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Abstract 

 

Discrete polymers composed of an exact number of repeating units 

have attracted considerable interest as model systems to examine the 

behavior of polymers having chemical structures without statistical 

distribution. Self-assembly of discrete block copolymers has indicated that 

dispersity has a dramatic influence on the self-assembled structures. The use 

of discrete polymers for self-assembly provides a means to the control 

morphology and thickness of structures. It allows discrete polymers to be 

used as a potential candidate for the creation of advanced materials. 

In chapter 2, we report the crystallization-driven self-assembly 

(CDSA) of block copolymers (BCPs) built with monodisperse poly(lactic 

acid) (MPLA) composed of enantiomeric repeating units joined in a defined 

sequence. The CDSA of the BCPs composed of crystallizable MPLA and 

solvent-soluble poly(ethylene glycol) (PEG) produced two-dimensional (2D) 

nanostructures. The morphology was transformed by a systematic change in 

the number and the sequence of enantiomeric repeating units comprising the 

MPLA block. This effect was more pronounced in the CDSA of a 

stereocomplex of a pair of BCPs having MPLA blocks configured in a 

complementary manner. 

In chapter 3, the crystallites created by CDSA of stereoblock 

copolymers composed of MPLA and PEG were investigated to control the 

chain-folding. The CDSA of these BCPs, [DLAn]-[LLAn]-b-PEG, resulted 

in the formation of platelets having crystalline cores composed of the folded 

stereoblock PLAs via intramolecular stereocomplexation of [DLAn] and 

[LLAn] in solution. Precise control of the number and sequence of repeating 

units of stereoblock PLAs allowed us to control the thickness of the 

unilamellar crystallites, which were proportional to the number of lactic acid 
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units consisting of [DLAn] and [LLAn] domains. 

In chapter 4, stereoblock copolymers having a mismatch in lactic acid 

units were synthesized by an iterative convergent method. The CDSA of 

mismatched stereoblock copolymers formed micro-sized structures. Extra 

DLAs in mismatched stereoblock copolymers contributed to the stacking of 

stereocomplex. The stacking driven by extra DLAs leads to the formation of 

micro-sized structures. Possible crystal models were suggested based on the 

assembled structures and XRD analysis.  

 

Keywords: Discrete polymer, Iterative convergent synthesis, Crystallization-

driven self-assembly, 2D structure, Stereoblock copolymer, Stereocomplex, 

Chain-folding, Micro-sized structure, Stereocomplex stacking.  

 

Student Number: 2016-20333 
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Chapter 1. Introduction 

 

1.1 Discrete synthetic macromolecules 

Controlled/living polymerization furnished controllability over the 

average molecular weight, dispersity, architecture of the formed polymers, 

which provides an opportunity in functional polymer design and 

materials.1,2 However, the sequence and molecular weight distribution of 

macromolecules remained as challenges of polymer chemistry. Inspired by 

the functionality of biomacromolecules such as proteins or DNA, the 

synthesis of uniform macromolecules with unprecedented properties has 

attracted great interest. The synthesis of discrete polymers which were 

comprised of an exact number of monomers has depended on the iterative 

single monomer addition (Figure 1-1).3,4 This strategy has the advantage to 

control the sequence and the polymer length absolutely. However, with the 

increase in the number of monomers or molecular weight, this strategy is 

inefficient because of the required number of reactions and purifications. 

 

Figure 1-1. Schematic representation of iterative single monomer addition.4 
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Due to the limitation of iterative single monomer addition, new 

synthetic strategies for discrete polymers have been researched.5 Recently, 

synthetic strategies have focussed on the simplified synthetic procedure. For 

example, the protecting group required for preventing polymerization is 

excluded by choosing orthogonal building blocks6 and the unreacted 

monomers are removed simply using precipitation of positively charged 

macromolecules and extraction of liquid phase support.7 The developments 

of these synthetic approaches including the iterative exponential growth 

(Figure 1-2) and the cross-convergent synthesis (Figure 1-3) have permitted 

the synthesis of high-molecular-weight discrete polymers with defined 

sequences.8,9 These approaches resolved prerequisites regarding scalability 

and the chain length of the polymers, which led to the study of behavior and 

application of synthetic polymers with defined sequences. 

 

Figure 1-2. Schematic representation of the iterative exponential growth of 

molecularly defined caprolactone oligomers and polymers.8  
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Macromolecular data storage is one of the notable applications of 

sequence-defined polymers. The demand for storing data has increased 

geometrically, therefore a number of research about alternatives to current 

data storage methods are proceeding nowadays.10,11 While DNA which is 

one of the options for data storage has some of the inherent drawbacks such 

as hydrolysis of phosphodiester bonds, expensive, and restricted number of 

building blocks, sequence-defined polymers are more suitable for 

alternation of encoding information in terms of price and various building 

blocks.12−14 A number of different monomers can be incorporated into 

sequence-defined polymers by utilizing the diverse chemical reactions. This 

advantage enables sequence-defined polymers to encode data efficiently. 

Boukis and Meier established protocol for data storage based on Biginelli 

and Passerini reaction with the high structural variety of monomers (Figure 

1-4).15 This approach allowed them to achieve an information density of up 

to 24 bits per repeat unit. 

 

Figure 1-3. Schematic representation of the cross-convergent synthesis of 

poly(α-hydroxy acid). Four dyads of phenyllactic acid (P representing 0) 

and lactic acid (L representing 1) were used as the constituent units of 

poly(α-hydroxy acid).9 

 



 

4 

 

Kim et al. demonstrated an increase in capacity of data storage can 

also be accomplished via the synthesis of poly(α-hydroxy acid) (PAH) 

composed of a large discrete number of monomers in an absolutely defined 

aperiodic sequence (Figure 1-5).9 The scalable synthesis of a binary 

encoded, high molecular weight PAH (up to 38 kDa) by using cross-

convergent pathway, combined with preparative size exclusion 

chromatography as an purification method. Digital information can be 

stored in the aperiodic sequence of poly (phenyllactic-co-lactic acid), built 

via the direct translation of binary code to the chemical structure built with 

four dyads of monomers as constituent units. The encoded information can 

be decoded by a tandem mass technique utilizing MALDI-TOF MS/MS. 

This method allows synthesis of sequence-defined poly(α-hydroxy acid) in a 

minimal number of coupling steps and higher storage density (bit/Da). 

 

Figure 1-4. Schematic representation of the synthesis of sequence-defined 

macromolecules via the Biginelli and the Passerini multicomponent 

reactions. The variation of all components can potentially provide 24 bit per 
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repeating unit.15 

 

The self-assembly of amphiphilic block copolymers is widely studied 

and has emerged as a versatile approach to form well-defined 

nanostructures.16–19 This phenomenon is a result of the incompatibility 

between the hydrophilic and hydrophobic blocks, which separate to 

minimalize the interfacial energy. Controlling the molecular weights and 

molecular weight distributions of the constituting polymer blocks is 

significant for the regulation of the self-assembly behavior of block 

copolymers.20–22 However, theoretical, and computational models often 

assume discrete block copolymers, instead of the disperse block copolymers 

which have the nature of the actual polymers used in experimental 

studies.23,24 Therefore, these models do not reflect the actual behavior of 

block copolymers and do not consider variation that is derived from 

molecular weight distribution. Nevertheless, the continuous progress of the 

synthetic approach for sequence-defined polymers has nowadays enabled 

the scalable synthesis and study of discrete polymers.25–28 

 

Figure 1-5. (a) PAH containing the 64-bit digital information encoding 

SEQUENCE. (b) MALDI-TOF MS/MS spectrum of a PAH, in which 8-bit 

information corresponding to the letter N was stored. Two series of 
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fragments (ai and yi fragments) could be read simultaneously in the 

spectrum. The PAH sequence was decoded by reading the spectrum in both 

directions relative to the molecular ion peak [M+Na]+. The deciphered 

chemical sequence (Si-PLPPLLLP-Bz) was converted to digital code 

(01001110), which represented the letter N.9 

 

Meijer et al. reported that the effect of dispersity on the self-assembly 

of dimethylsiloxane-lactic acid diblock copolymers and oligo(tetraethylene 

glycol)-poly(lactic acid)-oligo(tetraethylene glycol) ABA-type triblock 

copolymers.29,30 Discrete oligodimethylsiloxane was synthesized by 

utilizing a new synthetic protocol, while the synthesis of discrete 

oligo(lactic acid) followed an established iterative synthesis. Ligation of 

these two blocks provided diblock co-oligomers with extremely low molar 

mass dispersities (Đ ≤ 1.00002). Disperse diblock co-oligomers composed 

of dimethylsiloxane and lactic acid were previously examined, which 

showed a high incompatibility between the blocks. Compared with disperse 

diblock co-oligomers which did not indicate any clue for an ordered 

structure, extremely low disperse diblock co-oligomers exhibited sharp 

order–disorder transitions of phase-separated morphologies (Figure 1-6).29 

The importance of uniformity was demonstrated repeatedly when they 

investigated discrete ABA-type triblock copolymers. Isotactic L-lactic acid 

16-mers were selected as the hydrophobic blocks and modified to couple 

with discrete oligo(tetraethylene glycol) at the both chain ends. Self-

assembly of discrete ABA triblock copolymers showed uniform nanofibers 

and two-dimensional sheets, however such uniformity of assembled 

structures decreased when they used disperse oligomers for self-assembly.30 

Furthermore, sharp melt transitions and crystallization-driven gelation were 

found on discrete triblock copolymers. 
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Figure 1-6. Room-temperature SAXS data for discrete and (partially) 

disperse oDMS-oLLA BCOs. The data are shifted vertically for clarity. 

Select higher order reflections are indicated as q/q* values or with black 

triangles. fwhm = full width at half-maximum. The broad peak at q = 4 nm−1 

results from background scattering (Kapton tape).29 

 

1.2 Crystallization-driven self-assmbly 

The crystallization-driven self-assembly (CDSA) of block copolymers 

with a crystalline, core-forming block has aroused great attention due to the 

unique properties of two-dimensional (2D) planar structures that originate 

from very thin and flat morphology.31–33 Uniform and stable 2D materials 

that have been widely used in organic electronics, membranes, and optical 

devices can be created by bottom-up assembly of block copolymers 

containing crystalline core-forming block.34–36 Previosly, various crystalline 

blocks made of poly(ferrocenyl dimethylsilane),37,38 enantiomeric 

poly(lactic acid),39,40 poly(ε-caprolactone),41 or poly(p-phenylenevinylene)42 

were used to prepare amphiphilic block copolymers that self-assemble into 
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2D polymeric nanosheets. These crystalline homopolymers were coupled 

with soluble corona blocks such as poly(ethylene glycol), poly(acrylic acid), 

or poly(2-vinylpyridine), which enhances the colloidal stability of the 

resulting 2D structures.  

Manners et al. demonstrated that a wide range of polydisperse fiber-

like micelles with crystalline core could be processed by seeded growth 

method.37,38 Crystallizable seeds derived from the sonication of polydisperse 

micelles grow up by the addition of a solution of molecularly dissolved 

block copolymer with the crystalline core in a suitable organic solvent. This 

growth produces low dispersity fibers of a length controlled by the ratio of 

added block copolymer to seed. This method is termed “living” CDSA 

owing to the similarity between this process and living polymerizations. 

Futhermore, complex and hierarchical 2D nanoparticles could be formed via 

living CDSA using the sequential addition of different polymers (Figure 1-

7).43 Quasi-1D small seeds for complex and hierarchical assemblies were 

prepared by sonication of self-nucleated platelets. Then, the sequential 

addition of unimers and the polymer blend to the seeds produced diblock 

and tetra-block platelet co-micelles. 
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Figure 1-7. (a) Schematic representation of the formation of diamond-

shaped “patchy” platelet block co-micelles through seeded growth. TEM 

images of (b) diblock and (c) tetra-block platelet co-micelles. The samples 

for TEM were not stained. (d) AFM image and (e) height profile of diblock 

platelet co-micelle.43 

 

Choi et al. reported rapid formation and real-time observation of 

conjugated nanofibers by living CDSA.44 Although the living CDSA has 

excellent controllability to morphology and uniformity, it generally takes 

several hours to days for well-defined nanostructures. To achieve the rapid 
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formation and real-time observation of nanostructures formed by living 

CDSA, they developed one-pot technique named Polymerization-Induced 

CDSA (PI-CDSA) and strategy termed In situ Nanoparticlization of 

Conjugated Polymers (INCP). They utilized seeded growth of fully 

conjugated block copolymers for spontaneous formation of nanostructures 

and retarded the fast aggregation by incorporating soluble dihexyl side 

chains. As a results, rapid formation of the long fibers with high rigidity and 

low width dispersities was observed using real-time monitoring (Figure 1-

8).44  

 

Figure 1-8. TEM images obtained from 1 g L-1 chloroform solutions of (a) 

P150-b-P222 after 1 h, and (b) after 1 d aging at 25 C, (c) P150-b-P233, (d) 

P150-b-P244, (e) P150-b-P255, and (f) P150-b-P266 without aging (scale bar for 

(b)–(f), 200 nm). Plots of the DP of P2 versus (g) average width (Wn) of the 
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core of the 1D nanofibers compared to the theoretical length of the fully 

stretched P2 block, and (h) Wn after staining with RuO4 vapour.44 

 

O’Reilly et al. used the stereocomplexation of isotactic poly(L-lactide) 

and poly(D-lactide) for the structural reorganization of nanoparticles.45 

Stereocomplexation is a general co-crystallization behavior between 

different polymers with complementary configurations.46 Due to the unique 

structural characteristics of polymer stereocomplexes, stereocomplex 

crystallization endows the polymers with improved physical and mechanical 

properties. Co-crystallization of block copolymers consisting of 

complementary configurations led to morphological transitions induced by 

stereocomplexation (Figure 1-9).45 Cylindrical micelles formed by self-

assembly of each block copolymers were mixed and aged in CDSA 

condition. They observed a marked decrease in lengths of cylindrical 

micelles and increase in the number of spherical micelles, which 

demonstrated the ability to trigger the morphological transition through 

stereocomplexation. 
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Figure 1-9. Morphological transition and the changes to the crystallinity on 

mixing of two homochiral cylinders 3 and 4. Conducted at 65 oC with the 

addition of fresh THF (final solvent composition THF/H2O 20/80 v/v). (a) 

Cartoon illustration showing the morphological transition from homochiral 

cylinders 3 and 4 to stereocomplex spheres. Scale bar = 500 nm (b) FT-IR 

spectra of dried nanoparticles, which reveal the wavenumber of carbonyl 

group vibration of poly(lactide) shifted from 1,758 to 1,750 cm -1 over time. 

