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ABSTRACT: Self-assembled superstructures resulting from the competition between crystallization and
microphase separation of semicrystalline poly(styrene)-b-poly(r-lactide) (PS—PLLA) chiral block copoly-
mers (BCPs*) were examined. A kinetically controlled process by changing nonsolvent addition rate was
utilized to control the BCP* self-assembly. Single-crystal lozenge lamellae were obtained by the slow self-
assembly (i.e., slow nonsolvent addition rate) of PS—PLLA BCP* with long PS chain (i.e., PS-rich PS—PLLA
BCP*) whereas amorphous helical ribbon superstructures were obtained from the fast self-assembly (i.e., fast
nonsolvent addition rate). Moreover, amorphous flat ribbon superstructures were obtained in achiral BCPs,
poly(styrene)-b-poly(pir-lactide) (PS—PLA), suggesting that the chirality plays an important role in the
formation of the helical ribbon superstructures. By contrast, the self-assembly of PS—PLLA BCP* with short
PS chain (i.e., PLLA-rich PS—PLLA BCP¥*) was dominated by PLLA crystallization regardless of the
variation of nonsolvent addition rate, indicating that the PLLA crystallization rate is dependent upon the
length of PS chain in PS=PLLA BCPs*. As a result, the formation of helical architectures from the self-
assembly of PS—PLLA BCP#* reflects the impact of chirality on microphase separation, but the chiral effect

might be overwhelmed by crystallization.

Introduction

In recent decades, the self-assembly of block copolymers (BCPs)
has been widely studied because of their ability to self-assemble
into one-, two-, or three-dimensional periodic nanostructures
accordmg to composmon (i.e., volume fraction), whlch provides
promising features in the fleld of nanotechnologies.' ™ Various
phases in bulk such as sphere (S), cylinder (C), gyroid (G), and
lamellar (L) phases can be obtained through self-assembly because
spatial segregation of thermodynamically incompatible blocks.'™
In addition to the formation of numerous BCP nanostructures in
bulk, the self-assembly of BCPs can also be carried out in solution
so as to create BCP aggregates with various morphologies. Eisenberg
and co-workers synthesized a series of asymmetric poly(styrene)-
b-poly(acrylic acid) amphiphilic BCPs and investigated their self-
assembly in solution.’® The BCPs favor a disordered state in
a favorable solvent for both blocks. Subsequently, a selective
solvent (i.e., water) was added to the BCP solution. Self-assembly
takes place at some critical water content. Various equilibrium
superstructures in solution such as spheres, rods, lamellae, vesicles,
large compound micelles (LCM), and large compound vesicles
(LCV) were obtained. These thermodynamic equilibrium super-
structures in solution can be controlled by changing the BCP
composition, the initial concentration of BCP solution, the
amount of nonsolvent or selective solvent present in the solvent
mixture, the nature of the solvent, and temperature. Lodge and
co-workers found structural transitions from spheres to rods to
vesicles in poly(styrene)-b- poly(dlmethylsﬂoxane) BCP solution
by changing the sole solvent selectivity.”'* Also, as the tempera-
ture was increased, the selectivity of the solvent decreased so that
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reverse structural transitions from vesicle to rod to sphere could
be observed. The above results indicate that the observed struc-
tural transitions depend upon the thermodynamic interaction
between solvent and the blocks in the BCPs.

