substantially greater width (Wcore = ∼20 nm, Hmicelle = ∼23 nm)
than those formed by PFDMS20-b-P2VP140 (Wcore = ∼7.5 nm,
Hmicelle = ∼8 nm). Once again, the micelle width by AFM was
much greater than the height, suggesting that the corona
spreads out on the substrate, making the anticipated coronal
contribution to Hmicelle relatively small. Thus, in contrast to the
core cross-section of PFDMS133-b-PI1250 micelles which was
found to be highly ellipsoidal or rectangular, based on the TEM
and AFM data, the thicker micelles formed by PFDMS48-b-
P2VP414 possess a PFDMS core of approximately the same
width and height (ca. 20 nm vs 23 nm). Although cross-
sectional TEM data could not be obtained in this case, the
results indicate that for these micelles the cross-section was
more circular (Figure S1). The cross-sectional shape appeared
to be similar for the PFDMS20-b-P2VP140 micelles (Wcore =
∼7.5 nm (TEM), Hmicelle = ∼8 nm (AFM)), which appear to
possess a similar cross-sectional shape to the micelles of the PI
counterpart with a shorter PFDMS block, PFDMS21-b-PI132.

2. Attempted Formation of Branched Micelles by
Seeded Growth. (a). PFDMS-b-PI Block Copolymers. The
large difference in core width for the PFDMS133-b-PI1250 and
PFDMS21-b-PI132 micelles (ca. 23 nm vs 8 nm) suggested that it
might be possible to prepare branched micelles through living
CDSA. With this in mind, unimers of PFDMS21-b-PI132 in a
small amount of THF (a good solvent for both blocks) were
added to a solution of the PFDMS133-b-PI1250 micelle seeds (Ln
= 715 nm, Lw/Ln = 1.06, where Ln and Lw are the number- and
weight-average length, respectively) in hexane at room
temperature (23 °C). Surprisingly, however, this gave rise to
linear micelles comprising a central segment with a thicker core
derived from the PFDMS133-b-PI1250 micelle seeds and a single
new segment emerging from each seed terminus with a thinner
core derived from the added PFDMS21-b-PI132 unimers (Figure

Figure 1. TEM images, AFM height images, and height profiles of
fiberlike micelles formed by (a−c) PFDMS133-b-PI1250 and (d−f)
PFDMS21-b-PI132 in hexane.

Figure 2. Schematic representations and TEM images of cross-
sections of (a and c) PFDMS133-b-PI1250 and (b and d) PFDMS21-b-
PI132 micelles. TEM samples were prepared by microtoming of solid
samples of micelles dried from colloidal hexane solutions.
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3a). Interestingly, these micelles were found to possess a
gradient junction between the central seed and the newly

created fibers, where the core width gradually decreased from
∼23 to ∼8 nm, giving rise to an overall “javelin-like”
morphology (Figure 3a,b). The existence of a gradient junction
was also confirmed by AFM analysis, which showed a smooth
decrease of both width (from ∼70 to ∼45 nm) and height
(from ∼9.5 to ∼7.2 nm) (Figures 3c,d and S2).
(b). PFDMS-b-P2VP Block Copolymers. We also attempted

to form branched micelles by exploiting the difference in core
width between the PFDMS48-b-P2VP414 (Wcore = ∼20 nm) and
PFDMS20-b-P2VP140 micelles (Wcore = ∼7.5 nm).21 In marked
contrast to the PFDMS-b-PI system, the solution obtained by
the addition of PFDMS20-b-P2VP140 unimers to the seed
solution of PFDMS48-b-P2VP414 micelles (Ln = 550 nm, Lw/Ln
= 1.03) in isopropanol at room temperature showed the
presence of predominantly (∼94%) branched micelles with a
thicker central segment derived from the seeds and multiple
thinner branches grown at the termini by TEM and AFM
(Figure 4). The core diameter of the branches (∼7.5 nm) was
comparable with that of the PFDMS20-b-P2VP140 micelles
prepared by self-seeding (PFDMS-b-P2VP Block Copolymers
subsection, see above, Figure S1) but was significantly smaller
in height and width than that of the central seed segment
(Figure 4d). The number of branches formed at each seed end
was found to vary. Thus, the terminus of the PFDMS48-b-
P2VP414 seed micelles gave rise to two and three PFDMS20-b-
P2VP140 branches in most cases, although in ca. 25% of the
micelle ends only a single fiber emanated (Figure S3).
3. Effect of Solvent Polarity and Temperature on the

