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ABSTRACT: Growth and termination of cylindrical micelles with
cholesteric liquid crystal (LC) cores (seeds) were achieved
experimentally, following the simulation studies of liquid-
crystallization-driven self-assembly (LCDSA) of block copolymers.
The fluidity of LC cores was proven to be crucial for this success.
To a seed solution, the added block copolymer unimers had a high
tendency to form new aggregates. The formed aggregates had a
less-ordered cholesteric LC structure as compared with those in
the seed and subsequently fused with the seeds. After the fusion,
the fluidity allowed a rearrangement of the rod blocks within the elongated segments to match the LC structure in the seeds. The
fusion and rearrangement were repeated in cycles, which completely consumed the newly formed aggregates and led to a seeded-
growth behavior. Under a condition that the interactions between LC blocks are stronger, the newly formed aggregates had smectic
LC cores, which fused with the seeds terminating the growth. The termination is attributed to the higher energy barrier for the
transition from the smectic LC structure to cholesteric active ends. This work created a theoretical basis for further exploration of
living assembly using LC block copolymers, which are building blocks for a wide range of functional materials.

Liquid crystals (LCs) have an orientational or a positional
long-range order in at least one direction, while a high

degree of mobility of individual molecules retained.1−3

Crystalline molecules, on the other hand, can crystallize into
defined lattices with higher cohesive energy and can undergo
epitaxial growth generally.4−8 It has been reported that
crystallization-driven self-assembly (CDSA) of block copoly-
mers in solution gives access to well-defined hierarchical
micellar structures based on the epitaxial crystallization.6−12

This discovery is attracting substantial attention to develop
living supramolecular chemistry for precise synthesis of
functional supramolecular materials.13−18 The research on
liquid-crystallization-driven self-assembly (LCDSA) of block
copolymers has also been inspired,19,20 but the exact
mechanisms remain to be clarified because of the fundamental
difference between crystallization and liquid crystallization.
The fluidity of LC provides a degree of freedom for the
rearrangement of LC structures and accounts for the adaption
capability of many LC systems.1−3,21 We, therefore, examined
how the fluidity can be harnessed to circumvent the low
epitaxy and achieve control in the growth of LC micelles.
Polypeptide-based rod−coil block copolymers, such as

poly(γ-benzyl-L-glutamate)-block-poly(ethylene oxide)
(PBLG-b-PEO) copolymers, undergo micellization in solvents
selective for the coil block into various structures with LC
structures of PBLG rod blocks as cores.22,23 PBLG-g-PEO graft
copolymers assemble into spindle-like aggregates, in which the
PBLG rod blocks take a parallel packing along the long axis of

micelles (nematic-like LC core), and the ends are partially
covered by PEO. By varying the solution conditions, the ends
of the micelle can be activated, which induces a hierarchical
assembly of micelles or an intramicelle end-to-end cycliza-
tion.24,25 It suggests that interfacial energy is also an important
factor, in addition to epitaxy, adjusting the activity for the
growth of cylindrical LC micelles. A synergy of this activity and
the fluidity of LC structures may circumvent the low epitaxy to
realize a control in the growth of LC micelles. We investigated
this possibility via theoretical simulations, which effectively
guided our experimental exploration.
Brownian dynamics (BD) simulations revealed that the

cylindrical micelles with cholesteric LC cores could serve as
seeds. When LC block copolymers with a concentration higher
than the critical micelle concentration (CMC) were added to
the seed solution, only a small fraction of the molecules added
to the seeds, while most of them were assembled into new
aggregates. Nevertheless, under certain conditions, the newly
formed aggregates with cholesteric-like cores fused with the
seeds and subsequently underwent rearrangement of the rod
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blocks in the fluidic core to match the LC structure of the
seeds. The repetitions of this fusion and rearrangement
consumed the newly formed aggregates, so the system
exhibited a seeded-growth behavior. The newly formed
aggregates had smectic LC cores when the interaction between
the LC block was stronger. These aggregates also fused with
the seeds but terminated the growth. The termination was
caused by the higher energy barrier for the conversion of the
smectic LC core to cholesteric active ends. Herein, we report
this theoretical discovery and our experimental investigation
guided by this theory.