Scale bar = 500 nm. (c–g) TEM images, which illustrate the length of the 

cylindrical micelles decreased while the population of spherical micelles 

increased over time. Scale bars = 500 nm. (h) TEM expansion of 62 h time 

point. Scale bar = 100 nm. (i) WAXD diffractograms illustrating that the 

intensity of stereocomplex Bragg peak at a 2θ value of 12o increased 

gradually, whereas the intensity of homochiral Bragg peak at a 2θ value of 

16.6 o decreased significantly over time. TEM samples were prepared by 
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slow drying and negatively stained using PTA.45 

 

1.3 Potential applications for crystallization-driven self-

assembly 

The living CDSA which provides ability to control the demensions 

and shape of nanostructures gives a potential advantage in biomedical 

applications.47,48 Due to the different circulation times and uptake rates of 

polydisperse 1D fiber-like micelles, uniform nanostructures formed by 

living CDSA have emerged as promising candidates for nanomedicine.49,50 

Rigid rod-like micelles with uniform width and narrow length distribution 

prepared from living CDSA of a polyferrocenylsilane diblock copolymer 

showed that both shape and size were found to have a marked effect on 

cellular uptake and penetration into multicellular tumor spheroids formed by 

the same cell lines.51 The highest cell-uptake and the deepest penetration 

into the tumor models were found in low dispersity fiber-like micelles with 

an elongated shape and short length. 
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Figure 1-10. Assessment of micelle accumulation in MDA-MB-436 MCTSs 

using (a) confocal microscopy images taken at 50 μm depth from the 

spheroid surface. For MCTSs treated with spherical micelles and rod-like 

micelles with different lengths, (b) their total fluorescence intensities per 

unit area at cross-section were measured and compared. (c) Penetration of 

six different micelles in MCTS in periphery, intermediate and core regions 

at 50 μm depth. Data points represent mean ± standard deviation in each 

area, n = 3 MCTSs. Statistically significant differences between each region 

are denoted by (*), and in all cases p < 0.05.51 

 

Conductive polymers have been widely used for photovoltaics, light-

emitting devices, field-effect transistors and sensors.52,53 The formation of 

uniform electroactive nanostructures with high colloidal stability, 

predetermined size, and spatially controlled functionality has been a major 

challenge.54 The strong π–π interaction among conjugated polymers causes 

easy aggregation and disruption, which leads to uncontrolled self-assembly. 
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The living CDSA is a promising method to solve this problem. Segmented 

nanofibers with controlled dimensions were fabricated using the living 

CDSA of poly(3-(2’-ethylhexyl)thiophene) as energy-accepting outer core 

and poly(dihexylfluorene) as energy-donationg inner core.55 It was 

demonstrated that Forster resonance energy transfer from the PDHF inner 

core to the lower energy P3EHT outer core was enhanced compared to the 

analogous coaxial structure in which the P3EHT block was solvated. 

 

Figure 1-11. (a) Schematic illustration of the preparation of low dispersity 

B−A−B segmented nanofibers with a central PDHF14-b-PEG227 segment (A) 

and terminal PDHF8-b-P3EHT25-b-PEG113 segments (B). (b) TEM image of 

B−A−B segmented nanofibers (Ln = 739 nm, Lw/Ln = 1.02) in THF:MeOH 

(1:9, v/v) prepared from the epitaxial growth of PDHF8-b-P3EHT25-b-

PEG113 unimers from PDHF14-b-PEG227 seed micelles (Ln = 247 nm, Lw/Ln 

= 1.04). (c) LCSM image of B−A−B segmented nanofibers (Ln = 3473 nm, 

Lw/Ln = 1.03) in THF:MeOH (1:9, v/v) prepared from the epitaxial growth 

of PDHF8-b-P3EHT25-b-PEG113 unimers from PDHF14-b-PEG227 seed 

micelles (Ln = 972 nm, Lw/Ln = 1.02). LCSM image was taken with both 



 

16 

 

blue (PDHF) and red (P3EHT) channels. Scale bars: (b) 1 μm and (c) 10 

μm.55 

 

1.4 Summary of thesis 

This dissertation reports the synthesis of discrete polymer and CDSA 

of crystalline block copolymers with a crystalline core-forming block. The 

existing limitation of the synthesis of discrete polymer was resolved through 

various synthetic strategies such as iterative exponential growth, cross-

convergent method, and liquid phase support. These advances were applied 

to explore the unique properties of synthetic polymers with the absence of 

structural uncertainty. Living CDSA of various block copolymers having 

crystalline block have realized the formation of low-dimentional 

nanostructures with well-defined shape and size. This allowed for the 

potential use of uniform 2D nanostructures in the biomedical application 

and optoeletronics. 

In Chapter 2, block copolymers composed of monodisperse 

poly(lactic acid)s (MPLA) with defined stereochemical sequences were 

synthesized using iterative convergent synthesis. The effect of a discrete 

number of units and stereochemical sequence on crystallites was 

investigated by CDSA of block copolymers with MPLA. This effect was 

more pronounced in the CDSA of a stereocomplex of a pair of BCPs with 

MPLA configured in a complementary manner. Unique nanostructures such 

as 2D triangles and vesicle-like structures were formed through incomplete 

stereocomplexation inducing regular nanostructures by attenuating 

crystallization kinetics.  

In Chapter 3, a series of stereoblock copolymers were synthesized by 
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joining discrete oligo D- and L-lactic acid and poly(ethylene glycol) 

hydrophilic block. The thickness of 2D nanostructures could be controlled 

by the chain-folding of stereoblock copolymers via intramolecular 

stereocomplexation. To demonstrate the chain-folding of stereoblock 

copolymers, the insertion of a vinyl monomer in the middle of stereoblock 

was conducted. Apex labeling with fluorescein dye was proceeded by thiol-

ene and isocyanate-amine reaction. Fluorescence on the surface of 2D 

nanostructures was confirmed through confocal microscopy.  

In Chapter 4, stereoblock copolymers having a mismatch in lactic acid 

units were synthesized. This mismatch inducing incomplete 

stereocomplexation retarded crystallization of block copolymers, which lead 

to the formation of uniform triangular structures. Unlike previous strudies, 

micro-sized triangular structures were formed by intermolecular 

stereocomplexation. This is probably due to the stacking of stereocomplex. 

Extra D-lactic acids constituting mismatched streoblock copolymers 

contribute to stacking of streocomplex. 

Excerpts from the following chapters have already been published: 

Chapter 2: Kwon, Y.; Kim, K. T. Crystallization-Driven Self-Assembly of 

Block Copolymers Having Monodisperse Poly(lactic acid)s with Defined 

Stereochemical Sequences. Macromolecules 2021, 54, 10487–10498. 

Chapter 3: Kwon, Y.; Ma, H.; Kim, K. T. Self-Assembly of Stereoblock 

Copolymers Driven by the Chain Folding of Discrete Poly(D-lactic acid-b-

L-lactic acid) via Intramolecular Stereocomplexation. Macromolecules 2022, 

55, 2768–2776. 
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Chapter 2. Crystallization-Driven Self-Assembly of Block 

Copolymers having Monodisperse Poly(lactic acid)s with 

Defined Stereochemical Sequences 

 

2.1 Abstract  

Monodisperse polymers composed of a discrete number of repeating 

units have attracted considerable interest as model systems to investigate the 

behavior of polymers having chemical structures without statistical 

distribution. Herein, we report the crystallization-driven self-assembly 

(CDSA) of block copolymers (BCPs) built with monodisperse poly(lactic 

acid) (MPLA) composed of enantiomeric repeating units connected in a 

defined sequence and poly(ethylene glycol) (PEG). The morphology of self-

assembled nanostructures was transformed by a systematic change in the 

number and the sequence of enantiomeric lactic acid units of MPLA blocks. 

This effect was more pronounced in the CDSA of a stereocomplex (SC) of a 

pair of BCPs having MPLA blocks configured in a complementary manner. 

When the size of the MPLA blocks was mismatched, a pair of the 

consequent BCPs self-assembled into nanostructures from nanoparticles to 

two-dimensional (2D) triangles and vesicles. In addition, on mismatching 

the stereochemical sequences of MPLA blocks forming the SC, the 

nanostructures of a BCP pair exhibited a transition from ill-defined 

structures to 2D triangular structures. Our results suggest that the low-

dimensional nanostructures created by the crystallization of MPLA-b-PEG 

could be manipulated by their precisely defined molecular weight and 

stereochemical sequences.  
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2.2 Introduction  

The molecular weights, molecular weight distributions, and the 

sequences of monomers are key determinants of the properties of synthetic 

polymers and copolymers.1–3 However, unlike biopolymers such as DNA 

and proteins, synthetic polymers exhibit statistical distribution in their 

molecular weights and often exhibit randomness in the sequence of 

monomers. Inspired by the biological functions arising from the well-

defined chemical structures of biopolymers, the synthesis of polymers 

without molecular weight distribution and sequence uncertainty has been 

pursued extensively in polymer chemistry. The synthesis of monodisperse 

polymers has relied mostly on the sequential addition of individual 

monomers via solid-phase synthesis.4–6 However, with the increase in 

molecular weight or number of repeating units, their synthesis becomes 

difficult, which limits the availability of monodisperse polymers and the 

study of their properties.7–10 Recent developments of synthetic strategies 

including the iterative exponential growth and the cross-convergent 

synthesis have allowed the synthesis of high molecular-weight 

monodisperse polymers with defined sequences.11–16 These advances have 

provided the opportunities to study the behavior of synthetic polymers with 

defined sequences and absence of structural uncertainty.17–19 Furthermore, 

monodisperse and sequence-defined polymers offer the opportunity to 

explore unprecedented applications of the polymeric materials owing to the 

precisely defined chemical and physical properties dictated by their 

chemical structures.20–22  

The self-assembly of amphiphilic block copolymers (BCPs) is a 

phenomenon in which controlling the molecular weights and molecular 

weight distributions of the constituting polymer blocks is significant for the 

regulation of the self-assembly behavior of BCPs.23–26 For example, the 
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molecular weights of the polymer blocks and the molecular weight ratios of 

these blocks determine the size and morphology of the self-assembled BCP 

structures. It was demonstrated that the magnitude of molecular weight 

distribution of a BCP imposes an adverse effect on the formation of well-

defined nanostructures via self-assembly.27,28  

Particularly, the crystallization-driven self-assembly (CDSA) of BCPs 

having a core-forming crystalline block in solution is of great interest as the 

crystallization of core-forming polymers require a precise control of their 

stereochemical structures, molecular weights, and molecular weight 

distributions. Controlled polymerization methods such as living ring-

opening polymerization (ROP) have been employed to synthesize BCPs 

with well-defined crystalline polymer blocks such as polyferrocenylsilane 

(PFS),29–31 poly(lactic acid) (PLA),32–40 and conjugated polymers.41–43 Low 

dimensional nanostructures with well-defined size, shape, and functions 

have been realized by living CDSA of various BCPs.44–46 However, the 

CDSA of BCPs built with monodisperse polymer blocks and the effects of 

the absence of molecular weight distribution (in the crystal-forming polymer 

block) on its self-assembly has only been recently investigated.47,48 

Significantly, the contribution of the stereochemical sequence of the core-

forming polymer block to the shape of nanostructures formed by CDSA has 

not been investigated. 

Here we report the synthesis of monodisperse poly(lactic acid) 

(MPLAs) consisting of a discrete number of enantiomeric monomers linked 

in a pre-defined sequence. An iterative convergent approach with 

orthogonally protected dimers of enantiopure L-lactic acid or D-lactic acid, 

as building blocks, was applied to synthesize MPLAs with configured 

molecular weight and stereochemical sequences composed of 72 repeating 

units. The resulting MPLAs (Ð = 1) were coupled to poly(ethylene glycol) 
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(PEG) (Mn = 2 kDa, Ð = 1.04) to yield MPLA-b-PEG that could self-

assemble in ethanol (EtOH) via the crystallization of core-forming MPLA 

blocks. The analysis of the height profiles of self-assembled structures using 

atomic force microscopy (AFM) suggested that enantiopure MPLAs fold at 

~ 32 repeating units to form crystallites in the core of two-dimensional (2D) 

nanostructures created by CDSA of BCPs in EtOH (Figure 2-1a). The 

morphology of the 2D nanostructures of MPLA-b-PEG was transformed by 

changing the number of repeating units and the sequence of enantiomeric 

repeating units in the MPLA block (Figure 2-1a). The CDSA of a 

stereocomplex (SC) of a BCP pair composed of complementarily configured 

MPLA blocks, poly(D-lactic acid)-b-poly(ethylene glycol) ([DLAn]-b-PEG) 

and poly(L-lactic acid)-b-PEG ([LLAn]-b-PEG) produced 2D nanostructures. 

The effects of the number of enantiomeric repeating units and their 

sequences on the morphology of the self-assembled structures were more 

pronounced in CDSA of the SCs. Particularly, the morphology of the 2D 

nanostructures formed by CDSA of BCP pairs transformed from irregular 

structures to triangular platelets and vesicles when there was an increase in 

the size mismatch between enantiomeric MPLA blocks forming the SC 

(Figure 2-1b). This effect of the mismatch in the number of D- and L-lactic 

acid in the MPLA pair was also found when two MPLAs possessed the 

same number of repeating units but different stereochemical sequences 

(Figure 2-1b). The results suggested that the shape of low-dimensional 

nanostructures created by the crystallization of discrete polymers could be 

manipulated by their precisely defined stereochemical sequences.  
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Figure 2-1. Schematic representation of the formation of various 

nanostructures through crystallization-driven self-assembly. (a) CDSA of 

BCPs with a discrete number of repeating units and stereochemical 

sequence of MPLA blocks and resulting 2D nanostructures. (b) CDSA of the 

SCs of a pair of BCPs having a mismatch in the size and stereochemical 

sequence of MPLA blocks and assembled structures. 

 

2.3 Results and discussion  

Synthesis of BCPs having MPLA with defined stereochemical 

sequences. Enantiopure MPLAs, poly(L-lactic acid) [LLAn], and poly(D-

lactic acid) [DLAn] comprising 32 or 64 repeating units were synthesized by 

the iterative convergence of enantiomeric lactic acid dimers [LLA2] or 

[DLA2] having t-butyldimethylsilyl (TBDMS) and benzyl ester (Bn) 

protecting groups as building blocks.13 The orthogonal deprotection of each 
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protecting group and the subsequent esterification of deprotected [LA2]-OH 

and [LA2]-COOH with 1-ethyl-3-(3- dimethylaminopropyl)carbodiimide 

(EDC) yielded a tetramer of lactic acid having the same protecting groups. 

The repetitions of these convergent steps produced MPLAs composed of the 

desired number of repeating units (Scheme 2-1).  

 

Scheme 2-1. Iterative convergent syntheses of [DLA32-xLA8]-b-PEG and 

[DLA72]-b-PEG. 