Formation of Branched Micelles. (a). PFDMS-b-PI Block
Copolymers. Intrigued by the strikingly different results for the
PFDMS-b-PI and PFDMS-b-P2VP systems, we performed an
additional investigation on the growth by living CDSA from the
ends of the large diameter seeds under different self-assembly

conditions. Bearing in mind the difference between the selective
solvents hexane and isopropanol, we first considered that the
polarity of solvent might play an important role in the
generation of branched structures. In an initial attempt to
prepare branched micelles of PFDMS-b-PI, we conducted the
addition of unimers of PFDMS21-b-PI132 to large diameter seed
micelles of PFDMS133-b-PI1250 in a mixture of hexane and either
isopropanol or butanol to increase the polarity of the solution.
However, at a volume percent of isopropanol or n-butanol
below 40%, no branched micelles were detected, and at 40%
the formation of large aggregates of micelles was observed
(Figure S4). This is likely a consequence of the very poor
solubility of the PI coronas in the presence of alcohols,
although seeded growth appeared to occur to some extent
(Figure S4).
Next, we investigated the influence of temperature, another

key parameter for the crystallization of block copolymers.16,17c,d

Instead of using room temperature, the addition of PFDMS21-
b-PI132 unimers in a small amount of THF to the solution of
PFDMS133-b-PI1250 micelle seeds in hexane was performed at
lower temperatures. Although inefficient living growth was
detected at −78 °C and at −20 °C (Figure S5), in the latter
case branched micelles were formed (Figure S5a). At 0 °C, high
yields (>85%) of branched micelles (Figures 5 and S6) were
detected. These possessed two branches at each seed terminus
in most cases (ca. 70%) and the branches exhibited a narrow
length distribution (Figures 5 and S6c). Higher magnification
TEM images of the branch sites (Figure 5c) indicate they are
similar to those found for branched micelles derived from
PFDMS-b-P2VP at 23 °C (Figure 4). Significantly, in contrast
to the linear micelles formed by the PFDMS-b-PI system at
room temperature (Figure 3), the micelle ends with only a
single micelle emanating from the seed formed at 0 °C
appeared to exhibit less of a smooth gradient and more of a step
change in width (Figures 5e,f and S6a,b).

Figure 3. (a) TEM images, (b) schematic representation, (c) AFM
height image, and (d) height profiles of linear “javelin-like” micelles
formed by the addition of PFDMS21-b-PI132 unimers in a small amount
of THF to a solution of PFDMS133-b-PI1250 micelle seeds in hexane at
room temperature. Red arrow in (b) indicates the gradient junction
with gradually decreasing core size.

Figure 4. (a) TEM images, (b) schematic representation, (c) AFM
height image, and (d) height profiles of branched micelles formed by
the addition of PFDMS20-b-P2VP140 unimers in a small amount of
THF to a solution of PFDMS48-b-P2VP414 micelle seeds in
isopropanol at room temperature.
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(b). PFDMS-b-P2VP Block Copolymers. We found that the
micelles formed by PFDMS-b-P2VP were readily dispersible in
a variety of alcohols with variable alkyl chain length. This
allowed a facile evaluation of the effect of solvent polarity on
the formation of branched micelles. Consequently, we
performed the living CDSA experiments at room temperature
using the PFDMS48-b-P2VP414 micelles as seeds and PFDMS20-
b-P2VP140 as added unimers, but with ethanol (a more polar
solvent than isopropanol) and n-butanol (a less polar solvent)
as the majority component (90% in volume). For the ethanol-
dominated system, the solution also yielded predominantly (ca.
81%) branched micelles as previously found in isopropanol
(Figures 6a,c and S7). However, in the case of n-butanol, the
solution produced solely linear micelles (Figure 6b,d−f),
suggesting that a less polar solvent may inhibit the generation
of branched structures. As shown by the high-magnification
TEM image (Figure 6d, inset) and AFM analysis (Figure 6e,f),
unlike the linear “javelin-like” micelles formed by the PFDMS-
b-PI system at room temperature (Figure 3), these linear
micelles possessed a step change rather than a gradient change
in diameter at the interface between the thicker PFDMS48-b-
P2VP414 seeds and newly grown thinner PFDMS20-b-P2VP140
fibers (Figure 6b).
To obtain further insight into the effect of temperature, next,