■ RESULTS AND DISCUSSION
Self-Assembly of Rod−Coil Block Copolymers in

Selective Solvents. A coarse-grained model of R6C3 (R, C,
and subscripts denote rod block, coil block, and the bead
number of each block, respectively) was constructed for the
rod−coil block copolymer (Figure 1a). The bead number is

chosen based on the molecular structure of the polypeptide-
based block copolymers used in our experiments. The
amphiphilicity of copolymers was realized by setting different
pairwise interaction potentials. The interaction between R
blocks (R−R interaction) was modeled with an attractive
potential to simulate the hydrophobicity of R blocks, and its
strength was described by the interaction parameter εRR. The
C−C and R−C interactions were modeled with repulsive
potential, corresponding to the hydrophilic nature of C blocks
and the incompatibility between two blocks, respec-
tively.23,26,27 The assembling behavior was investigated by
setting different pairwise interaction parameters (see Section
S1.1 of Supporting Information).
R6C3 can self-assemble into either cylindrical or disk-like

micelles in a selective solvent for C blocks (Figure 1). Figure
1b illustrates the morphological diagram for the assemblies of
R6C3, where C0 refers to the ratio of chain number to system

volume (other parameters are set as constants). As εRR
increases, C0 required for the onset of assembly (green line
in Figure 1b), corresponding to the CMC decreases. The
system with a higher εRR tends to form disk-like aggregates.
Figure 1b displays the spinodal and binodal lines. The spinodal
line usually refers to the CMC in phase separation, while the
area between the spinodal line and the binodal line indicates
the formation of thermodynamically unfavorable micelles.28

Note that the region between two lines is a metastable region
where nucleation and growth can occur simultaneously.
The cylindrical micelles are formed via an interdigitated

packing of R blocks (Figure 1c). The orientation of the
packing plane gradually rotates along the long axis of the
micelle, suggesting that the core for the micelles has a
cholesteric LC core (Figure S1a,b).1−3,22,23,27 The coil blocks
cover the cholesteric cores, but the two ends have a certain
degree of exposure to the solvent. The disk-like micelles have a
smectic LC core, in which the R blocks are vertically aligned
with a small deviation from the perpendicular direction to the
disk plane (Figures 1d, S1c,d).1−3

Growth of Cylindrical Micelles Assembled from Rod−
Coil Block Copolymers. The cylindrical micelles formed at
C0 = 3.0 × 10−4σ−3 were chosen as seeds, to which a new batch
of R6C3 rod−coil block copolymers was added. When the
concentration of the added copolymers (C0

2nd) is located in the
metastable region below the CMC (blue region in Figure 1b),
the added copolymers can grow on the ends of seeds in a living
growth manner.27 However, the metastable region is usually so
narrow that the living growth of LC seeds via adding unimers
one-by-one is difficult to be realized experimentally.19,20,27

Here, we turn our attention to the green region where the
concentration is above the CMC, for example, C0

2nd = 4.0 ×
10−4σ−3 and εRR = 2.7ε. This condition favors the formation of
cylindrical micelles via self-aggregation.
The assemblies captured at the simulation time of 1.25 × 104

τ and 2.0 × 105 τ are displayed in Figure 2a,b, respectively. As
shown in the figures, the added copolymers initially assemble
into small aggregates in addition to the growth of seeds (Figure
2a). The newly formed aggregates also exhibit partially opened
ends and subsequently fuse with the seeds (Figure 2b). This
fusion is mainly driven by the minimization in interfacial
energy. Figure 2c shows a typical micelle resulting from the
seeded-growth and the expanded view of the core. As shown in
the figure, the cores for the seed segment (green) and the
elongated segment (blue) have the same periodic variations in
the orientation of the chains (Figure S2), suggesting that the
expended core has the same cholesteric LC structure. It is
worth noting that the cholesteric LC-like cores for the newly
formed aggregates are less ordered, and some aggregates do
not have a perfect cholesteric order (Figure S4). It suggests
that the rod blocks in the aggregates can rearrange themselves
to match the cholesteric LC structure in the cores of seeds
upon fusion. This rearrangement is attributed to the fluidity of
LC structures.1−3