 

 

The enantiopure [LA40] and [LA72] were synthesized by the coupling 

of [LA32] or [LA64] with [LA8] having the same stereochemical 

configuration in the final convergent step. Similarly, MPLAs with terminal 
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octameric residues and different stereochemical sequences such as [DLA32-

D/LLA8] and [DLA32-LLA8] at the carboxy-terminus (C-terminus) were 

synthesized using an octameric building block having a desired 

stereochemical arrangement. All synthesized MPLAs were purified by 

preparative size-exclusion chromatography (prep-SEC) running on a 

commercially available recycling prep-SEC instrument equipped with large-

capacity columns, which yielded pure MPLAs in a multi-gram quantity. The 

purities of MPLAs and BCPs were verified by 1H and 13C NMR, analytical 

SEC, differential scanning calorimetry (DSC) and matrix-assisted laser 

desorption ionization-time of flight (MALDI-TOF) mass spectrometry 

(Figure 2-2, S1–19). The C-terminus of the MPLA was subsequently 

exposed via Pd-catalyzed hydrogenation for esterification with mono-

methoxy PEG (PEG, Mn = 2 kDa, Ð = 1.04), resulting in a series of 

amphiphilic BCPs ([LAn]-b-PEG), having stereospecific MPLAs as core-

forming crystalline polymer blocks (Table 2-1). We assumed that the 

presence of PEG (Ð = 1.04) as a solvent-soluble block would have a 

minimal influence on the CDSA of the resulting BCP because the driving 

force of CDSA should be the crystallization of the core-forming MPLA 

blocks. Therefore, a small change in the molecular weight ratios between 

PEG and MPLA blocks originating from the molecular weight distributions 

of PEG should have negligible influence on the morphology of 

nanostructures formed by CDSA.  
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Figure 2-2. (a) Gel-permeation chromatography (GPC) analysis of [LAn] (b) 

Combined MALDI-TOF mass spectra of MPLA. (c) GPC analysis of [LAn]-

b-PEG. (d) Combined MALDI-TOF mass spectra of [LAn]-b-PEG. 

 

CDSA of [LAn]-b-PEG. A series of BCPs containing MPLA as a 

crystallizable core-forming block and PEG as a solvent-selective block 

([LAn]-b-PEG) was allowed to form nanostructures by CDSA in EtOH. In a 

typical procedure, [LAn]-b-PEG was molecularly dissolved in EtOH (1 

mg/mL) at 75 °C, followed by a slow cooling and equilibration at 25 °C 

without perturbation for 24 h. The resulting solution was diluted with water 

(0.1 mg/mL) and equilibrated at 25 °C for 4 h. This diluted solution was 

studied by transmission electron microscopy (TEM), AFM, and dynamic 

light scattering (DLS). Due to the low electron density of [LAn]-b-PEG, 

TEM grids were stained with phosphortungstic acid (1% in water).39 

We investigated the morphology of the [DLA32]-b-PEG nanostructures 

formed by CDSA. The TEM images obtained from the diluted solution of 

[DLA32]-b-PEG after CDSA exhibited the formation of 2D diamond-shaped 
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(lozenge) crystallites (Figure 2-3a, S20), which resulted from the 

crystallization of MPLA blocks forming the core of the 2D structure. While 

the previous study showed vesicular structures, cylindrical and spherical 

micelles were formed by the self-assembly of oligoLLA16-b-oligoEG11,17,48, 

the 2D structures formed possibly due to the longer chain length of PLA and 

different self-assembly conditions. 48 We estimated the thickness of BCP 

crystallites on a silicon substrate using height profiles from the AFM images 

of the nanostructures recorded in a contact mode. The height profiles 

obtained from the AFM images of diamond-shaped structures of [DLA32]-b-

PEG showed that the edges of 2D platelets were ~ 10 nm high and the 

central part was ~16 nm high from the silicon substrate (Figure 2-3c,e). The 

MPLA folded at ~ 32 repeating units (~ 9.5 nm) to form a crystalline 

domain in bulk,13,49 which suggested that the edges of 2D diamond-shaped 

structures were composed of a crystalline core consisting of stretched 

[DLA32] blocks without chain folding. The AFM images of the EtOH 

solution of [DLA32]-b-PEG before the dilution with water showed 2D 

diamond crystallites composed of a single layer (Figure S21a,c), suggesting 

that the epitaxial growth of an additional layer on the 3D diamonds (Figure 

2-3) could be promoted by the dilution of the EtOH solution of the BCP 

with water. 
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Table 2-1. Characteristics of [LAn]-b-PEG block copolymers 

Entry BCP 
Mexp

LA 

(Da)a 

Mn
BCP 

(Da)a 

Mn
BCP 

(Da)b 
Ð b 

1 [DLA32]-b-PEG 2550.8 4431.3 7810 1.03 

2 [LLA32]-b-PEG 2550.8 4432.1 7840 1.03 

3 [DLA40]-b-PEG 3126.0 5040.5 8420 1.03 

4 [DLA32-D/LLA8]-b-PEG 3126.0 5038.7 8510 1.02 

5 [DLA32-LLA8]-b-PEG 3126.0 5033.2 8280 1.03 

6 [LLA40]-b-PEG 3126.0 5048.2 8460 1.03 

7 [DLA64]-b-PEG 4855.2 6815.5 12940 1.02 

8 [LLA64]-b-PEG 4855.2 6810.9 12770 1.03 

9 [DLA72]-b-PEG 5434.6 7330.0 13330 1.02 

aIsotopic mass [M+Na]+ of MPLAs including protecting groups (TBDMS 

and Bn) and number average molecular weight (Mn
BCP) determined by 

MALDI-TOF. bNumber average molecular weight (Mn
BCP) and dispersity (Ð) 

determined by GPC using polystyrene (PS) standards. Elution was 

performed with THF at a flow rate of 1 mL/min at 25 °C. 

 

To confirm the folding of MPLA at ~ 32 repeating units in the 

crystalline domain, we fabricated self-assembled BCPs having higher 

molecular weight MPLA block i.e., [DLA64]-b-PEG. Truncated diamond 

crystallites were observed on examining the CDSA results of [DLA64]-b-

PEG obtained using TEM under the same experimental conditions (Figure 

2-3b, S22). Lozenge and truncated-shaped crystals were determined by 

comparing the growth rates along (110) planes and (200) planes.50 When the 
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length of the [DLAn] block increased, the growth rate along (110) decreased, 

which resulted in the truncated crystals. The AFM images of the self-

assembled 2D structures of [DLA64]-b-PEG conformed with the 

morphology of the nanostructures observed using TEM (Figure 2-3d). The 

height profiles of the edges of crystallites confirmed the thicknesses of the 

nanostructures to be 9−10 nm even when the number of repeating units in 

MPLA block were twice as compared with that of [DLA32] (Figure 2-3f). 

This observation confirmed that the MPLA block folded at 32 repeating 

units to form the crystalline domain of the 2D nanostructure in the solution. 

The higher height of central part (~14 nm) was not observed when the AFM 

images were obtained from the EtOH solution of [DLA64]-b-PEG without 

dilution (Figure S21b,d). 
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Figure 2-3. 2D nanostructures obtained from the CDSA of [DLA32n]-b-PEG 

(n = 1, 2). (a,b) TEM images (c–f) AFM images, and height profiles of 

diamond- and truncated diamond crystallites. (a,c,e) [DLA32]-b-PEG. (b,d,f) 

[DLA64]-b-PEG. TEM samples were stained with a 1 wt% solution of 

phosphortungstic acid in water. 

 

Effects of the stereochemical sequence of an MPLA block on 

CDSA. When the number of repeating units of the MPLA block increased 

from 32 to 40, the resulting BCP, [DLA40]-b- PEG self-assembled to leaf-

like crystallites deviating from the lozenge crystallite structure under the 

same CDSA condition (Figure 2-4a,e, S23). Similar leaf-shaped 2D 

nanostructures were also observed from the CDSA of [DLA72]-b-PEG 
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(Figure 2-4b,f, S24). Measured by the height profiles of AFM images, these 

nanostructures possessed a thickness of ~ 10 nm for the edges of crystallites 

(Figure 2-4i,j). These results indicated that the further chain length attached 

to the [DLA32] or [DLA64] did not affect significantly the thicknesses of 

crystallites and the chain folded at  32-repeating unit.13,49 Based on these 

results, we assumed that the presence of additional D-lactic acid units 

participated in the crystallization of [DLA32] blocks and resulted in the 

deviation of the shape of crystallites from lozenge to leaf-like structures. In 

case of [DLA72]-b-PEG, the chain folding of [DLA72] could produce the 

terminal segment composed of eight D-lactic acid units that might interfere 

with the crystallization of 32-repeating unit MPLA segments. This 

interference of the terminal residues could cause shape-irregularity of the 

[DLA72]-b-PEG crystallites.  

To investigate the effects of the additional repeating units on the 

crystallization of MPLA blocks, we inspected the CDSA results of the 

[DLA32-D/LLA8]-b-PEG having an octamer of rac-lactic acid at the C-

terminus and the [DLA32-LLA8]-b-PEG having a repeating sequence 

comprising eight L-lactic acid units at the same position. The octamers of 

D/L-lactic acid or L-lactic acid were introduced because they did not exhibit 

any crystallization in bulk or solution,49 and therefore, likely do not interfere 

in the crystallization of [DLA32] domains. Under identical CDSA conditions, 

[DLA32-D/LLA8]-b-PEG and [DLA32-LLA8]-b-PEG only formed diamond-

shaped 2D structures, which coincided with the lozenge platelets observed 

from the CDSA of [DLA32]-b-PEG (Figure 2-4c,d,g,h, S25,26). The height 

profiles of the AFM images of these structures confirmed that the edges of 

lozenge structures were ~ 10 nm thick, indicating the formation of a 

crystalline domain by the packing of the unfolded [DLA32] (Figure 2-4k,l). 
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This morphological resemblance among the nanostructures of 

[DLA32]-b-PEG, [DLA32-D/LLA8]-b-PEG, and [DLA32-LLA8]-b-PEG led 

to the assumptions that the formation of the crystalline domain of the BCP 

was mainly affected by the long isotactic domain of the core-forming 

[DLA32] block and that the terminal segment with opposite or randomized 

stereochemical sequence located at the C-terminus of MPLA block did not 

participate in the formation of the crystallites. The latter assumption was 

partly supported by the crystallization temperatures (Tc) of a series of BCPs 

having [LA40] blocks of different stereochemical sequences measured using 

DSC. The crystallization temperature (Tc) of [DLA32-xLA8]-b-PEG (x = D, 

L, or D/L) increased proportionally with the number of D-lactic acids 

comprising the backbone (Figure 2-5). When the stereochemical structure of 

eight residues at the C-terminus was altered from the isotactic to the racemic 

arrangement, the Tc of the resulting BCP decreased from 106.5 °C for 

[DLA40]-b-PEG to 96.4 °C for [DLA32-D/LLA8]-b-PEG. When the terminal 

segment was composed of eight L-lactic acid [LLA8] units, the Tc of 

[DLA32-LLA8]-b-PEG was 93.6 °C which was close to the Tc of [DLA32]-b-

PEG (89.8 °C), indicating that the terminal segment with modulated 

stereoregularity did not contribute to the formation of MPLA crystals. 
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Figure 2-4. 2D crystallites with different shapes formed by the CDSA of 

diblock copolymers [DLA32-xLA8]-b-PEG (x = D, L, or D/L) or [DLA72]-b-

PEG. (a–d) TEM images, (e–h) AFM images, and (i–l) height profiles of 

leaf- and diamond-shaped crystallites. (a,e,i) [DLA40]-b-PEG. (b,f,j) 

[DLA72]-b-PEG. (c,g,k) [DLA32-D/LLA8]-b-PEG. (d,h,l) [DLA32-LLA8]-b-

PEG. TEM samples were stained with a 1 wt% solution of phosphortungstic 

acid in water. 
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Figure 2-5. DSC results (second cooling scans, ramp rate = 10 oC min –1, Tc) 

of MPLA-b-PEG prepared by the CDSA of [DLA32-xLA8]-b-PEG (x = D, L, 

or D/L) or [DLA32]-b-PEG. 

 

CDSA of the SCs of a pair of BCPs having complimentarily 

configured MPLA blocks. A pair of isotactic PLAs composed of 

enantiopure lactides forms a stereocomplex (SC) in condensed phase.51–54 

The molecular weight distributions and stereochemical irregularities of 

conventional PLAs could be detrimental to the formation of SCs, which 

requires the complementarity of the two PLA chains in both tacticity and 

molecular weight.55,56 Therefore, an MPLA composed of a discrete number 

of enantiomerically pure repeating units arranged in a predetermined 

sequence could be used as a model system to explore the effects of the 

statistical uncertainty of molecular weight and stereochemical regularity of 

PLA on the formation of an SC. 

The stereocomplexation of a pair of BCPs having complementarily 

configured MPLA blocks i.e., [DLAn]-b-PEG/[LLAn]-b-PEG (1:1 mol/mol), 

was induced during CDSA by allowing them to self-assemble in EtOH (1 

mg/mL, 75oC).  Slow cooling, equilibration and dilution conditions are 
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identical to the CDSA of [LAn]-b-PEG. The TEM and AFM images 

obtained from the CDSA of the pair of [DLA32]-b-PEG/[LLA32]-b-PEG 

exhibited the formation of nanoparticulate crystallites (Figure S27a), which 

resembled the previously reported formation of the nanoparticles of a pair of 

BCPs having polydisperse PLAs as core-forming blocks.35 The absence of 

diamond-shaped structures from the self-assembly of individual BCP 

indicated the preferential formation of the SC under the CDSA condition. 

On inspecting the CDSA of a BCP pair of [DLA40]-b-PEG/[LLA40]-b-PEG 

under the same condition, we observed that the pair of [DLA40]-b-

PEG/[LLA40]-b-PEG self-assembled to elongated leaf-shaped structures that 

were different from the nanostructures observed from the CDSA of 

individual BCPs (Figure S27b). When the molecular weights of the MPLAs 

increased, the BCP pair, [DLA64]-b-PEG/[LLA64]-b-PEG, self-assembled to 

irregular shaped 2D platelets of thickness ~12 nm (Figure S27c). On the 

formation of an SC, MPLA adopted a denser conformation than that of the 

crystalline structure of a single enantiomer owing to the strong interactions 

between the chains with opposite configurations and improved packing.57 

This tight chain conformation increased the interaction between the 

oppositely configured MPLA chains forming the SC. 