we repeated the living CDSA experiments with the PFDMS-b-
P2VP system at various temperatures. In a typical procedure for

studies at elevated temperatures, the solution of the PFDMS48-
b-P2VP414 micelle seeds in isopropanol or in a 9:1 ethanol/
isopropanol mixture was heated to 45 or 60 °C and PFDMS20-
b-P2VP140 unimers in a small amount of THF were then added.
The solution was allowed to age at the elevated temperature for
2 h and was then cooled to room temperature. As shown in
Figures 7 and S8, the yield of branched micelles (ca. 50% for
samples formed in isopropanol and ca. 35% in the case of 9:1
ethanol/isopropanol mixture) and the degree of branching
dramatically decreased as the temperature was increased to 45
°C. At 60 °C, a fairly low percent of branched structures (ca.
30%) was formed in isopropanol and virtually no branching
(<2%) was detected for the ethanol-dominated solution.
Similar to the case of a less polar solvent, a higher

temperature also appeared to disfavor the formation of
branched micelles for the PFDMS-b-P2VP system. Thus, rather
than forming only linear micellar structures, when the
aforementioned seeded growth experiment in a mixture of n-
butanol and isopropanol (9:1, v/v) was performed at 0 °C, the
generation of ca. 20% of branched micelles (Figure S9) was
detected. The observation of a higher percent of branched
micelles at lower temperature is in accordance with the results
for the PFDMS-b-PI system in hexane.

4. Versatility of the Living CDSA Route to Form
Branched Block Comicelles. The formation of branched
micelles with either nonpolar (PI) or polar (P2VP) coronas in

Figure 5. (a) Schematic representation of procedure for the formation
of branched micelles of PFDMS-b-PI in hexane. (b and c) TEM
images of branched micelles formed by the addition of PFDMS21-b-
PI132 unimers in a small amount of THF to a solution of PFDMS133-b-
PI1250 micelle seeds in hexane at 0 °C. (d−f) TEM and AFM height
images showing the coexistence of micelle ends with only a single
PFDMS21-b-PI132 micelle emanating from the seed micelle terminus.

Figure 6. (a) Schematic representation and (c) TEM image of
branched micelles formed by the addition of PFDMS20-b-P2VP140
unimers in a small amount of THF to a solution of PFDMS48-b-
P2VP414 micelle seeds in a mixture of ethanol and isopropanol (9:1, v/
v) at room temperature. (b) Schematic representation, (d) TEM
images, (e) AFM height image, and (f) heigth profiles of linear
micelles formed by the same process in a mixture of n-butanol and
isopropanol (9:1, v/v) at room temperature.
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various solvents suggested the existence of a general route to
branched micellar structures via living CDSA involving thicker
core seeds derived from PFDMS block copolymers with a
longer PFDMS core-forming block and unimers with a shorter
PFDMS block. In principle, the corona chemistry of both the
central segment and the branches can be flexibly tailored to fit
the demands of targeted applications.
To further explore the versatility of this approach, we

introduced another block copolymer with a long PFDMS core-
forming block and a nonpolar polydimethylsiloxane (PDMS)
corona-forming block, namely, PFDMS132-b-PDMS1364 (Chart
2). Relatively monodisperse short micelles (Ln = 120 nm, Lw/