Among self-assembled architectures, the helical morphology is
probably the most fascinating one and has been extensively
studied because of its specific function. The formation of helical
morphologies was shown to have various origins 1=1 The chira-
lity of the compounds is of course the main origin. Nolte and co-

workers'” observed that helical superstructures could be obtained
from the self-assembly of BCPs in the buffer solution of amphi-
philic BCPs with a charged chiral block, such as poly(styrene)-b-
poly(isocyano-L-alanine-L-alanine) and poly(styrene)-b-poly-
(isocyano-L-alanine-L-histidine) BCPs. Recently, a helical phase
(H* phase) with hexagonally packed PLLA helices in a PS matrix
was obtained in bulk by self-assembling poly(styrene)-b-poly(L-
lactlde) (PS— PLLA) with a PLLA volume fraction of 0.34 (i.e.,
pria’ = 0.34).2° Also, a hexagonally packed core—shell cyhnder
phase with helical sense (CS* phase) could be found in PS=PLLA
with fprra” = 0.65.2' The PS microdomains are the shells, and
the PLLA microdomains are the matrix and cores. The formation
of these novel phases H* and CS* is attributed to the chiral effect
on the self-assembly of BCPs so that this PS=PLLA BCP system
was named chiral BCP (BCP*).?

The PLLA component is intrinsically a crystallizable polymer
in view of its regular chiral configuration. Therefore, various
interesting crystalline PS—=PLLA nanostructures could be ob-
tained by controlling the crystallization temperature of PLLA
(T.prLa) to create different conditions (i.e., under soft or hard
confinement). The formation of crystalline helices in which
PLLA crystallization directed by helical confined microdomain
(i.e., under hard confinement) and crystalline cylinders in which
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phase transformation of helical nanostructure dictated by crystal-
lization (i.e., under soft confinement) occurred while T, pya <
T, ps (the glass transition temperature of PS)and T pria = T ps,
respectively. As a result, the PLLA helical nanostructure in a PS
matrix had a springlike behavior.>** Apparently, the crystal-
lization affects self-assembled nanostructures and creates differ-
ent morphologies. The self-assembly of semicrystalline BCPs
indeed gives rise to much more complicated morphologies than
that of amorphous—amorphous BCPs because of the interplay of
crystallization and microphase separation. The morphologies
resulting from the combination and/or competition between
crystallization and microphase separation of semicr;/stalline
BCPs have attracted much attention in recent decades.” **

For semicrystalline BCPs, the crystallization takes place in the
amorphous melt below the equilibrium melt temperature but
above the glass transition temperature T, of the crystallizable
block. By contrast, the microphase separation of BCPs takes
place when cooling the disordered melt to below the order—
disorder transition temperature (i.e., Topr) but above the 7,s of
both blocks. Accordingly, the self-assembly of semicrystalline
BCPs in bulk is supercooling dependent. By contrast, the forma-
tion of ordered textures from solution should be easier, since in
addition it alleviates the chain entanglement problem. Also,
manipulating the supersaturation (i.e., the concentration varia-
tion from saturated concentration in solution) can be employed
to control the self-assembly process. In favorable cases, the self-
assembly process can be followed under ambient conditions, and
the resulting superstructures can be clearly isolated and identi-
fied. In this study, we investigate the competition between crystal-
lization and microphase separation in the self-assembly of
semicrystalline BCPs in solution. The solution of BCP chains is
obtained by controlling the concentration below the critical
micelle concentration (cmc). A nonsolvent is then introduced
into the BCP solution to initiate the self-assembly. In this process,
the variable is the rate of which the nonsolvent is added, which
plays the same rule as the cooling rate in bulk crystallization. Our
results indicate that the slow self-assembly (i.e., a slow nonsolvent
addition rate) results in the formation of single-crystal lamellae
whereas the fast self-assembly (i.e., a fast nonsolvent addition
rate) gives rise to amorphous helical ribbons. It appears that the
chiral effect is significant in the self-assembly of PS—PLLA BCP*
through microphase separation, but it might be overwhelmed by
crystallization.