CDSA of the SCs of BCPs having a mismatch in the size. While 

assuming that the rapid crystallization of the SC of a BCP pair might be 

responsible for the formation of particulate or irregular nanostructures by 

CDSA, we speculated that the rate of crystallization of the BCP SC could be 

attenuated by introducing a mismatch in the number of repeating units or 

stereochemical sequences of the pair of MPLA blocks. To investigate the 

effects of the mismatch in the number of repeating units of MPLA blocks 

forming the SC during CDSA, we self-assembled a series of the BCP pairs 

experiencing incomplete stereocomplexation in CDSA by pairing [DLAn] 
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with [LLAm] (n > m). We defined the ratios between the number of D-lactic 

acids and L-lactic acids (D/L) as a degree of mismatch of the MPLA pair. 

The self-assembled structures resulting from the CDSA of these BCP pairs 

were studied by TEM and AFM. 

The TEM images obtained from the SC of [DLA40]-b-PEG/[LLA32]-b-

PEG (D/L = 1.25) exhibited the formation of nanoparticles (Figure 2-6a), 

which were analogous to the CDSA results of the SC of [DLA32]-b-

PEG/[LLA32]-b-PEG without the size mismatch. When [DLA64]-b-

PEG/[LLA32]-b-PEG (D/L = 2) were allowed to form the SC under the same 

CDSA condition, the BCP pair self-assembled into vesicle-like 

nanostructures having the average diameter of 760 nm (Ð = 0.197) as 

determined by DLS (Figure 2-6b and S28). The height of collapsed 

structures of [DLA64]-b-PEG/[LLA32]-b-PEG was determined to be 46 nm 

by the AFM analysis (Figure 2-6d,e). The BCP pairs having MPLA blocks 

with a high D/L ratio (> 1.6) self-assembled to form vesicle-like 

nanostuctures via stereocomplexation of MPLA blocks during CDSA 

(Figure S29b,c). Interestingly, the pair of [DLA72]-b-PEG/[LLA64]-b-PEG 

(D/L = 1.12) self-assembled into triangular 2D crystallites with a thickness 

of 10 nm (Figure 2-6c,f,g). The crystallinity of these morphologies was 

confirmed by X-ray diffraction (XRD) results of the nanostructures (Figure 

S30). 



 

43 

 

 

Figure 2-6. Assembled structures with different shapes from mismatched 

SCs. (a–c) TEM images of incomplete SC. (a) Nanoparticles prepared by 

co-self-assembly of [DLA40]-b-PEG/[LLA32]-b-PEG (1:1 mol/mol, D/L = 

1.250). (b) Vesicles formed by co-self-assembly of [DLA64]-b-

PEG/[LLA32]-b-PEG (1:1 mol/mol, D/L = 2.000). (c) Triangular 2D 

structures prepared by co-self-assembly of [DLA72]-b-PEG/[LLA64]-b-PEG 

(1:1 mol/mol, D/L = 1.125). (d,e) AFM image and height profile of vesicles 

formed by co-self-assembly of [DLA64]-b-PEG/[LLA32]-b-PEG (1:1 

mol/mol, D/L = 2.000). (f,g) AFM image and height profile of triangular 2D 

structures by co-self-assembly of [DLA72]-b-PEG/[LLA64]-b-PEG (1:1 

mol/mol, D/L = 1.125). TEM samples were stained with a 1 wt% solution of 

phosphortungstic acid in water. 

 

The growth kinetics of CDSA of the complimentarily configured 

and size mismatched SCs. We surmised that the reason for the structural 

transformation from irregular structures to triangular plates and vesicle-like 

nanostructures was due to the crystallization kinetics of the SC of MPLAs. 

This assumption could be justified by the TEM images captured at different 

times during the stereocomplexation of a BCP pair of [DLAn]-b-
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PEG/[LLAn]-b-PEG (n = 32, 40, 64) (Figure S31–33). After 2 hours, small 

aggregated particles were observed from the co-self-assembly of a pair of 

BCPs having complimentarily configured MPLA blocks (Figure S31–33a). 

Further 2 hours of aging (total 4 hours) was sufficient for the completion of 

crystallization and definitive morphologies were formed (Figure S31–33b). 

Additional aging time had no effect on the shape of complete SCs (Figure 

S31–33c,d). Whereas the TEM images obtained from different time points 

of the stereocomplexation of a BCP pair of [DLAn]-b-PEG/[LLAm]-b-PEG 

(n > m) showed the formation of premature structures until 6 hours of aging 

which is enough for the SCs of a pair of BCPs having complimentarily 

configured MPLA (Figure S34, 35). After 8 hours, the TEM images 

exhibited mixed structures which are composed of premature and regular 

nanostructures (Figure S34d, 35d). Additional 4 hours of aging (total 12 

hours) finalized the crystallization of incomplete SCs and led to the 

transition from premature to regular structures (Figure S34e, 35e). These 

results suggested that the complimentarily configured SCs crystallized at a 

faster rate than that of the size mismatched SCs in solution, resulting in the 

formation of kinetically frozen structures during CDSA.  

CDSA of the SCs of BCPs having a mismatch stereochemical 

sequence of the MPLA blocks. We assumed that the degree of the 

stereocomplexation of a pair of BCPs would decrease if the MPLA blocks 

possessed a mismatch in the stereochemical sequence. Therefore, we 

investigated the effects of the stereochemical mismatch of a pair of MPLA 

blocks on the self-assembly of [DLA32-xLA8]-b-PEG/[LLA40]-b-PEG (x = 

D, L, and D/L). When there was no mismatch in the size and stereochemical 

sequence of the MPLA pairs, the BCP pairs, [DLA40]-b-PEG/[LLA40]-b-

PEG formed 1D irregular structures under the CDSA condition (Figure 

S27a). By contrast, [DLA32-D/LLA8]-b-PEG/[LLA40]-b-PEG self-



 

45 

 

assembled into triangular 2D nanostructures that were analogous to the 

triangular 2D structures of [DLA72]-b-PEG/[LLA64]-b-PEG (Figure 2-7a,c, 

S36a). Under the identical CDSA condition, [DLA32-LLA8]-b-

PEG/[LLA40]-b-PEG self-assembled to form truncated triangular structures 

(Figure 2-7b,d, S36b). The XRD results obtained from these nanostructures 

indicated that the formation of these morphologies is derived from the 

crystallization (Figure S37). The thickness of the 2D triangle of the BCP 

pair was ~ 11 nm, which coincided with the thicknesses of the 2D triangles 

of [DLA72]-b-PEG/[LLA64]-b-PEG (10 nm) (Figure 2-7e–h and S29). This 

comparison strongly suggested that the MPLAs folded to form the SC in a 

similar manner to that of the MPLA in the crystalline core of the 

nanostructure of a single BCP. These results suggested that the 

stereochemical mismatch between MPLA blocks altered the crystallization 

of the SC of the BCP pair in a similar manner to the stereocomplexation of 

the BCP pairs with size mismatch in the MPLA blocks. 
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Figure 2-7. 2D crystallites formed from SCs having stereochemical 

sequence. (a–d) TEM images, (e–h) AFM images, and height profiles of SC 

crystallites. (a,c,e,g) Triangular 2D structures by co-self-assembly of 

[DLA32-D/LLA8]-b-PEG/[LLA40]-b-PEG (1:1 mol/mol).  
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To assess the degree of the stereocomplexation, we measured the 

melting temperatures of the BCP pairs by DSC (Figure 2-8a). Comparing 

the Tm of the SCs of [DLA40]-b-PEG/[LLA40]-b-PEG (207.4 °C, ΔHfus = 

52.5 J/g), the Tm of the SCs of [DLA32-D/LLA8]-b-PEG/[LLA40]-b-PEG 

was 190.4 °C (ΔHfus = 46.1 J/g) and that of the SC of [DLA32-LLA8]-b-

PEG/[LLA40]-b-PEG was 182.0 °C (ΔHfus = 32.6 J/g). Interestingly, the Tm 

of the SC of [DLA32-D/LLA8]-b-PEG/[LLA40]-b-PEG was 8.4 °C higher 

than that of the SC formed with [DLA32-LLA8]-b-PEG, suggesting the 

contribution of four DLA units (in the terminal segment) to the formation of 

the SC. Assuming parallel stacking of MPLA blocks, the enthalpy of fusion 

(ΔHfus) of the SCs increased proportionally with the increase in the number 

of pairs of repeating units with complementary stereochemical arrangements. 

These results also coincided with the FT−IR results of the SC of BCPs 

(Figure 2-8b). The formation of the SC of PLA involved the formation of 

weak hydrogen bonds between the carbonyl group of one chain and the 

methyl hydrogen of the other chain.54,58 The CO stretching band of the SCs 

of [DLA40]-b-PEG/[LLA40]-b-PEG shifted to a shorter wavenumber (1747 

cm –1) than that of the [LLA40]-b-PEG, indicating the formation of SC 

crystallites by the mixture of BCPs.58 Similar to the Tm of the SC of the BCP 

pair, with stereochemical mismatching, the degree of the shift in the CO 

stretching band of the SC was also proportional to the number of 

stereochemical pairs arranged in MPLA blocks forming the SC. 
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Figure 2-8. (a) DSC (second heating scans, ramp rate = 10 °C min−1, Tm) 

and (b) FT-IR results of the SCs prepared by the CDSA of [DLA32-xLA8]-b-

PEG/[LLA40]-b-PEG. 

 

2.4 Conclusion  

In summary, we synthesized stereochemical sequence-defined MPLAs 

using iterative convergent methods. The PLAs with a discrete number of 

repeating units (up to 72) and stereochemical sequence such as [DLA32-

xLA8] (x = D, L, or D/L) at the carboxy terminus were employed to explore 

the structural difference of their crystallites. MPLA-b-PEG BCPs prepared 

by ligating the MPLA with PEG allowed crystallization of MPLA blocks in 

EtOH. Structural differences derived from a discrete number of units, 

stereochemical sequences, and regulated SCs were monitored by TEM, 

AFM, DSC, DLS, and FT-IR analyses. Based on the AFM and DSC 

analyses of [DLAn]-b-PEG and [DLA32-xLA8]-b-PEG, we suggest that 

PLAs folded at 32 repeating units to form the crystalline domain of the 2D 

nanostructure and the additional units having atactic or opposite 

stereochemistry do not participate in crystallization. Depending on the pair 

of BCPs (complementary, mismatch, and sequence), resulting SCs formed 

various nanostructures. A pair of BCPs having complementarily configured 
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MPLA blocks assembled to form irregular nanostructures. The fast 

crystallization kinetics of the SC of MPLAs was the reason for these 

irregular structures. These structures were transformed to triangular and 

vesicular nanostructures by attenuating crystallization with a mismatch in 

repeating units or stereochemical sequences. We believe that these results 

provide a deeper understanding of crystallization of PLAs and suggest that 

these properties of PLA crystallites provide a means to create advanced 

materials for future applications. 
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Chapter 3. Self-Assembly of Stereoblock Copolymers Driven 

by the Chain-Folding of Discrete Poly(D-lactic acid-b-L-lactic 

acid) via Intramolecular Stereocomplexation 

 

3.1 Abstract  

The encoding of information by defining the sequence of monomers is 

a highly anticipated strategy for controlling the three-dimensional structures 

of polymers via information-driven chain-folding and self-assembly. In this 

paper, we report the controlled chain-folding of stereoblock poly(lactic 

acid)s (PLAs) composed of two oligo(lactic acid) domains, [DLAn] and 

[LLAn] constructed using precisely defined numbers of D- and L-lactic 

acids, respectively. Under the crystallization-driven self-assembly (CDSA) 

condition, block copolymers (BCPs) of stereoblock PLA and poly(ethylene 

glycol) formed planar nanostructures having unilamellar crystalline cores of 

stereoblock PLA. [DLAn]-[LLAn] stereoblocks were folded predominantly 

by intramolecular stereocomplexation (SCN) in dilute solutions in which the 

intermolecular interaction between BCPs was suppressed. The thickness of 

the planar nanostructures was precisely defined by the number of repeating 

units constituted of [DLAn] and [LLAn] domains. The convergent synthesis 

of PLA permitted the addition of a single monomer unit between the [DLAn] 

and [LLAn] domains, resulting in the introduction of a desired functional 

group at the apex of the folded chain. Our results demonstrate that 

information encoded in the form of a monomer sequence may shape the 

polymer chain and guide its self-assembly toward specific nanostructures 

having the desired dimensions and functions. 
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3.2 Introduction 

A polypeptide chain encodes information as a sequence of amino acid 

residues.1–3 This information directs the polypeptide chain to construct its 

three-dimensional (3D) structure by programmed chain-folding in solution, 

which is essential for its biological function.4–7 In contrast, the majority of 

synthetic polymers lack sequence-specificity in their constituting monomers 

and, therefore, exhibit undefined 3D shapes. The folding of polymer chains 

is critical to their crystallization.8,9 Stereoregular polymers such as poly(L-

lactic acid) (PLLA) and poly(D-lactic acid) (PDLA) crystallize by the 

regular packing of folded segments of polymer chains. Therefore, the 

interval of intramolecular chain-folding, measured by the number of 

repeating units, determines the thickness of the crystalline lamella formed 

by the packing of folded polymer domains.10,11 For example, PLLA folds 

after every 32 repeating units in solution to form lamellar structures having 

a periodicity of ~9 nm.12–14 This lamellar thickness persists when the degree 

of polymerization of PLLA significantly exceeds the interval of chain-

folding.15 

When stereoregular poly(lactic acid) (PLA) is covalently connected to 

a solvent-soluble coil polymer such as poly(ethylene glycol) (PEG), the 

resulting block copolymers (BCPs) self-assemble in solution to form two-

dimensional (2D) nanostructures having unilamellar PLA cores stabilized by 

coronal chains.16–19 This crystallization-driven self-assembly (CDSA) of 

BCPs can achieve remarkable control over the shape, and surface chemistry 

of the resulting low-dimensional nanostructures by the controlled 

crystallization of various core-forming blocks.20–28 Recently, a seeded 

growth method, termed living CDSA, has been utilized to obtain precisely 

controlled dimensions.29–38 However, the thickness of the nanostructures, 

primarily decided by the number of repeating units required for the chain-
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folding of the core-forming polymer blocks, remains uncontrollable because 

of the persistence of the chain-folding interval of the core-forming blocks in 

solution regardless of the number of repeating units of PLA blocks.  

 

 

Figure 3-1. Schematic representation of the intermolecular and 

intramolecular stereocomplexation of [DLAn]-[LLAn]-b-PEG. 

 

Exploiting the encoding of information in synthetic polymers to define 

its sequence has been highly anticipated as a bio-inspired strategy for 

defining the 3D shape of synthetic polymers by sequence-specific 

intramolecular/intermolecular interactions and chain-folding.39–41 We 

envisaged that the enthalpically favored stereocomplexation (SCN) of PLLA 

and PLDA in solution42–44 would induce chain-folding with a precisely 

chosen interval if a PLA chain was composed of two discrete PLA domains 

having stereochemical complementarity, which are termed stereoblocks in 

this work (Figure 3-1).45–47 Achieving exact control over the number of D- or 

L-lactic acids and their sequence in stereoblock PLAs may provide an 
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opportunity to explore the information-directed formation of conformations 

and assemblies, which might realize synthetic superstructures having 

specific desired functions similar to those exhibited by their natural 

counterparts.  