Ln = 1.04, Figures 8a and S10) with even more highly elliptical,
and perhaps more accurately almost rectangular cores (Wcore =
∼35 nm (TEM), Hmicelle = 11.5 nm (AFM)) were prepared in
decane by self-seeding at 100 °C. Compared to that for the
analogue with a PI corona (see the PFDMS-b-PI Block
Copolymers subsection 1. (a) above), such a higher temper-
ature was used to further facilitate the transition from spherical
micelles to fiberlike micelles (the transition was found to be
much less efficient at 70 °C, the temperature used for
PFDMS133-b-PI1250).
In an attempt to prepare branched micelles, unimers of

PFDMS21-b-PI132 in a small amount of THF were added to a
dilute solution (in 1:9 v/v decane/hexane) of the PFDMS132-b-
PDMS1364 micelle seeds. Unlike the above case where the

PFDMS133-b-PI1250 micelles were used as seeds, the formation
of branched structures was more facile in this system and a
considerable amount (∼50%) of branched micelles were
obtained, even at room temperature (Figures 8b,c, S11a−e,
and S12a). This is likely a consequence of the larger core width
of the seeds. Similar to the linear “javelin-like” micelles formed
by the PFDMS-b-PI system at room temperature, the linear and
Y-shaped micelles presented a gradient junction between the
central and newly grown end segments when only a single fiber
emanated from the seed terminus (Figures 8b, inset; 8c; and
S11b−e). The experiment carried out at 0 °C gave rise to a
much higher yield (>98%) of branched micelles with mainly
two branches emanating at each seed terminus (Figures 8d−g,
S11f−h, and S12b). Due to the combination of two different
PFDMS block copolymers, the branched micelles actually
possessed spatially segregated coronas, namely, PDMS for the
central segment and PI for the branches (Figure 8d). In
contrast to the analogous micelles formed at room temperature,
the linear and Y-shaped micelles with a single emanating
PFDMS21-b-PI132 fiber showed a step change rather than a
smooth gradient change in diameter at the junction (Figures 8f,
inset and S11g,h).

Figure 7. TEM images of branched and linear micelles formed by the
addition of PFDMS20-b-P2VP140 unimers in THF to solutions of
PFDMS48-b-P2VP414 micelle seeds in isopropanol and in a mixture of
ethanol and isopropanol (9:1, v/v) at elevated temperatures.

Chart 2. Structure of PFDMS-b-PDMS Diblock Copolymer

Figure 8. (a) TEM image of short PFDMS132-b-PDMS1364 micelles
formed in decane after sonication and self-seeding. (b) TEM and (c)
AFM height images of linear and branched block comicelles formed by
the addition of PFDMS21-b-PI132 unimers in a small amount of THF to
a solution of PFDMS132-b-PDMS1364 micelle seeds in a mixture of
decane and hexane (1:9, v/v) at room temperature. (d) Schematic
representation of procedure for the formation of branched block
comicelles with a PDMS corona for the central segment and PI
coronas for the branches. (e−g) TEM and AFM height images of
branched block comicelles formed at 0 °C.
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We also explored the living growth of the PFDMS20-b-
P2VP140 unimers at the termini of the PFDMS132-b-PDMS1364
micelle seeds to form amphiphilic structures containing a seed
micelle with a hydrophobic periphery and branches with polar
coronas (Figure 9a). A mixture of decane, hexane, and

isopropanol (1:9:30, v/v/v) was used as the solvent to
overcome the solubility issues created by the presence of
nonpolar and polar coronas.18d,e The living CDSA was carried
out at room temperature based on the predominant existence
of polar solvent. The solution eventually yielded over 98% of
branched amphiphilic block comicelles with mainly 2−3
branches at each terminus and opposite corona polarities for
the central segment and the branches (Figures 9 and S13). In
addition, ca. 20% of branched micelles with higher number of
branches (between 5 and 8 per micelle) were also detected in
the solution, and it appeared that the number of branches
increased for the PFDMS132-b-PDMS1364 seed micelles due to
the larger core width (∼35 nm) (Figure S13). This situation
seems to resemble the formation of scarf structures by seeded
growth of fibers from platelet initiators.18b The formation of
branched amphiphilic block comicelles was also possible when
unimers of PFDMS34-b-P2VP272 were used, but not for the case
where PFDMS48-b-P2VP414 was added (Figure S14). This
indicated a threshold with respect to the PFDMS chain length
of added unimers associated with the formation of branched
structures.
5. Thermal Stability of Branched Micelles. The stability

