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Abstract: Chirality transfer is essential to acquire helical
hierarchical superstructures from the self-assembly of
supramolecular materials. By taking advantage of chir-
ality transfers at different length scales through intra-
chain and inter-chain chiral interactions, helical phase
(H*) can be formed from the self-assembly of chiral
block copolymers (BCPs*). In this study, chiral triblock
terpolymers,  polystyrene-b-poly(ethylene  oxide)-b-
poly(L-lactide) (PS-PEO-PLLA), and polystyrene-b-
poly(4-vinylpyridine)-b-poly(L-lactide) (PS-P4VP-
PLLA) are synthesized for self-assembly. For PS-PEO-
PLLA with an achiral PEO mid-block that is compatible
with PLLA (chiral end-block), H* can be formed while
the block length is below a critical value. By contrast,
for the one with achiral P4VP mid-block that is
incompatible with PLLA, the formation of H* phase
would be suppressed regardless of the length of the mid-
block, giving cylinder phase. Those results elucidate a
new type of chirality transfer across the phase domain
that is referred as cross-domain chirality transfer,
providing complementary understanding of the chirality

transfer at the interface of phase-separated domains.

Introduction

Chirality transfer is a phenomenon widely existing in nature,
which is not only related to a variety of chemical and
physical processes but also an important process in bio-
logical evolution.! Self-assembly of chiral motifs can give
rise to asymmetric superstructures via homochiral evolution
from molecular chirality to conformational chirality and
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finally hierarchical chirality that thus attracts intensive
attention in the past decades.”! Chirality transfers at differ-
ent length scales thus give self-assembled phase with helical
sense of polymeric materials from molecular level.” Twisted
lamellae with preferred handedness in the banded spher-
ulites can be formed from the self-assembly of chiral
polymers through crystallization.”!  Nanostructures with
specific helical sense can be obtained from the self-assembly
of chiral block copolymers (BCPs*) through microphase
separation, giving rise to the formation of helical phase
(H*).2%31 Orientational self-consistent field (0SCF) theory
has been developed to describe the equilibrium phase
behaviors of BCPs* (chiral diblock copolymers) in melt.[
According to the oSCF theory, the formation of H* is
attributed to domain deformation/segment polarization,
resulting from segment orientation with inter-chain chiral
interaction.”! With the enhancement of helical steric
hindrance for the inter-chain chiral interaction, the forma-
tion window of the H* in phase diagram can be enlarged, as
evidenced by introducing the chiral segment with bulky
group in diblock for self-assembly with larger twisting power
for domain deformation/segment polarization."! Moreover,
the window of the H* can be enlarged by increasing the
segregation strength due to the multiple effects of conforma-
tional asymmetry and rod-rod interaction.”! Accordingly, it
is feasible to acquire the H* from the self-assembly of chiral
diblock copolymers by varying chemical structures and
segregation strength. In contrast to diblock systems, the
microphase separation of triblock terpolymers gives rise to
additional dimension for the asymmetry effects (composition
asymmetry) on self-assembly for twisting in addition to
chirality and conformational asymmetry.”! In our previous
work, chiral triblock terpolymers, polystyrene-b-PLLA-b-
poly(D,L-lactide) (PS-PLLA-PLA) and PS-PLA-PLLA
were designed and synthesized for self-assembly to examine
the effects of the sequence and length of PLLA and PLA
segments on the formation of the H* via the domain
deformation/segment polarization.'”? Note that the PLLA
and PLA blocks are chemically identical except the config-
uration of chiral centers. Accordingly, PS-PLLA-PLA and
PS-PLA-PLLA are referred as two-phase systems, similar to
diblock. As found in this study, the inter-chain chiral
interaction near the interface of microphase-separated
domains is essential to create the twisting and shifting of the
domains for the formation of H*.