In this article, we report the controlled chain-folding of stereoblock 

PLAs composed of two oligo(lactic acid) (oLA) domains, [DLAn] and 

[LLAn], constructed using precisely defined numbers of D- and L-lactic acids, 

respectively. To identify the chain-folding, we analyzed the crystallites of 

BCPs composed of stereoblock PLAs and PEG created by CDSA. The 

CDSA of these BCPs, [DLAn]-[LLAn]-b-PEG, resulted in the formation of 

platelets having crystalline cores composed of the folded stereoblock PLAs 

via intramolecular SCN of [DLAn] and [LLAn] in solution. The 

intramolecular SCN predominantly occurred upon the suppression of 

intermolecular SCN of stereoblock PLAs by decreasing the concentration or 

increasing the solubility of BCPs in solution. The thickness of the folded 

crystalline core of 2D nanostructures was proportional to the number of 

repeating units of the domains forming stereocomplexes (SCs). The 

convergent synthesis of stereoblock PLAs permitted the addition of a single 

monomer unit between the [DLAn] and [LLAn] domains, which could be 

utilized to precisely introduce a desired functional group at the apex of the 

folded PLA block.12
 

 

3.3 Results and Discussion 

CDSA of a BCP containing [DLA16]-[LLA16]. Stereopure oLAs, 

[DLAn] and [LLAn], were synthesized by convergent synthesis using the 

dimers of D-lactic acid or L-lactic acid having t-butyldimetylsilyl (TBDMS) 

and benzyl (Bn) protective groups as the building blocks. The as-

synthesized [DLA16] and [LLA16] were orthogonally deprotected and 
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coupled by esterification with 1-(3-Dimethylaminopropyl)-3-

ethylcarbodiimide hydrochloride (EDC∙HCl) to form stereoblock PLAs, 

which were coupled with monomethoxy poly(ethylene glycol) (PEG, Mn = 

2000 g/mol, Ð = 1.03) by esterification (Supporting Information page 5). 

[DLA24] and [LLA24] formed stereocomplexes in common organic solvents, 

which resulted in precipitation. Therefore, [LLA24] was initially coupled 

with PEG to enhance its solubility during esterification with [DLA24] to 

afford the desired BCP. (Scheme 3-1). The as-synthesized BCPs, [DLAn]-

[LLAn]-b-PEG (n = 16, 24), were characterized by proton nuclear magnetic 

resonance (1H NMR), gel permeation chromatography (GPC), circular 

dichroism (CD), and matrix-assisted laser desorption/ionization-time of 

flight (MALDI-TOF) mass spectrometry (Figure 3-2, S1,2 and Table S1). 

 

Scheme 3-1. Iterative convergent syntheses of stereopure discrete 

oligo(lactic acid)s and [DLA24]-[LLA24]-b-PEG. 
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Figure 3-2. (a) Combined MALDI-TOF spectra of monodisperse PLA. (b) 

Combined MALDI-TOF spectra of [LLA16]-b-PEG and [DLAn]-[LLAn]-b-

PEG. (c) GPC analysis of [LLA16]-b-PEG and [DLAn]-[LLAn]-b-PEG. (d) 

CD spectra of [DLA16], [LLA16], and [DLAn]-[LLAn]-b-PEG. 

 

Initially, we investigated the CDSA of [DLA16]-[LLA16]-b-PEG in 

ethanol, conducted by dissolving the BCP in ethanol at 75 °C for 8 h, 

followed by cooling the reaction mixture to 25 °C at a rate of 

0.2 °C/min.14,17 The solution was equilibrated at 25 °C for 16 h and diluted 

with water, followed by 4 h of aging prior to analysis. Transmission electron 

microscopy (TEM) and atomic force microscopy (AFM) analyses of the 

CDSA result showed that at a concentration of 1 mg/mL in ethanol (0.226 

μmol), [DLA16]-[LLA16]-b-PEG self-assembled into truncated triangular 

structures having protruding hairy peripheries (Figure 3-3a,c and S3). The 

truncated triangular morphology was clearly distinguishable from the 

commonly observed 2D diamond-shaped structures obtained under identical 

self-assembly conditions from the CDSA of [DLA32]-b-PEG or [DLA64]-b-

PEG having stereopure PLA blocks.14 The thickness of these structures, 

estimated from the atomic force microscopy (AFM) height profiles, was 9.0 

± 0.8 nm (Figure 3-3e), which was identical to the thickness of 2D 

structures of [DLA32]-b-PEG or [DLA64]-b-PEG having crystalline cores 

composed of stretched 32-repeating unit segments (0.29 nm height/repeating 

unit).13,14,48 This result indicated that the cores of the truncated triangles of 
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[DLA16]-[LLA16]-b-PEG were composed of the crystallites of the 

intermolecular SCs of completely stretched [DLA16]-[LLA16]. 

Interestingly, the AFM height profiles of the hairy peripheries of the 

self-assembled structures of [DLA16]-[LLA16]-b-PEG indicated that the 

structures were ~ 4 nm thick (Figure 3-3e). This observation suggests that 

the hairy structures may have resulted from the crystallization of folded 

stereoblock PLAs via intramolecular SCN between [DLA16] and [LLA16] 

during the CDSA. We hypothesized that the intermolecular SCN of 

[DLA16]-[LLA16]-b-PEG could be suppressed by sufficiently reducing the 

concentration of the BCP in solution, which would promote the 

intramolecular SCN of [DLA16] and [LLA16] stereoblocks. 
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Figure 3-3. 2D nanostructures obtained from the CDSA of [DLA16]-

[LLA16]-b-PEG (ethanol, 75°C, slow cooling, 16 h aging, dilution with 

water). (a, b) TEM images, (c–f) AFM images, and height profiles of ill-

defined nanostructures. (a, c, e) 1 mg/mL, (b, d, f) 0.01 mg/mL. TEM 

samples were stained using a 1 wt% solution of phosphotungstic acid in 

water. 

 

The rate of the crystallization of the core-forming blocks in solution 

may significantly influence the shape of the crystallite formed by the CDSA 

of BCPs having stereoregular PLA blocks.14 We estimated the rate of 

crystallization of BCPs by measuring the change in the size of the 
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crystallites formed during the course of CDSA in a given solvent by 

dynamic light scattering (DLS) and TEM. We compared the rates of 

crystallization of [DLA16]-[LLA16]-b-PEG at the concentrations 1 mg/mL 

and 0.01 mg/mL in ethanol and 1 mg/mL in acetonitrile (Figure 3-4 and S4–

6). The CDSA of [DLA16]-[LLA16]-b-PEG at the concentration of 1 mg/mL 

in ethanol exhibited a steady increase in the average diameter of crystallites 

for 6 h, whereafter the diameter remained constant. When the concentration 

of the BCP was reduced to 0.01 mg/mL, the average diameter increased 

continuously at a slower rate than that of the CDSA of [DLA16]-[LLA16]-b-

PEG. Similarly, the diameters of the nanostructures formed by CDSA in 

acetonitrile attained their maximum values in 10 h and remained constant 

thereafter, which suggested that the crystallization of stereoblock PLAs was 

retarded by the change in solvent. 

 

 

Figure 3-4. Plot of the relative size of the nanostructures of [DLA16]-

[LLA16]-b-PEG in solution (filled square: concentration 1 mg/mL in ethanol, 

filled circle: 0.01 mg/mL in ethanol, and open triangle: 1 mg/mL acetonitrile) 

versus time. The relative size was determined by DLS. The sameple solution 

was slowly cooled from 75 °C to room temperature during the measurement. 
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The sizes after 12 h of aging: 390.5 nm (1 mg/mL in ethanol), 437.8 nm 

(0.01 mg/mL in ethanol), 183.7 nm (1 mg/mL in acetonitrile). 

 

Therefore, we investigated the CDSA of [DLA16]-[LLA16]-b-PEG in 

acetonitrile to exploit the slower rate of crystallization of PLA blocks than 

that in ethanol. Upon examining the results of CDSA of [DLA16]-[LLA16]-b-

PEG at the concentration of 1 mg/mL in acetonitrile, we discovered well-

defined 2D triangular structures by AFM (Figure 3-5a). Analyzing the 

height profiles of the AFM images showed that the thickness of the triangles 

was 4.5 ± 0.4 nm (Figure 3-5c), indicating that chain-folding occurred at 16 

repeating units via intramolecular SCN of [DLA16]-[LLA16] blocks. When 

the concentration of the BCP was increased to 2.5 mg/mL in acetonitrile, the 

CDSA resulted in the formation of platelets having an average thickness of 

9 ± 0.6 nm (Figure 3-5b,d), which indicated the intermolecular SCN of 

completely stretched [DLA16]-[LLA16] blocks. These results strongly 

suggested that the attenuation of intermolecular interactions in the BCP is 

critical for ensuring that the chain-folding of [DLA16]-[LLA16] blocks 

occurs predominantly via intramolecular SC formation. 

The presence of folded [DLA16]-[LLA16] in the triangular crystallites 

was supported by the results of CDSA performed using an equimolar 

mixture of stereopure [DLA16] and [LLA16]-b-PEG in acetonitrile (1 mg of 

the blend/mL). The CDSA of this blend resulted in the formation of 

irregularly shaped platelets having thicknesses of 4.5 ± 0.5 nm as measured 

by AFM (Figure S7). This result confirmed that the reduced thickness 

exhibited by the platelets of [DLA16]-[LLA16]-b-PEG self-assembled in a 

dilute solution was a result of the crystallization of folded stereoblock PLAs 

due to the intramolecular SCN of [DLA16] and [LLA16] domains.  
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The XRD patterns of the triangles of [DLA16]-[LLA16]-b-PEG formed 

in acetonitrile indicated the presence of SCs of [DLA16]-[LLA16] in the 

triangular crystallites (Figure 3-5e). The SCN of stereoblock PLAs during 

the CDSA of the BCP was also suggested by the value of the Tm of the self-

assembled structures of [DLA16]-[LLA16]-b-PEG in acetonitrile, which was 

significantly higher in comparison to that of BCPs having a stereopure 

[LLA32] block (Figure 3-5f).  

 

 

Figure 3-5. 2D nanostructures obtained from the CDSA of [DLA16]-

[LLA16]-b-PEG (Acetonitrile, 75 °C, slow cooling, 16 h aging, dilution with 

water). (a–d) AFM images, and height profiles of defined nanostructures. (a, 
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c) 1 mg/mL, (b, d) 2.5 mg/mL. (e) XRD patterns of the crystallite obtained 

from [LLA32]-b-PEG and [DLA16]-[LLA16]-b-PEG in acetonitrile solution. 

(f) Differential scanning calorimetry (DSC) thermograms (second heating 

scans, ramp rate = 10 ºC min –1, Tm) of the nanostructures prepared by the 

CDSA of [LLA32]-b-PEG and [DLA16]-[LLA16]-b-PEG. 

 

The DSC thermograms recorded for the collected triangles of 

[DLA16]-[LLA16]-b-PEG exhibited a Tm of 129.7 ºC (ΔHfus = 35.9 J/g) 

during the first heating scan, which shifted to 131.7 ºC (ΔHfus = 23.3 J/g) 

during the second heating scan and remained unchanged during the third 

heating scan (Figure S8a). In contrast, the Tms of the first and second 

heating scans of the SC of [DLA16] and [LLA16]-b-PEG were nearly 

identical at 137.5 ºC (ΔHfus = 42.6 J/g) (Figure S8b).  

CDSA of a BCP containing [DLA24]-[LLA24]. The formation of 

unilamellar structures of folded stereoblock PLA in CDSA may precisely 

control the thickness of the crystallites by changing the number of repeating 

units in the [DLAn] and [LLAn] domains. Therefore, the effect of the 

number of repeating units of the stereoblocks on their SCN was investigated 

by analyzing the CDSA results of [DLA24]-[LLA24]-b-PEG. Following 

CDSA in acetonitrile (1 mg/mL, 0.180 μmol), we only observed small 

nanoparticles of [DLA24]-[LLA24]-b-PEG in TEM and AFM analyses 

(Figure S9), which was reminiscent of the particulates formed by the CDSA 

of a blend of [DLA32]-b-PEG and [LLA32]-b-PEG driven by the 

intermolecular SCN between stereopure PLA blocks.14 The change in the 

mean diameter during the CDSA of [DLA24]-[LLA24])-b-PEG in acetonitrile 

(1 mg/mL) demonstrated that the size of crystallites rapidly increased and 

plateaued in 4 h, indicating more rapid intermolecular crystallization than 

that of [DLA16]-[LLA16]-b-PEG under identical condition (Figure S10). To 
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retard the rapid crystallization of the BCP, we performed the CDSA of 

[DLA24]-[LLA24]-b-PEG in an acetonitrile/chloroform mixture (9:1 v/v), 

utilizing the high affinity of chloroform toward PLA blocks. In the presence 

of chloroform as a solubilizing agent for PLA blocks, the DLS analysis of 

the average diameter of self-assembled structures indicated the retarded 

crystallization of BCPs (Figure S10). The TEM and AFM analyses of the 

BCP solution after CDSA showed necklace-like structures composed of 

linearly aggregated particulate crystallites (Figure S9). Further increase of 

the chloroform content in the solvent mixture (20% v/v) did not result in the 

formation of aggregates of [DLA24]-[LLA24]-b-PEG following CDSA. 