of the branched micelles was explored in a series of
experiments, in which the solutions of the micelles were heated
at a selected higher temperature for 2 h, and subsequently
cooled slowly back to room temperature (23 °C). Generally,
the branched structures were found to be retained at relative
lower annealing temperatures, <∼55 °C for the branched
micelles formed by PFDMS133-b-PI1250 or PFDMS132-b-
PDMS1364 with PFDMS21-b-PI132 in hexane or in a decane/
hexane mixture, and <∼65 °C for those formed by PFDMS48-

b-P2VP414 or PFDMS132-b-PDMS1364 with PFDMS20-b-P2VP140
in isopropanol or in isopropanol-dominated mixed solvents.
However, at more elevated temperatures, an apparent transition
of the branched micelles into linear products was observed. For
example, on heating at 80 °C for 2 h, the branched micelles
formed by PFDMS48-b-P2VP414 and PFDMS20-b-P2VP140 in
isopropanol (∼94% branched) (Figure 10b) showed a

significant decrease in both the proportion of branched micelles
(to ∼20%) and the degree of branching (only Y-shaped
branched micelles were detected, Figure 10c). The solution
comprised predominantly linear block comicelles with a thicker
core central segment and two thinner core end segments and
homomicelles with uniform thinner cores (Figure 10a,c).
Similarly, the branched micelles formed by PFDMS133-b-PI1250
or PFDMS132-b-PDMS1364 with PFDMS21-b-PI132 at 0 °C also
rearranged into linear “javelin-like” micelles and discrete
thinner-core micelles of variable length after heating at elevated
temperatures (Figure S15a,b). In contrast, the “javelin-like”
micelles formed by PFDMS133-b-PI1250 and PFDMS21-b-PI132 at
room temperature (23 °C) retained the gradient junctions after
heating at 60 °C for 2 h (Figure S15c).

■ DISCUSSION
(a). Chain Folding of the PFDMS Block in the

Crystalline Micelle Cores. Given that the average distance
between two adjacent ferrocenyldimethylsilane units in the
PFDMS chain is ∼0.65 nm,25 the extended chain length of the
PFDMS block (LPFDMS) would be ∼86.5, ∼85.8, and ∼13.7 nm
for PFDMS133-b-PI1250, PFDMS132-b-PDMS1364, and PFDMS21-
b-PI132, and ∼31.2 and ∼13.0 nm for PFDMS48-b-P2VP414 and
PFDMS20-b-P2VP140, respectively. Previous synchrotron X-ray
diffraction studies of the cores of electric field-aligned fiberlike
PFDMS-b-PI micelles indicated that the chains are oriented
perpendicular to fiber direction.25 For micelles with a core of

Figure 9. (a) Schematic representation of procedure for the formation
of branched amphiphilic block comicelles with a PDMS corona for the
central segment and P2VP coronas for the branches. (b and c) TEM
images of branched amphiphilic block comicelles formed by the
addition of PFDMS20-b-P2VP140 unimers in a small amount of THF to
a solution of PFDMS132-b-PDMS1364 micelle seeds in a mixture of
decane, hexane, and isopropanol (1:9:30, v/v/v) at room temperature.

