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Abstract: Chiral block copolymers (BCPs*) comprising chiral entities were designed to fabricate helical
architectures (i.e., twisted morphologies) from self-assembly. A new helical phase (H*) with P622 symmetry
was discovered in the self-assembly of poly(styrene)-b-poly(L-lactide) (PS-PLLA) BCPs*. Hexagonally
packed, interdigitated PLLA helical microdomains in a PS matrix were directly visualized by electron
tomography. The phase diagram of the PS-PLLA BCPs* was also established. Phase transitions from the
H* phase to the stable cylinder and gyroid phases were found after long-time annealing, suggesting that
the H* is a long-lived metastable phase. In contrast to racemic poly(styrene)-b-poly(p,L-lactide) BCPs, chiral
interaction significantly enhances the incompatibility between achiral PS and chiral PLLA blocks in the
PS-PLLA BCPs* and can be estimated through the determination of the interaction parameter.

Introduction

Self-assembly is the spontaneous organization of components
into patterns or structures by cooperating secondary interactions
(i.e., noncovalent bonding forces).' * Different length-scale
architectures can be formed from the self-assembly of biological
molecules and macromolecules by interplay of various second-
ary interactions. Among biological architectures the helical
morphology is perhaps the most fascinating morphology in
nature. On a molecular length scale, the formation of single-
stranded peptide helices and double-stranded DNA helices by
hydrogen bonding is well-known. Aside from the helical chain
conformations, helical architectures are also observed in different
length scales, such as Gastrospirillism (spiral bacteria with a
helical pitch length ~tens of nanometers), Spirulina (spiral alga
with a helical pitch length ~tens of micrometers), and the snail
(spiral shell with a helical pitch length ~several millimeters to
centimeters). The development of the self-assembly of synthetic
molecules and macromolecules into helical morphologies has
been inspired by nature. Synthetic molecules and macromol-
ecules for constructing helical architectures at different length
scales have all been demonstrated.* '" Block copolymers
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(BCPs) are able to self-assemble into 1D, 2D, and 3D periodic
nanostructures in bulk because of the incompatibility and the
chemical connection between constitutent blocks.'> Amphiphilic
BCPs that contain a charged chiral block have been synthesized.”
Hierarchical superstructures with a helical sense were obtained
by the solution casting of those BCPs, suggesting that the chiral
block, aside from amphiphilicity, ionic bonding, and electrostatic
effects, plays an important role in the formation of helical
nanostructures from solution.

Recently, a diblock copolymer that contains both achiral and
chiral blocks, poly(styrene)-b-poly(L-lactide) (PS-PLLA), was
designed for self-assembly.'*>~'® Unique transmission electron
microscopy (TEM) projection images comprising twisted mor-
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Figure 1. Bright-field TEM micrographs of PS280-PLLA127 (fpria” = 0.34) viewed parallel to the central axes of the H* phase with (a) 50 nm thick
samples, (b) 70 nm thick sample. Simulated top-view projection images with (c) # < 0.5P, (d) t = 0.5P, and (f) r = P where ¢ is sample thickness and P is

helical pitch length.

phologies in the self-assembled nanostructure of the PS-PLLA
with a volume fraction of PLLA (fp1A”) = 0.34 prove the
presence of a helical phase (H*), whereas no such projection
image can be found in racemic BCPs (that is poly(styrene)-b-
poly(p,L-lactide) (PS-PLA))."® For PS-PLLA with fp; 1 ” = 0.65,
a core—shell cylinder phase with a helical sense (CS*), in which
PS microdomains appear as shells and PLLA microdomains
appear as a matrix and cores, could be found.'> The formation
of the H* and CS* phases depends on the contribution of chiral
entities. We thus named this block copolymer system as a chiral
block copolymer (BCP*). This work aims to thoroughly examine
the twisted phase in the self-assembly of the PS-PLLA BCPs*.
An H* phase with a P622 space group in the self-assembly of
diblock copolymers is thus defined for the first time. A phase
diagram of the PS-PLLA BCPs* is established to comprehend
the chiral effect on the self-assembly of BCPs. Also, the H*
phase is identified as a long-lived metastable phase that might
transform into stable phases through thermal annealing. Most
interestingly, the chiral interaction induced by the intermolecular
packing of chiral polymer chains with a helical conformation
is evidenced by the stronger segregation strength in the PS-
PLLA BCPs* than that in the racemic PS-PLA BCPs.