 

 

Figure 3-6. 2D nanostructures obtained from the CDSA of [DLA24]-

[LLA24]-b-PEG (IPA/THF 9:1 or 3:1 vol %, 75°C, slow cooling, 24 h aging, 

dilution with water). (a–c) AFM images, (d–f) height profiles of 

nanostructures. (a, d) 1 mg/mL (IPA/THF 9:1 vol %), (b, e) 0.01 mg/mL 

(IPA/THF 9:1 vol %), (c, f) 1 mg/mL (IPA/THF 3:1 vol %). 
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We changed the solvent for the CDSA of [DLA24]-[LLA24]-b-PEG 

from acetonitrile to isopropyl alcohol (IPA) with tetrahydrofuran (THF) as a 

cosolvent, which further suppresses the intermolecular aggregation of the 

BCP during the CDSA (Figure S11). The CDSA of the BCP at 1 mg/mL in 

an IPA/THF mixture (9:1 vol%) resulted in the formation of ill-defined 

shaped crystallites (Figure S12). The average thickness of these crystallites 

was determined by AFM analysis to be 13 ± 0.5 nm (Figure 3-6a, d), which 

coincided with the length of stretched PLA having 48 repeating units. This 

result indicated that the formation of crystallites by CDSA in IPA and THF 

was driven by the regular packing of the stretched [DLA24]-[LLA24] blocks 

by their intermolecular SCN. Using an identical solvent mixture, reducing 

the concentration of BCP to 0.01 mg/mL resulted in the formation of needle-

shaped crystallites of [DLA24]-[LLA24]-b-PEG by CDSA (Figure 3-6b). The 

AFM height profiles of these structures revealed their thickness to be 5.9 ± 

0.4 nm, indicating the crystallization of folded [DLA24]-[LLA24] blocks 

(Figure 3-6e). An identical thickness was exhibited by the crystallites 

formed by the CDSA of the same BCP in a mixture of IPA and THF (3:1 v/v) 

(Figure 3-6c,f). These results proved that the thickness of the unilamellar 

crystallite of folded stereoblock PLAs is directly proportional to the number 

of repeating units of [DLAn] and [LLAn] domains, which could be 

unambiguously defined by the synthesis of stereoblock PLA. The DSC 

thermograms of the nanostructures prepared by the CDSA of [DLA24]-

[LLA24]-b-PEG (1 mg/mL in IPA/THF 3:1 vol %) showed a Tm of 164.7 ºC 

(ΔHfus = 42.0 J/g) during the first heating scan, which shifted to 165.5 ºC 

(ΔHfus = 25.9 J/g) during the second heating scan (Figure S13). This 

tendency in which Tm obtained from first heating scan is lower than second 

heating scan is also observed from the triangular crystallites of [DLA16]-

[LLA16]-b-PEG (Figure S8a). The XRD patterns of the crystallites 

demonstrated the SCN of [DLA24]-[LLA24] (Figure S14). 
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Apex-labeling of folded stereoblock PLAs. To confirm that the 

intramolecular SCN of [DLA16]-[LLA16] is a prerequisite for the formation 

of thin (4.5 ± 0.3 nm) crystallites in dilute solutions, we synthesized model 

stereoblock PLAs by incorporating a single rac-vinyllactic acid (racVLA) 

unit between the [DLA16] and [LLA16] domains (Figure 3-7a).49,50 The 

successful synthesis of [DLA16]-racVLA-[LLA16]-b-PEG was confirmed by 

MALDI-TOF mass analysis and 1H NMR (Figure 3-8 and S15–18). 

For labelling using fluorescent dyes, we converted the vinyl group of 

[DLA16]-racVLA-[LLA16]-b-PEG to an amino group by reacting the BCP 

with cysteamine by the thiol-ene click reaction in the presence of 2,2-

dimethoxy-2-phenylacetophenone.34 The complete conversion of the vinyl 

group of the BCP [DLA16]-racVLANH2-[LLA16]-b-PEG was confirmed by 

the MALDI-TOF analysis showing the increase of the mass peaks of the 

parent BCPs by 77 Da, which corresponds to the mass of cysteamine 

(Figure 3-8b). 

We expected that the presence of racVLANH2 unit in the middle (17th 

monomer) of the stereoblock PLA would prevent the intermolecular SCN of 

[DLA16]-racVLANH2-[LLA16] during the CDSA of the BCP. We 

hypothesized that this forced intramolecular SCN of [DLA16]-racVLANH2-

[LLA16] would expose an amine by placing the racVLANH2 unit at the apex 

of the folded PLA (Figure 3-7b). The CDSA of [DLA16]-racVLANH2-

[LLA16]-b-PEG in ethanol (1 mg/mL, 0.217 μmol) resulted in the formation 

of 2D crystallites of folded [DLA16]-racVLANH2-[LLA16] (4.1 ± 0.3) (Figure 

3-9a–c). In comparison to the formation of the crystallites of completely 

stretched stereoblock PLAs from the CDSA of [DLA16]-[LLA16]-b-PEG in 1 

mg/mL ethanol solution (Figure 3-3a,c,e), this result indicates that the 

additional racVLANH2 unit causes steric repulsion between stereoblock 
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PLAs, resulting in the exclusive intramolecular SCN between [DLA16] and 

[LLA16] domains.  

The exclusive formation of the crystallites of folded [DLA16]-

racVLANH2-[LLA16] during CDSA suggested that the racVLANH2 unit 

placed between [DLA16] and [LLA16] domains may be located at the apex of 

the folded PLA block in order to maximize the interaction caused by the 

intramolecular SCN between stereoblocks having identical numbers of 

enantiomeric repeating units. Upon the crystallization of the aforementioned 

folded PLA block, racVLANH2 units should be placed on the surface of the 

crystallites formed by CDSA of the BCP. 

 

 

Figure 3-7. (a) Synthesis of [DLA16]-racVLANH2-[LLA16]-b-PEG. (b) 

Schematic representation of the intramolecular stereocomplexation and 

apex-labeling of [DLA16]-racVLANH2-[LLA16]-b-PEG. 
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Figure 3-8. (a) MALDI-TOF spectra of [DLA16]-racVLA-allyl (blue) and 

[DLA16]-racVLA (black). (b) Combined MALDI-TOF spectra of [DLA16]-

[LLA16]-b-PEG (black), [DLA16]-racVLA-[LLA16]-b-PEG (red), and 

[DLA16]-racVLANH2-[LLA16]-b-PEG (blue). Mass of VLA–H2O: 98.10 Da, 

cysteamine: 77.15 Da. 

 

The crystallites of [DLA16]-racVLANH2-[LLA16]-b-PEG were labeled 

using fluorescent dyes by selectively reacting the amino groups of the 

crystallites of the BCP with fluorescein isothiocyanate (5 eq.).34 Following 

the removal of unreacted labeling reagents by dialysis, the resulting solution 

was examined by confocal laser scanning microscopy (CLSM). We 

observed that the crystallites were fluorescently labeled, which indicated 

that the amino groups of the racVLANH2 units were located at the apexes of 

the folded stereoblock PLAs, and, consequently, were exposed to the 

surfaces of the crystallites (Figure 3-9d). 
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Figure 3-9. 2D nanostructures obtained from the CDSA of (a–c) [DLA16]-

racVLANH2-[LLA16]-b-PEG and (d) [DLA16]-racVLAF-[LLA16]-b-PEG (1 

mg/mL in ethanol, 75 °C, slow cooling, 16 h aging, dilution with water). (a) 

TEM image, (b,c) AFM images and height profiles, (d) CLSM image of the 

nanostructures. 

 

3.4 Conclusion 

In this work, we demonstrated the controlled chain-folding of 

stereoblock PLAs composed of two oLA domains, [DLAn] and [LLAn], 

built using precisely defined numbers of D- and L-lactic acids. The discrete 

stereoblock PLAs were synthesized in a molecular weight- and sequence-

defined manner by the convergent synthetic approach. The resulting 

stereoblock PLAs were conjugated with PEG to form BCPs that self-

assembled into unilamellar crystallites in solution, driven by the 

crystallization of stereoblock PLAs. We discovered that the intramolecular 

stereocomplexation between [DLAn] and [LLAn] resulted in the controlled 

folding of the stereoblock PLAs. The intramolecular SCN predominantly 
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occurred upon the suppression of intermolecular SCN of stereoblock PLAs 

by decreasing the concentration of BCPs or increasing the solubility of 

BCPs in solution. The thickness of the folded crystalline core of 2D 

nanostructures was proportional to the number of repeating units of the 

domains forming the stereocomplexes (SCs). The convergent synthesis of 

stereoblock PLAs permitted the addition of a single monomer unit between 

the [DLAn] and [LLAn] domains, which could be utilized to precisely 

introduce a specific desired functional group at the apex of the folded PLA 

block. Our results demonstrate that the encoding of information in the form 

of a monomer sequence can shape the polymer chain and guide its self-

assembly toward nanostructures having the desired dimensions and 

functions. 
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Chapter 4. Micro-Sized Triangular Structures by Stacking of 

Stereocomplex 

 

4.1 Abstract  

Discrete polymers Herein, we fabricate mismatched stereoblock 

copolymer composed of two oligo(lactic acid) domains, [DLAn] and [LLAm] 

(n > m), by using an exact numbers of D- and L-lactic acids, respectively. 

Interestingly, stereoblock copolymer having a mismatch in lactic acid units 

formed micro-sized triangular structures. This is probably due to the 

stacking of stereocomplex which is induced by extra D-lactic acids 

constituting mismatched streoblock copolymers. The effect of the extra D-

lactic acid unis in mismatched stereoblock copolymers were investigated by 

decreasing the extra units. Depending on the degree of extra units, size and 

thickness of assembled structures were changed. We believe that these 

results will help prepare materials of various sizes. 

 

4.2 Introduction  

Complete control over the number of monomers to form a discrete 

macromolecule is an important challenge in polymer chemistry.1–4 Such 

macromolecules have precisely defined structures and can perform the 

functions of proteins and nucleic acids. They can also overcome the intrinsic 

uncertainty arising from the statistical distribution of the chemical structures 

of synthetic polymers. In addition, the study of discrete polymers having an 

exact number of monomers could revolutionize our understanding of how 

macromolecules behave, function, and interact in the environments required 

for new applications.5–9 Due to the statistical nature of polymerization, the 

synthesis of discrete polymers mainly involves repetitive addition of 

individual monomers.10–14 Recently, exponential growth has been witnessed 
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in the synthesis of linear polymers by iterative convergence of orthogonally 

protected repeating units.15–20 In addition, many studies have investigated 

the synthesis of discrete polymers by protection or chromatography-free 

convergence.21–23 

Crystallization-driven self-assembly (CDSA) of crystalline block 

copolymers has aroused great interest as the method to precisely control 

shape and dimension of materials.24–26 The impact of crystallinity in discrete 

block copolymers was investigated by the CDSA of block copolymers with 

monodisperse crystalline core-forming block.27–29 Self-assembly of discrete 

block copolymers showed uniform nanostructures, however such uniformity 

of assembled structures decreased when disperse block was used for self-

assembly.  

Recently, we have demonstrated that the shape and thickness of 2D 

structures could be controlled by the stereocomplexation between 

enantiomeric discrete poly(lactic acid)s (PLA).30,31 Interestingly, co-self-

assembly of complementarily configured discrete PLAs having a mismatch 

in the size formed uniform nanostructures by attenuating the crystallization 

kinetics.30 Herein, we report the CDSA of mismatched stereoblock 

copolymers composed of discrete oligo(lactic acid)s, [DLAn] and [LLAm] (n 

> m). To examine the effect of extra DLAs on the self-assembled structures, 

we synthesized a series of mismatched stereoblock copolymers by iterative 

convergent method and analyzed the crystallite resulted from the CDSA of 

[DLAn]-[LLAm]-b-PEG. The mismatching in stereoblock leads to the 

uniform and micro-sized triangular structures. Extra DLAs inducing 

stacking of stereocomplex resulted in the formation of micro-sized 

structures. We suggested two crystal models on the basis of observed 

structures and x-ray diffraction (XRD) patterns. 
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Scheme 4-1. Iterative Convergent Syntheses of Stereopure Discrete 

Oligo(lactic acid)s and mismatched stereoblock copolymers. 

 

 

4.3 Results and Discussion 

CDSA of Mismatched Stereoblock Copolymer Containing [DLAn]-

[LLAm] (n>m). Discrete isotactic oligo(L-lactic acid) (oLLA) and oligo(D-

lactic acid) (oDLA) comprising up to 32 repeating units were synthesized by 

the iterative convergent pathway.15,16 [LLA16] was initially conjugated with 

polyethylene glycol (PEG) (Mn = 2,000 g mol–1, Ð = 1.04) to improve the 

yield of stereoblock copolymers (Scheme 4-1). The as-synthesized [LLA16]-

b-PEG was deprotected and coupled with [DLAn] to synthesize mismatched 

stereoblock copolymers. The mismatched stereoblock copolymers were 

characterized by circular dichroism (CD), and matrix-assisted laser 

desorption/ionization-time-of-flight (MALDI-TOF) mass spectrometry 

(Figure 4-1). 
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Figure 4-1. (a) Combined MALDI-TOF spectra of [DLAn]-[LLAm]-b-PEG. 

(b) CD spectra of [D/LLA32], and [DLA32]-[LLA16]-b-PEG. 

 

Firstly, the assembled structures obtained by the CDSA of [DLA32]-

[LLA16]-b-PEG (ethanol, 75 °C for 8 h, cooling to 25 °C at a rate of 

0.2 °C/min, aging for 12h) were investigated by transmission electron 

microscopy (TEM) and scanning electron microscopy (SEM). The TEM and 

SEM images obtained from the ethanol solution of [DLA32]-[LLA16]-b-PEG 

after CDSA showed the formation of micro-sized triangular structures 

(Figure 4-2a,b). While the previous study reported that triangular 

nanostructures were formed by the co-self-assembly of [DLA72]-b-

PEG/[LLA64]-b-PEG (1:1 mol/mol) or intramolecular stereocomplexation of 

[DLA16]-[LLA16]-b-PEG, the formation of micro-sized structures is possibly 

due to the extra D-lactic acid units. The micro-sized structures of [DLA32]-

[LLA16]-b-PEG were analyzed by atomic force microscopy (AFM) by 

placing the crystallites on silicon oxide wafer substrate. The AFM images of 

the self-assembled structures of [DLA32]-[LLA16]-b-PEG conform with the 

morphology observed by TEM and SEM (Figure 4-2c). We estimated the 

thickness of stereoblock copolymer crystallites on a silicon substrate using 

height profiles of the AFM images of the micro-sized structures recorded in 

a contact mode (Figure 4-2d). The thickness of the micro-sized structure 

was ~500 nm high from the silicon substrate.  
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Figure 4-2. Micro-sized triangular structures obtained from the CDSA of 

[DLA32]-[LLA16]-b-PEG (ethanol, 75 oC, slow cooling, 12 h aging). (a) 

TEM image, (b) SEM image, (c,d) AFM image and height profile of micro-

sized structure.  

 

The XRD pattern of the micro-sized triangular structures showed the 

stereocomplexation of [DLA32]-[LLA16]-b-PEG (Figure 4-3). Interestingly, 

not only stereocomplex peaks (12.0o, 20.8o, 24.1o), but a peak representing 

the diffraction of extra DLA (110)/(200) planes was observed at 16.8o.32,33 

This result means that the crystallization of extra DLAs contributed to the 

micro-sized triangular structures. 
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Figure 4-3. XRD patterns of the crystallite obtained from [DLA32]-b-PEG 

and [DLA32]-[LLA16]-b-PEG in ethanol solution. 