Figure 10. (a) Schematic representation of transformation from
branched micelles to linear micelles induced by annealing at an
elevated temperature. (b) TEM image of branched micelles formed by
PFDMS48-b-P2VP414 and PFDMS20-b-P2VP140 in isopropanol before
annealing. (c) TEM image of micelles obtained after heating at 80 °C
for 2 h. Scale bars represent 1000 nm.
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elliptical or rectangular cross-section, it is expected that the
PFDMS chains adopt a chain-folded orientation parallel to the
short axis (see Scheme 2a for the elliptical case). The

alternative orientation would result in a large lateral surface
with a low corona chain density which would be strongly
energetically disfavored on exposure to poor solvent for the
core-forming block. The average number of folds of the
PFDMS chains in the core can therefore be estimated by
dividing LPFDMS by the periodic folding length, which would
approximate to Hcore.
As summarized in Table 1, the PFDMS chains appear to be

folded more than 10 times in the cores of the PFDMS133-b-
PI1250 micelles and more than 7 times for PFDMS132-b-
PDMS1364 (Scheme 2a). In contrast, for PFDMS21-b-PI132 the
number of folds was only ca. 2. It should be noted that the
cross-sections of the PFDMS133-b-PI1250 and PFDMS21-b-PI132
micelles were of similar height (Hcore = ∼8 vs 7.0 nm, Table 1),
indicating a similar folding length. The larger value for width
for the PFDMS133-b-PI1250 and PFDMS132-b-PDMS1364 micelles
is presumably the result of a higher number of chain folds
(Scheme 2a). Interestingly, in the case of PFDMS-b-P2VP, the
PFDMS chains were hardly folded in the cores (Scheme 2b),
even for PFDMS48-b-P2VP414, where the core width
approached ∼20 nm.
(b). Kinetic versus Thermodynamic Control. Several

previous reports have indicated that crystalline lattice matching
and compatible crystallization kinetics18b,20,26 are required for a
successful epitaxial growth in living CDSA. However, in this
work, our observations of the competitive formation of
branched and linear micelles and our findings that the process
is modulated by subtle changes of solvent and temperature
potentially offers further interesting insight into the living
CDSA process. It therefore appeared important to attempt to
delineate how the solvent and temperature variables are likely
to affect the outcome when block copolymer unimers with a
short PFDMS block are added to large diameter seeds formed
from a block copolymer with a longer PFDMS block.

In a more polar solvent, that is, a very poor solvent for
PFDMS, and/or at a lower temperature, the PFDMS block
present in the added block copolymer unimers would be
expected to rapidly deposit and crystallize when encountering a
crystalline core−solvent interface associated with a seed
terminus. This would be anticipated to lead to epitaxial
crystallization at an initially random position on the face of the
seed terminus. Moreover, the rapid deposition/crystallization
process would be expected to be accompanied by substantial
chain folding. This would give rise to a single fiber of narrower
width emanating from the seed terminus with a location
governed by the initial, random deposition. Thus, if the initial
location occurred near the center of the seed terminus, the
formation of linear structures with a step decrease in diameter
would be expected. However, if the initial deposition is offset
from the center of the seed terminus, this should leave sufficient
space to facilitate the formation of branched structures (Figure
11a,b). Such branched micelles might be expected to be less
stable than the corresponding linear micelles as a result of
intermicelle coronal steric repulsions in the vicinity of the seed
terminus. This explanation therefore suggests that the branched
micelles should be considered as a kinetically trapped
morphology, induced by rapid unimer deposition far from
equilibrium.27

In contrast, in an only moderately poor solvent for PFDMS
and/or at a higher temperature, the PFDMS block would be
expected to be deposited more slowly. Thus, rather than being
rapidly and randomly deposited on the seed terminus as in very
poor solvents for PFDMS and/or at low temperatures, the
shorter PFDMS chains would be expected to undergo a
deposition process that is more thermodynamically preferred
(Figure 11c,d). Thus, deposition that involves less chain folding
and is dictated by the dimensions of the core−solvent interface
at the seed terminus might be anticipated (Figure 11c).
Subsequent epitaxial crystallization of additional unimers would
be expected to give rise to the linear micellar structures in
which the dimensions of the fiber emanating from the seed core
are initially similar. However, it would be expected that, as the
emanating fiber grows, the diameter should gradually revert to
that preferred for the micelles formed by the block copolymer
with shorter PFDMS chains in self-seeding experiments (for
PFDMS-b-PI Block Copolymers see subsection 1. (a) above).
The linear micelles characterized by a gradient change in
diameter therefore appear to be the result of a growth process
that involves deposition of unimer under conditions that are
closer to equilibrium, and represent a situation nearer to
thermodynamic control.
The shape of the junction in cases where only a single fiber