Results and Discussion

Identification of a New H* Phase. A bulk sample of PS280-
PLLAI127 (fpria” = 0.34), quenched from a microphase-
separated, ordered melt at 175 °C, was sectioned using an
ultramicrotome for TEM observation. Complicated projection
images that show twisted morphologies are obtained in which
dispersed PLLA microdomains appear bright and the PS matrix
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appears dark because of RuQO, staining (Figure 1). Notably, those
twisted morphologies are highly sensitive to the tilting and the
sample thickness under TEM observation (Figures S1 and S2
of the Supporting Information) because of the imaging mech-
anism by which 2D TEM projection represents a 3D object.
Samples of various thicknesses were utilized to further examine
the complicated projection images of the microphase-separated
phase. As presented in part a of Figure 1, a helixlike morphology
was observed in a typical 50 nm thick sample. Additionally,
the projection image exhibits a crescentlike morphology, the
arcs of which depend on the sample thickness in the projection.
Therefore, a semicircular morphology is obtained in the 70 nm
thick sample (part b of Figure 1). To extract all possible
information from these unusual projections, simulations of the
projections of the helical phase with a specific pitch length (P)
(especially for projection images viewed along the central axes
of the helices, that is, a top-view projection) were thus conducted
by assuming that the sample has a specific thickness () (parts
c—e of Figure 1). According to the simulated results, the formed
crescentlike projection image (part ¢ of Figure 1) gradually
extends with an increase of t and forms a semicircular (i.e.,
half-turn helical) morphology when ¢ = 0.5P (part d of Figure
1). Finally, a full-turn helical projection image (i.e., donut-
shaped morphology) is observed when ¢ > P (part e of Figure
1). As shown in part a of Figure 1, the TEM projection image
is identical to the simulated top-view projection image of ¢ <
0.5P (part c of Figure 1), showing a helical projection image
with an incomplete pitch length. This indicates that the helixlike
morphology of the 50 nm thick sample is attributed to
connections among the crescentlike microdomains. Therefore,
on the basis of the assumed geometry, a donut-shaped morphol-
ogy is expected from the projection of a full-turn helix when ¢
> P (part e of Figure 1). Part a of Figure 2 presents a TEM
micrograph of a 150 nm thick sample. Consistent with the
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Figure 2. Bright-field TEM micrographs of PS280-PLLA127 (fpLia” = 0.34) viewed (a) parallel, and (b) normal to the helical central axes (the z direction)
of the H* phase. (c) Schematic H* phase in which the helical microdomains are packed in a hexagonal lattice with an interdigitated character (left), prospective
view (center), and simulated image projected along the z direction of the H* phase (right).

simulated result, a donut-shaped morphology with a hexagonal
symmetry can be clearly identified, indicating that the projection
image is generated by hexagonally packed PLLA helical
microdomains in a PS matrix. A wavelike morphology can also
be observed, consistent with the expected helical projection
image viewed normal to the central axis of the helical phase
(i.e., a side-view projection) (part b of Figure 2). Consequently,
given the known parameters, the intrinsic pitch length of the
helix can be determined from the volume fraction of the PLLA
blocks. The volume fraction of the suggested helical phase can
be described by the following equations.

founa = C\/(nD/P)2 +1 (1)

C = (\3ar*yid 2)

P is the helical pitch length, D is the projected diameter of
the helix along the central axis (~50 nm determined by TEM),
ris the radius of the helical microdomain (~12.5 nm determined
by TEM and FESEM), and d is the interspacing of helices
(~50.0 nm determined by SAXS). From the volume fraction
of PS280-PLLA127 (feia” = 0.34), the helical pitch length is
calculated as 140 nm, consistent with the result estimated by
experiments and simulations. Consequently, we suggest that a
twisted morphology, the H* phase, appears as hexagonally
packed, interdigitated helical microdomains as shown in part ¢
of Figure 2.