Experimental Section

Materials. PS—PLLA BCPs* and PS—PLA BCP were pre-
pared by a two-step living polymerization process. The synthetic
routes, similar to our previous approach, are only briefly recalled
here.”! A double-headed initiator, HOCH,CH(CH3;),CH,O—
C(=0)CHCI(CH3) (DHI4-Cl), was first prepared. Hydroxyl-
terminated polystyrene (PS—OH) was then prepared by bulk
atom transfer radical polymerization (ATRP) of styrene with
DHI4-CI as initiator and CuBr/HMTETA as catalyst/ligand.
The PS—PLLA BCPs* and PS—PLA BCP were synthesized
using the PS—OH as macroinitiator and Sn(OCt), as catalyst for
the ring-opening polymerization of r-lactide and pr-lactide to
obtain PS=PLLA BCPs* and PS—PLA BCP, respectively. The
PLLA homopolymer was also prepared by the ring-opening
polymerization. The polymerization of the PLLA homopoly-
mer was performed by using Sn(Oct), as catalyst and benzyl
alcohol (BnOH) as initiator. The molecular weight, volume
fraction, and molecular weight distribution of the synthesized
PS—PLLA BCPs* and PS—PLA BCP are listed in Table 1. On
the basis of molecular weight and volume ratio, the PS—PLLA
BCPs* are designated as PSx-PLLAy (fpLia’ = z). Here xand y
represent the number of repeating units for PS and PLLA blocks
measured by NMR, respectively, and z indicates the volume
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Table 1. Molecular Characterization of PS—PLLA BCPs* and

PS—PLA BCP

Mn,PS Mn.PLLA
sample (g mol™)“ (gmol ™)’ Sferea” PDI
PS272-PLLAL118 28300 17000 0.33 1.21
PS55-PLLA9S 6000 13900 0.65 1.17

Mn,PS Mn,PLA
sample (g mol™)* (gmol ™"y fera” PDI
PS355-PLA112 36900 16 100 0.27 1.26

“ Obtained from GPC analysis. ” Obtained from 'H NMR measurement.

fraction of PLLA calculated by assuming that the densities of PS
and PLLA are 1.02 and 1.248 g/cm®. The PS—PLA BCP is
designated as PSx-PLAy (fpra” = z). The volume fraction of
PLA was calculated by assuming density of PLA is 1.18 g/em®.
The molecular weight distributions were characterized by GPC.

Sample Preparation. PS—PLLA BCPs* and PS—PLA BCP
were first dissolved in tetrahydrofuran (THF). The initial poly-
mer concentration in THF for all the samples was 0.1 wt %.
Note that THF is a reasonably good solvent for both PS and
PLLA blocks but slightly selective for the PS block. The
solubility parameters of PS, PLLA, and THF are 18.8, 20.2,
and 18.6 (MPa)®>, respectively.**~* PS—PLLA BCP* in THF
solution can be prepared when the concentration is sufficiently
low (see Supporting Information for details). Therefore, 0.1 wt %
PS—PLLA/THF solutions were systematically employed. Sub-
sequently, deionized water was added into the polymer/THF
solution at either a slow or fast rate with stirring. After addition
of water, the solubility of the BCPs decreased gradually, result-
ing in aggregation. The addition of water was carried out until
the solution reached a preset supersaturation state (water con-
tent ~23% (v/v)) in all cases. Turbid solutions were obtained.
When the deionized water is added dropwise at a slow rate
(1.0% (v/v) per minute), the process is referred to as “slow self-
assembly” (i.e., slow nonsolvent addition rate). For the higher
rate (1.0% (v/v) per second), the process is referred to as “fast
self-assembly” (i.e., fast nonsolvent addition rate). When reach-
ing the 23% v/v concentration, the systems were immediately
“quenched” by adding a large amount of deionized water to
terminate the self-assembly and freeze in the resulting morphol-
ogies. Subsequently, the aggregates were dropped onto carbon-
coated copper grids for TEM observation.

Transmission Electron Microscopy (TEM). Bright-field trans-
mission electron microscopy (TEM) images were obtained using
a JEOL JEM-2100 LaB¢ transmission electron microscope (at
an accelerating voltage of 200 kV). Staining was accomplished
by exposing the samples to the vapor of a 4% aqueous RuOy
solution for 1 h. The RuQ, attacks the double bonds in the PS
blocks so as to increase the mass—thickness contrast for imaging.