emanates from the thicker-core seed terminus for the

Scheme 2. Chain Folding of PFDMS in Cores of (a)
PFDMS133-b-PI1250 and (b) PFDMS48-b-P2VP414 Micelles

Table 1. Extended Chain Length of PFDMS block (LPFDMS) of Block Copolymers Used in This Work, Core Width (Wcore), and
Upper Limit for Core Height (Hcore) of Resulting Micelles and Number of Chain Folds of PFDMS Block in the Cores

polymer LPFDMS (nm) Wcore (nm) Hcore (nm) folds (PFDMS)d

PFDMS133-b-PI1250 ∼86.5 ∼23,a ∼20c ∼9.5,b ∼8.0c >10
PFDMS21-b-PI132 ∼13.7 ∼8,a ∼7c ∼7b,c ∼2
PFDMS48-b-P2VP414 ∼31.2 ∼20a ∼23b <2
PFDMS20-b-P2VP140 ∼13.0 ∼7.5a ∼8b ∼2
PFDMS132-b-PDMS1364 ∼85.8 ∼35a ∼11.5b >7

aWcore estimated by TEM data; bHcore from AFM data where it represents an upper limit due to a corona contribution; cWcore or Hcore values
estimated by TEM of the cross-section; dnumber of chain folds was calculated from LPFDMS/Hcore where the latter was determined by AFM except
for the cases where a value from cross-sectional TEM was available (see Scheme S1).
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PFDMS133-b-PI1250/PFDMS21-b-PI132 and PFDMS132-b-
PDMS1364/PFDMS21-b-PI132 systems in living CDSA experi-
ments performed at room temperature (23 °C) were indeed
characterized by such a gradient in diameter. However, in
contrast, the junctions detected for any linear micelles that were
formed at 0 °C (as opposed to branched structures) were
characterized by a step decrease in micelle diameter (Figure 3a
vs Figure 5e; Figure 8b vs f). This is presumably the result of (i)
rapid deposition and epitaxial crystallization of the shorter
PFDMS chains under kinetic control at lower temperatures and
(ii) the existence of a slower process at higher temperatures, in
which unimer deposition and crystallization proceeds under
close to equilibrium conditions where the packing of the
shorter PFDMS chains and the micelle diameter is initially
determined by the dimensions of the core terminus.
Unlike the cases of the PFDMS-b-PI and PFDMS-b-PDMS

systems, the experiments with PFDMS-b-P2VP consistently
gave rise to junctions with a step change in radius for the linear
micelles and linear components of Y-shaped branched micelles

regardless of solvent or temperature variation (Figures 4, 6, and
7). In these cases, the core cross-section appeared to be close to
circular and the difference in the average core dimension
between the large diameter seeds and the emanating fibers
generated by the block copolymer with a shorter PFDMS block
(ca. 20 nm vs 8 nm based on TEM width and AFM height
data) is the largest for the materials studied (Table 1). The key
factor here clearly seems to be that the shorter PFDMS core-
forming block for the added unimer is unable to span the large
diameter core (∼20 nm) even in an extended chain
conformation (LPFDMS = 13 nm, Table 1). This necessitates
the formation of structures with a step change (Figure 11d)
rather than a gradient change (Figure 11c) in diameter at the
junction.
Finally, an explanation is desirable for the observation that

the formation of micelles with a step change in diameter and a
single emanating fiber, rather than branched structures, is
preferentially found in less polar solvents, or at higher
temperature in the PFDMS-b-P2VP system. We believe that
this may reflect a thermodynamic preference for the
minimization of intermicelle coronal chain repulsions at the
seed terminus when deposition and crystallization occur under
conditions closer to equilibrium.27