Recently, a new method, TEM tomography, for imaging the
morphologies and especially nanoscale features of soft mate-
rials®>° %% in 3D space, has been developed. A direct imaging
of a 3D nanoscale object is constructed from a series of tilted
projections. By taking advantage of the degradable character
of polylactide, the self-assembled H* phase after hydrolysis can
be utilized to prepare a PS template with helical nanochannels
(mesoporous helical materials). The sol—gel reaction forming
silicate microdomains is then conducted within this PS template
to fabricate helical nanocomposites.'” Accordingly, in contrast
to the inaccessibility of the image reconstruction in RuOy-stained
PS-PLLA samples, the PS/SiO, nanocomposites can be directly
visualized by TEM without RuO, staining because of a
significant increase in the mass—thickness contrast of the SiO,
helices (Figure S3 of the Supporting Information). As shown
in parts a and b of Figure 3, similar to the projection images of
the H* phase but with inverted mass—thickness contrast,
semicircular and donut-shaped projection images of 70 nm and
150 nm thick samples are obtained, respectively. Furthermore,
6-fold darkest spots can be clearly identified because of the
overlapping parts of the hexagonally packed, interdigitated
helical microdomains with significant contrast along the helical
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Figure 3. Bright-field TEM micrographs of PS/SiO, helical nanocomposites viewed parallel to the helical central axes for (a) 70 nm thick, and (b) 150 nm
thick samples. Insets represent the corresponding simulated projection images. 3D TEM visualization with a dark matrix: (c) cross-sectional view after
binarization, and (d) and (e) images viewed parallel to the helical central axes and slightly tilted from the helical central axes after binarization and segmentation,

respectively (the domain within the box with the dashed perimeter in (c)).

central axes. Therefore, this PS/SiO, helical nanocomposites can
provide a perfect sample with appropriate contrast for the image
reconstruction of 3D tomography (part b of Figure 3). Parts
c—e of Figure 3 present a 3D visualization of the SiO, helices
using a cross-sectional slice. Hexagonally packed SiO, helices
can be observed by direct 3D visualization, confirming the
hexagonal-cylinder-like character inferred from the scattering
results (part ¢ of Figure 3)."” Also, well-defined SiO, helices
with a regular pitch length and an interdigitated character can
be clearly recognized in the PS/SiO, helical nanocomposites
(parts d and e of Figure 3). According to the 3D TEM results,
the pitch length is approximately 140 nm, consistent with the
result calculated from eq 1. As a result, the H* phase possessing
hexagonally packed, interdigitated PLLA helical microdomains
in a PS matrix is thus identified. Furthermore, the self-assembled
H* phase from PS-PLLA BCPs* all appeared as left-handed
helical microdomains. As described, the formation of the H*
phase is attributed to the contribution of chiral configuration.
The development of the H* phase from the self-assembly of
BCPs* gives rise to important questions such as “Is it possible
to transfer chiral information from molecular level to the
macroscopic level?” and “Is it possible to control the handedness
of the H* phase?”. In nature, homochiral evolution is a key

18536 J. AM. CHEM. SOC. = VOL. 131, NO. 51, 2009

molecular process for communication, replication, and enzyme
catalysis through the association of molecular and supramo-
lecular chirality. It is essential to understand the results of chiral
information transfer and their corresponding mechanisms. It is
intuitive to expect one-handed character from chiral information
transfer through homochiral evolution. Nevertheless, how the
intermolecular packing at the interface and molecular chirality
determines the handedness of the H* phase is still an open
question. Systematic studies about the handedness control of
self-assembled morphologies are necessary to gain in-depth
understanding of the behavior and corresponding mechanisms.
The relevant work is still in progress.

The space group of the hexagonally packed cylinders is
identified as Pomm because of the 6-fold symmetry and the
mirror images on the hexagonal lattice plane in 2D. In contrast
to the symmetry of the cylinder, the helical texture cannot be
superimposed on its mirror image. As a result, P6 and P622
are two possible symmetries for the hexagonally packed helical
microdomains. Contrary to the P6 space group, P622 has a
screw axis that is normal to the long axis of the hexagonal lattice
on the hexagonal lattice plane for a helical object. Because of
its higher symmetry for the hexagonally packed helical micro-
domains, the H* phase is thus identified as P622.
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Figure 4. Calculated form factors for a single winding of a helix normal to the helical central axis with different diameters of the helical microdomain: (a)
helix wire (R = 0); (b) helix with R = 0.5 D; (¢) R = D; (d) R = 1.5 D. Horizontal axis is Ds,; vertical axis is Ps3;. Replicating the single winding to a
continuous helix concentrates the scattering intensity on the Ps; = [(integer) layer lines.

A quantitative model is proposed to investigate the H* phase
by scattering. The form factor (F) of a helix can be factorized
as

F(512:0:53) = Freix(Ds512:0:53) Fiogn(Ro$) Fipieri(1,8) - (3)
where (s12,¢,53) are the components of the scattering vector s
in cylindrical coordinates and s = 5l = 247! sin 6, 4 is the
wavelength, and 20 is the scattering angle.