 

To investigate the effect of the degree of extra units on the CDSA, we 

decreased the number of D-lactic acids in mismatched stereoblock 

copolymers from 32 to 24 units and analyzed the CDSA results of [DLA24]-

[LLA16]-b-PEG. The TEM images obtained from the CDSA of [DLA24]-

[LLA16]-b-PEG also showed micro-sized triangular structures but decrease 

in size and thickness (Figure 4-4). This result suggested that the reduced 

number of D-lactic acids in mismatched stereoblock copolymers decrease 

stacking of stereocomplex.  
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Figure 4-4. Micro-sized triangular structures obtained from the CDSA of 

[DLA24]-[LLA16]-b-PEG (ethanol, 75 oC, slow cooling, 12 h aging). (a,b) 

TEM images of micro-sized structure. 

 

The XRD pattern obtained from the CDSA of [DLA24]-[LLA16]-b-

PEG indicated the formation of stereocomplex (Figure 4-5a). But the peak 

at 16.8 oC representing the diffraction of extra DLA (110)/(200) planes 

almost disappeared. This difference in crystal structures might lead to the 

decrease of stacking of stereocomplex. Stereocomplexation was also 

confirmed by the differential scanning calorimetry (DSC) measurement of 

the melting temperature (Tm) of [DLA24]-[LLA16]-b-PEG. The ethanol 

solution of stereoblock copolymers after CDSA was dried and used for DSC 

analysis. The second heating scan of mismatched stereoblock copolymers by 

DSC showed a Tm of 140.2 °C, which was slightly higher than [DLA32] 

homopolymer (Tm = 135.3 °C) (Figure 4-5b). Such an increase in the Tm of 

mismatched stereoblock copolymers indicates the formation of 

stereocomplex in solution. Comparing it with stereoblock copolymers 

having DLA16 and LLA16,
31 the increase of Tm of [DLA24]-[LLA16]-b-PEG 

(4.9 oC) was much less than that of [DLA16]-[LLA16]-b-PEG (13.1 oC). This 

result means that the degree of stereocomplexation was diminished by the 

mismatched lactic acid units. 
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Figure 4-5. (a) XRD pattern of the crystallite obtained from [DLA24]-

[LLA16]-b-PEG in ethanol solution. (b) DSC thermograms of the self-

assembled structures prepared by the CDSA of [DLA40]-b-PEG and 

[DLA24]-[LLA16]-b-PEG. 

 

Crystal models of Mismatched Stereoblock Copolymers [DLA32]-

[LLA16]-b-PEG. Based on these micro-sized structures and the XRD results, 

a schematic representation of crystal models is suggested (Figure 4-6). After 

the formation of intermolecular stereocomplex, homo-crystallization of 

extra DLAs in mismatched stereoblock copolymers could induce stacking of 

stereocomplex (Figure 4-6a). Considering the noticeable diffraction of extra 

DLAs obtained from XRD analysis, crystal layers of extra DLAs in the 

middle of stereocomplex are resonable. Micro-sized structures could also be 

triggered by stereocomplexation of extra DLAs (Figure 4-6b). Following the 

stereocomplexation between the mismatched stereoblocks, extra DLAs 

which did not participate in stereocomplexation formed additional 

stereocomplex with another mismatched stereoblock. 
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Figure 4-6. Schematic representation of the crystal models for [DLA32]-

[LLA16]-b-PEG. Stacking of stereocomplex is induced by (a) homo 

crystallization or (b) stereocomplexation of extra DLA units.  

 

4.4 Conclusion  

In summary, we synthesized mismatched stereoblock copolymers with 

[DLAn], [LLAm] (n > m), and PEG. Self-assembly of [DLA32]-[LLA16]-b-

PEG copolymers formed micro-sized triangular structures with a thickness 

of several hundred nanometers by stacking of stereocomplex. The 

contribution of extra DLAs in mismatched stereoblock copolymers to 

micro-sized structures was identified using XRD analysis. The diffraction of 

extra DLA (110)/(200) planes was observed along with the stereocomplex. 

CDSA of [DLA24]-[LLA16]-b-PEG showed that the size and thickness of 

microstructures were reduced. Decreasing the number of extra DLAs in 

mismatched stereoblock copolymers reduced the degree of stacking. We 

suggested two crystal models of mismatched stereoblock copolymers based 
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on the observed structures and the XRD results. We believe that our results 

provide a means to prepare materials of various sizes. 
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Experimental Section 

 

Chapter 2. Crystallization-Driven Self-Assembly of Block 

Copolymers having Monodisperse Poly(lactic acid)s with 

Defined Stereochemical Sequences 

 

General Procedure of Deprotection of the benzyl group by 

hydrogenation 

 

In an oven-dried Schlenk flask, discrete poly(D or L-lactic acid) protected 

with tert-butyldimethylsilyl (TBDMS) and benzyl groups (1 eq.) was 

dissolved in ethyl acetate under nitrogen. Palladium on activated charcoal 

(10% Pd/C, 10 wt%) was added to the solution, and the suspension was 

purged with nitrogen for 15 min. The nitrogen atmosphere was then changed 

with hydrogen, and the reaction mixture was stirred for 2h at room 

temperature. The suspension was filtered through a Celite cake to remove 

Pd/C. After removal of Pd/C, the product was obtained by evaporating the 

solvent under reduced pressure. 

 

General Procedure of Deprotection of the TBDMS group with fluoride  

 

In an oven-dried Schlenk flask, discrete poly(D or L-lactic acid) protected 

with TBDMS and benzyl groups (1 eq.) was dissolved in dry 

dichloromethane. Boron trifluoride diethyl etherate (1.5 eq.) was added 

dropwise to a stirred solution at 0oC. The reaction mixture was stirred for 4h 

at room temperature. The reaction was quenched with saturated aqueous 

NaHCO3. The organic layer was washed with NaHCO3, water and brine. 

The combined organic layer was dried over MgSO4, and the solvent was 

removed under reduced pressure. The crude product was purified via flash 

column chromatography using hexane & ethyl acetate as eluent. 
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General Procedure of Coupling Reaction: Esterification 

 

In an oven-dried Schlenk flask, TBDMS-D or LLAm-COOH and HO-D or 

LLAm-Bn were dissolved in dry dichloromethane. To the solution, N,N-

dimethylaminopyridinium p-toluene sulfonate (DPTS, 0.2 eq.) and 1-(3-

dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC•HCl, 2 eq.) 

were added. The reaction mixture was stirred overnight at room temperature. 

The reaction mixture was washed with water and brine. The combined 

organic layer was dried over MgSO4, and the solvent was removed under 

reduced pressure. The crude product was purified via flash column 

chromatography using hexane & ethyl acetate as eluent. Products with 32 

repeating units or more were purified by preparative-size exclusion 

chromatography (prep-SEC) with a series of columns using chloroform as 

an eluent. 

 

 

In an oven-dried Schlenk flask, TBDMS-D or LLAm-COOH or TBDMS-

[DLA32-XLA8]-COOH (X = D or L or D/L) and poly(ethylene glycol) 

methyl ether (PEG, 3 eq.) were dissolved in dry dichloromethane. To the 

solution, DPTS (0.2 eq.) and EDC•HCl, (2 eq.) were added. The reaction 

mixture was stirred overnight at room temperature. The reaction mixture 

was washed with water and brine. The combined organic layer was dried 

over MgSO4, and the solvent was removed under reduced pressure. 

Products were purified by preparative-size exclusion chromatography (prep-

SEC) with a series of columns using chloroform as an eluent. 
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Synthesis of TBDMS-L or DLA2-Bn 

 

In an oven-dried round-bottom flask, a suspension of L-lactide or D-lactide 

(25 g) in water (100 mL) was stirred for 4h at 40oC. The solvent was then 

evaporated under reduced pressure. The product 1 was obtained as colorless 

oil (28 g, 99% yield). 1H NMR (400MHz, CDCl3): 5.19 (q, J = 7.1 Hz, 1H, 

CO2CH(CH3)CO2H), 4.36 (q, J = 7.1 Hz, 1H, HOCH(CH3)CO2), 1.56 (d, J 

= 7.1 Hz, 3H, CO2CH(CH3)CO2H), 1.47 (d, J = 7.1 Hz, 3H, 

HOCH(CH3)CO2) ppm. 

In an oven-dried Schlenk flask, 1 (28 g, 1 eq.) and triethylamine (34.9 g, 2 

eq.) were dissolved in dry dichloromethane (200 mL). Benzyl bromide (26.5 

g, 0.9 eq.) was added dropwise to a stirred solution at 0oC. The reaction 

mixture was then stirred overnight at room temperature. The reaction 

mixture was washed with saturated aqueous NH4Cl, water and brine. The 

combined organic layer was dried over MgSO4, and the solvent was 

removed under reduced pressure. The crude product was purified via flash 

column chromatography using 1:1 hexane: ethyl acetate as eluent. The 

product 2 was obtained as colorless oil (29.6 g, 68% yield). 1H NMR 

(400MHz, CDCl3): 7.36 (m, 5H, Ar), 5.20 (m, 3H, 

CO2CH(CH3)CO2CH2Ph), 4.34 (m, 1H, HOCH(CH3)CO2CH(CH3)CO2Ph), 

2.72 (b, 1H, OH), 1.54 (d, J = 7.1 Hz, 3H, CO2CH(CH3)CO2CH2Ph), 1.43 

(d, J = 7.1 Hz, 3H, HOCH(CH3)CO2) ppm. 

In an oven-dried round-bottom flask, 2 (29.6 g, 1 eq.) and tert-

butyldimethylsilyl chloride (21.2 g, 1.2 eq.) and imidazole (15.9 g, 2 eq.) 

were dissolved in DMF (150 mL). The reaction mixture was then stirred 

overnight at room temperature. The reaction was quenched with saturated 

aqueous NaHCO3 and extracted with hexane. The combined organic layer 

was dried over MgSO4, and the solvent was removed under reduced 

pressure. The crude product was purified via flash column chromatography 

using 5:1 hexane: ethyl acetate as eluent. The product 3 was obtained as 

colorless oil (36.5 g, 85% yield). 1H NMR (400MHz, CDCl3): 7.35 (m, 5H, 

Ar), 5.16 (m, 3H, CO2CH(CH3)CO2CH2Ph), 4.38 (q, J = 6.8 Hz, 1H, 

SiOCH(CH3)CO2CH(CH3)CO2Ph), 1.52 (d, J = 7.1 Hz, 3H, 

CO2CH(CH3)CO2CH2Ph), 1.41 (d, J = 7.1 Hz, 3H, SiOCH(CH3)CO2), 0.90 

(s, 9H, (CH3)3CSi), 0.10 (s, 3H, (CH3)2Si), 0.08 (s, 3H, (CH3)2Si) ppm. 
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Synthesis of TBDMS-[DLA32-XLA8]-Bn (X = D or L or D/L) 

 

In an oven-dried Schlenk flask, TBDMS-DLA32-COOH (0.1 g, 1eq.) and 

HO-XLA8-Bn (0.042 g, 1.5 eq.) were dissolved in dry dichloromethane (10 

mL). To the solution, DPTS (2 mg, 0.2 eq.) and EDC•HCl, (0.12 g, 1.5 eq.) 

were added. The reaction mixture was stirred overnight at room temperature. 

The reaction mixture was washed with water and brine. The combined 

organic layer was dried over MgSO4, and the solvent was removed under 

reduced pressure. The crude product was washed with 7:3 hexane:ethyl 

acetate to remove unreacted HO-XLA8-Bn and purified via flash column 

chromatography using 2:8 hexane:ethyl acetate as eluent. The product was 

obtained as a white solid (0.091 g, yield 71%). 1H NMR (400MHz, CDCl3): 

7.35 (m, 5H, Ar), 5.16 (m, 21H, CO2[CH(CH3)CO2]CH2Ph), 4.39 (q, J = 6.8 

Hz, 1H, SiOCH(CH3)CO2), 1.54 (m, J = 7.1 Hz, 120H, CO2CH(CH3)CO2), 

0.90 (s, 9H, (CH3)3CSi), 0.10 (s, 3H, (CH3)2Si), 0.08 (s, 3H, (CH3)2Si) ppm. 

 

Crystallization-Driven Self-Assembly 

BCP was added to 1 mL of ethanol in a 4 mL vial. The samples were heated 

in oil bath at 75 oC, followed by a slow cooling and equilibration at 25 °C 

without perturbation for 24 h. The resulting solution was diluted with water 

(0.1 mg/mL) and equilibrated at 25 °C for 4 h. The diluted solution was 

studied by TEM, AFM. 

[DLA32-XLA8]-b-PEG~45 (0.5 mg) and LLA40-b-PEG~45 (0.5 mg) were 

mixed and added to 1 mL of ethanol in a 4 mL vial. The samples were 

heated in oil bath at 75 oC, followed by a slow cooling and equilibration at 

25 °C without perturbation for 24 h. The resulting solution was diluted with 

water (0.1 mg/mL) and equilibrated at 25 °C for 4 h. The diluted solution 

was studied by TEM, AFM. 

DLAn-b-PEG~45 (0.5 mg) and LLAm-b-PEG~45 (equivalent molar ratio) (n ≥ 

m) were mixed and added to 1 mL of ethanol in a 4 mL vial. The samples 

were heated in oil bath at 75 oC, followed by a slow cooling and 

equilibration at 25 °C without perturbation for 24 h. The resulting solution 

was diluted with water (0.1 mg/mL) and equilibrated at 25 °C for 4 h. The 

diluted solution was studied by TEM, AFM. 
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Chapter 3. Self-Assembly of Stereoblock Copolymers Driven 

by the Chain-Folding of Discrete Poly(D-lactic acid-b-L-lactic 

acid) via Intramolecular Stereocomplexation 

 

Synthesis of TBDMS-[DLA16]-[LLA16]-Bn stereoblock copolymers 

 

In an oven-dried Schlenk flask, TBDMS-DLA16-COOH (0.1 g, 1 eq.) and 

HO-LLA16-Bn (0.15 g, 1.5 eq.) were dissolved in dry dichloromethane (10 

mL). To the solution, DPTS (2 mg, 0.2 eq.) and EDC•HCl, (22 mg, 1.5 eq.) 

were added. The reaction mixture was stirred for 3 h at room temperature. 

The reaction mixture was washed with water and brine. The combined 

organic layer was dried over MgSO4, and the solvent was removed under 

reduced pressure. The crude product was purified by preparative-size 

exclusion chromatography (prep-SEC) with a series of columns using 

chloroform as an eluent. The product was obtained as white powder (0.13 g, 

68 % yield). 