To further examine the growth process, the time-dependent
concentrations of the remaining unimers Cunimer and the newly
formed aggregates Cagg resulting from the added block
copolymers were calculated (see Section S1.1 of Supporting
Information). As shown in Figure 2d, Cunimer dramatically
decreases initially, while Cagg rapidly increases (green region),
implying that the unimers are quickly consumed and
assembled into new aggregates or added to the seeds.
Subsequently, Cunimer gradually drops to a constant low value,

Figure 1. Self-assembly of rod−coil block copolymers. (a) BD model
of R6C3 for rod−coil block copolymer, R, C, and subscripts denote
rod block, coil block, and the bead number of each block, respectively.
(b) Morphological diagram for the assemblies of R6C3 copolymers in
the space of interaction parameter εRR vs initial copolymer
concentration C0, where σ and ε are the units of length and energy,
respectively. (c) Typical cylindrical micelle with partially opened ends
and the partially expanded view of the cholesteric LC structure along
the long axis of the micelle. (d) Top and side views of the typical disk-
like micelle.
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while Cagg decreases in a fast pace and eventually approaches
0σ−3 (blue region). It suggests that the newly formed
aggregates tend to be completely consumed via fusion with
the seeds.
Figure 2e,f displays the time-dependent average aggregation

number (Nagg) in the newly formed aggregates and the length
of aggregates. As shown in the figures, while the increase in
Nagg reaches a plateau at a simulation time of 5.0 × 104 τ
(Figure 2e), the elongation of the micelles continues (Figure
2f). It supports that the fusion of the newly formed particles
can also contribute to the growth of the micelles (the marked
region in Figure 2g). Note that these newly formed particles
can fuse with each other, and then the fused particles
incorporate into the seeds (the marked region in Figure 2g),
thereby Nagg has a slight decrease at the later stage (Figure 2e).
The growth kinetics can be adjusted by C0

2nd. As shown in
Figure 2f, the larger C0

2nd, the faster the growth. εRR is another
parameter regulating the kinetic behavior. At the same C0

2nd,
the system with a large εRR (2.6ε < εRR < 3.0ε) has slow growth
(Figure S5). The larger εRR value restricts the mobility of the
rod blocks, which lowers the fluidity and slows the kinetics for
the rearrangement of the LC core. This result stresses the
importance of fluidity of the LC cores in the growth.
Therefore, the LCDSA exhibits seeded-growth behavior via
cycles of fusion with the seeds and rearrangement of the rod
block within the aggregates for the systems with εRR in the
range between 2.6ε and 3.0ε (Figure 2g).
Termination of the Growth. When εRR is adjusted to a

higher level, the added block copolymers form disk-like

aggregates with smectic LC cores (C0 = 3.0 × 10−4σ−3, εRR
= 3.2ε, and C0

2nd = 3.0 × 10−4σ−3). As shown in Figure 3a,b, the
resulting disk-like aggregates can also fuse with the seeds, but
no growth of the cylinder is observed. This deactivation is
caused by the low fluidity of the LC core because of large εRR,
which prevents the LC blocks in the disk from rearrangement
to match the cholesteric LC structure (see Figure S3). The
time-dependent Cunimer and Cagg, as shown in Figure 3c,
indicates that Cunimer decreases, and correspondingly Cagg
increases rapidly (green region) upon the addition of the
copolymers. While Cunimer continuously drops to 0σ−3 because
of a larger εRR (stronger interaction between the rod blocks),
Cagg starts to decrease (blue region) because of the fusion of
the newly formed disk-like aggregates and their coupling with
the seeds (Figure S3). However, a substantial amount of the
newly formed aggregates remains and does not add to the
seeds, as one can see that Cagg eventually levels off at a high
level (2.1 × 10−6σ−3). This deactivation of the growth can be
justified by the conversion of the ends to smectic cores upon
the fusion (Figure 1). A higher energy barrier for the structural
transition from the smectic core to cholesteric LC ends ceases
the growth.