Fretivo Friesn, and Fiperr are described as follows.

Frain(Dss12:0.55) = D, J(aDs,) explil$)d(s; — U/P)

“)

[=—co
Fﬂesh(R7s) = 2J1(JTRS)/(.7'ERS) (5)
Finterf(t7s) = eXp(—ﬂt2s2 (6)

Fieix 18 the 3D Fourier transform of the helix skeleton
described as a winding Dirac d-function. Fyg, is the 3D Fourier
transform of a 3D isotropic function, which upon convolution
with a d-skeleton approximately yields the thickness of the helix
with a circular cross section. Fiyer 1 the 3D Fourier transform
of a 3D isotropic function, which upon convolution with a 3D
Heaviside density step leads to a smooth sigmoidal density
transition. J,, is the Bessel function of the first kind of order n,
P is the pitch length; | = Ps3 (integer), D is the projected
diameter of the helix along the central axis, R is the diameter
of a helical microdomain (R = 2r), and ¢ is a finite density
transition of width between the helical microdomain and the
matrix. Part a of Figure 4 shows the calculated form factor of
a helix normal to the helical central axis for R =0and P =D
in which the X-shaped pattern can be clearly observed,
indicating the disappearance of all (00/) and some mixed (hkl)
reflections. In contrast, as the thickness of the helical micro-
domains is considered (R # 0) in the pattern of the form factor
(eq 5), and the X-shaped pattern becomes more and more
ambiguous when the thickness of the helical microdomains
increases (parts b—d of Figure 4). As a result, all of the mixed
(hkl) reflections could be feasibly suppressed by the form factor
of the helix with an increase of the diameter of the helical
microdomains. Accordingly, only the (hk0) reflections can be
observed so that simple hexagonal reflections are thus obtained
in the scattering pattern of the H* phase because of the
hexagonal symmetry (Figure S4 of the Supporting Information).

Phase Behavior of BCP*. To truly acquire the H* phase,
systematic studies on the phase diagram of PS-PLLA BCPs* is
essential. A series of PS-PLLA BCPs* with different composi-
tions (i.e., various volume fractions of PLLA blocks) were
synthesized to establish the BCP* phase diagram. The corre-

sponding phase identifications are listed in Table S1 of the
Supporting Information. Similar to the self-assembled morphol-
ogies of the racemic PS-PLA BCPs, those microphase-separated
morphologies exhibit typical phases as predicted by the theory
of BCP thermodynamics. By contrast, helical morphologies are
observed with fprpa? = 0.32—0.36 in the PS-PLLA BCPs*,
whereas no such a morphology can be found in the racemic
PS-PLA BCPs. Also, the formation of the H* phase depends
not only on the composition of the PS-PLLA BCPs* but also
on their corresponding molecular weight. Instead of an H*
phase, a typical gyroid phase (G) is obtained in low-molecular-
weight PS-PLLA BCPs* with fp 1 2” = 0.35. A wagon-wheel
morphology with 3-fold symmetry (part a of Figure 5),
corresponding to the [111] projection of the G phase, and a
morphology with 4-fold symmetry (part b of Figure 5),
corresponding to the [100] projection of the G phase, are
observed.”® Corresponding SAXS results consisting of the
reflections at a ¢* ratio of +/3 and /4 further verify the
identification of the G phase (part ¢ of Figure 5). Consequently,
a phase diagram of the PS-rich PS-PLLA BCPs* with the
molecular-weight and composition dependence is proposed (part
d of Figure 5).

Thermally induced phase transitions between equilibrium
morphologies in BCP self-assembly are well-known such as the
lamellae (L) to G and the G to hexagonally packed cylinders
(HC) transitions by varying the value of the Flory—Huggins
parameter ) scaling with temperature as 1/7 at essentially
constant BCP composition.>*”?® Also, a metastable perforated
layered (PL) phase®* 32 can be transformed into stable phases
such as the G and HC phases through thermal annealing,2*~ %7333
revealing that the metastability of these self-assembled phases
is promising in the morphological manipulation. Like the
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Figure 5. Bright-field TEM micrographs of the gyroid phase in the low-molecular-weight PS83-PLLA41 (fpr14” = 0.35), viewed along (a) [111] and (b)
[100] directions. (c) 1D SAXS profile extracted from the 2D diffraction pattern by azimuthally averaging scattered intensity over the whole range of angles.
(d) Phase diagram of the PS-PLLA BCPs* with respect to overal molecular weight and composition.