Scanning Probe Microscopy (SPM). SPM images of the
samples are taken in the tapping mode. A Seiko SPA-400 SPM
with a SEIKO SPI-3800N probe station was employed at room
temperature. A rectangle-shaped silicon tip was applied in
dynamic force mode (DFM) experiments using a type of SI-
DF3 with a spring force contact of 5 N'm ™' and scan rates of 0.6 Hz.

Results and Discussion

Slow Self-Assembly of PS-Rich PS—PLLA BCP* in Solu-
tion. A selective solvent or even a nonsolvent can be intro-
duced into BCP* solution to increase immiscibility between
polymer and solvent so as to facile aggregation and self-
assembly for ordering. The selective solvent or nonsolvent
acts as a precipitant when added to a BCP solution in a good
solvent. Self-assembly takes place at some critical selective or
nonsolvent content. As shown in Figure la, lozenge-shaped
single crystals with spiral dislocations are formed after
addition of the nonsolvent (water) through slow self-assembly.
Figure 1b shows the corresponding selected area electron
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Figure 1. (a) TEM image and (b) corresponding SAED pattern of PS-
rich PS—PLLA single crystals from the slow self-assembly. PS blocks
are stained with RuO, to enhance mass—thickness contrast under TEM
observation. (¢) Tapping-mode SPM phase image of PS-rich PS=PLLA
single crystals. (d) Ilustration of PS-rich PS—PLLA layer-by-layer
stacked single crystals and screw dislocations.

diffraction (SAED) pattern. It is the [001] zone pattern of the
orthorhombic lattice of a-form.***7 A significant 140 reflec-
tion of the PLLA unit cell can be found in the ED pattern,
which confirms that the ED pattern is a projection along the
c-axis. The PS-rich PS—PLLA single crystals have their
molecular chains (i.e., c-axis) perpendicular to the substrate.
The angles between growth faces are 60° and 120° (Flgure 1d 5)
indicating that the {110} faces are growth planes.*®

It is known that semicrystalline diblock copolymers, such as
PS—PLLA and poly(styrene)-b-poly(ethylene oxide) (PS—
PEO) diblock copolymers, can grow as single crystals in
dilute solution under appropriate growth conditions. The PS—
PLLA single crystal is a “sandwich” texture with the PLLA
core covered by two PS block layers.”* The lozenge-shaped
PS—PLLA single crystals with spiral dislocations (Figure la,c)
are layer-by-layer structures (Figure 1d) in which PLLA chains
crystallize first, and the PS chains are rejected to allocate on
the upper and lower surfaces of the PLLA lamellae. Further-
more, the result of the ED pattern (Figure 1b) indicates that
chain directions in both layer-by-layer crystals are indeed
parallel to their lamellar surface normal. The tapping mode
SPM images (Figure 1c and Figure S2) further illustrate the
observed morphologies and help determine the overall la-
mellar thickness (Figure S2). Partition between PLLA single-
crystal thickness (dpLLA) and PS amorphous thickness (dps)
can be performed using the followm;i approximation:™
dpria = doveranVpLLA and VPLLA = [(M,"" Jopr i) (M,
opLLA+ My pps)], where M,PEE* and M,\P> are the mole-
cular weights of crystallizable PLLA and amorphous PS
blocks and ppra and pps are the densities of crystallizable
PLLA and amorphous PS blocks, respectively, and Vppya
and Vpg are the volume fractions of crystallizable PLLA and
amorphous PS blocks. dpy 1 is found to be 6.7—7.6 nm ?’
assuming pprpa is 1.28 g/em® and ppg is 1.052 g/em?,
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Figure 2. (a) TEM image and (b) corresponding SAED pattern of PS-
rich PS—PLLA helical ribbon and tubular superstructure from the fast
self-assembly. PS blocks are stained with RuQO, to enhance mass—thick-
ness contrast under TEM observation.
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Figure 3. TEM images of (a) helical ribbon and (b) tubular super-
structure with helical sense from the fast self-assembly of PS-rich PS—
PLLA BCP* after sonication. PS blocks are stained with RuO4 to
enhance mass—thickness contrast under TEM observation.

