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ABSTRACT

The effect of the stereochemistry of polylactide (PLA)-based block copolymers on templated inorganic nanostructures has been investigated
from the self-assembly of a stereoisomer pair/organosilicate mixture followed by organosilicate vitrification and copolymer thermolysis. Isome ric
PLA homopolymers, block copolymers, and a stereoblock copolymer were prepared by ring-opening polymerization of D-, L-, or rac-lactide
using an organocatalytic catalyst. Both differential scanning calorimetry and atomic force microscopy showed the formation of a stereocomplex
between enantiomeric stereoisomers, that is, block copolymer/block copolymer and block copolymer/homopolymer mixtures as well as a
stereoblock copolymer. The unique noncovalent interactions driven by stereocomplexation of D- and L-lactide provided supramolecular structures
with a hierarchical order as characterized by distinctive vertical and horizontal growth of toroidal nanostructured inorganic features. This
study demonstrates the potential of hierarchically assembling suprastructures that bridge the nano- to mesoscale feature sizes in the design
of tunable functional nanomaterials suitable for future applications of microelectronics, material science, and bioengineering.

The self-assembly of amphiphilic block copolymers in
selective solvents provides a defined methodology for a
variety of supramolecular assemblies including spherical
micelles, worm micelles, vesicles, multicompartment mi-
celles, toroids, and helices.1-6 This versatility has attracted
an increasing interest in applications in materials science,
microelectronics, bioengineering, and the pharmaceutical
industry.7-10 The need for custom materials with a defined
structure and properties for the specific applications is of
great interest. Traditionally, it has been achieved by the (i)
design of new block copolymers (block types, chain lengths,
and chain architectures), (ii) selection of solvents (solvents
selective to one block), and (iii) use of additives (i.e., bases,
acids, salts, and surfactants).11-15 However, these methods
vary widely in applicability and efficiency and often require
supplementary breakthroughs to develop new assembled
morphologies or manipulate existing morphologies. The
objective of the present study is to survey the possibility of
polymer-polymer stereocomplex formation as a noncovalent
driving force to control higher-order structure and expand
the scope of possible morphologies from block copolymers.

Well-studied examples of polymer-polymer complexation
include (i) a polyelectrolyte complex between a polyanion
and polycation, (ii) a hydrogen-bonding complex between a
poly(carboxylic acid) and a polyether or polyol, (iii) a charge-
transfer complex between a polymeric donor and acceptor,
and (iv) a complex formation between individual enantiomers
with different steric structures.16-19 Typical examples of iso-
and syndiotactic stereocomplexes are poly(methyl methacry-
late), polythiiranes, polyoxiranes, polylactones, and poly-
lactides (PLA).20

PLAs have attracted a great deal of attention because the
PLA homo- and block copolymers are biodegradable,
producible from renewable resources, and nontoxic to the
human body and the environment, with potential use in
medicine and bioengineering.20-24 In nanotechnology, PLA
block copolymers have been used to template organosilicate
vitrification and ultimately nanoporous polymeric materi-
als.25,26 Since lactide monomers have two stereoisomers,L-
and D-compounds, there are three types of polylactides,
optically active poly(L-(-)-S-lactide) (L-PLA) and poly(D-
(+)-R-lactide) (D-PLA) and racemic poly(DL-lactide) (rac-
PLA). Since Ikada et al. first reported a stereocomplex
formation from mixtures ofL-PLA and D-PLA in both the
melt and solution, numerous studies have been performed
on the formation of the stereocomplex and its crystalline
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structure, morphology, and physical structure.19,27-31 For
example, Sarasua et al. demonstrated that the complex
formation stems from a H-bonding force from specific
CH3‚‚‚OdC and CRH‚‚‚OdC interactions between both
stereoisomers of polylactide from a combined study with FT-
IR spectroscopy and molecular modeling.28 Kang et al.
showed that stereocomplex block copolymer micelles with
enhanced stability have the potential for the delivery of
drugs.29 Sun et al. observed thermal history-dependent phase
transitions from a multilamellar vesicle to a lamellar to a
honeycomb morphology in an incompatible blend of enan-

tiomeric PLA block copolymers, which may be attributed
to the formation and melting of stereocomplexes.30,31

In our previous work, we showed that inorganic nano-
structures with widely different morphologies ranging from
toroids to linear wormlike features to densely packed toroids
to contiguous nanoporous monolayers could be formed from
the coassembly of an amphiphilic poly(N,N-dimethylacryl-
amide-block-rac-lactide) copolymer (PDMA-rac-PLA) with
a cross-linkable organosilicate precursor.32,33 The PDMA
block has characteristics commensurate with the formation
of miscible blends with organosilicate, that is, polarity,