transitions in the PL phase, the H* phase exhibits interesting
morphological transitions. After long-time annealing (for more
than 1 week), a stable HC morphology can be found in PS280-
PLLAI127 (feia® = 0.34) sample (part a of Figure 6) evidenced
by 1D SAXS reflections at the g¢* ratios of 1:+/4:4/7:4/9
(part b of Figure 6). Additionally, the phase transition reveals
that the transition kinetics strongly depends on the compo-
sition. Subsequent extended annealing of PS327-PLLA188
(feLa” = 0.39), consisting of the H* phase at the preset
temperature, for a long time induces a transition to the G phase
(part ¢ of Figure 6) evidenced by 1D SAXS reflections at a g*
ratio of +/3:1/4 (part d of Figure 6). Nonequilibrium phases
such as the PL phase formed as a consequence of sample
preparation or a phase-transition mechanism are easily misin-
terpreted as stable phases. The most reliable method is to demon-
strate the reversibility of the transitions between ordered
morphologies. A nonequilibrium phase transition is in principle
an irreversible process, whereas transitions between equilibrium
states should be thermally reversible. For instance, the PL is a
metastable phase and is able to transfer into stable G phase,
whereas the reverse transition from G to PL does not take place.

18538 J. AM. CHEM. SOC. = VOL. 131, NO. 51, 2009

Similarly, in the phase transitions of H* to HC and H* to G,
no further transitions were observed upon continued isothermal
annealing after the formation of the HC or G phase. Moreover,
an attempt to recover the H* morphology by cooling the G or
HC phases to lower temperatures was unsuccessful. The BCP*
phase diagram also demonstrates a dependence of the formation
of the H* phase on the molecular weight as the H* phase is
apparently present in the high-molecular-weight region (part d
of Figure 5). We thus suggest that the formation of the H* phase
is attributed to the slow kinetics associated with long, highly
entangled chains. Accordingly, the observation of the metastable
H* phase derives from a kinetically trapped process because of
the prolonged relaxation time. Consequently, the H* phase is
regarded as a long-lived metastable state.

Effect of Chiral Interaction. Remarkable discrepancies be-
tween the phase boundary of the racemic PS-PLA BCPs and
chiral PS-PLLA BCP*s were found; in particular, a variation
in the boundary of the order—disorder transition (ODT) is
identified. Here, the ODT temperature (Topr) values were
determined through temperature-resolved SAXS experiments.
As illustrated, parts a and b of Figure 7 show the SAXS profiles
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Figure 6. Bright-field TEM micrographs of (a) HC phase in PS280-PLLA127 (fpr1a” = 0.34) and (c) G phase in PS327-PLLA188 (fpLia” = 0.39) after
long-time annealing at 140 °C. (b) and (d) are the corresponding 1D SAXS profiles of (a) and (c), respectively.

of PS47-PLLA32 (fpr1a” = 0.44) taken at various temperatures
during the heating and cooling processes, respectively. A sharp
and remarkable change on the SAXS profiles can be clearly
discerned at temperatures between 180 and 190 °C. To
characterize the change in the SAXS profiles across the ODT,
I,"! and 04 are plotted as a function of reciprocal absolute
temperature 7! (parts ¢ and d of Figure 7) where I,, ' and 0>
denote the reciprocal of peak intensity and the square of width
at the half-maximum intensity of primary scattering peak,
respectively. As expected, both I,,”! and 0> curves show a sharp
discontinuous change in the temperature range between 180 and
190 °C. Accordingly, the ODT temperature for PS47-PLLA32
(frLLa” = 0.44) was thus determined as Topr = 180 °C based
on either the results from heating or cooling experiments.
Consequently, the Topr values for a variety of PS-PLLA BCP*
samples with lamellar phases were thus determined from
temperature-resolved SAXS experiments (part a of Figure 8).
In contrast to the Topr values of the racemic PS-PLA BCPs'®
determined by Hillmyer et al., the Topr values of the PS-PLLA
BCPs* always exceed those of the PS-PLA BCPs for a sample
with the equivalent molecular weight and composition, indicat-
ing that the segregation strength between the PS and chiral

PLLA molecules is higher than that between the PS and racemic
PLA molecules.