 

Synthesis of TBDMS-[DLA16]-[LLA16]-b-PEG 

 

In an oven-dried Schlenk flask, TBDMS-[DLA16]-[LLA16]-COOH (0.13 g, 

1 eq.) and poly(ethylene glycol) methyl ether (PEG, 0.26 g, 2.5 eq.) were 

dissolved in dry dichloromethane (10 mL). To the solution, DPTS (1.2 mg, 

0.2 eq.) and EDC•HCl, (15 mg, 1.5 eq.) were added. The reaction mixture 

was stirred for 3 h at room temperature. The reaction mixture was washed 

with water and brine. The combined organic layer was dried over MgSO4, 

and the solvent was removed under reduced pressure. The crude product 

was purified by preparative-size exclusion chromatography (prep-SEC) with 

a series of columns using chloroform as an eluent. The product was obtained 

as white powder (0.15 g, 66 % yield). 
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Synthesis of TBDMS-[LLA24]-b-PEG 

 

In an oven-dried Schlenk flask, TBDMS-[LLA24]-COOH (90 mg, 1 eq.) and 

poly(ethylene glycol) methyl ether (PEG, 0.24 g, 2.5 eq.) were dissolved in 

dry dichloromethane (10 mL). To the solution, DPTS (1.1 mg, 0.2 eq.) and 

EDC•HCl, (13 mg, 1.5 eq.) were added. The reaction mixture was stirred for 

3 h at room temperature. The reaction mixture was washed with water and 

brine. The combined organic layer was dried over MgSO4, and the solvent 

was removed under reduced pressure. The crude product was purified by 

preparative-size exclusion chromatography (prep-SEC) with a series of 

columns using chloroform as an eluent. The product was obtained as white 

powder (0.13 g, 72 % yield). 

 

Deprotection of TBDMS-[LLA24]-b-PEG 

 

In an oven-dried Schlenk flask, TBDMS-[LLA24]-b-PEG (0.13 g, 1 eq.) was 

dissolved in dry dichloromethane (5 mL). Boron trifluoride diethyl etherate 

(6 μL, 1.25 eq.) was added to a stirred solution at 0 oC. The reaction mixture 

was stirred for 4 h at room temperature. The reaction was quenched with 

saturated aqueous NaHCO3. The organic layer was washed with NaHCO3, 

water and brine. The combined organic layer was dried over MgSO4, and 

the solvent was removed under reduced pressure. The product was obtained 

as white powder (0.12 g, 98 % yield).  

 

Synthesis of TBDMS-[DLA24]-[LLA24]-b-PEG 

 

In an oven-dried Schlenk flask, TBDMS-[DLA24]-COOH (71 mg, 1.2 eq.) 

and HO-[LLA24]-b-PEG (0.12 g, 1 eq.) were dissolved in dry 

dichloromethane (10 mL). To the solution, DPTS (0.7 mg, 0.2 eq.) and 
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EDC•HCl, (10 mg, 1.5 eq.) were added. The reaction mixture was stirred for 

3 h at room temperature. The reaction mixture was washed with water and 

brine. The combined organic layer was dried over MgSO4, and the solvent 

was removed under reduced pressure. The crude product was purified by 

preparative-size exclusion chromatography (prep-SEC) with a series of 

columns using chloroform as an eluent. The product was obtained as white 

powder (85 mg, 48 % yield). 

 

Crystallization-Driven Self-Assembly 

[DLAn]-[LLAn]-b-PEG (n = 16, 24) (1 mg, 0.226 μmol-16, 0.180 μmol-24) 

was added to 1 mL of ethanol or acetonitrile in a 4 mL vial. The samples 

were heated in oil bath at 75 oC, followed by the cooling to 25 °C at a rate 

of 0.2 °C/min and equilibration at 25 °C without perturbation for 16 h. The 

resulting solution was diluted with water (0.1 mg/mL) and equilibrated at 

25 °C for 4 h. The diluted solution was studied by TEM, AFM. TEM 

samples were stained with a 1 wt% solution of phosphortungstic acid in 

water. 

 

[DLA16] (0.30 mg, 0.218 μmol, TBDMS and benzyl protected) and LLA16-

b-PEG (0.72 mg, 0.218 μmol) were mixed and added to 1 mL of acetonitrile 

in a 4 mL vial. The samples were heated in oil bath at 75 oC, followed by the 

cooling to 25 °C at a rate of 0.2 °C/min and equilibration at 25 °C without 

perturbation for 16 h. The resulting solution was diluted with water (0.1 

mg/mL) and equilibrated at 25 °C for 4 h. The diluted solution was studied 

by TEM, AFM. TEM samples were stained with a 1 wt% solution of 

phosphortungstic acid in water. 
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Scheme S3-1. Synthesis and CDSA of [DLA16]-racVLANH2-[LLA16]-b-PEG 

and the resulting crystallites labeling with fluorescein isothiocyanate. 

 

Synthesis of TBDMS-DLA16-racVLA-COOH 

In an oven-dried round-bottom flask, glyoxylic acid monohydrate (2 g, 1 eq.) 

was dissolved in dry THF (50 mL) and the solution was cooled to 0 oC. Zn 

powder (3.1 g, 2 eq.) was added to this solution. BiCl3 (10 g, 1.5 eq.) was 

dissolved in dry THF (20 mL) and added to the cooled mixture of Zn 

powder and glyoxylic acid monohydrate in THF. Allyl bromide (2.8 g, 2eq.) 

was added to a stirred solution at 0 oC. The reaction mixture was then stirred 

overnight at room temperature. The reaction was quenched by addition of 

120 mL of 1 N HCl. After stirring for 2 h at room temperature, Zn salts was 

removed by filtration. Extraction of the water/THF phase was done with 

diethyl ether. The combined organic layer was dried over MgSO4, and the 

solvent was removed under reduced pressure. The product 4 was obtained as 

pale yellow oil (2.9 g, 93 % yield).  1H NMR (400MHz, CDCl3): 5.76 – 

5.85 (m, 1H, CH=CH2), 5.20 (t, 2H, CH2=CH), 4.34 (q, 1H, HOCHCH2), 

2.46 – 2.64 (m, 2H, CH2CH=CH2) ppm. 

In an oven-dried Schlenk flask, tetrabutyl ammonium bromide (0.7 g, 1 eq.) 

and K2CO3 (3.6 g, 1.2 eq.) were suspended in DMF (50 mL). Allyl bromide 

(2.2 mL, 1.2 eq.) and 4 (2.9 g, 1 eq.) were added. The reaction mixture was 

stirred for 4 h at room temperature. The reaction mixture was concentrated 

to a quarter of its initial volume and diethyl ether (60 mL), 5% aq. citric acid 
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solution (40 mL) and water (10 mL) were added. The aqueous phase was 

separated and extracted with diethyl ether. The combined organic phases 

were washed with 5 % NaHCO3 and saturated NaCl solutions. The 

combined organic layer was dried over MgSO4, and the solvent was 

removed under reduced pressure. The crude product was purified via flash 

column chromatography using 1:4 diethyl ether : pentane as eluent. The 

product 5 was obtained as light yellow oil (3.3 g, 85% yield).  

In an oven-dried Schlenk flask, 5 (45 mg, 2.5 eq.) and TBDMS-DLA16-

COOH (0.15 g, 1 eq.) were dissolved in dry DCM (10 mL). To the solution, 

DPTS (2.8 mg, 0.2 eq.) and EDC•HCl, (33 mg, 1.5 eq.) were added. The 

reaction mixture was stirred for 3 h at room temperature. The reaction 

mixture was washed with water and brine. The combined organic layer was 

dried over MgSO4, and the solvent was removed under reduced pressure. 

The crude product was purified via flash column chromatography using 7:3 

hexane : ethyl acetate as eluent. The product TBDMS-DLA16-racVLA-allyl 

was obtained as white powder (0.14 g, 86% yield). 

In an oven-dried Schlenk flask, TBDMS-DLA16-racVLA-allyl (0.14 g, 1 eq.) 

and Pd(PPh3)4 (11 mg, 0.1 eq.) were dissolved in dry THF (20 mL) and the 

solution was cooled to 0 oC. Morpholine (0.01 mL, 1.2 eq.) was added to 

this solution. The reaction mixture was stirred for 2 h at 0 oC. The solvent 

was removed under reduced pressure. The remaining residue dissolved in 

DCM, washed with 1 N HCl. The combined organic layer was dried over 

MgSO4, and the solvent was removed under reduced pressure. The product 

TBDMS-DLA16-racVLA-COOH was obtained as white powder (0.13 g, 97 % 

yield). 

 

Synthesis of TBDMS-DLA16-racVLANH2-LLA16-b-PEG 

In an oven-dried Schlenk flask, TBDMS-DLA16-racVLA-COOH (0.43 mg, 

1 eq.) and HO-LLA16-b-PEG (0.1 g, 1 eq.) were dissolved in dry DCM (15 

mL). To the solution, DPTS (1 mg, 0.2 eq.) and EDC•HCl, (10 mg, 1.5 eq.) 

were added. The reaction mixture was stirred for 3 h at room temperature. 

The reaction mixture was washed with water and brine. The combined 

organic layer was dried over MgSO4, and the solvent was removed under 

reduced pressure. The crude product was purified by preparative-size 

exclusion chromatography (prep-SEC) with a series of columns using 

chloroform as an eluent. The product was obtained as white powder (92 mg, 

64 % yield). 

In an oven-dried Schlenk tube, TBDMS-DLA16-racVLA-LLA16-b-PEG (92 
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mg, 1 eq.), cysteamine (8 mg, 5 eq.) and DMPA (1 mg, 0.2 eq.) were 

dissolved in dry THF/iPrOH (2:1, v/v). The reaction mixture was irradiated 

UV lamp (365 nm) for 3 h. The solvent was removed under reduced 

pressure. The remaining residue was washed with methanol and dried under 

reduced pressure. The product TBDMS-DLA16-racVLANH2-LLA16-b-PEG 

was obtained as white powder (83 mg, 89% yield). 

 

Crystallization-Driven Self-Assembly of TBDMS-DLA16-racVLANH2-

LLA16-b-PEG 

TBDMS-DLA16-racVLANH2-LLA16-b-PEG (1 mg, 0.217 μmol) was added 

to 1 mL of ethanol in a 4 mL vial. The samples were heated in oil bath at 75 
oC, followed by the cooling to 25 °C at a rate of 0.2 °C/min and 

equilibration at 25 °C without perturbation for 16 h. The resulting solution 

was diluted with water (0.1 mg/mL) and equilibrated at 25 °C for 4 h. The 

diluted solution was studied by TEM, AFM. TEM samples were stained 

with a 1 wt% solution of phosphortungstic acid in water. 

 

Synthesis of TBDMS-DLA16-racVLAF-LLA16-b-PEG 

After CDSA, fluorescein isothiocyanate (0.42 mg, 5 eq.) was added to the 

resulting ethanol solution (1 mg/mL). The reaction mixture was stirred for 4 

h at room temperature, followed by dialysis against water for 2 days. The 

resulting solution was diluted with water and studied by confocal laser 

scanning microscopy. 
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Table S3-1. Characteristics of [DLAn]-[LLAn]-b-PEG and [DLA16]-

racVLA-[LLA16]-b-PEG Block Copolymers. 

 

Entry BCP 

Mn
BCP 

(Da)a 

Mn
BCP 

(Da)b 
Ð b 

1 [LLA16]-b-PEG 3260.9 4400 1.04 

2 [DLA16]-[LLA16]-b-PEG 4446.1 7600 1.03 

3 [DLA24]-[LLA24]-b-PEG 5581.3 8500 1.04 

4 [DLA16]-racVLA-[LLA16]-b-PEG 4528.7 7900 1.03 

 

aNumber average molecular weight (Mn
BCP) determined by MALDI-TOF. 

bNumber average molecular weight (Mn
BCP) and dispersity (Ð) determined 

by GPC using polystyrene (PS) standards. Elution was performed with THF 

at a flow rate of 1 mL/min at 25 °C. 
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국문초록 

 

정확한 수의 반복 단위로 구성된 단일 분산 고분자는 통계적 

분포없는 화학 구조를 갖는 고분자의 거동을 조사하는 모델 시스

템으로 상당한 관심을 끌고 있다. 단일 분산 블록공중합체의 자기

조립은 분산도가 자기조립 구조에 극적인 영향을 미치는 것을 보

였다. 단일 분산 고분자의 자기 조립에의 활용은 형성되는 구조와 

두께를 제어할 수 있는 수단이며, 이를 통해 보다 발전된 재료 생

성을 이룰 수 있다. 이러한 맥락에서 단일 분산 폴리 락틱애씨드

를 결정화 자기조립에 활용하여 형성되는 결정의 형태와 두께의 

조절에 대해 논하고자 한다. 

2장에서는 거울상 이성질체 반복단위로 이루어진 단일 분산 

폴리 락틱애씨드로 구축된 블록 공중합체의 결정화 자기조립을 통

해 결정의 형태를 조절하는 것을 성공하였다. 결정성을 갖는 단일 

분산 폴리 락틱애씨드와 폴리 에틸렌 글리콜로 구성된 블록 공중

합체의 결정화 자기 조립은 2차원의 나노 구조를 형성하였다. 단

일 분산 폴리 락틱애씨드의 거울상 이성질체 반복 단위의 수와 배

열을 조절함으로써 결정의 형태가 변화하는 것을 관찰하였으며, 

이러한 결정 변화는 폴리 락틱애씨드 블록 공중합체의 입체 콤플

렉스 형성 시 더 두드러진 것을 확인하였다. 

3장에서는 고분자 사슬의 접힘을 조절하기 위해 단일 분산 

폴리 락틱애씨드와 폴리 에틸렌 글리콜로 구성된 입체 블록 공중

합체의 결정화 자기 조립을 진행하여 형성된 결정을 조사하였다. 

결정화 자기 조립을 진행하는 고분자 용액의 농도에 따라 분자 간 

또는 분자 내 입체 콤플렉스 형성이 이루어졌으며, 분자 내 입체 

콤플렉스 형성 시 입체 블록이 접힌 구조를 갖는 것을 확인하였다. 

폴리 락틱애씨드 입체 블록의 반복 단위를 정밀하게 제어하여 결

정의 두께를 조절할 수 있었으며, 이는 락틱애씨드 단위 수에 비

례하는 것을 확인하였다. 

4장에서는 락틱애씨드 반복 단위가 일치하지 않는 입체 블록 

공중합체를 합성하여 결정화 자기 조립을 진행하였다. 그 결과 선

행연구들과는 달리 마이크로 크기의 결정이 형성된 것을 확인하였

다. 입체 블록 공중합체에 존재하는 반복단위의 불균형이 입체 콤
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플렉스의 적층에 기여했으며, 이로 인해 마이크로 크기의 결정 형

성이 이루어졌다. 관찰된 결정 구조와 XRD 분석을 통해 가능한 

결정 모델을 제안하였다.  

 

주요어: 단일 분산 고분자, 반복 지수 합성법, 결정화 자기조립, 

이차원 구조, 입체 블록 공중합체, 입체 콤플렉스  

학번: 2016-20333 
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