This work aims to further examine the chirality transfer
at the interface of microphase-separated domains through
inter-chain chiral interaction by introducing a mid-block to
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give triblock terpolymers for self-assembly. Specifically, two
types of chiral triblock terpolymers (ABC*), PS-b-
poly(ethylene oxide)-b-PLLA (S—E—LA) and PS-b-poly(4-
vinylpyridine)-b-PLLA (S—V-LA), were designed and syn-
thesized for self-assembly. With a relatively short mid-block,
the effect of compositional asymmetry on self-assembly can
be alleviated, giving the chiral PLLA end-block as a minor
phase in the matrix of the achiral PS end-block. Moreover,
with the relatively short mid-block (B), it is possible to form
a core-shell phase for triblock terpolymers.!!! Note that the
PEO can be compatible with the PLLA while the P4VP is
incompatible with the PLLA. As a result, by fine-tuning the
compositions and molecular weights of the chiral triblock
terpolymer systems, it is feasible to give the formation of the
mid-block (PEO or P4VP) shell with chiral PLLA core in
achiral PS matrix, providing the represented systems for the
examination of the insights of the chirality transfer at the
interface of microphase-separated domains. The central
theme of this study is to examine the junction effect
(midblock effect) on the self-assembly of chiral block
copolymers. Our results found that H* can be formed in the
S—E-LA while the block length of the PEO is below a
critical value. By contrast, there is no H* formation but only
cylinder phase in the S—V-LA. Accordingly, the twisting
and shifting of the microphase-separated domains indeed
requires a new type of chirality transfer across the phase
domain that is referred as cross-domain chirality transfer.
The corresponding mechanisms may further evidence the
conceptual idea with respect to the creation of twisting and
shifting, giving the formation of helical superstructures.

Results and Discussion

The chiral triblock terpolymers were synthesized by sequen-
tial polymerization of atom transfer radical polymerization
(ATRP) or reversible addition-fragmentation chain transfer
(RAFT) polymerization, and followed by ring-opening
polymerization (ROP) with double-headed initiators. The
synthetic routes and procedures of the designed BCPs* were
described in detail in the Supporting Information (Schem-
es S1 and S2, Table S1 in Supporting Information). The
volume fraction of P4AVP (f**"), PEO (f'*°) and PLLA (
fPEL4Y were calculated by the 'H nuclear magnetic resonance
(NMR) (Figures S1-S3), and the molecular weights of PS
were determined by gel permeation chromatography (GPC)
(Figures S4 and S5). As designed and described, those BCPs
possess a relatively short mid-block for alleviation of the
effect of compositional asymmetry on self-assembly, giving
the chiral PLLA end-block as a minor phase in the matrix of
the achiral PS end-block. The compatibility of two polymers
can be evaluated by the Flory-Huggins interaction parame-
ter (x).') In this work, the calculated y values were used
when the experimental y values are not available in the
previous reports (Table S3). Based on the prediction of self-
consistent field theory (SCFT), the behaviors of self-
assembled ABC linear triblock terpolymers can be predicted
by the ratios of y values between segments, R, =§2—‘C3 and R,=
%BC

i, and the corresponding volume fractions of the three
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segments.""! For S-E-LA, the values of R; and R, are 0.21
and 0.19, respectively, suggesting that the interactions
between two end-blocks are more unfavorable than that of
AB and BC contacts. More importantly, the effect of
compositional asymmetry from the mid-block on self-
assembly should be insignificant due to its low volume
fraction. As a result, core-shell cylinders (helical or non-
helical) will be expected to form as f75>0.3 and f7“4 <
0.3.1 For S—=V-LA, the values of R, and R, are 1.81 and
1.02, respectively. As a result, as the f2*"" is below 10 %,
core—shell nanostructures are expected to be formed by self-
assembly."” Accordingly, for all the BCPs* synthesized in
this work, the volume fractions would be controlled in the
composition range to give the formation of core-shell
nanostructures. Figure 1a shows the TEM image of self-
assembled S,—EqLA,; (the subscripts denote the corre-
sponding M, of each block, see details in Table S1), in which
the crescent-like morphology can be observed. The PS
microdomain appears dark whereas the PLLA microdomain
is bright because of the mass contrast from RuO, staining.
In addition, the corresponding 1D SAXS profile of the
S,s—E¢LA,; show well-defined reflections at the relative ¢
values of 1:,/3:,/7:,/13, indicating that PLLA helices are
hexagonally packed in the PS matrix (Figure S6a). Also, the
self-assembled nanostructure can be further assured by
tilting the TEM specimen, giving clear evidence to distin-
guish H* from cylinder based on acquired projections with
tilting angle. Accordingly, the self-assembled S,s—E—LA; at
the given temperature is identified as an H* phase.