To comprehend the chiral effect on the BCP* segregation
strength, the Flory—Huggins parameter (), a critical factor that
specifies the interaction strength between different molecules,
was determined. The temperature dependence of the y value is
typically described by eq 7:

2T =T+ 7

where o and f are constants associated with the two types of
monomers present in the BCP.

From the known N (overall degree of polymerization) and
predicted (¥N)opr, the temperature dependence of the y value
can be determined by plotting ¥ as a function of Topr. Here a
typically predicted value (yN)opr, 10.5, was adopted in the
determination of the y value of the PS-PLLA BCPs*, which
was then compared with that of the racemic PS-PLA BCPs.
These y values extracted from specific temperatures were
employed to determine the temperature dependence of the y
value, which is plotted in part b of Figure 8 and described by
eq 8.
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(T) = 154.9/T— 0.211 (8)

Notably, the determination of the y value is based on the
predicted (yN)opr = 10.5 for a symmetric coil—coil diblock
copolymer. However, as the molecular rigidity increases,
(¢N)opr decreases.>” Although the rigidity of the chiral PLLA
chain exceeds that of the racemic PLA chain (as the charac-
teristic ratios C.s of the PLLA and PLA chains are 11.8 and
9.5, respectively),*® the PS-PLLA BCPs* and the PS-PLA BCPs
are suggested to have a slightly lower (yN)opr value, indicating
an insignificant change of the (yN)opr value for both the PS-
PLLA BCPs* and PS-PLA BCPs. Accordingly, the predicted
(xN)opr = 10.5 is still pertinent for the estimation of the y values
and the variation in the estimated y value is still in the reasonable
range. The y values of the chiral PS-PLLA BCPs* and the
racemic PS-PLA BCPs at a constant temperature were deter-
mined for comparison. As calculated, the y values of the PS-
PLLA BCPs* and racemic PS-PLA BCPs were estimated to be
0.19 from eq 8 and 0.14 from eq 2'? at 110 °C respectively
indicating the higher y value of the PS-PLLA BCPs* than that
of the PS-PLA BCPs. Namely, the incompatibility between PS
and chiral PLLA blocks is higher than that between PS and
racemic PLA blocks.

The x value of an AB diblock copolymer strongly depends
on the discrepancy between the square root of the cohesive
energies of A (E4) and of B (Ep) (i.e., ¥ <(vEx — v Ep)?); the
variation is related to the packing energies of the A and B chains
in the microphase-separated domains. Assuming an AB diblock
copolymer in which the E, is larger than Eg as the packing
energy of A decreases (i.e., the E, increases), the ) value
increases because of an increase of (x/EA -V Ep), indicating
that the repulsive force (incompatibility) between A and B chains
intensifies. According to the solubility parameters (i.e., the
square root of the cohesive energies) of the PLLA (22.2 MPa’)
and PS (18.8 MPa’?), the cohesive energy of the PLLA is higher
than the PS (that is (Ep s — Eps) > 0). Furthermore, the packing
energy of the polymer chains strongly depends on the chain
conformation, which is related to its persistence length. As the
persistence length of a constituted polymer chain increases, the
packing energy decreases. As calculated, the persistence length
of the chiral PLLA chain (11.9 angstroms) is larger than that
of the racemic PLA chain (10.6 angstroms).>**” The estima-
tion of the persistence length is based on the characteristic ratio
of the polymer. As reported, the characteristic ratios for
poly(lactide)s strongly depend on the D/L-lactide ratio and
increase with the tacticity of the polymer from 9.5 for racemic
PLA (the p/L-lactide ratio ~1) to an estimated 11.8 for chiral
PLLA (the p/L-lactide ratio = 0).>® With the known character-
istic ratios of the chrial PLLA and racemic PLA chains, the
persistence lengths can thus be estimated based on Cg repeat
unit.

The larger persistence length for the chiral PLLA chain is
attributed to the formation of a helical chain conformation for
a chiral polymer chain,*® as evidenced by the measurement of
circular dichroism (CD). As a result, the longer persistence
length of the PLLA helical chain conformation than the racemic
polymer is responsible for its lower packing energy, which

(35) Matsen, M. W. J. Chem. Phys. 1996, 104, 7758-7764.

(36) Joziasse, C. A. P.; Veenstra, H.; Grijpma, D. W.; Pennings, A. J.
Macromol. Chem. Phys. 1996, 197, 2219-2229.

(37) Anderson, K. S.; Hillmyer, M. A. Macromolecules 2004, 37, 1857—
1862.