Growth of PBLG-b-PNIPAM Micelles. Following the
theoretical study, we reviewed our experimental efforts on the
assembly of PBLG block copolymers. PBLG with α-helix
conformation is the rod block and is possible to form LC
structures.29,30 The strength of intermolecular interactions of
PBLG varies with the molecular weight and solvents used for
the assembly, which drives the assembly into various

Figure 2. Growth of cylindrical micelles via LCDSA. (a,b) Morphologies of cylindrical micelles at the simulation time of (a) 1.25 × 104 τ and (b)
2.0 × 105 τ, where C0 = 3.0 × 10−4σ−3, C0

2nd = 4.0 × 10−4σ−3, εRR = 2.7ε, and τ is the unit of time in the simulation, and the free unimers were
hyalinized for clarity. (c) Representative micelle after the growth and the partially expanded view of the LC structure along the long axis of the
micelle. The rod blocks in the seed and the elongated parts are colored with green and blue, respectively. (d) Temporal variation of the number
concentrations of the remained unimers (Cunimer) and the formed aggregates (Cagg) against the simulation time. (e) Temporal variation of the
average aggregation number (Nagg) for the formed aggregates, where C0 = 3.0 × 10−4σ−3, C0

2nd = 7.0 × 10−4σ−3, and εRR = 2.7ε. The green and blue
regions in (d,e) denote the aggregation-dominated and fusion-dominated stages, respectively. (f) Temporal variations of the length L for elongated
cylindrical micelles at various C0

2nd and the fixed εRR of 2.7ε. (g) Schematic illustration for the growth process of cylindrical micelles with LC cores.
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structures, including spheres, vesicles, or cylindrical mi-
celles.22,29,30 PBLG178-b-PNIPAM80 (PNIPAM: poly(N-iso-
propyl acrylamide)) block copolymers were used to verify
the simulation results, in which PNIPAM is not only water
soluble but also thermal responsive for potential material
applications. When water was added to the PBLG178-b-
PNIPAM80 block copolymer solution (see Figure 4a; the
subscript denotes the degree of polymerization for each block),
the block copolymers assembled into sphere-like particles
(Figure S7a). By using ethanol, less polar than water, as a poor
solvent, PBLG-b-PNIPAM forms fibers with a polydisperse
distribution (Figure S7c). The weaker interaction between the
PBLG blocks in the system containing ethanol is responsible
for the formation of one-dimensional structures, as we learned
from Figure 1. We tried to add a second batch of PBLG-b-
PNIPAM to the fibers but did not observe an obvious growth
behavior. We speculated, based on the simulation, that the
solvophobic effect in tetrahydrofuran (THF)/ethanol may be
too low to induce the fusion, a crucial step involves in the
LCDSA for the growth. To test this idea, methanol was used as
a selective solvent for the assembly (Figure S7b). The polarity
of methanol lies between that for water and ethanol,31 so the
polymers may assemble into cylindrical aggregates that are
capable of fusion.
Seeds were first prepared by adding methanol (2.4 mL), a

selective solvent for PNIPAM, to the solution of PBLG-b-
PNIPAM (8.0 × 10−2 g/L) in THF/dimethylformamide
(DMF) mixed solvents (2.0 mL, THF/DMF = 50/1 by
volume) (Figure 4b). As indicated by the transmission electron
microscopy (TEM) and atomic force microscopy images,
cylindrical micelles were formed (Figures 4c, S8). The number
average length Ln of the cylinders is ca. 570 nm and the
dispersity is low (Lw/Ln = 1.1) (Figure 4c). The methanol
content of 54.5 vol % is slightly above the critical content (42.3
vol % in Figure S6), which favors a slow self-aggregation and
leads to the low-dispersity of seeds. Both the width and the