respectively. The dpg is equal to (doyeran — dpLra)/2 and to
be 6.65—7.7 nm. The experimentally estimated dpyya 1s
approximately in line with the predicted value (~7.9 nm).>
Moreover, the thickness of the layer-by-layer structure with
the “sandwiched” texture is approximately in line with that
measured by SPM. Consequently, the results indicate that
PS-rich PS—PLLA single crystals can be obtained via slow
addition of water to the BCP* solution. Clearly, the crystal-
lization process takes place before the microphase separation
and dominates the self-assembly process.

Fast Self-Assembly of PS-Rich PS—PLLA BCP* in Solu-
tion. In contrast to the slow self-assembly, rapid addition of
water expedites the aggregation via a self-assembly process.
Helical ribbons (inset of Figure 2a) and tubular superstruc-
tures are obtained (Figure 2a). No PS—PLLA single crystals
are found. Occasionally, some micelles can also be observed
as shown in Figure 2a. These micelles may have formed upon
the addition of excess water to reach the cmc. Furthermore,
as shown in Figure 2b, which is the SAED pattern of
corresponding to Figure 2a, only amorphous diffused ring
pattern of PS blocks are obtained. The helical ribbons and
tubular superstructures are amorphous. No significant crys-
tallization of PLLA takes place during the fast self-assembly.

The coexistence of amorphous helical ribbons and tubular
superstructures may result from the fact that that the latter
tubules (Figure 2a) result from tight scrolling of the helical
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Figure 4. (a) TEM and (b) tapping-mode SPM phase images from the fast self-assembly of PS-rich PS—PLLA after sonication. PS blocks are stained
with RuOy, to enhance mass—thickness contrast under TEM observation. TEM and tapping-mode SPM phase images are taken from corresponding

PS-rich PS—=PLLA texture.

ribbons. To test this hypothesis, the solution from the fast
self-assembly was sonicated to disperse the superstructures
into isolate individual entities. As shown in Figure 3, well-
distributed single helical ribbons (Figure 3a) and tubules
(Figure 3b) are observed after sonication. The tubule in
Figure 3b is actually the 2D projection of a tightly scrolled
helical ribbon. However, the scrolling cannot be clearly
observed under TEM due to contrast limitation of the 2D
TEM projection. The same texture was therefore also in-
vestigated by tapping-mode SPM. As shown in Figure 4b,
the central helical ribbon projection image under TEM
(Figure 4a) also appears as a helical ribbon in tapping-mode
SPM phase image (Figure 4b). By contrast, the upper right
tubelike projection under TEM (marked inside the blue
dashed line ellipse in Figure 4a) presents as tightly scrolled
helix in tapping-mode SPM phase image (also inside the blue
dashed line ellipse in Figure 4b). The data suggest that the
tubular texture indeed results from the scrolling of helical
ribbons.

The formation of the helical ribbons and helical tubules via
fast self-assembly through microphase separation can be
rationalized on the basis of TCLB (tilted chiral lipid bilayers)
theory. According to the TCLB theory, the chirality driven
microphase-separated helical ribbons and tubules with heli-
cal sense result from a compensation between incompatibil-
ity and specific interaction of chiral entities. Chirality driven
hierarchical structures resulting from the self-assembly of
chiral lipid bilayer molecules in solution (e.g., winding
ribbon helices and tubular superstructures with helical sense)
have been observed®*>3 and analyzed.>®® The chiral effect
seems to be the major factor for the formation of helical
ribbons. The formation of helices is driven by both intrinsic
bending and twisting forces due to molecular chirality.*” In a
similar way, the present helical ribbons result from chirality
driven twisting and bending of PS-rich PS—PLLA micro-
phase-separated bilayers (see below for a detailed dis-
cussion). Furthermore, the transition from wounding
ribbon helices to tubules with helical sense in solution can
be observed.>* The helical tubules are identified as the most
stable superstructures, and they result from the scrolling of
single-stranded helical ribbons.**~>® The tubules reflect the
chirality driven twisting and bending of bilayers through the
scrolling of helical ribbons. PS-rich PS—PLLA amorphous
helical ribbons and tubules with helical sense can be obtained
via fast addition of water into BCP* solution to induce the
self-assembly of PS-rich PS—PLLA BCP* chains via micro-
phase separation. Namely, the microphase separation pre-
cedes crystallization and dominates the self-assembly of PS-
rich PS—=PLLA BCP* in solution through fast self-assembly.