Figure 1b shows the TEM image of self-assembled
S)s—Vsg—LA,; unlike S,—E~LA,; with H* there are no
peculiar projections but only alternative bright and dark
strips can be observed. Moreover, ring-like morphology can
be observed in S,;—Vsg—LA,, stained with I,, confirming the
formation of core-shell cylinders (Figure S7). The formation
of hexagonally packed PLLA cylinders for S;;—Vss—LA,; is
further evidenced by the corresponding 1D SAXS profiles
with the reflections at the relative g values of 1:4/3:/7:4/13
(Figure S6b). Note that P4VP microdomains can be selec-
tively stained by I,. On the basis of the compositions of the
S,x—Vss—LA,, it is expected to give the formation of core-
shell cylinders with PAVP as the shell of PLLA core in PS
matrix. As a result, the PEO mid-block of S,i—E+LA,; and

Sz5-Vss-LAgs

Figure 1. TEM images of self-assembled (a) S,s—Es—LA,;; (b)
Sys—Vsg—LA,; stained by RuO,.
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P4VP mid-block of S,;—Vsg—LA, both give rise to the
formation of core—shell texture with the mid-block as the
shell of PLLA in PS matrix. It is obvious that the existence
of the mid-block plays an important role to justify the
formation of H* from twisting and shifting of the micro-
domains.

To further investigate the impact of mid-block on the
self-assembly of BCPs*, S—E-LA and S—V—-LA with differ-
ent lengths of mid-blocks were synthesized and examined
for self-assembly. Figures 2a and 2b show the TEM images
of S,—E,—LA,, and S,;—E,sLA,,, respectively, at which the
crescent-like morphologies, a typical projection from the
H*, can be observed. However, due to the short length of
mid-block, it is challenging to observe the intermediate
domains of PEO (Figures S8a and S8b). The corresponding
1D SAXS profiles show the reflections at the relative g
values of 1:4/3:,/7 (Figures S9a and S9b). By contrast, with
longer PEO mid-block, i.e., S;—E;(—LA,,, the self-assembled
nanostructures exhibited characteristic morphologies of
cylinder phase, rather than H* phase (Figure 2c and Fig-
ure S9¢). Also, it is found that ring-like morphology can be
observed in S;;—E;;—LA,,, resulting from the mass contrast
of strained PEO domains (Figure S8c).

Those results indicate that the generation of H* phase in
S—E—LA is determined by the length of PEO mid-block. As
the M,"*® of S—E-LA is larger than a critical value, the
chirality effect of the self-assembly of BCPs* will be
alleviated by the presence of PEO mid-phase. This observa-
tion is consistent with our previous results obtained from
PS-PLA-PLLA.' The critical M, of PLA mid-block that
allows chirality transfer is about 6,000 g/mol in PS-PLA-
PLLA," whereas the critical M, of PEO mid-block in this
work is estimated as 8,000 g/mol. For PLA mid-block with
M, of 6,000 g/mol, the spacing of PLA domain in PS-PLA-
PLLA can be estimated as IN**=8.1 nm (where /=0.423 nm

Figure 2. TEM images of self-assembled S,—E,—LA,; (a), Ss—E46—LAy
(b), Ss—E1o—LA; (c), and S3—V,,—LA,; (d). Stained by RuO,.
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is the length of a lactoyl repeat unit, and the corresponding
degree of polymerization N=283).'Y For PEO mid-block
with M, of 8,000 g/mol, the period of PEO domain in PS-
PEO-PLLA, can be estimated as aN**=8.9 nm (where a=
0.278 nm is the monomer length, and the corresponding
degree of polymerization N=182)."1 Therefore, we spec-
ulate that there is a critical thickness of intermedia domain
that allowing chiral transfer in ABC*-type BCPs* with
compatible mid-blocks

Figure 2d shows the TEM image of S;—V,,—LA;
composed of a mid-block with M,""” of 1,200 g/mol, and the
corresponding SAXS profile as shown in Figure S10. These
results indicate that H* phase cannot be formed by self-
assembly of S—V-LA even with a very short mid-block in
the triblock copolymers. Note that it is challenging to
observe the intermedia phase by TEM observation due to
the reduced length of mid-block (Figure S8d).