Scheme 1. Synthesis of (a) Stereoregular Block Copolymers (PDMA-PLA), (b) Homopolymers (PLA), and (c) Stereoblock
Copolymers (PDMA-sb-PLA)
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hydrogen-bonding capability, and basicity, which promote
strong interactions between the thermosetting organosilicate
precursors and the PLA block copolymer.34-36 The use of
PLA stems from its incompatibility with the organosilicate
and thermal instability, generating porous inorganic nano-
structures upon thermolysis of the copolymer. Here, we
investigate the effect of stereochemistry on the resulting
morphologies of an organosilicate nanostructure using the
stereo-controlled block copolymers and stereocomplexation
as a noncovalent structure-directing agent.

The effect of stereocomplex formation on the supramo-
lecular morphologies was investigated using three combina-
tions of stereoisomer pairs, (i) mixtures of PDMA-PLA
block copolymers having a different stereochemistry of the
lactide blocks, (ii) mixtures of an enantiomerically pure
PDMA-PLA block copolymer with a PLA homopolymer

of opposite configuration, and (iii) stereoblock copolymers
(PDMA-sb-PLA) having both the stereoregularD- and
L-block in the same chain. The PLA block copolymers and
homopolymers were synthesized by the ring-opening po-
lymerization (ROP) of lactide monomers, in which the
stereosequence of the resulting polylactide was governed by
the optical purity of lactide monomers.21,37,38Scheme 1 shows
the synthesis of the block copolymers, homopolymers, and
stereoblock copolymer. The ring-opening of enantiomeric
lactides was performed in a glovebox using thiourea and
tertiary amine catalysts designed for bifunctional activation
of both the monomer and alcohol through hydrogen bonding.
The utility of this catalytic system was demonstrated through
the synthesis of narrowly dispersed PLA blocks with
predictable molecular weights.33 PDMA70-PLA150 block
copolymers were prepared from a dual-headed initiator

Figure 1. Stereo-controlled block copolymers and coassembled organosilicate nanostructures. (a) The nanostructures are prepared from
coassembly of block copolymers and the organosilicate (OS) precursor followed by organosilicate vitrification and copolymer thermolysis.
(b) DSC thermograms of precipitates from a dilute solution of block copolymers show the stereocomplexation in the mixture of enantiomeric
pairs. AFM images shows three distinct morphologies formed by the mixture of enantiomeric block copolymers: (c) a contiguous nanoporous
film (at 2 wt %, polymer/OS) 6/4), (d) linear features (at 1 wt %, polymer/OS) 4/6), and (e) isolated toroids (at 0.05 wt %, polymer/OS
) 6/4). The scale bars are 500 nm (c-e).
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containing an alkoxyamine and a primary hydroxyl group
through nitroxide-mediated polymerization of dimethylacryl-
amide and subsequent ring-opening of lactide monomers with
a high optical purity.33,39 PLA150 homopolymers were pre-
pared using benzyl alcohol as an initiator. According to the
enantiomer of lactide used, that is,D-lactide, L-lactide, or
rac-lactide, the block copolymers and homopolymers are
referred to as theD-/L-/rac-block and D-/L-/rac-homo,
respectively. The synthesis of PDMA-sb-PLA stereoblock
copolymers was carried out by the ROP ofrac-lactide using
1-tert-butyl-2,2,4,4,4-pentakis(dimethylamino)-2Λ5,4Λ5-cat-
enadi(phosphazene) (P2-t-Bu) at -90 °C.40 The degree of
isotactic enrichment of the prepared polymer was determined
to be 0.95 by homonuclear decoupled1H NMR (see Figure
S1 of Supporting information). It has been reported by Yui
et al. that a stereoblock copolymer such as PLLA-b-PDLA
easily forms a stereocomplex because of the neighboring
effect of the two blocks in the copolymer.41 Full details on
the synthesis and characterization of these PLA block
copolymers and homopolymers are described in the Sup-
porting Information.