height of the micelles are ca. 40 nm (Figure S8), which are
justified by the cholesteric packing of the PBLG block (ca. 27
nm in length). The structures of the cores were analyzed by the
synchrotron radiation wide-angle X-ray scattering (WAXS),
which confirms the LC-like micellar cores as predicted by
simulations (Figure 4j,k).
A solution of PBLG-b-PNIPAM unimers in DMF (2.0 g/L,

25 μL) was added to the seed solution (4.4 mL). The mixed
solution containing seeds (C0 = 3.6 × 10−2 g/L) and the added
polymer (C0

2nd = 1.13 × 10−2 g/L) was aged before
characterization. Note the C0

2nd is higher than the CMC
according to the control experiment without seeds (see Figure
S10). Figure 4d−f shows the TEM images for the sample after
aging for 6, 12, and 48 h, from which the length of the
cylinders is estimated and illustrated in Figure 4g. As shown in
Figure 4g, the seeds gradually grow to 1687 nm after aging for
48 h (Lw/Ln = 1.28). Based on this length, it is calculated that
all added unimers are aggregated to the seeds and contribute to
the growth.
To confirm this seeded-growth behavior, we performed a

control experiment by adding a solution of PBLG-b-PNIPAM
unimers in DMF to methanol/THF mixed solvents. The
resulting solution did not contain seeds (C0 = 0 g/L). As
shown in Figure 4h, the solution barely shows growth behavior,
while the growth of Ln is obvious for the solutions containing
the seeds. The control experiment without the preassembled
seeds indicates the self-aggregation of added unimers (for the
control experiment details, see Section S2.6 of Supporting
Information). Moreover, the growth rate for the solution
containing the seeds (C0 = 3.6 × 10−2 g/L) is dependent on
C0
2nd. The higher C0

2nd, the faster the growth rate (Figures 4h,
S9), which also supports seeded-growth behavior. The seeded-
growth process was followed by dynamic light scattering
(DLS) experiments. The resulting DLS profiles for the growth
(C0 = 3.6 × 10−2 g/L and C0

2nd = 4.54 × 10−3 g/L) are
illustrated in Figure 4i. As shown in the figure, a small peak
with Rh of ca. 25 nm appears upon the addition of the block
copolymers and disappears after 30 h. Over this period, Rh for
the seeds (110 nm) increases to 245 and 381 nm at 8 and 30 h,
respectively (Figure 4i). The disappearance of the aggregates
with a smaller Rh formed at the early stage supports that the
seeded-growth involves the formation of new aggregates and
their fusion with the seeds. Additionally, some small aggregates
can fuse with each other before incorporating into the seeds,
which could lead to a broader length distribution in Figure 4g.
Figure 4j shows the WAXS pattern of the dried cylindrical

micelle seeds. The multiple diffraction rings demonstrate that
there are ordered periodic nanostructures in the cylindrical
micelles. The two strong diffraction peaks at q = 3.92 and
12.74 nm−1 (Figure 4k) correspond to the distances d of 2π/
3.92 = 1.60 nm, and 2π/12.74 = 0.50 nm, respectively, for the
periodically ordered nanostructures. The former (q = 3.92
nm−1 and d = 1.60 nm) is the distance between two parallel
packing PBLG blocks packed within the micelle cores.32,33 The
latter (q = 12.74 nm−1 and d = 0.50 nm) is attributed to the
helical pitch of PBLG blocks with α-helix conformation (the
length is 0.54 nm for the standard α-helix conformation).34

The intensity for the peak at q = 3.92 nm−1 is relatively weak
for the formed small aggregates suggesting that the packing of
the PBLG block is less ordered. After the growth via fusion, the
elongated cylindrical micelles show a sharper peak at q = 3.92
nm−1 indicating an improvement in the packing order of PBLG