As evidenced above, the self-assembly of S—V—LA only
gives the formation of cylinder phase, regardless of the
length of mid-block, whereas H* phase can be formed by
S—E-LA. We speculate that the compatibility of mid-block
and chiral block is critical to the self-assembly of chiral
triblock terpolymers. To further investigate the observed
behaviors, S-E-LA and S—V-LA were examined by DSC.
It is found that the glass transition temperature (7,) of
PLLA blocks in S—-E-LA decreases with the increase of
fPEO (Figure S11a), resulting from the high compatibility of
PEO and PLLA. In contrast, the 7, of PLLA block in
S—V—-LA is independent on the length of P4AVP mid-block
(Figure S11b), confirming that PLLA is indeed incompatible
with P4VP in S—V-LA. As a result, in the self-assembly of
BCPs* with a mid-block that is compatible with PLLA end-
block, e.g., PEO or PLA, the transfer of inter-chain chiral
interaction gives rise to the formation of H* phase at which
the chirality transfer will be justified by the length of mid-
block. By contrast, as the mid-block is incompatible with
PLLA, the chirality transfer from chiral end-block to mid-
block will be failed, resulting in the non-chiral self-assembly
(Figure 3).

On the basis of energetic consideration, the helical steric
hindrance at the microphase-separated interface gives the
helical curvature, resulting in the twisting of self-assembled

[mid-block and chiral block are compatible |

hiral interf:
chirality transfer from the interface pChirel interiace
o

with a short mid-block /\_/ 2000
PS-PEO-PLLA
chirality cannot transfer from the interface 'ach\ra\ nterface
)

with a long mid-block | /~N\_/ \2200

PS-PEO-PLLA

[mid-block and chiral block are incompatible]] achiral interface

chirality cannot transfer from the interface
X

~_/ "\

PS-P4VP-PLLA

independent with the
length of mid-block

Figure 3. Schematic illustration of chiral transfer in the self-assembly of
chiral block copolymers: PS-PEO-PLLA and PS-P4VP-PLLA.
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microstructures. The free energy of BCPs* in melt is
determined by the mixing enthalpy of unlike segments and
the entropic cost to perturb chains from random-walk
statistics, as well as the free energy in terms of chiral
interactions.*! The twisting of a cylinder will increase its
surface area under a fixed length, resulting in the increasing
of interfacial energy (Figure S12). In particular, there are
two interfaces in ABC triblock terpolymers, i.e., A/B and B/
C*. As a result, the presence of a mid-block B that is
strongly segregated with A and C* blocks will increase the
free energy of system once helical structures are formed (see
details in SI). In this case, the cross-domain chirality transfer
will be alleviated. In contrast, the relatively low interfacial
energy in BCPs* with a compatible mid-block allows the
formation of helical interface. However, such cross-domain
chirality transfer is dependent on the length of mid-block,
because the chiral driving force would be dissipated by the
long flexible chains.

Conclusion

In summary, cross-domain chirality transfer in the self-
assembly of chiral block copolymers was demonstrated by
using ABC-type chiral BCPs with a shorter B that can be
served as a shell to examine the consequence of microphase-
separated interface. As found in this study, the compatibility
between mid-block and chiral block is critical to the cross-
domain chirality transfer, and thus the formation of helical
phase from the mesochiral self-assembly. As mid-block is
not compatible with chiral end-block, the high interfacial
energy will alleviate the twisting and shifting of PLLA
microdomains. In contrast, with a mid-block that is compat-
ible with chiral blocks, chiral interaction gives the formation
of core—shell H* phase. This work provides a new insight to
the chirality transfer in self-assembly of BCP*.
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