(38) Grosberg, A. Y.; Khokhlov, A. R. Statistical Physics of Macromol-
ecules; AIP: New York, 1994; pp 289—336.

results in a larger EPLLA (that is (\/EELLA - «/Eps) > (‘/EPLA -
VEps)) and thus a higher y parameter of the PS-PLLA BCPs*
than the racemic PS-PLLA BCPs. This result is in line with
the result of an atomistic molecular dynamics simulation in
which the total packing energy of the PS-PLLA BCP* chains
is indeed lower than that of the PS-PLA BCP chains (Figure
S5 of the Supporting Information).

We thus speculate that the chiral effect not only gives rise to
the formation of helical chains (intramolecular effect) but also
induces the formation of partially ordered microdomain (inter-
molecular interaction). The driving force of the formation of
the partially ordered microdomain is attributed to the mutual
interaction of chiral polymer chains with a helical conformation.
This driving force (namely, the intermolecular interaction of
chiral polymer chains) is regarded as chiral interaction. The
chiral PLLA chain with helical conformation and long persis-
tence length would provide a specific geometrical property (i.e.,
helical steric hindrance) for self-assembly. In the self-assembly
of BCPs, the incompatibility between chemically connected
PLLA and PS blocks gives rise to a strongly repulsive force,
which reinforces the stretching of the polymer chains and
stabilize the helical conformation. Additionally, the chemical
linkages of BCP chains are forced to be oriented well at the
microphase-separated interface to form a sharp interface for
ordering. These oriented chemical linkages of the BCP chains
can be regarded as fixed block ends at the microphase-separated
interface and may reinforce and amplify the steric effect of the
packing during microphase separation (especially when the chain
conformation exhibits steric hindrance, as the helical chain
conformation). It is similar to the transferred mechanism from
molecular chirality to supramolecular chirality in the self-
assembly of chiral lipid bilayer molecules.***° The chiral effect
is considered as the main ingredient for the formation of helical
morphologies. We speculate that the PS-PLLA BCP* chains
appear as a bilayer-like nanostructure from self-assembly. On
the basis of energetic consideration, the helical steric hindrance
gives rise to the twisting and shifting of the bilayer-like
nanostructure so as to create the helical curvature at the interface.
Furthermore, the chiral effect is enhanced by the introduction
of the incompatible PS block that intensifies the helical steric
hindrance effect so as to promote the formation of helical
microdomains. As a result, twisting and shifting at the mi-
crophase-separated interface is initiated by the helical steric
hindrance and amplified by the incompatible PS block and the
further organization of partially ordered microdomains due to
chiral interaction so as to develop helical microdomains.
Obviously, the formation of the helical curvature in the H* phase
causes an increase of the interfacial area between PS and PLLA
microdomains (i.e., increasing the enthalpic penalty associated
with incompatibility). However, the enthalpic penalty is balanced
by the formation of a partially ordered state in the PLLA
microdomains to reach a lower Gibbs free energy state.

Conclusions

A new helical phase (H*) from the self-assembly of PS-PLLA
BCPs* was identified. The H* phase consists of hexagonally
packed, interdigitated PLLA helical microdomains in a PS
matrix; the space group of the phase was determined to be P622.
A phase diagram of the BCP* was developed to establish the
region in term of composition and molecular weight, over which

(39) Ou-Yang, Z.-C.; Liu, J. Phys. Rev. Lett. 1990, 65, 1679-1682.
(40) Nandi, N.; Bagchi, B. J. Am. Chem. Soc. 1996, 118, 11208-11216.
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the H* phase exists. Also, phase transitions from the H* phase
to both the HC phase and G phase were found after long-time
annealing, suggesting that the H* phase is a long-lived
metastable phase. The Topr values of the PS-PLLA BCPs*
always exceed those of the racemic PS-PLA BCPs given
equivalent molecular weights and similar composition, indicating
that the segregation strength between PS and chiral PLLA blocks
is higher than that between PS and racemic PLA blocks. The
chiral effect on the molecular interaction is significant and
enhances the incompatibility between PS and PLLA blocks in
the PS-PLLA BCPs*. The twisting interface of the PS-PLLA
BCP* is induced by the steric hindrance of the PS-PLLA BCP
chains for microphase separation and is amplified by the
incompatible PS block and the further organization of partially
ordered microdomains due to chiral interaction so as to develop
helical microdomains.
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