Figure 3. Termination of the growth. (a,b) Morphologies of the
aggregates formed at the simulation times of (a) 1.25 × 104 τ and (b)
2.0 × 105 τ, where C0 = 3.0 × 10−4σ−3, C0

2nd = 3.0 × 10−4σ−3, and εRR
= 3.2ε. The partially enlarged view of the marked region is shown in
(b). The rod blocks in the seed and the terminated parts are colored
with green and blue, respectively. (c) Temporal variation of the
number concentrations of the remained unimers (Cunimer) and the
aggregates (Cagg). The green, blue, and red regions are assigned to the
aggregation, fusion, and termination stages, respectively.
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Figure 4. Growth of cylindrical micelles formed by PBLG-b-PNIPAM. (a) Chemical structure of the PBLG-b-PNIPAM block copolymer. (b)
Schematic illustration of the preparation of micelle seeds and the growth of cylindrical seeds. For clarity, cores in the seed and the elongated parts
are colored with green and blue, respectively. (c−f) TEM images of the cylindrical seeds and the elongated micelles after adding PBLG-b-PNIPAM
in DMF to the seed solutions in methanol/THF (C0 = 3.6 × 10−2 g/L, C0

2nd = 1.13 × 10−2 g/L) for various aging times: (d) 6, (e) 12 and (f) 48 h,
respectively. Scale bar: 1 μm. (g) Distribution of the contour length of the elongated cylindrical micelles at various aging times calculated from the
TEM experiments. (h) Temporal evolution of the number-average length of cylindrical micelles for the solutions with various C0

2nd at a fixed C0 of
3.6 × 10−2 g/L, and length evolution of the aggregates in the control experiment (C0 = 0 g/L, C0

2nd = 1.13 × 10−2 g/L). (i) DLS profiles for the
solution (C0 = 3.6 × 10−2 g/L, C0

2nd = 4.54 × 10−3 g/L) at various aging time. The arrow is included to guide the eye. (j) WAXS pattern of the dried
micelle seed sample. (k) WAXS spectra of the dried micelle sample (micelle seeds, elongated micelles, and small aggregates).

Figure 5. Termination of cylindrical micelles. (a) DLS profiles for the solution of PBLG-b-PNIPAM seeds (C0 = 3.6 × 10−2 g/L and C0
2nd = 0 g/L)

and those containing both the seeds and added PBLG-b-PNIPAM unimers (C0 = 3.6 × 10−2 g/L and C0
2nd = 7.41 × 10−3 g/L) at various aging

times. (b) TEM image for the terminated PBLG-b-PNIPAM cylindrical micelles in the system containing water. 1.0 mL water was added to the
solution (C0 = 3.6 × 10−2 g/L and C0

2nd = 7.41 × 10−3 g/L) and the solution was subsequently aged for 10 h. (c) TEM image for the aggregates
formed by PBLG-b-PNIPAM in the system without seeds. The block copolymers in DMF were added to methanol/THF, then water was added.
The ratio for DMF/methanol/THF/water is 1/120/100/50 by volume. Scale bar: 500 nm.
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blocks. This result verifies the rearrangement of the LC-like
structure because of its fluidity as predicted by the simulations.
To terminate the growth, a condition with higher