(c). Thermal Transition from Branched Micelles to
Linear micelles. The transformation of branched micelles into
linear analogs via thermal annealing (Figures 10 and S16)
provided supporting evidence for the assertion that the
branched structures are kinetic products while the linear
micelle analogues are favored thermodynamically. During the
thermal process, other types of micelles were also formed. For
example, as shown in Figure S16, for the branched micelles
formed by PFDMS48-b-P2VP414 and PFDMS20-b-P2VP140 in
isopropanol, the thinner core branches were apparently less
resistant to thermal treatment and dissociated into unimers and
very short stublike structures at 80 °C.28 However, probably
due to the existence of thicker and more highly crystalline
cores, the central segments derived from the seed appeared to
remain intact at higher temperatures. During the cooling
process, the dissolved unimers derived from PFDMS20-b-
P2VP140 appear to grow from both the thinner core stubs
(yielding thinner core micelles) and also the thicker core
micelles derived from the central segments. However,
presumably as the growth process was initiated at a higher
temperature, branched micelles are not reformed and linear
structures result.

■ SUMMARY
We have shown that the diameter of fiberlike micelles formed
by several different crystalline-coil PFDMS block copolymers
with different coronal chemistries (PI, P2VP, and PDMS) can
be varied by altering the degree of polymerization of the
crystallizable PFDMS core-forming block. The shapes of the
cores were analyzed by TEM, cross-sectional TEM, and AFM
and appear to vary from rectangular, to ellipsoidal, through to
almost circular.
Using PFDMS block copolymers with different PFDMS

chain lengths we have demonstrated that the growth of PFDMS
block copolymer unimers with a short PFDMS core-forming
block from the termini of micelle seeds with a thicker core can
lead to either branched or linear structures, depending on the
nature of the corona block, the quality of the solvent for
PFDMS, and the temperature. The branched structures, in
which 2, 3, or 4 thin fibers randomly emanate from the thicker

Figure 11. Solvent- and temperature-controlled competitive formation
of branched and linear micelles (coronas: blue = PI, green = P2VP).
Initial deposition and crystallization of the added unimer on the seed
terminus is shown on the left, and further growth to form the
emanating micelle(s) is shown on the right.
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core terminus of the seed micelle, appear to represent a
kinetically preferred morphology that results from rapid,
nonequilibrium unimer deposition at the seed terminus. In
contrast, the linear structures appear to represent the
thermodynamically preferred morphologies.
Two different types of linear micelle structures were detected

in our experiments: “javelin-type” micelles, with a gradient
reduction in diameter at the junction between the seed and the
emanating fiber, and linear structures with a step reduction at
the seed/emanating fiber interface. “Javelin-type” micelles
appear to arise from the thermodynamic preference for an
initial control of the diameter of the emanating fiber by the
dimensions of the seed terminus that occurs when unimer
deposition and crystallization proceed under near equilibrium
conditions. In contrast, a step change in diameter at the
junction is favored when there is a large difference in the
preferred diameter between the block copolymers used for the
seed and added unimers, which makes initial dimension
matching impossible. Under these circumstances, a linear
micellar structure with a step-change in diameter is favored
under conditions of thermodynamic control. We postulate that
this preference over branched structures is a result of the lower
degree of intermicelle repulsions near the junction. Interest-
ingly, it also appears that linear micelles with a step change in
diameter at the junction can also arise under conditions of
kinetic control for systems where the formation of gradient
junctions is possible, in which case they are mixed with
branched micelles.
We have also demonstrated that using the insight gathered in

this study branched micelles can be prepared from PFDMS
block copolymers with diverse corona chemistries, allowing
access to nonpolar, polar, and amphiphilic nanostructures.
Future work will focus on studies of these morphologically
interesting micelles and their applications. We are also pursuing
investigations aimed at gaining further fundamental knowledge
about the factors that determine the structure and cross-
sectional shape of micelles with a crystalline core.
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