Figure 1 illustrates the general procedure to produce
nanostructured organosilicate thin films and the evaluation
of their resulting morphologies. Differential scanning calo-
rimetry (DSC) was used to confirm the formation of
stereocomplexes prepared by precipitating dilute mixed
solutions of enantiomeric polylactides without organosilicate.
The DSC traces of Figure 1b show that the stereoregular
copolymers are semicrystalline and manifest aTm (∼150°C),
while rac-lactide and therac-block copolymer did not show
any evidence of crystallization, only aTg at ∼55 °C. The

mixtures ofL- andD-lactide block copolymers prepared from
our catalyst showed aTm of ∼210 °C, significantly higher
than the respective polymers (∼150°C), which is consistent
with the literature values of the stereocomplex.42 Interest-
ingly, the mixture of the blockD and homopolymerL
manifested a melting point of 200°C, consistent with the
formation of a stereocomplex and a microphase-separated
morphology. Similarly, the stereoblock copolymer also
showed evidence of a stereocomplex with a melting point
of 200 °C. Hillmyer and others reported that the PDMA/
PLA block copolymers are miscible, presumably stemming
from acid-base interactions.26 Similarly, the block copoly-
mers prepared fromrac, L, or D all manifested a singleTg

with the PDMA block. However, the formation of the
stereocomplex appears to outweigh the acid-base interac-
tions facilitating phase separation in the block copolymer.

Stereocomplex formation and crystallization of isotactic
stereoisomers are characterized by distinctive physical and
chemical stability, accompanying the change of their solubil-
ity in specific solvents compared to that of the racemic
analogue. The polymers and the inorganic precursor of
methyl silsesquioxane (MSSQ) were dissolved in mixtures
of dichloroethane (DCE) and propylene glycol propyl ether
(PGPE). Thin films containing the block copolymer (and/or
homopolymer), MSSQ, and triethylamine, a known catalyst
to facilitate the silanol condensation reaction,35,36 were
prepared by spin casting the solution on silicon wafers
followed by organosilicate vitrification and copolymer ther-
molysis. The morphology of block copolymer/organosilicate
thin films was characterized with atomic force microscopy
(AFM) in the tapping mode. Height-contrast images of the

Figure 2. Top-view and side-view AFM images of toroids prepared from a 0.05 wt % dichloroethane/propylene glycol propyl ether
(PGPE) solution of (D-block + L-block)/OS (60/40) (a,c) andrac-block/OS (60/40) (b,d). The height of toroids from the enantiomeric
mixture increases (3×) without a significant change in diameter, compared with those from the racemate. The scale bars are 500 nm.
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organosilicate nanostructures templated with the mixture of
the D-block andL-block show the presence of three distinct
morphologies, contiguous nanoporous films, linear wormlike
features, and isolated toroids (Figure 1c-e). The resulting
morphologies of organosilicate nanostructures depend on
solution concentration and composition. Isolated toroids
predominate for all compositions at very low concentrations
(e0.1 wt %), while contiguous nanoporous films form at
higher concentrations (g1.5 wt %). At intermediate concen-
trations (∼0.1< C < ∼1.5 wt %), linear wormlike features
are observed to coexist with toroids or nanoporous films.
The structural similarity of linear features with the others,
that is, the internal and outer widths of their channels/voids,
suggests that the linear features form by fusion of toroids as
an intermediate stage, as detailed in our previous work.32

The toroids and related nanostructures are also observed in
the others withrac-block, D-block, andL-block, although
the threshold of the morphological transition depends on the
types of block copolymers used in the micelle templation.
At a high concentration (C ) 2.0 wt %), the optically pure
polylactides, that is,D-block or L-block, form contiguous
nanoporous layer structures with the same size and shape as
that of rac-block in the selected solvent (see Figure S2 in
the Supporting Information). However, the mixture of
D-block andL-block shows an increase in the vertical height
of the nanopores compared those of the racemic or optically
pure block copolymers while retaining a similar morphology
of contiguous nanoporous films at this concentration. A clear
difference between theD-block/L-block mixture andrac-
block is observed in images of samples made at low
concentrations (e0.05 wt %), as shown in Figure 2. The
mixture of enantiomers shows morphologies of isolated
toroids with the same pore size as that from PDMA-rac-
PLA. If compared to the racemate, the height of toroids from
the D-block/L-block mixtures increases (∼3×), while the
surface density of toroids decreases. Table 1 summarizes the
results of their height distributions and surface coverages
calculated from statistical analysis of az-height distribution
and image analysis of corresponding AFM photos (see
Figures S4 and S5 in the Supporting Information). When
block copolymer/organosilicate micelles are deposited, they
are flattened and presumably de-wet to expose polylactide
core. Toroidal inorganic nanostructures are generated after
heating (450°C). Toroids with a constant difference in
heights could be observed in theD-block/L-block mixture,
suggesting that 2, 3, 4, ... micelles stack on top of each other,
although further studies for full understanding are underway