Figure 5. TEM images of flat ribbon superstructures from the (a) slow
and (b) fast self-assembly of PS—PLA achiral BCP.

Self-Assembly of PS—PLA Achiral BCP in Solution. To
further investigate the chiral effect on the self-assembly of
BCP* in solution, the self-assembly of PS—PLA achiral BCP
(i.e., PS355-PLA112 with fpp A" = 0.27) was carried out. As
shown in Figure 5, regardless of the control of nonsolvent
addition rate, the morphologies from the slow (Figure 5a)
and fast (Figure 5b) self-assembly are in both cases flat
ribbons. Their width is in line with the dimensions of the
helical ribbons shown in Figures 2a and 3a. Since PS—PLA
achiral BCP is noncrystallizable, the microphase separation
dominates both the slow and the fast self-assembly processes.
Also, the twisting and bending forces resulting from the
packing of chiral molecules are not operative in the PS—PLA
achiral BCP. As a result, flat ribbons instead of helical ribbons
are formed. This also demonstrates that chirality indeed plays
a major role in the formation of the helical ribbons during
microphase separation.

Competition between Self-Assembly Processes: Crystalliza-
tion and Microphase Separation. Single-crystal lozenge la-
mellae and amorphous helical ribbons were obtained via the
slow and fast self-assembly of PS-rich PS—PLLA BCP* in
solution, respectively. Both morphologies are the conse-
quence of the competition between crystallization and micro-
phase separation, as controlled by the nonsolvent addition
rate. As illustrated in Figure 6, PS-rich PS—PLLA BCP*
chains behave as isolated BCP* chains under dilute concen-
tration in a good solvent (THF). Upon addition of the non-
solvent (water) into the BCP* solution, the isolated BCP*
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Figure 6. Illustration of PS-rich PS—=PLLA BCP* chains in THF as the initial state and molecular dispositions of (a) single crystals from the slow self-
assembly for crystallization and (b) microphase-separated helical ribbon superstructure from the fast self-assembly. The dashed line indicates that the
nonsolvent addition rate is not suitable to achieve the self-assembly process for the formation of the superstructures under the reaching degree of
supersaturation whereas the solid line suggests that the self-assembly process for the formation of preferential superstructures could be acquired by such
nonsolvent addition rate. Note that PS-rich PS=PLLA BCP* chains with helical chain conformation lead to the twisting and bending of bilayered

superstructures.

chains aggregate because of the increase of local BCP* con-
centration. Once the critical concentration for ordering is
reached locally, crystallization or microphase separation takes
place.