intermolecular interaction of PBLG is required, as guided by
our simulations. We first added the unimers in DMF (2.0 g/L,
20 μL) to the solution of seeds (4.4 mL, C0 = 3.6 × 10−2 g/L).
Right after the mixing, water (1.0 mL) was added to the
solution to strengthen the interaction between PBLG blocks.
The time-dependent Rh of this solution was measured using
DLS. As shown in Figure 5a, there is no significant growth of
the seeds, suggesting the active ends of the seeds are
terminated. TEM experiments were performed for the solution
after aging for 10 h. The images shown in Figure 5b contain
both the sphere-like particles and cylinders. The average length
of the cylindrical aggregates (ca. 680 nm) is close to that for
the seeds (ca. 570 nm). The blow-up image (the inset in
Figure 5b) indicates that the end of the cylinder is attached to
sphere-like aggregates. In a control experiment, PBLG-b-
PNIPAM block copolymers in DMF (2.0 g/L, 20 μL) were
added to methanol/THF/water solvents without the seeds.
Sphere-like particles were exclusively formed in this solution
(Figure 5c). Therefore, it is confirmed that, with the presence
of water, the interactions between the PBLG blocks could be
strengthened, leading to the sphere-like aggregates. The fusion
of the aggregates with the seeds occurs but terminates the
growth. The stronger interaction, assisted by hydrophobic
effects, between the rod blocks in the cores of spherical
micelles lowers the fluidity, so the rearrangement of LC to
match the LC structure of seeds is difficult, and the growth is
terminated. This result agrees well with the simulation
predictions.
LCDSA Versus CDSA. Unlike CDSA, the epitaxial growth

of the LC structure is less possible because of weak cohesive
energy.1−3,19 The synergy of high interfacial energy at the
micelle ends, and fluidity of the LC structure, however,
compensates the low epitaxy possibly resulting in seeded-
growth behavior. The repetitions of the fusion and the
rearrangement of the rods in the LC core eventually consume
the newly formed aggregates. When εRR is larger, the added LC
block copolymers may self-aggregate into micelles with smectic
cores. Upon the fusion, the end is converted to the smectic LC
structure, and the energy barrier for the structure-transition
prevents the rearrangement of the rod blocks into active
cholesteric ends, which terminates the growth. Although the
mechanism for the LCDSA seeded-growth is different from
CDSA that is mainly based on epitaxy via chain folding
(seeded-growth can also occur through a non-chain folding
manner in some CDSA systems),6−9,11,12,18 what we learned
from the simulation is also helpful for a better understanding of
CDSA. The intermolecular interaction and mobility of the
core-forming crystalline chains also appear to be critical factors
affecting CDSA as indicated in several reports.35−37 The
interactions between the crystalline block copolymers must be
strong enough to induce the assembly.35 However, the
interactions for many crystalline blocks, for example, poly(3-
hexylthiophene)-b-poly(dimethylsiloxane), are too strong and
self-nucleation of added crystalline block copolymers is
possible, which prevents the seeds from growth.36 The
presence of a small percentage of common solvent or the
use of slightly elevated temperature is necessary to enhance the
epitaxial growth.35−38 By adjusting the intermolecular inter-
actions of the core-forming block via incorporation of a water-
insoluble glass segment, CDSA of poly(ε-caprolactone) block

copolymers for a defined synthesis in water has been
achieved.39 The results gained in the present work indicated
that the fluidity of LC differs the LCDSA behavior with CDSA
and can be harnessed for the construction of complex
hierarchical nanostructures of LC in a controllable manner.

■ CONCLUSIONS
In summary, the simulation and experimental work revealed
that the LCDSA of LC block copolymers can be regulated for
either seeded-growth or growth-termination via adjusting the
interaction strength between the LC blocks. The cylindrical
micelles with cholesteric cores, assembled from the block
copolymers with relatively weaker interaction of LC blocks,
acted as seeds. The added block copolymers tended to form
new aggregates in addition to adding on the seeds. When the
newly formed aggregates have cholesteric LC-like cores, the
solution exhibited a seeded-growth behavior. The fusion of the
newly formed aggregates with seeds, followed by a rearrange-
ment of the rods in the LC core, accounts for the growth
activity of the ends. The added block copolymers assembled
into aggregates with smectic LC cores when the interactions
between the LC blocks are stronger. The fusion of these
aggregates with the seeds converted the end to smectic LC,
which terminated the growth because of a large barrier for the
structure transition of the ends to the active cholesteric core.
This report advanced our understanding of LCDSA and will
guide further studies toward a theoretical framework for living/
controlled self-assembly of block copolymers.
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