Table 1. Average Height and Surface Coverage of
Organosilicate Nanostructures

sample

average
height
(nm)

surface
coverage

(%)

block only D-block + L-block 12.8 ( 4.3 26.6
rac-block 3.9 ( 1.1 83.2

block + homo D-block + L-homo 35.0 ( 8.0 40.0
rac-block + rac-homo 5.6 ( 1.4 82.8

variable conc. 0.5 wt % 9.3 ( 3.9 30.0
1.0 wt % 11.3 ( 4.7 30.9
1.5 wt % 11.4 ( 4.0 25.6
2.0 wt % 27.6 ( 8.2 18.3

sb-block high C 2.8 ( 1.7/
4.5 ( 2.7

83.0

low C 3.9 ( 1.1 33.2
sb-block + L-homo 20.9 ( 10.9 45.5

Figure 3. AFM images of organosilicate nanostructures prepared from 2.0 wt % mixtures of block copolymers and homopolymers: (D-
block + L-homo)/OS (60/40) (a,c) and (rac-block + rac-homo)/OS (60/40) (b,d). The stereocomplexation betweenD-block andL-homo
causes the horizontal swelling and vertical growth in their toroidal structure. The scale bars are 1µm.
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(see Figure S6 in the Supporting Information). This indicates
that the stereocomplexation between theD-block andL-block
induces a preferential deposition and stacking of smaller-
unit toroidal micelles, leading to vertical growth of the
resulting inorganic toroidal structures while maintaining the

size and shape of core-shell micelles of the block copolymer
and organosilicate.

When the stereoregularD-blocks orL-blocks were mixed
with the stereocomplementary homopolymer, a significant
perturbation in the core-shell dynamic was observed due

Figure 4. Height contrast AFM images and cross sections of toroids prepared from mixtures ofD-block with L-homo of 0.5 (a,c), 1.0 (b,d),
1.5 (e,g), and 2.0 wt % concentrations (f,h) in theD-block (0.05 wt %)/L-homo/OS(2.0 wt %)) 30/30/40 mixtures. Tunable sizes of toroids
were obtained by simply increasing the concentration ofL-homo. The scale bars are 1µm.

Figure 5. AFM images of inorganic nanostructures obtained from stereoblock PDMA-sb-PLA ((a) 2.0 and (b) 0.05 wt %sb-block/OS)
60/40), and (c) the mixture withL-homo (2.0 wt %sb-block/L-homo/OS) 30/15/60). The scale bars are 1µm.
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to selective swelling of the PLA core owing to stereocom-
plexation. Figure 3 shows the result of the addition ofL-homo
into aD-block/organosilicate mixture, where both horizontal
swelling and vertical growth of the toroidal structures were
observed and attributed to the formation of an intermolecular
complex, that is, stereocomplexation (Table 1). This distinc-
tive change does not happen to the mixture ofrac-block with
rac-homo (see Figure S3 in the Supporting Information). The
stereocomplexation betweenD-block andL-homo produces
different sizes of toroids in diameter from 100 to several
hundred nanometers simply by varying the concentration and
mixing ratio of L-homo toD-block, as shown in Figure 4
(see Figure S6 in the Supporting Information). Clearly tun-
able sizes of assembled morphologies are possible by ex-
ploiting stereocomplexation between enantiomeric stereo-
pairs.

A stereoblock PLA copolymer (PDMA-sb-PLA) that
consists of relatively shortL-PLA andD-PLA segments in a
blocky manner was investigated because the stereoblock
PLAs stereocomplex without the addition of a second
copolymer or homopolymer. The coassembly of the PDMA-
sb-PLA with organosilicate under similar preparation condi-
tions also forms toroids at a low concentration of 0.05 wt
%, where their size and shape are similar to those of the
stereoregularD- or L-block polymers. Horizontal swelling
and vertical growth of the toroidal structures were also
observed in the mixture of thesb-block with the stereoregular
homopolymer. One of the differences is that the 2 wt % of
PDMA-sb-PLA/OS in the selective solvent system shows
the formation of not only a nanoporous layer structure but
also primitive toroids and linear wormlike morphologies with
a horizontal swelling and vertical growth, which may be
attributed to the enhanced interaction by the neighboring two
blocks of the block copolymer (Figure 5).

In summary, effects of the stereochemistry and stereo-
complexation of enantiomeric PLAs on the templation of
inorganic nanostructures were investigated via coassembly
of an organosilicate precursor with enantiomeric PDMA-
PLA block copolymers, PLA homopolymer, and PDMA-
sb-PLA block copolymers. Exploiting the noncovalent
assembly ofD- and L- stereocomplexes expands the scope
of possible morphological control of block copolymers,
providing supramolecular structures with a hierarchical order,
as characterized by the distinctive vertical and horizontal
growth of toroidal nanostructured inorganic features. The
additional control this strategy provides is expected to
enhance the refinement of functional materials suitable either
for a low-dielectric insulating media and etching masks in
microelectronics or for material encapsulation and macro-
molecular assemblies to transport and deliver biologically
active agents.
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