For the slow self-assembly, because of slow nonsolvent
addition rate, local BCP* concentration near the aggregates
increases slowly, and eventually BCP* in solution would be
precipitated and the morphology is frozen because of the
introduction of a large amount of nonsolvent. Accordingly,
for the slow self-assembly, the self-assembly for ordering
may involve a long relaxation process before solidification so
as to experience a large range of the supersaturation (Figure 6a).
Consequently, the crystallization of the BCP* may occur
because of longer resident time at low supersaturation region. It
is also noted that crystallization event usually overwhelm
microphase separation from self-assembly. As a result, crys-
tallization dominates the morphological evolution in the
slow self-assembly. By contrast, for the fast self-assembly,
the local BCP* concentration increases drastically before
solidification so that high supersaturation can be reached in
a short time (Figure 6b). The self-assembly only experiences
short residence time in the low supersaturation region. As a
result, time is too short to initiate the crystallization event, in
particular because the crystallization rate of PLLA block in
BCP* is significantly reduced by the noncrystallizable PS
block (see below for reasons). The supersaturation quickly
reaches a high level, and the corresponding concentration
fluctuations are sufficient to induce microphase separation.
Moreover, no morphological transitions (i.e., from a helical
ribbons to a lozenge single-crystal lamellae) were found in
the aggregates from the fast self-assembly even for a long
period of time (more than 2 weeks) at ambient condition,
indicating that once the helical ribbons are formed by the fast
self-assembly, their structures may become “frozen in” due
to the vitrification of the PS block (T ps ~ 100 °C).

Self-Assembly of PLLA-Rich PS—PLLA BCP* in Solution.
In comparison with PS-rich PS=PLLA BCP*, PS—PLLA
BCP* with short PS chain (i.e., PLLA-rich PS—PLLA of

Figure 7. TEM images from (a) slow and (b) fast self-assembly of
PLLA-rich PS-PLLA BCP*. PS blocks are stained with RuQO, to
enhance contrast under TEM observation.

PS55-PLLA95 with fprpa” = 0.65) that comprise similar
molecular weight of PLLA but smaller molecular weight of
PS was synthesized to verify the model and to examine the
composition effect on the self-assembly of PS—PLLA BCPs*
in solution. As shown in Figure 7a, single-crystal lamellae
were formed from the slow self-assembly of PLLA-rich
PS—PLLA BCP*, which is identical to the morphologies
from the slow self-assembly of PS-rich PS—PLLA BCP*.
Single-crystal lamellae, instead of helical ribbons, are also
found in the fast self-assembly case (Figure 7b). It appears
that the composition changes the crystallization rate. Be-
cause crystallizable PLLA block is chemically connected to
PS block, PLLA crystallization rate is strongly dependent on
the molecular weight of PS block. The exclusion of amor-
phous blocks in the crystallization of semlcrystalhne BCP
significantly affects the crystallization rate.®® In the present
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case, the shorter PS chain results in an increase of the
crystallization rate of PLLA. PLLA crystallization domi-
nates even the fast self-assembly, and only single-crystal
lamellae are formed.

Conclusions

The competition between crystallization and microphase sepa-
ration in the self-assembly of semicrystalline PS=PLLA BCPs* in
solution was investigated by varying the nonsolvent addition
rate. Single-crystal lozenge lamellae are obtained from the slow
self-assembly of PS—PLLA BCP* with long PS chain (i.e., PS-rich
PS—PLLA). Amorphous helical ribbons were obtained from the
fast self-assembly. When supersaturation is approached slowly,
nucleation and growth of PS-rich PS=PLLA BCP* single crystal
takes place. By contrast, for the fast self-assembly, a high local
concentration of semicrystalline PS-rich PS=PLLA BCP* chains
(i.e., high aggregation rate) is reached. The microphase separa-
tion in a short time induces the formation of amorphous helical
ribbons. Amorphous flat ribbons are formed from the self-assembly
of PS—PLA achiral BCP regardless of the nonsolvent addition
rate. Chirality indeed plays an important role in the formation of
helical ribbons during microphase separation. By contrast, the
formation of self-assembled morphologies of PS—PLLA BCP*
with short PS chain (i.e., PLLA-rich PS—PLLA) in solution is
dominated by PLLA crystallization regardless of the nonsolvent
addition rate. The formation of helical architectures from the self-
assembly of PS=PLLA BCP* reflects the impact of chirality from
microphase separation, but the chiral effect may be overwhelmed
by crystallization.
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